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1. Introduction

GeV scale right-handed neutrinos

- Seesaw mechanism that can explain tiny neutrino masses
Minkowski ’77 Yanagida 79 Gell-mann, Ramona, Slansky 79 Glashow ’79

- Baryogenesis via neutrino oscillation
Akhmedov, Rubakov, Smirnov '98 Asaka, Shaposhnikov ‘05

- Testability

F.F.Deppisch, P.S.Bhupal Dev, A.Pilaftsis ‘15
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1. Introduction

HNL search

F.F.Deppisch, P.S.Bhupal Dev, A.Pilaftsis ‘15
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1. Introduction

Motivation

Are there any other methods
for exploring RH neutrinos ?

— Entropy production due to decay of RHvs
that modifies the gravitational wave spectrum.
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2. Entropy production

Seesaw mechanism

Extension by right-handed neutrinos

_ M
L= Lsy + ivpduy"vr — FLug® — —2 7

URVE + h.c.

Seesaw mechanism (type I)
L, _. 0 M V§ 1, -~ (M, O Ve
— Ly = 5 (VL,VR) (Mg M]\Z) (yf;) + h.c. = 5 (V,N) ( 0 MM) (N)

M, = —M}LpMy, Mp (M, < Mp)

Mixing of light neutrinos and heavy neutrinos
vy, = Uv + ON°
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2. Entropy production

Decay of right-handed neutrinos

3 Body decay

Hisashi Okui (Niigata Univ.)

2 Body decay

Lepton Lepton
o
N X g
Lepton RN
(quark) SNl
Meson
Lepton -
(quark) Lifetime can be
T~ O(0.1) sec
@ M=1GeV
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2. Entropy production

Scenario

Temperature [GeV]

O(1) 2 T = Tdec
RHv decouples from thermal equilibrium (I'n < H).

The number of RHv will freeze out.

RHv will decay.

If RHv is non-relativistic particles with
sufficient lifetime and the energy density of
RHv dominates the universe,

the entropy production occurs

and changes the thermal history of universe.
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2. Entropy production

Entropy production

e o [ o [ ""Ié{'Id_ 't_"""'l i 100
adiation -
1 e~ RH neutrino — — —
\\\1\::\ Entropy — |
1x10710
— M=1GeV
>
S, 1x10% | Tdec =1 GeV
z = 1
2 W = 10 F
S I
S
1x10°%
LLl
1 Entropy production ratio
1x1070 |
' P s(te)a’(te)
— 3
s(ti)a’(ti)
1x10™° 1
>
time

Hisashi Okui (Niigata Univ.)

S12019 @Gangneung, Korea



2. Entropy production

Entropy production
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3. Primordial gravitational wave

Primordial gravitational wave

1 dpow Q.w(fay) No entropy production
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https://arxiv.org/abs/gr-qc/0305096

3. Primordial gravitational wave

Modified spectrum by GeV scale RH neutrino
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3. Primordial gravitational wave

Primordial gravitational wave
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http://muse.sc.niigata-u.ac.jp/~si17/

4. Summary

Summary

- If the lifetime of the right-handed neutrino is long
enough, the right-handed neutrinos can realize the
entropy production in the early universe.

The entropy production changes the thermal
history of the universe and affects the primordial
gravitational spectrum.

Dilution of primordial gravitational wave spectrum
by entropy production of right-handed neutrinos
starts to occur from about 10-11 - 10-8 Hz (SKA
range).
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