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Gravitational wave Physics and Astronomy
New Eyes to Observe the Universe



• Fundamental Physics
– Is GR the correct theory of gravity?
–Do black holes really have “no hair” ?
–What is the neutron star equation of state?

• Astrophysics
–What is the black hole mass distribution?
–How did supermassive BHs grow?
–What are the progenitors of GRBs?

• Cosmology
–Can we directly see before the CMB era?

Gravitational wave Physics and Astronomy
Science Goals
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Pulsar timing
B-mode polarization 
of Cosmic Microwave
Background (CMB)
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first star

galaxy formation

decoupling 380kyr

reheating=Big Bang

inflation   

multiproduction of universes

dark age

dark energy   

We can probe  
another tiny dark
age between 
inflation and 
Big Bang 
Nucleosynthesis

Shedding new
“light” on this 
epoch

Electromagnetic waves can 
probe only up to decoupling era.

Gravitational
waves can probe
up to inflation era.

Today 13.8GyrGravitational
waves provide
new eyes to
see the earliest
Universe.



① Quantum tensor perturbations from inflation

② GWs from second-order scalar perturbations



PBH DM scenario can be tested by LISA & DECIGO/BBO.
Saito & JY PRL107(2011)069901 



① Quantum tensor perturbations from inflation

② GWs from second-order scalar perturbations

③ GWs from bubble collisions after phase transition

④ GWs from self-ordering scalar fields

⑤ GWs from topological defects esp. cosmic strings

⑥ Gravitational particle production of gravitons

⑦ 。。。
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-traceless

They are equivalent with two massless scalar fields.

satisfies massless
Klein-Gordon eqn

Quantization in De Sitter background yields nearly 
scale-invariant long-wave perturbations during inflation.

Grishchuk (1974)
Starobinsky (1979)



Amplitude of GW is constant
when its wavelength is longer
than the Hubble radius 
between           and         . 
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Density parameter in GW per logarithmic frequency interval 
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After entering the Hubble horizon at          ,
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( )int f as a function of frequency
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We may determine the equation of state in the early Universe.
We may determine thermal history of the early Universe.

N. Seto & JY (03), Boyle & Steinhardt (08), Nakayama, Saito, Suwa, JY (08), Kuroyanagi et al (11)…



Standard potential-driven inflation models

effective potential
inflation

reheating

jM

Inflation is followed by a coherent oscillation of the 
inflaton which behaves like non-relativistic matter
with EOS parameter         if the mass term dominates 
the potential.
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w
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GW hf f f f
-
+ -W µ D µ in high frequency region



Sensitivity curves of various
specifications of DECIGO

characteristic
frequency at
reheating time

(Nakayama, Saito, Suwa & JY 08) 



Comparison between inflationary tensor perturbations
and GWs from self-ordering N-component scalar fields

R
R

fx
f

=
1
6

7

( )0.26 Hz
106.75 10 GeV

R R
R

g T Tf *æ ö æ ö= ç ÷ ç ÷
è ø è ø

Transfer functions due to reheating

can be distinguished
(Kuroyanagi, Hiramatsu & JY 16)



If we could measure the GWs at two different frequencies, we 
could probe entropy production between two regimes, too.

No entropy production
after reheating

Entropy production w/ dilution factor 
3

3
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R R
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º dT : temperature after
entropy production

4 3( , ) ( , )GW GWf t F f t-W ® W 1 3
R Rf F f-®

High frequency part is modified as
and

r=0.1



If we could measure the GWs at two different frequencies, we 
could probe entropy production between two regimes, too.

No entropy production
after reheating

Entropy production w/ dilution factor 
3

3

( ) ( )
( ) ( )
d d

R R

s T a TF
s T a T

º dT : temperature after
entropy production

4 3( , ) ( , )GW GWf t F f t-W ® W 1 3
R Rf F f-®

High frequency part is modified as
and

We do not consider 
entropy production 

after reheating 
hereafter.





Broadband Approach to
Inflationary Cosmology
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The most general single-field inflation 
with second order field equations 
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Generalized Galileon = Horndeski Theory

4 arbitrary functions of    and   f ( )21
2
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(Kobayashi, Yamaguchi & JY 2011)
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The most general single-field inflation 
with second order field equations 
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This theory includes
potential-driven inflation models
k-inflation model
Higgs inflation model
New Higgs inflation model
G-inflation model

5G Gµn
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4 2PlG MÉ gives the Einstein action

Generalized G-inflation is a framework to study 
the most general single-field inflation model 

with second-order field equations.

Generalized Galileon = Horndeski Theory



Ex.  G-inflation (k-inflation is its special case w/ G=0)
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(Armendariz-Picon, Damour & Mukhanov 99)(Kobayashi, Yamaguchi & JY 10)



in the simplest k-inflation model with
( , ) ( ),     ( , ) 0.K X K X G Xf fº º

We seek for a solution with                                 const. and  const.H f= =&
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No scalar potential shift symmetry cf f® +
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G-de Sitter solution can also be found with           
(Kobayashi, Yamaguchi & JY 10)



In G-inflation, the null energy condition may be
violated, 22 ( ) 0.PlM H pr= - + >&

It can be violated without instabilities, keeping         .2 0sc >

The tensor spectral
index can be positive,

22 2 0.T
Hn
H

e= - = >
&

Short wave tensor
fluctuations may have 
a larger amplitude 
at formation.

NB.  In k-inflation, null energy condition cannot be 
violated, since it would cause gradient instability.



See also Mishima and Kobayashi 1911.02143 for more cases

We hope LiteBIRD
will measure nt>0!!
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After inflation the Universe is dominated by the kinetic 
energy of   , which now behaves as a free massless field,             f

2
6 ( ).

2
a tfr -= µ

&

Shift symmetry of the Lagrangian prevents direct inter-
action between     and standard particles.f

Reheating proceeds through gravitational particle production due
to the change of the cosmic expansion law:

1
3inf( ) ( ) .H ta t e a t tµ ® µ

(Ford 87, Kunimitsu & JY 12)

This process may create radiation energy density of order of
(the Hawking temperature)^4, namely,                          .
(We return to this issue more in detail later.)
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fµ

k-& G-inflation

Standard inflation

Rf

High frequency tensor perturbation is enhanced.

Rf : Frequency that reentered the horizon at reheating

Reenter the horizon
during kination



time or scale factor

energy density

inflation
kinatic energy of the inflaton

radiation from gravitational particle production
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Standard inflation

fµ

k-& G-inflation
Current amplitude in 
this high frequency 
region is independent 
of the scale of inflation.

This continues to the
frequency corresponding
to the comoving horizon
scale at the end of 
inflation.

(Chiba, Tashiro & Sasaki 04)

Hence we study creation of gravitons around the 
horizon scale at the end of inflation more in detail.



Gravitational Particle Production from Inflation to Kination
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Bogoliubov coefficient

“Radiation” energy density



Gravitational Particle Production from Inflation to Kination

Energy density of created massless minimally coupled field

where 

We model the transition from inflation to kination as

De Sitter

Kination

continuous
transition
up to 

We find

2
inf( ) ( ) ( )f x f H ah hº º

infx H hº

0 inf 1x H t@ D » ρr ≅
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4

64π 2a4
(Nakama & JY 19)



Since each polarization mode of the graviton satisfies 
the same field equation as a minimally coupled massless 
scalar field.

It behaves as dark radiation similar to additional sterile
massless neutrinos only to speed up cosmic expansion.

The energy density of GW is quantified in terms of an 
extra effective species of neutrinos,        , and 
constrained by Big Bang Nucleosynthesis (BBN) and 
Cosmic Microwave Background (CMB) anisotropy.

Neff,GW

ρgraviton = ρGW ≅
9H inf

4

32π 2a4
a = 1at the end of inflation



The effective number appears in the expression of the
total radiation energy density as follows.

0e = : at BBN (before neutrino decoupling)
: at photon decoupling1e =

At BBN * 10.75g =GW
eff,GW

rad

=2.86N r
r

GW
eff,GW

rad

=2.36N r
r

At photon decoupling 
* 3.38g =



Big Bang Nucleosynthesis constraint

CMB power spectrum (Planck) constraint

In order to achieve reheating through minimally coupled massless
scalar field    , for which we find                ,  we need 7 or more 
species of them.

GW 2cr r=c

Since massless particles cannot decay, thermalization must proceed 
by scattering.
But     field acquires a large vev during inflation due to quantum
fluctuations, which means that particles coupled to     are heavy
if they are coupled to      with sufficient strength.
Otherwise, they cannot thermalize and remain as a dark radiation.

c
c

c

Neff,GW = 2.86
ρGW
ρrad

<1.65

Neff,GW = 2.36
ρGW
ρrad

< 0.72



Two working scenarios of gravitational reheating that can 
evade GW constraints with bonuses:

I. The universe is reheated by decay of  long-lived 
massive scalar particles “A” and dark matter is 
explained by another heavy scalar particle “X”,
both of which are created gravitationally. 
This serves as an ideal realization mechanism of the
PGDM (Purely Gravitational Dark Matter) scenario.

II. Three species of massive right-handed neutrinos
are created gravitationally, reheat the universe,
generate lepton asymmetry and dark matter,
evading the GW constraint.

Garny, Sandora & Sloth (2016) Tang & Wu (2016) Ema, Nakayama & Tang (2018)

Hashiba ＆ JY PRD99(2019)043008

Hashiba ＆ JY Phys Lett B 798(2019)135024



2 2
,( ) ( ) A XV a mh h= -

We consider reheating through production of massive
(conformally coupled) scalar fields           .
A scalar field     with                             in                                   .c 2 2 21 1

2 2m Rc c x c+ 2 2 2 2( )( )ds a d dh h= - + x

Its mode function satisfies
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Bunch-Davies vacuum

Bogoliubov
coefficients

Kination vacuum

Inflation

Kination



The mode function is numerically solved throughout 
a smooth transition from inflation to kination.

infH h

2 ( )a h

cr

We have numerically calculated many different cases

to calculate     and obtainβk



The mode function is numerically solved throughout 
a smooth transition from inflation to kination.

infH h

2 ( )a h

cr

to obtain

We have numerically calculated many different cases
and found that the results are well approximated as

ρχ = Ce
−4mχΔtmχ

2H inf
2 a−3(t) C ! 2×10−4

Δt ! H inf
−1

χ = A,X



time or scale factor

energy 
density

inflation
kinetic energy 
of the inflaton
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H
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4 2 2 3
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Xm t
X XCe m H ar - D -;

Dark	Matter	X

Radiation	from	A	particles

We	consider	gravitational	particle	production	of	two	conformally
coupled	massive	scalar.			A:	decay	into	radiation	to	reheat	the	universe

X:	stable	particle	to	be	cold	dark	matter	today

A	particles	decay	at															to	radiation	with	the	decay	rate																			.				da a= A AmaG º

The	Universe	became	radiation	dominant	at														:	reheating	time.Ra a=

dt Rt

4 2 2 3
inf

Am t
A ACe m H ar - D -;



The	dominant	part	of	the	entropy	is	produced	at						,	when	we	find	dt

with

should	hold	to	explain	CDM

Gravitons	(quantum	GWs)	must	be	sufficiently	diluted

Neff,GW = 2.36
ρGW
ρrad

= 2.36
ρGW
ρA d

< 0.72

A severe constraint
on in α Γ A =αmA



Allowed region
to explain CDM 
and reheating

Γ A =αmAwith                can be easily realized if A is
coupled to the standard model with a 

Planck-suppressed interaction                  with            .

α ≪10−14

e
−λ A
MPl Lstd λ = O(1)

(Hashiba ＆ JY 19)



This	model	is	a	nightmare	scenario	for	particle	DM	experiments	as
our	DM interacts	only	gravitationally.

There	is	an	astrophysical	implication,	though;	
Comoving free	streaming	scale	at	equality	time						is	very	small

and	the	minimum	mass	of	DM	halo	is	also	very	small.

	
teq

 		
λ fs =

v(t)
a(t)t*

teq∫ ∼
cteq
aeqT*

ln T*
Teq

⎛

⎝
⎜

⎞

⎠
⎟ 		T* ≥TR

 		Mmin ∼10−15M
⊙
for																		and	even	smaller	for	higher	temperature.			T* =1TeV

This	may	be	tested	by	pulsar	timing	measurements.
Kashiyama & Oguri (2018)

What are A and X, after all?



• We consider 3 hierarchical right-handed neutrinos
𝑁" : 𝑀"	~	10("	GeV
𝑁, : 𝑀,	~	10((	GeV
𝑁( : 𝑀(	~	10	keV

• ℒ/ = 𝑀1𝑁213𝑁1 + ℎ16𝑁1𝐿6𝐻9

• Quintessential inflation which is followed by kination

Reheating

Baryogenesis
Dark matter

𝑁"

𝑁,
𝑁(

10("	GeV

10((	GeV
10	keV

II Neutrinos produce everything!

inflation

late time 
acceleration

𝜙

𝑉 𝜙 kination

(Peebles & Vilenkin 99)

(Kusenko, Takahashi & Yanagida 10)

Hashiba ＆ JY Phys Lett B 798(2019)135024



Gravitational particle creation of fermions
• Produced fermion energy density
𝜌 ≅ 𝐶′𝑒ABCDE𝑚,𝐻GHI, 𝑎A"

𝑚 : Fermion mass
Δ𝑡 : Transition time scale
𝐻GHI : Hubble parameter 

during inflation

𝐶M ≅ 2×10A" ≈ 10CRSTUTV



𝑁" for	reheating
• Decay of 𝑁"
𝑁" decays into SM particles with decay rate Γ"

Γ" =
1
4𝜋Z ℎ[16

,𝑀"

�

6
Since 𝑁" is much heavier than any SM particles,
resultant SM particles are relativistic

𝜌

𝑡end of 
inflation

𝑁" decays

~𝑎AB

~𝑎A]

~𝑎A" inflaton
𝑁"
SM particles
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~ Yukawa coupling of electron

• Reheating temperature

𝑇de ≅ 6×10g
∑ ℎ["6
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6
10A(,

A(B

𝑒A"ijDE
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• Gravitons (quantum GWs) must be sufficiently diluted

Z ℎ["6
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6

A("
𝑒ABijDE

𝑀"
𝐻GHI

k
"
> 1.0×10,

Neff,GW = 2.36
ρGW
ρrad

= 2.36
ρGW
ρA d

< 0.72



𝑛n
𝑠 =

28
79
𝑛r
𝑠

≈ 1×10A"
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𝑒AijDE ln
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𝑀, ≳ 10((	GeV				and				ℎ[,,	or	ℎ[," ≳ 10A" 𝑀" 𝑀,⁄�

= 9×10−11

Interference
between 𝑁" & 𝑁,

CP violation

(Fukugita & Yanagida 86)

Volume 174, number 1 PHYSICS LETTERS B 26 June 1986 
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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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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) 
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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 
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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𝑵𝟏	 For Dark Matter in split seasaw scenario

Allowed region for sterile
neutrino dark matter

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

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

MN1
≈10keV

θ 2 ! "h1α
α
∑ 2 v2

2M1
2 ∼10

−11

v = 246GeV

For 𝑀(~10	keV,
Z 𝒉�𝟏𝜶

𝟐
�

𝜶

< 10A𝟐𝟔

(Kusenko, Takahashi & Yanagida 10)

This small Yukawa coupling
can be naturally explained
in Randall-Sundrum type
Brance world scenario.



Since the mass of      is too light, its gravitational
production is too inefficient to account for dark matter.

𝑁(	

This problem can be solved by introducing a coupling
to the scalar curvature as

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

Then the abundance is given by
right after inflation with             .

𝑛 ≅ 1.1×10A( 𝐻GHI
k 𝜇,⁄

Δ𝑡 ≈ 𝐻GHIA(

Taking                ,  we can realize sufficient production
for dark matter.

µ ≈1015GeV



Cosmological gravitational wave is a useful probe 
of the early universe even if it is not detected yet.





• RS brane-world scenario
We	identify	the	zero	mode	of	a	5D	bulk	field	Ψ21
with	the	4D	right-handed	neutrino	𝑁1
𝑆 = ∫𝑑B𝑥𝑑𝑦{𝑀(𝑖Ψ21𝛾�𝜕�Ψ1 + 𝑚1Ψ21Ψ1)

�
�

+𝛿 𝑦
𝜅1
2 𝑣�A�Ψ

213Ψ1 + 𝜆16Ψ21𝐿6𝐻9 + h. c. �
𝑀 :	5D	fundamental	scale	~	5×10(g	GeV
𝑚1 :	bulk	mass
𝑙 :	size	of	extra	dimension	~	 10(]	GeV A(	
𝜅1 :	numerical	constant	of	order	unity
𝑣�A� :	VEV	of	B − L gauge	boson	~	10(]	GeV ours hidden

𝑦
𝑙0L. Randall and R. Sundrum, Phys. Rev. Lett. 83 (1999) 3370.



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

Large mass hierarchy

Extremely small coupling

𝑀1 			= 			 𝜅1𝑣�A�
2𝑚1

𝑀 𝑒,C¢£ − 1

ℎ[16 			= 			
𝜆16
𝑀�

2𝑚1
𝑒,C¢£ − 1

�

4D 5D

𝑀"~10("	GeV
𝑀,~10((	GeV
𝑀(~10	keV

ℎ["6 < 3×10A]
ℎ[,,,	,"~10A,
ℎ[(6 < 10A("

𝑚"~2.3𝑙A(
𝑚,~3.6𝑙A(
𝑚(~24𝑙A(

𝜆"6 < 3×10AB
𝜆,,,	,"~1
𝜆(6 < 10A,

4D parameters 5D parameters





0a b= = =RThe quadratic action

The “sound” velocity             deviates from unity
if                   or         .

2
T T Tc ºF G

4 50,  0X XG G¹ ¹ 5 0G f ¹

No ghosts, No gradient instability if 20,    0.T
T T

T

c> = >
F

G
G



Introducing new variables

the action reads

The normalized mode function in k space reads

where we have defined the slow-variation parameters:

2 ,    ,    ,   .T T T
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(assumed to be constant,
if not small.)

The tensor power spectrum and spectral index read
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We adopt the unitary gauge in which    is homogeneous,        .
2 2 2 2(1 2 ) 2 (1 2 )i

ids dt a dtdx a da b= - + + ¶ + + 2xR
0df =f

As usual, 
① Expand the action to the second order.
② Eliminate α and β using constraint equations.
③ Obtain a quadratic action for     .R

Curvature
Perturbation
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with



(2) 3 3 2
2

1 ( ) ,
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S
S SS dtd xa

a
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G R R&

No ghosts, No gradient instability if 20,    0.S
S S

S
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F

G
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In k inflation where                               hold,
we find                                 , which means that

is prohibited by the stability condition.
But in G-inflation         is possible.  
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The scalar power spectrum and spectral index read
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The tensor-to-scalar ratio for small variation parameters





The case of cosmic strings produced after inflation
(Cui, Lewicki, Morrissey, Wells 
18)



(Cui, Lewicki, Morrissey, Wells 
18)





Another source of scale-invariant stochastic GWs:
The self-ordering scalar field

F

Consider a global phase transition of
an N-component scalar field

High T

Low T

1H -

1H -

Scalar field is 
homogenized
as the universe
expands

GWs are produced
from self ordering
scalar field



GWs are generated when each Fourier mode enters
the Hubble horizon, in contrast with inflationary tensor 
fluctuations generated when they go out of the horizon.

Krauss(1992), Krauss et al(2010), Dent et al(2014), Durrer et al(2014)



We analyze time evolution of rescaled variables
and                   on a 3D lattice. 

a aay f=
,ij ij kl klh aL c=

to calculate the energy density of GWs

and

its density parameter per logarithmic frequency interval



again in the reheating regime after inflation

inflaton radiation
Gdecay rate

rr

3ajr
-µ
inflaton

radiation

time
1G -

matter(inflaton)dominant      radiation dominant

4
r ar -µ



artifact due to 
finite resolution

Lower frequency GWs are
produced at later epochs

This gap would
be filled if we
could follow time
evolution longer.

Typical result



Comparison with inflationary tensor perturbations

R
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=
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We extrapolate numerical results to more realistic
values of reheating temperature.



Inflationary tensor perturbations (B=0.22) and 
GWs from self-ordering scalar fields (B=0.6) may be 
distinguished from the reheating signature if σB<0.1.





Gravitational particle production takes place due to this rapid change
of the expansion law.  

1a =taking           at the end of inflation.

(Ford 1987,
Kunimitsu & JY 2012 )

The energy density of created particles:

Vacuum state in de Sitter space is different from
that in the power-law expanding Universe. 

†0 0 0dS powerlaw powerlaw dSa a ¹k k

   
ρgraviton !

9H inf
4

16π 2a4

   
ρ !

9H inf
4

32π 2a4Massless	minimally	coupled	scalar	particle

Gravitons	(2	polarization	modes)

4 2 2 3
inf

m tCe m H ar - D -;Massive	conformally coupled	scalar (Hashiba &	JY	2018)

behave	as	dark	radiation;	must	be	diluted

   C ! 2×10−4

1
inft H -D »



( )ij
ij hh h df S f

¥

-¥

= ò
1
2 ( ) ( )hS f h fº : signal strength in Fourier space

unit:  1 Hz

2

0

( ) ( )nn t df S f
¥

= ò
1
2 ( )nS f : noise amplitude, unit  1 Hz

Sathyaprakash	&	Schutz	Liv.	Rev.	Rel.	(2009)



KAGRA World’s first 
2.5 generation GW detector

ü Cryogenic to reduce 
ü thermal noises 
ü (T=20K @mirrors)
ü Underground to reduce  
ü seismic noises

Tokyo

Kamioka

Amplitude of seismic motion

3km3km

Fabry-Perot Michelson type 
Laser interferometer
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New Atotsu

Super 
Kamiokande

CLIO (100 m)

Map of KAGRA site (Kamioka mine, Gifu Pref.)

X arm
Y arm

New world heritage

New Hokuriku
Shinkansen line
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fµ

k-& G-inflation

Standard inflation



Conceptual design of DECIGO
DECihertz Interferometer Gravitational-wave Observatory

Now include Fabry-Perot Cavity 
=Light Resonator

Arm length： L=1000 km
Mirror Diameter： R=0.5 m
Mirror Mass： M=100 kg
Laser Wavelength： λ=532 nm
Laser Power： P=10 W 
Finesse： F=10

Laser

detector Resonator

Drag-Free
Spacecraft © S. Kawamura

N. Seto, S. Kawamura, & T. Nakamura, PRL 87(2001)221103

Resonator

detector

Average time photons spend
inside the resonator cavity

s
L
c

t
p

»
F

Original Specifications



Sensitivity curves of various
specifications

contaminated
by binary 
white dwarfs

In order to probe higher
reheating temperature
we need sufficient 
sensitivity at higher
frequency.
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At the present time, the energy density of GW is given by

Transfer function
depending on
thermal historyAmplitude per

logarithmic
frequency interval
dlnf 

Strain power spectrum
with a measure  df 

2 2 2 2ln ( ) ( ) 2 ( ) 4 ln ( )ij
ij h h h hh h d f f T f df S f d f fS fD
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This f 3 dependence makes it
very difficult to detect higher
frequency stochastic GWs.



• In these models, inflation ends abruptly without being 
followed by its coherent field oscillation. 

• Inflation is followed by a “kination” regime when the
universe is dominated by kinetic energy of the inflaton.

• Reheating proceeds only through gravitational particle 
creation. 

f

[ ]V f

Quintessential inflation
(Peebles & Vilenkin 99)



A simple k-inflation example

inff : inflaton

inflation with
2

2 1
inf 2

212 G

KH
M K

=

(Armendariz-Picon, Damour & Mukhanov 99)

2
1 inf 2 inf inf inf

1( ) ( ) ,    
2

K X K X X g µn µ nf f f f+ º - ¶ ¶L=

k-inflation

Free scalar field

( ) Hta t eµ

1 3( )a t tµ

1 2 0K K <

1 2 0K K >

If this change occurs abruptly, 
numerical calculation shows that this transition occurs within Hubble time.

kination

1
inft H -D »



Inflation models followed by kination regime with gravitational 
reheating is incompatible with the Higgs condensation.

fµ

k-inflation

Standard inflation

Stochastic gravitational wave background from inflation

Models with such an
enhanced spectrum
are ruled out.



Gravitational particle production takes place due to this rapid change
of the expansion law.  

1a =taking           at the end of inflation.

(Ford 1987,
Kunimitsu & JY 2012 )

The energy density of created particles:

Vacuum state in de Sitter space is different from
that in the power-law expanding Universe. 

†0 0 0dS powerlaw powerlaw dSa a ¹k k

   
ρgraviton !

9H inf
4

16π 2a4

   
ρ !

9H inf
4

32π 2a4Massless	minimally	coupled	scalar	particle

Gravitons	(2	polarization	modes)

4 2 2 3
inf

m tCe m H ar - D -;Massive	conformally coupled	scalar (Hashiba &	JY	2018)

behave	as	dark	radiation;	must	be	diluted

   C ! 2×10−4

1
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time or scale factor

energy 
density

inflation
kinetic energy 
of the inflaton

0aµ
6a-µ

4
inf
2 4

9
16graviton
H
a

r
p

=

Ra

inf

da

4 2 2 3
inf

Xm t
X XCe m H ar - D -;

Dark	Matter	X

Radiation	from	A	particles

We	consider	gravitational	particle	production	of	two	conformally
coupled	massive	scalar.			A:	decay	into	radiation	to	reheat	the	universe

X:	stable	particle	to	be	cold	dark	matter	today

A	particles	decay	at															to	radiation	with	the	decay	rate																	.				da a= A AmaG º

The	Universe	became	radiation	dominant	at														:	reheating	time.Ra a=

dt Rt

4 2 2 3
inf

Am t
A ACe m H ar - D -;



The	dominant	part	of	the	entropy	is	produced	at						,	when	we	find	dt

with

should	hold	to	explain	CDM

Gravitons	must	be	sufficiently	diluted

= 2.4 < 0.72





We have considered two scenarios of cold dark matter formation,
micro	black	hole	remnants	and	purely	gravitational	dark	matter.

Both	work	under	some	conditions.

Both	are	nightmare	scenarios	for	particle	physics	experiments	as
they	interact	only	gravitationally.

There	is	an	astrophysical	implication,	though;	
Comoving free	streaming	scale	at	equality	time						is	very	small

and	the	minimum	mass	of	DM	halo	is	also	very	small.

	
teq

 		
λ fs =

v(t)
a(t)t*

teq∫ ∼
cteq
aeqT*

ln T*
Teq

⎛

⎝
⎜

⎞

⎠
⎟ 		T* ≥TR

 		Mmin ∼10−15M
⊙
for																		and	even	smaller	for	higher	temperature.			T* =1TeV

This	may	be	tested	by	pulsar	timing	measurements.
Kashiyama	&	Oguri (2018)



In order to probe higher frequency with the same sensitivity to WGW,



In order to probe higher frequency with the same sensitivity to WGW,

Strain sensitivity must be 
improved in proportion to f—3/2

Lower thicker curves indicate sensitivity achieved by 3yr correlation analysis

3/ 20
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On the basis of BICEP2 result, we reconsider sensitivity curves 
of DECIGO for direct detection of inflationary GW & determination
of the reheating temperature.

Hz

Radiation Pressure Noise
Fluctuations in radiation 
pressure induces unwanted
motion of the mirror

Shot Noise
Poisson noise due to
quantum nature of laser

1
4 4c

s

cf
Lpt

º »
F

( )hS f



In order to achieve sufficient sensitivity at higher frequency, it is
important to suppress shot noise

by                                             .

But                         would also lowers               and the frequency
range of our interest would fall above       where we find                        

   P Ll F] Z Z Z

 LF Z Z cf ]
cf

2( )shotS f f
cP
pl

@
h
%

Hence we can control the shot noise only by  .Pl ] Z

1
4 4c
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On the basis of BICEP2 result, we reconsider sensitivity curves 
of DECIGO for direct detection of inflationary GW & determination
of the reheating temperature.



On the basis of BICEP2 result, we reconsider sensitivity curves 
of DECIGO for direct detection of inflationary GW & determination
of the reheating temperature.

Specifications
Original Upgraded        

Arm length： L=1000 km       1500km          1500km
Mirror Diameter： R=0.5 m            0.75m
Mirror Mass： M=100 kg
Laser Wavelength： λ=532 nm                             157nm
Laser Power： P=10 W              30W              300W
Finesse： F=10

max 2Hzf =



We consider quadratic chaotic inflation

7 Plf M=

and natural inflation

with                yielding 0.07r »

0.14r »

The original DECIGO does not have sufficient sensitivity to
detect the stochastic GW background predicted by these models.

We determine maximum possible reheat temperature DECIGO
can measure by Fisher matrix analysis for upgraded,             
and ultimate versions.  

max 2Hzf =

noises are assumed to be quantum limited.

as fiducial models.

(Linde 83)

(Freese, Frieman, Olinto  90)



Marginalized 1s uncertainty in TR as a fraction of TR for
quadratic chaotic inflation

TR can be 
determined 
within 1s if  

75.2 10 GeVRT < ´
82.1 10 GeVRT < ´
87.0 10 GeVRT < ´



Marginalized 1s uncertainty in TR as a fraction of TR for
natural inflation with 

TR can be 
determined 
within 1s if  

74.5 10 GeVRT < ´
81.8 10 GeVRT < ´
84.6 10 GeVRT < ´

7 Plf M=



DECIGO can measure the reheat temperature TR if it lies in the 
range 6 85 10 GeV< 2 10 GeVRT´ < ´

The ultimate DECIGO can measure the reheat temperature TR
if it lies in the range 4 86 10 GeV< 7 10 GeVRT´ < ´



DECIGO can measure the reheat temperature TR if it lies in the 
range 6 85 10 GeV< 2 10 GeVRT´ < ´

The ultimate DECIGO can measure the reheat temperature TR
if it lies in the range 4 86 10 GeV< 7 10 GeVRT´ < ´

One may naïvely think that high-scale inflation predicts high
reheat temperature, and the upper bound we obtained is too low.

However, in order to realize high-scale inflation with a large r
and a large field excursion                      (Lyth-Turner Bound)
we often introduce symmetries in model building

Chaotic inflation: Shift symmetry
Natural inflation: Nambu-Goldstone

which also constrain coupling of the inflaton and delay reheating. 

i e PlMf f- ?

(Freese, Frieman, Olinto  90)

(Kawasaki, Yamaguchi, Yanagida 00)



An example of Chaotic inflation in Supergravity

Imf has a shift symmetry and act as the inflaton.
The Universe is reheated through Higgs bosons & Higgsinos.

8
64 10  GeV  

10R
yT -

æ ö´ ç ÷
è ø

;

is required for the stability of the inflaton’s trajectory.6 10y -<
(Nakayama, Takahashi, Yanagida 13)

The natural inflation model

3 6
2 2

2 5

Mg g
f ff

L
G » » 75 10  GeV

0.1R
gT æ ö» ´ ç ÷

è ø
for 7 Plf M=

(Freese, Frieman, Olinto  90)
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All these high frequency GWs would be diluted away if
there existed entropy production after their horizon 
reentry, such as thermal inflation…

A short period of inflation driven by a scalar potential
whose symmetry is restored by finite-temperature 
effects with a large vacuum energy density there.

Yamamoto (1986), Lyth & stewart (1995)

flaton: a scalar field
w/ a very flat potential
near the originduring thermal inflation



2 2 2g T f:

For                       the symmetry is restored. 3
0 10 GeVgT m> :

4
rad Tr : can be  smaller than TIV

Inflation supported by thermal correction may
occur for a short period until high tempereture
correction becomes ineffective.

THERMAL INFLATION

Dilutes gravitinos and moduli
Dilutes subhorizon gravitational waves



One-loop effective potential predicts a first-order
phase transition

logarithmic scale

The potential barrier becomes smaller as T decreases.



If thermal inflation was terminated by bubble nucleation
and percolation, colliding bubbles would produce GWs.







4 ( )a t-µ

After entering the Hubble horizon,

3(1 ) ( )wa t- +µ tot

pw
r

º : equation of state
in the early Universe

1 3
2 ( ( ))1( , ) ( )

24 ( )

w
in

GW h
a t ff t f
a t

-
æ ö

W » D ç ÷
è ø

,ln ( , )( , )
( )

GW f
GW

tot

f t
f t

t
r

r
W =

Radiation dominated era:  constant
Field oscillation dominated era:  decreases 1( )a t-µ

High frequency modes which entered the Hubble radius in the
field oscillation regime acquires a suppression             . 2f -µ

We may determine the equation of state in the early Universe.
We may determine thermal history of the early Universe.

N. Seto & JY (03), Boyle & Steinhardt (08), Nakayama, Saito, Suwa, JY (08), Kuroyanagi et al (11)…

( )int f
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( )i ix t xº と離散化して考えると、likelihood ratioは、

1 1( |1) 1 1 1( ) exp ( )( ) ( ) ( ) exp
( | 0) 2 2 2i i ij j j i ij j i i i i
p xx x h K x h x K x q x h q
p x

L - -é ù é ùº = - - - + = -ê ú ê úë û ë û

となる。ただし、 はノイズ相関
1( )i ij jq K h-ºij i jK n n= i ij jh K q=

連続化する ( ) ( ) ( , )n t n t K t t¢ ¢º
0

( ) ( , ) ( )
T

h t K t t q t dt¢ ¢= ò

0 0

1ln ( ) ( ) ( ) ( ) ( )
2

T T

x q t x t dt q t h t dtL = -ò ò

最も単純な問題： ガウス分布のノイズの下で特定の信号 を検出したい( )h t

を最大化するには、

0

( ) ( )
T

G q t x t dtº ò線型相関 を最大化すればよい



• Transverse waves with 
2 polarizations:

• Interferometer measures:
dL=x-y

• Note: No test particle moves 
- only their separation changes!

Image	credit:	Google

+	polarization x	polarization

x

y

Gravitational Waves



The weakness of Gravity

NASA/Dana Berry, Sky Works Digital

• Gravitational	waves	produced	
by	orbiting	masses:

• For	2		1.4MSun	Neutron	stars,	
at	1	Mpc	(3	million	light	years):

  2
4 µuµu I
dc
Gh !!=

-21  3 10Lh
L
D

= » ´

I : Quadratic
moment



-21  3 10Lh
L
D

= » ´A strain (displacement) of 

Sun

Earth

1.5	x	108 km

1.5	x	10-10 m	modulation	
due	to	GW:		equivalent	to
the	Hydrogen-atom	size	

Proxima Centauri

Earth

4.2	light	year

0.1	mm	modulation	due	to	GW



Interference	pattern	changes	in	
time	due	to	temporal	
differential	change	in	distances	
due	to	GW

High	power	Laser	

MirrorMirror

FP	cavity

Beam	
splitter

FP	cavity

Mirror Mirror
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Improvement of sensitivity 
Initial LIGO Science Run 1-6

Horizon = Distance at which
optimally oriented inspiral 
yields Signal-to-Noise ratio 8

PRD 82(2010)102001
LIGO S5 and Virgo SR1



Origin of the noise curve



Upgrade 
underway



Advanced LIGO installation complete!



2014/5/27



Data Analysis

If noises are Gaussian distributed, the matched filter
which takes a correlation between the detector output
and an expected signal gives us a maximum likelihood
estimator.
But actual noises are non-Gaussian, so we must deal 
with them.

Definition of the Problem
There are N statistically independent sources and N outputs.
Each source obeys non-Gaussian statistics except for at most one
Gaussian source.
The purpose is to identify statistically independent sources from 
mutually correlated outputs making use of the non-Gaussianities.

Mainly led by groups at Osaka U(Tagoshi) & Osaka City
U(Kanda) but RESCEU joined the team, too.



assume that  #(sources) = #(microphones)

The most impressive banquet I have ever attended.   July 2013@Makuhari

3rd KAGRA Data Analysis School@RESCEU



Independent component analysis is a method to find  
linear combinations of outputs so that each combination
is mutually independent.

In principle we can remove non-Gaussian noises with the
help of environmental meters.

For more detail, see a poster.



Most likely, GWs from Binary Neutron star coalescence 
but their predicted rate has a large uncertainties.

Some people say 2015, others say 2016, 2018+…

LIGO

LIGO

Predictions are based on population synthesis theories 
and small-number statistics of observed binary systems.





A large tensor-to-scalar
ratio r from inflation ??



´

If it is the primordial one,



We were waiting for Planck 2014 result…

2

2
hr D

º
DR

Tensor-to-scalar ratio measures the scale of inflation
[ ] 16 4 15 4(3.2 10 GeV) (7.5 10 GeV)

0.003
rV rf æ ö= ´ = ´ ç ÷

è ø



If r is large ～0.1, we can hope to detect
inflationary tensor perturbation directly by
future space-based laser interferometer
DECIGO at ～1Hz band.

Higher frequency tensor 
perturbations carry 
information on the thermal
history after inflation.

We discuss prospects of determination of 
the reheat temperature after inflation 
by DECIGO.




