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BEIRDIA
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by HF & A+HS

= 50 events in total

2020/10/28

B

BIRDEREE  —RADMEERIZ I NE, KEETa VN2 b A RS E )
THZ LD, EHEPHKET S, EAHREE UTTEEO ARG, FFEERGHR
REOEEETEY, FHEOMICEEZ2 L OENRIPFEHEEMEERELTVWEEEI SN,
INoDHL, T—X OB 2 HIZTA2IHETFHNTE 201, HELSEK»SDE
HETHB. FHCEERINZZa— b Y RICHNRHEEEMAZRA N - =2 — VR
&L, SERIBIEEEY I 2L —Ya itk h, GBI I I R—UAEL BGEEIT
77y 7 R—IVIREOEFIZE>THRIEETLAEONS, TNSDETIVEENE
FHECHEONBESOHEE2 22T, HE TS5y 2R —)L (BIF BBH) X E i
T2 (BNS), BLUHMHTFE - 75 v 7 Fx—)LilE (NSBH) O AKEREKIC X 2EAMOMK
H, BEC, T A =R HEED 2015 FELKATHEIZ 2 5 72

EAREOEBR N ETIZ, KO L —¥—T¥E LIGO, Virgo IZ2& > TC, O3a &L
NABRAMKR T £ T2, BBH I L BENHEH 46 #il, BNS IZ KB EHEH 2 HlEE S0
TW3. AAD KAGRA (< 5) b O3b B OB IZHRBIIZA > 72, 03b
DEIFA XY ML 2021 £ 7 ARFSTRAERTH 5. BiE, FTHFHIROBIIBR 04
(2022 EE 25 1 EMOFE) R TEHNEEE2 L5720, THGTOoRRTTHS.

FHEA NV ML, BHIZWAZEAHZHAWT, GW150914 D TIN5, 03a #
X0, BOBEMAZABERE o7z, EHKEA XY MIOERERZE S N, ZiE
BGIEBHDTEEIZ R > TWE D, T TILRIEIRE X N0 GW170817 DA T
H5b.

#F1: BEHRLV -V —FHFHOMBE L HOME FIXIEN 36° Wik, Ik s5is
12 36° DEEE2ET.)

NOEGITHTAHIFEIZ 1 x 1075 LT TH S, F72, A - RIMTH T 26D S 8%
U EDQETLEAGRDOEHP RSN, r-BfEtRBAROEERF ¥ VAR >TWVWEI L%
RBLTWS, GW190412 HAS»MICEEKO RS BBH »SOE N T, EHROE
WE— ROMHA LI, GWI190425 2 FHICFKE I N7z BNS. GW190521 FAH &
MEARD BBH T, ARBOERDN 150My 2BA 25D EZ65NE. Wb b g R
BH OHEBOBEMRIEDOYIDFR L 7572, BBH OEKDE 2 HROEGKREEEZSNT
W3, GW190814 KD F ) A TIEAAREE I d 2-5My DEEFIHD I /87 b
KEPSOEIPEEZ 5NSE. GW190924: HAEFE CTHR/NEED® BBH. GW200105,

GW200115: (U THEER S O L I 17z NS-BH HERER.

# 3 WMEINAERENW (2021 47 ABAE). HEOHEE My, My 2L ED
F v —THEE M. = (M M)3/° /(M + Ma)'/®, EE L (FUfliDt) My /My, ARIAY
Y Xett, BAINTIEM S 17z BH OBR Mana (NS 2 BLH AR EHR My = My + Ma),
PR, WRRERE CEHE) (A0)?, Y7 I - A XtERT. BOH DRI 90% O
EHKME. (I 2 ICHMIE. BBHIZDWTIE, SNRAT13.1 KD KEVWLDDAH. )

T WE (km) W o X YT
LIGO Hanford Ke|E] 4 46°27'19" N 119°24’28” W N 36° W W 36° S
LIGO Livingston k[ 4 303346 N 90 46 27 W N 18° S S18° E
Virgo PR 3 43 3753 N 1030 16 E N 19° E W 19° N
KAGRA HA 3 362436 N 13718 36 E E283°N N 28.3°W
% 2 EOBMM
BT Advanced LIGO Advanced Virgo KAGRA
£ A H #® A H £ A H # A H £ A H # A H

o1 2015 912 -2016 1 19 - -

02 2016 11 30 —2017 8 25 2017 8 1-2017 825 -

O3a 2019 4 1-2019 930 Gk -

03b 2019 11 1-2020 3 27 [&] e
03GK — — 2020 4 72020 4 21

1 X (BBH) M.(Mg) BRI Xet  Mana(Mo) HHE (Mpc) (A0)2  SNR
GW150914 286777 086  -0.017073 63.175°0 4407720 179 24.4
GW170608 79702 069  0.037002 17.87%7 3201130 392 149
GW170814 241777 082 0071515 53.2132 6007550 87 159
GW190408_181802 183119 075 0-.037018 411759 15501500 — 1467
GW190412 13.370% 028  0.2570% 37.373% 7407179 21 18.86
GW190521 69.2717-0 072 0037032 156.3735% 3920720 940  14.38
GW190521-074359 321752 078 0.09707, 71.0755 12407200 500 24.38
GW190630-185205 249721 0.68 011512 56.471% 8901580 - 15.64
GW190728.064510 8.6705 o066 012707 19.6777 8707259 - 13.64
GW190814 6.09700% 0.1 0to0e 25.6700 240720 19 2218
GW190828.063405 25.0737  0.82 0197500 54.977% 21307550 520  16.04
GW190910-112807 343701 081 0.02707% 75.8T8% 146071550 - 1342
GW190924.021846 58702 056 003103 13.375:0 5701220 380 13.16
4 X b (BNS) M.(My) HERIE Xeff M (Mo) FEBE (Mpc) (A9)*  SNR
GW170817 118670900 0.87 0002 - 40770, 39 33
GW190425 1447002 070 0.0670 4 3.4753 160770 9900  13.03
£ XY b (NSBH) M.(Mg) BRI Xeff M4, (M) FEBE (Mpc) (A9)?  SNR
GW200105.162426 | 3.41750% 021  -0.0170 1% 10.977 2807110 7700 139
GW200115.042309 | 2427505 026  -0.197033 71700 3007150 900  11.6

BRAISNARTRETREAANY N ERNEDE I X207 2(GWTC2) & LT 2020 4F
10 HICHEER SNz DM 2021 £ 7 HEESCTRFTH 5.

GW150914 Bl T N EBEDBIH A N> b, BBHOFEZHS ML, K
B (Mg) @ 30 f%LA LD BH ODFAEZ VD THEA L7z, Wi I 7/z BBH DA XY hOHT
ERE YT I - )14 X (SNR) DE. GWIT0817 FRANIZHRE 1z BNS 1 R b
EBIZ% < DBBHID RSN, IVF - Ay Iy —RKFEOHIDTORI & 22> 7-. &
TR 518 5 Dz 7R OREH R T 2 FIRIZEEE puue = 2.8 x 10Mg/cm?
D2 REDFEEIZE T BIENE U T (2pnue) = 3.57%7 x 10%*dyn/cm®(90% SHIX ) TH
5. Hy=iReBEBHFEOBERL DR 1.7 B 5”7 N ENTEBEE ONEH» 50T

= 55 total

GWTC-2.1

2021/8/2

BONAREHNRRE HERIIOWVWTIE, ZTOAKEEIZOWT, BBH I, 23.873%°
/Gpc®/yr, BNS &, 561753 /Gpc®/yr, NSBH 1%, 45713 /Gpc®/yr & Rflis 5hTW»
5. ZOEFP, HRENKIOILT, FHFRRIIS U TENFEO T R IVF 23G9 54E]
BLLUT CEHRTIVX —2ART MVEFELZLT) Qgw < 6.0 x 107° O LA
SNTWA. HFEFOE BRI LTI, BB LT 1x 1072 #E (200 Hz £bH
D) OEEPESNTWS, 7z, BAIO LY —h 5 OMGE IR LT H A2 12 R
PESNTNS.

— B MR DKL BT b, BH BT AN TARTT, —BIEAHER»SBESNE T
SLBHIEINTVWAIENFES L OMIZFEIFEL TV, 58, KAV TIZONT
HERDEE Y F Y ADVHAS T2 Z W fFE D, fERIIZIE, SRRIERS F Y 4
PUHFHEOFRZ LICH, BAREBH»CZDHMANPEZ6INETHAS.

GWTC-3

= 90 total

2021/11/5
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0O3b (2019/11/1 - 2020/3/27) After O3b : GWTC3 (2021/11/7 released)

Masses In the Stellar Graveyard

LIGO-Virgo-KAGRA Black Holes LIGO-Virgo-KAGRA Neutron Stars

Solar Masses

LIGO-Virgo-KAGRA | Aaron Geller | Northwestern
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0O3b (2019/11/1 - 2020/3/27) After O3b : GWTC3 (2021/11/7 released)

Masses in the Stellar Graveyard

LIGO-Virgo-KAGRA Black Holes LIGO-Virgo-KAGRA Neutron Stars
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LIGO-Virgo-KAGRA | Aaron Geller | Northwestern

https://media.ligo.northwestern.edu/gallery/mass-plot
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HoEREFIVEBVW EETRET -9 LV PRX 9 (2019) 031040 arXiv:1811.12907

GWTC-1 (01/02)

Event m /Mg my/Mo M/Mo g [M;/Mo a5 [Ewi/(MocC?®) Cpea/(ergs™) di/Mpe  z AQ/deg’
GW150914 35673 30.617, 28.67[7 00175, 63.1777 0.69°002) 3.170%  3.610% x 10°° 44075 0.097757 182 @

GW151012 2321047 13.6155 15217 0.05705 §35.675%° 0.671 0178 1.679° 32103 x 10°° 1080130 0.21%5% 1523
GW151226 13.788 7722 89703  0.187020020.584 0.7410978  1.0101  3.4%97 x10°% 4507130 0.0910% 1033
GW170104 30.8772 20.01}¢ 214172 —0.0470 048977 0.66100F) 22102 3308 x10°% 99050 0207008 921
GW170608 11.0775 7.655  7.9707  0.0377 0 17.8557 0.69°00K 09707 351079 x10° 320170 0.07:00 392
GW170729 50.21162 34.0%3.1 35.4183  0.37:021479.57 147 0.811 0078  4.8+17 42702 x 10% 2840114% 0.497017 1041

-10.2 -10.1 -0.25 -
GW170809 35.0°%; 23.872) 24.9'%7 0.08701) | 56.33% 0701008 2.719¢ 35108 x 10°° 1030155 0.20700; 308

GW170814 30.6735 252175 241111 0070174 53.2537 07250078 277903 37104 x 106 6007550 0.12700; 87

GW170817 1.467 315 1.2710% 1.1867000] 0.00° 07| <28 <089 ) >004 >01x10° 40 00175 16

GW170818 35.47]3 26.7'%3 26.517] —0.0970,1 594135 0.67 008 27192 34709 x 10°° 1060153 0215007 39

GW170823 39.5125% 29,0187 292736 0.097022165.47191 0.720%) 337189 3.6107 x 10% 19407500 0.357012 1666

TABLE V. KL divergences (in bits) between the prior and posterior for the effective aligned spin y.¢ and the effective precession spin y,. For the computation of the KL
divergence for y,, we quote the KL divergence with the prior conditioned on the y.¢ posterior, D’:\L (¥efr ), and without conditioning, D{(‘"L. For GW170817, D’:\L 1s given for the high
spin prior. The median and 90% interval for the KL divergences is estimated by computing the statistic for repeated draws of a subset of the posterior and prior PDFs. Single-
detector optimal SNRs from parameter-estimation analyses for Hanford (H), Livingston (L), and Virgo (V).

Event &SWISOC)M GWI51012 GWI151226 GWI170104 GWI170608 GWI170729 GWI170809 GWI170814 GWI170817 GWI170818 GWI170823

e f +0.04 +0.03 ~+0.11 4+0.03 +0.03 +0.07 +0.03 +0.05 7 2~ +0.08 +0.04 ~+0.04
D{(L 0.7 l—().()} 0‘23—().()2 1 ‘3"—().()6 0‘54—().()3 0‘97-(),()5 I '83—().()9 0.71 -0.03 0‘99—().()7 "'3"—(). 10 0‘50—().()3 0‘3"—().(13
r +0.03 +0.03 +0.03 +0.01 +0.01 +0.02 +0.C1 ~+0.01 +0.04 +0.02 +0.01
D{(L 0.1 6—().()2 0'09—().()2 0.1 7—().()-1 0.05 =001 0'07—().()2 0'09—().()2 0.05 -0.01 0'0"—().01 0.1 9—().()3 0‘06—()‘()] 0'03—().(11

~+0.05 0 () +0.02 +0. . ‘;—‘r().().‘ 0.() +0.01

1897}

fl_i +14
14.37,5 26.37,3

11712 4.1 30003

& good S/N BNS, too light
2022/9/7 EF=Q@MILIERA EBEFH(KIRIK)
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https://doi.org/10.1103/PhysRevX.9.031040
https://arxiv.org/abs/1811.12907

HEBRET IV ERWZERT —5 8T

GWTC-2 (O3a)

LV PRX 11 (2021) 021053 arXiv:2010.14527

7

Event M (Mo) M(Mg)my (Mg) my (Mo)  xerr D1 (Gpe) My (Mo)  xy
GW190408_181802 43.032 18.3%13 24.63, 18.4733 —0.03015 1.557 0% 41.173% 0.671095
GW 190412 38.473% 13.3107 30.17%7 83155 0257070 074703 373139 0.67100°
GW190413_052954 58.6" 5% 24.6+§;f 34.75% 237113 —0.017027 3.551%2] 56.0155° 0.681)13
GW190413_134308 78.8" 1] 33.0'32 47.5%1>> 3.18"}4 —0.03102> 4.451>18 75.511%% 0.681)19
GW190421_213856 72.93%* 31.2137 41.3%%* 31.9187 —0.067037 2.887 ]3] 69.71%° 0.671017
GW190424_180648 72.6" 73 310+3§ 40.51%" 31.8179 0.137035 2.20%7% 68.91151 0.741300
GW190425 34107 144100 20003 147505 0.067555 016750

GW190426_152155 7.2433 241109 57432 15708 003932 0371032
GW190503_185404 71.7*3% 30.21%2 43.3%92 28.4177 —0.03702% 1.45%08 68.6°5% 0.660%
GW190512_180714 35.9%3% 14.6%17 233733 12.6'3% 0.031013 143702 345738 0.65700
GW190513_205428 53.9*%§ 21.6+§§ 35.7%95 18.0%]7 0.1179% 2.067 5% 51.67%% 0.68101)
GW190514_065416 67.2*157 285772 39.074%7 28.4793 —0.19%02 4.1312% 64.511% 0.631)1
GW190517_055101 63.573¢ 26.640 37.4+1L7 253479 0521015 186" 2 59394 0.87+995
GW190519_153544 106.6*133 44.578% 66.0*197 405110 0.31102) 253+ 83 101.0+124 0.79+997
GW190521 163.9737% 69.2" ;g,g 95.3" %89 69.013] 0.03%035 3.927%¢ 15637338 0.711012
GW190521_074359 74.7+79 321+§§ 42.2+39 32.8724 0.097019 1241049 71.0783 0.72+9%
GW190527_092055 59.1243% 24.3%71 36.5735% 22.613%° 0.11793% 2.49%%3%8 56.472%2 0.711012
GW190602_175927 116.37129 49 1+91 69.11 137 4784143 0.0771%3 2.69*1 7 1101177 0.70* 919
GW190620_030421 92.1'83 38, 3*23 57.11159 3554133 0331072 28115} 87.21 5% 0.79197%
GW190630_185205 59.174¢ 249+§1l 35.11%2 23732 0.10%312 0.891038 56.4734 0.70109
GW190701_203306 94.3"5%' 40.3733 53.974° 40.87%, —0.077535 2.067573 90.2"3%5% 0.6610%3

2022/9/7 ¥FEF

~@ELEMK BEEFHFRH(KIRIKX)



https://doi.org/10.1103/PhysRevX.11.021053

BHEDRET IV ERWZEDRT — 58T LV PRX 11 (2021) 021053 arXiv:2010.14527 8
GWTC-2 (O3a) continued
Event M (My) M(Mg)my (Mg) my (Mg)  xer  Dp (Gpc) My (Mo) x; AQ (deg®) SNR
GW190706_222641 104.17 195 42.71)%° 67.01[¢9 38.2113% 0.281075 4.427337 0717939 99.01133 0.7810% | 650 12.6707
GW190707_093326 20.1%}7 85%0% 11.67)3 84'7 —0.05'7 0.777535 0.167004 192713 0.66100: | 1300 133797
GW190708_232457 30.97%2 13.2702 17.6777 13.2729 0.027059 0.887033 0.187004 29.57%2 0.69170: | 14000 13.1703
GW190719_215514 57.8"155 23.5M%5 36.57[50 20.8779 0.32703) 3.947300 0.6470534 54.911/3 0.781017 | 2900 8.3'03
GW190720_000836 21.5733 8.9'03 134750 7.8'33 0.187013 079705 0.1670: 20.4733 0721008 1 460 11.0703
GW190727_060333 67.17;;" 28.6'35 38.0%.5 29.4%7, 0.11793% 33073 0.55705,f 63.81%7 0.737010 1 830 11.97)3
GW190728_064510 20.6*13 8.6703 123772 8.1%1] 0.127029 0.87192% 0.18700) 19.67F7 0.7110% | 400 13.0%)2
GW190731_140936 70.177% 29.51) 41.5%3%2 28.8737 0.06703: 3.30'73) 0557034 67.07138 070019 | 3400 8.7'52
GW190803_022701 64.5%3%° 27.3%37 37.3030° 27.3]7 —0.037937 3.27% % 0.5570590 61.715L% 0.68101) | 1500 8.673
GW190814 25.8" 09 6.09ig;g(23.2f}_-3 2.591-{?@0.0&3;32 0.24700s 0.05 0001 25.6%,5 0.28100 19 2497~
GW190828_063405 58.0177 25.013% 32.175% 26275 0.19101 213708 0.38: 549772 0.7573% | 520 16.2102
GW190828_065509 34.4%34 133712 241779 10.23% 0.08701¢ 1.60%362 0.30: 33.1732 0.65%005 | 660 10.072
GW190909_114149 75.0135¢ 30.9"77.% 45.817337 28.31 137 —0.06703, 3.77133; 0.62 72.042. 0.661050 | 4700 8.11)%¢
GW190910_112807 79.6i‘§;i 34.31%‘& 43.91%;; 35.6'_*2_2 o.ozfg;ig 1.46fé_%§ 0.28f§_‘ 75.8f§_’$ 0.70-_*-§;§Z 11000 14.11-5_;
GW190915_235702 59.9*;7 25.3%5% 3537.7 244127 0.02755 1.6275. 03070 57.27,, 0.707: 7] 400 13.6753
GW190924_021846 13.9%7% 58%02 89170 5013 0037050 05779022 0.12° 004 13.3772 0.67'09: | 360 11573
GW190929_012149 104.3"337 35.81¢%7 80.87339 24.17 32 0.017937 2.13%722 0.3870-0101.573250.66103) | 2200 10.1759
GW190930_133541 20.3*%7 8507 12.37)%% 7.8%17 0.14707% 0.767935 0.1 19.4772 07210071 1700  9.572

good S/N, but the event of large-mass ratio ever
outlier in IMR consistency test (LVK TGR paper)

2022/9/7 PEFZHEIEMK BEEFHFH(CKIRIX)



https://doi.org/10.1103/PhysRevX.11.021053

HEBRET IV ERWZERT —5 8T

GWTC-3 (03b)

LVK arXiv:2111.03606

9

Event M mi me Xeff Dy, z M AQ  SNR
(M ) (Mo) ~ (Mo)  (Mo) (Gpe) (Mo) (deg”)
GW191103.012549  20.0737 8.3479:% 11852 7.9t17 0217918 0.99793% 0.207399) 19.0%33 J 2500 897073
GW191105-143521 18.5%%; 7.827(45 10.773§ 7.7%15 —0.0210 g5 1.157G33 0.2375:50) 17.6735 640 9.7703
GW191109.010717  112F  47.573:% 6577 47113 —0.297057 1.297 042 0.2570:13 1600 17.3%:2
GW191113.071753 34.57%° 10.7t1:¢ 29712 591135 0.00%057 1.371585 0.2610:1% 3600 7.9793
GW191126.115259  20.735 8.65707% 12.1755 8.3%;% 0.21701] 1.627077 0.3070:13 1400 8.37(7%
GW191127.050227 80135 29.9%3%7 53%30  24%]7 0.18103% 3.4f3) 0571039 980 9.297
GW191129.134029 17.5%%75 7.3170:53 10.7551 6.75172  0.06%0 02 0.7970:35 0.16700a) 16.87%3 069+g-g' 850 13.1%0%
GW191204.110529 47.237 19.8%35 27.37¢° 19.375% 0057037 18717 0347033 450158 071791} 3700 8.870%
GW191204.171526 20.217§ 5¢ 8.557¢: g*; 119795 8.2t1;6 0.16%5705 0.6570:55 0.1375:05419.2175:53 0.73*0:04 350 17.5703
GW191215223052 43.3%53 18.4%17 24.9707 181757 —0.0477 57 1937058 0.3570 131 41.475 0.687004 530 11.27
GW191216.213338 19.8173:07 8.337)15 12.175:5 7.7419  0.11708 0.347013 0.077505 490 18.67(7
GW191219-163120 32.3137 4.321017 31.1%5% 1174008 0.001505 0.557075 0.11%5:63 1500 9.1743
GW191222.033537 7971  33.8%1} 45. 1*:;969 34.7H93; —0.04792% 3.017 051792 2000 12.5%073
GW191230.180458 86711 36.5+§-g 49.475%° 3715 —0.05%03% 4.3135 0.691050 1100 10.415%
GW200105-162426 11.0715 3.427008 9.0117 1.917033 0.00%0:1% 0.277013 0.0670:05 7900 13.7107
GW200112.155838 63.9153¢ 27. 4+21 35. 6t2§ 28. 3+4g 006+3 15 1.2530-22 0.2419:07 4300 19.8703

& good S/N

2022/9/7 ¥EF=@MEILEMNK ER

good S/N, but too light/heavy BH

FFEA (KFRTK)


https://arxiv.org/abs/2111.03606

BEBEETIVERWZERT — I LVK arXiv:2111.03606 10
GWTC-3 (O3b) continued
Event M mi mso X eff Dy, z SNR
(M ) (Mg)  (Mg) (Mg) (Gpe)
GW200115.042309  7.471% 2437002 59750 1.447755 —0.1570:%5 0.297010 0.0677 0 11.319:2
GW200128.022011 75737  32.0%73 4227146 32,6757 0.12102% 3.47%L 056703 10.6193
GW200129-065458 63.4753¢ 27.275% 345755 28.975% 0.117015 0.9070 7% 0.18700; 26.8792@)
GW200202.154313 17.58%178 7.4979-22 10.1535 73111 0.04%9%2 0.4170-12 0.0979:9316.76 7 10.81903
GW200208.130117  65.47{% 27.7%37 37.87¢% 27475, —0.0770357 2.2378 04077 1] 10.8193
GW200208.222617  631,2° 19.67.%7 51730% 123729 0457058 4.1%15 0.667073 7.4114
GW200209-085452  62.675%7 26.775% 35.674%° 27.170% —0.127020 3.471% 057702 9.679:4
GW200210.092254 27.0571 6.567938 24.1572 2.83t8;j; 0.029:22 0.94754% 0.1979:9 8.4193
GW200216.220804 81729 32,9793 51722 30f13 0.10703¢ 3.8730 0.637031 8.1104
GW200219.094415 65.07:%°% 27.6758 37.57%" 27.9774 —0.087023 3.4%1T 0.57702 10.719°3
GW200220.061928  148%55  62%22  87+30 61725 0.067932 6.073% 0.9079% 7.2+0-4
GW200220.124850 6717  28.210-7 38.97.%! 27.9707 —0.075031 4.05335 0.6677 3 8.5103
GW200224 222234 72.2+72 311152 40.07%32 325759 0.107012 1717945 0.32709] 20.075@)
GW200225.060421 33.5%30 14.2777 19.3737 14.0735 —0.12705¢ 1.157(25 0.2270 12.5193
GW200302.015811  57.87¢'¢ 23.475¢ 37.87%7 20.0757 0.017703; 1.487;95 0.2870 1 10.819:3
GW200306_093714 43.97%° 17. 5+§-3 28.317%:" 14.8153 0.327028 21737 0.38107 ol
GW200308_173609* 50.675%" 19.073% 36.475%:% 13.8772 065705 54727 0.83703 7.119:5
GW200311.115853  61.9735 26. 6+20 34.213% 27.7755 —0.0215:35 1.1715:35 0.2315:0 17.810:2
GW200316.215756  21.277:8 8.7570:02 13.17.%% 7.8%53 0.13%J1) 1127047 0.2270( 10.310:7
GW200322.091133* 55137 15.513%7 34118 14.01.5%° 0241037 3.6770 0.607050 6.0717
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. residuals test
. Inspiral-merger—ringdown consistency test
. parametrized tests of GW generation

. Spin-induced moments
. modified GW dispersion relation
. polarization content

. ringdown
. echoes searches

Tests of General Relativity with GWTC-3 (LVK paper)

LVK PRD accepted, arXiv:2112.06861

Event Inst Properties SNR Tests performed
ven nst. D. (+9M (I+o9M A +2M; x: RT IMR PAR SIM MDR POL RD ECH
[Gpe]l  [Mo] [Mo]  [Mo]

GW191109.010717 HL  1.297}12 140*2)  60.179% 135*12  o0.61%1% 17370 v - - - - / v
GW191129.134029 HL  0.79702¢ 20.1072%4 8.49*006 19.197397 0.69%09 13.102 v - v V / - v
GW191204_171526 HL  0.657012 22.7471%49.70*0%% 21.6072% 0.73:0%% 175702 v - v / V / v
GW191215.223052 HLV ~ 1.9370% 584%3% 249*1% 558%% 0.6870% 11277 v - - - v / v
GW191216.213338 HV  0.34*012 21.17722° 8.941005 20.1873% 0.70:0% 1862 v - Vv Vv V / v
GW191222.033537 HL  3.0°17 119*1% 510772 114%)%  0.670% 125702 v - - - /v / v
GW200115.042309 HLV ~ 0.297015 7.8*19  2.58+001 77+1%  042%099 11333 v - v - - - v
GW200129.065458 HLV ~ 0.90703 74.6733 32.1%% 70.9%37 073700 26875 v v V / / / v
GW200202_154313 HLV 0417013 19.017}7 8.15709% 18.1272% 0.69*0%; 10872 v - v - /- v
GW200208.130117 HLV 223719 91+ll  388+2 875103 06609 10823 v v - - / / v
GW200219.094415 HLV 34717 103*%  43.7+%3 981 066919 10722 v - - - /v / v
GW200224.222234 HLV 171704 949755 40.9'33 90.2*7 073790 20073 v v - - / / v
GW200225.060421 HL  1.15703! 412750 17.65%)% 39.42%  0.66*0Y] 125707 v v v / V / v
GW200311.115853 HLV ~ 1.17:028 759%62 32727 724+3¢ 069597 17822 v v v - / / v
GW200316215756  HLV  1.127047 25587 10.68:01224.3*70  0.70*0% 103704 v - v v - - v

2022/9/7 ¥YREFL@EIERAK EEFHKRIN)
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Tests of General Relativity with GWTC-3 (LVK paper)

2. Inspiral-merger—ringdown consistency test

Parameter Estimation with f < f., with f > f,
t e ha postinsp _ postinsp
M, o M,

—0.5 0.0 0.5 1.0 1.5

N “: Waveform models
g 61 IMRPhenomXPHM - phenomenological PN-based models, calibrated to NR
= 4 (14 2)M/M,
g N 25 70.0 115
1.0 .:. 10 Event CIMR [HZ] PIMR  Pinsp  Ppostinsp GI[){ [%]
GW200129_065458 136 25.7 20.1 16.0 1.5
0.5 Los GW200208_130117 98 99 72 6.8 10.5
ea GW200224.222234 107 194 143 13.1 20.7
GW200225.060421 213 129 11.1 6.6 1.3
GW200311-115853 122 17.5 13.5 11.0 15/.‘2
7 \
the fraction of the posterior enclosed by the isoprobabilty
~1.0 : F-10 contour that passes through (0, 0)
05 00 05 10 15 2 & o [smaller values indicate better consistency]
AM;/ M; P(Axs/xi)
A Mf M;nsp _ Mt?ostinsp AXf Xifnsp _X;)ostinsp 2 - 2 — . .
— = 2— — =2— —,

2022/9/7 ¥YREFL@EIERAK EEFHKRIN)
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LVK PRD accepted, arXiv:2112.06861

Tests of General Relativity with GWTC-3 (LVK paper)

-1

2”ift’mn(t -

/. ringdown

=2 m=—{ n=0
time-domain ringdown analysis pyRing, based on damped sinusoids,

parametrized ringdown analysis pSEOB, based on the SEOBNRv4HM waveform model.

+2Z

+00 {400
ho(t) — ihy(t) = 7, 7, y, Atmn €Xp (1 +2)1y ]exp[ 1

o) ] 28 trn6, b x1)

Event Redshifted final mass Final spin Higher Overtones
(1 +z2)M; [M;] Xt modes

IMR Kerry,y, Kerry;  Kerrpy IMR Kerryy Kerryy,  Kerryy log,, By log, Bis, log,, OF™™
GW191109-010717 132.7731% 181.7°352 179.0°3]7 174.553% ] 0.607035 0.817029 0.81709% 0.77+07; -0.11 1.03 -0.27
GW191222.033537 114.2713 111.4*52 110.3735% 118.3%779 0.67+0% 0.46*041 0.527031 0.607028 0.08 -0.83 -0.20
GW200129.065458 71.8735  60.0%5%7 77.0%135 219.171,0¢  0.75700¢ 0.317038 0.74704) 0.54703% -0.00 -0.47 -0.09
GW200224.222234 90.3*%7  84.4*33 88.67137 119.4733%°  0.737)09 0.61707) 0.6070733 0.64*027 0.20 0.95 -0.11
GW200311_115853 72.17335  68.5*13¢ 72.2%3%% 213.2*197%  0.687)07 0.30705¢ 0.587029 0.56*037 0.02 -1.16 -0.15

,\ >0 supports higher mode/s\7
/i \

T | : 55
: : , >0 supports first overton&

l.()()() T 1 Ll ] JI Ll I Ll I. —] 1 Ll 1 I))
- GW150914
B i GW200129_.065458 145
o | | hierarchically i A\ 135
0.625 — ' 77" combined . .
I i joint 100 125 ¢ >0 disagreement with GR
-~ ’T e sterior ] 15 :
S o [ 1) . - 1 N Y
& 0.250 ;’e E ‘“) - \‘_ 3y / m:E
o o E \ 4 = 0
- l | ]Z 7 95 4
_____________ A S S ——— | [— —
i I’\ i -J., 80 ~—
—()12—) [ "\i 4"‘ _‘!’ \/ . . ] " gm
) i~ - No statistically significant
B ! - 10 L4 V5]
= 1 1 1 1 l li 1 1 l 1 1 1 I 1 1 1 | : -)—) I I
_()'d—)H.S()() —0.125  0.250 0.625 1.000 A deVlatlonS frOm GR
0 fa20 ;1 l,:

2022/9/7 ¥YREFL@EIERAK EEFHKRIN)
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Auto-Regressive model (Method, general) |

rFitting data with linear func. A
Tp = @1Tp—1+0A2Tp—2+ "+ AMTn—M TE€
M
= Z AjTn—j + €
_ = J

e.g. Tn= Ae " cos(wnAt)

_ —(r—jw)At A n n
Ty = 6—(r—|—jw)At

[ ]
[ ]
/\
10

=

can be applied also to noisy data by adjusting U
2022/9/7 YEFLCMILERA EEER(ARIA) 14
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Auto-Regressive model (Method, general) Il

rFitting data with linear func. A
Tpn = QA1Tp—11T0a2Tp—2+ "+ aAMTpn—M +E
M
= Z AjTn—j + €
—1
_ ’ ),
- find a; (Burg method) ©00 00000000
- find M (FPE final prediction error method) o—o—e
* re-construct wave signal from fitted function o—o—e
- apply FFT with arbitrary precision. o—o—e
o—0—10—™0
o—0—10—°0
(power spectrum \ oo
02 o—o—0—=o
p(f) = 2
M
1 — z aje—IZijAt
J=1

\— _J

2022/9/7 PEFZHEIEMK BEEFHFH(CKIRIX)




Auto-Regressive model vs Short FFT

sampling rate=4096 segment = 1/16 sec = 256 points
or 16384 < » = 1/16 sec = 1024 points

I 1 1 i1 1 1 1 1 1 1 1 1 I I

1 1 1 1 1 1 1 I | 1 1 I I

I : 1 1 I | 1 1 I I

000 000 l:l
o

shift = 1/512 sec = 8 points

T — The order M can be fixed at 2~8.
[1
[
| | Even for short segment,
P(f) - /N 1 AR model shows precise power-
[T\ p FFT spectrum.

freq. [mock data, SNR=40, inspiral part]
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Auto-Regressive model (Method, general) Il

—

rFitting data with linear func. A
Tp = QA1Tp—1+0a2Tpn—2+ "+ aAMTn—M T E
M
= Z AjTn—j 1+ €
g=1 )

- find g (Burg method)

- find M (FPE final prediction error method)
- re-construct wave signal from fitted function

- apply FFT with arbitrary precision.

8 characteristic eq.

fpower spectrum )
o2
p(f) = Iy 2
1 — Z aje—IZijAt
j=1
\— J

M
f(z) =1-— Zajzj =0
_ T

~

_J

2% | says amplitude,
arg(z) says frequency.

2022/9/7 PEFZHEIEMK BEEFHFH(CKIRIX)
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Bt IR

THEDARY N RESNTT—Y(RTA RNV TE)T, GRRABRDOT —5 %ETT 5.
BELRETILZRAWT, FERE f EIRBBEER 7 (= fimag) Z1FE I B.

ETINERERTIC, ET—FTDHICEDL

BT =Y EITAVNT, BED (f.7) ZHHFTEE
BEDET— Nz Al aE

g 8 2 8 8 8 § 8 & 8
—
—
.
o
T
—
—_—
1
—
—t
—
et
—t—
—
o~ a8s
[l cecc
—— 335
l;—bl;—bl;—b
——
bt
——
| S s |
—t—
A
—
——
—t
[ —
——
i
——i
——
——
——
——
——
=
=]

time
—TERREER>TWBHDZET (VI o>E—RK 1?)
Fonic (o) 1S, RRNBEBHD (M) aq) ZX&2%. (Berti-Cardoso-Will AR)

(M, ap) &, 3T#HEt(Hanford, Livingston, Virgo) TEET % H

000000000000000

(M, ap) &, LVK catalog& 52T %0
GREFILMS DR L FH DY Spina T o e
(LVK cataloglc 3 % RARE - DIEILERT 3) vl
‘ GOMass M ‘
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Ring-down modeZz 37 Ic B D7 5 FEDLLE (mockdata challenge)

PHYSICAL REVIEW D 99, 124032 (2019)

o Q@_D"
Comparison of various methods to extract ringdown frequency é’; o5 |
from gravitational wave data X i
% 0p |
Hiroyuki Nakano " Tatsuya Narlkawa " Ken-ichi Oohara * Kazuki Sakai,”* %
Hisa-aki Shinkai,®' Hirotaka Tdkdhdshl ¥ Takahiro Tdndkd Ndml Uchikata,” E =05
Shun Y d Takahiro S. Yamamoto ** s .
un dmamoto an axKaniro amamoto 10 : Insplral
L ] I R
rin own searcC - -
9 TABLEIII. We show the values of log fr, 6(fr), 0log f1, and
60 mOdeata o(fy) for various methods. The results limited to set A are given
on the first law of each method, while those limited to set B are on
the second.
Slog fr(%) o(fr)(%) &logfi(%) o(f1)(%)
MEF-R A —12.88 28.36 =71.51 97.79
’ matched filtering B —0.82 27.53 —46.11 75.48
MF-MR A 625 17. 27 —12. 62 %,37.9
] ] B 2.47Y Qg P 10. 41 7. 18 Qg $27.61 4 gd
Hilbert-Huan Transformation
HHT A —13.38 21.91 —-44.11 61.58
B —8.08 19.81 —28.78 49.61
Auto-Regression Method AR A 0.2 & % 993 ¢ - 4 88 eeeee 4 38. 75
B 1 91 8.57 £34, 64
NN A —6.64 16.48 —15. 23 33.96 {ecetent
’ Neural Network method P B 665 1107 L IRy 6 e

2022/9/7 ¥YREFL@EIERAK EEFHKRIN)



BebolRETI/ILZHRWCEDERET — 45 #iF
GW200129 065458 (M,a,z) = (60.3735,0.73%005,0.187002)

Network SNR=25.7 SNR@post insp = 16.0 Expected eIV f220 = 249.0 Hz, fo01 = 244.4 Hz, fa22 = 235.4 Hz
J210 = 334.0 Hz, fo11 = 204.2 Hz, fooo = 223.1 Hz
- (detector frame)

faz0 = 394.0 Hz, f331 = 391.3 Hz, f330 = 386.3 Hz

f320 = 351.2 HZ, f310 = 315.1 HZ, f300 = 285.4 Hz
} ' "GW200129_065458_H5_spectrumAR_top1.dat" using 1:2:3:4 —+—
"GW200129_065458_H5_spectrumAR_toj op2.dat" using 1:2:3:4 +——
B "GW200129_065458_H5_spectrumAR_top3.dat" using 1:2:3:4

20

. g
3

0 &
3

s

°

6 065 o7

015 02 025 03 035 04 045 05 055 06 |
Time [seconds] from 2020-01-29 06:54:58 UTC (1264316116.0) ﬁ} :[]} }

(AR) Hanford 0 | ] ] | ﬂ }H
250 l _'fcmmmmmma- h J | lﬂq L (AR) Virgo
zoo-}%H ql%% {{ﬂ{i%hhﬁﬂ { | S s ng1323334_ﬁ
s | ]! 'HH}-?} W ; ] }%; | :
T MM g
sEaERimmETaE | . MHL Hllm I W@H
o vom o s s oo | a0l h I}{ ﬂ{ hﬂ[ _1 } {}_{ﬁ}«%ﬁﬁy ﬁ : ]
(AR) Livingston ::
is.1 152 153 15’4Atf:neré:r 157
= 15.435

A t_ merger = 15.435

t merger DE#EHS, 50mshHiEx T, HLVILEIC250HzHEIC—EIREE D E— K bifirst peakE UTR SN S



BebolRETI/ILZHRWCEDERET — 45 #iF
GW200129 065458 I (M, a,z2) = (60.3155,0.7315958 0.1875-09)

Network SNR=25.7
SNR@post insp = 16.0 ExpeCted fQNl\/I f220 = 249.0 Hz, f221 = 244.4 Hz, f222 = 235.4 Hz
’ S f210 = 334.0 Hz, f211 = 204.2 Hz, foo0 = 223.1 Hz
[* (detector frame)

fasg = 394.0 Hz, f33; = 391.3 Hz, f33, = 386.3 Hz
g ) f320 = 351.2 HZ, f310 = 315.1 HZ, f300 = 285.4 Hz

Im (freq)

dampingrate
100

GW200311_115853

- 3 & 3
*-—lised energy

LVK paper
(AR) Hanford

g 0E
10° r% =
s
20
° L L. L]
~ ! 015 02 025 03 035 04 045 05 055 06 065 o7 ‘ * R
-g: 51 Time [seconds] from 2020-01-29 06:54:58 UTC (1264316116.0) — ( ) IVI ngston
5 @ L
g 00 £ °
£ 10 |
: : B (AR) Virgo
,
» * f L
0
015 065 o7

201

025 03 035 04 045 05
Time [seconds] from 2020-01-29 06:54:58 UTC (1264316116.0)

NI e " trequency =
it - i
zlﬁlﬂ { %E 1@[{1@% @I&]mﬂﬁﬂ EE R R e e Sp'"a
o Hﬁw 4 | H% - ]
— :::wh&ﬁ{L“MWM}”% ) kﬁﬁm%’ﬂw LVK paper
Wa0015 %:t?:: i E§885 i g 1254 b
- EREREEERBESIET - (AR) Hanford
:%}ﬁ{ﬁfﬁ%ﬁgﬁ (AE) e (AR) Livingston
AR) Vi
:}@JF{L Hﬁ% g {{{ ’J Ef‘,'v' i 0.21 ( ) Irgo

| | | |
20 40 100

A t merger = 15.435 Mass M
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GW200129_065458

Hanford

500

H1_ SpectrogramAR

450
400
350
300
250
200
150
100

50

157 15.8 15.9 16 16.1

L1 SpectrogramA

Livingston

500 .
450
400
350
300
250
200
150
100

50

15.8 15.9 16 16.1

V1_SpectrogramAR

16.2

1.4x10°7
1.2x10°7
1x107
8x10®
6x108
4x108

2x108

1.6x10°7
1.4x107
1.2x107
1x107
8x10®
6x108
4x108

2x108

1.4x10°7
1.2x107
1x107
8x10%
6x108
ax10®

2x108

(M, a, z)

::H% | R L
sl ] I fh

wREIPTTI T
iii_j% i 1 HH i Hﬂuﬂm e
uso | 1 i T [ 11‘_
T::“H hill HMH Hl HH{H[ 1 gane HHH
w0 Tl
WHHMHH H WH { {I L 11 {] i Wl}:
2°°'{HH}H}HH{{“{H :}{ i TEan 1T 1 1

25

= (60.3%575,0.7370 06, 0.18 75 07)

Network SNR=26.8

355Hz

4323Hz
300Hz

303 Hz

4296 Hz
291 Hz

224 Hz

| 4206 Hz

189 Hz
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GW200129_ 065458

Hanford

1.4x10°7

500
450 1.2x10°7
400

1x107
350
300 8x108
250 6x108
200
4x10°%
150
100 2x108
50
0
15.7 15.8 15.9 16 16.1 16.2 16.3
L|V|ngston L1_SpectrogramAR
-7
500 T T T T 1.6x10
450 1.4x107
400 1.2x10°7
350
1x107
300
8x108
250
-8
200 6x10
150 4x10°%
100 2x108
50
0
15.7 15.9 16 16.1

Virgo

500
450
400
350
300
250
200
150
100

50

V1_SpectrogramAR

1.4x10°7

1.2x107
1x107
8x10®

6x108

4x108

2x108

15 7 15 R 15 0 1A

161

16 2 163

(M, a,z) =

(60.3755,0.7370°08,

"GW200129_065458_H1_spectrumAR

i

I "GW2001 29'_065458_H 1_IspectrumAR_to]p 1.dat" usi
_top2.dat" usi
"GW200129_065458_H1_spectrumAR_top3.dat" usi

333

ﬂrrm HHTJ T X] [ i
iy o T !

|
P

ﬂ[*

H

200
150 |
100
m i 1 1 1 1 1
15.95 16 16.05 16.1 16.15 16.2 16.25
500 | ' "GW200129_065458_L1_spectrumAR_top1.dat" using 1:2:3:4 ——
"GW200129_065458_L1_spectrumAR_top2.dat" using 1:2:3:4
450 | "GW200129_065458_L1_spectrumAR_top3.dat" using 1:2:3:4
400

T::“H hill HMH Hl HH-W 1 gane HHH
- wmmn : WH | ! 1 | { ﬁﬁ i

16

26

+0.05
0.185 07
Network SNR=26.8

355Hz
4323Hz 252Hz
300Hz 4242Hz
234Hz
303 Hz
4296 Hz 208 Ha
291Hz 192 Hz
183 Hz
294 Ha 229 Hz
| 4206 Hz 4212Hz
201 Hz

189 Hz

)
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GW200129 065458 (M, a,z) = (60.3%3,0.7375-06 0.1815-05)
Network SNR=26.8

Spin a Spin a
LVK paper | LVK paper
os| | + (AR) Hanford - (AR) Hanford
| (AR) Livingston | (AR) Livingston
| \ (AR) Virgo | —4— (AR) Virgo
Mass M Mass U

estimated from the merger time for 0.25 sec estimated from 0.10 sec after the merger for 0.15 sec
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GW200224 222234

Network SNR=19.4
SNR@post insp = 13.1

(Mv a, Z) — (68 6+4 7 0. 73+8 8;7 0. 32+8 ??

Expected fQNI\/I f220 = 195.7 HZ,f221 = 192.1 Hz, f222 = 185. Hz
fo10 = 262.4 Hz, fo11 = 160.4 Hz, fogo = 175.3 Hz
(detector frame)
fa30 = 309.6 Hz, f331 = 307.4 Hz, fa3 = 303.5 Hz

fa20 = 276.0 Hz, f310 = 247.6 Hz, f300 = 224.3 Hz

Im (freq)

3 & 2
rmalised energy

/

025 03 035 04 04 5
Time [seconds] from 2020-02-24 222234 UTC (1266618172.0)

GW200224_222234
damping rate
100~

LVK paper
(AR) Hanford
(AR) Livingston

o1 02 028 03 038 o4 048 05 0358 oo 063 o7 ¢
Time onds) fr -02-24 22 uTC (121 18172.0)
(AR) Virgo
08
s 20
0
065 o7

by 3 > 8
Normalised energy

60 -

025 03 035 04 04 5
Time [seconds] from 2020-02-24 222234 UTC (1266618172.0}

100 200 300 400 500

frequency

(AR) Hanford - ~ (AR) Vlrgol

‘: k ﬂ l } } - 4: i 1 N [{Hﬂ {H H” } S‘::raztera GW200224_222234

N RS - : |

= il *J{&;L Rl NI, i

\ \ | LVK paper

" pra s T - . (AR) Hanford

>
29
.|
| <F
=
&h: @
wm =
—8
| O,
5¢

(AR) Livingston
t_merger = 15.402 (AR) Virgo

¥ ] § 0.2

k ] ]“}; ﬁ 20 ‘ 20 ‘ 60 ‘ 80 ‘ 100 ‘ 120 Mass detector
‘ Mass M

GW200 » 22234_L2_spedurnAR_
'GWZ(I)22 222234 L2 spectrumAR _t
spectrumAR

sss§s§s§8§
==
==

153 1532 1534 1536 1538 154 1542 1544 1546 1548 155
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GW200311_115853

Network SNR=17.5
SNR@postinsp=11.0

of
3
100 10 E
3
s
s 02 025 03 J ?
Time [seconds] from 2020-03-11 11:58:53 UTC (1267963151.0) g
0
B
s E
3
100 10 E
3
s
015 02 025 03 35 04 045
Time [seconds) from 2020-03-11 11:58:53 UTC (1267963151.0)
500 [ ' ""GW200311_115853_H2_spactrumAR_top1.dat" using 123:4 —— 1
:QWZOOSH ;115853;H2¥speclrumARJop2dal: using 1234 ——
450 - ‘GW200311_115853_H2_spectrumAR _top3.dat” using 123:4 ] a n O r
400 - -
350 1 | 1
200 X - 13 {} 1 ;:{’llf: { < I{:FIJ[ - } 4
150 - -
100 |
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