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We study the cosmology and observational probes of majoron dark matter in a high-scale seesaw
framework with spontaneously broken lepton number. Right-handed neutrinos naturally generate light
neutrino masses and can realize thermal leptogenesis, while the associated majoron is a light pseudo-
Nambu-Goldstone boson that can be cosmologically stable and serve as a viable dark matter candidate for
sub-MeV masses. We analyze both preinflationary and postinflationary histories of lepton number
breaking. In the preinflationary scenario, majoron dark matter is produced by misalignment and
constrained by CMB isocurvature. In the postinflationary scenario, the majoron abundance receives
nonthermal contributions from spatially averaged misalignment, majoron radiation from global cosmic
strings, and the collapse of the string-domain wall network, as well as a thermally produced component.
This scenario can also be probed by future searches for the stochastic gravitational wave background
produced by cosmic strings. We map the viable majoron dark matter parameter space and examine
complementary probes from x-ray and soft y-ray searches for majoron decays to photons, black hole
superradiance, and Lyman-a forest observations. These results demonstrate that majoron dark matter offers

a distinctive cosmological probe of high-scale lepton number breaking and thermal leptogenesis.
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I. INTRODUCTION

The nonzero masses of neutrinos and the baryon asym-
metry of the Universe provide two robust empirical indica-
tions of physics beyond the Standard Model (SM). A
particularly elegant and economical framework addressing
both is the high-scale type-I seesaw, in which the observed
small active neutrino masses arise naturally from the
exchange of heavy right-handed neutrinos (RHNs) [1-7].
If the heavy RHNs are thermally produced in the early
Universe, their CP-violating, out-of-equilibrium decays can
generate a lepton asymmetry that electroweak sphalerons
partially convert into the observed baryon asymmetry,
realizing thermal leptogenesis [8]. This connection makes
high-scale lepton number violation an attractive organizing
principle, while motivating the question of how lepton
number is broken and what cosmological and observational
consequences follow.
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A natural possibility is that lepton number is not simply
explicitly broken at high scales, but is instead spontane-
ously broken [9—11]. In this case, the heavy Majorana RHN
masses arise from the vacuum expectation value of a
complex scalar field charged under lepton number, and
the spectrum contains an associated pseudo-Nambu-
Goldstone boson: the majoron. This light degree of free-
dom opens a new window onto the high-scale seesaw
framework, which otherwise has few direct experimental
consequences because the relevant dynamics occur at very
high energies. In particular, the high scale of lepton number
breaking can render the light majoron stable on cosmo-
logical timescales, opening the possibility that it addresses
a third central empirical puzzle in particle physics and
cosmology, namely, the particle nature of dark matter
(DM). In this work, we study the cosmology and obser-
vational probes of majoron DM in a high-scale seesaw
framework with spontaneously broken lepton number and
thermal leptogenesis.

A key distinction in majoron cosmology is whether
lepton number is broken during inflation and remains
broken afterward, or is restored after inflation and breaks
again during the subsequent thermal history. This leads to
two qualitatively distinct cosmological histories, analogous
to the familiar preinflationary and postinflationary scenar-
ios of QCD axion DM (see Refs. [12,13] for a review). If
lepton number is broken during inflation and not restored
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afterward, the majoron field takes a single coherent initial
value throughout the observable Universe, and inflationary
fluctuations of the majoron lead to isocurvature constraints.
If lepton number is restored after inflation and sponta-
neously breaks later, the initial angle varies between
causally disconnected patches, and the relic abundance
receives contributions from misalignment as well as from
the resulting string and domain wall network.

There are, however, important differences from the QCD
axion case. The QCD axion potential is generated by
nonperturbative QCD dynamics, which ties the axion mass
to its decay constant. By contrast, the majoron mass
depends on the source of explicit lepton number breaking
and is generally independent of the majoron decay con-
stant. In this work, we remain agnostic about the micro-
scopic origin of this explicit breaking and study a minimal
pseudo-Nambu-Goldstone boson potential with unit
domain wall number. This provides a simple benchmark
in the majoron mass-decay constant parameter space while
avoiding the cosmological domain wall problem.

Majoron cosmology was discussed long ago in the
context of Planck-suppressed breaking of global lepton
number, with overclosure constraints already emphasized
in Refs. [14,15] and the majoron as a DM candidate
considered in Refs. [16,17]. Subsequent studies have
explored majoron DM in a variety of contexts, including
connections to inflation [18,19], decaying warm DM [20],
indirect detection probes [21-24], neutrino flavor models
[25], freeze-in production [26-28], and production from
topological defects [29,30]. For further studies on related
topics, see Refs. [31-50].

We begin in Sec. II by introducing the singlet majoron
model, reviewing the necessary conditions for high-scale
leptogenesis, and discussing majoron decays, showing that
sub-MeV majorons can be cosmologically long-lived. Next,
in Sec. III we then study majoron DM in the preinflationary
scenario, focusing on misalignment production and CMB
isocurvature constraints. Then we turn in Sec. IV to the
postinflationary scenario, where misalignment, majoron
radiation from cosmic strings, string-domain wall network
collapse, and possible thermal production all contribute to the
relic abundance. We also estimate the stochastic gravitational
wave spectrum from cosmic strings in this scenario. For both
cosmological histories, we also examine complementary
probes from x-ray and soft y-ray searches for majoron decays
to photons, black hole superradiance, and Lyman-a forest
observations. Finally, we summarize our results and con-
clude in Sec. V. We also provide some technical details on the
treatment of anharmonic effects in the Appendix.

II. SINGLET MAJORON MODEL

In this section we begin by introducing the singlet
majoron model [9—11]. The Lagrangian of the lepton sector
contains the following interactions:

_ 1 _
—£DLyNRH+§UN;e/INR+HC (1)

Here Ny denotes the three generations of RHN's with lepton
number +1, L are the SU(2), doublet leptons that carry
lepton number +1, o is a gauge singlet complex scalar with
lepton number —2, H is the Higgs doublet field, and y and A
denote the Yukawa couplings involving H and o, respec-
tively. By applying suitable flavor transformations we are
free to work in a basis in which 1 is diagonal and real. We
also assume the existence of a suitable scalar potential,
which causes H and o to obtain vacuum expectation value
(VEVs) at zero temperature, (H) = (v/+/2,0)" and (¢) =
f4/V/2 with v =246 GeV and v < f.

At high temperatures, v < T < f, relevant for lepto-
genesis and cosmological majoron production, lepton
number is spontaneously broken due to the VEV of o,
while electroweak symmetry is unbroken. In this phase, the

RHNs obtain masses Mg = Af,/ /2. The complex scalar
field o is parametrized as
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where ¢ is the majoron, the pseudo-Nambu-Goldstone
boson associated with spontaneous lepton number break-
ing.1 We further assume the existence of terms that
explicitly break lepton number and generate a potential
for the majoron field. While we are agnostic about their
origin, such terms could arise, for instance, from quantum
gravity effects [14,16,51]. Under these assumptions, the
majoron effective Lagrangian below the lepton number
breaking scale f, contains the following kinetic and
potential terms

L3 30,400 - 30 —cos@/f,). (3

where m,, is the mass the majoron acquires through explicit
breaking of U(1), . For later convenience, we introduce the
angular variable 6 = ¢/f,. We will use this effective
Lagrangian, Eq. (3), to study the cosmological properties
of the majoron, including its relic abundance and isocur-
vature perturbations.

The potential in Eq. (3) corresponds to the minimal case
with domain wall number Npyw = 1, meaning that there is a
single minimum within the original 2z field range of the
angular variable 0 = ¢/f,. The analogous scenario has

'We assume the radial mode of o is heavy and can be neglected
for the purpose of determining the final majoron abundance.
Although radial mode decays can produce majorons in the
postinflationary scenario, this population thermalizes, so its
abundance is set by standard thermal equilibrium considerations.
See Sec. IV B for further details.
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been studied extensively for axions [52-55], and we expect
the qualitative conclusions to apply also to majorons. More
general explicit symmetry-breaking potentials can contain
Npw > 1 degenerate minima associated with a discrete
Zy,y Symmetry. In this work we focus on the minimal
Npw = 1 case. The qualitative implications of Npyw > 1
for cosmology, including the possible appearance of stable
domain wall networks, their dependence on additional bias
terms, and the changes to majoron and gravitational wave
production, are briefly discussed in Secs. IVA and IV C.

At even lower temperatures, 7 < v, we must account for
the effects of electroweak symmetry breaking, which are
relevant for the decays of the majoron, and for this we
follow closely the analyses of Refs. [23,38]. Following
electroweak symmetry breaking, mass terms are generated
for the SM neutrinos,

4%@&1@(0 MD><”2)+H.C. 4)

M}, Mg/ \Ng
1 0 M
:—ﬁ%VT< . D)VnR—i—H.c.
2 ML Mg
1
— S Mg + Hee., (5)

where Mj, = yv/v/2 and My = /1f¢/\/§ (defined already
above) are the Dirac mass matrix and RHN Majorana mass
matrix, respectively, while M, = diag(m, ,m,,,m, . my,,
my,,my,) is the diagonalized neutrino mass matrix. The
change from the flavor basis to the mass basis is accom-
plished by a unitary transformation, (v$ Ng)" = Vng. The
6 x 6 mixing matrix V can be written as

y U* —iU VAR /" ®
~ \ —iy/d; TRV, 1 ’

where U is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
matrix [56,57], d; (d}) is the diagonal mass matrix of the
light, mostly active (heavy, mostly sterile) neutrinos, and R is
acomplex orthogonal matrix. The neutrino Yukawa coupling
y can then be written as

v="Ruyara, g

which is the familiar Casas-Ibarra parametrization [58].

The majoron couples to RHNs through the JoN§{AN
term in Eq. (1). Neutrino mixing then induces tree-level
couplings to neutrino mass eigenstates and effective one-
loop couplings to SM fermions through weak interactions.
At two loops, the majoron also couples to pairs of gauge
bosons. In Sec. IIB below, we summarize the decay
channels and rates relevant for this work, following the
analyses in Refs. [23,38].

Since quantum gravity is expected to violate global
symmetries, the majoron mass can receive contributions
from Planck-suppressed operators that break lepton number,
" /M7 4 + H.c., parametrically given by

B M (—f / >n52 (8)
My ~ N .
¢ P\ M,

For light majorons and large f 4, naturalness requires the
leading lepton number violating operator to have large
enough dimension 7 so that the induced correction satisfies
omy < my. This potentially poses a quality problem analo-
gous to the QCD axion quality problem. Various approaches
to address the axion quality problem have been proposed in
the literature (see Ref. [59] for areview) and can conceivably
be adapted to address the majoron quality problem.
Moreover, high-quality majorons may arise naturally in
extradimensional or string-theoretic constructions, through
mechanisms analogous to those that protect the quality of
QCD axions [60-64]. In this work, we remain agnostic about
the microscopic origin of the explicit breaking and treat the
majoron mass as a free parameter in the potential of Eq. (3).

A. Leptogenesis

We are interested in regions of parameter space where the
singlet majoron model can be compatible with the observed
baryon-to-photon ratio through thermal leptogenesis. In this
scenario, CP- and lepton number-violating decays of the
thermally produced heavy RHNs generate a lepton asym-
metry, which is subsequently converted into a baryon
asymmetry by electroweak sphalerons. Here we briefly
review the standard vanilla leptogenesis estimate of the
baryon asymmetry and the resulting implications for our
scenario.

The baryon-to-photon ratio in vanilla thermal lepto-
genesis can be parametrized as [65]

"B 20,96 x 1072]e; [/ (K), (9)
n
14

where K is the decay parameter defined below in Eq. (10).
This should be compared to the observed value,
ng/n,|gps = 6 x 10719 [66,67]. The leptogenesis prediction
for the baryon asymmetry, Eq. (9), depends on two key
quantities: 1) €, the CP-violating decay asymmetry
parameter of the lightest RHN, quantifying the difference
between the rates for decays into leptons and antileptons,
and 2) k¢(K), an efficiency factor that encodes the net effect
of N production and washout processes on the final lepton
asymmetry.

*The numerical prefactor (0.96 x 1072) accounts for both the
sphaleron conversion of the B — L asymmetry into a baryon
asymmetry and entropy dilution between leptogenesis and
recombination.
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The final lepton asymmetry depends on both RHN
decays/inverse decays and scattering processes in the
thermal bath, which in turn are governed by the Yukawa
couplings of N;. The rates for these processes are con-
veniently parameterized in terms of the effective neutrino
mass parameter, /72;, and decay parameter, K, which are,
respectively, given by [65]

2(\T
_ v ('y)
m ETN“ = (my, |Ry1[* 4 my,|Rpo| + my, [Ry3]%),
1
T M 2m M 7
Kz(y i pl_ 1291: m1_3 (10)
— y? LIx 1070 eV

where M;; = 1.22 x 10" GeV is the Planck mass and y =

167/ 1/2/(3\/_) ~ 431 for g, = 106.75. We have used
the Casas-Ibarra parametrization (7) to express 77, in terms
of the active neutrino masses. The decay parameter K is the
ratio of the N decay rate to Hubble parameter at T = my,
and thus characterizes the strength of the N; interactions
with the plasma. If K <« 1, Ny is not efficiently thermally
populated, suppressing the final lepton asymmetry. If
K > 1, inverse decays and related washout processes are
efficient, which can erase the lepton asymmetry generated
by N, decays. From Eq. (10), assuming m, < m,,, and

generic R;; ~ O(1), we expect fit; ~ \/|Am,| 2 0.05 eV,
which gives K ~ O(10). The eventual baryon asymmetry is
therefore a function of K, encoded in the efficiency factor
k¢(K) in Eq. (9).

Consider next the asymmetry parameter €; in Eq. (9).
Assuming a hierarchical RHN spectrum, my, < my,,, this
can be written as [68,69]

Zlm Y ) 11 2

16” (v J’)u N;
_ Q@Z,mi Im(R%i)
8z v* Eimu,|R1i|2

Using the orthogonality of R, one finds that the maximum
CP asymmetry is controlled by the difference between the
largest and smallest light neutrino masses. Since this
difference cannot exceed the atmospheric mass scale,
|Am2,,| = 2.5 x 1073 eV? [70], the asymmetry is bounded
from above [69],

(11)

_ my,

The efficiency factor takes a maximum value of K ax
0.2 at an intermediate value K ~ O(1). Therefore, to
explain the observed baryon-to-photon ratio, we require
ler] = 3 x 1077, Accounting for the maximum size of |e |
in Eq. (12), one obtains a lower bound on the mass of the

lightest RHN, my, 2 3 x 10° GeV. This is the well-known
Davidson-Ibarra bound on the lightest RHN mass in vanilla
thermal leptogenesis [69].

The Davidson-Ibarra bound has important implications
for our study. First, since we are considering spontaneous
lepton number breaking, my, = 4;f,/ /2, and restricting to
perturbative couplings A1;, we impose the rough boundary
fo2 10° GeV. This implies that the majoron is feebly
coupled to the RHNs and SM particles and can therefore be
stable on cosmological time scales. Second, successful
thermal leptogenesis requires the reheating temperature to
be similar to or larger than the lightest RHN mass,
Tru 2 my,, which we will impose throughout this work.
As is familiar from the case of the QCD axion, the
cosmological properties of the majoron further depend
on whether the lepton number symmetry was broken during
inflation/reheating or not, referred to as the preinflationary
and postinflationary scenarios, respectively. We will con-
sider my, < Tru < f for the preinflationary scenario and
my, < f¢ < Tru for the postinflationary scenario.

We emphasize that the discussion above neglects several
potentially important ingredients, including flavor effects
[71,72], contributions from the heavier RHNSs, thermal
corrections [73], and resonant enhancement from quaside-
generate RHNs [74]. As is well known, these can modify
the leptogenesis prediction and allow for lighter RHNS, but
their inclusion lies beyond the scope of this work. The large
majoron decay constants implied by vanilla thermal lepto-
genesis imply that the majoron has extremely feeble
couplings to the SM particles, which will allow it to be
cosmologically long lived, as we discuss next.

B. Majoron decay

Since our focus is on the majoron as a DM candidate, a
basic requirement is that it be stable on cosmological time
scales, and in particular sufficiently long-lived to satisfy
astrophysical bounds on decaying DM. We must therefore
identify its dominant decay channels, which depend on the
majoron mass, decay constant, and the neutrino Yukawa
coupling.

As discussed in the previous subsection, viable thermal
leptogenesis points to decay constants f, 2 10° GeV,
which allows for N; to satisfy the Davidson-Ibarra bound
for perturbative couplings A. We also restrict to
fo < 10'® GeV, maintaining a modest hierarchy between
the lepton number breaking scale and the Planck scale.?
Along with the decay constant f 4, the majoron couplings
depend on the neutrino Yukawa couplings, which are
determined by the PMNS matrix elements, the light
neutrino and heavy RHN masses, and the R matrix via

*A rough upper bound of f,; < 10'® GeV can also be moti-
vated by bounds on the inflationary Hubble scale from the
nonobservation of tensor modes in the CMB; see Sec. III C.
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Eq. (7). The PMNS matrix and the neutrino mass-squared
splittings have been determined through global fits to a
variety of neutrino oscillation measurements [70,75]. We
furthermore impose consistency with cosmological con-
straints on the sum of neutrino masses [76]. Current
neutrino data allow the lightest active neutrino to be
massless, and in this limit, the lightest RHN can saturate
the Davidson-Ibarra bound in Eq. (12). Additionally, we
note that our main results for majoron cosmology are not
substantially affected by the choice of neutrino mass
ordering. Finally, we will consider two cases for the typical
size of the R matrix elements: 1) |R;;| ~ O(1), and 2) larger
values that satisfy the perturbativity of the Yukawa cou-
plings, max(y;;) < V4.

Majorons heavier than the MeV-scale and below the
muon mass decay dominantly to electron-positron pairs.
The partial decay rate is given by [23]

Gpeel’my 1 4m2\ 12 .
T8 U m2) (13)

I’
P—ee
g

where gy, is the one-loop majoron-electron coupling,

m,
g(/)ee = 8—2 (——Tr/C—l—/Cee) (14)
with
MpM}, T
= —U RTd,R*\/d,U". 15
o, vf VdiRTd,R*\/d, (15)

The second step in the last equation follows from the use
of Eq. (7).

To estimate the longest typical majoron decay lifetime to
electrons and corresponding majoron lifetime, we take

R;; ~ O(1), in which case |KC;;| ~ \/AmZumy, /(vf,) and

we obtain,
2 MeV) /10" GeV\2/  f, 2
m, my, 105 GeV/

(16)

T¢—>ee 5 1028

Although the majoron lifetime in this regime is much
longer than the age of the Universe, 7, = 4 x 10'7 s, much
stronger limits apply if majorons make up all of the DM. In
particular, searches for y-ray signals from electron-positron
annihilation constrain DM decays to e*e™ to have lifetimes
r¢_w > 10% s [77]. The estimate in Eq. (16) implies that it
is challenging for a majoron with mass m, > 2m, to be all
of the DM while remaining compatible with vanilla thermal
leptogenesis, unless the majoron mass lies relatively close
to twice the electron massm, or f, ~ O(10'® GeV), or

there are accidental cancellations or additional symmetries
that further suppress g,,.. Although we do not explore this
possibility further here, a dedicated study of whether future
y-ray observatories could rule out majoron DM in this small
region of parameter space would be worthwhile.

For sub-MeV majorons, the dominant decay channels
are into neutrino pairs and photon pairs. The partial decay
rate to neutrinos is given by [23]

Fcﬁ—wy = 16 f2 Z (17)

Since Y ;m D ~ AmZ,, assuming a normal hierarchy and
massless lightest neutrino, we obtain

MeV f 2
=103 ¢ . 18
Fo-w S( my )(1016 GeV> (18)

We see that sub-MeV majorons are cosmologically long-
lived. The neutrino decay channel ¢ — vv is difficult to
probe indirectly in this mass range, and existing neutrino
telescope searches are not expected to provide competitive
constraints; see, e.g., Refs. [24,41,78].

The majoron can also decay to a pair of photons at two
loops [38]. The decay rate to photons is given by

2.3
d—yy — 647[ ’ ( )

I
where g,,, is the effective majoron-photon coupling. For
my < 2m,, the electron contribution dominates and the
majoron-photon coupling can be expressed in terms of the
majoron-electron  coupling,  |gy,,| = |ggeclamy/(122m3),
with g4, given in Eq. (14). Being a two-loop process, the
majoron decay to photons is naturally suppressed, but could
still potentially be observable for large neutrino Yukawa
couplings. To estimate the maximum possible decay rate, we
saturate the perturbativity bound max(y;;) < v/4x, implying
K;; < 2rv/f. This gives an estimate for the lifetime

)2. (20)

For mj, < MeV, majoron decays to photons can be
probed by soft y-ray and x-ray searches. We present the
corresponding constraints from Eq. (20) in Secs. III and IV.

Thus, in the sub-MeV mass range, the majoron is
cosmologically long-lived and can serve as a viable DM
candidate. In the next two subsections, we study its
cosmological production and associated probes in the
preinflationary and postinflationary scenarios.

0.1 MeV>7< fo

. >1026
Kadas ( my 1072 GeV
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III. MAJORON DARK MATTER IN THE
PREINFLATIONARY SCENARIO

We first consider the preinflationary scenario in which
lepton number is spontaneously broken during inflation,
H,/(2r) < f, with H, the inflationary Hubble parameter,
and remains broken afterward because the plasma never
restores the symmetry. This is typically ensured by a
sufficiently low reheating temperature, Tgry << fy,
although more precisely the maximum temperature attained
after inflation must remain below the U(1), symmetry
breaking scale. In this scenario, the observable Universe
originates from a single inflated patch, so the majoron angle
0; = ¢;/f, is approximately homogeneous across our
present horizon, up to inflationary fluctuations. If the
majoron is sufficiently light, m;, < O(MeV), it is cosmo-
logically long-lived (see Sec. I B) and can account for the
observed DM abundance via the misalignment mechanism.
Realizing this scenario together with standard thermal
leptogenesis imposes additional requirements on the hier-
archy of scales. The reheating temperature must be high
enough to thermally populate the lightest RHN but low
enough that the lepton number symmetry is not thermally
restored after inflation, leading parametrically to the con-
ditions le 5 TRH ,S f¢

A. Majoron abundance from misalignment production

In the preinflationary scenario, inflation selects a nearly
homogeneous initial value of the majoron field across our
observable Universe, and the initial misalignment angle 6;
is therefore a free parameter. During the early radiation era,
H > m and the majoron is initially frozen due to Hubble
friction. When the expansion rate drops below H ~ my, the
majoron begins coherent oscillations around the minimum
of its potential. The energy stored in these oscillations
subsequently redshifts as nonrelativistic matter and gives
the misalignment contribution to the majoron relic abun-
dance. Thus, the relic density is controlled by the misalign-
ment angle 6;.

The majoron energy density today is given by

_ %méfgﬁegqcf(é’) g*S,OT?)

Q
’ Perit g*S,oschsc
fo 20 my \12
~0.2x 2
<EF©) <1010 Gev,) \100 kev
1 . 1/4
§ ( 06 75) | o)
G+ 0sc

Here 6. ~ 0.636;, and { = 6;/x. The critical density today
iS peric = 3HGM},/(87), Ty is the CMB temperature today,
and T is the temperature at which the majoron starts to
oscillate, determined by the condition 3H (T ) = m,,. The
number of relativistic (entropy) degrees of freedom is

10°%
104}
1000
K
100
10 ¢
1 7\ L L L L L L
107® 10" 107 0001 0010 0100 1
n=1-¢
FIG. 1. Anharmonic enhancement of the majoron energy

density and isocurvature as a function of n =1 —¢.

denoted by g, (g,s). Finally, the factor F({) accounts for
the anharmonic correction to the majoron energy density
arising from the cosine potential in Eq. (3). We compute F
numerically by solving the majoron background equation of
motion as { is varied, with the result shown in Fig. 1; further
details are provided in the Appendix.

For { = 0;/n <« 1, the majoron potential in Eq. (3) is well
described by its quadratic approximation near the minimum,
thus the evolution of the majoron is essentially harmonic and
F () ~ 1. However, if 0; — n({ — 1), two effects contrib-
ute to the deviation from the harmonic approximation. The
first comes from the delayed onset of oscillations when the
majoron is near the top of the potential, which enhances the
energy density compared to the harmonic approximation.
The second comes from the fact that, during the initial stages
of oscillation, the majoron is sensitive to the full cosine
potential, and its energy density does not scale as matter,
py « a=, until the oscillations become small enough for the
harmonic approximation to apply.

The relic density estimate in Eq. (21) should be com-
pared to the observed DM density Qpy = 0.26 [66].
Figures 2 and 3 show the corresponding m, — f, parameter
space, with 6, chosen at each point to reproduce the
observed relic density. Isocontours indicate the required
value of { = 0,/x. As is clear from Eq. (21), the required
initial angle is correlated with the majoron mass and decay
constant. Larger values of m, and f, require smaller initial
angles to produce the observed DM density, whereas
smaller majoron masses and decay constants can require
larger initial angles, approaching the hilltop regime where
anharmonic effects enhance the abundance.

If there is no mechanism that selects a particular initial
angle, it is natural to take ¢; to be uniformly sampled over the
vacuum manifold —z < 6; < x, i.e., the probability distri-
bution is given by p(6;) = 1/(2x). Both the small angle
regime, { < 1, where the field is initially close to the
minimum of the potential, and the hilltop regime,
n=1-{ <1, where the field is initially close to the
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o Pre Inflationary scenario, Try = 0.1 f
107 g

1015

10720 107%® 0 107 10072 107 107 107° 10° 100

me [€V]

FIG.2. Majoron DM my, — f, parameter space in the preinflationary scenario for the benchmark reheating temperature Try = 0.1f,
chosen to avoid thermal restoration of the U(1), symmetry. At each point, the initial angle is chosen so that misalignment production
(21) accounts for all of the DM. Black contours show the required initial angle: the solid contour denotes 8; = 1, dashed contours denote
small angle values 0; = {x with { < 1, and dotted contours denote hilltop values 0; = (1 — n)z with 7 < 1. The blue region indicates
where the required tuning of ; is smaller than the rms inflationary fluctuation of the majoron (23), (24), and is therefore disfavored
absent an additional mechanism. The orange region is excluded by current CMB isocurvature bounds, while the dashed orange contour
shows expected future sensitivity. The red region is excluded by black hole superradiance constraints. The magenta line shows the
boundary of the constraint from majoron decays to photons, evaluated using Eq. (20) and maximal perturbative R matrix elements. The
gray shaded region indicates constraints from Lyman-a forest observations. Further details and references are provided in the
main text.
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FIG. 3. Same as Fig. 2, but for fixed Ty = 10'> GeV (left) and Ty = 10'° GeV (right).
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maximum, correspond to special choices of initial condi-
tions. We remain agnostic about the origin of the initial
condition and treat 6; as a free parameter. It is worth noting
that such special choices of initial conditions could be
selected, for example, by additional dynamics or anthropic
considerations, as has been discussed in the axion context
[79-86]. Absent such a dynamical or anthropic explanation,
inflationary fluctuations of the majoron make extremely
small values of { or 7 increasingly unlikely. For a light
spectator majoron satisfying m, << H;, and for the number
of inflationary e-folds satisfying N, < Hj/my, the rms
fluctuation of the majoron field due to quantum fluctuations
during inflation is given by [87-90]

H,
:\/N . 22
65}5 327[ ( )

Requiring that 6, is smaller than the distance between the ¢;
and zero, and ¢, and z f;,, we obtain the respective conditions

/ 4713 T2
A;e \ LR R < p for ¢ -0, (23)
27 45 Myfy

VN, 47T39*,RH T12u-1 <
27[2 45 Mplf(/) ~

(1=¢) for¢—1, (24)

Here we have assumed instantaneous reheating, which leads
to the relation

- 47 g, ru Tru
H,~ 5 My (25)
The constraint on Try will typically be more stringent if
reheating is not instantaneous, since delayed reheating may
imply a larger H, for a given Ty and hence a larger o, in
Eq. (22). The regions of majoron parameter space that do not
satisfy the tuning criteria in Egs. (23), (24) are shown in
Figs. 2 and 3. We assume N, = 60 and show results for the
benchmark Tgy = 0.1f, corresponding to the maximal
reheating temperature we consider for the preinflationary
scenario, and for the lower fixed values Tgy = 10'> GeV
and 10'° GeV.

In the above discussion and throughout this work, we
have assumed the idealized scenario of instantaneous
reheating. It is important to emphasize, however, that
reheating is in general not instantaneous. In the standard
perturbative picture, inflation is often followed by an
extended period during which the inflaton oscillates about
the minimum of its potential and its energy is gradually
transferred to SM particles. For an approximately quadratic
inflaton potential, this epoch is effectively matter domi-
nated. During this period, the maximum temperature
attained by the radiation bath can be parametrically larger
than the reheating temperature [91]. Nevertheless, there

exist reheating mechanisms in which the energy stored in
the inflaton condensate is transferred to radiation on a
timescale much shorter than a Hubble time, thereby
approximately realizing the instantaneous reheating limit,
as can occur, for example, in the instant preheating scenario
explored in Ref. [92].

We note that freeze-in processes can provide an addi-
tional contribution to the majoron abundance, through
reactions such as NN — ¢¢, LN — Hp, HN — L¢, and
LH — N¢. For the hierarchy my, < Try < my,,, com-
patible with vanilla thermal leptogenesis, the heavier RHNs
N, 5 are not thermally populated, so freeze-in processes
involving these states are negligible. While a detailed study
of freeze-in production through N, is beyond the scope of
this work, we have estimated the contribution from the
corresponding N;-mediated processes and find that it
remains subdominant for A; < O(1072). For larger A,,
freeze-in production can become important and may give
a substantial contribution to the majoron DM abundance for
my 2 O(10 eV). For lighter majorons, this population
would remain relativistic or semirelativistic for longer
and would act like a dark radiation or warm/hot relic
component rather than cold DM.

B. Inflationary fluctuations and isocurvature
constraints

As discussed above, a light majoron acquires quantum
fluctuations during inflation with amplitude 6¢p ~ H;/(2x).
Since these fluctuations are uncorrelated with the inflaton
fluctuations, spatial variations in the majoron abundance
are not aligned with the adiabatic curvature perturbations,
giving rise to DM isocurvature modes. The resulting
isocurvature power spectrum is nearly scale invariant, with
amplitude Ag given by (see, e.g., [93,94])

_ (dlogp, H; \* ([ H; \?_,
AS N < a0, 277:f4)> - (”2f¢c> fiso(z.:)’ (26)

where F7, (¢) represents a correction factor due to anhar-
monic effects. In the limit { — 0 the majoron potential (3) is
quadratic to a good approximation, and F;, = 1. We
numerically determine F;y, by evolving the superhorizon
perturbations as ¢ is varied, as discussed in detail in the
Appendix. The result is shown in Fig. 1. We note that F, is
related to F according to Fii,(§) = 1 + CF'($)/(2F({)).

Current CMB observations constrain the isocurvature
power at the pivot scale k, =0.05 Mpc™! to be
Ag < 0.0384,, where A, =2.1 x 107 is the measured
amplitude of the adiabatic curvature power spectrum [95].
A future CMB-S4 experiment will improve this bound by a
factor of ~4, corresponding to Ag < 0.0094; [96].

The isocurvature bound has important implications for
the pre-inflationary majoron parameter space relevant to
thermal leptogenesis. In the preinflationary scenario, the
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thermal bath after inflation must not restore the U(1),
symmetry. We implement this requirement by taking Tryg <
0.1f4 as a conservative benchmark. On the other hand,
thermal leptogenesis requires a sufficiently high reheating
temperature to populate the heavy RHNs. We therefore
translate the isocurvature constraint, which depends on
H,/f4, into the my — f, plane by assuming instantaneous
reheating, Eq. (25). This assumption is conservative, since
for fixed TRy, delayed reheating can correspond to a larger
H;, leading to larger majoron fluctuations and hence
stronger isocurvature constraints.

Taking for concreteness a maximal reheating benchmark
of Try = 0.1f, and assuming instantaneous reheating, the
largest isocurvature amplitude is then parametrically

f¢ 4 m¢ 1/2
A ~5x 1071 , 27
Smax % (1013 GeV 10 keV (27)

where we have used the relic abundance condition to fix {.
For the parameter values used in Eq. (27), this corresponds
to the small angle regime, { < 1, so the anharmonic factors
satisfy F({) = Fio({) 2 1. The full numerical analysis
retains these factors and is required for large values of ¢,
where anharmonic effects become important.

The isocurvature constraint on the scenario with the largest
reheating temperature is shown in Fig. 2. However in general,
we will consider my, < Try < 0.1f . In Fig. 3 we show the
allowed parameter space and associated constraints for
Try = 10'? GeV (left) and Tgy = 10'° GeV (right). The
isocurvature bound depends on the initial angle required to
obtain the observed relic abundance via Eq. (26). For larger
my and f,, producing the observed abundance requires
smaller initial angles, which enhances the isocurvature
amplitude. For smaller mg, and f¢, obtaining the correct
abundance requires larger initial angles, eventually
approaching the hilltop region of the potential. In this regime,
the isocurvature amplitude is further enhanced by the
anharmonic factor F;,,({). Finally, the overall strength of
the bound depends on the reheating temperature. Under the
assumption of instantaneous reheating, larger T'gy; implies a
larger inflationary Hubble scale and therefore larger majoron
fluctuations, while smaller Ty weakens the constraint.

C. Other probes of preinflationary majorons

Here we comment on several additional probes of
majoron DM in our scenario, including indirect searches
for astrophysical x-rays and soft y rays, black hole super-
radiance, Lyman-a forest observations, and CMB bounds
on the tensor-to-scalar ratio.

For my, < MeV, the decay ¢ — yy [see Eq. (20)] can be
probed by X-ray and soft y-ray observations, which are
displayed in Fig. 2. The INTEGRAL satellite has measured
the Galactic soft y-ray spectrum [97,98], and Ref. [99] used
these data to place limits on DM decays to photons. We also

include constraints from NuSTAR observations of M31,
which probe photon lines in the 10-100 keV range [100].
Our contours in Fig. 2 assume neutrino Yukawa couplings
near the perturbativity bound, leading to the associated
lifetime estimate for 7,_,,, given in Eq. (20).

The presence of an ultralight boson such as the majoron
can trigger a superradiant instability around rapidly spin-
ning black holes, extracting angular momentum and spin-
ning them down [101,102]. Superradiance is most efficient
in black holes with a Schwarzschild radius comparable
to the Compton wavelength of the ultralight boson.
Superradiance becomes less effective for bosons with larger
self-interactions. Measurements of spins of black holes in x-
ray binaries lead to constraints on the mass and self
interactions of majorons with mass m, ~ 107'? eV [103—
105]. Measurements of spins of supermassive black holes
have been reported in the literature and have been used to
constrain boson masses between 1078 eV and 1072 eV
[106,107]. However, due to systematic uncertainties with
measurements of spin, combined with the difficulty of
modeling the impact of the complicated astrophysical
environment on the growth of superradiant instability
[103], we do not show these constraints in Figs. 2 and 3.
See also Ref. [108] for a study of superradiance in scanarios
with ultralight bosons coupled to neutrinos.

For sufficiently light majoron DM, the large de Broglie
wavelength of the field suppresses the growth of structure
below a characteristic scale, reducing power on dwarf
galaxy scales. Lyman-a forest measurements, which probe
the matter power spectrum on these small scales, therefore
place a lower bound on the mass; we adopt the represen-
tative constraint my 2 2 x 1072 eV [109-111].

The Planck+BICEP nonobservation of CMB B-modes
associated with tensor fluctuations produced during infla-
tion leads to an upper bound on the inflationary Hubble
scale, H; < 4.7 x 10!® GeV [112]. Assuming instantane-
ous reheating [see Eq. (25)], this translates to the bound
Try < 5.5 x 1015 GeV. We thus restrict to decay constants
satisfying the rough bound f, < 10'® GeV in Figs. 2 and 3.

IV. MAJORON DARK MATTER IN THE
POSTINFLATIONARY SCENARIO

We next consider majoron cosmology in the postinfla-
tionary scenario, in which lepton number is restored
following inflation and is spontaneously broken only later
as the Universe cools. This scenario can arise if inflationary
fluctuations are large compared to the symmetry-breaking
scale, H;/(27) % fy, or if the maximum temperature
attained after inflation exceeds the symmetry-breaking
scale. Assuming instantaneous reheating for simplicity,
the latter thermal restoration condition is the stronger
criterion, since Try ~ /My H; > H,;/(2x). We therefore
take the postinflationary regime to be characterized para-
metrically by Try 2 fy
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In this scenario, the U(1),-charged complex scalar o is
initially localized near the origin before subsequently
relaxing onto the vacuum manifold, at which point the
majoron angle is randomly selected in each causally
disconnected Hubble patch. We therefore take the
initial majoron angle to be uniformly distributed over
—r < 0 < &, with probability density p(6) = 1/(2x). As a
result, the majoron DM abundance receives a misalign-
ment contribution averaged over the initial angle, as well
as additional contributions from the global string and
domain-wall network. In contrast to the preinflationary
scenario, where the initial angle is a free parameter, the
majoron relic density in the postinflationary scenario is
largely determined by m, and f,. Compatibility with
standard thermal leptogenesis requires the reheating
temperature to be high enough to thermally produce the
lightest RHN. Combining this with the requirement that
lepton number be restored after inflation, we consider the
schematic hierarchy of scales my, < f, < Try for the
postinflationary scenario.

The fact that lepton number is thermally restored in this
scenario implies that the U(1), charged scalar sector is
thermally populated at high temperatures. We therefore
estimate the thermally populated majoron contribution to
the abundance, in addition to the nonthermal contributions
discussed above.

A. Majoron abundance from misalignment, cosmic
strings, and domain walls

We first consider the contribution to the majoron
abundance from misalignment. In each causally discon-
nected patch, the local evolution is the same as in the
preinflationary scenario, but with an initial angle 6; drawn
from the uniform distribution on the vacuum manifold. The
spatially averaged misalignment contribution to the
majoron abundance, including anharmonic effects, is then
obtained by averaging Eq. (21) over this distribution,

172(0.63)2f3m?  g.50T3 1
Qs =2 e, ( / ch@)dc)
Perit g*S,oscTosc 0

~02 x f{/} 2 m(/) 172 G+, 0sc -1/4
' 10'" GeV 10 eV 106.75 '

(28)

As discussed above, { = 0,/x, T, denotes the onset of
oscillations, defined by 3H(T o) = m,, and we have used
Oose =~ 0.630;. Additionally, F({) denotes the anharmonic
correction factor; see Fig. 1 and the Appendix.

In the postinflationary scenario, spontaneous breaking of
U(1), produces a network of global cosmic strings via the
Kibble mechanism [113,114]. As the Universe expands, the
string network evolves towards a scaling regime [113-117],
with a roughly constant number of strings per Hubble patch

up to logarithmic corrections [118,119], while curved
strings and loops lose energy by radiating majorons.
This provides an additional, nonthermal source of majoron
DM beyond the misalignment contribution (28).
Furthermore, when the explicit symmetry-breaking poten-
tial later becomes dynamically important, domain walls
form and attach to the strings, leading to the eventual
collapse of the string-wall network and further majoron
production.

The dynamics of such networks have been extensively
studied in the context of axion strings [52,53,118-140].
While analytic arguments provide useful insight into their
scaling behavior, a quantitative treatment of the string
contribution to the majoron abundance generally requires
numerical simulations. However, because of the large
hierarchy between the string core scale, set by the inverse
radial mode mass m;"' ~ f;!, and the horizon scale H™',
simulations of global string dynamics require extrapolation
over many orders of magnitude. As a result, the string
contribution to the majoron relic abundance remains sub-
ject to significant theoretical uncertainties.

A key quantity is the average number of strings per
Hubble patch, £(¢). Numerical simulations of string net-
works suggest a logarithmic violation of the scaling
behavior,

£() = 0.21 log <1;1(z )>, (29)

where the overall coefficient is taken from recent simu-
lations [136,140]. The energy density of the strings is given
by p, = E(t)u(t)/1?, where the effective string tension
is u(t) = nflog[m,/(H(t)\/An(1))].

Simulations support a power law parameterization of the
instantaneous majoron emission spectrum, characterized by
a spectral index ¢. Following Ref. [136], and specializing to
the case ¢ = 1, the differential energy density of emitted
majorons can be written, up to higher order corrections in
1/log(m,/H), as

%([) ~ 8H?(1)u(1)&(1) log (k/kmin)
ok k log(m,/H(t))’

kmin < k < kmax-
(30)

Here k is the majoron momentum, k., = xo+/&(2)H(1),
with x; = 10 motivated by simulations [136], and
Knax ~ \/mrT(t) . The choice ¢ = 1 is supported by recent
simulations [140] and analytic arguments [131], although
some simulations find ¢ > 1; see, e.g., Ref. [132].

Since the majoron number density produced at an earlier
time ¢ is diluted by (a;/a)® = (t;/t)3/* during radiation
domination, the surviving number density is dominated by
emission at late times. We therefore estimate the majoron
abundance from strings near the time ¢,, defined by
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3H(t,) ~m;, when the majoron mass becomes dynami-
cally important and domain walls form. The number
density of majorons emitted near ¢, is then given by

kmax 1 apd, dr

nylty) = — ;. L dkzifnzm() (1) 31
)= [ R T f P . B
The contribution to the present-day majoron density from
strings is then

myny(to) _ mgny(t.) gusoT
Perit Perit g*S,*Ti

=03 x ( /o >2< T )1/2
10" Gev/ \10eV
—1/4 1/2
y ( gos. ) / (@) /_ )
106.75 10
This is of the same order as the misalignment contribution
in Eq. (28). Thus, for the majoron emission spectral index
choice ¢ = 1 adopted here, strings provide only an O(1)
enhancement to the majoron abundance. This estimate
should be regarded as a benchmark, since it relies on
extrapolating global string simulations to the physical
hierarchy log(m,/H) > 10 and is subject to statistical
and systematic uncertainties. Moreover, simulations that
find a steeper spectrum, ¢ > 1, imply emission dominated
by infrared modes and can lead to a substantially larger
majoron number density, potentially enhancing the string
contribution by one to two orders of magnitude.

After ¢, domain walls form and, for the Npyw = 1 case
considered in here, the string-wall network collapses
shortly afterward. Most of the energy of the network is
converted into low momentum majorons. Following
Ref. [140], we estimate the additional production from
the collapse of the string-wall network by multiplying the
early string emission contribution (32) by the factor

Qqhstr =

oG
Rupaw = 1 +0.65 +0.007 + 4.9( £/
13
(1)) 17
1.6 . 33
+16(5 (33)

The first three terms account for the pre-z, string contri-
bution and the post-z, emission from subhorizon and
superhorizon strings, while the last two terms account
for majoron production from subhorizon and superhorizon
domain walls, respectively. For &, =13, this gives
Rer—aw = 8.2. We emphasize, however, that the size of
the string-domain wall network contribution remains uncer-
tain. Earlier simulations found a domain wall contribution
comparable to the string contribution, see, e.g., Ref. [55],
and the domain wall estimate may be reduced by order one
factors if the emitted axions are semirelativistic or if the
wall configurations radiate less efficiently.

We estimate the total majoron abundance to be
Q(/).tol = Q(/),mis + Qz/},strRstr—dw + Q(/),th’ the sum of the
misalignment contribution in Eq. (28), the pre-z, string
contribution in Eq. (32) multiplied by the post-7, enhance-
ment factor Ry, _q in Eq. (33), and the thermally populated
majoron contribution (35), to be discussed below in
Sec. IV B. Figure 4 shows the corresponding Qg =
Qpy contour.

In our discussion above we have assumed the minimal
Npw = 1 case [see Eq. (3)], for which the resulting string-
wall network is unstable. Instead, for Npyw > 1, the string-
wall network is stable if the degenerate vacua are exact. Since
the domain wall energy density redshifts more slowly than
radiation, such a network would eventually dominate the
Universe, leading to the standard cosmological domain wall
problem [52,141]. This problem can be avoided by intro-
ducing an additional bias term that explicitly lifts the Zy_
degeneracy and causes the network to annihilate [52,142—
146]. In that case, however, the cosmology becomes sensitive
to the size and structure of the bias term. Moreover, if the
annihilation occurs at H << m, the string-wall network can
constitute a larger fraction of the total energy density before it
decays, potentially enhancing both nonthermal majoron
production and the associated gravitational wave signal (to
be discussed below) [147-150]. In this sense, focusing on
Npw = 1 provides a minimal and conservative benchmark.

B. Thermal production of majorons

In the postinflationary scenario, thermal restoration of
lepton number for Try > f, requires the U(1), complex
scalar o to be sufficiently coupled to the primordial plasma.
Consequently, the degrees of freedom of this scalar field are
thermally populated before the phase transition, and after
symmetry breaking the majoron inherits a thermal pop-
ulation. We therefore expect a thermal relic contribution to
the majoron abundance in this scenario, in addition to
nonthermal production from misalignment, strings, and
domain walls. The cosmological impact of this thermal
population of majorons depends on their mass.

If the majorons are heavy enough, my 2 10~* eV, they
will become nonrelativistic by today, with energy density

4€)

Ppan =~ 3 T?/,,omqa, (34)

where T is the majoron temperature today. After decou-
pling, the majoron temperature redshifts as 7, o a~', while
the photon bath is reheated by subsequent entropy transfer
from the SM species. Assuming standard cosmology, the
majoron temperature today can be written as Tyo =
T, 0(950/Ges.dec)/? 2 0.33T, 5, where g.59=3.91 and
we take g,g4oc = 106.75 since the majoron decouples at
very high temperatures. This corresponding majoron DM
density today is given by

055018-11



BATELL, DASGUPTA, DUTTA, and GHALSASI PHYS. REV. D 114, 055018 (2026)

Post Inflationary scenario
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FIG. 4. Majoron DM m, — f, parameter space in the postinflationary scenario. The majoron relic abundance is estimated by
accounting for nonthermal production from misalignment, cosmic strings, and domain walls, as well as thermal production. Along the
blue line, the total majoron abundance matches the observed DM abundance. In the blue shaded region above the blue line, majorons are
overproduced relative to the observed DM density, while in the white region below the line they are underproduced. The green shaded
region indicates where the thermal relic abundance alone exceeds the observed DM abundance. The red shaded region is excluded by
black hole superradiance constraints, while the region to the right of the magenta line is probed by majoron decays to photons. The
brown dashed and violet dotted curves show the projected reaches of LISA and UDECIGO, respectively; above these curves, the
stochastic gravitational wave background from the cosmic strings can potentially be probed. The gray shaded region indicates
constraints from Lyman-a forest observations. Further details and references are provided in the main text.

Qpn = 15 103 <@> (35) C. Gravitational waves from cosmic strings

eV In the postinflationary scenario, global cosmic strings
also radiate gravitational waves before the string-wall
network annihilates, producing a stochastic background
that is potentially detectable in future gravitational wave
observatories [124,125,151-156]. As discussed above,
after formation, the string network evolves toward a scaling
regime in which the number of strings per Hubble volume
is approximately constant, up to logarithmic corrections
characteristic of global strings. Energy loss from the
network is dominated by majoron radiation, while a
subdominant fraction is emitted as gravitational waves,
both primarily sourced by oscillating loops formed through
the intercommutation of long strings. The resulting spec-

Requiring €2 1, < Qpy = 0.26, we obtain an upper bound
on the majoron mass,

Lighter majorons with mass m, < 10 eV will contribute
to dark radiation around the epoch of matter-radiation
equality. The contribution of majorons to the effective
number of neutrino species is

AN, = 0.027. (37)

A contribution of this size may be within reach of future
CMB experiments [96].

We note that in the postinflationary scenario, the thermal
relic population of majorons is expected to dominate over
any subsequent freeze-in production. We therefore neglect
freeze-in contributions to the majoron abundance in this case.

trum is approximately scale invariant over the range of
frequencies corresponding to the scaling regime, with an
amplitude controlled by the string tension u and suppressed
relative to majoron radiation by the parametric factor
[3/M3,. Following Refs. [157-159] the gravitational wave

spectrum can be written as
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1
Perit Zp 1 p—n
a(f)

- <a<z~O>

QGW (f )

5
) o(i - )6

where f is the frequency of the observed gravitational
wave, k denotes the normal mode of the oscillating loop,
Ceir ~ O(1) is the loop formation efficiency, F,, is the loop
size distribution at formation with « the fractional length of
the loop relative to the horizon size, F, is the fraction of
energy stored in loops that can be radiated away as
gravitational waves or majorons, and n = 4/3 assuming
radiation is dominanted by cusps in oscillating loops. We
take a =0.1, with F, =0.1 and F,=0.1 following

Refs. [160] and fix C. = 1 [159,160]. Furthermore, tl(-k>
is the time at which a loop oscillating in the k™ mode and

emitting gravitational waves at time 7 with frequency f =
[a(ty)/a(7)]f was created,

DG, f) ~ 1+TGui+«7,  (39)

a+1Gu+«

where I(f,k,7) = (a(7)/a(ty))(2k/f) is the length of the
corresponding loop. Additionally, the formation time ¢, of

_sz/ldu [

- zF)],

Tk"Gu?

(k>
a+1TGu+«

err (2]

(4

(1)

(38)

the string network is defined by the condition +/p () =
1 where p, is the total energy density of the universe [159],
while #,4.. corresponds to the time of collapse of the string-
wall network, determined by the condition 3H (tye.) = m,,
[155]. Finally, p. is the critical density, ['~50 is a
constant that is proportional to the rate at which the
oscillating loops radiate energy into gravitational waves
[152,159-162], k =T,/ (2zlog[f,1]) with T'; ~ 65 repre-
sents the rate at which oscillating loops radiate energy to
majorons [159,160,163] and G = l/MIZ)l is Newton’s
constant.

In Fig. 5, we compare the predicted gravitational wave
spectra for f, = 10'* GeV and f,;, = 10'° with power-law
integrated sensitivity (PLIS) curves corresponding to a
signal to noise ratio threshold of 1 for several proposed
observatories. These include the SKA PTA [164]; the
space-based interferometers LISA [165], BBO [166],
Ultimate-DECIGO [167], and uAres [168]; asteroid laser
ranging [169]; and future astrometric measurements [170],
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FIG. 5.

Gravitational wave spectra from cosmic strings in the postinflationary scenario for f, =

10" GeV (orange) and f, =

10" GeV (blue). Sensitivities from representative current and future gravitational wave experiments are overlaid. Further details are

provided in the main text.
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as envisioned for THEIA [171]. The sensitivity curves are
taken from Refs. [164,166-169,172—-174]. We also show
the NANOGrav 15-year stochastic gravitational wave
spectrum [175], together with estimates of astrophysical
foregrounds from supermassive black hole binaries [176],
galactic compact binaries [177], and extragalactic compact
binaries [178]. As shown in the figure, a range of proposed
experiments could probe the predicted stochastic gravita-
tional wave background for f, > 10'* GeV.

In Fig. 4, we translate the gravitational wave sensitivities
of LISA and UDECIGO of Fig. 5 into projected reach in the
majoron parameter space. For each point in the my — f,
plane, we compute the resulting stochastic gravitational
wave spectrum and indicate parameter values where the
signal intersects (or is tangential to) the corresponding
PLIS curve. We see that a significant portion of the majoron
DM parameter space may be accessible to future gravita-
tional wave observatories.

For Npw > 1, an additional bias can make the otherwise
stable wall network annihilate at H << my. In this case the
walls may survive long enough to enter a scaling regime, or
even become a substantial fraction of the total energy
density, leading to enhanced majoron production and a
gravitational wave spectrum with a characteristic peak set
by the horizon scale at annihilation. This should be
contrasted with the minimal Npyw = 1 case considered in
this work, in which the string-wall network is unstable
shortly after wall formation and therefore does not undergo
a prolonged metastable wall evolution.

D. Other probes of postinflationary majorons

We now comment on several additional potential probes
of the post-inflationary majoron. First, as in the preinfla-
tionary scenario, there are constraints from x-ray and soft y-
ray observations, black hole superradiance bounds, and
Lyman-a forest observations. These are shown in Fig. 4.
See Sec. III C for further details.

In the postinflationary scenario, majoron production
from strings and domain walls generally yields a popula-
tion with nonzero momenta, so sufficiently light majorons
may exhibit free streaming suppression of small-scale
structure in addition to the usual suppression from the
wave nature of ultralight DM. For relativistically produced
wave DM, the free streaming scale can be logarithmically
enhanced relative to the cold case, leading to somewhat
stronger mass bounds. Reference [179] finds a represen-
tative lower bound of order m, > 5x 107" eV in an
analogous setting of axion/axion like particles (ALP) fuzzy
DM, and we expect that similar constraints apply to our
postinflationary majoron scenario.

Postinflationary majoron production can also generate
white-noise isocurvature, since the initial field value and
defect network are uncorrelated across causally discon-
nected regions, as in generic postinflationary ALP DM
scenarios [180—182]. The power peaks near the causal scale

at the onset of oscillations/string-wall annihilation, making
this effect most relevant for very light majorons near the
fuzzy DM regime and for small-scale probes such as
Lyman-a [183], ultrafaint dwarf heating [184], and future
21-cm observations [183]. We note that current translated
ALP bounds are not competitive with the free streaming
constraints discussed above.

V. CONCLUSIONS

We have studied majoron DM in a high-scale seesaw
framework with spontaneously broken lepton number. This
framework is compatible with high-scale thermal lepto-
genesis, consistent with the Davidson-Ibarra bound. In this
setting, the same lepton number breaking dynamics that
generate heavy Majorana masses for the RHNs also give
rise to the majoron, a light pseudo-Nambu-Goldstone
boson that can be cosmologically long-lived and constitute
the DM of the Universe. We considered a minimal majoron
potential with unit domain wall number and analyzed the
resulting cosmology in both preinflationary and postinfla-
tionary histories of lepton number breaking.

In the preinflationary scenario, lepton number is broken
during inflation and remains broken afterward. The
majoron field then takes a single coherent initial value
throughout the observable Universe, and the relic abun-
dance from misalignment is governed by the initial angle.
Since this angle is a free parameter, the observed DM
abundance can be obtained over a broad region of the m; —
[ ¢ parameter space. The required initial angle is correlated
with the majoron mass and decay constant, with some
regions requiring the field to start close to the minimum and
others near the hilltop regime, where anharmonic effects
become important. Inflationary fluctuations of the majoron
lead to isocurvature perturbations, which are bounded by
precision observations of the CMB. The isocurvature signal
tends to be enhanced for larger reheating temperatures,
smaller initial majoron angles, and in the hilltop regime
where anharmonic effects are important. We find that
isocurvature already imposes important constraints on
the preinflationary scenario, while leaving viable majoron
DM parameter space that can be further probed by future
CMB observations.

In the postinflationary scenario, lepton number is
restored after inflation and breaks again during the sub-
sequent thermal history. In this case, the initial majoron
angle varies between causally disconnected patches, and
the relic abundance is largely fixed once the majoron mass
and decay constant are specified. The resulting majoron
abundance receives contributions from misalignment, cos-
mic string radiation, string-domain wall network collapse,
as well as a thermal population. This leads to a relic density
target in the my — f, plane. For sufficiently large lepton
number breaking scales, fy 2 10'* GeV, the associated
cosmic string network can also source a stochastic gravi-
tational wave background, providing an additional probe of
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the postinflationary scenario in future gravitational wave
experiments.

We also considered several other complementary probes
of majoron DM. For ultralight majorons in the fuzzy DM
regime, mgy < 10729 eV, the matter power spectrum is sup-
pressed on small scales, leading to constraints from Lyman-a
forest observations. Black hole superradiance provides
sensitivity to majoron masses near g ~ 10712 eV. Athigher
majoron masses near the MeV scale, astrophysical searches
for x-rays and soft y-rays from ¢ — yy decays provide
another complementary probe. Together, these observations
test distinct regions of the parameter space and illustrate the
broad phenomenology of majoron DM.

Note added. Recently, Refs. [185,186] appeared. While
these studies overlap with ours in considering majoron DM in
seesaw-motivated frameworks, the analyses are complemen-
tary. Our work examines inflationary fluctuations and CMB
isocurvature constraints in the pre-inflationary scenario, as
well as thermal majoron populations and stochastic gravi-
tational waves from cosmic strings in the postinflationary
scenario. We also consider majoron masses extending down
to the fuzzy DM regime. By contrast, Refs. [185,186] provide
detailed studies of freeze-in production, which is not the
primary focus here. A preliminary version of our work was
presented in Ref. [187].
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APPENDIX: ANHARMONIC CORRECTIONS

1. Majoron relic abundance

The majoron relic abundance due to misalignment
production is given in Eq. (21), including the factor
F(£) that accounts for anharmonic effects. In this appendix
we describe our numerical approach to estimating F(¢).
The equation of motion for the majoron background,
0o(t) = ¢o(t)/f4» in the radiation-dominated epoch
(H = 1/(21)), expressed in terms of dimensionless time
parameter y = myt, is given by

(A1)

We numerically solve Eq. (Al) in the time interval
y€[y; =107y, =10°] with the initial conditions
0y(y;) = 0; = {m and db,/dy|,_, = 0.

At late times, y > 1, the expansion of the Universe has
redshifted the majoron background 6, (y) to relatively small
values such that the harmonic approximation is valid. We
therefore approximate the late time energy density as

a0 = 3mif | (42) 0] 2

The anharmonic factor F({) is then defined as

_ py(vs, )/

7@ Pp(Vp Ce)/CE

(A3)

where {, < 1 is a reference value deep in the harmonic
regime. In practice, we take ¢, = 1079,

2. Majoron isocurvature perturbations

The amplitude of the isocurvature power spectrum (26)
depends on the anharmonic factor Fi,, (). We determine
Fiso(¢) numerically using the method described below.

To compute the isocurvature power spectrum, we con-
sider perturbations of the majoron about its homogeneous,
time-dependent background, 6(¢,x) = 6y(z) + 0,(, x).
Working in Newtonian gauge and focusing on superhorizon
Fourier modes we obtain the evolution equation

3 do,

d*o i
W; 5 dy + 0, (y) cos (6y(y)) + 2¥sin (6y(y)) = 0,

(A4)

where W is the scalar curvature perturbation. This equation
is solved numerically along with Eq. (Al).

The superhorizon isocurvature perturbation can be writ-
ten as

So0:6) = =2 (5.”—¢ - wy), (A3)

P

where the background energy density p, is given in
Eq. (A2), and the perturbed energy density opy, is

doy\ (do dfo\?
5pyp(9.8) = my>f Kdyo> <dy1> - lP<dy0>

+ sin(B(»))6) <y>] (A6)

Using the numerical solutions 6, (y) and 0, (y), we obtain the
evolution of isocurvature S,;, Eq. (AS). Since we are
interested in the late time isocurvature, evaluated after cosmic
expansion has redshifted 6,(y) to small values, we use the
harmonic approximation sin 6y(y) =~ 6,(y) at y, > 1.
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The anharmonic factor Fi,,({) can then be obtained according to

fiso(z:) =

S¢(yf’ Z.:C) ’

(A7)

with £, < 1 chosen to be 107, The anharmonic factors for the energy density and isocurvature are shown in Fig. 1.
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