A new method for extracting gravitational wave:

BH ringdown mode search using Auto-Regressive method
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Outline & Summary

The ring-down part of gravitational waves in the final stage of merger of compact objects tells us the nature of strong gravity which can be used for testing
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ne ring-down wave, however, fades out in a very short time with a few cycles, and hence it is challenging for gravitational wave
ne ringdown frequency and its damping time scale.
eling (AR) approach, which extracts waveform by fitting a linear function from bare data. It works well

for small number of data points, and does not require any templates. After obtaining the best parameters using mockdata, we applied this method for black-

hole merger events of the LIGO/Virgo/KAG
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Towards testing gravity theories = Ringdown-part extraction is a key
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BH quasi-normal modes
<= BH perturbation theory
= (M, a)
strongest gravity we can observe
= test of gravity theories

For 60M BH of a=0.75,
frequency = 300 Hz
damping time scale = 3.7 ms
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GWTC-3 (O3b) continued
Event M M mi ma Xeff Dy, z AQ  SNR
(Mg) (M)  (Mo) (M) (Gpe) (deg®)
GW200115.042309  7.471% 243%905 59129 1447095 —0.1570-22 0.297012 0.0675:0F 7.271% 0.427002 | 370 11.3703
GW200128 022011  75F17 32,0772 42.271L6 32,6735 0.12F8022 34721 056752 7118 0.747919 12600 10.6103
GW200129 065458 63.4153 27.2721 345759 289734 0.11101) 0.907522 0.1875:0F 60.3749 0.737095 ) 130 26.8792@)
GW200202.154313 17.587 503 7.497028 10.1735 7.3711  0.04705% 0.4175712 0.09750916.767 557 0.691003 F 170 10.8103
GW200208.130117 654705 277736 37.8752 274751 —0.077022 2237199 0.407919 625772 0.66709 | 30 10.8793
GW200208 222617  6371%° 19.671%7 51719 123729 045794 41742 0667038 61712 0.83101402000 7.4F12
GW200209.085452 62.675%° 26.7759 35.675%° 27.171% —0.12702% 34719 0.57702% 59.975%" 0.667019 )1 730 9.670%
GW200210.092254 27.0171 6.5679:38 24,1775 2837047 0.021922 0.947943 0.1970-9% 26.7F72 0.341012 11800 8.4%03
GW200216.220804 81729 329733 51722 30712 0.10793% 3.8730 0.63793% 781 0.70702% 02900 8.1°70%
GW200219.094415 65.075%° 27.6755 37.573%" 27.970% —0.087035 3.4 0.577034 6227557 0.6670:13 | 700 10.779:3
GW200220 061928 148F353 62722  87F4% 61728 0.06194% 6.014% 0907054 14173 071701543000 7.2+94
CGW200220.124850 67117 282173 38.9F141 979792 0071027 40728 0.667039 6471% 0.677011 13200 8.5%02
GW200224 222234 72.277% 311737 40.0757 325739 0.101073 1.71705 0327007 68.675% 0.737507 | 50 20.0703@)
GW200225.060421 33.5138 14.2715 1937390 140728 —0.127037 1157521 0.227099 32.1735 0.661597 370 12,5153
GW200302.015811 57.87%6 23.4%47 37.8%37 20.07531 0.01192 1.487192 0.287919 55.5532 0.661912 16000 10.8193
GW200306.093714 43.971L% 17.5+33 28.3+17:1 148+65 (321028 9 1+1.7 () 38+0-24 41 7123 (784011 l4600 7.8704
GW200308.173609* 50.671%° 19.07%% 36.471%% 13.8712 0651017 54727 0837939 47.471% 0.0119% 12000 7.1702
GW200311.115853 61.9753 26.6725 34.275% 27.774% —0.0270:25 1.1775-28 0.237008 59.0755 0.697007 8 35 17.8103
GW200316.215756 21.277-2 8757952 13,1102 7.8710 0.1310%7 1127047 0.2270-04 20.2775 0.707003 | 190 10.3792
GW200322.091133* 55+37  15.5%15%7 34748 14.0%1%% 0.2470% 36770 0.607988 53+ 0.787016J6500 6.0717
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Auto-Regressive model (idea)
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can be applied also to noisy data by adjusting M

Auto-Regressive model

sampling rate=4096

segment = 1/16 sec = 256 points
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shift = 1/512 sec = 8 points
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Even for short segment,
AR model shows precise power-

/ AR

spectrum.

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

The order M can be fixed at 2~8.

Auto-Regressive model (Method, general)
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e find

a; (Burg method)

efind M (FPE final prediction error method)
e re-construct wave signal from fitted function
e apply FFT with arbitrary precision.

Gower spectrum )
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characteristic eq.

M
f(z)=1- Zajzj =0
j=1

|zx| says amplitude,
arg(zy) says frequency.
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RA O3 catalog (GWTC-3). We find that for high SNR events, we can extract ring-down waves properly.
those reported in GWTC-3, i.e. no significant deviations from the modes predicted by general relativity.
work for extracting higher modes of ring-down waves, but we do not find them yet.

Mockdata Comparison

-

Phys. Rev. D 99, 124032 (2019) [arXiv:1811.06443]

Mockdata preparation
SXS data + shifted ringdown injection + aLIGO noise

60 set
modified before/after t_merger (set B) 60 set

modified after t_merger (set A)
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FIG. 1.

0.1

Examples of sets A and B. (Inset) The ringdown part.

Here, set A [(red) thick] with SXS:BBH:0174 and set B [(blue)
thin] with SXS:BBH:0002 are shown. The solid lines denote the
modified amplitude A,,(r), and the dashed lines are the GW
frequency @,,(f)/(2x). The total mass is M = 60M, and the
real and imaginary parts of the ringdown frequency are 300 and
40 Hz, respectively. The real frequency is obtained by multiply-
ing by 538.609 Hz, and the real amplitude of set A is derived by

dividing by 1.37903. The large difference in the inspiral phase is

due to the difference of the binary parameters.

PHYSICAL REVIEW D 99, 124032 (2019)

Comparison of various methods to extract ringdown frequency

from gravitational wave data
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ringdown search
60 mockdata

matched filtering

Hilbert-Huan
Transformation

TABLE IIL
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data SNR injected
Pall Prd f}Etm” fI(iuj)
A-01 60.0 13.81 260.68 44.58
A-02  60.0 1273 345.16 50.49
A-03  60.0 13.79 382.53 32.58
A-04 60.0 11.84 284.18 44.73
A-05 60.0 16.78 346.20 23.07
A-06  30.0 5.57 272.85 33.40
A-07 300 6.56 272.85 44.54
A-08 300 7.27 301.89 42.24
A-09  30.0 6.93 324.60 27.25
A-10 300 7.88 282.56 37.45
A-11 200 6.36 314.24 30.58
A-12  20.0 3.45 382.10 48.60
A-13 200 4.68 249.36 47.97
A-14 200 4,13  299.32 41.88
A-15 200 4.54 319.42 31.55
B-01 60.0 17.68 352.56 36.20
B-02 60.0 14.27  210.78 42.77
B-03 60.0 13.67 258.83 48.42
B-04 60.0 20.09 271.13 25.40
B-05 60.0 17.07  291.99 34.20
B-06 30.0 9.53 411.57 29.48
B-07  30.0 6.29 295.78 59.38
B-08  30.0 6.03 312.39 59.24
B-09 30.0 6.01 198.34 57.91
B-10  30.0 8.31 323.32 37.86
B-11  20.0 5.20 208.80 39.75
B-12  20.0 6.60 246.66 27.85
B-13  20.0 4.46 323.71 62.51
B-14 20.0 6.20 215.15 33.15
B-15 20.0 5.85 335.20 25.11

https://gw-genesis.scphys.kyoto-u.ac.jp/ilias/goto_root_fold_669.html
http://www.oit.ac.jp/is/shinkai/mockdatachallenge/

Nakano+, PRD99 (2019) 124032
mockdata-challenge comparison
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We show the values of Slog f, a(fr), dlog f, and
o(f1) for various methods. The results limited to set A are given
on the first law of each method, while those limited to set B are on
the second.

5log fr(%) o(fr)(%) &log fi(%) o(f1)(%)
ME-R —12.88 28.36 ~71.51 97.79
—0.82 27.53 ~46.11 75.48

MF-MR 6.257 17.27
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Auto-Regression Method AR

Neural Network method P NN
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—-8.08 19.81 -28.78 49.61
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foso = 249.4 Hz, fag) = 244.0 Hz, faoy = 233.7 Hz
for0 = 349.3 Hz. fo1; = 207.1 Hz, fagp = 231.9 Hz
fazo = 395.3 Hz, fyz; = 392.1 Hz, fa3o = 386.3 Hz
fano = 355.9 Hz, fa10 = 322.1 Hz, f300 = 293.9 Hz
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Identifying Ringdown Modes of GWTC3 using Auto-Regressive method
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