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Figure 3. Limits on the mixing between the electron neutrino and a single heavy
neutrino in the mass range 100 MeV - 500 GeV. For details, see text.

the interpolating formula (11) allows us to calculate the 0⌫�� half-life for arbitrary

heavy neutrino masses using the NMEs M0⌫
⌫ (light) and M

0⌫
N (heavy) [158,159].

Using the combined 90% C.L. limit on 0⌫�� half-life T 0⌫
1/2(

76Ge) � 3⇥ 1025 yr from

GERDA+Heidelberg-Moscow experiment [160], we derive from the second term in (11)

upper limits on |VeN |
2 as a function of a generic heavy neutrino mass MN . Our results

are shown in Figure 3, where the shaded (orange) region between the solid and dashed

lines, labeled ‘GERDA’, shows the uncertainty due to NMEs [159, 161]. Here we have

used the recently re-evaluated phase-space factors [162] and the NMEs from a recent

calculation within the quasi-particle random phase approximation (QRPA) [159, 163].

Similar limits are obtained using the half-life limit T 0⌫
1/2(

136Xe) � 2.6 ⇥ 1025 yr from

KamLAND-Zen experiment [164,165] and the corresponding QRPA NMEs [159].

From Figure 3, it seems that the 0⌫�� constraints are very severe, thus shadowing

the future prospects of observing LNV in other processes involving the electron channel.

However, one must keep in mind that the 0⌫�� limits may be significantly weakened

in certain cases when a cancellation between di↵erent terms in (11) may happen [166],

e.g. due to the presence of Majorana CP phases. In general, the Majorana nature of

neutrinos does not guarantee an observable 0⌫�� rate in all models [167]. Also, in the

inverse seesaw scenario with pseudo-Dirac heavy neutrinos, the 0⌫�� limits are usually

diluted by the small LNV term  = µS/MS. Therefore, it is still important to include

the electron channel while performing an independent direct search for heavy neutrinos

at colliders.

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

Are there any other methods  
                 for exploring RH neutrinos？

→ Entropy production due to decay of RHνs  
     that modifies the gravitational wave spectrum.
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2. Entropy production

1 Note for
Exploration of Particle Physics and Cosmology with Neutrinos
Workshop 2019, 12-14 June @ヒルホテルサンピア伊賀 (三重県伊賀市)
「Right-handed neutrinos and the primordial gravitational wave」:
poster

10 June 2019

1.1 Baryon Asymmetry of Universe : Review

Observational value of Baryon is

YB =
nB

s
= (0.872± 0.004)× 10−10 (1)

where

• nB : baryon number density

• s : entropy density

1.2 Dark Matter : Review

Ωdmh2 = 0.1188± 0.0010 (2)

1.3 ν MSM : Review

ν MSM Lagrangian

L = LSM + iν̄R∂µγ
µνR − FL̄νRΦ− MM

2
ν̄Rν

c
R + h.c. (3)

1.4 Seesaw mechanism : Review

The seesaw mechanism (MD = F ⟨Φ⟩ ≪ MM )

−L =
1

2

(
ν̄L, ν̄cR

)( 0 MD

MT
D MM

)(
νcL
νR

)
+ h.c. =

1

2

(
ν̄, N̄

)(Mν 0
0 MM

)(
νc

N

)
(4)

2

• Light ”active” neutrino mass are given by

Mν = −MT
DM

−1
M MD (Mν ≪ MD) (5)

Smallness of neutrino masses are naturally explained.

• Heavy Neutral Leptons (Heavy neutrinos) N (N ≃ νR) The mass is

MN = MM (6)

and mixing of active neutrino and Heavy neutrinos is

Θ =
MD

MM
(7)

Therefore mixing in CC are

νL = Uν +ΘN c (8)
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• Light ”active” neutrino mass are given by

Mν = −MT
DM

−1
M MD (Mν ≪ MD) (5)

Smallness of neutrino masses are naturally explained.

• Heavy Neutral Leptons (Heavy neutrinos) N (N ≃ νR) The mass is

MN = MM (6)

and mixing of active neutrino and Heavy neutrinos is
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MD
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=
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Extension by right-handed neutrinos

Seesaw mechanism (type I)

Mixing of light neutrinos and heavy neutrinos

29 Note for
Exploration of Particle Physics and Cosmology with Neutrinos
Workshop 2019, 12-14 June @ヒルホテルサンピア伊賀(三重県伊賀市)
「Right-handed neutrinos and the primordial gravitational wave」:
poster

10 June 2019

29.1 Baryon Asymmetry of Universe : Review

Observational value of Baryon is

YB =
nB

s
= (0.872± 0.004)× 10−10 (664)

where

• nB : baryon number density

• s : entropy density

29.2 Dark Matter : Review

Ωdmh2 = 0.1188± 0.0010 (665)

29.3 ν MSM : Review

ν MSM Lagrangian

L = LSM + iν̄R∂µγ
µνR − FL̄νRΦ− MM

2
ν̄Rν

c
R + h.c. (666)

29.4 Seesaw mechanism : Review

The seesaw mechanism (MD = F ⟨Φ⟩ ≪ MM )

−LM =
1

2

(
ν̄L, ν̄cR

)( 0 MD

MT
D MM

)(
νcL
νR

)
+ h.c. =

1

2

(
ν̄, N̄

)(Mν 0
0 MM

)(
νc

N

)
(667)
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• Light ”active” neutrino mass are given by

Mν = −MT
DM

−1
M MD (Mν ≪ MD) (668)

Smallness of neutrino masses are naturally explained.

• Heavy Neutral Leptons (Heavy neutrinos) N (N ≃ νR) The mass is

MN = MM (669)

and mixing of active neutrino and Heavy neutrinos is

Θ =
MD

MM
=

F ⟨Φ⟩
MM

(670)

Therefore mixing in CC are

νL = Uν +ΘN c (671)

29.5 Primordial gravitational wave and entropy production : Review

F =
s(te)a3(te)

s(ti)a3(ti)
(672)
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2. Entropy production

また、中間状態に Z ボソンを介する相互作用を表すラグランジアンは以下の通りである。

Lint
gz
2
U∗
iαΘαIZµνiγ

µPLN
c
I + gzZνeαγ

ν

[(
− 1

2
+ sin2 θw

)
PL + sin2 θwPR

]
eα. (D.19)

図 D.4: N −→ νiµ−µ+

θwはワインバーグ角であり、PRは右巻きの射影演算子である。W ボソンを介する相互作用により
与えられる不変振幅をMwとし、Zボソンを介する相互作用は不変振幅Mzを与えるとする。それぞ
れの不変振幅は以下のようになる。

Mw =
g22

2M2
w
ΘµIU

∗
iµ

[
u(k1)γ

µPLu(p)u(k3)γµPLv(k2)
]
、 (D.20)

Mz = −
g2z

2M2
z
U∗
iαΘαI

[
u(k3)γ

µPLu(p)u(k1)γµ

{(
−1

2
+ sin2 θw

)
PL + sin2 θwPR

}
v(k2)

]
. (D.21)

この 2乗の平均化されたヘリシティ和を取ると次のようになる。
∑

helicity

MM† = 128G2
F

[
|ΘµI |2|Uµi|2(k1 · k3)(k2 · p) + |Uαi|2|ΘαI |2K1 + (U∗

iµΘµIΘ
∗
IαUαi + h.c.)K2

]
、

(D.22)

K1 =

(
1

4
− sin2 θw + sin4 θw

)
(k1 · k3)(k2 · p) + sin4 θw(k1 · p)(k2 · k3) (D.23)

+m2
µ

(
−1

2
sin2 θw + sin4 θw

)
(k3 · p)、 (D.24)

K2 =

(
−1

2
+ sin2 θw

)
(k1 · k3)(k2 · p) +

1

2
m2

µ sin
2 θw(p · k3). (D.25)

第 1項目は |Mw|2から、第 2項目は |Mz|2から、第 3項目は干渉項から与えられる。位相積分を実行
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図 D.8: N −→ π+l−

不変振幅の 2乗のヘリシティ和は次のように計算される。

∑

helicity

MM† =
G2

F

2
|ΘαI |2|Vud|2f2

π+M4
N

[(
1−

m2
l

M2
N

)2

−
m2
π+

M2
N

(
1 +

m2
l

M2
N

)]
. (D.47)

以上により部分崩壊幅は次のようになる。

Γ(NI −→ π+lα) =
G2

FM
3
N

16π
|ΘαI |2|Vud|2f2

π+

[(
1−

m2
l

M2
N

)2

−
m2
π+

M2
N

(
1 +

m2
l

M2
N

)]

×

√(
1− (mπ+ −ml)2

M2
N

)(
1− (mπ+ +ml)2

M2
N

)
(D.48)

その他重いニュートリノが荷電擬スカラー中間子と荷電レプトンに崩壊する場合は、荷電擬スカラー
中間子の質量と崩壊定数と荷電レプトンの質量を用いればよい。

崩壊モード 6：NI −→ νγ

この崩壊モードの崩壊率の計算は、[35]を参照した。崩壊率 Γ(NI −→ νγ)は次式で与えられる。

Γ(NI −→ νγ) =
αG2

F

64π4
M5

N

[∑

α

|ΘαI |2F (rβ)

]2
、 (D.49)

rβ =

(
mβ

MW

)2

、 (D.50)

F (rβ) ≈ −
3

2
+

3

4
rβ . (D.51)

ここで α ≈ 1/137であり、mβ、MW はそれぞれ βフレーバーの荷電レプトンの質量とWボソンの質
量である。
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N N

Meson

W, Z

Lepton

Lepton
(quark)

Lepton
(quark)

Lepton

3 Body decay 2 Body decay

Θ Θ

Lifetime can be
τ~ O(0.1) sec

@ M = 1 GeV
※ near BBN bound
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2. Entropy production

Temperature [GeV]

The number of RHν will freeze out.

 T ＝ Tdec

RHν decouples from thermal equilibrium (ΓN < H).

O(1)

If RHν is non-relativistic particles with 
sufficient lifetime and the energy density of 
RHν dominates the universe,  
the entropy production occurs
and changes the thermal history of universe.

RHν will decay.
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2. Entropy production

M = 1 GeV
Tdec = 1 GeV
Xω = 1

Yukawa coupling  
~Xω
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• Light ”active” neutrino mass are given by

Mν = −MT
DM

−1
M MD (Mν ≪ MD) (76)

Smallness of neutrino masses are naturally explained.

• Heavy Neutral Leptons (Heavy neutrinos) N (N ≃ νR) The mass is

MN = MM (77)

and mixing of active neutrino and Heavy neutrinos is

Θ =
MD

MM
=

F ⟨Φ⟩
MM

(78)

Therefore mixing in CC are

νL = Uν +ΘN c (79)

3.5 Primordial gravitational wave and entropy production : Review

F =
s(te)a3(te)

s(ti)a3(ti)
(80)
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Rh ν is non-rel. @Tdec

time



Hisashi Okui (Niigata Univ.) SI2019 @Gangneung, Korea

Entropy production

�10

2. Entropy production
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MD
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3.1 重力波スペクトルの比較
• 標準宇宙論の場合

ΩSM
GW (a0) = ΩGW (ai)

(
ai
aeq

)rR (aeq
a0

)rM

(98)

• 右巻きニュートリノのエントロピー生成を考える場合

– ai > a∗iの場合

ΩSM ′
GW (a0) = ΩGW (ai)

(
ai
a∗i

)rR ( a∗i
a∗f

)rM (a∗f
aeq

)rR (aeq
a0

)rM

(99)

– ai < a∗f の場合

ΩSM ′
GW (a0) = ΩGW (ai)

(
ai
aeq

)rR (aeq
a0

)rM

(100)

ΩSM
GW (a0)と ΩSM ′

GW (a0)の比を求めると、

∆ ≡ ΩSM ′
GW (a0)

ΩSM
GW (a0)

(101)

=
ΩGW (ai)

(
ai
a∗i

)rR ( a∗i
a∗f

)rM (a∗f
aeq

)rR (aeq
a0

)rM

ΩGW (ai)
(

ai
aeq

)rR (aeq
a0

)rM (102)

=

(
a∗f
a∗i

)rR ( a∗i
a∗f

)rM

(103)

=

(
T∗i
T∗f

)rR ( a∗i
a∗f

)rM

(104)

rR = rD = 4とすると、

∆ =

(
a∗iT∗i
a∗fTR

)4

(105)

=

(
a3∗iT

3
∗i

a3∗fT
3
R

) 4
3

(106)

=

(
a3∗is(T∗i)

a3∗fs(TR)

) 4
3

(107)

=

(
a3∗fs(T∗R)

a3∗is(Ti)

)− 4
3

(108)

= F− 4
3 (109)

よって、

ΩSM ′
GW (a0) = F− 4

3ΩSM
GW (a0) (110)

20

• Light ”active” neutrino mass are given by

Mν = −MT
DM

−1
M MD (Mν ≪ MD) (76)

Smallness of neutrino masses are naturally explained.

• Heavy Neutral Leptons (Heavy neutrinos) N (N ≃ νR) The mass is

MN = MM (77)

and mixing of active neutrino and Heavy neutrinos is

Θ =
MD

MM
=

F ⟨Φ⟩
MM

(78)

Therefore mixing in CC are

νL = Uν +ΘN c (79)

3.5 Primordial gravitational wave and entropy production : Review

F =
s(te)a3(te)

s(ti)a3(ti)
(80)
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Dilution factor

where ai ¼ aðtiÞ and ti $ !%1
! is an initial time with

"radðaiÞ & "!ðaiÞ.
Figure 1 depicts log"GWðf ; a0Þ in chaotic inflation model

driven by a massive scalar field with various values of !!

and the entropy increase factor F. The latter is defined by

F '
sðteÞa3ðteÞ
sðtiÞa3i

; s ¼
4#2

90
g(T

3 ¼
4

3

"rad
T

; ð24Þ

with s being the entropy density, and g( is the effective
number of relativistic degrees of freedom. Here te & !%1

! is
an arbitrary time in the radiation dominated regime after
entropy production has terminated. In this figure, solid line
represents the case with "! ¼ 0 from the beginning as a
calibrator. The weak deviation from a flat straight line is due
to the weak time dependence of the Hubble parameter during
inflation as described by the second term in the right hand
side of eq. (14). In the present model of a massive scalar
inflaton, this curve is represented as "GWðf ; a0Þ ¼ 2:5 )
10%16½1%0:1 lnðf=1HzÞ+. In this figure, dash-dotted line at
the bottom depicts the case with !! ¼ 10%7 GeV with the
entropy increase by a factor F ¼ 103. Three intermediate
curves, on the other hand, all correspond to the case F ¼ 10
but with different values of !!.

As seen there, the ratio of the values of "GW in the left
and the right plateau depends only on the entropy increase
factor (apart from the weak dependence of the solid line on
f ). The reason is simple. As the mode f reenters the Hubble
radius, "GWðf ; aÞ evolves as eq. (9) or

"GWðf ; aÞ ¼
"totðainÞa4in
"totðaÞa4

"GWðf ; ainðf ÞÞ; ð25Þ

with the initial condition given in eq. (8). Let us consider

"GWðf ; aÞ at a ¼ ae ¼ aðteÞ with tinðf Þ < te. If tinðf Þ & !%1
!

the mode reenters the horizon after the entropy production
has terminated, so the factor in the right hand side of eq. (25)
is equal to unity and we find "GWðf ; aeÞ ¼ "GWðf ; ainðf ÞÞ
in this case, which corresponds to the left plateau in Fig. 1.
For the modes that reenter the horizon sufficiently early, we
have "totðainÞa4in¼ "radðainÞa4in, so we find "GWðf ; aeÞ ¼
F%4=3"GWðf ; ainðf ÞÞ, because "tot is also equal to "rad at
a ¼ ae. Here we have assumed that g( does not change
between tinðf Þ and te. This region corresponds to the right
plateau in the figure. Thus the ratio is given by F%4=3 apart
from the weak dependence on V ½$ðf Þ+.

If the entropy production occurs at a later epoch with
!! $ 10%7 GeV, the entire frequency band observable with
DECIGO lies in the right plateau region in the figure. We
could still estimate the entropy increase factor F in such a
case if we could measure the Hubble parameter during
inflation with CMB polarization and extrapolate it to a
higher frequency band.

So far we have assumed that inflation-produced tensor
perturbations are the only source of the stochastic gravita-
tional wave background apart from possible contamination
from Galactic and extra-Galactic stellar binaries. But, there
are several proposed cosmological sources of backgrounds,
such as cosmic strings24) and field rearrangement associated
with a global phase transition.25) The former produces

"GWð1Hz; a0Þ ¼ 3 ) 10%8 vL

1016 GeV

! "
; ð26Þ

where vL is the symmetry breaking scale of string forma-
tion.26) This would exceed inflationary gravitational radia-
tion if vL > 108 GeV. On the other hand, global phase
transition induces

"GWðf ; ainðf ÞÞ ’
8#

3

v4G
M4

Pl

; ð27Þ

which should be compared with eq. (8).25) Thus, in order to
suppress the contribution related to the symmetry breaking
scale, vG should be smaller than Hð$Þ during inflation. Even
if these contributions surpass that of inflation, however, we
can probe equation of state in the early universe with these
gravitational waves because they also have intrinsically
scale-invariant spectrum at the outset. (Note that eqs. (26)
and (27) apply to the case phase transitions occur after
inflation. If the symmetry breaking scales are so large that
phase transitions take place in the early stage of inflation,
they do not contribute to the stochastic gravitational wave
background. Alternatively, if phase transitions occur in a late
stage of inflation,27) they might leave an interesting imprint
on the stochastic background observable with laser interfer-
ometers.)

In summary we have proposed to use the stochastic
gravitational wave background from inflation to probe the
equation of state of early universe and its evolution. Due to
the nearly scale invariant nature of inflation, small devia-
tions from a simple radiation dominated universe (w ¼ 1=3)
would be clearly imprinted in the spectrum of "GWðf ; a0Þ.
We could obtain interesting information that can be hardly
extracted by other methods.

N.S. would like to thank A. Cooray for useful discussions
and JSPS for a fellowship to research abroad. This work was

lo g (f/1Hz)

ΩGW(f,a0 )

F=103

F=10
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-2 0 21e-20

1e-19

1e-18
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1e-16
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Fig. 1. Energy spectrum of the gravitational wave background,
"GWðf ; a0Þ, in a chaotic inflationary model driven by a massive scalar
field. Solid line represents the case with no entropy production. Dash-
dotted line depicts the case with !! ¼ 10%7 GeV and the entropy increase
factor F ¼ 103. Three intermediate curves are for F ¼ 10 with !! ¼
10%5 GeV (short-dashed line), !! ¼ 10%6 GeV (dotted line), and !! ¼
10%7 GeV (long-dashed line), respectively.
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(Approximated) modified GW spectrum

h2Fðf Þ # 2hhijhijðf Þi ¼ 4 % 8!G
Hð"Þ
2!

! "2

¼
8

!

Hð"Þ
MPl

! "2

; ð4Þ

where MPl ¼ G& 1=2 denotes the Planck scale. Here Hð"Þ
denotes the Hubble parameter during inflation to be
evaluated when the mode with comoving frequency f left
the Hubble radius during inflation. It is expressed as

Hð"Þ ¼

ffiffiffiffiffiffi
8!

3

r
V ½"ðf Þ(1=2

MPl
; ð5Þ

in terms of the inflaton potential V ½"(, where "ðf Þ denotes
the value of the inflaton field when the tensor mode f
crosses the horizon during the inflationary epoch.

In this paper, we use the present frequency f to
characterize the comoving wavelength of gravitational
waves, and the scale factor a for the cosmic time t. For
the spectrum of gravitational wave background, it is
convenient to use a dimensionless quantity !GWðf ; aÞ
defined by

!GWðf ; aÞ ¼
#GWðf ; aÞ
#crðaÞ

;

#GWðf ; aÞ #
h2ðf ; aÞ
16!G

2!fa0
a

! "2

;

ð6Þ

where #GWðf ; aÞ is the energy density of gravitational waves
per unit logarithmic frequency interval around f , a0 is the
current value of the scale factor, and #crðaÞ is the critical
density of the universe. In the early universe we can identify
the critical density #crðaÞ to the total density of the universe
#totðaÞ, as the spatial curvature is negligible.

In a power-law background aðtÞ / tp with p < 1, each
Fourier mode behaves as

hðf ; aÞ / aðtÞ
1& 3p
2p J 3p & 1

2ð1& p Þ

p

1 & p

k

aðtÞHðtÞ

! "
; k ¼ 2!fa0; ð7Þ

with Bessel function JnðxÞ. Such that the amplitude of
gravitational wave takes a constant value, hðf ; aÞ ¼ hFðf Þ,
until a mode reenters the Hubble radius H& 1 at a ¼
2!fa0=H # ain ðf Þ, where the normalized energy density
reads

!GWðf ; ain ðf ÞÞ ¼
4

3!

Hð"Þ
MPl

! "2

¼
32

9

V ½"ðf Þ(
M4

Pl

: ð8Þ

Evolution of the relative energy density of the tensor
modes within the Hubble horizon depends on the equation of
state of the universe as we see below. From the definition of
!GW, we have

d ln !GWðf ; aÞ
d ln a

¼
d ln #GWðf ; aÞ

d ln a
&

d ln #totðf ; aÞ
d ln a

: ð9Þ

From eqs. (6) and (7), the tensor modes well within the
horizon behave simply as radiation,

d ln #GWðf ; aÞ
d ln a

¼ & 4; ð10Þ

and evolution of the total energy density is given by

d ln #totðf ; aÞ
d ln a

¼ & 3½1 þ wðaÞ(; ð11Þ

where w is defined by w # P=#tot with pressure of the
universe, P. From eqs. (9)–(11) we have

d ln !GWðf ; aÞ
d ln a

¼ 3wðaÞ & 1; ð12Þ

or

ln !GWðf ; a0Þ ¼
Z a0

ain ðf Þ
½3wðaÞ & 1(d ln a

þ ln !GWðf ; ain ðf ÞÞ:
ð13Þ

For our analysis it is convenient to use the following
expression that relates the present energy density !GWðf ; a0Þ
at different frequencies f1 and f2,

ln !GWðf2; a0Þ & ln !GWðf1; a0Þ

¼
Z ain ðf1Þ

ain ðf2Þ
½3wðaÞ & 1(d ln a þ ln

V ½"ðf2Þ(
V ½"ðf1Þ(

:
ð14Þ

The first term represents the effect caused by deviation of the
equation of state from w ¼ 1=3 and the latter one shows the
difference of the intrinsic amplitudes !GWðf ; ain ðf ÞÞ gen-
erated at the inflationary epoch. Using the slow-roll equation
of motion,

3H _"" ¼ & V 0½"(; ð15Þ

we can write down the latter term as

ln
V ½"ðf2Þ(
V ½"ðf1Þ(

’
& M2

Pl

8!

V 0

V

! "2

ln
f2

f1

! "
; ð16Þ

with V 0½"( # dV ½"(=d". Here the coefficient M2
Pl=8!ðV

0=V Þ2

is evaluated around " * "ðf1Þ and would be much smaller
than unity, which is one of the slow-roll parameters.

As is well known, under the assumption that fluctuations
are governed by a single inflaton field ", we can obtain the
magnitude and the first derivative of the inflaton potential
V ½"( from the quadrupole anisotropy of the cosmic micro-
wave background radiation (CMB). Denoting the scalar and
the tensor contributions by S and T , respectively, we find

Sl¼2 ¼
2:2ðV =M4

PlÞ
ðMPlV 0=V Þ2

; Tl¼2 ¼ 0:61
V

M4
Pl

! "
; ð17Þ

where V or V 0 is evaluated at "ðf Þ with mode f
corresponding to the present horizon 2!f ¼ H0, and the
values of the numerical coefficients are those in the case of
the Einstein de Sitter universe.13,14)

As for the spectral indices nS and nT for these two modes,
there are deviations from the results (nS ¼ 1 and nT ¼ 0) for
purely de-Sitter inflation due to variation of the potential
V ½"ðf Þ( along with the modes f ,13,14)

nS & 1 ¼ &
M2

Pl

8!

V 0

V

! "2

þ
M2

Pl

4!

V 0

V

! "0

;

nT ¼
M2

Pl

8!

V 0

V

! "2

:

ð18Þ

With eqs. (17) and (18) the coefficient M2
Pl=8! V 0=V

$ %2
is

expressed in a well-known form

&
M2

Pl

8!

V 0

V

! "2

¼ nT ¼ &
r

7:0
; r #

Tl¼2

Sl¼2
: ð19Þ

However, the factor 7.0 in the above expression should be
replaced by 5.0 for realistic values of the cosmological
parameters in the concordance model.15) WMAP has
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Sensitivities of gravitational wave experiments 
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3. Primordial gravitational wave

Damping by Entropy production of 
 GeV scale RH neutrino decay
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4. 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).


