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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 (3.7 ms for 60 Msun, a=0.75) 

独立に抽出するには工夫が必要． 

  ➡自己回帰モデル(Auto-Regressive model) 

  ➡実データに応用，有効性を調べた．

自己回帰モデルを用いた重力波データ解析 

O3 a/b 連星ブラックホールイベントのリングダウン波形抽出

真貝寿明（大阪工大） 
Hisaaki Shinkai (OIT) 

2022/9/7  物理学会 @ 岡山理科大

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



Observation 1/2/3a/3b & 4     
Status of GW observation

2015 2016 2017 2018 2019 2020 2021 2022 2023

O1
LIGO Sep12        Jan19         Nov30       Aug25                                                        Apr1̶Sep 30    Nov1̶ Mar27

O2 O3a O3b

Virgo

60-80 Mpc                     60-100 Mpc                                                           120 - 130  Mpc

O2
 Aug 1-25                                                     Apr1̶Sep 30    Nov1̶ Mar27

O3a O3b
30 Mpc                                                                    50  Mpc

KAGRA
1 Mpc  

terminated due 
to COVID-19

O4

O4

O4

GWTC-1
2018/12/3 GWTC-2

2020/10/28
GWTC-2.1
2021/8/2

GWTC-3
2021/11/5

Gravitational Wave Transient Catalog

https://www.gw-openscience.org

2023年3月開始
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ग़ɺ͓Αͼɺύϥϝʔλਪఆ͕ 2015ҎདྷՄʹͳͬͨɽ
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ΕΔ؍ଌؒظऴྃ·ͰʹɼBBHʹΑΔॏྗ͕ 46ྫɼBNSʹΑΔॏྗ͕ 2ྫใ͞ࠂΕ
͍ͯΔɽຊͷ KAGRAʢ͔͙Βʣ O3b ଌʹೖͬͨɽO3b؍ಉڞʹޙ࠷ͷؒظଌ؍ ظ
ͷॏྗΠϕϯτ 2021 ؒظଌ؍ͷ࣍ܭবׯɼ֤ࡏݱͰະൃදͰ͋Δɽ࣌7݄ O4
ʢ2022Ն͔Β 1ؒͷ༧ఆʣʹ؍͚ͯଌײΛ্͛ΔͨΊɼׯবܭͷվྑதͰ͋Δɽ
ॏྗΠϕϯτɼ؍ଌ͞Ε݄ͨΛ༻͍ͯɼGW150914ͷܗͰ໋໊͞ΕΔɽO3aظ

ΑΓɼ࣌ඵΛՃ໊͑ͨশ͕ਖ਼ࣜͱͳͬͨɽॏྗΠϕϯτใମ੍͕औΒΕɼଟ
ి࣓؍ଌ͕Մʹͳ͍ͬͯΔ͕ɼ͜Ε·Ͱʹ͕ݯಛఆ͞Εͨͷ GW170817ͷΈͰ
͋Δɽ

ද 1: ॏྗϨʔβʔׯবܭͷҐஔͱͷ͖ʢྫ͑ N 36◦ Wɼ͔Βํ

ʹ 36◦ ͷ͖Λ͢ࢦɽʣ

ܭবׯ  (km) Ң ܦ X- Y-

LIGO Hanford ถࠃ 4 46◦27′19′′ N 119◦24′28′′ W N 36◦ W W 36◦ S
LIGO Livingston ถࠃ 4 30 33 46 N 90 46 27 W N 18◦ S S 18◦ E
Virgo Ԥभ 3 43 37 53 N 10 30 16 E N 19◦ E W 19◦ N
KAGRA ຊ 3 36 24 36 N 137 18 36 E E 28.3◦ N N 28.3◦ W

ද 2: աڈͷ؍ଌؒظ

ظଌ؍ Advanced LIGO Advanced Virgo KAGRA

 ݄   ݄   ݄   ݄   ݄   ݄ 
O1 2015 9 12 –2016 1 19 – –
O2 2016 11 30 –2017 8 25 2017 8 1 –2017 8 25 –
O3a 2019 4 1 –2019 9 30 ಉࠨ –
O3b 2019 11 1 –2020 3 27 ಉࠨ

O3GK – – 2020 4 7 –2020 4 21

ଌ͞ΕͨதͰಛච͖͢ΠϕϯτɹಥൃతॏྗΧλϩά؍ 2(GWTC2)ͱͯ͠ 2020
10݄ʹൃද͞Εͨͷ͕ 2021 ৽Ͱ͋Δɽ࠷Ͱ࣌7݄

GW150914ɹ࠷ॳʹใ͞ࠂΕͨॏྗ؍ଌΠϕϯτɽBBHͷଘࡏΛ໌Β͔ʹ͠ɼଠཅ
࣭ ʢྔM#ʣͷ 30ഒҎ্ͷBHͷଘࡏΛॳΊͯ֬ೝͨ͠ɽใ͞ࠂΕͨBBHͷΠϕϯτͷதͰ
࠷γάφϧɾϊΠζൺ (SNR)͕͍ߴɽGW170817ɹ࠷ॳʹใ͞ࠂΕͨ BNSΠϕϯτɽ
ޙʹଟ͘ͷ؍ଌ͕ͳ͞ΕɼϚϧνɾϝοηϯδϟʔఱจֶͷॳΊͯͷޭྫͱͳͬͨɽॏ
ྗ͔ܗΒಘΒΕͨதੑࢠͷঢ়ଶํఔࣜʹର͢Δ੍ݶ֩ີ ρnuc = 2.8×1014g/cm3

ͷ 2ഒͷີʹ͓͚Δѹྗͱͯ͠ (2ρnuc) = 3.5+2.7
ʵ 1.7

× 1034dyn/cm2(90% ৴པ۠ؒ)Ͱ͋
ΔɽΨϯϚઢͱॏྗͷ౸ணࠁ࣌ͷࠩ 1.7 ඵ͔ΒಘΒΕͨॏྗͷޫ͔Βͷͣ

1

Εͷׂ߹ʹର͢Δ੍ݶ 1 × 10−15 ҎԼͰ͋Δɽ·ͨɼՄࢹɾ֎ʹ͓͚Δ؍ଌ͔Βమ
Ҏ্ͷॏݩૉ߹ͷܗ͕ݟΒΕɼr-աఔݩૉ߹ͷॏཁͳνϟϯωϧʹͳ͍ͬͯΔ͜ͱΛ
͍ࣔࠦͯ͠ΔɽGW190412ɹ໌Β͔ʹ࣭ྔൺͷҟͳΔ BBH ͔ΒͷॏྗͰɼॏྗͷߴ
ग़͕ͳ͞ΕͨɽGW190425ɹݕϞʔυͷ࣍ 2൪ʹൃ͞ݟΕͨ BNSɽGW190521 ૯࣭ྔ
େͷ࠷͕ BBHͰɼ߹ମޙͷ࣭ྔ͕ 150M" Λ͑Δͷͱ͑ߟΒΕΔɽ͍ΘΏΔத࣭ؒྔ
BHͷྖҬͷީิఱମͷॳͷൃݟͱͳͬͨɽBBHͷ߹ମͷୈ̎ੈͷ߹ମͱ͑ߟΒΕͯ
͍ΔɽGW190814 ܗͷγφϦΦͰෆՄͱ͞ΕΔ 2–5M" ͷ࣭ྔྖҬͷίϯύΫτ
ఱମ͔Βͷॏྗͱ͑ߟΒΕΔɽGW190924: খ࣭ྔͷ࠷ͰͰ·ࡏݱ BBHɽGW200105,
GW200115: ͡Ί࣮ͯ֬ͳͷͱใ͞ࠂΕͨ NS-BH࿈ܥ߹ମɽ

ද 3: ใ͞ࠂΕͨओͳॏྗʢ2021  7 ʣɽ࿈ͷ࣭ྔΛࡏݱ݄ M1,M2 ͱͨ͠ͱ͖ͷɼ
νϟʔϓ࣭ྔMc = (M1M2)

3/5/(M1 +M2)
1/5, ࣭ྔൺʢதԝͷൺʣM2/M1ɼ༗ޮεϐ

ϯ χeffɼ࠷ऴతʹܗ͞Εͨ BHͷ࣭ྔMfinal(NSΛؚΉ߹શ࣭ྔMશ = M1 +M2)ɼ

ಛఆਫ਼ʢฏํʣ(∆θ)2ɼγάφϧɾϊΠζൺΛࣔ͢ɽ෯ͷ͋Δྔݯɼڑ 90% ͷ
৴པ۠ؒɽ(छྨ͝ͱʹॱɽBBHʹ͍ͭͯɼSNR͕ 13.1ΑΓେ͖͍ͷͷΈɽ)
Πϕϯτ (BBH) Mc(M") ࣭ྔൺ χeff Mfinal(M") ڑ (Mpc) (∆θ)2 SNR

GW150914 28.6+1.7
−1.5 0.86 -0.01+0.12

−0.13 63.1+3.4
−3.0 440+150

−170 179 24.4

GW170608 7.9+0.2
−0.2 0.69 0.03+0.19

−0.07 17.8+3.4
−0.7 320+120

−110 392 14.9

GW170814 24.1+1.4
−1.1 0.82 0.07+0.12

−0.12 53.2+3.2
−2.4 600+150

−220 87 15.9

GW190408 181802 18.3+1.9
−1.2 0.75 0-.03+0.14

−0.19 41.1+3.9
−2.8 1550+400

−600 – 14.67

GW190412 13.3+0.4
−0.3 0.28 0.25+0.08

−0.11 37.3+3.9
−3.8 740+140

−170 21 18.86

GW190521 69.2+17.0
−10.6 0.72 0.03+0.32

−0.39 156.3+36.8
−22.4 3920+2190

−1950 940 14.38

GW190521 074359 32.1+3.2
−2.5 0.78 0.09+0.1

−0.13 71.0+6.5
−4.4 1240+400

−570 500 24.38

GW190630 185205 24.9+2.1
−2.1 0.68 0.1+0.12

−0.13 56.4+4.4
−4.6 890+560

−370 – 15.64

GW190728 064510 8.6+0.5
−0.3 0.66 0.12+0.2

−0.07 19.6+4.7
−1.3 870+260

−370 – 13.64

GW190814 6.09+0.06
−0.06 0.11 0+0.06

−0.06 25.6+1.1
−0.9 240+40

−50 19 22.18

GW190828 063405 25.0+3.4
−2.1 0.82 0.19+0.15

−0.16 54.9+7.2
−4.3 2130+660

−930 520 16.04

GW190910 112807 34.3+4.1
−4.1 0.81 0.02+0.18

−0.18 75.8+8.5
−8.6 1460+1030

−580 – 13.42

GW190924 021846 5.8+0.2
−0.2 0.56 0.03+0.3

−0.09 13.3+5.2
−1.0 570+220

−220 380 13.16

Πϕϯτ (BNS) Mc(M") ࣭ྔൺ χeff Mશ(M") ڑ (Mpc) (∆θ)2 SNR

GW170817 1.186+0.001
−0.001 0.87 0+0.02

−0.01 – 40+7.0
−15.0 39 33

GW190425 1.44+0.02
−0.02 0.70 0.06+0.11

−0.05 3.4+0.3
−0.1 160+70

−70 9900 13.03

Πϕϯτ (NSBH) Mc(M") ࣭ྔൺ χeff Mશ(M") ڑ (Mpc) (∆θ)2 SNR

GW200105 162426 3.41+0.08
−0.07 0.21 -0.01+0.11

−0.15 10.9+1.1
−1.2 280+110

−110 7700 13.9

GW200115 042309 2.42+0.05
−0.07 0.26 -0.19+0.23

−0.35 7.1+1.5
−1.4 300+150

−100 900 11.6

ಘΒΕͨՊֶతՌɹ࿈ܥʹ͍ͭͯɼͦͷ߹ମසʹ͍ͭͯɼBBH ɼ23.8+14.0
−8.7

/Gpc3/yrɼBNSɼ561+834
−413 /Gpc3/yrɼNSBHɼ45+73

−33 /Gpc3/yrͱੵݟΒΕ͍ͯ
Δɽ͜ͷ΄͔ɼഎܠॏྗʹରͯ͠ɼӉுʹରͯ͠ॏྗͷΤωϧΪʔ͕د༩͢Δׂ
߹ͱͯ͠ʢฏୱͳΤωϧΪʔεϖΫτϧΛԾఆ্ͨ͠ͰʣΩGW < 6.0 × 10−8 ͷ্͕ݶಘ
ΒΕ͍ͯΔɽ࿈ଓॏྗͷॏྗৼ෯ʹରͯ͠ɼ͓͓Αͦ 1× 10−25 ఔʢ200 Hz·Θ
Γʣͷ্͕ݶಘΒΕ͍ͯΔɽ·ͨɼطͷύϧαʔ͔Βͷ࿈ଓॏྗʹରͯ͠ݸʑʹ্ݶ
͕ಘΒΕ͍ͯΔɽ
Ұൠ૬ରੑཧͷূݕߦΘΕɼ͋Δςετͯ͢ͰɼҰൠ૬ରੑཧ͔ΒಘΒΕΔ༧

͕૿͢ʹͭΕͯݟɼൃޙࠓଌ͞Ε͍ͯΔॏྗ৴߸ͱͷؒʹໃ६ੜ͍ͯ͡ͳ͍ɽ؍ͱݴ
࿈ܥͷܗγφϦΦ͕໌Β͔ʹͳΔ͜ͱ͕ظ͞ΕΔɼকདྷతʹɼۜՏܗܥγφϦΦ
ॳظӉͷใͳͲʹɼॏྗ؍ଌ͔Βଟ͘ͷ͕ݟͨΒ͞ΕΔͰ͋Ζ͏ɽ

2

GWTC-2
2020/10/28

GWTC-3
2021/11/5

GWTC-2.1
2021/8/2

➡ 50 events in total ➡ 55 total ➡ 90 total

重力波の項 
2022年より登場

by 田中さん＋HS
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O3b (2019/11/1 - 2020/3/27)           After O3b：GWTC3 (2021/11/7 released)

重力波観測の現状

O1 O2 O3a O3b
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5
O3b (2019/11/1 - 2020/3/27)           After O3b：GWTC3 (2021/11/7 released)

重力波観測の現状

https://media.ligo.northwestern.edu/gallery/mass-plot
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GWTC-1 (O1/O2)
LV PRX 9 (2019) 031040  arXiv:1811.12907 

BNS, too lightgood S/N

https://doi.org/10.1103/PhysRevX.9.031040
https://arxiv.org/abs/1811.12907
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GWTC-2 (O3a)
LV PRX 11 (2021) 021053 arXiv:2010.14527

https://doi.org/10.1103/PhysRevX.11.021053
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GWTC-2 (O3a) continued
LV PRX 11 (2021) 021053 arXiv:2010.14527

good S/N, but the event of large-mass ratio ever 
outlier in IMR consistency test (LVK TGR paper)

https://doi.org/10.1103/PhysRevX.11.021053
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GWTC-3 (O3b)

good S/N, but too light/heavy BHgood S/N

LVK arXiv:2111.03606

https://arxiv.org/abs/2111.03606
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自己回帰モデルを用いた重力波データ解析 10LVK arXiv:2111.03606

GWTC-3 (O3b) continued

https://arxiv.org/abs/2111.03606
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Tests of General Relativity with GWTC-3  (LVK paper)

LVK PRD accepted,  arXiv:2112.06861

1. residuals test 
2. inspiral–merger–ringdown consistency test 
3. parametrized tests of GW generation 
4. spin-induced moments 
5. modified GW dispersion relation 
6. polarization content 
7. ringdown 
8. echoes searches

https://arxiv.org/abs/2112.06861
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Tests of General Relativity with GWTC-3  (LVK paper)

LVK PRD accepted,  arXiv:2112.06861

2. inspiral–merger–ringdown consistency test 

Waveform models 
IMRPhenomXPHM - phenomenological PN-based models, calibrated to NR 
　

the fraction of the posterior enclosed by the isoprobabilty 
contour that passes through (0, 0)  
[smaller values indicate better consistency]

No statistically significant deviations from GR

https://arxiv.org/abs/2112.06861
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Tests of General Relativity with GWTC-3  (LVK paper)

LVK PRD accepted,  arXiv:2112.06861

No statistically significant  
deviations from GR

7. ringdown 

>0 supports higher modes

>0 supports first overtone

>0 disagreement with GR

time-domain ringdown analysis pyRing, based on damped sinusoids,  
parametrized ringdown analysis pSEOB, based on the SEOBNRv4HM waveform model. 

https://arxiv.org/abs/2112.06861
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Fitting data with linear func.

e.g. 
Z1 = e�(r�j!)�t

Z2 = e�(r+j!)�t

xn = Ae�rn�t cos(!n�t)

5 10 15 20 25 30

-0.6

-0.4

-0.2

0.2

0.4

0.6

0.8

5 10 15

-0.5

0.5

1.0

can be applied also to noisy data by adjusting M 

Auto-Regressive model (Method, general) I
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Fitting data with linear func.

• 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

Auto-Regressive model (Method, general) II

・・・・・

・・・・・



  

Auto-Regressive model　vs   Short FFT
segment = 1/16 sec = 256 points

= 1/16 sec = 1024 points

shift = 1/512 sec = 8 points

freq.

P(f)

AR
FFT

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

[mock data, SNR=40, inspiral part]

h(t)

The order M can be fixed at 2～8.

sampling rate=4096  
    or 16384
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Fitting data with linear func.

• 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

Auto-Regressive model (Method, general) III

characteristic eq.
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解析手順

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． 
 
     
　各データセグメントで，複数の  を抽出可能 

τ

( f, 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　!?） 
得られた  から，最終的なBHの    を求める．(Berti-Cardoso-Will 公式) 

  は，３干渉計(Hanford, Livingston, Virgo) で合致するか 
  は，LVK catalogと合致するか． 

GRモデルからのズレはないか． 
　(LVK catalogにある 赤方偏移 z の値は借用する) 

( f, τ) (Mf , af )

(Mf , af )

(Mf , af )

複数のモードを抽出可能
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ringdown search 
60 mockdata

matched filtering

Hilbert-Huan Transformation

Auto-Regression Method

Neural Network method

Ring-down modeを独立に見つける手法の比較 (mockdata challenge)
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GW200129_065458 LVK paper

Network SNR=25.7　SNR@post insp = 16.0

<latexit sha1_base64="nam+QkRHLWt55DoaOJ80ia2jOco="></latexit>

(M,a, z) = (60.3+4.
�3.3, 0.73

+0.06
�0.06, 0.18

+0.05
�0.07)

(AR) Hanford 
(AR) Virgo

▲ t_merger = 15.435

▲t_merger  
= 15.435

(AR) Livingston

Expected fQNM 
(detector frame)

t_merger の直後から，50ms位まで，HLV共通に250Hz付近に一定振動数のモードがfirst peakとして見られる
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GW200129_065458 LVK paper
Network SNR=25.7 

SNR@post insp = 16.0
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Expected fQNM 
(detector frame)

LVK paper 
(AR) Hanford 
(AR) Livingston 
(AR) Virgo
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LVK paper 
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GW200129_065458

L1_SpectrogramAR

H1_SpectrogramAR

Livingston

LVK paper
Hanford

V1_SpectrogramARVirgo

303 Hz 
◀296 Hz 
291 Hz

224 Hz 
◀206 Hz 
189 Hz

Network SNR=26.8

355Hz 
◀323Hz 
300Hz

<latexit sha1_base64="nam+QkRHLWt55DoaOJ80ia2jOco="></latexit>

(M,a, z) = (60.3+4.
�3.3, 0.73

+0.06
�0.06, 0.18

+0.05
�0.07)



26　自己回帰モデルを用いた重力波データ解析

GW200129_065458

L1_SpectrogramAR

H1_SpectrogramAR

Livingston

LVK paper
Hanford

V1_SpectrogramARVirgo
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291 Hz

224 Hz 
◀206 Hz 
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Network SNR=26.8

355Hz 
◀323Hz 
300Hz
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GW200129_065458 LVK paper
Network SNR=26.8
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GW200224_222234 LVK paper
Network SNR=19.4 

SNR@post insp = 13.1 Expected fQNM 
(detector frame)

LVK paper 
(AR) Hanford 
(AR) Livingston 
(AR) Virgo

Mass M

Spin a

LVK paper 
(AR) Hanford 
(AR) Livingston 
(AR) Virgo
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LVK paper 
(AR) Hanford 
(AR) Livingston 
(AR) Virgo
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GW200311_115853 LVK paper
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LV O1/O2/O3a & LVK O3b:　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 x(t)

ノイズを含む短時間実データ (〜 60 pts)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．複数の主要モードも原理的には抽出可能．

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 + X ms], Band Filterings [150-450Hz] など 

  parameterはイベントごとに設定せず共通)

最終的なBHの    は，LVK カタログ値に近いものが得られる． 

（GRからの外れは見られない．overtone, higher modesは見られない） 

　➡ 他の方法との整合性check，パラメータ調整，より S/N の良いイベント待ち

(Mf , af )

　➡ AR法を用いたGWデータからのノイズ除去の試みも進んでいる （D. Hui+） 

　


