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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In summary, the picture that emerges is in complete accord with the kinematic
generalities of causal cosmology presented in Section 2. For y < y,, one has p < 0

(p ~ —0o). For y > y,, p becomes positive and A undergoes an inflection. The

situation is summarized in Figs. 1 and 2.
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From inflation to bigbang
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length scales of the inflationary universe
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from o¢ to curvature perturbation

T = CO ; ’
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hot bigbang universe
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* On ¢ =const. surface, curvature perturbation appears R =R, =—-—09¢;
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Planck CMB map
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Planck TT, TE & EE spectrum
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Tensor-to-scalar ratio (rg.002)

Planck constraints on inflation
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Primordial tilt (n.)

o scalar spectral index: n,~ 0.96
o tensor-to-scalar ratio: < 0.1
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o simplest V' oc ¢2model Is almost excluded

1.00

_ dlog[k*R, (K)]

d logk

__Perhaps_

[ some element of non-canonicality is'needed J
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Gravitational Waves
from Inflation




Cosmological GWs
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GWs from ‘“Standard’’ Inflation

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

possible e.g. in massive gravity inflation model Lin & Ms (2015)
[also in axion-SU(2) model Dimastrogiovannietal . (2016) ]

[tensormass during inflation ] SKA eLISA A-LIGO
tensor (=GW) ST T Ty ]
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inflationary massive gravity: examples

A-LIG
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scale-dependent non-Gaussianity?

* Slightly above 1-c deviation
* What if this is primordial?
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may be due to TSS coupling in @ massive tensor theory
Domenech, Hiramatsu, Lin, MS, Shiraishi, Wang ‘16
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Gravitational Wave
Astronomy/Cosmology




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 M+ 29 M
Source redshift: 0.09 (~ 1.2 Glyr)
Event rate: 0.6-12 /Gpc? /yr




LIGO-Virgo has detected 5.5 BBH mergers so far.
Any implications ?

Gw150914,LVT151012
GW170104,GW170814

gy
» Many of them seem to
be unusually heavy!

Solar Masses

20 M,

|

GW170104

LVT151012

» Their spins seem to
be unusually small!
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LIGO BH spins

Yofs =0 IS coOnsistent
(exc. GW151226)

; GW170814 also consistent with zero
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KAGRA will start operation by 2020-2021
(iKAGRA successful, bKAGRA is under way)
LIGO-India has been recently approved by Indian gov.
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' ~ GEO600
\.LIGO Hanford °

' LLIGO Livingston

Operational

Under Construction {

\
o
l}x
.

Gravitational Wave Observatories

Planned




Huge advantage in angular resolution

. +KAGRA (4)
* +LIGO-India (5)

GW170104

LVT151012

GW151226

GW150914 ] S/N=24

[ GW170814
S/N=18.3 (LIGO+Virgo)




Previously called LCGT

Large Cryogenic
Gravitational wave Telescope

Arm length 3km
Cooled to 20K

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




Space-based Future Projects

http://lisa.nasa.gov/

Arm Length

4
DECIGO: 1,000 km

launched by ~2030?
target freq: ~ 0.1 Hz

Deci-hertz Interferometer
Gravitational wave Observatory

LISA: 2,500,000 km
launched by ~2034?
target freq: ~103Hz

Laser Interferometer Space Antenna
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Multi-freq GW Astronomy

New window to explore the
10 " 1
Unknown Universe!

10 ¢
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Frequency / Hz http://rhcole.com/apps/GWplotter/
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Binary Neutron Star merger found!

LSC Ei&
Scientific
Collaboration

GW170817 | GRB170817A

chers LIGO Lab site

LIGO, Virgo, and partners make first detection of

gravitational waves

Lighteurve from Fermi/GBM (50 — 300 keV)

Gravitational-wave time-frequency map

and|light |from [colliding neutron stars ]

vvvvv
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multi-messen

70 observatories include. 7 satellites
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Cosmological Implication!

A GRAVITATIONAL-WAVE STANDARD SIREN MEASUREMENT OF THE HUBBLE CONSTANT
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Primordial Black Holes




What are Primordial 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

» gradient expansion/separate universe approach

6H*(t,x)+R®(t,x)=167G p(t,x) +---

4 87G 2
—> R(3)z—?V2RCzT5pC —> 5'0°~7Zc at k—2=H2
yo, a
(3) 2
3) R*” ~H
R =0 < >
H'=a/k

>If R® ~H* (< 38p,/p~1), itcollapses to form BH

Young, Byrnes & MS ‘14 _
t k
Mpgy ~ pH™3 ~ 10°Mg (1—5) ~ 20Mg ( 1pc_1)

» Spins of PBHs are expected to be very small




examples

Garcia-Bellido, Linde & Wands ‘96, ... DO

. 1 i
R grows near the saddle point L= _Ef(¢)guvaﬂzavz

non-Gauss may become large .
Abolhasani, Firouzjahi & MS ’11,.. h(¢)m2 2
5 4
2

Pattison et al. 17707.00537




Constraints on PBHSs

LIGO BBHs may

Can DM be PBHSs? ¥
Mpgn(g] 0100 :
15 20 25 30 35 I
e it e () (110 ]
10-2 o N 0.001}
y R _ouh EROS/OGLE i
Subaru HSC i
10—4;
“ 1074 i
. A 1075 sttt S el "
it window at 10*'-1023g 0.1 1 10 100 1000 10
[ more in Takada-san’s talk - Myon/Mo
(MR Y R L P 13, Ali-Haimoud & Kamionkowski, 1612.05644
10-1° 10~ 103 1
Mesn(Mq Ricotti, Ostriker & Mack ("08)
fig from Inomata et al., 1711.06129 overestimated the accretion effect
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PBHs as CDM

* V() in the small-field form: * E-term stabilizes initial
Vix)=Vo— 1m2x2 4. condition

007

n.oer 035

0.2

3 0.28
DosF

3 0.20

015

004 0.10

003f

0.02F]

1?4 34




0.01]

0.01

critical
amplitude

50
\/EO'(M o)

o(M,)=P(k.)

f(M ) cexp| —

~

monocromatic
PBH mass spectrum

Mpgulg]
10 10% 10%

MACH
EROS/OGLE

-
Yee.

“Subaru HSC

&m extremely sharp peak

A

—

10-10 105
Mpgy (M|



LIGO BHs = PBHSs?

—4
T —TTT

event rate [Gpc3yr']

3-body interaction |
leads to formation of 107*

ool

103 102
f = fraction of PBH in dark matter
tightest constraintat M ~10M

BH binaries

(cf. Ali-Haimoud et al., 1709.06576) s



testing PBH hypothesis

le+06

‘ Nakamura et al. PTEP 2016 (2016) 093E01
le+05E:

10000

- Pop III BBH
=ex» PopIland II OLD

d (cumulative event rate / yr)/d In z

1000 — — PBBH _
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redshift z
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testing PBH hypothesis 2
at time t: mass fungb‘

R(my,ma,t) = M%Hf(ml)f(mﬂpintr(mlambr)

intrinsic probability
‘Pintr(ml,mZ,t) o« g(my)g(m,)m; . m, =m, +m,
82

g
Iy Ony

* PBH binary scenario 30 <a< 22
37 21

@ clearly
] distinguishable!

BBH Merger Rate

<:> a(mlam27t)5_mt lnR(m17m27t)

* Dynamical formationin
dense stellar systems
O'Leary et al (2016)

[az4
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testing inflation by GW cosmology

e
0 e VIB B-modes
PBH formation c_--" > 108cm
\s . "LIGO PBHs
O@\ ,,,,,,, : <10%cm
‘)OC' ,,,,,, X testing MG?
””” /CO(\ §
”,¢ ‘\L/
//” L=H-1 !
Reheating stage
e S s log a(t)

Inflationary Universe ' Hot Bigbang Universe

39



Summary

+ Inflation has become the standard model of the Universe

—

|+ Cosmological GWs are the key to confirmation of inflation

| # LIGO-Virgo marked the 1°* milestone in GW astronomy
The dawn has arrived!

[ CDM may be PBHs! ]
[* LIGO BHs may be primordial ] observational test?

advanced GW detectors will prove/disprove the scenario.

[* Multi-band GW astronomy/cosmology has begun! ]

GWs will be an essential tool for exploring the
Physics of the Unknown Universe! }
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So live long and prosper !

from STAR TREK



