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Ringdown gravitational-wave data analysis with auto-regression method: Hicaaki Shinkai (OIT)

Test of general relativity with O4a data and after

https://www.oit.ac.jp/labs/is/system/shinkai/
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O4a (GWTC-4, arXiv: 2508.18082)
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1811.12907

PRX 9 (2019)
031040

10

11

GWTC-2

O3a

2020/10/28

2010.14527

PRX 11 (2011)
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1) Data~

Gravitational Wave Open Science Center

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
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O4a (GWTC-4, arXiv: 2508.18082)
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O4a

1~ b (BBH) | M. (Me) |FWI| o |Maw (Me) | Bl (Mpc) | (AQ)* | SNR
@& GW150914 286 ‘11| 08 |-0017015]631 35| 440 T3P 250 |26
GW170814 241 ‘M| 082 | 007'%2|532 32 gop 110 92 |177
@& GW190412 13.3 ‘0: 0.32 ) 0210121 356 *33[ 720 ‘%i‘@ 240 |198
GW190521 633 18| 058 |-014 *25.|1474 *HO| 3310°%EX | 1000 |143 Q too heavy, low freq.
@ GW190521 074359 | 328 35| 077 | 01 *3y3| 726 23| 1080 ' 470 | 259
GWI191216_213338 | 833 'oi5| 064 | 011705 | 1887 ‘35| 340 5 190 | 186 Q too light, high freaq.
@ GW200112.155838 | 274 ‘57| 079 | 0067032 | 608 33| 1250 i | 4300 |198
@ GW200129 065458 | 27.2 ‘33| 084 | O11lgj( 602 33| 890 13y 130 | 268
& GW200224 222234 | 311 ‘37| 082 | ol *Ji2| 687 55| 1710 730 500 |20
& GW200311_115853 | 266 ‘31| 081 |-002'0%| 50 351 1170 130 35 178
GW230627_015337 | 6.02 *piv| 070 | 002033135 23| 310 %, 99 | 287 Q too light, high frea.
& GW230814 230001 | 268 ‘5| 085 | —001'05| 589 ‘15| 200 ']} 25000 459 Livingston only
& Gw230014_ 111401 | 398 ‘73| 060 | 01 02| 915 ‘19| 26007150 | 1600 |177
& GW230927_153832 | 164 ‘52| 075 | 002155 366 31| 1200 150 270 |215
GW231028_153006 | 620 10| 054 | 04 5145  *E| 41007030 | 1200 |229 too heavy, low frea.
GW231123_135430 | 102 'if| 075 | 03 ‘353|225 ‘3| 2200°3%0 | 1200 | 226 waveform system. err?
@ Gw231206 233001 | 281 *25| 076 |-005'213| 630 *47| 1500 30 310 |229
| & GW231226_101520 | 325 ;3| 088 |-009'75| 715 33| 1200 153 150 |407
i +n8% | 899 | . ’ , =1 — S : ) 1T
{7+ (BNS) | M, Mg) |FiRIt| xu M. (Mg)| ¥il (Mpc) | (AQ)* | SNR
GW170817 1186 0% g7 | o 10 —| 402 16 | 33 too light, high frea.
GW 190425 144 %1 062 | 007700 34 )3 150 *E| 8700 |124 too light, high frea.
{~Y bk (NSBH) | M. (Mg) |l 2 M. (Mg) | #ilE (Mpc) | (AQ)* | SNR
GWI190017 114630 | 37 ‘9| 022 |-o008'p% | 11.8 38| 720 *30 | 2100 | 83 too light, high freq.
r 4 +005 , s 1023 " +1.7 + 150 - . .
GW200115_042309 | 243 ‘507 | 024 |-015'05| 74 17| 290 ‘i 370 |11.3 too light, high frea.
r +0.06 ~ _ +0.09 , +0.7 +110 , ] .
*r’i: {ftﬁ'f;ﬂéiéng. | M (Me) | RRI| e WM. (M) | Bl (Mpc) | (AQ)* | SNR
GW190814 611 “et| 011 | 0 3| 267 3| 230 I3 22 |253 too light, high frea.
GW230529_181500 | 194 '001| 036 |-005 '.LI}’, 504 *0%| 200 ‘10 | 24000 |118 too light, high frea.
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O4b (event paper)

PRL135(2025)111403,

PRL136(2025)041403

(62.717,,0.687001,

network SNR = 80 !
ringdown wave (2,2,0)+(2,2,1)
+30% Kerr

2 GW250114 082203
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O4a (GWTC-4, arXiv: 2603.19019, 2603.19020, 2603.19021)

Tests of General Relativity with GWTC-4 (LVK paper)

the 91 confident signals including 42 events in O4a (FAR<10-3/yr)

parameter range of GWTC3 / GWTC4
(POL: GWTC3 minus GWTC4)

\

Test Paper Section Quantity Parameter Main Result Improvement
RT | 4.1 p-value for the presence of a residual signal p-value Consistent with uniform dist.
AM: A .
IMRCT I 4.2 Fractional deviation in remnant mass and spin { Vi ' . _Xf } {0.00fg'gg, —0.05’:8'.1& } {2.0,2.5}
f X f ' '
SMA I 4.3 Frac. deviation in amplitude of higher multipole moments § Az —0.2172%2 ] New 4 GW190814 (maSS gap+BH)
POL | 5 Bayes factors between different polarization hypotheses logq B% —14.72“_"8:?)3 - 0. IOfg‘g? 0.21-10.48 (MC=6. 1 MSUﬂ, Mf=25.7MSUH)
PAR II 2.1 FTI: PN deformation params 10k | <16x107°-1.5 1.2-5.5
2.1 TIGER: PN deformation params 10D | <53x107%-1.2 1.3-3.9
2.1 TIGER: Post-inspiral deformation params '684 , |6¢k | < 7.7%x107%-0.28 Maj. Update
2.2 PCA: Best-constrained combination of PN deformation params (595&1()3A,FT1, 5¢§31()3A,T1GER —0.0lf?):gg, 0.0lf?):?)g New
SIM II 2.3 Phenom: Deformation in spin-induced multipole parameter 0K s — lQ’_Lg?1 1.4
2.3 EOB: Deformation in spin-induced multipole param 0K < —49f?‘36 New
LOSA 11 2.4 Line-of-sight acceleration a/cs™ H 0.42‘_%'_2?. x 1076 New 4 GW1 7081 V4 (BNS)
MDR II 3.1 Magnitude of dispersion | Ao | [peVZ~ %] < (0.01-351) x 10—22 1.48 —2.88
3.1 Graviton mass bound mg [eV/c?] < 1.92 x 10723 1.16
SSB II 3.2 Constraints on anisotropic birefringent propagation 'k(()g) [m] < 1.52 x 10714 New
RD I 21  PYRING (KerrPostmerger): Frac. dev. in freq. & damp. time 8 f220, 67220 {0.1070-22,0.18 7027 New
2.2 pSEOBNR: Frac. deviations in frequency & damping time 8 fa20, 67220 {0.00ig:gg, 0. 161’311%} {1.09,1.52}
2.3 QNMRE: Detection statistic for subdominant ringdown modes D —D g4 221: < 3.1 New 4 GW231028 153006
E-WFM 1l 3.1 ADA: Bayes factor for IMR plus echoes to IMR only logqo Bﬁ:}ﬁE < 1.1 o o
3.1 BHP: Bayes factor for IMR plus echoes to IMR only log,o Bivn < 0.2 New (MC=62MSUH, Mf=1 45MSUH)
E-MM 11 3.2 BAYESWAVE: Signal-to-noise Bayes factor for echoes log g Blslifigzl < —1.8 e
3.3 CWB: p-value for the presence of echoes p-value Consistent with uniform dist. New

MEF= 2026/3/24 EHGFH
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O4a (GWTC-4, arXiv: 2603.19019, 2603.19020, 2603.19021)

Tests of General Relativity with GWTC-4 (LVK paper)

the 91 confident signals including 42 events in O4a (FAR<10-3/yr)

parameter range of GWTC3 / GWTC4
(POL: GWTC3 minus GWTC4)

Test Paper Section Quantity Parameter Main Result Improvement
RT | 4.1 p-value for the presence of a residual signal p-value Consistent with uniform dist.
IMRCT I 4.2 Fractional deviation in remnant mass and spin { Afwf : A_Xf } {0 007208, — 0.05+8‘ﬁ} {2.0,2.5}
Mg = Xt '
SMA I 4.3 Frac. deviation in amplitude of higher multipole moments dAz3 —0. 214"}3 gg New 4 GW190814 (maSS g ap+BH)
POL | 5 Bayes factors between different polarization hypotheses log, o B:if —14.72'_“3.33 0.10*_‘8:2; 0.21-10.48 (MC=61 MSUﬂ, Mf=25.7MSUH)
Residual test Subdominant Multipole Amplitudes Polarization Test
consistency of the residuals with noise MO A) = 3 Y25 (05, 0) ham(t, ) T %_I_ - 1 iy _I_-I- |
. . - m=-+2 V] [
Inspiral-Merger-Ringdown consisten : :
spiral-Merger_Ringdown consistency T (4 ) s ;.
m==1 : i
~1.5-1.0-05 00 0.5 1.0 15 AM; M} —MP' Axe  xb—xP! . 5.0 4 3
1 M; = Mfl n prl ; ? = QW, -+ Z:ts(l -+ (5A33)Y_2 (OJN,O) ham(t, A) ® : :
= 104 H = = —7-5': -
S | . + Y (05, 0) hem(t, A).  (10) g : |
4 fli | )_':Al*z__:@..'w_,.-.u.lw omcrz};om 2 -l0.0 : a
0~ N |:| YA (0.0 X - :
2 :ﬁr‘-’*“ D . PR R R I 125 E -
. consistent 0.40 GW190412 | - : BN GWTC-3.0
1.5 ~f}’ . . . : m GW190814 | N GWTC-4.0 f
N = iInspiral vs post-inspiral 033 - por  f ~15.0 - | - -
. | }" . 0.30 ‘ TV VS TVS
- 0.5 "f.{ 0.5 . 025 L
S ' no evidence for < ;
;.(. 0.0 ‘ ‘f‘?—} —— (). S 0.20 '
a4 / 13t S 3 :
o5 ’ W deviations from models 013 | X Py
~1.01 0.10 - e
_1 15 0.05 F=-=--—--- NN - .| - 2 deviations from the GR
- | 0.00 2
~15-1.0-0500 05 1.0 1.5 2 4 6 8 10 -10 -5 0 5 10
AM;/ M; P(Axi/x:) 0A33
MEF = 2026/3/24 EHZFHFH 5
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O4a (GWTC-4, arXiv: 2603.19019, 2603.19020, 2603.19021)
Tests of General Relativity with GWTC-4 (LVK paper)

RD NI 21  PYRING (KerrPostmerger): Frac. dev. in freq. & damp. time 8 f220, 87220 {0.1070:73,0.1810-27} New
2.2 pSEOBNR: Frac. deviations in frequency & damping time 8 f220, 67220 {0.0072-9¢ 0.16 7015 {1.09,1.52}  GW23102 8 153006
2.3 QNMREF: Detection statistic for subdominant ringdown modes D — Dy 221: < 3.1 New _ _
E-WFM 11 3.1 ADA: Bayes factor for IMR plus echoes to IMR only logqn B%ME‘E < 1.1 o (MC_62MSUH’ Mf=1 45MSUH)
3.1 BHP: Bayes factor for IMR plus echoes to IMR only log,, B%%g}a < 0.2 New
E-MM 11 3.2 BAYESWAVE: Signal-to-noise Bayes factor for echoes log1o Bi’fizzl < —1.8
3.3 CWB: p-value for the presence of echoes p-value Consistent with uniform dist. New

(PYRING) a time-domain analysis that (QNMRF) a time-domain analysis that filters out
examines only the post-merger signal specific QNMs from the post-merger signal

finds that for GW231028_153006 the detection statistic favors the presence of the 221 mode.
However, possible systematic effects cannot be ruled out, and overtone analyses are particularly
sensitive to such systematic uncertainties.

no statistically significant evidence for the presence of multiple modes
for all events, there were 90% CL overlaps with the results of the IMR analysis

finds a shifts towards larger frequencies and damping times. However, ...

B CCAECAHUINDELHIAE H DM, GREconsistent&E LS #EER

| K
0.50 T T T T A L — J‘

0.75 -
___ Joint E [ Hierarchically ]
posterior

(bSEOBNR) a frequency-domain

analysis that considers the entire signal

combined

finds a shift toward higher GR quantiles for the damping time when O4a events

0.50 - -

are added to the analysis. However, ... a5k

0.25 =

87220
07220

Table 4. GR quantiles for combined pSEOBNR results

0.00/-

| T TS TS Y |
e —

0.00-

. . . ]-Da/-"b"’ . :
Catalog Joint Q&%  Hierarchical Q. °"22°  Hierarchical Q& _ ] aaul 4
GWTC-3.0 93.8%5) % 94971 % 66.175, 2% ek . . ) osof | . . i
l l—O.l — ()jO — 0.1 — l l—().2l - l—().]l - l()i()l - l()‘ll - l()‘2l l
GWTC-40 98.6711% 99.3797% 85.17155% s i
220 Ve
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O4b (event paper: PRL135(2025) 111403, PRL136(2025)041403)

GW250114 0822203 network SNR = 80 !

PHYSICAL REVIEW LETTERS 135, 111403 (2025)
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GW250114: Testing Hawking’s Area Law and the Kerr Nature of Black Holes

A.G. Abac et al.”
(LIGO Scientific, Virgo, and KAGRA Collaborations)

® (Received 13 August 2025; revised 25 August 2025; accepted 26 August 2025; published 10 September 2025)

T T

— GW250114
GWTC-4.0

+30% Kerr T
(2,2,2)F TR Z =& (SMTS LEL

ringdown wave (2,2,0)+(2,2,1)

DO
-

The gravitational-wave signal GW250114 was observed by the two LIGO detectors with a network
matched-filter signal-to-noise ratio of 80. The signal was emitted by the coalescence of two black holes
with near-equal masses m; = 33.670ZMy and m, =32279¥M, and small spins y,, < 0.26 (90%
credibility) and negligible eccentricity e < 0.03. Postmerger data excluding the peak region are consistent i~ =1 — tl yeak [IIIS]
with the dominant quadrupolar (# = |m| = 2) mode of a Kerr black hole and its first overtone. We 1 2 2
constrain the modes’ frequencies to +=30% of the Kerr spectrum, providing a test of the remnant’s Kerr o 1.0
nature. We also examine Hawking’s area law, also known as the second law of black hole mechanics, which ’
states that the total area of the black hole event horizons cannot decrease with time. A range of analyses that
exclude up to five of the strongest merger cycles confirm that the remnant area is larger than the sum of the
initial areas to high credibility.
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Black Hole Spectroscopy and Tests of General Relativity with GW250114

A.G. Abac et al.”
(The LIGO Scientific Collaboration, The Virgo Collaboration, and The KAGRA Collaboration)
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® (Received 12 September 2025; revised 24 October 2025; accepted 18 November 2025; published 29 January 2026)
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The binary black hole signal GW250114, the loudest gravitational wave detected to date, offers a unique =90
opportunity to test Einstein’s general relativity (GR) in the high-velocity, strong-gravity regime and probe Ok 777 7T
whether the remnant conforms to the Kerr metric. Upon perturbation, black holes emit a spectrum of () / O 8 10 12 14
damped sinusoids with specific, complex frequencies. Our analysis of the postmerger signal shows that at
least two quasinormal modes are required to explain the data, with the most damped remaining statistically t> =1- tlﬂ‘ﬂk [ti‘ 1 f]
significant for about one cycle. We probe the remnant’s Kerr nature by constraining the spectroscopic
pattern of the dominant quadrupolar (£ = m = 2) mode and its first overtone to match the Kerr prediction

(4,4,0) 2 ANt THGR & consistent

—0.25 0.00 0.25 0.50

(N o
TSN

—0.50

. . . . — 10
to tens of percent at multiple postpeak times. The measured mode amplitudes and phases agree with a ) < 1 < ~
numerical-relativity simulation having parameters close to GW250114. By fitting a parametrized 220+0221, ts = 9 tar £ 2DS, ts = 9 f.“[f i 8
waveform that incorporates the full inspiral-merger-ringdown sequence, we constrain the fundamental — 2204-0221. t. = 61, f — I)SE()B_\IR < 6
(¢ = m = 4) mode to tens of percent and bound the quadrupolar frequency to within a few percent of the A ce . ‘ "/]“

GR prediction. We perform a suite of tests—spanning inspiral, merger, and ringdown—finding constraints 22040221, t> = 31 Mg IMR LA

that are comparable to, and in some cases 2-3 times more stringent than those obtained by combining e s 2t
dozens of events in the fourth Gravitational-Wave Transient Catalog. These results constitute the most
stringent single-event verification of GR and the Kerr nature of black holes to date, and outline the power of

- GWTC-4.0 .50

black-hole spectroscopy for future gravitational-wave observations. 0.50 GW250114
S 0.25 0.25
(M, a,z) = (62.7t,,0.68120! 0.09+0-00) ) - L
y s 1 _1.1,Y-90_0.01>Y-YI _p.01 - . = /] ~
z : s 0.00 - -1} D 10.00
— | ’ /o //’/
. i < sk

33.61 2 My + 32.2795 M,
X1 < 0.24, 2 < 0.26,¢ < 0.03

600

—0.25¢

—0.50¢

1—0.25

1—0.50

0.00
AM;/ M;

~050 —0.25

0.25

050 2 4 6 % 10
P(Axi/X1)
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s Fitting data with linear func. B
Tpn = 0Q1Tp—-1TA2Tpn—2+ "+ aAMTpn—M T+E
M
= Z AjTn—j 1+ €
_ = J

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

Auto-Regressive model (Method, general)

_ ,—(r—jw)At A n n
Zl =€ * :L'n — 5(21 —|— Z2) - (Zl + ZQ):L.n—l _ Z].ZZSC’I’L—2

i 6—(7°—|—jw)At

0.5F
[ ]
[ ]
° [
° o
30 L L (]
5 10

- find a; (Burg method)
- find M (FPE final prediction error method)
- re-construct wave signal from fitted function
- apply FFT with arbitrary precision.

V4

can be applied also to noisy data by adjusting M

rpower spectrum ) rcharacteristic eq. )
2 M
o .
p(f) = z)=1— a;z? =0
M 2 f ( ) Zl J
1 _ Z aje12mifat) | J= y
J=1 2% | says amplitude,
- / arg(zy) says frequency.
O f— The Order M can be flxed at 2~8
f‘|
I Even for short segment,
P(f) I | AR model shows precise power-
1’ | \\\_,_ \/\}:fT . Spectru m.
freq. [mock data, SNR=40, inspiral part]
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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.

PRL 116 (2016) 241102

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

12.8483
6.26193

00
10° 25 -15° I GWis1226 _:
Y| CW150914 7.
— 5 760
z 15 8
5 =
c [
o) 2
8 100 10 g
i 2
GPS: 1126259462.4
5 .
UTC Time: 2015-09-14 09:50
0
0.15 02 025 03 035 04 045 05 055 06 065 07
Time [seconds] from 2015-09-14 09§69:45 UTC (1126259462.0)
Livingston
108 25 ",
GWw1l50914
20
>
= S
z 15 8
5 =
c Q
o 2
g 100 E
i ©3 LHO =
5
0
0.15 02 025 03 035 0.4 045 05 055 06 065 07 \ \ \
Time [seconds] from 2015-09-14 09:p(345 UTC (1126259462.0) ‘ \ \
fseconds| ( . : Hanford
\ \ \ L] L]
Livingston
WIL 4 J0=JJU T4 UdlUpansd LT W SUppPIcsd [alEc UL uauauns LDIUT UIT UTLOLLLID UL STHDIUVD UTyucow y Udaru, anu vanu-icjoat "\| '|| |'. Virgo
filters to remove the strong instrumental spectral lines seen 1n the Fig. 3 spectra. Top row, left: H1 strain. Top row, right: L1 strain. \ /" e KAG RA
GW 150914 arrived first at L1 and 6.97)7 ms later at H1; for a visual comparison, the H1 data are also shown, shifted in time by this "\' /" \ i
amount and inverted (to account for the detectors’ relative orientations). Second row: Gravitational-wave strain projected onto each \ / \ /
AL 2N IV Lhaad CLAlld VN ahiciit &2 cmscmnaciaal ol ladled o snvancalacn. fa. b acis ssscstlh wmacrcsabacs an latact secdle ok lI 4 .I

100

50

Hanford
Livingston
Virgo

KAGRA \

-100 -100

PRL 116, 221101 (2016) PHYSICAL RE

ol : :
= ]— lMR(I=2.m=2.n:())‘
10 | -
’, -
o R
E ":' ~\ ‘\
5} 8 "' ‘\‘\
= J:' LI
o Pl Y
2
= 6} @ Lo o
8 . ¢ ,' ' LY
= P e ' ' *
4 ’ y ’ -~
e’ Py -~
5 CeelOmMS Y ol . Seeol
2 5() Mo o w e e e e eee e eesesesnsss
() I - L
200 220 240 260 280 300

QNM frequency (Hz)

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 ty = ty; + 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
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O4a (GWTC-4, arXiv: 2508.18082, 2509.07348)
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O4a (GWTC-4, arXiv: 2508.18082)
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O4a (GWTC-4, arXiv: 2508.18082, 2509.07348)

GW230927 153832

Hanford

GW230927 153832

delay time (msec) from tO0

Livingston

(+ delay, - advanced)
LHO = 18.9786
LLO = 14.1019
Virgo = -4.88992
KAGRA = 9.72756

data file t merger if 8.9 s
LHO mergertime = 8.91898
LLO mergertime = 8.9141

SNR=2

1.5

650

600

350 |

300 F

250 -%(

S€g =

128 points
1/32 sec

"GW230927

] _I: i ii =cy
TR Lt TR
T T TP

1 1
"GW230927_153832_H5_spectrumAR_top1.dat"
"GW230927_153832_H5_spectrumAR_top2.dat"
"GW230927_153832_H5_spectrumAR_top3.dat"
153832_H5_spectrumAR_top4.dat"
"GW230927_153832_H5_spectrumAR_top5.dat"

I

g0
;:EI In .|il

T TR

1| I DT g

—>—
X—

]
lt««:‘.‘%ﬂih..ll:;ﬁ., o 1T fuTH
SRl ARl dhant | DL AL ANERRIN,

ﬁ#{ﬂmﬁﬁ“ﬁ%@

11| jinkdlg: i £
!

| : :

% Xt !

=)
=X

——X———1

et

—X—A

) 1
using 1:2:3:4 +H—+—
using 1:2:3:4 F—X—
using 1:2:3:4 T
using 1:2:3:4
using 1:2:3:4

E i
T N

Ill | 1Y
|ia

)
- ﬂ}1: 0]
X X X 3
150 [ %ﬁ}+ l Ji Mf
T T ji X
X z 1
100 | iﬂ_{ X
o)
50 . 4l
_ 1
8.85 8.9 8.95 9 9.05 9.1
700 T 5 T T T T
Seg = 1 28 po | n'tS "GW230927_153832_L5_spectrumAR_top1.dat" using 1:2:3:4 +—+—i
"GW230927_153832_L5_spectrumAR_top2.dat" using 1:2:3:4 +—X—
650 = 1/32 sec "GW230927_153832_L5_spectrumAR_top3.dat" using 1:2:3:4 -
"GW230927_153832_L5_spectrumAR_top4.dat" using 1:2:3:4
500 = 31.25 ms "GW230927_153832_L5_spectrumAR_top5.dat” using 1:2:3:4
I _
550 3 ﬁ:
% D, i . /{ - P)
500 F i E [
450 | 1
400 |
C )
350 l'
300 | ‘ 'I I T l
X e =
- | - - _
250 F I \ ] ) _[E S
I i+ T+
200 F T gl J_ L
ﬁl.- :-:: - 1 T >“<1 0
= - X J
150 i } - ]}] {x |
i i1 1
100 | 1[ I I §f !
50 R 4l
_ 1
8.85 8.9 8.95 9 9.05 9.1

https://gwosc.org/eventapi/html/GWTC-4.0/GW230927 153832/v1/

https://gracedb.ligo.org/superevents/S230927be/

6
f

3 segments
= 528.68 +-
= 8.932

6 segments
= (280. 35
= 8.929

21 segments
f = 528.83 +-
t = 8.942 —

5 seaments
t = 8.926 —

11 seaments
f =(0232.)19 +-
t = 8.977 —

M (M., a,2) = (36.6

+3.2
—

0.69%03,

0.23757")

QNM frequencies [Hz| and decay time [ms] in the detector frame

fanm
@Earth P> frequency [Hz| decay time [ms]
(4m) = n=1 n=2 4,m) |n=0 n=1 n=2
(2,2) ((381.) 3728 357. (2,2) |11.26 3.709 2.193
£ 33 1 (2,1) | 3977 3164 296.3 (2,1) |11.2 3.681 2.131
: Z (2,0) (282.7) 267.3 (240.8 (2,0) |10.97 3.579 2.078
9.073 (2,—1) ["2457 228.6 1944 (2,—1) | 10.62 3.528 1.972
(2,-2) | 222.6 195.3 151.3 (2,-2) | 10.36 3.317 1.84
(3,3) | 604  599.1 590.2 (3,3) |10.98 3.571 1.986
15.36 Hz (3,2) |543.7 537.9 526.5 (3,2) |10.89 3.602 2.13
8. 952 (3,1) | 492.1 4844 469.7 (3,1) |10.83 3.577 2.126
(3,0) |449. 439.  420.2 (3,0) |10.46 3.456 2.048
(4,4) | 820. 816.2 808.8 (4,4) |10.77 3.586 2.141
12.52 Hz (4,3) | 753.8 749.6 7415 (4,3) |10.72 3.561 2.121
9.021 (4,2) |697.1 692.1 682.4 (4,2) |10.73 3.565 2.129
(4,1) | 647.3 641.  628.6 (4,1) |10.55 3.502 2.085
(4,0) | 6042 596.5 581.8 (4,00 |10.31 3.423 2.037
damping rate
100
sl
' LVK paper
o | (AR) Hanford
4.52 Hz e (AR) Livingston
9.071 -
AN 40}
N
Y !
10.57 Hz 20l
9. 049 |
100 ‘ 2;30 3(l10 4(110 500 RO
9.50 Hz f {220} real
9.014
RS 2026/3/24 EB#FHH 15
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https://arxiv.org/abs/2509.07348

O4a (GWTC-4, arXiv: 2508.18082)

GW231028 153006

SNR=22.9 (M, a,z)=(146.731,0.847°, 0.617)33)

Hanford SEg = 256 POINTS  Gwrs1098 155006 Ha spectiumaR tope.dat” vaing 12514 1 fanm QNM frequencies [Hz| and decay time [ms] in the detector frame
650 _ "GW231028_153006_H4_spectrumAR_top3.dat" using 1:2:3:4  +—k—1 -
= 1/16 SEeC "GW231028_153006_H4_spectrumAR_top4.dat" using 1:2:3:4
500 "GW231028_153006_H4_spectrumAR_top5.dat" using 1:2:3:4 frequency [HZ] decay time [ms]
4,m) |mn=0 n=1 n=2 4,m) |[n=0 n=1 n=2
550 (2,2) 84.16 83.3  81.5 (2,2) 38.88 1291 7.739
500 (2,1) 67.52 65.72 62.63 (2,1) 37.44 1243 7.315
(2,0) 55.5  52.78 47.9 (2,0) 34.66 11.36 6.629
450 (2,—1) | 47.41 43.57 37.09 (2,—1) | 32.55 10.8 6.033
400 (2,—2) 32 35.85 27.08 (2,-2) | 31.71 10.1 5.565
T (3,3) ( 132. 131.6 130.7 (3,3) 38.3 12.34 7.148
350 [ %{ (3,2) 8 113. 1114 (3,2) |37.13 12.34 7.349
200 b I ;K T (3,1) 99.1 97.71 94.95 (3,1) 35.25 11.68 6.977
X 11.50 Hz (3,0) 4 859 824 (3,0) 32.97 1091 6.474
7 fmm 250 ‘ iﬁ } 8 4071 (4,4) (179. 178.6 177.9 (4,4) 37.69 1258 7.539
s 200 I jﬁﬂ ﬁr ! . (4,3) : 158.7 157.7 (4, 3) 36.95 123 7.354
il Y G— ) . 5 segments (4,2) | 142.7 141.8 140.1 (4,2) | 35.78 11.92 7.159
150 | L — - ? ITIx' — T| | |x f= 14436 +- 128 H (4,1) 129.1 1279 125.6 (4,1) 33.95 11.28 6.734
00 b X 4 ] e 103 % 1 Tﬁf* xfﬁl% ! - : . z (4,0) | 1179 1164 113.7 (4,0) | 32.45 10.78 6.418
g TR B : Ut = 80309 - 8.499
50 T , , ,
8.2 8.25 8.3 8.35 8.4 8.45 8.5
. . 700 T T T T T
Livingston  [seq = 256 points e ot et e 1250 =
= 1/16 SEC  +Gw231026-153006-L4_spectrumAR tond dat” using 1:2:3:4
GW23]_028_]_53006 500 _ 6 ) ms "GW231028_153006_L4_spectrumAR_top5.dat" using 1:2:3:4
delay time (msec) from tO B X
(+ delay, - advanced) b
LHO = 17.1862
LLO = 20.494
Virgo= 0.0273621 T 53 segments
KAGRA= -6.52488 [ 1 f= 324.62 +- 11.78 Hz
| | o t = 8.276 — 8.408
data file t merger 1f 8.2 s 300
LHO mergertime = 8.21719
LLO mergertime = 8.22049 2or 14. 37 Hz
200 8. 425
150 |
o fd g 3.96 Hz
1] 1
50 8. 395
8.2 8.25 8.3 8.35 8.4 8.45 8.5

16
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O4a (GWTC-4, arXiv: 2508.18082)

GW231206 233901 SNR=22.9

(M, a,z) = (63.6731,0.6719:95 0.2810-9)

seg = ‘]28 lpOintS "GW231206_233901_H5_spectrumAR_top1.dat” ngng1:2:3:4 ——
Hanford — mol™ - 1/3) sec  -owiamor o is e st e TEEe T QNM frequencies [Hz] and decay time [ms] in the detector frame.
=13 25¥ms GW231206_ 233901 HS_epectrumAR top6.dat” using 12.3:4 | @Eartn P> e T
soo | Tt &0t 0 (bm) | p=Q n=1 n=2 (bm) |n=0 n=1 n=2
iy % _ A SR T e (2,2) (2075) 202.7 193.6 (2,2) 18.63 6.133 3.621
500 R BET T St Bl 5 e iais sl T (2,1) | TI7r977) 173.3 161.9 (2,1) | 18.56 6.095 3.525
sso | (2,0) 155.9 1473 132.6 (2,0) 18.24 5.952 3.454
(2,—-1) | 1379 126.5 107.6 (2,—-1) | 17.71 5.885 3.291
400 23.26 Hz  (2,—-2 (2,-2) | 17.29 554  3.076
o b 8 561 (3,3) (3,3) 18.15 5.907 3.271
(3,2) (3,2) 18.02 5.96  3.523
300 | ( (3,1) ) . : (3,1) 17.97 5.934 3.526
o | 11.92 Hz (3,0) 247.8 242.2 231.7 (3,0) 17.41 5.752 3.407
8. 695 (4,4) 447.  444.7 440.5 (4,4) 17.8  5.925 3.537
200 f 5 - (4,3) 412.3 409.9 405.3 (4,3) 17.74 5.89  3.507
LI o s e 26 seaments (4,2) |382.6 379.8 374.4 (4,2) |17.78 5906 3.524
o s 1% =l 1T T X% Neor (4,1) | 356.3 352.8 345.9 (4,1) | 17.53 5816 3.461
0 f =0165,)33 +- 14.37 Hz
100 | ' X - 4 . (4,0) 333.4 329.1 321. (4,0) 17.17 5.697 3.389
t = 8.504 — 8.649
L _ 1 1 1 -' amping rate
L. . t 0(&)3.45 8.5 8.55 8.6 8.65 8.7 dmg-g I
IVIngS On ’ I . "GWl231206_233901_L5_s;3ectrumAR_top‘I.dat“ Lljsing 1:2:3:4 —+— I ’
oso 59 = 128 DOINTS oumioe sosaniomectuman onp ot vona 123
= 1/32 sec "GW231206_233901_L5_spectrumAR_top4.dat" using 1:2:3:4 sol
GW231206 233901 600 _ "GW231206_233901_L5_spectrumAR_top5.dat" using 1:2:3:4 i !
delay time (msec) from tO _ 11 1 I : o
(+ delay, - advanced) °%0 '_ >T<:T>J X Ti TI % | £ 6o} VK
500 fi} lL | ﬁ '8 (XR)pl'algr?frord
LHO = -6.80343 .50 ] N (AR) Livingston
LLO = -15.3679 128 seaments & aof
Virgo= -6.07737 400 | ] 11.97 Hz A —
KAGRA= 16.6444 -
ORAZ 16.6 [ : 8. 648 .
- i o L AT et |
data file t merger if 8.2 s 300 1 >,T<JE — s i et Y
LHO t_merger = 8.1932 250 l g)@;ﬂ Eﬂ 13.17 Hz — — e = e e —— —i~ frequenc,
LLO t merger = 8.18463 0 g g _ 8. 626
200 J jl’_-- L { Tz f {220} real
3 l X TT X&&
is( X7T _L%XL
ol i D IR 17 segments
1 | f=(172.8 +- 21.42 Hz
t= 8501 — 8.644
50 i 1 1 -I
8.45 8.6 8.65 8.7

https://gwosc.org/eventapi/html/GWTC-4.0/GW231206 233901/v1/ https://gracedb.ligo.org/superevents/S231206cc/ IBxx= 2026/3/24 EBAH 17/
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O4a (GWTC-4, arXiv: 2508.18082)

GW231226 101520 SNR=34.7

(M, a,2) = (T1.553,0.677001, 0.2250:02)

seg = ]28 bOintS l"'GWl231226 101520_H5 spl>ectrumAR_top1.dat:: l;sing1525334 —t+— . . .
Hanford | = 1/32 sec W 231226 101820 H5 spectrumAR top3 dat” using 1:2:3:4 % - QNM frequencies [Hz| and decay time [ms] in the detector frame
"GW231226_101520_H5_spectrumAR_top4.dat" using 1:2:3:4 @Earth >
s00 | = 3'] 25 ms "GW231226_101520_H5_spectrumAR_top5.dat" using 1:2:3:4 1 frequency [Hz] decay time [ms]
(¢, m) =0 n=1 n=2 4m) |[n=0 n=1 n=2
55015‘}{{ &Liﬂ{lﬂ% :ﬁ t,.17 a*iﬁ:ﬁ*iﬁ s st e Ty segments (2,2) 195.) 190.5 181.9 (2,2) | 21.82 7.183 4.241
5oo"“!*riﬁfftrﬁs}fi *fi‘*ﬂﬁfﬁifﬂﬁmﬂﬁf““ P b 278.45 +- 5.14 Hz (2,1) 9 1629 152.2 (2,1) | 21.74 7.139 4.129
8.349 —— 8.470 (2,0) 146.5 138.4 124.6 (2,0) 21.37 6.972 4.045
wor ' ' (2,-1) | 129.6 118.9 101.1 (2,—1) | 20.75 6.893 3.854
400 | seaments (2,—2) | 116.2 102.1 79.39 (2,-2) [ 20.25 6.489 3.603
AN i 0.80 Hz (3,3) |309.4 306.7 301.8 (3,3) |21.25 6.919 3.831
Jasz= < 390 . 8 474 (3,2) | 2798 216 (3,2) |21.11 6.981 4.126
AW e en 7 NS N .
NG I NS 300 | lﬁxi lox ¥z % (3,1) | 254.3 (3,1) |21.05 6.95 4.129
T JFUX S (3,0) | 2329 (3,0) |20.39 6.737 3.99
= ey 290 T J e 12. 64 H (4,4) | 420.1 : (4,4) | 20.85 6.939 4.142
SN eY W E TR L SIE T . L
SR 200 1 ]I P'{X Rl x # 8 456 (4,3) | 387.5 385.2 3809 (4,3) |20.78 6.899 4.108
NS ;,// | x L TR0 <L % . . (4,2) | 359.6 356.9 351.8 (4,2) |20.82 6.917 4.128
iAo wof Lol Al Saian * segments (4,1) |3349 3316 325.1 (4,1) |20.53 6.812 4.054
T 1 ]
. 4,0 313.4 309.3 301.7 4,0 20.1  6.673 3.97
ﬂ 1 f= 15114 +- 10.18 Hz -0 (4,0
50 = am , , 1 t= 8.325 — 8.453 ——
8.25 8.3 8.35 8.4 8.45 8.5 100
700 ' ; ' l' .
Livingston | seg = 128 pOiNnts cwssoze 101520 15 spectrumAr topz.datt veing 12:3:4 |
650 | _ "GW231226_101520_L5_spectrumAR_top3.dat" using 1:2:3:4 .
- 1/32 SEC "GW231226_101520_L5_spectrumAR_top4.dat" us!ng 1:2:3:4 oY
GW231226 101520 s00 | = 31.25 ms "GW231226_101520_L5_spectrumAR_top5.dat" using 1:2:3:4 | -
delay time (msec) from tO ' : 14 segments 2 |
(+ delay, - advanced) f= 31815+ 1.86H £ o a4 (AR) Tt
_ 500 t = 8.330 — 8.474 S (AR) Hanford
LHO = -18.6083 N (AR) Livingston
LLO = -21.2684 450 4ot
Virgo= -5.42538 A o
KAGRA-  4.15996 el ' 11. 61 Hz |
| T ] 8. 470 '
350 |- . L)T( X % iT . . ﬂ- . 20.-
data file t merger if 8.3 s 300 £ T 1 ’ Xi X Qi 1 i - |
LHO t merger = 8.28139 T ;liﬂ L x 10.19 Hz — | — : — . i frequenc
LLO t merger = 8.27873 =0T LT | I ] 1 =0 0 0 %0
200 | JIL-x XX ><\ - . 8 465 f {220} real
J?r T%l T"Tl T
150 | VMET T ' g;ol( X T - 16 segments
I Ty | f= 154.42 +- 18.69 Hz
R t = 8.326 — 8.458
oL . X . . 1
8.25 8.3 8.35 8.4 8.45 8.5

https://gwosc.org/eventapi/html/GWTC-4.0/GW231226 101520/v1/ https://gracedb.ligo.org/superevents/S231226av/ IBxx= 2026/3/24 EBAH 18
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Frequency [Hz]

Frequency [Hz]

O4b (event paper: PRL135(2025)111403, PRL136(2025)041403)
= i 1 0.01 0.01
GW250114 082203  SNR=785 D e 3 e (M, a,z) = (62.777 1,0.6877,0.0975g1)

| Hanford Cefxvvvvggé’fE_‘gggggg_‘ggjﬁfffﬁ2?5_‘55533ZI 3:231322 i~ | faNM QNM frequencies [Hz] and decay time [ms] in the detector frame
_ '-Gwzsm14:08zzo3:H5:2552332253522325- 32:23 lg;g;i @Earth P ; -
5::,’ 600 "GW250114_082203_H5_spectrumAR_top5.dat" using 1:2:3:4 ] requency [HZ] decay time [ms]
] (4,m) = n=1 n=2 4,m) |n=0 n=1 n=2
550 (2,2) (249.) 2435 232.9 (2,2) | 21.67 7.134 4.215
I (2,1) | 2I5. 2074 194. (2,1) | 2157 7.085 4.099
—— T (2,0) | 185.9 1758 158.3 (2,0) |21.16 6.904 4.008
450 (2,-1) | 164.1 150.6 128.1 (2,—1) | 2052 6.817 3.811
100 (2,—2) |(147. 129. 100.1 (2,-2) | 20.02 6.413 3.559
1.21 Hz (3,3) | 395~ 391.6 385.6 (3,3) |21.11 6.87 3.812
350 8. 380 (3,2) |3564 3525 344.8 (3,2) |20.96 6.931 4.097
. (3,1) 318.1 308.4 (3,1) |20.87 6.891 4.096
(3,0) @ 288.8  276.4 (3,0) |20.18 6.67 3.952
250 9.38 Hz (4,4) 5.2 533.6 528.7 (4,4) |20.71 6.895 4.116
. 3. 388 (4,3) | 493.8 491.  485.6 (4,3) |20.63 6.851 4.079
(4,2) | 4575 454.1 4477 (4,2) |20.66 6.864 4.097
150 F b seaments (4,1) | 4254 4212 413. (4,1) |20.35 6.751 4.018
.| | £ =0141037 +-  4.30 Hz (4,0) | 397.6 3925 3828 (4,00 |19.9 6.606 3.931
t = 8.271 — 8.344
50 . . | damping rate
8.15 8.2 8.25 8.3 8.35 8.4 100r
700 I "GWl250’I’I4_082203_L5_slpectrumAR_top1.dat" Lljsing 1:2:3:4 F—+—i ' -
e 0913 Lo e vt g 254 |
"GW2501’I4:082203:L5:sgectrumAR:tog4.dat" usm31:2:3:4 9.48 Hz |
600 "GW250114_082203_L5_spectrumAR_top5.dat" using 1:2:3:4 8_ 392 o ’
(o] L
550 £ 60_' LVK paper
500 f 12.76 Hz 'é (AR) Hanford
s 8. 395 N - (AR) Livingston
Y= !
GW250114 082203 a00 | ] 59 segments |
delay time (msec) from tO0 f = 212.00 +- 8.43 Hz sl
(+ delay, - advanced) 350;% | t = 8.271 —— 8.387
3oo-§<l.| : | | |
Rt it —— 0 | 2 semens SIS U U S
Virgo= -17.2618 200 | - - ] ]; - 126232 - ;9332 hz f {220} real
KAGRA= -9.36207 M - . T .
soF ﬁ " L 1 (2,2,1) (& (2,2,0) &EHBITZ R0
data file t merger if 8.20 s T l‘ g2 L 8 seaments X _ _ .
LHO t merger = 8.20311 0or jt 5 1 f=(0147.73 +~ 7.92 Hz (440) T/ 14 XFDLDT, BRAEFSWVEL
LLO t_merger = 8.20612 o - - - ] t= 8.265 — 8.386 (3,0,0) I#Hanford/LivingstoniWA TR ZTW3
8.15 8.2 8.25 8.3 8.35 8.4

https://gwosc.org/eventapi/html/O4 Discovery Papers/GW250114.082203/v1/ https://gracedb.ligo.org/superevents/S250114ax/ YJIEF & 2026/3/24 EHFHFH 19
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higher-order modes

Enriching the symphony of gravitational waves from binary black holes

oo £ by tuning higher harmonics
. — 7 . — Roberto Cotesta,l‘* Alessandra Buonanno,l’2 Alejandro Bohé,l Andrea Taracch'mi,l Ian Hinder,1 and Serguei Ossokine'
h+ (l’ ¢O ? t) lhx (l ’ ¢O ? t) T z : z : -2 Yf m (l ’ ¢0 ) hf m (t) ' 'Max Planck Institute for Gravitational Physics (Albert Einstein Institute),
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X1=x2=0

— ] =8 =1
0.35 ——® 2. 1) —E— 44 - ¥ (3,3) %= (4,3 0.16 — ¥ (3.3) —#— (4.3
S - —— (5,5) —de— (3, 2) ] - (2.1) - 4.9 0 14_2 - (2.1) W 4.9
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q X1 Xs (even m modes) x4 (odd m modes)
FEE, AEYVRULEEDIHZE, m=FH @FEELLZV
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1 0 3 2 1 _ 0 _ A
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LVK-O4allFED AR kX9 B2Auto-Regressive;zzRAWe ) V75 0 ViR EEM

I"WETIV (ARE)
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