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Nontopological solitons formed during first-order phase transitions can serve as macroscopic dark
matter candidates, with their stability ensured by a charge asymmetry traditionally assumed to originate
from baryogenesis. Following this generic pattern, we demonstrate that solitogenesis after baryogenesis
makes the solitons a coincident dark matter candidate, providing new explanations for the coincidence
problem between baryon and dark matter energy densities. We derive a novel and robust conclusion;
asteroid-mass coincident soliton dark matter is always accompanied by detectable gravitational waves
observable by LISA, μAres, and Theia, providing a new candidate beyond primordial black holes in this
mass window. Additionally, we propose a simple neutrino-ball scenario that addresses baryon asymmetry,
dark matter, and neutrino masses, featuring new particles below the electroweak scale and correlated
observable signals, including lensing, gravitational waves, and soliton evaporation or collisions.
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Introduction. The Standard Model (SM) in elementary
particle physics has demonstrated itself as a minimal and
self-consistent theory in explaining and predicting numerous
observational facts. Being tremendously successful, never-
theless, the SM leaves several open questions, including the
dynamical explanation of the baryon asymmetry in the
Universe (BAU), the candidates of dark matter (DM), and
the origin of neutrino masses. Additionally, the DM energy
density (Ωdm ¼ 0.265) and the baryon energy density
(Ωb ¼ 0.0493) present a coincidence problem Ωdm=Ωb ≈
5.4 [1], suggesting an underlying common origin [2].
Nontopological solitons [3–12] are macroscopic DM

candidates [13], which typically exist as compact balls
confining numerous fermions (Fermi-balls [14–21], also
called quark nuggets when the constituents are quarklike
[22–29]) or scalar bosons (Q-balls [30–34]). Generally,
nontopological soliton DM necessitates a charge asymme-
try, as its stability is guaranteed by the nonzero conserved
Nöther charge carried by the constituent particles. This
charge asymmetry has been widely considered to be of the
same order as the baryon asymmetry (see e.g., the afore-
mentioned references), which implies an underlying con-
nection between soliton DM and the BAU. This assumption

may open new avenues to explain the coincidence problem
by macroscopic objects rather than the conventional par-
ticle DM paradigm [35–42].
Following this generic pattern, we demonstrate in this

Letter that when the BAU and the soliton charge asymmetry
share a common origin, solitogenesis from a later first-order
phase transition (FOPT) can explain the coincidence prob-
lem. Such coincident soliton DM has a robust feature that
deserves highlight; if it resides in the asteroid mass scale,
1012 g − 1022 g, strong gravitational waves (GWs) gener-
ated during the FOPTwill always reach the detection regions
of LISA [43], μAres [44], or Theia [45]. This feature is
general and independent of how baryogenesis provides the
initial charge asymmetry for solitons. In addition, coincident
solitonDMprovides a new alternative to the primordial black
holes (PBHs) [46–51] in the mass range 1017 g − 1022 g
[52–60], where several experimental concepts and targets,
such as femtolensing/picolensing [61–67] and time informa-
tion [68] of gamma-ray bursts, as well as microlensing of
x-ray pulsars [69], are under active development. Moreover,
the complementary signals from GWs and lensing effects
in the mass range 1017 g − 1022 g can also be used to
distinguish coincident soliton DM from PBHs.
As an application, we provide a simple and realistic

neutrino-ball scenario based on the Dirac seesaw [70,71] to
realize coincident Fermi-ball DM, which can simultane-
ously address the BAU, DM, and neutrino masses with all
the beyond-SM particles below the electroweak scale,
allowing for direct detection at colliders.

Coincident fermi-ball dm. For definiteness, let us consider
the interaction between the SM and hidden-sector fermions
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χ. It could be the lepton portal lLH̃χR, with lL and H the
left-handed lepton and Higgs doublets, respectively, or the
quark portal q̄LSχR, with qL the left-handed quark doublet
and S the leptoquark in grand unified theory or squark in
supersymmetric theory.
The generic pattern is sketched inFig. 1. The χ-asymmetry

can be written as Yχ ≡ ðnχ − nχ̄Þ=s ¼ cχYB, where YB ≡
ðnb − nb̄Þ=s denotes the baryon asymmetry normalized to
the entropy density s ¼ geff2π2T3=45 with geff the effective
degrees of freedom, and cχ is anOð1Þ coefficient depending
on the specific realization of baryogenesis.
After baryogenesis, χ particles experience FOPT from

some background scalar field ϕ and develop a mass gap via
an interaction yϕϕχ̄χ, with yϕ the Yukawa coupling. If this
mass gap is much larger than the FOPT temperature T�, the
χ-asymmetry can result in a number of Q ≈ Yχs�ð4πR3�=3Þ
trapped in the false vacuum remnants, where s� is the entropy
density at formation epoch, andR� ≈ vw=β [72] is the size of
the remnants with vw the bubble wall velocity and β−1 the
FOPT duration. The remnants eventually shrink to a size
much smaller than R� and form individual Fermi-balls.
After formation, Fermi-balls track the Universe’s temper-

ature and cool down [14,18,24]. As the profile depends on the
temperatureweakly [17], one can approximate the Fermi-ball
mass and radius respectively as Mfb ¼ Qð12π2V0Þ1=4 and
Rfb ¼ ½3Mfb=ð16πV0Þ�1=3 by using the present-day profile,
where V0 is the free energy difference between the true and
false vacua. The number density of Fermi-balls is the same as
that of the remnants at the moment of formation, n�fb ∼ R−3� ,
and then evolves by entropy conservation under the cosmic
expansion.
Using these features, one can obtain the energy ratio of

soliton DM to baryons as

Ωdm

Ωb
≈ cχ

�
μ

mp

�
; ð1Þ

where mp ≈ 0.938 GeV is the proton mass, μ≡ dMfb=dQ
is the effective mass for a constituent χ inside the soliton.

The above relation shows that anOð1Þcχ and a GeV-scale μ
explainwhy the energydensities ofDMand baryons have the
similar order, even though they have very different particle
physics backgrounds. This differs from the asymmetric
particle DM paradigm for the coincidence problem, since
μ is not the physical DMmass but is induced nontrivially by
the FOPT trapping the asymmetric χ particles. Here, the
observable DMmassMfb provides a connection between the
coincidence problem and the macroscopic mass window
directly associated with the lensing effects.
For generic FOPT, V0 ≈ V�

0 ≈ ðπ2g�T4�=30Þα holds to a
good approximation, where α denotes the ratio of FOPT
latent heat to the radiation energy density. For Fermi-ball
contributing to the whole DM relic density, the FOPT tem-
perature reads T� ≈ ð0.1=αÞ1=4c−1χ GeV, suggesting a GeV-
scale FOPT. Substituting T� intoMfb, we find the Fermi-ball
DM mass links the BAU and the FOPT dynamics via

Mfb ≈ 1017 g

�
vw
0.6

�
3
�

100

β=H�

�
3
�

α

0.1

�
3=4

c3χ ; ð2Þ

where we set geff ¼ 80 as a benchmark. It suggests a strong
correlation between the Fermi-ball mass and theGWsignals,
as the latter is determined by vw, α, and β=H�. For typical
FOPT with α ¼ Oð0.1Þ and β=H� ¼ Oð100Þ, the GW is
sound-wave dominated [73]. The resulting GW peak fre-
quency and amplitude both depend on the Fermi-ball mass,

fsw ≈ 3.8 × 10−5 Hz

�
1017 g
Mfb

�
1=3

;

Ωsw ≈ 10−11
�

Mfb

1017 g

�
2=3

�
α

0.1

��
μ

mp

�
2
�
Ωb

Ωdm

�
2

: ð3Þ

Remarkably, the robust prediction that asteroid-mass Fermi-
ball DM is associatedwithmicro-HertzGWsperfectly aligns
with the detection targets of the proposed experiments μAres
and Theia, providing another theoretical motivation to
advance the development of these detectors.
Figure 2 illustrates the parameter space for coincident

soliton DM alongside projected experimental sensitivities.
The left panel displays contours ofMfb and T� as functions
of FOPT parameters α and β=H�, with cχ ¼ 0.5 fixed. After
the FOPT, the Universe is reheated to a temperature
Trh ≈ ð1þ αÞ1=4T�. This might melt the solitons, if Trh is
comparable with the mass gap, such that χ’s gain sufficient
kinetic energy to penetrate the truevacuum.Therefore,α < 1
is required to have a moderate FOPT, while β=H� < 1 is not
considered as it is not realizable in general FOPTs. The right
panel shows the Mfb − Rfb plane fixing α ¼ 0.1, where the
meshed region represents the natural regime 5 GeV≲ μ ≲
50 GeV for the coincidence problem, corresponding to
cχ ≃ 0.1–1. In both panels, vw ¼ 0.6, and the orange, blue
and cyan shaded regions indicate the projected GW sensi-
tivities of future μAres [44], Theia [45], and LISA [43]

FIG. 1. Sketch of the paradigm. Both the baryon asymmetry
(YB) and the hidden sector charge asymmetry (Yχ) are generated
during the baryogenesis process, satisfying Yχ=YB ∼Oð0.1–1Þ.
The SM particles penetrate into the true vacuum, yielding the
observed BAU. The asymmetric dark particles inherited from
baryogenesis are reflected by the bubble wall due to their large
mass gap, consequently being trapped in the false vacuum to form
soliton DM.
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detectors, respectively, with a signal-to-noise ratio at 10
(lighter) and 100 (darker). Existing constraints from micro-
lensing [49–51] and projected detection regimes [64–67,69]
are also shown for reference. Different from the PBH case,
Fermi-ball does not suffer from Hawking radiation [74,75],
and hence the coincidence solution allows formass as light as
∼1012 g. However, the combined detection of GWs and
lensing restricts in the asteroid-masswindow,whichprovides
an important distinguished signature between Fermi-balls
and PBHs.

Lifetime. The solitons are stable against evaporating into free
χ fermions if μ is smaller than the free particle mass mχ ¼
yϕhϕi in the true vacuum, and are stable against splitting into
two smaller solitons if d2Mfb=dQ2 ≤ 0. However, due to the
portal coupling required by the generation of the BAU and
χ-asymmetry, the constituent χ fermions near the Fermi-ball
surface may decay to SM light particles, leading to soliton
evaporation [76]. Nevertheless, the soliton lifetime due to
particle decay through surface evaporation can be longer than
the age of the Universe, since the constituents deep inside the
soliton are massless. To see this, one can assume that only
the particles with an effective mass μ within the bubble
width∼m−1

ϕ can decay. The lifetime of a soliton estimated via
τfb ∼ −Q=ðdQ=dtÞ yields

τfb
τχ

≈ 1013
�

mϕ

GeV

��
Γχ

Γμ
χ

��
Mfb

1017 g

�
1=3

c4=3χ ; ð4Þ

where Γμ
χ (Γχ) is the decay rate evaluated with mass μ (mχ).

Given thatμ < mχ ,Γ
μ
χ is smaller thanΓχ , especiallywhenμ is

smaller than the true vacuum masses of the decay products
such that the decay channels are of multi-body type.
Therefore,we see that the lifetimeof aFermi-ball is enhanced
significantly compared with that of a free χ fermion.
Depending on the particle physics models, the Fermi-ball
lifetime longer than the age of the Universe τfb ≳ 1017 s can
be easily realized by a small Γμ

χ .

It is worth mentioning that constraints from soliton DM
evaporation are weaker than from decaying particle DM
[77–79]. The injected particle flux and energy spectrum from
decaying DM is well-determined by the particle DM mass
and the (local) relic density, however, soliton DM decay is
only through surface evaporation,where the energy spectrum
of products only results from a small fractional mass of a
single Fermi-ball. Determining the spectrum of the injected
particles from soliton evaporation or collision of solitons [24]
would provide a distinctive feature from decaying DM and a
complementary test for Fermi-ball DM. While the precise
calculation of Fermi-ball evaporation is still challenging, it
can open a new research direction and deserves careful
consideration in future studies.

Neutrino-balls. As a concrete application of the proposed
pattern, let us identify the fermions χ as the sterile neutrinos.
Majorana neutrinos are a leading candidate for explaining
the SM neutrino masses, but it is challenging to make them
Fermi-ball constituents via FOPT due to annihilation prob-
lems. Confining χ into a soliton requires interactions with
a background field to create a space-dependent fermion
mass, trapping them via the mass gap. For Majorana χ, the
corresponding interactionϕχχ inevitably leads to annihilation
of χ pairs to scalar quanta via χχ → ϕ, χχ → ϕϕ. This would
eventually lead to the χ-disappearance even if there is an
initial helicity asymmetry for Majorana χ, which is a con-
sequence previously overlooked [80,81]. For Dirac χ with
interactions ϕχ̄χ, in contrast, an initial charge asymmetry can
be protected from pair annihilation, leading to net Dirac χ
particles surviving to be soliton constituents.
While a substantial number of scenarios for Dirac

neutrinos have been developed, we here concentrate on
the minimal framework that allows stronger correlations
among various observational consequences. To this end, we
consider the Dirac type-I seesaw mechanism [70,71] with
the Lagrangian,

L ¼ −yhlLH̃χR − yηχ̄LηνR − yϕϕχ̄LχR þ H:c:; ð5Þ

FIG. 2. The parameter space of coincident Fermi-ball DM. Left: T� andMfb as functions of ðα; β=H�Þ, with cχ ¼ 0.5 fixed. Right: cχ
as a function of ðMfb; RfbÞ, with α ¼ 0.1 fixed. The colored shaded regions indicate the constraints and projected detection regimes from
lensing and GW experiments. See the text for details.
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introduced to the SM, where νR is the Dirac right-handed
counterpart of the SM active neutrinos. The sterile neutrinos
χ are assumed to have three generations. Two real singlet
scalars η and ϕ help the asymmetry redistribution among
three χ flavors, serve to trigger the FOPT, and explain the
mass origins for the neutrinos. We use yi to denote the
Yukawa couplings associated with different scalars i ¼ h, η,
and ϕ. After the scalars develop their vacuum expectation
values (VEVs), i.e., hhi≡ v ≈ 246 GeV, hϕi≡ w, and
hηi≡ u, the SM neutrino masses read

mν ≈ 17 meV

�
yh
10−6

��
yη
10−4

��
u

10−3mχ

�
: ð6Þ

Note a hierarchy u ≪ mχ is implied in Dirac seesaw: to
forbid the direct mass term lLH̃νR, a Z2 symmetry is
assigned, under which νR and η are odd; however, there
should be a softZ2-breaking term in the scalar potential, such
that η obtains a small VEV to realize Eq. (6). This naturally
leads to the formation of η-based domain wall in the early
Universe [82], which is also essential for our mechanism, to
be detailed below.
The first event for realization of coincident neutrino-ball

DM is leptogenesis that happens before the electroweak
phase transition and ϕ-FOPT, where hhi ¼ hϕi ¼ hηi ¼ 0.
For minimality and simplicity, we build on the idea of the
shared and conserved B − L between the SM and hidden
sector particles [36–40,83–87], where the dark asymmetry
and BAU are both generated via leptogenesis. Leptogenesis
then proceeds through the out-of-equilibrium decay H →
lLχR via the first term in Eq. (5). As the same portal also
causes χ decay and hence neutrino-ball evaporation, we
assume χ1 has weaker interactions such that the BAU is
dominantly generated via Higgs decay to χ2;3. Finite-
temperature corrections to the SM leptons will induce
CP asymmetries equally distributed in the SM lepton and χ
sectors [87–90], where the CP-violating source for gen-
erating the χ-asymmetry exhibits a resonant enhancement.
Following Ref. [87], the asymmetry for χ2 þ χ3 yields

Yχ2þχ3 ≈ 4.3 × 10−8
�

ȳh
10−6

�
4

hfχiαβ; ð7Þ

where ȳh ≡P
α;β¼2;3½Imðyh;eαy�h;μαyh;μβy�h;eβÞ�1=4 with the

indices μ and e corresponding to the maximal resonant
enhancement in the muon-electron direction [87]. The
average hfχiαβ is defined by the nonthermal χ2;3 distribution
functions under interaction over temperature and momenta,

hfχiαβ ≡
Z

zsph

0

dz
Z

∞

0

dx
Z

∞

ylow

dy
Z

∞

wlow

dw
θ4zIαβ
x

; ð8Þ

where z≡mh=T, and θz ≡ ½z2θðz − zcÞ þ 0.3�1=2 results
from the thermal mass difference between the Higgs and

leptons, with zc ≈ 0.78 corresponding to the electroweak
crossover [91]. zsph ≈ 0.95 denotes the end of sphaleron
conversion, while ylow≡θ2z=ð4xÞþx and wlow ≡ θ2z=ð4xÞ
result from kinematic thresholds. The statistics function
is Iαβ≡ ½fχβðwÞ−feqχβðwÞ�½feqH ðyÞ−fχαðy−xÞ�½feqH ðwþxÞ−
flðxÞ� with feq the equilibrium distribution.
We estimate the evolution of fχ via Higgs decay and

inverse decay for simplicity, though including gauge
interactions can lead to an Oð1Þ enhancement [92,93].
The generated Yχ2þχ3 causes a SM lepton asymmetry
YLSM

¼ −Yχ2þχ3 , which is then partly converted into the
baryon asymmetry via the electroweak sphaleron pro-
cesses B ¼ csphðB − LSMÞ with csph the conversion effi-
ciency [94]. Assuming a maximal CP violation from the
Yukawa couplings, we found that yh;eα; yh;μα ≃ 10−6 can
explain the observed BAU YB ≈ 0.9 × 10−10 [1]. After the
sphaleron processes decouple at 132 GeV [91], the baryon
asymmetry is frozen, and a net lepton asymmetry YL ¼ YB
will be left in the thermal bath due to B − L conservation.
This net YL will eventually be redistributed among l; ν; χ
flavors, particularly with χ1. Such redistribution processes
proceed via the thermalized Yukawa interactions from
the second and third terms of Eq. (5) after the sphaleron
decoupling. Resolving chemical potential equilibrium
equations with three thermalized νR and χ flavors yields
Yχ1 ¼ 8YB=63. This explains the coincidence problem with
cχ ¼ 8=63 ≈ 0.127, and provides the initial asymmetry for
χ1 to form neutrino-balls during the FOPT.
The second event is solitogenesis that follows lepto-

genesis. The solitogenesis process forms Fermi-balls via
trapping particles in the false vacuum remnants of cosmic
first-order phase transitions (FOPTs), as proposed byWitten
[22] and then extensively studied [14–19,23–25,30–34]. In
the simplest case that the scalar potential is even under both
ϕ → −ϕ and η → −η, the ϕ − η system can trigger a FOPT
via the well-known two-step process, i.e.,

ðϕ ¼ 0; η ≃ 0Þ → ðϕ ¼ 0; η ≠ 0Þ → ðϕ ≠ 0; η ≃ 0Þ; ð9Þ

where the second step is a FOPT. Since the SM neutrino
masses inEq. (6) requiresu ≪ w�without too feebleYukawa
couplings, the η field favors an approximateZ2 symmetry. In
this case, we found it more effective to trigger the FOPT via
the η-direction domain wall catalysis [95,96] than the tradi-
tional homogeneous nucleation. In this scenario, the η-based
domain walls form in the first step, which serve as local
impurities for the bubble nucleation in the second step. We
check this pattern numerically in the parameter space where
the thin-wall approximation is valid. The results confirm that
the FOPT can indeed occurwith aGeV-scaleT�, and provide
a mass gap yϕhϕi≳ 10T� to trap χ fermions and form
neutrino-balls with a mass Mnb ≃ 1020 g, which is in the
asteroid-mass window. The calculation details are presented
in the Appendix.
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The coefficient cχ ¼ 0.127 results from three thermalized
right-handed Dirac neutrinos and χ. This can be readily
realized by the Yukawa matrix yη having elements at the
similar order yη ≃ 10−4 and by the Yukawa matrix yh having
hierarchical elements yh;i1 ≪ yh;i2; yh;i3 ≃ 10−6, the latter of
which is dictated by successful leptogenesis via Higgs decay
to χ2;3 andmeanwhile by stable neutrino-ballsmade up of χ1.
Such a flavor pattern suggests that the lightest neutrino in the
SM should have a mass much smaller than the two heavier
ones. Moreover, the mass ratio of these SM neutrinos are
correlated with the neutrino-ball lifetime. Due to the lepton
portal coupling, the SM light neutrino flux in the Universe
space can cause thevolume evaporationvia e.g.,χν → lþl−,
however we have checked that this effect is negligible due to
the relatively low SM neutrino number density. For μ <
mϕ;η < 50 GeV induced from successful neutrino-ball for-
mation, the life time of neutrino-ball is dominated by surface
evaporation via three-body decay χ1 → lþl−ν, 3ν, with an
effective mass μ for χ1. Based on Eq. (4), we found that a
lifetime of τfb ¼ 1018 s corresponds to a mass ratio of the
lightest to the heavier neutrinos at 10−6. The longer the
lifetime of the neutrino-balls, the smaller the mass ratio will
be, a prediction that can be tested in upcoming neutrino
experiments such as KATRIN [97] and cyclotron radiation
emission from Project 8 [98].
The three thermalized νR flavors also contribute to extra

energy budget of the early Universe. Given mϕ; mη ≲mχ ,
the decoupling temperatures of these νR can be estimated
via decay χ → ηνR. For yη ≃ 10−4 and mχ ≳ 50 GeV, the
decoupling temperature lies between 2 GeV and 10 GeV.
It causes a modification of the effective neutrino number
ΔNeff smaller than the current Planck bound ΔNeff <
0.29 [1] but above ΔNeff ¼ 0.14 that can be probed by
Simons Observatory [99] and CMB-S4 [100] experiments.

Conclusion. We have demonstrated in this Letter that non-
topological soliton DM can explain the coincidence problem
when the initial charge asymmetry is inherited from some
baryogenesis process. We found a robust and general pre-
diction from this coincident soliton DM pattern: asteroid-
mass soliton DM at 1012 g − 1022 g is always accompanied
with strong GWs that will reach the detection regions of
LISA, μAres, and Theia, which is independent of how
baryogenesis provides the initial charge asymmetry for
solitons. In addition, we have also provided a realistic
neutrino-ball scenario, which is quantitatively realized for
the first time in a minimal particle physics framework, where
all the beyond-SM particles are below the electroweak scale
and hence make current and future collider detection
attainable.

Acknowledgments. We would like to thank Simone Blasi,
Shuailiang Ge, Wei Liu, Sida Lu, Yue-Lin Tsai, and
Daneng Yang for the useful discussions. K.-P. Xie also

thanks the hospitality of the University of Osaka where part
of this work was performed. S. Kanemura and S.-P. Li are
supported by JSPS Grant-in-Aid for JSPS Research
Fellows No. 24KF0060. S. Kanemura is also supported
in part by the JSPS KAKENHI Grants No. 20H00160 and
No. 23K17691. K.-P. Xie is supported by the National
Natural Science Foundation of China under Grant
No. 12305108, and by the Fundamental Research Funds
for the Central Universities.

Data availability. The data are not publicly available. The
data are available from the authors upon reasonable request.

Appendix: FOPT dynamics and neutrino-ball formation.
The FOPT in the Dirac type-I seesaw framework can be
triggered by the two real scalar singlets, ϕ; η, where the
effective scalar potential at temperature T is given by

VTðϕ; η; TÞ ¼
μ2ϕ þ cϕT2

2
ϕ2 þ μ2η þ cηT2

2
η2

þ λη
4
η4 þ λϕ

4
ϕ4 þ λϕη

4
ϕ2η2; ðA1Þ

with the coefficients cϕ; cη derived by thermal corrections
from particles interacting with the scalar fields,

cϕ ¼ λϕ
4
þ λϕη

24
þ y2ϕ

2
; cη ¼

λη
4
þ λϕη

24
: ðA2Þ

The necessary condition for the two-step phase transition
in Eq. (9) with the second step being a FOPT is [101]

cη
cϕ

<
μ2η
μ2ϕ

<

ffiffiffiffi
λη

p
ffiffiffiffiffi
λϕ

p <
λϕη
2λϕ

: ðA3Þ

However, this is not the sufficient condition. To verify if the
vacuum decay can really happen, we need to evaluate the
tunneling rate and demonstrate that bubbles can nucleate
and fulfill the whole Universe. For the parameter space
under consideration, the domain-wall-catalyzed phase
transition [95] is the dominant pathway to realize the FOPT.
Below Tη ¼ ð−μ2η=cηÞ1=2, the field configuration

ðϕ; ηÞ ¼ ð0;�u0TÞ becomes the minimum of the thermal

potential, where u0T ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−ðμ2η þ cηT2Þ=λη

q
. In this case, the

η-direction domain walls can form with a surface tension of
σdw ¼ 4

ffiffiffiffiffiffiffiffiffi
λη=2

p
u03T=3. When the Universe cools below

the critical temperature Tc, another minimum ðwT; 0Þ
develops and becomes the global minimum, where

wT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−ðμ2ϕ þ cϕT2Þ=λϕ

q
. At this stage, the Universe

acquires a probability to decay into this true vacuum.
Domain walls serve as the local impurities to seed the
bubble nucleation, and the vacuum decay rate per area on
the wall is
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ΓSðTÞ ≃ σdwe−Sinh ; Sinh ¼
ER

T
; ðA4Þ

where ER is the height of the energy barrier of the bubble,
evaluated by a spheroid bubble configuration under the
thin-wall approximation [95]. Different from the conven-
tional homogeneous nucleation, the nucleation rate is now
given by the following integration:

N ðTÞ ¼
Z

Tc

T

dT 0

T 0
ΓSðT 0Þ
H3ðT 0Þ ; ðA5Þ

and N ðTnÞ ¼ 1 sets the nucleation temperature Tn, which
features Tn ≈ T� under the thin-wall approximation.
Once T� is obtained, we can evaluate m�

χ=ðγwTrhÞ with
Trh ≈ ð1þ αÞ1=4T�. If m�

χ=ðγwTrhÞ≳ 10, then the trapping
fraction is close to 1 and neutrino-balls can form [14],
where we obtain the neutrino-ball profiles and the relic
abundance. Since Yχ ¼ 8YB=63 is fixed by chemical
equilibrium at T� < T < Tsph, we find that the effective
mass of χ inside the neutrino-ball yields μ ≈ 37.9 GeV
while the neutrino-ball mass is around 1020 g.
Following the guidelines of Eq. (A3), we can find the

parameter space allowing for FOPT and neutrino-ball for-
mation. An example is shown in Fig. 3, where λϕ ¼ 0.18,
λη ¼ 0.30, and λϕη ¼ 1.2 are fixed, and we scan over the
massmχ andmϕ in the true vacuum. The resultant neutrino-
ball mass and GW frequency are shown in black and blue
contours, respectively. Note that the numerical results
deviate slightly from the general estimate in Fig. 2, as
here we are considering a domain-wall-catalyzed FOPT
that is different from the conventional homogeneous one. It
is worthwhile to mention that initial estimates have
suggested that Fermi-balls could collapse into PBHs
during cooling via the increasing range of the interior
Yukawa force [17,102–109], but more recent mean-field
calculations indicate that this collapse is challenging for
light Fermi-balls, because the effective scalar potential
generated by the constituent fermions provides an intrinsic

range of force that resists collapse [20]. Consequently, in
our scenario, the relic from the FOPT is made up of solitons
instead of PBHs.
We see from Fig. 3 that if mχ is too small, the mass

gap is insufficient to trap χ’s in the false vacuum,
resulting in the orange region. If mϕ < μ, the constituent
χ particles inside the neutrino-ball can decay via χ → ϕν
rapidly, leading to unstable solitons. This is shown by the
gray region. Conversely, if mϕ is too large, the bubble
nucleation probability decreases so that the FOPT is
prevented, as indicated in the green region. Finally,
although a sizable yϕ is favored for fermion trapping,
a too large yϕ causes the breakdown of perturbativity. We
use the light blue region to indicates values of yϕ ≳ 1.5,
where the Landau pole of this Yukawa coupling is below
100 TeV.
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