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LVK-O4a以降のイベントに対するAuto-Regressive法を用いたリングダウン波解析

Ringdown gravitational-wave data analysis with auto-regression method: 

Test of general relativity with O4a data and after

Inspiral　インスパイラル

Merger　合体

Ringdown 
リングダウン

BH 準固有振動 (quasi-normal modes) 
⬅  BH 摂動 in GR 
➡  

強い重力場の影響 
➡  GR検証にもっとも優れた状況 

(M, a)

“リングダウン部分” は極めて短時間で減衰  

  (減衰周期 21.7 ms for 62.7 Msun, a=0.68) 

真貝寿明（大阪工大） 

Hisaaki Shinkai (OIT) 

2026/3/24  物理学会 @ オンライン

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

GRの予言する周波数・減衰率が見えるのか？ 
倍音（overtone)の周波数・減衰率が見えるのか？ 
高次モード(higher modes)の周波数・減衰率が見えるのか？

リングダウン波の開始時刻はいつか 

高次モード，高調波モードはみつかるか 

GRと矛盾しないか

➡➡

2022年9月物理学会 Yes

➡➡

➡➡

2023年3月物理学会

Not yet
consistent

AR法は実データで使えるか？

O3bまでの実データ・リングダウン波解析

合体後3ms-5ms

本日 O4a+現在までの実データ・リングダウン波解析

GW190412, GW190814

<latexit sha1_base64="0uie/AwJPtb5WWF3ngEE3xv8Kq0="></latexit>

tMf = (1 + z)MG/c3
<latexit sha1_base64="bCHKjXSlbzSEo3E20b8TelIZW9E="></latexit>

tMf (M = 62.7M→, z = 0.09) = 0.337ms

独立に抽出するには工夫が必要． 

  ➡自己回帰モデル(Auto-Regressive model)
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突発性重力波は，GWTC4カタログで観測数が倍増して 176 例

Gravitational Wave Transient Catalog　（GWTC）

https://www.gw-openscience.org

released arXiv ref. BHBH NSNS NSBH 相方不明 total
GWTC-1 O1+O2 2018/12/3 1811.12907 PRX 9 (2019) 

031040
10 1 11

GWTC-2 O3a 2020/10/28 2010.14527 PRX 11 (2011) 
021053

36 1 2 39

GWTC-2.1 + 2021/8/2 2108.01045 +8-3 5

GWTC-３ O3b 2021/11/5 2111.03606 PRX 13 (2023) 
041039

32 3 35

GWTC-4 O4a 2025/8/25 2508.18082 86 86

total 169 2 3 2 176

重力波の項 
2022年より登場

by 田中貴浩さん＋HS

c

O4a (GWTC-4，arXiv: 2508.18082)　

https://arxiv.org/abs/2508.18082
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too heavy, low freq.

waveform system. err?

too light, high freq.

too light, high freq.

too light, high freq.

too light, high freq.

too light, high freq.

too light, high freq.

too light, high freq.

too light, high freq.

突発性重力波は，GWTC4カタログで観測数が倍増して 176 例

too light, high freq.

too heavy, low freq.

O4a

GW250114_082203

O4b (event paper) 
PRL135(2025)111403,  
PRL136(2025)041403　

<latexit sha1_base64="pD/uhVFihS8Qzrb7QOCYnGbN0zM="></latexit>

(M,a, z) = (62.7+1
→1.1, 0.68

+0.01
→0.01, 0.09

+0.01
→0.01)

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

O4a (GWTC-4，arXiv: 2508.18082)　

O3a

O3b

Livingston only 

https://arxiv.org/abs/2508.18082
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Tests of General Relativity with GWTC-4  (LVK paper)

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

the 91 confident signals including 42 events in O4a (FAR<10-3/yr) parameter range of GWTC3 / GWTC4 
(POL: GWTC3 minus GWTC4)

◀GW190814 (mass gap+BH) 
     (Mc=6.1Msun, Mf=25.7Msun)

◀ GW170817 (BNS)

◀ GW231028_153006 
    (Mc=62Msun, Mf=145Msun)

https://arxiv.org/abs/2603.19019
https://arxiv.org/abs/2603.19020
https://arxiv.org/abs/2603.19021
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Tests of General Relativity with GWTC-4  (LVK paper)

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

the 91 confident signals including 42 events in O4a (FAR<10-3/yr) parameter range of GWTC3 / GWTC4 
(POL: GWTC3 minus GWTC4)

◀GW190814 (mass gap+BH) 
     (Mc=6.1Msun, Mf=25.7Msun)

◀ GW170817 (BNS)

◀ GW231028_153006 
    (Mc=62Msun, Mf=145Msun)

Residual test

Inspiral-Merger‒Ringdown consistency

Subdominant Multipole Amplitudes Polarization Test
consistency of the residuals with noise

consistent  
inspiral vs post-inspiral

no evidence for 
deviations from models no evidence for 

deviations from the GR 

https://arxiv.org/abs/2603.19019
https://arxiv.org/abs/2603.19020
https://arxiv.org/abs/2603.19021
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Tests of General Relativity with GWTC-4  (LVK paper)

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

◀ GW231028_153006 
    (Mc=62Msun, Mf=145Msun)

(PYRING) a time-domain analysis that 
examines only the post-merger signal

(pSEOBNR) a frequency-domain 
analysis that considers the entire signal

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

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, ...

finds a shift toward higher GR quantiles for the damping time when O4a events 
are added to the analysis. However, ...

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.

　➡ ところどころ歯切れの悪い説明もあるが，GRとconsistentという結論

https://arxiv.org/abs/2603.19019
https://arxiv.org/abs/2603.19020
https://arxiv.org/abs/2603.19021
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GW250114_0822203

O4b (event paper: PRL135(2025)111403, PRL136(2025)041403)　

<latexit sha1_base64="pD/uhVFihS8Qzrb7QOCYnGbN0zM="></latexit>

(M,a, z) = (62.7+1
→1.1, 0.68

+0.01
→0.01, 0.09

+0.01
→0.01)

network SNR = 80 ! 

<latexit sha1_base64="0LQcgFRL/hQ1iMkLir0pDGDvm0s="></latexit>

33.6+1.2
→0.8M↑ + 32.2+0.8

→1.3M↑
<latexit sha1_base64="l8p+qvCh6OYa9wf5EAbM52NBu+U="></latexit>

ω1 → 0.24,ω2 → 0.26, e → 0.03

ringdown wave (2,2,0)+(2,2,1)    ±30% Kerr 
(2,2,2)まで見えたとは断言し難い

IMR解析にて，(4,4,0)を入れてもGRとconsistent
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Auto-Regressive model (Method, general)

Fitting data with linear func.

e.g. 
Z1 = e�(r�j!)�t

Z2 = e�(r+j!)�t

xn = Ae�rn�t cos(!n�t)
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can be applied also to noisy data by adjusting M 

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

power spectrum

・・・・・

・・・・・

characteristic eq.

freq.

P(f)

AR
FFT

Even for short segment, 
AR model shows precise power-
spectrum.

[mock data, SNR=40, inspiral part]

The order M can be fixed at 2～8.

自己回帰モデル



物理学会 2026/3/24  真貝寿明 9

Auto-Regressive model (GW)

segment = 1/16 sec = 256 points
or = 1/64 sec  =    64 points  

h(t)

sampling rate=4096  

shift = 1/4096 sec = 1points

干渉計のイベントが報告されたデータ(ホワイトニング後)で，合体時刻後のデータを解析する．  
自己回帰モデルを用いて，周波数  freal と振幅減衰率  (= f imag)を特定する． 
 
     

τ

一定周波数となっているものを探す．（リングダウンモード　!?） 
      freal の散らばりが1σ以内， (= f imag)の散らばりが1.25σ以内のものを抽出 τ

複数のモードを抽出可能

モデルを仮定せずに，実データのみに基づく

freq

time

GW200224_222234 Hanford

各モードの存在時間が抽出可能

Berti, Cardoso & Will PRD 73, 064030 (2006).

自己回帰モデル（重力波解析手順）

各データセグメントで，複数の  を抽出可能( f, τ)

AR法はリングダウン波を抽出しているか 
３干渉計(Hanford, Livingston, Virgo) で合致した値になるか 
LVK catalogと合致した値になるか 

LVK catalog の 最終的なBHの    + 赤方偏移 z のデータから  
検出データのリングダウンモード  を求め，GR値とみなす 

(Mf , af )

( f, τ)

リングダウン波の開始時刻はいつか 
高次モード，高調波モードはみつかるか 
GRと矛盾しないか

検出器ごと独立に解析
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GW150914 
delay time (msec) from t0 
(+ delay, - advanced)

LHO  = 12.8483
LLO  =  6.26193

Hanford

Livingston

Hanford 
Livingston 
Virgo 
KAGRA

重力波到来方向の特定から，各検出器での連星「合体」重力波通過時刻を補正

Hanford 
Livingston 
Virgo 
KAGRA

GW150914の例

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

GPS: 1126259462.4 
UTC Time: 2015-09-14 09:50

PRL 116 (2016) 061102

PRL 116 (2016) 241102
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Hanford

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

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

H7H6H5

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

H4

AR法を適用するセグメント長と結果の違い

１．セグメント時刻を中央値で表示しているので，実合体時刻＋セグメント長/2 が合体時刻と示される 
２．セグメントが長いと，短命なリングダウン波は，周波数候補の首位に表れにくくなる 
３．セグメントが短いと，突発的なノイズを多く拾うようになる
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"GW250114_082203_H5_spectrumAR_top1.dat"	using	1"2"3"4
"GW250114_082203_H5_spectrumAR_top2.dat"	using	1"2"3"4
"GW250114_082203_H5_spectrumAR_top3.dat"	using	1"2"3"4
"GW250114_082203_H5_spectrumAR_top4.dat"	using	1"2"3"4
"GW250114_082203_H5_spectrumAR_top5.dat"	using	1"2"3"4
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"GW250114_082203_H4_spectrumAR_top1.dat"	using	1"2"3"4
"GW250114_082203_H4_spectrumAR_top2.dat"	using	1"2"3"4
"GW250114_082203_H4_spectrumAR_top3.dat"	using	1"2"3"4
"GW250114_082203_H4_spectrumAR_top4.dat"	using	1"2"3"4
"GW250114_082203_H4_spectrumAR_top5.dat"	using	1"2"3"4
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"GW250114_082203_H6_spectrumAR_top1.dat"	using	1"2"3"4
"GW250114_082203_H6_spectrumAR_top2.dat"	using	1"2"3"4
"GW250114_082203_H6_spectrumAR_top3.dat"	using	1"2"3"4
"GW250114_082203_H6_spectrumAR_top4.dat"	using	1"2"3"4
"GW250114_082203_H6_spectrumAR_top5.dat"	using	1"2"3"4
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"GW250114_082203_H7_spectrumAR_top1.dat"	using	1"2"3"4
"GW250114_082203_H7_spectrumAR_top2.dat"	using	1"2"3"4
"GW250114_082203_H7_spectrumAR_top3.dat"	using	1"2"3"4
"GW250114_082203_H7_spectrumAR_top4.dat"	using	1"2"3"4
"GW250114_082203_H7_spectrumAR_top5.dat"	using	1"2"3"4
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	8.15 	8.2 	8.25 	8.3 	8.35 	8.4

"GW250114_082203_H3_spectrumAR_top1.dat"	using	1"2"3"4
"GW250114_082203_H3_spectrumAR_top2.dat"	using	1"2"3"4
"GW250114_082203_H3_spectrumAR_top3.dat"	using	1"2"3"4
"GW250114_082203_H3_spectrumAR_top4.dat"	using	1"2"3"4
"GW250114_082203_H3_spectrumAR_top5.dat"	using	1"2"3"4

H3

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

1 segment = 512 points 
= 1/8 sec = 125 ms

GW250114_082203
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GW250114_082203

Livingston

L7L6L5L4

AR法を適用するセグメント長と結果の違い

１．セグメント時刻を中央値で表示しているので，実合体時刻＋セグメント長/2 が合体時刻と示される 
２．セグメントが長いと，短命なリングダウン波は，周波数候補の首位に表れにくくなる 
３．セグメントが短いと，突発的なノイズを多く拾うようになる

L3
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"GW250114_082203_L3_spectrumAR_top1.dat"	using	1"2"3"4
"GW250114_082203_L3_spectrumAR_top2.dat"	using	1"2"3"4
"GW250114_082203_L3_spectrumAR_top3.dat"	using	1"2"3"4
"GW250114_082203_L3_spectrumAR_top4.dat"	using	1"2"3"4
"GW250114_082203_L3_spectrumAR_top5.dat"	using	1"2"3"4
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"GW250114_082203_L4_spectrumAR_top3.dat"	using	1"2"3"4
"GW250114_082203_L4_spectrumAR_top4.dat"	using	1"2"3"4
"GW250114_082203_L4_spectrumAR_top5.dat"	using	1"2"3"4
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"GW250114_082203_L7_spectrumAR_top4.dat"	using	1!2!3!4
"GW250114_082203_L7_spectrumAR_top5.dat"	using	1!2!3!4

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

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

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

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

1 segment = 512 points 
= 1/8 sec = 125 ms
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"GW230814_230901_L4_spectrumAR_top1.dat"	using	1"2"3"4
"GW230814_230901_L4_spectrumAR_top2.dat"	using	1"2"3"4
"GW230814_230901_L4_spectrumAR_top3.dat"	using	1"2"3"4
"GW230814_230901_L4_spectrumAR_top4.dat"	using	1"2"3"4
"GW230814_230901_L4_spectrumAR_top5.dat"	using	1"2"3"4

13

GW230814_230901 LV paper ▶︎

fQNM 

@Earth ▶︎

SNR=43.0

Livingston　only

GW230814_230901
delay time (msec) from t0 
(+ delay, - advanced)

LHO  = -13.0429
LLO  =  -4.1575
Virgo=   5.58498
KAGRA= -17.847

data file t_merger if 8.8 s
LHO mergertime = 8.78696
LLO mergertime = 8.79584

https://gwosc.org/eventapi/html/O4_Discovery_Papers/GW230814_230901/v2/

O4a (GWTC-4，arXiv: 2508.18082, 2509.07348)　

https://gracedb.ligo.org/superevents/S230814ah/

<latexit sha1_base64="2i8S6vXzKTkRSqQWr+9XW4RU4cA="></latexit>

(M,a, z) = (58.6+1.8
→1.7, 0.68

+0.02
→0.03, 0.06

+0.02
→0.02)
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"GW230814_230901_L5_spectrumAR_top1.dat"	using	1"2"3"4
"GW230814_230901_L5_spectrumAR_top2.dat"	using	1"2"3"4
"GW230814_230901_L5_spectrumAR_top3.dat"	using	1"2"3"4
"GW230814_230901_L5_spectrumAR_top4.dat"	using	1"2"3"4
"GW230814_230901_L5_spectrumAR_top5.dat"	using	1"2"3"4

seg = 256 points 
    = 1/16 sec  
    = 63 ms

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

seg = 512 points 
    = 1/8 sec  
    = 125 ms

LLO mergertime = 8.8075 ->
t_merger = 8.8116 s

 64 segments 

f =  323.89 +-   6.84 Hz 

t =   8.874 --  9.006 

  9 segments 

f =  189.44 +-   6.42 Hz 

t =   8.871 --  8.978

 13 segments 

f =  412.26 +-   5.12 Hz 

t =   8.880 --  8.984

 26 segments 

f =  133.43 +-   1.56 Hz 

t =   8.895 --  9.014

 33 segments 

f =  267.33 +-  10.79 Hz 

t =   8.883 --  8.938

 19 segments 

f =  163.38 +-   8.43 Hz 

t =   8.831 --  8.971

 44 segments 

f =  253.59 +-  11.92 Hz 

t =   8.874 --  8.938

 32 segments 

f =  262.05 +-   9.49 Hz 

t =   8.898 --  8.944

 13 segments 

f =  309.90 +-  13.62 Hz 

t =   8.882 --  8.941

 26 segments 

f =  318.65 +-   5.79 Hz 

t =   8.872 --  8.951

 28 segments 

f =  156.70 +-   7.67 Hz 

t =   8.841 --  8.978

f_{220} real

f
_{

2
2

0
}
 i
m

a
g

LVK paper 
(AR) Livingston  1/32 
(AR) Livingston  1/16 

https://arxiv.org/abs/2508.18082
https://arxiv.org/abs/2509.07348
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	50
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	150

	200

	250

	300

	350

	400

	450

	500

	550

	600

	650

	700

	8.65 	8.7 	8.75 	8.8 	8.85 	8.9

"GW230914_111401_H5_spectrumAR_top1.dat"	using	1"2"3"4
"GW230914_111401_H5_spectrumAR_top2.dat"	using	1"2"3"4
"GW230914_111401_H5_spectrumAR_top3.dat"	using	1"2"3"4
"GW230914_111401_H5_spectrumAR_top4.dat"	using	1"2"3"4
"GW230914_111401_H5_spectrumAR_top5.dat"	using	1"2"3"4

14

GW230914_111401 LV paper ▶︎

fQNM 

@Earth ▶︎

2 segments 

f =  135.54 +-   4.51 Hz 

t =   8.789 --  8.846

SNR=17.7

Hanford

Livingston

GW230914_111401
delay time (msec) from t0 
(+ delay, - advanced)

LHO  =  18.6607
LLO  =  14.5
Virgo= - 6.2312
KAGRA=   7.98064

data file t_merger if 8.7 s
 LHO mergertime = 8.71866
LLO mergertime = 8.7145

https://gwosc.org/eventapi/html/GWTC-4.0/GW230914_111401/v1/

O4a (GWTC-4，arXiv: 2508.18082)　

https://gracedb.ligo.org/superevents/S230914ak/

LVK paper 
(AR) Hanford 
(AR) Livingston 

f
_{

2
2

0
}
 i
m

a
g

<latexit sha1_base64="KB3iymMj3zz1YtUEY7KCzlDCzdY="></latexit>

(M,a, z) = (91.2+13.9
→9.7 , 0.71+0.12

→0.12, 0.45
+0.22
→0.19)

	50

	100

	150

	200

	250

	300

	350

	400

	450

	500

	550

	600

	650

	700

	8.65 	8.7 	8.75 	8.8 	8.85 	8.9

"GW230914_111401_L5_spectrumAR_top1.dat"	using	1"2"3"4
"GW230914_111401_L5_spectrumAR_top2.dat"	using	1"2"3"4
"GW230914_111401_L5_spectrumAR_top3.dat"	using	1"2"3"4
"GW230914_111401_L5_spectrumAR_top4.dat"	using	1"2"3"4
"GW230914_111401_L5_spectrumAR_top5.dat"	using	1"2"3"4

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

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

2 segments 

f =  135.24 +-   4.06 Hz 

t =   8.814 --  8.864

9 segments 

f =  222.14 +-   7.54 Hz 

t =   8.763 --  8.869

35 segments 

f =  276.44 +-   9.15 Hz 

t =   8.778 --  8.907

27 segments 

f =  323.32 +-  14.87 Hz 

t =   8.763 --  8.910

12 segments 

f =  220.89 +-  11.79 Hz 

t =   8.761 --  8.908

f_{220} real

f
_{

2
2

0
}
 i
m

a
g

LVK paper 
(AR) Hanford 
(AR) Livingston 

https://arxiv.org/abs/2508.18082
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	50

	100

	150

	200

	250

	300

	350

	400

	450

	500

	550

	600

	650

	700

	8.85 	8.9 	8.95 	9 	9.05 	9.1

"GW230927_153832_H5_spectrumAR_top1.dat"	using	1"2"3"4
"GW230927_153832_H5_spectrumAR_top2.dat"	using	1"2"3"4
"GW230927_153832_H5_spectrumAR_top3.dat"	using	1"2"3"4
"GW230927_153832_H5_spectrumAR_top4.dat"	using	1"2"3"4
"GW230927_153832_H5_spectrumAR_top5.dat"	using	1"2"3"4

15

GW230927_153832 LV paper ▶︎

fQNM 

@Earth ▶︎

7 segments 

f =  359.15 +-  15.36 Hz 

t =   8.930 --  8.952

SNR=21.5

Livingston

GW230927_153832
delay time (msec) from t0 
(+ 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

11 segments 

f =  232.79 +-   9.50 Hz 

t =   8.977 --  9.014

https://gwosc.org/eventapi/html/GWTC-4.0/GW230927_153832/v1/

O4a (GWTC-4，arXiv: 2508.18082, 2509.07348)　

Hanford

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

LVK paper 
(AR) Hanford 
(AR) Livingston 

f
_{

2
2

0
}
 i
m

a
g

<latexit sha1_base64="v2ulx6PyWRIlXu8zuIphjznLAx0="></latexit>

(M,a, z) = (36.6+3.2
→2.2, 0.69

+0.04
→0.03, 0.23

+0.06
→0.1 )

	50

	100

	150

	200

	250

	300

	350

	400

	450

	500

	550

	600

	650

	700

	8.85 	8.9 	8.95 	9 	9.05 	9.1

"GW230927_153832_L5_spectrumAR_top1.dat"	using	1"2"3"4
"GW230927_153832_L5_spectrumAR_top2.dat"	using	1"2"3"4
"GW230927_153832_L5_spectrumAR_top3.dat"	using	1"2"3"4
"GW230927_153832_L5_spectrumAR_top4.dat"	using	1"2"3"4
"GW230927_153832_L5_spectrumAR_top5.dat"	using	1"2"3"4

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

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

26 segments 

f =  280.35 +-  12.52 Hz 

t =   8.929 --  9.021

63 segments 

f =  528.68 +-   5.33 Hz 

t =   8.932 --  9.073

 5 segments 

f =  379.10 +-  10.57 Hz 

t =   8.926 --  9.049

21 segments 

f =  528.83 +-   4.52 Hz 

t =   8.942 --  9.071

f_{220} real

f
_{

2
2

0
}
 i
m

a
g

LVK paper 
(AR) Hanford 
(AR) Livingston 

https://arxiv.org/abs/2508.18082
https://arxiv.org/abs/2509.07348
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GW231028_153006 LV paper ▶︎

fQNM 

@Earth ▶︎

SNR=22.9

Hanford

Livingston

GW231028_153006
delay time (msec) from t0 
(+ delay, - advanced)

LHO  = 17.1862
LLO  = 20.494
Virgo=  0.0273621
KAGRA= -6.52488

data file t_merger if 8.2 s
LHO mergertime = 8.21719
LLO mergertime = 8.22049

https://gwosc.org/eventapi/html/GWTC-4.0/GW231028_153006/v1/

O4a (GWTC-4，arXiv: 2508.18082)　

https://gracedb.ligo.org/superevents/S231028bg/

LVK paper 
(AR) Hanford 
(AR) Livingston 

f
_{

2
2

0
}
 i
m

a
g

<latexit sha1_base64="gwd5DMKwzZ9fhVBYBkiI9r2UsnI="></latexit>

(M,a, z) = (146.+23.
→14., 0.84

+0.05
→0.1 , 0.61+0.24

→0.23)

	50

	100

	150

	200

	250

	300

	350

	400

	450

	500

	550

	600

	650

	700

	8.2 	8.25 	8.3 	8.35 	8.4 	8.45 	8.5

"GW231028_153006_H4_spectrumAR_top1.dat"	using	1!2!3!4
"GW231028_153006_H4_spectrumAR_top2.dat"	using	1!2!3!4
"GW231028_153006_H4_spectrumAR_top3.dat"	using	1!2!3!4
"GW231028_153006_H4_spectrumAR_top4.dat"	using	1!2!3!4
"GW231028_153006_H4_spectrumAR_top5.dat"	using	1!2!3!4

	50

	100

	150

	200

	250

	300

	350

	400

	450

	500

	550

	600

	650

	700

	8.2 	8.25 	8.3 	8.35 	8.4 	8.45 	8.5

"GW231028_153006_L4_spectrumAR_top1.dat"	using	1!2!3!4
"GW231028_153006_L4_spectrumAR_top2.dat"	using	1!2!3!4
"GW231028_153006_L4_spectrumAR_top3.dat"	using	1!2!3!4
"GW231028_153006_L4_spectrumAR_top4.dat"	using	1!2!3!4
"GW231028_153006_L4_spectrumAR_top5.dat"	using	1!2!3!4

seg = 256 points 
    = 1/16 sec  
    = 63 ms

seg = 256 points 
    = 1/16 sec  
    = 63 ms

13 segments 

f =  180.46 +-  11.50 Hz 

t =   8.315 --  8.401

53 segments 

f =  324.62 +-  11.78 Hz 

t =   8.276 --  8.408

27 segments 

f =  189.77 +-  14.37 Hz 

t =   8.335 --  8.425

12 segments 

f =  135.84 +-   3.96 Hz 

t =   8.305 --  8.395

 5 segments 

f =  144.36 +-   4.28 Hz 

t =   8.309 --  8.499

Too
 ma

ssiv
e, a

nd l
ow-

freq
uen

cy

https://arxiv.org/abs/2508.18082
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GW231206_233901 LV paper ▶︎

fQNM 

@Earth ▶︎

98 segments 

f =  214.24 +-  11.92 Hz 

t =   8.515 --  8.695

SNR=22.9

Hanford

Livingston

GW231206_233901
delay time (msec) from t0 
(+ delay, - advanced)

LHO  = -6.80343
LLO  = -15.3679
Virgo= -6.07737
KAGRA= 16.6444

data file t_merger if 8.2 s
　 LHO t_merger = 8.1932

LLO t_merger = 8.18463

https://gwosc.org/eventapi/html/GWTC-4.0/GW231206_233901/v1/

O4a (GWTC-4，arXiv: 2508.18082)　

https://gracedb.ligo.org/superevents/S231206cc/

	50

	100

	150

	200

	250

	300

	350

	400

	450

	500

	550

	600

	650

	700

	8.45 	8.5 	8.55 	8.6 	8.65 	8.7

"GW231206_233901_H5_spectrumAR_top1.dat"	using	1"2"3"4
"GW231206_233901_H5_spectrumAR_top2.dat"	using	1"2"3"4
"GW231206_233901_H5_spectrumAR_top3.dat"	using	1"2"3"4
"GW231206_233901_H5_spectrumAR_top4.dat"	using	1"2"3"4
"GW231206_233901_H5_spectrumAR_top5.dat"	using	1"2"3"4

	50

	100

	150

	200

	250

	300

	350

	400

	450

	500

	550

	600

	650

	700

	8.45 	8.5 	8.55 	8.6 	8.65 	8.7

"GW231206_233901_L5_spectrumAR_top1.dat"	using	1"2"3"4
"GW231206_233901_L5_spectrumAR_top2.dat"	using	1"2"3"4
"GW231206_233901_L5_spectrumAR_top3.dat"	using	1"2"3"4
"GW231206_233901_L5_spectrumAR_top4.dat"	using	1"2"3"4
"GW231206_233901_L5_spectrumAR_top5.dat"	using	1"2"3"4

<latexit sha1_base64="aqyZDSabNW10V+CjVUOrQCvzG0I="></latexit>

(M,a, z) = (63.6+5.1
→3.4, 0.67

+0.06
→0.07, 0.28

+0.05
→0.08)

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

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

26 segments 

f =  165.33 +-  14.37 Hz 

t =   8.504 --  8.649

16 segments 

f =  297.82 +-  23.26 Hz 

t =   8.516 --  8.561

44 segments 

f =  216.65 +-  13.17 Hz 

t =   8.500 --  8.626

17 segments 

f =  172.18 +-  21.42 Hz 

t =   8.501 --  8.644

128 segments 

f =  292.48 +-  11.97 Hz 

t =   8.511 --  8.648

f_{220} real

f
_{

2
2

0
}
 i
m

a
g

LVK paper 
(AR) Hanford 
(AR) Livingston 

https://arxiv.org/abs/2508.18082
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	400

	450

	500

	550

	600

	650

	700

	8.25 	8.3 	8.35 	8.4 	8.45 	8.5

"GW231226_101520_H5_spectrumAR_top1.dat"	using	1!2!3!4
"GW231226_101520_H5_spectrumAR_top2.dat"	using	1!2!3!4
"GW231226_101520_H5_spectrumAR_top3.dat"	using	1!2!3!4
"GW231226_101520_H5_spectrumAR_top4.dat"	using	1!2!3!4
"GW231226_101520_H5_spectrumAR_top5.dat"	using	1!2!3!4
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GW231226_101520 LV paper ▶︎

fQNM 

@Earth ▶︎

 10 segments 

f =  196.00 +-  12.64 Hz 

t =   8.329 --  8.456

SNR=34.7

Hanford

Livingston

GW231226_101520
delay time (msec) from t0 
(+ delay, - advanced)

LHO  = -18.6083
LLO  = -21.2684
Virgo=  -5.42538
KAGRA=   4.15996

data file t_merger if 8.3 s
LHO t_merger = 8.28139
LLO t_merger = 8.27873

https://gwosc.org/eventapi/html/GWTC-4.0/GW231226_101520/v1/

O4a (GWTC-4，arXiv: 2508.18082)　

https://gracedb.ligo.org/superevents/S231226av/

<latexit sha1_base64="TXzB1vN2Fxbd8wb8QOrCnOzVReY="></latexit>

(M,a, z) = (71.+3.1
→2.3, 0.67

+0.04
→0.04, 0.22

+0.03
→0.05)

	50

	100

	150

	200

	250

	300

	350

	400

	450

	500

	550

	600

	650

	700

	8.25 	8.3 	8.35 	8.4 	8.45 	8.5

"GW231226_101520_L5_spectrumAR_top1.dat"	using	1!2!3!4
"GW231226_101520_L5_spectrumAR_top2.dat"	using	1!2!3!4
"GW231226_101520_L5_spectrumAR_top3.dat"	using	1!2!3!4
"GW231226_101520_L5_spectrumAR_top4.dat"	using	1!2!3!4
"GW231226_101520_L5_spectrumAR_top5.dat"	using	1!2!3!4

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

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

116 segments 

f =  240.39 +-   9.80 Hz 

t =   8.329 --  8.474

 11 segments 

f =  151.14 +-  10.18 Hz 

t =   8.325 --  8.453

 15 segments 

f =  278.45 +-   5.14 Hz 

t =   8.349 --  8.470

 34 segments 

f =  216.13 +-  10.19 Hz 

t =   8.386 --  8.465

 16 segments 

f =  154.42 +-  18.69 Hz 

t =   8.326 --  8.458

 69 segments 

f =  245.97 +-  11.61 Hz 

t =   8.334 --  8.470

 14 segments 

f =  318.15 +-  11.86 Hz 

t =   8.330 --  8.474

f_{220} real

f
_{

2
2

0
}
 i
m

a
g

LVK paper 
(AR) Hanford 
(AR) Livingston 

https://arxiv.org/abs/2508.18082
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	700

	8.15 	8.2 	8.25 	8.3 	8.35 	8.4

"GW250114_082203_L5_spectrumAR_top1.dat"	using	1!2!3!4
"GW250114_082203_L5_spectrumAR_top2.dat"	using	1!2!3!4
"GW250114_082203_L5_spectrumAR_top3.dat"	using	1!2!3!4
"GW250114_082203_L5_spectrumAR_top4.dat"	using	1!2!3!4
"GW250114_082203_L5_spectrumAR_top5.dat"	using	1!2!3!4
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	8.15 	8.2 	8.25 	8.3 	8.35 	8.4

"GW250114_082203_H5_spectrumAR_top1.dat"	using	1!2!3!4
"GW250114_082203_H5_spectrumAR_top2.dat"	using	1!2!3!4
"GW250114_082203_H5_spectrumAR_top3.dat"	using	1!2!3!4
"GW250114_082203_H5_spectrumAR_top4.dat"	using	1!2!3!4
"GW250114_082203_H5_spectrumAR_top5.dat"	using	1!2!3!4
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GW250114_082203 LV paper ▶︎SNR=78.5

Hanford

Livingston

GW250114_082203 
delay time (msec) from t0 
(+ delay, - advanced)

LHO  = 3.10759
LLO  = 6.12127
Virgo= -17.2618
KAGRA= -9.36207

data file t_merger if 8.20 s
LHO t_merger = 8.20311
LLO t_merger = 8.20612

https://gwosc.org/eventapi/html/O4_Discovery_Papers/GW250114_082203/v1/

O4b (event paper: PRL135(2025)111403, PRL136(2025)041403)　

https://gracedb.ligo.org/superevents/S250114ax/

<latexit sha1_base64="pD/uhVFihS8Qzrb7QOCYnGbN0zM="></latexit>

(M,a, z) = (62.7+1
→1.1, 0.68

+0.01
→0.01, 0.09

+0.01
→0.01)

L5

H5

fQNM 

@Earth ▶︎

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

 31 segments 

f =  252.94 +-   9.38 Hz 

t =   8.249 --  8.388

 90 segments 

f =  296.79 +-   7.21 Hz 

t =   8.248 --  8.380

 5 segments 

f =  141.37 +-   4.30 Hz 

t =   8.271 --  8.344

 95 segments 

f =  251.02 +-  12.76 Hz 

t =   8.248 --  8.395

 59 segments 

f =  212.00 +-   8.43 Hz 

t =   8.271 --  8.387

 44 segments 

f =  294.25 +-   9.48 Hz 

t =   8.246 --  8.392

 22 segments 

f =  176.53 +-  19.44 Hz 

t =   8.275 --  8.386

  8 segments 

f =  147.73 +-   7.92 Hz 

t =   8.265 --  8.386

f_{220} real

f
_{

2
2

0
}
 i
m

a
g

LVK paper 
(AR) Hanford 
(AR) Livingston 

（2,2,1）は (2,2,0)と判別できない 
（4,4,0）はノイズ帯のようで，見えたとは言い難い 
(3,0,0) はHanford/Livingston双方で見えている
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higher-order modes

well-known mode hierarchy (2,2),(3,3),(2,1),(4,4),(3,2),(5,5),(4,3)ではない
等質量，スピンなし連星の場合，m=奇数　は発生しない
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LVK O4a:　リングダウン波形の抽出を試みた．

まとめと展望

自己回帰モデル　(AR法) 

ノイズを含む短時間実データ  64 pts (16ms), 128pts (32ms) に対しても，周波数と減衰率を抽出できる 

データのみを用いていて，テンプレートは不要(理論に独立)．複数のモードも抽出可能． 

検出器ごとのデータ解析．波形抽出の時刻も明確にできる．

S/N >= 15 (インスパイラル部含む)のイベントに対しては，リングダウン波形は取り出せる． 

(時間幅 [merger time + 200 ms], Band Filterings [20-600Hz] など 

  parameterはイベントごとに設定せず共通)

　➡ 他の方法との整合性check

AR法はリングダウン波を抽出しているか 

2干渉計(Hanford, Livingston) で合致した値になるか 

LVK catalogと合致した値になるか 

リングダウン波の開始時刻はいつか 

高次モード，高調波モードはみつかるか 

GRと矛盾しないか

Yes
Yes

Almost Yes

3ms-5ms

今のところ consistent といえる

　➡ f_imag (減衰率)は大きく見積もる傾向がある．

　　　　　　　hisaaki.shinkai@oit.ac.jp

LVK-O4a以降のイベントに対するAuto-Regressive法を用いたリングダウン波解析

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

f_{220} real

f
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}
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LV paper 
(AR) Livingston  1/32 
(AR) Livingston  1/16 

GW230814_230901

LV paper 
(AR) Hanford 
(AR) Livingston 

GW230914_111401

見えているものもある

GW230927_153832

GW231206_233901

GW231226_101520

GW250114_082203

f_{220} real
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GW250114_082203について
（2,2,1）は (2,2,0)と判別できない 

（4,4,0）はノイズ帯のようで，見えたとは言い難い 
(3,0,0) はHanford/Livingston双方で見えている

　➡ どのモードが励起されたのか，しくみを含めて考える研究へ

➡


