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18 Matsumoto et al.

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


• Constraints on the parameters of BBN ( including D measurement )

Baryon-to-photon ratio


Effective number of  species

∼ 1σ

ν
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Figure 9. Constraints onNe↵ , ⌘, and ⇠e. The solid gray contours show the constraint with our YP value and theDP measurement
(Cooke et al. 2018). The vertical dotted lines represent the Planck Collaboration et al. (2020) constraint on ⌘. The constraint
combining with the YP, DP, and ⌘ measurements is shown with blue contours. These contours show 1�, 2� and 3� confidence
limits. The standard model values of Ne↵ = 3.046 and ⇠e = 0 are represented with black dashed lines.

1. Introduction

• Introducing asymmetry between  and  


• Chemical potential parameter    

νe ν̄e

ξe = μνe
/Tνe

3

<latexit sha1_base64="fDpK+QREIfvvWQhEfxaQdo1PiaE="></latexit>

n⌫e � n⌫̄e ' T 3

6
⇠e

<latexit sha1_base64="dDI2dtpKwJwoCoTlX/pahClaXYg="></latexit>

⇠e = 0.05+0.03
�0.02

Ne↵ = 3.11+0.34
�0.31

⌘B = 6.08+0.06
�0.06 ⇥ 10�10

• Large lepton asymmetry

All 3 flavors share asymmetry 
due to oscillation 
 

Lepton asymmetry 
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1. Introduction
• Lepton asymmetry is much larger than the observed baryon 

asymmetry


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


• To produce lepton asymmetry much larger than  


Lepton asymmetry is produced below the EW scale


Produced asymmetry is protected against the sphaleron process


• We consider Q-ball ( L-ball ) formation to realize the latter


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


Q-balls are produced in the Affleck-Dine leptogenesis  


• Large lepton asymmetry is successfully produced by L-ball formation

T ≳ 100

|ηB |

U(1)

4

<latexit sha1_base64="97m5Vti+T2FFYQLHrge9ZtvnvFI="></latexit>

⌘B,obs ⇠ 10�10

<latexit sha1_base64="R/PBTGkYESV6lJU8KhP7wVnZU5Q="></latexit>

⌘B ' � 8

23
⌘L



2. Affleck-Dine mechanism

• Flat directions in the scalar potential of MSSM


• One of flat directions = AD field φ


• AD field has a baryon number or a lepton number 

5

3 (q̃, ˜̀, H)

Hubble induced 
mass term

VNR : Non-renormalizable 
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VA : A-termVsusy : SUSY 
breaking mass term

Minimal SUSY standard model

• During inflation (  )  φ has a large value if 


• After inflation, when                φ starts to oscillate

H ≫ mϕ cH < 0
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2. Affleck-Dine mechanism

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


• AD mechanism can generate lepton number efficiently


• Large lepton asymmetry is realized
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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
⇤
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⇠ 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
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4
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AD leptogenesis
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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 V&'()

V&(*&"

K > 0 V&(*&"
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m3/2 < 1GeV
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3.1 L-ball formation

• AD field starts oscillation with amplitude  at 


• Lepton asymmetry 


• For  L-balls do not form until  


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

Lepton charge is confined inside L-balls

  ( Produced asymmetry is protected against the sphaleron process ) 

φosc > φeq H ∼ m3/2

nL ≃ m3/2 φ2
,-.

K > 0 φ < φ"/
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3.1 L-ball formation

• Properties of delayed-type L-ball


• L-ball charge   


• L-balls decay emitting neutrinos with decay rate


• Decay temperature


 

 should be higher than ~ 1MeV for successful BBNT0
9
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3.3 L-ball evolution

• We assume that L-balls dominate the Universe


• Lepton asymmetry


• L-ball domination at L-ball decay
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• L-balls in thermal plasma emit their charge by evaporation 


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


• Produced baryon asymmetry  

• Baryon asymmetry from L-balls is negative since we need 
positive lepton asymmetry


• The produced baryon asymmetry should be small not to spoil 
the success of BBN

3.4 L-ball evaporation

11

<latexit sha1_base64="c1CnfGcc/pwjVDe/qvO6feklipQ="></latexit>µL = !Q
<latexit sha1_base64="CjykRu40E3Bqpu3g/oWTcOJMEMQ="></latexit>

µL ⇠ 0

<latexit sha1_base64="7dJCrGDNoyjGMAS5BwC4irkgbJ4="></latexit>

⌘B,Q = � 8

23

�QEW

Q
⌘L

: evaporated charge

             above EW scale
ΔQ23

<latexit sha1_base64="oQivlh/C0rzczPrHFpSBrTeDDRI="></latexit>

|⌘B,Q| . ⌘B,obs ⇠ 10�10



3.5 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 

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


• Moreover, GW production is much enhanced when there 
exists an early matter-dominated era with a sharp  transition 
to the radiation-dominated era


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

• L-balls enhance the GW production
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4.2 Enhancement of GWs by L-balls

• Power spectrum of curvature perturbation


• Present GW spectrum
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• GWs can be detected by the future Pulsar timing array 
experiment (SKA) for a few MeV and several T4". ∼ C ≳



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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