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I will use following notations throughout this talk.

• Natural units : 𝑐 = ℏ = 𝑘% = 1

• Planck mass : 𝑀( = ℏ𝑐/8𝜋𝐺� ≈ 2.4×1045	GeV

• Minkowski metric : 𝜂;< = diag −,+,+,+
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INFLATIONARY COSMOLOGY 
WORKS VERY WELL!

INFLATION

Primordial
fluctuation

Homogeneity
&

Isotropy

Flatness

1. Motivation



BUT... REMAINING PROBLEMS

• Baryon asymmetry

• Dark matter

• Dark energy

• Reheating

⋮

Solve by 

Right-handed Majorana 
neutrinos

+
Quintessential inflation

1. Motivation
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• Right-handed neutrinos
Left-handed neutrinos are massive (cf. neutrino oscillation)
⇒ Right-handed neutrinos MUST exist

BARYOGENESIS VIA LEPTONS
Y. Fukuda et al. (Super-Kamiokande), Phys. Rev. Lett. 81 (1998) 1562.

2. Mechanism

Wolfram Demonstrations Project

𝝂𝒆
𝝂𝝁 𝝂𝝉



• Leptogenesis
A net lepton number can be produced by the decay of 
right-handed Majorana neutrinos

ℒK = 𝑀L𝑁NLO𝑁L + ℎLQ𝑁L𝐿Q𝐻T

BARYOGENESIS VIA LEPTONS
M. Fukugita and T. Yanagida, Phys. Lett. B174 (1986) 45.
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Fig 1 The smaplest diagram giving rise to a net lepton number 
production The cross denotes the Majorana mass insertion. 

-~ l MIN~N R + h.c. £ = £ws + NR~NR + 

+ huSl}{£{Lq~ ? + h .c . ,  (1) 

where £ws is the standard Wemberg-Sa lam lagranglan, 
and q~ the standard Higgs doublet.  For simplicity we 
assume three generations of  flavours and the mass 
h lerarchyM 1 < M  2 < M  3 In the decay of  N R, 

NR -+ £L + ~b, (2 a) 

-+ £L + ~b, (2b) 

there appears a difference between the branching 
ratios for (2a) and (2b), if CP is violated, through the 
one-loop radlatwe correction by a Hlggs particle. The 
net lepton number product ion due to the decay of  a 
hghtest right-handed neutrano N1R arises from the in- 
terference of  the two diagrams m fig. 1, and its mag- 
nitude is calculated as [7] 

e = (9 /47r )hn(hhh;hTkhk l ) l (M?/M2) / (hh t ) l l ,  (3) 

with 

I (x )  = x  1/2(1 + (1 + x ) l n [ x / ( 1  + x ) ] )  . 

If we assume h33 to be the largest entry of  the 
Yukawa coupling matrtx and M 3 >> M 1 , (3) reduces 
to 

e ~ (9/8n)[h 3 312(M1/M3) 6 , (4) 

with 6 the phase causing CP violation. 
We apply the delayed delay mechanism [8] to ge- 

nerate the baryon asymmetry m the Universe. The 
out-of-eqmhbnum condit ion is satisfied, if the temp- 
erature T is smaller than the mass M 1 so that the in- 
verse decay is blocked at the time when the decay 
rate F = (hh?)ll/167r is equal to the expansion rate of  
the Universe it/a ~ 1.7x/gTZ/mp1 (g = numbers of  de- 
grees of  freedom), Le., 

(Fmplg  1/2)1/2 < M  1 . (5) 

To obtain numerical factors for this condmon,  one 
has to solve the Boltzmann equation. Let us borrow the 
results of  ref. [9] to obtaan a rough number The 
lepton number to entropy ratio 1s given as 

k(AL)z/s  ~ 10 -3  e_K 1.2, (6) 

with K = ½ F/(h/a) for K >> 1. The parameters in (4) and 
in the expression of  F are not directly constrained by 
low-energy experiments. One may have an idea, how- 
ever, on the mass scale M 1 as follows: With the pa- 
rameter m a reasonable range, one may obtain e 
10 -6 .  Then to obtain our reqmred number for 
k(zXL)t/s ~ 10 -10-5 (see below), K <~ 30 1s necessary, 
which gwesM 1 >~ 2.4 × 1014 G e V ( h h t ) l  1. I f  we as- 
sume Ih1212, [h1312 <~ I h l l l  2 and take (hh?) l  1 
Ih l l  12 ~ (10 5)2, then we are led t o M  1 >~ 2 × 104 
GeV. This constraint can also be expressed m terms 
of  the left-handed Majorana neutrino mass * 1 as 
mue ~ h21 (~b)2/M1 <~ 0.1 eV. If  the hghtest left- 
handed neutrino has a Majorana mass smaller than 
this value, the required asymmetry can be generated. 

Now let us &scuss the generation of  the baryon 
asymmetry.  In the presence of  an mstanton-hke elec- 
t roweak effect the baryon asymmetry changes as [4] 

A B ( t ) =½A ( B - L ) t +½A ( B + L ) t e x p ( - T t  ) ,  (7) 

with 7 ~ T. At the time of  the Welnberg-Salam epoch 
the exponent  is mp1/Tx /g~  1016 and the second 
term practically vamshes. Therefore we obtain 

AB = - - ( A L ) , / 2 ,  (8) 

which surwves up to the present epoch, and should 
give kAB/s  ~ 10 -10-8. 

+1 Here we assumed the dominance of the diagonal matrtx ele- 
ment. More precisely speaking, the m a m x  element constraineq 
by our condRion differs from that which appears m the observ 
able neutrino mass: The left-handed neutrino mass matrLx 
is given by [mu] q = Ek(hT)tkhkl(ea)2/M k [10]. The double 
beta decay experunent measures the matrix element 
[m.111 = (h 21 /M1 ..i-h21/M2 .t- h 21 /M3) (~ )  2,  while eq (5) 
refers to (Ih 1112 + lh 1212 + Ih t312)(0)2/M1 and h U 4: hit 
in general. (Here we took the basis where the charged- 
lepton mass matrtx is diagonal.) Therefore, the double 
beta decay experunent does not constram directly the 
parameters m eq (5). The tritium beta decay experiment 
measures the elgenvalue of the mass matrix II mull (see ref. 
/ l i D .  
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Yukawa coupling matrtx and M 3 >> M 1 , (3) reduces 
to 

e ~ (9/8n)[h 3 312(M1/M3) 6 , (4) 

with 6 the phase causing CP violation. 
We apply the delayed delay mechanism [8] to ge- 

nerate the baryon asymmetry m the Universe. The 
out-of-eqmhbnum condit ion is satisfied, if the temp- 
erature T is smaller than the mass M 1 so that the in- 
verse decay is blocked at the time when the decay 
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the Universe it/a ~ 1.7x/gTZ/mp1 (g = numbers of  de- 
grees of  freedom), Le., 

(Fmplg  1/2)1/2 < M  1 . (5) 

To obtain numerical factors for this condmon,  one 
has to solve the Boltzmann equation. Let us borrow the 
results of  ref. [9] to obtaan a rough number The 
lepton number to entropy ratio 1s given as 

k(AL)z/s  ~ 10 -3  e_K 1.2, (6) 

with K = ½ F/(h/a) for K >> 1. The parameters in (4) and 
in the expression of  F are not directly constrained by 
low-energy experiments. One may have an idea, how- 
ever, on the mass scale M 1 as follows: With the pa- 
rameter m a reasonable range, one may obtain e 
10 -6 .  Then to obtain our reqmred number for 
k(zXL)t/s ~ 10 -10-5 (see below), K <~ 30 1s necessary, 
which gwesM 1 >~ 2.4 × 1014 G e V ( h h t ) l  1. I f  we as- 
sume Ih1212, [h1312 <~ I h l l l  2 and take (hh?) l  1 
Ih l l  12 ~ (10 5)2, then we are led t o M  1 >~ 2 × 104 
GeV. This constraint can also be expressed m terms 
of  the left-handed Majorana neutrino mass * 1 as 
mue ~ h21 (~b)2/M1 <~ 0.1 eV. If  the hghtest left- 
handed neutrino has a Majorana mass smaller than 
this value, the required asymmetry can be generated. 

Now let us &scuss the generation of  the baryon 
asymmetry.  In the presence of  an mstanton-hke elec- 
t roweak effect the baryon asymmetry changes as [4] 

A B ( t ) =½A ( B - L ) t +½A ( B + L ) t e x p ( - T t  ) ,  (7) 

with 7 ~ T. At the time of  the Welnberg-Salam epoch 
the exponent  is mp1/Tx /g~  1016 and the second 
term practically vamshes. Therefore we obtain 

AB = - - ( A L ) , / 2 ,  (8) 

which surwves up to the present epoch, and should 
give kAB/s  ~ 10 -10-8. 

+1 Here we assumed the dominance of the diagonal matrtx ele- 
ment. More precisely speaking, the m a m x  element constraineq 
by our condRion differs from that which appears m the observ 
able neutrino mass: The left-handed neutrino mass matrLx 
is given by [mu] q = Ek(hT)tkhkl(ea)2/M k [10]. The double 
beta decay experunent measures the matrix element 
[m.111 = (h 21 /M1 ..i-h21/M2 .t- h 21 /M3) (~ )  2,  while eq (5) 
refers to (Ih 1112 + lh 1212 + Ih t312)(0)2/M1 and h U 4: hit 
in general. (Here we took the basis where the charged- 
lepton mass matrtx is diagonal.) Therefore, the double 
beta decay experunent does not constram directly the 
parameters m eq (5). The tritium beta decay experiment 
measures the elgenvalue of the mass matrix II mull (see ref. 
/ l i D .  
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• CP violation
Produced net lepton number per 𝑁L decay is

𝜖L ≡
Γ 𝑁L → 𝑙 + ℎ − Γ 𝑁L → 𝑙 ̅ + ℎ[

ΓL

					= −
1
8𝜋

∑ Im ℎℎT LQ

_�
Q`L

ℎℎT LL
𝑓b

𝑀Q
_

𝑀L
_ + 𝑓c

𝑀Q
_

𝑀L
_ ,

Mixing
between 𝑁d & 𝑁_

One-loop vertex One-loop
self-energy

2. Mechanism

BARYOGENESIS VIA LEPTONS
W. Buchmüller and M. Plümacher, Phys. Lett. B431 (1998) 354.
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• CP violation
where

𝑓b 𝑥 = 𝑥� −1 + 𝑥 + 1 ln 1 +
1
𝑥

𝑓h 𝑥 =
𝑥�

𝑥 − 1

2. Mechanism

BARYOGENESIS VIA LEPTONS
W. Buchmüller and M. Plümacher, Phys. Lett. B431 (1998) 354.



• CP violation
* This formula is valid when the masses are 

not so degenerate!
(compared with the decay width ΓL,i)

2. Mechanism

BARYOGENESIS VIA LEPTONS
W. Buchmüller and M. Plümacher, Phys. Lett. B431 (1998) 354.

1. 𝑀L − 𝑀i ≫ ΓL,i : Our case

2. 𝑀L − 𝑀i 	~	ΓL,i : ARS mechanism (Akhmedov+ 1998)

Resonant leptogenesis (Pilaftsis+ 2004)

3. 𝑀L − 𝑀i = 0 : no CP violation (𝜖L = 0)



• Sterile neutrino
Right-handed neutrinos have NO weak interaction
⇒ Sterile neutrino

~10keV sterile neutrino
could account for whole
dark matter!

NEUTRINO AS DARK MATTER
S. Dodelson and L. M. Widrow, Phys. Rev. Lett. 72 (1994) 17. etc.

K. Perez et al., Phys. Rev. D95 (2017) 123002.

2. Mechanism



• Quintessence
Inflation and late time acceleration by the same field

QUINTESSENTIAL INFLATION
P. J. E. Peebles and A. Vilenkin, Phys. Rev. D59 (1999) 063505.

inflation

late time 
acceleration

𝜙

𝑉 𝜙

2. Mechanism



• Slow-roll inflation
If the universe is dominated by perfect fluid with 𝑝 = 𝑤𝜌,
the scale factor 𝑎 obeys the Friedmann equation,

�̈�
𝑎
= −

1
6𝑀(

_ 1 + 3𝑤 𝜌

QUINTESSENTIAL INFLATION
A. D. Linde, Phys. Lett. 108B (1982) 389.

2. Mechanism

𝑤 < −1 3⁄ 		⇒ 	 �̈� > 0 (accelerating)

𝑝 : pressure
𝜌 : energy density

Especially, if 𝑤 = −1, then 𝜌 = 𝑐𝑜𝑛𝑠𝑡. and 𝑎 ∝ 𝑒��
inflation



• Slow-roll inflation
In case of a scalar field, its energy density is

𝜌 =
1
2
𝑔;<𝜕;𝜑𝜕<𝜑 + 𝑉 𝜑

QUINTESSENTIAL INFLATION
A. D. Linde, Phys. Lett. 108B (1982) 389.

2. Mechanism

homogeneity & isotropy

𝜌 =
1
2
�̇�_ + 𝑉, 𝑝 =

1
2
�̇�_ − 𝑉

⇒	 �̇�_ ≪ 𝑉 realizes 𝑝 ≈ −𝜌

slow roll inflation



• End of inflation
Inflation ends when the inflaton starts to roll fast �̇�_ ≫ 𝑉
→ Kinetic energy dominates the Universe (kination)

QUINTESSENTIAL INFLATION
P. J. E. Peebles and A. Vilenkin, Phys. Rev. D59 (1999) 063505.

inflation 𝜌~const.

𝜑

𝑉 𝜑

2. Mechanism

kination 𝝆 ∝ 𝒂�𝟔



• Late time accelerating expansion
The inflaton decelerates by the Hubble friction,
and finally, satisfies the slow roll condition again

QUINTESSENTIAL INFLATION
P. J. E. Peebles and A. Vilenkin, Phys. Rev. D59 (1999) 063505.

𝜑

𝑉 𝜑

2. Mechanism

slow down

EOM of the inflaton: �̈� + 3𝐻�̇� + 𝑉� 𝜑 = 0

Hubble friction



• Reheating
Inflation : Exponential expansion

→ Temperature extremely decreases (≲ 𝑒���𝑇�)

Big bang : Starts from quite high temperature (≳ 1	MeV)

REHEATING AFTER INFLATION
A. D. Dolgov and A. D. Linde, Phys. Lett. 116B (1982) 329 etc.

2. Mechanism

the Universe must be reheated



• Reheating by coherent oscillation
If the inflaton rolls down into a potential minimum,

REHEATING AFTER INFLATION
A. D. Dolgov and A. D. Linde, Phys. Lett. 116B (1982) 329 etc.

2. Mechanism

coherent oscillation = condensate of massive particle

decay into radiation via direct coupling



• Reheating by coherent oscillation
But, no coherent oscillation after quintessential inflation!
→ We must use another mechanism

𝜑

𝑉 𝜑

2. Mechanism

REHEATING AFTER INFLATION
A. D. Dolgov and A. D. Linde, Phys. Lett. 116B (1982) 329 etc.



• Gravitational particle production
Vacuum state itself changes in a curved spacetime
→ Particle number increases

GRAVITATIONAL REHEATING
L. Parker, Phys. Rev. 183 (1969) 1057.

2. Mechanism

vacuum state
𝑎�|0⟩L = 0

spacetime

new vacuum
𝑏�|0⟩� = 0

former vacuum
𝒃�|𝟎⟩𝒊 ≠ 𝟎

new spacetime



• Gravitational particle production
Lagrangian for the conformally coupled massive scalar 
field 𝜒 in a curved spacetime is

ℒ¡ = −det 𝑔;<
�

−
1
2
𝑔;<𝜕;𝜒𝜕<𝜒 −

1
2
𝑚_𝜒_ −

1
12
𝑅𝜒_

GRAVITATIONAL REHEATING
L. Parker, Phys. Rev. 183 (1969) 1057.

2. Mechanism

conformal coupling
(No direct effect from curvature)



⇒ Vacuum state changes!
⇒ Form of solution 𝜒¤ 𝜂 changes (if NOT conformal invariant)

• Gravitational particle production
Then, Equation of motion for the conformally coupled 
massive scalar field in terms of mode function 𝜒¤ is

𝑑_𝜒¤ 𝜂
𝑑𝜂_

+ 𝑘_ + 𝑚_𝑎_ 𝜂 𝜒¤ 𝜂 = 0

GRAVITATIONAL REHEATING
L. Parker, Phys. Rev. 183 (1969) 1057.

2. Mechanism

𝜂 : conformal time 𝑎	𝑑𝜂 = 𝑑𝑡

Form of 𝑎(𝜂) changes



• Gravitational particle production
The states of field and vacuum evolve differently

GRAVITATIONAL REHEATING
L. Parker, Phys. Rev. 183 (1969) 1057.

2. Mechanism

Field

Vacuum

|𝜒 𝑡� ⟩ = |0⟩L

|0⟩L

|𝜒 𝑡4 ⟩

|0⟩�

𝑡 = 𝑡� 𝑡 = 𝑡4

= ≠

obey EOM
during t�~𝑡4

EOM at 𝑡 = 𝑡� EOM at 𝑡 = 𝑡4



• Adiabatic vacuum
How to define the ‘vacuum’ state in curved spacetime?

GRAVITATIONAL REHEATING
T. S. Bunch and P. C. W. Davies, Proc. Roy. Soc. Lond. A360 (1978) 117.

2. Mechanism

“State which coincides with the vacuum state in flat 
spacetime 𝜒¤ =

4
_¤� 𝑒�L¤¨ at the adiabatic limit 𝒌 → ∞”

Space-time

Oh, curved!Low k particle ? High k particle



• Adiabatic vacuum
e.g. In the case of de-Sitter space (= during inflation),

𝜒¤ =
𝜋 𝜂�

2
𝐻<

4 𝑘 𝜂

GRAVITATIONAL REHEATING
T. S. Bunch and P. C. W. Davies, Proc. Roy. Soc. Lond. A360 (1978) 117.

2. Mechanism

Bunch-Davies vacuum



• Produced fermion energy density
𝝆 ≅ 𝟐×𝟏𝟎�𝟑𝒆�𝟒𝒎𝚫𝒕𝒎𝟐𝑯𝐢𝐧𝐟

𝟐

𝑚 : Fermion mass
Δ𝑡 : Transition time scale
𝐻¸¹º : Hubble parameter 

during inflation

GRAVITATIONAL REHEATING

Coupling with inflaton 
is NOT needed!

2. Mechanism

mass

𝑚~𝛥𝑡�4~𝐻¸¹º

SH and J. Yokoyama, Phys. Lett. B798 (2019) 135024.



• Produced fermion energy density
𝝆 ≅ 𝟐×𝟏𝟎�𝟑𝒆�𝟒𝒎𝚫𝒕𝒎𝟐𝑯𝐢𝐧𝐟

𝟐

GRAVITATIONAL REHEATING

2. Mechanism

SH and J. Yokoyama, Phys. Lett. B798 (2019) 135024.

Planck suppressed
(∵ gravitational)

=
𝜌¸¹º
3𝑀(

_ 		 ∵ Friedmann	eq.



OUR MODEL

• Right-handed majorana neutrinos
𝑁d : 𝑀d	~	104d	GeV

𝑁_ : 𝑀_	~	1044	GeV

𝑁4 : 𝑀4	~	10	keV

ℒK = 𝑀L𝑁NLO𝑁L + ℎLQ𝑁L𝐿Q𝐻T

In quintessential inflation with 𝐻¸¹º	~	104d	GeV

Reheating

Baryogenesis

Dark matter

𝑁d

𝑁_

𝑁4

~104d	GeV

~1044	GeV

~10	keV

2. Mechanism



1. Motivation

2. Mechanism

3. Conditions
& Constraints

4. Discussion

>



𝑵𝟑 FOR REHEATING

• Decay of 𝑁d
𝑁d decays into SM particles with decay rate Γd

Γd =
1
4𝜋

Á ℎLQ _𝑀d

�

Q

𝜌

𝑡end of inflation 𝑁d decays

inflaton
𝑁d
SM particles

~𝑎�Â

~𝑎�Ã

~𝑎�d

3. Conditions & Constraints

Reheating



• Reheating temperature

𝑇Ä� ≅ 𝟔×𝟏𝟎𝟕
∑ ℎdQ _�
Q

10�4_

�4Â
𝑒�dcÆÇ�

𝑀d

104dGeV

�
Â 𝐻¸¹º
104dGeV

d
Â
GeV

• Concealment of graviton

Á 𝒉𝟑𝜶 𝟐
�

𝜶

< 𝟖. 𝟓×𝟏𝟎�𝟏𝟏

~ Yukawa coupling of electron

3. Conditions & Constraints

𝑵𝟑 FOR REHEATING



“CONCEALMENT” OF GRAVITON

Gravitons are also gravitationally produced
They affect CMB spectrum and BBN (abundance of	ÂHe)

Hence, they should be “concealed” by radiation 

𝜌

𝑡end of inflation

~𝑎�Â

~𝑎�d

𝑁d decays

~𝑎�Â

graviton

𝑁d

Graviton is concealed!

3. Conditions & Constraints



• Baryon asymmetry
𝑛%
𝑠
=
28
79
𝑛Ð
𝑠

≈ 1×10�d
Im ℎℎT d_

_

ℎℎT dd
𝑒�cÆÇ� ln

𝑀d

𝑀_
Á ℎdQ _
�

Q

4
Â 𝑀_

𝑀d

𝑀d

𝐻¸¹º

�4Â

𝑛% 𝑠⁄ ≈ 8.65 6 ×10�44

𝑴𝟐 ≳ 𝟏𝟎𝟏𝟏	𝐆𝐞𝐕				and				𝒉𝟐𝟐	𝐨𝐫	𝒉𝟐𝟑 ≳ 𝟏𝟎�𝟑 𝑴𝟑 𝑴𝟐⁄�

3. Conditions & Constraints

𝑵𝟐 FOR BARYOGENESIS



𝑵𝟏 FOR DARK MATTER

• Split seesaw
If 𝑁4 is light (~10	keV) while 𝑁d and 𝑁_ are very heavy,
these right-handed neutrinos can explain baryon 
asymmetry as well as dark matter (Kusenko+ 2010)

𝑁d
𝑁_

Baryogenesis

Reheating

𝑁4

…

Dark Matter

3. Conditions & Constraints



For 𝑀4~10	keV,

Á 𝒉𝟏𝜶 𝟐
�

𝜶

< 𝟏𝟎�𝟐𝟔

• Stability
X-ray observations give constraints on decay rate of 𝑁4

Nu-STAR

3. Conditions & Constraints

𝑵𝟏 FOR DARK MATTER



1. Motivation

2. Mechanism

3. Conditions
& Constraints

4. Discussion>



ADEQUATE CREATION OF 𝑵𝟏

• (In)efficiency of production
Efficiency of gravitational particle production depends
on deviation from conformality.

Mass term

Non-conformal coupling

Too small...

Can we use this?

4. Discussion

invariance under conformal 
transformation (e.g. expansion)

How to violate conformality?



ADEQUATE CREATION OF 𝑵𝟏

• Non-minimal coupling with scalar curvature

𝑅
𝜇
𝜓[𝜓 𝜇 : constant with unit mass dimension

4. Discussion

𝑅 = 12𝐻¸¹º
_ during inflation, then this term gives

huge effective mass to the fermion

(After inflation, 𝑅 quickly vanishes)



ADEQUATE CREATION OF 𝑵𝟏

• Non-minimal coupling with scalar curvature

𝑅
𝜇
𝜓[𝜓 𝜇 : constant with unit mass dimension

Gravitationally produce
𝑛 ≅ 1.1×10�4 𝐻¸¹º

� 𝜇_⁄ 			 Δ𝑡 ≈ 𝐻¸¹º
�4

For adequate production,
𝝁~𝟏𝟎𝟏𝟓	𝐆𝐞𝐕

4. Discussion

But undesirable instability appears…?



• RS brane-world scenario
RS brane-world scenario can explain

RELAXATION OF TUNING
L. Randall and R. Sundrum, Phys. Rev. Lett. 83 (1999) 3370.

Large mass hierarchy

Extremely small coupling

𝑀L 			= 			 𝜅L𝑣Ü�Ý
2𝑚L

𝑀 𝑒_Þßà − 1

ℎLQ 			= 			
𝜆LQ
𝑀�

2𝑚L

𝑒_Þßà − 1
�

4D 5D

𝑀d~104d	GeV
𝑀_~1044	GeV
𝑀4~10	keV

ℎdQ < 3×10�Ã
ℎ__,	_d~10�_
ℎ4Q < 10�4d

𝑚d~2.3𝑙�4
𝑚_~3.6𝑙�4
𝑚4~24𝑙�4

𝜆dQ < 3×10�Â
𝜆__,	_d~1
𝜆4Q < 10�_

4D parameters 5D parameters

4. Discussion



TESTABILITY

• Detection of 𝑁4
X-ray observations have already given stringent constraints 
(i.e. ∑ ℎâ4Q

_�
Q < 10�_Ã)

4. Discussion

→ Future X-ray observation may detect a signal of 𝑁4
Of course, there are also base-line experiments and 
direct detection experiments 

XRISM eROSITA MiniBooNE DANSS

etc.

(2021) - 2019 - 2002 - 2016 -



TESTABILITY

• Detection of 𝑁_ and 𝑁d
Since 𝑁_ and 𝑁d are quite heavy and fragile, they no 
longer remain nor are produced today

4. Discussion

= It is very difficult to directly detect them…



• Traces of quintessential inflation
However, quintessential inflation can be distinguished by
large scale structure

4. Discussion

LSST DESI

TESTABILITY
Y. Akrami et al., JCAP 1806 (2018) 041.

SKA
(2020) - 2019 - (2020) -



• Traces of quintessential inflation
However, quintessential inflation can be distinguished by
large scale structure and primordial gravitational wave

4. Discussion

TESTABILITY
H. Tashiro et al., Class. Quant. Grav. 21 (2004) 1761.

Ω(ä

𝑓

quintessential

usual

DECIGO LISA

BBO in ‘near’ future



• Traces of quintessential inflation
However, quintessential inflation can be distinguished by
large scale structure and primordial gravitational wave

4. Discussion

TESTABILITY

→ Their data tell us the properties of 𝑁_ and 𝑁d (mass,
decay rate etc.)



SUMMARY

• Gravitationally produced right-handed neutrinos
after quintessential inflation can explain reheating,
baryon asymmetry and dark energy simultaneously.

• Non-minimal coupling of right-handed neutrinos can
provide adequate amount of dark matter.



Thank you for listening!

Another choice of profile picture →

in Tanna, Vanuatu


