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Introduction to Gravitational Wave Physics 1. Gravitational Waves

First Detection (2015 Sep 14) 2017 Novel Prize

2016F2H, LIGODEANKZAHTRAEL,
EHF® GWI150914

“For the greatest benefit to mankind”
M

2gpient

‘v('il.

', i\
s
The Royal Swedish Academy of Sciences has decided to award the

& | 2017 NOBEL PRIZE IN PHYSICS

201

Ehik%
>

I
|

VARL VAN

=

| 1 :__; .

ay

v R

"Rainer Weiss
Barry C. Barish
Kip S. Thorne

“for decisive contributions to the LIGO detector and the observation of gravitational waves”
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MAGINE THAT SPACE 1S A GIANT SHEET OF RUBBER...
; THINGS TUAT HAVE MASS

TO BEND, LIKE A BOWLING
@ ‘Nﬂc
[ 1]

BALL ON A TRAMPOLINE.

B =FZEDWDhsH
gravitation = space-time warp

THE MORE MASS, THE MORE
THAT SPACE GETS BENT AND
DISTORTED BY GRAVITY.

B EEER) = EHiRFEE
accelerate motion = GW production

KEEDXENEU < DR ERD

= BlITTE 3 ENRHFEE
Large-mass astrophysical accel.
= observable GW

. THE EFFECT OF A GW 1S SO MINUSCULE AND ¢ SCENTISTS HOPE TO IDENTIEY THE
/ EASILY CONFUSED WIMH RANDOM NOISE, YOU PATTERNS OF GRAVITATIONAL WAVES BY
\\»mpkmwmmmmm, COMPARING THE WIGGLES THEY MEASURE

BENG
HUMMED AT A NOISY PARTY.
A VERY VERY NOISY PARTY.

IF YOU AND | STARTED TO
DANCE AROUND EACH OTHER,
WE WOULD ALSO CAucE
RIPPLES N THE FABRIC OF

it BN ot Tvece woup Be
EXTREMELY GMALL.

www.phdcomics.com

“gravitational waves explained”
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Introduction to Gravitational Wave Physics 1. Gravitational Waves
FEHBEDRIR (GW sources)

http://gwcenter.icrr.u-tokyo.ac.jp
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Introduction to Gravitational Wave Physics 1. Gravitationa

| Waves

What we can learn from GW? (EHKRERAIICK O THETET D L)
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Sources of Gamma-ray bursts
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Introduction to Gravitational Wave Physics 1. Gravitational Waves

What we can learn from GW? (EHKRERAIICK O THETET D L)

Mechanism of Supernovae
BERREDADZ—XALIE?

SV IOR—ILEREFEDESEE?

Equation of State of nuclear matter
PEFEORABEE?
SEEYIEOIRREFIEINE ?

Origin of heavy elements
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r-processiIFE D (CREIT DM ?
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Introduction to Gravitational Wave Physics

Neutron Star Mass-Radius diagram:

Equation of State
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Introduction to Gravitational Wave Physics 1. Gravitational Waves

What we can learn from GW? (EHKRERAIICK O THETET D L)

Origin of Supermassive Blackholes
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Introduction to Gravitational Wave Physics 1. Gravitational Waves

What we can learn from GW? (EHKRERAIICK O THETET D L)

merger phase
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Introduction to Gravitational Wave Physics

1. Gravitational Waves

What can we learn from gravitational waveform?

(Suppose NS+NS ->BH )

WAVEFORM
| I I , T T 1]
INSPIRAL —p (OALESCE||—s» BLACKHOLE
I FORMATION
) m g;v“ =
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_p—ap— +———|, Post Newtonian Numer'ch.ll BH. Perturbation
e e Ih, Approx. Relativity
DEPENDENCE ON 1, FOR e=0: ISCO freq => EoS of NS,
R waveform => Formation of BH or NS,

"chirps" df/dt
amplitude up

=> chirp mass, Mc = (M1 M2)3/5/ (Mi+M2)1/5
=> Mc, distance

BH mass,
BH angular momentum,...

amplitude h+/hx => inclination
=> eccentricity

waveform

moduration

=> spin, ...

statistics => cosmological parameters
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Introduction to Gravitational Wave Physics 2. Brief History

Discoveries end in an illusion (1968/70)

Joseph Weber (pictured), a physicist at the University of Maryland in
College Park, believed that gravitational waves were real. In 1969, he
announced that he had found them with a detector of his own invention:
an aluminium cylinder, about 2 metres long and 1 metre in diameter, that
‘rang’ when it was struck by such a wavez2. His result was never replicated,
and was eventually rejected by nearly everyone except Weber himself.

Nonetheless, his work drew many other researchers into the gravitational
wave field.

68F(C [ 2BDFEBETRRICENRESZIRL]

70F(C [EABIESEH I E€—HIC=EDHET
mihEh, mibzEHIRAIORLCH U CEESR
[CAWLWTWS EE(CIRERENF ]

ERRUTH, MDIIL—-TTEHR=NT.

Joseph Weber
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Introduction to Gravitational Wave Physics 2. Brief History

Discovery of Binary Neutron Stars (1974)

Radio emission

7

/‘“&-‘ "

Arecibo, Puerto Rico

Radio emission  AXis

SS9
Pulsar =Neutron Star

radius 10 km
mass 1.4 Msun

http://www.nobelprize.org/nobel prizes/physics/laureates/1993/illpres/discovery.html
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Introduction to Gravitational Wave Physics 2. Brief History

Discovery of Binary Neutron Stars (1974)

Line of zero orbilal decay
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Introduction to Gravitational Wave Physics 2. Brief History

Discovery of Binary Neutron Stars (1974)
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Introduction to Gravitational Wave Physics 2. Brief History

Grand Challenge for Black hole simulation (1990s)
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Simulation of a Binary BH merger

;. I | W

NCSA-AEI group (1998)



3. Detectors

LIGO, Virgo, KAGRA
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Introduction to Gravitational Wave Physics
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A LASER beam is
split up.
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Residual gas

—— Mirror thermal noise
Seismic noise
Suspension thermal noise |3
Quantum noise ]
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Science 256 (1992) 325

LIGO: The Laser Interferometer
Gravitational-Wave Observatory

Alex Abramovici, William E. Althouse, Ronald W. P. Drever,
Yekta Girsel, Seiji Kawamura, Frederick J. Raab,
David Shoemaker, Lisa Sievers, Robert E. Spero,

Kip S. Thorne, Rochus E. Vogt, Rainer Weiss,
Stanley E. Whitcomb, Michael E. Zucker

The goal of the Laser Interferometer Gravitational-Wave Observatory (LIGO) Project is to
detect and study astrophysical gravitational waves and use data from them for research
in physics and astronomy. LIGO will support studies concerning the nature and nonlinear
dynamics of gravity, the structures of black holes, and the equation of state of nuclear
matter. It will also measure the masses, birth rates, collisions, and distributions of black
holes and neutron stars in the universe and probe the cores of supemovae and the very
early universe. The technology for LIGO has been developed during the past 20 years.
Construction will begin in 1992, and under the present schedule, LIGO's gravitational-wave

searches will begin in 1998.

Einstein’s general relativity theory de-
scribes gravity as due to a curvature of
space-time (). When the curvature is
weak, it produces the familiar Newtonian
gravity that governs the solar system. When

The authors are the members of the LIGO Science
Steering Group. A. Abramovici, W. E. Althouse (Chief
Engineer), R. W. P. Drever, S. Kawamura, F. J. Raab,
L. Sievers, R. E. Spero, K. S. Thome, R. E. Vogt
(Director), S. E. Whitcomb (Deputy Director), and M. E.
Zucker are with the California Institute of Technology,
Pasadena, CA 91125. Y. GuUrsel is at the Jet Propul-
sion Laboratory, Pasadena, CA 91109 D. Shoemaker
and R. Weiss are at the Massachusetts Institute of
Technology, Cambridge, MA 02129.

SCIENCE * VOL. 256 * 17 APRIL 1992

the curvature is strong, however, it should
behave in a radically different, highly non-
linear way. According to general relativity,
the nonlinearity creates black holes (curva-
ture produces curvature without the aid of
any matter), governs their structure, and
holds them together against distuption (2).
Inside a black hole, the curvature should
nonlinearly amplify itself to produce a
space-time singularity (2), and near some
singularities the nonlinearity should force
the curvature to evolve chaotically (3).
When an object’s curvature varies rapidly
(for example, because of pulsations, colli-
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Introduction to Gravitational Wave Physics

baseline KAGRA #rX

160222_SAITO

first science run in FY2017 B BRT

| Type-A system
bKAGRA configuration ETM

- Cryogenic test masses
- 3 km arm cavities
- RSE with power recycling

) - Cryogenic test mass
Sapphire, 23kg, 20K
- Tall seismic isolator
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~ % ITM
[
PR3
8.8 mcf|  PRMTTE PR BS X
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Type-C system - 1 A O O —& BRT
10
- Mode cleaner IT™ ETM
Silica, 0.5kg, 290K P
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T
Type-A % SRM - Core optics (BS, SRM,...) =
% Type-Bp payload o) OMMT Silica, 10kg, 290K (=
. 4% OMC )
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-

)

13.5m

31m

Type-C

payload

o ] cryogenic
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Introduction to Gravitational Wave Physics

3. Detectors

aLIGO, aVirgo & KAGRA : Target Sensitivity
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PHYSICAL REVIEW LETTERS week ending

PRL 116, 061102 (2016) 12 FEBRUARY 2016
b
Test (b)
Mass 10721 L
S
N
L
£ 3
¢ - —-22
< o 107 ¢
I =
> B
(V)]
1023
| L L N |
Test 20 100 1000
Mass
Frequency (Hz)
Power
. Beam _ =
Recycling Splitter __~ Ly =4km
I 100 kW Circulating Power ‘
Source Test Test
Signal Mass Mass
Recycling
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FIG. 3. Simplified diagram of an Advanced LIGO detector (not to scale). A gravitational wave propagating orthogonally to the
detector plane and linearly polarized parallel to the 4-km optical cavities will have the effect of lengthening one 4-km arm and shortening
the other during one half-cycle of the wave; these length changes are reversed during the other half-cycle. The output photodetector
records these differential cavity length variations. While a detector’s directional response is maximal for this case, it is still significant for
most other angles of incidence or polarizations (gravitational waves propagate freely through the Earth). Inset (a). Location and
orientation of the LIGO detectors at Hanford, WA (H1) and Livingston, LA (L1). Inset (b): The instrument noise for each detector near
the time of the signal detection; this is an amplitude spectral density, expressed in terms of equivalent gravitational-wave strain
amplitude. The sensitivity is limited by photon shot noise at frequencies above 150 Hz, and by a superposition of other noise sources at
lower frequencies [47]. Narrow-band features include calibration lines (33-38, 330, and 1080 Hz), vibrational modes of suspension
fibers (500 Hz and harmonics), and 60 Hz electric power grid harmonics.



Introduction to Gravitational Wave Physics 4. Detections

BEhRYBRE 2RI S3David Reitze LIGOFIE
20165FE2H11H

“We had detected gravitational waves. We did it. ”
“BRal3, ENRERELEE. POEITREDE.”

https://www.voutube.com/watch?v=aEPIwEJmZVE

Hisaaki Shinkai (E8 #FH) 2020/2/20 @ Yamaguchi Univ.
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|24 Selected for a Viewpoint in Physics week ending
PRL 116, 061102 (2016) PHYSICAL REVIEW LETTERS 12 FEBRUARY 2016

S

Observation of Gravitational Waves from a Binary Black Hole Merger

B.P. Abbott ef al.”

(LIGO Scientific Collaboration and Virgo Collaboration)
(Received 21 January 2016; published 11 February 2016)

On September 14, 2015 at 09:50:45 UTC the two detectors of the Laser Interferometer Gravitational-Wave
Observatory simultaneously observed a transient gravitational-wave signal. The signal sweeps upwards in
frequency from 35 to 250 Hz with a peak gravitational-wave strain of 1.0 x 102!, It matches the waveform
predicted by general relativity for the inspiral and merger of a pair of black holes and the ringdown of the
resulting single black hole. The signal was observed with a matched-filter signal-to-noise ratio of 24 and a
false alarm rate estimated to be less than 1 event per 203 000 years, equivalent to a significance greater
than 5.16. The source lies at a luminosity distance of 4107]5 Mpc corresponding to a redshift z = 0.0973:%3.
In the source frame, the initial black hole masses are 3673 M, and 2974 M ,, and the final black hole mass is
6214 M, with 3.070:2 M, c? radiated in gravitational waves. All uncertainties define 90% credible intervals.
These observations demonstrate 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.
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FIG. 1. The gravitational-wave event GW150914 observed by the LIGO Hanford (H1, left column panels) and Livingston (L1, right
column panels) detectors. Times are shown relative to September 14, 2015 at 09:50:45 UTC. For visualization, all time series are filtered



B. P. Abbott,' R. Abbott,' T. D. Abbott,> M. R. Abernathy,' F. Acernese,” K. Ackley,’ C. Adams,® T. Adams,” P. Addesso,’
R.X. Adhikari,' V. B. Adya,® C. Affeldt,® M. Agathos,’” K. Agatsuma,’ N. Aggarwal,'” O.D. Aguiar,'’ L. Aiello,'*"
A. Ain,"* P. Ajith,"* B. Allen,*'®'” A. Allocca,'™'” P. A. Altin,” S. B. Anderson,' W. G. Anderson,'® K. Arai,' M. A. Arain,’
M.C. Araya,' C.C. Arceneaux,”’ J. S. Areeda,”” N. Arnaud,” K.G. Arun,** S. Ascenzi,”" G. Ashwn M. Ast,”
S.M. Aston,’® P. Astone,” P. Aufmuth,® c. Aulbert,” S. Babak,” P. Bac r’ P.T. Bakcr”

F. Baldaccini, 233G, Ballardm.MS W. Ballmcr J.C. Barﬂyoga, S. E. Barclal '368 C Bansh D. arker F. Bamnc
B. Barr, L. Barsom 19 M. Barsuglia,” D. Barta,”® J. Bartlett,”” M. A. Bartomy ‘,“" i, 819
J.C. Bamh, C. Baune, V. Bavngadda M. Bazzan,"l42 B. Behnkt:,29 M. Bejgcr"J C. Bclczynsk.l A.S. Bell, 36
C.J. Bell.36 B.K. Berger,' J. Bcrgman,37 G. Bcrgmann, C.P.L. Ben'y,"5 D. Bcrsanem,“‘” A. Bcnohm, 1. Bctzwteser,
S. Bhagwat,” R. Bhandare,** I. A. Bilenko,” G. Billingsley,' J. Birch,’ R. Birney,** O. Birnholtz,* S. Biscans,'® A. Bisht,*'
M. Bitossi.M C. Biwclr.JS M. A. Bizouard,23 J.K. Blackbum,' C.D. Blair,s' D.G. Bla'u‘.s' R.M. Blair,r’ S. Blocmen.52
0. Bock,B T.P. Bodiya,lo M. Boer,53 G. Bogaen.ﬂ C. Bogan,s A. Bohc,29 P. Bojtos,54 C. Bond,45 F. Bondu,55 R. Bonnand,7
B.A. Boom,” R. Bork,' V. Boschi,"*'? S. Bose,”®'* Y. Bouffanais,” A. Bozzi,"* C. Bradaschia,'” P.R. Brady,'®
V.B. Braginsky.w M. anchesi,ﬂ‘” J.E. Brau,’9 T. Briant,m A. Bl:illet,SJ M. Bﬁnkmann,“ V. l?n'isson,23 P. Bmckill.16
A.E Brooks,' D. A. Brown,” D. D. Brown,*”* N. M. Brown,"” C. C. Buchanan,” A. Buikema,'’ T. Bulik,* H.J. Bulten,*"’
A. Buonanno,”® D. Buskulic,” C. Buy‘ao R. L. Byer,”” M. Cabero,® L. Cadonati,” G. Cagnoli,“'ss C. Cahillane,'

J. Calder6n Busl.illcv,“"63 T. Callister,' E. Cﬂlluni,f""4 J.B. Camp.68 K.C. Cannon,” 1. Cao,m C.D. Capano,s E. Capocasa,30

F. Carbognani,** . Caride,”" J. Casanueva Diaz,” C. Casentini,”"* S. Caudill,'® M. Cavaglia,*' F. Cavalier,”

R. Cavalieri,** G. Cella,"” C.B. Cepeda,’ L. Cerboni Baiardi,”™** G. Cerretani,'®'" E. Cesarini,”>"* R. Chakraborty,"
T. Chalermsongsak,' S.J. Chambcrlin,n M. Chan.36 S. Chao,” P. Char[lon," E. Chassa.ndc-Monin,m HY. Chcn,75
Y. Chen,” C. Cheng,” A. Chincarini,”” A. Chiummo,* H. S. Cho,” M. Cho,” J. H. Chow,” N. Christensen,”® Q. Chu,*!
S. Chua,” S. Chung,” G. Ciani,’ F. Clara,”” J. A. Clark,® F. Cleva,” E. Coccia,”'>!* P-F. Cohadon,® A. Colla,””*
C.G. Collema,s‘D L. Cominsky,m M. Constancio Jr.,'" A. Conte,79'28 L. Contj,“2 D. Cook,r' T.R. Corbitt,2 N. Cm’m’sh,3 !
A. Cm'si.7l S. Com:se,34 C.A. Costa,” M. W. Coughlin,n S.B. Coughl.'m,s2 J.-P. Coulon.53 S.T. Coumryman,39
P. Couvares,' E. E. Cowan,” D. M. Coward,” M. J. Cowart,® D. C. Coyne,' R. Coyne,”" K. Craig,® J. D. E. Creighton,'®
T.D. Creighton,83 J. Cripe,2 S.G. Crowder,84 A.M. Cruisc.45 A. Cu.mming,36 L. Cunningham,“’ E. Cuoco.“ T. Dal Canton,g
S.L. Danilishin,”® S. D’Antonio," K. Danzmann,'™® N.S. Darman,®® C.F. Da Silva Costa,” V. Dattilo,”* L Dave,*
H. P. Daveloza,” M. Davier,” G. S. Davies,” E. J. Daw,* R. Day,™* S. De,” D. DeBra,’ G. Debreczeni,” J. Degallaix,*
M. De Laurenn's,““t S. Deléglise,60 W. Del Pozzo,“S T. Denker,&'7 T. Dem,K H. Dm’,li.53 V. Dergachev,l R.T. DeRosa,6
R. De Rosa,”* R. DeSalvo,”” S. Dhurandhar,'* M. C. Dfaz,” L. Di Fiore," M. Di Giovanni,”** A. Di Lieto,'®"’

S. Di Pace,”? I. Di Palma,®*® A. Di Virgilio,"’ G. Dojcinoski,” V. Dolique,” F. Donovan,'’ K. L. Dooley,”' S. Doravari,**
R. Douglas,® T.P. Downes,'® M. Drago,***** R. W. P. Drever,' J. C. Driggers,”’ Z. Du,”” M. Ducrot,” S. E. Dwyer,”’
T.B. Edo,*® M. C. Edwards,” A. Effler,’ H.-B. Eggenstein,® P. Ehrens,' J. Eichholz,® S. S. Eikenberry,” W. Engels,®
R.C. Essick," T. Etzel,' M. Evans,'® T.M. Evans,® R. Everett,”” M. Factourovich,” V. Fafone,”>'*'? H. Fair,’®
S. Fairhurst.w X. Fan,m Q. Fang,5 's. Farinon,47 B. Farr.75 W. M. Farr.45 M. Favam,s‘8 M. Fays,"I H. Fchrmann,s
M. M. Fejer,“u D. Fcldbaum,s L Fcrrame,'g'19 E.C. Feneira,” F Fem'ni,M F. Fidccam,'a"g L.S. Finn," L Fiori,”
D. Fiorucci, R. P. Fisher,” R. Flaminio,"**> M. Fletcher,”® H. Fong,* J.-D. Fournier,” S. Franco,” S. Frasca,”*
F Frasconi,"J M. Frede,B Z. Frei.s“ A. Fmisc,"s R. Frey,sg V. Frey,23 T.T. Fn'ckc.B P. Fritschcl,m V.V. lenv,6 P. Fulda,s
M. Fyffe,® H. A. G. Gabbard,”' J. R. Gair,” L. Gammaitoni,”* S. G. Gaonkar,"* F. Garufi,"”* A. Gatto,”® G. Gaur,”*

k endi
PRL 116, 061102 (2016) PHYSICAL REVIEW LETTERS 12 Fagtk endiy

LiGo, h Institute of Technology, Cambridge, h 02139, USA
Y Instituto Nacmna[ de Pesquisas Espaciais, 12227-010 Sao José dos Campos, Sdo Paulo, Brazil
INFN, Gran Sasso Science Institute, 167100 L'Aquila, Italy
INEN, Sezione di Roma Tor Vergata, 1-00133 Roma, Italy
"Inter-University Centre for Astronomy and Astrophysics, Pune 411007, India
Sinternational Centre for Theoretical Sciences, Tala ln.mtme of Fundamental Research, Bangalore 560012, India
Umvemr} of Wi i i in 53201, USA
VLeibniz Universitii , D-30167 , Germany
SUniversita di Pisa, 1-56127 Pisa, ltaly
YINFN, Sezione di Pisa, 1-56127 Pisa, Italy
mAusrmlmn National University, Canberra, Australian Capital Territory 0200, Australia
*'The University of Mississippi, University, Mississippi 38677, USA
ZCalifornia State University Fullerton, Fullerton, California 92831, USA
BLAL, Université Paris-Sud, CNRS/IN2P3, Université Paris-Saclay, Orsay, France
*Chennai Mathematical Institute, Chennai, India 603103
BUniversita di Roma Tor Vergata, 1-00133 Roma, Italy
Umver:tty of Southampton, Southampton SO17 1BJ, United Kingdom
Universitiit Hamburg, D-22761 Hamburg, Germany
*INFN, Sezione di Roma, 100185 Roma, ltaly
P Albert-Einstein-Institut, Max-Planck-Institut fiir G ik, D-14476 Potsdam-Golm, Germany
YAPC, AstroParticule et Casmologle Université Paris Diderot, CNRS/IN2P3, CEA/Irfu, Observatoire de Paris,
Sorbonne Paris Cité, F-75205 Paris Cedex 13, France
”Monzana State University, Bozeman, Montana 59717, USA
2Universita di Perugia, 1-06123 Perugia, Italy
VINEN, Sezione di Perugia, 1-06123 Perugia, Italy
*European Gravitational Observatory (EGO), 1-56021 Cascina, Pisa, Italy
¥Syracuse University, Syracuse, New York 13244, USA
*SUPA, University of Glasgow, Glasgow G12 8QQ, United Kingdom
ﬁLl(;O Hanford Observatory, Richland, Washington 99352, USA
*Wigner RLP RMKI, H-1121 Budapest, Konkoly Thege Miklés it 29-33, Hungary
¥ Columbia University, New York, New York 10027, USA
“Stanford University, Stanford, California 94305, USA
Universita di Padovn Dipartimento di Fisica e Astronomia, 1-35131 Padova, Italy
“INFN, Sezione di Padova, 1-35131 Padova, Ialy
““CAMK-PAN, 00-716 Warsaw, Poland
Astronamlcal Observatory Warsaw University, 00-478 Warsaw, Poland
“SUniversity of Birmingham, Birmingham BI1S 2TT, United Kingdom
“Universita degli Studi di Genova, I-16146 Genova, Italy
YINEN, Sezione di Genova, 1-16146 Genova, Italy
“RRCAT, Indore MP 452013, India
“Faculty of Physics, Lomonosov Moscow State University, Moscow 119991, Russia
3, sum University of the West of Scotland, Paisley PAI 2BE, United Kingdom
*'University of Western Australia, Crawley, Western Australia 6009, Australia
Depar.'ment of Astrophysics/IMAPP, Radboud University Nijmegen, P.O. Box 9010, 6500 GL Nijmegen, Netherlands
S Artemis, Université Céote d’Azur, CNRS, Observatoire Céte d’Azur, CS 34229, Nice cedex 4, France
SMTA Eotvos University, “Lendulet” Astrophysics Research Group, Budapest 1117, Hungary
SInstitut de thstque de Rennes, CNRS, Université de Rennes 1, F-35042 Rennes, France
Washmglon .Stale Umver:lry Fullman Wa:hmg

ek endi
PRL 116, 061102 (2016) PHYSICAL REVIEW LETTERS 12 FEBRUARY 2016

N. Gehrels,*”® G. Gemme, " B. Gendre,* E. Genin,** A. Gennai,'* J. Gcorgc,“ L. Cvt:rgcly.‘)6 V. Germain,” Abhirup Ghosh,"”
Archisman Ghosh,'* S. Ghosh,”*’ J. A. Giaime,*® K. D. Giardina,” A. Giazotto,"” K. Gill,” A. Glaefke,™ J. R. Gleason,’
E. Gomz,"R R. Goetz,s L. Gondan.” G. (_‘:onzélcz,2 J.M. Gonzalez Cas'.m,'w A. Gopa.kumar.w N.A. Gordon,]6
M. L. Gomdetsky,w S.E. Gossan,' M. Gosselin,* R. Goumy,7 C. Graef,*° P. B. Graff,” M. Granata,*® A. Grant,”® S. Gras,'"’
C. Gray,” G. Greco,”™* A.C. Green,* R.J.S. Greenhalgh,'™ P. Groot,” H. Grote,® S. Grunewald,”” G. M. Guidi,”**
X. Guo,” A. Gupta,"* M. K. Gupta,” K. E. Gushwa,' E. K. Gustafson,’ R. Gustafson,” J. J. Hacker,”” B.R. Hall,*
E.D. Hall,' G. Hammond,”® M. Haney,” M. M. Hanke,® J. Hanks,”” C. Hanna,”> M. D. Hannam,” J. Hanson,’

T. Hardwick,” J. Harms,””** G. M. Harry,"®' I W. Harry,”® M. J. Hart,"® M. T. Hartman,’ C.-J. Haster,”” K. Haughian,’®
1. I*lealy,")2 J. Heefner,"* A. Heidmann,* M. C. Hcintz,{:,s'6 G. Heinzel,® H. Heitmann,” P. Hcllo,“ G. Hemming,“
M. chdry,u’ LS. chg.]ﬁ J. chnig,y' A.W. I*icpwnsta.ll,l M. chrs,g'” S. Hild,"’ D. Hoak,m] K. A. l‘iodg(:,l D. Hofman,”
S.E. Hollitt,'™ K. Holt,° D. E. Holz,”® P. Hopkins,”' D.J. Hosken,'™ J. Hough,™ E. A. Houston,” E.J. Howell,”'

Y. M. Hu,* S. Huang,73 E.A. Huerta,'>*2 D, Huet,® B. Hughey,‘” S. Husa,% S. H. Huttner,® T. I*luynh-Din.h,6 A. Idrisy.72
N. Indik,® D.R. Ingram,”” R. Inta,”" H.N. Isa,”® J.-M. Isac," M. Isi,’ G. Islas,”® T. Isogai," B.R. Iyer,"* K. Izumi,”’
M. B. Jacobson,' T. J acqmin.é“ H. .lamg,77 K. Jani,” P. Jaranowski,'® S. Jawahar,'"’ F. Jiménez-Forteza,” W. W. Johnson,?
N. K. Johnson-McDaniel,” D. 1. Jones,” R. Jones,” R.J.G. Jonker,’ L. Ju,”" K. Haris,'® C.V. Kalaghatgi,”*"'

V. l(al()gem,Rz S. Kam:lhasamy,21 G. Kamg.77 J.B. Kanner,' S. Karki.” M. l(asprzack,z'23 4R, Ka!savoum‘dis.m
W. Katzman,® 8. Kaufer,' T. Kaur,”' K. Kawabe,”” F. Kawazoe,*'" . Kefélian,” M. S. Kehl,”” D. Keitel,**° D. B. Keﬂey.”

W. Kells,' R. Kcnnedy,M D.G. chpel.s J.S. Ktzy,83 A. Khalaidovski,® F. Y. Khalili,* I Khan, 2g, Khnn ! 7. Khan,”
E. A. Khazanov,'” N. Kijhunchoo,37 C. Kim,77 1. Klm g me m Nam-Gyu Klm Namjun Klm Y.-M. ij,'"J
E.J. King,'™ P.J. King,” D. L. Kinzel, J. S. Kissel,” L. Kleybolte S. Klimenko,” S. M. Koehlenbeck,? K. Kokey
S. Koley,” V. Kondrashov,' A. Kontos,' S. Koranda. M. Kombko, W.Z. Kon.h, L. Kowalska,* D. B. Kozak,'
V. Krmgel 5 B. Knshnan A. Krélak,'">'" C, Krueger,' " G. Kuehn,® P. Kumar,” R. Kumar,”® L. Kuo,” A. Kutynia, 12
P. Kwee,* B. D. Lackey,™ M. Landry,"” J. Lange,'” B. Lantz,*’ P. D. Lasky,''* A. Lazzarini,' C. Lazzaro,”*? P. Leaci, "%
S. Leavey,” E. O. Lebigot,’®™ C.H. Lee,""” H.K. Lee,""! H.M. Lee,'” K. Lee,”® A. Lenon,™ M. uona:d;.”""
J.R. Leong,® N. Leroy,” N. Letendre,’ Y. Levin,'* B.M. Levine,”” T. G.F. Li," A. Libson,' T.B. Littenberg,"®
N. A. Lockerbie,'”” J. Logue,” A. L. Lombardi,'™ L.T. London,” J. E. Lord.” M. Lorenzini,"™"* V. m;iene,“’
M. Lormand,® G. Losurdo,ss J.D. Lough,ﬂ'17 C.0. Lousm 2 g, ].A)vclace, H. Liick, 75 AP, Lundgrcn, J. I.,uo,7R
R. Lynch,” Y. Ma,”' T. MacDonald,*" B. Machenschalk M Maclnnis,"” D. M. Macleod,” F. Magaiia-Sandoval,*
R.M. Magee,” M. M: an,' E. Maj * 1. Maksimovic,''” V. Malvezzi,”'"* N. Man, ”1 Mandel, V. Mandic,*
V. Mangano,” G. L Mansell 2 M. Manske,'® M. Mantovani,* F. Marchesoni,** F. Marion,” S. Mérka,”” Z. Mérka,””
A. S. Markosyan,”’ E. Maros,' F. Martelli,”*® L. Martellini,”* L. W. Martin,*® R. M. Martin,’ D. V. Martynov,"' J. N. Marx,’
K. Mason,'® A. Masserot‘7 T.J. Massingt:r,35 M. Mﬁsso-Rcicl,36 F. Matichard,'’ L. Matonc,” N. Mavalvala,'®
N. Mazumder,S(’ G. Mazzolo,® R. McCarthy,37 D.E. Mt:Clclland,zn S. McCormick,(’ S.C. McGu'u'e,m G. M(:Intyre,l
J. Mclver,' D.J. McManus,? S. T. McWilliams,'* D. Meacher,” G. D. Meadors,”®® J. Meidam,” A. Melatos,*

G. Mendell,”” D. Mendoza-Gandara,® R. A. Mercer,'® E. Merilh,”” M. Merzougui,” S. Meshkov,' C. Messcngcr,y’
C. Mcssick,72 PM. Meyers,s" F. Mezzani,m‘” H. Miao,45 C. M‘u:h?,l,“S H. Middlelon,“ E.E. Mikhailov,'20 L. Milano,ﬁu
J. Miller,' M. Millhouse,” Y. Minenkov," J. Ming,”*® S. Mirshekari,"' C. Mishra," S. Mitra,"* V.P. Mitrofanov, *
G. Mitselmakher,” R. Mittleman,'® A. Moggi,'” M. Mohan,* S.R. P. Mohapatra,'” M. Montani,”’** B. C. Moore,*
C.J. Mocm(:,122 D. Moraru,” G. Moreno,:'7 S.R. Mon'iss.M K. Mossavi,R B. Mou.rs,7 C.M. Mow-Lowry,“ C.L. Mueller,5
G. Mueller,s A W. Muir,"I Arunava Mukhexjee,15 D. Mukherjee,“a S. Mukhenjee,m N. Mukund.” A. Mullavey,6
J. Munch,'™D. J. Mux'phy,39 P.G. Murmy,” A. Myﬁdis,s 1. Nardecchia, > L. Naticchioni,”*?* R. K. Nalyak.'z3 V. Necula,®
K. Nedkova,'™ G. Nelemans,”>” M. Neri,"**” A. Neunzert,” G. Newton, T. T. Nguyen,” A. B. Nielsen,® . Nissanke,’>’
A. Nitz,® E. Nocera,™ D. Nolting, M. E. N. Normandin,”® L. K. Nuttall,” J. Oberling,”’ E. Ochsner,'® J. O’Dell,"”
E. Oclker," G. H. Ogin,'** J.J. Oh,'* S. H. Oh,'** F. Ohme,”" M. Oliver,’® P. Oppermann,® Richard J. Oram,’ B. O'Reilly,’
R. O’Shﬂughnessy,'02 C.D. Ott,”* D.J. Otmway,"” R.S. Ottens,” H. Overmier,’ B.J. Owen,”" A. Pai,'”® S. A. Pai,*
J.R. Palamos,sq 0. Palashov,'” C. Palomba,”i A. Pal~Singh,27 H. Pan,.'3 Y. Pan,62 C. Pankow,g2 F. Pannarale,”’ B. C. Pant,*®
F. Paoletti,**'” A. Paoli,34 M. A. Pa\pa.zg'""K H.R. Paris,m W. Parkcr,(’ D. Pascucci,” A. Palsquallctti.34 R. Passaquietj.'w
D. Passuello,"” B. Patricelli,'®'® Z. Patrick,” B. L. Pearlstone,*® M. Pedraza,' R. Pedurand,” L. Pekowsky, A. Pele,®
S. l’tmn,126 A. Perreca,' H. P, Pft:ii’fer,"g‘29 M. Phelps.m 0. Piccinni,”'zx M. Pichot,s3 M. Pickenpack,g F. Pit:rgiovamni,”‘58

061102-12

2017 NOBEL PRIZE IN PHYSICS

Rainer Weiss
Barry C. Barish
Kip S. Thorne

99164, USA. “for decisive contributions to the LIGO detector and the observation of gravitational waves”

116, 061102 (2016)

ek endi
PRL 116, 061102 (2016) PHYSICAL REVIEW LETTERS 12 FEBRUARY 2016

V. Pierro,”” G. Pillant,** L. Pinard,” I. M. Pinto,* M. Pnkm.”.l H. Poeld,® R. Poggmm.”“9 P. Popohzxo, A. Post,®
J. Powell,” J. Prasad,' V. Predoi,”” S.S. Premachandra,'"* T. Pr d* L.R. Pnce, M. Pn_]atcl], M. Pnncnpe,
S. an1tcra,29R Prix,* G. A. Prodi, 890y, Prokhorov,*’ O. Punckcn M. Pumuro P, Puppo, M. Pun'er H. Qi, 16
J. Qm,5l V. Quctschka,83 E.A. Qumtem‘ R. Quitzow: -James,” F.J. Raab,37 D.S. Rabclmg,m H. Radk.ms,37 P. Raffai,”*
S. Raja,*® M. Rakhmanov,” C.R. Ramet,® P. Rapagnani,”** V. Raymond,” M. Razzano,'®"’ V. Re,”* J. Read,”
C.M. Reed,” T. Regimbau,™ L. Rei,"” S. Reid,” D. H. Reitze,"* H. Rew,"™ S.D. Reyes,” E. Ricci,””* K. Riles,”
N.A. Robcnson,"36 R. Robic,Jﬁ F Robim:t,23 A. Rocchi,” L. Rolland,7 J.G. Rollins,' V.J. Roma,59 J.D. Romano,“
R. Romano,™* G. Romanov,'” J. H. Romie,’ D. Rosifiska,'”** S. Rowan,® A. Rl'idiger.E P. Ruggi,:M K. Ryan.'17
S. Sachdev,' T. Sadecki,”” L. Sadeghian,'® L. Salconi,* M. Saleem,'®® F. Salemi,* A. Samajdar,'”® L. Sammut,*>"**
L. M. Sampson,m E.J. Sanchez,' V. Sandberg.]7 B. Sandccn,EZ G. H. Sanders,' J.R. Sanders,%'35 B. Sa\ssolas,‘(’S
B.S. Saihyapmkash,m P.R. Saulson,35 0. Sauter,”” R. L. Savalgc,37 A. Sawadsky.17 P. Schale.” R. Schil.ling,g"' J. Schmidt,®
P,-L-,msR.‘LL.27RMS.‘kc.,seA.‘uL|z7E‘.Ll 5D, Sch 8'7BFSchutz,°'2°
1. Scolt“S M Scott,” D. Sellers A.S. Sengi *D. s * V. Sequino,”"* A. Sergeev, 1090 Sema,”
Y. Setyawati,”™® A. Sevigny,”’ D. A. Shaddock . Shaffer,”” S. Shah,*>* M. S. Shahriar.®? M. Shaltev,* z Shao,’
B. Shzipim."0 P. Shawhan.(’2 A. Shcperd. D. H. Shoemaker,'® D. M. Shoemaker,” K. Siellez,**®* X. Siemens,'® D. Slgg,
A.D. Silva,"' D. Simakov,® A. Singer,' L.P. Singer,” A Singh,”® R. Singh,” A. Singhal,"” A. M. Sintes,”
B.J.J. Slagmolen 2 R. Smith, 2 M R. Smith,' N.D. Smith,' R.J. E. Smith,' E. J. Son,”s B. Sorazu E Som:ntino.47
T. Soumdccp, A K. Snvastava. A. Su:.lay,JJ M. S(cm.ke. J. Steinlechner,™ S. Steinlechner,™ D. Stei .“ .
B. C. Stephens,'® S. P. Stevenson,*® R. Stone,* K. A. Strain,*® N. Straniero,” G. Stratta,”™*® N. A. Strauss,”® S. Slngm
R. Sturani,”' A.L. Stuver,® T.Z. Summerscales,'?® L. Sun,® P.J. Sutton,‘Jl B.L. Swmkcls M. Szccha.ﬁczyk ”
M. Tacca, p. Ta]ukdcr,” D.B. Tanncr. M. Tépal, S.P. Tarabrin, A. Taracchip# a2y n
M.P. Thlrugnanasambandam. E.G. Thomas,” M. Thomas, P. Thomas,”” K. A. Thorfle
S. Tiwari,'? V. Tiwari,”' K. V. Tokmakov,'”” C. Tomlinson,* M. Tonelli,"'° C. V. Tor® sssiagD. Toyri,"
F. Travasso,n'33 G. Traylor," D. Triﬁrf),2l M.C. Tringali,“"’o L. Trozzo,m'w M. Tsc,m M. Turcon.i,53 D. 'I'uyenba\yt:v,!u
D. Ugolini,'* C. S. Unnikrishnan,” A.L. Urban,'® S. A. Usman,* H. Vahlbruch,”” G. Vajente,' G. Valdes,*

M. Vallisneri,”® N. van Bakel,9 M. van Bcuzckom," J.EJ. van den Brand,*"’ C. Van Den Broeck,9 D.C. Vamdt:r—l-lydc.ss'22
L. van der Schaaf,’ J. V. van Heijn.ingen,g A.A. van Veggel.](’ M. Va.rdam,“'42 S. Vass,! M. Vastith,38 R. Vaulin,'
A. Vccchio,“ G. Vcdovato,“ J. Vcitch,45 P Vcitch,m K. Vcnkalcswara,m D. Verkindt,7 F. Vclrano,ﬂ‘” A. Viceré,”’58

S. Vinciguerra,” D.J. Vine,” J.-Y. Vinet,”> S. Vitale," T. Vo, H. Vocca,>* C. Vorvick,”” D. Voss,” W.D. Vousden,*
S.P. Vyawhanin,““ A.R. Wade,” L. E. Wade,'” M. Wade,'? S.J. Waldman,'® M. Walker,” L. Wallace,’ . Walsh, 16829
G. Wang,' H Wang,** M. Wang,* X. Werptd = Ward,’® R. L. Ward,” J. Warner,”’ M. Was,’ B Weaver,”
L.-W. Wei,”> M. Weincn,s A.J. Weinstfi elborn,’ L. ch5 ' P. WeBels,® T. Wcstphal K. Wette,
1.T. Whelan,'"* S. E. Whitcomb,' D. J- Whit Mhiting” K. Wiesner,” C. Wilkinson,” P. A. Wll]cms. L. Wlll.mms,
R.D. Williams,' A.R. Williamson,”" J. L. Wlﬂls 153 B Willke, 78 M. H. Wlmme:"”7 L. Winkelmann,® W. Winkler,®
C.C. Wipf,l A.G. Wiscman,”’ H. Wltwl,8 e} Woan, 6], Won:lcn,” J.L. anht,]6 G. Wu, I Yablon,82 L Yakushm,
W. Yam," H. Yamamoto,' C.C. \’:mct:y,62 M.J. Yap.m H. Yu,'" M. Yvert,” A. Zadrozny,' 2L, Zangrando,“ M. Zanolin,”
J.-P. Zendri,” M. Zevin,*? F. Zhang,'’ L. Zhang,' M. Zhang,'® Y. Zhang,'”* C. Zhao,”' M. Zhou,*? Z. Zhou,* X. J. Zhu,”'
M. E. Zucker,"" S.E. Zuraw,'03 and J. Zweiz'lgl

(LIGO Scientific Collaboration and Virgo Collaboration)

'LIGO, California Institute of Technology, Pasadena, California 91125, USA

*Louisiana State University, Baton Rouge, Louuwna 70803, USA

3Universita di Salerno, Fisciano, I-84084 Salerno, Italy
*INFN, Sezione di Napoli, Complesso Universitario di Monte S. Angelo, 1-80126 Napoli, Italy

University of Florida, Gainesville, Florida 32611, USA

°LIGO Livingston Observatory, Livingston, Louisiana 70754, USA

"Laboratoire d'Annecy-le-Vieux de Physique des Particules (LAPP), Université Savoie Mont Blanc, CNRS/IN2P3,
F-74941 Annecy-le-Vieux, France
*Albert-Einstein-Institut, Max-Planck-Institut fiir Gravitati ik, D-30167 He , Germany

°Nikhef, Science Park, 1098 XG Amsterdam, Netherlands

061102-13

ek endi
PHYSICAL REVIEW LETTERS 12 FEBROARY 2016

127

Janusz Gil Institute of Astronomy, University of Zielona Géra, 65-265 Zielona Géra, Poland
B Andrews University, Berrien Springs, Michigan 49104, USA
BUniversita di Siena, 1-53100 Siena, Italy
lmTruuty University, San Antonio, Texas 78212, USA
B iy of Washis Seattle, Washi 98195, USA
13Zl(enyzm College, Gambier, Ohio 43022, USA
"**Abilene Christian University, Abilene, Texas 79699, USA

Deceased, April 2012.
Jeceased, May 2015.
Jeceased, March 2015.

Z&10T0A
PRL 16—



Strain (102") Strain (102")

Strain (102")

GW150914

|
_LIGO Hanford Data Predicted

_LIGO Hanford Data (shifted)

A

LIGO lemgston Data

030

|
0. 35 0.40
Time (sec)

Operational
Under Construction
Planned

Gravitational Wave Observatories

Blackhole merger of

36 Msun + 29 Msun

—> 62 Msun.

ost 3 Msun
E = mc?
1 3{EHFETE (440 Mpc)




himli

[T
T,
Y,

5%

\\\

ZHEICTDE.

512

256 [

128

(o)
H
T

w
N
T

LIGO Hanford

(0]
-
N

Frequency (Hz)

128 |

64

32

LIGO Livingston

0.5

4n 6 2[o

0.6 0.7

0.8 0.9 1.0

Time (sec)

(FREE, 'D2

o[BI AP T LK D Ic+400Hz

https://mediaassets.caltech.edu/gwave


https://mediaassets.caltech.edu/gwave

10—22_ ; e, : ~ TR [

10—22_
= e - o S W ' N

|
-0.4 -0.3 -0.2 -0.1 0.0 XS
Time (s)

Animation of the inspiral and collision of two black holes consistent with the masses and spins of GW170104. The top part of the movie shows the black hole horizons (surfaces of "no return"). The initial two
black holes orbit each other, until they merge and form one larger remnant black hole. The shown black holes are spinning, and angular momentum is exchanged among the two black holes and with the orbit. This results
in a quite dramatic change in the orientation of the orbital plane, clearly visible in the movie. Furthermore, the spin-axes of the black holes change, as visible through the colored patch on each black hole horizon, which
indicates the north pole.

The lower part of the movie shows the two distinct gravitational waves (called 'polarizations') that the merger is emitting into the direction of the camera. The modulations of the polarizations depend sensitively on the
orientation of the orbital plane, and thus encode information about the orientation of the orbital plane and its change during the inspiral. Presently, LIGO can only measure one of the polarizations and therefore obtains
only limited information about the orientation of the binary. This disadvantage will be remedied with the advent of additional gravitational wave detectors in ltaly, Japan and India.

Finally, the slowed-down replay of the merger at the end of the movie makes it possible to observe the distortion of the newly formed remnant black hole, which decays quickly. Furthermore, the remnant black hole is
"kicked" by the emitted gravitational waves, and moves upward. (Credit: A. Babul/H. Pfeiffer/CITA/SXS.) - See more at: http://ligo.org/detections/GW170104.php#sthash.NZPaW2LT.dpuf

http://ligo.org/detections/GW170104.php
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APPENDIX B: SIMULATION RANKINGS

In this appendix, we enumerate the simulations used in this work, ordered by one measure of their similarity with the data
(In L, in Table III). For nonprecessing binaries, Fig. 6 provides a visual illustration of some trends in In L versus mass ratio
and the two component spins.

TABLE IIl. Peak Marginalized In L I: Consistency between simulations: Peak value of the marginalized log likelihood In L [Eq. (7)]
evaluated using a lower frequency f},, = 30 Hz and all modes with / < 2; the simulation key, described in Table II [an asterisk (x)
denotes a new simulation motivated by GW150914, and a (+) denotes one of the simulations reported in LVC-detect [1]]; the initial
spins of the simulation (using — to denote zero, to enhance readability); the initial y.¢; the total (redshifted) mass of the best fit; and the
starting frequency (in Hz) of the best fit. Though omitting information accessible to the longest simulations, this choice of low-frequency
cutoff eliminates systematic biases associated with simulation duration, which differs across our archive, as seen by the last column.

InL Key q Xlx Xl,y Xz X2x /YZ,y X2z Aeff Mz/M® fstart(HZ)
272.2 SXS:BBH:0310(x) 1.221 0.00 73.0 15.1
272.1 D12 gl.00 a-0.25 0.25 nl00(*) 1.0 0.250 -0.250 -0.00 73.2 20.5
272.1 SXS:BBH:0002[ S] 1.0 0.00 73.2 10.0
271.8 D11 g0.75 a0.0 0.0 nl100(x) 1.333 —-0.00 72.1 23.1
8 OXS:BbBH: (€25) T.221 0.330  --- - =y ) )
6 SXS:BBH:0218 1.0 =0.500 --- ) . 73. .
271.6 SXS:BBH:0198 1.202 0.00 73.4 12.7
271.6 SXS:BBH:0307(x) 1.228 0.320 e e —-0.580 -0.08 70.0 17.0
271.6 GT:BBH:476 1.0 —0.200 -0.200 -0.20 67.9 24.3
271.6 SO D10.04 gl.3333 a0.45 -0.80 nl00 1.334 0450  --- ... —=0.801 -0.09 719 279
271.5 D12.00 ~g0.85 a0.0 0.0 nlOO(*) 1.176 —-0.00 73.0 20.6
271.5 D12.25 gO0. 82 a-0.44 ~0.33 nl00(x+) 1.22 0.330 —-0.440 -0.02 72.9 20.2
271.5 SXS:BBH:0312(%) 1.203 0.390 —-0.480 -0.00 73.9 14.8
2714 SXS:BBH:0127 1.34 0.010 -0.077 -0.017 -0.061 -0.065 -0.179 -0.09 71.5 14.3
2714 SXS:BBH:0115 1.07 0.019 0.013 -0.204 0.243 -0.067 0.291 0.04 74.1 13.8
271.3 SXS:BBH:0213 1.0 —0.800 0.800 0.00 73.2 11.7
2713 UD D10.01 gl.00 a0.4 nl00 1.0 0.400 —-0.400 -0.00 73.4 26.7
271.2 D12 ql1.00 a-0.25 0.00 nl00(¥) 1.0 ..~ —=0.250 -0.12 694 21.8
271.2 SXS:BBH:0222 1.0 -0.300 -0.15 69.1 12.3
271.2 SXS:BBH:0217 1.0 —0.600 0.600 0.00 73.2 11.9
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Introduction to Gravitational Wave Physics

4. Detections

GW150914

GW1509114:FACTSHEET

BACKGROUND IMAGES: TIIVJ:REQUENCY TRACE (TOP) AND TIME-SERIES
(BOTTOM) IN BHE TW.QOmSEEGO DETECTORS; SIMULATION OF BIEAWCK HOLE

HORIZONS (MIDDLE-TOP),

BEST FIT WAVEFORM

(MIDDLE-BOTTOM)

first direct detection of gravitational waves (GW) and first direct observation
of a black hole binary

observed by LIGO L1, H1 duration from 30 Hz ~ 200 ms
source type black hole (BH) binary | # cycles from 30 Hz ~10
date 14 Sept 2015 peak GW strain 1x102%
time 09:50:45 UTC peak displacement of +0.002 fm
0.75 to 1.9 Gly interferometers arms

likely distance

redshift

230 to 570 Mpc
0.054 t0 0.136

frequency/wavelength
at peak GW strain

150 Hz, 2000 km

peak speed of BHs ~0.6¢c
signal-to-noise ratio P4 peak GW luminosity 3.6 x 10% erg s’
talse alarm prob. < 1in 5 million radiated GW energy 2.5-3.5 Mo
false alarm rate <1in 200,000 yr remnant ringdown freq.  ~ 250 Hz
Source Masses Mo remnant damping time ~ 4 ms
total mass 60 to 70 remnant size, area 180 km, 3.5 x 105 km?2
primary BH 3210 41 consistent with passes all tests
secondary BH 2510 33 general relativity? performed
remnant BH 58 to 67 graviton mass bound <1.2x102%2eV
' mass ratio . 0.6 01 coalescence rate of 2 1o 400 Gpc? vr-
primary BH spin <07 binary black holes 1 A
secondary BH spin <0.9 . :
online trigger latency ~ 3 min
remnant BH spin 0.57 to 0.72 # offline analysis pipelines 5
signal arrival time arrived in L1 7 ms 50 million (=20.000
delay before H1 CPU hours consumed million (=20,

likely sky position
likely orientation
resolved to

Southern Hemisphere

face-on/off
~600 sq. deg.

# researchers

papers on Feb 11, 2016

PCs run for 100 days)

13

~1000, 80 institutions

in 15 countries

Detector noise introduces errors in measurement. Parameter ranges correspond to 90% credible bounds.
Acronyms: L1=LIGO Livingston, H1=LIGO Hanford; Gly=giga lightyear=9.46 x 10> km; Mpc=mega
parsec=3.2 million lightyear, Gpc=103 Mpc, fm=femtometer=10"> m, Mo=1 solar mass=2 x 103 kg

BRMMREENI
BERMRETEIC
BHO\FEULIE !

BHEEMNMFEUI !
HHXTERDEBOESE UTIELL !

We detected GW !

We could detect GW !

BH exists !

BH binary exists !

GR is right as the Oth order!

Hisaaki Shinkai (2B #BA) 2020/2/20 @ Yamaguchi Univ. 41



Signal-to-Noise Ratio (SNR)

Let the true signal h(t), the function of time, is de-
tected as a signal, s(t), which also includes the unknown
noise, n(t):

s(t) = h(t) + n(t).

The standard procedure for the detectien is judged by
the optimal signal-to-noise ratio (SNR), p, which'is-given

by 1/2
.y [ /°° h(f) () df} |

Sn(f)

where h(f) is the Fourier-transformed quantity of the
wave,
= [ emrtnaa

and S,(f) the (one-sided) power spectral density of
strain noise of the detector, as we showed in Fig. 1.
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o
'11GO's GRAVITATIONAL-WAVE DETECTIONS |

r B
GW150914,
14.09.2015 [ )
iy GW151226
62 SOLAR 26.12.2015 : X :
MASSES 1.4 Bon : ,
KILOMETRES IN s AV LGW 1 70 1 04J
360 DIAMETER 2 1 SOLAR | DISCOVERED:
TIASSES 04.01.2017
120 oiamerer BILLION
) T AWAY *

49 Wassts

270 biameTer
N\ y

BILLION
LIGHT YEARS

BILLION
LIGHT YEARS

BILLION BILLION
LIGHT YEARS LIGHT YEARS

DID YOU KNOW ? '
(e SOLAR MASS s = .

A STANDARD UNIT OF MASS

n ASTRONOMY

IT 1S EQUAL TO r o o

HE mass of THE SUN

EQUAL TO APPROXIMATELY

1.99 X 10°«; |

Data credit: LIGO Scientific Collaboration/OzGrav ARC Centre of Excellence




Introduction to Gravitational Wave Physics 4. Detections 2017/10/16

GW170817 : First detection of NSNS merger
HEREFESHE BHREE, Z2<OXXEHEISERR

GW150914

GW170814

MMNWWWW& GW170104
kil

LVT151012

GW151226 1 sec.

time observable by LIGO-Virgo
GW170104

GW170814

GW170817 S —

0 5 10 15 20 25 30 35 40 45 50 55 GW-I 708] 7

time observable (seconds)

LIGO/University of Oregon/Ben Farr

Hisaaki Shinkai (E8 #FH) 2020/2/20 @ Yamaguchi Univ.
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GW170817 : First detection of NSNS merger

2500 A
2250 1
2000 A
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GW170817 : First detection of NSNS merger

Gamma rays, 50 to 300 keV GRB 170817A
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GW170817 : First detection of NSNS merger

THE ASTROPHYSICAL JOURNAL LETTERS, 848:L12 (59pp), 2017 October 20 A
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Figure 2. Timeline of the discovery of GW170817, GRB 170817A, SSS17a/AT 2017gfo, and the follow-up observations are shown by messenger and 1
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GW170817

On August 17, 2017, 12:41 UTC,
LIGO (US) and Virgo (Europe) detect
gravitational waves from the merger
of two neutron stars, each around
1.5 times the mass of our Sun. This is

the first detection.of spacetime ripples
from neutron stars

: First detection of NSNS merger

FIRST CosmiICc EVENT OBSERVED

IN GRAVITATIONAL WAVES AND LIGHT
Colliding Neutron Stars Mark New Beginning of Discoveries

Within two seconds, NASA's

Fermi Gamma-ray Space Telescope

detects a short gamma-ray burst from a
region-of the sky overlapping the LIGO/Virgo
position. Optical telescope observations

pinpoint the origin of this signal to NGC 4993,

a galaxy located 130 million light years distant

Collision creates light across the

entire electromagnetic spectrum.

Joint observations independently confirm
Einstein's General Theory of Relativity,
help measure the age of the Universe,
and provide clues to the origins of

heavy elements like gold and platinum
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UFH L RUDIFN 2p] HwvE ’& =% 5 TvEk ES
lithium beryllium boron carbon nitrogen oxygen fluorine neon
6.941 9.012 Dﬁiﬂ‘ci&% l:liﬁliéﬁm'léﬁ I:Iti(%a"liﬁﬁ%o)ﬁb“‘ot;éi?% 10.81 12.01 14.01 16.00 19.00 20.18
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22.99 24.31 26.98 28.09 30.97 32.07 35.45 39.95
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:DIsFN AT L 3d RN T L FHY NFOHL Z1=FN HY #% =V =y il E:iX ) 4p HUD L FILR=r) L (== LY 2% 9Ty
potassium calcium scandium titanium vanadium chromium manganese iron cobalt nickel copper zinc gallium germanium arsenic selenium bromine krypton
39.10 40.08 44.96 47.87 50.94 52.00 54.94 55.85 58.93 58.69 63.55 65.41 69.72 72.64 74.92 78.96 79.90 83.80
37 +1(38 +2 39 +3(40 +4(41 +5,3|142 +6,3,5/43 +7,46|44  +436,8(45 +3,4,6|146 +2,4|147 +1(48 +2 49 +3(50 +4,2[51 +3,5052 -2|53 -1|54
Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te | Xe
WEDI L AbBVFYL 4d ECLULFN naz=ohL =) EYITY TIORTF L [ =iy FN asry L AP PN R ARSHL 5p R4 FN 2ZX TUFEY FILIL ElES e
rubidium strontium yttrium zirconium niobium molybdenum technetium ruthenium rhodium palladium silver cadmium indium tin antimony tellurium iodine xenon
85.47 87.62 88.91 91.22 92.91 95.94 98 101.1 102.9 106.4 107.9 112.4 114.8 118.7 121.8 127.6 126.9 131.3
55 +1|56 +2 57—71 72 +4|73 +5|74 +6,4|75 +7,4,6| 76 +4,6,8|77 +4,3,6|78 +4,2|79 +3,1((80 +2,1 81 +1,3|82 +2,4|83 +3,5/84 +4,2485 86
Cs Ba SUB/AR Hf Ta w Re Os Ir Pt Au Hg Ll Pb Bi Po At Rn
R S2FFN JAUL-FN T 54 INTZ=)Ls 2 BV RTY L= L AR L EUPPFN Be 3 KR 6p EDLZFN A EXTR RO=rL TREFY IrY
cesium barium lanthanides hafnium tantalum tungsten rhenium osmium iridium platinum gold mercury thallium lead bismuth polonium astatine radon
132.9 137.3 178.5 180.9 183.8 186.2 190.2 192.2 195.1 197.0 200.6 204.4 207.2 209.0 209 210 222 | EEETHR
87 +1/88 +2 89—103 104 105 106 107 108 109 110 11 112 113 114 115 116 117 118 lﬁﬁi%
Fr Ra 7o7/48  Rf Db Sg Bh Hs Mt Ds Rg Cn Nh Fl Mc Lv Ts Og
eI IN SSYL 1 6d SHR—UYA | KFI=wA | s—m—®ua | w—ymL novnh | wardumn [#—nzeFon| Loks=ya | axi=oya TP| =#=ws | suoews | ERaE9L | uszEusL FHY AHAY
francium radium actinides rutherfordium dubnium seaborgium bohrium hassium meitnerium darmstadtium roentgentium copernicum nihonium flerovium moscovium livermorium tennessine oganesson
223 226 261 262 266 264 277 268 281 272 285 284 289 288 292 293 294
S/ 57 +3]58 +3,4[59 +3,4]60 +3[61 +3[62 +3,2[63 +3,2[64 +3]65 +34[66 +3]67 +368 +3[69 +32[70 +3,2[T1 +3
lanthanides La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
(LT T —ARERE) T 4] Su8Y L ULZFN TS5tFT L RADL TAAFY L RIEULZIN aaEY L HRY=H L FILES L SRTAYY L RILEY L ILEDL PULIVN AYTILED L VTFF9 L
(rare earth metals) lanthanum cerium praseodymium neodymium promethium samarium europium gadolinium terbium dysprosium holmium erbium thulium ytterbium lutetium
138.9 140.1 140.9 144.2 145 150.4 152.0 157.3 158.9 162.5 164.9 167.3 168.9 173.0 175.0
TOF/AL 89 +3[90 +4[91 +54(92 +634,5(93  +534,6(94  +4356(95  +34,56[96 +3[97 +3,4(98 +3[99 +3(100 +3(101 +3,2(102 +2,3(103 +3
actinides Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
¥ 5f FIOFZIL ™ L TarToOF= L o3y RIY=H L TIb=9 L FTHA)OI L EEUA N IN=D1)5 L HIRIWZD L [FAVREAZI L TZUEIL AUTLED L Vo VLvFN A—L2i L
actinium thorium protactinium uranium neptunium plutonium americium curium berkelium californium einsteinium fermium mendelevium nobelium lawrencium
227 232.0 231.0 238.0 237 239 243 247 247 251 252 257 258 259 262
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Why there is heavy elements than Fe?
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1s b€ 3 2
hydrogen A
1.008
3 +
Li Be
UFo L S UULFN
lithium beryllium
6.941 9.012
1" +1(12
Na Mg
FrUDL E&ZE STFFN
sodium magnesium
22.99 24.31
19 +1(20
K Ca
)L 2V AP FN
potassium calcium
39.10 40.08

RTRES - Cu
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NFTIL
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boron carbon nltrogen oxygen fluorine neon
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KAGRA SCIENTIFIC CONGRESS: COLLABORATORS’ INFORMATION EXCHANGE

KSC Newsletter

2018/08/01

Second Issue

From Phase 1 to Phase 2

Nine-day operation with wild weather & earthquakes

KAGRA now has the world's tallest vibration isolation systems (13.5 m)
which help to reduce seismic noise at low frequencies. The volume of the
vacuum system is third largest in the world. Two 23-kg sapphire mirrors
have been installed at each end, and one of them was kept for 30 days at

cryogenic temperature (18K).

A leakage of the vacuum system was found in April 2018, therefore the
Phase-1 experimental activity was delayed for 5 days. Despite the

difficulties, the phase-1 operation was a success: it lasted from April 28

to May 6, 2018, and during this period many injection tests were

performed.

The interferometer duty cycle during the Phase-1
operation reached 88.6% between April 28 and May 2,
while it dropped to 26.8% on May 3 and 4. Finally it
slightly improved to 59.8% over the final days (May 5 & 6).
The longest lock was over 10 hours. The low duty cycle on
May 3 and on the following days was mainly attributed to
the high micro-seismic noise caused by a heavy storm, local
earthquakes, volcano eruptions in Hawaii, and visits of
theorists.

The achieved sensitivity during Phase 1 was still worse
than the final sensitivities of TAMA and CLIO, except at the
lower frequencies (40 Hz), where KAGRA's sensitivity was
better than that of TAMA. KAGRA started Phase 2 from May
7: the final installation work before the real observation

run.
10-12 —— TAMA300 (2008) §
10—13 3 —— CLIO (2010) B
10—14 —— bKAGRA Phase-1 (2018) |
. 10_15 | —— DbKAGRA Design |
LE 10—16 "
Z 1077 1
E 10-18 4
‘T -19
= 18—20 |
10—21 l
10—22 \,\
10723 \__JIL_/
10724

10! 102 103
frequency (Hz)

Weather map of May 3, 2018.
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KAGRA SCIENTIFIC CONGRESS: COLLABORATORS' INFORMATION EXCHANGE

2018/04/01

KSC NewsLetter

The premiere issue

Phase-1 operation starts on April 23

First cryogenic interferometer test will start soon.

After two years from the iKAGRA run, we will start phase-1 operation on April 23
to May 6. Due to the tight schedule for our upcoming real observation, system
engineering office (SEO) decided to operate phase-1 with one cryogenic mirror (Y-
arm), and the other at normal temperature. We do not know what will be the
outcomes. So it might become a sort of fun. A detail list of tests planned during
the run is at page-3.

The above photo, taken in a clean room in the University of Toyama, is our 23kg-
Sapphire mirror for X-end, which is now under installation. The installation of the
cryo-payload at X-end is almost done and the main beam is coming back to the

center now .

Three words you should not miss in our conversation.

What is this
NewsLetter?
Nobody knows if this
is the first issue of a
series of information
letters, or just a April
fool's day joke.

03=0zone.

We are in a rush for
O3 this year. Let's
finish looking for O2.

We call for
volunteers

We welcome your
editorial participation
to this journal. It will
give you a career
update definitely.

http://gwwiki.icrr.u-tokyo.ac.jp/JGWwiki/KAGRA
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Organization of KSC (KAGRA Scientific Congress)

Takaaki Kajita
(PI)

KAGRA Scientific Congress (KSC)
Pl organization chart 2019/August 24

* Hisaaki Shinkai Zhoujian Cao
* Shinji Miyoki -
— — KSC board ohdlonm  pung wwon Lee <New Board
h f t &id ZChunglee Kim Ray-Kuang Lee
sharing information Iaea Hideyuki Tagoshi Hirotaka Yuzurihara

Tomotada Akutsu Tomohiro Yamada ( 2 O 1 9/ 8- 20 2 1 / 8)

Py ‘,
Masatake Ohash|

(vice PI) Data Analysis * Hideyuki Tagoshi
| . + WGs chairs/vice chairs .
, Committee (DAC) + Hisaaki Shinkai (board) =
- i i i i (TS Continuous Stochastic Computin
‘ Binary Burst Wave P 9 Calibration Detchar
Wave Wave & Software
Y h io Saito Coalescence
0s * Hideyuki Tagoshi * Yousuke Itoh * Kazuhiro Hayama  * Guo-Chin Liu * Ken-ichi Oohara * Yuki Inoue * Keiko Kokeyama
E r '_ man r Kipp Cannon Sachiko Kuroyanagi Hirotaka Takahashi
(S O p OJ d age ) Hyung-Won Lee Kazuki Sakai
Tjonnie Li
Joint Editorial Joint Run Planning LVC-KAGRA Joint Meeting Joint Detection
board Committee taskforce Committee Committee
Yousuke ltoh Yoshio Saito (leader, project manager) *1BD
Shinji Miyoki Hideyuki Tagoshi (Data analysis)

Takahiro Yamamoto (Calibration)
Osamu Miyakawa (commissioning)
Hisaaki Shinkai (MoU)

Hisaaki Shinkai (EHE &HH) 2020/2/20 @ Yamaguchi Univ. 68
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2019/10
KAGRA joined International GW Network LVK MoA signhed
Signed up LIGO-Virgo-KAGRA MoA for joint observation

On October 4, 2019, KAGRA held a ceremony to mark the completion of the detector. The ceremony was in the
site, and after the play of the music of kagura (the traditional Shinto-style ritual music) by local children’s
musical group, Takaaki Kajita, our PI, pushed a button with U Tokyo Executive Vice President Kohei Miyazono
to demonstrate the detector in motion. In the evening of the day, the signing ceremony of a memorandum of
agreement (MoA) on a research collaboration between KAGRA, LIGO and Virgo were held.

This MoA makes KAGRA an equal partner of LIGO and Virgo, and once KAGRA satisfied the criteria for joining
observation then all the scientific achievements will be presented as LIGO-Virgo-KAGRA collaboration. KAGRA

is definitely close to the production phase after the ten-year construction and installation period. (@

LT V|HGO, KAG A sl

- AW KAGRA

M1900145-v1, VIR-0091A, and JGW-M1910663¢

Memorandum of Agreement |
between<
VIRGO, ¢
KAGRA,
and the¢
Laser Interferometer Gravitational Wave Observatory (LIGO)¢
October 2019¢
d

Purpose of agreement:

¢
The purpose of this Memorandum of Agreement (MOA) is to establish and define a collaborative
relationship between VIRGO, KAGRA and the Laser Interferometer Gravitational Wave
Observatory (LIGO) to develop and exploit laser interferometry to measure and study gravitational
‘waves. «

‘We enter into this agreement in,orderJo lay the groundwork for decades of world-wide
collaboration. We intend to carry out the search for and analysis of gravitational waves in a spirit
of teamwork, not competition. Furthermore, we remain open to participation of new partners,
‘whenever additional data can add scientific value to the detection and study of gravitational waves.
All partners in the world-wide collaboration should have a fair share in the scientific governance
of the collaborative work. «

Among the scientific benefits we hope to achieve from this collaboration are: better confidence in
detection of signals, better duty cycle and sky coverage for searches, better estimation of thg,.
legatiop, and physical parameters of the sources, and gravitational wave studies based on the
detected signals. Furthermore, we believe that the sharing of ideas will also offer additional
benefits.

This MOA supersedes the MOU LIGO-M060038-v5 between VIRGO and LIGO, established in
March 2019. This MOA also supersedes the MOU JGW-M1201315-v3 between KAGRA, LSC
and Virgo scientific collaboration in December 2012. «

(Above) Pose for photos after signing a MoA. (from left) EGO vice
president Christian Olivetto, Virgo spokesperson Jo van den Brand,
KAGRA principal investigator Takaaki Kajita, LIGO Executive Director
David Reitze, KSC board chair Hisaaki Shinkai, and KAGRA vice PI
Masatake Ohashi. At ANA Crowne Plaza hotel Toyama, October 4,
2019. [Photo courtesy of Hida City]

Details of, and extensions to, this MOA will be provided in Attachments agreed to by LIGQ,..
VIRGO, and KAGRA..«

We refer to the joint bodies of the LIGO Scientific Collaboration (LSC), the Virgo Collaboration,
and the KAGRA Collaboration as ‘LVKC" in this document for brevity. The three Collaborations
maintain their independent existence and may have differing (but not mutually incompatible) rules
- and procedures in some domains.«
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International GW network (EEEHRSEIRY KDO—2)

ALIGO  (2JIVIRGD

LIGO Virgo Collaboration
LIGO SCientifiC COllabOI‘atiOIl Virgo is a European collaboration with about 360 authors from 89 institutes

Advanced Virgo (AdV) and AdV+: upgrades of the Virgo interferometric detector

Abllene Christian University ® @ . Andrews @ University Vg ﬁ FULLERTON AN Penn State University Participation by scientists from France, Italy, Belgium, The Netherlands, Poland, Hungary, Spain, Germany
Noat el \:;mul TR 55 @ » ., Rochester Instiute of Tochnology Institutes in Virgo Steering G it
wersiy i) Sonoma State University « Institutes in Virgo Steering Committee
American Unversity . indige) @ Sauther Univ. and A&M College 9 9
gﬁ:;s:: 'Sf':l':-a?:’;‘;n:ﬂﬁ?v WiITSAN Stanford Unwersiy - APC Paris - INFN Perugia - LAPP Annecy - RMKI Budapest
Canadian inat. Th. Aswophysics. g;;;gg;ggg:w - ARTEMIS Nice - INFN Pisa - LKB Paris - UCLouvain, ULiege
Carleton Coliege Texas Tech University - IFAE Barcelona - INFN Roma La - LMALyon = Univ. of Barcelona
gat?nfl'ff'n"?g‘c":f?ﬁm York ¥"""; e - ILM and Navier Sapienza - Maastricht University - University of Sannio
Embry-Ridcie Aprcnautical Ui i e i SRS - INFN Firenze-Urbino - INFN Roma Tor Vergata - Nikhef Amsterdam - Univ. of Valencia
gowos Llorard Ul;‘virs:f University of Alabama in Huntsvile - INFN Genova - INFN Trento-Padova - POLGRAW(Poland) = University of Jena
eorgia Instiute of Technology University of Brussels - - - iversity Ni
ﬁ:gm’: SF'," Hs'""l'mcgw" Uversy of Chioaos INFN Napoli LAL Orsay ESPCI Paris University Nijmegen
art & Willam Smith Coleges University of Florida ] ) .
ICTP-SAIFR Universiy of Manyiand Advanced Virgo project has been formally 5 -
InaiGo University of Michigan completed on July 31, 2017 United Lithuania

1AP-Russian Acad, of Scences
Inst. Nacional Pesqusas Espaciais
Kenyon Cofege

Karean Graviational-Wave Group
Louisiana State Unwersty
Montana State Universty
Montclair State University

University of MIPH?SO!B Kingdnm
3::‘;:;5 g{g;:;‘;:“" Part of the international network of 2nd @

University of Sannio generation detectors Belarus
Univ. of Texas-Rio Grande Valey ;
University of Washingtan Started O3 run on April 1, 2019

University of Wisconsin-Mitwauicee

2ot o) UFioRiish
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Moscow State University LSU _ 5' s P Washingion Swate University 4
Nazonal Tinghua University 7 o Peansute [l West irgina Univesity __ Ukraine
Nortfrwestem University i EMBAY-RIDDLE @O & wrford Appl Whitman College 8 European countries ; Moldova

LIGO Laboratory: Calfornia institute of Technology. Massachusetts Institute of Technology. LIGO Hanford Observasory. LIGO Livingston Obsernvatory Ro o
s mania
Auskalin Consosum o netromestc Gravasions Astonory (ACIGAY: (N | .=_= ‘
Austrafian National University, Charles Sturt Unive Manash University, University of Adelaide, University of Melbourne, Uniy of Western Australia Serbia

German/British Collaboration for the Detection of Graviiationsl Waves (GEO600) Bulgars

Carditt University, Leibnz Universitit Hannower, Albert-Einstein insttut, Hannover, King's College Landon, Ruthertord Appleton Laboratory. e
University of Bemingham, Unwersiy of Cambridge, Universty of Glasgow, University ol Hamburg, Universily of Sheffek, i ol Greece
University of Southamptan, University of Strathclyde, University of the West of Scotand

1330 members 465 members 360 members
860 authors 360 authors 200 authors
101 groups 6 groups 110 groups
20 countries countries 14 regions



Observation 3

Current O3 Schedule (LIGO-G1901531)

23-August-2019

2019 2020

Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul

v

LIGO

I I I I I Commissioning break I I I I I I I I
' ' ' ' Oct. 1 1500 UTC to Nov 1 1500 UTC' ' ' ' ' ' ' '

Virgo

KAGRA

GEO L

Engineering Runs (ERS), Observin
possible GW alerts with human vetting 9

Commissioning Downtime (no Data)
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Laser Interferometer Space Antenna

2034F (T LITFE

250 FkmDiD KR =
HIKDRNEREE D4
BRKEE T (mHzH5Hz®)




ENRFHTHEIDECIGO (7« Y- 1)

Deci-hertz Interferometer Gravitational wave Observatory
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Interplanetary Network of Optical Lattice Clocks
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https://arxiv.org/abs/1809.10317
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‘ Figure 6. Cumulative distribution function of the number of BH mergers
Figure 5. Number density of BHs per galaxy as a function of BH mass for Nnerger (Msy) as a function of the redshift z. Nperger is €xpressed with binned
diffcrent total mass of galaxics Mgy = 10°M,, ---,1012M,,,. one, of which we binned 20 for one order in Mgy.
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Event Rates at bKAGRA/aLIGO
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