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Innovative Area (FY2017-2021)
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ICAHTZDIC5BRIEEPPZE. ZLTZDRE
1 HAMERTBZEEFIAELTVWET, CORESHE
DEEE. BRLEADBETKEDERR/NT A TOXILE
EBCHBICHNEINE LAY, BIFEHEBEH 886%%
BT I ERELGERAYREShE LA, 220 F
HETOBE ILEE KBS TTAMA 25 LBVWRC 2 &
PTEBRETL

—BOFHEZITIE. ENEESEREICES AL
EMIET S EIEH L=, KAGRA 13 LIGO/Virgo
FELTWBEEIFELRE 03 (2019 F 4 AN 5 1 F)
ICREIICE D £ ICKEMBEED DI EICH Y E L, HB

10—12
10—13
Lot iKAGRA
10—15
10-16 | bKAGRA-1

Alig 28, 2019'10.4kpc]

10_22 iKAGRA (8.5€-07 Mpc),

bKAGRAPhase1 (2.0e-05,Mpc)
FPMI20190824 (4.0e-04 Mpc)
—— FPMI20191206 (3.1e-02 Mpc)
10— 23 | m—EpwMi at 300 K (2.3+00 Mpc)
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EENEOEBIEX1T- 7V (calibration), HAESD
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—D—DEL LTV EETT,
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9, BEOREEIZ, O3EAIHAIC10Mpc TTDT. »
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I TVwEd,

KAGRA & LIGO-Virgo
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12 BTU %o AMFMBBMEOHFPEERNRD S I3,
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TAye—TUEFETWAELEEE L, LIGO/Virgo il
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KAGRA F#Et 8GRI D 3 - DEGEN RN &
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3:2019F 108 4 H. EWLIZTIrHh /= LIGO-Virgo-KAGRA
HRABABE DK TOE=ERS. £/ 5 EGO Bt
5% Christian Olivetto. Virgo XK— 27 ZX/¥—v > Jo van
den Brand. KAGRA #8##{%* EHEE. LIGO FiR
David Reitze., KSC X{TZE&RK EH. KAGRA fE#Eal
&k ABLEMR, [BEERME MREHM]

2015 2016 2017 2018 2019 2020 2021 2022 2023
I I I I I I I I I

60-80Mpc  60-100Mpc 120+ Mpc target 175Mpc

LIGO 01 02 03a 03b

25-30 Mpc 60+ Mpc 65-120Mpc

Virgo 02 03a 03b 04

1-10 Mpc 25-130Mpc

bKAGRA| bKAGRA [} i
phase1 phase2 O/ | o8

KAGRA iKAGRA

2015 2016 2017 2018 2019 2020 2021 2022 2023

4 FEIXr T2 —Ib, RIED Observation 3 DERRE . 2020
F4RKRET, Z0O%. 1 FXOHEICETHETIEE
579 7TF— kL. 04 2R T %,

Lo < EHE 1 AT GEOB00 %= EH 5 &
Wwe. BENMEICERIFHIhdZen s, BEHN T
MFEEESHOEAER1 Mpc 282252 &, &&h
TWET, ZDOfth. W DHPDTF—E2ESICHET 2AEL
LEa—%227U7dhiE. ZOBPSHEHBERE GV &
T)o

KAGRA 7 I)v— 7 IZFRB § 2 %E#E 1. LIGO/Virgo &
Dx v bEE (telecon) ICBHIIL. T—2XNEEH
T3HHICHENE LA, SBOX Y MREBEPHAFES
hTWT, BAMEBETRRECRHAICLESIZLbHN X
T AREFIFDEYEDY E L7, LIGO/Virgo D3

5 http://gwwiki.icrr.u-tokyo.ac.jp/JGWwiki/KAGRA
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# 1 :LIGO, Virgo, KAGRAHIZR 7 )L — T OHE (2019 £ 10

AE)
LIGO Virgo  KAGRA
ERMAEER 1330 465 365
mEEH 860 360 200
T —TH 101 96 110
SHEZ 20 8 14

FRL—=YarwE FIBEOASNOEE) IBE3A
EQRAICREINTWT, 350 RIFEDSMEN H V) £
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ATHEHEINZIZEICENET, 3DDTI—TDOR
BERIICEEDE LA, ETM—T&dH, MREHD
KEED. T—2BEMICEADBI AL T,
RIFAMEBARICSE L TVWBIHAERED S B, %<
DFENFKAGRADZRL -3 UIlHSMLTVWET, 2
NP SHRESINY 32 CICHIRZRF /NG, B
BEB D wiki x—J° IZT7 72X & h, TR ES
W HIEDFEDP D > mANBO 7O 7 T B
BRG Ry hT—JELTEREDH > TEML TV
HIC, HIRE. W—ILPTEHLNTEWETH. ZTD
RIS BN EEEWERELET, FIZIE 2FKRL—
PAVICFHRIN-TELTSIMNT % & ZITI1E. HRE
B % KAGRA REBD =% (Face-to-Face meeting) T
BALTWE, BEEZUDIDENHET, £/
XDTF T4 bEHEELD-HICIE. KAGRA I T 3
BHICEL (BERZIEFEEEBLETNERY £E A,
[BBROMEETHSIMTEIDN] ELBMERITE
TH, BYLEEHEHPLE 2 — - WRFZET T OMICE
MLUTWEESZEPHFIATVWEYT, CEETHS
FzREIND I EBRIEETT,
EHEOEDT—2I1CEL, £$3ICHA. ENEXRY
ZHRIRELDA TVWBZEEERLTVWET, ARE
THCREXBZEHAICLWE, EE2B3TL L D,

' KAGRA OEEIX 2 A 11 BETE. 234kpe (CEIEL 7=
C 2A25EPSEBEERBTETFETH B,




O3b, O0O3GK, and after that
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S P
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ER Obs. Obs. GRB 200415A
-24.5 T T T 1} ;'( T T T
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! o
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VW KAGRA actual

—— FPMI08/24/19 4.0x10~* Mpc
—— FPMI10/08/19 1.7x10~* Mpc
—— FPMI 11/01/19 3.9x10~* Mpc
—— FPMI 12/06/19 3.1x10~% Mpc
—— PRFPMI 02/04/20 2.7x10~2 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

N\

_ 22 | IKAGRA (8.5e-07 Mpc)
1 0 - bKAGRAPhasel (2.0e-05 Mpc)
- FPMI20190824 (4.0e-04 Mpc)
m— FPMI20191206 (3.1e-02 MpcC)

1 0—23 | mm——FPM| at 300 K (2.3e+00 Mpc)

- PHKAGRA Design BRSE
mmmm HKAGRA Design DRSE

B O3 target (8-24 Mpc)

10 10 102 103
frequency (Hz)
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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
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+3mo 7 ?
= +4BHBH -'
= +1NSNS
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= +39BHBH
= - 1NSNS
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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



2. BREAIDIRR

01 (2015/9/12 - 2016/1/19)
Masses Iin the Stellar Graveyard

In Solar Masses

EM Neutron Stars

o \ / \ ™
J ) Ta \ 1 £ i ) .
. || A J i () . rrar
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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
https://www.ligo.org/detections/GW170817.php

. B REDR| D IRAR
0O3a (2019/4/1 - 2019/9/30) After O3a : GWTC2 (2020/10/28 released)

Masses in the Stellar Graveyard

In Solar Masses

1 |

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. ERER OB
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%

12


https://arxiv.org/abs/2010.14527
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

2. EHREDOEIR
0O3a (2019/4/1 - 2019/9/30) After O3a : GWTC2 (2020/10/28 released)

Masses in the Stellar Graveyard

In Solar Masses
IMBH detection >150 Msun

80

BH population at 40 Msun

40
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compact objects In

2-5 Msun mass gap 7 BEENS

less BNS than expected?

GWTC-2 plot v1.0
LIGO-Virgo | Frank Elavsky, Aaron Geller | Northwestern
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LV article after O3a

TABLE IL

cluding higher multipoles.

Inferred parameter values for GW190412 and their
90% credible intervals, obtained using precessing models in-

Parameter” EOBNR PHM Phenom PHM Combined
my /Mg, 31.743¢ 28.1°}% 301553
ma /Mo 8.0709 8.8+ 8.3%09
M/Mg 39.7°3% 36.9°57 384135
M/M, 13.3403 13.2793 13.310%
g 025%%  0adE 02y
M¢/Mg 386134 35.7:3% 37.342%
X 0.680 04 0.67 507 067505
m{® /M 36.5"35 32.312] 34.6124
m§* /M 92407 10.17]% 9.611%0
ME/M, 45703 25 w2t
e 0.1 0.3 0.3
MM 153755 15.27,5 15.2_’0_l
Xetr 02850 0.2257) 0.2515%]
% 03172 031°0% 03k
Pt 0.46012 041703 0.44 107
Dy/Mpe 740113 740 150 74015
01SgE  o1sgR  o1sigh
O oy om{y  omiy)
PH 9-5_'8_'31 9-5_'(()).'32 9-5—'(()].'3]
L 162794 16.1792 162191
pv 3.7+02 3.6°77 3.607
PHLV 19.1° 822 l9.0_’8‘§ 19.1 _’8{

Strain

—34
—0.20

—0.15

Time [s]

GW190412 : asymmetric masses

Mass

distance 740 +130_160 Mpc, z= 0.15 +0.03_g o3

waveform with modulation
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FIG. 9. Reconstructions of the gravitational waveform of GW190412 in the LIGO Hanford, LIGO Livingston and Virgo detectors
(from left to right). We show detector data, whitened by an inverse amplitude-spectral-density filter computed using BayesLine [105],
together with the unmodeled Bayeswave reconstruction that uses a wavelet bases, and the reconstruction based on the precessing, higher
multipole models from the EOBNR and Phenom families. The bands indicate the 90% credible intervals at each time. We caution that

some apparent amplitude fluctuations in this figure are an artifact of the whitening procedure.

LIGO/Virgo
PRD 102 (2020) 043015

30.1 +46.53 Msun + 8.3 1609 Msuyn -> 37.3 +3:8.2.0 Msun

Energy density
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o
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—
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Frequency (Hz)
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-1 -]
o O

-1.0 -08 —-06 —-04 02 0.0 0.2
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-1 A ' : ' 1
FIG. 8. Top panel: Time-frequency spectrogram of data con-
taining GW190412, observed in the LIGO Livingston detector.
The horizontal axis is time (in seconds) relative to the trigger time
(1239082262.17). The amplitude scale of the detector output is
normalized by the PSD of the noise. To illustrate the method, the
predicted track for the m = 3 multipoles is highlighted as a dashed
line, above the track from the m = 2 multipoles that are visible in
the spectrogram. Bottom panel: The variation of Y(a), i.e., the
energy in the pixels of the top panel, along the track defined by
fa(t) = af>(t), where f,(t) is computed from the Phenom HM
analysis. Two consecutive peaks at @ = 1.0 and a = 1.5 (thin
dashed line) indicate the energy of the m = 2 and m = 3 multi-
poles, respectively. Inset: The distribution of the detection statistic
f 1n noise, used to quantify p-values for the hypothesis that the
data contains m = 2 and m = 3 multipoles (red dashed line).
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LV article after O3a

GW190521 Largest BH ever (1)

PHYSICAL REVIEW LETTERS 125, 101102 (2020)

Featured in Physics

® (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 ef 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 binary inspiral, then thc detected signal is consistent with the merger of two black
holes with masses of 85' s Mg and 667 Mg (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
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LIGO/Virgo
PRL 125 (2020) 101102

Mass 35 +21.14 Msun + 66 J“17—18 Msun -> 142 +28—16 Msun
distance 5.3 *24.,6 Gpc, z= 0.82 +0-28_5 34

100 10° Msun
e —————————————————————————————————-

Stellar-mass BH Intermediate-massBH  Super-massive BH

Discovery of IMBH over 100 Msun

no formation route of
BH over 65 Msun M8/ by EHT

mass 0.65G Msun
dist. 55 My
16.9 Mpc
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LIGO/Virgo
PRL 125 (2020) 101102

Largest BH ever (2)

Mass 35 +21.14 Msun + 66 J“17—18 Msun -> 142 +28—16 Msun
distance 5.3 *24.,6 Gpc, z= 0.82 +0-28_5 34

100 10° Msun
—_—

Stellar-mass BH Intermediate-massBH  Super-massive BH

Discovery of IMBH over 100 Msun

: ‘ \/

no formation route of

BH over 65 Msun M8/ by EHT
mass 0.65G Msun
* second generation of BBH dist. 55 M ly
16.9 Mpc
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arXiv.org > astro-ph > arXiv:2101.05440

GW190521

Astrophysics > High Energy Astrophysical Phenomena

[Submitted on 14 Jan 2021]

Alternative possibility of GW190521: Gravitational waves from
high-mass black hole-disk systems

Masaru Shibata, Kenta Kiuchi, Sho Fujibayashi, Yuichiro Sekiguchi

iy

g —1
~JF==3

We evolve high-mass disks of mass 15 — 50M,, orbiting a S0M,, spinning black hole in the framework of
numerical relativity. Such high-mass systems could be an outcome during the collapse of rapidly-rotating
very-massive stars. The massive disks are dynamically unstable to the so-called one-armed spiral-shape
deformation with the maximum fractional density-perturbation of dp/p = 0.1, and hence, high-amplitude
gravitational waves are emitted. The waveforms are characterized by an initial high-amplitude burst with
the frequency of ~ 40 — 50 Hz and the maximum amplitude of (1 — 10) X 107%? at the hypothetical
distance of 100 Mpc and by a subsequent low-amplitude quasi-periodic oscillation. We illustrate that the

GW from one-armed spiral instability

85 +21—14 Msun + 66 +17—18 Msun -> 142 +28—16 Msun
PREE 5.3 +24.56 Gpc, z= 0.82 +0.28 (34

Livingston

waveforms in our models with a wide range of the disk mass resemble that of CGW190521. We also point out b
that gravitational waves from rapidly-rotating very-massive stars can be the source for 3rd-generation 4 >< 10~ :
gravitational-wave detectors for exploring the formation process of rapidly-rotating high-mass black holes o MI14 |
of mass ~ 50 — 100M, in an early universe. . 2 ,‘f‘: 3
2 2F : l\g
. = 1 ,‘ ﬁ,i(;éf\. Y ST
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LIGO/Virgo
ApJL 896 (2020) L44

LV article after O3a

GW190814 : 23M + 2.6M

Mass 23.2 t1.1.10 Msun + 2.59 10.08_5.09 Msuyn -> 25.6 t1-10.9 Msun

distance 241 +41.45 Mpc, z= 0.053 +0.009_4 919
Table 1 Spln :O Spln — ?

Source Properties of GW190814: We Report the Median Values Along with the Symmetric 90% Credible Intervals for the SEOBNRV4PHM (EOBNR PHM) and t' —_ O 1 1
IMRPHENOMPV3HM (PHENOM PHM) Waveform Models I I I a S S ra I O q - .

primary (BH) secondary

o] O
EOBNR PHM Phenom PHM Combined o ) _(). () - 5
Primary mass m; /M., 232749 23213 23241 ‘BQ‘_,,_ J// © tﬂt
Secondary mass m, /M., 2.597008 2.58°0% 2.59+008
Mass ratio ¢ 0.11279:998 0.111759% 0.11279%8 N
Chirp mass M /M 6.1070:9¢ 6.087008 6.09700¢ o N\ o
Total mass M/M_, 25.8402 25.8+12 258559 @ J N7,
Final mass M;/M,, 256159 255112 256744
Upper bound on primary spin magnitude 0.06 0.08 0.07 / X
Effective inspiral spin parameter Y. 0.001+9928 —0.00575 058 —0.00275-09 . ma,gnltU_de \
Upper bound on effective precession parameter x, 0.07 0.07 0.07 ! '.|
Final spin y; 0.2819:%2 0.2879%2 0.287592 o | | o
Luminosity distance Dy /Mpc 235+40 249+ 24144 =- '» 0.0 S
Source redshift z 0.05179908 0.05470:508 0.053790% " | ©
Inclination angle © /rad 0.9%93 0.8192 0.8%93
Signal-to-noise ratio in LIGO Hanfordpy 10.6°91 10.7°91 10.7:93
Signal-to-noise ratio in LIGO Livingstonpy_ 22.21499% 22.16°03 22187019 N
Signal-to-noise ratio in Virgopy 43702 41192 42702 L\‘4 % \ : ',N./ ,‘\
Network Signal-to-noise ratio pyy v 25.0193 24.9102 25.0193 ,_-: : (‘) v Q\J
= 2.41 .
QN 4.2 \ 4
~ ] . //
=~ | — Combined PHM | i -
231 —— EOBNR PHM + oS B\
: § -
j Q Q
99! —— Phenom PHM . oUST o081
| ——~. Abbott+ 2018 M,... =~ Bl Figur-e 6. Two-dimepsional ppsterior probability for the.tilt-ax'lgle and spin-
911 ) N - magnitude for the primary object (left) and secondary object (right) based on
{ — Farr+Chatziioannou 2020 A [um.\: \ the combined samples. The tilt angles are 0° for spins aligned and 180° for
j spins antialigned with the orbital angular momentum. The tiles are constructed
20 91 99 23 Y o5 2% 97 linearly in spin magnitude and the cosine of the tilt angles such that each tile

- y contains identical prior probability. The color indicates the posterior probability
1 [i\’;[;:i:y] per pixel. The probabilities are marginalized over the azimuthal angles.

secondary component is either the lightest BH or the heaviest NS
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LV article after O3a

* smallest BH 6 Msun or 2.6 Msun

GWTC-2 properties

GW190814 (23 Msun + 2.6 Msun) BH+BH or BH+NS

* largest BH 150 Msun
GW190521 (85 Msun + 66 Ms
% BBH with large mass ratio

an) Is 2.6 Msun Object is NS or BH?

GW190412 (30 Msun+ 8.3 Msun) & GW190814

% BBH with negative effective spin

6

.................................................................................

-

L N

_1 .................................................................................
E 3- ................................................................
= |
5 R R —
- Aeff =
M

: i i i '
Y96 —04 —02 0.0 0.2 0.4 0.6

Xeff

Y Event Rate

(159

% mass profile of BHs: best fit

power with 2.00 ~ 2.73
one peak at 40Msun

Ry = 23.91_;169 Grp(l_3 yI'_1

Rens = 3207550

Origin of the peak ?
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Gpc 2 yr !

LIGO/Virgo

arXiv:2010.14533
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LV article after O3a
GW search near GRB events

In O3a, Fermi/Swift detected ~150 GRB

short GRB (ms--s) : NSNS, NSBH (likely for GW170817) » Modeled Search for 32 GRBs

LIGO/Virgo

arXiv:2010.14550

long GRB (s--min) : SN? P Generic Burst Search for 105 GRBs

o 0, CVV detection

distance to GRB source ?
P should be away than LIGO-Virgo Obs distance

30 = BNS -!'_ lHU: ADI-A
s (Generic Spin NSBH I m— (SG-150Hz
20 ' 80
L n
AQ a8
20 o=
- < 60+
':E [ ’;‘
£ E 40
Z 10 Z
- 20
1
10! 102 10" 10 10°
Exclusion Distance (Mpc) Fxclusion distance (Mpc)
| Exclusion Distance| for Modeled Search | Exclusion Distance]| for Burst Search
using chirp signal for 32 GRB events for 105 GRB events
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40°

Dec

36" 1 , +

GRB 190610A

16°18° 16’ n 12

RA
If GRB190610A is NSNS, the distance is
over 63 Mpc.
Near the source region, there is a galaxy
at 165 Mpc. Consistent.
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LV article after O3a

LIGO/Virgo

N ‘6 t - 9y = I ApJL 902 (2020) L21
O moun alns In msec pu Sa rS (arXiv:2007.14251)
01+02+03a data, GW emission from 5 known pulsars. . C .
10-384 1 Vela Crab | 1J0737-3039A 11 JO711-6830
: = i i i J0437-47151!
Pulsar frot frot b distance Spin-down ! ! ! '
(Hz) (Hzs™ 1) (Hzs™ 1) (kpc) luminosity (W) 1040 4 i E E ii
Young pulsars = E E E ¥
a N 10-42 41 0 : ! ¥
J0534+2200 (Crab) 29.6 —3.7x107 ™ 2.0+0.5 4.5% 10%" = 10 \; { !
e h ' I I
J0835—4510 (Vela) 11.2 —2.8x10'% 0.28710 017 6.9x10%° @ X \_ ' | ¥
44 4 | | : 1
Recycled pulsars 10~ ! | ;4, ! {
' 1 . I 11
J0437—4715 173.7 —1.7x107® —4.1x107'® 0.15679 + 0.00025" 2.8x10%° | i\ Y 3
e —46 4 0 N
J0711—-6830 182.1 —4.9x107'® —4.7x107'®  0.110 % 0.044 3.4x10%° 10 | S oaiily :
J0737—3039A 4.1 —3.4x1071° 1.1570:227 5.9 1026 ‘ i a
10 10
Frequency [Hz]
Ellintici %1026 J0534+2200 «10-5
105 6 lptll%lt..}' o 4.8
i L'nrest;icted ’ J(m“
i — Q%" Bayesian
Q%% Fstatistic T
i‘ i —— Q%" 5n-vector ‘~ (( <O‘:L:
% 59.15 09.20 09.25 59.30 09.35
8 Frequency (Hz)
J053442200 ' no GW detection
e - 8 ) 12 14 no mountains in its equator, mountain (ellipticity) <10-8
22 T Kg m©

spin-down of JO711-6830 can not be explained only with GW
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LV article after O3a

X-ray Pulsar PSR J0537-6910 @ 160k lyr
= known as the best energy emitter (the maximum spin-down brightness) and also has frequent glitches

100 1 ! l’l_‘HI I I ] 1 I 1 I I ]
’L
80 - | -
o] 1
@ 1
o \
= 1)
(=] ]
£ 60 |- -
A -
© T \
- |
Q0
o 40 —
o y[ +
2 20 SR
5 T
:i—@'ﬁ@ =
- '—f—.‘_f_‘ - - _:
! " N [ \ " \ I | N
0 40 80 120 160

Time since glitch (d)

Braking index
n=5 (GW from asymmetry of NS)
n=7 (GW via Surface Wave)

af._, (10712 Hz s1)
|

Af, ., (uHz)
0
S

Pulsar J0537-6910

2017 2018 2019 2020
I Il 1 l 1 I L 1 I | ] 1 I 1 | | ]
1021 g2 03 11,
S ' a 8 [ ]
| : ," l"l IQ‘. '
— l l. ,‘I' \ "I" \ ) ""l “.“l |'I ]
| gliteh 1 \ [/ |
T 6 5 |\ 9107
| : 3 7
| 8 | | ®9 —
2 ll 1 | 1 l 1
L I ! | —
L | —_
I .
| ' T
| | : R ,%‘ % -
| / \
L3 | | ,/ -
| ® o
| | J
P _
| .
L 1 Lo
57900 58200 58500 58800 59100

no GW detection

Modified Julian Date (d)

LVK +NICER

arXiv:2012.12926

ho (10—27)

() 10 15 20 20 30 35
25 £95%: unrestricted
£95%. restricted
200 A\ |y - Spin-down limit
P :
=159 i
s i
101 i
= :
51 \ i
() - \ '. i . -
0 4 6 8 10

Ellipticity, £ (107°)

no mountains in its equator, mountain < several 10 cm
GW emission is less than 14 % of spin-down energy
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LV article after O3a

Gating

Upper limits on Isotropic GW background

Large population of loud glitches in LIGO-H and LIGO-L leads to removal of >50% of coincident
lifetime due to non-stationary cut. Gating zeroes out these glitches with only introducing a
deadtime of < 1%. Gating has no impact on our ability to recover a GWB.

= (1) _
Gated h(t)

Strain [Livingston]

Source: A. Matas, et al. (2020) - LIGO-P2000546-v2

Magnetic noise budget

Hz]

ASD [Strain/

1

50 100
Frequency [Hz]

Global coherent magnetic fields can mimic a GWB. This effect is studied by using precise
measurements of the magnetic fields at the sites and the coupling of magnetic fields to the

interferometers.

HL - magnetic coherence

Injection Date, 2020
Mar 24 ° Feb 4
Mar 3 ° Jan 28
Feb 18 e » Jan 14

(]

B H- magnetic coupling

103
uency [Hz]

Tr(HNTy (f) Relmr(f)rm (f)]

Y17 (f)So(f)

Source: D. Davis, et al. (2021) - arXiv:2101.11673

data quality improvement by “Gating” technique

Magnetic noise budget

m (3 20 PI Curve
| 03 QUGV\Z(f)
Onag Budget

Magnetic noise (Schumann resonance) is less than the sensitivity
Hisaaki Shinkai @ Group A Winter Camp 2021; 2021-Feb-06

LIGO-Virgo-KAGRA
arXiv:2101.12130

webinar slide
Feb 5, 2021
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LV article after O3a LIGO-Virgo-KAGRA
Upper limits on Isotropic GW background arXiv:2101.12130

01+02+03 data
Cross-correlation spectra + parameter estimation formalism Upper limits (ULs) on PL backgrounds (03 with Virgo)

We fit models to O3 data using a hybrid Two parameters in the PL model:

| frequentist-Bayesian approach:

no GWB detection

QpL(f) =

"

N fier w'l
I ” |Hn“'V “ ' I“Hul{'ll H

i fk:)

Models we consider:

1. Power Law (PL)

2. Scalar-Vector-Tensor PL (SVT-PL) Log-uniform prior
H, L and V baselines combined for 3. Magnetic (MAG) 03 02 Improvement
4

the first time! . Compact binary coalescence (CBC) 58x 107" 3.5 x 107" 6.0 M
O3 data consistent with G4 T2 S0 x TG 8.8 ogy Qret o

uncorrelated, Gaussian noise

A upper limits on Power-Low models

Upper limits non-GR backgrounds

Joint Magnetic + GWB fit

A novel approach, complementary to the

—_
ol

Qsvr—pL(f) = Z ﬁ(p)( )Q§§3 (fref)ap

magnetic noise budget
We model the background from the local

=]
—_

Magnetic PSD [pT?Hz ™}

BE () = & (D) /v1(F)

Callister et al, Phys. Rev. X 7, 041058 magnetic field

We model its coupling to the strain channel

For a log-uniform prior on all Qref and a marginalized prior on all o,

of the detectors, the transfer function

B ¥ —Br
(=1 (1575 )

I(iiussia-n noi-se‘preferred over correlated log BM AG — _( 03 we b| Nnar S I | d e
gnetic noise:
Feb 5, 2021

Meyers et al, Phys. Re. D 102, 102005

Polarization Improvement

Tensor . I . T 5.0
Vector : 29, 3.7
Scalar ) : 2.9

Gaussm‘n no%se preferred over correlated 1 BM AGHPL _ 0
magnetic noise + power law GWB: 0810

A upper limits on scalar, vector modes
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LV article after O3a LIGO-Virgo-KAGRA
Constraints on Cosmic Strings arXiv:2101.12248

Cosmic strings: overview and burst search Cosmic strings: overview and burst search

Three different (sets of) models for the population of Bursts are assumed to follow Poissonian we b Inar s | | d e

cosmic string loops statistics
: Feb b, 2021

Model A: Blanco-Pillado et al, PhysRevD.89.023512
Model B: Lorenz et al,, JCAP 10 (2010) 003
Model(s) C: new set of models that extends both

models A and B Auclair et al,, JCAP 06 (2019) 015
Parameters that are not consistent with

e Cusps:q=4/3 dR; 2 the non-detection of bursts are excluded
e Kinks:q=5/3 oay = gV < nlht) x Ay x (1 + 2)7!
e Kink-kink collisions: q = 2 (new)

String tension iR
R:/dAe(A)—(A,Gu,Nk)

The number of kinks per loop oscillation dA

has been promoted to a free parameter

Model C-1

Model C -1 G 075, N

——— kink Curve
=
—— kink-kink ------ A+ PI Curve 1 20 40 60 80 100 120 140 160

Model A: Blanco-Pillado, Olum, Shlaer,
PRD 89, 023512(2014)

Model B

1 20 40 60 80 100 120 140 160 180 200
Ny

Model A: Blanco-Pillado, Olum, Shlaer,
PRD 89, 023512(2014)

Model C-2

1 20 40 60 80 100 120 140 160 180 200
N,

-1
1 20 40 60 80 100 120 140 160 180 200

N,
i\’ k

Model B: Lorenz, Ringeval, Sakellariadou Model C: Auclair, Ringeval, Sakellariadou, Steer, Model B: Lorenz, Ringeval, Sakellariadou Model C: Auclair, Ringeval, Sakellariadou, Steer,
JCAP 1010, 003 (2010) JCAR 06, 015(2013) - JCAP 1010, 003 (2010) JCAP 06, 015 (2019) 34 25
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Test of GR
Test of Gravity Theories

RIS EEDSE ~Sa .
f inspiral phase merger phase ringdown phase
I S5v O R—IVRZRED

1.0 -

 EROA DRI SLEBHSD H e
03 B RERY Mﬁ“ ///E”ﬁﬁm

0.0 “U
0.5 @ /| BREBOESE - AEFH=
f EiabiiE=10Y :Ha

(1L

U EE 2Ly - BT X— - B - Y -
test of GR
f L | BERRY VA || RFREGERX | ; SE -
v binary formation scenario, EOS o ARIE S D K 5
HEr | FHm/NTXA—F || WAEERYF U A unified theory
statistics cosmological parameters,

galaxy formation scenario
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Test of GR LIGO/Virgo

arXiv:2010.14529

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

TABLE III. Results of the residuals analysis (Sec. IV A). For each

512 .
1. Residuals test Hanford data | W event, we present the SNR of the subtracted GR waveform (SNRgg),
248 - | 1 the 90%-credible upper limit on the residual network SNR (SNRy,), a
§ 128 | | ‘ corresponding lower limit on the fitting factor (FFg), and the p-value.
- 0 | | Events SNRgr Residual SNRg; FFy
64 | \ ‘ GWI190408-181802 16.06 8.48 (.88
a5 { GW190412 18.23 6.67 0.94
GW190421.213856 1047 7.52 0.8
012 m | | | GW190503_185404 13.21 5.78 0.92
” e GW190512.180714 12.81 5.92 0.9
. GW190513.205428 12.85 6.44 0.86
§ 18 ' ‘ 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 s 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 0.9
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 0.8¢
GW190924 021846 12.21 5.91 0.9(

p = P(SNR?% > SNR0%

noise residual | nOISe)

No statistically significant deviations from GR

Hisaaki Shinkai @ Group A Winter Camp 2021; 2021-Feb-06

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

2. Inspiral-merger—-ringdown consistency test

Py S 0 s Parameter Estimation with f < f, with f > fe,
E_:: . Minsp Xinsp prostinsp, X?ostinsp
:} 1 4 (1+2)M/M. t » A
~udl 25 0.0 115
i [ : ] Waveform models
L. o . 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
051 GW170823

{ e GW190408 181802 <« 24.5M+18.3M, with multimodal posterior
GW190814 i GW190408 181802 GW190814 « 23M+2.6M, large mass ratio ever
05 00 05 1.0 15 2 & & & .. e y
AM;/ M P(Ax:/x:) No statistically significant deviations from GR

28
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Test of GR

1. Residuals test

2. IMR consistency test

3. Hierarchical analysis

4.

Parametrized test

-1 PN
101 :
10 2
R ¥
51075
104 =
jm}
10°° :
Y2

LIGO/Virgo
arXiv:2010.14529

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

Pref T 27rftref T @Newton(Mf)_5/3 + ©0.5PN (Mf)_4/3
o1pN(M )™ + prspn(Mf) ™23

{5(P_2, 59007 5@1, T ,5@7} X f(i_5)/3

ﬁ(f) — A(f) ei<p(f) cpinSpiral(f) =

1 B3 ,_3
Pintermediate(f) = 1 (50 + B1f + Balog f — 3 )
4 f—asf
~1 —~1 3/4 ~1 5JRD
oMr(f) = n ' {av+aif —oof Tt + —asf* + astan
3 fdamp
— 2
n = mimy/M
0 PN 0.5 PN 1 PN 1.5 PN 2 PN 2.5 PN 3 PN 3 PN 3.5 PN
| | | | | | | | | 4:‘
)
107 = l
| —— .
10° 3 ~ 0. . r35
-+ ® — 1073 — <
e \/ [l : = ~.
— v =
1004 = — —— - V 1 — - —r zsz
- — % —_— o 10“ o — — 9 = —
o E e — &)
] L = \/ < v ] — - —_—
" ka3 : Y +
1 — W . v ¥ GWTC-2 (Phenom) ] ¢ Y —
] -* % v Y V' GWTC-2 (SEOB) 10! = A4 15
5 v ¢ GWTC-1 (Phenom) .
e GWIT0817 (Phenom)
10 2 T T T T T T T T T 10 2 T T T T T o
4 i
©o ©1 P2 ©3 P4 ©s1 ©6 ©el o Bo B3 @y a3 oy

No statistically significant deviations from GR
Hisaaki Shinkai @ Group A Winter Camp 2021; 2021-Feb-06 '


https://arxiv.org/abs/2010.14529

Test of GR LIGO/Virgo

arXiv:2010.14529

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

+00 £ 400 - y . y
1. Residuals test — ihu(1) = b 27 femn (2 = f0)
- ho(t) = ihx(®) = ) > > A €xp exp 28 tmn(6, 6, X1)
(1 + 2)7emn 1 +z
. =2 m=—{ n=0 - -
2. IMR consistency test
3. Hiera rchical analysi S Event Redshifted final mass Final spin Overtones
(1 +2)M; [M,)] X
4. Parametrized test IMR _ Kerrrg  Kerrss,  Kerrpy IMR Kerryny Kerryy;  Kerrgy log,, B35, log,, 05"
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
5 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 sy 70814 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
6. 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
7. 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
8. 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
9. 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

No significant evidence for higher-mode in ringdown part
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Test of GR at Ringdown Phase
Statistical Approaches

* BH Spectroscopy with coherent mode stacking * Hierarchical Test

week ending

PRL 118, 161101 (2017) PHYSICAL REVIEW LETTERS 21 APRIL 2017

PHYSICAL REVIEW LETTERS 123, 121101 (2019)

Black Hole Spectroscopy with Coherent Mode Stacking

Huan Yang,l Kent Yagi,l Jonathan Blackman,” Luis Lehner,>* Vasileios Paschalidis,' Frans Pretorius,'** and Nicolds Yunes®
1Deparz‘ment of Physics, Princeton University, Princeton, New Jersey 08544, USA
“TAPIR, Walter Burke Institute for Theoretical Physics, California Institute of Technology, Pasadena, California 91125, USA
SPerimeter Institute for Theoretical Physics, Waterloo, Ontario N2L 2Y5, Canada

>eXtreme Gravity Institute, Department of Physics, Montana State University, Bozeman, Montana 59717, USA
(Received 20 January 2017; published 20 April 2017)

Hierarchical Test of General Relativity with Gravitational Waves

e are com 1,2.% . .. 1.+ . 1.3.%
Maximiliano Is1®, Katerina Chatziioannou, ' and Will M. Farr

! Center for Computational Astrophysics, Flatiron Institute, 162 5th Ave, New York, New York 10010, USA

’LIGO Laboratory and Kavli Institute for Astrophysics and Space Research,
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA

4 . .
CIFAR, Cosmology and Gravity Program, Toronto, Ontario M5G 1Z8, Canada Department of Physics and Astronomy, Stony Brook University, Stony Brook, New York 11794, USA

® (Received 5 May 2019; published 16 September 2019)

* “parametrized ringdown spin expansion coefficients” (ParSpec)

PHYSICAL REVIEW D 101, 024043 (2020)

Parametrized ringdown spin expansion coefficients: A data-analysis
framework for black-hole spectroscopy with multiple events

Andrea Maselli ,l Paolo Pani ,1 Leonardo Gualtieri,l and Emanuele Berti ©*

lDipartimento di Fisica, “Sapienza” Universita di Roma, Piazzale Aldo Moro 5, 00185, Roma, Italy
2Department of Physics and Astronomy, John Hopkins University, Baltimore, Maryland 21218, USA

® (Received 31 October 2019; published 22 January 2020)
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Test of GR at Ringdown Phase

BH Spectroscopy with coherent mode stacking

SNR of GW150914 ringdown ~ 7
higher modes can be seen SNR ~ 45

* Ringdown part = (2,2) + (3,3) modes

— - — ,m t .
§; = R; T h22,j T h33.j‘- hfm,j(t) - Afm,je yem,J Sln(wfm,jt - ¢fm,j)

* Pick up one event (jth) as the base case.
Rescale (3,3) freq. equal to all events.

secondary mode phase offset ¢‘3’3,,- = ¢33 and fre(iuency
w33 ; = w33. Specifically, we scale and shift each signal in
time via s;(f)=s;(t/a;+4;), with a;=w;;;/ws;
and A; = (¢33 — ¢33)/ w33 ;.

*Sum up all events in freq mode

— chjfj

§j (f) o ajeiwAjaj gj(ajf) n -+ ﬁzz + 533

t U

h_22 €(0.623,2/3)ws for a=[0,1]

* inspiral+merger+ringdown (IMR) waveform models in GR
» (M, spin) can be fixed
P ONM, phase offsets, amplitudes for all modes in GR can be computed

PRL 118, 161101 (2017)

PHYSICAL REVIEW LETTERS

week ending
21 APRIL 2017

Huan Yang,l Kent Yagi,l Jonathan Blackman,2 Luis Lehner,3 4 Vasileios Paschalidis,' Frans Pretorius,l’4 and Nicol4s Yunes’

SeXtreme Gravity Institute, Department of Physics, Montana State University, Bozeman, Montana 59717, USA
(Received 20 January 2017; published 20 April 2017)

Black Hole Spectroscopy with Coherent Mode Stacking

1Department of Physics, Princeton University, Princeton, New Jersey 08544, USA
*TAPIR, Walter Burke Institute for Theoretical Physics, California Institute of Technology, Pasadena, California 91125, USA
SPerimeter Institute for Theoretical Physics, Waterloo, Ontario N2L 2Y5, Canada
*CIFAR, Cosmology and Gravity Program, Toronto, Ontario M5G 1Z8, Canada

Counts
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Test of GR at Ringdown Phase

“parametrized ringdown spin expansion coefficients” (ParSpec)

PARSPEC

e Can we find a consistent framework to produce generic constraints valid

for specific modified theories of gravity, without losing generality?

e Perturbatively: yes. Recently provided by Maselli, Pani, Gualtieri, Berti:

. N, oo Proportional to action coupling(s):
wK:M Z ij%)(lnLv(Sw% 562(14—2) p
= T ( GM )
Nmaa:
Tk =M Z Y’ 7'[(‘(7) (1 +757I(g)
=0

. . . ' |
Add deviations at each given order. Also numerical constants!

Independent of specific signal.

11 PRD 101, 024043 (2020)

Gregorio Carullo
https://dcc.ligo.org/P2000538

PHYSICAL REVIEW D 101, 024043 (2020)

Parametrized ringdown spin expansion coefficients: A data-analysis
framework for black-hole spectroscopy with multiple events

Andrea Maselli®,' Paolo Pani®,' Leonardo Gualtlerl and Emanuele Berti ©?

Dlparnmento di Fisica, Sapzenza Umverszta di Roma, Piazzale Aldo Moro 5, 00185, Roma, Italy
Department of Physics and Astronomy, John Hopkins University, Baltimore, Maryland 21218, USA

® (Received 31 October 2019; published 22 January 2020)

THEORY PARAMETER SPACE

p=0 (e.g. certain scalar—tensor or Lorentz-violating)

Sp = 7= GE / V=g (R— M,V u'Vsu") d*x
p=2 (e.g. Kerr-Newman or Dark photon)
1 1
£ \/ — (16_7'(' — ZF F“V — ZB,W/BMV —+ 47T€jgmA,u + 47T€hjZB,u —+ 47T€€j';fAu>

P

S

P

=4 (e.g. Einstein-scalar-Gauss-Bonnet or dynamical Chern-Simons)

U 1 2 4 m, 1 o My o o
/ > d*x\/—g R—§(819) + 2agBf(V)ReB E/d T/ —¢ 2p R—ﬁ(aﬁ) ~ 3 “Y"RR

I

=6 (e.g. Effective Field Theories)

2 > CC
sar— [ ey (-G-8 )

14
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Public Data Release

20 9Q———+——r———rr—— 2200———m—M——m — 222l —---
O3a catalogue'V¥

456789 event data release'V
S 101112 1 2 3|4 56 7 8 9

LV analysis 101112 1 2 3

V¥ public release

LV analysis

V¥ O3b catalogue

1112 1 2 3 & Vevent data release
I 5 6 7 8 9101112123 4 ¥ bl roleas

LVK analysis HEHEE

LVK analysis
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