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Outline & Summary

We apply an autoregressive (AR) model for identifying the ring-down part of gravitational wave of Method (general)
binary black-hole mergers.

This approach enables us to extract signals without templates, and is effective for short-period data. Auto-Regressive model (Method, general) I

After having experience of parameters using mock data, we apply to extract the ring-down frequency (Fitting data with linear func. h

of the remnant black-hole of GW150914, GW170104, and GW170814, of which ring-down waves are Tro T OWTnottGaTnop e AMTnoM
= Za,j&:n_jJrE

expected to be included in LIGO data. _ )
We find that AR analysis extracts ringdown part for GW150914 and GW170814 with consistent mass e:g. o = AeT"™ cosfwn)
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and spin of the remnant BH which were reported by LIGO/Virgo group. However, we failed for Zy = e=(rHiw)At
GW170104, which might be due to the small S/N (=13) compared to the others (S5/N=23.7 & 18).
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Example with mock data o |

can be applied also to noisy data by aajhsting M

Auto-Regressive model (Method, general) II
Mock data example (1) fitting well Mock data example (2) spectrogram
[ N
Fitting data with linear func.
Mock Data (Nakano02 p) Mock Data (Nakano02 p) 9
spectrogram h(t) xoriginal data, — fitted spectrogram Tn = 0Q1Tp-1+02Tp—2+ - +AMTn-M +E
freq. “ e freq. M
-} 4 o - = Z A;jTn—j+ €
0.04 0.0 :1
2 k. ! Y,
e e find a;, M (maximum entropy method, final prediction error method)
>  re-construct wave signal from fitted function
_?.593 1.594 1.595 1.596 1.5%7 1.5%8 1.59% 1.6 1.601 1.602 ® apply FFT WIth arbltrary precJS'Oﬂ.
4 N e = [ characterestic eq. ) [ power spectrum )
Fitting data with linear func. power spectrum : | M | o2
o? __ L f(z):l—Zajzj =0 p(f) = 2
Tn = G1Tp—1+02Tn—2+ + aMTp_M +E p(f) = 5 ( D — M |
M M i J=1 1 — ZG’ e~ 12mjif At
Tomi = - J J
1_20"6 I275 f At —1
= Z ajTn—j+ € a.l1 = -2.235e+00 2 J |zk| says amplitude, L = )
j=1 a.2 = 1.869e+00 arg(zr) says frequency.
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Auto-Regressive model vs Short FFT
Mock data example (3) characteristic eq. Mock data example (4) identify ring-down freq. ,
segment = 1/128 sec = 32 points
——
Mock Data (Nakano02 p) Mock Data (Nakano02 p) : : : : : : : : : : : :
- - h(t) o P 1o 1o I |
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Fitting data with linear func. characterestic eq. . B o | B !
M Ln_1 = ZTp — 1! 1 Lo I 1
Tp = Q1Tp-1+0a2Tpn—2+---+apmTn—pm+E f(z)=1-— Zajzj =) ' |
M . = Joz= exp|—2mi f At] 000 000
= Z AjTn—j + € a.l1 = -2.235e+00 . 0' '
j=1 a.2 = 1.869e+00 |2x| says amplitude, hift = 1/1024 et
= a.3 = -5.545e-01 arg(zy) says frequency. shift = 1/ sec = 4 points
~ ) ~ x.r x.i f_R[Hz] | x| £_I[Hz] - : : : The order M can be fixed at 2~8.
characterestic eq. 1 0.962 0.566 8.025e-01 onn o
M Tpn—1 = ZTn 2 0.962  -0.566 -346.800 8.025e-01 71.721
f2)=1— Zajzj —0 3 1.447 0.000 0.000 4.775e-01 240.931 Even for short segment,
j=1 z = eXp[—Q’JT %fAt] P(f) - AR model shows precise
L\_ —/; t f R (z_plane) "E'__I (z_plané\ f Rh(spectr) f_ Rmax(spectr) £ Rh(spectr) HLVAY
0.159375E+01 | 0.363837E+03 ||0.280414E+02| 0.340000E+03 0.363000E+03  0.384000E+03 " FFT power-spectrum.
] 0.159668E+01 0.344258E+03 0.166608E+02 0.331000E+03 0.344000E+03 0.357000E+03 ' a i
|Zk| Says amphtude, 0.159766E+01 0.346800E+03 0.717212E+02 0.240000E+03 0.329000E+03 0.382000E+03 “ AR
arg(zk) sSays frequency. 0.161230E+01 | 0.357677E+03 ||0.122067E+03| 0.213000E+03  0.338000E+03  0.431000E+03
0.161328E+01 0.361098E+03 0.948919E+02 0.261000E+03 0.350000E+03 0.422000E+03 ' o - w
- _— f R[Hz] | x| f I[Hz] 0.161523E+01 \0.379918E+03 J \0.772796E+02) 0.304000E+03  0.373000E+03  0.432000E+03 freq. [mock data, SNR=40, inspiral part]
. = average & variance zfr = 0.359E+03 0.118E+02 fr(sp) = 0.350E+03  0.148E+02 d d
; 3-322 _g':gg 3‘3;:::31 average & variance zfi = 0.684E+02 0.365E+02 3
3 1.447 0.000 0.000 4.775e-01 240.931 6 7
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Application to GW150914, GW170104, GW170814 i )
pp 9 9 List of Detected GW events
MT1+M2=Mf, spin
/ ’ Mdiff /Mtotal a_final \
PRL116,061102|  36.2+29.1=62.3+3.0
SUALREAES  2016/2/11) 4.59% 068 0.09 23.1
Ringdown wave of GW150914 i _
g Ringdown wave of GW150914 wT151012 N 23+13=35+15 066 1000Mpc | o
2.78% 0.20
PRL116,241103|  14.247.5=20.8+0.9 440Mpc
GWI51226 puSpersies 4.15% 0.74 0.09 130 ) 850
PRL118,221101|  31.2+419.4=48.7+1.9 880Mpc
— 312 LIGO paper AR model 16384 sampling rate GWT70104 et vl 3.75% 064 0.18 13 | 1300
L 256 : a e ApJ 851, L35 1247=18.0+1.0 340Mpc
Q e / Livingston GW170608 [ttty & 20 0.69 007 13 520
Q 128
S PRL119,141101|  305+25.3=53.2+2.6 540Mpc
g 64 ) GWI170814 ety 4.66% 070 0.11 18 o0
T3 PRL119,161101| 1.36~1.60 + 1.17~1.36
4096 sampling rate 4096 sampling rate GWI70817 | ,)7/10/16) R, ? 40Mpc 324 28
SRGSN 2 TIIEST 100-400 Hz filter
AR model 1 Sii?fnlt ;:;64 Sfc; 64_ p;omts AR model 1 segment = 1/64 sec= 64 points - J
Hanford shift = 1/ S€C = S points Livingston 1 shift = 1/512 sec = 8 points
ST E
—— — GW150914 (S/N = 23.7) GW150814 (S/N = 18)
freq - | ; max M = Kerr E-Egalmeter a Kerr Ezrémeter a
; T 10 |
We apply AR method for GW150914. We downloaded the data from the Ligo site?, Ringdown wave of GW150914 T "l _’_ ‘
of its 32-second data of 4096 sampling-rate taken at both Hanford and Livingston ol | ol
observatories. We used the data from t = 8 to t = 24. We applied a bandpass filter t f real fimag
for 100 Hz ~ 400 Hz, and made a segment of 1/64 second (64 data points) shifting WBBxx 2 0.164297E+02 0.300350E+03 0.57B198E.02 0.710000E.03 0.267000E+03 0.330000Fs03 Hanford (AR) Hanford (AR)
them with 1/512 second (8 data points). 49 1 0.164492E02 0.314336E03  0.538SS6E.0 0.261000E.03 0.309000E-03 0.349000Es03 Livingston (AR) Livingston (AR)
B dimes tns LRl (ASS LSS (mnn L1GO/Virgo L1GO/Virgo
We then get the power_speCtrum p(f) from eq-' (2) at eaCh Segment7 and the 4508 ) 1 B:lﬁ-ﬁbBBE-ﬁ-BZ B:311?52E+93 9:29?619E+G2 B:ZBSBBBE+B3 9:319996E+93 9:332EG@E+93
number of its local maximum are less than 3 for the data t = 16.4 to t = 17.4. We e & ariecs xfr = Biiliedn  Mibhthier Eclwl = Diaiids i | | | L
name the frequencies fi, fo, -+ which give the local maximum of the spectrum. We wWeTene & verisnce zri =, | hAdiDer 0.eema & “ B “ o “ “ " “ h
also solve (4) at each segment (which is at most 10-th order polynomial equation),
and identify the solution z;, of which real part of frequency is mostly close to the one GW170104 (S/N = 13)
obtained as fi, fa, - --. We list the solutions zx of each segment which are candidates we see QNM at 300Hz, 0.003s after the merger. BT e
for ring-down modes, and check whether these candidates are within a close value (" moble 1. Results of frequency and damping rate of ring-down gravitational wave of I
over several segments. We found that sometimes a segment is full of noises and GW150914. “’
shows quite different numbers from continual segments. We excluded such data if data frea1[Hz] fimag[Hz] | mass (M/Mg) Kerr parameter a/M
: : : : Hanford 305.94735-8% 435571700 | 58.747.%%° TR A 08|
it shows the peak frequency is one-sigma apart from the list. i T T 4 o A
gston | 300.0271749 440411288 | = g5g 15+16.4 i Fie
In result, we conclude that 6 segments of Hanford data (from ¢ = 16.4258 to e J ol Hanford (AR)
16.4312), and 8 segments of Livingston data (from ¢ = 16.4121 to 16.4473) have a P — Livingston (AR)
. . . . LIGO paper says 62.2737 My a/M = 0.68" .. '
consistent frequency and damping rate. We obtain the ring-down frequency of the : : 02} LIGO/Virgo
remnant BH of GW150914 as in Table 1. The results indicate the mass and spin of
the BH, which are consistent with the values reported originally !, as 62.2J_r§:z Mg 2 m & % o5 Mo

\and a/M = 0.68"0 0z, /
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