Direct extraction of ring-down modes of binary black-hole mergers

using auto-regression method

Inspiral

Ringdown

Ringdown part decays quickly. (damping rate = 3.7 ms for 60 Msun, a=0.75)

We need to develop a technique.
=» Auto-Regressive model

= Apply O3 data.

Hisaaki Shinkai (OIT)
BB (KRITK)

https://www.oit.ac.jp/is/shinkai/

BH quasi-normal modes
& BH perturbation in GR
= (M, a)

Strongest Field ever
= suitable for testing GR

Can we see freq. & damping rate?
Can we see overtones?
Can we see higher modes?

.- as is predicted by GR

m»=» When the ringdown starts?
m»= (Overtones? Higher modes?
== (Consistent with GR?

2023/5/30 KIW10 @ National Tsing Hua Univ. (E1LBEEKRTE) &35 ]




Two acknowledges to the collaborators

Rapid Response Team participation

Human vetting of the event validation by non-experts.
Three Timezones: L+V+K 8 hrs/day
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/ members made

registrations for the shift
until October 1, 2023.
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EPO activities in Taiwan

https://techart.nthu.edu.tw/THEZ2022/
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Transient Catalog O1/02/03a,b has 90 events
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Gravitational Wave Transient Catalog

arXiv ref. BHBH | NSNS | NSBH | BH+? | total

PRX 9 (2019)
1811.1290%7 031040 10 1 11

PRX 11 (2011)

released
O1+02 |{2018/12/3
O3a [2020/10/28
GWTC-2.1 + 2021/8/2
O3b [2021/11/5

GWTC-1

GWTC-2 2010.14527
2108.01045 +8-3 5
2111.03606 32 3 35

total 33 2 3 2 90

GWTC-3

Gravitational Wave Open Science Center

ros
¥

ﬁ Data~ Software~ Online Tools~ About GWOSC~

The Gravitational Wave Open Science Center provides data from
gravitational-wave observatories, along with access to tutorials and
software tools.

\ https://www.gw-openscience.org J
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Transient Catalog 0O1/02/03a,b has 90 events
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= 7 AHBAE)

HEOHERER My, My LIz XD, Fx— B M, = (M M)%5/(My + M)'/°, &

gt (RFURMEDLL) Ma/Mi, BIAE Y Xeq,

raULaRR2HE
) A X%y, IE

DdH5EIT 90% DIEHH

GW190521 ¥ SNR 2317.3 K h KREWVWHDDA. )

SN TUR X M7z BH OB R Mana (NS
M, = M + M), Vil BIFERSERE CEAE) (A0)2, S 2Fn -
X[, (HEZ 2 ICHMIE. BBH IZ2WTI,

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

9
<

<

QA

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 Tesspefomed

: D (+9M (1+9M (1 +9M; xs RT IMR PAR SIM MDR POL RD ECH
2 . . I . d - t t t [Gpel [Mo] [Ms] [Mo]

. |nSp|ra _merger_rlng own Cconslis enCy esS GW191109.010717 HL 1297113 140%2  60.1*%% 135*19 0617018 17305 v — _ _- _ / /
. . GWI191129.134029 HL 0797025 20.10°2% 8.49*0% 19,1937 06909 13.1°02 v _— v v / - -
3. parametrized tests of GW generation GWIINAITISG  HL 06545 274507008 26028 0TS 0S8 /- 4 0 v s -
L GW191215223052 HLV 193708 584+48 249+15 558%5 0687007 112:03 v _— _ - / o/ -
4 Spln_lnduced moments GWI191216213338  HV 0347012 21,1723 8.94*005 20.18*3% 0709 186°2 v - v v / / - /
. GWI91222.033537 HL  3.0°7 119%16 51072 114  0670% 12592 v _— _ - / / / /
L : . . GW200115.042309 HLV 0297013 7.8719  258#001 77419 g0+009 11303 o _ o, _  _  _ _
5. m0d|f|ed GW dISperSIOn re|at|0n GW200129.065458 HLV ~ 0.90703% 74.6%33 32.1%5% 709737 07375% 26870 v v v v V V V V
. . GW200202.154313  HLV ~ 0.41°015 1901719 815005 18.12:2% 0.69°0% 10872 v - v - / - - /
6_ pOIar|Zat|On Content GW200208_130117 HLV ~ 2237190 91+1l 38832 757103 066409 1082 v v - - / / - /
GW200219.004415 HLV ~ 34°17 103*4 437+ o8 066010 107°%2 v - - - / / -
7 rlngdown GW200224.222234  HLV  1.7170% 949783 40933 902775 0737209 2002 v v - - / / / /
. GW200225.060421  HL 115703 412730 17.65°0% 39.4*2% 06679 125 v v / / / / - /
GW200311.115853  HLV 117902 75962 32721 724*36 06970 178°2 v v v - / / / /
8. eChOeS SearCheS GW200316 215756 HLV ~ 1.12:047 25557 10.68:012 243490 070°0% 1038 v — 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,, M; » Xf (1 + DM, [Mo] 9 modes
. o . . 1 IMR Kerryo  Kermry,  Kerrgy IMR  Kerryyy 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
3 GW191222 033537 114.27143 111.4753 110.37362 1183779 0.67+0% 0.46*04! 0.52:03! 0.60028 0.08 -0.83 -0.20
= GW200129-065458 71.8744  60.0*167 77.07144 219.1#1104 (751006 (31+043 (747017 0 547035 -0.00 -0.47 -0.09
% N : (L 2)M /M, 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

. - . . +5.4 +23.6 +28.6 +167.8 +0.07 +0.44 +0.30 +0.32 _ _
< v om0 s IMRPhenomXPHM - phenomenological PN-based models, calibrated to NR GW200311_115853 72.1334  68.5+26 722286 2]132+1678 () 68+007 (30044 () 58:030 (561032 0.02 1.16 0.15
1.0
IMR D >0 supports higher modes A
Event fMR[Hz] pivg P Ppostingp Qe [%) PP &
-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 wioolt A ; .
GW200225.060421 213 129 11.1 6.6 1.3 I N _ A N >0 disagreement with GR
GW200311.115853 122 175 135 110 15.2 0.625 - T combined
A i : joint : 10° 4 L125 .
/ \ - | posterior “‘ ] 1 ::
o - | - - /N — '~
—1.0- i -—1.0 . . . . (E} 0.250 4:\ _ \\ :g S 1()35
. , , . S the fraction of the posterior enclosed by the isoprobabilty = ) ' w — L5
—05 00 05 1.0 15 2 4 6 8 R B A A AR ) -
AM;/M; P(Axe/x:) contour that passes through (0, 0) 015 i _"(/ - 185 =
. . . L . V 75
, : : . smaller values indicate better consistenc I ] A , e ' e

MM M{P - MEPP g [ V] _ ; 1075 No statistically significant

- = . s N - s s . = P T T A W M N S S S N R R ] 55

My M™P o MPOSUP T e insp | ) POSUnSP —0598 500" —0.125 0250 0.625  L.000 b . o

o Xi o T : 53 deviations from GR

No statistically significant deviations from GR 5 fo0


https://arxiv.org/abs/2112.06861

Auto-Regressive model (Method, general)

N s ) .
Fitting data with linear func. find a; (Burg method)
J - find M (FPE final prediction error method)
Tn = Q1Tn_14 a2Tn_o+ -+ aMTn_m + &€ * re-construct wave signal from fitted function
o - apply FFT with arbitrary precision.
— AjTn—j 1+ €
jzzzl Gower spectrum ) Gharacteristic eq. A
& J 0_2 M
eqg. T,= Ae—’rnAt cos(wnAt) p(f) — v 2 f(Z) =1— Za,jzj =0
—(r—jw)A _ —I2mjfAt J=1
D= I gy g = G+ 25) = (21 + Za)ns — Da Tt 1= e - —
7, = e~ (rHiw)At =1 2| says amplitude,
- / arg(zy) says frequency.
v BN e — The order M can be fixed at 2~8
° [1
can be applied also to noisy data by adjusting M | Even for short seament
P(f) i AR model shows precise
[TV power-spectrum.
© 60600000 0 0 0 .‘ L V‘\/F\FT\/\.
oo e ARV
o—o—o - ™ ™ a00
""" o—0—e freq [mock data, SNR=40, inspiral
o—o0—0—e " part]
o—0—10—©
e—0—10—0




Method of Auto-Regressive model for extracting GW signal

We analyse the (whitened) data around the event reported.

sampling rate=4096 segment = 1/16 sec = 256 points - - - _,
or = 1/64 sec = 64 points Using AR method, we extract frequencies fi.a, and damping rate 7 (= fimag).
< > No Prior Models, Only from Data j Independent to each detector

shift = 1/4096 sec = 1points

GW200224 222234 Hanford

~
J)

mVe search constant-frequency signals (ring-down mode !?)

l The variance of fea < 1-sigma, 7(= fimag) < 1.25-sigma

\_

We can pick up several such (f,7) In a single segment

Can extract multipul modes simalteneously

Refer the LVK catalog data (M;,a,) + redshift z

We can extract the existing period for each mode

400 |x 1
[

[* T T T T
"GW200224_222234_HS5_spectrumAR_top1.dat" using 1:2:3:
B "GW200224_222234_HS5_spectrumAR_top2.dat" using 1:2:3:
" 8 "GW200224_222234_HS5_spectrumAR_top3.dat"
§ P i ‘ N " N() 4 A A AR A " y -
2 500 NI TR T P
10 E il 3 i i go of S \ i o Eel :
S L1 || - T3t |~ e |- H HHT T
i ] " ”!-..I i 1 !I : '1
B g PN T L —— il
5 450 -1 | il hi il ! il 1 g ) 7 g|| Ik - PR
I illi} -...-: | I o — - = ; , __z.-_': H 'I
0.15 02 025 03 035 04 045 05 055 06 0.65 07 -0 i “ 1
Time [seconds] from 2020-02-24 22:22:34 UTC (1266618172.0) + 1L ‘

350 t

freq 300 |-

250

200

Derive (f,7) and let them the GR predictions

c3 M [ B B Q—q 1/q3
fr = ]} + fa(1 — a)f3 %fqnm[Hz] - 27TGMfR ~ 32314.1 (ﬁ) fR. ]< a = 1 ( q2 ) .
0 = L —arau-op =
1 Berti, Cardoso & Will PRD 73, 064030 (200Q6). i

Does AR extract ringdown mode properly?
Consistent values from 3 detectors (Hanford, Livingston, Virgo) ?
Consistent values with LVK catalog

When the ringdown starts?
Ovetones? Higher modes?

15.2 15.3 154 15.5 15.6

¥\ 1
F 17

} J_:
15.7

Consistent with GR?



Calibration of transient time of GW at each detector

GW150914

Hanford
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filters to remove the strong instrumental spectral lines seen 1n the Fig. 3 spectra. Top row, left: H1 strain. Top row, right: L1 strain.
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\\
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| , 0 AR R
e S T B N Sl R,
: : 50 , A
0° 18" 16" // 14" /12" / 7 ~\’
-15°

)/ GW151226

______________ | GW150014 .=~ .

-75° FIG. 4. An orthographic projection of the PDF for the sky
location of GW150914 given in terms of night ascension a

Hanford

(measured in hours and labeled around the edge of the figure) and L|V| N g Sto N g
declination & (measured in degrees and labeled inside the figure). . AN W U7 ~_
G PS _I _I 26259462 4 The contours of the 50% and 90% credible regions are plotted Vl rgo =N ; . 100
i over a color-coded PDFE. The sky localization forms part of an AP T
] ] annulus, set by the time delay of 6.97)7 ms between the KAG RA \\\ /7/5;/
. . . Livingston and Hanford detectors.
UTC Time: 2015-09-14 09:50 0

PRL 116 (2016) 241102

-100 -100

PRL 116, 221101 (2016) PHYSICAL RE

GW150914

12— IMR(=2,m=2,n=0)
delay time (msec) from t0 |0’ ﬂ
(+ delay, - advanced) Z s
o § SRS
LHO = 12.8483 S R N
LIO = 6.26193 S|
C% o ;'li.'(; m:'_Q//;;. - ...-.Q--"‘ e
| 2 R T !
Hanford 0

- = 200 2&0 240 260 23() 300
\ .‘ Livingston

QNM frequency (Hz)
\ \ Virgo

e o . yry ' , . . e SO O ST \ / R K AG RA FIG.5. 90% credible regions in the joint posterior distributions

GW150914 gmvod first at L1 dnd-b.‘) pa ms later at lllA: for a visual comparison, the HI dqlu are also shown, shifted in ime by this ".. / \ for the damped-sinusoid parameters f,, and 7 (see the main text),

;:muunl andLmv’ccrtc’(lc ?l(ljluc:'uu?l }of Eh:. dclcitors' relative oflcn‘lamms). b('('(:))zd row: Gruvtlnlxup;:l-xvuvc strain pm).t:clcd ()pll-o :.:uch \ / \ assuming start times 7o = t; + 1, 3, 5, 6.5 ms, where #,, is the

N JRPURRPURI U T n - bacnd Calld Vaaa ahasis & asccacdaal aalaadaal salncas Foa baves snalth wacscssbdoca t sweldh thaaa u"é/,- |l'| "/,/ merger tlme Of the MAP waveform for GW150914 The black
PRL 116 (2016) 061102 |

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

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. 8



Comparisons of the segment length

GW150914

Hanford

1 segment = 32 points
= 1/128 sec = 7.8125 ms

N Hc I

T T
"GW150914_Hc_spectrumAR_top1.dat" usin
_ "GW150914_Hc, pectrumAR _to) 2.dat" usi g 1
500 f % T % ﬂ W150914_Hc]lspe Ltigm _top3.dat" ';,-_ :2:3:
i . "W H50914_HE|[spetttim AR _top4 dét” us ;“-: :2:3:4
{HI
450 " 150914_Hc_| ic'»u imAR: 5.dat" us ‘iﬂ's: 2:3:
1 £ ki |
1 + x .|I| Ll
. . + gt N
400 [ % | i
1 il i
i I I
T i [l
350 | E . o
| o
T Tl 1T [ T _ ko
300
+ ¥ 1T
0.2 0.25 03 035 0.4 0.45 05 0.55 0.
ime [seconds] from 2015-09-14 09:50:45 UTC (1126259462.0) s
r 1 *

1y
'
%

v = 193 S 1o
- 3 3 2 3 I
wn
0 [E—r— T T
W

a5

21 segments
f=251.85 +- 9.17 Hz
t=15. 4285 -15. 5449

Livingston

550 ; ;
"GW1509
"GW150914
500 - 9[ GW1s0914
. . GW 150914
450 | X ! 150914
i %
*
400 | 1
- T *
350 F
y _
- J[ I
T &
5 0.3 0.35 04 045 05 0.55
i from 2015-09-14 09:50:45 UTC (1126259462.0)

16 segments
f=251.5T7 +- 11.43 Hz
t=15.417T7 -15.5295

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

1. We show the segment time as its center, merger time = real merger time +seg. length/
2. Longer seg.length, short-lived ringdown modes hide behind the candidates
3. Shorter seg.length, we pick up many transient noises

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

1 segment = 128 points
= 1/32 sec = 31.25 ms

18 segments
f=249.07 +- 28.19 Hz
t=15.4578 -15.5286

13 segments
f=242.20 +- 8.36 Hz
t=15.4351 -15.5132

T segments
f=251.63 +- 14.6 Hz
t=15.4705 -15.5188

12 segments
f=248. 64 +- 41.95 H;
t=15. 4443 -15. 5432

13 segments
f=254.29 +- 12.32 Hz
t=15.4763 -15. 544"

15 segments
f=248.52 +- 8.12 Hz
t=15.4199 -15.5352

9



The First event; O3a (GWTC-1, PRX 9(2019) 031040)

GW150914

1 segment = 256 points (M, a, Z) _ (6311_34, 0691_8827 009+88§)

LV paper »

Hanford

= 1/16 sec = 62.5 ms

Hanford (SNR=20.6)
-ﬁ

fanm
@Earth »

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

fo10 = 349.3 + ¢ 62.91 Hz, fo;; = 207.1 + ¢ 117.5 Hz, fopo = 231.9 + 7 49.46 Hz

0 IO T e e f330 = 395.3 + ¢ 39.41 Hz, f331 = 392.1 + ¢ 121.2 Hz, f335 = 386.3 + ¢ 217.9 Hz
HH\ oo e s 234 ] fszo = 355.9 +1 39.73 Hz, fy10 = 322.1 + i 53.2 Hz, fapo = 293.9 + i 41.37 Hz
E 15§ 450 |- "GW150914_H1_spectrumAR_top5.dat" using 1:2:3; 1 _ damping e
R T -
' 300 + ] % . 80 -_
l'| Tin?leg?secongss] from 2015.00-14 09:50:45 UTG (10 1526259222.0) 250 - J . 1 8 S e gme n t S (o))
| =249.07 +- 28.19 Hz s |
Hig% t=15. 4578 -15.5286 = |
\ ' N LV paper
\ \ \ N N 40l
o | —— (AR) Hanford
| o | (AR) Livingston
: , Livingston M
Hanford /— —— ~ Livingston (SNR=14.2) :
Livi N g.St /0 N ‘\|| /,/ 0 ' ' 'GW150914_L1_spectrumAR_topl dat” using 1:2:3:4 1—— | T o o]
Virgo_ |/ G ETIISL " >
KAG RA %i 1 10% 450 L GW]SO}ML]s]ct@mARtTSHﬁ using 1:2:3:4 } Tgt _ f_{ 2 2 O } rea l
- ww | f {220} imag
Time [second:] from 23155-09-104409:501225UTC(1015262592;;.0) 300 - E d iff f r Om GR
3W1509i4 ] o J | 12 segments
o1y ame (nhee) from || 2. 0195 b w
Y | ] H] | t=15.4443 -15.5432
LHO = 12.8483 " } ‘
LLO - 6 ° 2 6 ]_ 9 3 5(1)5.35 15I|4 | 15I.45 15I.5 15I.55 15.6
t_merger — 'I 54 S -1.0 -0.5 0.5 1.0
t mergerH = 15.413 1 segment = 256 points f {220} real
t mergerL = 15.406 = 1/16 sec = 62.5 ms diff from GR

https://www.gw-openscience.org/eventapi/html/GWTC-1-confident/GW150914/v3
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The First event; O3a (GWTC-1, PRX 9(2019) 031040)
= ' . +3.4 +0.05 +0.03
GW150914 e 0 ROt (M, a,z) = (63.173%,0.6975 ¢y, 0.09" ¢ 03)

F220 +z' 38.42 Hz, fog1 = 244.0 + i 116.6 Hz, fags = 233.7 + i 197.2 Hz
@Earth

1 A Hanford Hanford (SNR=20.6) for0 = 349.3 44 62.91 Hz, fy1; = 207.1 + 4 117.5 Hz, fooo = 231.9 + i 49.46 Hz
~ A— n fa30 = 395.3 + i 39.41 Hz, f33; = 392.1 + i 121.2 Hz, f330 = 386.3 + i 217.9 Hz
o ] s 01 *@ ﬁﬁ Al }i faoo = 355.9 + 4 39.73 Hz, f310 = 322.1 + 4 53.2 Hz, f300 = 293.9 + i 41.37 Hz
b Ak
',|| |'|‘l o Tin?leg?secong:] from 33155-09-104409:501225UTC(1015262592;;.0) R = { %j + ﬁ NF %[ ﬂL % -y 21 Segme n 'I: S %
)ﬁ} Ll 1 1 ! f=251.85 +- 9.17 Hz £ =
ﬁ M J% e t=15. 4285 -15. 5449 N ’.. |
N o} — LV paper
\ | 50 N . ! N |
n|' '|" 15.35 15“ 1545 155 15.53 156 f_{220} Sta rtS 8mS ::I "-J'l (AR) Hanford
o | (AR) Livingston
| Livingston after t_merger ol
Hanford =~ | | / - Livingston (SNR=14.2)
Livingston | | | | A B R R
Virgo : i 0 0 00 o0 s00
—_— = °5 500 - 1GW150914_Le_spedumAR .dt”uingl ::4ﬁ'
KAG RA %im 0% ﬂ * J[ L 1;[ *F: :%: ’ :j_%: mi% %E'Ein ]E%ig TH{ f_{220} Feal
2 5 450 i %} }ﬁ% J[ } T ;%_ F . l 5 f[-:ﬂl_
" s - - - e - ys s e’ 350 TF I +F i< } l xjE - 1'0: f_.{220} imag
GW]_ 5 O 9 1 4 Time [seconds] from 2015-09-14 09:50:45 UTC (1126259462.0) SOOE J{ o | % J[ ] i; *;EL ?F éb ]}wl_ | dlff fr Om GR
delay time (msec) from tO “rfih ] — r . T '
(+ delay, - advanced) % % } | ,, %1 R } ” £ 0
H . %H ] © 1 16 segments
LHO = 12.8483 x Ty <4 f=251.57 +- 11.43 Hz _
LLO = 6.26193 A o, t=15.4177 -15.5295 |f]
-1.0 -05 _||' 0.5 1.0
t_merger =154 s f {220} starts 11ms
t mergerH =15413 after t_merger ‘ f_{220} real
t_ mergerL = 15.406 N diff from GR
13 9ms t mergerH = 15.417 For both, we picked up 251.6 Hz
' t mergerL = 15.410 Livingston picks up 11ms earlier than Hanford

We see ringdown 8ms after the merger @Livingston, 11 ms @Hanford

https://www.gw-openscience.org/eventapi/html/GWTC-1-confident/GW150914/v3 11



O3a (GWTC-2, PRX 11(2021) 021053)
= ' 3.9 0.06 0.03
GW190412 Network SNR=18.9 L AL ALL (M, a,z) = (37.3533,0.67% 507, 0.157303)

b v f220 + i 62.17 Hz, fyp1 = 384.7 + i 188.9 Hz, fayo = 367.4 + i 319.9 Hz
Hanford % I @Earth » f210 = 562.9 + i 103.0 Hz, fo1; = 328.9 + 4 190.0 Hz, fooo = 372.7 + i 79.98 Hz
il S i _ f3z0 = 624.8 4 i 63.84 Hz)f331 = 619.4 + i 196.1 Hz, f33p = 609.5 + i 354.1 Hz
1 : iE %l . | fa00 = 565.1 + i 64.26 Hz, f310 = 513.6 + i 84.68 Hz, f300 = 470.2 + i 66.54 Hz
| AT L
}ﬁ ﬁ%%} . |
% %} 21 segments w0}
.'|I ." Time [seconds] from 2019-04-12 05:30:44 UTC (1239082262.0) ’ ' 100 |- % ] f:39 4. 97 _I__ 5. 7 4 HZ % i
|'o.' ",| v 1511: 15IA2 15{25 15I.3 15I.35 t:1 5_ 1 675 —1 5_ 301 8 _g 60—
S | LV paper
\l‘ | ." 0 I I 'I'GWl90412_Lb_spectrum/I\R_top1.dat” usingl:2:3:4l»—+—{ g 40_ (AR) Hanfo rd
AEEr— e « ( (AR)Livingston
. R s 1 ¥ ~ (AR) Virgo
Livingston ] %ﬁ %F o ?
/—ﬂ—q o =11 |
y / ‘.‘ // 350 |- l B | { |
/ |l 300 | - i i i A | A A A A 1 A i A i | i i i i !
L_ B ' y E sg l ] !F E } 100 200 300 400 500
U M | f {220} real
i } F 19 segments
GW190412 0 J[ % : | f=400.28 +- 6.93 Hz .
del a t . f o o ° Tin?:?secong;] from38159-04-10é205:30:?1§5UTC(?;390822;;0) o o ° 100 - " . _ | f_{220} Imag

( + delay ; - advanced ) K 15{15“ 15IA2 15IA25 15I3 15I.35

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

450

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

Vb_spectrumAR_top5.dat" using 1:2(3:4 )J( _

Virgo

400 |

350

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

300

T fﬂ %h } % } . ' | f {220} real

‘Eﬁ w 12 segments diff from GR

o o
Normalised energy

Frequency [Hz]

I Wh
g £=397.33 +- 9.90 Hz
ol ] t=15. 1699 -15. 2835

A A I Expected to see 3-3 mode, but N/A due to large noise in higher freq.

https://www.gw-openscience.org/eventapi/html/GWTC-2/GW190412/v3 https://gracedb.ligo.org/superevents/S190412m/view/ 1 2

0.05 0.1 0.15 02 0.25 03 0.35
Time [seconds] from 2019-04-12 05:30:44 UTC (1239082262.0)




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

Network SNR=14.2

Hanford

|
Frequency [Hz]
> >
Normalised energy

02 025 03 035 04 045 05 055 0.
Time [seconds] from 2019-05-21 03:02:29 UTC (1242442967.0)

Livingston

> @
Normalised energy

0.25 03 035 04 045 05 055
Time [seconds] from 2019-05-21 03:02:29 UTC (1242442967.0)

Virgo

Frequency [Hz]
s o
Normalised energy

0.2 0.25 03 0.35 0.4 045 05 0.55 0.6
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.da
" 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,z) = (150.37358,0.7370:11 0.7270:2%)

el
t" using 1:2:3: I @Earth ’
el
usi 1

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

Full of noises at lower freq.

https://gracedb.ligo.org/superevents/S190521g/view/ 1 3



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

/

0.25 03 0.35 04 045 05 0.55
Time [seconds] from 2019-05-21 07:43:59 UTC (1242459857.0)

Livingston

02 0.25 03 0.35 04 0.45 05 0.55 0.6
Time [seconds] from 2019-05-21 07:43:59 UTC (1242459857.0)

Virgo X

> >
Normalised energy

Network SNR=25.8

> B
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 »

fanm
@Earth »

(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 g 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

No detections on this event.

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

14



03b (GWTC-3, arXiv: 2111.03606)
GW200112 155838  Network sNrR=19.8 e s (M, a,z) = (60.87373,0.7177 g6, 0.2475:55)

fa20 i 34.69 Hz, foo; = 226.5 + i 105.2 Hz, fagy = 217.5 +4 177.6 Hz

Hanford X GO )0 = 3T7.0 4 i 56.13 Hz, fo1; = 190.8 + i 106.2 Hz, fooo = 211.1 + i 44.72 Hz
fa30 = 366.1 + i 35.55 Hz, f331 = 363.3 + 4 109.4 Hz, fazo = 358.3 + i 195.8 Hz

fa20 = 328.0 + i 35.89 Hz, f310 = 295.6 + i 48.9 Hz, f300 = 268.7 + i 37.61 Hz

' 100 -
\7 —| a0l
i \ 3 |
| o |
L — !
550 — , : . . O
N S N af LVK paper
| \ WW | Wﬂ]’ ’f‘w @ il —— (AR) Hanford
\ Livin n i 1 : L | (AR) Livingston
‘: i ‘i_ o 4 V gSto 400 |- l T l 20 (AR) Virgo
.ri ’ A—A—"E'J 300 - ; ]
\I - 5 ol T .
Fh— 31 segments f {220} real
1 i f= 226.88 +- 10.95 Hz —
"l t= 16.0950 —16. 1992
GW2 O O 1 1 2. 0.3 0.25 0.2 '0,15 0.1 -0.05 0 0.05 0.1 0.15 0.2 50 ) - f_{ 2 2 O} i ma g
de l ay t ime ( msec ) f rom t O Time [seconds] from 2020-01-12 15:58:38 UTC (1262879936.0) d iff fro m G R
(+ delay, - advanced)
LHO = 8.634 s | 05|
LLO = 2 . 1 4 5 5 450 ,, ik E:,-'F;?!l:-,_’gfs;gr,o, bbbt
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 : 2 segments | f {220} real
t:mergerv — 16 . 080 L%" 0% r f: 276. 78 +_ 76- 15 HZ -0.5: dlff frOm GR
) t= 16.1528 — 16.1992
e Fsecon§§1] from 2020-01-12 15:58:38 UTG (10 ;62879;;;.0) e v 16I.05 Aléll 16I.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/ 15



O3b (GWTC-3, arXiv: 2111.03606)
_ - 0.06 0.05
GW200129 065458  Network SNR=26.8 e sec 625 ms (M, a,z) = (60.3753,0.73702,0.18707)

— f220 z’ 36.34 Hz, fa1 = 244.4 + i 110.1 Hz, far = 235.4 + i 185.5 Hz,
> : . .
Hanfo rd 0 Hla nfo rd ”IGWZOO12970654587H67;pectmmAR7topl.dat” usirllg 1:2:3:4 —— @Earth f210 - 334'0 + ?’ 58'09 HZ’ f2].1 - 204'2 + z 111'4 HZ, f200 - 223'1 + ?’ 46'94 HZ’

/l* . "GW200129_065458_H6_spectrumAR_top2.dat; using 1: 2;34 . . .
// : - 2 500 - % ﬁﬁ } W200120_065458_H6_spe trumARtpsdtl % 1:23: }M f330 = 3940 “+ 1 3718 HZ, f331 - 3913 +1 1145 HZ, f332 - 3863 + 1 2041 HZ,
/' | k [ W200120_063458_H6_spectrumAR I p4di 1:203:4 i ' . '
/" ’|| wor R T e P f320 = 351.2 + 1 37.62 Hz, f310 = 315.1 + ¢ 52.23 Hz, f300 = 285.4 + ¢ 39.7 Hz,
™ L7 T 5 B a0 | | J _
g % 350 b T 1 *,} } »
i 2 200 | % l] ] { 1 ] ] damping rate
L LT T . 1 100 -
250 | - ; ﬂzi n 7 : .
~~—— i/ 0.25 0.3 0.35 04 0.45 05 0.55 . A ] f II.: o i? I‘ | .. l. i I
~_J Time [seconds] from 2020-01-29 06:54:58 UTC (1264316116.0) 200 |- "'li"||| |||||||=i'ﬂI‘|IH‘|||| !||i|!|'nili! ‘ H }* ! !.! % H } 1 80|
I||| |’| | |||||| H s % E ; I

| | | | | . 400 ‘15 5081
‘ 73 segments

50

/1'.,.,_“__._..,._“., — — — - 1
/ ~~—

// | — -
/‘// ‘I —— — — 1 { I

f {220} imag
3

| . LVK paper
wl (AR) Hanford
_ ———

// d i} Livi N g StO N e L'ivi n g Stlo n ::IGW200129_065458_L6_s|peclrumAR_t0p1.dal:: us?rllg 1234 f = [246 . 45"'_)1 0 . 08 H / . (AR) L|V| Nng Sto n
ek e : | AR) Vir
- ” oa129-065435 Lo specrumAR_tops UL LA 12 t= 15.4556-15. 5433 2 R) Virgo
% 15;?’ 350 _ 1’» }g %} % } } 200 — S 2(')0 ‘ : : ‘ 300 - - . 400 . : : . 5(')0 frequency
| % J{ﬁ Bl f {220} real
: Col _, -~ 11 29 segments
. C I (S NQ | f= 316.65+-10. 77 Hz
GW200129 e Tirr?:s[secong; from 2050-01-26 06:54:58 UTG (10'2564316?'15653.0) °° I || | %{ % F Fﬂ} %% % H { l ﬁ% t_ 1 5' 4609 - 1 5' 4993
delay time (msec) from tO N % ! k_ 39 segments
(+ delay, - advanced) f= 250 97+-11. 16 Hz

e w t= 15.4553-15. 5461

LHO = - 7.5579
LLO = 1.71251 _
Virgo=  9.73468 Virgo

t merger = 15.435 s
t mergerH = 15.427
t mergerL = 15.437
t mergerV = 15.445

Frequency [Hz]
o
Normalised energy

. 0.25 03 0.35 04 0.45 05 0.55 .
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/ 10



O3b (GWTC-3, arXiv: 2111.036006)

GW200129 065458

Hanford

//'/l-r»
,"/ {
/ |
/ |
|
|
[
=~ S~
=
c
[
3
g 1
w
I/ 0.25 03 035 04 045 05 055
]\‘ Time [seconds] from 2020-01-29 06:54:58 UTC (1264316116.0)
/,/T"'—,
/|
(
|
|
|
.
x =7
- 7
] [] u
A
Livingston
7
N
z
3
5
3
3 1
w
025 03 035 04 045 05 055 0.
GW 2 O O 12 9 Time [seconds] from 2020-01-29 06:54:58 UTC (1264316116.0)

delay time (msec) from tO

(+ delay, - advanced)
LHO = - 7.5579
LLO = 1.71251 .
Virgo= 9.73468 Virgo
t merger = 15.435 s

t mergerH = 15.427

t mergerL = 15.437 <

t mergerV = 15.445 %

+ 7.8125s

t mergerH = 15.435
t mergerL = 15.445
t mergerV = 15.452

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

. 0.25 03 0.35 04 0.45 05 0.55 .
Time [seconds] from 2020-01-29 06:54:58 UTC (1264316116.0)

Network SNR=26.8

o (4]
Normalised energy

o [4,]
Normalised energy

o o
Normalised energy
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(=]
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200 | T
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250 -
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1 segment = 64 points
= 1/64 sec = 15.625 ms

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

LV paper »

Hénford

.

|

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,

fanm
@Earth »

T T T
"GW200129_065458_Hb_spectrumAR_top1.dat" usin
"GW200129_065458_Hb_spectrumAR _top2.dat" using 1:2:3:
“GW200129065’%58HbfeotrumA A dat usi

"GW200129_065458_Hb_gpectrumAR¢itop4.dat" usi
:ESHb pectrumARL top3.dat" usil
- I

] e

Al
i

H i

X iyl 1l
]

|

|

"GWZO% 129_065;

T w ] [ s o
: E Sl 2681090 e |

j; ;%
1 | [ﬂ?iym i ] | t=15.4399 —-15.5796 =
N B L f {220} starts 5ms RN
M after t_merger S |
N I(_VK)paper
G013 0553 L A o or y AR) Hanford
- Livingston ] ::51%?31225553?LEZEEEEEE%EE"ZS“E T (AR) Livingston
[ o T o | (AR) Virgo
l % *kﬁ” + ﬁ }Eﬂ | i % h ] 00 200 T w500
plt L b f {220} real
w H | 8 H%H m |
: H f {220} imag
f - '\ diff from GR
1||
Virgo IW M | 1 fzzizzzzz:zzzz:zmwda‘ S
ﬁ gil -
f {220} starts 3ms | | | f_{220}- real
after t_merger diff from GR

17

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



O3b (GWTC-3, arXiv: 2111.03606)
GW200224—222234 Nt SitR=e- =11s/e6g4mesnetc == 6145.|0602i5ntmss (M7 a, Z) — (68-61_4612(757 0-731_8:8;7 0-321_8:(1)§)

f220 z' 98.55 Hz, fag1 = 192.1 + i 86.53 Hz, fags = 185.0 + i 145.8 Hz
@Earth P

Hanford IR
| | fo10 = 262.4 + i 45.65 Hz, fo17 = 160.4 + ¢ 87.55 Hz, fop0 = 175.3 + ¢ 36.89 Hz

550

T T T
"GW200224_222234_Hb_spectrumAR_top1.dat" using 1:2:3:4 ——

Hanford

t=15.4060 — 15. 5452

7 @ﬁm f330 = 309.6 + i 20.22 Hz, faz; = 307.4 + i 89.99 Hz, fszo = 303.5 + i 160.3 Hz
[ | } A fazo = 276.0 + i 29.56 Hz, f310 = 247.6 + i 41.04 Hz, fso0 = 224.3 + i 31.2 Hz
% l sg Il %ﬁ ] : 100 -
5 H i o 9 segments I
Tin?:?seconc?:] from 2030-02-24 22.22.94 UTG (f;66618$§;,0) et 1507 % { f: 21 5- 82 +_ 9- 65 HZ % [
1} % t= 15.4395 —15.5396 £«
50 ~ i
154 1545 155 15.55 15.6 o |
o N LVK paper
40}
Livingston o | (AR) Hanford
Livingston | . | (AR) Livingston
500 tﬁﬁ% ﬂﬂm {E :" ‘|| ! sl 4—— (AR) VIFQO
- E #0r i 28 Segments 0 2(1)0 - 3(1)0 - 4(1)0 - scl)o
M B f=199.68 +-11.82 Hz f {220} rea

GW200224

‘ f {220} imag
' diff from GR

5 200 |-
0 150
0.7

delay time (msec) from tO0

(+ delay, - advanced) % ﬁ%.

. 0.25 03 0.35 04 0.45 0.5 0.55 .
Time [seconds] from 2020-02-24 22:22:34 UTC (1266618172.0)

50 0.5}
1545 155 15.55 15.6
LHO = - 2.70101 _
LLO = 6.94325 LVvirgo | | | |
. "GW200224_222234_Vb_spectrumAR_top1.dat" using 1:2:3:4 ———
Vlrgo= 9 ° 2 3 5 2 1 - _ "GW200224_222234_Vb_spectrumAR_top2.dat" using 1:2:3:4 +—>¢—
VI rg 0 300 ¥ } 'GW20(D24_22223 VbspectrumAR%p% " Tising 112;3;4 .
KAGRA= - l 8 . 5 3 9 9 7 :G 200224_222234_Vb_spectrumAR_top4- [ sing 1:2:3:4 1 o , o o . . o . o o ) o
450 £ GW200224_222234_Vb_spectrumAR_top5.dat"Hising 1:2:3:4 _ _1.0 _05 0.5 1.0
|

i 350 | ] } % 1 ] 18 segments ! f_{220} real
-t H l f= 202.96 + 6.07 Hz diff from GR
i = 15.4060 ~-15. 5452 |

i} i
i i _
il
150 | 5+ i g i
F %
100 |- N !
50 1 1 1 1 -1.0%-

154 15.45 15.5 15.55 15.6

t merger = 15.402 s
t mergerH = 15.399
t mergerL = 15.409
t mergerV = 15.411

Frequency [Hz]

250

o o
Normalised energy

. 025 03 035 04 045 05 055 X
Time [seconds] from 2020-02-24 22:22:34 UTC (1266618172.0)

https://www.gw-openscience.org/eventapi/html/GWTC-3-confident/GW200224 222234 /v1 https://gracedb.ligo.org/superevents/S200224ca/view/ ] 8



O3b (GWTC-3, arXiv: 2111.036006)
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Summary & Outlook

4 ™
AR method Tyn = Q1Tp—1+a2Tp—2+ -+ apmMTn_m+E€
M
= Z AjTp—j + €
N =1 Y

AR method works for noisy real data of short length (64 pts~15ms ).
We can extract frequencies and damping rates from the data itself.

No template, no theories. Can pick up several modes simultaneously.
Analysis for each detector, & can extract the merger time explicitely.

LV O1/02/03a & LVK O3b

For events of S/N >= 15 (total S/N), AR picks up ringdown modes.
(We used the same parameters [merger time + 200 msl],
Band Filterings [20-600Hz] for all analysis)

Can AR extract ring-down modes?
Consistent between 3 IFs(Hanford, Livingston, Virgo) ?

Almost Yes

>

Consistent with the LVK catalog

= Not perfect for f imag (damping rate), estimating larger.

When the ring-down starts? 3ms-bms after merger

* Overtones? Higher modes?

Consistent with GR?

Not Yet
Consistent, so far.

= Consistency checks with other methods & parameter trials.
= Waiting good signals (large S/N)

hisaaki.shinkai@oit.ac.jp
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