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We consider the generation of the baryon asymmetry in models with right-handed neutrinos produced
through gravitational scattering of the inflaton during reheating. The right-handed neutrinos later decay and
generate a lepton asymmetry, which is partially converted to a baryon asymmetry by Standard Model
sphaleron processes. We find that a sufficient asymmetry can be generated for a wide range of right-handed
neutrino masses and reheating temperatures. We also show that the same type of gravitational scattering
produces Standard Model Higgs bosons, which can achieve inflationary reheating consistent with the
production of a baryon asymmetry.
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I. INTRODUCTION

One of the most elegant mechanisms for generating
the baryon asymmetry of the Universe is leptogenesis [1].
In its simplest version, the lepton number violating out-of-
equilibrium decay of a heavy right-handed neutrino pro-
duces a lepton asymmetry if C and CP are violated in the
decays. Then the baryon number B and lepton number L
violating (but B − L conserving) sphaleron processes [2]
distribute the asymmetry between leptons and baryons. As
long as the effective lepton number violating operators
remain out of equilibrium, the baryon (and lepton) asym-
metry will be preserved [3–5].
The obvious attractiveness in models of leptogenesis is

the fact that the only element beyond the Standard Model
required is a massive right-handed neutrino, often intro-
duced to generate light Standard Model neutrino masses
via the seesaw mechanism [6]. Differences among models
of leptogenesis often relate to the means by which right-
handed neutrinos populate the Universe or their embed-
ding in a UV completion of the Standard Model [7,8].
For example, a common assumption is that the right-
handed neutrinos are in thermal equilibrium in the radiation
bath newly created after inflation [9]. This requires that

the reheating temperature TRH exceeds the right-handed
neutrino mass mN . However, this requirement is not
necessary, as right-handed neutrinos produced in the decay
of the inflaton, provide a direct source of nonthermal right-
handed neutrinos [10], and require onlymN < mϕ=2, where
mϕ is the mass of the inflaton ϕ.
Most models of nonthermal leptogenesis carry some

form of additional model dependence, namely, how one
couples the inflaton to the right-handed neutrino. In some
cases, one might associate the inflaton with the super-
symmetric partner of the right-handed neutrino [11], or in
supergravity models, there maybe a gravitational coupling
induced by the chosen forms of Kähler potential and
superpotential [12,13].
In this paper, we consider a model-independent for-

mulation for the production of right-handed neutrinos lead-
ing to leptogenesis. That is, once the inflaton potential is
specified, we make no assumptions about how the inflaton
couples to the right-handed neutrino sector. Its production
from the inflaton condensate is purely gravitational [14–18].1
We consider as an example, the class of inflationary models
called T models [20] and show that for all such models for
which the equation of state parameter during the period of
reheating w ≥ 0.5, the proper baryon asymmetry may be
generated for reasonable choice of the right-handed neutrino
mass and reheating temperature.
In what follows, we first compute the number density

of right-handed neutrinos produced gravitationally from
inflaton oscillations. We then apply this result to obtain
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1Note that production from the inflaton condensate almost
always dominates over the gravitational production of matter
from the thermal bath [19].
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the resulting baryon/lepton asymmetries from the out-of-
equilibrium decay of the right-handed neutrinos. We also
show that even if the Higgs-inflaton coupling is only
gravitational (minimal or nonminimal), it may be possible
to simultaneously produce the lepton asymmetry as well as
the entropy of the universe without the need to consider a
specific coupling of the inflaton to matter.

II. GRAVITATIONAL PRODUCTION RATES

The simplest process for producing a lepton asymmetry
from the out-of-equilibrium decay of a right-handed neu-
trino is a direct decay of the inflaton to N. If such a
coupling exists and mN exceeds the maximum temperature
after inflation, then N will be produced out-of-equilibrium
thus realizing the original leptogenesis scenario [1].
However, even in the absence of a direct coupling between
the inflaton and the right-handed neutrino, N can be
produced from scattering within the thermal bath or directly
from the inflaton condensate. The former is the common
mechanism leading to thermal leptogenesis [9]. The latter,
on the other hand, is inevitable for processes mediated by
gravity [15,18].
Gravitational interactions are described by the

Lagrangian (see e.g., Ref. [21]),

ffiffiffiffiffiffi
−g

p
Lint ¼ −

1

MP
hμνðTμν

SM þ Tμν
ϕ þ Tμν

N Þ: ð1Þ

Here, SM represents Standard Model fields, ϕ is the
inflaton, and N is the right-handed neutrino. We assume
the standard form of the stress-energy tensor Tμν

i , which
depends on the spin of the field, i ¼ 0, 1=2, 1. In Fig. 1,
we show the s-channel exchange of a graviton obtained
from the Lagrangian (1) for the production of right-
handed neutrinos from the inflaton condensate. In addition,
a similar diagram exists for the production of Standard
Model fields during the reheating process. The Planck
suppression due to graviton exchange is partially compen-
sated by the energy available in the inflaton condensate at
the end of inflation.

The rate for producing right-handed neutrinos can be
found in Refs. [18,22] where it has been calculated in the
context of a fermionic dark matter candidate. Note that the
results of Ref. [22] do not agree with the results presented
here, since their choices of parameters are in conflict with
the tensor-to-scalar ratio bound from Planck. Because the
production mechanism depends on the time-dependent
oscillations of the inflaton subsequent to the period of
exponential expansion, we must specify examples of the
inflaton potential we consider.
As a specific example, we consider the α-attractor T

model [20],

VðϕÞ ¼ λM4
P

����
ffiffiffi
6

p
tanh

�
ϕffiffiffi
6

p
MP

�����
k
; ð2Þ

which can in fact arise from a simple superpotential [23],

W ¼ 2
k
4
þ1

ffiffiffi
λ

p
M3

P

�ðϕ=MPÞk2þ1

kþ 2
−
ðϕ=MPÞk2þ3

3ðkþ 6Þ
�
; ð3Þ

in the context of no-scale supergravity. Equation (2) can be
expanded about the origin,

VðϕÞ ¼ λ
ϕk

Mk−4
P

; for ϕ ≪ MP; ð4Þ

and we will use this generic form hereafter. Therefore, it
should be noted that the remaining discussion is general
and not limited to T models of inflation. Phenomenological
aspects of T models were recently considered in [24].
At the end of inflation, the time-dependent oscillating

inflaton field can be parametrized as

ϕðtÞ ¼ ϕ0ðtÞ · PðtÞ; ð5Þ

where ϕ0ðtÞ is the amplitude and

PðtÞ ¼
Xn¼þ∞

n¼−∞
Pne−inωt ð6Þ

describes the periodicity of the oscillations, with frequency
ω given by [25]

ω ¼ mϕ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
πk

2ðk − 1Þ

s
Γð1

2
þ 1

kÞ
Γð1kÞ

; ð7Þ

where m2
ϕ ¼ V 00ðϕ0Þ. The rate (per unit time and volume)

for the production of right-handed neutrinos can be
expressed as [18]

Rϕk

N ¼ 2 × ð1=2Þ × ρ2ϕ
4πM4

P

m2
N

m2
ϕ

Σk
1=2; ð8Þ

FIG. 1. Feynman diagram for the production of right-handed
neutrinos N through the gravitational scattering of the inflaton
condensate ϕ.
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where during oscillations ρϕ ¼ Vðϕ0Þ is the energy density
of the inflaton and the explicit factor of 2 × ð1=2Þ accounts
for two particles produced in the final state and for the
Majorana nature of N. Considering the potential (4),
the effective inflaton mass squared is given by m2

ϕ ¼
λkðk − 1Þϕk−2

0 =Mk−4
P and

Σk
1=2 ¼

Xþ∞

n¼1

jPk
nj2

m2
ϕ

E2
n

�
1 −

4m2
N

E2
n

�
3=2

; ð9Þ

where the Fourier modes Pk
n are obtained from [25–27]

VðϕÞ ¼ Vðϕ0Þ
X∞
n¼−∞

Pk
ne−inωt ¼ ρϕ

X∞
n¼−∞

Pk
ne−inωt; ð10Þ

En ¼ nω being the energy of the nth inflaton oscillation
mode. The values of Σk

1=2 are given in Table I for k ≤ 20.
In this table and the remainder of the paper, the kinematic
suppression in Eq. (9) is assumed to be negligible. Since
this may have an effect only if mN is close to the inflaton
mass evaluated when the dominant production occurs, this
depends on the precise shape of the inflaton potential. We
leave for future work the detailed study between the exact
inflationary models and gravitational production of the
right-handed neutrinos.
The number density of right-handed neutrinos, nN , is

obtained by solving the Boltzmann equation, which can be
expressed as

dðnNa3Þ
da

¼ a2Rϕk

N ðaÞ
H

; ð11Þ

where a is the cosmological scale factor. The a dependence
in the rate comes from the evolution of ρϕ, which is given
by [23,25]

ρϕðaÞ ¼ ρend
�aend

a

	 6k
kþ2; ð12Þ

where aend is the scale factor when inflation ends (defined
when the slow-roll parameter equals unity). The equation of
state for ϕ is w ¼ ðk − 2Þ=ðkþ 2Þ.
Equation (11) for the density of right-handed neutrinos

can be solved analytically [18],

nNðaRHÞ ≃
m2

N

ffiffiffi
3

p ðkþ 2Þρ1
2
þ2

k
RH

24πkðk − 1Þλ2
kM

1þ8
k

P

�
ρend
ρRH

�1
k

Σk
1=2; ð13Þ

evaluated at the time of reheating, which for now we
assume is a result of the decay of the inflaton to Standard
Model particles. We define ρRH as the energy density in
radiation when it becomes equal to the inflaton energy
density and ρRH ¼ ðπ2g�ðTRHÞ=30ÞT4

RH, with g�ðTRHÞ the
number of relativistic degrees of freedom2 at TRH.

III. LEPTOGENESIS

Once produced, the right-handed neutrinos decay rap-
idly,

N → Lα þH

N → L̄α þ H̄; ð14Þ

where L and H are the left-handed lepton and Higgs
electroweak doublets, respectively. If CP is violated in the
decay of N, then a lepton asymmetry,

YL ≡ nL
s

¼ ϵ
nN
s

ð15Þ

is produced. Here, s ¼ ð2π2g�ðTRHÞ=45ÞT3
RH is the entropy

density. The CP violation is encapsulated in [28,29]

ϵ≡ ΓN→LαH − ΓN→L̄αH̄

ΓN→LαH þ ΓN→L̄αH̄
: ð16Þ

A nonzero value for ϵ requires at least two right-handed
neutrinos. We assume the existence of three right-handed
neutrinos and denote the lightest of these as N with mass
mN . The remaining twowill be denoted asN2;3 with masses
m2;3, and we assume mN ≲mϕ ≪ m2;3. Furthermore, we
assume that the light and mostly left-handed neutrino
masses are determined by the seesaw mechanism [6] so that

mνi ≃
jyij2v2
mi

; ð17Þ

where yi is a Yukawa coupling, v ≈ 174 GeV is the
Standard Model Higgs expectation value, and that the
neutrino mass matrix is nearly block diagonal.
We note that this assumes a type-I seesaw with a singlet

fermion N. There also exist type II and type III seesaw
mechanisms, where new particles are SUð2Þ-triplet scalars
and SUð2Þ-triplet fermions, respectively (see Ref. [8] for a
review). Additionally, the neutrino mass hierarchy can have
normal ordering or inverted ordering. In the following,
we will continue to assume type-I with normal ordering.
That is, we assume that y3 is the largest neutrino Yukawa
coupling so that mν3 is the largest neutrino mass despite a
larger suppression from m3.

TABLE I. Coefficients Σk
1=2 relevant for the gravitational

production rate of right-handed neutrinos.

Σ6
1=2 ¼ 0.101 Σ8

1=2 ¼ 0.133 Σ10
1=2 ¼ 0.157 Σ12

1=2 ¼ 0.177

Σ14
1=2 ¼ 0.192 Σ16

1=2 ¼ 0.205 Σ18
1=2 ¼ 0.216 Σ20

1=2 ¼ 0.225

2g� ¼ 427=4 for the full Standard Model particle content.
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Using the seesaw expression, we can write [13]

ϵ ≃ −
3δeff jy3j2

16π
·
mN

m3

≃ −
3δeff
16π

·
mν3mN

v2
; ð18Þ

where δeff is the effectiveCP violating phase in the neutrino
mass matrix and 0 ≤ δeff ≤ 1.
Finally, this lepton asymmetry is converted into the

baryon asymmetry via the electroweak sphaleron processes
that freeze out at the electroweak phase transition, giving
YB ¼ 28

79
YL [4,13,30] and

YB ≃ 3.5 × 10−4δeff
nN
s

�
mν3

0.05 eV

��
mN

1013 GeV

�
; ð19Þ

while the observed value is YB ≃ 8.7 × 10−11 [31].
The required reheating temperature TRH for specific

choices of the right-handed neutrino mass mN as a func-
tion of the equation of state parameter w is displayed
in Fig. 2. Here, we take ρend ¼ ð5 × 1015 GeVÞ4 and
λ ¼ 18π2AS�=ð6k=2N2�Þ with AS� being the amplitude
of the curvature power spectrum measured to be

lnð1010AS�Þ ¼ 3.044 [31,32] and the number of e-folds
N� ¼ 55 for the Planck pivot scale k� ¼ 0.05 Mpc−1.3

This choice of parameters leads to an inflaton mass,
mϕ ≃ 1.2 × 1013 GeV, at the end of inflation that places
an upper bound on mN due to kinematics. However, as
mentioned earlier, we do not include the kinematic factor
when computing Σk

1=2 to remain inflationary model inde-
pendent as much as possible. The circles along each curve
correspond to even values of k in the inflaton potential. For
k ¼ 2, from Eq. (13), nN=s ∝ m2

NTRH and YB ≃ 6 ×
10−70m3

NTRH=GeV4 is far too small to produce the required
asymmetry. For k ¼ 4,YB is independent ofTRH but requires
a large mN ≃ 3 × 1014 GeV, which exceeds the inflaton
mass. However, for k ≥ 6, for reasonable TRH and a
sufficiently large mN , the proper asymmetry can be gen-
erated. This is also demonstrated in Fig. 3,where the required
TRH as a function of mN is shown for different values of k.
For k ¼ 6, the correct asymmetry is obtained for TR≃
20GeVðmN=1013GeVÞ9. More generically, TR∝m3k=ðk−4Þ

N
for any k ≠ 4. Lastly, the green regions are not feasible
because the gravitational production of N is kinematically
forbidden.

FIG. 2. The colored dashed curves show values of the reheating
temperature TRH required to explain the observed baryon
asymmetry as a function of k, the exponent of the potential
defined in Eq. (4), for different choices of the right-handed
neutrino mass mN . The black dotted lines show the reheating
temperature obtained from purely gravitational reheating for
different choices of ξ, the nonminimal gravitational coupling
constant defined in Eq. (20). A minimal gravitational coupling
(ξ ¼ 0) gives a minimum TRH, excluding the gray region. The
upper x axis labels the equation of state w ¼ ðk − 2Þ=ðkþ 2Þ of
the inflaton, during reheating.

FIG. 3. Values of the reheating temperature TRH required to
explain the observed baryon asymmetry as a function of mN for
different choices of k. The upper x axis labels the approximate
values of ξ necessary to achieve the corresponding TRH through
purely gravitational reheating.

3The variables ρend, λ, and N� are in principle functions of k
and TRH [25] in order to explain the CMB observations, but fixing
to the aforementioned values gives an excellent approximation.
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IV. GRAVITATIONAL REHEATING

The previous calculation of the lepton asymmetry
was based solely on gravity for the production of right-
handed neutrinos and nL. However, we assumed that the
entropy (and hence, TRH) was produced by the decay of
the inflaton to radiation. For example, a coupling yϕf̄f
would produce a reheating temperature proportional to yk=2

for k < 7 and to y3k=ð2k−8Þ for k > 7 [25] and would allow
temperatures in the range shown in Fig. 2 for y < 1. We
now ask whether both the numerator and denominator in
YL ¼ nL=s can be produced purely by gravity. It was
recently shown that a gravitational coupling could be
sufficient to ensure a complete reheating of the Universe
[18]. However, to ensure a sufficiently large reheating
temperature (TRH ≳ 1 MeV) to avoid conflict with big
bang nucleosynthesis, which excludes the red regions in
Figs. 2 and 3, one needs to consider w≳ 0.65 [33] or
k ¼ 2þ2w

1−w > 9. This lower bound comes from the fact that,
for higher k, the inflaton energy density redshifts faster [see
Eq. (12)] so the transition to radiation domination is
achieved sooner. The requirement for large w can be
relaxed if one considers nonminimal couplings of the
Higgs to the gravitational sector of the type [34],

Lξ ¼ −
ξ

2
jHj2R; ð20Þ

where R is the Ricci scalar. This generates effective
couplings between the inflaton and the Higgs boson,

LϕH
ξ ¼ ξ

M2
P

�
2VðϕÞ − 1

2
gμν∂μϕ∂νϕ

�
jHj2: ð21Þ

We can then write the Boltzmann equation for the radiation,

∂ρR
∂t

þ 4HρR ¼ Rk; ð22Þ

where Rk the amount of energy transferred per unit time
and per unit volume. To compute Rk, one needs to add the
standard gravitational contribution corresponding to the
exchange of graviton [18] and the nonminimal contribution
from the coupling (20).
The rate can then be written Rk ¼ R0

k þ Rξ
k with

R0
k ¼ Ns

ρ2ϕ
16πM4

P

X∞
n¼1

2nωjPk
2nj2;

Rξ
k ¼ Ns

2 × ξ2

8πM4
P

X∞
n¼1

2nωj2Pk
2nρϕ þ

ðnωÞ2
2

ϕ2
0jPnj2j

2

; ð23Þ

where Ns ¼ 4 is the number of real scalars in the Standard
Model and we neglect the Higgs mass. We considered even
values of k, each mode n transferring an energy 2nω per
scattering to the bath. For the case k ¼ 2, only the mode
n ¼ 1 contributes, and we have (P1 ¼ 1

2
, P2

2 ¼ 1
4
), which

gives for Ns ¼ 4,

R2 ¼ R0
2 þ Rξ

2 ¼
mϕρ

2
ϕ

32πM4
P
ð1þ 36ξ2Þ; ð24Þ

in agreement with [18,34]. Taking into account the ϕ0

dependence in ω in Eq. (7), we can define

Rk ≡ αkM5
P

�
ρϕ
M4

P

�5k−2
2k

: ð25Þ

The values of αk are given in Table II for k ≤ 20.
Finally, we can solve Eq. (22) to obtain

ρRðaÞ ≃ αk
kþ 2

8k − 14

ffiffiffi
3

p
M4

P

�
ρend
M4

P

�2k−1
k
�
aend
a

�
4

; ð26Þ

ρRH ¼ M4
P

�
ρend
M4

P

�4k−7
k−4

�
αk

ffiffiffi
3

p ðkþ 2Þ
8k − 14

� 3k
k−4

¼ g�ðTRHÞπ2
30

T4
RH; ð27Þ

which predicts the reheating temperature shown by the
black dotted curves in Fig. 2 for different values of ξ, where
the triangles along the curves correspond to even values of
k. As can be seen, the black and colored curves are nearly
parallel, and this correlation gives the upper x axis of Fig. 3
based on the value ofmN . The gray regions in Figs. 2 and 3
are inconsistent because even minimal gravitational inter-
actions (ξ ¼ 0) cannot achieve such low TRH. That is,
gravitational interactions alone provide a lower limit to the
reheating temperature which is k dependent. Furthermore,
in much of the parameter space, gravitational interactions
can provide sufficient reheating without the need of addi-
tional inflaton couplings.

V. SUMMARY

In this paper, we have demonstrated that purely gravi-
tational interactions of the inflaton ϕ can produce a
sufficient abundance of right-handed neutrinos, which later
decay and generate the observed baryon asymmetry of the
Universe via leptogenesis. This mechanism, which we call
inflationary gravitational leptogenesis, can explain the
baryon asymmetry for a wide range of right-handed
neutrino masses mN and reheating temperatures TRH.
This mechanism works for a class of inflationary models
as long as the equation of state of ϕ is w ≥ 0.5 during

TABLE II. Coefficients αk relevant for the rate of gravitational
reheating.

α6 ¼ 0.000193þ 0.00766ξ2 α8 ¼ 0.000529þ 0.0205ξ2

α10 ¼ 0.000966þ 0.0367ξ2 α12 ¼ 0.00144þ 0.0537ξ2

α14 ¼ 0.00192þ 0.0702ξ2 α16 ¼ 0.00238þ 0.0855ξ2

α18 ¼ 0.00281þ 0.0993ξ2 α20 ¼ 0.00319þ 0.112ξ2
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reheating, which is the case when the potential takes the
form ϕk with k ≥ 6 near the origin. Inflationary reheating
can also successfully complete through gravitational inter-
actions with the Higgs boson. This paradigm requires only
gravitational interactions, so the results shown in Figs. 2
and 3 are robust and general. Indeed, these results provide a
lower limit to the reheating temperature as gravitational
interactions are necessarily present. This paves the way
for new opportunities in inflationary model building and
baryogenesis.
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