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Inflaton seeds nonthermal leptogenesis by pair-producing right-handed neutrinos in the seesaw model.
We show that the inevitable graviton bremsstrahlung associated with inflaton decay can be a unique probe
of nonthermal leptogenesis. The emitted gravitons contribute to a high-frequency stochastic gravitational
waves background with a characteristic fall-off below the peak frequency. Besides leading to a lower bound
on the frequency (f ≳ 1011 Hz), the seesaw-perturbativity condition makes the mechanism sensitive to the
lightest neutrino mass. For an inflaton mass close to the Planck scale, the gravitational waves contribute
to sizeable dark radiation, which is within the projected sensitivity limits of future experiments such as
CMB-S4 and CMB-HD.
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I. INTRODUCTION

Leptogenesis [1] is an elegant mechanism to address
the observed baryon asymmetry of the Universe [2]. The
mechanism creates lepton asymmetry in the first step,
which finally gets converted to baryon asymmetry via
sphaleron-transition [3]. There are several processes [4–11]
which generate lepton asymmetry in the early Universe
(EU). The simplest one, perhaps, is the CP-violating and
out-of-equilibrium decays of the right-handed (RH) neu-
trinos [1,12–17] which are introduced in the Standard
Model (SM) to generate light neutrino masses via Type-I
seesaw. Broadly, there are two variants of leptogenesis in
Type-I seesaw: I) Thermal leptogenesis, wherein thermal
scatterings govern the fundamental dynamics of lepton
asymmetry production [1]; II) Nonthermal leptogenesis,
which is not influenced by the thermal scatterings, and
the RH neutrinos are produced from the decay of
another field, such as inflaton [18–24]. In this work, we
discuss the latter.

Despite being elegant, leptogenesis is difficult to test,
generally owing to the involvement of high-energy scales
beyond the reach of terrestrial experiments such as the
Large Hadron Collider (LHC). There are proposals
[13,25–27] to bring down the scale of leptogenesis, which,
however, either yielded null results or await confrontation
with future particle-physics experiments.
Indirect searches of high-scale leptogenesis are led mainly

by neutrino observables at low energy, e.g., neutrino masses,
mixing, CP-violating phases and the matrix element of
neutrinoless double beta decay [28–30]. Alongside these, we
might mention some contemporary and new tests of high-
scale leptogenesis, which include, for instance, signatures
from the metastability condition of Higgs vacuum in the
early Universe [31,32], and cosmic microwave background
radiation (CMBR) measurements [24].
In the new cosmic frontiers, the discovery of gravitational

waves (GWs) from black hole mergers by LIGO and Virgo
Collaboration [33,34] has encouraged us to put in efforts to
detect GWs of primordial origins. Detection of primordial
GWs would be of immense significance because GWs,
unlike electromagnetic radiation, travel through the universe
practically unimpeded with undistorted information about
their origin. Therefore, they serve as the cleanest probe of
physical processes, even at super high-energy scales.
Research on GWs of primordial origins at scales (wave-

lengths) smaller than CMB is now gaining considerable
attention to test and constrain high-scale leptogenesis
scenarios. This encases, e.g., studies on the properties
of cosmological phase transitions and their remnants.
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A catalog for these works, which might not be exhaustive,
would include GWs from cosmic strings [35–39],
domain walls [40], plus nucleating and colliding vacuum
bubbles [41,42]. In addition, the stochastic backgrounds of
GWs created by gravitons [43] and cosmological pertur-
bations [44] have also been investigated to search for the
imprints of high-scale leptogenesis. Intriguingly, all these
works reveal that the primordial GWs and their spectral
features have prodigious potential to probe a wide variety
of leptogenesis mechanisms, e.g., high-scale thermal lepto-
genesis [35,45], gravitational leptogenesis [37], and lepto-
genesis induced by ultralight primordial black holes [43].
We follow a similar line of research here; we study the

possibility of testing nonthermal leptogenesis from inflaton
decay with stochastic GWs constituting gravitons. We
exploit the idea presented in Refs. [46–48], that after the
end of inflation, once the coherent oscillation phase is over,
the inflaton produces graviton bremsstrahlung by a three-
body decay, where the final states could be a couple of
particles such as scalars and fermions (in our case, they
are RH neutrinos) plus the graviton (see, e.g., Fig. 1). The
gravitational waves constituting these gravitons contain
the following features: I) Generally, the frequency of such
GWs is very high; II) The GW spectrum is bounded from
above and below. The high-frequency cutoff is typically
set by the fraction of energy injected into the gravitons
from the inflaton. In contrast, the low-frequency cutoff is
determined by a threshold energy scale Λ, below which
particle description of graviton is questionable; III) The
GW spectrum exhibits a distinct falloff below the peak
frequency; IV) The peak frequency reaches its minimum
value for the highest allowed reheating temperature in the
model; V) for inflaton mass close to the Planck scale, the
energy density of the GWs increases so much that they
contribute to testable dark radiation.
For nonthermal leptogenesis in Type-I seesaw, first of all,

the reheating temperature and the inflaton mass mϕ appear
explicitly in the expression of lepton asymmetry. Therefore,
they relate the leptogenesis parameter space with the
properties of GWs. In addition, and most importantly,

the effects of thermal scatterings mediated by the Yukawa
interactions become negligible if TRH ≲MR, where MR is
the RH neutrino mass scale. The seesaw-perturbativity
condition Tr½f†NfN � < 4π, with fN being the Yukawa
coupling, implies that the RH neutrino mass scale has to
be bounded from above to comply with the neutrino
oscillation data on light neutrino masses—this sets an
upper bound on TRH. We show how, in this way, and
depending on the seesaw models, the lightest neutrino mass
m1 plays a crucial role in establishing a complementarity
between the GW-physics and the physics of low-energy
neutrinos to test and constrain nonthermal leptogenesis.
The rest is organized as follows. In Sec. II, we briefly

describe the graviton emission from inflaton decay and the
features of the expected GW background. In Sec. III, we
discuss how nonthermal leptogenesis could be tested and
constrained with such GWs. We summarize our results
in Sec. IV.

II. GRAVITATIONAL WAVES
FROM INFLATON DECAY

We closely follow Ref. [46] to calculate the GW
spectrum from the three-body decay of inflaton. The action
leading to such decays (see, e.g., Fig. 1) reads

S ¼
Z

d4x
ffiffiffiffiffi
jgj

p �
M2

P

2
Rþ 1

2
gμν∂μϕ∂νϕ − VðϕÞ þ Lint

�
;

ð2:1Þ

where Mpl ≃ 2.4 × 1018 GeV, ϕ is the inflaton with VðϕÞ
being the potential and

Lint ⊃ yNϕNRNR ð2:2Þ

accounts for the interaction of RH neutrinos with inflaton.
To describe the decays with graviton emission, it is
sufficient to consider the effective interaction

Leff
int ⊃

κ

2
hμνTμν; ð2:3Þ

where κ ¼ ffiffiffi
2

p
=MPl, hμν is the graviton field defining the

quantum fluctuation over the background, gμν ¼ ημν þ κhμν,
and Tμν is the energy-momentum tensor of the other fields.
To compute the inflaton decay rate to the RH neutrinos but
without the graviton, a flat spacetime background ημν can be
considered. In which case, the two-body decay width of
inflatons to RH neutrinos is given by

Γ0ðϕ → NRNRÞ ¼
y2nmϕ

8π
ð1 − 4y2Þ32; ð2:4Þ

where mϕ is the mass of the inflaton, y is a dimensionless
parameter defined as MR=mϕ, and MR being the RH

FIG. 1. Diagrams representing the three-body decay of inflaton
(ϕ) to right-handed neutrinos (NR) and graviton (h) bremsstrah-
lung. A similar diagram with a graviton attached to the incoming
fermion line also contributes to the total decay-width. However,
the four-point interaction vanishes [46].
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neutrino mass. On the other hand, the decay width involving
gravitons is suppressed by a factor m2

ϕ=M
2
Pl, assuming the

effective field theory holds for mϕ < MPl. The contributions
arising from such processes can be parametrized as [46]

Γ1 ≃ Γ0

�
1

16π2
m2

ϕ

M2
pl

Z
mϕ=2

Λ

dE
E

�
; ð2:5Þ

where E is the energy of the emitted gravitons and Λ is a
low energy threshold below which particle description
is inaccurate. To compute Λ, we shall assume that the
wavelength of the gravitons is shorter than the mean
separation of the inflaton particle, n−1=3ϕ , where nϕ is the
number density of inflaton. Assuming an instantaneous
reheating, we calculate Λ as

Λ ≃ ½ρRðTRHÞ=mϕ�1=3; ð2:6Þ

where ρðTRHÞ is the radiation energy density at the reheating
temperature TRH. The normalized energy density of the GWs
that comes out from such decays is given by

ΩGWðfÞ ¼
1

ρc

dρ
d ln f

; ð2:7Þ

where ρc ¼ 3M2
PlH

2
0 is the critical energy density with

H0 ¼ 1.44 × 10−42 GeV being the Hubble parameter today,
and f is the present-day frequency of the GWs.
Equation (2.7) can be reexpressed as (see derivation in

Appendix A)

ΩGWðfÞ ≃
ργ
ρc

�
2

gsðTRHÞ
�
1=3 Γ1=Γ

1 − x̄
x2dΓ1

Γ1dx
; ð2:8Þ

where ργ=ρc ≃ 5.4 × 10−5, Γ ¼ Γ0 þ Γ1, and x ¼ E=mϕ ¼
2πf TRH

mϕTγ
. The other two quantities x̄ and x2dΓ1

Γ1dx
(see, Fig. 2,

left) typically define the spectral shapes of the GWs. The
total fraction of inflaton energy that is injected into the
gravitons is given by

x̄ ¼ Γ1

Γ

Z
1=2

Λ=mϕ

xdΓ1

Γ1dx
dx: ð2:9Þ

For small values of x, the normalized graviton spectrum
xdΓ1

Γ1dx
(expression given in Appendix B) is constant (see,

Fig. 2, right), and as x increases, the spectrum drops
sharply. This feature has two important implications.
First, most of the emitted gravitons are in the low-energy
range, and second, the spectrum goes as ΩGW ∼ f at low
frequencies [cf. Eq. (2.8)]. The quantity x̄ could be large
enough (x̄ ∼ 10−2) when mϕ is close to the Planck scale,
meaning that the highest frequency of the GWs could be
as large as 0.01MPlTγ=TRH which for TRH ∼ 1015 GeV,
gives fhigh ∼ 1014 Hz.

III. NONTHERMAL LEPTOGENESIS AND
GRAVITATIONAL WAVES

The minimal Lagrangian that facilitates light neutrino
masses and leptogenesis is given by

−Lseesaw ¼ fNαilLαη̃NRi þ
1

2
N̄C

RiMijδijNRj þ H:c:; ð3:1Þ

where lLα ¼ ðνLα eLαÞT is the SM lepton doublet of flavor
α, η̃ ¼ iσ2η� with η ¼ ðηþ η0ÞT being the Higgs doublet
with hη0i≡ v ¼ 174 GeV and M ¼ diagðM1;M2;M3Þ,

FIG. 2. Form of the graviton energy spectrum with Left x
2dΓ1

Γdx vs E (in GeV), Right: xdΓ1

Γdx vs E (in GeV) for different values of mϕ and
with the same benchmark values of the other parameters used in Fig. 5. When plotted in the log-log scale, the envelope of the upper
region in the left panel gives the blue curve in the ΩGW vs f graph in Fig. 5.
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M1;2;3 > 0. After electroweak-symmetry breaking, the
light-neutrino mass matrix

Mν ¼ −mDM−1mT
D ¼ UDmUT ð3:2Þ

is obtained via standard seesaw mechanism [49–52]. In
Eq. (3.2), the matrices mD ¼ fNv is the Dirac-neutrino
mass matrix, Dm ¼ −diagðm1; m2; m3Þ with m1;2;3 > 0

being the physical light-neutrino masses and U is the
UPMNS matrix that mixes the flavor and mass eigenstates of
the light neutrinos. The B − L asymmetry created by the
CP-violating and out-of-equilibrium decays of RH neu-
trinos is given by [14]

NB−L ¼
X3
i

εiκi; ð3:3Þ

where εi and κi are the unflavored CP-asymmetry
parameter, and the efficiency of the asymmetry production
corresponding to the ith RH neutrino. The efficiency
factor κi, which takes into account the combined
effects of asymmetry production and washout, is
given by [14]

κi

�
z ¼ M1

T

�
¼ −

Z
z

zTRH

dNNi

dz0
e−
P

i

R
z

z0 W
ID
i ðz00Þdz00dz0: ð3:4Þ

The number densities in Eq. (3.3) and Eq. (3.4), have
been normalized by the ultrarelativistic number density
of Nið¼ gNi

T3=π2Þ, where gNi
¼ 2. In the case of thermal

leptogenesis, the temperature in the EU is high enough
(T > Mi) to populate RH neutrino number densities by
Yukawa scatterings and to facilitate strong washout effects
that erase a significant lepton asymmetry. The inverse
decay term WID

i ¼ ΓID
i =Hz, which takes into account the

washout effect, is given by

WID
i ¼ 1

4
Ki

ffiffiffiffiffiffi
r1i

p
K1ðziÞz3i ; ð3:5Þ

where H is the Hubble parameter, rij ¼ M2
j=M

2
i , K1 is a

modified Bessel’s function, and Ki is the decay parameter
corresponding to ith RH neutrino, defined as

Ki ¼
ðm†

DmDÞii
Mim� ; ð3:6Þ

with m� ≃ 10−3 being the equilibrium neutrino mass
[13,14]. A leptogenesis scenario sensitive to inflationary
physics requires less-efficient thermal scatterings so that
the thermal production of RH neutrinos, which generally
erase the initial conditions, is negligible. This happens
if TRH ≲Mi, and we can also neglect the washout

effects (WID
i ).1 The simplest source of nonthermal produc-

tion of RH neutrinos is a tree-level decay of inflaton
[18,19]. Assuming inflaton decays to all the RH neutrinos
with the same branching fraction BN , and the RH neutrinos
instantaneously decay to produce lepton and anti-lepton
states, an expression for the total lepton asymmetry can be
derived as [53]

NB−L ¼
X
i

NNi

����
RH

εi ≡ π4BNg�
30gN

X
i

εiTRH

mϕ
: ð3:7Þ

Successful baryogenesis via leptogenesis then requires [2]

ηB ¼ asph
NB−L

Nrec
γ

≃ 0.96 × 10−2NB−L ð3:8Þ

≃ ηCMB
B ¼ ð6.3� 0.3Þ × 10−10; ð3:9Þ

where Nrec
γ is the normalized photon density at the

recombination and the sphaleron conversion coefficient
asph ∼ 1=3. A more accurate lower bound on Mi can
be derived by generalizing the condition Mi > TRH to
Mi > ΦðKiÞTRH. The function ΦðKiÞ determines the exact
value of zf ¼ Mi=T at which washout processes go out of
equilibrium. The function ΦðKiÞ can be calculated ana-
lytically [14], and is given by

ΦðKiÞ ¼ 2þ 4K0.13
i e

−2.5
Ki : ð3:10Þ

It is convenient to parametrize [54] the Dirac mass
matrix as

mD ¼ U
ffiffiffiffiffiffiffi
Dm

p
Ω

ffiffiffiffiffiffiffi
MR

p
; ð3:11Þ

where Ω is a 3 × 3 complex orthogonal matrix given by

Ω ¼

0B@ 1 0 0

0 cos z23 sin z23
0 − sin z23 cos z23

1CA
0B@ cos z13 0 sin z13

0 1 0

− sin z13 0 cos z13

1CA
×

0B@ cos z12 sin z12 0

− sin z12 cos z12 0

0 0 1

1CA ð3:12Þ

1The condition z ≳ zRH corresponds to Γ0=H ≳ 1. The inverse
decays go out-of-equilibrium, i.e., ΓID=H ≲ 1, at z≳ zout. There-
fore, zRH ≳ zout implies Γ0=H ≳ ΓID=H. Generally, zout is taken
to be 1. Consequently, the condition for nonthermal leptogenesis
becomes; zRH ¼ M=TRH ≳ 1, i.e., M ≳ TRH. Nonetheless, zout is
modulated by Yukawa couplings in a way [14] that zout ¼
ΦðKÞ > 2, −ΦðKÞ has been introduced in the main text. There-
fore, a more accurate condition for nonthermal leptogenesis reads
M ≳ΦðKÞTRH, which we maintain throughout the article.
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with zij ¼ xij þ iyij. The orthogonal parametrization has
two important aspects. First, it shows that nonthermal
leptogenesis is not sensitive to neutrino oscillation experi-
ments (mixing angles and low-energy CP phases) because
εi ∝ Im½ðm†

DmDÞij� which is independent of U. Therefore,
the CP asymmetry is stemmed only from the complex
phases within Ω. Second, it helps us to understand the
relation among the states (l) produced by the heavy
neutrinos and light neutrino states (el) as

jlji ¼ Bjijelii; ð3:13Þ

where the ‘bridging matrix’ Bij [55], is given by

Bji ¼
ffiffiffiffiffiffi
mi

p Ωjiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mkjΩkjj2

q : ð3:14Þ

If the orthogonal matrix is a permutation matrix (could
be identity, in the case no permutation) [56], the heavy
and the light states coincide (Fig. 3 black and red vectors).
Note also that this configuration is unable to generate CP
asymmetry because Ω is real. On the other hand, for an
arbitrarily complex Ω, the light and heavy states do not
coincide (Fig. 3 black and dashed-blue vectors). Due to its
complex nature, Ω can have large entries, and the seesaw
model is said to be fine-tuned [55]. The fine-tuning
parameter, γi ¼

P
j jΩ2

ijj ≥ 1 accounts for the fractional
contribution of the heavy states (Mj) to a light state (mi).
For larger entries in the imaginary parts of Ω, the heavy
states (e.g., blue vectors in Fig. 3) disperse2 more from the
light states. In this article, we shall present results for small
(minimally fine-tuned), intermediate (moderately fine-
tuned), and large (extremely fine-tuned) values of γi.
Another important constraint that must be considered is

the seesaw-perturbativity condition Trðf†NfNÞ ≤ 4π. For a
single-scale seesaw ðMi¼1;2;3 ≡MÞ, which we adopt in this
work, the condition reads

M ≲ 4πv2

m�P
iKi

≲ 4πv2P
i

P
k mkjΩkij2

: ð3:15Þ

For quasidegenerate RH neutrinos the function ΦðKiÞ
gets generalized to Φ̃≡ΦðPi KiÞ [57], therefore, the
upper bound on the reheating temperature becomes

TRH ≲ 4πv2

ΦðPiKiÞ
P

i

P
k mkjΩkij2

: ð3:16Þ

In Fig. 4 (left), we have shown the variation of TRH with
the lightest neutrino mass m1 for different values of γi. A
couple of crucial points can be extracted from this plot.
First, as m1 increases, the upper bound (Tmax

RH ) on the TRH
decreases. This is true for all the choices of γi. Second, the
parameter space enlarges for larger values of γi to include
lower values of Tmax

RH . Therefore, as the seesaw models
exhibit more boosted configurations (large γi), nonthermal
leptogenesis happens for lower values of TRH.
We now proceed to the computations of the flow and

fhigh and the discussion of possible complementary
searches in low-energy neutrino experiments. Because
the energy of the produced gravitons will be redshifted
to the present time, the frequencies flow and fhigh are
simply given by3

flow ¼ Λ
2π

Tγ

TRH
; fhigh ¼

mϕ

4π

Tγ

TRH
: ð3:17Þ

Therefore, when the reheating temperature is maximum,
we have

fmin
low ¼ ΛTγðΦ̃

P
i

P
k mkjΩkij2Þ

8π2v2
;

fmin
high ¼

mϕTγðΦ̃
P

i

P
k mkjΩkij2Þ

16π2v2
: ð3:18Þ

In Fig. 4 (left), we have shown the variation of fmin
low and

fmin
high with the lightest neutrino mass m1 for different values

FIG. 3. Illustration of seesaw models: The black arrows
represent the light neutrino state vectors, whereas the state
vectors in red are the heavy states produced by the RH neutrinos
when the orthogonal matrix is a permutation matrix. The
configuration of the heavy states shown by the blue arrows
corresponds to an arbitrarily complex orthogonal matrix.

2BecauseΩ belongs to SOð3;CÞ, it is isomorphic to the Lorentz
group. Therefore, Ω can be factorized as Ω ¼ ΩrotationΩBoost. For
large entries in the ΩBoost matrix, the seesaw model gets more fine-
tuned or ‘boosted,’ γi ¼

P
j jΩ2

ijj ≫ 1.

3The peak frequency can be well-approximated as fpeak ≃
mϕ

10π
Tγ

TRH
, see Appendix B.
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of γi. In this context, let us point out the current
experimental fact file of the lightest neutrino mass m1.
The sum of the light neutrino masses is bounded from
above;

P
i mi ≲ 0.17 eV [2]—this corresponds to m1≲

50 meV. A more stringent upper boundm1 ≲ 31 meV may
be obtained from the latest PLANCK data [58]. The dark-
blue vertical region in Fig. 4 is the projected sensitivity of
the KATRIN experiment, which is starting to measure
neutrino masses with sensitivity to 0.2 eV [59]. Assuming a
normal mass ordering m3 > m2 > m1, a future discovery
by the ongoing and the planned neutrinoless ββ decay
experiments [59] would correspond to m1 ≳ 10−2 eV
(light-blue vertical region in Fig. 4). Consider now seesaw
models with an orthogonal matrix with small entries, e.g.,
γi < 1.1 and the corresponding f −m1 curves, shown with
red lines (Fig. 4, right). In which case, a future discovery
of GWs with 1011 Hz < fpeak ≲ 1014 Hz, if that is really
possible, would be in tension with m1 ≳ 10−2 eV. In other
words, a future discovery of the lightest neutrino mass
m1 ≳ 10−2 eV would imply a nonthermal leptogenesis
scenario will be associated with a broader spectrum of
the GWs with the peak shifted to the higher frequencies
than what is expected for the m1 ≲ 10−2 case. In Fig. 5, we
have shown f vs ΩGW (left) and f vs hc (right) curves
which correspond to successful leptogenesis (blue curves)
for xij∼π=4, yij ∼ 10−7,m1 ∼ 10−3,mϕ ¼ 0.5MPl, BN ≃ 1,
and for mass degeneracy among the heavy neutrinos
δ ∼ 10−1. We plotted another curve (in red) in both figures
to show the inflaton-mass dependence. To obtain these
plots, we first calculate ΩGW as

ΩGW ¼ Ω0
GW

�
2

gsðTRHÞ
�
1=3 ω

1þ ω

x2

1 − x̄
dΓ1

Γ1dx
; ð3:19Þ

where Ω0
GW ≃ 5.4 × 10−5, the quantities x, x̄, dΓ1

dx have the
usual definitions (see Sec. II), and we use

ω ¼ 1

16π2
m2

ϕ

M2
pl

Z
mϕ=2

Λ

dE
E

; Λ ¼
�
π2gsðTTHÞT4

RH

30mϕ

�
1=3

;

Γ1 ¼
Γω

1þ ω
ð3:20Þ

with Γ ≃ 11T2
RH=MPl—assuming an instantaneous reheat-

ing. We finally calculate the dimensionless strain hcðfÞ as

hcðfÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3H2

0

2π2
ΩGW

s
f−1: ð3:21Þ

The key takeaway points from these figures are, the plotted
curves represent the strongest GWs at the lowest allowed
frequencies. This is because, for the used set of parameters,
one typically has the maximal reheat temperature, and
therefore the spectrum peaks at fpeak ¼ fmin

peak. Once TRH

decreases, the spectrum broadens with peaks at higher
frequencies and with much reduced amplitudes at lower
frequencies. Even though the GWs expected from this
model can not be detectable directly (see the present
constraints and projected limits [60–75] on high-frequency
GWs in Fig. 5), for inflaton mass close to Planck scale,4

FIG. 4. Left: scatter plot of TRH vs m1: γi ≤ 1.1 (red), γi ≤ 40 (gray), γi ≤ 105 (green). We randomly varied the complex angles in
the orthogonal matrix to achieve the desired values of γi. The light neutrino masses are generated taking into account the solar
and atmospheric mass squared differences from neutrino 3σ oscillation data [30] and varying m1 randomly within the interval
10−4 eV–1 eV. Right: scatter plot of fmin

peak;low, f
min
peak;high vsm1 formϕ ¼ 0.5Mpl giving us the correlation between GWand low-energy

neutrino physics.

4It is not trivial to accommodate inflaton mass close to the
Planck scale in the simple single-field scenarios. Nonetheless,
in the models that seek to generate all physical scales, including
the Planck scale dynamically, it can be done. Based on scale
invariance, these models generally deal with multifield configu-
rations (sometimes with sub-Planckian scalar mass eigenstates,
which could be inflaton), which drive inflationary dynamics.
Therefore a possible UV embedding of our scenario would go
along the line of, e.g., [76–80].
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as we have chosen here, can produce significant dark
radiation (DR) which is detectable in future experiments
such as CMB-S4 [81] and CMB-HD [82]. The dark
radiation constraint on GWs readsZ

f−1ΩGWh2ðfÞdf ≲ 5.6 × 10−6ΔNeff : ð3:22Þ

For smaller values of x ¼ E=M, i.e., in the low-frequency
range, the quantity xdΓ1

Γ1dx
becomes constant (see Fig. 2)

and therefore the GW spectrum below the fpeak goes as
ΩGW ∼ f (cf. Eq. (3.19). Consequently, we can parametrize
theΩGW asΩGWðfÞ ∼ΩGWðflowÞð f

flow
Þ for f ≲ fpeak. Using

Eq. (3.22), we estimate that for mϕ ¼ 0.5MPl, one can have
ΔNeff as large as 0.04 which is accessible in the future
CMB-S4/HD measurement. In this way, graviton brems-
strahlung of inflaton could be an interesting way to test
and constrain nonthermal leptogenesis, provided that the
inflaton mass is close to MPl.
One may naively get effective mϕ to be ∼1013 GeV for

m2ϕ2 inflation, which is ruled out as a model by ns=r
measurements. However, one may always introduce a
nonminimal coupling ξϕ2R like the Higgs inflation sce-
nario to rescue such scenarios [84]. As usual, the ξϕ2R term
becomes irrelevant during and post the reheating era,
because the Ricci scalar R is very close to 0.

We end this section with the following remarks:
i. Here we consider the total decay width of the inflaton

Γ ¼ Γ0 þ Γ1 [see below Eq. (2.8) and the derivation of
GWs in Appendix A], where Γ0 and Γ1 are defined in
Eq. (2.4) and Eq. (2.5), respectively. Therefore, the scenario
assumes that the decay products of RH neutrinos reheat the
Universe. Generally, in nonthermal leptogenesis models,
this is a simplified assumption–so-called the RH neutrino
reheating scenario, see, e.g., Refs. [19,21–23]. One can
redo a similar exercise by adding more channels, e.g.,
allowing direct inflaton coupling to SM particles. In that
case, branching ratios, i.e., the direct couplings of SM
particles to inflaton, would play a crucial role. Therefore, it
is not apparent that RH neutrino-bremsstrahlung would
dominate in such a case.
ii. Models with specific flavor structures (with a

definite γi) would be more predictive (cf. Fig. 4).
Though for simplicity, we discuss the nonthermal lepto-
genesis with quasi-degenerate RH neutrinos, we do not
expect any qualitative difference for the hierarchical sce-
narios. For the latter, one has to impose the condition
TRH ≲Mlightest. Therefore, if the mass spectrum is strongly
hierarchical M3 ≫ M2 ≫ M1;lightest, the peaks of the GWs
would shift to the higher-frequency values.
iii. We mostly focus on high-reheating temperatures

here. It is evident from Eq. (3.17), that for low-
reheating temperatures, the GW spectrum shifts towards

m = 0.5 MPl

m = 0.1 MPl
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FIG. 5. Left: Ω vs f plot for mϕ ≲ 0.5MPl and mϕ ≲ 0.1MPl. For the mϕ ≃ 0.5MPl curve, relevant parameters to generate correct
baryon asymmetry are mentioned in the text. To do the same for mϕ ≃ 0.1MPl, one needs to adjust the parameters so that a factor ∼5
appears in the denominator of Eq. (3.7). Right: hc vs f plot for the same values ofmϕ ≃ 0.5; 0.1MPl, subjected to the projected sensitivity
limits of various high-frequency GW detectors [60–75]. The dashed line is the current upper bound on ΔNeff . The dot-dashed and the
dotted lines are the future projections on the same. CMB-HD has the potential to probe inflaton mass mϕ ∼ 0.25MPl. Reference [83]
suggests that the electromagnetic resonant cavities could potentially reach below the dark radiation projections with strain hc ≲ 10−30

within the frequency range ð106 − 108Þ Hz.
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high-frequency values. In which case, the produced grav-
iton would be inevitably converted to photons in the
presence of a cosmological magnetic field via the
inverse-Gertsenshtein effect [85]. Therefore, a nonthermal
leptogenesis mechanism with a low-reheating temperature
might produce an observable cosmic x-ray background
[86]. A detailed study in direction will be presented in a
future publication.
iv. Such high-frequency gravitational waves may arise

due to the graviton production from inflaton oscillation
[87,88]. Compared to the three-body decays, the relative
magnitude of such a process can be derived assuming
instantaneous reheating and mϕ ≫ TRH as

A ¼ Γosc

Γ1

≃
T2
RH

7 × 10−4mϕMPl

�
ln

�
mϕ

TRH

��
−1
; ð3:23Þ

which for our preferred values of parameters is much less
than unity (A ≪ 1).
v. Hawking radiation and primordial density perturba-

tions from ultralight PBH sources high-frequency gravita-
tional waves [89–93]. Moreover, these PBHs can also
produce RH neutrinos, which decay to create baryon
asymmetry via leptogenesis [39,43,44,94]. Therefore, this
mechanism is analogous to the present scenario (a setup to
study nonthermal leptogenesis and gravitational waves).
Nonetheless, the spectral features of the GWs produced by
the PBHs are different [95] from what we discuss in
this work. Additionally, depending on the PBH’s produc-
tion and distribution, one may have GWs at low frequencies
[44], which distinguish it from the inflaton decay scenario.
vi. Plenty of efforts and proposals have been put forward

to detect high-frequency GWs [67–75]. This is because,
apart from the graviton bremsstrahlung discussed in
this paper and the sources discussed above, several other
well-motivated sources produce high-frequency GWs.
This includes, e.g., inflation [96–98], preheating [99–101]
cosmic strings from a very high energy phase transition
[102–105], etc. Moreover, there are hardly any astrophysi-
cal sources that are small and dense enough to produce such
high-frequency GWs. Therefore, detecting high-frequency
GWs would indicate BSM particle physics or the above
mentioned cosmological sources. Thus, on an optimistic
note, if the GW detection sensitivity becomes competitive
to the DR detection projections in the near future,
unequivocally, a new realm of physics, which is not so
well-understood in a top-down approach, is ahead of us to
explore in a complementary way.

IV. SUMMARY

In this work, we study the possibility of testing non-
thermal leptogenesis seeded by inflaton decay with very
high-frequency stochastic gravitational waves in the form
of gravitons. Inevitable graviton bremsstrahlung is
expected when the inflaton decays to the right-handed

neutrinos, producing baryon asymmetry via leptogenesis.
The negligible influence of thermal scatterings on the
production process of lepton asymmetry makes a lepto-
genesis scenario nonthermal. In the context of the seesaw,
it happens when the reheating temperature is smaller than
the right-handed neutrino mass scale (TRH < M). Neutrino
oscillation data on light neutrino masses suggests that a
perturbative seesaw Lagrangian corresponds to a M
bounded from above. Therefore, in the nonthermal lepto-
genesis scenarios, TRH is also bounded. For maximally
allowed TRH (≃8 × 1014 GeV), we expect a stochastic GW
background with frequency f ≳ 1011 Hz. Although these
high-frequency GWs are unlikely to be detected by the
proposed high-frequency detectors with their projected
sensitivities, for inflaton mass close to the Planck scale,
the GWs contribute to sizeable dark radiation within the
future sensitivity limit of experiments such as CMB-S4 and
CMB-HD (see Fig. 3). We also discussed how the future
low-energy neutrino experiments that aim to constrain the
absolute light-neutrino mass scale could complement the
high-frequency GW detection to test and constrain non-
thermal leptogenesis in specific seesaw models (see Fig. 4).
It would be intriguing to consider such graviton brems-
strahlung as novel probes of nonthermal dark matter and
nonthermal cogenesis (simultaneous production of dark
matter and baryon asymmetry) formation mechanisms via
inflation decay [53,106], which are otherwise notoriously
difficult to test in laboratory physics.

ACKNOWLEDGMENTS

The work of R. S. is supported by the project
International mobility MSCA-IF IV FZU—CZ.02.2.69/
0.0/0.0/20_079/0017754 and Czech Science Foundation,
GACR, Grant No. 20-16531Y. R. S. also acknowledges
European Structural and Investment Fund and the Czech
Ministry of Education, Youth and Sports. The work of
G.W. is supported by World Premier International Research
Center Initiative (WPI), MEXT, Japan. G.W. was supported
by JSPS KAKENHI Grant No. JP22K14033.

APPENDIX A: THE GW ENERGY
DENSITY SPECTRUM

Present-day gravitational waves’ energy density can be
expressed as

ΩGWðfÞ ¼
f
ρc

dρ�g
df

a�4

a40
; ðA1Þ

where ρ�g is the energy density of gravitons at a reference
temperature T� and a is the scale factor. Eq. (A1) can be
reexpressed as

f
ρc

dρ�g
df

a�4

a40
¼ E2

ρc

dn�g
dE

a�4

a40
¼ E2

ρc

n�ϕ
Γ
dΓ1

dE
a�4

a40
; ðA2Þ
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where we have used ng ¼ Γ1

Γ nϕ. The number density of
inflaton can be calculated assuming instantaneous reheat-
ing, and it comes out as

nϕ ¼ ρRðTRHÞ
mϕð1 − x̄Þ ; ðA3Þ

where ρRðTRHÞ is the radiation energy density at T ¼ TRH
and x̄ is the energy deposited in the gravitons. Now using
E ¼ xmϕ finally we have

f
ρc

dρ�g
df

a�4

a40
¼ 1

ρc

1

Γð1 − x̄Þ
x2dΓ1

dx

�
ρRðTRHÞ

a�4

a40

�
: ðA4Þ

Now considering T� ¼ TRH, the present-day GWenergy
density is estimated as

ΩGWðfÞ ¼
�

gγ
gSðTRHÞ

�
1=3 ργ

ρc

Γ1=Γ
ð1 − x̄Þ

x2dΓ1

Γ1dx
; ðA5Þ

where assuming no further entropy production after reheat-
ing, we use

�
ρRðTRHÞ

a�4

a40

�
≃
�

gγ
gSðTRHÞ

�
1=3

ργ ðA6Þ

with ργ being the energy density of photons today. Note that
the x in Eq. (A5) has to be replaced with x ¼ 2πf TRH

Tγmϕ
to

obtain the present-day ΩGWðfÞ vs f plot as in Fig. 5.

APPENDIX B: DIFFERENTIAL GRAVITON SPECTRUM

dΓ1

dx
¼ y2Nðmϕ=MplÞ2

64π3

�
2½1þ x2ðy2 þ 2Þ þ xð−4y4 þ 4y2 − 3Þ þ y4 − 3y2�

x
ln

�
1þ α

1 − α

�
þ 1þ 12x3 þ 2x2ð4y2 − 5Þ þ 4xy2 þ 2y2

2xα−1

�
mϕ; ðB1Þ

where y ¼ M=mϕ and α ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4y2

1−2x

q
. In Fig. 2, we show

the quantities x2dΓ1

Γdx and xdΓ1

Γdx that determine the overall
spectral shapes of the GWs and low-energy behavior of
the spectrum respectively. In Fig. 6, we present a three-

dimensional plot of x2dΓ1

Γdx with the variables x and y. This
plot shows irrespective of y, the spectrum peaks around

E=mϕ ≃ 0.2. Therefore, the present-day peak frequency

can be approximated as fpeak ≃
mϕ

10π
Tγ

TRH
which in terms of

light-neutrino masses can be expressed as

fmin
peak ¼

mϕTγðΦ̃
P

i

P
k mkjΩkij2Þ

40π2v2
: ðB2Þ
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