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Gravitational Waves?



What are Gravitational Waves (GW)?

predicted by Einsteinin :
* Emitted when energy distribution fluctuates violently.

+* GW propagates by stretching and contracting space
perpendicular to the propagation direction (quadrupolar
(spin=2) wave) 3) | |
—d’+c* A h.=0, a’hl.j =h' =0
transverse-traceless
(the only equation in this lecture)

quadrupolar wave
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Quantum
Fluctuations

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

History of the Universe

0.015 3 min 330,000 yre 200 Million yrs 13,3 Billien yrs

Age Of the Un iverse EICEP2 To Icborgliom CERN/NASA



Where do GWs come from?



GWs from binary NS/BHs

chirp signal
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By observing emitted GWs, properties of
strongly curved spacetime and matter under extreme conditions




Indirect evidence of GWs

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

decrease of orbital period due to G n in binal :
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Detection of

« LIGO detected GWs from Binary Bl

+ only two days after the machine started to operate
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What is LIGO?

|  Louisiana

3000km = 10 ms

Livingston Hanford

each arm = 4km
can detect GW amplitude of ~ 10-21 !

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



Strain (10721)
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observed GW signal
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BH ringdown
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GW150914 and GW151226
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a bit about Japan



Super Kamlokande
neutrlno detector

almost completed
full op by 2020

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




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

GWI170814 { precision astronomy! J
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WHAT’S NEXT after BBHs?



PR 2017 PHYSICAL REVIEW LETTERS 20 OCTORER 2017
S’ announced right after Nobel Prize
GWI70817:|Observation of Gravitational Waves from a Binary Neutron Star Inspiral

B.P. Abbott ef .

(LIGO Scieatific Collaboration and Virgo Collaboration)
O September 2017, revised manuscript received 2 Qctober 2017 published 16 Qctaber 2017)

On[*\ugust 17,2017 Wt 12: 41'04 UTL Lht. Advanced LIGO and Advanced Virgo gravitabonal-wuve

detectors made thei utron stur mspiral. The signa
with a combincd|signal-to-noise ratio of 32.4)and a falsc-alarm-rate ost NS mass ]

,. The source was Iocallzcd within a sky rcgton ot dcg- (90 probabnlntv) and

yer. The association with rhe. 7- my I\nrs

coulescence, corroborules the W slar merger
link between these mergers short »-ray burst sequent ide
across the clectromagnetic spectrum in the same location

a nantron star marger. This unprecedented joint gravitational am
msight into astrophysics, dense martrer, gravitation, and cosmology.

vides the first dhrect evidence of a
'cauon of tranqunt ~ountcrparts

also observed by EMWS']
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GW170817=GRB170817A

Scientific y-ray burst
Collaboratiaon

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

Lighteurve from Fermi /GRM (50 — 300 keV) KD distance: 0.13 G |yr (~ 40 Mpc)

y-ray signal A
B0 |
GW signal ’ ’ -
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Gamma rays, 50 to 300 keV GRE 170817A
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Gravitational-wave strain GW170817

Frequancy (Hz)

G

I'ime from merger (seconds)
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Not only GWs and y-ray
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from Astronomy to Cosmology



Cosmoloical implication of GW170817

A GRAVITATIONAL-WAVE STANDARD SIREN MEASUBEMENT OF THE HUBBLE CONSTANT

Toxe L1IOO Scuasnea Covtarumarson axi Tie Yieuo Coraasumarion, Tee IMIH Cowt s nora s,
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EMWs and GWs

BNS merger

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

<€ >
distance = 0.13 G lyr

only 1.7s difference after
traveled 0.13 Glyr (~4x1015s) :>[ Cow-Cemw < 105 cm/s }

[ very strong constraint on Dark Energy models ]

26
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future projects



Space GW Observatories

Deci-hertz Interferometer
Gravitational wave Observatory

arm length 1,000 km
~203x?

freq:~ 0.1 Hz

Europe + US +?
LISA

Laser Interferometer Space Antenna

arm length 5,000,000 km
~2035?

freq:~10-3Hz

http://lisa.nasa.gov/




ulsar iming rray

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

pulse arrival times fructuate when GWSs pass through

HUNITING GRAVI IA,'I ONALWAVES USING PULSAKS
o 5 period ~ 10 yr
iy X Iw HSIOPES O

. X
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by using many pulsars




GW Astronomy

stochastic
hackground
\
Space
10 * uisa Interferometers http://rhcole.com/apps/GWplotter/
Mazzlve biraries

£ Supermassiv
8 binaries
g o Ground-based
- e s Interferometesss.
§ 10 raue INsRIAls supsmeolas  GW150514
E "
o

10 =

Compact binary
Insplrals
10
107
107" 107% 10°* 10 10* 10° 104 101 10*
period: 100yr  1yr Frequency Rz 1 1ms 1us
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GW Cosmology



GWs from Inflation

quantum spacetime (tensor: spin 2) fluct'ns turn into

> curvature (scalar) perturbations from inflatio Y™ It e

Aamprenson
generate Cosmic Microwave Background P " |
(CMB) temperature fluctuations b\" ‘o . \ )
Dyt Dang ) '
> GW (tensor) perturbations also generate g“ ' .
CMB temperature fluctuations coami | .'...
Al S Pz
T g .
FESR RS e e A e Lo uations
Zop Sy ~.'qg:'¥’¢;’l.' AL RO CMB ﬂuc‘

CMB temp fluctuations
observed by Planck Satellite

. > e s .""' et 2 '.,.“ Taa o R <
Y PRI A SRl B O R ‘3
NS AN, -'_u”-"';-‘;“,d?s,f"d, 'fg";--u,, R ‘{2
e I _’_'"-'...’}‘4‘.‘- PR TR o O )
b ;&@1_‘ . t
TRt R
N e S :
t..‘:l c“ﬂ::. vl o8 "
"'{\f"}"‘ -3 R
\J o = e b

small to be seen compared to those by
curvature pertrurbations

-300 ~200 100

32



B-mode projects

Angnlar Seale [deg| ‘4 i \

a0 110 2 0.5 (.2
B T T T T T T T TS °
10 ™7 71 LiteBIRD
: 1 2025 ~ 20307
LO°F E http://litebird.jp/eng/
E E E Lite (light) Satellite for the studies of B-mode polarization
=y :’/. : and Inflation from cosmic background Radiation Detection
S 100 4  Kavli IPMU is in!
[ =
e ]
é .
=0 EPIC

2030 (?)
http://arxiv.org/abs/0906.1188

Experimental Probe of Inflationary Cosmology

2N
-\I\-.| ™,
107
3
s

10 10* 107 10
Multipole momenl £

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

GWs from Phase Transition

— T=Tin
— T=Tyeq
— T=Tya
— T=Thue
— T=Tyan

effect

¢m ax
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Hiégs field’s
ive potential

¢ze ro
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bubble formation and collisions

arXiv:1511.04527

1020

10—30 -

formation & collisions of bubbles

generate GWs

10—10 |~

1077

— SKA
— IPTA
— EPTA
— eLISACH
— eLISAC3|
— eLISAC2]
— BBO |
DECIGO |

)

arXiv:1707.03001

|

104 0.1 100 10°

f [Hz]



Dawn of GW “Cosmology”

CMB B-mode

COBE
CMB

CMB Pulsar
2k POLARIZATION Tlmlng
2 Array
-";j 10 KASPULOMMIN
s PULSAR
© TIMING
Z r‘ ’/'/"
2 \ /7 Space-based
» \ "’/ FULSAK
% DN 27 TIMING ARRAY
W s N\ B GOAL
% " 9 Ground-
z Bl ~I8Y - based
z =% uGon
2 4;;‘:‘.‘
AN
2 043‘..
https://ned.ipac.caltech.edu/level5/March03/Symp1/backer/ Backer html N
i o wﬁ xgﬁ 5 0
period: 10Gyr 1Myr 100 yr 1s

multi-band GW astronomy

Cosmology will undergo
a revolutionary change!

GWs from early Universe
may be detecte at any band,
ranging over 20 digits from
period of 10Gyr to 1ms !
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Quantum
Fluctuations

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

History of the Universe

0.015 3 min 330,000 yre 200 Million yrs 13,3 Billien yrs

Age Of the Un iverse EICEP2 To Icborgliom CERN/NASA



CMB B-mode polarization

E-modes

B-mode
characteristic to
GW perturbations

o = ] B-mode polarized light with
SUElZs 2| osc period of 10 G yrs
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iy ST i ‘h GW detector with arm
Tz R | length of 10 G Lyr !

incs ind note ndartation prec=* ‘ PP L0 -
and segrec oF sulanztien L=
Source: Harvard-Smithsonian Center for Astrophysics B_mode

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

)

What will be discovered next?

Stay tuned!



