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The majoron is the Nambu-Goldstone boson associated with the spontaneous breaking of a global B − L
symmetry. Remarkably, the minimal majoron framework can simultaneously address three key empirical
indications of physics beyond the Standard Model: neutrino masses, the matter-antimatter asymmetry, and
dark matter. In this work, we identify the cosmologically viable region in which majoron dark matter and
high-scale thermal leptogenesis can be realized simultaneously. We show that successful leptogenesis plays
a central role in making this scenario predictive: by constraining the right-handed-neutrino mass scale, it
determines the irreducible freeze-in contribution to the majoron abundance and fixes the size of the
couplings relevant for visible dark matter decays. Combining the irreducible dark matter production
mechanisms with warm dark matter limits and indirect searches for decaying dark matter, we map the
resulting majoron cosmological window and show that future x- and gamma-ray telescopes can probe part of
the surviving parameter space.
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I. INTRODUCTION

Among the leading empirical indications of physics
beyond the Standard Model (SM), dark matter (DM),
neutrino masses, and the observed matter-antimatter asym-
metry require the extension of the SM particle content.
While the latter two can be minimally explained within the
framework of the type-I seesaw [1–6] and (thermal) lepto-
genesis mechanisms [7–11], the existence of DM remains
unaccounted for in this minimal setup.
In the landscape of proposed SM extensions [12,13], the

majoron [14–17] is arguably one of the simplest frame-
works capable of accommodating DM. The majoron is the
pseudo-Nambu-Goldstone boson (pNGB) associated with
the spontaneous breaking of a global B − L symmetry. Its
interactions are suppressed by the seesaw scale, making it
naturally weakly coupled to matter and stable on cosmo-
logical timescales. These properties render the majoron a
natural DM candidate.

The pNGB nature of the majoron allows it to be naturally
light. Its mass, however, is not predicted in the minimal
theory. Although several mechanisms can generate it,
cf. Refs. [18–23], its origin is not tied to the solution of
a theoretical puzzle, such as the way the axion mass is
linked to the strong-CP problem [24–27]. Nevertheless,
global symmetries are expected to be broken at least by
gravitational effects, making a massive majoron an appeal-
ing possibility. From a bottom-up perspective, the majoron
mass can therefore be treated as a free parameter, to be fixed
by the requirement of reproducing the observed DM relic
abundance.1

The ultra-weak couplings of the majoron, rooted in the
high seesaw scale, are both a virtue and a limitation. On the
one hand, the resulting suppression of its interactions with
light fermion families and photons [30,31] allows it to evade
most astrophysical constraints, rendering it a naturally
astrophobic2 axionlike particle (ALP). On the other hand,
the same suppression makes its experimental detection
challenging. Nevertheless, majoron DM remains a prime
target for neutrino, x-ray, and gamma-ray telescopes*Contact author: arturo.de-giorgi@durham.ac.uk
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1Note that under the assumption of a gravity-induced breaking,
“naively,” operators arising at small dimension may lead to
several problems, see Refs. [28,29]. Hence, some sort of
protection needs to be imposed [18,22].

2For examples of models of astrophobic axions, see
Refs. [32–34].
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[35,36]. Moreover, extensions of the minimal majoron
framework can make it accessible to a broader range of
experimental searches [37–40].
However, the presence of the majoron can interplay

nontrivially with different leptogenesis mechanisms,
which, for simplicity, we can divide into three classes:
scalar-induced, low-scale, and high-scale leptogenesis:

(i) Coherent majoron motion can realize spontaneous
leptogenesis [41,42], acting as an effective chemical
potential for lepton number [43–47]; related Affleck–
Dine-type constructions [48] use the lepton-number-
carrying scalar condensate to store the asymmetry
before transferring it to the thermal bath [49]. These
scenarios do not arise generically in the minimal
majoron framework, but instead rely on additional
assumptions such as large majoron masses, poten-
tially in tension with DM stability,3 sizeable
primordial angular motion, or extra model-building
ingredients.

(ii) In low-scale majoron models, leptogenesis can be
achieved via the Akhmedov-Rubakov-Smirnov
[51,52] mechanism [53,54], requiring masses of
the right-handed neutrinos (RHNs)MN∼1–100GeV.

(iii) In the scenario of standard high-scale leptogenesis,
this discussion is only found in analyses that
introduce extra gauge bosons [22], new B − L-
violating operators [55–57], nonminimal extensions
[58], or new scalar interactions [59–62]. These
scenarios are qualitatively different from the one
considered here. A thermalized majoron decouples
as a hot relativistic relic and is therefore constrained
to be either very light or a subdominant DM
component [63]. Moreover, in the minimal majoron
setup, thermalization is not generic: direct couplings
to the SM are seesaw/loop-suppressed, while effi-
cient equilibration requires either sizeable RHN
couplings or a Higgs-singlet portal involving the
radial mode.

Motivated by the region of parameter space accessible to
current and future searches for majoron DM [35,64], we
study the irreducible DM production mechanisms of the
minimal majoron model and their compatibility with high-
scale thermal leptogenesis and experimental searches. To
the best of our knowledge, a systematic analysis of this
combined cosmologically viable window has not appeared
in the literature. Although standard leptogenesis may
proceed as in the type-I seesaw, its simultaneous realization
with majoron DM has two important consequences that
have not been fully incorporated in previous analyses. First,
high-scale thermal leptogenesis requires the right-handed
neutrinos to be thermally populated, or at least sufficiently
close to equilibrium [65]; through the renormalizable

majoron-RHN coupling, this inevitably generates a
freeze-in population of majorons [22,66,67], which can
be relevant for keV-scale DM. Second, the requirement of
successful leptogenesis provides an independent handle on
the heavy-neutrino mass scale, thereby lifting otherwise flat
directions in the majoron parameter space and making
decay bounds into charged fermions and photons predictive.
In this work, we analyze the interplay of these three

empirical indications of physics beyond the Standard Model
within the minimal majoron framework. This allows us to
define a cosmologically viable window for majoron models,
which can be targeted by future DM searches. We focus on
cosmological histories in which the early Universe is
sufficiently hot for the right-handed neutrinos to participate
in the thermal plasma. This provides the common origin of
the two central ingredients of our analysis: their out-of-
equilibrium dynamics generate the matter-antimatter asym-
metry through thermal leptogenesis, while their unavoidable
interactions with the majoron produce an irreducible con-
tribution to the DM abundance.

II. THE MODEL

The majoron’s minimal embedding consists of a complex
scalar singlet whose vacuum expectation value generates the
mass scale of light and heavy RHNs through the seesaw
mechanism. The Lagrangian of the theory is given by

−Lϕ ¼ L̄LYDH̃NR þ ϕN̄c
RYNNR þ VðϕÞ þ H:c:; ð1Þ

where LL is the leptonic weak doublet, H (H̃) is the Higgs
(dual), NR is a right-handed (RH) neutrino, and ϕ is the
complex scalar singlet which gives rise to the majoron. In
the above Lagrangian, we omitted flavor indices; we will
assume the existence of three RH neutrinos, so that YD;N are
3 × 3 matrices. Furthermore, YN can be chosen to be real
and diagonal without loss of generality.
The majoron, a, can be identified as the angular mode of

the complex singlet field4

ϕ ¼ ðfa þ ρÞffiffiffi
2

p eia=fa ; with hjϕj2i ¼ f2a
2
: ð2Þ

We will be agnostic about the singlet’s potential VðϕÞ,
assuming only the presence of a small soft-breaking of the
U(1) which will give rise to the majoron mass. All in all, the
effective majoron Lagrangian can be written as

3A similar discussion applies to triplet majoron models, e.g.,
see Ref. [50].

4The mass of the radial mode of the singlet is expected to be of
OðfaÞ and can be made heavier by choosing the parameters of the
potential. It is typically neglected as its phenomenology and
impact strongly depend on the choice of scalar potential. We will
therefore not consider it in these studies, as commonly done in the
literature.
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Lmajoron ¼
1

2
ð∂μaÞ2 −

1

2
m2

aa2 þ La-SM: ð3Þ

where La-SM encodes the interactions between the majoron
and the SM. While throughout our study we will consider
ma and fa to be independent parameters, once a source of
explicit U(1)-breaking is specified, they become related.
For illustrative purposes, we will show ma − fa relation-
ships stemming from gravity-induced U(1)-breakings of
the form

LUð1Þ−break ¼ ð4πÞ2 η

Mn−4
Pl

ϕn þ H:c:; ð4Þ

where η is typically anOð1Þ number. This operator leads to
a majoron mass given by

m2
a ¼ 16π2n2jηjM2

Pl

�
faffiffiffi
2

p
MPl

�
n−2

: ð5Þ

Lines corresponding to ma − fa relations stemming from
different dimensions (n) of such explicit breaking are
shown in Figs. 1 and 2.
The SSB generates the heavy sterile neutrinos’ masses

MN;i ≃ YN;ifa=
ffiffiffi
2

p
. The active light neutrino massesmi are

then generated via type-I seesaw

diagðm1; m2; m3Þ ≃ −UT
PMNSðMDM−1

N MT
DÞUPMNS; ð6Þ

with MD ≡ YDv=
ffiffiffi
2

p
, and v ¼ 246 GeV, the electroweak

(EW) vacuum expectation value (vev). While the two light
neutrino mass splittings (Δm2

21 and Δm2
31) are precisely

measured in neutrino oscillation experiments [71], both the
ordering of neutrino mass eigenstates and the lightest
neutrino mass are yet unknown. For the sake of simplicity,
throughout our analysis we will assume the so-called
normal ordering of neutrino masses (m1 < m2 < m3)
and a conservative upper limit on the lightest neutrino
mass of m1 < 0.2 eV.
The majoron couples at tree level only to neutrinos, while

its interactions with charged SM fermions and gauge bosons
are generated radiatively. In particular, the leading couplings
to charged leptons arise at one loop, whereas those to
photons and gluons first appear at two loops [30,31]. We
collect the relevant interactions in Appendix A. As expected
for a pNGB, the fermionic couplings are proportional to the
corresponding fermion masses. Nevertheless, over much of
the parameter space, the neutrino coupling remains the
dominant one: in particular, it exceeds the electron coupling

FIG. 1. Parameter space for majoron DM in the postinflationary scenario, compatible with successful thermal leptogenesis. For this
scenario to be viable, symmetry restoration cannot be thermal, see text for details. The green region denotes the cosmologically viable
window, where the observed DM abundance can be obtained from the irreducible misalignment and freeze-in contributions while
satisfying DM decay and warm-DM bounds. Note that wDM are applied consistently, taking from Ref. [68] bounds on the fraction of
wDM; however, in the plot we mark the commonly used bound of 5 keV for reference. Current and projected neutrino-telescope
constraints are shown in dark-gray and light gray, respectively. The other gray region is excluded by searches for decaying DM into
charged particles and photons, while the dashed contour with hatched pattern indicates the projected sensitivity of future satellite
missions [69,70]. The red band shows the expected contribution from DM production via cosmic-string radiation. Purple dashed lines
show the prediction of ma − fa relations, if the mass is given by Planck-induced operators, Eq. (5).
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for fa ≲ 1010 GeV, see Eq. (A10). The photon coupling is
further suppressed by the electromagnetic coupling, by the
additional loop factor, and, for light majorons, by powers of
the majoron mass. Consequently, it vanishes in the massless
limit and becomes phenomenologically relevant only for
ma ∼OðMeVÞ or larger.

III. SCRUTINIZING THE PARAMETER SPACE

A. Experimental constraints

Within the framework of the type-I seesaw, the relation
between the Dirac Yukawas YD and the seesaw scale
MN ¼ YNfa=

ffiffiffi
2

p
is tightly linked to the mass of the

neutrinos. Furthermore, for light majorons, the photon
coupling gets extremely suppressed. Therefore, generic
constraints on sub-MeV ALPs from stellar evolution
[72,73] or supernovae dynamics [74–78] do not provide
relevant bounds for our scenario. More importantly,
cosmological constraints in this regime, such as those
arising from modifications of the primordial abundances
produced during big bang nucleosynthesis or from dis-
tortions of the CMB anisotropy spectra [79–82], are
naturally evaded owing to the long lifetime of the high-
scale majoron. For relevant cosmological bounds and
effects of a low-scale B − L majoron see Refs. [54,83].
The dominant bounds on Majoron DM arise from its SM

decay channels, the most relevant of which are neutrinos,

charged fermions, and photons. The majoron decay
width into neutrinos is controlled by the ratio mν=fa
and is given by

Γa→νν ¼
ma
P

3
i¼1m

2
i

16πf2a
; ð7Þ

where fmig3i¼1 are the light neutrino masses. Neutrino
observatories looking for neutrino lines with energy Eν ¼
ma=2 are able to directly constrain the ma − fa parameter
space for ma ≳ fewMeV [35,36,64,84–92].
For the decay to SM fermions and photons, the size of

the couplings (see Appendix A) is instead controlled by the
entries of MDM

†
D=ðvfaÞ, which, parametrically, is

Oðmν
v

MN
fa
Þ. The dependence of the decays on the heavy

neutrinos’ Yukawas means that bounds on these decay
channels can only be translated toma − fa space ifMN can
be independently constrained. On the other hand, the
requirement of successful thermal leptogenesis does pro-
vide a lower bound on the RHN mass scale, thus allowing
us to translate the constraints on MDM

†
D=ðvfaÞ stemming

from majoron DM decay searches into lower bounds on fa.
On the astrophysical side, as we will later see, the

strongest constraints on viable majorons come from decays
to photons and electrons. Photons produced from decaying
DM are being targeted by X- and gamma-ray observatories

FIG. 2. Parameter space for preinflationary Majoron DM compatible with successful thermal leptogenesis. The green region shows the
cosmologically viable window, and the red area the DM relic abundance dependence on the free initial misalignment angle θi. The dark-
gray and light-gray regions show current and projected neutrino-observatory constraints, respectively. The other gray region indicates
existing bounds from majoron decays into charged particles and photons, while the dashed lines with hatched region show the
corresponding future sensitivities. Purple lines show the ma − fa prediction for different Planck-induced operators, Eq. (5). Bounds on
the fraction of wDM have been used using Ref. [68], however, we mark the usual bound of wDM 5 keV as a reference.
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[69,70,93–99], providing the best constraints in the
keV − 100 MeV for ALP-DM, cf. Refs. [100,101].
On the cosmological side, majoron DM decays inject

energy into the early Universe and therefore alter both the
ionization and temperature histories. Measurements of the
CMB anisotropies power spectra are highly sensitive to
changes in the free electron fraction [102–106], while
Lyman-α observations [107–110] constrain the temper-
ature of the intergalactic medium around the reionization
epoch. In the near future, measurements of the 21-cm
signal will also be powerful probes of decaying DM [111].
Additionally, cosmology is also sensitive to invisible
decays, as is the case for sub-MeV majorons, which
almost exclusively decay to a pair of neutrinos. By a
combination of CMBþ LSS data, the DM lifetime can be
constrained to be τ> 250 Gyr [112], as decaying DM not
only affects the expansion history of the Universe, but also
the growth of structure.
Finally, warm DM (wDM) constraints apply. If DM is

too relativistic, it suppresses structure formation at small
scales. If the totality of DM is warm, this effectively
translates into a lower bound on the wDM mass,
mwDM ≳ 5 keV [107–110]. However, since majoron DM
is generically a mixture of cold and warm components
(see Sec. III B), we will employ mixed DM bounds
[68,113–116], which allow to constrain the relative abun-
dance of wDM as a function of mwDM.
In our analysis, we will consider the compilation of

cosmological and astrophysical majoron bounds given in
Ref. [36], as well as additional bounds on the decay to
photons below the MeV [69,70,101] and the recent bounds
on the decay to electrons provided in Ref. [117].

B. Majoron dark matter

The feebly interacting nature of the majoron easily
renders it cosmologically stable, making it a natural DM
candidate. Generically, there exist three irreducible main
mechanisms that contribute to generating its relic abun-
dance5: via misalignment, by the freeze-in mechanism, and
by decay of topological defects related to the U(1)
breaking.
The misalignment mechanism [120–122], provides a

nonthermal mechanism for cold DM production. The scalar
field evolution in the background expanding universe, leads
to the following equation of motion:

θ̈ þ 3Hθ̇ þm2
aðtÞθ ≃ 0: ð8Þ

with θ≡ a=fa. At high temperatures, the field is fixed by
Hubble friction at its initial value θ ¼ θi. However, as the
Universe expands and cools down, the Hubble rate

becomes comparable to the mass, HðToscÞ ¼ ma, and the
field starts oscillating around the minimum of its potential.
These oscillations redshift as matter and therefore contrib-
ute to the DM abundance.
The precise determination of DM abundance from

misalignment depends on details of the model, such as
the temperature dependence of the majoron mass, deter-
mined by the source of explicit U(1)-breaking. For a
temperature-independent majoron mass, maðTÞ ≃ma, its
relic abundance is given by [123]

Ωmis
DMh

2 ≃ 0.12

�
ma

100 keV

�
1=2

×

�
θifa

3.38 × 1010 GeV

�
2
�

90

g�ðToscÞ
�

1=4
; ð9Þ

where g⋆ðTÞ is the effective number of relativistic degrees
of freedom. We note that a T-independent majoron mass is
justified in scenarios in which the source of explicit
Uð1ÞB−L breaking, providing mass for the majoron, is
associated to a scale Λ ≫ fa, above the scale of sponta-
neous B − L breaking, which is the case with the terms we
consider in Eq. (4). Since misalignment is a nonthermal
process, its contribution to the DM abundance is cold,
allowing extremely light fields to constitute the DM.
The abundance of nonthermally produced DM crucially

depends on the cosmological history of U(1) spontaneous
breaking, namely, on whether the symmetry is broken after
or before the end of inflation. These two scenarios are
typically dubbed postinflationary and preinflationary,
respectively. In the former scenario, since the symmetry
is restored after inflation, each Hubble patch was popu-
lated with a different, uncorrelated value of the initial
misalignment angle, leading to an average value of

θi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
2π

R
π
−π dθθ

2
q

¼ πffiffi
3

p . On the contrary, in the latter

scenario, the symmetry is already broken before or during
inflation, in which case a homogeneous patch with a
random θi is inflated, meaning that θi is effectively an extra
free parameter taking value in the interval jθij∈ ½0; π�.
A second contribution to the relic majoron DM abun-

dance comes from thermal production. Indeed, reproducing
the BAU via thermal leptogenesis requires the existence of
a thermal bath of at least one of the right-handed neutrinos
and, since the majoron has sizable Yukawa couplings to
RHN, a nonzero irreducible thermal abundance of major-
ons is guaranteed to be produced in this scenario. The
freeze-in abundance can be obtained by integrating the
Boltzmann equation for the majoron yield Ya. Including
production from NiNi → aa and fromHL → Nia,HNi →
La and LNi → Ha (see Appendix C), and following
Ref. [124], we find the parametric scaling

5For early discussions on thermalized DM majoron see
Refs. [118,119].
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Ωfi
DMh

2 ≃ 0.12

�
ma

100 keV

��
3.4 × 1010 GeV

fa

�
2

×
X3
i¼1

��
3.4 × 1010 GeV

fa

�
2
�

MNi

1.6 × 108 GeV

�
3

þ
�

m̃i

0.1 eV

��
MNi

6.2 × 108 GeV

�
2
�
; ð10Þ

where m̃i ≡ ðM†
DMDÞii=MNi

∼OðmνÞ. We have assumed
that the reheating temperature is large enough to generate a
thermal bath of all three RHN, i.e., Trh > MNi

. Since we
will later choose a mildly hierarchical RHNmass spectrum,
the condition Trh > MNi

is approximately equivalent to the
condition Trh > MN1

, necessary for a successful thermal
leptogenesis, which is one of the main assumptions of our
analysis.
It should be remarked that sizable majoron DM pro-

duction from the thermal bath could also occur via the
resonant s-channel NN → ρ → aa. However, we argue
that even in this case, this contribution is expected to be
small compared with the t-channel since, in general, the
freeze-in regimes requireMN=fa ≪ 1 so as to preclude the
thermalization of the majoron, see Appendix C. Therefore,
in order for the s-channel to be relevant, it is necessary to
have a thermal bath of RHN at T ∼mρ ≃ fa ≫ MN .
However, this is generally not possible in our minimal
majoron setup, since, in the absence of additional inter-
actions, RHN are populated from inverse decays of the
leptonic and Higgs doublets LH → N which acquire OðTÞ
thermal masses, effectively closing off the production of
RHN for T ≫ MN.
Finally, the spontaneous breaking of a U(1) symmetry

inevitably leads to the formation of topological defects
[125], namely cosmic strings, which, if unstable as in our
case, lose energy by radiating ALPs [126]. This extra
nonthermal contribution is absent in the preinflationary
scenario, since the abundance of topological defects formed
during inflation will be exponentially diluted. The con-
tribution of string radiation to the DM abundance is an
active field of research, mostly relying on computationally
expensive cosmological simulations that track the dynam-
ics of string formation, interaction, and decay. It is well
known that the contribution to the DM abundance from
string radiation exhibits a parametric dependence similar to
that of misalignment, differing only in a numerical pre-
factor. Furthermore, both, analytical estimates [63,127] and
numerical simulations [128–134] point toward string radi-
ation providing the larger contribution.
Additionally, since in the preinflationary scenario the

majoron is already present during inflation, its quantum
fluctuations can then lead to isocurvature perturbations
with a nearly scale-invariant power spectrum [135–138]
and an amplitude given by

Δ2
aðkÞ ¼

H2
I

π2θ2i f
2
a
≡ Asf2iso; ð11Þ

where HI is the Hubble rate at the end of inflation, while
fiso is the amplitude of isocurvature perturbations normal-
ized to that of adiabatic perturbations As. CMB observa-
tions constrain fiso < 0.2, which translates into an upper
bound on the energy scale of inflation EI:

EI < 3.5 × 1014 GeV

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
θifa

1015 GeV

r
; ð12Þ

with HI and EI related by the Friedman equation

HI ¼
ffiffiffiffi
8π
3

q
E2
I

MPl
. Since EI provides an upper bound on the

reheating temperature Trh ≤ EI , this bound must be taken
into account, as our assumptions about the success of
leptogenesis and freeze-in production require Trh > MNi

.
These bounds have been recently discussed in the context
of majorons in Ref. [139].
There is one last remark that needs to be discussed

regarding the restoration of the U(1) symmetry in the
postinflationary scenario. In our setup, the symmetry
restoration cannot be thermal, since the scalar ϕ only
interacts with RHN, and we have argued that it is not
possible to generate a thermal RHN bath at T ≫ MN .
Furthermore, additional ϕ-interactions that may lead to a
thermal restoration can potentially lead to its thermal-
ization, which would prove catastrophic for DM produc-
tion, as subsequent decays of the radial mode ρ → aa can
easily equilibrate the majoron and lead to DM overpro-
duction. Consequently, we consider that, in the postinfla-
tionary scenario, the symmetry is nonthermally restored, as
it occurs in inflationary models in which the scalar is
coupled to the inflaton [140–142].
We also neglect a renormalizable Higgs portal interac-

tion, λHϕjHj2jϕj2. For fa ≫ v, a generic value of λHϕ

would induce a threshold correction δm2
H ∼ λHϕf2a, thereby

reintroducing a tuning in the electroweak scale. Radiative
stability therefore selects the technically natural ultra-weak
regime λHϕ ≲ v2=f2a, since the limit λHϕ → 0 corresponds
to a decoupling of the Higgs and singlet sectors, due to an
extended Poincaré symmetry [143,144]. In this regime, the
portal is also cosmologically irrelevant: the interaction rate
for Higgs-mediated processes involving the radial mode
remains well below the Hubble rate at the relevant temper-
atures, and hence the radial mode ρ is not thermalized
through the Higgs portal.
Note that for a majoron scale fa ∼ 1010 GeV and a mass

ma ¼ Oð100Þ keV, both thermal and nonthermal produc-
tion mechanisms contribute to the relic abundance, bearing
in mind that the heavy neutrino massMN can be treated as a
free parameter [22]. At comparable temperatures, the decays
of right-handed neutrinos generate the lepton asymmetry
responsible for the BAU. Achieving the observed DM relic
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abundance, therefore, involves a nontrivial interplay
between these mechanisms: one must simultaneously avoid
overclosing the Universe while reproducing the measured
DM density.

C. Leptogenesis

It is well known that out-of-equilibrium decays of very
heavy RHN can account for the baryon asymmetry of the
Universe, via the so-called (thermal) leptogenesis mecha-
nism [7–11]. Since, in our model, thermal leptogenesis
takes place in the standard fashion, we will not go into the
details on how the BAU is computed from RHN decays,
and instead refer the reader to the vast dedicated literature
in Refs. [65,145,146]. However, we will outline several key
features that are relevant for our scrutiny of the majoron
parameter space.
We will consider thermal leptogenesis in two distinct

regimes: the one-flavor approximation and the fully fla-
vored regime. The former is typically valid when RHN
decays occur at T ≫ 1012 GeV, where interactions medi-
ated by the charged lepton Yukawas are out of equilibrium,
and therefore the total lepton asymmetry is stored in a
coherent flavor superposition. However, at lower temper-
atures, the tau and even the muon Yukawa interaction
becomes efficient, effectively decohering the lepton asym-
metries stored in their associated flavors, and the evolution
of the total lepton asymmetry can no longer be tracked with
a single flavor [147].
For the purposes of our analysis, the crucial role played

by leptogenesis is to constrain the RHN mass scale. In the
context of one-flavor thermal leptogenesis, Davidson and
Ibarra [148] derived a lower bound on the lightest RHN
mass, MN1

, that needs to be satisfied in order to correctly
reproduce the BAU. Depending on particular assumptions,
such as the initial RHN population, this bound reads
MN1

≳ 108–109 GeV. However, it has been shown that,
upon including flavor effects, leptogenesis can be success-
ful even for RHN significantly below the Davidson-Ibarra
bound [149]. Since leptogenesis generally provides a lower
bound on the RHN mass scale, in the context of majoron
DM, it provides extremely complementary information to
the parameter space. Indeed, both majoron decays into
charged fermions/photons and DM production via freeze-in
depend on a combination of MN and fa. By effectively
providing an independent handle on MN , leptogenesis
allows to chart the region in the ma − fa parameter space
where the model can account for both the BAU and the DM
abundance while satisfying observational constraints.
Even though leptogenesis, majoron freeze-in, and decays

are all sensitive to the mass scale of RHN, there is no exact
correspondence between the three processes. For instance,
in the presence of a hierarchical RHN spectrum, lepto-
genesis is mostly sensitive to the mass of the lightest RHN,
MN1

, whereas freeze-in production, as it becomes evident
from Eq. (10), will be controlled by the mass of the heaviest

RHN that manages to thermalize. Alternatively, majoron
decays to charged fermions depend on the whole RHN
mass matrix (see Appendix A) and therefore will generally
be sensitive to the heaviest RHN mass. As a consequence,
for a given MN1

, freeze-in production and decays could be
strongly enhanced in the presence of strong hierarchies in
the RHN spectrum, thus shrinking the available param-
eter space.
In order to avoid such scenarios and remain as

conservative as possible, we always consider a mildly
hierarchical RHN spectrum MN3

=MN2
¼ MN2

=MN1
¼ 2,

such that the only free mass scale is MN1
. In this context,

we explore the parameter compatible with thermal lepto-
genesis in the following fashion: in the one-flavor approxi-
mation, we follow Ref. [65], whereas in the fully flavored
regime, we make uses of the code ULYSSES [150,151] to
compute the BAU and make use of its MultiNest [152–154]
interface to explore the viable parameter space.

IV. RESULTS

In order to characterize the window of thema − fa space
in which majoron DM production is compatible with
successful thermal leptogenesis and observational con-
straints, we carry out a dedicated exploration of the
majoron parameter space. As shown in Appendix A, the
seesaw parameters determine the structure of majoron
couplings to photons and charged leptons, and the scale
of RHN masses controls both the size of the aforemen-
tioned couplings, as well as leptogenesis and DM freeze-in
production.
For our numerical scan, we employ the popular Casas-

Ibarra parametrization [155], which allows to scan the
seesaw parameter space while correctly reproducing neu-
trino oscillation data. Within this choice, the full seesaw
Lagrangian can be characterized with 11 free parameters6

P≡ fm1; δ; α21; α31; x1;2;3; y1;2;3;MN1
g (see Appendix B

for details). We recall that, since we are fixing the RHN
mass hierarchy, only the lightest RHN mass is free.
We define the viable window of ma − fa parameter

space in the following way (more details in Appendix E):
(1) As computing the BAU from thermal leptogenesis is

the most computationally expensive task in our
analysis, our starting point is an ensemble of points
in P-space which is compatible with generating the
correct BAU (see Appendix D).

(2) From each point P, it is possible to predict the
majoron couplings to photons and charged fermions
normalized to its decay constant, gaXfa with
X ¼ fSM; γ.

6For simplicity and due to the precision with which they are
measured, we fix the light neutrino mixing angles θij and the
mass splittings Δm2

21 and Δm2
31 to their best-fit values [71].

MAJORON COSMOLOGICAL WINDOW: DARK MATTER AND … PHYS. REV. D 114, 075034 (2026)

075034-7



(3) Using the irreducible contribution from misalign-
ment, since each P-point fixes the RHN masses and
m̃i, it is possible to find a trajectory inma − fa space
in which the sum of the two contributions to the DM
abundance [Eqs. (9) and (10)] yield the observed
value ΩDMh2 ≃ 0.12.7

(4) Over this trajectory, it is now possible to consistently
apply DM decay constraints of Sec. III A, as their
validity depends on DM being entirely made up of
majorons.

(5) Since observational constraints place upper bounds
on gaX as a function of ma, these can be automati-
cally converted to lower bounds on fa, which are
only applicable in the trajectory of thema − fa plane
where the correct DM abundance can be reproduced.
We remove all points of this trajectory in which the
condition fa < fDM−decay

a ðmaÞ is satisfied.
(6) Additionally, forma ≲ 5 keV, we remove only those

points for which the warm fraction fWDM ¼
Ωfi

DM=ΩDM, exceeds the mixed-wDM limit at the
corresponding majoron mass [68] (see Sec. III A).

By repeating the above procedure for all P-points and
marginalizing over them, it is possible to consistently map
the largest possible region of the ma − fa in which lepto-
genesis and the correct DM abundance can be simulta-
neously achieved while respecting the bounds on DM
decays and wDM. Our results are shown as the shaded
green regions in Figs. 1 and 2, for the postinflationary and
preinflationary scenarios, respectively.

A. Postinflationary

As discussed in Sec. III B, in the postinflationary
scenario, the initial misalignment angle is fixed to the
average value θi ≃ π=

ffiffiffi
3

p
and, given that Ωmis

DMh
2 ∝ f2am

1=2
a ,

the allowed region for consistent majoron DM is bounded
from above by misalignment overproduction, as shown by
the dotted red line in Fig. 1. However, there is much
theoretical evidence for the fact that the contribution
coming from cosmic string radiation, albeit showcasing
a similar parametric dependence, cf. Ref. [63], provides the
larger contribution. In order to illustrate this, we show as a
shaded red area the typical region of parameter space in
which the whole DM can be produced via string radiation,
using the estimates given in Ref. [127] for a temperature-
independent ALP mass, which predict smaller fa by an
Oð1 – 10Þ factor.
Alternatively, since the freeze-in contribution to the DM

abundance (10) is inversely proportional to fa and lepto-
genesis requires a minimum RHN mass scale, MN1

, the

shaded green region is bounded from below by freeze-in
overproduction, depicted by dotted blue lines in Fig. 1,
depending on whether leptogenesis is computed in the one-
flavor approximation or in the fully three-flavored regime.
Since flavor effects can help enhance the lepton asymmetry,
three-flavor leptogenesis allows for lighter RHN and thus
can accommodate more parameter space compatible with
DM production. In fact, in the one-flavor regime, the upper
bound from misalignment/strings and the lower bound
from freeze-in and leptogenesis only allow for ma ≲ keV,
where wDM bounds constrain the abundance of frozen-in
majorons to be a subdominant contribution to the total DM
density. This can also be seen from the fact that below the
wDM bound, the green region shrinks to coincide with the
parameter space in which the total DM density can be
produced nonthermally. It is worth noting that a more
hierarchical RHN mass spectrum than the one we have
chosen would enhance the frozen-in abundance while not
affecting the parameter space compatible with thermal
leptogenesis. This would push the dotted blue lines in
Figs. 1 and 2 to higher fa values. Similarly, the loop-
induced couplings to charged fermions would also benefit
from an enhancement, extending the region excluded by
DM decays to higher fa. Alternatively, in the presence of
nearly degenerate RHN, the CP asymmetry would be
resonantly enhanced and therefore the scale of leptogenesis
can be greatly reduced. However, we focus in this work
only on the standard regime of thermal leptogenesis, since
the degeneracies in the RHN spectrum necessary for
resonant leptogenesis are difficult to motivate in our
type-I seesaw without any underlying symmetry.
Even though nonthermal and freeze-in DM production

can, in principle, allow for majoron masses up to
ma ∼ 100 MeV, the allowed region in Fig. 1 reaches only
up to ma ≃ 1 MeV. This is a consequence of the interplay
between leptogenesis, DM production and DM decay
constraints: for majorons above the MeV scale, the decay
channel a → eþe− opens, providing stringent constraints
and since in a postinflationary scenario, the scale fa needs
to be relatively small to evade DM overproduction and,
together with the fact that MN1

is bounded from below by
leptogenesis, means that the gae coupling cannot be
arbitrarily small. In fact, we find that in none of the points
of our numerical scan is gae below the current observational
constraints, effectively excluding majoron DM with
ma > 2me. This implies that, unfortunately, neutrino tele-
scopes (whose bounds are depicted in gray in Fig. 1) will
not be able to probe our majoron setup, as they can only
probe DM decays to neutrinos for ma ≳ fewMeV.
Lastly, we show in Fig. 1 as dashed black lines the region

that will be probed in the future, considering the forecasted
sensitivities of the observatories outlined in Sec. III A. As
just discussed, upcoming neutrino observatories, such as
JUNO and HyperK, will not be able to access the relevant
parameter space. On the other hand, apart from neutrinos, a

7Note that this condition immediately excludes any point in
parameter space in which the majoron thermalizes, since for
masses ≳100 eV (see Refs. [63,118]) its thermal abundance
would overshoot the observed dark matter relic abundance.
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sub-MeV majoron can only decay to a pair of photons.
Consequently, the only observational facilities that will be
able to probe the parameter space will be x-ray/gamma-ray
observatories. In particular, as pointed out in Sec. III A, we
have included forecasts from a possible THESEUS mission
[69] and the Gamma-TPC telescope concept [70]. The
dashed black line in Fig. 1 shows the region that these two
proposals will be able to cover. In fact, we find that the
improvement can only occur forma ∼ 0.1–1 MeV, in which
Gamma-TPC dominates the sensitivity. Unfortunately,
THESEUS will have little to no impact due to it being
sensitive to lighter majorons (ma ∼ 1–100 keV) and the
majoron-photon coupling scaling as gaγ ∝ m2

a for masses
below me.
Since the green regions are obtained after marginalizing

over the full seesaw parameter space, their boundaries do
not generally correspond to a unique seesaw configuration.
Nevertheless, the freeze-in dominated boundary preferen-
tially selects the lowest RHN mass scale compatible with
successful leptogenesis, while the decay-dominated boun-
dary favors smaller combinations of MDM

†
D entering the

loop-induced majoron couplings. The boundaries con-
trolled by nonthermal production or by the a → νν lifetime
are instead largely insensitive to the detailed RHN flavor
structure.

B. Preinflationary

As discussed in Sec. III B, the preinflationary scenario
differs from its postinflationary counterpart by the absence
of DM production from topological defects, where the total
nonthermal contribution arises from misalignment with the
initial misalignment angle θi being a free parameter
jθij∈ ½0; π�. In particular, since now it is possible to have
jθij ≪ 1, the target DM parameter space can be opened to
higher fa. In particular, as a reference, we consider values
jθij∈ ½10−3; 1�, and the region in which misalignment can
be made compatible with the total DM abundance is shown
as the shaded red region in Fig. 2.
Due to the higher fa values that are now allowed

(provided that jθij ≪ 1) there is now a sizable window
of parameter space in which 1F leptogenesis can be made
compatible with DM production, which we show with a
gray line. Similarly, higher fa values also mean longer-
lived majorons, opening parameter space for ma≥ 1 MeV
for fa ≳ 1011 GeV, where bounds on the decay a → eþe−

can be evaded in the three-flavored regime of leptogenesis.
This is not the case in the one-flavored regime, which
remains compatible only with sub-MeV majorons (unless
jθij ≪ 10−3). This is due to the heavier RHN masses
required in this scenario for leptogenesis, contrary to the
fully flavored regime. In fact, since majoron couplings to
charged fermions scale with MN for a fixed fa (see
Appendix A), larger values of fa are needed to evade

the a → eþe− bound and open up parameter space
for ma > MeV.
Furthermore, as discussed in Sec. III B, this scenario

unavoidably generates scale-free isocurvature perturba-
tions, with the CMB providing a constraint on the energy
scale of inflation (12), that translates into a bound on Trh.
In particular, this leads to relatively small Trh for the lowest
fa values enclosed in our cosmological window, which can
enter in conflict with our assumptions on the success of
leptogenesis and DM freeze-in production. For instance,
for fa ¼ 108 GeV, we have Trh ≤ EI ≲ ffiffiffiffi

θi
p

1011 GeV.
However, we can still extend our window to lower fa
by reducing the scale of the RHN taking part in lepto-
genesis and DM production. Indeed, the lower region of
our cosmological window in Fig. 2 is populated by RHN
below the Davidson-Ibarra bound, i.e., MNi

≪ 109 GeV,
meaning that the above Trh bound is always compatible
with leptogenesis.
Despite the allowed parameter space, up to

ma ≃ 100 MeV, the associated fa values are slightly above
what current or future neutrino telescopes can probe, again
underscoring how powerful the constraints on visible DM
decays are, despite arising at the loop level for the majoron.
The future prospects of probing the allowed window are

shown as black dashed lines in Fig. 2. Since heavier masses
are now allowed, the Gamma-TPC proposal can constrain
more parameter space, as its sensitivity extends up to
ma ∼ 10 MeV. As it can be observed from Fig. 2, it will be
able to exclude majorons above a few MeV, except for a
small window corresponding to ma ∼Oð10–100 MeVÞ
that is, unfortunately, just beyond the sensitivity of next-
generation neutrino observatories.

V. CONCLUSIONS

The majoron offers one of the most minimal frameworks
that can simultaneously and naturally explain the origin of
neutrino masses, the abundance of dark matter (DM), and
the matter-antimatter asymmetry via thermal leptogenesis.
In this work, we have investigated this connection in the
singlet majoron model, focusing on the region in which
DM is produced without thermalizing the majoron sector,
and the baryon asymmetry is generated through standard
high-scale thermal leptogenesis.
The central point of our analysis is that these require-

ments are not independent. Successful thermal leptogenesis
fixes, or at least strongly constrains, the right-handed
neutrino mass scale. The same scale controls the irreducible
freeze-in production of majorons and enters the loop-
induced couplings responsible for visible DM decays.
As a result, imposing leptogenesis removes otherwise flat
directions in the majoron parameter space and turns the
relic-density and decay constraints into predictive bounds
in the ðma; faÞ plane. We have quantified this interplay
through a scan of the seesaw parameter space compatible
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with neutrino data and successful leptogenesis, including
both the one-flavor and fully flavored regimes.
The main results, summarized in Figs. 1 and 2 for the

post- and preinflationary scenarios, cover the most promi-
nent parameter space of this minimal model. In the post-
inflationary case, the combination of misalignment
production, the irreducible freeze-in abundance, warm-
DM limits, and visible-decay constraints selects a relatively
narrow window. In particular, the viable region is restricted
to sub-MeV majoron masses, and scales above
fa ≳ 108 GeV, with the opening of the a → eþe− channel
excluding heavier DM in our scan. The remaining uncer-
tainty is dominated by the contribution from the string
network associated with Uð1ÞB−L breaking, whose nor-
malization is still subject to the usual uncertainties in
global-string simulations.
In the preinflationary case, the initial misalignment angle

becomes a free parameter. This allows larger values of fa
and correspondingly longer majoron lifetimes, opening
viable parameter space up to masses of order 100 MeV.
Nevertheless, visible decay searches remain highly con-
straining, even though the relevant couplings arise only at
loop level. In both cosmological histories, the viable
cosmological window is therefore shaped by a nontrivial
balance between cold nonthermal production, warm freeze-
in production, successful leptogenesis, and indirect-detec-
tion limits.
Our results also clarify the experimental prospects.

Neutrino telescopes probe majoron decays directly through
the tree-level coupling to neutrinos, but the region com-
patible with thermal leptogenesis and DM stability largely
lies outside their current and near-future reach. Instead, the
most promising improvements arise from X- and gamma-
ray searches for visible decays, especially in the MeV
region, where projections of the Gamma-TPC [70] concept
can test part of the remaining parameter space. By contrast,
missions targeting lighter keV-scale photons are less
effective as the majoron-photon coupling is strongly sup-
pressed when ma ≲ 100 keV.
Overall, the type-I majoron model remains a viable and

predictive framework for linking neutrino masses, DM, and
the baryon asymmetry. The surviving parameter space is
limited but well motivated, and its further exploration will
require both improved indirect searches for decaying DM
and a sharper understanding of the cosmological history of
the broken Uð1ÞB−L symmetry, in particular the role of
string radiation in the postinflationary scenario.

An intriguing complementary probe is the measurement
of the stochastic gravitational-wave background produced
along the DM [156] and asymmetry. Although gravita-
tional-wave detectors cannot yet reach the signals expected
from leptogenesis directly (see Appendix F and references
therein), the cosmic string network associated with the
breaking of the Uð1ÞB−L symmetry could yield an observ-
able background for appropriate values of the breaking
scale (see e.g., Refs. [157,158]), offering a promising
complementary window into the high-scale physics of this
hermetic yet rich model.

Note added. During the very last stage of writing of this
manuscript, Ref. [159] appeared, addressing the same
scenario with a complementary analysis. Our work pro-
vides an independent assessment of the viable parameter
space, with a detailed scan of the seesaw parameters and a
unified treatment of relic-density, leptogenesis, warm-DM,
and decay constraints.
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APPENDIX A: MAJORON COUPLINGS

In this appendix, we collect the majoron couplings used
to recast ALP constraints onto the majoron parameter
space. The majoron couples at tree level only to neutral
leptons, whereas its interactions with charged fermions and
gauge bosons are generated radiatively. The leading cou-
plings relevant for our phenomenological analysis, namely
those to leptons, nucleons, and photons, are given by [30]

La−SM ¼ ia

�
1

2
ν̄
mν

fa
γ5νþ lðgSl þ gPγ5Þlþ n̄gnγ5nþ p̄gpγ5p −

1

4
gaγγFF̃

�
; ðA1Þ

with
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gSαβ ¼
1

16π2v2fa
½ðmlα −mlβÞðMDM

†
DÞαβ�; ðA2Þ

gPαβ ¼
1

16π2v2fa
½mlα

δαβTrfðMDM
†
DÞg − ðmlα þmlβÞðMDM

†
DÞαβ�; ðA3Þ

gp ¼ −1.3mp

16π2fa

TrfðMDM
†
DÞg

v2
; gn ¼

1.24mn

16π2fa

TrfðMDM
†
DÞg

v2
; ðA4Þ

gaγγ ¼
αem

8π3v2fa

�X
l

ðMDM
†
DÞllh

�
m2

a

4m2
l

�
þ TrðMDM

†
DÞ
X
f

Nf
cQ2

fT
f
3h

�
m2

a

4m2
f

��
; ðA5Þ

where l runs over leptons, f over all fermions, Nu;d
c ¼ 3, Tu

3 ¼ 1
2
¼ −Td;l

3 , fQl;Qd;Qug ¼ f−1;− 1
3
;þ 2

3
g, and

hðxÞ≡ −
1

4x
ðlog ½1 − 2xþ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xðx − 1Þ

p
�Þ2 − 1 ¼

8<
:

x
3
þ 8x2

45
þ 4x3

35
þOðx4Þ; x → 0;

−1þ ðπþi log 4xÞ2
4x þOðx−2Þ; x → ∞:

ðA6Þ

The proportionality of the majoron-fermions coupling to their masses is guaranteed by its ALP (pNGB) nature, which
becomes manifest in the derivative basis (see e.g., Ref. [160] for a pedagogical derivation). For a majoron lighter than a
MeV, ma ≪ MeV, the photon coupling simplifies to

gaγγ ≈ −
αemm2

a

12π

X
f

Nf
cQ2

f

gaff
m3

f

; ðA7Þ

where f runs over all fermions,Qf is their electric charge,N
f
c is the number of colors, gaff is the diagonal component of gSαβ

for each fermion. Notice that in this limit, the coupling to photons becomes proportional to m2
a, and thus vanishes in the

massless limit.
Schematically, ignoring particle generation indices, for ma ≪ MeV, the scaling of the majoron’s couplings goes as

La−SM ∼ ia

�
gaνmνν̄νþ galmlll −

1

4
gaγFF̃

�
; ðA8Þ

gaν ∼
1

fa
; gal ∼

1

16π2
mν

v2
MN

fa
; gaγ ∼

αem
64π3

mν

v2
MN

fa

�
m2

a

m2
e

�
; ðA9Þ

where to recast in terms of the seesaw formula, we have to
add the Majorana Yukawa YN ¼ MN=fa. Analogous scal-
ing holds for quarks, nucleons, and gluons.
Due to the seesaw relation between the parameters, there

are several regimes in which different effective couplings
dominate. For instance, taking MN=fa ¼ 1, the majoron
coupling to neutrinos dominates over the electron coupling
when gaνmν ≳ galme, which gives

fa ≲ 16π2v2

me
≈ 2 × 1010 GeV; ðA10Þ

where, v ¼ 246 GeV. An analogous discussion holds for
photons, and the coupling to neutrinos dominates when the

neutrino coupling dominates over the photon one when
gaνmν ≳ gaγ , giving

fa ≲ 64π3

αem

v2m2
e

m2
a

≈ 4 × 1011 GeV ×

�
100 keV

ma

�
2

: ðA11Þ

Therefore, the parameter space shown in the main text lives
in the region where a nontrivial interplay between the
strength of couplings occurs.

APPENDIX B: CASAS-IBARRA
PARAMETRIZATION

In order to efficiently scan the seesaw parameter space
while correctly reproducing light neutrino masses and
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mixings, as measured from neutrino oscillation data [71], we make use of the popular Casas-Ibarra parametrization [155], in
which the Dirac Yukawa can be expressed as

MD ¼ iUPMNS

ffiffiffiffiffiffiffiffiffiffi
mdiag

ν

q
RT

ffiffiffiffiffiffiffiffi
MN

p
ðB1Þ

where UPMNS is the usual active neutrino mixing matrix [161,162],

UPMNS ¼

0
B@

1 0 0

0 c23 s23
0 −s23 c23

1
CA
0
B@

c13 0 s13e−iδ

0 1 0

−s13eiδ 0 c13

1
CA
0
B@

c12 s12 0

−s12 c12 0

0 0 1

1
CA
0
B@

1 0 0

0 ei
α21
2 0

0 0 ei
α31
2

1
CA; ðB2Þ

while mdiag
ν ¼ diagðm1; m2; m3Þ and MN are diagonal matrices of mass eigenstates for light neutrinos and RHN,

respectively. The R-matrix is a complex 3 × 3 orthogonal matrix (i.e., RRT ¼ RTR ¼ 1), and can be parametrized with 3
complex angles ωi ¼ xi þ iyi:

R ¼

0
B@

1 0 0

0 cω1
sω1

0 −sω1
cω1

1
CA
0
B@

cω2
0 sω2

0 1 0

−sω2
0 cω2

1
CA
0
B@

cω3
sω3

0

−sω3
cω3

0

0 0 1

1
CA; ðB3Þ

where we have been using the notation cω ¼ cosω,
sω ¼ sinω, cij ¼ cos θij and sij ¼ sin θij. The total amount
of free parameters that we will consider for all of our scans
is the following: UPMNS has 3 real mixing angles θij (which
we will fix to their best-fit values [71]) and three possible
CP-violating phases (one Dirac phase, δ, and possibly two
extra Majorana phases α21 and α31). As for m

diag
ν , only the

lightest neutrino mass eigenstate is free, as the other two are
constrained by the measured mass splittings (Δm2

21 and
Δm2

31). The R-matrix has 6 real free parameters and the
RHN masses constitute an additional 3 parameters, but, as
we have argued in the main text, we will fix the RHN mass
hierarchy, such that only MN1

is a free parameter.
All in all, our seesaw sector has 11 free parameters,

P≡ fm1; δ;α21; α31; x1;2;3; y1;2;3;MN1
g; ðB4Þ

over which we will scan in order to gauge which parameter
regions are compatible with a successful thermal lepto-
genesis and to predict both majoron couplings to SM
particles (see Appendix A) and the majoron abundances
produced via freeze-in (10).
Some key quantities for our analysis can be expressed as

a function of this parametrization. For example, the
effective neutrino masses m̃i, which determine the rate
of RHN decays for leptogenesis, can be expressed as

m̃i ≡ ðM†
DMDÞii
MNi

¼
X3
j¼1

mjjRijj2: ðB5Þ

Similarly, the matrix determining the structure of the
majoron couplings to SM fermions and gauge bosons (see
Appendix A), is given by

ðMDM
†
DÞ

vf
¼UPMNS

ffiffiffiffiffiffiffiffiffiffi
mdiag

ν

v

s
RTMN

fa
R�

ffiffiffiffiffiffiffiffiffiffi
mdiag

ν

v

s
U†

PMNS; ðB6Þ

which explicitly showcases the parametric scaling of the
loop-level majoron couplings with the RHN yuka-

was YN ≡
ffiffi
2

p
MN
fa

.

APPENDIX C: MAJORON THERMALIZATION
AND FREEZE-IN

In this appendix, we analyse the possible thermalization
channels of the majoron with the SM thermal bath. If the
majoron sector thermalizes, majoron-mediated scatterings
can keep the right-handed neutrinos in equilibrium for
longer and thereby modify the standard high-scale thermal-
leptogenesis dynamics [59–62]. A thermalized majoron
decouples while relativistic and therefore behaves as a hot
relic; it cannot constitute the dominant DM component in
the mass range of interest, since it would excessively
suppress the formation of small-scale cosmological struc-
ture. Only very light majorons are compatible with this
cosmological history, where nonthermal DM mechanisms
set the relic abundance. In this work, we have studied the
region that opens up if the majoron is never in thermal
equilibrium with the SM.
Direct couplings between the majoron and SM fields

arise only after integrating out the RH neutrinos. For
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instance, the coupling to light neutrinos can be understood
as descending from the higher-dimensional operator
aðLc

LH̃
�ÞðH̃†LLÞ. Similarly, the couplings to charged

fermions, which are generated at one loop, also arise from
operators involving Higgs insertions. As a consequence,
the effective direct couplings of the majoron to SM
fermions are only generated after electroweak symmetry
breaking.
This observation is particularly relevant for the thermal

history of the majoron. The usual SM thermalization
channels, such as two-to-two scatterings, inverse decays,
and Primakoff processes, become active only once the
Higgs acquires a nonzero vev. For axions and generic
ALPs, these processes have been widely studied in the
literature, see e.g., Refs. [163,164]. Making use of the
results of Ref. [164], after rescaling the fermion and gauge-
boson couplings by the naive estimates in Eq. (A9), one
finds that the corresponding majoron interaction rates are
far too suppressed to bring the majoron into thermal
equilibrium with the SM bath. Inverse decays are also
negligible in the high-scale majoron regime, for instance,
for a → νν processes see Ref. [83].
Having argued that, in high-scale majoron models, the

angular mode cannot thermalize through its direct SM
interactions, we now turn to the seesaw sector. In the
remainder of this appendix, we derive the conditions under
which interactions with the RH neutrinos can bring
the majoron into thermal equilibrium. We then compute
the corresponding irreducible freeze-in contributions to the
majoron abundance in the regime where thermalization is
not reached.
The contribution from the processes LαH → aNi,

HNi → aLα, LαNi → aH, and NiNi → aa (drawn in
Fig. 3) can be written in terms of the reaction densities

γLH;HN;LN
i ðTÞ ¼ T

64π4

Z
∞

M2
i

ds
ffiffiffi
s

p
σ̂LH;HN;LN
i ðsÞK1

� ffiffiffi
s

p
T

�
;

ðC1Þ

and

γNN
i ðTÞ ¼ T

64π4

Z
∞

4M2
i

ds
ffiffiffi
s

p
σ̂NN
i ðsÞK1

� ffiffiffi
s

p
T

�
: ðC2Þ

For the LH channel, where the initial states are massless,
the reduced cross section is

σ̂LHi ðsÞ ¼ 2sσLHi ðsÞ: ðC3Þ

Summing over lepton flavors, the cross section is

σLHi ðsÞ ¼
X
α

σαiðLαH → aNiÞ

¼ 2
ðY†

DYDÞii
32π

M2
i

f2a

ðs −M2
Ni
Þ3

s2½ðs −M2
Ni
Þ2 þM2

Ni
Γ2
i �

≃ 2
ðY†

DYDÞii
32πf2a

xi − 1

x2i
; ðC4Þ

where xi ≡ s=M2
Ni
. Here, the factor of 2 accounts for the

electroweak degrees of freedom. The width entering the
propagator can be estimated from the standard RH-neutrino
decay rate,

Γi ≃ ΓðNi → LHÞ ¼ Mi

8π
ðY†

DYDÞii ≃
Mi

8π

mνMi

v2
; ðC5Þ

where in the last step we used the seesaw scaling
ðY†

DYDÞii ∼mνMi=v2. Notice how in the last equality of
Eq. (C4) we have dropped the decay width, since as long as
Γi=MNi

≪ 1 (which is always the case for our parameter
space), its presence is numerically irrelevant.
The same coupling combination controls the crossed

processes HNi → aLα and LαNi → aH.
Summing over lepton flavors, and using the same

electroweak multiplicity convention as above, one obtains

σLNi ðsÞ ¼
X
α

σαiðLαNi → HaÞ

¼ 2
ðY†

DYDÞii
16πf2a

1þ xiðlog xi − 1Þ
ðxi − 1Þ2 ; ðC6Þ

σHN
i ðsÞ ¼

X
α

σαiðHNi → LαaÞ

¼ 2
ðY†

DYDÞii
16πf2a

xi logxi
ðxi − 1Þ2 ; with xi ≡ s

M2
Ni

: ðC7Þ

with the corresponding reduced cross sections given by

σ̂LN=HN
i ðsÞ ¼ 2ðs −M2

Ni
ÞσLN=HN

i ðsÞ ðC8Þ

FIG. 3. Representative Feynman diagrams leading to the possible thermalization of the majoron and freeze-in relic abundance. The
first diagram contributes only via the RH-Majorana Yukawa, while the other three also depend on the Yukawa of the seesaw.
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The t=u-channel process NiNi → aa is parametrically
different, since it is controlled directly by the majoron
coupling to RH neutrinos and does not depend on the Dirac
Yukawa coupling. The corresponding cross section is

σNN
i ðsÞ≡ σNN

ii→aaðsÞ

¼ M4
i

32πf4a

1

sβ2i ðsÞ
�
1

2
log

�
1þ βiðsÞ
1 − βiðsÞ

�
− βiðsÞ

�
;

βiðsÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4M2
i

s

r
: ðC9Þ

The reduced cross section is therefore

σ̂NN
i ðsÞ ¼ 2sβ2i ðsÞσNN

i ðsÞ

¼ M4
i

16πf4a

�
1

2
log

�
1þ βiðsÞ
1 − βiðsÞ

�
− βiðsÞ

�
: ðC10Þ

In addition, there can be s-channel diagrams mediated
by the radial mode ρ. We neglect these contributions in the
regime considered here. Indeed, we assume that the
majoron never thermalizes, which requires avoiding effi-
cient production of the radial sector. Since mρ ∼ fa, this
amounts to working in a regime where the relevant
temperatures are below the radial threshold, or where
the radial mode is otherwise not populated. Under this
assumption, the dominant thermal production channels are
LH → Nia, HNi → aL, LNi → aH, and NiNi → aa. All
in all, to quantify whether these interactions are efficient,
we compare their rate with the Hubble expansion. We

define the majoron interaction rate as the production rate
normalized to the equilibrium number density of majorons,

ΓðPÞ
a ðTÞ≡ NðPÞ

a
γPi ðTÞ
neqa ðTÞ ; ðC11Þ

where γPi is the reaction density for the process

P ¼ LH;HN; LN;NN, and NðPÞ
a denotes the number of

majorons produced in each reaction. For example, NðNNÞ
a ¼

2 for NiNi → aa, while NðLHÞ
a ¼ NðHNÞ

a ¼ NðLNÞ
a ¼ 1.

Thermalization is expected whenever ΓaðTÞ=HðTÞ ≳ 1,
for some range of temperatures.
In Fig. 4 (left) we show the different interaction rates

normalized to the Hubble rate, as a function of z ¼ MN=T.
We observe that only the channel NiNi → aa can thermal-
ize the majoron for sufficiently large Majorana Yukawa
coupling, YN ≳ 0.1. The channels involving the Dirac
Yukawa interaction are instead intrinsically more sup-
pressed, as their size is tied to the light-neutrino masses
through the seesaw relation. By contrast, production
through NiNi → aa is controlled directly by the
Majorana Yukawa coupling YN , and therefore does not
inherit this additional seesaw suppression. However, the
rate of this process scales as Y4

N . As a result, even a
moderate suppression of the Majorana Yukawa coupling
rapidly reduces its efficiency, preventing the majoron from
reaching thermal equilibrium.
Even if these processes cannot thermalize the majoron,

they can generate an irreducible population of majorons via
freeze-in. To compute the relic abundance, we can integrate

FIG. 4. Thermalization and freeze-in production of majorons from the seesaw sector. Left: interaction rates normalized to the Hubble
expansion rate as a function of z ¼ MN=T, for the channels HL → Na, NN → aa, and the crossed processes HN → aL, LN → aH.
The dotted and solid lines represent the two different benchmarks shown in the legend. Right: relative importance of the NN → aa and
HL → Na production mechanisms in the ðm̃1;M1Þ plane, for fa ¼ 1013 GeV. The color scale shows Ω2−a

a =Ω1−a
a , while the black

contours indicate where each contribution accounts for 10% of the observed DM abundance. The green and yellow contours delimit the
regions where N1 is thermally populated and where one-flavor thermal leptogenesis can be realized, respectively. The gray region
corresponds to nonperturbative Majorana Yukawa coupling, M1 ≥

ffiffiffiffiffi
4π

p
fa.
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the Boltzmann equation following Ref. [124], finding

Ω2−a
DMh2 ≃ 0.12

�
ma

100 keV

��
3.4 × 1010 GeV

fa

�
4X3

i¼1

�
MNi

1.6 × 108 GeV

�
3

; ðC12Þ

Ω1−a
DMh2 ≃ 0.12

�
ma

100 keV

��
3.4 × 1010 GeV

fa

�
2X3

i¼1

�
m̃i

0.1 eV

��
MNi

6.2 × 108 GeV

�
2

; ðC13Þ

where we have used the common definition in the lepto-
genesis literature ðY†

DYDÞii ≡ 2
v2 m̃iMNi

.
In Fig. 4 (right), we show the regions of parameter space

in which production through NiNi → aa and through
LH → aNi together with its crossed processes is most
relevant. We also indicate the region where one-flavor
thermal leptogenesis can successfully take place, following
Ref. [65]. As expected from the parametric dependence of
the rates, the HL → aNi channel becomes comparatively
more important when the Majorana Yukawa coupling is
small and m̃1 is large, since in this regime the purely
Majorana process NiNi → aa is suppressed while the
Dirac-Yukawa-induced channels are enhanced.

APPENDIX D: TREATMENT OF LEPTOGENESIS

We sketch here the procedure for scanning the seesaw
parameter space compatible with the correct BAU. As
stated in the main text, we consider leptogenesis either in
the one-flavor (1F) approximation or in the fully flavored
(3F) regime.
One-flavor approximation. In this scenario, we closely

follow Ref [65], in which useful and easily applicable
results were presented after a careful evaluation of the
Boltzmann equations governing leptogenesis. In particu-
lar, we make use of the fact that, when the RHN spectrum
is hierarchical, the baryon-to-photon ratio can be expressed
as [65]

ηB ¼ −9.73 × 10−3ϵN1
η; ðD1Þ

where ϵN1
is theCP asymmetry in the decays of the lightest

RHN, N1, and η is an efficiency factor. The former is
given by

ϵN1
¼ 1

4πv2
X
j≠1

Im½ðM†
DMDÞ2j1�

ðM†
DMDÞ11

f

�M2
Nj

M2
N1

�
ðD2Þ

with fðxÞ being a loop function defined in Eq. (31) of
Ref. [65]. Provided thatMN1

≪ 1014 GeV (as it is the case
in our analysis), the efficiency only depends on the
quantity m̃1, defined as

m̃1 ¼
ðM†

DMDÞ11
MN1

: ðD3Þ

The key observation is that, for a hierarchical RHN mass
spectrum, the CP asymmetry showcases the simple scaling
ϵN1

∝ MN1
. Bearing this in mind, we perform our scan in

the following way: we randomly scan in the space of P≡
fm1; δ; α21; α31; x1;2;3; y1;2;3;MN1

g keeping the RHN hier-
archies fixed to MN3

=MN2
¼ MN2

=MN1
¼ 2. From the

Casas-Ibarra parametrization (see Appendix B), it is then
possible to compute both m̃1 (or, equivalently, η) and ϵN1

.
Since ϵN1

is the only quantity scaling with MN1
, it is

straightforward to rescale MN1
in order to get the correct

value for ηB through Eq. (D1), provided that ϵN1
has the

correct sign. Using this strategy, it is easy to obtain a large
amount of points compatible with the BAU without the use
of dedicated sampling algorithms.
Fully flavored regime. In this scenario, the valuation of

the BAU from the seesaw parameter space is a much more
involved task. Indeed, this regime requires treating the
lepton asymmetry as a matrix in flavor space, whose
evolution captures the flavor-dependent wash-out and
RHN decays, while also interpolating between the different
flavored regimes (which depend on the efficiency of the
charged lepton Yukawa interactions) [149,165]. For
MN1

≪ 109 GeV, we should expect both the τ and μ
Yukawa interactions to be highly efficient, thus completely
decohering the three flavors, in which case the density
matrix equations become diagonal, effectively reducing to
three Boltzmann equations for three flavored CP asymme-
tries that evolve independently. However, as shown in
Ref. [149], even in this region of parameter space, there
exist points in which the Boltzmann equations do not
capture the full behavior of the density matrix equations.
Consequently, we always solve the density matrix equations
for a single decaying RHN of mass MN1

using the publicly
available ULYSSES code [150,151] and its interface with
MultiNest [152–154], which allows for an easy (although
expensive) exploration of the seesaw parameter space that is
compatible with the correct value of the BAU. We employ
flat priors on the angles and phases entering the Casas-
Ibarra parametrization (xi; δ; α21; α31 ∈ ½0; 2π�, yi ∈ ½−π; π�)
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and a logarithmic prior on the lightest neutrino mass
(log10m1=eV∈ ½−4;−0.7�) whereas the PMNS mixing
angles are fixed to their best-fit values [71]. The parameter
space in which enough lepton asymmetry can be produced
shrinks with decreasing MN1

, since ϵN1
∝ MN1

. For this
reason, we do not scan in MN1

, since we find that the
sampling algorithm predominantly explores the upper part
of the MN1

interval. Instead, we perform independent runs
at fixed MN1

in the interval log10 MN1
=GeV∈ ½105; 109�

with steps of Δ log10 MN1
=GeV ¼ 0.1. Since MultiNest is

called internally, we use the default configuration imple-
mented in ULYSSES [150]. Given the high precision with
which the baryon-to-photon ratio is measured, in the
spirit of being conservative, we accept any point that lies
within the 5σ interval as measured by Planck [166]
(i.e., 1010η ¼ 5.20–7.20).
In general, lowering the scale of thermal leptogenesis

necessitates stronger RHN interactions with respect to the
Hubble rate, entering the so-called strong wash-out regime.
In such a regime, one must be careful, as the rather large
Yukawa couplings that are needed, together with the fact
that the Casas-Ibarra parametrization in Eq. (B1) is defined
to automatically reproduce the light neutrino mass matrix,
can easily lead to accepting parameter points in which the
individual contributions of each RHN to mν are orders of
magnitude above the scale of neutrino masses but conspire
to cancel to give the correct result. In such cases, this fine-
tuned cancellation is not perturbatively stable, and typi-
cally, including e.g., the 1-loop correction, spoils the fine-
tuning and yields catastrophically large neutrino masses.
Similarly, the overall size of the Yukawa couplings suggests
that the tree-level implementation of the Casas-Ibarra
parametrization (B1) should be extended to include the
one-loop contribution to mν [167]. This is achieved by
making the following substitution in Eq. (B1):

MN ⟶

0
BBB@M−1

N −
MN

16π2v2

0
BBB@
log

�
M2

N
m2

H

�
�

M2
N

m2
H

�
− 1

þ 3

log

�
M2

N
m2

Z

�
�

M2
N

m2
Z

�
− 1

1
CCCA
1
CCCA

−1

ðD4Þ

which is straightforward given that MN is diagonal.
We perform both the 1F and 3F analysis employing this

modified parametrization and, additionally, we assess how
fine-tuned are the contributions to mν with a similar
procedure as in Ref. [149]: for each P (see Appendix B),
we compute the 1-loop correction to the neutrino mass
matrix, m1−loop

ν , perform a singular value decomposition
(SVD) and compare its singular values to those of the full
mν (which simply correspond to the three neutrino masses
m1;2;3).

F:T:≡
P

3
i¼1 SVD½m1−loop

ν �P
3
i¼1 SVD½mν�

¼
P

3
i¼1 SVD½m1−loop

ν �P
3
i¼1 mi

ðD5Þ

In the presence of large cancellations induced by the
Casas-Ibarra parametrization, the singular values of just
the 1-loop part are much larger than m1;2;3, yielding
F:T: ≫ 1. On the contrary, when there are no sizable
cancellations within mν, the loop contribution will be
smaller than the total, simply by virtue of the 1=16π2

suppression. As such, after our initial scan, we will only
keep P-points which satisfy F:T: < 0.2. This condition is
specially relevant for our 3F leptogenesis scan. Indeed,
after imposing it, our number of points decreases from
∼800 k to ∼300 k. This is a consequence of our scan
focusing on RHN masses below the Davidson-Ibarra
bound, where the sampling algorithm tends to find
solutions in which the CP asymmetry is enhanced by
unnaturally large Yukawa couplings, thus compensating
for the relatively small MN1

. On the contrary, in our 1F
leptogenesis scan, which covers heavier RHN, 80% of the
initial points survive the fine-tuning condition.

APPENDIX E: DETAILS OF THE ANALYSIS

We provide here details on how we define the allowed
green region in Figs. 1 and 2. As advertised in the text, the
starting point is a scan of the seesaw parameter space
that is compatible with leptogenesis, as presented in
Appendix D. This scan consists on a set of points P≡
fm1; δ; α21; α31; x1;2;3; y1;2;3;MN1

g which we can use to
predict the structure of majoron couplings and the freeze-in
abundance. The goal is to employ this scan to chart the
region of ma − fa parameter space in which, if lepto-
genesis is successful, the majoron reproduces the DM
abundance and survives observational bounds on decaying
DM. Our analysis is carried in the following steps.
For each P-point:
(1) In order to determine thema − fa region in which the

correct DM abundance can be generated, one needs
to take into account both the nonthermal contribution
(misalignment and string radiation, with the latter
only being present in the postinflationary scenario)
and the contribution from freeze-in. The former only
depends onma and fa (once θi has been fixed), while
the latter additionally depends on the RHN mass
scale and on m̃i, which are specified by the corre-
sponding P-point. Given this input, now it is possible
to compute the total ΩDMh2 as a function of only ma
and fa. As such, one can solve the following
equation:

Ωnonth
DM h2 þ Ωfi

DMh
2 ¼ 0.12; ðE1Þ

where the contributions from misalignment
and freeze-in can be found in Eqs. (9) and (10),
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respectively. The above equation can be rewritten in a more explicit fashion:

�
fa

fnonthðmaÞ
�

2

þ
�
fsingle−aðmaÞ

fa

�
2

þ
�
fdouble−aðmaÞ

fa

�
4

¼ 1; ðE2Þ

where fnonth is defined as the fa value, for a given ma, in which the total DM abundance is generated via nonthermal
production. In the case that nonthermal production is exclusively given by misalignment, the expression for fnonth can
be easily extracted from Eq. (9):

fnonthðmaÞ ≃
3.4 × 1010 GeV

θi

�
100 keV

ma

�
1=4

; ðE3Þ

whereas fsingle−a and fdouble−a are defined similarly to fnonth, but for the single and double majoron freeze-in channels,
respectively. They can be directly extracted from Eq. (10)

fsingle−aðmaÞ ¼ 3.4 × 1010 GeV

�
ma

100 keV

�
1=2
 X3

i¼1

�
MNi

2.2 × 109 GeV

�
2
�

m̃i

0.1 eV

�!1=2

fdouble−aðmaÞ ¼ 3.4 × 1010 GeV

�
ma

100 keV

�
1=4
 X3

i¼1

�
MNi

1.6 × 108 GeV

�
3
!

1=4

: ðE4Þ

Equation (E2) is a polynomial equation of third
degree in f2a, which can be solved using Cardano’s
method [168]. Whenever this polynomial has real
solutions for f2a, it has two positive roots which
correspond to two possible values of fa which, for a
given ma, can accommodate the correct DM abun-
dance: the largest fa value corresponds to dominant
nonthermal production, whereas the smallest root is a
solution in which freeze-in dominates. Furthermore,
there will be some ma value above which the
corresponding fnonth, fsingle−a, and fdouble−a render
Eq. (E2) with no real solutions, in which case
nonthermal production along with freeze-in over-
produce DM ∀ fa. All in all, Eq. (E2) defines a
trajectory in ma − fa along which the majoron
constitutes the total of the DM density.

(2) Over this trajectory, it is now consistent to apply
observational bounds on decaying DM, as discussed
in Sec. III A. In particular, the most relevant bounds
we will consider are those stemming from visible
majoron decays, mainly to photons, electrons, and
muons. Even though we include decays to heavier
particles, such as τ or b-quarks, these do not play any
role in our target parameter space, as we find no
viable majorons above the muon mass. These visible
decays constrain the couplings presented in
Eqs. (A1)–(A5). These can be predicted for each
P-point, up to an overall 1=fa factor. It is therefore
possible to recast the bounds on gal and gaγγ into a
bound on fa, which we will dub fvis−decay by
combining all the different visible channels. In
practice, fvis−decay is defined as

fvis−decayðmaÞ ¼ f0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
l

�
galjfa¼f0

gboundal ðmaÞ
�

2

þ
�gaγγjfa¼f0

ðmaÞ
gboundaγγ ðmaÞ

�2

vuut ðE5Þ

where f0 is an arbitrary anchor value of fa, which for example we choose f0 ¼ 1010 GeV. The ma-dependent
bounds on the couplings are taken from the references outlined in Sec. III A.
In addition to these bounds on visible DM decays, we include a bound on the lifetime τa > 250 Gyr of the

majoron, as obtained by a combination of CMBþ LSS data [112]. This bound turns out to only be relevant in a
region of our parameter space in which the total majoron decay width is dominated by the neutrino channel a → νν.
As such, the majoron lifetime can be easily computed from Eq. (7), with the lightest neutrino mass taken from P. This
yields an additional lower bound on fa, which we will dub flifetime. Formally, it is defined as

flifetimeðmaÞ ¼ 2.5 × 108 GeV

�
ma

100 keV

�
1=2
� P

3
i¼1 m

2
i

2.5 × 10−3 eV2

�
ðE6Þ
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Lastly, the combined lower bound on fa obtained
from DM decays is obtained by summing in quad-
rature fvis−decay and flifetime.

fDM−decayðmaÞ
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðfvis−decayðmaÞÞ2 þ ðflifetimeðmaÞÞ2

q
ðE7Þ

(3) We then remove all points in the ma − fa trajectory
reproducing the DM abundance that do not satisfy
the condition fa > fDM−decay.

(4) For the region corresponding to ma < 5 keV, we
apply mixed wDM bounds, and remove points in the
trajectory for which the frozen-in contribution is
above the bounds mentioned in Sec. III A.

We repeat this procedure for all P-points and we
marginalize over them, thus charting the biggest region
of ma − fa space in which both thermal leptogenesis is
successful and the majoron can constitute the total DM
abundance of the Universe, while surviving all astrophysi-
cal and cosmological constraints, which we dub the
Majoron cosmological window. The result is shown as
the shaded green region in both Figs. 1 and 2.

APPENDIX F: GRAVITATIONAL WAVES FROM
LEPTOGENESIS

Besides conventional direct probes of majoron physics,
one could hope to get complementary information directly
from the neutrino sector. However, within type-I seesaw
scenarios, any hope for direct observation of neutrino
physics is hopeless. Gravitational waves (GWs) offer an
exquisite complementary opportunity. The measurements
of LIGO and VIRGO [169] have opened a new era for
particle physics, with the possibility to directly access the
early epochs dynamics of ultraheavy particles, including
RHNs. In fact, the Planck-suppressed couplings of GWs
allow for the information to survive over a long time and be
probed today. Several works have discussed the matter in
the literature [170–173]. We report here some of the main
findings, and most importantly, infer consequences and
complementary avenues for Majoron physics.
A thermal bath of heavy RHNs, followed by their decay,

can affect GW signals mainly in two ways:
(1) GWs can be emitted via bremsstrahlung directly

during the decay of the RHN. The peak and
magnitude of the signal are directly related to the
mass and Yukawa of the lightest RHN.

(2) If the RHN does not decay instantaneously, they can
induce an early matter-dominated epoch, thus affect-
ing the SM prediction for the stochastic cosmic
gravitational microwave background (CGMB). The
modification thus still bears information on the
lightest RHN parameters.

As noted in Ref. [173], the simultaneous measurement of
both signals would unambiguously point to this scenario

and allow for measuring Y ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðYDY

†
DÞ11

q
and MN1

. From

the direct measurement of the peak position and magnitude,
ðfpeakgw ; h2Ωgwðfpeakgw ÞÞ of the GWs spectrum from RHNs
decay, one can estimate [173]

MN1
≈ 1015 GeV×

�
h2Ωgwðfpeakgw Þ
2.8× 10−16

�1=2
;

Y ≈ 10−4×

�
h2Ωgwðfpeakgw Þ
2.8× 10−16

�1=4
×

�
7.9× 1012 Hz

fpeakgw

�
: ðF1Þ

The GW details of the peak are therefore in a one-to-one
correspondence with the parameters defined in Eq. (D3)
since

m̃1 ≈ 3 × 10−10 eV ×

�
7.9 × 1012 Hz

fpeakgw

�
2

: ðF2Þ

The relation between the GWs parameters and the region of
successful leptogenesis can be seen in Fig. 5. However, as
argued in Ref. [173], in the near future, it is therefore
unlikely to be able to constrain leptogenesis. The mea-
surements of high-frequency GWs (fgw ≳ 10 kHz) are
extremely challenging (see Ref. [174] for a review), and
new technological breakthroughs are needed to probe
signals with such a small relic abundance.

FIG. 5. Parameter space available (within the black contour) for
thermal leptogenesis in relation to the peak and abundance of the
GWs spectrum.
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