Auto-Regressive analysis of GWTC-3 Ringdown data
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LIGO-Virgo | Frank Elavsky, Aaron Geller | Northwestern

3 BHBH

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
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02 (2016/11/30 - 2017/8/25) After 02 : GWTC1 (2018/12/3 released)

Masses in the Stellar Graveyard

in Solar Masses

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

GW170814: the first GW signal measured by the three-detector network, also from a binary black hole 10 B H B H
(BBH) merger;

GW170817: the first GW signal measured from a binary neutron star (BNS) merger — and also the first 1 N S N S
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
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GWTC-2 plot v1.0
LIGO-Virgo | Frank Elavsky, Aaron Geller | Northwestern

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 G\W170817

GW190426_152155: a low-mass event consistent with either an NSBH or BBH 46 B H B H
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 2 N S N S
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 2 B H —|- ?
GW190924 021846: likely the lowest-mass BBH, with both black holes exceeding 3 solar masses
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https://www.ligo.org/science/Publication-GW190412/
https://www.ligo.org/science/Publication-GW190412/
https://www.ligo.org/science/Publication-GW190412/
https://www.ligo.org/science/Publication-GW190425/
https://www.ligo.org/science/Publication-GW170817BNS/
https://www.ligo.org/science/Publication-GW190521/
https://www.ligo.org/science/Publication-GW190814/
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Auto-Regressive analysis of GWTC-3 ringdown data LV PRX 9,031040 (2019) arXiv:1811.12907 7

GWTC-1 (01/02)

Event mi/Mg my/My M/Mg X eff
GW150914 356737 30.673) 286717 —0.017)]

Era/ (Moc?) €pea/ (ergs™) dp/Mpe 2 AQ/deg’
30507 3.6004x 100 4407150 0.09700; 182
GW151012 23.273% 13.67)5 152775  0.05703, 1.650° 32708 % 10% 108073 021700 1523
GW151226 13.7°3% 7.7152 89707  0.187)7) | | 1.0505  3.4777x 10 450750 0.09°00 1033
GW170104 30.8777 20.07), 214775 —0.0470,4 489770 0.66° 0 22702 3379 x10° 99075 0207008 921
GW170608 11.0553 7.6  7.9707  0.0370,78 17.8757 0.697004 09707  3.5:03 x 10°° 32077 0.07705 392

GW170729 50.27)55 34.007', 354757 037105, 4.8%17 42707 x 10°° 28407 150 0.497)) 1041

- 2 2 . —1360
GW170809 35.0°%; 23.872) 24.9'75 0.087)7) 56.3735 0.707 27508 35508 x 100 1030735 0.20705> 308
GW170814 30.6:36 252128 241714 0.07:012) 53.2532 0.727 27504 37104 %100 600710 0.1220% 87
GW170817 1.467 015 1.277 0% 1.186 000 0.00°007) <28 <0. >0.04 >0.1x10% 407, 00175 16

GWI170818 35.47]2 267755 26.577; —0.09707]
GW170823 39.57.5% 29.059¢ 29.275¢  0.09703%

27502 34703 x 10°° 10607350 0.217007 241

33509 3.610] 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, Df“ (¥efr ), and without conditioning, D'f("’L. For GW170817, Df“ 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 GWI150914 GWI51012 GWI51226 GWI170104 GWI170608 GWI170729 GWI170809 GWI170814 GWI170817 GWI170818 GWI170823
D 070G 0234y 132y 0sanm 0974 1s3hy 07105 09995 232%n 05098 032g%
D 0160E  009%%  017T9E 005U 00798 00972 0050l 00288 019%0%  006%0% 0030y

) +().()2 . ~+0.05 ) () +0.02 1 ) 2+().()I 2-&().()3 0.() +0.01

+1.3 1.6 1.1
9.5 12,1718 591}

-1.6 -1
+1.5 1.5 1.4
9.97,3 9.27,5 8.31,3

RETRE
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Auto-Regressive analysis of GWTC-3 ringdown data

GWTC-2 (O3a)

LV PhysRevX 11 (2021) 021053 arXiv:2010.14527 8

Event M (Mg) M(Mg)my (Mg) my (Mg)  xer Dr (Gpe) z My (My) xr AQ (deg?) SNR
GW190408_181802 43.0*%2 18.3"1) 24.6731 184732 —0.03%018 1.557040 0297091 41.139 0.6712% | 150 153702
GW190412 38.413% 133107 30.175] 83755 0.257077 0741017 0.157000 37.33% 0.671 00 21 18.9793
GW190413_052954 58.6",%° 24.6737 34.713%° 23.71]2 —0.01193) 3.55% 20 05970300 56.0155° 0.681013 | 1500 8.91)7
GW190413_134308 78.8"1]5 33.0737 47.5%13> 3.181|) —0.03033 4.45"31% 0.717030) 75.51%% 0.681)13 730 10.070%
GW190421_213856 72.9713* 31.2+37 4137104 31.9%80 —0.067022 2.88" 137 049019} 69.7+125 0.67+019 | 1200 10.7%)2
GW190424_180648 72.6" 15 310*3§ 40.500%51 31.8778 0.131037 2207128 0391041 68.91 151 0741000 | 2800 10.4707
GW190425 34107 1447002 2,010 147007 0.0675,5 0.167007 0.03700) 1000 12.4797
GW190426_152155 7.2"72 2417998 57133 15798 —0.03%935 0.377032 0.087 000 - 1300 8.7102
GW190503_185404 71.7193 30.2732 43313+ 284107 —0.037022 1.457067 0.27011] 68. 6*33 066*8?3 94 124792
GW190512_180714 35.9'3% 14.675 233722 12.653% 0.03'013 1437022 0270001 34553 0.65100; 220 1227102
GW190513_205428 53.9'5S 21.6175 35795 18.0%)] 0.117977 2.06%7ss 0.37'015) 51.6'5%5 0.681013 520 12.9%9%
GW190514_065416 67.2"157 28.5772 39.073%7 28.4123 —0.19702) 4.1372% 0.677037) 64.511]7 0.631 011 | 3000 82103
GW190517_055101 63.579¢ 26.6%59 37.471L7 253719 0527010 1.867182 034020 59374 0.8710% | 470 10.7704¢
GW190519_153544 106.6" |32 44.5157 66.07150 40.511) 0.311029 2.53705 0.447051101.01]330.79997 | 860 15.6793
GW190521 163.9737% 69.21170 9531287 69.01527 0.03032 3.92%342 0.6470330156.373530.711012 | 1000 14.2793
GW190521_074359 74.772 321*§§ 422739 328734 0.0979019 1241040 024109 71.077 0.7279% 550 25.8%01
GW190527_092055 59.1%5% 24.3%7) 36.573%* 22.613%° 0.117028 2.49737% 0.4470300 56.4125%2 0.711012 | 3700 8.1'03
GW190602_175927 116.3 129 491*91 69.1°137 47.8+143 0.07%1%53 2.69°175 0.4710254 11.01177 0701019 | 690 12.8%)2
GW190620_030421 92.1'83 383*3’; 57.11189 3557132 0.337072 281115 0497050 87.215% 0.7910%5 | 7200 12.177
GW190630_185205 59.1+4¢ 249*%11 35.17%9 23732 0.10%312 0.89703% 0.18709 56.47%¢ 0707995 | 1200 15.6792
GW190701_203306 94.3"5%" 40.3"35 53.973%% 40.8" 1, —0.0710733 2.067575 0.3710-890.21¢%° 0.66103 46 11.3793
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Auto-Regressive analysis of GWTC-3 ringdown data LV PhysRevX 11 (2021) 021053 arXiv:2010.14527 9

GWTC-2 (O3a) continued

Event M (Mg) M (Mg)m; (Mg) my (Mg)  xer  Dp (Gpc) My (M)  xy
GW190706_222641 104.1*292 42.7+190 67.0114% 38.2113% 0.281025 4.42%%37 0.717037 99.0182 0.78104%

GW190707_093326 20.1%}7 85%0% 11.67)5 84'7 —0.05'): 0.771535 0.167004 19.2%13 0.66" 00
GW190708_232457 30.97%2 13.2702 17.6757 13.2729 0.027359 0.887035 0.1870994 29.5722 0.6910%

GW190719_215514 57.8"183 23565 36.51180 208729 0.32102% 3.94%250 0.64703) 54.91173 0.78101)

GW190720_000836 21.5%33 89702 134757 7.8'33 0.18'013 079705 0.1670.4 20.4135 0.72+098

GW190727_060333 67.115" 28.67337 38.075 29.4%7, 0.11797% 3.30%[2; 0.55705) 63.81.%7 0.731010
GW190728_064510 20.6*%3 8.6%03 123772 8117 0.1270290 0.8792 0.1870%Y 19.67] 0.7110%

GW190731_140936 70.117% 29.577) 41.5%322 288707 0.06°03F 3.307%37 0.55705.4 67.01158 0.701013

GW190803_022701 64.573%° 27.3137 37.31]96 27.3+7% —0.037027 3.2771%> 0.557029 61.711L8 0.681010

GW190814 25.8%59 6.09700¢ 23.2% 1) 2,591 008 0.007008 0.24700¢ 0.051 0004 25.6755 0.28100%
GW190828_063405 58.0774 25.0737 32.173% 26.27%¢ 0.197012 2.13708 0.3870 14 54.977% 0.751308
GW190828_065509 34.4%37 13.313 24.1779 10.273% 0.08%0{0 1.60700; 03070100 33.1772 0.657008
GW190909_114149 75.0135¢ 30.9177.% 45.81737 28.31 137 —0.06703, 3.77153; 0.621033) 72.0°42 . 0.66105;
GW190910_112807 79.6%57 34.3"%1 43.977° 35675 0.02'01% 1.467)% 0280194 758752 0.701)%
GW190915_235702 50.9773 253752 353793 244756 0027030 1627071 30701 572571 707000

- 7 —6.4 P-27 ~—6.4 o6l VYe-025  Ye-061 VUV, “-6.0 “Y-'V-0.11
GW190924_021846 13.977% 58702 89170 50%1d 0.037305 0577022 0.127004 13.3772 0.670%

GW190929_012149 104.3"337 35.81¢%° 80.81339 24.17102 0.017937 2.13%723 0.3870:70101.5732% 0.66103)

GW190930_133541 20.3*%7 8507 12.37)%% 7.8%17 0.14707% 0.767935 0.1 19.4772 0.72100]
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Auto-Regressive analysis of GWTC-3 ringdown data

GWTC-2 (O3a)

LV PhysRevX 11 (2021) 021053 arXiv:2010.14527 10

cWB GStLAL PyCBC pycBC BBH

FAR (yr™') SNR* FAR (yr'') SNR p,. FAR (yr'') SNR* p... FAR (yr'') SNR' p.uo
GW190408_181802 <95x10% 148 <10x10° 147 100 <25x10° 135 100 <79x10-° 13.6 1.00
GW190412 <95x 10 197 <10x105 189 100 3.1x10°5 179 100 <79x105 178 1.00
GW190413.052954 ‘e cer e 72x1072 86 098
GW190413_134308 cos . 3.8x10°" 100 095 cor cee e 44%10°7 0 90 0098
GW190421_213856 30x10°Y 93 77x10% 106 100 19x10° 102 089 66x1073 102 1.00
GW190424 180648 78 x 107" 100 091
GW190425 75x1074" 130 ...
GW190426_152155 1.4x10° 101 .-
GW190503_185404 1.8x107 115 <1.0x10™ 121 100 37x10% 122 100 <79x10° 122 1.00
GW190512_180714 88x 107" 107 <1.0x107 123 100 38x10° 122 100 <57x107 122 1.00
GW190513_205428 ‘o oo <10x107% 123 100 37x10%  11.8 1.00 <57x10° 119 1.00
GW190514 065416 cee o wee o 53x10°7 83 096
GW190517_055101 65x107° 107 96x10* 106 100 18x102 104 100 <57x10 102 1.00
GW190519_153544 3.x10% 140 <10x105 120 100 <18x10-5 130 100 <57x105 13.0 1.00
GW190521 20x 104 144 12x103% 150 100 1.1x10° 126 093 e co ces
GW190521_074359 <1.0x 107" 247 <10x107 244 100 <18x10~ 240 100 <57x107 240 1.00
GW190527_092055 co ‘e 6.2x1072 89 099 ‘o cer aes ‘o ‘o ‘o
GW190602_175927 1.5x102 1.1 LIx105 121 1.00
GW190620_030421 29x 103" 13.1  1.00
GW190630_185205 <1.0x 107" 156 1.00
GW190701_203306 55x107" 102 L1x102 11.6 1.00
GW190706_222641 <1.0x 1072 127 <1l0x10-5 123 100 67x105 11.7 100 <46x10°5 123 1.00
GW190707_093326 <1.0x107 130 100 <l10x10— 128 100 <46x10~ 128 1.00
GW190708_232457 28 x 1057 131 1.00
GW190719_215514 cos cer aas cos cee a 1.6 x 10° 80 0.82
GW190720_000836 ‘o v <10x 1075 117 100 <20x10° 106 1.00 <3.7x10° 105 1.00
GW190727_060333 88x 102 114 <10x105 123 100 35x103 115 100 <37x10°5 11.8 1.00
GW190728_064510 <1.0x10-° 136 100 <16x10° 134 100 <37x10"° 134 1.00
GW190731_140936 2.1x107" 85 097 28x 107" 82 096
GW190803_022701 32x1072 9.0 099 27x1072 86 099
GW190814 <1.0x 105 222 1.00
GW190828_063405 <96x 10 166 <l.0Ox105 160 100 <15x105 153 100 <33x105 153 1.00
GW190828_065509 <1.0x107 11.1 100 58x107 108 100 <33x10~ 108 1.00
GW190909_114149 1.1 x 10° 8.5 0.89 cos cee en cos . ‘e
GW190910_112807 1.9x 105" 134 1.00
GW190915_235702 <1.0x 107 123 <l1.0x105 131 100 86x10*% 130 100 <33x105 127 1.00
GW190924_021846 <1.0x 107 132 100 <63x10— 125 100 <33x10— 124 1.00
GW190929 012149 co : 20x10°2 99 1.00 co cee aa cos ‘e ‘e
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Auto-Regressive analysis of GWTC-3 ringdown data LV arXiv:2108.01045 11

GWTC-2.1 (O3a)

Event M M mi mo Xeff Dy, z
(Mo) (Mp) (Mg) (Mp) (Gpc)

GW190403.051519 110.573535 36.37;%* 88.01333 22.173%° 0.701055 8.00755; 1.1470:95
GW190426_190642 184.475¢¢ 77.17157 106.975:5 76.6755% 0.1970350 4.3575:52 0.70705
GW190725.174728 18.2%7% 7.470: 115557 64730 —0.04707% 1.0570:3¢ 0.217000
GW190805.211137 80.1%3%7 33.513%' 4827172 32.071%% 0351032 5.317342 0.8270:5%
GW190916_200658 68.9%3,0 27.370% 44.3%1% 23.9%1%7 0.18%055 4.4675700 0.711030
GW190917-114630 11.4739 37702  9.3%%1 21757  —0.117035 0.727931 0.1570:0¢
GW190925.232845 37.013% 15.8%1§ 21.275) 15.673% 0.11%037 0.93103% 0.19%0:07
GW190926.050336 62.97377 2567075 39.8T107 23.27.%° —0.0470%3 3.787500 0.6210 5

TABLE V. Median and 90% symmetric credible intervals for the one-dimensional marginal posterior distributions on selected
source parameters for the 8 events that are new to this catalog with pastro > 0.5, highlighted in bold in Table I. The columns
show source total mass M, chirp mass M and component masses m;, dimensionless effective inspiral spin yeg, luminosity
distance Dy, redshift z, final mass My, final spin yr, and sky localization A2. The sky localization is the area of the 90%
credible region. A subset of the one-dimensional posterior distributions are visualized in Fig. 3. Two-dimensional projections
of the 90% credible regions in the M—q and M—xes planes are shown in Fig. 4 and Fig. 5.
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Auto-Regressive analysis of GWTC-3 ringdown data

GWTC-3 (03b)

LVK arXiv:2111.03606

Event M mi mo Xeff D, Z M;

(M ) Mo)  (Mo) (Mo) (Gpc) (M)
GW191103.012549 20.0137 8347050 11.875% 7.9757 0217015 0.997052 0.2070 008 19.0735 0.7510 08
GW191105.143521 18.57%1 7.82%%61 107837 77115 —0.0270:23 1.15%30:43 0.2315:970 17.673:1 0.6713:93
GW191109.010717  112F3 47.572% 65117 47715 —0.2970:32 1.297 .22 0.257015) 10771 0.617913
GW191113.071753 34.51.%° 10.7t1¢ 29737 59773 0.0010355 1.37%5 6 0.26%0 1 0.45703%
GW191126.115259  20.7%35 8.65707 1217535 83757 0.2170)7 1.62707; 0.3070:13 19.6755 0.757008
GW191127.050227 ~ 80%35 29.9%g47 53%50  24%i] 0183035 3.4r%y 0.57i0%) 7613  0.75%03
GW191129.134029  17.57%5 7.317053 10.7757 6.7517  0.0670 02 0.7970:35 0.1670:02) 16.8715 0.697002

47.2%35 19.8%35 27.3%5%" 19.3735
20.21F1:70 8 5510 3*.; 11.973-3 8.2t1;6
GW191215.223052 43.3153 18.4%1% 249777 181731
GW191216 213338 19.817577 8.337015 12.1755 7.771§
GW191219.163120 32.3737 4.327317 31.175% 1177004
GW191222.033537 7971  33.8T[; 45.17:%" 34.7117;
GW191230.180458 8615  36. 5+§g 49.47140 g7+l
GW200105-162426 11.01715 3.42700% 9.0717 1.917032
GW200112.155838 63.975( 27. 4+2 : 35. eigg 28. 3,+59

~ o~

GW191204-110529
GW191204-171526

0.057039

0.167008

—0.0470:57

0.1179- 52

0.0059 09

~0.04453

—0.0575 5%

0.0079 13

0067312

-~ o

1.8%11 0347573
0.657052 0.13700%
1.9370-%2 0.3570° 13
0.34790-12 0.077592
0.557022 0.1170°93

3.0FL7
4.3% 3, 0.6970:37
0.27791% 0.067003

LR (1) 24+3 o

N ~ e~
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GW200208-130117

Auto-Regressive analysis of GWTC-3 ringdown data LVK arXiv:2111.03606 13
GWTC-3 (O3b) continued
Event M mi me Xeff Dy, z AQ  SNR
(M ) Me)  (Mp)  (Mo) (Gpe) deg®)

GW200115.042309  7.47)5 243700% 59750 1.4470-50 —0.1570%5 0.297715 0.0670; 370 11.3%]3
GW200128 022011  75%17  32.0173% 42.2%;%° 32,6755 0.12103% 3.41%; 0.567(2] 2600 10.670
GW200129.065458 63.4752 272121 345759 28.973% 0.117901% 0.907922 0.18700 130 26.8F0
GW200202.154313 17.58T5 25 7.4979-28 10.173-5 7.3711  0.047053 0.417912 0.0970-04 16.76 7357 0.6970938 170 10.81)

10.8103

GW200208-222617
GW200209-085452
GW200210-092254
GW200216_220804
GW200219-094415
GW200220-061928
GW200220-124850
GW200224_222234
GW200225-060421
GW200302.015811
GW200306-093714
GW200308-173609"
GW200311-115853

654775 27.715% 37.879% 27475

63+100

62 6+13 .9
N
81+20
65. 0+12 .6
148133
67+17
72.2%7%
3aibinic
57.812:5
43 9+11 .8
50 6+10 9
61.9155

7
19.61.%7 5115

26. 7+6 35. 6+10 .5

32.97%3
27. 6+5 37. 5+10 1
62715 871
28.2173 38.97.%!
31.1757 40.0752
14.2415 19.3759
234147 37.8187
17. 5+ 28 3+%771
19. O+ 36. 4+11 .2
26.613 g 34.24%3

51422

Ay

27.177%

30715
27977
61752
27.9792
32.5729
14.0132
20.0757
14.87¢5
13.8753
Lk

GW200316.215756 21.2+72 8757952 13.17.%2 7.8%10

GW200322_091133"*

55+3]

15,5417 3448

—0.075057 2.237530 0.407) 1]

0.45+043

e —0.127

0.24
0.30

0.1015 36

—0.08"

0.23
0.29

0067332

—0.07*

0.1075:12 1.717761 0.3270:%5

—0.12°

0.27
0.33

0.17
0.28

0.01702
0.32+038
0650

—0.0219:25 1.17F

0.1379:27 1.1270:47 o.zzig;g

14.053%° 0.2417 33

L1443 0.66105

34777

1.15°

3.655 0.6010%

0.51
0.53

0.28
0.40

0.2270-9%

62.575% 0.667)73

0.8370 57
0.667019
0.341053
0.7010: 34
0.66101%
0.717012
0.67+5:1}
0.73%0:07
0.661013
0.66+:12
0.78+ 311
0.9174 05
0.690.08
0.70+3.%4

0.78517

81+U4

10.770°3

7.2102

85102

20.0103
12,5405
10.8103

78705

).5
7.1702

17.8102

10.3107

6.035




Auto-Regressive analysis of GWTC-3 ringdown data

GWTC-3 (O3b)

LVK arXiv:2111.03606

cWB GstLAL MBTA PyCBC-broad PyCBC-BBH
FAR SNHR Pastro FAR SNR Pastro FAR SNR Pastro FAR SNR Pastro FAR SNR Pastro
(yr—1) (vr—1) e~ (yr—h (vr—1)

GW181103.012549 = = - = - - 27 9.0 0.13 a.8 9.3 0.77 0.46 9.3 0.94
GW191105.143521 - - - 24 0.0 0.07 0.14 10.7 > 0.99 0.012 9.8 > 0.99 0.036 9.8 > 0.99
GW191109.010717 < 0.0011 15.6 > 0.99 0.0010 158 >099 1.8x10° % 152 > 0.99 0.096 13.2 > 0.99 0.047 14.4 > 0.99
GW181113.071753 - - - - - - 26 9.2  0.68 1.1 x 104 83 <o0.00 1.2x10° 85 <o0.01
GW1681126.115259 = - - 80 5.7 0.02 59 8.5 0.30 22 8.5 0.39 3.2 8.5 0.70
GW181127.050227 - - - 0.25 10.3  0.49 1.2 9.8 0.73 20 9.5  0.47 4.1 8.7 0.74
GW191129.134029 = = -~ <1.0x10"° 13.3 > 0.99 0.013 12.7 > 0.99 <2.6x 1077 12.9 >0.99 < 2.4x 10”° 12.9 > 0.99
GW181204.110529 - - - 21 9.0 0.07 1.8 x 104 8.1 < 0.01 9850 8.9 < 0.01 3.3 8.9 0.74
GW191204.171526 8.7x10"% 171 > 0989 <1.0x10™° 156 >0.99 <1.0x10"2 17.1 > 0989 < 1.4x 10" ° 16.9 > 0.99 < 1.2x 10~ > 16.9 > 0.99
GW191215.223052 0.12 9.8 095 <1.0x10"° 10.9 > 0.99 0.22 10.8 > 0.99 0.0016 10.3 > 0.99 0.28 10.2 > 0.99
GW191216.213338 - = - <1.0x10"° 186 >099 9.3x10°% 17.9 > 0.99 0.0019 18.3 > 099 7.6x 10" 3% 183 > 0.99
GW181218.163120 - - - - - - - - - a.0 8.9 0.82 - - -
GW191222.033537 8.9x10"% 11.1 >0989 <1.0x10™° 12.0 > 0.99 0.0099 10.8 > 0.99 0.0021 11.5 > 099 9.8x10"2 11.5 > 0.99
GW181230.180458 0.050 10.3  0.95 0.13 10.3  0.87 8.1 9.8 0.40 52 9.6 0.29 0.42 9.9 0.96
GW200112.155838 - = - <1o0x103t 176 > 0.99 = - = - - - = = =
GW200115.042309 - - - <10x 1077 11.5 > 0.99 0.0055 11.2 > 0989 < 1.2x 10~ % 10.8 > 0.99 - - -
GW200128.022011 1.3 8.8 0.63 0.022 10.1  0.97 3.3 9.4 0.98 0.63 9.8 0.95 0.0043 9.9 > 0.99
GW200129.065458 - - - <1.0x%x 1077 26.5 > 0.99 - - - «23x1077 16.3 > 0989 < 1.7x 1077 16.2 > 0.99
GW200202.154313 = - = <1.0x10"% 11.3 > 0.99 = = = - - - 0.025 10.8 > 0.99
GW200208.130117 - - - 0.0096 10.7 0.99 0.46 10.4 > 0.99 0.18 9.6 098 31x10 % 108 >0.99
GW200208.222617 = = - 160 5.2 < 0.01 420 8.9 0.02 - = - 4.8 7.9  0.70
GW200209.085452 - - - 0.046 10.0 0.95 12 9.7  0.97 550 9.2 0.04 1.2 9.2 0.89
GW200210.092254 - - - 1.2 9.5 0.42 = - = 17 8.9 0.53 7.7 8.9 0.54
GW200216.220804 - - - 0.35 9.4  0.77 24 x 107 8.3 o002 970 9.0 < 0.0t 7.8 8.7 0.54
GW200219.094415 0.77 9.7 08 98.9x10-% 107 >0.99 0.18 10.6 > 0.99 1.7 9.9 0.89 0.016 10.0 > 0.99
GW200220.061928 - - - - - - - - - - - - 6.8 7.5  0.62
GW200220.124850 - - - 150 5.2 <0.00f 18x10° 82 0.83 - = - 50 7.8 0.20
GW200224.222234 8.8x 1074 188 > 0989 <1.0x107°7 189 >099 < 1.0x 1072 19.0 > 099 < 82 x 10°2 19.2 > 0989 < 7.7x 10" ° 18.6 > 0.99
GW200225.060421 8.8 x 10”4 13.1 > 0.99 0.079 12.9 0.93 0.0049 12.5 > 099 < 1.1 x10~° 12.3 > 0.99 4.1x10"2 12.3 > 0.99
GW200302.015811 - - - o1t 10.6 0.91 - - - - - - - - -
GW200306.093714 - - - - - - 410 8.5 0.81 3.4x10° 7.8 <o0.01 24 8.0 0.2
GW200308.173609 - - - 680 5.1 < 0.01 6.9x% 104 8.3 0.24 770 7.9 < 0.01 2.4 8.0 0.86
GW200311.115853 8.2x 1074 162 > 0989 <1.0x10"° 17.7 >0.99 < 1.0x 10" 2 16.5 > 0.99 < 6.9 x 10”2 17.0 > 099 < 7.7X 10°° 17.4 > 0.99
GW200316.215756 - - - <1.0x 1077 10.1 > 0.99 12 9.5 0.30 0.20 9.3  0.98 0.58 9.3 0.98
GW200322.091133 - - - - = - 450 9.0 0.62 1.4x10° 30 <o.0m 140 7.7 0.08

14



Auto-Regressive analysis of GWTC-3 ringdown data 15

Independent Ring-down Search (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 :
0
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

Hisaaki Shinkai (OIT) 2022/01/23 A01 Boot Camp



Auto-Regressive analysis of GWTC-3 ringdown data

Auto-Regressive model (Method, general) |

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

Hisaaki Shinkai (OIT) 2022/01/23 A01 Boot Camp 16



Auto-Regressive analysis of GWTC-3 ringdown data

Auto-Regressive model (Method, general) Il

rFitting data with linear func. A
Tpn = QA1Tp—11T0a2Tp—2+ "+ aAMTpn—M +E
M
= Z AjTn—j + €
—1
_ ’ _J
- 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—IQ'n‘ijt
J=1

\— _J

Hisaaki Shinkai (OIT) 2022/01/23 A01 Boot Camp




Auto-Regressive analysis of GWTC-3 ringdown data

Auto-Regressive model vs Short FFT

sampling rate=4096 segment = 1/64 sec = 64 points

<

1 1 1 1 I 1 1 I

000 000 l:l
o

shift = 1/512 sec = 8 points

e — The order M can be fixed at 2~8.

"tispectrum.
“arspectrum.dat” using 1:($2)/20000 —

| | Even for short segment,

P(f) - ,";/\ 1 AR model shows precise power-
| l‘. Vo / \ }:\ FT\/ : spectrum.
LA

freq. [mock data, SNR=40, inspiral part]
Hisaaki Shinkai (OIT) 2022/01/23 A01 Boot Camp
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Auto-Regressive analysis of GWTC-3 ringdown data

Auto-Regressive model (Method, general) Il

—

Ln =—

_

Fitting data with linear func.

A1Tp—1 +0a2Lp—2 + -+ aAMTpn—M + E

M
E AjTn—j 1+ €
J=1

- find g (Burg method)
- find M (FPE final prediction error method)

* re-construct wave

signal from fitted function

- apply FFT with arbitrary precision.

fpower spectrum

N 8 characteristic eq.

0.2

p(f) =

\_

M
1 — Z aje—IZijAt L

]=

M
> f(z)zl—Zajzjzo
j=1

~

_

1

2% | says amplitude,

J

arg(z) says frequency.

Hisaaki Shinkai (OIT) 2022/01/23 A01 Boot Camp
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Auto-Regressive analysis of GWTC-3 ringdown data

Procedures

Data —> Ringdown part
Specify (freq., damping rate) by AR method

for each segment, a couple of combinations are available.

' "GW200129_065458_L1_spectrumAR_toj
"GW200129_065458_L1_spectrumAR_to
"GW200129_065458_L1_spectrumAR

T
1.dat" using 1:2:3:4
2.dat" using 1:2:3:4

dat" using 1:2:3:4

—t—
—3—

EEE
Q
g-c*c
@

.8 5 6 BB 5 B 5 B B

ook for the segments with constant frequencies.

1 would be possible to find multi-modes

Convert (freq., damping rate) to (M_final, a_final) using GR formula.

(Berti-Cardoso-Will). (Uses the redshift z by LVK catalog.)
check If three data (Hanford, Livingston, Virgo)

converges

Compare with the value (M_final, a_final) by LVK catalog. “

check if the analysis is consistent with GR

| Spin a

000000000000000

T LVK paper

(AR) Hanford
(AR) Livingston
(AR) Virgo

sssss

or having a shift

Hisaaki Shinkai (OIT) 2022/01/23 A01 Boot Camp

Mass M



Auto-Regressive analysis of GWTC-3 ringdown data

GW150914

LIGO paper
512

N
Ul
(@)

Frequency (Hz
=
(@)} N
B

w
N

0.30  0.35

0.

Time (s)
before whitening
B R T
AR model :: ]
Hanford = |

1 1 |

153 156.32 1534

4096 sampling rate

150-450 Hz filter

1 segment = 1/64 sec= 64 points
1 shift = 1/512 sec = 8 points

freq [HZ]

after \;vhit'enin'g

450

400

350

300

250

200

150

100 1 1 | |

15.:2&.,' 1541 1542 1543 1544 1545 1546 1547 1548 1549 155

Aﬁi’"‘erﬁger

time

21

400 :
l "éW15091 4_H10b_spectrumAR_Eop1 dat" using {:2:3:4
"GW150914_H100_spectrumAR_top2.dat" using 1:2:3:4
350

1531047

sxw0* -

5x10%2

RN

REM

1542 1544 Ll T
2 R { | l ]
i1 200 [- > : }
f 1 -
£ 3 11
t L l -
I} ffxi ) : L } -
9 71 } /\

] 1 + 3 ;o I X ! 1 I 1
1 11 S | 150
% f YooV F k1 153 15.35 15.4 15.45 15.55
W/ 1 VoYV
f R Y
\v/\\/ I ¥
V]
+
1/
¥
642z ‘426 16‘43 432 G,‘QB el

i Hﬁ

n

- B B J_ -~

|

=

15.6



Auto-Regressive analysis of GWTC-3 ringdown data

GW150914

Hanford (SNR=20.6)

ASD [1//Hz]

f [Hz]

11020

1x102!

|
102 P |

X102 |

"GW150914_H100_02_psd_alltxt: —— ]
*GW150914_H100_03 SD_rtHz.tet* —— ]

1x10°24

500

1 1 1 1 1 1 1
50 100 150 200 250 300 350 400 450 500

450 —

350

300

250

150 —

100

| | | 1 1 | | | 1

Livingston (SNR=14.2)

ASD [1//Hz]

f [Hz]

1x1020

1x10721 |

1x1022 | |

1x1023

1x10°24

500

450

400

350

300

250

200

150

T

"GW150914_L100 02 psd_all.txt" —— ]
"GW150914 (100 03 SD fHz.txt" — |

154

15.41 1542 1543 1544 1545 1546 1547 1548 1549

time

15.5

100

|

|

|

22

154

15.41

1542 1543 1544 1545 1546 1547 1548 1549

time

15.5



Auto-Regressive analysis of GWTC-3 ringdown data 23

GW150914 (M, a) = (631434, 0.69*5:57)

Hanford (SNR:ZO.G) Hl@@_Spect rog ramAR f220 =271.8 HZ, f221 = 266.0 I‘IZ7 f222 — 254.7 Hz
f21() = 380.7 HZ, f211 = 225.7 HZ, f200 = 252.8 Hz
500 T T T T T T T T T f330 = 430.9 HZ, f331 =427.4 HZ, f332 =421.1 Hz
fao0 = 387.9 Hz, f310 = 351.1 Hz, f300 = 320.3 Hz
450 =
400 - : SURTRR : oA B GW150914
f_imag (Hz)
100
350 - -
' f_imag
300 80| LV paper
' (AR) Hanford
B h (AR) Livingston
200
150 40
100 _ H
154 1541 1542 1543 1544 1545 1546 1547 1548 1549 155 20|
. | f real
Livingston (SNR=14.2) ISR L _ _ NP
500 I | I I I | | | |
GW150914
Kerr parametera
450 — _ l 1.0
o Kerr |
400 |- - o |
- ‘I param
350 -1 1
q 3 0.6
 h B 04}
LV paper
e | s (AR) Hanford
150 |- i *r (AR) Livingston
Mass
100 | | | | | | | | | | a | Mass

154 1541 1542 1543 1544 1545 1546 1547 1548 1549 155 20 I 40 I 60 I 80 100



Auto-Regressive analysis of GWTC-3 ringdown data 24

GW150914
- Hanford (SNR=20.6)
Kerr | Livingston (SNR=14.2)
param | 4
LV paper
.~ (AR) Hanford
*2l (AR) Livingston
. 5 5 5 o e GW170809
M a S S Kerr parameer a GW170809
Kerr |
param | =
I LV paper

Hanford (SNR=5.9) ﬁ (AR) Hanford
Livingston (SNR=10.7) (AR) Livingston
Virgo (SNR=1.1) | (AR) Virgo

Mass



Auto-Regressive analysis of GWTC-3 ringdown data

Event List ordered by SNR

GW170817

GW200129_065458

GW190814

GW150914

GW190521_074359

GW190814

GW190521_074359
GW190814

GW200224_222234

GW200112_155838

GW190412

GW190412

GW191216_213338

GW190412
191225 215715

GW200311_115853

GW191204_171526

GW191109_010717

GWTC-1-confident
GWTC-3-confident
0O3_Discovery_Papers
GWTC-1-confident
GWTC-2

GWTC-2

GWTC-2.1-confident
GWTC-2.1-confident

GWTC-3-confident
GWTC-3-confident
0O3_Discovery_Papers
GWTC-2
GWTC-3-confident

GWTC-2.1-confident
0O3_IMBH_marginal

GWTC-3-confident
GWTC-3-confident

GWTC-3-confident

Bt EBOOEEEHE Xt

*

%

Network SNR | Distance (Mpc)
+7
33.0 40 5
+0.2 +290
26.8 -0.2 900 -380
+0.1 +41
25.0 -0.2 241 -45
+150
24 .4 440 ;50
+400
24 .4 1240 _s70
+40
22.2 240 5,
22.2 -
20.4 -
+0.2 +490
20.0 4 1710 49
+0.1 +430
19.8 4, 1250 460
+0.2 +130
19.0 o5 740 _160

-
@
O
~
D
o
-
~
o

+0.2 +120
18.6 4. 340 130
18.2 -
17.9 -
+0.2 +280
17.8 o> 1170 _s00
+0.2 +190
17.5 4. 650 350
105 +1130
17.3 o5 1290 50

tried in this study

list overlapped

Total Mass (M.)

+5.3
61.9 4.

+1.70

20.21 o.06

+20
112 46

AR filtering N/A (due to small M)

AR filtering N/A (due to small M)
AR filtering N/A (due to large M)

25

https://www.gw-openscience.org/eventapi/html/allevents/



Auto-Regressive analysis of GWTC-3 ringdown data

Event List ordered by SNR (continued)

GW190828_063405
GW170814
GW190630_185205

GW190630_185205
GW190828_063405

GW170608
GW190408_181802
GW190521

200114_020818

GW190521

GW190408_181802
191223_014159

GW200105_162426

GW190519_153544

GW200105_162426
GW190728_064510

GW190521

200219_201407

Release
GWTC-2
GWTC-1-confident
GWTC-2
GWTC-2.1-confident
GWTC-2.1-confident
GWTC-1-confident
GWTC-2
0O3_Discovery_Papers
03_IMBH_marginal
GWTC-2

GWTC-2.1-confident
0O3_IMBH_marginal

0O3_Discovery_Papers
GWTC-2.1-confident
GWTC-3-marginal
GWTC-2

GWTC-2.1-confident

GWTC-3-marginal

GW190925 T
GW190910 Y
GW190707 Y

Network SNR |

16.0

) o

15.9

oy
o

8]
N

»
©

&
N

* St

+0.4
14.6 (.4

14.5

14.4

14.4

>

14.2

13.9

13.7

+0.2
13.7 0.4

3.6

R g

3.6

13.6

17.9 o5

Distance (Mpc)

]

+660
2130_%0

+150
600 220

+560
890 _370

+120
320 110

+400
1550 _g00

+2400
5300 _2600

+2190
3920 _1950

1439V _g50

AR filtering N/A (due to small M)

Total Mass (M.)

+7.7
58.0 45

10.9 ., AR filtering N/A (due to small M)

11.0 44 AR filtering N/A (due to small M)

20.6 ;5 AR filtering N/A (due to small M)

26
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Auto-Regressive analysis of GWTC-3 ringdown data 27

GW200129 065458 (M, a,z) = (60.3755,0.73%5-95 0.1815-95)
Hanford Network SNR=26.8

20

Expected fanm
(detector frame)

b fazo = 293.8 Hz, fag; = 288.4 Hz, fogo = 277.8 Hz
: fa10 = 394.1 Hz, fo1, = 240.9 Hz, fago = 263.3 Hz
o fazo = 464.9 Hz, fa3; = 461.7 Hz, fa30 = 455.8 Hz
Livingston fa20 = 414.4 Hz, f310 = 371.8 Hz, f300 = 336.8 Hz

Normalised energy

0.15 02 0.25 03 0.35 04 045 05 055 06 0.65 07
Time [seconds] from 2020-01-29 06:54:58 UTC (1264316116.0)

108

Frequency [Hz]

- :

. 03 0.35 04 045 05 055
Time [seconds] from 2020-01-29 06:54:58 UTC (1264316116.0)

Frequency [Hz]

015 02 025 03 0.35 04 045 05 0.55 06 065 07
Time [seconds] from 2020-01-29 06:54:58 UTC (1264316116.0)



Auto-Regressive analysis of GWTC-3 ringdown data

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

28

= (60.3%575,0.7370 05, 0.18 75 07)

Network SNR=26.8

355Hz

4323Hz
300Hz

303 Hz

4296 Hz
291 Hz

224 Hz

| 4206 Hz

189 Hz



Auto-Regressive analysis of GWTC-3 ringdown data

GW200129_065458

Hanford

H1_SpectrogramAR

-7
500 1.4x10
450 1.2x10°7
400
1x107
350
300 8x108
250 6x108
200
4x10°%
150
100 2x108
50
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30

GW200129 065458 (M, a,z) = (60.32,,0.73705,0.1815-0%)
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GW190828_063405
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(M, a,z) = (54.9173,0.617013,0.3810 1)
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GW200311_115853
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GW200311 115853 (M, a,z) = (59.0135,0.6975-07 0.237052)

Network SNR=17.8
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GW190630 185205 (M, a,z) = (56.41775,0.7075-05 0.18%5-1.)
Hanford Network SNR=15.6
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GW200112_155838
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GW190910 112807
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GW190910 112807 (M, a,z) = (75.8752,0.701005,0.28 7019
Network SNR=13.4
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GW190408_181802
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GW190408 181802
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Summary & Outlook

AR model x(t)
4 )

Tn A1Tp—1 +0A2Lp—2 + -+ AMTp—M + €
M
= E AjTp—j T E
—
\_ J .

Effective for finding frequencies and damping rates of short-time data (~ 60 pts).

Data-base finding method, no templates are required.
Applied to LIGO/Virgo 01/02/03a & LVK O3b: Try to extract ring-down parts

Would be available for S/N >= 15, but some parameter tunings are necessary.
(Time width [merger time + X ms], Band Filterings [150-450Hz] )

Analysis of GWTC-3 events are ongoing.
AR results of (M_final, a_final) are around the values of LV (LVK), i.e GR.

Hisaaki Shinkai (OIT) 2022/01/23 A01 Boot Camp



