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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


• This implies the total lepton asymmetry

∼ 1σ

Yp > 2σ N𝖾𝖿𝖿

νe ν̄e
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1. Introduction
• 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  


• We consider Q-ball ( L-ball ) formation


Q-ball is a non-topological soliton in a scalar theory with 


Q-balls are produced in the Affleck-Dine leptogenesis  


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


• Subsequent Q-ball decay enhances GWs produced by the second 
order effect of curvature perturbations

T ≳ 100

|ηB |

U(1)
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2. Affleck-Dine mechanism

• Flat directions in the scalar potential of MSSM


• One of flat directions = AD field  which has a B or L number


• Potential of AD field is lifted by SUSY breaking effect 


• During inflation (  )   has a large value by  term


• After inflation, when                 starts to oscillate


• AD field is kicked in phase direction due to A-term

ϕ

H ≫ mϕ ϕ −H2 |ϕ |2

ϕ
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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
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3.1 Formation of L-balls

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


• AD field fragments into spherical lumps (non-topological 
solitons) called Q-balls


For  , formed Q-balls are called L-balls


• L-ball formation depends on SUSY breaking


• We consider gauge-mediated SUSY breaking models 

L-balls are formed if  when  dominates the potential 


L-balls are always formed when  dominates the potential


• We assume   ,  so L-balls are formed when  dominates 
the potential

U(1) = U(1)L

K < 0 V𝗀𝗋𝖺𝗏

V𝗀𝖺𝗎𝗀𝖾

K > 0 V𝗀𝖺𝗎𝗀𝖾
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3.1 L-ball formation

• AD field starts oscillation with amplitude  at 


• For  L-balls do not form until  


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


Lepton charge is confined inside L-balls


• Properties of delayed-type L-ball

φosc > φeq H ∼ m3/2

K > 0 φ < φ𝖾𝗊
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3.2 L-ball evolution

• We assume that L-balls dominate the Universe 


• L-balls decay emitting neutrinos with decay rate 

• Decay temperature


• Lepton asymmetry
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3.3 Constraints on model parameters

• Large lepton asymmetry suggested by the recent He4 
observation is realized in L-ball scenario
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4.1 Gravitational wave production 
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• GWs are produced by the 2nd order effect of scalar perturbations


• GW production is enhanced when there exists an early MD era 
with a sharp  transition to the RD era


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

• L-balls enhance the GW production


We estimate GW production taking 
into account the time evolution 
of L-ball energy
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4.2 Enhancement of GWs at L-ball decay

• 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 )


• GW spectrum

As ≃ 2 × 10−9

k𝖭𝖫
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• GW amplitude is large  
for sufficiently long early MD 
( which applies to L-ball case )



4.2 Enhancement of GWs by L-balls

• Present GW spectrum
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• Enhanced GW could give a significant contribution to the 
recent NANOGrav and other PTA signals for larger C
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4.2 Enhancement of GWs by L-balls

• We include the contribution beyond the cutoff scale 


• Enhanced GWs could account for the recent PTA signals 
for  MeV and  T𝖽𝖾𝖼 ∼ 3 C ∼ 300
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5. Summary

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


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


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