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Gravitational Wave
from binary BH-BH, NS-NS, BH-NS
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What kind of technology we need?

LIGO: The Laser Interferometer
Gravitational-Wave Observatory

Alex Abramovici, William E. Althouse, Ronald W. P. Drever,
Yekta Gursel, 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. Gursel 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 disruption (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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Sensitivity Curve
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Sensitivity Curve
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Gravitational Wave Projects

Fourth 2nd generation detector on the Earth
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more precise GW source localization ’/’:

—

more certain GW source parameters
more chances to hunt GW events

more information of GW polarization o
_ LIGO-Livingstor
more ideas for GW researches

more man power
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Target Sensitivity & Schedule
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“Scenario Paper”
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COVID-19 terminated O3b

O4 will likely start no earlier than
June 2022
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International GW network (EREDREANRLRY NT—72)

ALIGO

LIGO
LIGO Scientific Collaboration

Aplene Christian University Andrews @ Uninersity  “gg'5 E‘ M\ Penn State University
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Embry-Riddie Aeronautical Univ \\ [5 [F‘h % e e SAIFR  Universitat de les Ibes Balears
Editvos Lordnd University &/ ASTRALIA s University of Alabama m Huntsvile
Georgla Instiute of Technology e University of Brussels
Goddard Space Flight Center CH ][ ’l (] - plo University of Chcago
e e S o atech =BG s B ol i
NGO @ Universitat == ¢ - Ur:‘w;:gnlf gf vf::rry-;'n
IAP-Russian Acad. of Scences - vl ! & University of Minnesota
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Moscow State University p o) Washington State University
Natonal Tsinghua University 'a PeanState e s West Virgina University
Northrwestem University “N-m.l h Ruthwrfond Appleton Libcutery  Whitman College

LIGO Laboratory: Calfornia Institute of Technology, Massachusetts Insttute of Technology. LIGO Hantord Observasory, LIGO Lvingston Obsenvatory

Ausyalian Consornum loe Interferometic Gravratonal Asronomy (ACIGA):
Austrafian National University, Chirles Sturt University, Monash Universay, University of Adelaide, University of Melbbourne, University of Western Australia

German/Briush Collaboravon for the Desecton of Graviatonal Waves (GEC600)
Cardift University, Leibn Universitiit Hannover, Albert-Einstein institut, Hannaver, King's College London, Rutherford Appleton Laboratory,
University of Bemngham, Uniersty of Cambridge, University of Glasgove, University of Hamburg, University of Sheffekd,
University of Southamptan, University of Strathclyde, University of the Waest of Scotand

1330 members
860 authors
101 groups
20 countries

KAGRAIX, 2019 10H
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Virgo Collaboration

Virgo is a European collaboration with about 360 authors from 89 institutes

Advanced Virgo (AdV) and AdV+: upgrades of the Virgo interferometric detector
Participation by scientists from France, Italy, Belgium, The Netherlands, Poland, Hungary, Spain, Germany
+ Institutes in Virgo Steering Committee

- APC Paris - INFN Perugia - LAPP Annecy - RMKI Budapest

- ARTEMIS Nice - INFN Pisa = LKB Paris - UCLouvain, ULiege
- IFAE Barcelona - INFN Rcma La - LMALyon = Univ. of Barcelona
- ILM and Navier Sapienza - Maastricht University - University of Sannio
- INFN Firenze-Urbino - INFN Rema Tor Vergata - Nikhef Amsterdam - Univ. of Valencia

-~ INFN Genova -~ INFN Trento-Padova - POLGRAW/(Poland) - University of Jena

= INFN Napoli - LAL Orsay ESPCI Paris = University Nijmegen

Advanced Virgo project has been formally

completed on July 31, 2017 United D 3 Lithuania
Kingdom

Part of the international network of 2nd
generation detectors Ireland

Started O3 run on April 1, 2019

Belarus

Ukraine

8 European countries ; Dy Austri ‘ Moldova
\ Romania
N | S |
X 3 Bulgaria

Greece

T gTurkeyl

465 members
360 authors
96 groups
8 countries

GO-Virgo & MoA% 51N, FH[REERA

O3biD T —XZEHh oE&iL, HRwWXOEE LGS,
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. ; Y9 oy " ; KAGRA SCIENTIFIC CONGRESS: COLLABORATORS" INFORMATION EXCHANGE -~ " 2019/12/01
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Issue 6

KOREA

KAGRA joined International GW Network
Signed up LIGOVirgo-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
I I I e I I I e rS 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
2 4 O a u t h O rS is definitely close to the production phase after the ten-year construction and installation period. @

F il vl“ho T ———
- 4B KAGRa n:k.AG

110 groups
14 regions

(Above) Pose for photos after signing a MoA. (from left) EGO vice
president Christian Olivetto, Virgo spokesperson Jo van den Brand,

;IE KAGRA principal investigator Takaaki Kajita, LIGO Executive Director
= \\ — David Reitze, KSC board chair Hisaaki Shinkai, and KAGRA vice PI
LN jj t D /LJ\ -, Masatake Ohashi. At ANA Crowne Plaza hotel Toyama, October 4,

2019. [Photo courtesy of Hida City]

b
cC

¢

(Right above) The ceremony at the site. Playing kagura music by local
shrine musicians. (Right below) Takaaki Kajita and U Tokyo Vice
President Kohei Miyazono switched on the green button, and it locked.
[Photos courtesy of H. Oobayashi.]
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|2d Selected for a Viewpoint in Physics
PHYSICAL REVIEW LETTERS

S

Observation of Gravitational Waves from a Binary Black Hole Merger

36MM+29M=62M

week ending

PRL 116, 061102 (2016) 12 FEBRUARY 2016

B.P. Abbott ef al.”

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

1.0+

On September 14, 2015 at 09:50:45 UTC the two detectors of the Laser Interferometer Gravitational-Wave 0.5 L
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 1021, It matches the waveform 0.0

GW15091/1:FACTSHEET

Hanford, Washington (H1) Livingston, Louisiana (L1)

BACKGROUND IMAGES: TIIVJ:REQUENCY TRACE (TOP) AND TLESSESER | E S
(BOTTOM) IN THE TWCRESO DETECTORS; SIMULATION OF BEACK HOLE
HORIZONS (MIDDLE-TOP), BEST FIT WAVEFORM (MIDDLE-BOTTOM)

first direct detection of gravitational waves (GW) and first direct observation

predicted by general relativity for the inspiral and merger of a pair of black holes and the ringdown of the -0.5 of a black hole binary
resulting single black hole. The signal was observed with a matched-filter signal-to-noise ratio of 24 and a T -1.0F 4 H—T1 observed .
false alarm rate estimated to be less than 1 event per 203 000 years, equivalent to a significance greater h |—H1 observed | | ! H1 observed (shifted, inverted) | |
than 5.16. The source lies at a luminosity distance of 410+180 Mpc corresponding to a redshift z = 0.097093. S | | T | T observed by LIGO L1, H1 duration from 30 Hz ~ 200 ms
In the source frame, the initial black hole masses are 36 M and 297§ M, and the final black hole mass is e source type black hole (BH) binary | # cycles from 30 Hz ~10
62ﬁM®, with 3.0f8§M @c radiated in gravitational waves. All uncertainties define 90% credible intervals. © date 14 Sept 2015 peak GW strain 1 x 102"
These observations demonstrate the existence of binary stellar-mass black hole systems. This is the first direct n . EA.
: - : : time 09:50:45 UTC eak displacement of
detection of gravitational waves and the first observation of a binary black hole merger. P P +0.002 fm
— Numerical relativity L — Numerical relativity - ||ke|y distance 0.75t0 1.9 Gly interferometers arms
DOL: 10.1103/PhysRevLett.116.061102 Reconstructed (wavelet) Reconstructed (wavelet) 230 to 570 MpC frequency/wavelength 150 Hz, 2000 km
W Reconstructed (template) B Reconstructed (template) at peak GW strain !
0.5 l - | | ' - | | redshift 0.054 to 0.136 P
= I ! i ! 0 ' ' ' ' peak speed of BHs ~0.6c
0.0 MM/WWM/\P\,/\WAW\/\N‘ signal-to-noise ratio 24 peak GW luminosity 3.6 x 10% erg s
-0.5 [[— Residual] | | | | [[=Residual | | ! } false alarm prob. < 1 in 5 million radiated GW energy 2.5.3.5 Mo
L
D .
__ 512 . 3 false alarm rate <1 in 200,000 yr remnant ringdown freq.  ~ 250 Hz
N et
L 256 g— Sotmesstasses Mo remnant damping time ~4 ms
> 6
. o i 2 1-g © total mass 60to 70 remnant size, area 180 km, 3.5 x 10° km?
K N b\ % ‘— "zs\ > t 7] 49 primary BH 32 to 41 . h I
J T8 V- (- S N consistent wit passes all tests
g 64 > ® secondary BH 25 to 33 general relativity? performed
» — - e
{ /j_\ é *L 7" - 32 0o remnant BH 58 to 67 graviton mass bound <1.2x1022eV
-
0.30 0.35 0.40 0.45 0.30 0.35 0.40 0.45 < mass ratio 0.6 to 1 coalescence rate of
Time (s) Time (s) rimary BH spin <0.7 . 2 to 400 Gpcyr”
P y P i binary black holes
FIG. 1. The gravitational-wave event GW150914 observed by the LIGO Hanford (H1, left column panels) and Livingston (L1, right secondary BH spin <0.9 online trigger latency ~ 3 min
== = column panels) detectors. Times are shown relative to September 14, 2015 at 09:50:45 UTC. For visualization, all time series are filtered t BH spi 0.57 to 0.72 ) 1\
* LE a E B H d) 4-'?- .1- :t with a 35-350 Hz bandpass filter to suppress large fluctuations outside the detectors’ most sensitive frequency band, and band-reject gagnan Spin : ou. # offline analysis pipelines 5
- filters to remove the strong instrumental spectral lines seen in the Fig. 3 spectra. Top row, left: H1 strain. Top row, right: L1 strain. signal arrival time arrived in L1 7 ms ||
N GW150914 arrived first at L1 and 6. 9‘05 ms later at H1; for a visual comparison, the H1 data are also shown, shifted in time by this del bef H1 CPU h d ~ 50 million (=20,000
- i RN 7— 7— , _ . ‘ L ) ) elay efore ours consume
* — o) l/ / o) B H d) amount and inverted (to account for the detectors relative orientations). Second row: Gravitational-wave strain projected onto each | PCs run for 100 days)
detector in the 35-350 Hz band. Solid lines show a numerical relativity waveform for a system with parameters consistent with those likely sky position Southern Hemisphere
recovered from GW150914 [37,38] confirmed to 99.9% by an independent calculation based on [15]. Shaded areas show 90% credible likelv orientation face-on/off papers on Feb 11, 2016 13
{‘ *]J &b T — é *L 7'—__ regions for two independent waveform reconstructions. One (dark gray) models the signal using binary black hole template waveforms y AR VAT L ~1000, 80 institutions
/ ] \ - [39]. The other (light gray) does not use an astrophysical model, but instead calculates the strain signal as a linear combination of resolved to ~600 sq. deg. in 15 countries

sine-Gaussian wavelets [40,41]. These reconstructions have a 94% overlap, as shown in [39]. Third row: Residuals after subtracting the
filtered numerical relativity waveform from the filtered detector time series. Bottom row:A time-frequency representation [42] of the
strain data, showing the signal frequency increasing over time.

5B (KBRIK) @ [EETINETLENF - BEFH - BB v

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 10’2 km; Mpc=mega
parsec=3.2 million lightyear, Gpc=10% Mpc, fm=femtometer=10""> m, Mo=1 solar mass=2 x 103 kg
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2. ERER OB
GW150914 EAHREILH THOEEKERE #FEEBH 36M+29M=62M

WORR F TOREREIL, 13{E)tES% (400£170 Mpce, z=0.054—0.136) X Ial—2a AR RSN, BEFPEEHTS
2h, ARIERO oNEh 57z, BRI T A — X GDfl:virEﬁ“ﬁ#’Jﬂf:.

1

DUV arXiv:1606.01262
gh LIGO LIGO Document P1500227-v6
""""" DeC Home Recent Changes Topics
: Localization and broadband follow-up of the gravitational-wave transient GW150914 B.P. ABBOTT et al. PHYSICAL REVIEW D 94’ 064035 (2016)
&7 - 7 . . 6.4
P ms Document #: Abstract: . . Other Versions:
LSO Piz00227.1 D RS e APPENDIX B: SIMULATION RANKINGS
‘ P- Publicat?:)r{s facilitigs. The full \{grsion will be pgsted on or aftgr Eebruary 15, .2016. It will describe the rapid
: detectlpn and position reconstruction of the.grawta.tlonal-.wave sngqal and the broadband follow-up . . . . . . . . . . .
SR ( Cogntomoan, AL T s s el s S In this appendix, we enumerate the simulations used in this work, ordered by one measure of their similarity with the data
’ Files in Document: (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.

A‘tHJ_,.GH-L'

,,,,,,,,,,,, - LIB

LALInference

20h

Localization and broadband follow-up of the InL Key q X1x X1y X1,z X2x X2y X2,z Xei M /Mg foa(Hz)
gravitational-wave transient GW150914 2722 SXS:BBH:0310(x) 1.221 T T T T 0.00 73.0 15.1
Th(ijs artitcle istL)mde_r pr(?pa_ll'g_tion_lk_)%/ tr:e"LIGO_ Scie_rl1ltific Collaboration, fthe Virgo collaboration, 272.1 D12 ql 00 a-0.2 5_0 25 _n 100 (*) 1.0 0.250 . . —-0.250 -0.00 73.2 20.5
Wil doscrib he rapid detection and positon reconsirutton of the graviational-wave Signal an 272.1 SXS:BBH:0002[ S] 1.0 a a a a 0.00 732 10.0
Fhe broadband follow-up campaign by 21 teams of observers, spanning radio, opt!cal, near- (x) lm .o .o «cee .o _O‘ !“ :Z;: I ;:a I
infrared, X-ray, and gamma-ray wavelengths with ground- and space-based facilities. wﬂm 1221 0330 — - _0440 _002 742 148
271.6 SXS:BBH:0218 1.0 —0.500 e e 0.500 0.00 733 10.6
271.6 SXS:BBH:0198 1.202 0.00 734 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 e e -0.200 -0.20 67.9 24.3
271.6 SO D10.04 gl.3333 a0.45 -0.80 nl00 1.334 0.450 -0.801 -0.09 71.9 27.9
o1 2 3 4 S 271.5 D12.00_qg0-85_a0.0_0.0_nT00(¥) 1.176 oo e .. 000 730 206
) 271.5 D12.25 qO. 82 a-0.44 ~0.33 nl00(x+) 1.22 0.330 R R -0.440 -0.02 72.9 20.2
prob. per deg 271.5 SXS:BBH:0312(x) 1.203 e e 0390 --- e -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 -0.09 715 14.3
LALInference sky map (GCN 18858) Mollweide projection plot 271.4 SXS:BBH:0115 1.07 0.019 0.013 -0.204 0243 -0.067 0291 0.04 74.1 13.8
271.3 SXS:BBH:0213 1.0 —0.800 0.800 0.00 732 11.7
271.3 UD D10.01 gl1.00 a0.4 nl00 1.0 0.400 e e -0400 -0.00 734 26.7
—_ _ 2712 D12 gl.00 a-0.25 0.00 nl100(x) 1.0 -0.250 -0.12 694 21.8
600 Y/ E 2712 SXSTBBH:0222 1.0 ~0300 -+ .- ... —015 691 123
271.2 SXS:BBH:0217 1.0 —0.600 e e 0.600 0.00 732 11.9
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Event rate (counts/s)  Event rate (counts/s)

Event rate (counts/s)

Frequency (Hz)

EERFHFEDNDERE 7+0—

o
xav
A (R®

2500 1 Lightcurve from Fermi/GBM (10 — 50 keV)

2250 |
2000 - ‘ ] ‘
1750 443 ‘ . e ‘ ,”

1500
1250

1750 1
1500 -
1250 A
1000 -

750 1

Lightcurve from INTEGRAL/SPI-ACS
120000 4 (> 100 keV)

117500

115000 A

112500 A

IR Gravitational-wave time-frequency map
300

200

100

50
-10 -8 —6 —4 -2 0 2 1 6
Time from merger (s)

7Y 7%51,“@ 37

LIGO-Hanford

observed by
source type

date
time of merger
signal-to-noise ratio

false alarm rate
distance

total mass

primary NS mass
secondary NS mass
mass ratio

radiated GW energy
radii of NSs

effective spin
parameter

effective precession
spin parameter

GW speed deviation
from speed of light

Fermi & INTEGRAL detected GRB
1.7 sec later the merger.

PRL 119 (2017) 161101

30° -~

15h 12h
18h '
-30°

LIGO-Livingston

H LV

binary neutron star (NS)

%h

17 August 2017
12:41:04 UTC

32.4

< 1in 80 000 years

85 to 160 million
light-years

2.73 10 3.29 M,
1.36 10 2.26 M,
0.86 to 1.36 M,
0.41t01.0

> 0.025 M, c2
likely < 15 km

-0.01 to 0.17

unconstrained

< few parts in 10"°

inferred duration from 30
Hz to 2048 Hz**

inferred # of GW cycles
from 30 Hz to 2048 Hz**

initial astronomer alert
latency*

HLV sky map alert latency

HLV sky areat

# of EM observatories that

followed the trigger

also observed in

host galaxy
source RA, Dec
sky location

viewing angle
(without and with host
galaxy identification)

Hubble constant inferred

from host galaxy
identification

GW170817 FACTSHEET

~60s

~ 3000

27 min

5 hrs 14 min
28 deg?

~70

gamma-ray, X-ray,
ultraviolet, optical,
infrared, radio

NGC 4993
13h09m48s, -23°22'53"

in Hydra constellation

< 56° and < 28°

62 to 107 km s*' Mpc™!

-30°

I I I I
0 25 50 75
Mpc

Images: time frequency traces (top), GW sky map
(left, HL = light blue, HLV = dark blue,
improved HLV = green,
optical source location = cross-hair)

GW=gravitational wave, EM = electromagnetic,
M,=1 solar mass=2x10% kg,
H/L=LIGO Hanford/Livingston, V=Virgo

Parameter ranges are 90% credible intervals.
*referenced to the time of merger
**maximum likelihood estimate
t90% credible region
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:hz—( \1\7—:_ : | : 1,500

3 1.000
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500

Gravitational-wave strain GW170817
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GW170817
DECam observation
(0.5-1.5 days post merger)

IZH V) IA

GW170817
DECam observation
(>14 days post merger)

NGC4993 color composites (1.5' x 1.5). Left: Composite of detection
images, including the discovery z image taken on 2017 August 18 00:05:23
UT and the g and r images taken 1 day later; the optical counterpart of
GW170817 is at RA,Dec = 197.450374, -23.381495. Right: The same area
two weeks later. Credit: Soares-Santos et al. and DES Collaboration

EEPEFEDOGHEF 7+0—

THE ASTROPHYSICAL JOURNAL LETTERS, 848:L.12 (59pp), 2017 October 20

~ 2017-08°17 10709:51
156 0.2 day -

“y

AEN, IxiE&chirpBEED S EEEEA0+8.14 Mpc & F 81
L > CRIEISE. L > XIKERA NGC4993, FREE 40 Mpc

Swope and Magellan telescope optical and near-infrared images of the
first optical counterpart to a gravitational wave source, SSS17a, in its
galaxy, NGC 4993. The left image is from August 17, 2017, 11 hours after
the LIGO/Virgo detection of the gravitational wave source, and contains
the first optical photons of a gravitational wave source. The right image is
from 4 days later. SSS17a, which is the aftermath of a neutron star
merger, is marked with a red arrow. On the first night, SSS17a was
relatively bright and blue. In only a few days, it faded significantly and its
color became much redder. These observations show that heavy
elements like gold and platinum were created in the neutron star merger.
Credit* 1M2?2H/1LIC Santa Cruz and Carnecie Observatories/Rvan Folev
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01 (2015/9/12 - 2016/1/19)
Masses Iin the Stellar Graveyard

In Solar Masses

EM Neutron Stars
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GWTC-2 plot v1.0
LIGO-Virgo | Frank Elavsky, Aaron Geller | Northwestern

GW150914: the first ever detection of gravitational waves from the merger of two black holes more than a billion light years away

https://media.ligo.northwestern.edu/gallery/mass-plot
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https://www.ligo.org/detections/GW150914.php

2. BREAIDIRR

02 (2016/11/30 - 2017/8/25) After 02 : GWTC1 (2018/12/3 released)
Masses in the Stellar Graveyard

In Solar Masses

EM Neutron Stars
| |GO-Virgo Neutron Stars ¢ _ 10 BHBH

GWTC-2 plot v1.0 1 NSNS
LIGO-Virgo | Frank Elavsky, Aaron Geller | Northwestern

e GW170814: the first GW signal measured by the three-detector network, also from a binary black hole (BBH) merger;
e GW170817: the first GW signal measured from a binary neutron star (BNS) merger — and also the first event observed in light,
by dozens of telescopes across the entire electromagnetic spectrum.

https://media.ligo.northwestern.edu/gallery/mass-plot
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https://www.ligo.org/detections/GW170814.php
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0O3a (2019/4/1 - 2019/9/30) After O3a : GWTC2 (2020/10/28 released)

Masses in the Stellar Graveyard

In Solar Masses

EM Neutron Stars

46 BHBH
2 NSNS

LIGO-Virgo | Frank Elavsky, Aaron Geller | Northwestern 2 BH+7

GWTC-2 plot v1.0

GW190412: the first BBH with definitively asymmetric component masses, which also shows evidence for higher harmonics

GW190425: the second gravitational-wave event consistent with a BNS, following GW170817

GW190426 152155: a low-mass event consistent with either an NSBH or BBH

GW190514 065416: a BBH with the smallest effective aligned spin of all O3a events

GW190517_055101: a BBH with the largest effective aligned spin of all O3a events

GW190521: a BBH with total mass over 150 times the mass of the Sun

GW190814: a highly asymmetric system of ambiguous nature, corresponding to the merger of a 23 solar mass black hole with a 2.6 solar mass
compact object, making the latter either the lightest black hole or heaviest neutron star observed in a compact binary

GW190924 021846: likely the lowest-mass BBH, with both black holes exceeding 3 solar masses



https://www.ligo.org/science/Publication-GW190412/
https://www.ligo.org/science/Publication-GW190412/
https://www.ligo.org/science/Publication-GW190425/
https://www.ligo.org/science/Publication-GW170817BNS/
https://www.ligo.org/science/Publication-GW190521/
https://www.ligo.org/science/Publication-GW190814/
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GWTC-2 (REMELKHEZAT2)

Gravitational Wave Transient Catalog 2

arXiv:2010.14527
https://dcc.ligo.org/LIGO-P2000223/public

39 events in O3a
36BHBH, 1 NSNS, 2 BH+unknown

GWyymmdd_hhmmss for new events
False-Alarm Rate < 2/1yr

e  GW190412: the first BBH with definitively asymmetric component masses, which also
shows evidence for higher harmonics

e GW190425: the second gravitational-wave event consistent with a BNS, following
GW170817

e GW190426 152155: a low-mass event consistent with either an NSBH or BBH

« GW190514 _065416: a BBH with the smallest effective aligned spin of all O3a events

e GW190517_055101: a BBH with the largest effective aligned spin of all O3a events

e GW190521: a BBH with total mass over 150 times the mass of the Sun

e GW190814: a highly asymmetric system of ambiguous nature, corresponding to the
merger of a 23 solar mass black hole with a 2.6 solar mass compact object, making
the latter either the lightest black hole or heaviest neutron star observed in a compact
binary

e GW190924 021846: likely the lowest-mass BBH, with both black holes exceeding 3
solar masses

arXiv:2010.14529 Test of GR
arXiv:2010.14533 Population properties

Event M M ma ma X eff Dy z M; X f A Q SNR
( A‘fli?_: ) ( Jll\"Ili?_: ) ( J’\'IL':'; ) ( A'IE; ) ( G P C) ( 1’\"'][":'; ) (deg 2 )
GW190408_181802 42.9%33 18.3%18 245%>1 18.3%3-2 _0.03+13 1.58+9-3% 0.3019% 41.0*38 0.67700° 140 15.3702
GW190412 384738 13.370% 30.0727 83706 0.25700% 0.74701% 0157003 37.373% 0677002 21 189707
GW190413.052954 56.971%1 24.0754 33.47124 234787 0.01702% 4.107%-34L 0.66703% 54.371%% 0.697012 1400 8.9704%
GW190413.134308 76.1715% 31.977% 4547335 30.973%% —0.017022 5.157233 0.80703 7287152 0.697010 520 10.07)12
GW190421.213856 71.871%5 30.7755 40.671%* 31.4715 —0.057022 3.157137 0.53701% 68.6 7147 0.68701% 1000 10.7792
GW190424_180648 70.773%* 30.3757 39.572%" 31.0773 0157022 2557130 0.457027 67.175%° 0.757 008 26000 10.4752
GW190425 Sebntt | erbreel it R M [ 9900 12.4793
GW190426.152155 7.2792 2417008 5.775%  1570% —0.0370% 0.38701% 0.087003 1400 8.770°2
GW190503.185404 71.379% 30.17%2 42,9792 285775 —0.027020 1.5270°7L 0.29701) 68.2757 067709 94 124707
GW190512.180714 356739 14.571% 23.072% 125732 0.037012 1.497022 0.28709 34.2729 0657007 230 12.27072
GW190513.205428 53.6755 215735 353796 181773 0.127022 216702 0.39701% 51.375L 0.697013 490 129793
GW190514.065416 64.272%°% 27.4755 36.971%% 27.5752 —0.167025 4.93727% 0.77703% 61.6725%° 0.647011 2400 8.270%
GW190517.055101 61.972%° 26.0752 36.471:°% 24.875Y 0.537020 2.11717° 0.3870% 57.8791 0.87700% 460 10.77902
GW190519.153544 10427135 43.570% 6457133 39.97 108 0.337055 2.857303 0.497037 98.77 135 0.8070 77 770 15.670 72
GW190521 157.9737-266.973%° 91.472%-2 66.8720-7 0.067037 4.53723% 0.7279-22 150.3735-20.737011 940 14.2793
GW190521.074359 744755 31.973) 421759 32,7723 0.097015 1287035 0.25700% 70.7753 0.727005 500 25.870)
GW190527.092055 58.5127-9 2421119 36 2119.1 99 g+12.7 (131029 3101485 531051 5591264 0 731012 3800 g.1194
GW190602.175927 114.1715°2 48.3750 67.2715¢0 47.471% ¢ 0.107538 2.997302 0.517075 10887 1120.71 7015 720 12.87)7
GW190620.030421 90.17373 37.577% 5547155 35.0°13% 034702 3.16730% 0.547037 8547151 0.80700% 6700 121703
GW190630.185205 5887311 24.872) 35.075%5 236727 0.10707%2 0.9370750 0.19700% 56.175% 0.707005 1300 156753
GW190701.203306 94.175%°% 40.2752 53.671%" 40.8757, —0.067022 2.1470°75 0.387012 90.07%° 0.677075 45 11.37073
GW190706.222641 101.6715 5 42.075% 64.07122 38.57,2% 0.327020 5.077237 0.79705% 96.37157 0.8070Y05 610 12.6703
GW190707.093326 20.0°19 85706 11.5733 84714 —0.057010 0.807037 0.1672:07 19.271% 0.667003 1300 13.3702
GW190708.232457 30.8775% 13.170% 17.5737% 13.1730 0.027558 0.90703 0.187005 29.473% 0.6970 01 14000 13.1702
GW190719.215514 55.87103 22.7739 35.272%° 20.2731 0.357025 4.617297 0.7379-3° 52.9725° 0.807010 2300 8.3793
GW190720.000836 21.373% 8970% 13.375% 7.8722 0.1875;3 0.81707% 0.167042 20.3735 0.727008 510 11.0703
GW190727.060333 65.8°.%7 28.1*73% 37.2°77% 28.8°00 0.12773° 3.607129 0.60153; 62.6°%% 0.737 010 860 11.970%
GW190728.064510 20.5*75 86705 12275 81730 0.12%5,7 0.89°03> 0.18'005 19.5°71% 0.71700; 410 13.0°03%
GW190731.140936 67.1%1535 28.4*75% 39.3%3L° 28.0%5% 0.08%033 3.977%05% 0.651 05 63.97 3% 0.71751) 3000 8.6%)%
GW190803.022701 62.7°%% 26.7°532 36.17.%% 26.7°7% —0.017)% 3.697285 0.617539 59.9714.2 06970 1] 1500 8.6°)%
GW190814 25.8%1-0 6.09*10-06 23 211 259+0-08 0 00+02-0¢ 0.24+9:04 00540099 256+20 0284002 19 24.9%01
GW190828.063405 57.5715 24.8°37 31.8°3% 259712 0.197012 22270052 0.40"0Y 54.5%%0 0767008 520 16.2703
GW190828.065509 34.1%5% 13.3%12 23.8%72 10.2°3° 0.08%018 1.6675%3 0.31791% 32,927 0657007 640 10.0%53
GW190909_114149 71.2%52% 2957 17.° 4327507 27.6° 150 —0.037 0% 4.7755 00 0.751 032 6837722 0.687 018 4200 8.1°07
GW190910.112807 78.7%55 33.9%3% 43.5105 35.1%00 0.02%018 1.57158; 0.29%017 75.0%% 1 0.701055 10000 14.1%52
GW190915.235702 59.5%75 25.17°5% 34.9%25 244720 0.03%)3] 170707, 032701 56.8°7L 0717077 380 13.6°073
GW190924.021846 13.9%51 58402 gg+70 g5otl3 (34030 (574022 ( 19+0.04 13 348.2 ( g7+0.05 330 11.5+03
GW190929.012149 90.6°3,% 34.3°5C 64.77 755 25.775% 0.037537 3.6873 0% 0.61°007 8757701 0.647 555 1800 9.8' 0%
GW190930.133541 20.3*9% 85*05 123*125 78*17 0.14%031 078937 0.16*907 19.3*9% 0.72*007 1800 9.5%9%
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GW190521 HREE=EBHOHFEAE (1)

PHYSICAL REVIEW LETTERS 125, 101102 (2020) =]
Featured in Physics HE

i

GW190521: A Binary Black Hole Merger with a Total Mass of 150 M,

R. Abbott et al.”
(LIGO Scientific Collaboration and Virgo Collaboration)

® (Received 30 May 2020; revised 19 June 2020; accepted 9 July 2020; published 2 September 2020; corrected 23 October 2020)

On May 21, 2019 at 03:02:29 UTC Advanced LIGO and Advanced Virgo observed a short duration
gravitational-wave signal, GW190521, with a three-detector network signal-to-noise ratio of 14.7, and an
estimated false-alarm rate of 1 in 4900 yr using a search sensitive to generic transients. If GW190521 is
from a quasicircular bmary inspiral, then the detected signal is consistent with the merger of two black
holes with masses of 85'7} My and 66" M, (90% credible intervals). We infer that the primary black
hole mass lies within the g'ip produced by (pulsational) pair-instability supernova processes, with only a
0.32% probability of being below 65 M. We calculate the mass of the remnant to be 142" M, which
can be considered an intermediate mass black hole (IMBH). The luminosity distance of the source is
5.313¢ Gpc, corresponding to a redshift of 0.82703:. The inferred rate of mergers similar to GW 190521 is

013137} Gpe? yr.
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0O3a (2019/4/1 - 2019/9/30) After O3a : GWTC2 (2020/10/28 released)

Masses In the Stellar Graveyard
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1. Residuals test

GWTC-2: Test of General Relativity by LIGO-Virgo

512 -
Hanford data W

1.5 g 05 0 0.5 1 1.5

L(s)
Subtract the best fit template for the event from the strain data and
compute the 90% upper limit on residual SNR.

Check whether the residual SNR is consistent with SNR from noise:
measure SNR from noise-only times around the event times,
yielding a p-value

p = P(SNR?% > SNR0%

noise residual | nOISe)

arXiv:2010.14529

TABLE III. Results of the residuals analysis (Sec. IV A). For each
event, we present the SNR of the subtracted GR waveform (SNRggr),
the 90%-credible upper limit on the residual network SNR (SNRy,), a

corresponding lower limit on the fitting factor (FFg), and the p-value.

Events SNRgr Residual SNRy, FFy
GWI190408-181802 16.06 8.48 (.88
GW190412 18.23 6.67 (.94
GWI190421.213856 10.47 7.52 0.8
GWI190503_185404 13.21 5.78 0.92
GWI190512.180714 12.81 5.92 0.9
GW190513.205428 12.85 6.44 (.86
GWI190517.055101 11.52 6.40 0.8
GWI190519.153544 15.34 6.38 0.92
GW190521 14.23 6.34 0.9
GW190521.074359 25.71 6.15 0.9
GW190602_175927 13.22 5.46 0.92
GW190630.185205 16.13 5.13 (.95
GW190706-222641 13.39 7.80 (.86
GW190707_093326 13.55 5.89 0.92
GW190708.232457 13.97 6.00 0.92
GW190720_000836 10.56 7.30 0.82
GW190727.060333 11.62 4.88 0.92
GW190728.064510 13.47 5.98 0.9
GWI190814 25.06 6.43 0.9
GW190828.063405 16.13 8.47 (.86
GWI190828_065509  9.67 6.30 (.84
GWI190910_.112807 14.32 5.60 0.9
GW190915.235702 13.82 8.30 (.86
GW190924 021846 12.21 5.91 0.9(C

No statistically significant deviations from GR

EH (KIRIK) @ [EETIMETSHENF BFEZ - FH

- BRE | R TYT L 2021-1-28

All p-values consistent with residual SNR produced by noise
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2. BEIEERIDIRIR arXiv:2010.14529
GWTC-2: Test of General Relativity by LIGO-Virgo

2. Inspiral-merger—-ringdown consistency test

o " L0 L8 Parameter Estimation with f < f,, with f > f,
E_:: . Minsp Xinsp prostinsp, X?ostinsp
:} 1 4 (1+2)M/M. t » A
~utl 25 70.0 115
i . [ : ] Waveform models
L0 I . IMRPhenom - phenomenological PN-based models, calibrated to NR
. SEOB - aligned-spin effective-one-body models, calibrated to NR
0.51 0.5 (note: only includes quadrupole)
B 4 IMRPhenom waveform test
mostly consistent, but -

| ; l/ GW170823 « 39.5M+29.5M, SNR@ inspiral < 8
—0.91. X5 GW170823

{ e GW190408 181802 <« 24.5M+18.3M, with multimodal posterior
GW19D814 i GVY190408 181802 | ™. GW190814 « 23M+2.6M, large mass ratio ever
005 00 o0s 1.0 15 2 4 & & .. . .
AM;/ M P(Ax:/x:) No statistically significant deviations from GR
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2. BEIEERIDIRIR arXiv:2010.14529
GWTC-2: Test of General Relativity by LIGO-Virgo

(:Oinspiral(f) = Pref T 27Fftref -1+ SONewton(Mf)_5/3 + V05PN (Mf)—4/3
o1pN(M )™ + prspn(Mf) ™23
f(z'—5)/3

1. Residuals test h(f) = A(f) e

2. IMR consistency test
{5(P—2> 5900) 5901, e 75(P7} X

3. Hierarchical analysis

1 B3 ,_3
@intermediate(f ) = 7 (,BO + B1f + B2log f — ? )
4. Parametrized test » A [ f - asfap
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GWTC-2: Test of General Relativity by LIGO-Virgo

r—

g

arXiv:2010.14529

+00 {400 . .
: I —1 27T I —1
. Residuals test ho(t) = ihx(®) = ) > > A €xp 0| exp | Lm0 S (6,6,0)
(1 + 271 1 +z2
. =2 m=—{ n=0 - -
. IMR consistency test
_Hiera rchical analysi S Event Redshifted final mass Final spin Overtones
(1 +2)M; [M;] Xt
. IMR Kerry,y Kerrsy,  Kerryy IMR Kerryry Kerryy, Kerryy log,, B35, log,, 05"
. Parametrized test |
GW150914 68.83¢ 62.77190 71.7t132 g0.3+20! 0.697095 0.52+93 0.69*018 0.83+013 0.63 —0.34
Spin-ind d d | GW170104 58.5t4¢ 562191 61.3*167 104.3277  0.6670% 0.26*042 0.51*34 0.59+0- -0.20 -0.23
- opin-induced quadrupol ;w7014 59.739  46.17130 56,6209 171.27287  0.72:097 0.52*042 0.47*049 0.54*041 ~0.19 -0.11
_ GW170823 88.8+112 738*268 790%213 103.0°13!  0.72709 0.46*04° 0361038 0.74*02 —0.98 ~0.07
. Ringdown GW190408_181802 53.1*32 224230 46.6+188 127473277 06799 0.45704 0.36*04¢ 0.46047 -1.02 ~0.02
GW190512_180714 43441 37.67489 36.7*193 99.4+2476 065007 0.41*047 0.45%049 0.77+0% —0.42 0.03
. Echoes GW190513.205428 70.8+122 555315 68.5+282 88.7+2%00  (0.69*014 0.38+04 0317933 0.59*0H ~0.54 ~0.05
GW190519_153544 148.2+1%3 120.7397 125.9*%3 155.4*%¢  0.807997 0.42794! 0.52+925 0.70%92 ~0.00 -0.11
. Dispersion GW190521 259.2+366 282.27300 284.0*494 2993377 0.73*011 0.76*01¢ 0.78+919 0.80*013 ~0.86 -0.50
GW190521.074359 88.1*43  83.0:49 86.4+141 105.92%%  0.72:99 0.5793) 0.67*%17 0.87+9% 1.29 -0.27
_Polarizations GW190602-175927 165.6+2%3 156.4*114 160.07374 261.7+%4¢  0.71:919 0.34+94! 0.46*93! 0.79+018 ~1.56 0.32
GW190706.222641 173.6*138 136.07329 152.57378 184.0713%2  0.80*0% 0.41+042 0.55+03! 0.68+02 ~0.64 ~0.45
GW190708.232457 34.4*27 2892854 32 3+150 17],9+3076  (0,69+004 (0 47+045 (347044 (.43+03] ~0.17 -0.02
GW190727.060333 100.0103 78.7+457 88.8+237 107.4*1121  (.73:010 0.53+042 0 45+039 0.71+0% ~1.65 ~0.40
GW190828_063405 75.9*60  71.2:33% 69.6*29 9901660 (.76:0% 0.72+925 0.65+927 0.92+0% -0.72 ~0.05
GW190910.112807 97.3*%4  112.2:329 107.7:26 137.1*33  0.70*0% 0.767018 0.75+017 0.91+07 —0.64 —0.40
GW190915.235702 75.0*77 38.3*351 63.0*1%' 137.373241  0.71:0% 0.52+043 0.27+040 0.55+03 ~0.37 -0.04
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No significant evidence for higher-mode in ringdown part
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3. EIKERA DR
What's in 20217

Five years ago, GW physics was a “future story”. People did not know the existence of BBH, BH over 10 solar mass (except SMBH).

Now LIGO/Virgo announced 50 events in October 2020 as GWTC-2 up to their O3a.

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024
| 1 1 1 1 | | ¢ | ] |

60-80Mpc  60-100Mpc 120-130 Mpc 160-190 Mpc
+9mo |
= 3BHBH
30 Mpc 50 Mpc delay 90-120Mpc
Virgo 02 O3a O3b 04
+3mo 7 ?
= +4BHBH -'
= +1NSNS
1Mpc 25-80Mpc
KAGRA 03GK 04
? ?

+6mo
1 1 1 1 1 |} | 1

2015 2016 2017 2018 2019 2020 202 2022 2023

= +39BHBH
= - 1NSNS

= +2BH+?

2021 Spring : O3a final analysis
: O3a data release
: O3b catalog

2021 Fall : O3b final analysis

: O3b data release

2021

LIGO Hanford: Upgrade
LIGO Livingston: Upgrade
Virgo : Upgrade -> Test Run
KAGRA : Upgrade

2022 June or later
LVK O4 start
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Next Decade?

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

60-80Mpc  60-100Mpc 120-130 Mpc
LIGO O1 02 O3a 0O3b
30 Mpc 50 Mpc
Virgo 02 O3a 0O3b
1Mpc

KAGRA 03GK

160-190 Mpc
90-120Mpc
04
? ?
25-80Mpc
04
? ?

2015 2016 2017 2018 2019 2020 2021 2022
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Next Decade?

2023 2024 2025 2026 2027 2028 2029 2030 2031

2015 2016 2017 2018 2019 2020 2021 2022
I I

I I I I I I I I I I I I I I I
60-80Mpc  60-100Mpc 120-130 Mpc 160-190 Mpc Target 330 Mpc
30 Mpc 50 Mpc 90-120Mpc 150-260Mpc
Virgo 02 O3a O3b O4 n —> Einstein Telescope
? ? ? ? ?
1Mpc 25-80Mpc Upgre 130+ Mpc Upgde
KAGRA  03GK 04 by o5 L. -
? ? ? ? 72

I I I I I I
2015 2016 2017 2018 2019 2020 2021 2022

Target 330 Mpc

LIGO-India ? 05 ? ?

2023 2024 2025 2026 2027 2028 2029 2030 2031

BEH (KRIKXN) @ [EETIHERTZIENT - BRFX - FH - -XE]| > ViRIPU LA 2021-1-28 46



5 77 R R A DA

Tl

THE NOBEL PRIZE IN PHYSICS 2017

RAINER WEISS

T™ +e.\\im] you, B Mhas s hows o
Sij'\(»( would (cok like

LIGO CHECKUIST

Z BINARY SYSTEM IO ORC R
@ BLACK HOLES

N Uron SThRS Z BINARY SYSTEM
e e ZBLACK HOLES

‘ @ NEUTRON STARS
@ wW1TH EM COUNTEREF

CIBH-NS
™1 SUPERNOVAE

| PULSARS
"] STOCRASTIC

1 SUPERNOVAE

L PULSARS

RONALD DREVER 1 sTochASTIC

Don"- fell me YoV 've
never heord of +the

POUND - DREVER- HALL
TECHNIQVE .. .

NUTSINEE KITBUNCHOO

ANTIMATTERWE BCOMLCS.COM

l N\ L~ \
= https://antimatterwebcomics.com/comic/physics-nobel-prize-2017/
/ https://antimatterwebcomics.com/comic/gwl1 70817/

ANTIMATTERWEBCOMICS .COM

BER (KIRIKX) @ [EETIMETZFRNT - [RFHX% - FH - RE| > RY 74 2021-1-28 47



5 )RR A

Tl

DIFF

Multi-messenge
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Core bounce
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BRSO E (L)

late 2010s early 2020s late 2020s early 2030s
03 04
USA aLIGO A+ Cosmic Explorer ?
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Japan KAGRA
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—-7
Cosmic Explorer Einstein Telescope
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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 (M) as a function of the redshift z. Nperger 15 €xpressed with binned
diffcrent total mass of galaxics Mpyjaxy = 10°M,,, ---,1012M;, one, of which we binned 20 for one order in Mgy.
THE ASTROPHYSICAL JOURNAL, 835:276 (8pp), 2017 February | doi:10.3847 /1538-4357 /835/2/276
0 2017. The Amencan Astronoenical Society. All rights reserved
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Mechanism of Supernovae
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