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Inflation, Primordial Black holes
and Gravitational Waves




Inflation




What is Inflation?
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very early stage; perhaps at t~103°sec. _—

» It was meant to solve the initial condition (singularity, horizon &
flatness, etc.) problems in Big-Bang Cosmology:

" if any of them can be said to be solved depends on precise
definitions of the problems.

\

» Quantum vacuum fluctuations during inflation turn out to play
the most important role. They give the initial condition for all
the structures in the Universe.

\> Cosmic gravitational wave background is also generated. /
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From inflation to bigbang
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Reheating: I'= H
(birth of hot bigbang universe)
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Quantum fluctuations during inflation

Op, +3HP, + 0’ (t)op, =0 ; o’ ()=

> O harmonic oscillator with
friction term and time-dependent @
= 54, og. —> const.

.- frozen when o< H
L (on superhorizon scales)
v > O
time

[tensor (gravitational wave) modes also satisfy the same eq. ]
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from o¢ to curvature perturbation

end of _—
inflation
vacuum fluctuation: 0@ = 5¢f =0 5¢ +0
: H
e On ¢ =const. surface, curvature perturbation appears R =R, = —? 9

C

e R gives rise to gravitational potential perturbation ¥ : Y = —gR



CMB temperature fluctuations

For Planck distribu?on,
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x, . =nd ; n=line of sight
Cc=1 units

* In an expanding universe, this is modified to be %(ﬁ) = %‘{’(3—(’

emit)
Sachs-Wolfe effect

e There is also the standard Doppler effect:
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Cosmological GWs

Compression
waves

scalar field(s) produce density fluctuz

-> CMB temp+E-mode fluctuations ogeang )1 \ )
‘ [
\
» tensor (GW) fluctuations Cosrig 4 .'. \ |
-> CMB temp+E-mode+B-mode fluct’ns C::;:rature fluct'ns
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http://www.skyandtelescope.com/ Source: Harvard-Smithsonian Center for Astrophysics

CMB B-mode=cosmological GW detector
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Tensor-to-scalar ratio (r9.002)

Planck constraints on inflation

" Planck TT+lowP
B Planck TT+lowP+BKP
- BN Planck TT-+lowP+BKP+BAO
3 [ Cop, O \\ 1| M Natural inflation
L \ - Hilltop quartic model
G \\ « attractors
3 Ocal’e V o ¢2 \ 4| — - Power-law inflation
A — Low scale SB SUSY
A ——  R? inflation
S ,,'l'.. V x ¢
S : @ — V x¢?
P — Voxgh®
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e N.=50
- . ‘ || @ N.=60
= 0.94 0.96 0.98 1.00

Primordial tilt (n.) d log [ P (k)]
: n —1= X

o scalar spectral index: n,~ 0.96 * dlogk
o tensor-to-scalar ratio: r < 0.1 p= £ (k)

o simplest V o ¢’model is almost excluded

£y (k)

some element of non-canonicality needed }
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GWs from ‘“Standard”’ Inflation

Strain (per root Hz)

could direct detection by GW observatories possible?
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blue-tilted GW spectrum?

possible in massive gravity inflation model  Lin &Ms (2015)

tensor (=GW) SKA eLISA A-LIGO
spectral index: 1 — T
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Kuroyanagi, Lin, MS & Tsujikawa 17 (in prep)
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Gravitational Wave
Physics/Astronomy




The Dawn has arrived!

= H — Numerical relativity
Reconstructed (wavelet)
B Reconstructed (template)

LIGO

» GWs from binary BH merger were detected for the first time
on Sep14, 2015 (GW150914).

BBH masses: 36 Mg+ 29 M,

Source redshift: 0.09 (~ 1.2 Glyr)
Event rate: 0.6-12 /Gpc? /yr



LIGO has detected 3BBH mergers (+1 candidate) so far.
Any implications ?

» They seem to be Black Holes of Known Mass

unusually heavy!
(exc. GW151226)

» Their spins seem to
be unusually small!

20 Mg

Solar Masses

X-Ray Studies

|
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LIGO BH spins

Yof¢ =0 IS consistent
(exc. GW151226)

GW151226

BN
T

= & AR TN T

http://[www.ctc.cam.ac.uk/ GWI150914

Probability densi
2

LVTI151012

Y¢ Would be larger GW170104

if astrophysical origin
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Future
Network of GW Observatories

\

VIRGO has just begun to take data (on 15t Aug: 2 days ago!)
KAGRA will start operation by 2019~2020 (iKAGRA has started!)
LIGO-India has been recently approved by Indian gov.

GE0600
LIGO Hanford

%. .LIGO Livingston
Under Construction { )

Gravitational Wave Observatories

et ® ~
=g

Operational

HET




http://gwcenter.icrr.u-tokyo.ac.jp/en/

Previously called LCGT

Large Cryogenic
Gravitational wave Telescope

Arm length 3km
Cooled to 20K

 KAGRA=,..




Space-based Future Projects

http://lisa.nasa.gov/

Arm Lengt

{
DECIGO: 1,000 km

target freq: ~ 0.1 Hz
Launched by ~2030?

TAIJI: 1,000,000 km
target freq: ~10?Hz
Launched by ~2030?

LISA: 5,000,000 km
target freq: ~103Hz
Launched by 2035?




Multi-frequency GW Astronomy

New window to explore the

o Unknown Universe!

10 ¢
c Massive binaries
g Spaced-based
g 10 '8
% Ground-based
3 Extreme mass KAGRA
§ 10 2° ratio inspirals supemoYae  GW150914
o

10 Compact binary

inspirals
10
10 %
10°1° 10°¢ 10° 10 102 10° 102 10 10°8

Frequency / Hz http://rhcole.com/apps/GWplotter/
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Primordial Black Holes




What are Primorial BHs?

conventionally during radiation-dominatec era

» Hubble size region with 5p/p=0(1) collapses to form BH
Carr (1975), ....

» Such a large perturbation may be produced by inflation
Carr & Lidsey (1991), ...

» PBHs may dominate Dark Matter.
lvanov, Naselsky & Novikov (1994), ...

» Origin of supermassive BHs (M = 10°Mg) may be primordial.
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Curvature perturbation to PBH

SR = —izsz ~167Gp |

a \

A
< > P

H'=a/k
> If 5p/p=0(1) at horizon entry, it will collapse to BH

-2
t k
Mpry ~ pH™3 ~ 10°M (—) ~ 20M
PBH ~ P O \1 ®<1pc‘1)

» Spins of PBHs are expected to be very small

24



Constraints on PBHSs

log1ofreH
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LIGO BHs = PBHSs?
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3-body interaction
leads to formation of
BH binaries 104 10-3 102
fraction of PBH in dark matter

001
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testing PBH hypothesis

Nakamura et al. PTEP 2016 (2016) 093E01
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testing inflation by GW astronomy
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*

*

further tests are needed to confirm inflati

.

Cosmological GWs are the key to understanding/confirmation of inflation.

LIGO detection of GWs marked the 15t milestone in GW physics/astronomy.
The Dawn has arrived!

LIGO BHs may be primordial.
advanced GW detectors will prove/disprove the scenario.

Multi-frequency GW astronomy/astrophysics is arriving soon.

GWs will be an essential tool for exploring
the Physics of the Unknown Universe
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