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Ideal vs Reality (Theory vs Data Analysis)
GW150914 (s/N=23.7)
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challenging for data analysis
GW data is with noise
signhal quickly decays
(M=60Msun, a=0.75 —> 300Hz, tau = 3 ms)
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Mock data example (0) : QNM extraction contest

Mock data challenge for finding ringdown gravitational waves

Hiroyuki Nakano,!:* Tatsuya Narikawa,? 3 7 Ken’ichi Ohara,* * Kazuki Sakai,? ¥ Hisa-aki Shinkai,® ¥ Hirotaka
Takahashi,” 8 ** Takahiro Tanaka,® 77 Nami Uchikata.? 4 ¥ Shun Yamamoto,® and Takahiro Yamamoto3:

Standard Matched-filtering method
Improved Matched-filtering method
Hilbert-Huang transformation method
Auto-Regressive method

Neural network method

modified ringdown signals from GR
with LIGO detector’s noise
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FIG. 1: Real part for Set A FIG. 3: Imeginary part for Set A
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1. Auto-Regressive model (Method, general) 1

rFitting data with linear func. )
Tn = A1Zp-1t+a2Tpn—2+ -+ +amMTn-m +e
M
- Z GjLn—j + £
_ = 5

e.g. x, = Ae "t cos(wnAt)

 —(r—Jw)At A
Zl — € (r=3e) * Zr, = —(Z']n —I-ZS' = (Z] + ZQ)l'n—l — 2122'1"71—2

Ty = 6—(r—|—jw)At 2

[ ]
[ ]
/\-
10

=

can be applied also to noisy data by adjusting M
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1. Auto-Regressive model (Method, general) II

rFitting data with linear func. A
Tn = ATp-1 ta2Tp—2+- -+ amMTn—m t+E
M
— Z AjTp—j5 + &
—f
_ ’ W,
e find a; (Burg method) 0000000000
e find M (FPE final prediction error method) oo
e re-construct wave signal from fitted function o—o—e
e apply FFT with arbitrary precision.
oe—0—0—0
fpower spectrum \ oo
0.2 o—o—0—=o
p(f) = 2
M
1 — Z a_je—I‘Z'zrijt
J=1

\_

J
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Auto-Regressive model vs Short FFT

segment = 1/128 sec = 32 points

shift = 1/1024 sec = 4 points

— The order M can be fixed at 2~8.

"thspectrum.d
“arspectrum.dat” using 1:($2)/20000 —

Even for short segment,
P(f) - t 1 AR model shows precise

| FFT 1 power-spectrum.
N A% VAN
) ‘,‘ \ et

freq [mock data SNR=40, inspiral part]

HR FHE (KIRTK) 2018/09/14 ¥EF= @ EMKRF
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1. Auto-Regressive model (Method, general) III

rFitting data with linear func. )
Tn = Q1ZTp-1+G2Tp-2+ -+ AMTn—M +E
M
— Z(I,jm.n_j | E
. = 5

e find a; (Burg method)

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

\_ J

HR FHR (KIRTK) 2018/09/14 MEF= @ EMKRF

arg(zy) says [requency.

fpower spectrum ) rcharacteristic eq. )
o2 M
_ A — 1 ] —
p(f) ” 2 f(z)=1 Zaja =0
| _ Z a6~ 12mif At . 7=1 y
j=1 |23 | says amplitude,
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Mock data example (1) fitting well

Mock Data (Nakano0O2 p)

spectrogram h(t) x original data, — fitted
freq. T imockuoe seamentabaer
rFitting data with linear func. )
L, — d1Ln-1 | U2y -2 oo | AMLn—-M | c
M
- Z“j-”’n—j e a.l = -2.235e+00
= 1.869e+00

K¥ 7=1 a.2

a.3 = =5.545e-01

HR FHE (KIRTK) 2018/09/14 ¥EF= @ EMKRF
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Mock data example (2) spectrogram

Mock Data (Nakano0O2 p)

spectrogram

freq.

o0

rpower spectrum )
() & l
= 4 | * i
? M 2 C _ )
1 — Z a'je—I:B'zr;ijt
J=1

\_ /2 B
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Mock data example (3) characteristic eq.

Mock Data (Nakano0O2 p)

(characteristic eq.

_

M
f(z) =1— Zajzj =0
j=1

~

J

23| says amplitude,
arg(zy) says [requency.

rFitting data with linear func. )
Tpn = A1Tp—-1 t@2Tp—2+ - -+ aApMTp—-M + €
M
— E :“j-”:'n—j e a.l1 = -2.235e+00
L =1 a.2 = 1.869e+00
a.3 = =5.545e-01

Lpn—1 — £dn

z = exp|—2mi fAt]

X.r X.1
1 0.962 0.566
2 0.962 -0.566
3 1.447 0.000

f R[HZ]

( 346.800

)

-346.800
0.000

| x|

8.025e-01( 71.721 )

8.025e-01
4.775e-01

f I[HZ]

71.721
240.931

BHH FH (KIRTK) 2018/09/14 MHEF= @ EMKF
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Mock data example (4) identify ring-down freq.

Mock Data (Nakano0O2 p)

_

rc:haracterestic eq.

M
f(z)=1-— Zajzj =
j=1

~

J

k7

says amplitude,

arg(zy) says {requency.

Lpn—1 — 2dn

z = exp|—2mi f At]

X.r x.1i f R[Hz] | x| f I[Hz]

1 0.962 0.566 (346.800 ) 8.025e-01( 71.721 )

2 0.962 -0.566 -346.800 8.025e-01 71.721

3 1.447 0.000 0.000 4.775e-01 240.931
t (?_R (z_plane?\ ﬁl} (z_plang} f Rh(spectr) £ Rmax(spectr) £ _
0.159375E+01 | 0.363837E+03 ||0.280414E+02| 0.340000E+03 0.363000E+03 O
0.159668E+01 | 0.344258E+03 ||0.166608E+02| 0.331000E+03 0.344000E+03 O
0.159766E+01 | 0.346800E+03 ||0.717212E+02| 0.240000E+03 0.329000E+03 0.
0.161230E+01 | 0.357677E+03 ||0.122067E+03| 0.213000E+03 0.338000E+03 O
0.161328E+01 | 0.361098E+03 ||0.948919E+02| 0.261000E+03 0.350000E+03 O
0.161523E+01 \0.379918E+03 J \0.772796E+02) 0.304000E+03  0.373000E+03 0.
average & variance zfr = 0.359E+03 0.118E+02 fr(sp) = 0.350E+03 0
average & variance zfi = 0.684E+02 0.365E+02

HR FHE (KIRTK) 2018/09/14 ¥EF= @ EMKRF

Rh (spectr)

.384000E+03
.357000E+03

382000E+03

.431000E+03
.422000E+03

432000E+03
.148E+02

11
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Application to the LIGO/Virgo data

List of Detected GW events

M1+M2=Mf,

Mdiff /Mtotal

SR A PR(;) 112,/26/311 ]1)02 36.2+2:9r:; ;;2.3+3.o oM
LVT151012 BRENIa8 23“2‘?’7:;’;” = 0.66 mg%pc 9.7

T S PR(I;O ]1%/2;] 51)03 14.2+151=52(yC()).8+O.9 04 44OC.)(|\)/19pC e
GW170104 PRI(_210118%/262/1];O1 31 .2+12:§;;8.7+1 9 064 880(?l]\/l8pc 13 1300
GW170608 [Nelntrpny 1o 0.69 JMee | 1s | s20
ST PR;IZ_; : 3,/114(;1/ ; ;)1 30.5+22:?é=6;)3.2+2.6 075 540(?11\/I]pc I -
ST PF({2L(111 ;9/,1106/1] 16 ())1 1.36~1=.620.7+41J;1?7~1 36 , SV .

EH F8 (KPR KX) 2018/09/14 ¥iEF= @ BMXFE
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Ringdown wave of GW150914

>12 LIGO paper
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030 0.35 040 045 4096 sampling rate
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Ringdown wave of GW150914

AR model ~—ry . 16384 sampling rate
Hanford
4096 sampling rate
100-400 Hz filter
AR model 1 segment = 1/64 sec= 64 points
1 shift = 1/512 sec = 8 points
Hanford / P

maxM=3

BE 00 (KFRTA) 2018/09/14 B2 @ EMA
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Ringdown wave of GW150914

AR model
Hanford

16384 sampling rate
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Ringdown wave of GW150914

IWEERDU DD RO

t f real f imag
L4486 1 B.1584258E+82 A.313588F+03 @.432791E+92 @.2590008F+63 ©.305604E163 ©.337600FE163
L4BBXX 2 6.164297E+62 6.309353E+03 9.578188E+02 9.218908E+@3 @.2876€00E+63 ©.33B600E+63
4489 1 B.1564316C+82 8.317587C+03 9.382182C-+02 9.274900C-83 8.3116048E+63 ©.3396808E+63
4498 1 B8.164492C+02 8.314336C~+93 9.538556C+92 9.261908CL-53 ©.309608E+63 ©.3496000E+63
4581 1 8.154551E+82 B.31744BE+03 ?.349751E+02 2.28Z2000E+23 2.3146038E+63 ©.34PG00E+63
45695 1 C.1O04629E+62 8.316355E+93 9.429281E+92 9.277998BE+93 9.314690E+63 ©.340000E+03
4568 1 B.164688E+682 B.311752E+93 9.29761%E-92 9.,285008E-83 9.316600E+63 ©.332000E+63
data points = 7
average & variance zfr = @.313E+B3 B.556E+@1 fr(sp) = @.307E+83 8.871E+P1
ﬂ\cragc & variance zfi = G.A30E+92 8 926E+61
We see QNM at 300Hz 0.003s after the merger.
3 o 1/q
, , C M _ Q ‘Il]
= fi+ fo(l1—a)P fonm[H7] = f ~32314.1( 2 ) 7g. a = 1- (=1
fR -f.;f f2\ ) uqnm[ I 2"|GA/1“R \."/I)fR . qae / -
, 2193
Q = Z_R =q1 + q2(1 — a)® MMy — 323141 x 1112 1[11 o
- : o A
J1 Berti, Cardoso & Will PRD 73, 064030 (2006). | i
fT‘lbl(‘ 1. Results of frequency and damping rate of ring-down gravitational wave of \
GW150914.
data frea1[H1z] fimag 2] mass (M/Mg) Kerr parameter a/M
- 04 - 18.68 =5 1 13.00 +1(» (H - T0.18
ITanford 305.94 57 gp  43.55° % gg 58.74 " 0.7 4 o7
SIS —+17.49 +12.88 +16 49 +0.20
Livingston | 300.0275-57 44.94713'3; 08.10 g3 0.71745'3p J
i i 3. 7 » 0.05
LIGO says (GW150914): M =62.2737 a=0.687,.
EH FHF (KIRIK) 2018/09/14 ¥iEF= @ SMAFE 16
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Ringdown wave of GW150914, GW170814, GW170104

Table 1. Results of frequency and damping rate of ring-down gravitational wave of
CW150914.

data Sreal [Hz] fimag[Hz] mass (M/Mg)  Kerr parameter a/M
Hanford 305.94+;f.§,;gg 43.5571750 | 58.74 37" 0.757 ¢ a7
Livingston | 300.0275757  44.94112-5% | 58.15° ;%57 0.71+5-20

LIGO says (GW150914): M = 622727 o= 0.68700

Table 2. Results of frequency and damping rate of ring-down gravitational wave of
GW170814.

data froa [11z] fimag 11z mass (M/My) Kerr parameter a/M
Hanford 308.677 gza0  39.397.50F | BL70TLY: 08175 12
Livingston | 287.54720%17 47171260 | 57.29717¢3 0.6419 25

Table 3. Results of frequency and damping rate of ring-down gravitational wave of

GW170104.
data freai[HZ] fimag[Hz] mass (M/Mgz)  Kerr parameter a/M
Hanford 338.217 2% 15571 g | 79.3315%:2° 0.987 0
Livingston | 339.961T9%7  13.9212%27 | 81.0211,57 0.981 002

LIGO says (GW170104): M = 48757 a=0.64199°

EH F8 (KPR KX) 2018/09/14 ¥iEF= @ BMXFE
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Ringdown wave of GW150914, GW170814, GW170104

GW150914 (S/N = 23.7) GW170814 (S/N = 18)
Hanford (AR) Hanford (AR)

04} 0.4}

Livingston (AR)

LIGO/Virgo 02|

Livingston (AR)

LIGO/Virgo

Mess
100

s Excellent »

0.2

" 3 " Mm M 3 1 2 M
20 40 2 a0 1C0 n ) 0

GW170104 (S/N = 13)

Kam aammeda
10,

Hanford (AR)
Livingston (AR)

4 N/A

4 - . - - - - . 4 - - - 4 My
n (2] N 100
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Summary & Outlook

HoBEIERESIL x(t)

a )
Ln — UA1Ln-—1 | A2Tp—2 + * | AMLnp—-M e
M
— E A;jTp_j + E
i=1
\_ g ),

BT —4 (~ 30 pts) ([ UTCERELLBEER - BREXRZFTECED.
S OFIVERDITDIDICT T L — MMIAE.
LIGO/Virgo @ 3 AN N—H(CHEA, YU>I450> 890t &M T,
LIGO/VirgoD(FHEEKXL TLD (M, a) EGW150914, GW170814 < —%
S/NODOEKLY GW170104 TlFL\FEL\S (S/N=23.7) (S/N=18)
(S/N=13)
*x U OA T BRI ERETENE, MUOEDIZOENIEGKRIINTEB.
DI EEAFHFENT, BT —IENHNRITNL, HBERRIIN TEBREARD.
*xT> T — hEDODRWAEIE, 51, RIDOEDES T FH)LOIE@EERE (C
S AVAYESY
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