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GWTC-1: A Gravitational-Wave Transient Catalog of Compact Binary Mergers Observed
by LIGO and Virgo during the First and Second Observing Runs

B.P. Abbott et al.”
(LIGO Scientific Collaboration and Virgo Collaboration)
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O1: September 12, 2015 -- January 19, 2016

» GW150914 BHBH

02: November 30, 2016 -- August 25, 2017

» GW170817 NSNS

» GWTC-1 catalogue paper [arXiv:1811.12907]
» data released to public Feb, 2019

O3a: April 1, 2019 -- September 30, 2019
» data released to public April, 2021
O3b: November 1, 2019 -- May 1, 2020
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GWTC-1: A GRAVITATIONAL-WAVE TRANSIENT CATALOG ... PHYS. REV. X 9, 031040 (2019)
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FIG. 10. Time-frequency maps and reconstructed signal waveforms for the ten BBH events. Each event is represented with three
panels showing whitened data from the LIGO detector where the higher SNR is recorded. The first panel shows a normalized time-
frequency power map of the GW strain. The remaining pair of panels shows time-domain reconstructions of the whitened signal, in units
of the standard deviation of the noise. The upper panels show the 90% credible intervals from the posterior probability density functions
of the waveform time series, inferred using CBC waveform templates from Bayesian inference (LALINFERENCE) with the PhenomP
model (red band) and by the BAYESWAVE wavelet model (blue band) [53]. The lower panels show the point estimates from the cWB
search (solid lines), along with a 90% confidence interval (green band) derived from cWB analyses of simulated waveforms from the
LALINFERENCE CBC parameter estimation injected into data near each event. Visible differences between the different reconstruction
methods are verified to be consistent with a noise origin (see the text for details).
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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“ is 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 023uy 132y 0sanm 0974 1s3hy 07005 09905 232%n 05098 032g%
D 0160E  009%%  017TE  00SUWE 00708 00972 005l 00280 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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Ring-down modeZMiZ(CRDIFSFEDLEE (mockdata challenge)

PHYSICAL REVIEW D 99, 124032 (2019)

Merger
o @_®
Comparison of various methods to extract ringdown frequency i 05
from gravitational wave data x f
B 00
Hiroyuki Nakano,"" Tatsuya Narikawa,”" Ken-ichi Oohara * Kazuki Sakai,”” %
Hisa-aki Shinkai,* | Hirotaka Takahashl 781 Takahiro Tanaka Nam1 Uchlkata E 05 [
Shun Yamamoto,” and Takahiro S. Yamamoto®" e » Inspiral
o ] B e T
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)(%) &log fi(%) 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 6.25 ~ 17. 27 —-12. 62 %,37.9
Hilbert-Huan B 247 1041 7185 27.61“
Transformation HHT A  —13.38 21.91 —44.11 61.58
B —8.08 19.81 —28.78 49.61
Auto-Regression Method A 02 ¢ 993 & & 488 3875 ﬁ
B 191% 8.57 6.2 34.64
Neural Network meth PNN A —6.641648 1523 33.96 S
eura etwo ethod B —6.65 11.97 ¥ g ' 9. 96 23.76

BH Fif (KR K) 2019/09/20 #MEF= @ LLZKRF
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1. Auto-Regressive model (Method, general) 1

rFitting data with linear func. A

Tp = @1Tp—1+0a2Tp—2+ "+ AMTn—M T €
M
= E AjTn—j + €
_ =

e.g. x, = Ae "t cos(wnAt)

_

_ —(r—jw)At A n n
Ty = 6—(r—|—jw)At

[ ]
[ ]
/\
10

=

can be applied also to noisy data by adjusting M

BH Ff (KPR K) 2019/09/20 #EF= @ ILEKRF 5
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1. Auto-Regressive model (Method, general) II

rFitting data with linear func. A
Tpn = QA1Tp—11T0a2Tp—2+ "+ aAMTpn—M +E
M
= Z AjTn—j + €
_ = )
e find a; (Burg method) 0000000000
e find M (FPE final prediction error method) oo
e re-construct wave signal from fitted function o—o—e
e apply FFT with arbitrary precision.
oe—0—0—0
/ power spectrum ) e
02 o—o—0—o
p(f) = 2
M
1 — z aj6_127rijt
j=1

\— J

BH Ff (KPR K) 2019/09/20 #EF= @ ILEKRF
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Auto-Regressive model vs Short FFT

sampling rate=4096 4segmen}t = 1/64 sec = 64 points

000 000 l:l
o

shift = 1/512 sec = 8 points

— The order M can be fixed at 2~8.

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

Even for short segment,
P(f) - t 1 AR model shows precise

| FFT 1 power-spectrum.
N A% VAN
/) ‘,‘ \ BN

freq [mock data SNR=40, inspiral part]

BH Ff (KPR K) 2019/09/20 #EF= @ ILEKRF
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1. Auto-Regressive model (Method, general) III

rFitting data with linear func. )

Tpn = 0Q1Tp—1t+0a2Tp—2+ - -+ apmMTpn—M +E

M
- E AjTn—j 1+ €
j=1

\_ ),
e find a; (Burg method)
e find M (FPE final prediction error method)
e re-construct wave signal from fitted function
e apply FFT with arbitrary precision.
fpower spectrum ) rcharacteristic eq. )
52 M |
p(f) = Iy 2 f(z)ZI—Z;asz:O
J=1 |z;| says amplitude
\_ W, |

arg(z) says frequency.

BH Ff (KPR K) 2019/09/20 #EF= @ ILEKRF



Ringdown Search by Auto-Regressive Approach (01/02 public data, GWTC1 catalogue)

GW150914
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Hanford (SNR=20.6)

1x10720

1x102!

1x1028 |

ASD [1//Hz]

*GW150914_H100_02_psd_alltxt ——
“GW150914_H100_03_SD. rtHz. bt" ——

|
o2 H |

1x10°24

500

450

400 —

350

300

f [Hz]

250

200

150 —

100

Ringdown Search by Auto-Regressive Approach (01/02 public data, GWTC1 catalogue)
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Ringdown Search by Auto-Regressive Approach (01/02 public data, GWTC1 catalogue) 11
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(M, a) = (631755, 0.6975:05)

Fano = 271.8 Hz, fagy = 266.0 Hz, fags = 254.7 Hz
TNl /210 = 380.7 Hz, for; = 225.7 Hz, faoo = 252.8 Hz
faz0 = 430.9 Hz, fs31 = 427.4 Hz, fa30 = 421.1 Hz
f320 = 387.9 Hz, f310 = 351.1 Hz, f300 = 320.3 Hz

fi (H2) GW150914
f_imag LV paper
' (AR) Hanford
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f_real
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“l param |
oo LV paper
(AR) Hanford
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- Mass



Ringdown Search by Auto-Regressive Approach (01/02 public data, GWTC1 catalogue) 12

GW151012

Hanford (SNR=6.4) (M, a) = (35.6+10:8, 0.67+0:13)
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ot | | .- f320 = 680.8 Hz, f310 = 618.8 Hz, f300 = 566.6 Hz
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Ringdown Search by Auto-Regressive Approach (01/02 public data, GWTC1 catalogue) 13
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Ringdown Search by Auto-Regressive Approach (01/02 public data, GWTC1 catalogue)

(M,a) = (79.5%15.5,0.817097
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Ringdown Search by Auto-Regressive Approach (01/02 public data, GWTC1 catalogue)
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Ringdown Search by Auto-Regressive Approach (01/02 public data, GWTC1 catalogue) 18

GW170814 (M,a) = (53.2752,0.724000) 2 o e,
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Ringdown Search by Auto-Regressive Approach (01/02 public data, GWTC1 catalogue) 19
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