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1. Gravitational Waves

First Detection (2015 Sep 14)

Feb 2016, LIGO announced the first detection
of GW (GW150914). The source was Binary BHs.
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Oct 2017, LIGO/Virgo announced
the first GW detection from Binary NSs (GW17081 7).

2017 Nobel Prize

“For the greatest benefit to mankind”
W \M
1z l‘
Vs /

The Royal Swedish Academy of Sciences has decided to award the

2017 N OBEL PRIZE IN PHYSICGS

amer Wels
Barry C. Barish
Kip S. Thorne

“for decisive contributions to the LIGO detector and the observation of gravitational waves”

@ Nobelprize.org

Oct 2017, Royal Swedish academy of science

announced the physics prize goes to GW
project.
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Gravitational Wave
from binary BH-BH, NS-NS, BH-NS

typical amplitude 10-22

Effect of Gravitational Waves
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1. Gravitational Waves

Sources of Gravitational Waves

binary neutron stars
binary black holes
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1. Gravitational Waves

What we can learn from GW (from a binary merger) ?
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http://ligo.org/detections/GW1/70104.php
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http://ligo.org/detections/GW170104.php

1. Gravitational Waves

Sensitivity requirements for the detectors

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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Fig. 7. The expected total noise in each of
LIGO'’s first 4-km interferometers (upper solid
curve) and in a more advanced interferometer
(lower solid curve). The dashed curves show
various contributions to the first interferometer's
noise.
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1. Gravitational Waves

Sensitivity requirements for the detectors

signhal = noise + gw 06l GW151226
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1. Gravitational Waves

Sensitivity requirements for the detectors
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1. Gravitational Waves

What kind of technology we need?
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Fig. 7. The expected total noise in each of
LIGO'’s first 4-km interferometers (upper solid
curve) and in a more advanced interferometer
(lower solid curve). The dashed curves show
various contributions to the first interferometer's
noise.
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Gravitational Wave Projects
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Gravitational Wave Projects

LIGO, Virgo and KAGRA
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more precise GW source localization
more certain GW source parameters
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more information of GW polarization
more ideas for GW researches
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Table 1 Geometry of LIGO, Virgo & KAGRA detectors.
Detector arm length Latitude  Longitude X-arm Y-arm

46°27'19” N 119°2428” W N 36° W W 36° S
30°33'46” N 90°46'27" W N 18°S S 18° E
43°37'53" N 10°30'16" E N 19°E W 19° N
36°24'36” N 137°18’36” E E 28.3° N N 28.3° W

LIGO Hanford (LHO) 4 km
LIGO Livingston (LLO) 4 km
Virgo 3 km
KAGRA 3 km
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Gravitational Wave Projects
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Fig. 7. The expected total noise in each of
LIGO's first 4-km interferometers (upper solid
curve) and in a more advanced interferometer
(lower solid curve). The dashed curves show
various contributions to the first interferometer's
noise.
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Gravitational Wave Projects

Observation Period

Obs. Runs Advanced LIGO

Advanced Virgo

KAGRA

O1 Sep 12, 2015 to Jan 19, 2016 —
02 Nov 30, 2016 to Aug 25, 2017 Aug 1, 2017 to Aug 25, 2017 —

O3a Apr 1, 2019 to Sep 30 2019 Apr 1, 2019 to Sep 30, 2019
O3b Nov 1, 2019 to Mar 27 2020 Nov 1, 2019 to Mar 27, 2020
O3GK - — Apr 7, 2020 to Apr 21, 2020
1 = Of 02 == O3 O4 05
amplitude of GW h(t) X — 1/ distance 80 100 110-130 160-190 Target
T Mpc  Mpc Mpc I\/Iﬁc 330 Mpc
If we improve one-order of magnitude of the sensitivity, LIGO i I
then the observational volume of the Universe 30 50 90-120 150-260
become 103 times larger. ] Mpc Mpc Mlpc Mpc
Virgo _ ]
1 25-130 130+
Mpc Mpc Mpc
KAGRA i 1
Target
: 330 Mpc
LIGO-India

I I I I I I
2023 2024 2025 2026

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

LIGO-G2002127-v4
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2.LV & LVK Observational Results

In 5 years, *--

Six years ago, GW physics was a “future story”. We 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.

= +-1NSNS

= +2BH+?

Hisaaki Shinkai (Osaka Institute of Technology) “GW physics, Status of KAGRA”

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 P ¥ ;
| | | | | | | | 5'; i
60-80Mpc  60-100Mpc 120-130 Mpc 160-190 Mpc ; *ﬁ%f_
? ? 05
= 3BHBH i
i
@ 35HEH I o ob oomie: i
Virgo 02 O3a O3b 04 ‘,
= +4BHBH
= +1NSNS
1Mpc 25-80Mpc 2015 Sep 14
KAGRA O3GK = 04 s Editor was suspicious
' ' to put GW in the title.
| | | | | | | |
2015 2016 2017 2018 2019 2020 2021 2022 2023 “GW will be detected
AToda within a couple of years.”
® +39BHBH oaay

Cosmology From Home 2021

16



2.LV & LVK Observational Results

GW150914 The First Detection of GW

|2d Selected for a Viewpoint in Physics
PHYSICAL REVIEW LETTERS

S

Observation of Gravitational Waves from a Binary Black Hole Merger

week ending

PRL 116, 061102 (2016) 12 FEBRUARY 2016

~ B.P Abbotteral ' Hanford, Washington (H1) Livingston, Louisiana (L1)
(LIGO Scientific Collaboration and Virgo Collaboration) : . . . T T T T

(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 3(5) i
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
predicted by general relativity for the inspiral and merger of a pair of black holes and the ringdown of the -0.5
resulting single black hole. The signal was observed with a matched-filter signal-to-noise ratio of 24 and a - 1.0 - 4 H—T1 observed .

false alarm rate estimated to be less than 1 event per 203 000 years, equivalent to a significance greater
+160 +0.03

than 5.1¢. The source lies at a luminosity distance of 41075y Mpc corresponding to a redshift z = 0.097;.
In the source frame, the initial black hole masses are 36:2M o and 291‘:M o, and the final black hole mass is
6214 M, with 3.0102 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.

| —— H1 observed H1 observed (shifted, inverted)
I | | | I I

Strain (1072%)

— Numerical relativity L{ — Numerical relativity -
Reconstructed (wavelet) Reconstructed (wavelet)
W Reconstructed (template) B Reconstructed (template)
1 1 1 1

DOI: 10.1103/PhysRevLett.116.061102

05 = | | | T4 F T T T 3
0.0 gy U W s S A b ppn
-0.5

| | | | )
512 =
N 8 =
L 256 3
o 6
c 128 ke
g ‘8
- - S 64 -
* The First Detection of GW g 2’8
32 05
0.30 0.35 0.40 0.45 0.30 0.35 0.40 0.45 =
Time (s) Time (s)

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
with a 35-350 Hz bandpass filter to suppress large fluctuations outside the detectors’ most sensitive frequency band, and band-reject
filters to remove the strong instrumental spectral lines seen in the Fig. 3 spectra. Top row, left: H1 strain. Top row, right: L1 strain.
GW150914 arrived first at L1 and 6.9 ms later at H1; for a visual comparison, the H1 data are also shown, shifted in time by this
amount and inverted (to account for the detectors’ relative orientations). Second row: Gravitational-wave strain projected onto each
detector in the 35-350 Hz band. Solid lines show a numerical relativity waveform for a system with parameters consistent with those
recovered from GW150914 [37,38] confirmed to 99.9% by an independent calculation based on [15]. Shaded areas show 90% credible
regions for two independent waveform reconstructions. One (dark gray) models the signal using binary black hole template waveforms
[39]. The other (light gray) does not use an astrophysical model, but instead calculates the strain signal as a linear combination of
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.

* Existence of Binary BH

* Existence of BH at 30M

36MM+29M=62M

GW15091/1:FACTSHEET

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
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 1x 102
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 to 0.136

frequency/wavelength
at peak GW strain

150 Hz, 2000 km

peak speed of BHs ~0.6¢c
signal-to-noise ratio 4 peak GW luminosity 3.6 x10% ergs™
false alarm prob. < 1 in 5 million radiated GW energy 2.5-3.5 Mo
false alarm rate <1 in 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?
primary BH 32 to 41 consistent with passes all tests
secondary BH 25 to 33 general relativity? performed
remnant BH 58 to0 67 graviton mass bound <1.2x102%2eV
. mass raglo . 0.6 tgf1 coalescence rate of 2 o 400 Goc2 vr!
primary BH spin <07 binary black holes AR
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 T =

likely sky position
likely orientation
resolved to

Southern Hemisphere

face-on/off
~600 sq. deg.

papers on Feb 11, 2016

# researchers

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 10’2 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.LV & LVK Observational Results

GW150914 The First Detection of GW 36M+29M=62M

% Distance was determined (400+170 Mpc, z=0.054—0.136) % Comparing with various simulations,

but not a particular direction binary parameters were determined.
SO J arXiv:1606.01262
LIG LIGO Document P1500227-v6
DeC Home Recent Changes Topics
Localization and broadband follow-up of the gravitational-wave transient GW150914 B.P. ABBOTT ez al. PHYSICAL REVIEW D 94, 064035 (2016)
Document #: Abst.r act:. . . _— 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 . . . . . . . . . . .
( Logi 1o mosty ) e D e ¥ sl noaninracedl e end gemare 2y 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.,-9HL'

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 " " " .~ 000 730 151
Th(ijs artitcle istL)mde_r pr(?pa_ll'g_tion_lk_)%/ tr:e"LIGO_ Scie_rl1ltific Collaboration, fthe Virgo collaboration, 272.1 D1 2_ql .0 O_a—O .2 5_0 .2 5_1'11 0 O(*) 1.0 0.250 cee cee —-0.250 -=0.00 73.2 20.5
Wil doscribe the rapid detection and positon reconsirugion of the gravitational-wave signal an 272.1 SXS:BBH:0002[ 8] 1.0 S S S S 0.00  73.2 10.0
Fhe broadband follow-up campaign by 21 teams of observers, spanning radio, opt!cal, near- (x) lm .o .o «cee .o —0).
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 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 gl1.3333 a0.45 -0.80 nl00 1.334 0450  --- ... —0.801 -0.09 719 27.9
I R 2715 D12.00 q0-85 a0.0 0.0 nI00(x) 1.176 e =000 730 20.6
; 2715 D12.25 q0.82 a-0.44 0.33 nl00(x+) 1.22 0330 .- .. —0440 -0.02 729 20.2
prob. per deg 271.5 SXS:BBH:0312(x) 1.203 0390 --- -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
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 e e —0.800 e e 0.800 0.00 732 11.7
2713 UD D10.01 gl.00 a0.4 nl00 1.0 0400 - -- ..+ —0400 -0.00 734 26.7
800 d g 2712 D12 ql1.00 a-0.25 0.00 nl00(x) 1.0 ... —0250 -0.12 694 218
271.2 SXS:BBH:0222 1.0 —0.300 -0.15 69.1 12.3
Square egree 271.2 SXS:BBH:0217 1.0 —0.600 e e 0.600 0.00 732 11.9
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2.LV & LVK Observational Results

GW170817 First Binary Neutron Stars & Follow-up Observations

e
o Kb
et GY‘B =

We
7 e Lightcurve from Fermi/GBM (10 — 50 keV) Gw1 7081 7 FAC TSH EH
Z 2250 |
* First detection from binary NSs s oAk Y o I RN X AEAR \ i
= 1500 -
g
€3] 1250
IN/] I b N observed by H,L,V inferred duration from 30 3
. . 2 1500 1 source type binary neutron star (NS)
3 inferred # of GW cycles &
nspiral period 60 sec, 150 cycles. < 1250 date 17 August 2017 from 30 Hz to 2048 Hz** 2008
ocalization 30 sqg. deg S 1000 Qi merger I WG el ooy e 27 min
S , . : latency*
3 750 signal-to-noise ratio 32.4
false alarm rate < 1in 80 000 years HLV sky map alert latency* 5 hrs 14 min
- — Lightcurve from INTEGRAL/SPI-ACS o HLV sky areat 28 deg?
27 min: Alert for astronomers % 1200004 (> 100 keV) B ce o },6?] sl
g ight-years 4 of EM observatories that —
. " " " S 117500 A | ' total mass 27310329 M followed the trigger
5h14m: location information sent out : Nl a1 :
= 115000 - o ML primary NS mass 1.36 t0 2.26 M, gamma-ray, X-ray,
- also observed in ultraviolet, optical,
S 112500 - ‘ ‘ " " secondary NS mass 0.86 to 1.36 M, infrared, radio
1.74 sec: GRB was detected e 0:410 1.0 host galaxy NGC 4993
g Gravitational-wave time-frequency map radiated GW energy >0.025 M,c? source RA, Dec 13h09m48s, -23°22'53"
) 300 = !
= radii of NSs likely =15 km  gky |ocation in Hydra constellation
. 200 . }
- . o effective spin -
- ~ -0.01t0 0.17  viewing angle
Multi-Messenger Astronomy was established : . enndencle S s s
z 100 : : laxy identification)
_ _ ce = effective precession ; gy
Opt, | R, X ray, g dimmada ray, . spin parameter unconstrained .
<0 Hubble constant inferred
2 N a s y B ) GW speed deviation . 7 from host galaxy 62 to 107 km s' Mpc™!
10 8 6 4 2 0 2 4 6 = of light <few parts in 10 identification
Time from merger (s)
Announced October 2017. O =
30°_~ ‘ e Images: time frequency traces (top), GW sky map
" ' left, HL = light blue, HLV = dark blue,
62 papers and preprints appeared on the g ) | ; e
. / . N optical source location = cross-hair)
day of press release. Fermi & INTEGRAL detected GRB [ « | » |
0° GW-=gravitational wave, EM = electromagnetic,
. M_=1 solar mass=2x103° kg,
1 -7 SeC Iater the merger. ‘ 15 1.2h o H/L=LI80 Hanford/Livingston, V=Virgo
18h '
L ) \ ‘ | y Parameter ranges are 90% credible intervals.
-30 0\, , -30° *referenced to the time of merger
e — — . . . . **maximum likelihood estimate
PRL 119 (2017) 161101 - - 0 25 50 75 190% credible region
pc
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2.LV & LVK Observational Results

GW170817 First Binary Neutron Stars & Follow-up Observations

* First detection from binary NSs

| |IGO Hanford+ Livingston + Virgo
nspiral period 60 sec, 150 cycles.
ocalization 30 sqg. deg

27 min: Alert for astronomers
5h14m: location information sent out

1.74 sec: GRB was detected.

Gamma rays, 50 to 300 keV GRB 170817A

1,500

Multi-Messenger Astronomy was established ‘
Opt, IR, X-ray, gamma-ray, . 357009
Announced October 2017.
62 papers and preprints appeared on the Gravitational-wave strain GW170817
day of press release.

300

N
<
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2.LV & LVK Observational Results

GW170817 First Binary Neutron Stars & Follow-up Observations

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

g LIGO - Virgo

N300

Fermi/GBM tty ey SALT

(Gay®) ” Ms ..... ESO-NTT
12 SOAR
ESO-VLT

1569

~ 2017-08°17 10709:51

N
=)
o

INTEGRAL/SPI-ACS

B e
N el

- 12 10 -8 6 -4 =2 -0 2 4 6 400 600 1000 2000
t-t, (s) wavelength (nm)

normalized F,

frequency (
counts/s (arb. scale)

0
.,
.
.
.
e
"

GW

LIGO, Virgo

y-ray

Fermi, INTEGRAL, Astrosat, IPN, Insight-HXMT, Swift, AGILE, CALET, H.E.S.S., HAWC, Konus-Wind

X-ray

Swift, MAXI/GSC, NuSTAR, Chandra, INTEGRAL

uv -~

Swift, HST

% Sky localization < 30 sq. degree; amplitude and Mc predict distance 40+8.14 Mpc ]
Swog,‘tljlg)il, DLT40, REM-ROS2, HST, Las Cumbres, SkyMapper, VISTA, MASTER, Magellan, Subaru, Pan-STAR \ . .
Y Follow-u p obs identified the source. Lens Galaxy NGC4993 at 40 Mpc A A s e R SR MM WA |

Flul-::n}-Rosz VISTA, Gemini-South, 2MASS, Spi - ® \ 4

. , Gemini-South, ,Spitzer, NTT, GROND, SOAR, NOT, ESO-VLFKanata Telescope, HST

GW170817 GW170817 I\I L Linpnm niyl

DECam observation DECam observation Radio -

(0.5—1 5 days post merger) (>14 days post merger) ATCA, VLA, ASKAP, VLBA, GMRT, MWA, LOFAR, LWA_ATMA, OVRO, EVN, e-MERLIN, MeerKAT, Parkes, SRT, Effelsberg /;\_
TREVRTIN N @1

-100 -50 50 102 107 0° 101
. . z () t-t; (days)
. . 1M2H Swope VISTA Chandra

NGC4993 color composites (1.5' x 1.5). Left: Composite of detection Swope and Magellan telescope optical and near-infrared images of the 10.86h I ‘h|(11.24h YJIK,| 9d X-ray
images, including the discovery z image taken on 2017 August 18 00:05:23 first optical counterpart to a gravitational wave source, SSS17a, in its MASTER Las Cumbres J VLA
UT and the g and r images taken 1 day later; the optical counterpart of galaxy, NGC 4993. The left image is from August 17, 2017, 11 hours after ;
GW170817 is at RA,Dec = 197.450374, -23.381495. Right: The same area the LIGO/Virgo detection of the gravitational wave source, and contains _|
two weeks later. Credit: Soares-Santos et al. and DES Collaboration the first optical photons of a gravitational wave source. The right image is > . 8 . o
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 11.31h, W |(11.40h iz||11.57h w| [16.4d Radio
color became much redder. These observations show that heavy Figure 2. Timeline of the discovery of GW170817, GRB 170817A, SSS17a/AT 2017gfo, and the follow-up observations are shown by messenger and wavelength
elements like gold and platinum were created in the neutron star merger. relative to the time 7. of the gravitational-wave event. Two types of information are shown for each band /messenger. First, the shaded dashes represent the time

information was reported in a GCN Circular. The names of the relevant instruments, facilities, or observing teams are collected at the beginning of the row. nd;
Credit* 1M2?2H/1LIC Santa Cruz and Carnecie Observatories/Rvan Folev representative observations (see Table 1) in each band are shown as solid circles with their areas approximatelv scaled bv brichtness: the solid lines indicate when the



2.LV & LVK Observational Results

GW170817 First Binary Neutron Stars & Follow-up Observations
m NSNS merger explodes a lot of matters

P heavy nuclear matters via r-process % bright in visible band (blue kilonova) P> few Lanthanoids
P heat up by B -decay & nuclear fission, photons are trapped strong in IR later (red kilonova) P> much Lanthanoids
} expanded and cooled, a lot of photons are emitted (Kilonova) % heavy elements 0.03 Msun were emitted at 10-20% of the light speed
D=40 Mpc, 20 s0<28 ¢
- l 7 . . ' r . ' y Y ' . . 1 1s ,,I; 2 i%?jj::: Cﬁu T TRESIREOLDEATERENER 13 14 15 16 17 J,-,ISA
'c;: ) 3 L| +14&|E|3e i il I:Iﬁin%’cﬁw D%wwg% 1%1;%5%5 ,\B T f: T l\l T o T F i Ne
-16 /l - - _ 1:9,. IIIII ) _ [CJeacan [ eaasmes [ |ssmRosossstaik i | 201 o e o0 | =
-QO) J 3 3s Na Mg 3 4 5 6 7 8 9 10 11 12 3p Al Si P S Cl Ar
— . [ ??;;Eﬁ B IVB VB ViB ViiB Vil B Vilil B Vilil B IB B 7allt;i1u'7nf ;ﬁﬁ phog:horus sﬁfr cffiie i
E H 19 +1[20 == [21 22 1432|23  +52,34]24 +326]25 +2,3467 26 +3,2]27
; .10 40.08 . 7.87 0.94 . . 55.85 EH
3 The Universe started from light elements.
< .
- Hydrogen was first produced. Star formed.
e
Star makes nuclear fusion, but it ends at Iron.
012345678 910111213141516 ‘'Why the periodic table has elements heavier than Fe?

t |[day]
Kawaguchi-Shibata-Tanaka, ApJ 865 (2018) L21

by Supernovae!
*light curves by numerical simulation (lines) and 1
observations (dots) fit well. by NSNS mergers g
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2.LV & LVK Observational Results

LIGO/Virgo, PRL 119 (2017) 161101
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Initial result preferred soft EOS, but now changed

Capono+, Nat. Astro. 4 (2020) 625 (arXiv: 1908.10352)
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O1 (2015/9/12 - 2016/1/19)

Masses Iin the Stellar Graveyard

In Solar Masses

EM Neutron Stars

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



https://www.ligo.org/detections/GW150914.php

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

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



https://www.ligo.org/detections/GW170814.php
https://www.ligo.org/detections/GW170817.php

03a (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
GWTC-2 plot v1.0

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

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/

2.LV & LVK Observational Results

GWTC-2
Gravitational Wave Transient Catalog 2

PHYSICAL REVIEW X 11, 021053 (2021)

arXiv:2010.14527

GWTC-2: Compact Binary Coalescences Observed by LIGO and Virgo
during the First Half of the Third Observing Run

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

® (Received 30 October 2020; revised 23 February 2021; accepted 20 April 2021; published 9 June 2021)

39 events in O3a

36BHBH, 1 NSNS, 2 BH+unknown
GWyymmdd_hhmmss for new events

False-Alarm Rate < 2/1yr

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

arXiv:2010.14529 Test of GR

arXiv:2010.14533 Population properties

Event M M ma msa X eff D, z M; X f A Q SNR
( J,\"'IIZ_T_: ) ( Jll\"'It?_: ) ( A'IL’:‘; ) ( J'\'II_E: ) ( 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 384735 13.370% 30.0727 83705 0.25700% 0.74701% 0157003 373730 0677002 21 189707
GW190413.052954 56.97131 240734 3347124 234767 0017929 4.1072-4L 0.66793% 54.3+124 0.697012 1400 8.9704
GW190413.134308 76.1730% 31.977% 45.473%° 30.972%% —0.017023 5.157237 0.80703% 7287102 0.697010 520 10.0792
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%7 31.0713 0157022 2557120 0.457022 67.171%° 0.757 008 26000 10.4792
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 3567597 14.571% 23.072% 125732 0.037013 1.4970% 0.2870% 34.2739 0657007 230 1227072
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%% 24.875% 0.537020 2.11717 0.38792% 57.8794 0.87700% 460 10.7702
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 157.9737-266.972%° 91.4723-2 66.8720-7 0.067037 4.537230 0.7279-22150.3135-20.737011 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 90.1717-2 37.5%78 5547+15-8 35 07116 0.347021 3167167 0.5470-22 8547159 0.8070-9% 6700 12.1703
GW190630.185205 5887311 24.872) 35.075%5 236727 0.10707%2 0.9370750 0.19700% 56.175% 0.707005 1300 156753
GW190701.203306 94.17;%° 40.2752 53.6777 40.8757. —0.067032 2.1470°72 0.387015 90.07%% 0.677003 45 11.3702
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 30.873% 13.170% 17.5737% 131730 0.02700% 0.9070% 0.187005 29.477% 0.6970 04 14000 13.1703
GW190719_215514 55.87163 29,759 3597169 90 2+8-1 (35+0-28 4617281 ,7379-35 5297156 080019 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%1,5 28.475% 39.373L° 28.07%% 0.08%02; 3.9773505 0.65°032 63.97 3% 0.717015 3000 8.6%57
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 57.5% 1% 24.8733 31.8"3% 25.9%1% 0.19%012 2227922 0 40"0% 545759 0767005 520 16.2702
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 78.7155 33.9%3% 43.5%0% 35155 0.027018 1.57F008; 0.29%017 75.0%% 1 0.70*003 10000 14.1%92
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%212 34.3°5% 6477223 25.770%% 0.037027 3.68722% 0.61703 8757207 0.647 021 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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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/
https://arxiv.org/abs/2010.14529
https://arxiv.org/abs/2010.14533
https://arxiv.org/abs/2010.14527

2. LV & LVK Observational Results LIGO/Virgo
from GWTC-2, we knew --- arXiv:2010.14533

Y minimum mass of BH 6 Msun or 2.6 Msun “’lg .
GW190814 <23 Maun + 2.6 Msun) BHBH or BHNS mn ................... ........................ ......................... RI(ED

* maximum mass of BH 150 Meur w ..................... ........................ ......................... .........................
GW190521 (85 Meun + 66 Maur) 26 Man object is a BH or NS ? R e e U I

% Large mass ratio of BBH o | | | |
GW190412 (30 Msun+ 8.3 Msun) & GW190814 m ................... L’PL

* Non_zero EﬁeCtlve Spln Blnarles 1()—1é_ ..................... ........................ ......................... .........................

-------------------------------------------------------------------------------------------------------------------------
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Evidence of dynamical formation of binary?
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GW190521 Discovery of IMBH (1) PRL 125 (2020) 101102

PHYSICAL REVIEW LETTERS 125, 101102 (2020)

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

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

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

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.

Hanford Livingston Virgo

Mass 35 t21.14 Msun + 66 *17.18 Msun -> 142 *+23_16 Msun
Distance 5.3 24,6 Gpc, z= 0.82 +0.28_g 34

100 10° Msun

Stellar-mass BH Intermediate-massBH  Super-massive BH

Existence of BH over 100 Msun !

Whitened Data
11 Bayes\Wa

LALIn

“- WB max-L

- —
=
— -
-
-

'

No formation scenario for BH over
65 Msun In the standard model. M87 by EHT

0.30 0.35

(.40

0.45 o0 (.55 0.60 0.30 .35 0.40 (.45 (.50 0.55 0.60 0.30 0.35 0.40 .45

Time [s] Time [s] [ime [s]

mass 6.5 109Msun

T p——————
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.60
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GW190521
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LIGO/Virgo
PRL 125 (2020) 101102

Discovery of IMBH (2)

Mass 85 t21.14 Msun + 66 *17.18 Msun -> 142 *+23_16 Msun
Distance 5.3 24,6 Gpc, z= 0.82 +0-28_g 34

100 10° Msun

Stellar-mass BH Intermediate-massBH  Super-massive BH

Existence of BH over 100 Msun !

.

No formation scenario for BH over
65 Msun In the standard model. M87 by EHT

mass 6.5 109Msun

distance
55 Mly

Second generation of mergers

»n/'\'\ﬁ' S
\G:k\q\ 16.9 |V|pC
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2 . LV Observational Results
0O3a (2019/4/1 - 2019/9/30) GWTC2  (PRX 11, 021053 (2021) )

Masses in the Stellar Graveyard

In Solar Masses
Existence of IMBH over 150 Msun !

A peak at 40 Msun in BH mass distribution ?

Compact objects

iINn 2-5 Msun mass gap 7 BEFNS

Less BNS than expected ?

GWTC-2 plot v1.0
LIGO-Virgo | Frank Elavsky, Aaron Geller | Northwestern
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2 . LV Observational Results
0O3a (2019/4/1 - 2019/9/30) GWTC2  (PRX 11, 021053 (2021) )

Masses in the Stellar Graveyard

In Solar Masses
Existence of IMBH over 150 Msun !

A peak at 40 Msun iIn BH mass distribution ?

Compact objects

IN 2-5 Msun mass gap ? ;'f’ BH+NS

e R

'8

BN, N . S A —

' ' O geller | Northwest
Hyper-massive NS ? Ultra-light BH? Exotic Object?
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2. LV & LVK Observational Results LIGO/Virgo
PRD 103 (2021) 122002

GWTC-2: Test of General Relativity by LIGO-Virgo arXiv:2010.14529
- 512 ' | TABLE III. Results of the residuals analysis (Sec. IV A). For each
1. Residuals test R L | | event, we present the SNR of the subtracted GR waveform (SNRgg),
248 | | the 90%-credible upper limit on the residual network SNR (SNRy), a
S g | ‘ corresponding lower limit on the fitting factor (FFg), and the p-value.
T 1

0 | | 1 Events SNRgr Residual SNRy, FFy

o4 \ ‘ | GWI190408-181802 16.06 8.48 (.88

- | GW190412 18.23 6.67 0.94
GW190421.213856 1047 7.52 0.8

012 m | | | GW190503_185404 13.21 5.78 0.92

vie BATET TR | GW190512.180714 1281 592 0.9

. GW190513.205428 12.85 6.44 0.86

;r':u‘ 18 ' l GWI190517_055101 11.52 6.40 0.8

- | ' | | GWI190519.153544 15.34 6.38 0.92

64 | GW190521 14.23 6.34 0.9

\ ‘ GW190521.074359 25.71 6.15 0.9

30 | GW190602_175927 13.22 5.46 0.92

15 1 05 0 0.5 , 15 GW190630.185205 16.13 5.13 0.95

L(s) GW190706.222641 13.39 7.80 0.86€

GW190707_093326 13.55 5.89 0.92

Subtract the best fit template for the event from the strain data and GW190708.232457  13.97 6.00 0.92
o .. : GW190720_000836 10.56 7.30 0.82

compute the 90% upper limit on residual SNR. GW190727 060333 11.62 488 0.93
GW190728 064510 13.47 5.98 0.9

GW190814 25.06 6.43 0.9

Check whether the residual SNR is consistent with SNR from noise: GW190828.063405 16.13 8.47 0.86
. : : GW190828_065509 9.67 6.30 0.84

measure SNR from noise-only times around the event times, GW190910 112807 14.32 5.60 0.9
yielding a p-value GW190915.235702 13.82 8.30 0.86

GW190924 021846 12.21 5.91 0.9(

p = P(SNR2% > SNR%%. | noise)

noise residual All p-values consistent with residual SNR produced by noise

No statistically significant deviations from GR
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LIGO/Virgo

GWTC-2: Test of General Relativity by LIGO-Virgo R s o) o202

2. Inspiral-merger—-ringdown consistency test

LAY

::]: - (1+ 2)M/M.
~ ' 25 70.0 115
N (SR E =
0.5
33 ’
v
o
/] 1 r
~051. ) L GW170823 [
GW19D814 | GVY190408 181802 | "~
~1.0 =’ -

—0.5

0.0

0.5 1.0
AM;/ M;

b 5

1.5 2 . ~
P(Ax:/x1)

arXiv:2010.14529

Parameter Estimation with f < f., with f > f,
1ns ins postinsp _ postinsp
M™P ) x P M ) X

Waveform models

IMRPhenom - phenomenological PN-based models, calibrated to NR

SEOB - aligned-spin effective-one-body models, calibrated to NR
(note: only includes quadrupole)

4 IMRPhenom waveform test
mostly consistent, but -

GW170823 4 39.5M+29.5M, SNR@ inspiral < 8
GW190408 181802 <« 24.5M+18.3M, with multimodal posterior
GW190814 4 23M+2.6M, large mass ratio ever

No statistically significant deviations from GR
Hisaaki Shinkai (Osaka Institute of Technology) “GW physics, Status of KAGRA” Cosmology From Home 2021
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2. LV & LVK Observational Results LIGO/Virgo
PRD 103 (2021) 122002

GWTC-2: Test of General Relativity by LIGO-Virgo arXiv:2010.14529

(aoinspiral(f) = Pref T 27Fftref -1+ SONewton(Mf)_5/3 + V05PN (Mf)—4/3
p1en (M f) ™t + prspn(Mf) /3

{5(P_2, 59007 5(pla T ,5@7} X f(i_5)/3

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

2. IMR consistency test

3. Hierarchical analysis

1 B3 ,_3
Wintermediate(f ) = 7 (,80 + B1f + B2log f — ? )
4. Parametriz
arametrized test B A [ f - asfrp
eMrR(f) = n  Jaot+arf —oof  + ca3f" + astan
3 fdamp
— 2
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2. LV & LVK Observational Results
GWTC-2: Test of General Relativity by LIGO-Virgo

LIGO/Virgo
PRD 103 (2021) 122002
arXiv:2010.14529

+00 £ 400 - y . y
: . t — 1o 271 femn (1 — 1)
1. Residuals test he(f) — ihy () = § : E : E : Atmn €XP exp 28 tmn(6, &, x5).
=7 m=—f n— i (1+Z)T€mn_ 1 +z2
- =2 m=—{ n=0
2. IMR consistency test
3. Hiera rch Te al ana IySiS Event Redshifted final mass Final spin Overtones
(1 +2)M; [M,] Xi
. IMR Kerry,y Kerrsy;  Kerrpy IMR Kerr,hy Kerryn; Kerryum log,, B2 log,, OmeICR
4. Parametrized test GW150914 68.893¢ 62.7*19Y 717132 §0.3*2V] 0.69704° 0.52+0-2 0.69*018 (,83+0-13 . 0 262;) . Gl(; 34
031 T-12.1 1125 ~-21.7 V7004 VI4-044 V-V7 036 V07045 ' e
4.6 +19. 16.7 +207.7 +0.0 0.42 0.34 +0.34
5 Spin'indUCed quadrupol' GW170104 58.570  56.2F7¢ 61.3*13) 104.3777 0.667)] 0.267)3; 0.51% 74 0.59% —-0.20 -0.23
) GW170814 59.7555  46.17%° 56.67)7 171.2753%7 0727007 0.527047 0.47105 0.54%5% -0.19 —-0.11
6 Ringd GW170823 88.8%105 73.873%3 79.0%1; 103.07°%'  0.727)7; 0.467)%] 0.3635 0.74702 —-0.98 —-0.07
. RiIngdown GW190408-181802 53.1%3% 224 030 46.67105 127.475 1 0.67 000 0.4510% 0.367035 0.46705] -1.02 —-0.02
GW190512.180714 43.4+3¢  37.6733, 36.7 5% 99.472"° 0.657 007 0.411937 0457030 0.77702 —-0.42 0.03
1. Echoes GW190513-205428 70.8*;5* 55.57)7 68.573%: 88.777%° 0.697015 0.38%04% 0317032 0.59703 —-0.54 —-0.05
_ . GW190519-153544 148.2ﬁ}§:§ 120.7571 125.97313 155.47%% 0.807907 0.4210% 0.520% 0.7079%, —-0.00 —-0.11
8. DlsperS|0n GW190521 259.2130¢ 282.27200 284.07355 299.372) 0.737014 0.76773¢ 0.78109 0.80703, —0.86 —-0.50
GW190521.074359 88.173; 83.0379 86.4% 3¢ 105.975.% 0.727000 0.5793 0.67+0%7 0.8770% 1.29 —-0.27
9. Polarizations GW190602-175927 165.6775 156.471 ¢ 160.073]3 261.775;% 0.717015 0.347031 0.46703, 0.79t3:"“; —-1.56 0.32
GW190706.222641 173.67)35 136.07359 152.5771% 184.07.%*  0.807007 0.411047 0.55*)3F 0.68+02 —-0.64 —-0.45
GW190708.232457 34.4+27  28.9+15%% 323109 171.957%  0.69700; 0.47109 0.34+041 0.43702) —-0.17 —-0.02
GW190727_060333 100.0* 0> 78.7+¢27 88.87% ) 107.4‘_:";?7" 0.737010 0.5304% 0.45403 0.71”:3:%‘; —-1.65 —-0.40
GW190828.063405 75.9*%) 71.2'2% 69.6'71 | 99.0%,50¢ 0.767005 0.72705 0.65*)-<1 0.92+9% —-0.72 —-0.05
GW190910.112807 97.3*>1  112.27339 107.7:33¢ 137.133]7 0.707905 0.76701% 0.75+,7 0.91*5%] —0.64 —-0.40
GW190915.235702 75.0*77 383+ 63.07%" 137.37241  0.71799) 0.52*052 0.27+099 0.55%070 —-0.37 —-0.04
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No significant evidence for higher-mode in ringdown part
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2. LV & LVK Observational Results LIGO/Virgo
N IVI t . . 5 . I I . I ApJL 902 (2020) L21
O Oun alnS In ml I SeC pu Sa rs (arXiv:2007.14251 )
01+02+03a data, GW search from 5 pulsars . C .
103 | Vela  Crab | 1J0737-3039A |1 J0711-6830
Pulsar frot frot int distance Spin-down ! ! ! ASTATIS ¥
(Hz) (Hzs™ 1) (Hzs™ 1) (kpc) luminosity (W) 107404 ! E ¥
Young pulsars = E E i ii
. N 10-42 4] 0 | | T
J053442200 (Crab) 29.6 —3.7x107'° 2.0+ 0.5 4.5x10% iz, 10 Ii { !
J0835-4510 (Vela) 112 —2.8x10~1" 0.287+0-019° 6.9x 102° 2 % {
—44 _ : Ui : ::
Recycled pulsars 107 | R | !i
J0437—4715 173.7 —1.7x107%% —4.1x107% 0.15679 % 0.00025" 2.8 % 10%° ’

e —46 4 K I
J0711—-6830 182.1 —4.9x107'® —4.7x1071° 0.110 £ 0.044 3.4x10%° 10 | S oaiily '

J0737—3039A 441 —3.4x1071 1.1510:227 5.9 x 1026 i - — ]

10?2 10°

Frequency [Hz]
%10~26 J0534+2200 %10~3
108 Elliptil%it,}r . o 4.8

Unrestricted
oy .
— Q%" Bayesian
Lrd . .
ng’{ J -statistic

Qnuz
— Q%" Sn-vector

- X p(Qxn|d)

J05344-2200

Frequency (Hz)

no detection of GW

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Hisaaki Shinkai (Osaka Institute of

If we model NS with a mountain on eq. plane, peak < 10-8
GW from JO711-6830 is less than spin-down ratio.

Technology) “GW physics, Status of KAGRA” Cosmology From Home 2021
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No Lensed GWs in O3a (arXiv:2105.06384 )

Similar pairsin M, x

Freg-dep. beating pattern

00728-0930

GWI1903527 092055 S s () |

GW190602_175927 =—sssammeeesans Sasssssssmmm—m—e— (), |

1o Py GWI190620_03042] - (). |
GW190630 185205 ———— ——— (] 0%
_ | _ o
¢0803-0910 GWI190701_203306 =S =02 =

90707-0930 GW190706_22264] - ——().()

R 0 | v
ESA/Hubble & NASA NASA, ESA, and STScl NASA, ESA, Hubble SM4 ERO Team. ST-ECF 25 - .0706'0719 102 " l .\[: ‘\[ . )
00424-0727 07310910
- f | ” _ ¢0412-0708 ‘3 ¢0731-0803
2.0 0513-0630
Detections of lensed events will improve orisosts o GBI Soranoras
o
. 0720-0930 0424 0521
compact objects merger rate e o
-2.0 -1.5 -1.0 -0.5 1.0 1.5 2.0

10° g1y R ConS|stency

10"+ No lensing

o 10%

o no detection of lensed signature
g10 E
S No magnification, multiple-image, nor microlensing signatures
=102
& on O3a data

10!
0 2 4 6 8
<
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https://www.ligo.org/science/outreach.php
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Discovery of NS-BH binaries
FACT SHEET

GW200115

LIGO Hanford

LIGO Livingston

-15 - 10 5

Time (seconds)

0

GW200105

GW200115

First observation of neutron star-black hole (NSBH) binaries

All parameter ranges correspond to 90% credible bounds. Quoted values are for high spin (<0.99) neutron-star priors

GW200105

GW200115

observed by

date, time

LIGO Livingston and Virgo
5 Jan 2020, 16:24:26 UTC

LIGO Livingston & Hanford and Virgo
15 Jan 2020, 04:23:10 UTC

likely distance

170 to 390 Mpc

200 to 450 Mpc

source redshift 0.04 to 0.08 0.05 to 0.10
signal-to-noise ratio 13.9 11.6
false alarm rate <1in28yr <1in 100,000 yr
Source masses (Mg)
total mass 9.7t012.0 5.7 to 8.6
primary (BH) 7.4t010.1 3.6 to 7.5
secondary (NS) 1.7 to 2.2 1.2 to 2.2
mass ratio 0.18 to 0.30 0.16 to 0.61
BH spin 0.00 to 0.30 0.04 to 0.81
effective inspiral spin -0.16 to 0.10 -0.54 to 0.04
effective precession spin 0.02 to 0.23 0.04 to 0.51

Inferred merger rate density of NSBH systems*: 12 to 120 yr* Gpc™

* Assuming GW200105 and GW200115 are representative of the NSBH population
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Contents

3. The KAGRA interferometer

. Qi )
F am mjmmﬂmm M. SRR

nature PERSPECTIVE

KAGRA: 2.5 generation interferometric
gravitational wave detector

(c) KAGRA Collaboration / Rey.Hori

KAGRA collaboration

The recent detections of gravitational waves (GWs) reported by the LIGO and Virgo collaborations have made a significant

impact on physics and astronomy. A global network of GW detectors will play a key role in uncovering the unknown nature of the . - - .

sources in coordinated observations with astronomical telescopes and detectors. Here we introduce KAGRA, a new GW detec- H | S a a kl S h | n ka | (O S a ka I n St_ Te C h _)
tor with two 3km baseline arms arranged in an ‘L' shape. KAGRA's design is similar to the second generations of Advanced LIGO
and Advanced Virgo, but it will be operating at cryogenic temperatures with sapphire mirrors. This low-temperature feature is - Feys
advantageous for improving the sensitivity around 100 Hz and is considered to be an important feature for the third-generation E E ?E H H (k I}}i I % * % )
GW detector concept (for example, the Einstein Telescope of Europe or the Cosmic Explorer of the United States). Hence, s<o~T

KAGRA is often called a 2.5-generation GW detector based on laser interferometry. KAGRA's first observation run is scheduled

in late 2019, aiming to join the third observation run of the advanced LIGO-Virgo network. When operating along with the exist-

ing GW detectors, KAGRA will be helpful in locating GW sources more accurately and determining the source parameters with
higher precision, providing information for follow-up observations of GW trigger candidates.

KAGRA Scientific Congress, board chair

Nature Astronomy 3, 35 (2019) on behalf of KAGRA collaboration
https://www.nature.com/articles/s41550-018-0658-y

Cosmology from Home 2021 July



Status of KAGRA | KAG RA

KAGRA (Kamioka Gravitational-Wave Observatory) (VMY
Iy B 18 B8

Mozumi HEET O 1000m under the
. LITE ™ 1000m summit of the Mt.

control office.

(15 min)

Toyama City AXM” ) Kamland

(60 mln) ’ w ‘ =) Super Kamiokande 358m above the

- L & sea level.
Woecacrig |
http://gwcenter.icrr.u-tokyo.ac.jp/en/
— (KEEARE NRERIE)

former name LCG T = large cryogenic gravitational telescope

named by public naming contest, %% (/< 5) dance music in front of Gods
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Status of KAGRA A
KAGRA (Kamioka Gravitational-Wave Observatory) JSA/‘}RA

TAMA 300 m (NAOJ, Tokyo area, 2008)

TAMA (2008)

CLIO (2010)

IKAGRA (2016)
bKAGRA Phase 1 (2018)
FPMI (Aug 2019)

FPMI (Nov 2019)

FPMI (Dec 2019)
PRFPMI (Feb 2020)
PRFPMI (Mar 2020)
bKAGRA Design BRSE
bKAGRA Design DRSE
O3 target (8-25 Mpc)
04 target (25-130 Mpc)

Frequency (Hz)

L O CLIO 20 K ioka. 2010 https://doi.org/10.1093/ptep/ptaal2s
B o /m (Kamioka, ) arXiv: 2005.05574
Google
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Status of KAGRA

Brief History of KAGRA KAGRA

today

calendar

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

I

year
Project

Start _
Tunnel Excavation = adv vibration isolation, optics, cryo.--

installation s
bKAGRA| [bKAGRA

phase-1 phase-2 03

operation

IKAGRA = initial KAGRA
bKAGRA = baseline KAGRA

IKAGRA

Sapphire
mirrors
(one cryo.)
>
[arXiv:1712.00148] [arXiv:1901.03569]
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Status of KAGRA

Basic Idea of the Interferometer >

“Michelson” interferometer Longer arm-length makes better sensitivity
Mirror *
A

3
L 3
D
=
: Mirror 0
Laser Source + | Beam Splitter B
—
1 //> [ 2
A L > >
."Z')
O
N

N

Photon Detector 100Hz >

Frequency
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Basic Idea of the Interferometer >

“Michelson” interferometer Longer arm-length makes better sensitivity

Laser Source

A
L

—] Best sensitivity for 100 Hz 1s L= 750 km

Longer arm-length makes better sensitivity

Sensitivity (Lower the better)

> [
é/
~_
Photon Detector 100Hz >
Frequency
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“Fabry-Pérot Michelson” interferometer

Laser Source

A
u

Basic Idea of the Interferometer

end mirror
INnput MIrrors end mirror
= P
-0 %
é/
~_

Photon Detector

Longer arm-length makes better sensitivity

Best sensitivity for 100 Hz 1s L= 750 km

-

Sensitivity (Lower the better)

100Hz

Frequency

Not so good for high freq.

due to GW cancellation.
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Status of KAGRA /ﬁ
Basic Idea of the Interferometer LK,A/GRA

“Fabry-Pérot Michelson” interferometer Longer arm-length makes better sensitivity
. Best sensitivity for 100 Hz 1s L= 750 km

end mirror

Q

e

: 4

O

N

; 4

l
input mirrors end mirror

Laser Source

| o
é/

Not so good for high freq.
due to GW cancellation.

Sensitivity (Lower the better)

resonance High finesse introduces
optical losses at mirrors
Finesse FF ~ 1
~— Inesse ! 000
(effective reflections F/x) 100H2
Photon Detector -
Frequency
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Status of KAGRA

Basic Idea of the Interferometer Q"_(,A/GRA

“Power-Recycled” Fabry-Pérot Michelson interferometer  (TAMA300, initial LIGO, Virgo)

Laser Source

-I
u

/)

Sensitivity (Lower the better)

A Reduce shot-noise
resonance of laser
Power-Recycling
mIrror _ 100H7
get more effective laser power -
Frequency
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Status of KAGRA /w
Basic Idea of the Interferometer &A‘/GRA

“Signal-Recycled” Fabry-Pérot Michelson interferometer (GE0600)

L aser Source

N
L]

get more finesse

resonance with SR mirror

Sensitivity (Lower the better)

Signal-Recycling

'éj‘ mirror

get more effective GW signals -
resonance (N+1/2) wavelength between SR & IM Frequency
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Status of KAGRA /w
Basic Idea of the Interferometer &A‘/GRA

“Dual-Recycled” Michelson interferometer

input mirrors

Laser Source

/0

-I
u

Sensitivity (Lower the better)

71
get more finesse
Power-Recycling . . with SR mirror
mirror Signal-Recycling
-éj- mirror
get more effective GW signals -
resonance (N+1/2) wavelength between SR & IM Frequency
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Status of KAGRA /ﬁ
Basic Idea of the Interferometer LKA,/GRA

“Resonant Side-band Extraction” interferometer (KAGRA, Advanced LIGO, Advanced Virgo)

Laser Source

o
u

keep at relative low finesse
with SE mirror

Sensitivity (Lower the better)

Signal-Extraction

'éj‘ mirror

get more effective GW signals >

for optical losses
for GW cancellation

resonance N wavelength Frequency
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Status of KAGRA p

Basic Idea of the Interferometer & RA

“Resonant Side-band Extraction” interferometer (KAGRA, Advanced LIGO, Advanced Virgo)

400mW Nd:YAG laser
amplified to 40W
finesse 540

Laser Source finesse 800-1530

more laser power

Sensitivity (Lower the better)

Photon Detector

Frequency
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Status of KAGRA

“Resonant Side-band Extraction” interferometer

400mW Nd:YAG laser
amplified to 40W
finesse 540

Laser Source

Photon Detector

Basic Idea of the Interferometer

al

K ;fltransmlss,lon-Y port

‘wl
-
-

ETMY

Y-arm cavity

3 km

input

mode
cleaner power
= recycling

ITMY .
ITmx  X-arm cavity gtmx

transmission-X

3 km

5N
| B3)SR2 port
v signal
finesse 800-1530 / recg li
H ycling
Type-A /1 cavity
— SR3 =3 |)
75N e
\ ) Type-B ™
< ( JSRM
o s
\_ ] Type-Bp CIN
- sl \.\ OMMTs
— OF1 N output

‘‘‘‘‘

43 ! mode

S
. @ cleaner
anti-symmetric port o
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Status of KAGRA

Basic ldea of Suspension System &//
L0
—> M
MQJ —_ gg (LE — LE()) 10
¢
2
x/xg (‘)Z_sz, where fj 2% % 1
_— S 0.1
> g
% 0.01
§ 0.001
0.0001
2 0.00001
0Tseis ~ (%) x 1077 m/\@ 0.1 1 10 100

Frequency [HZ]

For 100 Hz, dzgeis ~ 107 1'm/v/Hz.
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Status of KAGRA

Basic ldea of Suspension System

Mg

Mz = / (.’E — IL‘()) 10
4 1
o= gl e ff
S 0.1
&
O
>
O
= 0.01
O
=
©
2 0.001
0.0001
0.00001

0.1

1
Frequency [HZ]

10

100
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Status of KAGRA

Basic ldea of Suspension System

. M
Mz = gg(a:—xg) 10
2 1
/0= g g vhere fo= 5oy 1
S 0.1
=
O
>
O
= 0.01
O
>
©
2 0.001
0.0001
0.00001
0.1

Frequency [HZ]
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Status of KAGRA

Basic Idea of Suspension System &/

0.1

0.01

Relative Movement

0.001

0.0001

0.00001 \
0.1 1 10 100

Frequency [HZ]
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Status of KAGRA

Basic ldea of Suspension System

13 m

«

.~

payload

'
"
~

. -
"

r_ 9 '

—————

. ‘:_::f':::.‘j:,:: g o ]Cryogenic

Class. Quantum Grav. 36 (2019) 165008

KACRA

bKAGRA configuration T
- Cryogenic test masses ETM Type-A system
- 3 km arm cavities - Cryogenic test mass
- RSE with power recycling c Sapphire, 23kg, 20K
i - Tall seismic isolator
IP + GASF + Payload
- % IT™
il
— PR3 PR2
o__o MC PRV BS
....... X-arm
Type-C system " iy T 0 BRT
I
- Mode cleaner 0 ﬂ' " =t

Silica, 0.5kg, 290K
- Stack + Payload

Type-Bp payload
- Test mass and Core optics (BS, FM,..
Silica, 10kg, 290K
- Seismic isolator
[Jlmﬂ Table + GASF + Type-B Payload

oo

h

SRM

OMMT
OMC

Type-B system

=
),

- Core optics (BS, SRM,...)
Silica, 10kg, 290K

- IP + GASF + Payload

- Stack for aux. optics

| = H {}
e e e T T T T T T T T ]

e e e e e e e e e

A

as the configuration of April 2020 (O3GK)
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Status of KAGRA

Cryogenic System

top filter j
) inverted pendulumx
-y 7777

“ 4 heatlinks standard fllter<m
=

Ty .3_,.‘ // bottom fllter\

outer shield (80 K)

platform _|

marionette __

sapphire fi fbers/

duct shielc\i (80 K)

~S N

main laser

: optic (OP)

(20 K)

=l
el L L | :innershield (8 K) \ W W, .
wide angle baffle”

Il /7777777777777 77777

( cooling bar

Figure 3. The CAD drawing of the cryogenic payload under Type-A (left) and
the schematic of the cryogenic suspension system of sapphire test masses (right).
Suspension stages outside of the outer shield are at room temperature.

Class. Quantum Grav. 36 (2019) 165008

Temperature [K]

Thermal Noise

[
o
N

—
o

KACRA

(7 CF

4kpT low temperature

large mass

mwiwQ

sapphire mirror

22.8 kg
diameter 22cm
thickness 15cm

Stop cryocooler
SS /
- \\ //
In test cooling down in Jun. 2017, \ /7 B
Cooling down time was 23 days. \ f \
< |
{ —— Bottom Filter / \
- Marionette Recoil |‘
Platform |
Pttt | metastable state | 20 K
Intermediate Mass
IR Restart cryocooler -
Intermediate Recoil ry In 4 WeekS
Mirror Recoil
5 10 15 20 25 30 35
Time [day]
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Status of KAGRA >N
KAGRA (amioka Gravitational-Wave Observatory) Q"EA/GRA

e
fria

4

201848 H Y o ' B
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Status of KAGRA /_w
KAGRA (Kamioka Gravitational-Wave Observatory) wRA

Takahara River

For Toyama EILUAH

Bus Stop
Mozumi

XAE

214853,
~~~~~~

R

Post Office

TrainStation
Police Koban

Abandoned
Railway

KAGRA

: office
o 2020712717 07:29:22
For Takayama ®&IWUA®E TUNNEL  SIDE

S

A K : ]

i 3 ] [=an 2

' L4 e i AR N ad)
.
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Status of KAGRA

Joint Research MoA sighed LIGO-Virgo-KAGRA

ABK

main part (10 pages)
Concept, Definitions,
Purposes

* 1 Mpc (BNS) is required to join the observation.

1 VIKGO

10~
1019
1071
10717

1015

Strain [1/v/Hz]

10—10 5

10720

1021 -

10-22.
10!

Appendix A (17 pages) Letter of Intent (3 pages)
Organizations, Procedures KAGRA's Join to O3

T
Frequency [Hz]

FPMI 08/24/19 4.0x10~* Mpc
FPM110/08/19 1.7x10~* Mpc
FPMI11/01/19 3.9x10~* Mpc
FPMI 12/06/19 3.1x10~2 Mpc
PRFPMI 02/04/20 2.7x10~> Mpc
PRFPMI 02/05/20 4.7x10~> Mpc
PRFPMI 02/11/20 1.8x10~" Mpc
PRFPMI 02/14/20 3.4x10~" Mpc
PRFPMI 03/19/20 6.9x10~! Mpc
PRFPMI 03/26/20 9.6x10~" Mpc

March 26, 2020

* Finally, over 1 Mpc in the end of March 26, 2020.
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Status of KAGRA /’w
O3b, O0O3GK, and after that wRA

2019 | 2020

.12 1l .2 3 4 5 6 7 8 9

03b (planned—

LV — B B I I I = N N == =W QI CURRENT LOCK DURATION
03b (LV) KAGRA — B0n20m30s

GEO600 Astrowatch ~ 1.2 Mpc INTERFEROMETER STATUS

NS-NS BINARY RANGE

LOCKED @5@0@“3(:
KAGRA Dec 17-25 Febz5-Mar10 Azl . oy UL ;y [
ER Obs. Obs. com e 66 | e
I PRFPMI Locked = SO
03GK —
* 03GK observation paper plan March 29, 2020

(LVK paper)

750

495
I I | ‘ | I =% COVID-19 infected # in Japan / day
o_ﬂIIII o —~—— M:
@ Q2 78382782 OH3Hd

Sensitivity Record in kpc

o

( 4 34H SsH12H- 6 H19H
QP' 0 @'D @Q’ Q& & W
& K
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Status of KAGRA

Official start and end time
Start :April 7 8:00 2020 UTC, GPS Time : 1270281618
End : April 21 0:00 2020 UTC, GPS Time 1271462418

KAGRA Duty Cycle : Locked 69%, Observing 58%
Longest lock 8h0bm
Sensitivity : 500-700 kpc

-24.5

GRB 200415A

O3GK (April 7-21, 2020)

|

250 |

8, deg

-25.5

-26.0
1

|

I

Fermi (GBM) - Mars-Odyssey (HEND)

ind (Konus) - INTEGRAL (SPI-ACS)

|

3.0 12.5

12.0

115
o, deg

11.0 10.5

NGC 235 (Sculptor galaxy)

3.5 Mpc, one of the brightest galaxies
https://gcn.gsfc.nasa.gov/fermi_grbs.html

BNS Range [kpc]

Obs start -

GRB200415A

700
600 - 4 |
. | I |
£ i |
E 400 | ‘
i 1
v A0 If | | ‘ bad weather - . 4
. | h ” ocean tide n
100 ; =l ; . ~
M | H n JGW-P2011980
! 0 2 | 4 b 3 10 12 - 5.._,4..;;_
Time [days] from Apr. 7th 00:00 UTC
Takahiro Yamamoto, JGW-P2011980
GRB200415A
\l' I Science mode
B Other
Coincident . . , .
5.4 days" THI WSS S—IN |~ T W RS T R—" -
GEO | |
79.6% " I ' - I || || ||
KAGRA | ~
1.3 days

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

Jim Lough, LIGO-G2001554
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Status of KAGRA

ACCEPTED MANUSCRIPT

Overview of KAGRA : Detector design and

construction history @

T Akutsu, M Ando, K Arai, Y Arai, S Araki, A Araya, N Aritomi, Y Aso, S Bae, Y Bae ... Show
more

Progress of Theoretical and Experimental Physics, ptaal25,
https://doi.org/10.1093/ptep/ptaal25
Published: 17 August2020 Article history v

ACCEPTED MANUSCRIPT

Overview of KAGRA: KAGRA science &

T Akutsu, M Ando, K Arai, Y Arai, S Araki, A Araya, N Aritomi, H Asada, Y Aso, S Bae ... Show
more

Progress of Theoretical and Experimental Physics, ptaal20,
https://doi.org/10.1093/ptep/ptaal20
Published: 12 August2020 Article history v

PDF BB Split View ¢¢ Cite A Permissions «5 Share v

PAPER

Vibration isolation systems for the beam splitter and signal
recycling mirrors of the KAGRA gravitational wave detector

T Akutsu™? (2, M Ando’3# K Arai®, Y Arai®, S Araki®, A Araya’ (), N Aritomi®, H Asada®,
Y Aso?1° S Bae'! + show full author list

Published 5 March 2021 « © 2021 IOP Publishing Ltd

Classical and Quantum Gravity, Volume 38, Number 6

Citation T Akutsu et al 2021 Class. Quantum Grav. 38 065011

published PTEP 2020
KAGRA history

https://doi.org/10.1093/ptep/ptaal2b

arXiv: 2005.05574

published PTEP 2020
KAGRA Science

https://doi.org/10.1093/ptep/ptaal20

arXiv: 2008.02921

< A
Overview of KAGRA: reviews in PTEP 2020-2021 KAGRA

Overview of KAGRA: Calibration, detector
characterization, physical environmental monitors,

and the geophysics interferometer A

T Akutsu, M Ando, K Arai, Y Arai, S Araki, A Araya, N Aritomi, H Asada, Y Aso, S Bae ... Show
more

Progress of Theoretical and Experimental Physics, Volume 2021, Issue 5, May 2021,
05A102, https://doi.org/10.1093/ptep/ptab018
Published: 22 February 2021 Article history v

published PTEP 2021
KAGRA Calibration, Detector characerization,
physical environment monitors
https://doi.org/10.1093/ptep/ptab018
arXiv: 2009.09305

In preparation
* Overview of KAGRA : Noise Budget
* Overview of KAGRA : Data transfer and management

* Overview of KAGRA : Data analysis methods

https://iopscience.iop.org/article/10.1088/1361-6382/abd922

Class. Quant. Grav. 38 (2020) 065011
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https://arxiv.org/abs/2008.02921
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Status of KAGRA

KAGRA collaboration

UNIVERSITY OF THE
WEST of SCOTLAND

UNIVERSITY
OF TOYAMA

IS
Universita
degli Studi

del Sannio

COLUMBIA
UNIVERSITY

JrisT

UNIVERSITY

SlIIE

http://gwwiki.icrr.u-tokyo.ac.jp/JGWwiki/KAGRA
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(C 7

114 groups, 14 countries/regions
460+ active members

Default-author list 2019+2020
has 200 names.

Organize International Workshop
KIW8 July 7-9 2021 @ Daejeon, Korea
200+ participants
KIW9 May 2022 @ Beijing China
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Status of KAGRA

* Target Sensitivity 25 - 130 Mpc
* Recent estimate: less than 25 Mpc
due to heat absorption of sapphire m
by reducing laser noise, low-f noise,

[ less than 100K
[]dual recycling

Toward O4

lrrors

x20 sensitivity at mid-freq.

[ lock trials by the end of September 2020
[(Jsuspension noise control for low freq.

[ one-order reduced in July
[]de-frosting mirrors

[Jde-frosting windows for oplev light

repair & installation
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2015 2016 2017 2018 2019 2020 2021 2022
| | | | | | | |

60-80Mpc  60-100Mpc 160-190 Mpc

O1 02

120-130 Mpc

LIGO 03a [O3b

90-120Mpc

50 Mpc

I~ 03a O3b

Virgo 02 e 04

25-70Mpc

1Mpc

bKAGRA bKAGRA .
phase1

I I I I I I I I

O4

KAGRA iKAGRA

phase2

2015 2016 2017 2018 2019 2020 2021

2022

commissioning

Summer 2022
04 starts

Summer 2021

o Cryo-Payload repairing

a ETMY towerrepairing

o install laser beam baffles

o Cryocoolers replacement (CRY)

o Intensity noise reduction system (100)

oDGS/AEL upgrade (DGS/AEL)

a Stray light around 100 (AOS)

o Suspension frame modification (AQOS, VIS)
o Temperature monitors (VIS)

O and more
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Gravitational Wave Physics & Astronomy : Outlook (1)

CRA

A

e, MRJNVIRGD KA

Y The first detection of GW was 5 years ago. Since then we detected over 50 events.
Most of them are binary BHs, and 2 binary NSs, and two unknown ones.
Recent GW studies cover the constraints to the lensed events, stochastic backgrounds, spinning NSs,
and also to cosmic string’'s model, dark matter candidates.
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Gravitational Wave Physics & Astronomy : Outlook (2)

Y A+, AdV+, and KAGRA projects involve significant upgrades in O5. The sensitivity of LIGO-Virgo-KAGRA
network should improve 2-3 times over O3; one binary merger per day.

Y Alert system will also be improved.

In O3, the alerts were made within minutes of data acquisition for compact binary mergers.
Improved alerts for BNS will be seconds to minutes before its merger.

mm Of 02 == O3 O4 05
80 100 110-130 160-190 Target
Mpc  Mpc Mpc Mpc 330 Mpc
LIGO i i i
30 50 90-120 150-260
] Mpc Mpc Mpc Mpc
Virgo i I
1 25-130 130+
Mpc Mpc Mpc
KAGRA I 1
Target
. 330 Mpc
LIGO-India
I I I I I I I I I I I I
2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026

LIGO-G2002127-v4
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GW detection ]
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— — — | GCN
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EW Detection
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) ’ o
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W
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///
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~ 400 deg.2 ~ 80 deg.? ~ 30 deg.2

R Magee et al 2021 ApJL 910 L21 [arXiv:2102.04555]

Hisaaki Shinkai (Osaka Institute of Technology) “GW physics, Status of KAGRA” Cosmology From Home 2021

69



Gravitational Wave Physics & Astronomy : Outlook (3)

Next 10 years 07 | | —— Horizon 3
- 10% detected

50% detected-
Y The 3rd generation GW detectors, Cosmic Explorer (US) and '
Einstein Telescope (Europe), will observe the entire Universe. :

Redshift

Cosmic Explorer Einstein Telescope
2 10°

40km L-shape 10km Triangle  ~ -

~ EM colinterpa

m—al . IGO ==ET
=== Voyager CE

0 s
10Y 10! 10? 10° 10*
Total source-frame mass [ M]

Evan Hall, MIT

projects (DECIGO, BBO, ALIA, TianQin, ---) will
explore new GW phenomena In low frequency.

NS+NS
1.4+1.4M
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