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Gravitational wave Physics and Astronomy
New Eyes to Observe the Universe




Gravitational wave Physics and Astronomy
Science Goals

e Cosmology
— Can we directly see before the CMB era?
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Direct detection of cosmological
Gravitational waves can be achieved
by space-based laser interferometers
Such as LISA, DECIGO, TianQin, Taijl...
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Direct detection of cosmological
Gravitational waves can be achieved
by space-based laser interferometers
Such as LISA, Taiji, TianQin, DECIGO...
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Other means of detection of
Cosmological gravitational waves

B-mode polarization
Pulsar timing of Cosmic Microwave
Background (CMB)

LiteBIRD: approved by
©David J. Champion JAXA in May 2019!
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Sources of gravitational waves
from the early universe

@ Quantum tensor perturbations from inflation

@ GWs from second-order scalar perturbations



PBH DM scenario can be tested by LISA & DECIGO/BBO.
Saito & JY PRL107(2011)069901
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Sources of gravitational waves
from the early universe

@ Quantum tensor perturbations from inflation

@ GWs from second-order scalar perturbations

® GWs from bubble collisions after phase transition
@ GWs from self-ordering scalar fields

® GWs from topological defects esp. cosmic strings

® Gravitational particle production of gravitons

@ O OO



Tensor Perturbations (Quantum Gravitational Waves)

12 2 2005 b N\ h =h, & "+ h gx transverse
57 = 0 ; i
ds dt® + a®(t)(045 + hyj)dr"da _traceless

They are equivalent with two massless scalar fields.

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

(]},,}]J”(L )) = 647G (H,(fk))

27T

Grishchuk (1974)
Starobinsky (1979)



Evolution of gravitational waves in the standard inflationary Universe

k <k,

* Amplitude of GW is constant
when its wavelength is longer
than the Hubble radius
between ¢, .(f)and?, (f).
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Physical scale

* After entering the Hubble
radius, the amplitude
decreases as oc a ' (¢)
and the energy density as

oca(t).

 Inflation ¢.D.R:D. M.D. AD.

S T T time
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Reheating

When a(t) oc tP (p<l), the tensor perturbation evolves as

e p _ k _
h(f.a)oca)™ J o (1 - a(t)H(t)j, k=27 fa(t,)



Density parameter in GW per logarithmic frequency interval

1 dpgy(f,?)
p.,(t) dnf

When the mode reentered the Hubble horizon at t =7 (f),
the angular frequency is equal to w=H (¢, (1)), so we find

dpey (f:t,(f)) _ W’ 32 (f)= H* (tm(f))
dln f 322G ™ 327G
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1
Qg (/51,(1)) = ﬂAh (/) at horizon reentry




After entering the Hubble horizon at ¢, (f),

Pew 1n r (f,1) o a*(t)
Pios (t ) oc g (¢)

QGW(fat) —

w=-L . equation of state parameter
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Q D —A° =
Ui o) o h(f)[ () ]
Radiation dominated era: w= % Q. (f,t)=const.
Matter dominated era: w=0 Qg (f,0)] o«ca ()



t.,,(f) as afunction of frequency
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N. Seto & JY (03), Boyle & Steinhardt (08), Nakayama, Saito, Suwa, JY (08), Kuroyanagi et al (11)..



Standard potential-driven inflation models

effectiVe pOté”ﬁi't‘-‘i?[a-acls(x).'sq:-_[;”,,.5.\“‘,
inflation

reheating

Vi

Inflation is followed by a coherent oscillation of the
inflaton which behaves like non-relativistic matter
with EOS parameter w=0 if the mass term dominates

the potential.
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Thermal Hlstory IS mpnnted on the spectrum of GWs.
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Comparison between inflationary tensor perturbations
and GWs from self-ordering N-component scalar fields
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If we could measure the GWSs at two different frequencies, we
could probe entropy production between two regimes, too.
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atter reheating Entropy production w/ dilution factor

3
F= s(T,)a (1)) T',: temperature after
s(T)a’(T,) entropy production

High frequency part is modified as
—4/3 -1/3
Qo (f1) > F / Qi (f51) and f > F / I




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

# \We do not consider
® entropy production
after reheating

a hereafter.

tor
. _ %‘ter
s(T)a’(T,) entropy production

High frequency part is modified as

QGW(fat) _)F_4/3QGW(fat) clile fR _)F_1/3fR







Broadband Approach to
Inflationary Cosmology




Generalized G-inflation

The most general single-field inflation

S
_ 4
with second order field equations S—Zjﬁi\/—gd X
Generalized Galileon = Horndeski Theory '~
L, =[K(¢,X) (Kobayashi, Yamaguchi & JY 2011)

4 arbitrary functions of ¢ E:deE—l(W)2
L, :_@3 (¢’X) 2

£, =G, (4, X|RAG,, [(Wé)2 - (vﬂvv¢ﬂ

£ =G, (9.5)G, V"V 9 LG [(W) ~3(W)(7,9.0) +2(v,7,0) |



Generalized G-inflation
Szzslj‘[,l.\/%d“x

Generalized Galileon = Horndeski Theory '~
L, :K(¢9X)
[’3 :_G3 (¢9X)V\¢
L, :[G4 (4. X)R+G, [( )2_(Vﬂvv¢)2:|

L. =G. (¢,X)GWV“VV¢—G5X (W)’ —3(V\¢)(vﬂvv¢)2 Jrz(vﬂvv¢5)3

G, o M? /2 gives the Einstein action

Generalized G-inflation is a framework to study

the most general single-field inflation model
with second-order field equations.

G-inflation model K¢, X)—G(d, X)W



Inflation driven by kinetic energy

Ex. G-inflation (k-inflation is its special case w/ G=0)

(Kobayashi, Yamaguchi & JY 10) (Armendariz-Picon, Damour & Mukhanov 99)

L,=K(p,X)-G(g, X)W, XE—1(8¢)2 canonical

9) Kinetic function
Energy momentum tensor

T, =(K;=G )V, o+g, (K+V,GV'$)-2V GV ¢
l Flat RW background ds* = —dt* +a”(t)dx’
T =diag(-p, p,p,p) with p=2K, X -K+3G HF-2G,X
p=K-2(G,+G,Hx

leading to

SMyH* =p, M, (3H® +28)=—p



Simplest de Sitter k-inflation Solution

* We seek for a solution with A =const. and &‘:const.
in the simplest k-inflation model with

K(9,X)=K(X), G(p,X)=0.
H No scalar potential | shift symmetry ¢ > ¢+c

*3MLH'=p=2K,X-K, M} (3H +28)=-p=-K

2
A simple choice K(X)E—X+2j\(44 m) K =0 at X=M"
4 4
We find de Sitter solution H* = M2 with p=—p=—M—.
6MPI 2

(Armendariz-Picon, Damour & Mukhanov 99)

G-de Sitter solution can also be found with G(¢, X) # 0.

(Kobayashi, Yamaguchi & JY 10)



Essential difference between k-inflation & G-inflation

In G-inflation, the null energy condition may be
violated, 2M 2 E=—(p+ p) > 0.

It can be violated without instabilities, keeping ¢’ > 0.

The tensor spectral
index can be positive,
}& End. of inflation

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.



We hope LiteBIRD §¢)
will measure n,>0!!

See also Mishima and Kobayashi 1911.02143 for more cases




+Inflation can be terminated by flipping the sign of —X .

2 (K = —p < 0during inflation.)

A simple choice: A(¢) = tanh| A(g,,, —#)/M,, | with 1=0().

Numerical solutions indicate ¢ stalls within one e-fold after
crossing ¢, ,and all higher derivative terms become negligible.

Ag) Gend

Inflation

o.of | S |
05 ¢ ~ g.bt M
: kination |

10! ’ ¢



The Universe after G-inflation

* After inflation the Universe is dominated by the kinetic
energy of ¢, which now behaves as a free massless field,

a

P:?Oca_6(f)- w=1

Qg (f) A; (f)f3w+l oc f Z in high frequency region

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

» Reheating proceeds through gravitational particle productlon due
to the change of the cosmic expansion law: a(¢) «c e —)a(t)oct3

This process may create radiation energy density of order of
(the Hawking temperature)~4, namely, p,: T, =(H,,/2%)" .
(We return to this issue more in detail later.)



High frequency tensor perturbation is enhanced.
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energy density
N

inflation oc "

kinatic energy of the inflaton
ps = 3M? Hmfa o gt
. (27r)2MG

4 a, .
P (Hinfj : oca’ ' My

radiation from gravitational particle production

> time or scale factor

a=1 a,
fR:aRHRocTOHR 2 7 Hy o« H* o« H2,
2ra, T, (H M)

f>7 Q.(f): Ai(f)iocHiifiz is independent
fR Hinf Of Hinf



Current amplitude in

k-& G-inflation this high frequency
region is independent
10712 ——— / — “J  of the scale of inflation.

I : /.
Ay TH
10714 - \ iy - . .
I \ 3 ' This continues to the
\ s

10716 1 "y o\ A1 frequency corresponding
> - \r‘ | NN to the comoving horizon
= 41018 L W% |
510 —0.00]1 : §ca|e_at the end of
T 20) | inflation.

10 i | : | (Chiba, Tashiro & Sasaki 04)

| =—— T,=10°GeV _ _

1077 | 0 | Standard inflation

- T, =10"GeV
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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

A scalar field X with $m’ y* +1ERy* in ds® = a®(9)(~dn* +dx?) .

d2
Its mode function satisfies d;‘; +[/’€2 —V(U)]Zk =0

V(1) =—a* D 1 +(E L) R(7) | et 1/ (17) = L0 () R(17)

2 =2 )+ [ Vr)sine ')z, ()

—ien 1 —iw iw
zk(n)=E(ake "+ Be”") (17— )

e

Z;Em)(ﬂ) — \/% (17 — —0)

Bogoliubov coefficient Bo = —f e~V (n)dn

— : fool,B Pw3dw
2a%a* Jo “ ‘

“"Radiation” energy density p,



Gravitational Particle Production from Inflation to Kination

]
327 at

n n . . . ,
Pr= " f 0 "m[ " dnyIn(lm, — mol ) Vi(9)V! (1)

Energy density of created massless minimally coupled field

pPr = 387207 I [ = — j_oocl-\'l f_ood-\'z In(|x; — x)V/(x) V! (x5)
where x=H. .n _ 1 —Lfh3z
V(x) ==— /_5- : f(x) = f(H, ) =a’(1)
We model the transition from inflation to kination as
1 /x2 De Sitter (x < —1) continuous
S = {ap+ax +an? +a3x® + apxt +asy’ (=1 <x < —1 +x) transition
S up to )
|bo(x+b1)  Kination (=1 4+x9 <x)
| _ OH"
We find [ ~ 50x; "% x,= H, At~1 p =i
0 0 inf r 7 4
64r a

(Nakama & JY 19)



Since each polarization mode of the graviton satisfies
the same field equation as a minimally coupled massless
scalar field.
OH} o
p,. . =p. = ;ﬂf4 a =1 at the end of inflation
graviton 327[ a

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, N . .., and

constrained by Big Bang Nucleosynthesis (BBN) and
Cosmic Microwave Background (CMB) anisotropy.



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

2 4e/3
T 7 4 | , , 4
Prot === (2+<-2-| — 12(] —€) + Ny + Nesraw] | T
30 8 11

=0 : at BBN (before neutrino decoupling)
¢ =1 : at photon decoupling N, = 3 + 0.046¢.

2 R C2)L) i)
- | =8 "7\ 17 Netr, GW
Prad |t>p, G (Ith) Prad / |t=ty 4 \ 11
At BBN N0 =2.8629% o —10.75
rad
Pow

At photon decoupling Ny =2.36 g, =3.38

rad



. _ _ I
Big Bang Nucleosynthesis constraint N e ow =2.86%<1.65
rad

CMB power spectrum (Planck) constraint n —236Pa 972

eff, GW
p rad

In order to achieve reheating through minimally coupled massless
scalar field %, for which we find 2, =Psw/2, we need 7 or more
species of them.

Since massless particles cannot decay, thermalization must proceed
by scattering.

But x 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.



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.
Garny, Sandora & Sloth (2016) Tang & Wu (2016) Ema, Nakayama & Tang (2018)
Hashiba & JY PRD99(2019)043008

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

evading the GW constraint.
Hashiba & JY Phys Lett B 798(2019)135024



We consider reheating through production of massive
(conformally coupled) scalar fields y = 4, X.

A scalar field X with 1m’ > +1ERy” in ds® = a* (in)(—dn* +dx?) .

d2
Its mode function satisfies d;gk +[/’€2 —V(U)]Zk =0

V(1) = —a* ) 12 + (& —L)R(7) | b V() =~ ()02

Inflation Bunch-Davies vacuum

(]2\1; 9 7722 . VT 21+1
12 T (/"d+ H2 2 Xk =0 \AB. (n) = Tf‘ TH )( kn).

( I] 1nf" Z

] ] Kination vacuum
Kination
2 7 T o 91 \—1/6 i 3k 5 )
a~ Xk [A 4+ III (-. H]nf’] 4 )] Yk = 0 \}f(;;) = \/%(2171 Hiur) l/Goxp [(3}}12[{@6 - ST 1) ) ]\/_Hf/3< 3/2)

dn?
k2 4+ 3m? + 2m2Hinn

x(k,n) = :
I( 7}) (21122H111f)2/'3

D(' n) Inflation  Bogoliubov

B
(1) K*(7;) Kination  coefficients



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

|||||||||||||

,}2 (l + tanh T)/) (14 Hinfll):|

2.0

20 =~ (1 1 !
a (1;)_§ _tmlAI} T2

inf

2
An=05H_{ > " ()

.0'—

to calculateﬁ and obtain H 1
o 4rk2dk —— . 2
p, = = vm? + k | Bk |©
Jo  (2m)°

We have numerically calculated many different cases
A. vary Hius, (An, m) while fixing Hi,sAn and m/Hijys.

B. vary H;,r while fixing An and m.
C. vary m while fixing An and Hjus.

D. vary An while fixing m and Hiys.



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

a’(n) = % [(l — tanh A;}) l+1§7 (l +t11111T”> (1 +Hi11f’]):|
= inf’/
(@)
AI]IO.SH&E —> i
to obtain H.n |
*° Ark?dk N
o= ~3\/772~+11 O,
*Jo (27m)

y=A4,X

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

C=2x10"
At:Hi;lf

dm_At

p,=Ce " m;Hifa_3(t)



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

energy
density . _
1 inflation  oc "
kinetic energy . »
of the inflaton = 3MGH;a™ ocq
Py Ce 4mAAthanCl -

Radiation from A particles
] —AmyAt_ 2 2 3
py; Ce myH a”_

Dark Matter X

OH '
IOraviton — 2 4
g l67°a
a, a -
d R .
t time or scale factor
d tR

A particles decay at a = a, to radiation with the decay rate I', = am,.

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



The dominant part of the entropy is produced at 7, , when we find

2.?1'2 3
sy = 13 g.gT3 with T, =35x 1072 allt "”-"‘MHIAMH:I]/:.
A Gxa = 106.75
px|s = Cae ™A m  m% Hyg

Px 2 1/4 ,(3m,—4my )At ’*'I_Jfl_"vlln/f4 10
) D= 4 1072 /e Cmatmont DX g 5 10710 GeV
S o should hold to explain CDM

Gravitons (quantum GWs) must be sufficiently diluted

Pow —536Lan
prad IOA d

N =2.36

eff, GW

<0.72

5/3 -
» o173 g—dmar [ 1A 235 10 A severe constraint
ona inl  =oam,

inf



Allowed region
to explain CDM
and reheating

—14
[ my[TeV]

—16

logio @

—18

—20+

o\
0

20 10 o
lﬂglﬂ (mA/Hinf) (HaShiba & JY 19)

' =om with a <« 107" can be easily realized if A is
coupled to the standard model with a
A
=

Planck-suppressed interaction e MP’thd with A =0(1) .




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

t ct T
PR o IRV B ) B
s de g(t) al (T R

eq

and the minimum mass of DM halo is also very small.
M_ ~10"°M_for T,=1TeV and even smaller for higher temperature.
This may be tested by pulsar timing measurements.

Kashiyama & Oguri (2018)

Key Question:
What are A and X, after all?



IT Neutrinos produce everything!

Hashiba & JY Phys Lett B 798(2019)135024

* We consider 3 hierarchical right- handed neutrinos
Kusenko, Takahashi & Yanagida 10)

N3 : M3 ~ 1013 GeV T Rehea“ng
‘M 1011
Ny My ~ 107" GeV Baryogenesis

Ny : M; ~10keV > Dark matter N, © 10 keV

1013 GeV

1011 GeV

 Quintessential inflation which is followed by kination

+ _inflation

—_o kination
®

V(o)

late time
acceleration

"¢

(Peebles & Vilenkin 99)




Gravitational particle creation of fermions

* Produced fermion energy density
p = C'e —4mAt Hlnfa

m : Fermion mass C' =2x1073 =~ 10Cq a1y

At : Transition time scale
H;,r : Hubble parameter
during inflation

103




N5 for reheating

* Decay of Nj
N; decays into SM particles with decay rate I;

1 -2
I3 ZEZV%(‘ M

Since N; is much heavier than any SM patrticles,
resultant SM particles are relativistic

—— inflaton

~at — N,

SM particles

end of N; decays t
inflation



* Reheating temperature

1
5

~ 2\ 4 2 3

Za|h3a| ) M3 4 Hinf 4
T §6><107< —3M3At( ) ( ) GeV
RH 10-12 ¢ 1053Gev) \1083Gev) ¢

 Gravitons (quantum GWs) must be sufficiently diluted

Pow — 5 36 L
prad pA d

5

1
# (ZIEsa|2> Be—4M3M (HM_i)g > 1.0x102
> 2\/’13“\2 < 8.5x10~11

a

~ Yukawa coupling of electron

N =2.36

eff, GW

<0.72




Baryogenesis through leptogenesis

(Fukugita & Yanagida 86)

Ng _ 28 ny
s 79 s )
Fht 1 1
—3 [m [{(hh )32} ] —M At M3 4]\42 M3
~ 1x10 == *81n = | Rz’
(hh )33 1nf
—9x 107" CP violation
Interference
between N; & N,
JH g 4
//// 1//> ///\/ \\j_
N £ N, L. N 1,

M, = 10 GeV and hy, or hyz = 1073/ M3 /M,



N, For Dark Matter in split seasaw scenario
(Kusenko, Takahashi & Yanagida 10)

~10keV sterile neutrino can Allowed region for sterile

account for whole dark matter!  neutrino dark matter
K. Perez et al., Phys. Rev. D95 (2017) 123002.

107 | -
~ Vv’ 108 L
92:2 lo > Nlo_ll
w o IMy o Zo46Gev 107
10-10;
FOF M1~1O keV, E\]D 10_11:
Z|Tz1a|2 <1072 7 gnl ;
@ B 4
10—13: !
104] ]
This small Yukawa coupling oL NusTAR GC 2016 :
102

can be naturally explained 10° O
in Randall-Sundrum type
Brance world scenario.



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

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

R _
;1/)1/) u : constant with unit mass dimension

Then the abundance is given by n = 1.1x10"1 H> ;/i?
right after inflation with At ~ H}

inf *

Taking 1 =10"GeV, we can realize sufficient production
for dark matter.



Conclusion

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 ¥,
with the 4D right-handed neutrino N;
S = [d*xdy{M(iP;y20,¥; + m;?;¥;)

+5(y)( vp LB, + A, ;L HT + h.c. )}

M : 5D fundamental scale ~ 5x10'7 GeV
m; : bulk mass
| : size of extra dimension ~ (101® GeV) ™1

K; : numerical constant of order unity

: _ ~ 1016
vg_r, : VEV of B — L gauge boson ~ 10> GeV ours hidden




* RS brane-world scenario
RS brane-world scenario can explain

_ 4D 5D
Large mass hierarchy M, = kg, 2m;
- " ETE M (e2mil — 1)
_ Extremely small coupling . _— Aia Zm;
la M .| e?mil — 1
N
4D parameters 5D parameters N
M;~1013 GeV hzq < 3X107° ma~2.30"1 Azq < 3x107*
M2~1011 GeV E22,23~10_2 » m2~3.6l_1 /122,23’\"1
M;~10keV R, < 10713 my~241"1 A1 <1077
\ %







Tensor Perturbations

The quadratic action a=F=R=0

- ’ i) i " FT — g
-{l [ -{l - 2 -~ i 7 ] "l 2
/ dtd3z a° [w iy — =5 (Vhig)

(L=

The “sound” velocity ¢; =% /G, deviates from unity
if G,, 20, G, #0 or G, #0.

No ghosts, No gradient instability ifG, >0, ¢; =-—L>0.



where we have defined the slow-variation parameters:

z_ﬁ fr = i : gTzﬁ, STzi, (assumed to be constant,
HE, HG, He, if not small.)

The tensor power spectrum and spectral index read
i r'3/2)|(1-g-s,) H?
2’ I'(v,) 4r* e,

p)
ﬁ = 'r

CPT(k) —

ZT kyr==1

4e+3f. — g,
2(0-¢-s;)

np=3-2v, =— Blue spectrum if 4¢+3f, —g, <0.



Curvature Perturbations

We adopt the unitary gauge in which ¢ is homogeneous, 64 = 0.
> = —(1+2a)dt” +2a°0. Bdtdx’ +a”(1+ z@dﬁ

As usual, Curvature

@ Expand the action to the second order. Perturbation
@ Eliminate a and B using constraint equations.
@ Obtain a quadratic action for R, .

G, ®=Oa,

F, )

§. = j dtd’xa’ {g{l& aS (W{)Z} V—z(gTR+a2@,8):Za+3@6§<
a

where

= XKx +2X2Kxx + 12HoX Gsx
+6HOX?Caxx — 2X Gy — 2X2CGayx — 6H?Gy
+6[H? (TXGax +16X2Gaxx +4X°Guxxx)
H.((—L Jr Y(—L \+7)\"7(7_1 \\):|
30H3$X Gsx + 26H30X 2G5 x x
+4H3 X 3G 5XXX — 6H? \(((

+9X Gspx +2X°Gspx x ).
—XGsx +2HGy — SHX Gax
—SHX?Gyxx + 0Gap + 2X 6Gupx
—H?) (5X Gsx +2X2Csxx)
+2HX (:



S = % [ did®xa’ {gsq@é _ % (VR )’ }

F
No ghosts, No gradient instability if G, >0, c: :g_S > 0.
S
In k inflation where G, =G, =0, G,=M_,/2 hold,

we find & =M} e=-M; %/ H*, which means that
&~ (o is prohibited by the stability condition.
But in G-inflation &~ (is possible.

a

Introducing new variables dy,==ds, z, =2(TSGS)1/4, u=zR,
a

the action reads SN R
/ dysd®z | (v )* — (Vu)” + —u”

)

The normalized mode function in k space reads

=2 e H ), v = o With fy = gy =
£, sty S S 226 fo+g, with fS He, 8s HG,




The scalar power spectrum and spectral index read

3 e 2
P, (k) = k™ |u, _ H2vg-3 I'(vy) | 5255) H
2% |z, I'3/2)| 4n FsCs |y
4e +3f, —
ng—1=3-2v, =— 2 >
—€—S55)

scale invariant if 4¢+3f,—-g,=0

The tensor-to-scalar ratio for small variation parameters







The case of cosmic strings produced after inflation
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Figure 2. Gravitational wave spectrum from a cosmic string network with = 0.1 and Gu =
10711, 10713, 10715, 10717, Also shown are the current sensitivities of LIGO and EPTA (solid
bounded regions), and the projected future sensitivities of LISA, DECIGO/BBO, ET/CE, and

SKA (dash bounded regions).
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Another source of scale-invariant stochastic GWs:
The self-ordering scalar field

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

Scalar field is
homogenized
as the universe
expands

—

GWs are produced _1
from self ordering
_scalar field




1

,x)0j0a(T,x) — 500k D (T, x)OF by (T, :I:)]

)

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.



We analyze time evolution of rescaled variables y_ = ag,
and i, =aA,,, x, on a 3D lattice.

k3
pe d 102; k 96m3H2a2V




again in the reheating regime after inflation

inflaton

L

matter(inflaton)dominant \

> time

I—v—l



Typical result

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

artifact due to
1 finite resolution

"V Lower frequency GWs are
produced at later epochs




Comparison with inflationary tensor perturbations

—1

2

2 / ' N 0ol 1.5 WA 2
Tinf]atvi()n(IR.) - (1 T ()22113 -+ ()'()5‘1‘11’)

—— N=4 average \\

N=8 average', \,

—— fitting function * \

-1

6 g*(TR)j (7TR sz
106.75 10°GeV



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

FP-DECIGO upgraded
Ultimate DECIGO

e =107 10° 10’ Ge\ 2.2 10'°GeV

/—7\ : \ v=9.0 x 10" Mp, /.\

TRH= 1‘0;_ 10° ‘,1’0 GeV

v=9.0 x 10~ Mp,




Inflationary tensor perturbations (B=0.22) and
GWs from self-ordering scalar fields (B=0.6) may be
distinguished from the reheating signature if 0;<0.1.

FP-DECIGO upgraded 10 years Ultimate DECIGO 10 years

Tgg=10 Ge\ )" Tge=10 Ge\
TRH—IOSCre\ 5 TRH—IOSGe\
Ten=103GeV ' Tou=105GeV







[Gravitational particle production [takes place due to this rapid change

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

T 0us)
<OdS ‘apowerlawk apowerlawk OdS # O

The energy density of created particles:

9OH! (Ford 1987,

Massless minimally coupled scalar particle p= Py Kunimitsu & JY 2012 )
T a

OH"

~ inf

pgraviton 1677:2614

~

Gravitons (2 polarization modes)

behave as dark radiation; must be diluted

Massive conformally coupled scalar p; Ce™ m*H..a” (Hashiba & JY 2018)

1

C=2x%x10"
At~ H!

inf

taking a =1 at the end of inflation.



o0

7\ = 5 — : signal strength in Fourier space
()= J S Si0) =1 s sanl s

<n2(t)>=Tden (f) Sf(f) : noise amplitude, unit 1/vHz

Frequency (Hz)




KAG RA World’s first
2.5 generation GW detector

| Cryogenic to reduce
thermal noises
(T=20K @mirrors)

= Underground to reduce
seismic noises

10" E

Mitaka SHe{Groondbasad)

Fabry-Perot Michelson type
Laser interferometer

10"

Frequency [Hz]



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

New world vheritage
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Map of KAGRA site (Kamioka mine, Gifu Pref.)
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Conceptual design of DECIGO

DECihertz Interferometer Gravitational-wave Observatory

Now include Fabry-Perot Cavity
=Light Resonator

Original Specifications

Arm length:
Mirror Diameter:
Mirror Mass:
Laser Wavelength:

Laser Power:
Finesse:

Average time photons spend
inside the resonator cavity

T R——

S

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

L=1000 km
R=0.5 m
M=100 kg
A =532 nm
P=10 W
‘F=10

Resonator

Resonator

Drag-Free
Spacecraft

© S. Kawamura



Thermal History is inprinted on the spectrum of GWs.

12
0 T o taminatsd s H Sensitivity curves of various

by binary ¥ Bl specifications

1074
k white dwarfg™
In order to probe higher

-16 RLLE
10 \r=0-1 i reheating temperature
] we need sufficient
r=0.001 ) sensitivity at higher
10°20 ' frequency.

T, =10°GeV.

L —— T, =10°GeV
10—24 o b by ey

10%° 10" 10" 10° 10°
f [Hz]

N6
kr Q*S(IR) Ir
= ~ ().26Hz | -
/r 27 ’ ( 106.75 107GeV

—_—
S
"

18
5 10
G

1 0-22




At the present time, the energy density of GW is given by

_@af) o (A
Qup ()= B = F@Shéﬂ

/ Transfer function \

Amplitude per Sheepr?nnadllrr]\?s’% " Strain power spectrum
logarithmic Y with a measure df
frequency interval

dInf

This /3 dependence makes it
very difficult to detect higher
frequency stochastic GWs.

hh' ) j dn f 4 ()T (f)=2 j dfS;(f)=4 j din f£5;(/)



Thermal History a

rter k-(G-) or

Quintessential

Intlation

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

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

e Reheating proceeds only throu
creation.

gh gravitational particle

> ¢

Quintessential inflation
(Peebles & Vilenkin 99)



A Slmple k-lnﬂat|on example (Armendariz-Picon, Damour & Mukhanov 99)

1
L=K, (¢inf)X+K2 (¢inf)X29 X = _Egﬂ a,u¢inf8v¢inf ¢inf: inflaton

If K;and K, are constants with opposite sign, the kinetic function has an attractor
solution X = —

KL~

2K '

Then the energy density and pressure are given by
oL K?

p=2X—— —L=—P = constant, = inflation with H} =——1—
OX 12M K,

k-inflation ends when K;and K, both becomes positive. Then the kinetic energy
starts to redshift quickly and only the first term of the Lagrangian becomes relevant.

/' KK, <0 [ k-infl‘avtion ] a(t) oc et \

K\K,>0 [ Free scalar field } a(t) o 13 / kination

If this change Joccurs abruptly, At~ Hyy

numerical calculation shows that|this transition|occurs within Hubble time.




Implication of the Higes Condensation

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

10-12 I LI I I LI I I LI I | I I

10_14_ \ \ Iy

o§f

k-inflation

16
— 10 ] \r=0.1 e
R QN <
GO) i r=0.001 . ;- |
1070 - | \\ \\
10-22__ —_— T, =10’ GeV 5 l _
R T _10 G V Standard inflation
1024 L b \\ \
0% 101 1070 105 100 10°
f [Hz]

Stochastic gravitational wave background from inflation



[Gravitational particle production [takes place due to this rapid change

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

T 0us)
<OdS ‘apowerlawk apowerlawk OdS # O

The energy density of created particles:

9OH! (Ford 1987,

Massless minimally coupled scalar particle p= Py Kunimitsu & JY 2012 )
T a

OH"

~ inf

pgraviton 1677:2614

~

Gravitons (2 polarization modes)

behave as dark radiation; must be diluted

Massive conformally coupled scalar p; Ce™ m*H..a” (Hashiba & JY 2018)

1

C=2x%x10"
At~ H!

inf

taking a =1 at the end of inflation.



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

energy
density . _
1 inflation  oc "
kinetic energy . »
of the inflaton = 3MGH;a™ ocq
Py Ce 4mAAthanCl -

Radiation from A particles
] —AmyAt_ 2 2 3
py; Ce myH a”_

Dark Matter X

OH '
IOraviton — 2 4
g l67°a
a, a -
d R .
t time or scale factor
d tR

A particles decay at a = a, to radiation with the decay rate I', = am,

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



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

27’
Slg = 4_39*.::!3?3 with T, =5 X l()'za”‘lﬁ"”ﬂmniif 4Hilnxf4.
px|s = Cae ™A m  m% Hyg
2 ryl/4
B 2K 41020 4 Omemtmn IR g s 1010 Gey

A)
1 4 should hold to explain CDM

0
=24 (‘( Gw)
d PA

Gravitons must be sufficiently diluted

N g e -4/39 goc \'? (Pow
GW.elf =7 | 77 ne (7= o

Gine = 3.38

5/3
» o~ 1/3 p=4malt (;i) > 23 x 10°.

inf

< 0.72
d




—14 ]
B 1 myg[TeV]
—16 | )
= A ]
> ] 30
o 1
g z
—18| ]
20} ]

20 10 0.0
log,o(ma/Hing)

FIG. 1. Parameter values realizing the appropriate abundance of
CDM while concealing the effect of gravitationally produced
gravitons with H;,s = 101 GeV and Ar = 1 .OH;]}. The colored
region is consistent with the CMB observation [ 1]. The maximum
allowed value of a is 7.0 x 10~ with m, = 0.42H,;. The
minimum value of my is 5.8 TeV on the edge of the allowed

region.



Summary anc Discussion

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

ct T
po= YO Ll b p sy
s e q(t) al (T R

eq

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

M _~10""M_for T,=1TeV and even smaller for higher temperature.

min

This may be tested by pulsar timing measurements.
Kashiyama & Oguri (2018)
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N Strain sensitivity must be
\improved in proportion to /327




On the basis of BICEP2 result, we reconsider sensitivity curves

of DECIGO for direct detection of inflationary GW & determination
of the reheating temperature.

T T T T T T dl
10716 | - _ o1-1/2| Radiation Pressure Noise
. _ 16F AP | f ) . D
S (f) F | Stad(f) = ‘ 1+ (= Fluctuations in radiation
h\J g} (27 f)2M L\ wc fe .
1018 | pressure induces unwanted
_ motion of the mirror
N
5 107
=
— 10-22 s
- Sunor( f) hreA ! (f )2 i
-24 | Pshot) ) = — -\ =
10 AFIVP fe
10726 t Shot Noise
P Poisson noise due to
-4 -3 -2 -1 0 1 2 3
10° 10 107 10~ 10" 10° 10 10 quantum nature of laser

f[Hz]




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

by A] PZ FZ LZ

But #Z LZ would also lowers fc] and the frequency
range of our interest would fall above f. where we find

hzA
Snot () = Cj%f"

Hence we can control the shot noiseonlyby A ] PZ



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

' —— FP-DECIGO original
FP-DECIGO upgraded |
FP-DECIGO £, .=2Hz




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

—— FP-DECIGO original
FP-DECIGO upgraded

FP-DECIGO f_ . =2Hz

max

Arm length: L=1000 km 1500km 1500km
Mirror Diameter: R=0.5 m 0.75m

Mirror Mass: M=100 kg

Laser Wavelength: A =532 nm 157nm
Laser Power: P=10 W 30W 300W
Finesse: =10




We consider quadratic chaotic inflation Js

{.._-*',_:-_-;} — ;"\4 [1 — COS ()}
' S

with / =7M,, yielding r = 0.07

and natural inflation

as fiducial models.

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, /... =2Hz

and ultimate| versions.

noises are assumed to be quantum limited.




Marginalized 16 uncertainty in Tk as a fraction of Ty, for
quadratic chaotic inflation

Tk can be
determined

Chaotic inflation within 1o if

]_0 | | | | II | | | | II | | | | II | | | | II | | | II 1 1 |I 7
0’ FP-DECIGO upgraded —— 1 <5.2x10°GeV
1 | -DECIGO f__ =2Hz
10” Itimate-DECIGO -------
102 E _
E B -
& 10 F /=
107" E
102 E
107 E
1074 = I 1 | A | |




Marginalized 16 uncertainty in Tk as a fraction of Ty, for
natural inflation with f =7M ,

Tk can be
determined

Natural inflation IRLALWILIEEAI]

7
FP.DECIGO upgraded —— 1 <4.5x10°GeV
P-DECIGO f_ =2Hz

max

ltimate-DECIGO ------- T, <4.6x10°GeV

GTH/ TR

102 10* 10° 10%° 107

Tp [GeV]



DECIGO can measure the reheat temperature Ty if it lies in the
range 5x10°GeV<T, <2x10°GeV

The ultimate DECIGO can measure the reheat temperature Tg
if it lies in the range 6><104GeV<TR <7x108GeV



DECIGO can measure the reheat temperature Ty if it lies in the
range 5x10°GeV<T, <2x10°GeV

The ultimate DECIGO can measure the reheat temperature Tg
if it lies in the range 6><104GeV<TR <7x108GeV

One may naively 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 ¢ —¢ ? M, (Lyth-Turner Bound)
we often introduce symmetries in model building
Chaotic inflation: Shift Symmetry (Kawasaki, Yamaguchi, Yanagida 00)
Natural inflation: Nambu-Goldstone (Freese, Frieman, Olinto 90)
which also constrain coupling of the inflaton and delay reheating.



Y An example of Chaotic inflation in Supergravity

K = 3[ D

+ 012+ |X[? + | Hal? + |Hal?
W =mXo -+ y}f H y Hr_'.'_'.-

=

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

T, ; 4><108( 4 jGeV

0—6

y <107°is required for the stability of the inflaton’s trajectory.

Y The natural inflation model

M’ A° g
r¢zg2?zg2Fﬂ TRzSXl(ﬂ(Ej GeV for f:7MPZ
MEA—2 |
A



All these high frequency GWs would be diluted away if
there existed entropy production after their horizon
reentry, such as thermal inflation...

Thermal Inflation

Yamamoto (1986), Lyth & stewart (1995)

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.

a typical flaton potential at zero temperature flaton: 2 Scalar f|e|d

w/ a very flat potential
near the origin

during thermal inflation

>
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=
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_ 3
1.0x10° 15%x10° 20x10° 25x10° V;‘I ~ 106 7GeV m(,b ~ 10 GeV
& [GeV]




a typical flaton potential at zero temperature

Vo[(P VTI_ —m¢¢ +C(f)

e

Vi ~10°7GeV  my ~10°GeV
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501028 10x10° 15x10° 20x10°
& [GeV]

For g7 >m,: 10°GeV the symmetry is restored.
Pna: T' can be smaller than y

‘ THERMAL INFLATION

Inflation supported by thermal correction may

occur for a short period until high tempereture
correction becomes ineffective.

[BDilutes gravitinos and moduli
EBlDilutes subhorizon gravitational waves



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

—loo 2( ’T)
vy P[¢1=T4ng]p(m”¢ )
P

T=5.6 % 10'GeV

TZ

potential [ GeV" |

1 f dx x°In (1 Feo x2+~‘/2)
0

A% + §8°T?

2 + 10202 + (12 + 2¢)T? boson Iogarithmic scale

. 5 5 10 9)
fermlon 10 10 10 10

¢ [GeV]

The potential barrier becomes smaller as T decreases.



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



Conclusion

Gravitational waves provide us

with new eyes to probe

% Deep inside compact celestial
objects

* Very early Universe

C






After entering the Hubble horizon,

Pew i f (f,0) oa™ (¢) p
QGW (fa t) — » W = —— : equation of state
Piot (t) oc g oW (t) P,.; inthe early Universe

at, (N
a(t)

Radiation dominated era: constant
Field oscillation dominated era: decreases o 4! )

Qo (/1) (f)(

High frequency modes which entered the Hubble radius in the
field oscillation regime acquires a suppression oc f‘z.

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



RLBEMIEEE: HAOXRPHD/AXDTTHEDES h(H)ERELEZL
x(2)=x, LBEEIELTEZ L. likelihood ratiold:.

_ p(x|1) _ _l _ -1 _ l -1 _ _l
A(X)—p(xm)—eXp[ 2(xi h)(K),(x; hj)+2xi(K ),-jxj} eXp[q,-xi Zhiqi}

115, L. K, i@zlnj} Z/A XM ¢ =(K")h  h=Kg,
ERETD  (mon@))=K(1.1) h(t) = j K(t,t")q(t")dt

In A(x) = j g(t)x(t)dt —% j gOh(t)dt EBRKRILTBIZIE,

#REAEREG = j g(Ox(t)dt ZRKRIET NIEEL
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B0
e Transverse waves with e

2 polarizations:

Image credit: Google

+ polarization X polarization

e Interferometer measures:
dL=Xx-y

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




e Gravitational waves produced
by orbiting masses:

I : Quadratic
moment

e For2 1.4M, , Neutron stars,
at 1 Mpc (3 million light years):




A strain (displacement) of

Proxima Centauri

1.5 x 108 km

4.2 light year

1.5 x 1019 m modulation 0.1 mm modulation due to GW
due to GW: equivalent to

the Hydrogen-atom size




Use a Laser interferometer to detect GWs

Mirror Mirror

FP cavity FP cavity

Mirror Mirror

N

/ splitter Interference pattern changes in
time due to temporal

High power Laser differential change in distances
due to GW




Distance at which
PRD 82(2010)102001

optimally oriented inspiral

yields

Signal-to-Noise ratio 8

LIGO S5 and Virgo SR1

Horizon
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Origin of the noise curve
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Advanced LIGO installation complete!
. *ﬁ ﬂ TR R




Major milestone:
First full lock achieved!
2014/5/27 °
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Data Analysis

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

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.

Independent Component Analysis (ICA)
Definition of the Problem &ﬁmﬁj\ﬁj\ﬁ

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.



C@thall Party Problem
T_\

assume that #(sources) = #(microphones)



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.



When will we detect GWs?

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

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

Source® Niow yr '

N x| \7 I
"\r&’ }'l J'\ hl‘:'h yl

NS-NS 2 x 107 0.02 0.2
NS-BH 7 x 1073 0.004 0.1
BH-BH 2 x 10 0.007 0.5
IMRI into IMBH =0.001° 0.01¢
IMBH-IMBH 104 10-3¢

NS_NS - 400 1000
NS_BH 300
Advanced BH-BH y 1000
LIGO IMRI into IMBH 10°
IMBH-IMBH 0.19

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



COMPUTING CENTRE

EINSTEIN TELES!

gravitational Wave ﬂ

ooy g



ASSOCIATION OF ASIA PACIFIC PHYSICAL SOCIETIES

A large tensor-to-scalar MI I S

ratlo 7 from In-ﬂatlon ?? Volume 24 | Number 2 | APRIL 2014

Discovery of B-mode Polarization
of Cosmic Microwave Background

BICEP2
Boomerang

QUIET-Q WMAP
QUIET-W CAPMAP
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Credit: BICEF2 Colbbonticn

Multipole Photo byswfin Acer [SSN:0218-2203

Fig. 3: BICEP2 BB Auto Spectra with 95% Upper Limits from Previous
Experimentsas a Function of an Angular Multipole |. Also Shown are Theoretical
Predictions of Lensed and Primordial (with r=0.2) Components.

Credit: BICEP2 Collaboration
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If it is the primordial one,

The physical implications of their result are profound.

0. This 1s the second indirect proof of the existence of
oravitational waves, following the Nobel prize winning
analysis of the Hulse-1aylor pulsar.

. 'This 1s most likely a direct proof of inflation.
. Then the energy scale of inflation 1s about 2 X10°GeV.

5. This energy scale corresponds to the cosmic time

10%%sec, indicating such a tiny time period indeed ex-

1sted 1 the beginning of our Universe!

. This provides another piece of evidence that conven-
ttonal wisdom of quantum field theory 1n curved space
time 1s the right approach to calculate observable
quantities 1n the early Universe.

5. This 1s the first direct evidence of quantum gravity at
the perturbauve level.




A number of criticisms
to point out possibility
of dust contamination

followed

We were waiting for Planck 2014 result...

Meanwhile big interest
in models with large r
arouse in the community

2 : : :
- A, Tensor-to-scalar ratio measures the scale of inflation
— A2 16 4 15 4 r
Viel=3.2x107GeV) r=(7.5x10"GeV
Az V[9]=( yr=( )(0.00J




If ris 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.






