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ABSTRACT: Post-inflationary evolution and (re)heating of the viable inflationary model, the
R? one, is made more realistic by including the leptogenesis scenario into it. For this purpose,
right-handed Majorana neutrinos with a large mass are added to the matter sector of the
Standard Model to explain the neutrino oscillation experiments and the baryon asymmetry
of the Universe. We have found parameters that characterize this model: non-minimal
coupling of the Higgs field &, the mass of the right-handed Majorana neutrino My, and
the Yukawa coupling matrix components for the right-handed Majorana neutrino. We have
analyzed the effect of these parameters on the reheating process and leptogenesis in this
model and how they affect the resultant physical quantities: spectral parameters of primordial
perturbations and baryon asymmetry.
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1 Introduction

The inflationary scenario [1-5] is now a successfully established paradigm for the early Universe,
which not only solves the horizon and flatness problems but also makes definite predictions
for primordial cosmological perturbations that can be directly tested by observations. A lot
of inflationary models have been proposed historically but observational data have already
excluded many of them including once-popular models [6]. Still, a number of successful
inflationary models including the original R2, or Starobinsky model [1] remain which satisfy
all presently available data. The most important and discriminatory among these predictions
are the spectral index ng(k) of the power spectrum of scalar perturbations and the tensor-to-
scalr ratio (k). The generic and observationally confirmed prediction of all viable slow-roll
inflationary models, that do not require consideration of post-inflationary evolution, is that
both |ng(k) — 1] and r(k) are small and weakly scale-dependent, and r(k) is of the order
of |ng(k) — 1] or less. But calculation of these parameters with the accuracy better than
10% needed to match the existing and expected observational accuracy requires analyzing
(re)heating process, which turns the inflationary stage into the radiation-dominated one by
decay of an inflaton (dubbed the scalaron in the R? model) into ultra-relativistic particles,
anti-particles and radiation. Thus, the detailed study of the reheating process is very
important for the determination of the observationally consistent theory of inflation which
describes our Universe.



In the successful R? inflationary model [1],! the gravity sector is modified such that
the R? term is added to the Einstein-Hilbert action where R is the Ricci scalar. This was
suggested long time ago by the consideration of the renormalization of an average value of the
energy-momentum tensor of quantum matter fields in an external classical curved space-time,
see e.g. [12-14] and also [15]. However, the smallness of the measured Fourier power spectrum
of primordial scalar perturbations requires the dimensionless coefficient (h = ¢ = 1) of this
term to be unexpectedly very large: =~ 5.1-10% [8, 16, 17].? On the other hand, no observable
effect suggests that the coefficient in front of the Weyl tensor squared term in the effective
action, also required for the one-loop renormalizability, can be so large and even may be
significantly different from unity. This provides us with a possibility to use the inflationary
solution of the model in the regime when the R? term dominates the R (Einstein) one, while
the undesired (due to the ghost appearance would be taken in full) Weyl squared term may
be neglected at curvatures during inflation much less than the Planckian one.

If the main channel of scalaron decay after R? inflation is to light scalar particles
minimally or weakly (but not conformally) coupled to gravity, this model has a rather mild
reheating process compared to other viable inflationary models such as Higgs inflation [18-25],
and the calculated spectral parameters (ng,r) are in agreement with the Cosmic Microwave
Background (CMB) observations inside their present error bars [26].

In fact, the dependence of these parameters on the number of e-folds NV during Higgs
inflation is essentially the same as for R? inflation, see [27] for the explanation of this fact.
It is only the actual value of NV that is larger for Higgs inflation by several percents due to
faster reheating after it caused by large non-minimal coupling of the Higgs boson to gravity
(E~4.5- 10*V/\ for N = 55). Furthermore, it has been argued that in the R? inflationary
model, dark matter and the right-handed Majorana neutrino can be generated by scalaron
decay, so it can be made compatible with present matter content of the Universe [28, 29].

However, a more comprehensive study of reheating process after inflation is needed
to derive the values of N and ng; — 1 with accuracy of about 1% or better expected in
future CMB and large-scale structure observations [30-32]. For this purpose, more possible
channels of scalaron decay after inflation into particles and antiparticles of different quantum
matter fields suggested by modern extensions of the Standard Model (SM) of elementary
particles have to be investigated. So far, mostly the simplest channels like decay into light
scalar particles minimally or non-minimally coupled to gravity have been considered. The
enhancement of production of a certain matter field via inflaton decay means the suppression
of the production of other matter fields. Thus, branching ratios of different decay channels
become very important for the determination of observables such as the spectral parameters,
as well as the amounts of baryon asymmetry and dark non-baryonic matter in the Universe.

An adjustment of the branching ratios can be done by controlling additional parameters
of the inflationary model characterizing the effective coupling of inflaton (irrespective of its
nature) to other particles in some extensions of SM. In the case of the R? inflationary model

!See also [7] for more details including reheating and [8] for the final primordial spectra of scalar and tensor
perturbations, as well as [9-11] for further developments.

2This value is given for the number of e-folds N = 55 of the observable part of inflation between the pivot
scale ko = 0.05 Mpc™' and the end of inflation, otherwise it has to be multiplied by (N/55)>.



with the SM matter sector, as shown in [33], the non-minimal coupling parameter of the
Higgs field & plays the role of regulating the branching ratio between the scalaron decay into
the Higgs boson and the decay into the gauge boson. When the Higgs field is conformally
coupled to the Ricci scalar, the reheating is mainly realized by the scalaron decay into the
gauge bosons rather than that into the Higgs boson, which leads to deviation of the reheating
temperature and the spectral parameters from the well-known values.

In this paper, we analyze how the reheating process of the successful R? inflationary
model is modified when we add the successful leptogenesis scenario to it by introducing
supermassive right-handed Majorana neutrinos [34]. In this case, the R? model is equipped
with the SM matter fields and the three generations of the right-handed Majorana neutrinos.
Thus, the masses and the Yukawa coupling matrix for the Majorana neutrinos, My, and y.g,
are the new model parameters in addition to the non-minimal coupling £. We analyze how the
reheating process and the resultant physical quantities change by varying these parameters.

This paper is organized as follows. In section 2, we introduce the R? inflationary model
and all the matter fields in an extension of the SM of elementary particles. The decay rates
of scalaron into matter fields are calculated there, too. The parameters that characterize this
model are the non-minimal coupling &, the masses of the right-handed Majorana neutrinos
My, and the Yukawa couplings for them 3,3. The latter two parameters determine the
active neutrino mass. We restrict ourselves to two typical cases for the origin of the hierarchy
in the active neutrino masses, case A and case B. In the case A, we assume that its hierarchy
is explained by the hierarchy of the masses of the right-handed Majorana neutrino, and
the Yukawa coupling matrix is arranged accordingly. In the case B, we assume that it is
explained by the hierarchy in the Yukawa coupling matrix components. In the latter case,
the expression for the lepton asymmetry generated by one right-handed Majorana neutrino
decay, 9§, becomes simple [34, 35]. We study the case A first. In section 3, we analyze
the effect of the non-minimal coupling £ on the reheating process by numerically solving
the set of Boltzmann equations. In section 4, we analyze the effect of the Majorana mass
My, on the reheating process by solving the Boltzmann equations. We see that the mass
dependence appears only when the Higgs field is conformally coupled. In section 5, we discuss
the parameter dependence of the physical quantities such as the spectral parameters and
the baryon asymmetry. As a result, we find that the mass dependence strongly appears in
the conformally coupled case but not so much in the minimally coupled one. In section 6,
we change the configuration of the Yukawa coupling matrix of the right-handed Majorana
neutrino to the case B and see how the reheating process changes with respect to the Yukawa
coupling parameters y,3. We found that in certain parameter spaces, the energy density of
Majorana neutrino can dominate the Universe right after the conventional end of the reheating
by the inflaton. In section 7, we summarize the results obtained and discuss directions of
future research. In this paper, we restrict ourselves to two typical values of £ throughout this
paper: minimal coupling (£ = 0) and conformal coupling ({ = —1/6).

2 Decays during the reheating

We extend the R? inflationary model [1] to incorporate leptogenesis [34] with heavy right-
handed Majorana neutrinos, which induce the type-I see-saw mechanism. During the reheating



epoch, there are three main candidates into which scalaron can decay: Higgs bosons, gauge
bosons, and Majorana neutrinos.? In this section, we will see that the model parameters that
govern the reheating process are the non-minimal coupling £ and the mass of the right-handed
Majorana fermion My, . The Yukawa coupling matrix of the right-handed Majorana neutrino
Yap is also important for the completion of reheating, but we take the assumption of case A
for the Yukawa coupling matrix so that its parameters does not appear explicitly.

2.1 Decays of the scalaron

We consider the following action defined in the Jordan frame,

S SGravlty + S + SMaJorana’ (21)
where
M2 R?
SGrav1ty 2G /d41‘\/ —g (R + 6M2> ; (22)
Sent = / d*zy/—g l — "D, H D, H — miHIH
(2.3)
-2 (HT”H)Q +ERMIH — © ST EL Y 4
4 — puv )
and

1 _
MaJorana—Z/d4:€\/ [zNTaMV Ny— (<2MNaNaNa+ya5Na”HTL5)+h.c.>}. (2.4)

Here, H, N, and Lg are the SU(2) doublet Higgs field, the right-handed Majorana neutrino
field (two-component spinor) and left-handed lepton doublets, respectively. In (2.2), Mg =
2.4 x 10" GeV is the reduced Planck mass and M = 1.3 x 107°Mg = 3.1 x 10" GeV is the
mass of the scalaron, which is unambiguously related to the magnitude of the primordial
power spectrum of scalar perturbations determined from the measured CMB temperature
and polarization fluctuations [16]. In (2.3), D, is the general coordinate covariant and
gauge covariant derivative, and Y means the sum over U(1)y, SU(2)y and SU(3). gauge
fields in SM. The non-minimal coupling of the Higgs field to Ricci scalar ¢ RHTH, which is
necessary for the renormalization of the ultraviolet divergence of the quantum Higgs field
on the classical curved space-time, is introduced. In (2.4), H = capM™®. My, and yup
are the mass and components of the Yukawa coupling matrix, respectively. In the matrix
Yag, the row index a runs over the three generations of the Majorana neutrino and the
column index 3 runs over the three generations of the left-handed lepton doublets. V, is
the covariant derivative defined in the curved space, which includes the spin connection [14].
ot = (1,—0) is the four-vector Pauli matrices.

3The decay rates into other massless SM fermions do not have to be cared because their decay rates through
the free field Lagrangian is zero in the absence of the mass term (see eq. (2.13)) and the decay channel through
the Yukawa interaction is phase space suppressed.



It can be easily seen that this model has a mechanism of inflation by performing the
following redefinition of the metric tensor field:*

N 2 ¢
gMV — g,uy = QQQNV = exp <\/QJ\JG> guu. (25)

Then, those actions are transformed into the Einstein frame [11, 36], and the new degree
of freedom ¢ (scalaron) can be extracted from the metric (in addition to two gravitons)
when the action has the form of (2.2):

Grav1ty /d4$\/7 [ R %guyaﬂ¢al/¢ - V(¢>] : (26)

The potential V(¢) is calculated as

2772 2
v(g)= MG [1 ~exp (—\/;jeﬂ . (2.7

Consequently, slow-roll inflation can take place for large field values of ¢, where the potential
is sufficiently flat. After the end of inflation, the scalaron starts to oscillate around the origin
of the potential and begins to decay into matter fields. The decay channels can be found from

the relevant part of the action expanded up to the linear order in ¢ in the Einstein frame:®

~ v 2 ¢
= /d4x\/—79[ g o, HIO,H — mj, 29t + %mh’HTfHMG
R - A (HTR)” - 2V6 (H ) i u%a»ﬂ (2.8)
1 v
_ (§+ >g;u/ qua QS'HT,H—F
6 G
1 ~ o~ o~
Majorana — Z/d4$\/7 [ZNTO"U‘V — §MNQ (NaNa + ;f( ijy)

: (2.9)

2\fM

Fields with a tilde are the Weyl-transformed fields® defined by H = QA in (2.8) and
No = Q73/2N, in (2.9). In (2.8), there are terms that were absent in the Jordan frame (2.3)
because, in general, the matter action is not Weyl invariant. Indeed, we generally have

(Nao+ NLRY) + - ] .

the coupling between the scalaron and the trace part of the energy-momentum tensor as
follows to the lowest order in ¢:

1
Smatter - \/6/d4x\/j§]\ZTﬁ + O((bQ)? (210)

“We can see this fact even in the Jordan frame when we examine the classical equation of motion [1, 7).

5Strictly speaking, this is not the Einstein frame because we have the term ¢RH'H other than the
Finstein-Hilbert term. Nevertheless, we call this frame Einstein frame just for convenience.

5Tn this paper, the Weyl transformation refers to the scaling of the metric tensor field, on the other hand,
the conformal transformation is the coordinate transformation which induces the Weyl scaling of the metric.



where the terms in (2.8) and (2.9) are part of it. Note that the trace of the energy-momentum
tensor reflects the conformally-non-invariant part of the model.

There are also quantum contributions to the trace part of the energy-momentum ten-
sor (2.10), which come from the fact that there are no regularization schemes that hold
conformal invariance simultaneously. Using the dimensional regularization, the quantum
contribution, or anomaly is calculated as [33, 37-39]:

(7k)
K quantum

1 [a rapy NEN
—c| =y X ELE - A (HH)
F (2.11)

<t - 5 ) g v — o (R
F

where S(a ;) and B(A) are the beta functions of the gauge couplings and Higgs quartic
coupling, respectively. Note that Fﬁl,[:’“”” = P, F*". Based on those actions in the Einstein
frame, decay rates of scalaron are calculated as follows.”

2
M3 1_4& 2m2 2
Ty~ — V- M |_ (14§ Zh 2.12
3
M [ My, \? 4M]%,a 2
FMNQZ%W(MG) (1— ] (2.13)
b2 atNy, M3
Loy > ar Ok — (2.14)
— 76875 M}

where the subscripts h, N, and g stand for the complex Higgs doublet, Majorana neutrinos,
and gauge bosons, respectively, and N,,. is the number of gauge bosons for corresponding
interactions: No, =1, Ny, =3, No, = 8. ba, is the first coefficient of the beta functions
for the corresponding gauge fields in SM: by, = 41/6, by, = —19/6, by, = —7. The decay
rate (2.13) can be calculated by using two-component formalism [42-44], and this is half of
the decay rate into four component Dirac spinor, which is due to the fact that the degree
of freedom into which the scalaron can decay is decreased by half.® Note that there is no
decay of scalaron into two gravitons in the absence of SM interaction (ap = 0) [45, 46]. This
decay still becomes possible due to the term proportional to the square of the Weyl tensor in
the conformal trace anomaly (2.11) [45], but it can be neglected since its rate is typically
suppressed by the ratio M* /Mé compared to (2.12). There are also loop contributions to the
Iy 4, but they can be neglected, too, because the mass of the Higgs boson is very small [39].

"There are also contributions from the running of the non-minimal coupling £. This contributes to the
anomaly of the Higgs field. However, we suppose that this contribution is negligible for the following reasons.
In the minimally coupled case, the anomaly contribution is far subdominant compared to the classical
contribution (2.12). In the case of the conformal coupling, the classical decay rate is so small that there is a
possibility that the quantum contribution can come into play, but the beta function at the conformal coupling
is 0 at the one-loop level. There are inhomogeneous terms at the higher-loop level, but this contribution is
expected to be small enough to be neglected [40, 41]. We thank A. Kamada for clarifying this point.

8The formulas (2.12) and (2.13) in the limit mj — 0, My, — 0 for scalaron decay into light conformally
and minimally coupled scalars and fermions were present already in the early papers [1, 7).



Decay rates of scalaron
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Figure 1. The decay rates of the scalaron into various fields as a function of the Majorana mass.
The red dashed line and the blue dotted line represent the decay rate into the Higgs field with the
minimal coupling (§ = 0) and the conformal coupling (§ = —1/6), respectively. The orange solid line
and the green dash-dot line represent the decay rate into the right-handed Majorana neutrino and the
gauge fields, respectively.

The dots in (2.3) represent other interactions in SM such as Yukawa interactions, and
these will lead to four-leg interactions in the Einstein frame (dots in (2.8)). The scalaron
decay through these coupling terms is phase space suppressed, so these contributions can be
neglected. This suppression is the same for the decay via the second anomaly term in (2.11).

The decay rates of scalaron ((2.12) (2.13), and (2.14)) are calculated and shown in figure 1
together with the mass dependence of the decay rate into the Majorana neutrino (2.13). This
decay rate takes maximum when My, ~ 1.0 x 10!3 GeV. In calculating the decay rate into
the gauge bosons, the values of the gauge couplings in (2.14) are evaluated at the energy
scale M /2 using the results of [47].

When ¢ = 0, the decay rate into Higgs bosons is by far the largest. This is qualitatively
because decay rates are determined by the degree of breaking of Weyl invariance, which
is violently broken by the kinetic term of the Higgs scalar field.” In this subsection, the
production of the matter fields was described by the decay of the scalaron in the Einstein
frame, but this can also be understood as the gravitational particle production in the Jordan
frame [7, 9].

9The decay to Higgs field dominates the reheating process unless |€ + 1/6| < 0.007 according to [33].



2.2 Decay of the Majorana neutrino

The reheating process is realized not only by the decay of scalaron into gauge bosons and
Higgs bosons but also through the decay of Majorana neutrinos, if produced substantially
by the scalaron decay. The decay rate of the Majorana neutrino is given by

My
FN1—>Iw2(1relaLtivistic particles) — FN1—>lh + FN1—>ih = 877; Z |y1a|2' (2-15)
a

Here, only first generation of the Majorana neutrino N is considered because other generations
Ns 3 are not produced by the inflaton decay in our setup which will be explained shortly.
These Majorana neutrinos are also assumed to explain the masses of three active neutrinos
through the see-saw mechanism (Type I). The mass matrix for the active neutrinos is
calculated as follows.

2
v
Map = —y:;ywywﬁa (2-16)
ol

where v = 246 GeV is the vacuum expectation value of the Higgs field. We used the summation
convention over the repeated indices here. We define m; < mo < mg as the eigenvalues
of this mass matrix (2.16):

diag(mq, ma, m3) = UZLmagUﬁj. (2.17)

Here, U,,; is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix, which diagonalizes the
mass matrix myg. Now ¢ runs for the mass eigen states of active neutrinos. By introducing
the rotated Yukawa coupling matrix §a; := YasUsi, eq. (2.17) is re-expressed as'®

’1)2

diag(m1, ma, m3) = —37%%%‘- (2.18)
v

We make the following assumptions for simplicity.

On the configuration for the active neutrino masses. It is assumed that three active
neutrinos have the normal mass hierarchy:

m1 < Mgol, Mo =~ Mgl = 0.009eV, m3 ~ Maim = 0.05eV (2.19)

Here, mgo and ma, are the values of the mass difference determined by the solar neutrino
experiments and atmospheric neutrino experiments, respectively [48—50].

On the right-handed Majorana neutrino sector M,, yog (case A). We postulate
that the mass hierarchy of the active neutrinos above is explained by the mass hierarchy
of three right-handed neutrinos:

my oc Myt < mg ox Myt < mg oc Myt (2.20)

with My, < My, < Mpy,. Such a feature may be realized if the main contribution to
mai,ms, m3 comes from terms with the anti-diagonal Yukawa coupling matrix components

10The overall sign of the neutrino masses is irrelevant.



|713]2, |722]?, |731]2, respectively (see eq. (2.18)), with their values being of similar order of
magnitude. Furthermore, the left upper triangular components should be sufficiently small,

11l [912], [F21] < |F31l, [F22], 913l (2.21)

to suppress the contribution from the lighter Majorana neutrinos. The right lower off-diagonal
components are irrelevant on (the hierarchy of) active neutrino mass unless they are too
large, since their contributions are suppressed by the larger mass. To make baryogenesis
efficient, we set they are of the same order of the anti-diagonal components, see section 5.2.
These assumptions define case A which will be adopted throughout sections 2-5. We consider
the hierarchical case (case B) in section 6.

Non-thermal leptogenesis. The masses of the right-handed Majorana neutrino is so
heavy that the leptogenesis occurs non-thermally. In this scenario, throughout the history of
the Universe, the right-handed Majorana neutrino is never thermalized.

Only lightest Majorana neutrino is produced by the inflaton decay. For simplicity,
it is postulated that only the lightest N7 are produced by the decay of the scalaron during
reheating. This can be achieved by the following mass configuration (see (2.13) and figure 1):
My, < M/2 < Mn,.

These assumptions lead to:

sl

oMy, v? ~ Magm =~ 0.05€V. (2.22)

Using this relation, (2.15) is re-expressed as

2
Ml matm

po (2.23)

FN1—>R =
Note that this expression (2.23) is based on the assumption on the Yukawa coupling matrix,
that is, case A. We will have a different expression when we change the assumptions on
the Yukawa coupling matrix to the case B (see eq. (6.5)).

3 The effect of the curvature coupling

In the previous section, we have seen that the model parameters that govern the inflaton
decay in this model are £ and My, when the Yukawa coupling matrix y,3 has the structure of
case A. Here, we analyze the effects of non-minimal coupling & in detail. There are two typical
values of the curvature coupling &: the minimal coupling ({ = 0) and the conformal coupling
(¢ = —1/6). In the minimally coupled case, the decay rate into the Higgs particle (2.12) is
so strong that Higgs particles are produced mainly. On the other hand, in the conformally
coupled case, the decay rate into the Higgs particles is strongly suppressed, and the scalaron
decays into Majorana neutrino and the gauge bosons.

In this section, we numerically confirm this by solving the Boltzmann equations below
while the mass of the Majorana neutrino My, is fixed to be 1.0 x 1013 GeV so that the decay



rate of scalaron into the Majorana neutrino is maximal (see (2.13) and figure 1).

dpy _

i —3Hpy —Tysni0p = LosgPp — Lopsnpg, (3.1)
dpn
[C)it - = _3HPN1 + F¢ﬁN1p¢> —I'ni—rpnNy, (32)
R _ _yHpp+T r r 3.3
W = — PR+ Lop—gps + 1 p—npy + 1 Ny—RONYS ( : )
Py + Pr+ PNy
g2 =P TP T PN (3.4)
3M(2;

where py, pn,, pr and H are the energy densities of the inflaton, the lightest right-handed
Majorana neutrino, relativistic particles, and the Hubble parameter, respectively.

3.1 The minimally coupled case

For numerical calculation, the above equations are re-written with the dimensionless variables:
a=ualar, f= p¢M*4EZ3, n = leMA_fllM*‘g&?’, r = prM~*a*. Here, ay is the scale factor
at the end of inflation. With these variables, we can re-write the set of Boltzmann equations
as follows [51].

df — V3Mg (Tyosn, + Ty +Tsn) fa

di~ M2/r+ fatn(My,/Ma >
dn _ V/3Mg (Tysn, (M/My,)f = T, ) @ (3.6)
da M?\/r + fa+n(My,/M)a ’

dr_ VBMg (Tysy + Do) + T n(My, /M)n) @ (3.7)
da M2\/r + fa +n(My,/M)a

Once the mass of the Majorana neutrino My, is fixed, we are ready to solve the Boltzmann
equations with the initial conditions,

f@a=1)=3H2

m

(MEM~ and n(1) =7(1) =0, (3.8)

where Hi,s = M/2 is the Hubble parameter at the end of inflation. The result of numerical
calculation of Boltzmann equations when My, is fixed to be 1.0 x 10'3 GeV is shown in figure 2.

During the inflaton oscillation-dominated epoch, f remains approximately constant
because the decay products’ energy density is negligible compared to that of the inflaton.
Thus, pgy a~3. In this epoch, the energy density of relativistic particles is [52]

4
PR~ grth?’a—%. (3.9)
As for the Majorana neutrino Ny, (3.6) can be solved as
30y, ME [ AUN, R (-3 ”
= 1- —_ -1 . 3.10
T WMy M P T 3M (a% —1) (3.10)

When n is small and the decay term in r.h.s. of (3.6) is negligible, the energy density of
the Majorana neutrino can be approximated as
M

__3
1

,10,



The minimally coupled case
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Figure 2. Evolution of the energy densities of several fields as the functions of the rescaled scale
factor a for My, = 1.0 x 103 GeV and ¢ = 0. Here, we assume that the Higgs field is minimally
coupled to gravity. The blue dashed line, the orange solid line and the green dotted line represent
the energy densities of the inflaton, relativistic particles, and the right-handed Majorana neutrino,
respectively.

Gradually, the effect of the decay of Majorana neutrino into relativistic particles cannot be
ignored after some growth of its energy density n. After a; ~ 8.8 x 102, the source and
decay terms in (3.6) are balanced, so the rescaled energy density n becomes constant and
PN, X a3
figure 3. It can be seen that the matching period a; ~ 8.8 x 102 is consistent with the moment

The comparison of the first and second terms in r.h.s. of (3.6) are shown in

at which the power-law of the energy density of the Majorana neutrino changes in figure 2.
This transition period a; is actually a function of the mass of the Majorana fermion My;,.
It depends on the mass of the Majorana fermion as

2
3(2 M 3y ME | |®
iy = |—= =+ In | 26 (3.12)
2\3 2'ny,5r 2My, M?
which is obtained by substituting (3.10) into dn/da = 0 and solving for a;. This power-law
transition period (3.12) is a decreasing function of the mass of the Majorana fermion. This
is reasonable because the greater the mass My, , the larger the decay rate of the Majorana

neutrino I'y, ,r (see eq. (2.23)) and the faster it takes to decrease by the decay of the
Majorana neutrino.

As the energy density of relativistic particles pr decreases slower than that of inflaton
ps, there is a moment when the former reaches the latter: pg = py. From this moment,
the Universe becomes radiation-dominated, which leads to the different behavior of the
scale factor. We define the reheating temperature T as the temperature at this transition
moment. Note that the SM interaction is rapid enough such that the relativistic particles are
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Terms in the Boltzman eq. of Majorana neutrino
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Figure 3. The decay or source contribution to the energy density of Majorana neutrino is shown

with respect to a. The blue solid line and the orange dashed line represent the first term and the
second term in the r.h.s. of (3.6).

already thermalized in the parameters of our interest [53-57]. Using Stefan-Boltzman’s law,
pr = (729, /30)T*, the reheating temperature is calculated as T = 3.26 x 10° GeV by taking
into account the degrees of freedom of relativistic particles at the reheating: g, = 106.75 (for
the SM). Similarly, the reheating temperature in the original R? inflation model without
heavy Majorana neutrinos is calculated as Tr = 3.22 x 10° GeV. The enhancement in our
model is reasonable because the scalaron gets two additional channels to radiation and the
reheating becomes slightly more efficient. This enhancement of order of one percent in the
reheating temperature can also be checked by \/(F¢>—>h + TN, +T¢mg) /Tgn >~ 1.01, in
which we used the fact that the reheating temperature is proportional to the root of the
total decay rate of the scalaron. Because of the low reheating temperature Tr < My, the
right-handed neutrinos are not thermalized, and hence leptogenesis occurs non-thermally.

3.2 The conformally coupled case

The second natural choice for the curvature coupling parameter £ is conformal coupling
¢ = —1/6,'* which preserves the Weyl invariance of the Higgs kinetic term in this case. Thus,
we can suppress the decay of the scalaron to the Higgs particles'? (see eq. (2.12)) and the
branching ratio of the decay into the Majorana neutrino is enhanced. Therefore, in this
case, the decay rate I'y_,; is negligible.

Following the same procedure discussed in 3.1, the result is shown in figure 4, again
fixing the mass to be My, = 1.0 x 1013 GeV, and assuming My,, My, > M/2.

171t is well-motivated in the context of supergravity, too.

12The decay rate through the violation of conformal invariance by the Higgs mass term is negligible.
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The conformally coupled case
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Figure 4. Results of numerical calculation of Boltzmann equations when the Higgs field is conformally
coupled to R with My, = 1.0 x 103 GeV. The blue dashed line, the orange solid line and the green
dotted line represent the energy density of the inflaton, the radiation and the Majorana neutrino,
respectively.

From figure 4, it can be seen that pr is more suppressed in the conformally coupled
case than in the minimally coupled case (figure 2). As a result, the transition period into
the radiation-dominated era becomes later compared to the minimally coupled case. The
corresponding reheating temperature is calculated as T = 5.11 x 108 GeV.'3 In this model,
the Universe is reheated mainly by the subsequent decay of the produced Majorana neutrino
into radiation, unlike the minimally coupled case.

4 The effect of the Majorana fermion mass

So far, we have discussed the reheating process by fixing the mass of the Majorana neutrino. In
this section, we discuss the dependence on the mass of the Majorana neutrino on the reheating
process. As we have seen, in the minimally coupled case, the reheating is governed mainly by
the Higgs particles, thus the variation in the My, changes the reheating temperature very little.

On the other hand, in the conformally coupled case, the reheating is realized mainly by
the production and the decay of the Majorana neutrino, thus the Majorana mass dependence
appears. We compare terms in the r.h.s. of (3.7) below and can see that the contribution
from the decay of the Majorana neutrino is the largest if My, = 1.0 x 1013 GeV as seen in
figure 5. If we decrease the mass of the Majorana fermion, the contribution from the gauge

131f we take the mass of the Majorana field My, = 3.0x 10'? GeV, or 1.5 x 10" GeV so that decay rates (2.13)
and (2.14) coincide with each other, the corresponding reheating temperature is Tr = 2.98 x 10® GeV. This
decrease is reasonable because, in the limit I'y—n, — 0, the reheating temperature must decrease to
1.4 x 10® GeV according to [33], in which the right-handed Majorana neutrino is absent.
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Contribution to relativistic particles (the conformally coupled case)
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Figure 5. The contribution to radiation from each decay mode (see eq. (3.7)) is calculated. The
blue dashed line, the orange dotted line and the green dash-dot line represent the contribution from
the decay of the Majorana neutrino N; with mass My, = 1.0 x 10!3 GeV, My, = 1.0 x 10'2 GeV
and My, = 1.0 x 10! GeV, respectively. The red solid line represent the contribution from the
inflaton decay into the gauge bosons when the Majorana mass is My, = 1.0 x 10 GeV. As for the
contribution from the gauge bosons, the change in the Majorana mass only results in the change in
the moment of the transition to the exponential decay.

bosons exceeds that from the decay of the Majorana neutrino when the Majorana mass My,
is below My, ~ 1.0 x 10'2 GeV, which corresponds to the fact that the decay rate into the
Majorana neutrino becomes far sub-dominant: I'y_,n, < I'yy.

The consequence of this can be seen in the behavior of pr on My, near the transition
of power law. We show this behavior in figure 6. This mass dependence cannot be found
in the minimally coupled case.

As we lower the mass of the Majorana neutrino My, , the energy density at the transition
to radiation domination becomes smaller, resulting in the lower reheating temperature. This
leads to the difference in the spectral parameters, which will be discussed in 5.1.

However, it can be seen that the mass dependence disappears below around 1.0 x 1012 GeV
because the decay rate of Majorana fermion into relativistic particles becomes so small (see
figure 5) that the reheating is switched to be governed by the scalaron decay into gauge bosons
rather than by the decay of the Majorana fermion. In this case, the only relevant decay channel
is the decay into gauge bosons as we have suppressed the decay channel into Higgs bosons
and Majorana fermions by taking conformal coupling and taking the small mass, respectively.

This mass dependence of the transition period results in the mass dependence of the
reheating temperature Tg. This is approximately described as'

3
M AM3Z \ 1
Tk~ 1.1 x 10° x ( M > <1 - Nl) GeV (4.1)

1013 GeV M?

'This can be obtained by naively taking the equality T'y = H.
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The dependence of pr on the Majorana mass
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Figure 6. The blue dashed line, the orange dotted line, the green solid line and the red dash-dot
line represent the evolution of the energy density of radiation pr with different masses: My, = 1.0
1013 GeV, My, = 1.0 x 10'2GeV, My, = 1.0 x 10! GeV and My, = 1.0 x 101 GeV, respectively.

when 2.0 x 1012 GeV < My, < 1.5 x 10!3 GeV and the decay rate I'y_, n, exceeds I'y_,, (see
figure 1). If this condition is not satisfied, the mass dependence of the reheating temperature
disappears to yield T ~ 2.2 x 108 GeV. This approximated expression almost coincides
with the numerical results, but we will use the numerical results for the accurate estimation
of the spectral parameters.

5 Parameter dependence of the obsevables

We have seen that the reheating process heavily depends on the non-minimal coupling &.
The dependence on My, is negligiblly small in the minimally coupled case, because the
scalaron mainly decays into the Higgs particles, and the branching ratio into the Majorana
neutrino becomes very small. On the contrary, the mass dependence does appear in the
conformally coupled case for My, > 1.0 x 10'2 GeV because the decay into the Higgs particles
is suppressed and the branching ratio into the Majorana fermion becomes large. In the
previous section, we have confirmed this by numerically solving the Boltzmann equations. In
this section, we discuss the above argument by calculating the parameter dependence of the
observables, namely the spectral parameters and the baryon-to-entropy ratio.

5.1 Spectral parameters

The number of e-folds of inflation, Ny gg2, corresponding to the CMB pivot scale koyp =
0.002 Mpc~! depends on the duration of the field oscillation period before completion of the
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reheating [6, 26, 58] and is related to the reheating temperature as

1. 108 GeV
No.oo2 = No.os + log 25 ~ 57 — — log 76.
3 Tr

(5.1)
When we derive (5.1), we adopted an approximation that the change of the equation of
state is instantaneous between the end of inflaton-dominated era and the onset of radiation-
dominated era, which can be confirmed numerically. It can also be expressed by the integral
of inflaton field value ¢ as

Lo Vgl
N = — d 5.2
0002 =3 | ¢V’[¢]’ (5.2)
where ¢, and ¢, are the inflaton field values when the pivot scale kca = 0.002 Mpe ™! exited

the horizon and at the end of inflation, respectively.

Because the curvature perturbation is conserved after the horizon crossing, the slow-roll
parameters for the evaluation of the properties of the cosmological perturbation measured
by the CMB are calculated by this field value ¢, as

_ %Mé (Y//éf))) ‘¢=¢* ’

V"'(¢)
2
n = M ( > ; 5.3
S\ V(g) b= (5.3)
!/ "
¢ g (VOO
V() =1
The spectral parameters are calculated by using these slow roll parameters as
2 4 2

Ng :1+277—6€—§7’] + 0.374¢",

nr = —26, (5'4)

r = 16e.

We show the mass dependence of the spectral parameters in the minimally coupled case
and the conformally coupled case in figure 7. In addition to these, we show the values of the
Higgs inflation model for comparison.!> We can see that the mass dependence disappears
in the minimally coupled case. On the other hand, the mass dependence is manifest in the
conformally coupled case at My, > 10''GeV. As we diminish the mass of the Majorana
fermion, the mass dependence disappears below around My, < 10'! GeV. This is because
gradually the main role of the reheating switches to the decay into gauge bosons as we
> 1011GeV, in order to distinguish the right-handed

~

have seen in section 4. When My,
neutrino mass with the future CMB observation, we require the accuracy of O(10~%) for
ns and of O(107°) for r.

15Here we assume that the energy of the inflaton is immediately converted to the energy of the radiation
after the end of inflation due to the violent preheating [24, 25].
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Mass dependence of the spectral indices
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Figure 7. The blue solid line and the orange solid line represent the mass dependence of the spectral
parameters (ng,r) evaluated at the pivot scale kovp = 0.002 Mpc ™! in the conformally coupled case
and the minimally coupled case, respectively. In the upper graph, we simultaneously plot the 68%
and 95% CL regions for the spectral parameters from TT, TE, EE+lowE-+lensing+BK15+BAO
data [26]. For comparison, we also plot the red point representing the value in the case of the Higgs
inflation. In the lower graph, for the conformally coupled case, we re-plotted the value of (ns,7)
when we take different values for the Majorana mass: My, = 1.0 x 1013 GeV, My, = 1.0 x 10'2 GeV,
My, = 1.0 x 101 GeV, and My, = 1.0 x 10'° GeV corresponding to the circle point, the triangle
point, the vertical line and the horizontal line, respectively.
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5.2 Baryon asymmetry

Since in our setup the right-handed neutrinos are copiously produced, the baryon asymmetry

of the Universe may be generated through leptogenesis, which is one of the most promising

baryogenesis scenarios [34]. In this scenario, lepton asymmetry, which is produced when the

heavy Majorana neutrino decays, is converted to the baryon asymmetry by the sphaleron pro-

cess [59-62]. In this subsection, we investigate how the successful leptogenesis can take place.
The net lepton asymmetry produced by one N7 particle decay is expressed as:

['(Ny — lh) = T(Ny — 1h)

0 —.
I'(Ni = lh) + T'(Ny — [h)

(5.5)

This asymmetry comes from the interference terms between the tree-level diagram and the one-
loop diagram. Including both one-loop vertex and self-energy correction, we obtain [34, 35, 63]

3M,; 1
o~ _7TIIH Y1a¥Y1p y’yOzM y"/ﬁ

167Ty1pyp1
356ff ‘ + 2]WN1 ¥ 2MN1
=/ |\ Y1aY — + (Y1a¥,
167Ty1pyj)1 ( “ a2) Mn, ( “ ag) My,
RY ‘ N 2 My I 2 Mp,
= (g1ah) T+ (Gudl) S (5.6)
Torguaty | 79%2) 3, * (0s) 37,
N _3(5€ff~ = M,
= T 16r MYy,
ivalmgé
8 ]\4]\721)2 eff

In the first line in (5.6), we used My, > My, for the approximation. In the second line,
we have defined the effective CP phase in the Yukawa coupling matrix:

I [(ymng)Q s + (ylaylg)z %ﬂ

eff =

T (5.7)

(k)" 352 + (k) 32

Note that this quantity is less than unity by definition, deg < 1. In the third line, we used
the relation ylaylé,y = ylZU Uajyﬂ = yhéwy;r7 = yhy;ﬂy In the fourth line, we used the
assumption that Yukawa coupling matrix is approximately proportional to the unit lower-right
triangular matrix and My, < My, as mentioned in 2.2.

The expression for ¢ (5.6) is different from the well-known expression (see eq. (21) in [28]).
However, the expression for I'y_,r (see eq. (2.23)) and § in [28] are not compatible. This is
because the former assumes that ms o |y13]?/M; so that the Yukawa coupling parameters
in 'y, ,r can be eliminated, but the latter assumes, that mgs oc |ys3|?/M3 so that the M
in 0 can be eliminated. That is, the largest contribution to mg comes from My, term in
the former case, but from My, term in the latter case.

The matching condition for the observed baryon-to-entropy ratio (ng/s)|o ~ 0.87 x 10710
imposes restriction on the mass parameters. The lepton asymmetry is generated through
the non-thermal leptogenesis [35, 64] because of the low reheating temperature and the large
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Majorana fermion mass, which realizes sizable gravitational particle production. Hence, there
is no wash-out effect, and the Boltzmann equation for the lepton number is simply given as

dnya®
dt

=6 -Tn_gna’. (5.8)

In terms of a rescaled variable: n; = npa*>M 3, we find

dnp 5 V3MgT N, gna (5.9)
da ~ M2\/r+ fa+n(My,/M)a '

The generated lepton asymmetry ny, can be calculated by integrating (5.9). The lepton
asymmetry is mostly generated around the end of the reheating. Once the relativistic
particles are thermalized, ny /s is given by

1
ng ( 3°-5 >4ﬁLM3

— 5.10
2777297‘[)%2 a ( )

S

The lepton asymmetry is eventually converted to the baryon asymmetry by the electroweak
sphaleron process to reach at [65]

28 ng,

nj ~Y
07 79 s

S

. (5.11)
reheating

We calculated the mass dependence of the resultant baryon-to-entropy ratio normalized
by 4, (ng/s)/d, in the conformally coupled case and in the minimally coupled case in figure 8.
We can see that the produced baryon asymmetry is larger in the case of the conformally
coupled case, with the same mass dependence, which is due to the enhancement of the
branching ratio of I'y_n,.

Next, we discuss the value of the mass My, at which (np/s)/d takes the maximum. In
the minimally coupled case, the entropy s is governed by the Higgs particles, but not by
the decay products by the Majorana neutrino, and hence it is less affected by the change
in mass Mp,. As a result, (ng/s)/é is maximal near the mass at which I'y_,n, (see (2.13))
is maximal (My, ~ 103 GeV), when np becomes maximum. On the other hand, in the
conformally coupled case, the entropy s is governed by the decay products of the Majorana
neutrinos, so is affected by the change in the mass Mpy,. Thus, the mass My, at which
(np/s)/d is maximal deviates from My, ~ 102 GeV since the entropy density is also larger
for heavier right-handed neutrino.

The different behavior in figure 8 means that there is a difference in the constraint in
the parameter we have. We show the limitation on the mass parameters My, and My, in
figure 9. From figure 8, one can read off the required § to explain the baryon asymmetry of the
Universe for each My,. The upper-bound of My, can be obtained by the condition deg < 1,
which is shown in figure 9. We can see that the allowed range for the mass parameters is
larger in the conformally coupled case due to the enhanced efficiency in the leptogenesis. We
simultaneously showed the region where our analysis is not reliable |My, — My,| < Mn;,
because we used the assumption My, > My, in the first line of (5.6). In general, the
resonant leptogenesis [66] may occur in this region, which requires further analysis. There,
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Mass dependence of the baryon asymmetry
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Figure 8. The baryon-to-entropy ratio normalized by §, (ng/s) /0 is plotted with respect to the
Majorana mass My, . The blue solid line and the orange dashed line represent the mass dependence
of np/s)/d in the conformally coupled case and in the minimally coupled case.
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Figure 9. The allowed region for the mass parameters are shown. The blue ray-shaded region and
the orange dot-shaded region represent the conformally coupled case and the minimally coupled case,
respectively. In the green shaded region, the assumption on the hierarchy between My, and My, we
made is broken and hence the result is not reliable there. The mass configuration must be on the red
solid line in order to be consistent with the solar neutrino oscillation experiment.
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we also showed the mass configuration in which mo ~ mg, = 0.009€V is realized. This
condition constrains the mass of the second lightest right-handed Majorana neutrino Mp,.
This constraint is strongly dependent on the assumption of case A on the neutrino Yukawa
coupling matrix. In the next section, we will investigate a case with a different assumption
on the Yukawa coupling matrix.

6 The effect of the Yukawa coupling matrix

Throughout sections 2-5, we have postulated that the components of the Yukawa coupling
matrix follow case A (see section 2.2). In this section, we consider case B where the
Yukawa coupling matrix has a hierarchical structure. Case B is based on the following
two assumptions [34, 35].

On the right-handed Majorana neutrino sector My, yog (case B). First, we

(@71;'\%)2 _ (?1;'23)2 (6.1)

so that the second term in the second line of eq. (5.6) is comparable to the first term,

postulate

which leads to the increment of the net lepton asymmetry §. This means that there is
a hierarchy in the Yukawa coupling parameters that compensates the hierarchy of mass
My <« Mj. Second, we assume

|9a3| > [Jaz| > [Joa| (a=1,3). (6.2)
In this case, the expression for the heaviest active neutrino ms (see eq. (2.22)) is changed as

~ 2 92

|F33]” v

Ma ~ — . 6.3
T (63)

This is because the largest contribution to mg in eq. (2.16) becomes the v = 3 channel due to
the hierarchical structure. Note that we keep the assumption of the hierarchy of the Majorana
masses, M < My < Ms to use the expression of the first line in (5.6).

Using this expression, we can derive the well-known expression for the lepton asymmetry 9:
3 ms M Ny

0 = ——Oeff

—_—— 6.4
. RO (6.4)

which has only one parameter My, contrary to case A (5.6). Furthermore, the decay rate of
the Majorana neutrino N; into relativistic particles (see eq. (2.23)) is also changed as
MNn,

FN%R ~ — |glg|2 . (65)
8T

In this case, we cannot re-write the decay rate I'y_ g in terms of m3 contrary to case A.
Based on this, we solve the set of the Boltzmann equations and calculate the baryon
asymmetry as we did in the previous sections. We show the results in various parameter
configurations below. First, when £ is minimally coupled, nothing peculiar happens because
the reheating by the decay into the Higgs field dominates and the parameter dependence
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Dependence on the Yukawa coupling y 43
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Figure 10. Results of numerical calculation of Boltzmann equations when the Yukawa coupling
matrix has the hierarchical structure and the Higgs field is conformally coupled to gravity. The
Majorana mass My, is set to be 1.0 x 10'2 GeV. The green dashed line, the red dotted line and the
purple dash-dot line represent the energy density of the Majorana neutirno N; when the Yukawa
coupling matrix component is |§13]> = 1.0 x 1073,1.0 x 10~%and 1.0 x 10715, respectively. The
blue solid line and the orange solid line represent the energy density of the inflaton and radiation,
respectively. These lines are depicted for the case with |§13|> = 1.0 x 1071°.

on My, and g3 are drowned out. Therefore, the reheating temperature and the spectral
parameters, in this case, are the same as in the minimally coupled case in section 5, which
is shown in figure 11.

Second, when £ is conformally coupled, the parameter dependence on the Majorana mass
My, and the Yukawa coupling parameter ;3 appears. We show the dependence of the energy
densities on §3 in figure 10. Here, the Majorana mass My, is set to be 1.0 x 10' GeV.

This result shows the possibility of py, surpassing pr right after the end of the inflaton
decay. This happens when the |§13/? < O(10712). In this case, the reheating process is not
completed by the inflaton decay, but by the subsequent decay of the right-handed Majorana
neutrino. In consequence, the matter-dominated epoch lasts for a longer period and this
results in the drastic change in the spectral parameters. The spectral parameters in this
case are shown in figure 11. We plotted the region where the above N; domination happen:
O0(10717) < |g13)2 £ O(10712). For |§13/> = O(10711), this N7 domination does not occur
and the resultant spectral parameters approach to the circle point in figure 7.

There is a restriction on the smallness of the Yukawa coupling parameter |§j;3]?> when we
consider realizing the observed baryon asymmetry of the universe: (ng/s)|o = 0.87 x 10719,
The lower-bound on |§13]> can be obtained by integrating the eq. (5.9) and using g < 1
as we did in figure 9. The results are shown in figure 12 as the solid line. This argument
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y13 dependence of the spectral indices
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Figure 11. The spectral parameters for various values of Yukawa couplings are shown. The mass
of the right-handed Majorana neutrino My, is fixed to be 1.0 x 103 GeV. The blue plot and the
orange plot represent the y3; dependence of the spectral parameters ng,r in the conformally coupled
case and minimally coupled case, respectively. The multiple blue plot represent the value when
7132 = 1.0 x 10717, 1.0 x 10716, 1.0 x 1071°, 1.0 x 10714, 1.0 x 107!, 1.0 x 1072 from the left to
the right. The value for 1.0 x 10717 is not allowed in view of realizing the observed baryon asymmetry.
The 68% and 95% CL region for the spectral parameters are simultaneously shown as same as in

figure 7.

Yukawa matrix dependence of the baryon asymmetry
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V1312
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----- (ng/s)/6  (My, =2.0 x 10! GeV) lower bound  (My, = 2.0 x 101! GeV)

Figure 12. The baryon-to-entropy ratio (np/s)/d is plotted with respect to the Yukawa coupling
parameter |g13]? for various Majorana masses My,. The blue lines and the orange lines represent the
ratio (np/s)/d and the lower bound on the ratio coming from deg < 1. In other words, the present
baryon asymmetry of the Universe can be explained if the blue line exceeds the orange line for each
choice of Mp,. The solid lines, dashed lines and dotted lines represent the case when the Majorana
mass is 1.0 x 103 GeV, 5.0 x 10'* GeV and 2.0 x 10! GeV, respectively.
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leads to the condition:
17132 > O(10717). (6.6)

We have fixed the Majorana mass to be 1.0 x 10'3 GeV above. For smaller masses, the
production rate of the Majorana neutrinos becomes smaller (see eq. (2.13)), so that the above
matter dominance period by the Majorana neutrino does not happen for My, < O(10! GeV).
The resultant spectral parameters are close to case A, which is shown in figure 7. In this case,
the lower bound on the Yukawa coupling parameter |§13|> becomes stricter as we decrease

< 2.5 x 10 GeV,

~

the mass My,. This is shown in figure 12. If the mass drops to My,
any values for the Yukawa coupling parameter g3 are forbidden, so we find the Majorana
mass must satisfy

My, > 2.5 x 10" GeV (6.7)

to be consistent with the baryon asymmetry of the universe.

7 Conclusion and discussion

We have analyzed the R? inflationary model with an extended matter sector containing
right-handed Majorana neutrinos which are responsible for the leptogenesis of the baryon
asymmetry in the Universe in order to make it a more realistic cosmological model. We
conducted a comprehensive study of the reheating process by considering all of the matter
fields. We identified the relevant decay channels and solved the evolution equations of the
system. There are several parameters that characterize this model: the non-minimal coupling
&, the mass of the Majorana fermion My, and the Yukawa coupling matrix y,g.

When the Higgs field is minimally coupled with & = 0, reheating is entirely dominated
by it and parameters of the neutrino sector affect only the details of leptogenesis. When it is
conformally coupled with £ = —1/6, on the other hand, we observe nontrivial effects of the
neutrino sector on reheating both for the cases A and B, which we highlight below.

When the Yukawa coupling matrix y,g has the structure of case A and the Higgs field
is conformally coupled, the decay rate I'y_,; is much suppressed, thus decay into the right-
handed Majorana neutrinos and into gauge bosons becomes relevant. Which decay is more
relevant is determined by the Majorana mass My, , so the mass dependence appears. We
have confirmed this behavior by examining the mass dependence of the reheating process
and the observables: the spectral parameters of primordial perturbations and the baryon
asymmetry. As we can see in figure 7 and figure 8, the mass dependence appears strongly in
the conformally coupled case and not so much in the minimally coupled case. Furthermore, we
showed the limitation on the mass parameters by considering the consistency with the value
of the present baryon-to-photon ratio estimated from observations. In this case, the Yukawa
coupling matrix is chosen such that we have mg = maim and no further freedom to change.

On the contrary, in the case B in which the Yukawa coupling matrix has a hierarchical
structure, the value of the Yukawa coupling matrix comes into play. In this case, we have three
parameters which characterize the model: £, My, y13. When the Higgs field is conformally
coupled, the parameters in the neutrino sector influence the model. In particular, when
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the Majorana mass is large and the Yukawa coupling ;3 is small, the Majorana neutrinos
can dominate the energy density of the universe even after the inflaton decay as is shown
in figure 10. This leads to the longer matter-dominated era and thus results in the drastic
change in the spectral parameters, which are shown in figure 11. If we decrease the Majorana
mass Mpy,, the dependence on the Yukawa coupling disappears and the reheating process is
governed by the decay of the inflaton into gauge bosons. The constraints on the parameters
are also obtained in this case, see figure 12.

In the present study, we assumed the hierarchy between the Majorana neutrino mass
and the scalaron mass, M1 < M/2 < M. If we consider the case M; < My < M /2, another
scenario can be realized where the reheating and baryogenesis is mainly governed by the
Ny decay while N7 subsequently generated can be a dark matter candidate, in a similar
way considered in ref. [67].

Also, we only considered the cases with minimal and conformal couplings of the Higgs
field to gravity. If we take £ > 0, it has been found that the Higgs field is tachyonic along
the R? inflationary trajectory and the system enters the regime of the mixed Higgs-R?
model [27, 68, 69]. Once we introduce massive right-handed neutrinos into the mixed Higgs-
R? model, we may have a decay channel from Higgs to right-handed neutrinos for sufficiently
large ¢ through non-perturbative Higgs production [70, 71]. The detailed study of the effect
of right-handed neutrinos on reheating and baryogenesis in this case is left for future study.
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