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Today’s talk :
Phenomenology with the  

“large” primordial neutrino/anti-neutrino asymmetry 
 (nν − nν̄)/stot ≳ 𝒪(10−4) ≫ nB/stot

•Cosmological Implications:
1. Can resonantly produce the sterile neutrinos as all DM 

 
 Comprehensive discussion of the allowed parameter region→

•How is such an asymmetry generated?
1. Decay of non-topological solitons predicted in MSSM 

Consider the compatible parameter space to be consistent with 
sterile neutrino DM production


2. Observational implications on the stochastic GW background  
in this scenario

→

X. D. Shi, G. M. Fuller (1998)

1/16



A. Matsumoto et al., Astrophys. J. (2022)

Together with the priors of 
deuterium abundance (Cooke et al., (2018)) 
and baryon asymmetry (Planck 2018), 

they determined  and 




      

Neff Linit
νe

≡ (nνe
− nν̄e

)/stot

→ Linit
νe

= 1.8+1.1
−0.7 × 10−3

Neff = 3.11+0.34
−0.31

Large lepton asymmetry :  
recent observation

(H. Yanagisawa et al., arXiv : 2506.24050)
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(Matsumoto et al.)

Measurements of He4 in metal-poor galaxies

determined primordial Helium abundance 


 

(  smaller than previous results)
YP ≡ ρHe4/ρB = 0.2370+0.0034

−0.0033
∼ 1.5σ

(Matsumoto et al.)

Planckなどとの違い

https://arxiv.org/abs/2506.24050
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•Cosmological Implications:
1. Can resonantly produce the sterile neutrinos as all DM 

 
 Comprehensive discussion of the allowed parameter region→

1. Decay of non-topological solitons predicted in MSSM 
Consider the compatible parameter space to be consistent with 

sterile neutrino DM production


2. Observational implications on the stochastic GW background  
in this scenario

→

X. D. Shi, G. M. Fuller (1998)

•How is such an asymmetry generated?



Sterile neutrino :  gauge singlet fermion ( )SU(3)C × SU(2)W × U(1)Y νs

L⌫MSM � �ms⌫cs⌫s � y↵`L↵✏�
⇤⌫s + h.c.
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Motivated by origin of neutrino mass, etc…..

• The lightest sterile neutrino ( (mass)  keV ) is a dark matter 
candidate.

∼ 𝒪(10)

• keV-scale sterile neutrino dark matter can be tested by 

1. Effect on structure formation with  Mpc                                                                
 can be probed by Lyman  forest method  

2. X-ray observations                                                                          
via radiative decay  via mixing with SM neutrinos        

∼ 𝒪(0.1)
→ α

νs → να + γ

For review, see A. Boyarsky et al., 1807.07938

Introduction : Sterile neutrino dark matter

J. Baur et al., 1706.03118

A. Neronov et al., 1607.07328 (2016) 3/16



Already excluded 
    by X-ray and Lyman  observations 
→

α

Production of keV-scale sterile neutrinos  
via neutrino oscillation involving active-sterile states :

“active” eigenstate |⌫1i , |⌫2i :
<latexit sha1_base64="HvCaTmFciuUgqj5uQ50W1ai1HyQ=">AAACFXicbZDLSsNAFIYn9VbrLepGcBMsggspSREUV0U3LivYCzQhTKaTduhkEmZOhBLia/gCbvUN3Ilb176Az+G0DaKtPwx8/Occzpw/SDhTYNufRmlpeWV1rbxe2djc2t4xd/faKk4loS0S81h2A6woZ4K2gAGn3URSHAWcdoLR9aTeuadSsVjcwTihXoQHgoWMYNCWbx64IwqZK1LfyU9/uJ5f+mbVrtlTWYvgFFBFhZq++eX2Y5JGVADhWKmeYyfgZVgCI5zmFTdVNMFkhAe0p1HgiCovm16QW8fa6VthLPUTYE3d3xMZjpQaR4HujDAM1XxtYv5bCyTWR81th/DCy5hIUqCCzJaHKbcgtiYRWX0mKQE+1oCJZPr/FhliiQnoICs6GGc+hkVo12uOXXNuz6qNqyKiMjpER+gEOegcNdANaqIWIugBPaFn9GI8Gq/Gm/E+ay0Zxcw++iPj4xs6t584</latexit><latexit sha1_base64="HvCaTmFciuUgqj5uQ50W1ai1HyQ=">AAACFXicbZDLSsNAFIYn9VbrLepGcBMsggspSREUV0U3LivYCzQhTKaTduhkEmZOhBLia/gCbvUN3Ilb176Az+G0DaKtPwx8/Occzpw/SDhTYNufRmlpeWV1rbxe2djc2t4xd/faKk4loS0S81h2A6woZ4K2gAGn3URSHAWcdoLR9aTeuadSsVjcwTihXoQHgoWMYNCWbx64IwqZK1LfyU9/uJ5f+mbVrtlTWYvgFFBFhZq++eX2Y5JGVADhWKmeYyfgZVgCI5zmFTdVNMFkhAe0p1HgiCovm16QW8fa6VthLPUTYE3d3xMZjpQaR4HujDAM1XxtYv5bCyTWR81th/DCy5hIUqCCzJaHKbcgtiYRWX0mKQE+1oCJZPr/FhliiQnoICs6GGc+hkVo12uOXXNuz6qNqyKiMjpER+gEOegcNdANaqIWIugBPaFn9GI8Gq/Gm/E+ay0Zxcw++iPj4xs6t584</latexit><latexit sha1_base64="HvCaTmFciuUgqj5uQ50W1ai1HyQ=">AAACFXicbZDLSsNAFIYn9VbrLepGcBMsggspSREUV0U3LivYCzQhTKaTduhkEmZOhBLia/gCbvUN3Ilb176Az+G0DaKtPwx8/Occzpw/SDhTYNufRmlpeWV1rbxe2djc2t4xd/faKk4loS0S81h2A6woZ4K2gAGn3URSHAWcdoLR9aTeuadSsVjcwTihXoQHgoWMYNCWbx64IwqZK1LfyU9/uJ5f+mbVrtlTWYvgFFBFhZq++eX2Y5JGVADhWKmeYyfgZVgCI5zmFTdVNMFkhAe0p1HgiCovm16QW8fa6VthLPUTYE3d3xMZjpQaR4HujDAM1XxtYv5bCyTWR81th/DCy5hIUqCCzJaHKbcgtiYRWX0mKQE+1oCJZPr/FhliiQnoICs6GGc+hkVo12uOXXNuz6qNqyKiMjpER+gEOegcNdANaqIWIugBPaFn9GI8Gq/Gm/E+ay0Zxcw++iPj4xs6t584</latexit>

mass eigenstates

• Contour to explain all DM

Dodelson-Widrow mechanism

Initial : Energy-eigenstate
Interaction of 
with thermal plasma Coherence breaking, 

<latexit sha1_base64="wIk/pGr6Eu07imC2Ouqa7i1Yu6I=">AAACFnicbVDLSsNAFJ34rPVVdelmsAiuSiJSXRbduKxgH9CEMpnetEMnM2FmIpSQzxBc6Z+4E7du/RHXTtssbOuBC4dz7oVzT5hwpo3rfjtr6xubW9ulnfLu3v7BYeXouK1lqii0qORSdUOigTMBLcMMh26igMQhh044vpv6nSdQmknxaCYJBDEZChYxSoyVev4YTOaLtK/zfqXq1twZ8CrxClJFBZr9yo8/kDSNQRjKidY9z01MkBFlGOWQl/1UQ0LomAyhZ6kgMeggm0XO8blVBjiSyo4weKb+vchIrPUkDu1mTMxIL3tT8V8vVMT+lC9q8VIaE90EGRNJakDQeZgo5dhIPO0ID5gCavjEEkIVs/9gOiKKUGObLNuivOVaVkn7subVa/WHq2rjtqishE7RGbpAHrpGDXSPmqiFKJLoGb2iN+fFeXc+nM/56ppT3JygBThfv0i1oKo=</latexit>

|⌫si production

To explain All DM
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Minimum setup  Free parameters : , → mνs
θ

S. Dodelson, L. M. Widrow, (1993)

添字の見やすさや、制限の色の統一
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|⌫1i = cos ✓ |⌫ai � sin ✓ |⌫si
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|⌫ai
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|⌫ai :
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|⌫si : “sterile” eigenstate



Consider lepton asymmetric thermal plasma.

Can explain all dark matter with smaller mixing angle.

Resonant production of sterile neutrinos

Be ≃ 10.88 × 10−9GeV−4

<latexit sha1_base64="KFz7UG1TJ8aApHiFBR01YIM1Wrw="></latexit>
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X
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(n⌫b � n⌫̄b)
⌘
�BapT

4

Leptons 
(e, μ, τ, ν)

Z0

ν ν

W±, Z0

ν ν

e, μ, τ (with W±)

ν (with Z0)
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Self-energy of active neutrinos :

Exists in  
DW setup

<latexit sha1_base64="MfAih9h+p9a5phWUMrXnz9KZkps="></latexit>

�
p
2GF(2L⌫a +

X

b 6=a

L⌫b)stot

Lepton charge per unit entropy

Where
<latexit sha1_base64="PvHvOJhSSY3tGDhjxfSNRLKKsyM="></latexit>

L ⌘ 2L⌫a +
X

b 6=a

L⌫b

Effective mixing angle : 

 : Resonance= 0
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D. Notzold, G. Raffelt, (1987)

X. D. Shi, G. M. Fuller (1998)
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i(@t �Hp@p)⇢ = [H, ⇢]� i{�, ⇢� ⇢eq}

neutrino oscillation 

with matter effect

active neutrino scattering

with thermal plasma

A. D. Dolgov (2002), T. Asaka, M. Shaposhnikov (2005)

Details in formalism on sterile neutrino production

: effective Hamiltonian taking 

  matter effect into account
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◆
: collision matrix 
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!
,
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Consider only two states for simplicity :

Thermal self energy of active neutrinos

• Production rate of a mode 
with   : p ≃ T Resonance

<latexit sha1_base64="g+3zJ5Zmqn9XYv7DRdFwGgREbVA="></latexit>

m⌫s = 20 keV

Linit
⌫e

= 10�3

sin2 2✓ = 10�12

active sterile



Numerical setup

• In the presence of positive/negative lepton asymmetry, 
the production from active sterile/anti-active sterile causes the resonance→ →

During the resonance, the lepton asymmetry also time-evolves:→

7/16

Here, we have defined
<latexit sha1_base64="4p7PnhcKWVMkEyEpo7svdP/GNho="></latexit>

La ⌘ n⌫a � n⌫̄a + na � nā

stot
a : charged leptons

Solve simultaneously  
the time evolution of   + Time evolution of each  modesLa νs
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Z
d3p

(2⇡)3
(P⌫a!⌫s � P⌫̄a!⌫s)

 : Conversion rate of a modeP



Comprehensive parameter scan : The status of our work

M. Laine, M. Shaposhnikov (2008), Bauer et al, (2017)
: Assume efficient flavor oscillation in the Standard Model sector 
  during the  production, which is typically at  MeVνs T ∼ 𝒪(100)

However, the flavor oscillation will take place  MeV 
 At the resonant production of  DM,  

we should switch-off the flavor oscillations

T ≲ 𝒪(10)
→ νs

This work :
1. Modified the assumption of the flavor oscillations  
in the Standard Model sector

2. Numerical difficulties still remain due to the  
sharpness of the backreaction from the evolving lepton asymmetry 

 Developed the numerical scheme to accurately capture the resonance 
: Dynamical discretization  
  with locally fine binning around the resonant modes

→
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Ex.) A. D. Dolgov et al., (2002) 
J. Froustey, C. Pitrou, (2024)



Numerical result     (Assume  mixing,  is fixed to explain all DM)νe ↔ νs θ

Numerical Result 1.  
Final spectrum of sterile neutrino  DM

Free-streaming length (Effect on the structure formation) : 
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ϵphys ≡ p/T



This scenario requires large neutrino asymmetry  
with Linit

νe
≳ 𝒪(10−4)

Numerical Result 2. Observational constraints

Lyman-  :  
J. Baur et al., 1706.03118

α

 -  contour to explain all DMmνs
θ
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X-ray
Lyman-α

Purple : motivated by EMPRESS



Today’s talk :
Phenomenology with the  

“large” primordial neutrino/anti-neutrino asymmetry 
 (nν − nν̄)/stot ≳ 𝒪(10−4) ≫ nB/stot

•Cosmological Implications:
1. Can resonantly produce the sterile neutrinos as all DM 

 
 Comprehensive discussion of the allowed parameter region→

1. Decay of non-topological solitons predicted in MSSM 
Consider the compatible parameter space to be consistent with 

sterile neutrino DM production


2. Observational implications on the stochastic GW background  
in this scenario

→

X. D. Shi, G. M. Fuller (1998)

•How is such an asymmetry generated?



To explain large hierarchy between lepton/baryon asymmetry, 
lepton asymmetry must be produced after the freeze-out of the sphaleron 
process.

This talk : Affleck-Dine leptogenesis 
: , which is also compatible with the resonant  production, 
can be generated.

|Lν | ≳ 𝒪(10−4) νs

Generation of large lepton asymmetry

If the lepton asymmetry is generated before the electroweak phase transition 
 GeV, the baryon asymmetry with the same order is produced  

via sphaleron process.
Tew ∼ 100
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Our setup : Affleck-Dine leptogenesis
Consider a dynamics of leptonic scalar field in MSSM (denoted as )ϕ

If potential satisfies  
 
, the coherent rotation has an spatial instability  

forms spherical solitons (=Q-ball)→

1. Stable against the sphaleron process
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Im[ϕ] Re[ϕ]

V(ϕ) Coherent rotation 
Lepton number  global  sym.↔ U(1)

Rotation of  


lepton number generation. 

ϕ

Why Q-balls ? 

2. Can decay into neutrinos via quantum effect  
 Once (decay rate) (Hubble rate), they instantaneously decay and  

generate a lepton asymmetric plasma
→ ∼

<latexit sha1_base64="TuIRSRO/lkV69iGnlJAOeinVknE="></latexit>
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Figure: T. Hiramatsu et al., (2010)


M. Dine, L. Randall, S. D. Thomas, (1994)
I. Affleck, M. Dine, (1984)

S. R. Coleman, (1985)

M. Kawasaki, F. Takahashi, M. Yamaguchi, (2002)

A. G. Cohen et al., (1986)



Generation of large lepton asymmetry

• The case where the  resonance occurs during the lepton number injectionνs

We consider Q-ball domination before the decay into SM neutrinos 
within Gauge-mediated SUSY breaking scenario

13/16

Blue region : 
Tdecay < Tresonance

Red region : 
Baryon overproduction

“Eq,1” : first matter-radiation equality



In our setup, Q-balls can dominate 

over the energy density of the universe 

before the decay.

Q-ball  
decay 

ηdecay ≃ ηeq,2

eRD eMD RD
Q-ball  

domination 
ηeq,1

Time

density

Q-ball
Radiation

Radiation

K. Inomata et al. (2019)

M. Kawasaki, K. Murai (2023)

Enhancement of second-order scalar-induced 
gravitational waves at Q-ball decay
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� ⌘ � 1

Q

dQ

dt
=

4

5

1

tdec � t
,

MQ = MQ(0)

✓
1� t

tdec

◆3/5

• Energy of Q-balls

• Time evolution of Φ

0.8 1.0 1.2 1.4 1.6 1.8 2.0
10-6
10-5
10-4
0.001

0.010

0.100

1

The amplitudes do not have sufficient 
time to decay right before the oscillation 

 The large amplitude of oscillation 
lead to the GW production  
through second-order effect

→
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Assume initial flat curvature power spectrum  ( )  
with scales smaller than CMB scale.

Pζ(k) = C2As As = 2.1 × 10−9

<latexit sha1_base64="amSMW5gbxWj3kmRI+A3aFd+3LN0="></latexit>

m3/2 [GeV] MF [GeV] TR [GeV] Ms [GeV] |⌘b| |Linit
⌫e

|
A 0.5 1.3⇥ 106 1.0⇥ 102 1.7⇥ 104 8.7⇥ 10�11 4.0⇥ 10�4

B 0.4 1.0⇥ 106 1.0⇥ 103 2.0⇥ 105 8.7⇥ 10�11 4.8⇥ 10�4

C 1.0 2.9⇥ 106 1.5⇥ 104 6.6⇥ 105 8.7⇥ 10�11 2.2⇥ 10�4

Enhancement of second-order scalar-induced 
gravitational waves at Q-ball decay

With sufficiently subhorizon scale , the density perturbations 
exceed  during Q-ball dominated era,  
and the linearity of the scalar perturbations breaks down 

 Use the result of N-body simulations, and obtain the metric perturbations by Poisson 
equations

k /Hdec ≫ 𝒪(100)
O(1)

→
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J. A. Peacock and S. J. Dodds, (1994) M. Kawasaki, K. Murai, (2022)



1. We revisited the calculation of resonant production scenario of sterile 
neutrino DM and confirmed that initial lepton asymmetry is required to be 

 and  keV to evade the current X-ray constraints. Le ≳ 𝒪(10−4) ms ≳ 10

2. We showed that Affleck-Dine leptogenesis can successfully explain 
resonant production scenario of sterile neutrinos as all DM.


3. We estimated the power spectrum of background GW from Q-ball 
decay effect and showed that this scenario can be tested by 

future LISA/DECIGO/ Ares/THEIA experiments.μ

Summary and the discussion
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Supplemental materials



Time-dependent transformation of the momentum bins :

Where

Blue lines : . v = const

<latexit sha1_base64="OCSdf7XISHiDKd6rf/oKwklPDIg=">AAACIXicbZBLS8NAFIUn9VXrKz52boJFcFUSkSquim5cVrAPaEKZTG/boTOTMDMRash/EVzpP3En7sT/4dppm4VtPTDwcc69cOeEMaNKu+6XVVhZXVvfKG6WtrZ3dvfs/YOmihJJoEEiFsl2iBUwKqChqWbQjiVgHjJohaPbSd56BKloJB70OIaA44GgfUqwNlbXPvIhVpQZTH3JUwkqy667dtmtuFM5y+DlUEa56l37x+9FJOEgNGFYqY7nxjpIsdSUMMhKfqIgxmSEB9AxKDAHFaTT6zPn1Dg9px9J84R2pu7fjRRzpcY8NJMc66FazCbmv1ko8Qh0Nu/xhWt0/ypIqYgTDYLMjuknzNGRM6nL6VEJRLOxAUwkNf9xyBBLTLQptWSK8hZrWYbmecWrVqr3F+XaTV5ZER2jE3SGPHSJaugO1VEDEfSEntErerNerHfrw/qcjRasfOcQzcn6/gV6wqTw</latexit>✏res : Resonant mode 

Discritization of   linearly with   
automatically ensures the fine resolution around the resonant mode

0 < v < 1 Nbin ∼ 500

<latexit sha1_base64="ejv5rypIJLIFkW5rHbx84nc2moc="></latexit>

u(✏) ⌘ ✏� ✏min

✏max � ✏min

<latexit sha1_base64="F+sz5Fu32w7KF2CiipzcUzlg2KA="></latexit>

u = ures(T ) + ↵ (v � vres(T )) + �(T ) (v � vres(T ))
3

Original basic variables of QKE :   New variable : (ϵ, T ) → (v, T )
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Regions under resonance

Numerical treatment to accurately capture 
the resonance and the backreaction
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 Controls the local mesh resolution around the resonanceα = 10−3 :



Approximate the off-diagonal component of the density matrix 
by stationary-solutions:

<latexit sha1_base64="YcV3dNu8wtPvA5PqMLLpn5ck/NY="></latexit>

⇢as ' ⇢as,stat ⌘ � sin 2✓

2 cos 2✓ � 2p
m2

⌫s
(2Va � i�⌫a)

⇢aa.

For the above treatment to be valid :

 : timescale of the resonance of a given modeδtres

<latexit sha1_base64="c2dYrKY8FFmiTx72ATaqRzVeH5w="></latexit>

�tres ⌘
dt

dT

����
Tres

⇥ �⌫a(Tres)Tres

3Va(✏phys, Tres)
� ��1

⌫a
, Dstat ⌘ �tres · �⌫a � 1

Stationary-point approximations



• The decrease of  due to production of a resonant mode  
backreacts to the production rate of other nearby modes 

 strong mode coupling

• The resonance peaks are very sharp 

 Very fine resolution is required for mode discretization!!

Lνe

→

→

 Our strategy : Time-dependent discretization s.t.  
the modes around the resonance are most finely discritized
→

Ex.) If we discritize the modes linearly…..
<latexit sha1_base64="sRDols5aDbCVMnQsr73NCgAUnQY="></latexit>

✏ ⌘
✓
g⇤,s(Ti)

g⇤,s(T )

◆1/3 p

T

(For fixed )θ
 Strong dependence of the  

final abundance on bin number  
(For  )

→
Nbin

Linit
νe

≳ 10−4

ϵ = ϵmax ⋅ i/Nbin, ϵmax = 20

 Only  is adopted by 
J. Ghiglieri, M. Laine, 1506.06752 
 

↔ Nbin = 200

2. Numerical treatment to accurately capture 
the resonance and the backreaction



I. Affleck, M. Dine (1985),  M. Dine, L. Randoll, S. D. Thomas (1996)

Resultant lepton number :

 
nL = i (ϕ* ·ϕ − ·ϕ*ϕ) ≃ ·θ |ϕ |2

≃ ϵm3/2φ2
osc

 efficiency parameter

determined by etc.

ϵ :
arg(aM), λ,

 : Leptonic flat direction in MSSM (=AD field) 

 : “gravitino” mass,  : Hubble parameter, 

ϕ
m3/2 H aM = 𝒪(1), c( > 0) = 𝒪(1)

Ex.)   L1L2ē2

Coherent  
oscillation

Re[ϕ]

Im[ϕ]

Lepton number  global  sym.↔ U(1)

Rotation of  


lepton number generation. 

ϕ

Affleck-Dine (AD) leptogenesis
<latexit sha1_base64="NFCjbR07sM+oLzsafi7EznBYn4o="></latexit>

V (�) ' m
2
3/2|�|2 � cH

2|�|2 + |�|2 |�|
2(n�1)

M
2n�6
Pl

+ �aM
m3/2�

n

nM
n�3
Pl

+ h.c.

•Potential



After coherent AD field oscillation,   begins to dominate and  
the AD field configuration has spatial instability and forms Q-balls.

Vgauge

Formation of “Q-ball”s
Our setup

Inside the Q-ball,  has a VEV of  GeV 
 Gauge boson has a huge mass due to the coupling with  
 Stable against sphaleron process, no baryon number is generated

ϕ φ ≫ 𝒪(100)
→ ϕ
→

Instability band of the field fluctuations:

SUSY breaking potential : 
<latexit sha1_base64="7aFygYP4GzdL7MW96veJ+qTUX+A=">AAACO3icbZBNSwMxEIazftb6VfXoJVgUQSi7IupFKHrxqGCrYEuZTac1NNldklmhLPsv/DWCJ/0Tnr2JVz2b1iJafSHk5ZkZmHnDRElLvv/sTUxOTc/MFuaK8wuLS8ulldW6jVMjsCZiFZurECwqGWGNJCm8SgyCDhVehr2TQf3yFo2VcXRB/QSbGrqR7EgB5FCrVKkXudPW0fCrt7KG0VkX0i7mOd/5BgZuJfXzvFUq+xV/KP7XBCNTZiOdtUofjXYsUo0RCQXWXgd+Qs0MDEmhMC82UosJiB508drZCDTaZja8K+ebjrR5JzbuRcSH9OdEBtravg5dpwa6seO1Afy3FhroIeW/mR7bhjqHzUxGSUoYia9lOqniFPNBkLwtDQpSfWdAGOnu4eIGDAhycRddUMF4LH9NfbcS7Ff2z/fK1eNRZAW2zjbYNgvYAauyU3bGakywO3bPHtmT9+C9eK/e21frhDeaWWO/5L1/AguyrJc=</latexit>

V = Vgauge + Vgravity
<latexit sha1_base64="IDdwVWIthrHzVEM5UdWokfdI8k8="></latexit>

Vgauge = M4
F

✓
ln

|�|2

M2
S

◆2

<latexit sha1_base64="A0Om6687neYD+nll04G0tpYMEDA="></latexit>

Vgravity = m2
3/2


1 +K ln

✓
|�|2

M2
Pl

◆�
|�|2

 : SUSY breaking scale 
 Gravitino mass

MF ≡ ⟨F⟩
m3/2 :

where ,

φ

V(φ)

∼ Vgauge ∼ Vgravity

φ = φeq

<latexit sha1_base64="ltfH1CtbPqIOREZ6qCSHdn+jyCA="></latexit>

RQ ⇠ 'eq

M2
F

 Properties of Q-balls : →
<latexit sha1_base64="7sdBXPUia3ZIIYbehrgQC/oAGXM="></latexit>

!Q =
p
2⇡⇣MFQ

�1/4, Q = �

✓
'eq

MF

◆4

 numerical constantsβ, ζ :



Decay of Q-balls
Q-balls are classically stable, but decay into light fermions with masses 

 through quantum effect.mf < ω

If final states are fermions, decay process is bounded by Pauli-blocking 
effect of the final states 

upper bound of the decay rate is given by number of possible states 
of outgoing flow of the fermions
→

Saturated decay takes place in realistic situations 
decay rate is given by→

In our case ( sleptons), Q-balls decay into SM neutrinos  
via  process (via Zino/Higgsino exchange)

ϕ =
ϕϕ → νν

A. Cohen et al. (1986), M. Kawasaki, M. Yamada (2012)

<latexit sha1_base64="ArSGmJ/QcV83LI3Ua1+eTsiScXc="></latexit>

�Q ' 1

Q

!3
Q

⇡

✓
Nl

3

◆
R2

Q

 Number of neutrino speciesNl :



𝒪(10−10)

𝒪(10−4) − 𝒪(10−3)

Sterile neutrino  
production

Lepton asymmetry

Cosmic temperature

(Electroweak scale)

∼ 𝒪(102)GeVTp ∼ 𝒪(0.1)GeV

Baryon asymmetry 

ηobs

b ∼ 10−10

Sphaleron process 
 in chemical equilibrium

|ηL | ∼ |ηb |

10-10

10-8

10-6

10-4

Q-ball decay  
process

Q-ball evaporation  
process

Once (decay rate)  is satisfied, they instantaneously decay  
and lepton asymmetric thermal plasma is generated.

∼ H
Large lepton  asymmetry from Q-ball decay



KK, M. Kawasaki, K. Murai, 2402.11902

We estimate the allowed parameter space in Q-ball decay scenario 

which is compatible with Shi-Fuller mechanism.


(i.e. Q-ball decay producing lepton asymmetry  occurs

above the resonance temperature of sterile neutrino production 

)

≳ 𝒪(10−4)

∼ 𝒪(0.1)GeV

Large lepton  asymmetry from Q-ball decay



Enhancement of second-order scalar-induced 
gravitational waves at Q-ball decay

Take conformal-Newtonian gauge : 
<latexit sha1_base64="U/QpVVpjkiJXf+fbFEeGq09ncno="></latexit>

ds2 = a2(⌘)


�
⇣
1 + 2�(1) + 2�(2)

⌘
+ 2V (2)

i d⌘dxi +
h⇣

1� 2�(1) � 2�(2)
⌘
�ij +

1

2
hij

i
dxidxj

�

• Scalar-induced gravitational wave D. Bauman et al. (2007)

Second-order perturbation of Einstein tensor and stress tensor:

EOM for second-order GW:

<latexit sha1_base64="4zsPyV9FGObQ1ax7BMeVPlehUQg="></latexit>

G(2)i
j =

1

4
a�2(h00(2)i

j + 2Hh0(2)i
j ��h(2)i

j ) + (second order terms with respect to �,i)
<latexit sha1_base64="rtGqZLvlHbrGLZnQsYQMhUglfM8="></latexit>

T (2)i
j �

⇣
⇢(0) + P (0)

⌘
v(1)iv(1)j

<latexit sha1_base64="cZPZoHhZPzlWxH1DpOpWm5HbeHA="></latexit>

$ h00(2)
ij + 2Hh0(2)

ij ��h(2)
ij = �4T̂ lm

ij Slm,

where 
<latexit sha1_base64="qsn9ti6khwHtUdduhm83vD8NwFk="></latexit>

Slm ⌘ 3(1 + c2s)H
2v(1)l v(1)m + (second order terms with respect to �)

Since 
<latexit sha1_base64="ummkK0lWfp38vzhWpuBUekjRbxA="></latexit>

v(1)i =
�2H�(1)

,i � 2�0(1)
,i

(1 + c2s)H
2

,

<latexit sha1_base64="7mIKIXvWrf4bLynjZQQ67HTCDss="></latexit>

h00(2) + 2Hh0(2) ��h(2) = O(�2)
Second order GW can be induced by time derivative of 

<latexit sha1_base64="eFBgiajBcqO5DQXf95hV29+kXqM=">AAACD3icbVDLSsNAFL3xWeur6tLNYBFclUSkuiy6cVnBPqANZTKdNENnJmFmIpTQXxBc6Z+4E7d+gj/i2kmbhW09cOFwzr1w7gkSzrRx3W9nbX1jc2u7tFPe3ds/OKwcHbd1nCpCWyTmseoGWFPOJG0ZZjjtJopiEXDaCcZ3ud95okqzWD6aSUJ9gUeShYxgk0v9ZsQGlapbc2dAq8QrSBUKNAeVn/4wJqmg0hCOte55bmL8DCvDCKfTcj/VNMFkjEe0Z6nEgmo/m2WdonOrDFEYKzvSoJn69yLDQuuJCOymwCbSy14u/usFCo+pmS5qYimNCW/8jMkkNVSSeZgw5cjEKC8HDZmixPCJJZgoZv9BJMIKE2MrLNuivOVaVkn7subVa/WHq2rjtqisBKdwBhfgwTU04B6a0AICETzDK7w5L8678+F8zlfXnOLmBBbgfP0C71edOA==</latexit>

�



Enhancement of second-order scalar-induced 
gravitational waves at Q-ball decay

• During eMD : 
At linear level,  is conservedΦ
However, the small-scale density perturbations grows to non-linear

We consider the time evolution of  before and after Q-balls decay and 
estimate the resultant GW spectrum

Φ

Use the result of N-body simulations of density perturbations in 
MD era, and relate them to  by Poisson eq.
→

Φ
<latexit sha1_base64="Xd4LiQMYxQhqkiDMEZLXinD6XpU="></latexit>

�2m,NL(kNL) = fNL[�
2
m,L(kL)],

kL = [1 + �2m,NL(kNL)]
�1/3kNL

Poisson eq : 
<latexit sha1_base64="ep7ZBsKYZJx5/5DrkB5TO99g6L4="></latexit>

k2NL� = H
2�m,NL(kNL)

• Transition period : 
When  decays proportional to Φ MQ

<latexit sha1_base64="r9GuceBKu38QzeNmk4Z6+T+/r+A=">AAACKnicbVDLSgNBEJyNrxhfUY8iDAbBg4TdKNFj0IvHCOYB2U2YnZ0kQ2YfzPQKYZOTXyN40j/xFrz6DZ6dJHswiQUN1VXd0F1uJLgC05wYmbX1jc2t7HZuZ3dv/yB/eFRXYSwpq9FQhLLpEsUED1gNOAjWjCQjvitYwx3cT/3GM5OKh8ETDCPm+KQX8C6nBLTUyZ9ekXZpZHteCIld7fPxyBYCD9qlaXPZyRfMojkDXiVWSgooRbWT/7G9kMY+C4AKolTLMiNwEiKBU8HGOTtWLCJ0QHqspWlAfKacZPbGGJ9rxcPdUOoKAM/UvxsJ8ZUa+q6e9An01bI3Ff/1XEkGDMaLmr90DXRvnYQHUQwsoPNjurHAEOJpbtjjklEQQ00IlVz/g2mfSEJBp5vTQVnLsaySeqlolYvlx+tC5S6NLItO0Bm6QBa6QRX0gKqohih6Qa/oHX0Yb8anMTG+5qMZI905Rgswvn8Bqvqndg==</latexit>

3a2|�̈| ⌧ k2�,

After that,  begins to oscillate satisfying Φ
<latexit sha1_base64="1dxczIzZT42ZLNqH0084qBpqeOU="></latexit>

�00 + 4H�0 +
k2

3
� = 0



Discussions : Beyond the monochromatic 
approximation of the Q-ball mass distribution

The mass distribution of the Q-balls have finite width
There will be a cut-off of Q-ball size because they cannot  
be formed in super-horizon scale at the formation

We model the charge distribution of Q-balls as→
<latexit sha1_base64="XYfAgoTRBTUZLMO0WH9vz69KvUM="></latexit>

dE

d lnQ
/ Q1/�⇥(Qmax �Q)

Due to the finite , the eMD-RD transition becomes more gradual 
The oscillation amplitude of  gets more suppressed

→ σ
→ ϕ

This suppression becomes strong in the high-frequency region 
will alter the GW spectrum in high 

→
→ k
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S. Kasuya, M. Kawasaki, (2002)


