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A~~~ (BBH) M.(Mp) Hilt Xeti  Mina(Mo) #BE (Mpc) (A6)® SNR
GW150914 28.67,L  0.86  -0.017.7% 63.1757 4407120 182 244
GW190412 133792 032 0.2110 0% 35.615% 7207250 240  19.8
GW190521 63.3719°8 058  -0.1479°5. 14747700 331017070 1000  14.3
GW190521-074359 32.875%  0.77 0.1+913 726705 10807250 470 25.9
GW190814 6.11709¢  0.11 0907 25.711°% 230750 22 25.3
GW191109-010717 475129 o072 -0.2979%3 1077180 12907.1%0 1600  17.3
GW191204 171526 | 8557935 069 0167095 1921717 6507120 350 175
GW191216 213338 | 8337022 064 0117073  18.87728, 3407120 490 18.6
GW200112-155838 27.472°% 079  0.067) 712 60.81T55 1250750 4300 19.8
GW200129-065458 27.2%-_% 0.84 0.11;§-_ ié 60.3}:2_% 900:_3%‘6; 130  26.8
GW200224 222234 31.1152  0.81 0.170-12 68.615% 1710790  50.0 20

GW200311-115853 26.672¢0  0.81  -0.02703° 59135 11707230 35 17.8
A XY b (BNS) M.(Ms) HEHiElt Xeff M{'}(M@) FREE (Mpc) (A9)2 SNR

+0.001 +0.02 +7.0

GW170817 1.186Tgg; 087 020 01 o 10235 16 33

GW190425 1.447005 062  0.071508 3.410% 15075, 8700 12.4
A X+ (NSBH) M.(My) HEHERL Xeff M, (Mp)  #HE (Mpc) (A#)° SNR
GW190917_-114630 3.770% 022 -0.087.%% 11.6755 7207500 2100 8.3

GW200105.162426 | 3.427098 .21 0.010-13 10.7+15 2701120 7900  13.7
GW200115.042309 | 243709  0.24  -0.151027 7.2718 2907750 370  11.3
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good event for test

too heavy, low frea.

too light, high freaq.
too heavy, low freaq.

too light, high frea.
too light, high freaq.



Tests of General Relativity with GWTC-3 (LVK paper) LVK PRD accepted, arXiv:2112.06861

1. residuals test Propetes Tess performed

: D, (I+2M (1+o9M (1 +2)M;  x; RT IMR PAR SIM MDR POL RD ECH
2 . = I . d = [Gpel [M:] [M] [Mo]
. Inspiral-merger—ringdown consistency test  aiwoon w i @i wr vemy v v - - - - v v
. . GWI191129.134029 HL  0.79°0% 20.10°22 8.49°0% 19.193%7 0.69°9% 13172 v - v v v - - /
3. parametrized tests of GW generation OWISIZAITIS HL 06545 2745 97045 206055 070h 15 v - v/ v 4 - s
. . GW191215223052 HLV ~ 1.93°0% 584+8 24915 55848 068007 112703 v - - - Vv / - /
4 Spln_lnduced moments GW191216.213338 HV  0.347012 21.17°22 8.94:005 20.18+3% 070799 18672 v - Vv v V V - /
. GW191222.033537 HL  3.0717 1197'$ 51072 114*}%  0677°0% 12572 ~v - - - / / J/ /
5. modified GW dispersion relation e b i v B IVEMEDED R
- N -0.38 M-38 w26 =34 -1~ -0.05 H-0.2

. . GW200202_154313  HLV ~ 0.41°01° 190173 8.15°0% 18.12°2% 0.69°09} 10872 v - v - V - - V
6_ pOIar|Zat|On Content GW200208.130117 HLV 2237100 91+1l 38852 875103 066°0% 1083 v v - - / / - /
GW200219.094415  HLV 34717 10344 43.7:¢3 98:L 066751 1079 v - - - / / - /
7 rlnngWH GW200224.22223¢  HLV  171°0% 94983 40975 90275 07399 200 v v - - / / / V
. GW200225.060421 HL  1.15°031 412730 17.65°0%8 39.4*22 066709 1257 v v V V V /4 - V/
GW200311-115853 HLV 117702 759%62 32721 724*% 069799 17879 v v Vv -  V V V
8. eChOeS SearCheS GW200316215756  HLV ~ 1.1270¢7 255787 10.68-01224.3%0 07079% 1037¢ v - v / - - - /

/. ringdown test
) . » - . . +o0 {400 _ . _
2. Inspiral-merger-ringdown consistency test i =SS S Ao exp|-—t ]exp[2mfgm,,(t 1)

~28 tmn(0, &, x1).

=2 m——~t n=0 (1 + DTemn 1+7

time-domain ringdown analysis pyRing, based on damped sinusoids,

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

. . . postinsp _ postinsp Event Redshifted final mass Final spin Higher Overtones
Parameter Estimation with f < f, Mg » X (1 + 2)M; [Mo] 9 modes
. y . y 1 IMR Kerryy, Kerry,  Kerrpy IMR Kerryy Kerryy,  Kerrgy log,, By,  log,, B33, log, Of™™
—0.5 ).0 R3] . D : :

10— * : : Mfmsp, X;HSP GW191109-010717 132.7-22 1817383 179.0*%7 174.553%1  0.60*22 0.81*21° 0.8170% 0.77+01] -0.11 1.03 -0.27
X GW191222 033537 114.27143 111.4*693 110.3+362 118.3*70  0.67+0% 0.46:04! 0.52:03! (.60+028 0.08 -0.83 -0.20
= ] GW200129-065458 71.87%%  60.0%167 77.07144 219.171104 (075200 031+043 (747017 ,54+035 ~0.00 -0.47 -0.09
= : (L MM Waveform models GW200224.222234 903764  84.4*B2 8861155 119.471426  (.73+0% 061027 0.607023 0.64+02 0.20 0.95 ~0.11
<] 1 ' z) [ Me +5. +23. +28. +167. +0. +0. 0. +0.
< % 0 1 IMRPhenomXPHM - phenomenological PN-based models, calibrated to NR GW200311_115853 72.1334  68.5+3¢ 722286 2132+1678 () 68+007 (3044 () 58+030 () 561032 0.02 -1.16 -0.15

1.0
IMR D >0 supports higher modes A
Event fMR[Hz] prvr  Pinsp  Pposinsg Qi [%] pponts hie
-0.5
GW200129.065458 136 25.7 20.1 16.0 1.5 1 >0 supports first overtone
GW200208_130117 98 99 72 6.8 10.5 2060 AN
GW200224.222234 107 194 143 131 207 : D awimu A j
GW200225.060421 213 129 111 6.6 1.3 : [~ GWAALE064S ] Il >0 disagreement with GR
05 GW200311-115853 122 17.5 135 11.0 15.2 0.625 |- == combined = 168
A i joint 1 0 4 125 ..
/ \ B posterior "‘ 10 1 15 :
S B . o 1 N = '
—1.07 ‘ [—1.0 . ] ) ] & 0250 - \_ 3 v -ms;\
. , , . — the fraction of the posterior enclosed by the isoprobabilty i - ; Ty = . Los
05 00 05 10 15 2 4 6 8 W | A A 14 -
AM;/ M P(Axe¢/x:) contour that passes through (0, 0) o1 b i 1 e o
. : . : smaller values indicate better consistenc I 1 ' . 1t ' i
MM MM e [ y] RN 07t No statistically significant
M TP PR iy postinsp” 030 500 —0.25 0250 0625 1000 — P
o Xeo T ~ i deviations from GR

No statistically significant deviations from GR 5 fozn


https://arxiv.org/abs/2112.06861

HelllgstET )b Auto-Regressive model (Method, general)

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.

rFitting data with linear func. )
Tpn = 0Q1Tp—-1TA2Tpn—2+ "+ aAMTpn—M T+E
M
- Z AjTn—j + €
_ = J

e.qg. z, = Ae " cos(wnAt)

_ o (r—jw)At A n n
Zl = € * T, = 5(21 —|— Z2) T (Zl + ZQ):L.n—l _ Z].ZZSC’I’L—2
Ty = 6—(7°—|—jw)At

can be applied also to noisy data by adjusting M

fpower spectrum ™ [ characteristic eq. )
2 M
o) .
p(f) = z)=1-— a;z? =0
M 2 f ( ) ; J
1 L Z aje—IQijAt k J
J=1 2% | says amplitude,
- / arg(zy) says frequency.
e — The order M can be fixed at 2~8.
f‘|
| Even for short segment,
P(f) it AR model shows precise
| /‘\I\NF\FT i power-spectrum.

500

freq. [mock data, SNR=40, inspiral part]



HaEEETFIV(EEERTFEIE) Auto-Regressive model (GW)
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PRL 116 (2016) 061102

https://www.gw-openscience.org/eventapi/html/GWTC-1-confident/GW150914/v3

FIG. 4. An orthographic projection of the PDF for the sky
location of GW150914 given in terms of night ascension a
(measured in hours and labeled around the edge of the figure) and
declination & (measured in degrees and labeled inside the figure).
The contours of the 50% and 90% credible regions are plotted
over a color-coded PDFE. The sky localization forms part of an
annulus, set by the time delay of 6.97)7 ms between the
Livingston and Hanford detectors.
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FIG.5. 90% credible regions in the joint posterior distributions
for the damped-sinusoid parameters f and 7 (see the main text),
assuming start times t, = f); + 1, 3, 5, 6.5 ms, where #,, is the
merger time of the MAP waveform for GW150914. The black
solid line shows the 90% credible region for the frequency and
decay time of the Z =2, m =2, n = 0 (i.e., the least-damped)
QNM, as derived from the posterior distributions of the remnant
mass and spin parameters. 7
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The First event; O3a (GWTC-1, PRX 9(2019) 031040)
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Frequency [Hz]

Hanford

.2 025 0.3 035 04 045 0.5 0.55
Time [seconds] from 2015-09-14 09:50:45 UTC (1126259462.0)

Livingston

0.2 025 0.3 035 04 045 05 055
Time [seconds] from 2015-09-14 09:50:45 UTC (1126259462.0)

> @
Normalised energy

> @
Normalised energy

1 segment = 256 points
= 1/16 sec = 62.5 ms

Hanford (SNR=20.6)
-ﬁ

550
"GW1509lélLHlfspectrumAthopldellt” using 1:2:3:4 +——+—i
"GW150914_H1_spectrumAR_top2.dat" using 1:2:3:4 +——¢—
500 - "GW150914_H]_spectrumAR_top3.dat" using 1:2:3:4 i
"GW150914_H1_spectrumAR_top4.dat" using 1:2:3:4 4
450 |- "GW150914_H1_spectrumAR_top5.dat" usin,
400 |

350

300

250

15.35 15.55 15.6
- -
—
Livingston (SNR=14.2)
550 T T T T
"GW150914_L1_spectrumAR_topl.dat" using 1:2:3:4 ———
"GW150914_L1_spectrumAR_top2.dat" using 1:2:3:4 ﬁ
500 - "GW150914_L1_spectrumAR_top3.dat" using 1:2:3:4 ( .
g 1:2:3:4 m
g 1:2:3:4 X

450 | "GW150

400 -

350

300

250

200

"GW1 50%1 4_L1_spectrumAR_top4.dat" usin,

W

1 1 1 1
15.35 15|4 | 15.45 15.5 15.55

1 segment = 256 points
= 1/16 sec = 62.5 ms

https://www.gw-openscience.org/eventapi/html/GWTC-1-confident/GW150914/v3

LV paper »

1:QNM
(@]==]gvs >

(M, a,z) = (63.1754,0.697503,0.0975-0%)

f220 +z' 38.42 Hz, foo1 = 244.0 + ¢ 116.6 Hz, fooo = 233.7 + ¢ 197.2 Hz

fa10 = 349.3 4 i 62.91 Hz, fo1; = 207.1 + i 117.5 Hz, fo00 = 231.9 + i 49.46 Hz

Fa30 = 395.3 + 4 39.41 Hz, f331 = 392.1 + i 121.2 Hz, f330 = 386.3 + i 217.9 Hz
Fa20 = 355.9 + 4 39.73 Hz, f310 = 322.1 + i 53.2 Hz, f300 = 293.9 + i 41.37 Hz

18 seagments
£=249.07 +- 28.19 Hz
t=15. 4578 -15. 5286

| 12 segments
| f=248.64 +- 41.95 Hz
1 1=15. 4443 -15. 5432

f {220} imag

wl LV paper
| —— (AR) Hanford
ﬁ (AR) Livingston
f {220} real
f {220} imag
diff from GR
f {220} real
diff from GR



The First event; O3a (GWTC-1, PRX 9(2019) 031040)
= i 3.4 0.05 0.03
GW150914 198 S0 —1.8125 ms (M, a,z) = (63.175%,0.6975 3, 0.097553)

B F220 +z' 38.42 Hz, fop1 = 244.0 + i 116.6 Hz, fogs = 233.7 + i 197.2 Hz
A A Hanford Hanford (SNR=20.6) UGN o0 = 349.3 +i 62.91 Hz, foyy = 207.1 + i 117.5 Hz, faoo = 231.9 + i 49.46 Hz
\ v \ f330 = 395.3 + 1 39.41 HZ, f331 =392.1 +12 121.2 HZ, f332 = 386.3 + ¢ 217.9 Hz

550

T T
"GW150914_Hc_spectrumAR _top1.dat" usin, 3
"GW150914_Hc_ spectrumAR_to

L RTLE

f320 = 355.9 + ¢ 39.73 Hz, f310 = 322.1 + ¢ 53.2 Hz, f300 = 293.9 + ¢ 41.37 Hz

W W%%z:::%;;ig : :%t e s
T |
B e T % J C& & I§ = i 21 segments 2
L ﬁ} t 1 L % % f=251.85 +- 9.17 Hz £ = -
ﬁ MH * : t=15. 4285 -15. 5449 S |
\ 1 ,I, | | | | N LV paper
\ .'u" |"| 5(1)5.35 15“ 1545 155 1555 156 f_{220} Sta rts 8mS ::I (AR) H.a.r]ford
" |'."' LiVingStOn after t_merger 20"_ (AR) Livingston
Hanford =~ | | / - Livingston (SNR=14.2)
Livingston \ / | | | | N B
Virgo YV ey ” “ 7 “ 5°°
KAGRA 2 M e f 220} real
“ 1 % %% | i T E T
. . Ty W _ | T ; F  } } 1 f {220} imag
GW150914 E | SRR *;EL 1 éb H diff from GR
delay time (msec) from tO T i, : |
(+ delay, - advanced) % } T{i R w ” . osf
W x il iJ %H ] © 1 16 segments
LHO = 12.8483 : i 4 f=251.57 +- 11.43 Hz
LLO = 6.26193 A o t=15.4177 -15.529 @
t merger =154 s f {220} starts 11ms |
t mergerH =15413 after t_merger ‘ f_{220} real
t_mergerL = 15.406 R diff from GR
£ 3.9ms t mergerH = 15.417 EE5% 251.6 HzOU VIO ViEFZEIG>TWS
' t_mergerL = 15.410 Livingston (& Hanford& D H11ms i@ <iE>TWS |
a1&bh 5 Livingston (& 8ms #, Hanford (&1 1ms #&H 51

https://www.gw-openscience.org/eventapi/html/GWTC-1-confident/GW150914/v3 10



O3a (GWTC-2, PRX 11(2021) 021053)
= ' 3.9 0.06 0.03
GW190412 Network SNR=18.9 A (M, a,z) = (37.3733,0.67 0 02,0.157003)

fonm Fo20 +7: 62.17 Hz, fo9; = 384.7 + i 188.9 Hz, fo9o = 367.4 + i 319.9 Hz
@Earth P fo10 = 562.9 4+ i 103.0 Hz, fo11 = 328.9 + i 190.0 Hz, fogo = 372.7 + i 79.98 Hz
faz0 = 624.8 + i 63.84 Hz)fs31 = 619.4 + i 196.1 Hz, f330 = 609.5 + i 354.1 Hz

f320 = 565.1 + 7 64.26 Hz, f310 = 513.6 + 7 84.68 Hz, f390 = 470.2 + 7 66.54 Hz

T T T
"GW190412_Hb_spectrumAR_top1.dat" using 1:2:3:4 ——+—

500

Hanford

Hb[[5pectrus

400

i
1
N e ;E i“ -
[l
350 |- 21 o8 T
20 L
T
300 T
15 % 3 k
2 52
& 250 - i ]
© F-

% 100 -
/ o {ﬁ TEEN. |
| ' % %} 21 segments sl
.'|I |‘ Time [seconds] from 2019-04-12 05:30:44 UTC (1239082262.0) 100 - % f :3 9 4 ] 9 7 _I__ 5 ] 7 4 H 7 g i
|'|.' ".| " 1511: 15IA2 15{25 15I.3 15I.35 t - 1 5 . 1 675 - 1 5 . 30 1 8 _g 60
|‘ ‘l = !
o LV paper
\ll | ." 0 I I 'I'GWl90412_Lb_spectrum/I\R_top1 dat" using 112:3:4I»—+—{ g 40 - (A R) H a n fo rd
\ L Botiyspatit 3 S S o |  (AR) Livingston
\ L o R e “ | (AR) Virgo
Livingston - e |
/ﬁ—_—1_~_J I 15171 I3 _
‘ / o“ / 350 | ] | { |
" ,// ’ |" / - 300 H ! FE % A A i i ! i i i i ! i i i i ! i i i i !
\/ ) ¥ 3 l 1 100 200 300 400 500
—— & 3 250 -
M ! ﬂ f {220} real

} F 19 segments
] £2400.28 + 6.93 Hz .
: | t=15.1660 -15.3159 |

150

GW190412
delay time (msec) from tO
( + delay ; - advanced ) K 15{15“ 15IA2 15IA25 15I3 15I.35

f {220} imag
diff from GR

0
0.05 01 0.15 02 025 035 04 045 05 100 |
Time [seconds] from 2018-04-12 05:30:44 UTC (1238082262.0)

0.5

L.HO = 0.87046 550
LLO = 7.94444 0
Virgo= -11.2685

T T T
"GW190412_Vb_spectrumAR_topl.dat" using 1:2:3:4 ———
SGW190412_Vb_spectrumAR_top2.dat" using 1:2:3:4 ——¢—
b

'GW190412_Vb_spectrumAR_top3.dat" using 1:2:3:4

Vb_spectrumAR_top5.dat" using 1:2(3:4

450

'"GW 1904121 Vb_spectrumAR _top4.dat" using 1:2:3:4
'GW19041

400 |

Virgo

350

t merger = 15.166
t mergerH = 15.167
t_ mergerL = 15.174
t mergerV = 15.105

]
25
e
]
300 |
15 & 1
@
kot 250 |
@
‘©
10 E %
£ |
= 200 | T
1
5

150
0.05 a1 0.15 02 025 03 0.35 04 045 05 100 L
Time [seconds] from 2018-04-12 05:30:44 UTC (1238082262.0)

ﬁi W J{ }% E: | f {220} real
Eﬁ H | 12 segments diff from GR
L.

Frequency [Hz]

t=397.33 +- 9.90 Hz

t=15.1699 -15. 2835

50

https://www.gw-openscience.org/eventapi/html/GWTC-2/GW190412/v3 https://gracedb.ligo.org/superevents/S190412m/view/ 11



O3a (GWTC-2, PRX 11(2021) 021053)

GW190521

Frequency [Hz]

GW190521
delay time (msec) from tvu
(+ delay, - advanced)

LHO = 2.6754
LLO = 10.3767
Virgo= -8.27122

t merger =15.61s
t mergerH = 15.613
t mergerL = 15.620
t_ mergerV = 15.602

https://www.gw-openscience.org/eventapi/html/GWTC-2.1-confident/GW190521/v4

|
Frequency [Hz]

Frequency [Hz]

Network SNR=14.2

Hanford

o
Normalised energy

0.25 0.3 0.35 04 045 05 055 06 0.65 0.7
Time [seconds] from 2018-05-21 03:02:29 UTC (1242442967.0)

Livingston

o o
Normalised energy

0.25 03 0.35 04 045 05 0.55 0.
Time [seconds] from 2018-05-21 03:02:28 UTC (1242442967.0)

Virgo

o o
Normalised energy

0.25 03 0.35 0.4 045 05 055 06
Time [seconds] from 2019-05-21 03:02:29 UTC (1242442967.0)

550

500 [HEGHTT
8
i
450 Je]|
400 -+
350 |
300 |
250 |-
200 |-
150 |-

100

50

550

500

450

400 E f[L

350 i
i |

300

250

200

150

100

50

550

500 |-
450 |-
400 |-t
350 f- 3+

+
300 ||
250 |-
200 |-
150 |

100

50

1 segment = 64 points
= 1/64 sec = 15.625 ms

T T
"GW190521_Hb_spectrumAR_top1.d:
" 0 o0

T T
"GW190521_Lb_spectrumAR_topl.dat" using 1:2:3:

T T
"GW190521_Vb_spectrui _topl.dat" usin:
"GW190521_Vb_spectru _top2.dat" using 1:2:3:.

(M, a,2) = (150.3%35:%,0.7310-1},0.7210-39)

f:QN \
at" using 1:2:3: I @Ea rth »
op2.dat" usin : %
et
usi 1
i
|

fa20 7: 10.00 Hz, fa9; = 67.28 + i 30.31 Hz, fogo = 64.79 + i 51.07 Hz
for0 = 91.92 + i 15.99 Hz, fo11 = 56.20 + i 30.67 Hz, fogp = 61.42 + i 12.92 Hz
f330 = 108.4 4 i 10.23 Hz, f331 = 107.7 + i 31.52 Hz, f332 = 106.3 + 4 56.17 Hz
f320 = 96.67 + i 10.35 Hz, f310 = 86.73 + i 14.37 Hz, f300 = 78.55 + 4 10.93 Hz

https://gracedb.ligo.org/superevents/S190521g/view/ 1 2



O3a (GWTC-2, PRX 11(2021) 021053)

GW190521 0774359

GW190521 074359
delay time (msec) from t

(+ delay, - advanced)
LHO = 1.11895
LLO = 10.7412

Virgo= 0.690039

t merger = 15463 s
t mergerH = 15.464
t_ mergerL = 15474
t mergerV = 15457

https://www.gw-openscience.org/eventapi/html/GWTC-2.1-confident/GW 190521 _074359/v?2

Frequency [Hz]

Frequency [Hz]

Hanford

/

Livingston

Virgo X

025 03 035 04 045 05 055 06
Time [seconds] from 2018-05-21 07:43:58 UTC (1242458857.0)

=1 o
Normalised energy

0.25 0.3 0.35 04 045 05 055 06
Time [seconds] from 2019-05-21 07:43:59 UTC (1242459857.0)

Network SNR=25.8

o o
Normalised energy

550

1 segment = 64 points
= 1/64 sec = 15.625 ms

500

450

400

350

300 |-

250

200

150

100

50

550

500

450

400

350

300 |-

250

200

150 |-

100

50

T
"GW190521_074359_Hb_spectrumAR _t
"GW190521_074359_Hb_spectrumAR

g _
"GW190521_074359_Hb_spe irumAtho
" 190521_074359_Hb_spettrumAR _t

"GW190521_074359_Hb_spettrumAR _t

olpl dat"
top2.dat"
p3.dat"
op4.dat"
op5.dat"

T
using 1:2:3:4 ——
using 1:2:3:4 ——¢—

using 1:213:4
using 1:213:4
using 1:213:4

1 1 1 1
15.45 ‘ 15.5 15.55 15.6

15.65

T T
"GW190521_074359_Lb_spectrumAR_top1.d:

T
ey SRR Ty
i, " 1 TR
b [ G 4 Lt speclrdfns I i
"GW190521_074359 Lb: spectrumAR_toprkd
_top5.

"GW190521_074359_Lb_spectrun 1 at" usin,;

15.55 15.6

15.65

LV paper »

1:QNM
(@]==]gvs >

(M,a,z)=(70.7

+6. +0.06
—4.2 —0.07> O'25—0.1 )

4 0.72—|—0.05

fao0 =(198.8 } 7 29.43 Hz, f2; = 195.0 + ¢ 89.23 Hz, foy = 187.5 + ¢ 150.5 Hz
fo10 = 269.7 + 7 47.34 Hz, fo11 = 163.6 + ¢ 90.18 Hz, foo0 = 179.9 + ¢ 37.98 Hz

f330 = 314.7 + 7 30.14 Hz, f331 = 312.5 4+ ¢ 92.78 Hz, f332 = 308.3 4+ ¢ 165.7 Hz
f320 = 281.3 + 7 30.46 Hz, f319 = 252.9 + ¢ 41.88 Hz, f300 = 229.5 4+ ¢ 32.02 Hz

: o |
| 2 segments ch i
| f= 233.66 +- 22.164 Hz = |
t= 15.5256 --15.5266 § |
o |

\ 4

LV paper
(AR) Hanford
(AR) Livingston

: 6 segments
{ =213.03 +- 14.90 Hz
1 1=15.4639 -15.5928

N CERh o T

1
200

i 1 i i i i 1 i i i i 1
300 400 500

f {220} real

https://gracedb.ligo.org/superevents/S190521r/view/

f {220} imag

diff from GR
f {220} real
diff from GR

13



03b (GWTC-3, arXiv: 2111.03606)
GW200112 155838  Network sNR=19.8 Tk o < 15 oo (M, a,z) = (60.87373,0.7177 g6, 0.2475:55)

fonm Fa20 7: 34.69 Hz, fag; = 226.5 + i 105.2 Hz, fogy = 217.5 + i 177.6 Hz

Hanford X @Earth P fo10 = 3T7.0 + i 56.13 Hz, fo1; = 190.8 + i 106.2 Hz, fogo = 211.1 + i 44.72 Hz
f330 = 366.1 + 7 35.55 Hz, f331 = 363.3 + i 109.4 Hz, f330 = 358.3 + i 195.8 Hz

f320 = 328.0 + i 35.89 Hz, f310 = 295.6 + i 48.9 Hz, f300 = 268.7 + i 37.61 Hz

| 100 -
\f —| a0l
| © |
— ’-H }
550 T T T T T o :
e e &« LVK paper
| \ W hﬁ | TTW’ ’f‘w [ “fﬁ” o fit§ i il —— (AR) Hanford
\ Livin n 1 L | (AR) Livingston
‘f \ — —\ vingsto o l T l 20f (AR) Virgo
}rf g A—~-"I}‘ 20 300 |- ; ]
\I - 5 20 | T .
Fh— 31 segments f {220} real
1 S B i f= 226.88 +- 10.95 Hz —
"l t=16.0950 —-16.1992
GW2 O O 1 12_ 03 025 0z 015 0.1 0.05 0 005 0.1 0.15 02 50 Lu’- f_{ 2 2 O} imag
delay time (msec) from tO Tme [second) fom 2020-01-12 18:56:38 UTG ( 0 diff from GR
(+ delay, - advanced)
LHO = 8.634 s | 05|
LLO = 2 . 1 4 5 5 450 ,, i rEr,-'?;?!FA‘-,.’g*s-}w,;a-.,v_v_g-.:_-»_-—. R L
Virgo= -15.3773 i 1 R L 25
J Virgo
t merger = 16.094 s .l o - - "
t mergerH = 16.103 '
t_mergerL = 16.096 E 2 segments | f {220} real
t:mergerv = 16.080 5 :; ol f=276.78 +- 76.15 Hz -0.5: diff from GR
) t=16.1528 —— 16.1992
. Tir:é‘?secon;l‘] from 2020-01-12 15:56:88 UTG (1262879332.0) oo v 16I.05 Aléll 16{15 1(;.2 16I.25 163

https://www.gw-openscience.org/eventapi/html/GWTC-3-confident/GW200112.155838/v1 https://gracedb.ligo.org/superevents/S200112r/view/ 14



O3b (GWTC-3, arXiv: 2111.03606)

GW200129 065458

= 256 points
62.5 ms

1 segment

LV paper »

H 550 : T . '
a n fo rd "GW200129_065458_H6_spectrumAR_topl.dat" using 1:2:3:4 ——+—i
e ) H a nfo rd "GW200129_065458_H6_spectrumAR _top2 dat! using 1:2:3:4
// . . 2 500 - % ﬁ } W200129_065458_H6_spectrumAR_top5 dat| uging 1:2:3:4 .
yan W200129_063458_H6_spectrumAR_topédat/ u 12’3:4 LM
/,/ " a0 LT | 200129_063458_H_spectrumAR_topS.dat/ u g123:4 i i
/ | 20 3 K \
{’._\ | ] 1 1 . M
| T~ Ny _ 5 400 - ik 1
\ / T 158 ] . T
\ /" ,Z,' % 1 _ - :
' g & 350 |- . T Kl L
g 1 0 g i T - ’
e 5 -
zZ ¥
300 | H R l =
250 | i 7" 7
il
I/ 15 02 025 03 035 04 045 05 055 06 065 7 i i ] ‘ ": i 'i Ili | nli
~__/ Time [seconds] from 2020-01-29 06:54:58 UTC (1264316116.0) 200 “'i||||||||"'li ‘““" !||||I||| 1 i
|||"| Il'lll ”ll I '.!.“
. R
/ 150 | ' i
/ ‘ ; '.-I '", ] .II-. ‘. "
/ | w00 |- B
z'// ‘ -
. |
| = ‘/j 50 I I !
\ // - { 154 1545 155 1555 156
/
// 550 T T T T
{_ L' - .t "GW200129_065458_L6_spectrumAR_top1 .dat" using 1:2:3:4 ——+—
- IVI n g S 0 n "GW200129_065458_L6_spectrumAR_top2.dat" using 1:2:3:4 +——<—
7 500 - "GW200129_065458_L6_spectrumAR_top3. i 1:2‘:3:4 .
.". "GW200129_06545 8_L6_speclrumAR_top4441r S 1:213:4
450 | "GW200129_065458_L6_spectrumAR_top5 1 1:263:4
—t 400 |- T T .
— 5 11
z 58 I 1t
2 .
g 1 of : 1w+
& 3 300 L LT I
. 5 250 |- L] | 1 Ti 1
T J il 4
I L §
015 02 025 03 035 04 045 05 055 06 065 07 200 - -'ll"’ i L B r It T
GW200129 Time [seconds] from 2020-01-29 06:54:58 UTC (1264316116.0) . | lII" ‘. Il Lk || HHY % % I } % % g 1
. = 1 | i | i 1 3 QP ] 7
delay time (msec) from tO i % 1 k
- | 8 | |
R | : i
(+ delay, - advanced) .
50
0 7 5579 155 15.55 156
LH = - °
LLO = 1.71251 .
: Virg
Virgo= 9.73468 Irgo
t merger = 15.435 s .
—_ 5 -
t mergerH = 15.427 5 :
— 2 g
3 s
t mergerL = 15.437 E °f
t mergerV = 15.445
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)

https://www.gw-openscience.org/eventapi/html/GWTC-3-confident/GW200129 065458/v1

https://gracedb.ligo.org/superevents/S200129m/view/

. +4.0 +0.06 +0.05
(M,a,z)=(60.3755,0.73",,2,0.1857)

fo290 i 36.34 Hz, foo1 = 244.4 + i 110.1 Hz, fo9o = 235.4 + ¢ 185.5 Hz,
fo10 = 334.0 + 4 58.09 Hz, fo11 = 204.2 + i 111.4 Hz, fo00 = 223.1 + i 46.94 Hz,
f330 = 394.0 + i 37.18 Hz, f331 = 391.3 + ¢ 114.5 Hz, f332 = 386.3 + i 204.1 Hz,

fa20 = 351.2 + i 37.62 Hz, f310 = 315.1 + i 52.23 Hz, f300 = 285.4 + i 39.7 Hz,

1:QNM
(@]==]gvs >

damping rate
100 -

-5 7607~ 15. 5081
73 segments

f=(246. 45+10. 08 Hz ~+—.
t= 15. 4556-15. 5493 ol

LVK paper

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

f {220} imag
3

: : 5 : ] . . . . . : . - - ‘— frequency
100 200 300 400 500

f {220} real
29 segments

f= 316. 65+-10. 77 Hz
t=15.4609-15. 4993

39 segments
f=259.97+-11.16 Hz
t= 15.4553-15. 5461

15



O3b (GWTC-3, arXiv: 2111.036006)

GW200129 065458

Hanford

Frequency [Hz]

,',x' 015 02 025 03 035 04 045 05 055 06
j Time [seconds] from 2020-01-29 06:54:58 UTC (1264316116.0)

Livingston

Frequency [Hz]

015 02 025 03 035 04 0.45 05 055

Time [seconds] from 2020-01-29 06:54:58 UTC (1264316116.0)

GW200129
delay time (msec) from tO
(+ delay, - advanced)

LHO = - 7.5579

LLO = 1.71251 .
Virgo= 9.73468 Virgo
t merger = 15.435 s

15.427
15.437
15.445

t mergerH =
t mergerL =
t mergerV =

Frequency [Hz]

+ 7.8125s
t mergerH = 15.435
t mergerL = 15.445
t mergerV = 15.452

015 02 025 03 035 04 0.45 05 055

06

X . .55 06
Time [seconds] from 2020-01-29 06:54:58 UTC (1264316116.0)

065

065

07

Network SNR=26.8

o o
rmalised energy

Nol

(=] o
Normalised energy

o o
Normalised energy

550

500

(=]

450

400

350

300

250

200

150

100 |-

50

550

500

m:}
] |

250

400

350

300

200 | T

150

100

50

550

500

450 -

400

350

300

250 -

200

150

100

50

1 segment = 64 points
= 1/64 sec = 15.625 ms

(M,a,z) = (60.37333,0.73%q g5, 0.18 7507

Hénford

.

|

T T T
"GW200129_065458_Hb_spectrumAR_top1.dat" usin
"GW200129065458Hb?(eclrumAR_ p2.dat" using 1;2:3:

"GW200129_065458_Hb__
"GW200129_065458_Hb_

"GWZO% 129_065;

8_Hb_:
+
| Al

A
i
il
HI T
]
I~
Al k.
|

f220 z’ 36.34 Hz, foo; = 244.4 + i 110.1 Hz, fo9o = 235.4 + i 185.5 Hz,
fo10 = 334.0 + i 58.09 Hz, fo11 = 204.2 + i 111.4 Hz, fogo = 223.1 + i 46.94 Hz,
fa30 = 394.0 + i 37.18 Hz, f331 = 391.3 + ¢ 114.5 Hz, f332 = 386.3 + i 204.1 Hz,
fa20 = 351.2 + i 37.62 Hz, f310 = 315.1 + i 52.23 Hz, f300 = 285.4 + i 39.7 Hz,
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