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Einstein equation Field equation
a

¢+3H¢+V[¢]=o/

If energy density is dominated by the potential, inflation occurs.

i 4
410} slow-roll [(P]
A large Hubble friction _
[ flat potential
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Slow-roll equations of motion

T zﬁﬂ +V[¢]j 3SHG+V'[]=0
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Einstein equation Field equation
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If energy density is dominated by the potential, inflation occurs.
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A large Hubble friction _
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Inflation realizes
not only

bUt aISO tiny Gaussi

by quantum fluctuations.
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Curvature perturbation

~ Regions with more expansion is more curved

5 How quantum fluctuations of a scalar field
behave in exponentially expanding universe?



Properties of quantum fluctuations

Bunch&Davies (1978), Vilenkin&Ford (1982), Linde (1982)
* Quantum nature of the inflation driving field (inflaton) @~

massless scalar field in the de Sitter spacetime

A3k

' - d’k dox
* p(x,t) = akgﬁk(t)ed{x -+ a{{gpl*{(t)e_ZkX = Ly
(27r)3/2

2 )3/250k( )e

Mode function |%g + 35 d+ i () =0, a(t) ="'
ode function | -5 oy e Y AW
0, (1) = H [k eHL“) 1s the appropriate solution.
7 Vae U Ha(h)
* In the short-wavelength (subhorizon) regime with &, = 5 > H
ik ik
iH ik Ha(ty+t) 1 Ha(t +;) —zk t
1) (t +t) = (— ]e v — 0 phys
o 26\ Ha(t,) a2k a: )N/zkphys

a(t, +1)=e" """ = a(t,)(1+ Ht), for Ht <1

we find the mode function agrees with the one in Minkowski space
just as we don’t feel any effect of cosmic expansion on the Earth.



Properties of quantum fluctuations

Bunch&Davies (1978), Vilenkin&Ford (1982), Linde (1982)
* Quantum nature of the inflation driving field (inflaton) @~

massless scalar field in the de Sitter spacetime

. d3k ~ 1kx g —1kx =j dsk A (f) ikex
cot) = [ Gamy7 B + Al (D) = | b (e
Mode functi d—2—+3Hd =1 i () =0, alt) = !
ode function |5 R ol :
iH ik o : :
(1) = 1- a0 15 the appropriate solution.
@ (1) @( Ha(t)]e pprop
* In the long-wavelength (superhorizon) regime, we find
H2 kQ H2 k
2 = > f H
eI = 513 (1 u H2a2(t)> ol O -
* Multiplying the phase space density, its expectation value 1s

473 ( H )2 on each comoving scale

(p?(r,t)) ~ |90k(t)|2(27r)3 = o= r=2r/k
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Mukhanov&Chivisov (1981), Hawking (1982), Starobinsky (1982), Guth&Pi (1982)
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To be calculated at the horizon crossing time tk
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Today 13.8Gyr
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Why A
Gravitational | _
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Waves ? =

Gravitational dark energy
waves can probe
up to inflation era. '} -

= g galaxy formation
We can probe
another tiny dark p : -, 9 .
age between B B Electromagnetic waves can
inflation and probe only up to decoupling era.
Big Bang P e
Nucleosynthesis % = - decoupling 380kyr.
Shedding new N @ N reheating=Big Bang

“lignt” on this
epoch inﬂation

multiproduction of universes
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THE ASTROPHYSICAL JOURNAL LETTERS, 848:L12 (59pp), 2017 October 20 https://doi.org/10.3847/2041-8213 /aa91c9
© 2017. The American Astronomical Society. All rights reserved.
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LIGO Scientific Collaboration and Virgo Collaboration, Fermi GBM, INTEGRAL, IceCube Collaboration, AstroSat Cadmium Zinc
¢ Telluride Imager Team, IPN Collaboration, The Insight-HXMT Collaboration, ANTARES Collaboration, The Swift Collaboration,
_ AGILE Team, The 1M2H Team, The Dark Energy Camera GW-EM Collaboration and the DES Collaboration, The DL'T40 Collaboration,
GRAWITA: GRAvitational Wave Inaf TeAm, The Fermi Large Area Telescope Collaboration, ATCA: Australia Telescope Compact
> Array, ASKAP: Australian SKA Pathfinder, Las Cumbres Observatory Group, OzGrav, DWF (Deeper, Wider, Faster Program), AST3,
and CAASTRO Collaborations, The VINROUGE Collaboration, MASTER Collaboration, J-GEM, GROWTH, JAGWAR, Caltech-
NRAO, TTU-NRAO, and NuSTAR Collaborations, Pan-STARRS, The MAXI Team, TZAC Consortium, KU Collaboration, Nordic
¢ Optical Telescope, ePESSTO, GROND, Texas Tech University, SALT Group, TOROS: Transient Robotic Observatory of the South
_ Collaboration, The BOOTES Collaboration, MWA: Murchison Widefield Array, The CALET Collaboration, IKI-GW Follow-up
i Collaboration, H.E.S.S. Collaboration, LOFAR Collaboration, LWA: Long Wavelength Array, HAWC Collaboration, The Pierre Auger
t Collaboration, ALMA Collaboration, Euro VLBI Team, Pi of the Sky Collaboration, The Chandra Team at McGill University, DFN:
Desert Fireball Network, ATLAS, High Time Resolution Universe Survey, RIMAS and RATIR, and SKA South Africa/MeerKAT
(See the end matter for the full list of authors.)
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Progress of Theoretical Physics, Vol. 126, No. 3, September 2011 -_— N = =1 \
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—— Inflation with the Most General Second-Order Field Equations i‘t & I -
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Fr =2 {Gl — X (C)G:j\ + G5O)} .

—

~(2) 1 - S 1 Fr =
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In Einstein gravity G,(.X)=const=—— # =G, =M
- 167G
S = Z/d4x vV —9L;
=2 X . 1 ul/a a G —E
£2 — K(¢7X)7 —_ _59 /qu 1/¢ X aX
ES — _G3(¢7X)D¢7
Ls = Gu(o, X)R+ Gax [(08)2 — (V. V,0)?],

Ls = Gsl6, X)GuV"V"6 — <Gsx [(06)° ~ 306(V,V,6)? + 2V, 7,6)"],
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EFHENR(TUOVILDLE) DERK

h —h £ +h gx transverse
-traceless

S JIED2DDE—FIE2DNDE=EYONDANT—EGLREIHFRDIRE

(Tt}

(&) (k)e] (k))=0"

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

Az (k) = (hijh" (k) = 647G (H( i ))

2m Starobinsky (1979)
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HH

Mucoma 6 XITD, mox 30, 6vin, {1, cmp. 719 — 723 5 0exabps 19791.
itati | iationan r
CHIEKTP PEAMKTOBORO MPABHTALMOHHORO H3JIYYEHMS Spectrum of relict gravitational radiation and the early state

1 HAYAJIBHOE COCTOSIHUE BCEJIEHHON , of the universe

A. A. Starobinskil
L.D. Landau Institute of Theoretical Physics, USSR Academy of Sciences

A.A.Cmapobuncrut

Pacemorpena dexomenonerndeckas Mofens Beenennoit, B xoTopoit fo .
Hauala KJACCUYECKOro (BpuAMAHOBCKOrO pacumperns Beesenpas Haxomu- (Submitted 25 October 1979)

Jach B MakCUMalbHO CUMMETPUIHOM KBAHTOBOM COCTOSHWUH. Boiuncien Pis’ma Zh Eksp Teor' FiZ. 30’ NO. ll’ 719_723 (5 Decembel' 1979)
CHEeKTp AJIMHHOBOJIHOBOI'O @OHOBOPO CPaBUTALMOHHOTO  M3JyYeHus, BO3HHK-

Kaionero B TaKoi Mopeau. BosMoXHOCTH feTeKTHPOBaHK STOTO U3YUeHHS A phenomenological model of the universe, in which, the universe was in a
B Ananagose 10> — 1075 I'y ss1si0TC oBHazeKUBAIOMMI. | maximum symmetrical quantum state before the beginning of the classical
B HacTosuee BpeMs TeOpHs KBAHTOBHIX 5Q()EKTOB B CHIbHBIX ['DABUTA- Friedman expansion, is examined. The spectrum of long-wave, background,
UMOHHKIX MOAX ABAAETCH YXe AOCTATOUHO PAIBUTOM, HTOTH MOXHO Gbito gravitational radiation is calculated in this model. The possibility of detecting this
719 radiation in the range 10 —* — 10 ~° Hz is promising.

PACS numbers: 98.80.Bp, 95.30.Sf

At present, the theory of quantum effects in strong gravitational fields has
reached the stage of development at which it is possible to ask what was the state of
the universe before the beginning of its classical expansion according to the Friedman

682 0021-3640/80/230682-04500.60 © 1980 American Institute of Physics 682
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TP HEDBIRE KT ECMBD
B-mode IRIEDWPHECL>TEHBITESD

Quadrupole
Anisotropy

Thomson
Scattering

Linear
Polarization

 Polarization is generated by quadrupole temperature anisotropy.
« E-mode from both scalar (density) and tensor perturbations.
* B-mode only from tensor perturbations.

EARESTLHMFBFESZTDOL 2
( ) r:A—’;:16550.01( EW] 4j
] (107 GeV)



— J° diagram prefers concave potentials to convex ones.
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c
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TT,TE,EE+lowE-+lensing

TT,TE,EE+lowE-+lensing
+BK14

TT,TE,EE+lowE+lensing
+BK14+BAO

Natural inflation
Hilltop quartic model
« attractors
Power-law inflation
R? inflation

V x ¢?

V x ¢4/3

Vxo

V o ¢2/3

Low scale SB SUSY
N,=50

N,=60

0
Primordial tilt (ns)

Inflation models with convex potential like chaotic

inflation are disfavored to the level of >95%.




LiteBIRDIZ&>T r < 0.002
FTLERETIFLHIENTES

LiteBIRD: Light satellite for the studies of
B-mode polarization and Inflation from
cosmic background Radiation Detection

200849 H working group proposal
Iz e ElRs s g 18 2]

el https:/litebird.isas.jaxa.jp/
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Evolution of gravitational waves in the inflationary Universe

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

o
©)
3
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Q
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—

J1
®
a
o
@
0.
.5
=
o
=,

Physical scale
onelpey

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

oca(t).

 Inflation ¢.D.R:D. M.D. AD.

ST T time

() . ) na

Reheating

When a(t)ct! (p<1) the tensor perturbation evolves as

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



Density parameter in GW per logarithmic frequency interval

1 dpgy(f,?)
p, () dinf

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

dpow (5t (f) _ @ 2 (f):Hz(tm(f))
dln f 322G ™ 327G

Qe (f>1) =

e () = Pcr( £, (A, (f)

Lo
Qo (J:8,(1)) =7 Ai(f)




After entering the Hubble horizon,

Powins(J51) wa™ (@) W= P[P

Lo (t ) oc g (1) : equation of state
in the early Universe

QGW(fat) —

at, (N
a(t)

Radiation dominated era: constant
Field oscillation dominated era: decreases o g )

Qi (f51) ziAi(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)
Jinno, Moroi, Takahashi (14)



Thermal Hlstory IS |mpnnted on the spectrum of GWs.

1012 ——

H Sensitivity curves of various
10714 H specifications of DECIGO

i Al with or without correlation
10716 N i analysis
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DECIGO: DECi-hertz Interferometer Gravitational wave

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

Intérferometef Unit:
Differential FP interferometer

~ Armlength: 1000 km
Fili:_ 10
Mirror diameter: 1m
Mirror mass: 100 kg
‘Laser power: 10W
Laser wavelength:532 nm

a Separal:ed

SIC:' drag free ’
3 interferometers

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: F=10

Kuroyanagi, Nakayama, & JY (2015)
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DICIGO Pathfinder Pre-DECIGO
DECIGO
e = <" Elttection of GW w/ | Full GW astronomy
Yb:YAG (NPRO) source S Y imum spec.
Saturated absorption by I, o 5 .
> Stability test, Packaging gl st FP CaVIty
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+ Earth gravity sensors =i = SR Vi) =N ..° N .
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(P. Session #2, Today) . C N T A ey
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Generation of gravitational waves from density fluctuations

Formation of Primordial H Density/curvature fluctuations have

Black Holes (PBHs) on - a large amplitude on a specific scale.

a specific mass scale. M ,,, =~ horizon mass vyhen the peak entered
the Hubble radius

|

Gravitational waves
(tensor perturbations)
generated from second-
order density/curvature
fluctuations are significant.
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Constraints on non-evaporated PBHs with M > M, =5x10" g

Fraction of cold dark matter occupied by PBHs
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Implication of pulsar timing array
experiments on cosmological gravitational
wave detection
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