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We study nonthermal resonant leptogenesis in a general setting, where a heavy Majoron ϕ decays to
right-handed neutrinos (RHNs) whose further out-of-equilibrium decay generates the required lepton
asymmetry. Domination of the energy budget of the Universe by the ϕ or the RHNs alters the evolution
history of the primordial gravitational waves (GWs) of inflationary origin, which re-enter the horizon after
inflation, modifying the spectral shape. The decays of ϕ and RHNs release entropy into the early Universe,
while nearly degenerate RHNs facilitate low- and intermediate-scale leptogenesis. A characteristic
damping of the GW spectrum resulting in kneelike features would provide evidence for low-scale
nonthermal leptogenesis. We explore the parameter space for the lightest right-handed neutrino mass
M1 ∈ ½102; 1014� GeV and washout parameter K that depends on the light-heavy neutrino Yukawa
couplings λ, in the weak (K < 1) and strong (K > 1) washout regimes. The resulting novel features
compatible with observed baryon asymmetry are detectable by future experiments, like LISA and Einstein
Telescope. By estimating the signal-to-noise ratio for upcoming GWexperiments, we investigate the effect
of the Majoron massMϕ and reheating temperature Tϕ, which depends on the ϕ − N Yukawa couplings yN .
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I. INTRODUCTION

The standard model (SM) of particle physics cannot
explain tiny neutrino masses and the observed matter-
antimatter asymmetry of the Universe. Neutrino oscilla-
tion experiments involving solar [1–6], atmospheric [7,8],
and reactor [9–12] neutrinos provide evidence that neu-
trinos have mass and the flavor states mix due to the
propagation of multiple mass eigenstates. This, however,
only quantifies the squared mass differences of the
neutrinos and not the absolute mass scales involved. On
the other hand, the β-decay experiment KATRIN [13]
gives a stringent direct limit on the absolute value of the
neutrino mass scale, mν < 0.8 eV.
On the cosmological frontiers, measurements of the

cosmic microwave background (CMB) radiation by

Planck 2018 [14] and large-scale structure constrain the
sum of all neutrino masses to

P
i mνi < 0.12 eV [15,16].

On the other hand, the observed baryon asymmetry of the
Universe (BAU) [15,17], often expressed in terms of the
baryon-to-photon ratio is, according to the Planck data [15],

ηCMB
B ¼ nB − nB̄

nγ
¼ ð6.21� 0.16Þ × 10−10: ð1Þ

This agrees with the values of abundances of light elements
extracted from BBN (big bang nucleosynthesis) data [18].
Just augmenting the SM with two or more Majorana

right-handed neutrinos (RHNs), one can explain the tiny
neutrino masses, generated via the well-known type-I
seesaw mechanism [19–22], while baryon asymmetry
can be explained using the baryogenesis via leptogenesis
mechanism [23], with everything tied together under one
umbrella. However, for this mechanism of baryogenesis to
be successful, the lightest RHN mass is required to exceed
the Davidson-Ibarra bound, M1 ≳ 109 GeV, assuming the
RHN mass spectrum is hierarchical, and assuming no
lepton flavor effects [24–28]. This destroys any hope of
direct detection of the high-scale seesaw and leptogenesis,
as they lie well beyond the energy reach of the current or
foreseeable future laboratory experiments or astrophysical
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observations, making it impossible to test such new
physics.
Nonetheless, certain indirect signatures of new physics,

like lepton number violation processes through neutrinoless
double beta decay [29] or CP violation in neutrino oscil-
lation [30], are searched for in laboratories. On the other
hand, theoretical constraints on the low-energy values of
couplings, consistent with UV completion, such as SOð10Þ
grand unified theories (GUTs) [31–37], or with the require-
ment of electroweak vacuum (meta)stability in the early
Universe [38,39], allow us to pose some bounds on the large
parameter space involved in seesaw and leptogenesis.
The discovery of gravitational waves (GWs) from black

hole mergers by LIGO and Virgo collaborations [40,41]
and evidence for measurements of stochastic GW back-
ground by pulsar timing array (PTA) observations [42–48]
have led to several new physics cases to detect GWs of
primordial origins as well. Particularly in the context of
baryogenesis via leptogenesis, cosmological pathways to
probe such high-scale physics involve predictions of the
CMB spectral indices [49] or gravitational waves from
local cosmic strings [50–53], global cosmic strings [54],
domain walls [55,56], nucleating and colliding vacuum
bubbles [57,58], other topological defects [59], graviton
bremsstrahlung [60], gravitational production of neutrinos
[61], inflationary tensor perturbations propagating as GWs
[62,63], primordial black holes [64–72], and exploring the
oscillatory features of the primordial non-Gaussianity and
curvature bispectrum and trispectrum [73,74].
Under this circumstance, we need more such probes of

beyond standard model physics and form a synergy
between cosmological observations and laboratory experi-
ments involving seesaw and low-scale leptogenesis. In this
paper, we take a first step in this direction and investigate a
general scenario where a heavy scalar, called Majoron,
denoted by ϕ, may decay to create an initial nonthermal
abundance of RHNs, whose subsequent decay leads to
leptogenesis, satisfying Eq. (1). This Majoron ϕ is differ-
ent from inflaton. Inflaton itself is not the direct concern of
this work, although we use the inflationary reheating
temperature TRH in our calculations. We will be concerned
with gravitational waves that are generated due to quantum
tensor fluctuations of the metric during inflation [75–79].
These GWs can act as a book-keeping of the expansion
history of our Universe [61,80–88]. The detailed time
evolution of the Hubble rate during the expansion deter-
mines various primordial gravitational wave frequencies
that are redshifted to the present day, thus allowing us to
investigate the standard and nonstandard thermal history
of the Universe in the pre-BBN era [78,88–98]. In this
context, since we are interested in low-scale seesaw and
leptogenesis, we will study a scenario where ϕ dominates
the energy budget of the Universe, which leads to
interesting GW spectral shapes. On one hand, ϕ decay
will facilitate low-scale leptogenesis and, on the other

hand, it is also responsible for the generation of GW
spectral shapes that can be measured by various GW
detectors. In particular, we consider an epoch of inter-
mediate matter domination by ϕ particles affecting the
postinflationary evolution of the Universe [66,99–101].
In this model, nonthermal leptogenesis is achieved via

the Majoron decay to RHNs. The leptogenesis scale is
brought down mainly by the resonance effect that enhances
the CP parameter ϵ. RHNs are produced in an excess initial
abundance after the Majoron has decayed, compared to the
thermal case. Depending on the reheating temperature Tϕ

and washout parameterK, the final efficiency factor κf may
get enhanced compared to the thermal case due to this
excess initial abundance [102,103]. Unlike [62], here, the
RHNs need not dominate the Universe since the Majoron is
assumed to dominate the energy density of the Universe,
which distorts inflationary GWs. Therefore, we do not need
to stick to only the K ≪ 1 condition of [62] for RHN
domination. Note that RHNs can still dominate after ϕ
decays, depending on the parameters.
The decays occur far away from thermal equilibrium and,

therefore, it is bound to release a large amount of entropy
dump, which in turn dilutes the energy density of primordial
GWs that enter the horizon before the decay. We show that a
two-step entropy injection scenario is possible if the RHNs
produced are highly relativistic at production, which even-
tually become nonrelativistic and then decay at a lower
temperature. In this case, two kneelike features occur in the
GW spectrum due to the Majoron and RHN decays, which
we show for the first time. We will show the capability of
several upcoming GW detectors like LISA, DECIGO, BBO,
etc., in probing the parameter space for such leptogenesis,
particularly in regions where it is impossible to test via
laboratory or astrophysical experiments.
In this work, a framework of nonthermal resonant lepto-

genesis from the decay chain ϕ → N1;2 → H þ L includes
entropy release from both ϕ and RHNs, spans RHN masses
102–1014 GeV and washout strengths K ∼ 10−20 − 104,
systematically classifies scenarios, and highlights kneelike
damping and kinked GW spectra with signal-to-noise ratio
(SNR) estimates across detectors. Unlike the above studies,
we focus on a nearly degenerate RHN sector decoupled from
the thermal bath, providing a general yet distinctive link
betweenMajoron-induced resonant leptogenesis and observ-
able GW features. A schematic diagram for the idea is
presented in Fig. 7.1

The paper is organized as follows. In Sec. II, we give a
brief review of the thermal leptogenesis mechanism and the
Davidson-Ibarra bound on heavy neutrino masses. We
consider resonant leptogenesis to bring the leptogenesis
scale down. In Sec. III, we discuss the Majoron model that

1See Refs. [104–107] for ideas related to probing nonstandard
expansion histories and leptogenesis through inflationary gravi-
tational waves.
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facilitates nonthermal leptogenesis in detail and the dynam-
ics of Majoron and RHN decays. We then construct the
relevant Boltzmann equations. In Sec. IV, we identify three
classes of scenarios relevant to GW observations. We
provide analytical approximations of the matter-radiation
equilibrium temperature and dilution factor from entropy
injection for these classifications. Then, in Sec. V, we
discuss primordial gravitational waves from inflation with
and without an intermediate matter domination epoch. We
also introduce a transfer function to encapsulate a two-step
entropy injection. This section is followed by our results in
Sec. VI. Finally, we conclude this paper in Sec. VII. In
Appendix A, we explicitly demonstrate a scenario where the
washout factor can be tiny while keeping theCP asymmetry
large. In Appendix B, we describe the Boltzmann equations
in terms of comoving quantities.

II. REVIEW OF THERMAL LEPTOGENESIS

Before discussing the effect of Majoron field reheating
on leptogenesis, let us first give a brief review of standard
thermal leptogenesis. Initially proposed by Fukugita and
Yanagida in 1986 [23,108], thermal leptogenesis hinges on
the out-of-equilibrium decay of RHNs, which are thermally
produced through scattering processes in the early Universe
from the thermal bath of the primordial SM plasma. The
Lagrangian is given by

Lthermal ¼ LSM þ iN̄=∂N −
�
λL̄ H̃ N þMN

2
NCN þ H:c:

�
;

ð2Þ

where LSM is the SM Lagrangian, N represents RHNs,
H̃ ¼ iσ2H�, whereH is the SM Higgs doublet, and L is the
SM leptonic doublet. Here, MN ¼ diag½M1;M2;M3� is the
RHN Majorana mass matrix and λ encompasses the light-
heavy Yukawa couplings. Due to the Majorana mass term
of RHNs, after electroweak symmetry breaking, the famil-
iar type-I seesaw mechanism [20] provides mass to the light
neutrinos, mν ¼ v2λTM−1

N λ, where v ∼ 174 GeV is the
vacuum expectation value (VEV) of the SM Higgs. On
the other hand, RHNs of Majorana nature can decay into
both leptons and antileptons through the Yukawa coupling
matrix λ, thereby violating the lepton number,

N1 → H þ L and N1 → H† þ L†: ð3Þ

Typically, this scenario assumes a hierarchical heavy
neutrino mass spectrum, where the masses of the heavier
RHNs,M2 andM3, are much greater than the lightest RHN
mass, M1. This condition allows the lightest neutrino, N1,
to generate the necessary lepton asymmetry when CP is
violated in their decay, after washing out any asymmetry
created byN2 andN3. The CP asymmetry, denoted as ϵ1, is
given by

ϵ1 ¼
ΓN1→HL − ΓN1→H†L†

Γrf
N1

; ð4Þ

where ΓN1→Hl is the decay width of the N1 → H þ l decay
and

Γrf
N1

¼ ΓN1→HL þ ΓN1→H†L† ¼ jλλ†j11
8π

M1 ð5Þ

is the total decay width of N1 in the rest frame of the
neutrino. The lepton asymmetry can be rewritten as B − L
asymmetry denoted by the number density nB−L, which
is subsequently converted into the baryon asymmetry
through Bþ L conserving electroweak sphaleron processes
[109–111]. When there is no initial B − L asymmetry, the
final baryon asymmetry, denoted as the baryon-to-photon
number density ratio ηB, is expressed as [112]

ηB ≡ nB − nB
nγ

¼ 3

4

asph
f

ϵ1κf ≃ 0.96 × 10−2ϵ1κf; ð6Þ

where asph ¼ 28=79 [109,110,113] is the efficiency of the
sphaleron processes of converting B − L asymmetry into
baryon asymmetry and f ¼ 2387=86 is the dilution factor
due to production of photons since the onset of leptogenesis
until recombination assuming an isentropic expansion of the
Universe. Here, κf is the efficiency parameter [112], which
is independent of ϵ1 and parametrizes the efficiency of
lepton asymmetry production depending on the initial N1

abundance and washout. It can be calculated by solving the
relevant Boltzmann equations governing the evolution of the
N1 abundance and B − L asymmetry [114,115]. Its final
value is normalized to unity if a thermal initial abundance of
N1 is assumed and there is no washout.

A. Conditions for departure from thermal equilibrium

One of the key conditions for successful baryogenesis, as
outlined by Sakharov, is the departure from thermal
equilibrium. In the context of leptogenesis, this condition
is satisfied if the total decay rate of N1 is smaller than the
Hubble expansion rate of the Universe when the temper-
ature is approximately equal to the mass of N1,

Γrf
N1

< HðT ∼M1Þ; ð7Þ

where HðT ∼M1Þ≡HðM1Þ ¼
ffiffiffiffiffiffiffiffi
8π3g�
90

q
M2

1

Mpl
is the Hubble

parameter with Mpl ¼ 1.22 × 1019 GeV and g� is the
relativistic degrees of freedom, which is approximately
equal to 106.75 at the high temperatures under discussion.
It can be shown that the above condition is satisfied when
the effective neutrino mass, defined by
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m̃1 ¼
ðmDm

†
DÞ11

M1

; ð8Þ

where mD ¼ λv is the Dirac mass matrix with v ¼ hHi ≃
174 GeV being the VEV of the standard model Higgs, is
smaller than the equilibrium neutrino mass, defined as

m� ¼
16π5=2

3
ffiffiffi
5

p g1=2�
v2

Mpl
≃ 1.1 × 10−3 eV: ð9Þ

The ratio is called the decay parameter or the washout
parameter,

K ≡ Γrf
N1

HðM1Þ
¼ m̃1

m�
; ð10Þ

which determines whether N1 decays are in thermal
equilibrium or not. The case K < 1 is called the weak
washout regime, where Yukawa interactions of N1 with
light neutrinos via the SM Higgs are weak, hence washout
of any initial asymmetry via reverse processes is small.
Therefore, leptogenesis is unavoidable in this regime.
However, in the so-called strong washout regime (K > 1),
although Yukawa interactions are strong, leptogenesis
can still occur and the final asymmetry depends on the
interplay between decay, inverse decay, and scattering of
RHNs [112].
Within the type-I seesaw framework, the Yukawa cou-

plings λ can be expressed by the Casas-Ibarra parametriza-
tion [116],

λ ¼ 1

v
M1=2

N Rm1=2
ν U†

PMNS; ð11Þ

where mν ¼ diagðm1; m2; m3Þ, MN ¼ diagðM1;M2;M3Þ,
and R is a complex orthogonal matrix. The effective
neutrino masses

m̃i ¼
jλλ†jiiv2

Mi
¼
X
j

mjjRijj2 ð12Þ

correspond to the physical neutrino masses mi if R is
diagonal. This means, assuming normal ordering m1 <
m2 < m3 and m1 ¼ 0, for small off-diagonal elements
of the R matrix, the effective neutrino mass m̃1 → 0, hence
the washout parameter K → 0. However, in this case,
m̃2→10−3 eV since m2¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

1þΔm2
atm

p
∼8.6×10−3 eV,

implying the washout factor K2 ¼ m̃2=m� for N2 remains
Oð1Þ. Similarly,K3 also remains large. It can be shown that,
in general, m̃1 is larger than the lightest active neutrino mass
[117],

m̃1 > Min½m1; m2; m3�: ð13Þ
It turns out the final efficiency parameter κf can be

estimated analytically for both weak and strong washout

regimes [112]. In the strong washout regime, κf is
estimated by

κfðKÞ ≃ ð2� 1Þ × 10−2
�
0.01 eV
m�K

�
1.1�0.1

; ð14Þ

while in the weak washout regime, κf depends on the
initial abundance of N1. For thermal initial abundance, it is
approximately 1 in the weak regime, while for vanishing
initial abundance, it is estimated as

κfðKÞ ≃ 9π2K2

64
; ðK < 1Þ: ð15Þ

For thermal initial N1 abundance, κf can be generically
written for all K as

κfðKÞ ≃
2

zBðKÞK
ð1 − e

1
2
zBðKÞKÞ; ð16Þ

where zBðKÞ ≃ 1þ 1

2
ln

�
1þ πK2

1024

�
ln

�
3125πK2

1024

��
5
�
:

ð17Þ

In Fig. 2 we show κf as a function of washout parameter
K for thermal (red solid line) and vanishing (blue dashed
line) initial abundance of N1. Depending on the CP para-
meter ϵ1 and K, the final baryon asymmetry can be
calculated from Eq. (6).

B. CP asymmetry

The CP asymmetry ϵ1 is determined by the interference
between the tree level and one-loop diagrams [118,119]
and can be calculated from lH → lH scattering processes
[120]. The relevant Feynmann diagrams giving tree level,
vertex, and self-energy contributions are shown in Fig. 1.
For RHN mass hierarchy M1 < M2 < M3, the CP

parameter is obtained as

jϵ1j ¼
X
i≠1

3

16π

M1

Mi

Im½ðλλ†Þ21i�
jλλ†j11

¼ 3

16π

M1

v2

P
im

2
i Im½R2

1i�P
jmjjR1jj2

< ϵmax
1 ; ð18Þ

where the maximal asymmetry is given by [27,102,121–123]

ϵmax1 ¼ 3

16π

M1

v2
ðm3−m1Þ≃ 10−6

�
M1

1010 GeV

��
m3−m1

0.05 eV

�
:

ð19Þ

Note that for small values of m̃1 we require small values
of jR1ij2, as seen from Eq. (12). However, that does not
necessarily make jϵ1j tiny, as it depends on the ratio of off-
diagonal elements of R, as seen in Eq. (18). It can be verified
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that it is possible to achieve maximal CP asymmetry even
if m̃1 → 0, implying K → 0 (see Appendix A). For our
analysis, we will consider the range K ∈ ½10−20; 104� while
keeping K2; K3 > 1.

C. Lower bounds on heavy neutrino masses

Putting the maximal CP asymmetry parameter ϵmax
1 in

Eq. (6) gives the maximal baryon asymmetry ηmax
B , which

needs to be larger than the observed asymmetry ηCMB
B , i.e.,

ηmax
B ≥ ηCMB

B . Then, one finds the Davidson-Ibarra bound
on M1 using Eq. (6) [27,112,124],

M1 ≥ 6.4 × 108 GeV

�
ηCMB
B

6 × 10−10

��
0.05 eV
m3 −m1

�
κ−1f : ð20Þ

Assuming the final efficiency factor κf ¼ 1 gives the 3σ
bound on the minimum reheating temperature TRH at the
end of inflation [122],

TRH ≳M1 ≳ 4 × 108 GeV: ð21Þ

This stems from the condition that TRH needs to be larger
than the initial temperature of leptogenesis Ti ∼M1 when
the RHN decay process becomes out-of-equilibrium [see
Eq. (7)] [125].

D. Resonant leptogenesis

Thermal leptogenesis operates at high temperatures,
which in turn pushes the inflationary reheating temperature
TRH to a high scale, as shown in Eqs. (20) and (21). Such
high scales involving RHN masses Mi ≳ 109 GeV are
difficult to test in the lab. Also, a high neutrino mass
conflicts with the electroweak naturalness condition, which
requires RHN masses Mi ≲ 107 GeV [105,126,127]. A
lower reheating temperature from inflation TRH is moti-
vated in different inflationary scenarios, like in [128,129].
Even in some SUGRA models [130], the reheating temper-
ature is found to be as low as 106 GeV, which contradicts a
high TRH, favoring low-scale leptogenesis. Motivated by
these reasons, and for lab testability, the scale of lepto-
genesis can be brought down by several orders in the

so-called resonant regime, which focuses on nearly degen-
erate heavy neutrinos leading to pronounced CP violation
in their decays. It can be shown that if the mass difference
between the two lightest right-handed neutrinos is of the
order of the decay widths of them, i.e.,M2 −M1 ∼ Γrf

N2
, the

CP parameter ϵ1 is enhanced via the self-energy contri-
bution [123,131] in the loop level diagrams shown in Fig. 1.
The maximum CP asymmetry with resonant effect due

to quasidegenerate right-handed neutrinos N1 and N2 can
be written as [62,123]

ϵ ¼ Min

�
ϵmax
1

S2 ·m3 −m1

m3 −m1

; 1

�
; where S2 ¼

M2

2Γrf
N2

and M2 −M1 ¼
Γrf
N2

2
; ð22Þ

where ϵmax
1 is the maximal asymmetry in the nonresonant

case given by Eq. (19). It was shown that within the resonant
regime, the lowest RHN mass M1 can be as low as 1 TeV
[132]. In [133], this scale is shown to reach up to the
electroweak symmetry breaking scale ∼100 GeV, below
which sphaleron processes are suppressed and the lepton
asymmetry cannot be effectively converted to baryon
asymmetry. From here onwards, we will consider resonant
leptogenesis withM1 ≳ 100 GeV for our analysis. Note that
in some alternate leptogenesis scenarios, e.g., via neutrino
oscillations, BAU can be generated even for RHN mass
values ∼100 MeV [134].

III. B−L SYMMETRY BREAKING AND
NONTHERMAL LEPTOGENESIS

In this section, we construct a global Uð1ÞB−L neutrino
mass model inspired by [74] that includes all the essential
components for nonthermal leptogenesis. In nonthermal
leptogenesis, RHNs are produced from inflaton decay
[28,102,103,135] or from a generic scalar decay
[105,136]. Such a scenario can lead to an excess initial
abundance of RHNs compared to their thermal abundance.
As a result, the final efficiency factor κf can be enhanced
by a factor of 100, which relaxes the Davidson-Ibarra

FIG. 1. Feynmann diagrams of the N → lH decay process at the (a) tree-level and (b, c) one-loop level, where (b) represents the vertex
contribution and (c) represents the self-energy contribution.
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bound on the RHN mass given in Eq. (20). In this paper,
the model extends the SM to include right-handed neu-
trinos Ni, where i∈ f1; 2; 3g, and an additional scalar
boson denoted as σ, with B − L charge of þ2. This
complex scalar is responsible for generating the heavy
Majorana masses of RHNs after spontaneously breaking
the Uð1ÞB−L symmetry. The Lagrangian is as follows:

L ¼ LSM þ iN̄=DN þ jDμσj2

−
�
λL̄ H̃ N þ yN

2
σNCN þ H:c:

�
− VðH; σÞ;

VðH; σÞ ¼ λHðjHj2 − v2Þ2 þ λσðjσj2 − v2B−LÞ2
þ λσHjσj2jHj2; ð23Þ

where L is the leptonic doublet, H denotes the Higgs
doublet, and H̃ ¼ iσ2H�, as in Eq. (2). The symbols λ, yN ,
λH, λσH, and λσ encompass the dimensionless coupling
constants in the theory. The Yukawa coupling matrices
λ and yN ¼ diag⟦yNi

⟧ parametrize the strengths of the SM
Higgs and the scalar couplings to the RHNs. Here, vB−L is
the B − L symmetry breaking scale. These parameters, as
we will see, play key roles in determining the GW spectral
shapes, which we explore in detail. Around the B − L
breaking vacuum, σ can be parametrized as

σ ¼ ðvB−L þ ρÞeiϕ=vB−L ; ð24Þ

where ϕ is the Nambu-Goldstone boson, called Majoron.
After B − L symmetry is broken, the Ni acquires the
Majorana mass Mi ¼ yNi

vB−L, where the extra phase is
rotated away by redefining all fermions as f → f0 ¼
feiq

B−L
f ϕ=2vB−L , where qB−Lf is the B − L charge of the

fermion f. The radial component ρ acquires a mass Mρ ¼ffiffiffiffiffiffiffi
8λσ

p
vB−L in the vanishing portal coupling limit, λσH ¼ 0.

The Majoron ϕ couples to the RHNs through its kinetic
term, which gives

L ⊃ −
∂μϕ

2vB−L
JμB−L ¼ ϕ

2vB−L
∂μJ

μ
B−L; ð25Þ

where the B − L current is JμB−L ¼Pf q
B−L
f fγμf. The

second part of the equation is obtained by carrying out the
integration by parts in the action and ignoring the surface
term. This equation means that the Majoron couples to
B − L violating currents, which in the RHN sector is the
Majorana mass term of the RHNs. Hence, we obtain the
Majoron-RHN coupling,

L ⊃
iϕ

vB−L
MiNc

i Ni: ð26Þ

At this point, the Majoron is massless. To give it mass, we
consider an asymptotically free hidden gauge sector with
confinement scale Λ < vB−L, and make it anomalous

under the Uð1ÞB−L by adding fermions that are vectorlike
under the SM but chiral under the Uð1ÞB−L and charged
under the hidden group. This group becomes nonpertur-
bative at the scale Λ, and the Majoron couples to the new
gauge bosons as follows:

L ⊃
ϕ

vB−L

g2Xn
16π2

GG̃; ð27Þ

where gX is the new gauge coupling, n is the anomaly
coefficient, and G̃ is the dual of the field strength tensorG of
the new gauge group. This term breaks the shift symmetry of
ϕ and generates a periodic potential of ϕ via instantons,

VðϕÞ ¼ Λ4

�
1 − cos

ϕ

vB−L

�
: ð28Þ

The mass of the Majoron can be found by

M2
ϕ ¼ ∂

2V
∂ϕ2

����
ϕ¼0

¼ Λ4

v2B−L
: ð29Þ

Wewill assume thatMρ ∼ vB−L ≫ TRH, such that effects
of ρ can be ignored. We will also assume the Majoron mass
to always exceed twice the lightest RHN mass,Mϕ > 2M1.
Moreover, we consider a resonant leptogenesis scenario
withM1 ∼M2 ≪ M3. The resonance effect makes sure that
enough asymmetry is generated for all M1 values starting
from 100 GeV, to explain the BAU. For simplicity, we take
M3 > Mϕ. The decay width of ϕ to RH neutrinos is

Γϕ→NiNi
¼ MϕM2

i

16πv2B−L

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4M2
i

M2
ϕ

s
; ð30Þ

where i ¼ 1, 2 represents the two lightest RH neutrinos.
The Majoron decay to the hidden sector through the
coupling in Eq. (27) is loop suppressed or forbidden if
the hidden sector particles are heavier than ϕ.
We consider the parameter space of the Majoron where

it dominates the energy budget of the Universe before
decaying, leading to a phase of matter-dominated pre-BBN
era. The RHNs produced from Majoron decay further
dominate the energy density. The decay of Majoron and
RHNs injects considerable amounts of entropy into the
Universe. This dampens the primordial gravitational waves
of inflationary origin that re-enter the horizon during the
early matter domination epochs. We show that such
signature of low-scale leptogenesis in primordial gravita-
tional waves can be detected in various GW experiments,
such as BBO, DECIGO, μ-ARES, Einstein Telescope
(ET), LISA, Cosmic Explorer (CE), etc.

A. Setup

After inflationary reheating ends at temperature TRH, the
Majorons are produced either (i) thermally via suppressed
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scatterings, e.g., lH → ϕN, or (ii) nonthermally from
inflaton and ρ-decay or through misalignment (coherent
oscillations) starting around Tosc ∼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MϕMPl

p
. We make the

coupling yN small such that ϕ is long-lived, hence no
production through N inverse decay is possible. The
misalignment mechanism gives an energy density of the
Majoron,

ρϕðToscÞ ∼
1

2
M2

ϕϕ
2
init; ð31Þ

where ϕinit is the initial value of ϕ at Tosc. We consider that
ϕ had an abundance equal to the thermal abundance
at temperature T ∼Mϕ after the end of inflation, i.e.,
ρϕðMϕÞ ¼ Mϕn

eq
ϕ . We can adjust ϕinit to achieve this result.

In the thermal case, if scatterings freeze-out while the
Majoron particles are still relativistic, we obtain the
maximal ϕ abundance [100,101],

nϕ
s

����
f
¼ 45ζð3Þ

2π4g�S
; ð32Þ

where subscript f denotes the time of freeze-out, nϕ is the
number density of ϕ, and the entropy density is given by

s ¼ 2π2

45
g�ST3: ð33Þ

The effective number of degrees of freedom related to
entropy is denoted by g�S, which we take to be equal to
g� ¼ 106.75 at high temperatures for simplicity in our
analysis. In both cases, misalignment or thermal, ϕ is
nonrelativistic and frozen-out at T ∼Mϕ, after which its
energy density redshifts as matter and dominates over the
radiation density starting from temperature [100,137]

Tdom ∼
Mϕ

g�
≈ 0.01Mϕ: ð34Þ

The ϕ-dominated phase starts at temperature Tdom and ends
at decay temperature Tϕ, calculated by considering the
sudden decay assumption,

Tϕ ¼
�

90

8π3g�ðTϕÞ
�1

4 ffiffiffiffiffiffiffiffiffiffiffiffiffi
ΓϕMpl

p
: ð35Þ

We always assume Tϕ < Tdom, such that we get a period of
Majoron domination in the early Universe. The dynamics
of ϕ, RHNs, and radiation can be obtained by solving the
relevant Boltzmann equations, which we will describe in
Sec. III B.
Now let us look at the aftermath of ϕ decay. We start with

Eq. (30), the decay widths of ϕ to the lightest RHNs. As
long as the mass of the Majoron Mϕ > 2M1;2, it can decay
to N1;2. The Majorons we consider are essentially heavy

(105–1015 GeV) and nonrelativistic in the postinflationary
scenario and their decay is in their rest frame. Hence, RHNs
resulting from this can reasonably be monochromatic,
where each RHN will approximately have energy EN ∼
Mϕ=2 at production. We are concerned only about the
decay dynamics of N1 [138]. If Mϕ ≫ M1, the RHNs are
relativistic when they are produced at temperatures around
Tϕ. The energy of these relativistic RHNs, Erel

N ðTÞ, red-
shifts with the expansion of the Universe such that
Erel
N ðTÞ=T ¼ EN=Tϕ. This gives

Erel
N ðzÞ ∼ EN

T
Tϕ

∼
Mϕ

2Tϕ

M1

z
; ð36Þ

where z ¼ M1=T. The RHNs then become nonrelativistic
when their energy becomes equivalent to their mass, i.e., at
temperature [103]

TNR ∼ Tϕ
2M1

Mϕ
: ð37Þ

Hence, the energy of each RHN after its production can be
written as

ENðzÞ ∼

8>><
>>:

Mϕ

2
for T > Tϕ

Mϕ

2Tϕ

M1

z for Tϕ ≥ T > TNR

M1 for T ≤ TNR:

ð38Þ

The RHNs further decay to lepton-Higgs pairs with decay
widths [139]

ΓN1
¼ Γrf

N1

M1

ENðzÞ
∼HðM1ÞK

M1

ENðzÞ
; ð39Þ

where HðM1Þ ¼
ffiffiffiffiffiffiffiffi
8π3g�
90

q
M2

1

Mpl
is the Hubble parameter with

Mpl ¼ 1.22 × 1019 GeV. Note that the decay rates get
suppressed by the Lorentz boost or time dilation fac-
tor γN ¼ ENðzÞ=M1.
The decay temperatures of the RHNs are calculated

assuming that the energy density of RHN is converted
instantaneously into radiation [102],

TN1
¼
�

90

8π3g�ðTN1
Þ
�1

4
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Γrf
N1
Mpl

q
¼ M1

ffiffiffiffi
K

p
; ð40Þ

where g�ðTÞ is the relativistic degrees of freedom at the
corresponding temperature T, which is taken to be ∼106.75.
The final baryon asymmetry from RHN decay can be
written as

YB ¼ nB − nB
s

¼ asphϵ

s
nN; ð41Þ
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where s ¼ g�ð2π2=45ÞT3 is the entropy density and nB; nB̄,
and nN are the number densities of baryons, antibaryons,
and RHNs, respectively. YB is related to ηB given in Eq. (6)
as YB ¼ ðnγ0=s0ÞηB ≃ ηB=7.04 [140], with s0 and nγ0 being
the current entropy and photon number densities, respec-
tively. The factor asph ¼ 28=79 is the efficiency of the
sphaleron processes.
Using Eq. (30) in Eq. (35) and considering Eq. (34), we

can write the condition Tϕ < Tdom in terms of couplings as

yN1
≲ 0.2

ffiffiffiffiffiffiffiffi
Mϕ

Mpl

s
: ð42Þ

In Table I, we summarize all the necessary conversion
formulas for the parameters used in our analysis in terms of
the couplings and masses of ϕ and RHNs. We consider
Mϕ; Tϕ;M1; K, and TRH as input parameters for our

analysis, and vB−L; yN1
; jλj211; TN1

;Γϕ, and Γrf
N1

are derived
from them.

B. The Boltzmann equations

The relevant Boltzmann equations for the evolution
of energy densities of the Majoron, RHNs, radiation,
and B − L asymmetry are

ρ̇ϕ ¼−3Hρϕ −Γϕðρϕ− ρeqϕ Þ;
ρ̇N1

¼−3HðρN1
þpN1

ÞþΓϕ→N1N1
ðρϕ− ρeqϕ Þ

− ðΓN1
þΓscattÞðρN1

− ρeqN1
Þ;

ṅB−L ¼−3HnB−L− ϵΓN1
ðnN1

−neqN1
Þ− ðΓIDþΓscatt

ID ÞnB−L;
ρ̇R ¼−4HρRþðΓN1

þΓscattÞðρN1
− ρeqN1

Þ; ð43Þ

where H is the Hubble parameter in cosmic time, the dot
denotes the derivative with respect to cosmic time, and
ρeqX and neqX represent the equilibrium energy and number
density of the species X, respectively. Here, we consider
the pressure of the RHN, pN1

¼ ρN1
=3 for T > TNR, where

TNR is defined in Eq. (37), and pN1
¼ 0 for T ≤ TNR,

signifying the relativistic and nonrelativistic evolution of
the RHNs, respectively. We will ignore the inverse decay
term Γϕρ

eq
ϕ since the Majoron decay temperature Tϕ is

much less than the Majoron mass Mϕ, hence ϕ never
comes into thermal equilibrium after it starts dominating.
ΓID is the inverse decay rate. See Appendix B for details.
In the above equations, we have written terms for

decays, inverse decays, and scattering processes of the
nonthermally produced RHNs. Scatterings involving the
Majoron lH ↔ Nϕ are thermally suppressed at T ≪ Mϕ.
For TRH ≫ M1, thermal N1 production via ΔL ¼ 1 scat-
terings (e.g., N1l ↔ qt) is subdominant to nonthermal
production from ϕ decay, since ϕ dominates the energy
density prior to decay. Scatterings of nonthermal N1 with
the plasma, described by Γscatt ¼ 2ΓSs þ 4ΓSt and the
associated washout Γscatt

ID ¼ ΓSs
ρN1

ρeqN1

þ 2ΓSt [103,112],

become relevant only when ρN1
∼ ρR, which happens at

temperatures around Tϕ and TN1
. Here, ΓSs and ΓSt are the

s- and t-channel scattering rates involving top quark and
gauge bosons. We solved the above Boltzmann equations
with and without the scattering terms and found that,
within the parameter space of interest, the inclusion of
these effects modifies the final baryon asymmetry mostly
by < 10%. Only at K ∼ 20 is the change ∼50%. This
means N1 decays and inverse decays dominate the dynam-
ics compared to scatterings. A full kinetic treatment (see,
e.g., [141,142]) is beyond the scope of this paper, hence we
neglect scatterings in the rest of the analysis.

TABLE I. Definition of the key parameters used for our analysis in terms of couplings and masses of the Majoron
and RHNs. Here, v ¼ 174 GeV is the electroweak VEV, and λ is the Yukawa coupling of RHNs with active
neutrinos via SM Higgs. Here, we also considered yN2

∼ yN1
.

Variable Symbol Definition

RHN decay width in the rest frame Γrf
N1

jλj2
11
M1

8π

Majoron decay width to RHNs Γϕ→NiNi
y2Ni

Mϕ

16π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4M2

i

M2
ϕ

r

Total decay width of Majoron Γϕ Γϕ→N1N1
þ Γϕ→N2N2

Majoron decay temperature Tϕ
�

90
8π3g�ðTϕÞ

	1
4
ffiffiffiffiffiffiffiffiffiffiffiffiffi
ΓϕMpl

p
∼0.05yN1

�
100

g�ðTϕÞ
	1

4
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MϕMpl

p
Washout parameter K m̃1

m�
¼ m̃1

1.1×10−3 eV
¼ jλj2

11
v2=M1

1.1×10−3 eV

RHN decay temperature TN1

�
90

8π3g�ðTϕÞ
	1

4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Γrf
N1
Mpl

q
∼M1

ffiffiffiffi
K

p
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We solve the Boltzmann equations from the time when
the Majoron energy density overtakes the radiation energy
density. Thus, the initial energy density of the Majoron is
equal to the radiation density [100],

ρϕðTdomÞ ¼ ρRðTdomÞ ¼
π2

30
g�ðTdomÞT4

dom: ð44Þ

We take Tdom from Eq. (34). The initial density of the RHN
is taken to be a free parameter smaller than ρϕðTdomÞ, while
initial B − L asymmetry is taken to be negligible. Further
details on the numerical solution of the Boltzmann equa-
tions and calculation of the final κf value are given in
Appendix B. In Fig. 2, along with the thermal case, we
show the enhancement in κf in the nonthermal leptogenesis
scenario by solving the Boltzmann equations. The solid
magenta line and dashed green line show the enhancement
of the final efficiency factor as a function of the washout
parameter for M1 ¼ 105 GeV, Mϕ ¼ 107 GeV, and Tϕ ¼
105; 3 × 104 GeV in the nonthermal scenario. One can
compare with the thermal leptogenesis scenario (solid red
and dashed blue lines). We notice that the value of washout
parameter K at which κf is maximum increases with
decreasing Tϕ for the given parameters in Fig. 2, in contrast
to results found in [102,103]. This is because, unlike
[102,103], we have considered the relativistic phase of
RHNs in the Boltzmann equations, and our RHN decay
width given in Eq. (39) is not thermally averaged.

At this point, we can numerically calculate the final
baryon asymmetry in our model. However, we are not
interested in the exact amount of asymmetry generated,
since our goal is studying the GW probe of leptogenesis. In
the next section, we discuss the classification of scenarios
based on numerical results and analytical approximations,
relevant to GW sensitivity.

IV. CLASSIFICATION OF SCENARIOS

In this section, we identify three general nonthermal
scenarios relevant for GW observations along the lines of
[103]. We present analytical estimates of the final asymme-
try, equilibrium temperature when matter domination ends,
and the dilution factor from entropy injection for each of the
four scenarios. In brief, the four scenarios are as follows:
(1) Case (a): instantaneous RHN decay, portrayed in

Fig. 3. We classify this scenario by requiring

ΓN ≫ Γϕ, which implies TN1

ffiffiffiffiffiffiffi
2M1

Mϕ

q
≫ Tϕ using

Eq. (39). This means that the RHNs are mostly
produced at temperatures around Tϕ when the
Majoron completely decays away and radiation starts
dominating again. Those RHNs instantaneously
decay to the SM bath because the lifetime of the
highly relativistic RHNs, even after time dilation by
Lorentz factor γN ¼ Mϕ=2M1, is still shorter than
the lifetime of Majoron ϕ. In the nonrelativistic RHN
limit, i.e., γN → 1, the condition for instantaneous
RHN decay becomes TN1

≫ Tϕ. In both relativistic
and nonrelativistic scenarios, RHNs do not have time
to thermalize with the radiation bath even in the
strong washout regime K ≫ 1, thus the RHN decay
process is strongly out-of-equilibrium. The evolu-
tions of the energy densities of different matter and
radiation are shown in Fig. 3 for both weak (K ≪ 1)
and strong (K ≫ 1) washout regimes. We can see
that for a strong washout, the RHN density is lower
than the weak washout case due to a higher decay
rate of the RHNs. The final asymmetry in both the
weak and strong washout regions can be estimated
analytically by finding the value of nN at temperature
Tϕ by equating ρϕ ¼ ρR and nN ¼ 2nϕ as [103]

YB ≡ nB − nB̄
s

¼ 3

2
asphϵ

Tϕ

Mϕ
: ð45Þ

In this case, one can assume entropy is injected
directly into the SM thermal bath at the time of
Majoron decay since RHN decay is instantaneous.

(2) Case (b): RHN radiation domination. For this sce-

nario we need ΓN ≪ Γϕ, implying TN1

ffiffiffiffiffiffiffi
2M1

Mϕ

q
≪ Tϕ,

which means the RHN decay is delayed after
production. The RHNs dominate the energy budget
as radiation after the Majoron ϕ decays. The RHNs

FIG. 2. Final efficiency factor κf as a function of washout
parameter K in thermal and nonthermal leptogenesis. The solid
blue and the dashed red curves represent a thermal and vanishing
initial abundance of N1, respectively, in thermal leptogenesis.
Here, we used Eqs. (16) and (17) for the blue curve, while for the
red curve, we used Eq. (15) for K ≪ 1 and interpolated it to the
thermal case in the K ≫ 1 regime. The solid magenta and dashed
green lines are solutions to the Boltzmann equations in (43) for
nonthermal leptogenesis with M1 ¼ 105 GeV, Mϕ ¼ 107 GeV
for Tϕ ¼ 105 GeV, and 3 × 104 GeV, respectively.
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will decay relativistically at temperature Trel
N when

their decay rate becomes equal to the Hubble rate,
i.e., ΓNðTrel

N Þ ∼ HðTrel
N Þ. Considering HðTrel

N Þ ∼
ðTrel

N Þ2=Mpl and using Eqs. (36), (39), and (40),

we obtain the decay temperature of RHNs to be

Trel
N ∼ ðT2

N1
TNRÞ1=3: ð46Þ

FIG. 3. The evolution of the energy densities of the Majoron ρϕ, RHN ρN ¼ ρN1
, and thermal radiation, ρR, with respect to the thermal

radiation temperature. Here, we have taken M1 ¼ 105;Mϕ ¼ 107, and Tϕ ¼ 103 GeV for weak washout K ¼ 10−2 (Left) and strong
washout K ¼ 102 (Right). Both correspond to Case (a) mentioned at the beginning of Sec. IV. We can see that RHNs instantaneously
decay after production. The bottom panels in each of the images show the total entropy of the Universe, S ¼ stotala3, where
stotal ¼ sþ sN, with s corresponding to the thermal sector entropy density, defined in Eq. (33), and sN being the entropy density of the
decoupled RHN sector. Here, a is the scale factor.

FIG. 4. Same as Fig. 3 but for the RHN radiation domination scenario, as described in Case (b) of Sec. IV, with Mϕ ¼ 107 and
Tϕ ¼ 103 GeV assuming M1 ¼ 105 GeV, K ¼ 10−5 (Left), and M1 ¼ 103 GeV, K ¼ 100 (Right). RHNs dominate as radiation
starting from temperature Tϕ until their decay at Trel

N defined in Eq. (46). For weak washout, K ≪ 1 (Left), RHNs never thermalize,
however, the figure on the right shows RHN radiation domination for K ≫ 1, where RHNs can thermalize later due to strong Yukawa
couplings. The bottom panels show the entropy injection.
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The necessary condition for RHN radiation domina-
tion is TNR < TN1

, which also implies Trel
N < TN1

, as
shown in Fig. 4. The left plot shows the RHN
radiation domination for K ≪ 1, whereas the right
plot shows RHN radiation domination for K ≫ 1. In
the weak washout regime (K ≪ 1), one can calculate
nN at Trel

N by considering ρN ¼ ρR, where ρN can be
written as Erel

N nN . Using Eq. (41), we find that the
final asymmetry turns out to be the same as Case
(a) above, given in Eq. (45). For K ≫ 1, the final
asymmetry can be calculated by solving the Boltz-
mann equations. Since the RHNs decay relativisti-
cally, there is negligible entropy injection at Trel

N .
However, significant entropy is injected into the
RHN sector from the Majoron decay at around
temperature Tϕ.

(3) Case (c): RHN matter domination. We again con-
sider ΓN ≪ Γϕ for this scenario, as in Case (b), i.e.,

TN1

ffiffiffiffiffiffiffi
2M1

Mϕ

q
≪ Tϕ. However, unlike Case (b), here we

require TN1
≪ Tϕ, more specifically we are inter-

ested in the scenario where TN1
< TNR < Tϕ, which

translates to
ffiffiffiffi
K

p
< 2Tϕ=Mϕ. Thus, strong washout

K > 1 is not possible in this scenario in our model.
Relativistic RHNs first dominate the energy budget
of the Universe as radiation after the decay of the
Majoron ϕ. Then, the RHNs become nonrelativistic
at TNR and dominate as matter until their decay at
temperature TN1

. Hence, there are two matter-domi-
nated epochs separated by a radiation-dominated

epoch, and thus two stages of entropy injection in
this case, first when the Majoron decays to relativ-
istic RHNs at Tϕ and second when the RHNs decay
at TN1

. In the first stage, entropy is injected into the
decoupled RHN sector and not into the SM thermal
bath. When the RHNs decay out-of-equilibrium, the
final radiation domination starts. If K ≪ 1, the
RHNs never thermalize with the radiation bath, as
seen in Fig. 5 (Left). The final BAU for K ≪ 1 is
estimated as [103]

YB ¼ 3

4
asphϵ

TN1

M1

≃ 0.26
ffiffiffiffi
K

p
ϵ: ð47Þ

In Fig. 6, we show the parameter space of the lightest
RHN, spanned by M1 and K, and the regions of
successful nonthermal leptogenesis within it, i.e.,
ηB ≥ ηCMB

B , for different values of Mϕ and Tϕ. The
darker gray region at the bottom left is where
sphaleron processes are turned off and leptogenesis
is not efficient. The different colored regions corre-
spond to different values ofMϕ and Tϕ. For this plot,
we utilize the analytical expressions given in
Eqs. (45) and (47) for Case (a), Case (c), and Case
(b) K < 1 regions, and numerical solutions of the
Boltzmann equations for the Case (b) K > 1 region.

FIG. 5. Same as Fig. 3 but for the RHN matter domination
scenario, described in Case (c) of Sec. IV, with K ¼ 10−6,
M1 ¼ 105 GeV, Mϕ ¼ 107 GeV, and Tϕ ¼ 104 GeV. RHNs
dominate as radiation first then as matter after temperature
TNR ∼ 200 GeV, defined in Eq. (37). The bottom panels show
the two stages of entropy injection.

FIG. 6. Shaded regions of different colors correspond to
successful nonthermal leptogenesis, ηB ≳ ηCMB

B , in the parameter
space of the lightest RHN for given values of Mϕ and Tϕ. The
dark gray region at the bottom left is where the RHN decay
temperature is less than 100 GeV, hence sphaleron processes are
suppressed and leptogenesis is not efficient.
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A. Analytical estimates of equilibrium temperature

Equilibrium temperature is the temperature at which a
matter-dominated epoch ends, kickstarting a radiation-
dominated era. From the discussion above, we see that
for Cases (a) and (b), the equilibrium temperature is around
the decay temperatures Tϕ. The exact equilibrium temper-
ature is a little lower than the decay temperature since the
decay is not instantaneous. However, for our considera-
tions, Tϕ is a reasonable estimate of the equilibrium
temperature.
In Case (c), there are two matter-dominated epochs,

hence entropy is injected into the Universe in two steps, as
discussed earlier. First, the Majoron decaying to relativistic
RHNs increases the total entropy of the Universe at around
Tϕ. The second stage of entropy injection is when RHNs
decay at temperature TN1

. There is a radiation-dominated
epoch between the two matter-dominated epochs. Hence,
we take the two equilibrium temperatures to be Tϕ and TN1

.
Thus, we approximate the equilibrium temperatures for
GW analysis as

Teq ≡ Tdec ∼


Tϕ for Cases ðaÞ and ðbÞ
Tϕ & TN1

for Case ðcÞ: ð48Þ

B. Dilution factor from entropy injection

Both Majoron and nonrelativistic RHN decay inject
entropy into the Universe if the decay products are
relativistic. The general formula for the dimensionless
dilution factor from the entropy injection by a dominating
species χ decaying to relativistic particles is given by
[62,99]

Δ ¼ sðTafterÞa3ðTafterÞ
sðTbeforeÞa3ðTbeforeÞ

¼
 
1þ 2.95

�
2π2hg�ðTÞi

45

�1
3 ðnχs MχÞ43
ðMplΓχÞ23

!3
4

; ð49Þ

where s is the entropy density, Tbefore=after represents
temperature before/after the decay process, and nχ

s is the
initial abundance of the particle χ.
For our analysis, we estimate the dilution factor using the

formula in (49) for the four classifications we made:
Case (a): In this case, the RHNs decay out-of-equilibrium
instantaneously to relativistic particles at Tϕ. Therefore,
we can assume that it is the Majoron that is directly
decaying to the radiation bath releasing entropy. The
dilution factorΔ canbegivenbyEq. (49)with χ replaced
by ϕ. The initial abundance is given by Eq. (32). In the
large entropy injection approximation Δ ≫ 1, using

Eq. (35) we can write the dilution factor to be

Δ ≃ 3.7 × 109
�

Mϕ

1015 GeV

��
TeV
Tϕ

�
: ð50Þ

Case (b): RHNs dominate the energy budget of the
Universe as radiation after their production. Eventu-
ally, the RHNs decay relativistically at Trel

N < Tϕ.
Hence, the RHN decay injects negligible entropy into
the Universe. The only stage of substantial entropy
injection is when the Majoron ϕ decays at Tϕ. The
dilution factor is again estimated by Eq. (50).

Case (c): RHNs dominate the energy budget of the
Universe as soon as they are produced, first as radiation,
then as matter. The energy density stored in ϕ species is
first transferred to the RHNs and then dumped into the
radiation bath when RHNs decay at TN1

. Hence, this
scenario leads to two matter-dominated epochs sepa-
rated by a radiation-dominated epoch.

The dilution factor from ϕ decay is again given by
Eq. (50). The dilution factor from RHN decay can be
estimated using Eq. (49) considering the RHN decay width
Γrf
N and initial abundance after ϕ decay as

nN
saftertot

¼ 2nϕ
Δϕsbeforetot

¼ 2

Δϕ

nϕ
s

¼ 45

π4
ζð3Þ
g�S

1

Δϕ
; ð51Þ

where stot is the total entropy of the Universe, including
entropy of the decoupled RHN sector, and superscripts
“before” and “after” refer to before and after ϕ decay. Total
entropy after ϕ decay, saftertot , can be written as sbeforetot Δϕ,
where Δϕ is given by Eq. (50). For the last equality, we use
Eq. (32) since before the Majoron decays, the total entropy
of the Universe is simply the entropy of the thermal bath.
Note that considering only the lightest RHNN1 is sufficient
here. Again in the large entropy injection limit ΔN ≫ 1,
one can write the dilution factor from RHN decay as

ΔN ≃ 2000

�
10−12

K

�
1=2
�
108 GeV

Mϕ

��
Tϕ

100 TeV

�
: ð52Þ

V. GRAVITATIONALWAVES OF INFLATIONARY
ORIGIN

A. Primordial spectrum in standard and
nonstandard cosmology

Primordial inflation, the early exponential expansion of
the Universe, is believed to have transitioned into an epoch
known as reheating. This transition resulted in the creation
of a high-energy plasma of radiation, following the dynam-
ics of the standard model of particle physics. During
inflation, GWs from quantum tensor fluctuations of the
metric were generated. Initially, while outside the cosmo-
logical horizon, these GWs exhibited constant amplitudes.
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We show the key events and temperatures for all the above
cases in schematic diagrams in Fig. 7. These diagrams help
visualize the differences in the timelines corresponding to
Cases (a), (b) and (c). We show each timeline starting from
the inflationary reheating temperature TRH until today. All
the relevant events take place above the BBN temperature
TBBN. However, as they re-entered the horizon in the
radiation-dominated era, their amplitudes underwent damp-
ing. The propagation of GW modes that re-enter the
horizon is controlled by a transfer function.
The current power spectrum of GWs, denoted asΩGWðkÞ,

can be expressed as a function of thewave number, k ¼ 2πf,
where f is the frequency [62],

ΩGWðkÞ ¼
1

12

�
k

a0H0

�
2

T2
TðkÞPprim

T ðkÞ; ð53Þ

with a0 ¼ 1 representing the present-day scale factor and
H0 ≈ 2.2 × 10−4 Mpc−1 being the current Hubble expan-
sion rate [105]. Pprim

T ðkÞ is the primordial tensor power
spectrum from inflation, and T2

TðkÞ is the transfer function
that characterizes the propagation of GWs in the back-
ground of a Friedmann-Lemaitre-Robertson-Walker uni-
verse after the temperature at the time of horizon re-entry,
T in, given by [91]

T in ¼ 5.8 × 106 GeV

�
106.75
g�ðT inÞ

�
1=6
�

k
1014 Mpc−1

�
: ð54Þ

The conventional parametrization for the inflationary
tensor power spectrum, Pprim

T ðkÞ, typically involves express-
ing its amplitude (AT) and spectral index (nT) with respect to
the pivot scale k� ¼ 0.05 Mpc−1, as outlined in the Planck
2018 analysis [143],

Pprim
T ðkÞ ¼ ATðk�Þ

�
k
k�

�
nT
; ð55Þ

where the amplitude ATðk�Þ is related to the scalar power
spectrum via the tensor-to-scalar-ratio r ≤ 0.035 [144],

ATðk�Þ ¼ ASðk�Þr; ASðk�Þ ¼ 2.0989 × 10−9; ð56Þ
where ASðk�Þ is the scalar power spectrum [143]. For our
analysis, we fix the value of r ¼ 0.035. The spectral index
nT plays a critical role in characterizing the inflationary
tensor power spectrum.While standard single-field slow-roll
inflation predicts a red-tilted spectrum, where nT satisfies
the consistency relation nT ¼ −r=8 [145], other scenarios,
including blue-tilted spectra (nT > 0), are well motivated in
various cosmological models [146–153].
Numerical computation and analytical fitting give the

transfer function T2
TðkÞ as

T2
TðkÞ ¼ Ω2

m

�
g�ðT inÞ
g0�

��
g0�S

g�SðT inÞ
�

4=3
�
3j1ðzkÞ

zk

�
2

FðkÞ:

ð57Þ

FIG. 7. Schematics of key events and temperatures for Cases (a), (b), and (c). Inflation ends at reheating temperature TRH, after which
ϕ remains in thermal equilibrium until its freeze-out temperature Tϕ

f . Then, ϕ becomes nonrelativistic and we start the first matter
domination epoch at Tdom ∼ 1%Mϕ. This matter domination ends when ϕ decays at Tϕ. For Case (a), RHNs also instantaneously decay
at Tϕ and leptogenesis occurs before the BBN temperature TBBN. In Case (b), RHNs dominate as radiation from Tϕ until their decay at
Trel
N . In Case (c), RHNs dominate as radiation until TNR, at which point they become nonrelativistic and start the second matter

domination epoch. This epoch ends at RHN decay temperature TN1
when leptogenesis occurs.
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Here, g0� ¼ 3.36 and g0�S ¼ 3.91 are the present-day values
of the effective degrees of freedom, and Ωm ¼ 0.31 [105] is
the total matter density. The Bessel function j1ðzkÞ describes
the damping of GW amplitudes after horizon re-entry with
zk ≡ kτ0 and τ0 ¼ 2=H0. In the limit zk ≫ 1, relevant for
the frequencies of interest, we can replace j1ðzkÞ with
1=ð ffiffiffi

2
p

zkÞ. Finally, the fitting function FðkÞ in standard
cosmology is given by [154]

FðkÞstandard ¼ T2
1

�
k
keq

�
T2
2

�
k

kRH

�
: ð58Þ

If there was an intermediate matter domination epoch, the
fitting function is modified [154],

FðkÞIMD ¼ T2
1

�
k
keq

�
T2
2

�
k
kdec

�
T2
3

�
k

kdec S

�
T2
2

�
k

kRHS

�
:

ð59Þ
Here, we introduce

keq ¼ 7.1 × 10−2 Mpc−1 · Ωmh2; ð60Þ

kdec¼1.7×1014Mpc−1
�
g�SðTdecÞ

g0�S

�
1=6
�

Tdec

107GeV

�
; ð61Þ

kRH¼1.7×1014Mpc−1
�
g�SðTRHÞ

g0�S

�
1=6
�

TRH

107GeV

�
; ð62Þ

kdec S ¼ kdecΔ2=3; ð63Þ

kRHS ¼ kRHΔ−1=3; ð64Þ
where Tdec is defined by (48) and we set h ¼ 0.7. The
entropy dilution factor Δ is the dilution factor, and the fit
functions read

T2
1ðxÞ ¼ 1þ 1.57xþ 3.42x2; ð65Þ

T2
2ðxÞ ¼ ð1 − 0.22x3=2 þ 0.65x2Þ−1; ð66Þ

T2
3ðxÞ ¼ 1þ 0.59xþ 0.65x2: ð67Þ

At this point we can plot the spectrum ΩGWh2 as a
function of current frequency, using Eq. (53). We discuss
the features in these plots accounting for ϕ and N
domination in Sec. VI A. The suppression of the GW
spectrum happens above a frequency fsup, given by

fsup ≃ 2.7 × 10−8 Hz

�
Tdec

GeV

�
: ð68Þ

The suppression factor is given by [80]

Rsup ¼
ΩIMD

GW

Ωstandard
GW

≃
1

Δ4=3 : ð69Þ

B. Two-step entropy injection

Our Case (c) discussed in Sec. IV has two stages of
entropy injection. We could not find any previous study of
the transfer function to fit two stages of entropy injection.
Therefore, extrapolating on results obtained from numeri-
cal fitting in [154], we propose a modified transfer function
to incorporate the two stages by assuming the form of the
fitting function analogous to Eq. (59) to be

FðkÞ2-stepIMD ¼ T2
1

�
k
keq

�
T2
2

�
k

kϕdec

�
T2
3

�
k

kϕdec S

�
T2
2

�
k

kNdec

�

× T2
3

�
k

kNdec S

�
T2
2

�
k

k2-stepRHS

�
; ð70Þ

where kϕdec and k
N
dec are related to the decay temperatures Tϕ

and TN1
, respectively, and kϕdec S and k

N
dec S are related to the

domination temperatures of ϕ and N1, respectively. Note
that in Eq. (70), we use the function T2

2ðxÞ for the energy
scales corresponding to decay temperatures and T2

3ðxÞ for
energy scales corresponding to domination temperatures, as
suggested in [154]. We define the energy scales analogous
to Eqs. (61)–(64) as

kϕdec ¼ 1.7×1014 Mpc−1
�
g�SðTϕÞ
g0�S

�
1=6
�

Tϕ

107 GeV

�
; ð71Þ

kNdec¼1.7×1014Mpc−1
�
g�SðTN1

Þ
g0�S

�
1=6
�

TN1

107GeV

�
; ð72Þ

kϕdec S ¼ kϕdecΔ
2=3
ϕ ; ð73Þ

kNdec S ¼ kNdecΔ
2=3
N ; ð74Þ

k2-stepRHS ¼ kRHðΔϕΔNÞ−1=3; ð75Þ

where Δϕ and ΔN are the dilution factors from ϕ and RHN
decays, respectively. Here, in Eq. (75), we utilized the fact
that the total dilution factor after ϕ and RHN decay is the
product of the individual dilution factors Δϕ and ΔN

corresponding to the two stages of entropy injection. A
proper way to obtain the two-step transfer function requires
numerical fitting, which we left as a future direction. In this
case, we have two suppression frequencies corresponding
to Majoron and RHN decays, analogous to Eq. (68),

fϕsup ≃ 2.7 × 10−8 Hz

�
Tϕ

GeV

�
;

fNsup ≃ 2.7 × 10−8 Hz

�
TN1

GeV

�
: ð76Þ

Similar to Eq. (69), the suppression factors corresponding
to the first (ϕ decay) and the second (N decay) steps of
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entropy injection are given by

R1st
sup ≃

1

ðΔϕΔNÞ4=3
; R2nd

sup ≃
1

Δ4=3
N

: ð77Þ

C. Signal-to-noise ratio

Interferometers are instruments that measure displace-
ments in terms of dimensionless strain noise, denoted as
hGWðfÞ. This strain noise is related to the amplitude of GWs
and can be converted into an energy density, expressed by
the formula

ΩexpðfÞh2 ¼
2π2f2

3H2
0

hGWðfÞ2h2: ð78Þ

Here, H0 represents the present-day Hubble rate
(H0 ¼ h × 100 km=s

Mpc ). To assess the likelihood of detecting
the primordial GW background, we calculate the SNR
using the experimental sensitivity ΩexpðfÞh2, either given
or projected. The SNR is determined by the following
formula:

SNR≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
τ

Z
fmax

fmin

df

�
ΩGWðfÞh2
ΩexpðfÞh2

�
2

s
: ð79Þ

In this analysis, we use h ¼ 0.7 and an observation time
of τ ¼ 4 years. A detection threshold of SNR ≥ 10 is
applied. It is important to note that this formula for SNR
calculation is derived under the weak signal approximation,
where the GW signal is much smaller than the instrumental
noise [155]. While it may overestimate the true SNR for
strong signals, we adopt it here for both weak and strong
GW signals for simplicity.
In the spectrum plots, we display the sensitivity curves

for different ongoing and future GWexperiments. They can
be grouped as follows:

(i) Ground-based interferometers: these detectors, such
as LIGO/VIRGO [40,41,156–159], aLIGO/aVIRGO
[160–162], AION [163–166], ET [167,168], and CE
[169,170], use interferometric techniques on the
Earth’s surface to detect gravitational waves.

(ii) Space-based interferometers: space-based detectors
like LISA [171], BBO [172–174], DECIGO,
U-DECIGO [175,176], AEDGE [163,177], and
μ-ARES [178] are designed to detect gravitational
waves from space, offering different advantages
over their ground-based counterparts.

(iii) Recasts of star surveys: surveys such as GAIA/
THEIA [179] utilize astrometric data from stars to
indirectly infer the presence of gravitational waves.

(iv) Pulsar timing arrays: PTA experiments like SKA
[42–44], EPTA [45,46], and NANOGRAV [180–182]

use precise timing measurements of pulsars to detect
gravitational wave signatures.

(v) CMB polarization: experiments like Planck 2018
[14,143], BICEP 2/Keck [144], as computed by
[183], and LiteBIRD [184] focus on detecting
gravitational wave imprints in the polarization of
the cosmic microwave background radiation.

(vi) CMB spectral distortions: projects like PIXIE,
Super-PIXIE [185], and VOYAGER2050 [186] aim
to detect gravitational wave signatures through spec-
tral distortions in the cosmic microwave background.

The blue violin lines in the spectrum plots are the most
recent data from NANOGrav.

D. Bounds from BBN and CMB on dark radiation

The gravitational wave energy density should be smaller
than the bound on dark radiation parametrized as the
number of additional neutrinos ΔNeff [187,188],Z

∞

fmin

df
f
ΩGWðfÞh2 ≤ 5.6 × 10−6ΔNeff : ð80Þ

We neglect the frequency dependence of this bound and set
ΩGW ≤ 5.6 × 10−6ΔNeff for the GW spectra that we cal-
culate. BBN puts a bound on ΔNBBN

eff ≃ 0.4 [189]. Planck
plus BAO observations set the bound ΔNPlackþBAO

eff ≃ 0.28
[14]. Projected bounds from future experiments are
ΔNProj

eff ¼ 0.014 for CMB-HD [190], ΔNProj
eff ¼ 0.05 for

CMB-Bharat [191], ΔNProj
eff ¼ 0.06 for CMB Stage IV

[192] and NASA’s PICO mission [193], and ΔNProj
eff ≲

0.12 for CORE [194], the South Pole Telescope [195], and
Simons observatory [196].

VI. RESULTS

A. Example spectra for different cases

Figure 8 illustrates the damped GW spectra (black lines)
for Case (a) and Case (b) discussed in Sec. IV, assuming
r ¼ 0.035;M1 ¼ 105 GeV, K ¼ 103, and spectral index
nT ¼ 0 (Left) and nT ¼ 0.3 (Right). Here, we demonstrate
the influence of Tϕ and Mϕ on the GW spectra. We set the
minimum Tϕ to be approximately 100 GeV to accommo-
date sphaleron effects within the electroweak scale. The
gray solid line marked “No IMD” is the standard spectrum
with no intermediate matter-dominated phase, while the
black solid and dashed lines are the spectral shapes in the
presence of the matter-dominated epoch. Different colored
regions correspond to sensitivity curves of current and
future GW experiments. The blue violin lines are taken
from the recent NANOGrav 15 year dataset [47,48].
Various horizontal lines on the top of the plot are coming
from the current or projected ΔNeff bounds from BBN,
Planck 2018, and CMB surveys [62]. Higher frequencies
in the figure correspond to earlier times, showcasing
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suppression beyond the critical frequency fsup due to
entropy injection given by Eq. (68). Suppression at
frequencies higher than fsup ∼ 10−5 − 0.1 Hz is attributed
to Majoron and RHN decay, while suppression at frequen-
cies higher than ∼10 Hz is a consequence of inflaton decay
terminating at the reheating temperature TRH ¼ 1013 GeV.
Lower values of Tϕ shift the suppression frequency to the
left and increase the dilution factor, as expected from

Eq. (50). The solid and dashed spectral lines represent
Mϕ ¼ 109 and 3 × 109 GeV, respectively. A higher Mϕ

means more dilution. Importantly, GW signatures remain
invariant across weak and strong washout regimes, as they
solely depend on the Majoron dynamics in this case.
Figure 9 presents the GW signature of long-lived RHNs

in Case (c), depicting the two stages of entropy injection.We
show the dependence of the spectra on parametersK andM1

FIG. 8. Suppressed gravitational spectra of a benchmark Case (a) scenario when RHNs decay instantaneously or Case (b) where RHNs
decay relativistically. Here, we have taken r ¼ 0.035, TRH ¼ 1013 GeV,M1 ¼ 105 GeV,K ¼ 103, and varied Tϕ andMϕ. Values of the
spectral index are nT ¼ 0 (Left) and nT ¼ 0.3 (Right). The gray line shows the standard GW spectrum without any intermediate matter
domination. Black solid and dashed lines correspond to Mϕ ¼ 109 and 3 × 109 GeV, respectively. The extreme dampening at
frequencies above ∼100 Hz is due to inflaton decay.

FIG. 9. Same as Fig. 8 but for a benchmark Case (c) “RHN matter domination” scenario. The left plot shows the dependence of the
spectra onM1 andK, while the right plot shows the dependence onMϕ and Tϕ. In the left plot, the solid and dashed black lines represent
M1 ¼ 108 and 3 × 108 GeV, respectively. In the right plot, the solid and dashed black lines represent Mϕ ¼ 1012 and 2 × 1012 GeV,
respectively.
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(Left) and on Mϕ and Tϕ (Right). The necessary condition
for this case is

ffiffiffiffi
K

p
< 2Tϕ=Mϕ. We choose the combination

TN1
¼ M1

ffiffiffiffi
K

p
in a way such that TN1

≥ 100 GeV. For
these spectra, we take r ¼ 0.035, nT ¼ 0.3, and use the
two-step transfer function utilizing Eq. (70). Notably,
the Majoron’s effect manifests as an additional dip in
the spectrum, a kneelike feature, positioned between the dips
induced by inflaton decay and RHN decay. Thus, we have
two kneelike features, one from ϕ decay and another from
RHN decay. In the left plot, the solid and dashed spectral
lines correspond to M1 ¼ 108 and 3 × 108 GeV, respec-
tively. Here, we take Mϕ ¼ 1012 GeV, Tϕ ¼ 108 GeV, and
TRH ¼ 1013 GeV. We see that a lower K and M1 lead to
higher suppression, as expected from Eq. (52). In the
right plot, we fix M1 ¼ 108 GeV, K ¼ 10−12, and
TRH ¼ 1013 GeV. Here, solid and dashed spectral lines
correspond to Mϕ ¼ 1012 and 2 × 1012 GeV, respectively.
Here, we see that the overall suppression increases with
increasing Tϕ and decreasing Mϕ, also understood from
Eq. (52). This trend is opposite to the trend in Cases (a)
and (b), as shown in Fig. 8.
In Case (c), the suppression factor associated with the

middle “kneelike” feature is given by R1st
sup ¼ ðΔϕΔNÞ−4=3,

defined in Eq. (77). The minimum possible value of this
factor corresponds to the maximum suppression. In this
case, R1st

sup ∼ 693.5K2=3, obtained by substituting Eqs. (50)
and (52) in Eq. (77). The minimum value of the washout
parameter K is obtained by considering the RHN decay

temperature TN1
¼ M1

ffiffiffiffi
K

p
∼ 100 GeV, such that sphaler-

ons can successfully convert lepton asymmetry to baryon
asymmetry. For the maximum value of M1 ¼ 1014 GeV,
we obtain the minimum value of R1st

sup ≃ 7 × 10−14. If we do
not consider leptogenesis, then TN1

can go as low as the
BBN temperature, which is around 10 MeV. In that case,
the minimum suppression factor is R1st

sup ≃ 3 × 10−19. If in
the future a two-step entropy injection with a smaller
suppression factor is detected, it would rule out the non-
thermal leptogenesis scenario within our model.

B. Estimates for signal-to-noise ratio

The next set of Figs. 10–13 demonstrate the projected
future sensitivities of U-DECIGO, DECIGO, BBO,
μ-ARES, LISA, CE, and ET experiments in terms of
the SNR given in Eq. (79), in the parameter space of the
RHN for different values of nT;Mϕ; Tϕ, and TRH. In these
figures, the black dashed lines separate the Case (a), Case
(b), and Case (c) regions. In each of the SNR plots, the
gray-shaded region is excluded due to the requirement that
the latest radiation-dominated era should start before BBN
takes place at around temperatures of a few MeV. In our
model, the latest radiation domination starts at the equi-
librium temperature Teq ¼ Tdec defined in Eq. (48). In
all the SNR plots, the colored regions associated with
different experiments can be probed by that experiment
with SNR ≥ 10. In all these SNR plots, we choose TRH ¼
1016 GeV to eliminate its effect on the SNR. The two solid

FIG. 10. Projected sensitivities of different experiments in the RHN parameter space for nT ¼ 0 (Left) and nT ¼ 0.3 (Right). Here,
m̃1 is the effective neutrino mass defined by Eq. (8) and m� ¼ 1.1 × 10−3 eV is the equilibrium neutrino mass defined in Eq. (9). For
both plots we took Mϕ ¼ 1015 GeV, Tϕ ¼ 1010 GeV, and r ¼ 0.035. The colored regions associated with each experiment imply
sensitivity with SNR > 10. As expected, a higher nT increases the overall SNR. Nonthermal leptogenesis is possible in this model only
in the region between the two solid red lines. See the main text for a detailed description and analysis.
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red lines represent theoretical constraints on our model. In
the region above the upper red line, vB−L becomes larger
than the Planck scale, while below the lower red line, the
requirement that the confinement scale should be less than
the B − L breaking scale, Λ < vB−L, discussed in Sec. III,
is not satisfied. Hence, successful leptogenesis is possible
only in the region between these two lines in our model. In
the vanilla leptogenesis scenario, the vacuum stability of
SM Higgs gives an upper bound on the lightest RHN mass
M1 ≲ 1014 GeV [197,198], and we assume it would be
approximately the same in our model [54]. Hence, we take
the upper limit onM1 to be around 1014 GeV. On the other
hand, the perturbativity limit of the model requires the
Yukawa couplings λij < 4π, which along with the neces-
sity to produce at least one mass eigenstate mν ¼ 0.05 eV
gives another bound, M2 ≲ 1015 GeV. Hence, in our
quasidegenerate RHN model, we find the perturbativity
bound M1 ≲ 1015 GeV. The perturbativity limit of the
light-heavy neutrino mixing yNi

< 4π is always satisfied
in our model.
In Fig. 10, we pick a highMajoron massMϕ ¼ 1015 GeV

and decay temperature Tϕ ¼ 1010 GeV and show the
projected sensitivities of different experiments for nT ¼ 0
(Left) and nT ¼ 0.3 (Right). We see that increasing the
spectral index nT also increases the GW-sensitive region by
increasing the SNR, as expected. For nT ¼ 0, LISA and ET
will not be able to probe leptogenesis, but for nT ¼ 0.3 both
the experiments will be sensitive to a large portion of the
parameter space. In the Case (a) and Case (b) regions, the
SNR will not depend onM1 and K but only onMϕ and Tϕ.
In the Case (c) region, RHNs decay at TN1

¼ M1

ffiffiffiffi
K

p
.

Hence, decreasingM1 or K results in more suppression and
lower SNR.
In Fig. 11, we show the sensitivities for nT ¼ 0, Tϕ ¼

106 GeV andMϕ ¼ 1015 GeV (Left) and 1010 GeV (Right).
We see that forMϕ ¼ 1010 GeV, the GW-sensitive region in
the parameter space is smaller compared to that for Mϕ ¼
1015 GeV. Also, comparing Fig. 11 (Left) with Fig. 10, we
see that the Case (a) and Case (b) regions cover more space

FIG. 11. Same as Fig. 10 but for nT ¼ 0, Tϕ ¼ 106 GeV, and Mϕ ¼ 1015 GeV (Left) and 1010 GeV (Right). For a fixed Tϕ, the left
plot is expected to have smaller overall SNR values due to higher Mϕ. Here, m� ¼ 1.1 × 10−3 eV.

FIG. 12. Same as Fig. 11 (Right) but for nT ¼ 0.3. Here,
m� ¼ 1.1 × 10−3 eV.
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for lower Tϕ values. We notice that CE is no longer sensitive
for nT ¼ 0; Tϕ ¼ 106 GeV in Fig. 11 (Left), while it is
sensitive for Tϕ ¼ 1010 GeV in Fig. 10 (Left).
In Fig. 12, we show the SNR for nT ¼ 0.3, Tϕ ¼

106 GeV, and Mϕ ¼ 1010 GeV. Comparing with the
Fig. 11 (Right) plot, again the effect of nT is seen, and
LISA, CE, and ET will be able to probe the parameter
space for nT ¼ 0.3.
Figure 13 shows the shape of the sensitive regions for

Mϕ ¼ 105 GeV and Tϕ ¼ 100 GeV assuming nT ¼ 0. We
see that UDECIGO, DECIGO, BBO, and μ-ARES can
probe leptogenesis with Tϕ ¼ 100 GeV, given the small
mass Mϕ of the Majoron. A small Majoron mass injects a
lower amount of entropy when it decays, as a result of
which the suppression is small, hence the SNR is larger.

We calculate the SNR contours for all these GW
experiments taking various values of Mϕ and Tϕ for nT ¼
0 and 0.3 but do not show all of them in this paper.
However, based on these results and Figs. 10–13, we
summarize which key GW experiments can probe the
parameter space M1 vs K in Table II.
It is worth mentioning that there are certain models of

inflation that go beyond the standard power-law description
of the inflationary gravitational waves spectrum. For exam-
ple, a broken power-law spectrum of IGW is suggested in
[199]. The power-law is broken at a scale kbreak > k�
corresponding to the frequency fbreak ≪ 10−8 Hz, where
k� is the pivot scale defined in Eq. (55). Below fbreak, the
spectrum is red-tilted (nCMB

T ≲ 0), while above fbreak it can
be blue-tilted (nT > 0). Since our focus is on f ≫ 10−8 Hz,
we can replace k� with kbreak in Eq. (55) to obtain a broken
power-law assuming nCMB

T ¼ 0. In this case, ΩGWðkÞ and
the resulting SNR are suppressed by a factor ðk�=kbreakÞnT ∼
Oð0.1–1Þ relative to the pure power-law case. Similarly,
inflationary models with a Gauss-Bonnet term can yield a
blue-tilted spectrumwith a running nT [200], also modifying
the SNR. However, the effect of an intermediate matter-
dominated era quantified by the SNR with and without the
matter domination remains unaffected. We, therefore, do not
consider such extensions further in this work.

VII. DISCUSSION AND CONCLUSION

Leptogenesis at low and intermediate energy scales
provides an attractive scenario for baryogenesis, linking
the observed matter-antimatter asymmetry to the neutrino
sector and seesaw scale. In this analysis, we offer a probe of
this scenario via observations of the stochastic GW back-
ground that originates during inflation (which is respon-
sible for the creation of primordial density perturbation of
the Universe) and propagates in the postinflationary era to
reach us at present. Particularly, we construct a global
Uð1ÞB−L model of neutrino mass that facilitates nonthermal
leptogenesis through the decay of the Goldstone boson,
called Majoron, denoted by ϕ. We show that detecting a

FIG. 13. Same as Fig. 10 but for Tϕ ¼ 100 GeV and nT ¼ 0,
Mϕ ¼ 105 GeV. Here, m� ¼ 1.1 × 10−3 eV.

TABLE II. Future sensitivity of different key GW experiments to probe the RHN parameter space (M1 vs. K) with threshold
SNR > 10, for benchmark values ofMϕ and Tϕ. Columns show sensitivities for nT ¼ 0 and nT ¼ 0.3. Here, the check mark implies that
the particular experiment will be sensitive to nonthermal leptogenesis for a given value of nT . Dashes imply that in the considered
parameter space, SNR < 10 for the given experiment. We considered TRH ¼ 1016 GeV and maximal tensor-to-scalar ratio r ¼ 0.035.

U-DECIGO BBO μ-ARES LISA ET CE

Mϕ (GeV) Tϕ (GeV) nT ¼ 0 nT ¼ 0.3 nT ¼ 0 nT ¼ 0.3 nT ¼ 0 nT ¼ 0.3 nT ¼ 0 nT ¼ 0.3 nT ¼ 0 nT ¼ 0.3 nT ¼ 0 nT ¼ 0.3

1015 1010 ✓ ✓ ✓ ✓ ✓ ✓ … ✓ … ✓ ✓ ✓

106 ✓ ✓ ✓ ✓ ✓ ✓ … ✓ … ✓ … ✓

102 … … … … … ✓ … … … … … …
1010 106 ✓ ✓ ✓ ✓ ✓ ✓ … ✓ … ✓ … ✓

102 … ✓ … ✓ … ✓ … … … … … …
105 102 ✓ ✓ ✓ ✓ ✓ ✓ … ✓ … ✓ … ✓
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characteristic GW spectral shape will provide an indica-
tion of a RHN or ϕ matter-dominated era in the early
Universe. We present a minimal model realization of
nonthermal leptogenesis, for which we find that a large
fraction of the viable parameter space will be probed in
future GW experiments. For the lightest RHN mass M1

and washout parameter K involving light-heavy neutrino
Yukawa couplings λ, we find M1 in the range 100 GeV ≲
M1 ≲ 1014 GeV and K for extremely weak washout
(K ∼ 10−20) and for strong washout (K ∼ 104) regimes
consistent with successful baryogenesis, and novel GW
shapes will be probed by U-DECIGO, DECIGO, BBO,
μ-ARES, LISA, CE, ET, etc. By estimating the SNR for
GW experiments, we investigate the effect of the Majoron
massMϕ and decay temperature Tϕ, which depends on the
ϕ − N Yukawa couplings yN .
The key interpretations of our results are summa-

rized below:
(i) The overall SNR is larger for a larger spectral index

nT (compare, for example, Fig. 10 left and right plots).
(ii) Nonthermal leptogenesis can be probed in future GW

experiments, such as U-DECIGO, BBO, etc. (see
spectra in Figs. 8 and 9 and SNR in Figs. 10–13).

(iii) If TN1
≪ Tϕ in the Case (c) scenario with the two-

step entropy injection, lower values of M1 and K
reduce the SNR and, therefore, it is challenging to
test for all experiments (Figs. 10–13).

(iv) For Case (a) and Case (b) scenarios discussed in
Sec. IV, a lower Tϕ value decreases the SNR and
frequency of suppression fsup given in Eq. (68),
making it more difficult to observe (see spectra in
Fig. 8). However, suitable low values of Tϕ increase
the overall GW-sensitive region in the parameter
space of the lightest RHN (compare, for example,
Figs. 10 and 11).

(v) A higher Mϕ in general means larger entropy
injection, which decreases the overall SNR values
for all experiments (compare solid and dashed
spectra in Fig. 8). However, for Case (c), higher
Mϕ increases the SNR [solid and dashed spectra in
Fig. 9 (Right)].Mϕ also sets the upper bound onM1

in our model, i.e., M1 ≤ Mϕ=2. We are interested in
the parameter space where ϕ is long-lived to
dominate the energy budget of the Universe [see
the discussion following Eqs. (34) and (42)].

(vi) In Case (a) and Case (b) described in Sec. IV, the
leptogenesis scale is ∼Tϕ, which means GWexperi-
ments can probe leptogenesis even for strong
washout K > 1, where RHNs might eventually
thermalize with the radiation bath (Figs. 10–13).
This is unlike the model in [62] where the RHN
domination criterion K ≲ 4 × 10−4 must be satis-
fied for GW sensitivity.

(vii) Table II summarizes which key experiments can
probe nonthermal leptogenesis for nT ¼ 0 and 0.3,

respectively, given benchmark values of the Majoron
mass Mϕ and decay temperature Tϕ.

If the characteristic features of the GW spectral shapes
proposed in this study are observed, one may look to target
additional observations to distinguish between an RHN or
Majoron ϕ dominated pre-BBN era and other forms of early
matter domination. Particularly in low-scale leptogenesis,
RHN masses of GeV–TeV could be searched in typical
heavy neutral lepton search experiments (see [201–203] for
current experimental limits) at the particle physics labora-
tories. In this manner, we can complement GW searches
with laboratory searches in the same BSM parameter space.
However, such a study is beyond the reach of the present
paper and we plan to explore this in future. RHNs, if they
exist, should also show up in experiments, such as neutrino-
less double beta decay [204,205] or lepton number violating
processes [206,207], and, therefore, provide us with a
myriad of pathways to independently verify the existence
of an early RHN domination or Majoron domination era.
This leads to a unique and exciting opportunity to form
synergies between GW searches and laboratory and CMB
searches.
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APPENDIX A: STRUCTURE OF COMPLEX
ORTHOGONAL MATRIX R

Here, we explicitly show that CP asymmetry defined in
Eq. (18) can be large even for a tiny washout parameter K
defined in Eq. (10). For example, take a simple form of R
defined in Eq. (11),

R ¼
0
@ cosω 0 − sinω

0 1 0

sinω 0 cosω

1
A; ðA1Þ

where ω ¼ xþ iy is a complex angle. Assuming normal
ordering and m1 ¼ 0, the CP asymmetry can be written in
terms of x and y as

jϵ1j ¼
3

32π

M1m3

v2
sin 2x sinh 2y

sin2 x cosh2 yþ cos2 x sinh2 y

¼ 3

16π

M1m3

v2
sin 2x sinh 2y

cosh 2y − cos 2x
: ðA2Þ

When x ¼ y ≪ 1, it can be verified that jϵ1j ¼ ϵmax
1 , which

is the maximal CP asymmetry defined in Eq. (19). Taking
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x ¼ y ¼ 10−11 gives jϵ1j ∼ 10−6 (assuming M1 ¼
1010 GeV), whileK ∼ 10−20. In Fig. 14 we show the regions
where jϵ1j > 10−7 (blue) and jϵ1j > 7 × 10−7 (orange) in
the parameter space spanned by x and y. Along with it, we
also show the contours of constant K values in the same
parameter space. For this plot we assume normal ordering
and m1 ¼ 0, M1 ¼ 1010 GeV, M2 ¼ 1011 GeV, and
M3 ¼ 1012 GeV. We see that for such high RHN mass
scales, it is possible to generate jϵ1j ¼ ϵmax

1 even if m̃1 → 0,
hence K → 0. However, K2 and K3 remain large.

APPENDIX B: CHANGE OF VARIABLE

It is convenient to use comoving variables while solving
the Boltzmann equations. We adopt the same prescription
as in [102,208],

Eϕ;Ni
¼ ρϕ; Ni

a3; Ñ1 ¼ n1a3 ¼
ρN1

M1

a3;

ÑB−L ¼ nB−La3; R ¼ ρRa4; S ¼ sa3; ðB1Þ
where a is the scale factor of the Universe. Note that EN1

and Ñ1 become comoving quantities only after RHNs
become nonrelativistic, i.e., at temperatures below TNR
defined in Eq. (37). Instead of time t, we write the
Boltzmann equations in terms of the ratio of scale factor
a to its initial value aI , given by

y ¼ a
aI

: ðB2Þ

We take aI ¼ 1 without loss of generality. The expansion
rate can be written as

H ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8πðaIEϕyþ aIEN1

yþ RÞ
3M2

pla
4
I y

4

s
: ðB3Þ

The temperature can be written as

T ¼
�

30R
π2g�a4I y

4

�1
4

: ðB4Þ

The redshift parameter z is defined in terms of M1,

z ¼ M1

T
¼ M1aI

�
π2g�
30R

�1
4

y: ðB5Þ

The equilibrium energy densities are given by [102,141]

Eeq
N1

¼ ρeqN1
a3 ¼ a3IM

4
1y

3

π2

�
3

z2
K2ðzÞ þ

1

z
K1ðzÞ

�
;

Ñeq
1 ¼ Eeq

N1

M1

; neqN1
¼ Eeq

N1

M1y3
; neqR ¼ 3ζð3Þ

4π2
× 2

�
M1

zðyÞ
�

3

:

ðB6Þ

The inverse decay rate can be written as [112]

ΓID ¼ 1

2
ΓN1

neqN1

neqR
: ðB7Þ

As described earlier, we ignore the inverse decay term of ϕ
as well as the RHN scattering terms involving Γscatt and
Γscatt
ID in the Boltzmann equations given in Eq. (43), and we

rewrite them as

dEϕ

dy
¼−

Γϕ

H
Eϕ

y
;

dEN1

dy
¼Γϕ→N1N1

H
Eϕ

y
−
ΓN1

Hy
ðEN1

−Eeq
N1
Þ−EN1

y
ΘðT−TNRÞ;

dÑB−L

dy
¼−

ΓN1

Hy

�
ϵðÑ1− Ñeq

1 Þþ
1

2

neqN1

neqR
ÑB−L

�
;

dR
dy

¼Γϕ→R

H
Eϕþ

ΓN1

H
ðEN1

−Eeq
N1
Þ;

where ΘðxÞ is the Heaviside step function separating the
relativistic stage of RHNs from the nonrelativistic stage,

ΘðxÞ ¼


1 for x > 1

0 otherwise:
ðB8Þ

By solving the above equations, one can calculate the
efficiency parameter to be

κf ¼ −
4

3
ϵ−1R−3=4ÑB−L

�
π4g3=4�

303ζð3Þ4
�
: ðB9Þ

FIG. 14. CP parameter jϵ1j defined in Eq. (18) and contours of
decay parameter K defined in Eq. (10) in the parameter space
spanned by x and y. Blue and orange regions signify jϵ1j > 10−7

and 7 × 10−7, respectively. It is seen that for x ¼ y ≪ 1, large jϵ1j
can be obtained even for a tiny value of K.
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