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Gravitational Wave Cosmology

— the Dawn has Arrived! —




Gravitational Waves!



What are Gravitational Waves?

* Emitted when energy-momentm fluctuates violently.
* GW propagates by stretching and contracting space

perpendicular to the propagation direction
(quadrupolar (spin=2) wave)
(3)
[—af+ c’ A h. =0, 8"hl.j =h' =0

transverse-traceless

EMWs: dipole radiation 3



a bit more about GWs

* Local energy-momentum tensor doesn’t exist.
(<= > local energy-momentum exists for EMWs)

) wave}\e ngth N [spacetime is flat]

]

/\/\onsca/les«y\

* A point mass (size<< A) doesn’t see GWs.

<==>> Gws don’t lose energy when passing through space
filled with free particles.

(GWs interact with them only through gravity, ie,
spacetime distortion caused by particles)



[ Beginning of the Universe may be probed! ]
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Where do GWs come from?



GWs from binary NS/BHs

chirp signal

Gravitational Wave Strain

Mass 1 = 35 M-
Mass 2 = 35 M.

https://www.gravity.phy.syr.edu/~satya/Publication-IMR_comparison/

http://www.jpl.nasa.gov/
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By observing emitted GWs, properties of
strongly curved spacetime and matter under extreme conditions




Quadrupole Formula

M

vV=Rw

9 2 6
lum1n051ty ~ 4712 <hl] > ~Eo5 <E> (Z) MQCz/Sj
R c
2GM M
At~ role o=~ kmo—
M O]
10‘5M— S : Schwarzschild radius

dE M [T\ /v)\°
emitted energy: AE., = —Y Ap ~|— =) (=) m.c?
B Mow =g & [MQ (%) (2)

( >20% of rest mass can be converted to GWSs! )
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Indirect evidence of GWs

Situation until Sept 2015 (approx. 100 yrs after Einstein)

decrease of orbital period due to G sion in bina :
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Detection of

* LIGO detected GWs from Binary BI-

* only two days after the machine started to operate

|8 Selected for a Viewpoint in Physics

week ending

very lUCky! PRL 116, 061102 (2016) PHYSICAL REVIEW LETTERS 12 FEBRUARY 2016

§

Observation of Gravitational Waves from a Binary Black Hole Merger

* eac h B H m aSS - 3 O M @ (LIGO Scientific Clz]'llz?b:rzggﬁ :rlu;’['\/irgo Collaboration)

(Received 21 January 2016; published 11 February 2016)

. On September 14, 2015 at 09:50:45 UTC the two detectors of the Laser lnlertero =
* d 'I Sta n Ce ~ 1 2 G lyr (400 Mpc ) Observatory simultaneously observed a transient ﬂravltatlonal-wave sigps
° frequency from 35 to 250 Hz with a peak gravitational-wave g
predicted by general relativity for the inspiral and 1pgs
resulting single black hole. The signal wgs e\
s o oo

Y correspondmg to a redshift z = 0. 09*0‘82.

efvalent o a significance greater

than 5.16. The source lies

« energy emitted as GWs~3 Ml

624M o, with 3.0:'3; Mg A avitational waves. All uncertainties define 90% credible intervals.
These observations demonstraf€ the existence of binary stellar-mass black hole systems. This is the first direct
detection of gravitational waves and the first observation of a binary black hole merger.

DOL: 10.1103/PhysRevLett.116.061102

L. INTRODUCTION The discovery of the binary pulsar system PSR B1913+16

In 1916, the year after the final formulation of the field by Hulse and Taylor [20] and subsequent observations of
its energy loss by Taylor and Weisberg [21] demonstrated

1 04 S N n r ' equations of general relativity, Albert Einstein predicted : s o
X e e y ° the existence of gravitational waves. He found that the exns.lence of gravnanonal waves. This d.lscovery,

the linearized weak-field equations had wave solutions: ~ along with emerging astrophysical understanding [22],
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What is LIGO?

Louisiana
~ Washington

L
%

3000km = 10 ms

('IGO Hanfordi©bservatory

Livingston Hanford

each arm = 4km
can detect GW amplitude of ~ 10-21 ! A\ T 160 LhwingstomBbservatory

6—L =10 < 8L =4x10"cm!

- i

size of neucleon ~ 10-13cm




Principle of Interferometer

GWs from BBH, etc.

arm length oscillates
when GWs pass through

detector sees fluctuating light
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Strain (10721)
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| At =7Tms
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(+3 by LIGO-Virgo Observation 3 (), as of 2 May 2019)

Masses in the Stellar Graveyard

in Solar Masses

Co-observation with Virgo (France-Italy)
-
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GW150914 and GW151226
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a bit about Japan



KACRA

(T CF

almost completed, plan
to join LIGO-Virgo O3

by the end of 2019!
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future

GW detector network

LIGO 2015 -
VIRGO 2017 -

B (AGRA 2020 -

= LIGO-India 202x(?) -




angular reslution

# +KAGRA (4)

GW170104
* +LIGO-India (5)
LVT151012

GW151226

2 LIGO: S/N=24
GW150914 ]

2 LIGO+Virgo:
S/N=18

GW170814] { precision astronomy! J
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WHAT’S NEXT after BBHs?



Big News in last October

PR] T(2017) PHYSICAL REVIEW LETTERS 0 OCTOBER 2017

S announced right after Nobel Prize
GW170817:|Observation of Gravitational Waves from a Binary Neutron Star Inspiral

B.P. Abbott et al.”

(LIGO Scientific Collaboration and Virgo Collaboration)
(Receivey 6 September 2017; revised manuscript received 2 October 2017; published 16 October 2017)

On[ August 17, 2017 ht 12:41:04 UTC the Advanced LIGO and Advanced Virgo gravitational-wave
detectors made their first observation of a binary neutron star inspiral. The signa
NS mass ]

with a combined| signal-to-noise ratio of 32.4)and a false-alarm-rate esti
8.0 x 10* ye

Ve infer the component masses of the binary to be b
masses of known neutron stars. Restricy the range inferred in

. find the component masses to bq in the range 1.17-1.60 M , Jwith the total mass of
St rong Slg nal . The source was localized within a sky region of 28 deg” (90% probability) and

had a Tuminosity distance o the closest and most precisely localized gravitational-wave signal
yet. The association with the y-ray bursf GRB 170817A, detected by Fermi-GBM 1.7 s after ]the
coalescence, corroborates the hypothesis of a neutron star merger and, ovides the first direct evidence of a
link between these mergers and short y-ray bursts.
across the electromagnetic spectrum 1n the same location
a neutron star merger. This unprecedented joint gravitational an
insight into astrophysics, dense matter, gravitation, and cosmolo

0.86 and 2.26 M, in

observed also by EMWS!]
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GW170817=GRB170817A

S cientific y-ray burst
Collaboration

LIGO-Virgo + Fermi simultaneously detected GWs and
y-ray from Binary NS merger

Lightcurve from Fermi/GBM (50 — 300 keV) K== distance: 0.13 G |yr (~ 40 Mpc)
. 1.7s —
y-ray signal % oo S e
! “|.| - ”‘il "!]W] J1I'T" ] l"l I IJllmJ_ull..“ Jr |”|| ] m ’.‘” J] n“ Al 1WII']N""Ir ul '"IWIiP."I oL il‘ ||' . 3 ‘ . N
! 1 1 ‘ ./ FU“-l 20 E-—I
Gravitational-wave time-frequency map B Formi / NS
GW signal \
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Gamma rays, 50 to 300 keV GRB 170817A
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Gravitational-wave strain GW170817
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dawn of multi-messenger astronom
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from Astronomy to Cosmology



Cosmoloical implication of GW170817

A GRAVITATIONAL-WAVE STANDARD SIREN MEASUREMENT OF THE HUBBLE CONSTANT

THE LIGO SciENTIFIC COLLABORATION AND THE VIRGO COLLABORATION, THE IM2H COLLABORATION,
THE DARK ENERGY CAMERA GW-EM COLLABORATION AND THE DES COLLABORATION,

asured _, V/

. 0 THE DLT40 COLLABORATION, THE LAS CUMBRES OBSERVATORY COLLABORATION,
by red Sh 'I ft * THE VINROUGE CoLLABORATION, THE MASTER COLLABORATION, et al.
estimated from N = G
magnitude as il
46_ T L L | T T T T '-"’-\‘;
AT HST
é{ s - 4 - 130
v : g
g 1 o
.E 7 ~ 150
o
- ~ 160
E . - 170
] T T 180
] 110 120
_ +12.0 -1 -1
= 70.07g% kms™ Mpc™.

- _ 0
: . redshift .1 0% accuracy !Dy z'a
Betoule et al. arXiv:1401.46064 S]ngle Observatlon .



EMWs and GWs

BNS merger

http://natgeo.nikkeibp.co.jp/atcl/news/17/101800401/

<€ >
distance = 0.13 G lyr

At=1.7s for L=0.13 Glyr
(L=4x1015s X c) :>[ Cow-Cemw < 105 cm/s }

[ strong constraint on Dark Energy models ]

28
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future projects



GW Observatories

Japan +?
DECIGO 203X?

Deci-hertz Interferometer
Gravitational wave Observatory

arm length 1,000 km
Greq:~ 0.1 Hz )

qiurope + US + 7
LISA 2035?

Laser Interferometer Space Antenna

arm length 5,000,000 km
(freq:~10-3Hz )
_

_J

CHINA +7?
Taiji (X1®) <= >TianQin (XZ) 203X?
http://lisa.nasa.gov/ 3,000,000 km 100,000 km

Cfreq: ~10-3 HZ > ( ~1O7F|ﬁz




ulsar iming rray

Pulsar is an extremely accurate clock: freq: ~ 10-8Hz

pulse arrival times fructuate when GWSs pass through

HUNTING GRAVITATIONAL WAVES USING PULSARS _
e - period ~ 10 yr
; - = ';__:, lelescopes on

Earth measure tiny
differences in the
arrival times of the
radio. bursts caused
b the O‘vt ng

1 Gravitational-waves from supermassive
black-hole merge xuutm galaxies-subtly
shift the position of Earth:

NEW MILLISECOND PULSARS el 3 Measuring the

1 all-sky:mapi s seenbythe Fermi e ¢ effect on'an array of
Gamma-ray Space Telescope in its firstiyear ; pulsars enhances the

chance of detecting the
gravitational w

accuracy increases
by using many pulsars

https / /www.nature. com/news/2010/100112/full/463147a/box/1 html




GW Astronomy

Stochastic
background
‘
Space
http://rhcole. / /GWpl /
10 aLisa Interferometers P/ eoe-com/apps/Gplotter
Massive binaries
£ Supermassiv
< binaries Ground-based
()] 10 '8 LISA
2 Interferometers
2 aLIGO
3 Extreme mass KAGRA
§ 10 2° ratio inspirals supemoae  GW150914
(&)
10 Compact binary
inspirals

10 %

10 2
101° 10°¢ 10°® 10+ 1072 10° 102 10* 10°

period: 100yr  1yr Frequency /Hz 15 1ms 1us
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GW Cosmology: Topics



length scales of the inflationary universe

— [targets for multi-frequency GW astronomy ]

log L _ .
Size of the Observable Universe 1028¢cm

L=HO'1‘i ________________________________________________
ﬁ~ 46 e-folds

. _108cm
LIGO band
/ (102~108()cm)

- H
PP ey}

o Reheating stage

&ooes ........... Feereeereneernnerenanes > |Og Cl(t)

Inflationary Universe - Hot Bigbang Universe
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GWs from Inflation

gquantum spacetime (tensor: spin 2) fluct'ns turn into
osmological ackground

ds® = —dt*+ a*(t) (0;; + hy;) da'dz?a(t) ~ exp
A quasi-exponential
tensor (GW) perturbation expansion

kzr\“comoving” wavenumber 2
:{> h + 3Hh + —h; =0 %wavelength: A= 0

effect of expansmn %

.. ﬁ
:{> hq constant
https://oceanservice.noaa.gov/facts/seiche.html

for k%/a? <« H?

Vacuum fluct’s freeze to a constant

on super Hubble horizon scale
35



detecting GWs in CMB

generate Cosmic Microwave Background - " N
(CMB) temperature fluctuations .\" ‘o . \ )
Big Bang '
> GW (tensor) perturbations also generate \“ ' :.
CMB temperature fluctuations ot LA 00'

cVB fluctuations

CMB temp fluctuations
observed by Planck Satellite

small to be seen compared to those by
-300 -200 -100 O 100 200 300 curvature pertrurbations

36



CMB B-mode polarization

B-mode
| characteristic to
7 GW perturbations

WMAP Science Team B Y

.........

TN

o IEEET

Gravity

\\\\\\\\\

..... //..\\\1 -1/ e ‘:::""’l ST . . .
waves i N1/ ......:§:;, R B-mode polarized light with
1““”% I{A”;il;/“‘\\\ i
/11 o BRI U2 .
. ' 77\ g\ G
| o l““'"‘\”';'“ ~ il M\\rw, G osc period of 10 G yrs
& Dl \‘“IF;”I' /NN \1 ,;“I:\.:.”l::
;I}: . \}H- N f;’\\ N “""' \ " /I"'NII Wy
[1vere ”,\\,,\ SIS IEZAN -’“ gl
T ANz WANezetLiemst | [/7: ) s Ii//\\'\
T L2 YRR N |! S R
vt e Ve Tl s mee s [N \\\Ilf// A\ ‘ o \‘
ORI VETR '“,“ \\\\\\\\ \~1 l /M\

o f A GW detector with arm
""""""" f ot ety length of 10 G lyr !

Lines indicate orientation — |

and degree of polarization
Source: Harvard-Smithsonian Center for Astrophysics B_mode
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B-mode projects

Angular Scale [deg] ‘
08 02— LiteBIRD

90
10"
a /
C , /) /
[ E-modes VYA, 2027 ~
4
i 7/ 4 / I L] L] L]
: ’ + http://litebird
10°F y : ttp://litebird.jp/eng/
= _ ‘ /
C P ’ Lite (light) Satellite for the studies of B-mode polarization
= - % 7 4 and Inflation from cosmic background Radiation Detection

Phase A approved by JAXA!
Kavli IPMU is in!

107"

(Power)/? [1K]

10°*

N EPIC
203X (272)

Ll Ll Ll A N VI http://arxiv.org/abs/0906.1188

107°

1 2 3 4
10 10 10 10 Experimental Probe of Inflationary Cosmology
Multipole moment ¢

http://arxiv.org/abs/0811.3911v1
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effective potential V(@) [ GeV* ]

GWs from

Phase Transition

— T=Tins
— T=Tyeq
— T=Tya
— T=Thyu
— T=Tyan

effect’ve potential

K \\ ~

bubble formation and collisions
Hindmarsh et al. ‘15

10-30 I

formation & collisions of bubbles

generate GWs

39

— SKA
— IPTA
—— EPTA
— eLISAC1
— eLISAC3]
— eLISAC2]
— BBO |
. DECIGO -

)

| n n n n | n n
10~ 0.1 100 10°

fH Cai, MS & Wang ‘17




PBH from Inflation

Pi, Zhang, Huang & MS ‘17

I

Spectrum

10 100
40

0.01]
0.01 0.10
k/kx



PBH=DM model

-3
J MppH(g]
10" 10% 10% 10% 10%

MACHO/

oy EROS/OGLE
Subaru HSC

0(0.1)
P(k) “~ 107*
a sharp peak in P(k)

U 10°6

a spike in f (M) o8b— o . . M.
10°13 10-10 1073 |
Mpgy (M) Inomata et. al. 2017

(monochromatic PBH mass fcn)

J(M) o exp [—

Moy ~ 1020-21g

T T}
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GWs will test PBHs=DM!

—~ - | 1

IGT §

(Qppuh?, Mpgyy) = (107°,100M,)

______ pulsar {2
[eesemeny,, . Lo e e -
~ Sy oItmmEmmuEasana o 1 T TS
S b L L LT ettt tel feleldeleeleele bl Ll LT T T T T
~> | AN s — e A NG =
'Q """"""" '3 (8
< -
vt 14 =
& N
N
2 1 -5 ~~r
(@)] >
— ultimate-DECIGO ", 1 -6
AGIS (space) i
-18 IMBH DM
—_— < —
-10 -8 -6 -4 -2 0 2

log10 (f/H2z) Saito & Yokoyama ‘09
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Recent Updates

Non-Gaussianity par‘f\ame er Cai, Pi & MS "18
<} —

R =R;+ Fy, R

~

g

% 10—7 i

determines ,
amount of PBHs o
~

(% 10—10
a

\ |

if PBHs = CDM 10t13]

\ 4

GWs indep of Fn.

LISA “must” detect

_J

0.001 001
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Dawn of GW “Cosmology”

CMB B-mode

COBE
CMB

multi-band GW astronomy

CMB Pulsar @
POLARIZATION

Timing

Array Cosmology will
] PULSAR undergo a
TIMING

revolutionary change!

//,‘

Y/ ’/

V7 Sﬂpace-based
W\ /7 PULSA

W2 TIMING ARRAY
> GOAL

~ Ground-
%, based | GWs from early Universe

LiGon / may be detecte at any

log [RMS DIMENSIONLESS STRAIN: 8T/T, 811, SLL )

20 @ . band, ranging over 20 digits
SN from period of 10Gyr to
N : Tms !

https://ned.ipac.caltech.edu/level5/March03/Symp1/backer/Backer.html ;

i o .liﬁ .1(10 5 0 <
period: 10Gyr 1Myr 100 yr 1s 44



[ Beginning of the Universe may be probed! ]
< ]

History of the Universe
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0.01s 3 min 380,000 yrs 200 Million yrs 13.8 Billion yrs
Age Of the Universe BICEP2 Collaboration/CERN/NASA




GWSs are an indespensable tool to
explore the unknown Universe and
5 discover new physics!

)

What will be discovered next?

Stay tuned!



