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Dark matter (DM), in spite of being stable or long-lived on cosmological scales, can decay in the
early Universe due to finite-temperature effects. In particular, a first order phase transition (FOPT) in
the early Universe can provide a finite window for such decay, guaranteeing DM stability at lower
temperatures, consistent with observations. The FOPT can lead to the generation of stochastic
gravitational waves (GW) with peak frequencies correlated with DM mass. On the other hand, early
DM decay into neutrinos can create a large neutrino asymmetry which can have interesting
cosmological consequences in terms of enhanced effective relativistic degrees of freedom Neff ,
providing a solution to the recently observed helium anomaly among others. Allowing DM decay
to occur below sphaleron decoupling temperature, thereby avoiding overproduction of baryon
asymmetry, forces the FOPT to occur at subelectroweak scale. This leaves the stochastic GW within
range of experiments like LISA, μARES, NANOGrav etc.
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I. INTRODUCTION

As suggested by several astrophysical and cosmological
observations [1,2], approximately 26% of the present
Universe is made up of DM, the particle origin of which
is not yet known. Similar observations also suggest that the
baryon content of the Universe is highly asymmetric
leading to the longstanding puzzle of baryon asymmetry
of Universe (BAU). This observed excess of baryons over
antibaryons is quantified in terms of the baryon to photon
ratio as [3]

ηB ¼ nB − nB̄
nγ

≃ 6.2 × 10−10; ð1Þ

based on the cosmic microwave background (CMB)
measurements which also agrees well with the big bang
nucleosynthesis (BBN) estimates [1]. While the weakly
interacting massive particle (WIMP) [4–9] has been the
most widely studied particle DM candidate, baryogenesis/
leptogenesis [10–12] are considered to be the popular
explanation for the BAU. However, none of the WIMP
candidates nor baryogenesis/leptogenesis framework has

been verified experimentally. While WIMP can have
observable scattering rate with nucleons, persistent null
results at direct detection experiments [13,14] have pushed
WIMP DM to a tight corner. On the other hand, baryo-
genesis and leptogenesis typically remain a high scale
phenomena with limited or no direct experimental detection
prospects. However, depending upon the particular model,
such scenarios can have promising indirect detection
prospects. One such avenue is the detection of stochastic
gravitational wave (GW) background, which has been
utilized in several baryogenesis or leptogenesis scenarios
[15–30] as well as particle DM models [28,29,31–46].
Another promising avenue is the signatures at CMB due to
enhanced effective relativistic degrees of freedom Neff in
certain leptogenesis and DM models like [47–52].
If amechanism to explainBAUalso leaves a large neutrino

asymmetry at low temperatures, it can have interesting
implications for observations related to BBN and CMB.
Although the observed BAU restricts the net lepton asym-
metry around sphaleron decoupling temperature ðTsphÞ to be
of same order as ηB, it is possible to have a large lepton
asymmetry at postsphaleron epoch ðT < TsphÞ if the asym-
metry is stored in neutrinos.1 Such large neutrino asymmetry
can enhance the effective relativistic degrees of freedom
Neff which can be measured at CMB experiments [53].
Additionally, a large neutrino asymmetry can also alter the
predictions of BBN with observable consequences [53–57].
A large neutrino asymmetry also allows resonant production
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1Charge neutrality of the early Universe restricts the charge
lepton asymmetry to be ≤ ηB.
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of sterile neutrino DM via Shi-Fuller mechanism [58].2

Alternately, such asymmetries can also alter the cosmologi-
cal bounds on light sterile neutrinos [60]. Large neutrino
asymmetry can also have other consequences for gravita-
tional wave by turning the QCD phase transition to first
order [61], baryogenesis, [62,63], astrophysical structure
formation [64] etc.
Motivated by this, we propose a new mechanism to

create such large lepton asymmetry at postsphaleron epoch
in order not to be in conflict with the observed baryon
asymmetry. While it is possible to create large lepton
asymmetries in individual flavors at high scale while
keeping the net lepton asymmetry ∼OðηBÞ [65], there exist
tight constraints on such setup due to the generation of
helical hypermagnetic field which can source a new
contribution to the baryon asymmetry of the Universe,
as pointed out recently in [66]. Among the scenarios
considered so far to generate large neutrino asymmetry,
one recent attempt [67] along with a few related earlier
works [65,68,69] have utilized the Affleck-Dine mecha-
nism [70]. The authors of [71] considered TeV scale
leptogenesis from decay and scatterings as source of such
lepton asymmetry generated at low scales while also
creating the required lepton asymmetry at T ¼ Tsph to
generate the observed BAU. In [72], a two-phase lepto-
genesis model was proposed where subelectroweak scale
right-handed neutrino (RHN) can generate lepton asym-
metries at two different scales due to finite-temperature
effects on its mass. In this work, we consider the possibility
of generating such large lepton asymmetry from forbidden
decay of DM. Although DM is stable on cosmological
scales, it can decay in the early Universe due to finite-
temperature effects. Role of such forbidden DM decay on
generating BAU was discussed in earlier works [29,73]. We
consider initially overproduced asymmetric DM [74–80] to
be the source of such large neutrino asymmetry. The decay
of DM into neutrino is facilitated by a first order phase
transition (FOPT) providing a finite window in which DM
can decay, while ensuring its stability at later epochs. In
addition to the cosmological consequences of such large
neutrino asymmetry, the FOPT at postsphaleron epoch
leads to stochastic GW in nHz-mHz ballpark capable of
explaining the recent observations of pulsar timing array
(PTA) like NANOGrav [81] as well.
This paper is organized as follows. In Sec. II, we discuss

the setup to implement the idea. In Sec. III, we discuss the
generation of large neutrino asymmetry from forbidden
decay of DM followed by brief discussion of Neff due to
large neutrino asymmetry in Sec. IV. In Sec. V, we discuss
our results followed by brief remarks on possible UV
completion of our basic setup in Sec. VI. We finally
conclude in Sec. VII.

II. THE FRAMEWORK

We first consider a minimal setup consisting of a Dirac
singlet fermion χ, two singlet scalars Φ1;2 as the new
degrees of freedom beyond the standard model (BSM). An
unbroken Z2 symmetry under which χ;Φ2 are odd while all
other fields are even ensures the stability of DM. The low
energy effective Lagrangian is

−L ⊃ ðy1χ̄Φ2νþ H:c:Þ þm0χ̄χ þ yχΦ1
χ̄Φ1χ þ VðΦ1;Φ2Þ

ð2Þ

where VðΦ1;Φ2Þ, the tree level scalar potential involving
the singlet scalars, is given by

V tree ≡ VðΦ1;Φ2Þ ¼
λ1
4

�
Φ2

1 −
v2D
2

�
2

þ μ2Φ2
jΦ2j2

þ λ2jΦ2j4 þ
λΦ1Φ2

2
Φ2

1jΦ2j2 ð3Þ

In the above scalar potential vD is the vacuum expectation
value (VEV) acquired by the real scalar field Φ1 while
driving the FOPT. It is worth mentioning that terms with
odd powers of Φ1 can also be there in the above scalar
potential as they are allowed by the chosen symmetries of
the model. We have ignored them for simplicity as it keeps
the number of free parameters minimal. The terms con-
sidered in the scalar potential of Eq. (3) are sufficient to
induce a first-order phase transition and ensure forbidden
decay of dark matter χ due to sudden change of Φ2 mass at
nucleation temperature, the details of which are discussed
below. A dark global Uð1ÞD symmetry is considered under
which Φ1 transforms trivially whereas χ;Φ2 have Uð1ÞD
charges of 1 each.
We calculate the complete potential including the tree

level potential V tree, one-loop Coleman-Weinberg potential
VCW [82] along with the finite-temperature potential V th
[83,84]. The thermal field-dependent masses of different
particles coupled to the singlet scalarΦ1 are incorporated in
the full potential. The zero-temperature masses of DM and
Φ2 are denoted by mχ and mΦ2

respectively. We then
calculate the critical temperature Tc at which the potential
in the Φ1 direction acquires another degenerate minima at
vc ¼ ϕ1ðT ¼ TcÞ. The order parameter of the FOPT is
defined as vc=Tc such that a stronger FOPT corresponds to
a larger vc=Tc. The FOPT then proceeds via tunneling, the
rate of which is estimated by calculating the bounce action
S3 using the prescription in [85,86]. The nucleation temper-
ature Tn is then calculated by comparing the tunneling
rate with the Hubble expansion rate of the Universe
ΓðTnÞ ¼ H4ðTnÞ. We also estimate the reheat temperature
TRH at the end of the FOPT due to the release of radiation
energy. It is defined as TRH ¼ Max½Tn; T inf � [21] where
T inf is determined by equating density of radiation energy

2One may refer to a review [59] for details of these mecha-
nisms and relevant experimental constraints.
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to that of energy released from the FOPT or equivalently
ΔVeff . The details of the FOPT is given in Appendix A.
We consider a large initial dark sector asymmetry

YΔχ ≠ 0 while lepton asymmetry being of the same order
as baryon asymmetry to be consistent with the observed
BAU. At a temperature T ¼ Ts below the sphaleron
decoupling Tsph, the decay of χ into Φ2ν gets allowed
enabling the transfer of dark sector asymmetry into
neutrino asymmetry YΔν. At the nucleation temperature
T ¼ Tn, the decay χ → Φ2ν gets forbidden again due to
sharp increase in Φ2 mass. This freezes the production of
neutrino asymmetry while ensuring the stability of DM at
lower temperatures. Figure 1 represents a schematic of
this idea.

III. COGENESIS OF LARGE NEUTRINO
ASYMMETRY AND DARK MATTER

In order to calculate the final neutrino asymmetry and DM
abundance starting with an initial dark asymmetry, we write
the relevant Boltzmann equations for χ;Φ2; ν and their
antiparticles χ̄;Φ†

2; ν̄. We consider temperature dependent
masses of relevant particles such that χ; χ̄ decay is allowed
only for a finite window Ts > T > Tn. While neutrinos do
not receive much thermal corrections below the electroweak
scale, the thermal mass ofΦ2 plays crucial role in determin-
ing the final asymmetries. The relevant Boltzmann equations
for generating a large neutrino asymmetry from an initial
dark sector asymmetry can be written as follows.

dYχ

dz
¼ −

1

Hz
hΓχiΘðmχ −mΦ2

Þ
�
Yχ − Yeq

χ
YΦ2

Yeq
Φ2

�
þ 1

Hz
hΓΦ2

iΘðmΦ2
−mχÞ

�
YΦ2

− Yeq
Φ2

Yχ

Yeq
χ

�

−
s
Hz

hσvχχ̄→Φ1Φ1
iðYχY χ̄ − Yeq

χ Y
eq
χ̄ Þ;

dY χ̄

dz
¼ −

1

Hz
hΓχ̄iΘðmχ −mΦ2

Þ
�
Y χ̄ − Yeq

χ̄

YΦ†
2

Yeq
Φ†

2

�
þ 1

Hz
hΓΦ†

2
iΘðmΦ2

−mχÞ
�
YΦ†

2
− Yeq

Φ†
2

Y χ̄

Yeq
χ̄

�

−
s
Hz

hσvχχ̄→Φ1Φ1
iðYχY χ̄ − Yeq

χ Y
eq
χ̄ Þ;

dYΦ2

dz
¼ 1

Hz
hΓχiΘðmχ −mΦ2

Þ
�
Yχ − Yeq

χ
YΦ2

Yeq
Φ2

�
−

1

Hz
hΓΦ2

iΘðmΦ2
−mχÞ

�
YΦ2

− Yeq
Φ2

Yχ

Yeq
χ

�

−
s
Hz

hσvΦ2Φ
†
2
→Φ1Φ1

iðYΦ2
YΦ†

2
− Yeq

Φ2
Yeq
Φ†

2

Þ − s
Hz

hσvΦ1Φ2→Φ1Φ
†
2
iYeq

Φ1
ðYΦ2

− YΦ†
2
Þ;

dYΦ†
2

dz
¼ 1

Hz
hΓχ̄iΘðmχ −mΦ2

Þ
�
Y χ̄ − Yeq

χ̄

YΦ†
2

Yeq
Φ†

2

�
−

1
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hΓΦ†
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iΘðmΦ2

−mχÞ
�
YΦ†

2
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Φ†
2

Y χ̄

Yeq
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�
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hσvΦ2Φ
†
2
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iðYΦ2
YΦ†

2
− Yeq

Φ2
Yeq
Φ†

2

Þ þ s
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hσvΦ1Φ2→Φ1Φ
†
2
iYeq

Φ1
ðYΦ2

− YΦ†
2
Þ;

FIG. 1. The schematic diagram of cogenesis.
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dYν

dz
¼ 1

Hz
hΓχiΘðmχ −mΦ2

Þ
�
Yχ − Yeq

χ
YΦ2

Yeq
Φ2

�
þ 1

Hz
hΓΦ†

2
iΘðmΦ2

−mχÞ
�
YΦ†

2
− Yeq

Φ†
2

Y χ̄

Yeq
χ̄

�
;

dY ν̄

dz
¼ 1

Hz
hΓχ̄iΘðmχ −mΦ2

Þ
�
Y χ̄ − Yeq

χ̄

YΦ†
2

Yeq
Φ†

2

�
þ 1

Hz
hΓΦ2

iΘðmΦ2
−mχÞ

�
YΦ2

− Yeq
Φ2

Yχ

Yeq
χ

�
: ð4Þ

HereYi ¼ ni=s denotes comoving number density of species
“i”with s being the entropy density. Hubble expansion rate is
denoted by H while the variable z is mχ=T. The thermal
averaged decay rate [11,87] for χ → Φ2ν (and its conjugate)

can be written as hΓχi ¼ y2
1

32πmχð1 −
m2

Φ2

m2
χ
Þ2 K1ðmχ=TÞ

K2ðmχ=TÞ where

K1;2 are modified Bessel functions of 1st, 2nd kind, respec-

tively. Similarly, hΓΦ2
i ¼ y2

1

16πmΦ2
ð1 − m2

χ

m2
Φ2

Þ2 K1ðmΦ2
=TÞ

K2ðmΦ2
=TÞ. TheΘ

functions associated with these decay widths ensures the
kinematical constraints. The equations for ν and ν̄ should also
have collision terms corresponding to the SM gauge inter-
actions on the right-hand side. These interactions are
responsible for keeping the neutrino number density close
to their equilibrium values. However, we have ignored those
terms as they do not contribute to the neutrino asymmetries.
The symmetric part ofχ canannihilate into apair of light singlet
scalars Φ1 with hσvχχ̄→Φ1Φ1

i denoting the corresponding
thermal-averaged cross section [88]. A symmetry-breaking
term of the form λ12ðΦ2Φ2Φ1Φ1 þ H:c:Þ is also introduced,
ensuring that the asymmetry accumulated in the complex scalar
Φ2 gets washed out. While other explicit Uð1ÞD breaking
terms like μ12Φ2Φ2

1 þ μ012Φ2
2Φ1 can also cause such washout

of Φ2 asymmetry, we consider only the quartic term in
numerical calculations for illustrative purpose.
Next we define YΔχ ¼ Yχ − Y χ̄ and YΔν ¼ Yν − Y ν̄. We

choose the following initial condition for solving the above
coupled Boltzmann equations

Yχð0Þ ¼ Yeq
χ ; Y χ̄ð0Þ ¼ Yeq

χ − Y in
Δχ ; ð5Þ

Yνð0Þ ¼ Yeq
ν ; Y ν̄ð0Þ ¼ Yeq

ν : ð6Þ

The initial dark sector asymmetry Y in
Δχ in required amount

can be generated in a variety of ways depending upon the
UV completion discussed in Sec. VI. Also, this initial DM
asymmetry can be related to the origin of baryon asym-
metry in the spirit of cogenesis within the framework of
asymmetric dark matter (ADM) [74,89] paradigm.3

IV. LARGE NEUTRINO ASYMMETRY AND Neff

A large neutrino asymmetry can be parametrized in
terms of chemical potential ξ as follows [67],

ηΔLν
¼ ðnν − nν̄Þ

nγ
¼ π2

12ζð3Þ
X
α

ξα; α≡ e; μ; τ; ð7Þ

YΔν ¼
X
α

YΔνα ¼
X
α

nνα − nν̄α
s

≃
X
α

0.035ξα: ð8Þ

Now, the presence of neutrino asymmetry alters the energy
density of neutrinos which is incorporated to the parameter
Neff , the effective number of relativistic species. Ignoring
the effect of neutrino asymmetry on neutrino decoupling,
ΔNeff ¼ Neff − NSM

eff is given as

ΔNeff ¼
X
α

�
30

7

�
ξα
π

�
2

þ 15

7

�
ξα
π

�
4
�
: ð9Þ

Taking into account the effect of neutrino asymmetry on
neutrino decoupling, the correction to the above expression
can be written as [90]

ΔNeff ¼
X
α

�
30

7

�
ξα
π

�
2

þ 15

7

�
ξα
π

�
4

þ 0.0102
3

ξ2α

�
: ð10Þ

As this is a small correction term, both Eq. (9) and Eq. (10)
give the similar change in Neff in presence of neutrino
asymmetry.
In the SM, such neutrino asymmetries do not arise and

hence there is no additional contribution to Neff . The sole
contribution to Neff in the SM comes from relativistic
nature of light neutrinos. If neutrinos decouple instanta-
neously, then Neff ¼ 3. Considering noninstantaneous
decoupling of SM neutrinos along with flavor oscillations
and plasma correction of quantum electrodynamics, the SM
Neff value shifts to NSM

eff ¼ 3.045 [91–93].4 A deviation
from NSM

eff indicates presence of BSM physics either in
terms of additional light degrees of freedom, new interactions
of SM neutrinos or large neutrino asymmetry mentioned
above. The current bound on Neff from Planck 2018 data is
given asNeff ¼ 2.99þ0.34

−0.33 at 2σ CL including baryon acoustic
oscillation (BAO) data. This corresponds to ΔNeff ≲ 0.285.
The latest DESI 2024 data give a slightly weaker bound
ΔNeff ≲ 0.4 at 2σ CL [97]. Similar bound also exists from
BBN considerations 2.3 < Neff < 3.4 at 95% CL [98].
Future CMB experiment CMB stage IV (CMB-S4) is
expected to reach amuch better sensitivity ofΔNeff ¼ Neff −
NSM

eff ¼ 0.06 [99], taking it closer to the SM prediction.

3See [76,77] for reviews of ADM scenarios.

4A few recent works [94–96] obtained a slightly different
prediction NSM

eff ¼ 3.044.
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Another future experiment CMB-HD [100] can probeΔNeff
up to 0.014 at 1σ.
In addition to enhancing Neff , a large neutrino asym-

metry can also affect the BBN predictions of light nuclei
abundance, as pointed out recently in the light of anoma-
lous observations related to primordial helium-4 (4He)
abundance. The recent observations made by the Subaru
survey [101], together with previous observations, have
indicated a shift in primordial 4He abundance YP ¼
0.2379þ0.0031

−0.0030 from the standard BBN predictions. While
this is slightly smaller than earlier estimates [102–104],
inclusion of the primordial deuterium constraints lead to a
>2σ tension between the predicted number of neutrino
species Neff ¼ 2.41þ0.19

−0.21 and the SM predicted value
Neff ¼ 3.045, referred to as the helium anomaly [101].

With a large neutrino asymmetry in electron flavor
ξe ¼ 0.05þ0.03

−0.03 , it is however possible to obtain a large
Neff ¼ 3.22þ0.33

−0.30 consistent with SM prediction within 1σ
[101]. A combined analysis of BBN and CMB observations
have also found evidence for a large neutrino asymmetry in
the early Universe at ∼2σ confidence level [105].

V. RESULTS AND DISCUSSION

We first discuss the temperature dependence of relevant
particle masses leading to the finite temperature window
allowing forbidden decay of DM. The top panel of Fig. 2
shows temperature dependence of masses of χ;Φ2. While
the details of scalar masses is given in Appendix A, the
thermal mass of χ [106,107] is

FIG. 2. Top panel: finite temperature masses of χ and Φ2 for BP1 (left) and BP6 (right) mentioned in Tables I, III with mχ ¼
15.2 × 10−3 GeV (left) andmχ ¼ 81 GeV (right). Bottom panel: evolution of comoving number densities for BP1 (left) and BP6 (right)
with y1 ¼ 7.34 × 10−10 (left) and y1 ¼ 1.05 × 10−7 (right).
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m2
χðTÞ ¼ m2

χ þ
y2χΦ1

16
T2; ð11Þ

with the correction being solely due to its Yukawa
coupling. The top left and top right panel plots of Fig. 2
correspond to the benchmark points BP1, BP6 given in
Tables I and III, respectively. Due to the small values of
Yukawa coupling yχΦ1

chosen, χ does not receive notice-
able thermal corrections to its mass. Clearly, there exists a
finite window Tn < T < Ts during which mχ > mΦ2

allowing the decay χ → Φ2ν and its conjugate process.
We also show the sphaleron decoupling temperature Tsph ∼
130 GeV to indicate that the large neutrino asymmetry is
produced only at T < Tsph and hence cannot get converted
into baryon asymmetry. The bottom panel plots of the same
figure shows the corresponding evolution of comoving
number densities of χ; χ̄;Φ2, Φ

†
2 and ΔLν. Starting with an

initial asymmetry Yχ − Y χ̄ ≠ 0, the plots clearly depict the
transfer of asymmetry in χ into a neutrino asymmetry
during Tn < T < Ts. For T < Tn, the neutrino asymmetry
saturates while χ; χ̄ abundances continue to fall due to
efficient annihilation χχ̄ → Φ1Φ1. Due to the finite temper-
ature window and choice of Yukawa coupling y1 control-
ling the decay rate, all dark asymmetry does not get
transferred to neutrinos, leaving a remnant asymmetry.

The remnant asymmetric relic for the chosen benchmark
points agreewith the observedDM relic. Note that,Φ2 decay
for T < Tn cannot alter asymmetries in dark sector or
neutrinos asΦ2 does not store any asymmetry due to efficient
Φ2 → Φ†

2 interactions. This is seen from the evolutions ofΦ2

andΦ†
2 which almost coincidewith each other. The details of

this conversion process can be found in Appendix C.
Figure 3 shows the GW spectra for the benchmark points

given in Tables I–IV. Tables II and IV contain the details of
the GW related parameters used for calculating the spectra,
while Tables I, III contain the corresponding model param-
eters. In the total GW spectrum shown in Fig. 3, the sound-
wave contribution dominates,with the peak corresponding to
the sound-wave generatedGWamplitude. This is the case for
all benchmark points as the order of α� and β=H� are similar.
The details of theseGWsources during a FOPT can be found
in Appendix A. Clearly, the peak frequencies can remain
within the sensitivity of planned future experiment like LISA
[108], μARES [109], THEIA [110], GAIA [110], SKA
[111], and NANOGrav. The black colored violin-shaped
points correspond to the recent NANOGrav data [81]. Due to
the restrictions of having the FOPT below the electroweak
scale, the peak frequencies do not come within reach of
experiments like DECIGO [112], BBO [113] among others.

TABLE I. Benchmark points BP1, BP2, BP3 for different input
model parameters.

vD
(MeV)

μΦ2

(MeV)
mΦ2

(MeV) λΦ1Φ2
λ1 λ2 λχΦ1

λ12

BP1 20 5 20.25 1.92 0.01 0.01 0.01 10−3

BP2 40 10 40.49 1.92 0.01 0.01 0.01 10−3

BP3 60 20 63.48 2.01 0.01 0.01 0.01 10−3

FIG. 3. GW spectra for BP1 to BP6 of Tables II, IV.

TABLE II. Benchmark points BP1, BP2, BP3 with other details
involved in the GW spectrum calculations.

Tc
(MeV)

vc
(MeV)

Tn
(MeV) α� β=H� vJ

TRH
(MeV)

BP1 6.45 19.00 2.70 0.12 40.37 0.79 2.70
BP2 12.92 38.00 5.45 0.12 46.41 0.79 5.45
BP3 19.87 57.00 9.04 0.08 56.93 0.76 9.04

TABLE III. Benchmark points BP4, BP5, BP6 for different
input model parameters.

vD
(GeV)

μΦ2

(GeV)
mΦ2

(GeV) λΦ1Φ2
λ1 λ2 λχΦ1

λ12

BP4 1 0.2 0.98 1.86 0.01 0.01 0.01 10−3

BP5 10 0.2 9.34 1.74 0.01 0.01 0.01 10−3

BP6 100 20 98.36 1.86 0.01 0.01 0.01 10−3

TABLE IV. Benchmark points BP4, BP5, BP6 with other
details involved in the GW spectrum calculations.

Tc
(GeV)

vc
(GeV)

Tn
(GeV) α� β=H� vJ

TRH
(GeV)

BP4 0.32 0.95 0.13 0.12 63.64 0.78 0.13
BP5 3.14 9.50 1.12 0.23 51.01 0.83 1.12
BP6 32.14 95.00 12.30 0.15 33.64 0.80 12.30

DEBASISH BORAH, NAYAN DAS, and INDRAJIT SAHA PHYS. REV. D 112, 115044 (2025)

115044-6



We show the summary in Figs. 4 and 5. The left panel of
Fig. 4 shows the parameter space in effective Yukawa
coupling y1 versus DM mass plane for benchmark point
BP1 shown in Table I. Different contours correspond to
different values of neutrino asymmetry. The region preferred
to explain the 4He anomaly is shaded in blue color. The other
experimental sensitivities and Planck 2018 bounds are also
shown as different colored shades. For a fixed value of DM
mass, larger y1 leads to larger neutrino asymmetry as more

and more dark sector asymmetry gets transferred into
neutrinos. The right panel of Fig. 4 shows ΔNeff versus
DM mass parameter space while different shapes of points
indicating the prospect of GWdiscovery in terms of signal to
noise ratio (SNR). The SNR is defined as [114]

ρ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
τ

Z
fmax

fmin

df

�
ΩGWðfÞh2
ΩexptðfÞh2

�
2

s
; ð12Þ

with τ being the observation time for a particular detector,
which we consider to be 1 yr. We set the criteria SNR >
5ð> 1Þ for future (present) GW experiments to identify the
parameter space. Clearly, the parameter space remainswithin
reach of several GW experiments while at the same time
offering complementary probe at future CMB experiments.
As expected, lower values of DMmass requires the FOPT to
occur at a lower scale to generate the finite temperature
window for DM decay, pushing the corresponding peak
frequencies toward the PTA ballpark. For the summary plot
on the right panel of Figs. 4 and 5, vD is varied from
10−2 GeV to 102 GeV, λΦ1Φ2

is varied from 1 to 3 and YΔχ
is varied between 5 × 10−4 and 5 × 10−2, y1 is varied
from 8 × 10−10 to 1 × 10−7, while λ1 ¼ λ2 ¼ 0.01, and
λ12 ¼ 10−3. In Fig. 5, we show the zero temperature masses
of dark sector particles namely DM and Φ2 satisfying all
requirements and being within sensitivity of different GW
experiments indicated in terms of color code and point shape.

VI. POSSIBLE UV COMPLETION

In the above discussions, we considered a low energy
effective framework with explicit coupling among χ;Φ2

and SM neutrinos. Due to the singlet nature of χ;Φ2 under

FIG. 4. Left panel: dark matter mass versus effective Yukawa coupling y1 for different residual neutrino asymmetry in case of BP1
given in Table I. Right panel: parameter space inmχ − ΔNeff plane with color code indicating SNR greater than 5 for future experiments
and greater than 1 for ongoing experiments.

FIG. 5. Parameter space in mχ −mΦ2
plane with color code

indicating SNR greater than 5 for future experiments and greater
than 1 for ongoing experiments.
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the SM gauge symmetry, such a coupling is not allowed.
However, it can arise at low energy limit of a UV complete
theory. The same UV completion can also explain the
origin of dark sector asymmetry with possible connections
to the baryon asymmetry of the Universe. There have
been several proposals for asymmetric DM in the literature
[73–75,78–80,89,115–126].
For simplicity, here we consider a low scale seesaw

scenario based on inverse seesaw [127–129] where the
desired dark fermion coupling to active neutrinos via
active-sterile neutrino mixing can be realized while being
consistent with light neutrino mass and subdominant
washout of dark fermion asymmetry. Inverse seesaw
scenario requires two types of sterile fermions N, S with
the following Lagrangian

−L ⊃ yDL̄ H̃ N þMSN̄Sþ 1

2
μSScSþ H:c: ð13Þ

Here μS is the only lepton number violating term which can
be naturally small. After electroweak symmetry breaking,
we have a Dirac mass termMD ¼ yDvffiffi

2
p with v being the VEV

of the SM Higgs doublet H. In the limit μS ≪ MD ≪ MS,
light neutrino mass at leading order is given by

mν ¼ MDM−1
S μSðMT

SÞ−1MT
D: ð14Þ

Thus, smallness of μS keeps active neutrinos light while
also allowing large active-sterile mixing

θ2νN ¼ mν

μS
: ð15Þ

In order to generate effective χ − ν coupling at low energy
[given by Eq. (2)], we couple the RHN N and dark sector
particles χ;Φ2 as

−L ⊃ yχχΦ2N þ H:c: ð16Þ

After the electroweak symmetry breaking, the heavy RHN
mixes with the active neutrinos which opens up an effective
interaction y1χ̄Φ2ν, where y1 ∼ yχθνN with θνN being the
active-sterile neutrino mixing angle given by Eq. (15).
Given an alternate source of dark sector asymmetry, DM
can carry this large asymmetry until it gets partially
transferred to the neutrino sector below sphaleron decou-
pling temperature.
In order to generate the large initial dark sector asym-

metry, we outline a setup based on the Affleck-Dine (AD)
mechanism [70]. While the same mechanism can also
explain the observed baryon asymmetry of the Universe,
we focus only on the aspect of generating large neutrino
asymmetry, which is the focus of this work. Consider an
Affleck-Dine field Φ singlet under the SM symmetries but
charged under a dark global Uð1ÞD symmetry. Let the
Uð1ÞD charge of Φ be −2 while that of dark matter χ is 1.

The relevant part of the Lagrangian involving Φ is

L ⊃ −ðYDχ
cχΦþ H:c:Þ − VðΦÞ; ð17Þ

where

VðΦÞ ¼ m2
ΦjΦj2 þ λΦjΦj4 þ ðϵm2

ΦΦ2 þ H:c:Þ ð18Þ

For ϵ ≠ 0, the last term in the potential VðΦÞ breaks global
Uð1ÞD explicitly. While there can be other terms too
breaking Uð1ÞD explicitly, the quadratic term used here
helps to obtain an analytical expression for the asymmetry
[130]. For small explicit Uð1ÞD breaking term, we have an
approximately conserved Noether’s current given by

Jμ ¼ iQΦ½Φ†
∂μΦ − ð∂μΦ†ÞΦ�; ð19Þ

with QΦ being the global charge of Φ. Using
Φ ¼ ðϕ1 þ iϕ2Þ=

ffiffiffi
2

p
, the number density of the approx-

imately conserved charge is

nΔχ ¼ QΦðϕ̇1ϕ2 − ϕ1ϕ̇2Þ: ð20Þ

Due to this explicit violation, a nonzero lepton asymmetry
is created through the cosmic evolution of Φ which gets
transferred to the dark sector as Φ decays into χ. For Φ≳
mΦffiffiffiffi
λΦ

p ð≡Φ�Þ (where MP denotes reduced Planck mass), the

quartic term λΦjΦj4 dominates and Φ ∝ 1=a. Once Φ
reaches Φ�, difference in the real and imaginary values
of Φ creates an asymmetry in the Φ condensate which
oscillates with period Tasy ¼ π

ϵmΦ
. Now, the comoving

asymmetry (NΔχðtÞ≡ ðaðtÞaI
Þ3nΔχðtÞ, with aI being the scale

factor at the end of inflation) generated for t > t� can be
written as [125,130]

NΔχðtÞ ≃ 4QΦAϕ1;Iϕ2;I

�
ϕI

Φ�

�Z
t

t�
dt0 cosðm1ðt0 − t�ÞÞ

× cosðm2ðt0 − t�ÞÞe−ΓΦðt0−t�Þ ð21Þ

where ΓΦ indicates the total decay rate of the inflaton Φ
to χ. ϕ1;Iϕ2;I indicate the initial values of the real and

imaginary parts of Φ and ϕI ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðϕ1;IÞ2 þ ðϕ2;IÞ2

q
,

while m2
1 ¼ m2

Φ − 2A, m2
2 ¼ m2

Φ þ 2A with A ¼ ϵm2
Φ.

Asymmetry thereby created is transferred to the dark sector
through decay Φ → χχ. Under the assumption of
2A ≫ ΓΦmΦ, for t≳ 1=ΓΦ, the integral above simplifies to5

5Here, we have used the analytical expression derived
in [130] I ≡ R

t
t�
dt0 cosðm1ðt0 − t�ÞÞ cosðm2ðt0 − t�ÞÞe−ΓΦðt0−t�Þ ≃

γ
2mΦ

�
1

2þγ2−2
ffiffiffiffiffiffiffiffiffi
1−4ϵ2

p þ 1

2þγ2þ2
ffiffiffiffiffiffiffiffiffi
1−4ϵ2

p
�
and assume 2ϵ ≫ γ or equiv-

alently, 2A ≫ ΓΦmΦ to maximize the asymmetry.
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NΔχðtÞ ≃ C
γ

8ϵ2mΦ
; ð22Þ

where γ ¼ ΓΦ=mΦ and C ¼ 4QΦAϕ1;Iϕ2;IðϕI
Φ�Þ. Also, we

have γ ≪ 1 for narrow width and ϵ ≪ 1 for soft breaking of
global symmetry. In Fig. 6, we show the evolution of the
comoving asymmetryNΔχðtÞ. The asymmetry initially rises
from zero and then oscillates until t≳ 1=ΓΦ, when its
amplitude exponentially damps to reach the constant value
given by Eq. (22). The final constant value of the
asymmetry is consistent with the neutrino asymmetry
required to solve the recently reported helium-4 anomaly.
If the same decay of the AD field Φ to dark matter also

reheats the Universe to a temperature Trh, then we can
relate its decay width ΓΦ to the reheat temperature
Trh ≃

ffiffiffiffiffiffiffiffiffiffiffiffiffi
ΓΦMP

p
. The lepton asymmetry initially rises from

zero and then oscillates until t≳ 1=ΓΦ, when its amplitude
exponentially damps to reach the constant value given by
[125,130,131]

Y in
Δχ ¼

ðnχ − nχÞ
s

				
Trh

¼ NΔχðTrhÞ
sðTrhÞ

�
aI
arh

�
3

¼ NΔχðTrhÞ
sðTrhÞ

�
aI
a�

�
3
�
a�
arh

�
3

: ð23Þ

Using a ∝ 1=Φ for a < a� and a ∝ t2=3 ∝ H−2=3 for
a� < a < arh, we obtain

Y in
Δχ ≃

NΔχðTrhÞ
sðTrhÞ

�
Φ�
ϕI

�
3
�
Hrh

H�

�
2

: ð24Þ

Using H2
rh ¼ π2

90
g�

T4
rh

M2
P
, H2� ¼ m2

ΦΦ
2�

6M2
P

and the expression for

NΔχðTrhÞ given in Eq. (22), we obtain

Y in
Δχ ≃

3

4

ffiffiffiffiffiffiffiffiffiffi
π2

90
g�

r
QΦϕ1;Iϕ2;I

�
1

ϕI

�
2 T3

rh

ϵm2
ΦMP

≃
3

8

ffiffiffiffiffiffiffiffiffiffi
π2

90
g�

r
QΦ

T3
rh

ϵm2
ΦMP

sinð2θϕÞ: ð25Þ

Here θϕ is the phase of Φ, which we can consider to be of
Oð1Þ. Now, the presence of lepton number violating
interaction given by ϵ can lead to the washout of the
generated asymmetry. This can happen through scatterings
violating Uð1ÞD charge by 4 units: χχ ↔ χ̄ χ̄, mediated by
Φ exchange and the ϵ term. If the decoupling temperature
of such process is higher than the reheat temperature Trh,
the washout effect would be absent. This leads to the
following condition

ΓwoðΔL ¼ 4Þ≡ T3
rh
Y4
Dϵ

2T2
rh

64πm4
Φ

≲HðTrhÞ≡
ffiffiffiffiffiffiffiffiffiffi
π2

90
g�

r
T2
rh

MP
:

ð26Þ

Additionally, demanding the AD field to be not part of the
thermal bath requires Trh < mΦ which ensures washouts
due to inverse decays being subdominant. Figure 7 shows
comoving dark asymmetry as a function of ϵ for a bench-
mark choice of parameters. The pink shaded region
corresponds to the region where analytical approximation
of asymmetry given by Eq. (22) does not apply. The entire
parameter space shown in Fig. 7 correspond to subdomi-
nant washouts mediated by Φ or washouts due to inverse
decay into Φ.
Another washout of dark asymmetry can arise due to the

coupling of χ with Majorana heavy fermions Ni. One can
have ΔL ¼ 2 washout process like χΦ†

2 ↔ χ̄Φ2 mediated
by Ni. Demanding this process to be inefficient at T ¼ Trh
leads to

FIG. 6. Evolution of dark sector asymmetry with time for a
benchmark choice of model parameters. The final asymmetry is
of the same order as the one required to address the helium-4
anomaly.

FIG. 7. Comoving dark sector asymmetry as a function of ϵ for
one benchmark choice of model parameters. The analytical
expression for asymmetry is not valid in the pink shaded region
requiring numerical estimates.
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ΓwoðΔL ¼ 2Þ≡ T3
rh

y4χμ2S
64πM4

S
¼ T3

rh
y41μ

2
S

64πðθνNMSÞ4
≲HðTrhÞ

≡
ffiffiffiffiffiffiffiffiffiffi
π2

90
g�

r
T2
rh

MP
; ð27Þ

where we use y1 ¼ yχθνN . Using active-sterile mixing
given by Eq. (15), this leads to the following upper bound

Trh <

ffiffiffiffiffiffiffiffiffiffi
π2

90
g�

r
64π

y41

m2
ν

MP

�
MS

μS

�
4

: ð28Þ

For y1 ∼ 10−9 and mν < 0.1 eV, Trh can be as large as
1016 GeV for MS=μS ∼ 104. For larger MS=μS which is
generic in inverse seesaw scenarios, this bound can be
satisfied trivially.
In order not to overproduce baryon asymmetry of

Universe, it is also required to ensure that the large dark
fermion asymmetry does not get transferred to SM leptons
via scatterings like χΦ†

2 → lH mediated by N. Keeping this
ΔL ¼ 0 conversion process out-of-equilibrium at T ¼ Trh
leads to

Γtransfer ≡ T3
rh

y2Dy
2
χ

64πM2
S
¼ T3

rh
y21

32πv2
≲HðTrhÞ≡

ffiffiffiffiffiffiffiffiffiffi
π2

90
g�

r
T2
rh

MP
;

ð29Þ

where we use yχ ¼ y1
θνN

¼
ffiffi
2

p
y1MS
yDv

.
To verify the out-of-equilibrium conditions given by

Eqs. (26), (27), and (29) for the benchmark plots shown in
Figs. 6 and 7, we plot the Hubble expansion rate and
interaction rates for washout and transfer processes as a
function of reheating temperature in Fig. 8. The region
below the black solid line denotes the out-of equilibrium

regime. The blue, magenta, and red colored dashed lines
denote the interaction rate given in Eqs. (26), (27), and (29)
respectively. The rest of the parameters are kept fixed
at YD ¼ 4.2 × 10−6, mΦ ¼ 106 GeV, mχ ¼ 14 MeV, and
ϵ ¼ 2 × 10−12 (same values as in Figs. 6 and 7). In addition,
we use y1 ¼ 10−9 which is consistent with left plot of
Fig. 4. For the condition in Eq. (27), we consider the ratio
MS
μS

to be 104. With these, the maximum reheating temper-
ature to keep all the washout and transfer processes out-of-
equilibrium is found to be ∼106 GeV.

VII. CONCLUSION

We have proposed a mechanism to produce large
neutrino asymmetry at low scale from dark matter decay.
While dark matter is cosmologically stable, it can decay in
the early Universe due to finite temperature effects and if
DM is asymmetric like the visible matter, its decay into
light neutrinos can transfer some of the dark sector
asymmetries into neutrinos. The decay of DM is enabled
in the vicinity of a first order phase transition which leads to
sharp change in one of the dark sector particle’s mass. The
large neutrino asymmetry can have interesting cosmologi-
cal consequences like altering light nuclei abundance which
can solve the recently reported helium-4 anomaly. Such
asymmetry can also lead to observable ΔNeff at future
CMB experiments. In order to be in agreement with the
observed baryon asymmetry, such decay of DM and hence
the FOPT is required to occur below the electroweak scale.
This keeps the corresponding gravitational wave peak
frequencies in nHz-mHz ballpark. Due to the presence
of new physics below the electroweak scale, the model can
have other detection prospects the details of which we do
not discuss here. We briefly comment upon interesting
direct detection prospects of DM via Higgs portal inter-
actions in Appendix B. While we have not explored the

FIG. 8. Comparison of asymmetry washout rates ΓwoðΔL ¼ 4Þ, ΓwoðΔL ¼ 2Þ and asymmetry transfer rate Γtransfer with Hubble
expansion rateH as a function of reheating temperature. The blue, magenta, and red color dashed lines denote the interaction rate given
in Eqs. (26), (27), and (29) whereas black solid line denotes the corresponding Hubble expansion rate.
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possibility of explaining the observed baryon asymmetry
within the same setup, it can be generated independently
from heavy right-handed neutrino decay [132]. Given the
upper bound on reheating temperature Trh < 106 GeV
from the requirement of keeping washout and asymmetry
transferring scattering processes out of equilibrium, the
leptogenesis is likely to occur via resonant enhancement or
nonthermally. We leave such possible extensions of the
framework to future studies.
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APPENDIX A: DETAILS OF FOPT AND
GRAVITATIONAL WAVES

The dark sector went through a first order phase
transition driven by scalar Φ1 and the tree level scalar
potential can be written as

VðΦ1;Φ2Þ ¼
λ1
4

�
Φ2

1 −
v2D
2

�
2

þ μ2Φ2
jΦ2j2 þ λ2jΦ2j4

þ λΦ1Φ2

2
Φ2

1jΦ2j2: ðA1Þ

Here, vD is the vacuum expectation value (VEV) of the
singlet scalar Φ1ð≡ϕ1Þ. The Coleman-Weinberg (CW)
potential [82] can be written as

VCWðϕ1Þ ¼
1

ð8πÞ2
X

i¼ϕ1;Φ2;χ

niM4
i ðϕ1Þ



log

�
M2

i ðϕ1Þ
v2D

�
−Ci

�

ðA2Þ

where, nϕ1
¼ 1, nΦ2

¼ 2, nχ ¼ 4 and Cϕ1;Φ2;χ ¼ 3
2
.

The physical field-dependent masses of particles coupled
to Φ1 are

M2
ϕ2
ðϕ1Þ ¼ μ2Φ2

þ λΦ1Φ2

2
ϕ2
1; M2

χðϕ1Þ ¼ ðm0 þ yχΦ1
ϕ1Þ2:

Now, the thermal contributions [83,84] can be expressed as

VTðϕ1; TÞ ¼
X

i¼ϕ1;Φ2;χ

niT4

2π2
JB

�
M2

i ðϕ1Þ
T2

�
ðA3Þ

where

JBðxÞ ¼
Z

∞

0

dyy2 log
h
1 − e−

ffiffiffiffiffiffiffiffiffi
y2þx2

p i
:

In the thermal contribution, the Daisy corrections [133–135]
are also added to improve perturbative expansion following
Arnold-Espinosa method [135] where V thermalðϕ1; TÞ ¼
VTðϕ1; TÞ þ Vdaisyðϕ1; TÞ. The Daisy contribution can be
written as

Vdaisyðϕ1; TÞ ¼ −
T
2π2

X
i¼ϕ1;Φ2

ni½M3
i ðϕ1; TÞ −M3

i ðϕ1Þ�

ðA4Þ

where,M2
i ðϕ1; TÞ ¼ M2

i ðϕ1Þ þ ΠiðTÞ and the relevant ther-
mal masses are

M2
ϕ1
ðϕ1; TÞ ¼ M2

ϕ1
ðϕ1Þ þ

�
λ1
4
þ λΦ1Φ2

6

�
T2;

M2
Φ2
ðϕ1; TÞ ¼ M2

Φ2
ðϕ1Þ þ

�
λ2
3
þ λΦ1Φ2

12

�
T2:

Hence, the effective potential at finite temperature can be
written as

Veffðϕ1; TÞ ¼ V treeðϕ1Þ þ VCWðϕ1Þ þ V thermalðϕ1; TÞ:
ðA5Þ

The above effective potential shows different profiles
depending on the temperature. When the temperature
reaches a critical point, the potential develops two identical
minima separated by a barrier. Below the critical temper-
ature, the nonzero minimum becomes the true vacuum,
while the zero minimum becomes the false vacuum. Due to
the presence of the barrier, the Universe remains in the false
vacuum, and then transitions from the false vacuum to the
true vacuum by tunneling through the barrier. The rate of
tunneling per unit time per unit volume can be estimated
as ΓðTÞ ¼ AðTÞe−S3ðTÞ=T , where AðTÞ ∼ T4 and S3 is
Euclidean action. Here, the Hubble parameter is given
by HðTÞ ≃ 1.66

ffiffiffiffiffi
g�

p
T2=MP with g� being the dof of the

radiation component. The energy difference between the
true and the false vacuum is ΔVeff ≡ Veffðϕfalse; TÞ−
Veffðϕtrue; TÞ. The amount of vacuum energy released
during FOPT can parametrized as α� ¼ ϵ�

ρrad
, where radiation

energy density of the Universe, ρrad ¼ g�π2T4=30 and
ϵ� ¼ ½ΔVeff − T

4
∂ΔVeff
∂T �T¼Tn

. The inverse duration of FOPT

is defined as β
HðTÞ� ≃ T d

dT ðS3T ÞjT¼Tn
. In this work to calculate

the Euclidean action, we fitted the effective potential to a
generic potential for which action calculations are
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described in [86]. This prescription of action estimation is
described with details in [27].
As the FOPT progresses, bubbles of true vacuum form

and expand to cover the whole Universe. Then these
bubbles start to collide with each other and generate
stochastic gravitational waves. The gravitational waves
are produced from three primary sources: bubble collisions,
sound waves in the plasma, and turbulence due to MHD of
the plasma. Now, considering these three contributions to
GW production, the corresponding GW power spectrum
can be written as [136]

ΩGWðfÞ ¼ ΩϕðfÞ þΩswðfÞ þ ΩturbðfÞ: ðA6Þ

Considering bubble collision as one of the source, the
spectrum can be written as [137–139]

Ωϕh2 ¼ 1.67 × 10−5
�
100

g�

�
1=3

�
H�
β

�
2
�

κϕα�
1þ α�

�
2

×
Aðaþ bÞc

½bðf=fϕpeakÞ−a=c þ aðf=fϕpeakÞb=c�c
; ðA7Þ

where, a ¼ 2.41, b ¼ 2.42, c ¼ 4.08 and A ¼ 5.13 × 10−2

and the peak frequency being

fϕpeak ¼ 2.02 × 10−6 Hz

�
g�
100

�
1=6

�
Tn

100 GeV

��
β

H�

�
:

ðA8Þ

During bubble collision, the energy transfer can be para-
metrized by the efficiency factor κϕ, [140]

κϕ ¼ 1

1þ 0.715α�

�
0.715α� þ

4

27

ffiffiffiffiffiffiffi
3α�
2

r �
: ðA9Þ

The Jouguet velocity for bubble can be written as vJ ¼
1=

ffiffi
3

p þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
α2�þ2α�=3

p
1þα�

[141] and the bubble wall velocity can be
estimated as [142]

vw ¼

8>><
>>:

ffiffiffiffiffiffiffiffiffi
ΔVeff
α�ρrad

q
if

ffiffiffiffiffiffiffiffiffi
ΔVeff
α�ρrad

q
< vJ

1 if
ffiffiffiffiffiffiffiffiffi
ΔVeff
α�ρrad

q
≥ vJ:

ðA10Þ

The GW spectrum generated from the sound wave in the
plasma can be written as [138]

Ωswh2 ¼ 2.59 × 10−6
�
100

g�

�
1=3

�
H�
β

��
κswα�
1þ α�

�
2

× vw
73.5ðf=fswpeakÞ3

ð4þ 3ðf=fswpeakÞ2Þ3.5
ϒ: ðA11Þ

The corresponding peak frequency is given by

fswpeak ¼ 8.9 × 10−6 Hz

�
g�
100

�
1=6 1

vw

�
Tn

100 GeV

�

×

�
β

H�

��
zp
10

�
: ðA12Þ

The efficiency factor for sound waves is [141]

κsw ¼ α�
0.73þ 0.083

ffiffiffiffiffi
α�

p þ α�
: ðA13Þ

Here, ϒ ¼ 1 − 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ2τswH�

p is a suppression factor [143]

where τsw ∼ R�=Ūf, mean bubble separation, R� ¼
ð8πÞ1=3vwβ−1 and rms fluid velocity, Ūf ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3κswα�=4ð1þ α�Þ

p
; zp ∼ 10. The spectrum generated

by the turbulence in the plasma is given by [138,139,144]

Ωturbh2 ¼ 3.35 × 10−4
�
100

g�

�
1=3

�
H�
β

��
κturbα�
1þ α�

�
1.5

× vw
ðf=fturbpeakÞ3

ð1þ f=fturbpeakÞ3.6ð1þ 8πf=h�Þ
; ðA14Þ

with the peak frequency being [144]

fturbpeak ¼ 2.7 × 10−5 Hz

�
g�
100

�
1=6 1

vw

�
Tn

100 GeV

��
β

H�

�
:

ðA15Þ

The efficiency factor for turbulence is κturb ≃ 0.1κsw [144]
and

h� ¼ 1.65 × 10−5 Hz

�
g�
100

�
1=6

�
Tn

100 GeV

�
: ðA16Þ

APPENDIX B: DIRECT DETECTION
OF LIGHT DM

DM χ, can interact with nucleon due to Higgs portal
interactions facilitated by the mixing between Φ1 and
the SM Higgs h, parametrized by sin θΦ1h. The spin
independent DM-nucleon cross section for a target nucleus
with atomic number Z and mass number A can be written
as [46]

σSIχN ¼ μ2χN
4πA2

ðZfp þ ðA − ZÞfnÞ2; ðB1Þ

where μχN ¼ mχmN

ðmχþmNÞ is the reduced mass of DM-nucleon

system and the interaction strengths fp, fn of proton and
neutron with DM are given as
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fp;n ¼
X

q¼u;d;s

fp;nTq
αq

mp;n

mq
þ

X
q¼c;t;b

fp;nTGαq
mp;n

mq
; ðB2Þ

where fpTu
¼ 0.018, fpTd

¼ 0.027, fpTs
¼ 0.037, fnTu

¼
0.013, fnTd

¼ 0.040, fnTs
¼ 0.037 and fpTG ¼ 1 − fpTu

−
fpTd

− fpTs
, fnTG ¼ 1 − fnTu

− fnTd
− fnTs

[145]. The αq is
defined by

αq ¼ λχΦ1
sin θΦ1h

mq

v

�
1

m2
Φ1

−
1

m2
h

�
; ðB3Þ

with mh ≈ 125 GeV being the mass of SM Higgs.
Moreover, the dark matter electron scattering in direct

detection experiments XENON1T [146], PandaX-4T [147]
can also provide bound on DM mass. The DM-electron
cross section is given by [46,148,149]

σe ≈
16πμχeααχΦ1

sin2 θΦ1h

m4
Φ1

jFðqÞj2; ðB4Þ

with αχΦ1
¼ λ2χΦ1

=4π and μχe ¼ mχme

mχþme
refers the reduced

mass of DM-electron system. α denotes the fine structure
constant, and FðqÞ ¼ 1 for a massive mediator. The
variations of DM-nucleon and DM-electron scattering cross
section with DMmass in the range of our interest are shown
in Fig. 9.

APPENDIX C: EFFICIENT CONVERSION
OF Φ2 → Φ†

2

The decay of asymmetric χ can also create asymmetry in
Φ2, but due to the scalar coupling λ12ðΦ2Φ2Φ1Φ1 þ H:c:Þ,
efficient conversion of Φ2 → Φ†

2 can happen before

and during FOPT, effectively washing out the asym-
metry stored Φ2. The cross section for this process is
σconv ¼ λ212=ð16πsÞ. The corresponding thermal averaged
cross section [150] can be written as

hσviconv ¼
1

8Tm2
Φ1
m2

Φ2
K2ðmΦ1

=TÞK2ðmΦ2
=TÞ

×
Z

∞

ðmΦ1
þmΦ2

Þ2
ds

λðs;mΦ1
; mΦ2

Þffiffiffi
s

p K1

� ffiffiffi
s

p
T

�
σconv

ðC1Þ

FIG. 10. Comparison of conversion rate of Φ2 → Φ†
2 for

different value of λ12 and other parameters same as BP1.

FIG. 9. Left panel: variation of spin-independent DM-nucleon elastic scattering cross section with DM mass for different choices of
the singlet-Higgs mixing parameter. Right panel: same as the left panel but for DM-electron scattering. For both the panels, mΦ1

¼
10 MeV and λχΦ1

¼ 0.01.
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where, the Mandelstam triangular function λðs;m1; m2Þ ¼
ðs − ðm1 þm2Þ2Þðs − ðm1 −m2Þ2Þ. Figure 10 shows
the comparison of this conversion rate with Hubble
for different value of λ12, and other parameter same as

benchmark point BP1 in Table I. Clearly, the process
remains in equilibrium around the phase transition
epoch, efficiently washing out the asymmetry stored
in Φ2.
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