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Abstract: We show that a minimal scenario, utilizing only the graviton as an intermediate
messenger between the inflaton, the dark sector and the Standard Model (SM), is able
to generate simultaneously the observed relic density of dark matter (DM), the baryon
asymmetry through leptogenesis, as well as a sufficiently hot thermal bath after inflation.
We assume an inflaton potential of the form V (φ) ∝ φk about the minimum at the end
of inflation. The possibility of reheating via minimal gravitational interactions has been
excluded by constraints on dark radiation for excessive gravitational waves produced from
inflation. We thus extend the minimal model in several ways: i) we consider non-minimal
gravitational couplings — this points to the parameter range of DM massesMN1 ' 2–10PeV,
and right-handed neutrino masses MN2 ' (5–20)× 1011 GeV, and TRH . 3× 105 GeV (for
k ≤ 20); ii) we propose an explanation for the PeV excess observed by IceCube when the
DM has a direct but small Yukawa coupling to the SM; and iii) we also propose a novel
scenario, where the gravitational production of DM is a two-step process, first through
the production of two scalars, which then decay to fermionic DM final states. In this
case, the absence of a helicity suppression enhances the production of DM and baryon
asymmetry, and allows a great range for the parameters including a dark matter mass
below an MeV where dark matter warmness can be observable by cosmic 21-cm lines, even
when gravitational interactions are responsible for reheating. We also show that detectable
primordial gravitational wave signals provide the opportunity to probe this scenario for
TRH . 5× 106 GeV in future experiments, such as BBO, DECIGO, CE and ET.
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1 Introduction

Since the first calculation of the mass of the Milky Way by Henry Poincaré in 1906 [1], and the
conclusion that the “dark matter is present in much greater amount than luminous matter”
by Fritz Zwicky in 1933 [2], the virial method has been used frequently to compute the amount
of dark matter (DM) in the Universe. The presence of dark matter is generally deduced
from its gravitational effects. The precise abundance of DM is obtained from observations
of the anisotropy spectrum of the cosmological microwave background (CMB) [3]. Initially,
a neutrino, or more generally a heavy neutral lepton was thought to be an ideal dark
matter candidate [4]. This candidate was assumed to interact weakly with the Standard
Model (SM) and required a GeV scale mass to satisfy relic abundance constraints [5, 6].
Generalizations of the heavy neutrino DM candidate are referred to as WIMPs (weakly
interacting massive particles). Perhaps the best studied WIMP is the lightest supersymmetric
particle in supersymmetric extensions of the SM [7]. Other well studied candidates include
those generated by a Higgs-portal [8–18] or a Z-portal [19, 20]. However, these minimal
constructions are now heavily constrained (see, for example, refs. [21, 22] for reviews), and
even extensions to Z ′-portal [23–27] are in tension with the electroweak nature of dark matter.

The WIMP relic density is often determined by thermal freeze-out. WIMPs are assumed
to be in thermal equilibrium at temperatures higher than the mass, and the relic density
is determined by the equilibrium density when DM annihilations can no longer keep up
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with the expansion rate of the Universe. It is also possible that particles with interactions
much weaker than electroweak interactions and are never fully in equilibrium, but are
nonetheless produced in the thermal bath after inflation. An example of such a candidate is
the gravitino [7, 28–30]. More generally, these Feebly Interacting Massive Particles (FIMPs)
have been proposed [31–33] as an alternative to WIMPs (see [34] for a recent review). In
this framework, the DM candidate is never thermalized due its extremely weak coupling to
the SM, so weak that they evade the current accelerator constraints.

In the early Universe, FIMPs can be produced from either the decay or annihilation of
states in the visible sector. When the SM temperature becomes smaller than the typical
mass scale of the interaction (i.e. the maximum of the DM and the mediator mass), the
generation process becomes suppressed, leaving a constant comoving DM number density.
Such a scenario is often referred as the freeze-in mechanism [32]. In contrast to the “WIMP-
miracle” which produces the observed relic density with near weak-scale couplings and
masses, a “FIMP-miracle” occurs when one considers renormalizable couplings of order
∼ O(10−11) independent of the mass of the DM. If a priori such couplings seem unatural,
UV versions of the freeze-in mechanism may invoke effective couplings, suppressed by a
large mass scale above the temperature of the thermal bath. This can be achieved via
non-renormalizable operators [35], suppressed by a high mass scale, e.g., in models where
the mediators between the visible sector and the dark sectors are very massive. This is
the case in unified theories like SO(10) with a heavy Z ′ gauge boson [33, 36, 37], moduli
fields [38], high scale SUSY [39–43] or heavy spin-2 constructions [44]. In other examples,
freeze-in of DM may proceed via loops [45, 46] or 4-body final states [47]. All of these
scenarios are particularly interesting, as the DM yield is sensitive to the highest temperature
Tmax reached by the SM plasma [48–53], controlled by the dynamics of the inflaton decay.

Even feebler interactions are possible when the only effective coupling at the UV scale
is gravity. Indeed, the minimal irreducible interaction that should exist between DM and
the Standard Model (SM) is mediated by graviton exchange [44, 54–71] which can lead to
the observed amount of DM through the scattering of the particles in the thermal bath or
directly through the gravitational transfer of the energy stored in the inflaton condensate,
as already been discussed in detail refs. [65–69].

DM requires an extension to the SM, but it is not the only reason why an extension
is necessary. As is well known, the visible or baryonic matter content of the Universe is
asymmetric. One interesting mechanism to produce the baryon asymmetry of the Universe
(BAU) via the lepton sector physics is known as leptogenesis [72], where, instead of creating
a baryon asymmetry directly, a lepton asymmetry is generated first and subsequently
gets converted into baryon asymmetry by the (B + L)-violating electroweak sphaleron
transitions [73]. In thermal leptogenesis [74–77], the decaying particles, typically right-
handed neutrinos (RHNs), are produced thermally from the SM bath. However, the lower
bound on the RHN mass in such scenarios (known as the Davidson-Ibarra bound), leads to
a lower bound on the reheating temperature TRH & 1010 GeV [78] so that the RHNs can be
produced from the thermal bath. One simpler alternative is the non-thermal production of
RHNs [79–83] originating from the decay of inflaton. This interaction is necessarily model
dependent as it depends on the Yukawa interaction between the inflaton and the RHNs.
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In addition to providing the DM abundance, gravitational interactions can also be the
source of baryogenesis. As shown in [84], it is possible to have a model-independent theory
of non-thermal production of RHNs from inflation, once the inflaton potential is specified.1
The abundance of RHNs is calculated in the same manner as the dark matter abundance
and can lead to observed BAU from the out-of-equilibrium CP violating decay of the RHNs,
produced during the reheating epoch.

As noted above, the DM and RHNs may be produced through gravitational interactions
emanating from the thermal bath or directly from the inflaton condensate. It has also been
argued that the thermal bath itself may be generated from gravitational interactions [68,
84, 86]. However, reheating the Universe from graviton exchange processes alone requires
a steep inflaton potential during reheating, resulting in a low reheating temperature and
a massive enhancement of tensor modes after inflation. Hence, the minimal scenario of
gravitational reheating is excluded by an excessive generation of dark radiation in the form
of gravitational waves (GWs) during BBN, as already noted in [87]. This limitation of
minimal gravitational reheating is one motivation to introduce, as a natural generalization,
non-minimal couplings of fields with gravity.

Motivated by these arguments, we derive a simultaneous solution for the DM abundance,
the baryon asymmetry, and the origin of the thermal bath from purely gravitational
interactions. In this sense, our scenario can be considered as the most minimal possible,
since we do not introduce any new interactions for any process beyond the SM, except for
gravity. The only new fields required are the dark matter candidate and the RHNs (which
are anyway needed for the generation of neutrino masses). Our only model dependence
comes from the choice of the particular inflaton potential. However we are mostly sensitive
to the shape of the potential about the minimum after inflation. To be definite, we adopt
the class of inflationary models called T-models [88]. But, as will be shown, even this
dependence proves to be weak when it comes to combining the constraints of reheating,
baryogenesis, and the dark matter relic density. We further show that the present framework
can give rise to a detectable inflationary GW background, that in turn excludes the minimal
gravitational reheating scenario which leads to an excess of the present-day GW energy
density, in conflict with the BBN prediction. However, a large part of the parameter space
still remain within the reach of several futuristic GW detection facilities.

The paper is organized as follows. After presenting our framework in section 2, we review
the gravitational production from inflaton scattering and the thermal bath in section 3,
where we also discuss the effect of non-minimal gravitational interactions. We derive the
set of parameters (dark matter mass, RHN mass, and reheating temperature, TRH, which
simultaneously provide the correct relic density and BAU in section 4. If the dark matter is
not absolutely stable, we are able to propose an explanation for the PeV events observed at
IceCube in the case of a long-lived candidate. Finally, we propose a novel scenario where
the gravitational production is a two-step process passing through a scalar singlet which
couples with the RHN sector in section 5, before concluding in section 6.

1The simultaneous generation of gravitational DM and the baryon asymmetry was also discussed in [85].
Our results differ, as their choices of parameters are in conflict with the tensor-to-scalar ratio bound
from Planck.
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2 The framework

If the metric is expanded around Minkowski space-time: gµν ' ηµν + 2hµν
MP

, then the
gravitational interactions are described by the Lagrangian [89, 90]

√
−gLint = − 1

MP
hµν

(
TµνSM + Tµνφ + TµνX

)
, (2.1)

where φ is the inflaton and X is a particle which does not belong to the SM.2 In the present
context we consider X to be a spin 1/2 Majorana fermion which can be associated with the
dark matter or a right-handed neutrino. The graviton propagator for momentum p is

Πµνρσ(p) = ηρνησµ + ηρµησν − ηρσηµν

2p2 . (2.2)

The form of the stress-energy tensor Tµνi depends on the spin of the field and, for Majorana
spin-1/2 fermions, takes the form

Tµν1/2 = i

8

[
χ̄γµ

↔
∂νχ+ χ̄γν

↔
∂µχ

]
− gµν

[
i

4 χ̄γ
α
↔
∂αχ−

mχ

2 χcχ

]
, (2.3)

whereas for a scalar ϕ,

Tµν0 = ∂µϕ∂νϕ− gµν
[1

2∂
αϕ∂αϕ− V (ϕ)

]
. (2.4)

There are of course many possible scalar potentials V (φ) which can account for inflation.
However, the calculations relevant in this paper are largely independent of the potential
during inflation and depend only on the shape of the potential about the minimum. Without
loss of generality, we will assume that V (φ) is among the class of α-attractor T-models [88]

V (φ) = λM4
P

∣∣∣∣√6 tanh
(

φ√
6MP

)∣∣∣∣k , (2.5)

which can be expanded about the origin3

V (φ) = λ
φk

Mk−4
P

; φ�MP . (2.6)

In this class of models, inflation occurs at large field values (φ > MP ), and after the
period of exponential expansion, the inflaton begins to oscillate about the minimum and
the process of reheating begins. The end of inflation may be defined when ä = 0 where a is
the cosmological scale factor. The inflaton field value at that time is given by [52, 91] as

φend '
√

3
8MP ln

[1
2 + k

3
(
k +

√
k2 + 3

)]
. (2.7)

2MP = (8πGN )−1/2 ' 2.4× 1018 GeV is the reduced Planck mass.
3Our discussion is general and not limited to T-models of inflation as the way we express the minimum

of the potential is generic.
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It is easy to show that at the end of inflation, the condition ä = 0 is equivalent to
φ̇2

end = V (φend) and thus the inflaton energy density at φend is ρend = 3
2V (φend). The

overall scale of the potential parameterized by the coupling λ, can be determined from the
amplitude of the CMB power spectrum AS ,

λ ' 18π2AS
6k/2N2 , (2.8)

where N is the number of e-folds measured from the end of inflation to the time when the
pivot scale k∗ = 0.05 Mpc−1 exits the horizon. In our analysis, we use ln(1010AS) = 3.044 [92]
and set N = 55. This leads to an inflaton mass of mφ ' 1.2× 1013 GeV for k = 2. More
generically, mφ ' 1.2× 1013 is also the inflaton mass at the end of inflation for any larger
k when the full potential in eq. (2.5) is used. While N = 55 is appropriate for reheating
temperatures of order 1012 GeV, for lower reheating temperatures (between 10–107 GeV) N =
45–50 [93]. However, we have checked that our results are very insensitive to the value of N .

In addition to the inflationary sector and the SM, neutrino masses and mixing require
at least two (heavy) right-handed neutrino states for the seesaw mechanism [94–99]. One of
these, if produced and remaining out-of-equilibrium until its decay, can produce a lepton
asymmetry. In order to account for the dark matter in a most economic way, we assume
three RHNs, Ni, where for now, the lightest of these, N1 is decoupled from the other two
and has a vanishing Yukawa coupling. Aside from the Yukawa couplings, the only couplings
we consider between the SM, the RHNs, and the inflaton are gravitational of the form
in eq. (2.1). Needless to say, such interactions are unavoidable, and must be taken into
account in any extensions beyond the SM.

As a concrete example, we consider the renormalizable interaction Lagrangian between
the Majorana RHNs and the SM

L ⊃ −1
2 MNi N

c
iNi − (yN )ij N i H̃

† Lj + h.c. . (2.9)

Here H and L are the SM Higgs and lepton doublet respectively. Lepton number is clearly
violated in this Lagrangian.4 For now, we assume that (yN )1i = 0 for all i and that N1
is stable. As a result, N1 is a viable DM candidate. Later, we will relax this condition
and consider a metastable DM candidate with (yN )1i 6= 0, allowing for N1 to decay into
neutrinos that could be observed at IceCube. The preservation of the lepton asymmetry
will provide a limit on (yN )1i/MN1 . The other two RHNs, namely N2,3 are assumed to be
heavier and they participate in leptogenesis.

We would like to remind the readers that there are three types of seesaw models, which
differ by the properties of the exchanged heavy particles, e.g.,

(i) Type-I: SM gauge fermion singlets

(ii) Type-II: SM SU(2)L scalar triplets

(iii) Type-III: SM SU(2)L fermion triplets.
4We consider the RHNs to be mass diagonal.
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ϕ

ϕ

Ni

Ni

Tµν
Ni

MP

Tµν
ϕ

MP
hµν

Figure 1. Feynman diagram for the production of RHN through the gravitational scattering of the
inflaton condensate. A similar diagram also exists with Standard Model particles in the initial state.

In the present case we are considering the Type-I scenario, which is evident from the
Lagrangian in eq. (2.9). The Type-I seesaw mechanism can indeed be realized with only two
active right-handed neutrino [100–103]. In this context, only the normal (m1 < m2 < m3)
and inverted (m3 < m2 < m1) hierarchies are relevant, where mi are the light neutrino
masses. With only two RHN playing a role in the seesaw mechanism, we expect m1 = 0
or m3 = 0, depending on the hierarchy. Indeed, due to the reduced rank of the mass
matrices (a 3× 2 Dirac matrix and a 2× 2 Majorana matrix) one neutrino remains massless,
while the others acquire their light mass through the usual seesaw suppression of the order
mi ∼

(yN )2
ii〈H〉

2

MNi
.

We further assume the absence of any direct coupling between the inflaton φ and the
RHNs, such that there is no perturbative decay of the inflaton into the RHN final state; in
other words we do not attribute a lepton number to the inflaton. Thus, the only possible
production of the RHNs is the 2-to-2 gravitational scattering of the inflatons and of the
particles in the radiation bath. As we will show, these production channels dominate in
different regions of the parameter space. In figure 1, we show the s-channel exchange of a
graviton obtained from the Lagrangian in eq. (2.1) for the production of RHNs from the
inflaton condensate, to which we can add a similar diagram for the production of SM fields
during the reheating process. Despite the a priori Planck reduced interactions, we will show
that this framework is perfectly capable of simultaneously explaining the dark matter relic
abundance and the observed baryon asymmetry, while also reheating the Universe. The
Planck suppression due to graviton exchange is indeed partially compensated by the energy
available in the inflaton condensate at the end of inflation.

3 Gravitational production of RHNs

In this section, we compute the gravitational interactions and resulting abundances of the
dark matter candidate, N1 as well as the abundance of the RHN neutrino responsible for
leptogenesis. We are particularly interested in the interactions of the type in figure 1 between
the inflaton and the Ni. In addition, we are interested in the gravitational interactions
between the inflaton and SM particles which make up the thermal bath. Furthermore,
we will show that it is possible to produce the thermal bath assuming the absence of any
inflaton decay mode leading to reheating. We will quantify how such interactions can give
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rise to reasonable relic density and baryon asymmetry. The DM candidate N1 can be
produced during reheating from inflaton scattering φφ→ N1N1 as well as from the thermal
bath (mediated by a massless graviton in both cases). For (yN )1i = 0, N1 couples only
gravitationally, and the SM processes will not lead to its production. On the other hand,
for the generation of the baryon asymmetry, we will cater to non-thermal leptogenesis,
where the RHNs N2,3 are too weakly coupled to reach thermal equilibrium. Hence they are
predominantly produced only during reheating from gravitational inflaton scattering. To
summarize, we consider the following production via graviton exchange

• φφ→ N1N1, SMSM → N1N1 for production of the DM candidate N1.

• φφ → N2,3N2,3 for production of N2,3 that will lead to non-thermal leptogenesis.
(Contributions from SMSM → N2,3N2,3 are negligibly small.)

• φφ→ SM SM for the reheating process.

In the following subsections we determine the production rate of DM and RHNs from the
processes listed above.

3.1 Gravitational dark matter

We start by computing the DM number density via 2-to-2 scattering of the bath particles,
mediated by graviton exchange. In this case the interaction rate is given by [44, 66, 68, 85]

RTNi = 1
2 × β1/2

T 8

M4
P

, (3.1)

where we have β1/2 = 11351π3/10368000 ' 3.4×10−2 [68], the explicit factor of 1
2 accounting

for the Majorana nature of Ni. The evolution of RHN number density nNi (with i = 1, 2, 3)
is governed by the Boltzmann equation

dnNi
dt

+ 3H nNi = RTNi , (3.2)

where H = ȧ/a is the Hubble parameter. Defining the comoving number density as
YNi = nNi a

3 we can re-cast the Boltzmann equation as

dY T
Ni

da
= a2

H
RTNi , (3.3)

where i = 1 for DM production, and the superscript T refer to the thermal source of
production. In order to properly capture the evolution of the inflaton and radiation energy
density (and hence temperature) we solve the following set of coupled equations

dρφ
dt

+ 3H (1 + wφ) ρφ = −(1 + wφ) Γφ ρφ ,
dρR
dt

+ 4H ρR = +(1 + wφ) Γφ ρφ , (3.4)

where wφ ≡ pφ
ρφ

= k−2
k+2 [52] is the general equation of state parameter, ρφ the inflaton energy

density, ρR = π2g∗
30 T 4 ≡ c∗ T 4, and g∗ is the effective number of degrees of freedom for the
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thermal plasma at the temperature T . We recall that in our framework the potential V (φ)
is proportional to φk [see, eq. (2.6)].

During reheating, the total energy density is dominated by the inflaton and we can
approximate the Hubble parameter by H2 ' ρφ/3M2

P . In this case, it is possible to
analytically solve eq. (3.4) and obtain

ρφ(a) = ρend

(
aend
a

) 6k
k+2

. (3.5)

Recall that we are assuming that the radiation bath is produced gravitationally through
inflaton scattering; namely, we do not rely on a specific decay channel φ→ SM particles for
reheating. In this case, due to helicity conservation, the production of SM fermions from
inflaton scattering is strongly suppressed by the mass of the fermions, whereas massless
vectors are not produced because of the antisymmetry of Fµν . However, scattering into
scalars, especially Higgs scalars, is always allowed and dominates the production rate.
In [52], the inflaton dissipation rate was parameterized as Γφ ∝ ρlφ. For a quartic interaction
with constant coupling, l = (3/k)− (1/2). However, for the effective gravitational coupling
between the inflaton and SM Higgs, the coupling is proportional to m2

φ ∝ ρ
(1−2/k)
φ . This

leads to l = (3/2)− (1/k). More accurately, expanding the potential energy in terms of the
Fourier modes [52, 68, 70, 84, 104, 105]

V (φ) = V (φ0)
∞∑

n=−∞
Pkne−inωt = ρφ

∞∑
n=−∞

Pkne−inωt , (3.6)

the production rate of radiation is given by [68, 69, 84]

(1 + wφ) Γφ ρφ = Rφ
k

H '
Nhρ

2
φ

16πM4
P

∞∑
n=1

2nω|Pk2n|2 = αkM
5
P

(
ρφ
M4
P

) 5k−2
2k

, (3.7)

where Nh = 4 is the number of internal degrees of freedom for one complex Higgs doublet
and we have neglected the Higgs bosons mass. The frequency of oscillations of φ is given
by [52]

ω = mφ

√
πk

2(k − 1)
Γ(1

2 + 1
k )

Γ( 1
k )

, (3.8)

with m2
φ = ∂2V (φ)

∂φ2 being the inflaton mass squared. The definition of αk follows the analysis
in [84], with the values given in table 1. For l = (3/2)− (1/k) the results of [52] yields for
the evolution of the radiation density

ρR(a) = ρRH

(
aRH
a

)4
 1− (aend/a)

8k−14
k+2

1− (aend/aRH)
8k−14
k+2

 , (3.9)

which can be obtained by combining eqs. (3.4), (3.5) and (3.7). The evolution in eq. (3.9)
is valid when aend � a � aRH where aend marks the end of inflation (or the onset of
reheating), while aRH indicates the end of reheating defined as ρφ(aRH) = ρR(aRH) = ρRH.
To obtain eq. (3.5), we have supposed H � Γφ, which is valid for all a because Γφ < H at
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k αk αξk

6 0.000193 αk + 0.00766 ξ2
h

8 0.000528 αk + 0.0205 ξ2
h

10 0.000966 αk + 0.0367 ξ2
h

12 0.00144 αk + 0.0537 ξ2
h

14 0.00192 αk + 0.0702 ξ2
h

16 0.00239 αk + 0.0855 ξ2
h

18 0.00282 αk + 0.0995 ξ2
h

20 0.00322 αk + 0.112 ξ2
h

Table 1. Relevant coefficients for the gravitational reheating [cf. eq. (3.7) and eq. (3.50)].

the end of inflation and Γφ decreases faster than H for all k ≥ 2. As a result, we note that
gravitational reheating is only possible for 6k

k+2 > 4 [cf. eq. (3.5)], i.e., when ρφ redshifts
faster than ρR. This limits our parameter space to k > 4. It is also important to ensure
that a sufficiently large reheating temperature is attained to allow big bang nucleosynthesis
to occur at T ∼ 1MeV as we will discuss in more detail in section 3.3.

Using eqs. (3.1) and (3.9) and relating T 8 to ρ2
R, we obtain the thermal rate of DM

production

RTNi = 1
2 × β1/2

ρ2
RH

c2
∗M

4
P

(
aRH
a

)8
 1− (aend/a)

8k−14
k+2

1− (aend/aRH)
8k−14
k+2

2

. (3.10)

The DM number density at the end of reheating can then be computed by integrating
eq. (3.3), leading to

nTNi(aRH) =
β1/2 (k+2)ρ

3
2
RH

12
√

3M3
P c

2
∗

(
1

1−r
14−8k
k+2

)2

×
[

2(7−4k)2

(k+5)(k−1)(5k−2) r
10+2k
k+2 − 9

(k+5) + 18
(5k−2) r

14−8k
k+2 − 1

(k−1) r
28−16k
k+2

]
,

(3.11)

where r = aRH/aend. Since the gravitational reheating temperature is generally quite low
as discussed in section 3.3, we can consider the limit r � 1 and the dominant term in the
expression above is

nTNi(aRH) '
β1/2 (k + 2) ρ

3
2
RH

12
√

3M3
P c

2
∗

2(7− 4k)2

(k + 5)(k − 1)(5k − 2) r
10+2k
k+2 . (3.12)

The contribution of gravitational scattering of the particles in the primordial plasma to the
DM relic abundance can then be determined using [106]

ΩT
N1 h

2 = 1.6× 108 g0
gRH

nTN1
(aRH)
T 3
RH

MN1

GeV , (3.13)
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which gives

ΩT
N1 h

2 ' 1.6×108×
g0 β1/2
gRH

×MN1

GeV
c
− 5

6−
5
3k∗ (7−4k)2 (k+2)

6
√

3(k+5)(k−1)(5k−2)

(
TRH
MP

) 5k−20
3k

(
ρend
M4
P

) k+5
3k

,

(3.14)

where g0 = g∗(T0) = 43/11 and gRH = g∗(TRH) = 427/4 are the number of relativistic
degrees of freedom at present and at the end of reheating respectively. In (3.14), we have
used eq. (3.5) evaluated at a = aRH to relate r, TRH, and ρend.

The DM candidate N1 can also be produced directly from inflaton scattering. In
fact, particle production directly from inflaton scattering can be much more efficient than
gravitational thermal scattering when TRH is low [68]. As we shall see in the next section,
the same process is also involved in the production of the baryon asymmetry. For the
production of N1 through the scattering of the inflaton condensate, we consider the time
dependent oscillations of a classical inflaton field φ(t).5 The oscillating inflaton field with a
time-dependent amplitude can be parametrized as

φ(t) = φ0(t) · Q(t) = φ0(t)
∞∑

n=−∞
Qne−inωt , (3.15)

where φ0(t) is the time-dependent amplitude that includes the effects of redshift and Q(t)
describes the periodicity of the oscillation. Furthermore, we assume a mass hierarchy
MN1,2,3 < mφ such that the s-channel graviton mediated process (as shown in figure 1) is
kinematically allowed. Note that, since N1 is effectively decoupled from N2,3, it does not
necessarily need to be the lightest of the three. The production rate for Ni from inflaton
scattering mediated by gravity is given6 by [68]

Rφ
k

Ni
=

ρ2
φ

4πM4
P

M2
Ni

m2
φ

Σk
Ni , (3.16)

where

Σk
Ni =

+∞∑
n=1
|Pk2n|2

m2
φ

E2
2n

[
1−

4M2
Ni

E2
2n

]3/2

, (3.17)

accounts for the sum over the Fourier modes of the inflaton potential, and m2
φ = λ k (k −

1)
(
ρφ/(λM4

P )
) k−2

k . Here En = nω is the energy of the n-th inflaton oscillation mode and
5As it has been pointed out in [107–109], for all potentials steeper than quadratic near the origin, the

oscillating inflaton condensate may fragment due to self-resonance. The equation of state in that case
approaches w → 1/3 at sufficiently late times. If this occurs after T = TRH, then this effect is not important
since the inflaton energy would already be subdominant. Furthermore, N is predominantly produced at
aend and so possible fragmentation at later times would not affect the calculation of the baryon asymmetry.
Reheating may be affected; however, the exact time when w transitions 1/3 depends on k and requires
dedicated lattice simulations. Self-resonance becomes less efficient for larger k as shown by the lattice results
for k up to 6 [107–109], while most of our viable results are for k > 6. Performing such lattice simulations
for larger k is beyond the scope of the present analysis.

6Note the difference of factor 2 with [68], comes from the Majorana nature of the RHNs.
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MNi is the mass of the produced RHN. Then, the number density of RHN is obtained by
solving a Boltzmann equation analogous to that in eq. (3.3) as

dY φk

Ni

da
=
√

3MP√
ρRH

a2
(

a

aRH

) 3k
k+2

Rφ
k

Ni
(a). (3.18)

Integration of eq. (3.18), leads to the following expression for the RHN density [68, 84]

nφ
k

Ni
(aRH) '

M2
N1

√
3 (k + 2) ρ

1
2 + 2

k
RH

24π k(k − 1)λ 2
k M

1+ 8
k

P

(
ρend
ρRH

) 1
k

Σk
N1 , (3.19)

evaluated at the end of reheating. In order to obtain the DM relic abundance, one can
again follow eq. (3.13), but now replacing nTN1

(aRH) with nφN1
(aRH), and obtain [68]

Ωφk

N1
h2

0.12 =
Σk
N1

2.4 8
k

k + 2
k(k − 1)

(
10−11

λ

) 2
k
(

1040GeV4

ρRH

) 1
4−

1
k

×
(

ρend

1064GeV4

) 1
k

(
MN1

1.1× 107+ 6
kGeV

)3

. (3.20)

The total DM relic abundance is a sum of the gravitational contribution from thermal bath
(ΩT

N1
h2) and from inflaton scattering (Ωφk

N1
h2).

3.2 Gravitational leptogenesis

Since N1 is the stable DM candidate, in the present scenario the lighter of N2,3 can undergo
out-of-equilibrium decay to SM final states. We denote N2 to be the lighter of these, and
we must require that the mixing of N1 and N2 to be sufficiently small so as to prevent
the decay of N2 to N1. For now, we take this coupling to be absent. The resulting CP
asymmetry from the decay of N2 is of the form [110–114]

ε∆L =
∑
α[Γ(N2 → lα +H)− Γ(N2 → lα +H∗)]∑
α[Γ(N2 → lα +H) + Γ(N2 → lα +H∗)]

. (3.21)

The resulting lepton asymmetry depends on the out-of-equilibrium abundance of N2 as
computed in the previous subsection. So long as MN2 � mφ and any kinematic suppression
can be ignored, the number density of N2 (at aRH) will be given by eq. (3.19) with the
substitution N1 → N2. The CP asymmetry can be expressed as [43, 84, 113]

ε∆L '
3δeff
16π

MN2 mν ,max
v2 , (3.22)

where 〈H〉 ≡ v ≈ 174GeV is the SM Higgs doublet vacuum expectation value, δeff is the
effective CP violating phase in the neutrino mass matrix with 0 ≤ δeff ≤ 1, and, we take
mν,max = 0.05 eV as the heaviest light neutrino mass.

Here we are interested in non-thermal leptogenesis [79, 81–83, 115–117]. The gravita-
tionally produced N2 should not be thermalized into the bath for the consistency of the
calculation. To check this, we note that the thermalization rate Γth ' y2

N2
T/8π decreases
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slower than the Hubble rate H =
√
ρφ√

3MP
based on eqs. (3.5) and (3.9). Thermalization is

potentially dangerous until T 'MN2 when the N2 out-of-equilibrium decay rate dominates
over the thermalization rate. Using eq. (3.5), aend/a ' T/Tmax based on eq. (3.9), and
yN2 ' mνMN2/v

2, we find that Γth is always less than H at T = MN2 in the parameter space
of interest.7 Thus the resulting lepton asymmetry will not be suppressed by inverse decays.

The produced lepton asymmetry is eventually converted to baryon asymmetry via
electroweak sphaleron processes leading to

YB = nB
s

= 28
79ε∆L

nφN2
(TRH)
s

, (3.23)

where nφN2
(TRH) is the number density from eqs. (3.12) and (3.19) at the end of reheating

and s = 2π2gRHT
3
RH/45 is the entropy density. The final asymmetry then becomes

YB ' 3.5× 10−4 δeff

(
mν,max
0.05 eV

)(
MN2

1013 GeV

)
nφN2

s

∣∣∣∣∣∣
TRH

, (3.24)

while the observed value, as reported by Planck [3], is Y obs
B ' 8.7× 10−11.

We note that the lepton asymmetry is not washed out because the lepton-number
violating process involving the Yukawa scattering and the electroweak sphaleron processes
are never in equilibrium at the same time.

3.3 Gravitational reheating temperature

In section 3.1, we computed the energy density in radiation from purely gravitational
process. However, to avoid conflict with the Big Bang nucleosynthesis (BBN), that requires
the reheating temperature TRH & 1MeV, one needs to consider8 wφ & 0.65 [84, 86], or
k = 2 (1+wφ)

(1−wφ) & 9. This lower bound comes from the fact that, for higher k, the inflaton
energy density redshifts faster so the transition to radiation domination is achieved sooner,
at a higher temperature.

The precise bound on TRH is in fact more involved especially for k ≤ 8 for the following
reason. As noted below eq. (3.9), the inflaton-dominated era ends when ρφ redshifts below ρR
as opposed to a complete transfer of the φ energy to radiation in conventional reheating by
perturbative decays. Still, we define the reheating temperature TRH by ρφ(TRH) = ρR(TRH).
The difference in the scale factor dependence between ρφ in eq. (3.5) and ρR in eq. (3.9)
increases with k. In other words, for smaller k, the inflaton energy density does not redshift
significantly more than radiation. Thus, TRH for low k needs to be substantially higher
than TBBN ≈ 1MeV so that the inflaton energy density does not excessively modify the
expansion rate of the universe at BBN. We can recast the BBN bound on the extra energy
density in the form of ∆Nν < 0.226 [118] into a bound on TRH as a function of k using the

7More precisely, T/Tmax = amax/a = (amax/aend)(aend/a) = ((6k − 3)/(2k + 4))((k+2)/(8k−14))(aend/a) ≈
31/8(aend/a) for large k [68].

8This requirement of having large wφ can be relaxed with non-minimal gravitational couplings as discussed
in [69, 84].
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following expression

1 = ρφ
ρR

∣∣∣∣
TRH

= ρφ
ρR

∣∣∣∣
TBBN

(aBBN/aRH)
6k
k+2

(TRH/TBBN)4 , (3.25)

with entropy conservation g∗(aRH)T 3
RH a

3
RH = g∗(aBBN)T 3

BBN a
3
BBN within the SM sector,

as well as ρφ(TBBN) = 7
8

(
4
11

) 4
3 ∆Nν

π2

30 T
4
BBN. The resulting bounds for each k are TRH .

40 MeV (k = 6), 9 MeV (k = 8), 5 MeV (k = 10), 4 MeV (k = 12) and 3 MeV (14 ≤ k ≤ 20),
which we will show as red-shaded regions in the subsequent figures concerning TRH. We
note that this estimate is in good agreement with a more rigorous treatment performed in
ref. [119] using a BBN computing package for the case of kination (large k limit).

The reheating temperature can be determined by solving the Friedmann equation (3.4)
for the radiation energy density. This yields [84]

ρR(a) ' αk
k + 2

8k − 14
√

3M4
P

(
ρend
M4
P

) 2k−1
k (

aend
a

)4
, (3.26)

and evaluating this at aRH we have

T 4
RH = 30

π2 gRH
M4
P

(
ρend
M4
P

) 4k−7
k−4

(
αk
√

3 (k + 2)
8k − 14

) 3k
k−4

. (3.27)

From eq. (3.27) we find TRH ' 60MeV for k = 10 and ρend ' (4.8× 1015 GeV)4. Note that,
due to the logarithmic dependence of φend on k in eq. (2.7), ρend changes very slowly with
k and remains approximately fixed to the above value.

In figure 2, we show in the left panel the reheating temperature for minimal gravitational
interactions by the curve labeled ξh = 0 (other values of ξh, non-minimal coupling of the
Higgs to the Ricci scalar, are discussed in the next subsection). As one can see, TRH rises to
' 1TeV, for k = 20. This minimal case with ξh = 0 is excluded by excessive gravitational
waves as dark radiation as will be discussed in section 3.5, so a non-minimal coupling is
ultimately required.

At the start of the reheating process, the Universe quickly heats to a maximum
temperature, Tmax. As discussed in [68], the maximum temperature attained through purely
gravitational processes is of order 1012 GeV, decreasing slightly with k. The maximum
radiation density which determines Tmax was found to be [68]

ρmax '
√

3αkM4
P

(
ρend
M4
P

) 2k−1
k k + 2

12k − 16

(2k + 4
6k − 3

) 2k+4
4k−7

≡ c∗ T 4
max . (3.28)

Asymptotically at large k, Tmax ≈ 8×1011 GeV and
(
Tmax
TRH

)
k�4
∼
(

1
αk�4

)1/2
(
M4
P

ρend

)1/2
� 1.

This represents a minimal maximum temperature, as other process such as decays (not
considered here), may lead to a higher maximum temperature. The value of Tmax is shown
in the right panel of figure 2. For minimal gravitational interactions, corresponding to
the simple exchange of a graviton, Tmax ' 1012 GeV. In fact, as we noted before and
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Figure 2. Variation of TRH (left) and Tmax (right) as a function of k, for different choices of ξh.
Triangles highlight the physical choices of even k. The red-shaded region is excluded by BBN
because low reheating temperatures lead to an excessive inflaton energy density during BBN. The
blue-shaded region is similarly excluded by BBN for excessive gravitational waves produced during
inflation. The gray-shaded region is excluded as the lowest reheating temperature from gravitational
reheating is that from minimal gravity (pure graviton exchange), i.e., ξh = 0.

will elaborate in section 3.5, gravitational reheating with ξh = 0 (graviton exchange) is
already ruled out by the BBN bound on dark radiation in the form of GWs. Thus, in
order to account for the reheating mechanism in a gravitational framework, it is necessary
to introduce non-minimal couplings of fields to gravity. We compute the reheating and
maximum temperatures for non-minimal gravitational interactions in the next subsection.
The value of Tmax will be relevant when we discuss the DM warmness constraint, because
DM is produced relativistically and predominantly at Tmax.

3.4 Non-minimal gravitational production

As pure gravitational particle production can be insufficient, we also consider the possibility
that scalar fields have non-minimal couplings to gravity which generate effective couplings
between these scalar fields and the RHNs. Thus, we allow both the inflaton φ and the
Higgs field H to be non-minimally coupled. We denote the complex Higgs doublet as h
throughout the following section. One can then write the action as

SJ =
∫
d4x

√
−g̃

[
−M

2
P

2 Ω2 R̃+ L̃φ + L̃h + L̃Ni

]
, (3.29)

– 14 –



J
H
E
P
1
2
(
2
0
2
2
)
0
7
2

where

L̃φ = 1
2 ∂µφ∂

µφ− V (φ) (3.30)

L̃h = ∂µh ∂
µh† − V (hh†) (3.31)

L̃Ni = i

2 Ni
←→
/∇ Ni −

1
2 MNi (N )ciNi + L̃yuk (3.32)

L̃yuk = −yNi Ni h̃† L + h.c. , (3.33)

where N ,L are the RHN and SM lepton doublet fields in Jordan frame. The conformal
factor Ω2 is given by

Ω2 ≡ 1 + ξφ φ
2

M2
P

+ ξh |h|2

M2
P

. (3.34)

It is convenient to remove the non-minimal couplings by performing the redefinition of the
metric field via the usual conformal transformation from the Jordan frame to the Einstein
frame,

gµν = Ω2 g̃µν , (3.35)

SE =
∫
d4x
√
−g
[
−M

2
P R
2 +Kab

2 gµν∂µSa∂νSb+
i

2Ω3 Ni

←→
/∇ Ni−

1
Ω4

(
MNi

2 N c
i Ni+Lyuk

)

− 3i
4Ω4 Ni

(←→
/∂ Ω

)
Ni−

1
Ω4 (Vφ+Vh)

]
, (3.36)

where we have used √
−g̃ →

√
−g

Ω4 (3.37)

/̃∇ → Ω /∇− 3
2Ω2(/∂Ω) , (3.38)

and the indices a, b enumerate the fields φ, and the real components of h. Then making
spinor field redefinition L→ Ω3/2L, Ni → Ω3/2Ni and Ni → Ω3/2Ni we recover the following
action with canonical kinetic term for the RHN

SE =
∫
d4x
√
−g
[
−M

2
P R
2 + Kab

2 gµν∂µSa ∂νSb −
1

Ω4 (Vφ + Vh) + i

2 Ni

←→
/∇ Ni

− 1
2 Ω MNi N

c
i Ni + 1

Ω Lyuk
]
. (3.39)

The kinetic function is given by

Kab = 6 ∂ log Ω
∂Sa

∂ log Ω
∂Sb

+ δab

Ω2 . (3.40)

In what follows, we will be interested in the small-field limit

|ξφ|φ2

M2
P

,
|ξh||h|2

M2
P

� 1 . (3.41)
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Since we necessarily consider large field values for the inflaton coming out of inflation, this
constrains ξφ � 1. However, there is no such constraint on ξh which can take relatively
large values.

Expanding the kinetic and potential terms in the action in eq. (3.39) in powers of
1/M2

P , we obtain a canonical kinetic term for the scalar fields, and deduce the leading-order
interactions between scalars and the RHNs induced by the non-minimal couplings. Note that,
the non-minimally coupled Yukawa interaction in eq. (3.39) gives rise to a 3-to-2 (or 2-to-3)
process with RHN in the final state above electroweak symmetry breaking temperature.
These processes thus will be kinematically suppressed and have a subdominant contribution
to the RHN yield. The kinetic terms for the RHNs can be expressed in the form

Lnon−min. = −σξhNi |h|
2N c

iNi − σξφNi φ
2N c

iNi , (3.42)

with

σξφNi = MNi

2M2
P

ξφ (3.43)

σξhNi = MNi

2M2
P

ξh . (3.44)

These non-minimal interactions open up additional channels [68]

• RHN production from inflaton scattering: φφ→ NiNi

• RHN production from Higgs scattering: hh† → NiNi

• Higgs production from inflaton scattering: φφ→ hh†.

Interestingly, as can be seen from the interaction terms, the production of RHNs is sys-
tematically proportional to the mass of the fermion. Then, for the thermal production of
RHNs, the production rate is

RT,ξNi ' Nh
ζ(3)2 ξ2

h

32π5
M2
Ni
T 6

M4
P

, (3.45)

where ζ(x) is the Riemann-zeta function. For both minimal and non-minimal gravitational
couplings, the leading term in the production rate for scalar dark matter scales as T 8 [69].
Similarly, the production rate for fermions in minimal gravity also scales as T 8 as seen in
eq. (3.1). However, for non-minimal gravitational interactions, after the conformal rescaling
to obtain canonical kinetic terms, there is no non-minimal coupling to the kinetic terms (in
contrast to the scalars where this coupling is found in eq. (3.39)). Instead, we are left with
only the mass term coupled to |h|2 and the thermal production rate is proportional only to
∝M2

Ni
T 6.
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Using the rate in eq. (3.45) we obtain the number density at the end of reheating due
to the non-minimal interaction as

n
T (ξh 6=0)
Ni

=
(√

3Nh ζ(3)2 ξ2
h

32π5 c
3/2
∗

M2
Ni
ρRH

M3
P

) (k+2)
(

1−
(
ρend
ρRH

) 7
3k−

4
3
)−3/2

72(5−4k)Γ
(

29−20k
14−8k

)
×
[
9
√
π(5−4k)

(
ρend
ρRH

)1/k
Γ
(4k−4

4k−7

)
+4

(
ρend
ρRH

) 16k2+4k+169
21k−12k2

Γ
(29−20k

14−8k

)
G
]
,

(3.46)
with

G =
(
ρend
ρRH

) 4(k+30)
3k(4k−7)

3(4k − 5)
(
ρend
ρRH

) 16k2+49
3k(4k−7)

− 6
(
ρend
ρRH

) 56
3(4k−7)

 2F1(. . .) ,

where 2F1

(
−1

2 ,
3

4k−7 ,
4k−4
4k−7 ,

(
ρend
ρRH

) 7
3k−

4
3
)

is the hypergeometric function.
For the inflaton scattering process φφ→ NiNi, on the other hand, we find

Rφ,ξNi =
M2
Ni
ξ2
φφ

4
0ω

2

32πM4
P

∞∑
n=1

(2n)2|Q(2)
2n |

2 ×

√√√√1−
4M2

Ni

E2
2n

, (3.47)

where we define φ0 =
(

ρφ

λM4−k
P

) 1
k

and Q(2)
n by

φ2(t) = φ2
0(t) · Q2(t) = φ2

0(t)
∞∑

n=−∞
Q(2)
n e−inωt . (3.48)

This rate is restricted by the small field limit that imposes a stringent bound on ξφ from√
|ξφ| . MP /〈φ〉. In particular, at the beginning of inflaton oscillations 〈φ〉 ∼ MP and
|ξφ| . 1. When we compare this rate with the one due to inflaton scattering mediated by
minimal gravitational interactions (eq. (3.16)), we obtain

Rφ,ξφNi

Rφ
k

Ni

≈
[
k (k − 1) ξφ (ω/mφ)2

√
8

]2
∞∑
n=1

(2n)2|Q(2)
2n |2

∞∑
n=1

1
(2n)2

∣∣Pk2n∣∣2 . (3.49)

This ratio takes values between {32 ξ2
φ, 242 ξ2

φ} for k ∈ [6, 20]. Hence, the non-minimal
contribution from inflaton scattering dominates over the graviton exchange for ξφ > 1

2
√

8
when k = 6 and for ξφ > 0.06 when k = 20. In what follows, we will neglect this contribution
as it dominates for values of ξφ close to the small field limit, making the assumption of
canonical kinetic terms of the fields invalid.

The non-minimal coupling of Higgs bosons to gravity provides an additional channel to
reheat the Universe through gravitational processes, with the following rate [84]

(1 + ωφ)Γφ = Rφ,ξH ' ξ2
hNh

4πM4
P

∞∑
n=1

2nω
∣∣∣∣∣2× Pk2nρφ + (nω)2

2 φ2
0|Qn|2

∣∣∣∣∣
2

= αξkM
5
P

(
ρφ
M4
P

) 5k−2
2k

,

(3.50)
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where Qn has been defined in eq. (3.15) and αξk is given in table 1. If we solve eq. (3.4) for
ρR, the reheating temperature in the presence of the non-minimal coupling is then given by

(
T ξRH

)4
= 30
π2 gRH

M4
P

(
ρend
M4
P

) 4k−7
k−4

(
αξk
√

3 (k + 2)
8k − 14

) 3k
k−4

. (3.51)

The reheating temperature as a function of k is shown in the left panel of figure 2 for several
values of ξh. The maximum temperature in this case is determined from

ρξmax '
√

3αξkM
4
P

(
ρend
M4
P

) 2k−1
k k + 2

12k − 16

(2k + 4
6k − 3

) 2k+4
4k−7

≡ c∗ (T ξmax)4 . (3.52)

Contours of T ξmax in the (k, TRH) plane are shown in the right panel of figure 2, where the
appropriate values of ξh taken from the left panel are used to calculate T ξmax.

3.5 Gravitational waves generated during inflation

In this section, we review the calculation of gravitational waves generated by quantum
fluctuations during inflation, followed by a cosmological era where the inflaton energy
dominates and redshifts faster than radiation. This results in an enhancement of gravitational
waves, which places a constraint from excessive gravitational waves as dark radiation and
offers a gravitational wave signal with a distinctive spectrum.

The ratio of the gravitational wave (GW) energy density to that of the radiation bath
is given by [120]

ρGW
ρR

= 1
32πGρR

k2
GW
2 PT (kGW) with PT (kGW) ≡ 2H2

I (kGW)
π2M2

P

, (3.53)

where kGW is the momentum mode of the GW, PT is the primordial tensor power spectrum,
HI(kGW) is the Hubble scale during inflation when the mode kGW exits the horizon,
Thc is the horizon-crossing temperature when the mode re-enters the horizon at kGW =
H(Thc), and the factor of 1/2 accounts for the time average of the rapidly oscillating
metric perturbations. In our case, ρGW/ρR is redshift invariant up to the change of g∗
after T = Tmax because entropy is only efficiently produced at T = Tmax as discussed
in section 3.3. Therefore, the final gravitational wave strength is given by ΩGWh

2 =
Ωγ h

2 (ρGW/ρR) ×
[
g4
∗s(eV)/g∗(Thc)g3

∗(eV)
] 1

3 where Ωγ = ργ,0/ρcrit,0 is the fraction of the
photon energy density today. Here g∗s(eV) =

[
2 + 7

8 × 2× 3×
(

4
11

)]
' 3.91 and g∗(eV) =[

2 + 7
8 × 2× 3×

(
4
11

)4/3
]
' 3.36 denote the effective number of relativistic degrees of

freedom relevant for the entropy density and the energy density, respectively.
As one can see, if horizon crossing occurs during radiation domination k2

GW = H2(Thc) =
ρR/(3M2

P ), then the GW spectrum becomes scale invariant. On the other hand, if horizon
crossing occurs during the inflaton-dominated era, the GW strength is enhanced by a
factor of ρφ/ρR evaluated at Thc. As a result, the largest enhancement is for the mode
that re-enters the horizon right after inflation at Tmax. For minimal gravitational reheating
(ξh = 0), the enhancement in this mode is ρend/ρR(Tmax) ' (4–6) × 1013 for k ∈ [6, 20],
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Figure 3. Gravitational wave constraints and future prospects. Left: the blue-shaded region is
excluded by BBN for excessive dark radiation. The blue and red curves fix ξh = 0 and TRH = 300 TeV,
respectively. Various curves of the same color use different values of k as labeled and in increments
of 2. The sensitivity of several future experiments as a function of frequency is also shown. Right:
the blue region is excluded by BBN for the excessive GW energy as dark radiation. The regions
below the gray dashed curves can be probed by the GW experiments as specified.

based on eqs. (2.5) and (2.7). This gives ΩGWh
2 ' (8–10) × 10−6, which corresponds to

the high frequency points of the blue curves, which fix ξh = 0, in the left panel of figure 3.
These values are excluded by the BBN bound of ΩGWh

2 ' 1.3× 10−6 [118], shown by the
blue-shaded region at the top. Therefore, the case with minimal gravitational interactions
is excluded, which was previously pointed out by ref. [87]. The constraint is relaxed when
Tmax is increased, e.g., by non-minimal gravitational interactions via ξh [cf. eq. (3.52)],
because the GW energy density relative to that of radiation is smaller in this case. The
blue region in the right panel of figure 3 (and subsequent figures) shows the constraint
in this non-minimal scenario, which excludes ξh . 0.5, as can be seen from the left panel
of figure 2. Alternatively, ref. [121] offers the solution where the inflaton energy is more
efficiently transferred to radiation via a tachyonic growth of a new field.

In addition to setting a constraint, such enhanced gravitational waves offer an exciting
signature to search for [122]. The amount of enhancement depends on ρφ/ρR at the time
of horizon crossing, implying that the GW spectrum depends on k via ρφ. By analyzing
modes that re-enter the horizon after Tmax and using ρφ ∝ a−6k/(k+2) from eq. (3.5), we
find the GW spectrum scales with the frequency as ΩGWh

2 ∝ f
k−4
k−1 , which is consistent

with ref. [87]. The enhanced GW spectra are demonstrated in the left panel of figure 3 for
the different values of k in the blue and red curves. The blue (red) curves correspond to the
minimal scenario (TRH = 300 TeV), and allow for k to vary from 10 (6) to 20 in increments
of 2 (for ξh = 0, k < 10 is excluded by BBN for low TRH according to figure 2). Here, the
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frequency is obtained by redshifting the initial momentum mode at Thc to today’s photon
temperature Tγ,0 as

f = kGW
2π

Tγ,0
Thc

(
g∗(eV)
g∗(Thc)

) 1
3
. (3.54)

Therefore, by measuring the slope of ΩGWh
2 as a function f , one can determine k and

thus reveal the shape of the inflaton potential energy near the minimum. Note that, the
end-point frequencies for the red curves are different for different choices of k (and different
ξh), as for a given k and TRH, the maximum possible frequency is dictated by

fmax = H(Tmax)
2π

aend
a0

, (3.55)

which for ξh = 0 turns out to be ' 7 × 1010 Hz for all k, while modes with frequencies
f > fmax are never produced. In the right panel of figure 3, the regions below the gray
dashed curves can be probed by the future gravitational wave observatories — BBO [123–
125], DECIGO [126–128], CE [129, 130] and ET [131–134]. Here we use the sensitivity
curves derived in ref. [135]. Since these GW observatories probe frequencies that correspond
to modes that exit the horizon early in the inflation period, we use the large-field asymptotic
value of V (φ) in eq. (2.5) to obtain HI . In the left panel of figure 3, we illustrate the GW
spectra in the red curves for a fixed TRH = 300 TeV, which can be detected by DECIGO
for k ≥ 8 and by BBO for all k ≥ 6. Remarkably, in the right panel, a large region in
the parameter space with TRH < 5× 106 GeV can be probed by future GW detectors. We
emphasize that this potential GW signal is generic for our model and applicable throughout
this work, although we do not show these sensitivity curves in subsequent figures for clarity
of presentation.

4 Results and discussion

4.1 A stable DM candidate

As we have seen from the previous two subsections, for each value of k and ξh (in the non-
minimal case), there is a unique value for TRH. These are shown in the left panel of figure 2.
The gravitational thermal production of DM generally requires reheating temperatures
much larger than can be obtained with ξh = 0. In this section, we will consider TRH and k
as free parameters and it should be understood that we are implicitly assuming that ξh 6= 0
and takes the necessary value to achieve a particular reheating temperature for a given
value of k. For the production of DM, both minimal and non-minimal thermal contributions
are included, whereas for the generation of a lepton asymmetry only minimal contributions
from inflaton scattering are considered.

The results presented in this section depend on the underlying class of inflationary
models. As noted earlier, we consider T-models of inflation [88] for which we have determined
λ and ρend. As discussed above, there are two contributions to the DM relic density: from
gravitational scattering within the newly formed primordial plasma and directly from inflaton
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scattering. These two contributions are presented separately in the upper two panels of
figure 4. In the upper left panel, we show two contours of the yield, nN1/s = 10−22 and 10−24,
for both minimal gravitational interactions (dotted curves) using eq. (3.11) and non-minimal
interactions (dot-dashed curves) using eq. (3.46).9 Note the latter yield is proportional to
M2
N1

as shown by the contour labels, and we have normalized these contours by choosing
MN1 = 108 GeV. Also note, MN1nN1/s ' 0.44 eV is needed to explain the observed dark
matter density, ΩN1h

2 = 0.12. For k > 4 and minimal gravitational interactions, the relic
density increases with reheating temperature, nN1/s ∼ T

5k−20
3k

RH . The scaling of nN1/s for
non-minimal interactions is more complicated but also increases with TRH.

In the upper right panel of figure 4, we provide four contours of the yield, nN1/s,
produced from inflaton scattering, which also scales as M2

N1
. The gravitational production

process from inflaton scattering is complementary to the thermal production process just
discussed. Recall that we are assuming ξφ is small enough that non-minimal scattering
processes can be ignored. In this case, from eq. (3.19), we see that nN1/s ∼ T

−1+ 4
k

RH and
for k > 4, the relic density decreases with increasing TRH. Recalling that MN1nN1/s '
0.44 eV is needed to explain the observed DM density, ΩN1h

2 = 0.12, we find indeed
that higher reheating temperatures require lighter DM candidates to fit with the relic
abundance constraint.

Combining the two constraints shown in the top panels of figure 4 we see that for a
given k and MN1 , there are both upper (from thermal scattering) and lower (from inflaton
scattering) limits to TRH so as to avoid exceeding the observed cold DM abundance. The
resulting relic density as a function of TRH is shown in the bottom left panel of figure 4,
where we show the total relic abundance (ΩT

N1
+ Ωφk

N1
)h2 relative to the observed abundance

for a fixed k = 14 and three choices of the DM mass MN1 = {106, 107, 108}GeV. We
clearly see that the desired relic density (ΩN1 = 0.12) is obtained twice: (i) at a lower
reheating temperature, where inflaton scattering dominates, and (ii) for a higher reheating
temperature, when we are in the thermal production regime. The allowed region corresponds
to the parameter space at or below the line Ωh2/0.12 = 1 in the bottom left panel of figure 4.
For MN1 > 3× 108 GeV, there are no values of (TRH, k) that result in an acceptable density
of DM, and the allowed range in TRH is larger with lighter DM. This is understandable as,
the thermal relic requiring a larger upper bound on TRH for lighter DM, while the inflaton
scattering requires a smaller lower bound on TRH for lighter DM.

A two-dimensional version of the lower left panel of figure 4, over a range in k, is
shown in the lower right panel. Low values of TRH are excluded by BBN. Once again, the
gray-shaded region in the lower right corner of this panel is also excluded since minimal
gravitational interactions would produce a reheating temperature larger than the values in
that region. Within each shaded band (the color corresponds to a specific choice of MN1),
the total relic density is below the observed DM density. The observed value is reached on
the border of the colored bands. For DM of masses very close to 1PeV, there exists a viable
parameter space for k ≥ 9 (along the boundary of the excessive GWs region), requiring

9Note that minimal gravitational interactions (ξh = 0) are not actually possible at these reheating
temperatures which require ξh 6= 0.
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Figure 4. Top left: contours of fixed comoving number density, nN1/s = 10−22 and 10−24 in
the (k, TRH) plane. MN1nN1/s ' 0.44 eV is needed to explain the observed dark matter density,
ΩN1h

2 = 0.12. Dotted curves assume DM production solely from minimal gravitational scattering
in the thermal bath. Dot-dashed curves correspond to non-minimal gravitational scatterings. The
latter are scaled with M2

N1
. Top right: contours of nN1/s = 10−20, 10−18, 10−16 and 10−14 each

scaled with M2
N1

assuming DM production only from inflaton scattering. In both upper panels,
the gray-shaded region is excluded as minimal gravitational interactions necessarily produce larger
reheating temperatures. Low reheating temperatures shaded in red (blue) are excluded by BBN for
an excessive inflaton (GW) energy. Bottom left: the total relic abundance (ΩTN1

+ Ωφ
k

N1
)h2/0.12 as a

function of reheating temperature for three choices of DM masses {106, 107, 108}GeV for fixed k = 14.
Individual contributions to the dark matter density are distinguished by line types as indicated.
Bottom right: coloured regions correspond to values of (k, TRH) with (ΩT

N1
+ Ωφk

N1
)h2 ≤ 0.12 for

the three choices of MN1 used in the bottom left panel, and the lines styles indicate the dominant
contribution.
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ξh ' 0.5. For larger masses, the range in k extends to lower values, and higher reheating
temperatures are possible and require larger non-minimal coupling to gravity.

Having identified the regions of the (k, TRH) parameter space with a suitable DM
density, we turn to the production of the baryon asymmetry through gravitationally induced
leptogenesis. This analysis was performed in [84] and therefore we only briefly summarize
the results found there. We note, however, ref. [84] neglected the kinematic suppression
in eq. (3.17) to maintain the model independence of the analysis, though this effect is
included in the present work. In figure 5, we show contours of some benchmark values of
the mass of N2 that reproduce the observed baryon asymmetry Y obs

B . We find that the
gravitational contribution to the baryon asymmetry is essentially entirely due to inflaton
scattering rather than the thermal particles in the SM bath. Since minimal gravitational
interactions are excluded by excessive GWs, non-minimal interactions are required to
produce a sufficiently large thermal bath so that GW fractional energy is consistent with
BBN. Leptogenesis via N2 is therefore possible above the border of the blue-shaded region
in figure 5, indicating a mass MN2 & 3× 1011 GeV is required. Larger values of MN2 can
produce the correct asymmetry so long as ξh > 0. Nonetheless, when MN2 & 3× 1012 GeV,
the baryon asymmetry starts to become suppressed for the following reason. The inflaton
mass obtained from eqs. (2.5) and (2.7), mφ ' 1.2×1013 GeV across all k values, is no longer
much larger than MN2 and the kinematic suppression in eq. (3.17) becomes important. This
explains the existence of the green region as well as why the curve for MN2 = 1013 GeV
is at a lower TRH than that for MN2 = 3× 1012 GeV. Once again, the bottom red region
is forbidden by BBN because of an excessive inflaton energy density during BBN. In
summary, we observe that, saturating the bound on GWs from BBN, together with the
right DM abundance and successful leptogenesis requires ξh ' 0.5, MN2 ' 3 × 1011 GeV
and MN1 ' 106 GeV. As discussed above, this parameter space can be extended, allowing
larger values {MN1 ,MN2} if one considers stronger non-minimal gravitational couplings by
ξh & 0.5, thus allowing a larger reheating temperature [cf. eq. (3.51)].

Combining our preceding analyses, it is possible, for a given V (φ), to constrain the
(MN1 , MN2 , ξh) parameter space by requiring leptogenesis, DM production and reheating
to have a common gravitational origin. Indeed, for a given k and DM mass MN1 , the
temperature TRH can be determined by the relic abundance constraint. In turn, TRH
determines the value of ξh needed to reheat the Universe, as well as the value of MN2

which gives the desired baryon asymmetry through leptogenesis. To illustrate our result, we
project the viable parameter space in the (MN1 ,MN2) plane in figure 6 for different values
of ξh, allowing k to vary within k ∈ [6, 20]. In each coloured line segment, gravitational
interactions are responsible for the observed DM relic abundance, the baryon asymmetry
and reheating. Different coloured slanted line segments in this figure correspond to different
choices of the non-minimal coupling ξh, with ξh = 0 being ruled out from overproduction
of GWs. The maximum possible value for ξh is around 13.5, above which the mass MN2

necessary to reproduce the observed baryon asymmetry gets too close to mφ and kinematic
suppression becomes significant, as can be seen from figure 5. Note that for each ξh, the
allowed parameter space satisfying all the constraints, is rather restricted. This is better
seen from the right panel figure, where we have zoomed in to the ξh = 1 case. Interestingly,
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Figure 5. Contours of MN2 corresponding to the observed baryon asymmetry [cf. eq. (3.24)] in the
(k, TRH) plane. The red-shaded region correspond to the lower bound on TRH from BBN, and the
green region leads to underproduction of YB due to the kinematic suppression in inflaton scattering
when MN2 approaches mφ.

this shows that the viable parameter space is approximately independent of k, while k = 6
and 8 are excluded by BBN as can be seen from the left panel of figure 2.

4.2 The case for a decaying gravitational DM & IceCube events

Until now, we have assumed that the DM candidate, N1, is absolutely stable. If it is
not, and N1 has non-zero Yukawa components, y1i, N1 can decay to SM final states.
In this case, one necessary (but not sufficient) constraint on the DM mass and Yukawa
coupling arises from the requirement of having a lifetime larger than the age of the Universe
τN1 & τuniv ' 4.35 × 1017 s. On the other hand, the IceCube detector has reported the
detection of three PeV neutrinos, a roughly 3σ excess above expected background rates [136–
138]. The three highest energy events correspond to deposited energies of 1.04PeV, 1.14PeV
and 2.0PeV. Although the origin of these very high energy events is still unclear, it has
been shown in refs. [42, 139–152] that such events could be sourced from the decays of
superheavy DM particles. The neutrino energy spectrum presents a high-energy cutoff at
mDM/2 [140, 141] if two body decays including one neutrino are present. The total excess
can be interpreted as high energy neutrinos resulting from the decay of N1 with τN1 ≈ 1028

s for both normal and inverted hierarchies [140, 153]. Given that the maximum energy of
the IceCube events has been measured to be about 2PeV, the mass of the DM particle is
constrained to be ' 4PeV. Moreover, the IceCube spectrum sets a lower bound on the
DM lifetime of the order of 1028 s [141, 153], which is approximately model-independent
and orders of magnitude larger than the lifetime of the Universe. Thus, satisfying this
bound automatically makes N1 a nearly stable relic, and hence a good DM candidate. For
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Figure 6. Viable parameter space in the (MN1 ,MN2) plane for which gravitational interactions
are responsible for the observed DM relic abundance (in N1), the baryon asymmetry (produced
from N2 decays), and reheating for k ∈ [6, 20]. In the left panel, different colours correspond to
ξh = {0, 1, 10} diagonally from bottom left (red) to top right (blue). The vertical black segment
indicates the range in MN2 for MN1 = 4PeV for the range in k considered, where the connection to
the IceCube high-energy neutrino excess will be discussed in the next subsection. In the right panel,
we magnify the parameter space for a fixed non-minimal coupling ξh = 1. The dots correspond to
even values of k as indicated.

N1 → `H decay, we find

τ ≡ Γ−1
N1→`H '

(
y2
N1
MN1

8π

)−1

' 1028 s
(

4× 10−29

yN1

)2 (1PeV
MN1

)
; (4.1)

that is, the Yukawa coupling yN1 must be highly suppressed.
On the other hand, in order to satisfy the observed DM abundance via the freeze-in

mechanism in the early Universe through inverse decay: ν ,H → N1 involving the same
Yukawa, one needs [32, 150]

ΩN1 h
2 ' 0.12

(
yN1

1.2× 10−12

)2 ( MN1

1PeV

)
. (4.2)

This means that the Yukawa required to interpret the PeV IceCube event from the decay of
N1, yN1 ∼ 10−29, is far too small for the thermal bath to populate the Universe from the
freeze in mechanism. Thus, if we are restricted to dimension-four interactions involving
RHN and the SM, it is not possible to simultaneously explain the DM relic density and
the IceCube events. Alternatively, we may consider higher dimensional operators [150],
modified gravity/cosmology [154] or some different production mechanism for DM [155].

Our minimalistic framework contains a natural avenue to reconcile both the DM
abundance and IceCube events, through the gravitational production of decaying PeV
neutrinos in the early Universe. However, as discussed in section 3.5, the case with minimal
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Figure 7. Contours of fixed relic density, ΩN1h
2 = 0.12 for MN1 = 4PeV. The upper dotted

contour corresponds to production from gravitational scattering in the thermal bath (and requires a
large value of ξh) and the lower dashed contour corresponds to production from inflaton scattering
(and requires a relatively low value of ξh) Between the two contours ΩN1h

2 < 0.12 for MN1 = 4 PeV.

gravitational interactions is excluded by BBN for an excessive amount of gravitational waves
as dark radiation. Thus we then need to go (slightly) beyond the minimal setup and include
non-minimal gravitational interactions. We show in figure 7 contours for ΩN1h

2 = 0.12 for
MN1 = 4PeV in the (k, TRH) plane. The orange (dashed, dotted) lines correspond to the
two dominant gravitational scattering processes involving the (inflaton, thermal particles)
as discussed in the previous subsection. Note however that gravitational thermal production
requires a high reheating temperature and is not compatible with the observed baryon
asymmetry as can be understood from figure 5. In contrast, at lower TRH, the correct relic
density can be produced from inflaton scattering with a lower value of ξh ≈ 2.5. In the left
panel of figure 6, we show, by the black vertical line segment, the range in MN2 obtained
from varying k while fixing MN1 = 4 PeV. Note that, since N1 is a long-lived stable relic, it
does not contribute to the generation of the baryon asymmetry as its decay takes place
below the electroweak phase transition. In addition, because the Yukawa coupling of N1 is
extremely small, its interactions which violate lepton number will not be in equilibrium,
and hence will not wash out any of the asymmetry produced by N2. We summarize our
analysis in the tables presented in the conclusion.

5 Dark matter & leptogenesis with a Majoron

We have seen in the previous section that our result was particularly constrained because of
the strong dependence of the production of the RHN on its mass MNi , limiting our allowed
region to masses above a PeV. In this section, we consider an alternative mechanism. We
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Figure 8. Feynman diagram for the gravitational production of an on-shell scalar S coupled to the
heavy neutrinos.

include an additional complex scalar field, Φ containing the Majoron [99, 145, 156–163], that
acts as an intermediate state in the interactions of the inflaton and RHNs. This interaction
is depicted in figure 8.

The relevant Lagrangian of this extension can be written as

LΦ = (−yiR ΦN c
i Ni + h.c.) + 1

2µ
2
Φ Φ2 − 1

4λΦ Φ4 . (5.1)

After symmetry breaking, the real part of Φ acquires a non-zero vacuum expectation value,
around which one can expand the field as: Φ = 1√

2(S + vS)eiJ/vS , and J is the Majoron.
This expectation value is the origin of the RHN Majorana masses, MNi = yiR vS/

√
2. Then

mS = µΦ < mφ and the gravitational production rate of the real scalar, S is10

Rφ
k

S =
2× ρ2

φ

16πM4
P

Σk
S , (5.2)

where the factor of two accounts for the fact we produce two scalar particles per scattering,
with [65, 68]

Σk
S =

∞∑
n=1
|Pk2n|2

[
1 + 2µ2

Φ
E2

2n

]2√
1− 4µ2

Φ
E2

2n
. (5.3)

Since each scalar decays into 2 right-handed neutrinos, we obtain for the density of Ni after
integration of the Boltzmann equation [68],

nSφ
k

Ni
(aRH) ' Bri ×

√
3ρ3/2

RH
4πM3

P

k + 2
6k − 6

(
ρend
ρRH

)1− 1
k

Σk
S , (5.4)

10As shown in refs. [67, 68], for the case of a scalar field, the gravitational thermal production is always
negligible with respect to inflaton scattering.
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Figure 9. Contours of observed relic abundance assuming Br1 = 1 (left) and Br1 = 10−2 (right)
for different choices of the DM mass, considering only Majoron contribution. The purple-shaded
region is disallowed from the warm DM limit (see text).

where we assumed aRH � aend, and here Bri = (yiR)2∑
(yiR)2 so Bri =

M2
Ni

M2
N1

+M2
N2

+M2
N3

if N1,2,3

are all lighter than S. The relic abundance of N1 is then given by

ΩSφk

N1
h2

0.12 ' Br1 ×
(

ρend

1064GeV4

)1− 1
k

(
1040GeV4

ρRH

) 1
4−

1
k ( k + 2

6k − 6

)
× Σk

S ×
MN1

2.5× 10 24
k
−8GeV

, (5.5)

whereas the baryon asymmetry follows from eq. (3.24). Note that so long as MNi � µΦ �
mφ, the resulting dark matter abundance and baryon asymmetry will be independent of mS .

We show in figures 9 and 10 respectively, the parameter space allowed by the relic
abundance and the baryogenesis constraint in the (k , TRH) plane. Comparing figure 9 and
the dashed lines (from the inflaton scattering) in the bottom right panel of figure 4, we
notice that the mass of the dark matter respecting Planck constraint is much lower, if the
branching fraction to N1 is large. For Br1 = 1, the difference is about 8 orders of magnitude,
and around 6 orders of magnitude for Br1 = 10−2. The reason is easy to understand: the
production rate through S is boosted in comparison with the direct production, by a factor

RSφ
k

N1

Rφ
k

N1

' Br1
m2
φ

M2
N1

. (5.6)

For smaller branching fraction, the density of N1 through this channel is suppressed and
the effect is milder and proportional to Br1, as one can see in figure 9 right panel.
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Figure 10. Contours of NN2 corresponding to the observed baryon asymmetry for Br2 = 1 (left) and
Br2 = 10−2 (right) in the (k, TRH) plane. Here only the contribution due to the intermediate scalar
is included. The green-shaded region is kinematically inaccessible due to MN2 > mφ/2 [cf. figure 8].

Given that the required mass, MN1 , can be much lower when we couple the RHNs
to the scalar S, and N1 is produced relativistically, N1 dark matter may still be warm
around the time of CMB decoupling. We derive the warmness constraint by redshifting
the N1 initial momentum of order mφ at Tmax to the temperature T ' 1 eV and require
that the velocity at T ' 1 eV is less than 2× 10−4. This bound on the velocity is obtained
from translating the limit on the warm dark matter mass from the Lyman-α forest [164] in
the case where the abundance is generated thermally. The current warmness constraint is
shown by the purple region, while the future sensitivity using cosmic 21-cm lines [165] is
shown by the purple dotted curve. In summary, this mechanism interestingly allows for
electroweak scale fermionic dark matter produced gravitationally, which is not possible by
the direct scattering of the inflaton. We show in figure 10 the parameter space allowed to
obtain a sufficient amount of baryon asymmetry for the set of branching ratios Br2 = 1 and
10−2. Comparing figures 5 and 10 left, we note that for M2 = 1013 GeV the situation is
similar to the direct production because no real enhancement ∝ m2

φ

M2
N2

exists. However, for
MN2 = 1011 GeV and large values of k, TRH should be about 3 orders of magnitude larger to
obtain the same asymmetry. The reason is that for a large value of k, YB ∝ 1

TRH
when S is

produced (combining eqs. (5.4) and (3.24)), and ∝
M2
N2

m2
φ
TRH

when N2 is produced directly. In

other words, TRH should be compensated by a factor m2
φ

M2
N2

to avoid an excessive asymmetry.
As in the case of dark matter, lowering the branching ratio dilutes the effect as one can see
in the right panel of figure 10.
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Figure 11. Parameter space satisfying the right dark matter relic abundance and baryon asymmetry,
considering the production through S. The line colors correspond to different values of ξh, with
ξh = {0, 1, 10, 102} from bottom to top, and ξh = 0 corresponds to minimal graviton exchange. Each
colored line segment shows the variation of the predicted masses with k ∈ [6, 20]. The black dot
marks the parameter point that can also explain the IceCube high-energy neutrino excess.

Finally, we can combine all of the preceding results, adding the possibility for a
gravitational reheating with non-minimal coupling. We illustrate this in figure 11, which is
the analogue of figure 6 but with the scalar S as an intermediate state. For demonstration
purposes, here we suppose MN3 > mφ/2 so that N3 is not produced by the inflaton or S,
resulting in Br2 = 1− Br1 = 1− (MN1/MN2)2 ' 1. As the branching ratios are completely
determined by the massesMN1 andMN2 , for a fixed k and a fixed ξh, there will be again only
one point in the (MN1 ,MN2) plane that could simultaneously obtain the CMB-determined
DM relic abundance and the observed baryon asymmetry. Each color segment in figure 11
assumes a fixed ξh and allows values of k ∈ [6, 20] that are consistent with the BBN
bound on TRH. The black dot indicates the MN1,2 masses, independent of k, required to
explain the IceCube high-energy neutrino excess. The green region is inaccessible because
mS > MN2 > mφ/2 forbids the production of S via φ scattering.11 Compared to figure 6,
we see that the effect of S as an intermediate state expands the parameter space of allowed
dark matter density and baryon asymmetry. Most notably, the parameter space opens up
towards lower masses, and allows large values of ξh.

11Note that we have not included the effects of µΦ in Σk
S . These start to play a role for large ξh & 102

when 2MN2 becomes close to mφ, since we require 2mN2 < mS < mφ.
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Direct gravitational production
ξh TRH [GeV] MN1 [PeV] MN2 [GeV]
1 {5.6–1.8× 104} {2.49–2.54} {4.5–4.8} × 1011

{2.5–2.7} {0.11–9.8× 104} 4.0? {7.3–9.2} × 1011

10 8.1 8.1 1.7× 1012

Gravitational production via S
ξh TRH [GeV] MN1 MN2 [GeV]
1 {5.6–1.8× 104} {7.9–12}TeV {1.4–2.1} × 109

10 {8.1–1.3× 106} {220–360}TeV {4.0–6.5} × 1010

{50–68} {2.6× 103–2.6× 107} 4.0 PeV? 7.1× 1011

100 {8.1× 103–9.8× 107} {7.1–11}PeV {1.3–2.0} × 1012

Table 2. Ranges of TRH, DM (MN1) and RHN (MN2) masses, over which baryon asymmetry and
DM relic abundance are simultaneously satisfied via gravitational yield for different choices of the
non-minimal coupling ξh; ξh = 0 corresponds to minimal gravity, which is not shown since it is
excluded by BBN for excessive GWs. The upper section assumes direction production of N1,2, while
the lower assumes production via Majoron’s CP-even partner S as an intermediate state. Here
we allow k ∈ [6, 20] and omit points whose low TRH values are excluded by BBN. (For the direct
gravitational production, a single value of k = 8 is allowed for ξh = 10, while no points are allowed
for ξh & 13.5.) The ? entry corresponds to the DM mass that can explain the IceCube high-energy
neutrino events.

6 Conclusions

In this paper, we have shown that there exists the possibility that inflationary reheating,
dark matter and the baryon asymmetry can be generated solely gravitational interactions.
The baryon asymmetry is produced through the decay of a right-handed neutrino MN2

(leading first to a non-zero lepton asymmetry). For minimal gravitational interactions,
ξh = 0, a large amount of dark radiation is created in the form of gravitational waves
and is inconsistent with BBN. Thus, we allow for a non-minimal gravitational coupling
ξhRH

2 where H the Standard Model Higgs field to enhance reheating, so that the ratio of
gravitational wave energy density to the radiation is decreased. The lowest ξh consistent
with BBN is around 0.5. The range of the parameter space is 2–8PeV for the dark matter
massMN1 and 0.3–1.7×1012 GeV for the mass of the lepton number violating decaying RHN,
MN2 . The range corresponds to a scan over ξh. Our solution restricts 0.5 . ξh . 13.5 and
TRH < 3× 105 GeV, where the maximum reheating temperature is attained with ξh ' 4.7.
We summarize our results for fixing different values of ξh or MN1 in the upper sections
of table 2 and table 3 labeled “Direct gravitational production”. Primordial gravitational
waves generated during inflation allow a large parameter space with TRH . 5× 106 GeV to
be probed in proposed gravitational wave detectors such as BBO, DECIGO, CE and ET.

We also showed that N1, if unstable, can explain the recent IceCube PeV events through
its decay into SM neutrinos. In this case, if we want to accommodate simultaneously the
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Direct gravitational production
ξh TRH [GeV] MN1 [PeV] MN2 [GeV]
1 0.0084 (excluded) — —
2.5 0.11 4.0? 7.3× 1011

10 8.1 8.1 1.7× 1012

Gravitational production via S
ξh TRH [GeV] MN1 MN2 [GeV]
1 0.0084 (excluded) — —
10 8.1 220 TeV 4.0× 1010

68 2.6× 103 4.0? 7.1× 1011

100 8.1× 103 7.1 PeV 1.3× 1012

Table 3. Same as table 2 but for a fixed k = 8 as a benchmark.

correct DM relic abundance, the observed baryon asymmetry, gravitational reheating and the
IceCube events, the value of ξh is fixed for a given k. We show this result in the second row
of the upper section of each table where the assumed value of mN1 = 4PeV is marked by ?.

Finally, we proposed a new scenario where the RHN and the dark matter are produced
through an intermediate scalar state S, the CP-even partner of the Majoron. In this case,
the gravitational production of the scalar is not helicity suppressed by the mass of the final
state fermions. As a result, the mass ranges for N1 and N2 are increased. For 0.5 . ξh . 100,
the mass range for N1 is 4TeV to 11PeV, and the range for N2 is 7 × 108–2 × 1012 GeV.
Finally, the IceCube events can be explained by appropriate choices of ξh and TRH for each
k, whereas MN2 is predicted to be 7.1× 1011 GeV for all k when MN1 is fixed to 4PeV. We
summarize our overall results for fixing different values of ξh or MN1 in the lower sections
of table 2 and table 3 labeled “Gravitational production via S”.
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