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Figure 5. Fifty nine galaxies (filled blue and gray circles) of our sample and the 5 EMPGs (open blue circles) that are excluded
from the sample (Section 4.2.2) on the y � O/H plane. The blue (gray) circles represent the Subaru galaxies (the literature
galaxies), which are described in Section 2.1 (2.2). The red solid line shows the linear regression for the 59 galaxies and the red
square denotes the yp value determined by the linear regression.

with respect to Ne↵ and ⌘, where the subscripts obs and634

mod denote the observational values and the theoretical635

BBN model values, respectively. To calculate the YP,mod636

and DP,mod values for given values of Ne↵ and ⌘, we use637

the version 3.0 of the PArthENoPE BBN code (Gariazzo638

et al. 2022), fixing all input parameters of PArthENoPE639

except Ne↵ and ⌘ to the standard values. In the calcula-640

tion of DP,mod and YP,mod, we use the neutron lifetime641

⌧n = 879.4±0.6 s (Particle Data Group et al. 2020) and642

the relevant nuclear reaction rates from Pisanti et al.643

(2021). The errors of the ⌧n and the nuclear reaction644

rates propagate to the errors of DP,mod and YP,mod. In645

Equation (12), the �2
DP,mod = (0.06)2⇥10�10 is the error646

of DP,mod due to the uncertainty of the nuclear reaction647

rates and the �
2
YP,mod

= (0.00003)2 + (0.00012)2 is the648

error of YP,mod, where the two terms correspond to the649

uncertainties of the nuclear reaction rates and the ⌧n,650

respectively (Gariazzo et al. 2022). We find651

Ne↵ = 2.37+0.19
�0.24, (13)652

⌘ ⇥ 1010 = 5.80+0.13
�0.16. (14)653

Figure 7 presents our constraint on ⌘ and Ne↵ , and654

comparison with the result of Hsyu et al. (2020). Our655

constraint is consistent with the one of Hsyu et al. (2020)656

within the 1� errors, while the best-estimate values of657

ours are slightly smaller than those of Hsyu et al. (2020).658

6. DISCUSSION659

If the Ne↵ becomes smaller, the values of YP and DP660

decrease. This is because the � equilibrium between661

neutrons and protons continues for longer time reduc-662

ing the abundance of neutrons, which are processed into663

light elements during the BBN. On the other hand,664

the smaller the ⌘ gets, the larger DP gets because the665

reactions which deplete deuterium become ine�cient.666

Therefore, our smaller value of YP leads to the smaller667

values of Ne↵ and ⌘. Figure 8 presents the constraint668

on ⌘ and Ne↵ , together with the one on ⌘ obtained by669

Planck Collaboration et al. (2020). Our constraints sug-670

gest that there is a potential & 2� tension with the671

Standard Model that predicts Ne↵ = 3.046 (Figure 8).672

Moreover, our constraints agree with the Planck mea-673

surement in ⌘ only at the 1�2� level. This may be a hint674
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Figure 8. Observational constrains on ⌘ and Ne↵ . The blue contours show the 1�, 2�, and 3� levels determined by this work.
The black dashed line shows the standard model value of Ne↵ = 3.046. The magenta and light magenta bands represent the
Planck constraint on ⌘ at the 1� and 2� levels, respectively (Planck Collaboration et al. 2020).
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1. Introduction

• He4 is produced in Big Bang Nucleosynthesis (BBN)


• Recent new measurements of He4  
(together with previous data)  
determined primordial He4 abundance 
 

•  smaller than the previous results


• New  (+D obs.) causes  tension between constraint on  
  and the standard value 


• Suggests asymmetry between  and 


• Chemical potential parameter

∼ 1σ

Yp > 2σ
N𝖾𝖿𝖿

νe ν̄e

3
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1 Introduction

• This implies the total lepton asymmetry 


• Lepton asymmetry is much larger than the baryon asymmetry


• If a lepton number is produced at  GeV, it is partially 
converted to a baryon number through the sphaleron process 


• Difficult to produce lepton asymmetry much larger than  


• Affleck-Dine leptogenesis and Q-balls ( L-balls ) can produce such a 
large lepton asymmetry


• Produced lepton number is confined inside Q-balls and 
protected against the sphaleron process

T ≳ 100

|ηB |

4
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2. Affleck-Dine mechanism and Q-ball formation

2.1 Affleck-Dine mechanism
• Flat directions in the scalar potential of minimal SUSY standard 

model (MSSM)


• One of flat directions = AD field 


• AD field has a baryon number or/and a lepton number 

Φ

5

V (�)

�

<latexit sha1_base64="AnS8of3xJJCIjLqbcF7o+ePrpPk="></latexit>

3 (squark, slepton, Higgs)

Hubble induced 
mass term

VNR : Non-renormalizable 
term ( n≥4 )

V (�) = (m2
�
+ cHH

2)|�|2 + �
2 |�|2(n�1)

M
2(n�3)
p

+A
�
n

M
(n�3)
p

+ h.c.

VA : A-termVsusy : SUSY 
breaking mass term

• The flat direction is lifted by the 
effects of SUSY breaking and 
the existence of the cutoff 
scale


• Potential

We assume here
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2.1 Affleck-Dine mechanism

• During inflation AD field has a large field value  ( if  )


• After inflation AD field starts to oscillate when   


• AD field is kicked into phase direction due to -dependent potential

cH < 0

H ∼ mΦ

θ

6

V (�)

�

V (�)

�

During inflation After inflation
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Figure 4.1: An example of AD dynamics in the gravity mediation case.

where b denotes baryon charge of the AD field. Using the equation of motion for
� given as

�̈+ 3H�̇+ V 0(�) = 0, (4.25)

we obtain the following equation for nB.

ṅB + 3HnB = 2b Im[�V 0(�)]. (4.26)

After the onset of the oscillation tosc, � damps as � / a�3/2 / t�1, hence the
baryon number is almost fixed at tosc. Integrating Eq. (4.26) to tosc, we obtain the
following baryon number density:

nB ' nB(tosc) ' a�3

osc

Z
tosc

2ba3Im[�V 0]dt (4.27)

⇠ 2b

HoscM
n�3
⇤

m3/2|�osc|n sin[arg(ag + n✓osc)] (4.28)

⇠ bm3/2�
2

osc
sin[arg(ag + n✓osc)] (4.29)

⇠ bm3/2(HoscM
n�3

⇤
)2/(n�2) sin[arg(ag + n✓osc)], (4.30)

where we used Eq. (4.23) and that the rotation is driven by the A-term proportional
to m3/2. Thus, the baryon asymmetry is given as follows.

⌘B ⌘ nB

s
=

3TRH

4

nB(TRH)

⇢RH

=
3TRH

4

nB

⇢inf

����
osc

⇠
m3/2TRHM

2(n�3)/(n�2)

⇤

4H(2n�6)/(n�2)

osc M2

pl

, (4.31)

59

Re�

Im�

Lepton number 
generation

VA : A-term
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2.2 Q-balls formation

• AD field oscillation has spatial instabilities  
if the potential is flatter than 


• AD field fragments into spherical lumps ( Q-balls )


Q-balls have lepton charge ( = L-balls)


• Q-ball properties depend on SUSY breaking models


• We consider gauge-mediated SUSY breaking models


Q-balls are always formed when  dominates the potential


Q-balls are formed if  when  dominates the potential

ϕ2

V𝗀𝖺𝗎𝗀𝖾

K < 0 V𝗀𝗋𝖺𝗏

7
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2.3 Q-ball formation

• AD field starts oscillation with amplitude  at 


• We assume   Q-balls do not form until  


Q-ball formation is delayed [delayed-type L-ball ]


• Q-ball mass, radius and energy per lepton number 

φosc > φeq H ∼ m3/2

K > 0 ⇒ φ < φ𝖾𝗊

8

V(φ)

φ
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2.4 Q-ball evolution
• We assume that Q-balls dominate the Universe 


• Q-balls decay emitting neutrinos with decay rate 

• Decay temperature


• Lepton asymmetry

9
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2.5 Q-ball evaporation

• Q-balls in thermal plasma emit their charge by evaporation 


• A part of lepton number emitted above EW scale is converted 
into baryon number


• The produced baryon asymmetry should be smaller than the 
observed one so as not to spoil the success of BBN

10
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2.6 Constraints on model parameters

• Large lepton asymmetry suggested by the recent He4 
observation is realized in Q-ball scenario

11

**
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3. Production of 2nd-order GWs in Q-ball scenario

3.1 Gravitational wave production  

• Inflation produces curvature perturbations  at large 
scales, which are in good agreement with CMB observations


• Curvature perturbations at small scales are not known and could 
be much larger


• Curvature and tensor perturbations do not couple in the linear 
order but they do in the second order


• GWs are produced by the 2nd order effect of scalar perturbations


• Furthermore, GW production is enhanced when there exists an 
early MD era with a sharp  transition to the RD era (Poltergeist 
mechanism)

ζ ∼ 10−5

12
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3.2 Enhancement of GWs at Q-ball decay

• Q-balls realize an early MD universe and decay rapidly 

• Q-balls decay rapidly


• Q-balls enhance GW production

13
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3.2 Enhancement of GWs at Q-ball decay

• Scale-invariant power spectrum of curvature perturbations


   
(amplitude at CMB scale)


 : cut-off scale where matter perturbations become non-linear at 
L-ball decay ( introduced to avoid considering non-linear evolution )

As ≃ 2 × 10−9

k𝖭𝖫

14

𝒫ζ(k) = C2As θ(k𝖭𝖫 − k)
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• GW spectrum


Peak is determined 
by the cutoff 


Need to understand 
non-linear evolution
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3.3 Effect of non-linear density evolution

• Estimation including the effect of non-linear density evolution


Gravitational potential  is linear 


 is related to density fluctuation  through Poisson eq.


Anisotropic stress is neglected


• N-body simulation suggests that non-linear density fluctuation 
is related to linear density fluctuation


Estimation of  is  
reliable for 

Φ

Φ δρ

f𝖭𝖫(y)
y < 103

15
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3.4 GW spectrum including NL evolution

• Power spectrum


•  MeV and  explain the recent PTA dataT𝖽𝖾𝖼 ≃ 3 C ≃ 300

16
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4. Resonant sterile neutrino production in Q-ball scenario

• Sterile neutrino  with mass   keV        dark matter


• Mixing with active neutrinos


• Finite temperature and density effects

Effective mixing angle 


Potential lepton asymmetry


• Sterile neutrino production 

νs ms = 𝒪(1)

17
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Density effectFinite temp. Effect

a = e, μ, τ
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4. Resonant sterile neutrino production in Q-ball scenario

• Without large lepton asymmetry

Sterile  are produced via Dodelson-Widow mechanism


Constraint from X-ray obs.                    Warm DM


Constraint from Lyman-alpha          


• DW mechanism cannot account for DM

ν
ms ≲ 3 keV

ms ≳ 20 keV
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4. Conclusion

• Recent He4 measurement suggests that our universe has a 
large lepton asymmetry 


• Q-ball scenario successfully realizes a large lepton asymmetry 
suggested by the He4 measurement


• Q-balls also dominate the universe and decay rapidly, which 
significantly enhances gravitational wave production from 
curvature perturbations.


• For precise estimation of GW spectrum we need understand 
the effect of non-linear growth of density perturbations


• Sterile neutrinos are produced through resonance and can be 
dark matter of the universe
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