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Motivation

“Sterile” neutrino

T

Neutriné mass Dark matter

Shi-Fuller mechanism :
Can explain the origin of all dark matter by sterile

neutrinos with large initial lepton asymmetry
7, | (> || ~ 10719

Affleck-Dine leptogenesis + Q-balls :
Can explain the large hierarchy between
lepton/baryon asymmetry in SUSY setup



Outline of the scenario

Affleck-Dine leptogenesis

Waleron process

Observed
Large initial lepton asymmetry 7, > |baryon asymmetry

Sterile neutrino dark matter
(by Shi-Fuller mechanism)




Question

Q1. In Shi-Fuller mechanism,

what is the favorable initial value of lepton asymmetry
to explain all dark matter?

Q2. Is there any favorable model parameter
to explain both the required lepton asymmetry
and observed baryon asymmetry

iIn Affleck-Dine leptogenesis?



Question

Q1. In Shi-Fuller mechanism,
what is the favorable initial value of lepton asymmetry
to explain all dark matter?



1. Review of Shi-Fuller mechanism

2. Revisiting the calculation of Shi-Fuller
mechanism

3. Large lepton asymmetry from
Affleck-Dine leptogenesis



1. Review of Shi-Fuller mechanism



Sterile neutrino dark matter:
Dodelson-Widrow mechanism

S. Dodelson, L. M. Widrow, (1993)
Mixing between active neutrino and sterile neutrino

lv,) = cosO, V1) +sinf, |vs), |vs) = —sinb, |v1) + cos b, |vo)
lv.), |vs) @ Flavor eigenstate |v1), |vo) : Mass eigenstate
We assume that active neutrinos are in thermal
equilibrium in the early universe.
By neutrino oscillation effect,

some of them are finally observed as “sterile” states

= dark matter
Effective mixing angle between active and sterile states

(Thermal correction)
sin” 26,
sin? 26, + (cos 20, + 2r, G E2T*/m?)?
“Matter effect”

sin” 2™t =




Constraints on sterile neutrino dark matter
: X-ray observations, phase space constraint
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Simple Dodelson-Widrow mechanism is already excluded by

1. X-rays from v, — v, + y (through active-sterile mixing) K. C. Y. Ng et al., (2019)

2. Upper bound of phase-space density due to Pauli blocking effect
A. Boyarsky et al., (2009)

3. Effect on structure formation (Lyman @) c. Yeche et.al., (2017)




Sterile neutrino dark matter:
Shi-Fuller mechanism

X. D. Shi, G. M. Fuller, (1998)
We consider the effect of lepton asymmetry in SM neutrino sector

La = (nya — npa)/ Stot - Siot - total entropy density

Effective mixing angle :
sin” 26,

sin2 26, + (cos 20, + 2E,(—8\/2G s L+ 1,GEE, T*)/m2)>

sin” 20mat =

= () : Resonance
Production rate of v, (of mode withe( = E /T) = 1)
my = 5keV,sin* 26, = 10711, L, ;= 10"
S BT ERE TR Dodelson-Widrow
Resonance/ Shi-Fuller
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2. Revisiting the calculation of Shi-Fuller
mechanism



Shi-Fuller mechanism
: Calculation setup

For simplicity, we assume (electron neutrino)-(sterile neutrino) mixing.

active-sterile oscﬂlatlon
Us) Ve)
Sterile sector /OscnlatloN Active sector
amon
actlve se%tor
V) = V)

Assuming that neutrino oscillation in active sector
proceeds efficiently,

L, ~ L, ~ L is always satisfied.

L, + Z L, is conserved during sterile neutrino production.

a=e,u,t




Shi-Fuller mechanism
: Contour Plot
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We can evade X-ray constraint

assuming larger initial lepton asymmetry in v, sector.
L .. =10"*—107is favored.

e,nit —




Shi-Fuller mechanism:
The production temperature
of sterile neutrinos
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Production temperature T, : Temperature at which L,(T,) = 0.99L,;;, + 0.01L, ,

Sterile neutrino production occurs at 7'=T,, ~ ©(0.1)GeV.




The condition for leptogenesis
in Shi-Fuller mechanism

To evade the X-ray constraints, the lepton asymmetry
must be L, 2 O(10~%)

Generation of lepton asymmetry must occur at

T Z 0.12GeV (with Le init = 10_3) =1
. 10—4) P

T = 0.23GeV (with L
(If we focus on < O(10) keV sterile neutrinos)

e, it —



Question

Q2. Is there any favorable model parameter
to explain both the required lepton asymmetry
and observed baryon asymmetry

in Affleck-Dine leptogenesis®?




3. Large lepton asymmetry from
Affleck-Dine leptogenesis



Affleck-Dine (AD) mechanism

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

AL 2ol 3/245"
Vig) = mip| g 1* = cH? | § P+ 14 =00 a0
Hubble an.r'la'e A-term VA
induced term
term Vg
¢ : Leptonic flat direction in MSSM (=AD field)  Ex) L,L,e,
ms,, : gravitino mass, H : Hubble parameter, a,;, = O(1), c¢( > 0) = O(1)

Time
AD field
(Hubble induced term), (Non-renormalizable term) > (A-term)
Is
l ............... H A~ m3/2 ( — OSC) ..............................................................................

Resultant lepton number :
—_ 7 b S . - .* ~ . 2

% Kicked by Aderm m =i (50— §70) = 01|

' 2
—0F0 = €N HPosc

€ . efficiency parameter
determined by arg(ay,), 4, etc.



Formation of “Q-ball”’s

We consider the situation where

min [V (¢)/¢®| < mj (after coherent AD field oscillation)

The fluctuation with certain scale ( = kNL) grows and
solitons (“Q-ball’s) with scale ~ 27k, are formed.

Q-ball : Spherically symmetric soliton configuration confining lepton charge
S. Coleman (1985)

Coherent AD field oscillation

Figure

T. leamatsu M. Kawasaki, F. Takahashi,
|f mln /90 < m(b JCAP (2010)

Where ¢ = | ¢ |
“Q-ball” formation




Delayed-type Q-ball scenario
V(g) = gauge(¢) T grav(¢)

“Gauge mediation” potentia “Gravity mediation” potential
mg|¢|° (|p| < M) )
¢ 5 2 |§b|
V auge — 2 2 V rav >~ m 1 ‘l_ K ln
gaug (Cb) { Mj‘; (ln (%4'2)) N MZ‘? ( qb! > Ms) g (¢) 3/2‘@5‘ (M;?l)}
M, : Messenger scalar mass K > 0 : Assumption
Vgau ge i Vgrav
//,.—m ............................................ /
// /
gt - >
o~ M. |¢|N¢eq gﬂ |¢|N(peq €0
— 42
Vgauge Vgrav when | §b | (peq — MF/m3/2
. Delayed-Type Q-ball S. Kasuya, M. Kawasaki, (2002)

The case with K > 0, ¢, 2 ¢.,- Q-balls are formed

right after V.. becomes dominant i.e. ¢ ~ ¢, Is satisfied.



Why Q-ball scenario?

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

Lepton charge inside the Q-balls is protected from
sphaleron process

There is small effect of

evaporation into SM neutrinos

due to coupling to SM neutrinos at high temperature
— small baryon asymmetry

Q-balls finally decay due to coupling to SM neutrinos
below the electroweak scale

— large lepton asymmetry



Decay/evaporation rate of Q-balls

U f U ¢ ¢
N b
v v // AZ N\
v \ .
U (Zino/ U
v l v Higgsino)
v
(Decay/evaporation rate) o (Surface area of Q-balls)
3 G. Cohen, S. R. Coleman,
Decay rate F N Nl wQ 47TR2 H. Georgi, A. Monohar, (1986)
Q= Q) 1272 Q M. Kawasaki, M. Yamada (2012)

N, : number of neutrino species, Q : lepton charge inside each Q-ball,
W : energy per unit lepton charge, RQ : radius of each Q-ball

Evaporation rate M. Laine, M. Shaposhnikov, (1998)

d@
dr — _D(UQ - Nplasma)T247TRgg

Ko = @g : chemical potential of slepton field in Q-balls

Mplasma ( < wy) : chemical potential in thermal plasma
D ~ gTz/qu5 . diffusion coefficient



Lepton asymmetryé process |: process
O(10™%) —

Sterile neutrino /

O(107%)

Why Q-ball scenario?

Q-ball decay Q-ball evaporation

Sphaleron process
iIn chemical equilibrium

production 1.1~ 1 |
170 2 T R R — T _» Baryon asymmetry
o0~ I == Obs ~ 10710
T, ~ 6(0.1)GeV ~ 0(10)GeV Cosmic

(Electroweak scale) tem peratu re



Delayed-type Q-ball scenario
: Parameter space

L, = 10~ (fixed) L,= 10~ (fixed)
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mg/g(GeV) mg/g(GGV)
my = 100TeV, ¢ = 1072 my = 10TeV, ¢ = 102

(Decay temperature) 2> Tp — Lower bound of gravitino mass

Q-ball evaporation explain baryon asym. — Reheating temperature



Conclusion

1. We revisited the calculation of Shi-Fuller mechanism
and confirmed that initial lepton asymmetry is required to be L, > 6(10~%)

(for m, < ©(10)keV) to evade the current X-ray constraints.

2. We searched for the parameter space in AD leptogenesis scenario
to realize the above conditions.

Gravitino mass with
msp, 2 0(0.1)GeV (for L, = 107, m;, = 10°TeV),

msp, 2 O0(1)GeV (for L, = 1074, m, = 10TeV)
and Reheating temperature T, ~ O(1)TeV is favored.



Supplementary materials



Neutrino oscillation in vacuum

Effective Hamiltonian in flavor basis

2 2 .
B TIET mi My \ ~ ( cosf, sinf,
H=U dlag(QEV’ 2E,,) Uh U= (— sinf, cos Qa)

Oscillation amplitude
P(vy, — vs)

2 2
(vg|U - diag (exp (22721 t) , €XP (22”22 t>> UT |vg)

2 2
o Ty — My

1F,

2
= [(vs| exp(iH1) [va)|” =

— gin? 26, sin

Average over oscillation period :

1
(P(vg — vs)) = 5 sin® 26,



Neutrino oscillation in thermal plasma
: Matter effect | ... c rurer, s

In the early universe, the active neutrinos acquire thermal self energy
through weak interaction :

aa — 2\/7GF( ( _l_ Z VB — TLVB ) — TQG%EVTLL
B
: 70
1% > : > v v > > > v
e, i, 7 (with W¥)
) ) v (with ZY) v O
m m
H=U-di ( 17 2)[]]L Vvina‘/in: o
“S\2E,2E, T Vint Vint 0 0

Oscillation amplitude averaged over oscillation period :

sin”® 26,

1 1
2 sin? 20, + (cos20, — Vi, - 2E,, /m?)?

(P(vg = vg)) 5 sin2(29;nat)




Production mechanism
of sterile neutrino dark matter

Neutrino . Weak
Quantum | oscillation interaction
superpositionE‘VS> ) ’ ‘Va>§ —— |Thermal bath
*) Loss of
coherence
Classical ‘ > ‘ >
superposition ; Vs Va

(*) : Transition rate

X
(scattering rate), (effective mixing angle)




Production mechanism
of sterile neutrino dark matter

A. D. Dolkov, (2002)
Effective description of density operator equation:

p=—iH,p| —{L,(p — peq)}

@ @
I'e O | . . .
I' = 0 0 I',, : scattering rate of active neutrinos with thermal plasma
1
p = Paa  Pas Deq = (exp((EuM)/T)+1 (1) )
Psa  Pss 0 exp((Ev—p)/T)+1
. density matrix : thermal distribution

(D : Vacuum oscillation
2 Equilibrates the distribution p into p,, in time scale Az ~ r,!



Production mechanism
of sterile neutrino dark matter

2
i

IO.aa — Z4EV SIN 2‘90, (psa — pas) — 20 (paa feq)
2
pss — Z;?Z;V Sin 29@ (psa — ,Oas)
. . m2 ( m?
Pas — 4E S1N 2(90,(,088 — paa) =+ (—Z (2E V > — Fa/2> Pas
m2 m2
.sa:. > 2 ss = Maa . > 2(1_ aa _Fa2 sa
0 24Eysm€(p o )+<Z(2EVCOS(9 V) /)p

Assuming (Oscillation period) < I">!, we can set (p_.) = (p..) ~ 0.
Then,

I I
pss ~ 7T sin? 20 (paa — ps) = 7L sin® 20" (foq — fs)

Where T', < m?/E, p,, ~ Jeq > Pss




Production mechanism
of sterile neutrino dark matter

. MaSter equation C. T. Kishimoto, G. M. Fuller
| , (2008)

. 1 . 9 mat _
fl/s — 4FCL S1I1 29& (feq fVS) 8 1+ lfIZnFCQL/Z

“Dumping factor”

Where

2F, sin20,, , . i
[, = ¢ — . Effective neutrino oscillation length
mZ  sin26,

Dumping factor
if1 > I'.!: significantly suppress the sterile neutrino
production rate

fl <1 ~1




Sterile neutrino dark matter 1.
Dodelson-Widrow mechanism

S. Dodelson, L. M. Widrow, (1993)
Consider the situation where there is no lepton asymmetry.

in 20, (ffe D = £, (e 1))
€, — Ju €,
sin2 20, + (cos 20,+2r,G2e2T0/m2)2 '™ Suro : .
Where e = E /T \ (X Dumping factor)

1
P ~ —I (e, t
40,( )

U(I_>US

m, = 5keV,sin?20, = 10734 ¢ = 1

0.001 0.010 0.100 1 10

TA 107 -

% L

9/ L

in 10_7

kS I

= 100 -

. j —10

% 10713 X T

= * -

. i : : Finite temperature

o% " COS 290{ dominant |effect dominant
10

Cosmic Temperature (GeV)

_ m 1/3
Production peak : cos 20, ~ 2r,G2e*T%/m? — T ~ 108MeV - 6—1/3<ﬁ)
c



Constraints on
Dodelson-Widrow mechanism

. m, — sin” 26, contour plot to explain all dark matter

A. Gouvea, M. Sen, W. Tangarife, Y. Zhang, (2020)

sin? 26
dwart

M, (keV)

Simple Dodelson-Widrow mechanism is
almost inconsistent with X-ray observations
and phase space constraints.




Shi-Fuller mechanism
: Previous work

A. Boyarsky, O. Ruchayski, M. Shaposhnikov (2009)

1 P 11 I 1 I I
, QN M
10

S
I
Phase-space density
constraints

10-15 L 111

With parameters in which Shi-Fuller mechanism occurs

My, Ly initSiot

must be satisfied.

efficiently, Q, < g

We must properly take into account total entropy conservation
and time-evolution of lepton asymmetry in active neutrino sector.




Constraints on sterile neutrino dark matter
: X-ray observations, phase space constraint

Simple Dodelson-Widrow mechanism is already excluded by

1. X-rays from v, — v, + y (through active-sterile mixing) K. c. Y. Ng et al., (2019)

2. Upper bound of phase-space density due to Pauli blocking effect
A. Boyarsky et al., (2009)

3. Effect on structure formation (Lyman ) C. Yeche et.al., (2017)

1.




Shi-Fuller mechanism
: Calculation

32+/272
Resonance condition : cos 26y ~ 16vV2GrE, 50t Lo /m? = Z;T 9s +GrE,LT?/m?
1Ay —1/2,,—1/4
I oxmg "L,

Substituting L, = L

................. e,1nit

Example : m, = — S5keV. L = 10—4 in effective mixing angle
? e, 1ni
e =1 e =4 € =135
1 1 1
N <
T / T
Qj 1074 ¢ 10741 Qj 10~
== 513
107" ‘ 107° | 1078 ‘
0.05 0.07 0.1 0.05 0.07 0.1 0.05 0.07 0.1
Cosmic temperature (GeV) Cosmic temperature (GeV) Cosmic temperature (GeV)

Tfalse = T(g i/ ginit)1/3 (GeV)



Shi-Fuller mechanism
: Calculation setup

d 15
fy (6 T) — Pye—H/S (67 T)
\ PDe—H?S (67 T)
where
1/3 272
(g ) : dimensionless constant (Assuming E, oc a™!, so = 4—595,*T3 oxca )
1 sin® 26,
PV y - € 7T  JUs 7T
e Vs 4 )SIH2 200 + (cos 20y — 8v2G Fsior Le +r.GLE,T4)? eales ) = St )

1
141212 /2

1
Pﬂe—ms ﬁzre(ﬁa t)

1
141212 /2

sin? 26,

sin? 200 + (cos 260 + 8\/§GF3totLe + TeG%EuT4)2

(feq(ea T) o fﬂs (67 T))

Discretization:

n
= ————¢€ (I’l — 1929'"Nbin)

€
n max
N bin




Shi-Fuller mechanism: Result 1

Time evolution of lepton asymmetry Final spectrum

1. L, i = 107%, m; = SkeV 1077 . 0.02
«2
3 T 0.01
=
0 Y
0.01 0.1 1 0 5 10 15 20
Cosmic temperature (GeV) p
2. L, jnie = 107%, m; = 5keV 10~ 0.01
2
S *0.005
(]
W
5x107° ‘
0.01 0.1 1
; Cosmic temperature (GeV)
3. Le init — 10_ ) ms - 5keV 10_3
’ 0.01
9.8 x 107*, =
w2
~ *0.005
=
N\U
9 x 1074 w
0.01 0.1 1

Cosmic temperature (GeV)



Supersymmetry, MSSM

Bl SUSY boson < fermion
B MSSM Ex.) squark (spin 0) « quark (spin 1/2)
slepton (spin 0) « lepton (spin 1/2)

. F|a-t direCtiOnS in MSSM T. Gherghetta, C. Kolda and S. P. Martin, Nucl. Phys. (1996)
. There exist flat directions in supersymmetric limit

s (0 -5 () e
s\ z\e)

<> gauge invariant operator : L,L,e,

(B—L=—1)

¢ : “Affleck-Dine (AD) field”



Lifting up MSSM flat directions

Local SUSY = supergravity
“Gauge field” : gravitino (spin 3/2)

B Pattern 1: Effect of soft SUSY breaking m3,|¢|

(M3/y @ gravitino mass)

Bl Pattern 2: Effect of inflaton coupling in supergravity cH?|¢|?

( Derived from inflaton coupling, C : constant depending on coupling with inflaton)

B Pattern 3 : Effect of non-renormalizable interaction

n(>3) :integer

B Pattern 4 : Effect of supergravity & non-renormalizable

interaction Man"
Vi = Aay
nMg3

Called A-term



Lifting up MSSM flat directions

LLe
(ex.
nedi(8) e (2) amde
Lifted by
W = ]\Z? LlellLe.



Affleck-Dine (AD) mechanism

|. Affleck, M. Dine, Nucl.Phys.B (1985), M. Dine, L. Randoll, S. D. Thomas, Nucl.Phys.B (1996)

2 112 21412 ) [ 12D m3p@”
V() =m5, |@p|" —cH [P |"+ | 4] M6 +/1aMnM’P5‘1‘3 +h.c
bl renormalizable A-term Vi,
induced term
term Vg
ms,, : gravitino mass, H : Hubble parameter, a;,, = O(1), c¢( > 0) = O(1) oo
e
Negative Hubble | t inant
ega. Iive Hubble |ndu<.:ed erm, Vg dominan H > M, o
— Wine-bottle potential
........................................ H~m (=H,.) |
2
Origin of field space is stabilized. S o
The AD field is kicked in phase direction by A-term. ®
—non-zero baryon/lepton number )

Lepton number : H S ms
. . . ° 2
n =i (¢ — @) = 0l¢|
2
= €Mz P

e : efficiency parameter determined by arg(ay,), 4, etc.

Time



Q-balls
S. Coleman (1985)

Bl Q-ball: A spherically symmetric field configuration
under U(1) symmetric potential

L= Z@Mﬁ@“@ V(lgil), Q= —zZqz/ (¢ ¢ — Gi7)

[ For fixed O, there exists
spherically symmetric configuration which minimizes

E = /dgl’ (10:¢]* + [Vo|* + V(¢3))

[l Condition that Q-ball solution minimizes the energy
min [V (¢)/¢?| < mj

INT > v )LDBI & BT 5 W
E < HrDsupplemental material & TH <




Q-balls : non-linear growth of fluctuations

A. Kusenko, M. E. Shaposhnikov, Phys. Lett. B 418 (1998)

{ 0 + 3Hbp — (29’(15)@(75)5'9 + 6Bt ))

(p = Re*?

<’ )+ 3HOQ — Q(t)AQ+2RQ Q(t)R(é’Q)(é’iR)—O
| R+3HR — 55AR — Q®R + 555 (0:Q)°R + G5 = 0
R = o(t)+dop(z)

Q= 0(t)+d0(x).

Figure:
T. Hiramatsu, M. Kawasaki, F. Takahashi,

JCAP (2010)

ez A+ V' (p(1))d = 0

o(t)80 + 3H (é(t)égo + 5’9¢(t)) +2 ( ()60 + 50b(t )) — () A0 =0

o = (=)

. 3/2
So — P CIORS =0
i <a<t>) Pose®

590866i(3(t)—|—k.x)

00

Instability band :

kmax

2

a2

T 1662

1

—(=V"2 —6V"0? + 76%)




The negative Hubble-induced term

Scalar potential in supergravity

v o e (e (Wr W g ) (' T
Pl Pl
WO (1)
| Y
l—-a ,
= V() 2

[ : Inflaton, K : Kahler function, W : Superpotential

a
K=¢"0+1"I + —5¢"¢I"1
MPI

V(I)~MpH®  —  V($)D-O(H")d"¢

(az 1)

n



The A-term

C
K = Xo o+ h.c.
M, oMo

X : SUSY breaking field, 0K : Kahler function, W : Superpotential
V 2 RO K (K% (W + WKy /M) (KX (WX + WEX /M)

Ky (K )x (WX + W*Ex /M) (K )5 (W? + WK®/Mg))]

¢ 1o
~c—W?®W53% 4+ h.c.
Mpy X

Fx)  [Wx]
Mp; Mp;

> Vo~ Cmg/QW(¢)

ms/o ~



Gauge mediation model

GGravitino mass:

mg/o = <FX>
/ vV 3Mp;

Slepton mass, Gaugino mass
2

MF

M

mquMgN

Where

M : Messenger scalar mass

1
My = ; gL 212 ()Y
-

( k : coupling between messenger sector and SUSY breaking sector (X) )




The property of delayed-type Q-ball

Initial charge

W = \/_WCMFQg;Z.



Decay rate of Q-balls

A. G. Cohen, S. R. Coleman, H. Georgi, A. Monohar, (1986)

y ? 5 M. Kawasaki, M. Yamada (2012)
N 3 ¢ s
U — U
) . / AZ  \
4 | 1% 7 (Zino/ U
U Higgsino)

The decay rate is bounded by Pauli blocking effect of final states.

(Decay rate) « (Surface area of Q-balls)
i wQ 47t R? Ao
Q) 1272 @ Lj:-lj(((_cit&b

Nl : number of neutrino species, O : lepton charge inside each Q-ball,

I'q =~

w : energy per unit lepton charge, RQ : radius of each Q-ball

In case with g| ¢ | > w,, the decay rate is almost saturated by the bound.



Thermodynamical effect of Q-balls

M. Laine, M. Shaposhnikov, (1998)

Q-balls thermalize due to interactions with neutrinos in thermal plasma

via gaugino/Higgsino exchange

mq3b/2

The evaporation rate of Q-balls :

de)
— = Dlug - pplasma) T 24T R,

Where
Ko = @y : chemical potential of slepton field in Q-balls

Holasma ( << @p) : chemical potential in thermal plasma

D ~ gTz/mq% . diffusion coefficient



Condition for Shi-Fuller mechanism to work

We consider the 2 cases : 7, = 3 x 1073, 3 x 10~ (fixed)

e Condition 1.

The decay temperature must be consistent with sterile
neutrino production

Tdecay Z Tp(mS — 10k€V)

 Condition 2.
The Q-ball evaporation process explain 7, ~ 10719



Delayed-type Q-ball scenario
: Calculations

We consider Q-balls dominate over the universe at decay.
2
Jo =

m3/2 Sposc TR > 1
Decay temperature of Q-balls :

3Mz H2. . Taecay

90) 1/4
THecay = Mp I
docay (WQQ*(Tdecay)> \/ rhe

Resultant lepton asymmetry :

nr 3IOQ,decay 3nL,OSC 3Crdecay

,',]L ~ X — ™~ €
PQ,decay 4Tdecay 4Tdecay 4m3/2

Resultant baryon asymmetry :

N AQy\ 1282 o
N =1L O 207

Mp T2
m2 M

C 1L QG



Delayed-type Q-ball scenario
: Calculations

We analyze for two possible case about the value of
resultant77,: 7, =3 x 107, 3 x 10~

The decay temperature must be consistent with sterile neutrino production

€ -1 ms /2 nrL
P 005766V x (1155) () () 2%

We fix the resultant baryon asymmetry:

m ~ 1.3 x 10719 < 1( ‘ )_2 L 3( e )_2 Ir 2N10—1o
b 2.5 10—2 3 % 103 105GeV 103GeV

(The energy density of the gravitino should not dominate over
dark matter:

2
mg/o \ 1 My 1r _3/4
Qs /9h% ~ 0. 1( ) J 1
3/2 01 0.5GeV <1O4G6V> <1O5G6V> o' <




Delayed-type Q-ball scenario
: Parameter space (L,. .. = 1073, ¢ = 1077

e,nit —

10* [ 104 r T
77’) _ 10710
5000 F g 5000 - .
m = 1071t
%
—~ o &)
2 2 2
O 1000 g O 1000 o 1
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Delayed-type Q-ball scenario
: Parameter space (L,. .. = 107, ¢ = 1077
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Delayed-type Q-ball scenario
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Delayed-type Q-ball scenario
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Future work : isocurvature perturbation
from sterile neutrino dark matter

Final abundance of sterile neutrino is
determined by m, 6,, L

e, 1nit"
In Aftleck-Dine scenario, L, ;.; has fluctuations
which is independent from inflaton fluctuations.

— In principle, this can induce isocurvature
perturbations from sterile neutrino dark matter.

5107/3 (a In Pu, > 5Le,init
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N OLe init
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