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1. Introduction

e He4d is produced in Big Bang Nucleosynthesis (BBN)

e Recent new measurements of He4 (together with previous data)
determined primordial He4 abundance
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e ~ ]o smaller than the previous results

e (Constraints on the parameters of BBN ( including D measurement )
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1. Introduction
e Introducing asymmetry between v, and v,

e Chemical potential parameter &, = ,uye/ Tye Ny, — Np, ~ —&,
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np = 6.087000 x 10717

e |arge lepton asymmetry

»z All 3 flavors share asymmetry
due to oscillation

ny = 3(n,, —ng,)

» Lepton asymmetry
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1. Introduction
e |epton asymmetry is much larger than the observed baryon
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If a lepton number is produced at T 2 100 GeV, it is partially
converted to a baryon number through the sphaleron process
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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-balls are produced in the Afflec

Large lepton asymmetry is successful

Q-ball is a non-topological soliton in a scalar theory with U(1)

K-Dine leptogenesis

y produced by L-ball formation



2. Affleck-Dine mechanism

~

e Flat directions in the scalar potential of MSSM > (¢, ¢, H)
Minimal SUSY standard model

® One of flat directions = AD field ¢

e AD field has a baryon number or a lepton number
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o Duringinflation (H > m,) ¢ has a large value if c; < 0

e After inflation, when my ~ H ¢ starts to oscillate
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2. Affleck-Dine mechanism

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

AD leptogenesis

e AD mechanism can generate lepton number efficiently

e Large lepton asymmetry is realized




3.1 Formation of L-balls

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

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

For U(1) = U(1), , formed Q-balls are called L-balls

e |-ball formation depends on SUSY breaking

® We consider gauge-mediated SUSY breaking models
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L-balls are formed if K < 0 when V__ dominates the potential

grav
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L-balls are always formed when V__ __ dominates the potential

gauge

o Weassume K> 0, so L-balls are formed when V,, .. dominates
the potential



3.1 L-ball formation

o AD field starts oscillation with amplitude ¢qsc > @eq at H ~ my),

o Lepton asymmetry n; ~ my, g2

e For K> 0 L-balls do not form until ¢ < ¢,

7z L-ball formation is delayed [delayed-type L-ball ]

» Lepton charge is confined inside L-balls
( Produced asymmetry is protected against the sphaleron process)




3.1 L-ball formation

® Properties of delayed-type L-ball

Hisano Nojiri Okada (2001)

Mg =

Rg =

4\/_77

1
V¢

CM Q3/4

M Q1/4

wo = dMg/dQ ~ V2 MpQ 1/

e L-ball charge
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e | -balls decay emitting neutrinos with decay rate
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3.3 L-ball evolution

e We assume that L-balls dominate the Universe

o
Lepton asymmetry Ny M3 /902 - 3Tp
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e | -ball domination at L-ball decay
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3.4 L-ball evaporation

e | -balls in thermal plasma emit their charge by evaporation

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

® Produced baryon asymmetry
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e Baryon asymmetry from L-balls is negative since we need
positive lepton asymmetry

® The produced baryon asymmetry should be small not to spoll
the success of BBN

5.0l < NB.obs ~ 10717




3.5 Constraints on model parameters

e |Large lepton asymmetry suggested by the recent He4
observation is realized in L-ball scenario
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4.1 Gravitational wave production

e GWs are produced by the 2nd order effect of curvature
perturbatiOnS Ananda Clarkson Wands (2007) Baumann Steinhardt Takahashi Ichiki (2007)

Saito Yokoyama (2009) Bugaev Kulimai (2010)

his 4+ 2MHh;; — VZhi; = O(¢7) H=d/a

hi; : tensor perturbation = GW ¢ : curvature perturbation

e Moreover, GW production is much enhanced when there
exists an early matter-dominated era with a sharp transition
to the radiation-dominated era omata Kohri Nakama Terada (2019) Inomata et al. (2020)

e | -balls realize an early MD universe and decay rapidly
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4.2 Enhancement of GWs by L-balls

* Power spectrum of curvature perturbation | P- = C*A, 0(kn. — k)

° Present GW spectrum Ay ~21x10"7 [amp. at CMB scale]
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® (GWs can be detected by the future Pulsar timing array
experiment (SKA) for T,,. ~ a few MeV and C > several
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5. Summary

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

e |-ball scenario successfully realizes a large lepton
asymmetry suggested by the He4 measurement

e | -balls also dominate the universe and decay rapidly,
which significantly enhances gravitational wave production

from curvature perturbations.
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