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We construct a model explaining dark matter, baryon asymmetry, and reheating in a quintessential
inflation model. Three generations of right-handed neutrinos having hierarchical masses and the light scalar
field leading to the self-interaction of active neutrinos are introduced. The lightest sterile neutrino is a dark
matter candidate produced by a Dodelson-Widrow mechanism in the presence of a new light scalar field,
while the heaviest and next-heaviest sterile neutrinos produced by gravitational particle production are
responsible for the generation of the baryon asymmetry. Reheating is realized by spinodal instabilities of
the Standard Model Higgs field induced by the nonminimal coupling to the scalar curvature, which can
solve the overproduction of gravitons and curvature perturbation created by the Higgs condensation.
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I. INTRODUCTION

It is widely believed that the very early Universe
experienced exponentially accelerated expansion—so-
called inflation. Inflation not only solves fundamental
issues such as the horizon and flatness problems, but also
provides seeds of density perturbation (see, e.g., Ref. [1] for
a review of inflation). Among many possible variants of
inflationary universe models, quintessential inflation [2] is
interesting in the sense that the origin of dark energy is
attributed to the same scalar field as the inflation-driving
field dubbed the inflaton. However, this is not achieved
without drawbacks, as this class of models is associated
with a kination or kinetic-energy-dominant regime [3,4]
after inflation without field oscillation, so that the reheating
process after inflation is more involved. Note that such
cosmic evolution is also realized in k-inflation [5] and a
class of (generalized) G-inflation [6,7].
Traditionally, reheating in inflation models followed by a

kination regime has been considered by postulating

gravitational particle production [8,9] of a massless min-
imally coupled scalar field, which is produced with an
energy density of order T4

H at the transition from inflation
to kination [10,11]. Here TH ¼ Hinf=ð2πÞ is the Hawking
temperature of de Sitter space with the Hubble parameter
Hinf . In this transition, gravitons are also produced with the
energy density twice as much as a massless minimally
coupled scalar field, which acts as dark radiation in the later
Universe. Since its energy density relative to radiation is
severely constrained by observations of the cosmic micro-
wave background (CMB) [12], we must assume creation of
many massless minimally coupled fields whose energy
densities dissipate in the same way as radiation throughout.
Furthermore, since such a scalar field acquires a large value
during inflation due to the accumulation of long-wave
quantum fluctuations [13–15], particles coupled to this
field tend to acquire large masses and thus thermalization is
not guaranteed.
In such a situation, two of us [16] calculated the

gravitational production rate of massive bosons and fer-
mions at the transition from inflation to kination, and
concluded that sufficient reheating without graviton over-
production can be achieved if they have an appropriate
mass and long enough lifetime, because their relative
energy density increases in time with respect to the graviton
as they redshift in proportion to a−3ðtÞ, with aðtÞ being the
cosmic scale factor. We further applied the scenario to
generations of heavy right-handed Majorana neutrinos to
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explain the origin of radiation, baryon asymmetry, and dark
matter in terms of neutrinos [17].
Unfortunately, there were two issues in the previous

analysis. One is that it turned out that in order to explain the
full mass spectrum of light neutrinos as inferred by neutrino
oscillation, the decay rate of massive right-handed neu-
trinos cannot be small enough to realize appropriate
reheating, as shown in Sec. III. The other issue is the role
of the standard Higgs field. As discussed in Ref. [11], if it is
minimally coupled to gravity, it suffers from a large
quantum fluctuation during inflation [18] which will
accumulate to contribute to the energy density of order
10−2H4

inf at the end of inflation. Furthermore, its quantum
fluctuation is so large that it acts as an unwanted curvaton,
which should be removed [11].
The simplest remedy to the latter problem is to introduce

a sufficiently large positive nonminimal coupling to gravity,
so that it has an effective mass squared of 12ξH2

inf during
inflation, where ξ > 0 is the coupling constant to the Ricci
scalar [19]. With this coupling, the Higgs field is confined
to the origin without suffering from long-wave quantum
fluctuations. Furthermore, we can automatically find
another source of reheating, namely, the spinodal instability
of the Higgs field, as the Ricci scalar will take a negative
value in the kination regime and the Higgs field starts to
deviate from the origin. Its subsequent oscillation can
create particles of the Standard Model to reheat the
Universe, as studied in Ref. [19].
The purpose of the present paper is to construct a

consistent scenario of cosmic evolution that properly
generates the observed material ingredients in the quintes-
sential inflation model, again making use of three right-
handed neutrinos with hierarchical masses inspired by the
split seesaw model [20]. The heaviest and next-heaviest
right-handed neutrinos realize leptogenesis and explain
data from neutrino oscillation experiments via the conven-
tional seesaw mechanism [21,22]. The nonminimally
coupled Standard Model (SM) Higgs field realizes reheat-
ing after inflation via spinodal instabilities [19], while the
lightest sterile neutrino and the new light scalar field lead to
successful dark matter production [23].
In our scenario, baryogenesis through leptogenesis is

realized by the decay of the next-heaviest right-handed
neutrino with mass M2 produced by gravitational particle
production. The heaviest right-handed neutrino is assumed
to be much heavier than the Hubble parameter during
inflation and only provides the source of CP violation. We
show the mass range of M2 where the observed amount of
baryon asymmetry is realized.
Finally, the lightest right-handed neutrino can constitute

cold dark matter if it is nearly stable so that its lifetime
is longer than the age of the Universe. The simplest
production mechanism of such light right-handed neutrino
dark matter is through neutrino oscillations between the
left-handed and right-handed neutrinos, known as the

Dodelson-Widrowmechanism [24], apart from gravitational
particle production introducing a nonminimal coupling, as
was assumed in Ref. [17]. However, constraints from x-ray
observations [25–28] combinedwith constraints fromphase-
space analyses [29–31] and Lyman-α forest measure-
ments [32–35] exclude this simplest possibility (see, e.g.,
Refs. [36,37] for a review of sterile neutrino dark matter).
Successful production mechanisms of right-handed neu-

trino dark matter have been suggested, such as resonant
production [38] and production with new physics in
addition to the right-handed neutrinos [39–46]. Among
them, we focus on the possibility of sterile neutrino dark
matter production with a secret active neutrino self-inter-
action originally proposed in Ref. [23]. In this scenario, a
new light complex singlet scalar field that induces a self-
interaction of the active neutrino is introduced. The
production rate of the active neutrino in the early
Universe is enhanced by the new interaction, and the
resultant relic density of the lightest sterile neutrino can
make up all of the dark matter in the parameter space
consistent with current constraints. We calculate the relic
abundance of the lightest sterile neutrino dark matter by
analytically solving the Boltzmann equation under some
reasonable approximations and show that a keV-scale
sterile neutrino can explain the relic dark matter density
when the mass scale of the new light scalar field is around
an MeV.
The rest of the paper is organized as follows. In Sec. II

we review the basic features of right-handed neutrinos. In
Sec. III we see that a reheating of the Universe by the decay
of gravitationally produced right-handed neutrino cannot
be achieved, but the nonminimal coupling between the SM
Higgs and the scalar curvature can lead to efficient
reheating. In Sec. IV we explain baryogenesis through
leptogenesis by gravitationally produced sterile neutrinos.
Then, we analytically calculate the relic density produced
by the lightest right-handed neutrino with a secret self-
interaction of the left-handed neutrino in Sec. V. Section VI
is devoted to the conclusion.

II. HIERARCHICAL STERILE NEUTRINOS

In this section, we review general features of the right-
handed neutrinos. We consider the following Lagrangian
density for the right-handed neutrino νRi (i ¼ 1, 2, 3) with
hierarchical masses Mi (M1 ≪ M2 ≪ M3) as in the split
seesaw model [20]:

−LN ¼ hαiL̄αH̃SMνRi þ
1

2
Miν̄

c
RiνRi þ H:c: ð1Þ

In this expression, Lα ¼ ðνLα; eLαÞT; HSM, and hαi are the
SM lepton doublet, SM Higgs doublet, and Yukawa
coupling constants, respectively. The subscripts α ¼ e, μ,
τ denote the generation of the SM leptons and ψc denotes
the charge conjugation of the ψ field. After electroweak
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symmetry breaking, the SM Higgs field acquires the
vacuum expectation value hHSMi ¼ vSM=

ffiffiffi
2

p
, where

vSM ≃ 246 GeV, leading to the Dirac mass terms. The
mass matrix of neutrinos is then given by

−Lmass ¼
1

2
ðν̄L; ν̄cRÞM

�
νcL
νR

�
þH:c:; M¼

�
0 mD

mT
D DM

�
;

ð2Þ

where ðmDÞαi ≡ hαivSM=
ffiffiffi
2

p
is the 3 × 3 Dirac mass matrix

and DM ≡ diagðM1;M2;M3Þ. The matrix M can be
diagonalized by the unitary matrix U:

U†MU� ¼ diagðmνα0 ;mNI
Þ; ðα0 ¼ 1;2;3; I ¼ 1;2;3Þ:

ð3Þ

AssumingmD ≪ Mi, at leading order, the unitary matrix
can be expressed as [47]

U ¼
�

UPMNS θ

−θ†UPMNS 13×3

�
; θ≡mDD−1

M : ð4Þ

In this expression, UPMNS is the Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) matrix [48] defined by the
following relation:

U†
PMNSMνU�

PMNS ¼ diagðmν1 ; mν2 ; mν3Þ;
Mν ≡ −mDD−1

M mT
D: ð5Þ

For θαi ≪ 1, the mass eigenstates να0 and Ni are called
active and sterile neutrinos, and are given explicitly by

νLα ¼ ðUPMNSÞαα0να0 þ θαiNc
i ;

νcRi ¼ −θ�αiðUPMNSÞαα0να0 þ Nc
i : ð6Þ

One can see from the above expression that the sterile
neutrino NI almost corresponds to the right-handed neu-
trino νRi. Also, the mass of the sterile neutrino Ni is almost
identical to the Majorana mass of the right-handed neu-
trino, mNI

≃ δIiMi for θαi ≪ 1, and hence we do not
distinguish them in what follows.
There are several constraints on active neutrino masses

from observations of neutrino oscillations such as Super-
Kamiokande [49], KamLAND [50] and MINOS [51].
Absolute values of active neutrino mass-squared differences
are constrained as m2

sol ≡ jm2
ν2 −mν1 j2 ¼ 7.59 × 10−5 eV2

and m2
atm ≡ jm2

ν3 −m2
ν1 j ¼ 2.32 × 10−3 eV2. One cannot

take hαi arbitrarily free since it is related to active neutrino
masses through Eq. (5). To make the lightest sterile neutrino
dark matter, it will turn out in Sec. V that the Yukawa
coupling of the lightest sterile neutrino becomes vanishingly

small,
P

α jh̃α1j2 ≪ 1, where h̃≡U†
PMNSh. Resultant con-

tributions tomν2;3 from h̃α1 are negligible and are decoupled
in the seesaw formula.With this setup and assuming a normal
mass hierarchy mν3 > mν2 ≫ mν1, the constraints on the
active neutrino masses are simplified as

mν3 ≃ 0.05 eV; mν2 ≃ 0.01 eV; and mν1 ≃ 0: ð7Þ

The above condition will be used in Secs. III and IV.

III. REHEATING

In this section, we discuss reheating in our model. Before
discussing the reheating mechanism in detail, we would like
to clarify our setup. We consider a spatially flat Friedmann-
Lemaître-Robertson-Walker background, ds2 ¼ −dt2þ
a2ðtÞdx2, where aðtÞ denotes the scale factor. We consider
the following smooth transition from the deSitter phase to the
kination phase [16]:

a2ðηÞ ¼ 1

2

��
1 − tanh

η

Δη

�
1

1þH2
infη

2

þ
�
1þ tanh

η

Δη

�
ð1þHinfηÞ

�
: ð8Þ

In this expression, Hinf is the Hubble parameter during in-
flation, η is the conformal time which satisfies dt ¼ aðηÞdη,
and Δη > 0 parametrizes the time scale of the transition
which depends on the Lagrangian of quintessential inflation,
k-inflation, or G-inflation. For Δη≲ 1.7Hinf, a2ðηÞ is a
monotonically increasing function and remains positive for
all η. With this parametrization, the scale factor is normalized
to unity around the end of inflation, so that Δη is identical to
the cosmic time scale of transition, Δt, which is identified
with the physical time scale.
The energy density of gravitationally particles created

during this transition has been calculated in the literature
[11,16,52] as

ρφ ¼ CφH4
infa

−4ðtÞ; ðCφ ≃ 5× 10−3; Δt¼H−1
infÞ ð9Þ

for a massless minimally coupled scalar field φ, and

ρmf ¼Cmfm2H2
infe

−4mΔta−3ðtÞ; ðCmf ≃ 2× 10−3Þ ð10Þ

for a massive fermion with mass m. In these expressions,
Cφ and Cmf are numerically determined for the scale factor
given by Eq. (8).
The spinodal instability of the nonminimally coupled

Higgs field, on the other hand, sets in after inflation, and it
takes some time until its energy starts to dissipate when its
energy density behaves as [19]
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ρHiggs ¼ CHiggsH4
inf

a4ðtsÞ
a4ðtÞ : ð11Þ

Here aðtsÞ is the scale factor at the moment when the
growth of spinodal instability terminates. Typically,
a3ðtsÞ ∼Oð10Þ, but its precise value depends on ξ and
Δt, where ξ is the size of the nonminimal coupling of the
SM Higgs with gravity. (See the Appendix for the precise
definition of ξ.) CHiggs is sensitive to the value of ξ, which is
of order CHiggs ≃ 0.05 ∼Oð1Þ for ξ ∼Oð1Þ.
One can investigate the parameter region where the

decay products of the sterile neutrino are the dominant
source of radiation by comparing the energy density (11)
with that of heavy neutrinos given by Eq. (10) at their decay
time, td. It is defined by the equality HðtdÞ ¼ ΓNi

, where
Γi ¼ γiMi with γi ≡P

α jh̃αij2=ð8πÞ [53,54] being the tree-
level decay rate of Ni in the rest frame. We assume that the
decay takes place during kination. In the kination-
dominated era, the Hubble parameter is given by
HðtÞ ¼ Hinf=a3ðtÞ, and then, the moment when the decay
takes place, denoted by td, is determined by the condition
Γi ¼ Hinf=a3ðtdÞ. Ni decays into SM particles that behave
as radiation, and hence ρNi

ðt > tdÞ ∝ a−4, where ρNi
is the

energy density of Ni. By comparing the radiation energy
density produced by the spinodal instability of the SM
Higgs field (11) at t ¼ td, it turns out that the dominant
component of radiation is sourced by ρNi

when

Cmf

a4ðtsÞCHiggs

�
Mi

Hinf

�5
3

e−4MiΔtγ−1=3i > 1 ð12Þ

is satisfied. The left-hand side of the above equation takes
the maximum value when Mi=Hinf ≃ 0.42 for Δt ¼ H−1

inf.
Therefore, the above condition can be expressed as

γi < 8.5 × 10−5 ×

�
Cmf

a4ðtsÞCHiggs

�
3

: ð13Þ

As we explained in the previous section, the Yukawa
coupling h̃αi must be chosen in such a way that Eq. (7) is
satisfied to explain data from neutrino oscillation experi-
ments. This implies that there exists a nontrivial bound on
γi. Neglecting contributions from h̃α1, Eq. (5) can be
rewritten as the following explicit expressions:

−
v2SM
2M2

h̃222 −
v2SM
2M3

h̃223 ¼ mν2 ;

−
v2SM
2M2

h̃232 −
v2SM
2M3

h̃233 ¼ mν3 ;

−
v2SM
2M2

h̃22h̃32 −
v2SM
2M3

h̃23h̃33 ¼ 0: ð14Þ

The last term comes from the off-diagonal term of Eq. (5).
For a normal mass hierarchy, mνα are given by Eq. (7).

Then, the magnitude of the Yukawa coupling squared is
bounded asX

α

jh̃α3j2 ≃ jh̃223j þ jh̃233j

¼
���� 2M3mν2

v2SM
þmν2

mν3

h̃233

����þ jh̃233j

≳ 2M3mν2

v2SM
: ð15Þ

In the second equality we used Eq. (14). A lower bound onP
α jh̃α2j2 is obtained in a similar manner. The resultant

bounds are summarized as
P

α jh̃αij2 ≳ 2Mimν2=v
2
SM, for

i ¼ 2, 3 in the case of a normal hierarchy and, conse-
quently, γi is bounded below. Using the bound on γi
[Eq. (13)], we find that radiation is dominated by the
decay of Ni when

Mi ≲ 5.1 × 107 GeV ×

�
0.1

a4ðtsÞCHigss

�
3

ð16Þ

is satisfied. In the opposite region, radiation is mainly
sourced by the spinodal instability of the SM Higgs field.
The above condition can be further translated into the

upper bound on the reheating temperature in the case when
reheating is realized by the decay products of massive
neutrinos rather than spinodal instability. The time when
reheating takes place, denoted by tRH, is defined by the
condition ρkinðtRHÞ ¼ ρradðtRHÞ, where ρkin is the kinetic
energy density of the inflaton. Since ρkin ∝ a−6, one can
parametrize the kinetic energy of the inflaton as
ρkinðtÞ ¼ 3M2

PlH
2
inf=a

6ðtÞ, where MPl ≃ 2.44 × 1018 GeV
is the reduced Planck mass. Then, the reheating temper-
ature TRH can be expressed as

TRH ¼
�

10

3π2g�ðTRHÞ
�1

4

C
3
4

mfγ
−1
4

i

�
Mi

Hinf

�5
4 H2

inf

MPl
e−3MiΔt ð17Þ

≲2.2 × 10−3
M2

i

MPl
γ−1=4i : ð18Þ

Here, g� is the number of effective degrees of freedom of
the primordial hot plasma. In this calculation, we used
Δt ¼ H−1

inf ; g�ðTRHÞ ¼ 10.75 and Mi=Hinf ¼ 0.42, which
gives the maximum reheating temperature. Again using the
lower bound on γi given by Eq. (15), we obtain

TRH ≲ 0.46 MeV ×

�
0.1

a4ðtsÞCHiggs

�21
4

: ð19Þ

The above bound on the reheating temperature may be
marginally consistent with the successful big bang
nucleosynthesis (BBN), TRH ≳ 0.5 MeV [55], when
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a4ðtsÞCHiggs is small. Numerical calculations, however,
reveal that a4ðtsÞCHiggs is larger than 0.1 unless ξ is smaller
than or very close to unity [see Fig. 1 and Eq. (24)]. Thus,
for ξ≳Oð1Þ, the spinodal instability of the SM Higgs field
should be the dominant source of radiation to realize
efficient reheating, and we focus on this parameter space
in the following, which corresponds to the case when the
decaying sterile neutrino masses are naturally heavier than
the threshold (16) and a much higher reheating temperature
is realized by spinodal instability.
Before evaluating the reheating temperature in this

case, let us discuss the issue of the dark radiation problem
caused by gravitational particle production of gravitons.
Gravitationally created gravitons are never in thermal
equilibrium with SM particles, and thus they become a
problematic source of dark radiation. The energy density of
the total relativistic components, ρtot, can be decomposed as
the energy densities of thermal plasma consisting of the SM
particles, ρrad, and gravitons:

ρtot ¼ ρrad þ ρGW ¼ π2

30
g�ðTÞT4 þ ρGW: ð20Þ

Here, ρGW is the energy density of the produced gravitons.
Since the graviton satisfies the same equation of motion as
a massless minimally coupled scalar field, its energy
density is twice that of the minimally coupled scalar field,
ρGW ¼ 2ρφ. A constraint on dark radiation components is
conventionally given in terms of the effective number of
neutrino species at photon decoupling, parametrized by

ρtotðtphÞ ¼ ργðtphÞ
�
1þ 7

8

�
4

11

�4
3

Neff

�
: ð21Þ

In this expression, ργðtphÞ is the energy density of photons
at photon decoupling, t ¼ tph. Using entropy conservation,
the deviation from the standard value of Neff at photon
decoupling can then be parametrized as

ΔNeff ¼
4

7

�
4

11

�
−4
3

g�ðtphÞ
�
g�ðtphÞ
g�ðtthÞ

�1
3

�
ρGW
ρrad

�����
t¼tth

; ð22Þ

where tth is the moment when thermalization of SM fields
takes place. Assuming thermalization takes place suffi-
ciently early, g�ðtthÞ ¼ 106.75 [58], and using g�ðtphÞ ≃
3.38 which is the value including the effect of nonfully
decoupled neutrinos at electron-positron annihilation
[59,60], Eq. (22) can be rewritten as follows:

ΔNeff ≃ 2.36 ×

�
ρGW
ρrad

�����
t¼tth

: ð23Þ

The recent Planck data [12] give the constraint ΔNeff <
0.30 at the 95% confidence level.
We numerically evaluate the energy density created by

the spinodal instability of the SM Higgs field. The detailed
numerical procedure is summarized in Ref. [19]. (See also
the Appendix.) The dependence of ΔNeff on the non-
minimal coupling ξ is shown in Fig. 1. There we use the SM
Higgs quartic coupling λSM ¼ 0.01 as a reference value,
although its precise value depends on the scale of Hinf and
the physics around this scale because of the renormalization
group effect. In the figure, we take Δt ¼ H−1

inf , but we
confirm that ΔNeff is less sensitive to Δt since a smaller Δt
makes both the spinodal instability and graviton production
large. Also,ΔNeff is less sensitive to a tiny quartic coupling
λSM ≲ 0.01. On the other hand, from this figure one finds
that ΔNeff is strongly sensitive to the value of ξ. This
simply reflects the fact that a large ξ makes the spinodal
instability large, and thus the energy density of ϕ is
amplified. These results are in agreement with the earlier
work in Ref. [19]. The current constraint ΔNeff < 0.3 is
compatible with ξ≳ 1.4. Future observations by the next-
generation “Stage-4” ground-based cosmic microwave
background experiment will probe the parameter space
ΔNeff > 0.03 [56,57], corresponding to ξ≲ 2.3.
Since both the energy density of the Higgs field (11) and

that of gravitons have only a weak dependence, from
Eq. (23) we can find a one-to-one correspondence between
ΔNeff and CHiggs which is basically determined by ξ as

CHiggs≃7.9×10−2×

�
0.30
ΔNeff

�
×

�
1

a4ðtsÞ
�
; ðΔt¼H−1

infÞ:

ð24Þ

The scale factor at t ¼ tRH is denoted by aRH and the
reheating temperature TRH can be evaluated as

1.0 1.5 2.0 2.5 3.0 3.5
0.005
0.010

0.050

0.100

0.500

1

FIG. 1. Dependence of Neff at photon decoupling on the Higgs
nonminimal coupling ξ, for Δt ¼ H−1

inf with the quartic coupling
of the SM Higgs field λSM ¼ 0.01. The red contour represents the
current limit ΔNeff ¼ 0.3 from Planck data [12], while the blue
contour corresponds toΔNeff ¼ 0.03which is the futuristic target
sensitivity of the next-generation “Stage-4” ground-based cosmic
microwave background experiment [56,57].
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aRH ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
3

CHiggs

s
MPl

Hinf
a−2ðtsÞ;

TRH ¼
�
10

3

C3
Higgsa

12ðtsÞ
π2g�ðTRÞ

�1
4 H2

inf

MPl
: ð25Þ

For Hinf ¼ 1013 GeV, g�ðTRHÞ ¼ 106.75, and ΔNeff ¼ 0.3,
one obtains TR ≃ 1.4 × 106 GeV, leading to efficient
reheating compared to Eq. (19).
Before closing this section, let us estimate the thermal-

ization temperature during kination, denoted by T th, which
can be much higher than TRH in general. Since the
oscillating SM Higgs field after the growth of spinodal
instabilities mainly decays into the SUð2ÞW gauge bosons,
thermalization of SM fields is expected to take place via
scattering of the SM fields mediated by the SUð2ÞW gauge
interaction. Hence, we determine the thermalization tem-
perature by the condition ΓSUð2ÞWðT thÞ ¼ HkinðT thÞ, where
ΓSUð2ÞW and Hkin are the reaction rate of scattering of SM
fields through the SUð2ÞW gauge interaction and the
Hubble parameter during kination, respectively. The reac-
tion rate is roughly given by ΓSUð2ÞW ∼ α2WT by dimensional
analysis, where αW ≡ g2W=ð4πÞ with gW being the SUð2ÞW
gauge coupling. Hkin can be expressed in terms of temper-
ature in the following way. It follows from ρkin ∝ a−6 and
ρradðtRHÞ ¼ ρkinðtRHÞ that ρkinðtÞ ¼ ρradðtRHÞa6RH=a6ðtÞ.
Assuming there is no entropy generation other than the
spinodal instability of the SM Higgs field, which is indeed
the case in our scenario, entropy conservation leads to

ρkinðTÞ ¼
π2

30

g2�ðTÞ
g�ðTRHÞ

T6

T2
RH

: ð26Þ

The Hubble parameter during kination is given
by H2

kinðTÞ ¼ ρkinðTÞ=ð3M2
PlÞ. Thus, the condition

ΓSUð2ÞWðT thÞ ¼ HkinðT thÞ yields the following relation:

T th ≃ 8.4 × 10−3
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
TRHMPl

p
: ð27Þ

Here, we put gW ¼ 0.6 and g�ðT thÞ ¼ g�ðTRHÞ ¼ 106.75.
Using Eqs. (24) and (25), T th can be further rewritten as

T th ≃ 1.6 × 10−3Hinf

�
0.30
ΔNeff

�3
8

: ð28Þ

As is obvious from the above expression, T th is much
higher than TRH. This expression will be used in the next
section.

IV. BARYOGENESIS

In this section, we discuss baryogenesis through lepto-
genesis in this model. We focus on the scenario where N2 is
abundantly produced by gravitational particle production

and its decay is responsible for the generation of lepton
asymmetry. (See, however, Ref. [61] for the possibility of
thermal leptogenesis during the kination-dominated era.)
The presence of N3 provides CP violation to N2 decay via
one-loop effects. The out-of-equilibrium condition can be
satisfied if N2;3 are never in thermal equilibrium.
For M3 ≫ Hinf ≳M2, the energy density of the N3 field

is exponentially suppressed and is negligible compared to
that of N2. In this parameter range, lepton asymmetry is
created dominantly by the decay of N2 with the abundance

nL ¼ ϵ2
ρN2

M2

: ð29Þ

In this expression, ρN2
is the energy density of the N2 field

produced by gravitational particle production. We neglect a
charged-lepton flavor effect in the calculation of the lepton
asymmetry and compute the total lepton flavor asymmetry.
We will justify this unflavored treatment later. ϵ2 is the total
lepton flavor asymmetry parameter, which parametrizes the
CP violation of N2 decay defined by

ϵ2 ≡ ΓðN2 → LþHSMÞ − ΓðN2 → L̄þ H̄SMÞ
ΓðN2 → LþHSMÞ þ ΓðN2 → L̄þ H̄SMÞ

: ð30Þ

Here, ΓðXÞ is the decay rate of the reaction mode X, where
final states are summed over all lepton flavors and
components of the lepton and SM Higgs doublets.
Nonzero ϵi are provided by interference between decay
amplitudes of tree-level and one-loop diagrams. One-loop
corrections from the vertex and self-energy [54,62,63]
lead to

ϵ2 ¼
1

8π

P
j≠2Im½fðh†hÞ2jg2�

ðh†hÞ22

�
fV

�
M2

j

M2
2

�
þ fM

�
M2

j

M2
2

�	
;

ð31Þ

where

fVðxÞ¼ ffiffiffi
x

p �
−1þðxþ1Þ ln

�
xþ1

x

��
; fMðxÞ¼

ffiffiffi
x

p
x−1

:

ð32Þ

For hierarchical mass M1=M2 ≪ M2=M3 < 1, ϵ2 is
given by

ϵ2 ≃
3

16π

1

ðh†hÞ22
Im

�
fðh†hÞ23g2

�
M2

M3

: ð33Þ

Using Imðh†hÞ22 ¼ 0 and the definition of active neutrino
mass [Eq. (5)], one can obtain an upper bound on ϵ2 [64,65]
for a normal hierarchy:
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jϵ2j≲ 3

8π

M2mν3

v2SM
: ð34Þ

For hierarchical active neutrino masses, ϵ2 takes almost its
maximum value unless aCP-violating phase is accidentally
suppressed. We will see that this upper bound leads to
bounds on M2 in the following analysis.
The total lepton number density at the reheating temper-

ature is estimated from Eq. (10) as

nLjT¼TRH
¼ ϵ2Cmf

�
CHiggs

3

�
3=2

M2

H5
inf

M3
Pl

a6ðtsÞe−4M2Δt: ð35Þ

The cosmic entropy at the reheating temperature can be
also calculated from Eq. (25) and is given by

sðTRHÞ ¼
2

45

�
10

3

�3
4ðπ2g�ðTRHÞÞ14C

9
4

Higgs
H6

inf

M3
Pl

a9ðtsÞ: ð36Þ

In this calculation, we approximate the effective number of
relativistic degrees of freedomof entropy as that of the energy
density. The generated lepton asymmetry is then converted
into baryon asymmetry via the sphaleron process:

nB
s

¼ C
nL
s

����
T¼TRH

: ð37Þ

Here, we use C ¼ −12=37 corresponding to the case where
the electroweak phase transition is a smooth crossover
[66,67]. Then, the baryon-to-entropy ratio is expressed as

���� nBs
���� ≃ 1.3 × 10−3 × ϵ2

�
ΔNeff

0.30

�3
4

�
g�ðTRHÞ
106.75

�
−1
4 M2

Hinf
e−4M2Δt

≲ 1.3 × 10−7 ×

�
M2

1013 GeV

��
ΔNeff

0.30

�3
4

�
g�ðTRHÞ
106.75

�
−1
4 M2

Hinf
e−4M2Δt: ð38Þ

In the second line, we have used the inequality (34).
Since the factor M2=Hinfe−4M2Δt takes the maximum

value 9.2 × 10−2 for M2=Hinf ¼ 1=4 when Δt ¼ H−1
inf , the

generated baryon asymmetry is bounded from above. The
observed baryon-to-entropy ratio is given by nobsB =s ≃
8.59 × 10−11 [12]. Thus, to produce the observed baryon
asymmetry, M2 is restricted as

M2 ≳ 7.3 × 109 GeV ×

�
0.30
ΔNeff

�3
4

: ð39Þ

The equality is satisfied when ϵ2 takes its maximum value
and M2=Hinf ¼ 1=4 is realized.
On the one hand, the Hubble parameter during inflation

is constrained by a measurement of the tensor mode for the
CMB anisotropy as Hinf ≲ 4.6 × 1013 GeV [68]. The
generated baryon asymmetry is thus bounded from above
as

���� nBs
����≲ 5.9 × 10−7 ×

�
ΔNeff

0.30

�3
4

�
g�ðTRHÞ
106.75

�
−1
4

×

�
M2

Hinf

�
2

e−4M2Δt: ð40Þ

The equality is satisfied when Hinf ¼ 4.6 × 1013 GeV.
Assuming Δt ¼ H−1

inf and using the observed amount of
the baryon asymmetry, the above inequality can be trans-
lated into the bound on M2=Hinf for Δt ¼ H−1

inf. This
condition turns out to be M2 ≲ 1.2 × 1014 GeV for
g�ðTRHÞ ¼ 106.75 and ΔNeff ¼ 0.3. Combining with the

lower bound on M2 [Eq. (39)], we find that successful
production of the observed baryon asymmetry can be
realized for the following window:

7.3×109 GeV×

�
0.30
ΔNeff

�3
4≲M2≲1.2×1014 GeV: ð41Þ

Assuming ϵ2 takes the maximum value (34), for
M2 ¼ 7.3 × 109 GeV; Hinf ¼ 4M2 ≃ 2.9 × 1010GeV, and
ΔNeff ¼ 0.30, the observed baryon asymmetry can be
achieved.
We have ignored a charged-lepton flavor effect in the

calculation of the lepton asymmetry. As argued in
Refs. [69–72], this calculation is oversimplified which
may potentially suffer from the flavor effect when the
charged-lepton Yukawa interaction is in thermal equilib-
rium and the reaction rate is larger than the inverse decay
process, L → HSM þ N2. This is because lepton flavor
asymmetries created by the decay of N2 lose their coher-
ence by the charged Yukawa interaction before the inverse
decay, L → HSM þ N2. However, as noted in Refs. [72–
74], this flavor effect is negligible when the inverse decay
process is never in thermal equilibrium since created flavor
asymmetries are not erased by the inverse decay. In our
leptogenesis scenario, N2 is nonthermally produced, and
thus the unflavored calculation is justified as long as N2 is
never thermalized since the inverse decay of N2 is kine-
matically forbidden.
At this benchmark point, the reheating temperature

becomes TRH ≃ 12 GeV. As is obvious from Eq. (28),
the out-of-equilibrium condition is maintained for this
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benchmark point. In addition, the inverse decay process of
N2 is never in thermal equilibrium, and consequently the
unflavored treatment in the calculation of leptogenesis is
justified. We will show that N1 makes up all dark matter at
this benchmark point in the next section.

V. DARK MATTER

In this section, we discuss dark matter production in our
model. We consider the scenario where the lightest sterile
neutrino N1 is a dark matter candidate, whose mass is
around the keV scale. N1 must be stable so that its signal is
below the level detectable by previous and ongoing x-ray
observatories, such as Chandra, XMM-Newton, Suzaku,
and [75–78]. This imposes stringent constraints on the
mixing angle sin2 2θα1 ≲Oð10−14Þ for M1 ∼ 50 keV. For
such a tiny mixing angle, contributions to active neutrino
masses from hα1 can be neglected, and thus there is no
constraint on hα1 from the neutrino oscillation experiments.
Let us consider the scenario proposed in Ref. [23] in

which a self-interaction between left-handed neutrinos is
introduced. The Lagrangian density is given by

−Lν ⊃ m2
ΦjΦj2 þ λΦ

2
ΦνLaνLa þ H:c: ð42Þ

Here, Φ is a light SM gauge-singlet complex scalar field,
which possesses B − L charge −2. The subscript a ¼ e, μ,
or τ represents single flavors of the left-handed neutrino.
An extension of multiflavor interactions is straightforward
and we consider a single flavor for illustrative purposes.
The above interaction is not invariant under SM gauge
symmetry and is regarded as an effective interaction after
electroweak symmetry breaking. Several models that pro-
duce the effective interaction (42) have been proposed [79–
83]. In these models, B − L is regarded as a good symmetry
and we assume that B − L symmetry is only violated by the
Majorana mass term in Eq. (1). Under this assumption, the
new interaction (42) does not wash out the generated lepton
asymmetry. Although a secret self-interaction of the sterile
neutrinos (yijνcRiν

c
RjΦ�) can exist, we forbid this term by

imposing an approximate Z2 symmetryΦ → −Φ, and it has
no effect on the leptogenesis discussed in the previous
section.
N1 is never in thermal equilibrium with the primordial

hot plasma due to the smallness of the mixing angle and is
nonthermally produced by neutrino oscillations between
νR1 ≃ N1 and νLα as in the original model [24]. (See also
the freeze-in production of the sterile neutrino proposed in
Ref. [84].) In our scenario, the lepton asymmetry is of same
order of magnitude as the baryon asymmetry, and hence the
lepton chemical potential is negligibly small. For the light
sterile neutrino mass M1 ≪ Hinf , the initial abundance of
N1 produced by gravitational particle production [Eq. (10)]
is also negligible as here we do not assume the nonminimal
coupling to gravity realized in Ref. [17]. Under this setup,

the time evolution of the phase-space distribution function
of N1, with a fixed ratio of active neutrino energy to cosmic
temperature x≡ E=T, is governed by the Boltzmann
equation [24,85]:

dfN1
ðx; zÞ
dz

¼ Γ sin2 2θeff
4HðzÞz fνLaðxÞ: ð43Þ

In this expression, z≡ 1=T;Γ, and fνLaðxÞ are the inverse
cosmic temperature, the interaction rate, and the Fermi-
Dirac distribution function for νLa, respectively. sin2 2θeff is
the effective active-sterile mixing angle including finite-
temperature effects, given by

sin2 2θeff ≡ Δ2 sin2 2θa1
Δ2 sin2 2θa1 þ Γ2=4þ ðΔ cos 2θa1 − VTÞ2 :

ð44Þ

Here, Δ ≃M2
1=ð2EÞ and VT is the thermal potential of νa.

The interaction rate and thermal potential can be schemati-
cally decomposed as Γ ¼ ΓSM þ ΓΦ and VT ¼ VT

SM þ VT
Φ,

where ΓSM; VT
SM and ΓΦ; VT

Φ denote the SM contributions
and contributions from the Φ field, respectively. The SM
contributions are given by ΓSM ≃ G2

FET
4 [85] and VT

SM ≃
GFET4=M2

W [86,87], where GF and MW are the Fermi
constant and W gauge boson mass, respectively.
We restrict ourselves to consider the parameter regime

where the main production is by on-shell exchange ofΦ for
simplicity. (However, off-shell production can also produce
the correct relic dark matter density if λΦ is sufficiently
large [23].) Using the narrow-resonance approximation, the
on-shell contribution to ΓΦ can be estimated as [23]

ΓΦ ¼ λ2Φm
2
ΦT

8πE2
logð1þ e−w=xÞ; w≡m2

Φz
2=4: ð45Þ

For w=x≳ 1, the interaction rate is exponentially sup-
pressed. Therefore, the efficient on-shell production of Φ is
only possible for mΦ ≲ T. In this parameter regime, the
thermal potential from Φ is approximately given by [23]

VT
Φ ¼ λ2ΦT

2=ð16EÞ: ð46Þ

For Δ > VT;Γ, the effective mixing angle can be approxi-
mated by the vacuum angle sin2 2θeff ≃ sin2 2θa1, as can be
seen from Eq. (44).
When the effective mixing angle can be approximated by

the vacuum angle, the Boltzmann equation (43) can be
expressed by the formal integrated expression
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fN1

fνLa
¼ λ2Φ

8π

M�
Pl

mΦ

1

x2
sin22θa1

Z
wf

wi

dwGðw; xÞ;

Gðw; xÞ≡ w1=2 log ð1þ e−w=xÞ: ð47Þ

In this calculation, we change the integration variable
from z to w and use the Hubble parameter during the
radiation-dominated era, HðzÞ ¼ 1=ðM�

Plz
2Þ, with M�

Pl≡ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
90=ðπ2g�ðzÞÞ

p
MPl. wi and wf parametrize the integration

range and g�ðTÞ is assumed to be constant during this
interval.
For x ∼ 1, where the highest population of νLa is realized,

the integrand behaves asGðwÞ ∝ ffiffiffiffi
w

p
forw ≪ 1 andGðwÞ ∝ffiffiffiffi

w
p

e−w forw ≫ 1, and has a peak aroundw ≃ 1. This implies
that N1 is dominantly produced at w ≃ 1, while it is sup-
pressed for both small and large w. Therefore, the approx-
imations that were used to derive Eq. (47) should be justified
only for w ≃ 1, corresponding to the temperature T ∼mΦ.
Hence, the approximation sin2 2θeff ≃ sin2 2θ needs to be
justified around T ∼mΦ. This requirement becomes Δ >
VT;Γ at T ∼mΦ, leading to the conditions mΦ < M1=λΦ
and mΦ < Oð100Þ MeVðM1=keVÞ1=3. In this light-mass
regime, one may approximately set the integration range
as wi ¼ 0 and wf ¼ ∞ since contributions from w ≪ 1 and
w ≫ 1 in the integrand of Eq. (47) are suppressed. Note that
we slightly overestimate the relic energy density ofN1 under
this approximation.
By setting wi ¼ 0 and wf ¼ ∞, fN1

can be approxi-
mately calculated by integrating gðw; xÞ in Eq. (47):

fN1
≃ A1

λ2Φ
8π

M�
Pl

mΦ
sin2 2θa1

ffiffiffi
1

x

r
fνLa : ð48Þ

Here, A1 ≃ 0.769 is the numerical constant arising from the
integration ofGðwÞ. It should be emphasized that the above
phase-space distribution is colder than the one in the
original Dodelson-Widrow mechanism, as noticed in the
original paper [23]. The relic number density of N1 can be
estimated by integrating Eq. (48) and is given by

nN1

nνLa
¼ A1

A2

A3

λ2Φ
8π

M�
Pl

mΦ
sin2 2θa1; ð49Þ

where A2 ≃ 1.15, A3 ≃ 1.80 are numerical constants and
nνLa is the number density of νLa. Using the number density
of νLa at the present time nνLa ≃ 112 cm−3, and the value of
the critical density ρ0 ≃ 1.05 × 10−5h−2 GeV=cm3, the
relic energy density of the sterile neutrino dark matter
turns out to be

ΩN1
h2 ≃ 0.12 ×

�
M1

50 keV

�
×

�
sin2 2θa1
10−14

�

×

�
100 MeV

mΦ

�
×

�
λΦ

2.3 × 10−4

�
2

: ð50Þ

We confirm that this analytic result is in good agreement
with original results for mΦ < M1=λΦ where the above
expression is applicable. For our parameter choice, the
coupling λΦ is too small to be probed by laboratory
experiments [79], but there exist relevant cosmological
and astrophysical constraints. mΦ must be heavier than a
few MeV in order to not spoil BBN [80]. In addition, the
light scalar mediator that couples to the active neutrino
causes distinct changes in supernovae-collapse dynamics
and imposes a stringent constraint on the light-mass regime
[88–91].
For the benchmark pointM1 ≃ 50 keV, sin2 2θ ¼ 10−14,

mΦ ¼ 100 MeV, and λΦ ¼ 2.3 × 10−4, the constraints
mentioned above combined with x-ray observations are
marginally satisfied and produce the correct dark matter
relic density.
Finally, we comment on the constraint on the free-

streaming length of the produced sterile neutrino dark
matter and the validity of the approximations used to derive
the relic dark matter density. When dark matter is produced
with high velocity dispersion, it erases small-scale fluctua-
tions and conflicts with observations such as the Lyman-α
forest [35,92]. Since this constraint depends on the phase-
space distribution of the produced dark matter [Eq. (48)],
which is different from that in the original Dodelson-
Widrow mechanism, to obtain a precise constraint we need
a model-dependent analysis, which is beyond the scope of
the present paper. In our analysis, we have neglected off-
shell contributions. Since off-shell contributions to ΓΦ and
VT
Φ are proportional to λ4Φ, an extra suppression factor λ2Φ

appears compared to on-shell contributions. For λΦ ≪ 1,
the off-shell contribution is subdominant, and hence we can
safely neglect this contribution. Also, using the Hubble
parameter during the radiation-dominated era is justified for
TRH ≫ mΦ. This condition is satisfied for the benchmark
point taken above.

VI. CONCLUSION AND DISCUSSION

In this paper, we have constructed a phenomenologically
viable model that explains the production of radiation,
baryon asymmetry, and dark matter within the framework
of a quintessential inflation model which also accommo-
dates dark energy by construction. Three right-handed
neutrinos with hierarchical masses and a new light singlet
scalar field were introduced. We have shown that the
reheating achieved by the decay of the heavy sterile
neutrinos leads to a reheating temperature as low as the
MeV scale, contrary to Ref. [17], because of the constraint
from neutrino oscillation experiments if the lightest sterile
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neutrino is the dark matter candidate. In our scenario,
reheating is achieved by the SM Higgs spinodal instability
triggered by the nonminimal coupling of the scalar curva-
ture. Since gravitationally produced gravitons become
problematic dark radiation, the energy density of the SM
Higgs field must be larger than that of gravitons to avoid the
dark radiation problem, which gives a lower bound on the
size of the nonminimal coupling (see Fig. 1). After the end
of inflation, the next-heaviest sterile neutrino is abundantly
produced by gravitational particle production and its decay
is responsible for leptogenesis. The heaviest right-handed
neutrino is assumed to be heavier than the Hubble param-
eter during inflation, and it only provides a source of CP
violation for the decay of the next-heaviest sterile neutrino.
To realize this scenario, the mass of the next-heaviest right-
handed neutrino is restricted. The lightest right-handed
neutrino with keV-scale mass is a dark matter candidate
introducing a new light scalar field whose mass scale is
around the MeV scale. A secret self-interaction of the active
neutrino induced by the new light scalar field enhances the
production rate of the lightest neutrino, and the lightest sterile
neutrino can explain the correct darkmatter relic density [23].
We analytically calculated the relic density of the lightest
sterile neutrino under reasonable approximations for the
parameter space where the production is dominated by the
on-shell exchange of the new light scalar field.
Finally,we comment on the hierarchical structure of sterile

neutrino masses and observable consequences of our model.
In our scenario, we have assumed hierarchical Majorana
masses of the right-handed neutrinos, M3 ≫ M2 ≫ M1.
These conditions apparently require fine-tuning, but the
Randall-Sundrum model [93] can explain such huge mass
hierarchies as well as the smallness of neutrino Yukawa
couplings as in the split seesaw model [20]. Our model may
be embedded into the split seesaw model to explain the
hierarchies of sterile neutrino masses. Very interestingly,
quintessential inflation can be probed by future large-scale
structure surveys, as investigated in Ref. [94], while the
observation of quantum-gravitational waves generated by
gravitational particle production [95]may lead to a constraint
on the nonminimal coupling, as discussed in Ref. [19]. (See
also Ref. [96] for gravitational waves generated during
quintessential inflation.)
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APPENDIX: REHEATING BY SPINODAL
INSTABILITIES OF THE SM HIGGS FIELD

In this appendix, we explain the reheating scenario
proposed in Ref. [19] where the energy density of the
SMHiggs field from spinodal instability is a main source of
cosmic entropy. The Lagrangian density of the SM Higgs
field with a nonminimal coupling to the Ricci scalar is
given by

Lϕ ¼ ffiffiffiffiffiffi
−g

p �
−
1

2
∂μϕ∂

μϕ −
1

2
m2ϕ2 −

λSM
4

ϕ4 −
1

2
ξRϕ2

�
:

ðA1Þ
Here, ϕ represents the real and neutral component of the
SM Higgs field. Couplings with other SM particles are
omitted. The SM Higgs quartic coupling λSM is assumed to
be positive up to the scale of inflation,Hinf . The variational
principle leads to the equation of motion for ϕ:

ϕ̈þ 3H _ϕ −
∇2

a2
ϕþm2ϕþ ξRϕþ λSMϕ

3 ¼ 0: ðA2Þ

Here, _ϕ is the derivative with respect to cosmic time t. Since
the mass of the ϕ field is presumably much smaller than the
scale of inflation and reheating whenHinf ≫ m, we neglect
it in the following analysis.
Let us briefly explain the reheating mechanism. During

inflation, R ≅ 12H2
inf > 0, and hence the nonminimal

coupling becomes an effective positive mass term of ϕ
field. Therefore, ϕ is initially trapped at the origin. As the
kination regime commences, R becomes negative, which
drives ϕ to the minimum, ϕM ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

−ξR=λSM
p

. During this
process, superhorizon modes of ϕ grow due to spinodal
instability, and consequently the energy density of ϕ is
amplified. Since the scalar curvature behaves as R ∝ a−6ðηÞ
during kination, spinodal instability is soon shut off and the
oscillation of ϕ takes place with the quartic potential.
Finally, the oscillating ϕ field mainly decays into SM gauge
bosons [97,98] and thermalization takes place. We consider
the case where the growth of the ϕ field is not rapid enough
to relax to ϕM, which is realized for ξ ∼Oð1Þ. (See
Ref. [99] for the case ξ ≫ 1 where ϕ soon settles down
to its minimum after inflation.)
The effect of spinodal instability may be captured by the

Hartree (Gaussian) approximation [100,101]. Under this
approximation, one obtains ϕ3 ≃ 3hϕ2iϕ and ϕ4 ≃ 3hϕ2i2,
where the coefficient is determined by Wick’s theorem.
Here, hϕ2i is defined by

hϕ2ðx; tÞi≡
Z

dk
k
Pϕðk; tÞ;

ϕðx; tÞ ¼
Z

d3k

ð2πÞ3=2 ϕðk; tÞe
ik·x;

hϕðk; tÞϕ�ðk0; tÞi ¼ 2π2

k3
δðk − k0ÞPϕðk; tÞ: ðA3Þ
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The energy density of the SM Higgs field can be decom-
posed as

ρHiggs≡ ρkinþ ρgradþ ρV;

ρkin ¼
1

2
h _ϕ2i; ρgrad ¼

1

2
hð∇ϕÞ2i; ρV ¼ 3

4
λSMhϕ2i2;

ðA4Þ

where ρkin; ρgrad, and ρV are the kinetic energy density,
gradient energy density, and potential energy density,
respectively.
Introducing a rescaled field variable χðηÞ≡ aðηÞϕðηÞ

and working in Fourier space, the equation of motion (A2)
can be written as

d2χkðηÞ
dη2

þ
�
k2 þ 3λSMhχ2i þ a2ðηÞ

�
ξ −

1

6

�
R

�
χkðηÞ ¼ 0:

ðA5Þ

Here, χk is the mode function of χ and hχ2i is explicitly
given by

hχ2i ¼
Z

dk
k
Pχ ; Pχ ¼

k3

2π2
jχkðηÞj2: ðA6Þ

As for the boundary condition, we take the adiabatic
vacuum in the remote past:

χkðηÞ ¼
ffiffiffiffiffi
1

2k

r
e−ikη; ðkη → −∞Þ: ðA7Þ

We numerically solve the equation of motion (A5) under
the boundary condition (A7) using the fourth-order Runge-
Kutta method from Hinfη ¼ −10. In the numerical calcu-
lation, aðηÞ is approximated by Eq. (8). The mean-field
value of the SM Higgs field hχ2i is evaluated at each time
step. Integration with respect to momentum in Eq. (A6) is
UV divergent, and hence renormalization is required. χk
with modes satisfying k≲ kM ≡ −a2ðηMÞðξ − 1=6ÞRðηMÞ
experience spinodal instabilities, where ηM is the conformal
time when a2ðηÞR takes its minimum negative value, and
thus we simply introduce a momentum cutoff kM to
regularize the UV divergence. The energy density of the
ϕ field is then evaluated using Eq. (A4).
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