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Independent Component Analysis (ICA)
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(b2) Fourier spectrum of (bl).

M‘ ”‘\Wﬂ'& \ahJ |,\\1\w ,“I! WM ”NP \\,Jm'ﬁfn\ ‘JMA%J \M il "'iu,!hn\'l’ﬂl

0.8 1.0[s] ) 100.0 200.0 300.0 400.0 500 O[H ]

0.151

0.101

[ 5 | 1IJ f\\ \ﬂ\}“h“h I\ 'l WD 5'!””! ’ IU \\M\thm |'l“|,w1 ;hf”rllu,]bM ]."j‘

OA%

0.8 10[5) 100.0 2000 3000 400.0 500 0[Hz)
2 | 0,15; i"! - w2 |
010f | ) V \
0.05, ‘
‘r\a',\’l ‘ h’fM'f‘ Rl WM,I j\”"ﬁ‘vu W\ u‘p”,», HH 'H“ | "& b f’MI V./\"hng '!” A
08 1.0[s] 009 100.0 200.0 300.0 400.0 500.0[Hz]

(b4) Fourier spectrum of (b3).

1.0x /M4 X

el 0.10f ‘ —
| = H\ Wi W \'}J\ 'l 'h va'mf'.'lhu«;., \‘m 'UM I w Hum[ ’M\
:: . =
| | N,t 1 ‘l J‘h‘*‘al“” M \;,luw,fr iy q »“h‘ﬂ\ H 'l J“\}“ *'N WJ’[M l

(c2) Fourier spectrum of (cl).

0.101 - si

l | [ 4]
W'n \&{ Hu\“d"“‘“ I ‘-h “? f'”\ g“f n‘ ’" W ! ﬁh ”'1‘ "‘I A ,\\'»"\wu\f-f""l\‘," lM’\"k'v‘al"fﬁ‘f"k}"'.«;",l‘

0.8 10[s] 0090 100.0 200.0 3000 400.0 500.0[Hz]
52 . 010; \ - 52 '

!rr

|
“"“"f""\-"wu t"\vﬂ'!'h"w\\v ol {"m\iw o f fft

100.0

"\!

0‘0% 0 200.0

038 10 300.0 400.0 500.0[Hz]

(c4) Fourier spectrum of (c3).

BhE—, EEFHH(KRIRK)




FANEtE2: Hanford/Livingston®EZ. /414X +=fA%injection

GW150914m18MDHanford/LivingstonD5—

f=213HzMKk%inject

injection;®MSNR

input x(t)

2001

01
-200 ! —
08 1.0[s)
|- x2
1001
0
-1001
1.0[s]

(al) Input signals of SNR 20.
“output s(t) .

10[s)

2.5 | = s2
-2.51
0.8 10[s]

(a3) Output of ICA for (al).

2025/3/21 ¥

sl SNR >10 548U 0N

ng(t) + sin(27 ft),
nt,(t) + sin(27 ft)

Y1,

H
eN

20
input x(f)

L “L"I‘ \ﬂ ”h\' (“M u’/f O MVJ” I ‘I"W v ‘. l,"“("‘ \ J
100.0 200.0

LN l"\W AN '“

0.0 300 0 400.0

151
104

5_ I

A
i et o ',AL; N RN (VY Y S Oy AT
0.0

100.0 200.0 300.0 400.0

(a2) Fourier spectrum of (al).

! W /\u\n_,w“,'.f\l,ﬁu\.,,lm‘h )4 ) “\"U"M r‘m“\a\

500.0[Hz)

- x2

500.0[Hz]

- 51

500.0[Hz]

- 52

0.31

- ! output s(f)

0.1 [

0.0 ‘V.-",'v'nr "" Rk “ M \'\ ’h\’\vhf"\ Wi }{HHJJ;U\‘HI}\"’&\ I'f \!“'.Wn‘ Sy l'J N \\ J ‘]h'\\“\"\” 'IJMM"‘\“
‘%.0 100.0 200.0 300.0 400 0

0.34

0.24

)

LM ,ﬂp\a”‘ V’ w‘lilvlm i,l Al Myl » }\JLI

0.0 100.0 20

fl
J‘A

-—

300.0 400.0

(a4) Fourier spectrum of (a3).

s .,"\"|I‘“-‘Jﬂ'ﬁ_\" ‘I ‘IIL’I, Jf'nl '.IA\VJU\AV‘IJAH-J‘,"\ .’\I."«\p'\ A\

.|]

M»‘._”",_. r\,ﬂ' LWy

500. olel

R D Dt 2.

TR @ AT1Y

.

limb

2001

o

=200+

1001

=100+

(b1)

2.54

0.04

injectionsEADSNR = 10

l- x1

1.0ls]

- x2

Input signals of SNR 10.

wmwmmfmwmwm

1.0[s)

1.0[s]

(b3) Output of ICA for (bl).

injectionjEMDSNR

-200. T
10[s]
(cl) Input signals of SNR 5.
l- 51
10[s]
25 m | 1- s2 ‘
0.0 02 100s]

(c3) Output of ICA for (cl).

“Wapi:

HAEDRE] FRULY,

BhE—,

- x1
10+
° |
| .\‘\u \ﬂu et N 'N'MVJII A .ww-n AL A AN e W AL AL st A |
0.0 100.0 200.0 300.0 400.0 500.0[Hz)
15 - x2
101
5.

oM ’V W "' VM ARt A IR L»MAU»' A Lo A bt o
00 100.0 2000 3000 400.0 500.0[Hz]

(b2) Fourier spectrum of (bl).

031 - s1

0.24

0.14 ) li' A A MV ‘\‘L ”‘ WA \ J - It I RN | h \ |
0.0 ",,"ﬂr., v \“"\':\,\ W ',1“ WM N “1’!-"}"1‘. LJ'*J\“\"'"'q‘-IJ\*,"‘- W -,‘:,,M"l e l-,fv/‘,\u AWM ALY \ A, ,“»I/MF..'\,\ \

'%.0 100.0 200.0 300.0 400 0 500.0[Hz)

03! - 52

0.24

0.1+

M“Ir s ’,Y»q'\w W etV

I
M | . 1
_,f‘\h"m"f‘ Llﬂ'l).‘\ /J?\luﬂ'v,.w I ,’f"h-‘,'nﬂ-‘“‘-'u*ﬂr‘Jv’ Nl

0.0 100.0 300.0 400.0 500.0[Hz]
(b4) Fourier spectrum of (b3).

154 = x1
10

51 \

! '“‘“l ﬂ,; Nl 0 s Mg s AN A 0 A A AR gl e Ay

0.0 100.0 200.0 300.0 400.0 500.0[Hz]
151 - %
104

5.

Lol u”'v VWM AR A bt Voo st gt el b oA L Y
0.0 100.0 200.0 300.0 400.0 500. O[HZ]
(c2) Fourier spectrum of (cl).
03. - s1
0.24
|

0.114 tln ;
0.0+ 4,..“:7 [\ \"-U Y } MV Wy \' ,1 ML AN “\‘1 e ’Il\ I'."“"r ?Mf‘ A u r \\ N \ h"\ /! /h.wv‘\\

'%.0 100.0 200.0 300.0 400 0 500.0[Hz]
031 - s2
0.21
o1 ‘ Hﬂmn"‘u\ fﬂ‘\(Nh Iy /| IITIE W | Wl "“'L i Lo M W,
0.01— _J-'\J YN l', W \U.I (K "'l -V'J U | *.’, VY *_"ﬁ W W M.\.A '!"\" .'l.".'-" f.'tw,'w W/ v}_«”.)‘,-‘«\r’\‘ e r\-ﬂ LY

'%40 100.0 10.0 300.0 400.0 500 O[HZ]

(c4) Fourier spectrum of (c3).

BEBFH(KIRTRX)



T AMEtE3: Hanford/Livingston3x./1 X +inspiral-wave injection

injectionEMDSNR = 16.8

Sl(t
Sz(t

GW150914818MDHanford/LivingstondD5—%4IZ,
inspiral J¥Zinject

= ny(t) + hinsp(t; to, M.),

Model 3 : )
ode 3 ):nL(t)+h1nSp(t; t())MC)'

H
eN

ml- SNR >15 548U 0N

injectionfEMSNR = 20.9

input x(t) input x(f)

100‘ | x1 | - x1
7.51
o A 'A““rmww‘ il ! H 'M’Mk'd‘fwim iy ”';L |
J 251 h v M k h \ \ \ M M | b |
-100/ v J| J' Y \w’l M |/ ‘“ v/ A\ " ’1 \ ‘v W ,4 ‘.'l 'vw‘r'u V-J‘A,h‘_,"||h,"nvr,'m',)'|~,/ 'J'y\,\"»"\ '||’."l Ly e /W
00 02 0.4 0.6 0.8 1.0(s] 00 50.0 1000 150.0 200.0 250.0 300.0[Hz)
100! =H sl ‘ -2
0] “W\Wﬂ "M "l‘n‘\\f'aW-\\\ l\" "W Ntﬁ.\“.v\JvfMﬂN‘ﬂ,‘ e i M‘W M WW 50, ) '
-100 * W Al U\' i 'n‘n‘wh” W7 LA A '/M A ‘H 'W'J'U AW\ “b\‘ War i ""\1
00 0.2 0.4 0.6 0.8 1.0[s] or 50.0 100 0 150 0 2000 250.0 300.0[Hz]
(al) Input signals of SNR 20.9. (a2) Fourier spectrum of (al).
. output s(t) ==
o1 *\'rv\"\ m\lﬁ\h ‘\\ e i”ﬁv“\“:'dj'ﬁf“ “’Ll'{f“u"ﬁlrl'lr"-vmhf" N" iy '“”ﬁw 5““ ’ﬁlp'x ﬁ'ﬁdA"lnl \“‘i ) ;\‘ 02 Q Ut p Ut S (f) ™
B ,;\ 'W\J ;1' ‘Vr ’dy J"‘\‘?”¢W%%Mu$k
00 0.2 0.4 0.6 0.8 1.0[s] 00— sd.o 100.0 150.0 200.0 250.0 300.0[Hz]
5: |= s2 ‘ - 2|
| : ny bt ]
o S b ARSI T
=51 f \ulﬂﬂr |,/ N ‘V M ' [ J /J | ll\‘ 1’/ ‘f\
00 0.2 04 0.6 0.8 10[s] 150'0 200 0 250.0 300.6[Hz1

(a3) Output of ICA for (al). (a4) Fourier spectrum of (a3).

2025/3/21 MEF= @ A512

R D Dt AW ZEDRME A EDIESRE] MU,

ol 1\\“‘”}!}% W\Wﬂ‘"“ .W Wt\ﬂu \ Hu )W'M i m ‘\J \y W
o iy MW\ il 1‘4‘“’»« rhehoil rf‘W"'u "’n%% N WNM

(b1) Input signals of SNR 16.8.

5!

g }W h“‘ﬁqd il \“f'l\f\riln Y u"rr\wH“\u q\\ﬁ I i Hll'.'\‘y \”H hif .’r'fw Vn‘wmt

_5? 0.0 0.2 0.4 0.6 0.8 1.0[s)
o i \"f AN ol M
M 0.0 0.2 0.4 0.6 08 10s]

(b3) Output of ICA for (bl).

x2

y :
s1

- x1
751
501
h il |
251 e N h o \ B N
Wl A |
.J\mﬂ | L /\ J v ' \“ AI V /fVA u\'L \f\ Aﬁ ﬁf ’¢J|/\J “|f" \ \
00 50.0 1000 150.0 200.0 250.0 300, O[H ]
‘ - x2
751
5.01 ’
25 ) v b bohid
_)‘W‘IP.IV Ju /! '\ '\/.' i J‘ Vs \,/\v".h,ﬂ'“"/'p"“,wLv\ \‘ hufl L\ Iv'.l'\u'J 'l‘v"‘L\J W \l
0.0 50.0 100.0 150.0 200 0 25'0.0 300.0[Hz]
(b2) Fourier spectrum of (bl).
0.4 - s1
°2 | I\ Mol \ . Lol
A, W ! ‘ﬁ” f M \r Ao A et A
WV ) il MV il H A ,M MNT VI N
9o — 50.0 1000 150.0 2000 250.0 300.0[Hz)
0.4 - 52 .
0.2+
il o, fa
4"" 'Mfi "f‘ Py \‘
%o 150.0 200.0 250.0 300.0[Hz]

(b4) Fourier spectrum of (b3).

injection®MSNR = 10.5

z M '\W‘ H ’,wv | M ad[‘v |\ M&M{\w WL ul l;‘w ‘H
= o

521 V) M \"LW iy W W"{' (. N\’W*W” o ’W Wi 1'”,‘%’,' o \

(cl) Input signals of SNR 10.5. '

E‘E fNM \,{“M '”U""J‘m\yﬂ' }Ti'l('\\u‘l"“\"'w’ﬂ ””ﬂlw""r ”f M 15‘ 'ﬁw«"\ .'9| thr

EE iv m “M ,;N.;‘ h,wb “,l“ \MW'M pwuw\\ . || im /"W'VM

(c3) Output of ICA for (cl).

- x1
7.5
501
251 A hl T T | M M'« \
| AR At T A Nl ol [ATIY o
d\' N y W [N Ul \/ W' /W‘U".\ILV.'"N«"'u-ﬁ.-',A‘“.‘Mml,q'u'u” ‘uv\»“»\'ﬂ,’l Wl M AW
00 50. o 100.0 150.0 200.0 250.0 300.0[Hz)
\ - x2
7.51
50/ ‘
251 L " —
A
“'4,\, o Vel “'\ 2y h VA WA VI WLW \l "W gr‘vh'\J'J |,\J W fypgp|
0.0 50.0 100.0 150.0 200 0 250.0 300.0[Hz]

(c2) Fourier spectrum of (cl)

0.4/ = st
0.21
A
\
A \ ’\ l [ \ WY A \ M’ Nl
. N y v |I"\1 /\ , ; VA" .‘r\ W W il | ‘,-».,‘JV“"‘ VIV W \{ P 'l‘“" WV | "‘-b_." ‘v‘l\
R0 50.0 100 o 150.0 200.0 250.0 300.0[Hz)
0.4 ]] = 2
0.2+ ‘
|4 U- \ A | |
A R s Ao W A h o N A l | ’ \ I
0.0+ __/‘\—\"’v“" ' |\‘ '“‘ "“”‘_‘J‘l W. "I ‘q"} ll’.‘ " ."“ \"!'J W "I.-':\IV" "‘J ""‘L.""‘/‘/ ‘4"""\1 l r ‘ | v ,, ‘ ‘J VIV
¥ 50.0 100.0 150.0 200.0 zso o 300.0[Hz]

(c4) Fourier spectrum of (c3).

BhE—, EEFHH(KRIRK) 6



100

-100-

100

50

Hanford |
- s1
'WMWWM%WWMA il 1 Il
| WU\ 'y
0.0 0.2 0.4 0.6 0.8 1.0
Livingston - w2
| | | | |
0.0 0.2 0.4 0.6 0.8 1.0
|
A=
— A2:
te

-10.0 -5.0 0.0 5.0
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(el) Input signals of GW200112_155838 with Atyy =
—23.2 ms. The data x1 and x2 are of Livingston and
Virgo data, respectively.

FIG. 7. Input and Output data of ICA analysis.
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(e2) Output of ICA for GW200112_155838.

(j1) Input signals of GW200129.065458 with Aty =

+3.42 ms and Atyy = —18.31 ms. The data x1, x2, and
x3 are of Hanford, Livingston, and Virgo, respectively.
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(f2) Output of ICA for GW170814.

25
0.0
-25

25
0.0
-25

25
0.0
-25

bl b=

A " b i
04

0.6 0.8 1.0[s]

(AR T Mﬂ.hhum.m A LA e [ MuMnM il Al b b 2!
L AR WW"W'WV”WWU'WW“W”W‘ LR T Al

0.0 02 04 06 08 1.0[s]

| t [
e uMn . A MMM. w\lmM L oML A D JMM«MA.AMM il Mm.Ju Mkm b=
'MWW V“["F’ V il Wﬁl“ﬂ‘ W“’]‘I U\[ HWWWWWY 'VW' ))VMVUWWUV W W 'U 'v' ey ""W'ﬂ M”W‘U‘

0.0 0.2 0.4 0.6 0.8 1.0[s]

(g2) Output of ICA for GW190412.
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(h2) Output of ICA for GW190521.
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(i2) Output of ICA for GW190814.
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(j2) Output of ICA for GW200129_065458.

FIG. 7. Input and Output data of ICA analysis (cont.)
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(k1) Input signals of GW200224.222234 with Aty =
—3.66 ms and Atyy = —9.28 ms. The data x1, x2, and
x3 are of Hanford, Livingston, and Virgo, respectively.

(k2) Output of ICA for GW200224_222234.
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(11) Input signals of GW200311_115853 with Aty =
—3.66 ms and Aty = —27.10 ms. The data x1, x2, and
x3 are of Hanford, Livingston, and Virgo, respectively.

(12) Output of ICA for GW200311-115853.

FIG. 7. Input and Output data of ICA analysis (cont.)
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TABLE III. Results of the wave extractions by ICA for large SNR events in O1-O3. The column obs shows which detector
(Hanford /Livingston/Virgo) observed. SNR is the network signal-to-noise ratio (centered value) which is announced in GWOSC
(https://gwosc.org). Aty is the time shift between Hanford data and Livingston data, ¢, — tfy, in ms when ICA shows the
best separation of the signal. A is the ratio of extracted signal to the other noise(s) evaluated by eq. (10). R is the residuals
of the extracted waveform and estimated inspiral waveform, (11), between [t. — 0.15 ms, t.]. See table IV for comparisons of
chirp-mass and red-shift.

event obs SNR AtHL (ms) AtHV (ms) AtLV (ms) A R/10_12 ref.
GW150914 HL 26.0 | —7.32+;72 - — 4.19 5.88 | Fig.4
GW190521.074359 HL 32.8 |—6.354+0 15 = ~ 1.83 10.3 |Fig.7(a)
GW191109.010717 HL 47.5| 3.174973 - - 3.40 18.4 |Fig.7(b)
GW191204_171526 HL 8.55 | —2.444923 - - 2.07 3.27 |Fig.7(c)
GW191216.213338 HV 8.33 - —11.0+55, - 3.08 2.09 |Fig.7(d)
GW200112_155838 LV 27.4 - - —23.24754(2.43 10.5 |Fig.7(e)
GW170814  HLV 24.1 |—8.06+03 0.98+21, ~ 3.54 5.07 |Fig.7(f)
GW190412 HLV 13.3|-3.91+937 —13.924+075 - 2.21  4.40 |Fig.7(g)
GW190521  HLV 63.3| 2.9347:5° —25.15477° ~ 2.85 31.8 |Fig.7(h)
GW190814  HLV 6.11 | 2.204+037 21.2443:73 - 2.00 1.65 |Fig.7(i)
GW200129.065458 HLV 27.2 | 3.42+735; —18.314031 - 3.96 11.3 |Fig.7(j)
GW200224_222234 HLV 31.1 |—3.66+27, —9.2840-2 - 3.28 13.4 |Fig.7(k)
GW200311.115853 HLV 26.6 | —3.66+]"5° —27.10+55 — 3.7 4.34 |Fig.7(1)

SNR h'@WLWED &, GW190527

ICADBGW ESZMhETBELZETD HMEINI=GWIES L, inspiral Efiz%
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TABLE IV. Comparisons of chirp mass, M>°" shown in GWOSC and the one obtained by ICA,MSbS from the best fit

inspiral-wave model.
shown.

GWOSC
event obs SNR|MZOUCC /M ref.
GW150914 HL 26.0| 28.67;7 Fig.4
GW190521_074359 HL 25.9| 32.8%52 Fig.7(a)
GW191109.010717 HL 17.3| 47.5%0° Fig.7(b)
GW191204.171526 HL 17.5| 8.56107% Fig.7(c)
GW191216 213338 HV 18.6| 8.3319-22 Fig.7(d)
GW200112.155838 LV 19.8| 27.472%6 Fig.7(e)
GW170814  HLV 17.7| 24.1717 Fig.7(f)
GW190412  HLV 19.8| 13.3%0° Fig.7(g)
GW190521  HLV 14.3| 63.3713% Fig.7(h)
GW190814  HLV 25.3| 6.117902 Fig.7(i)
GW200129_065458 HLV 26.8 | 27.275% Fig.7(j)
GW200224 222234 HLV 20.0| 31.175% Fig.7(k)
GW200311.115853 HLV 17.8| 26.6122 Fig.7(1)
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The difference can be regard as redshift factor (1 + zica). The redshift factor in GWOSC, z, is also

10



JRIIRY 3t e AUV ZE R B IEDRSE

Gravitational-wave Extraction using Independent Component Analysis
THRUL,

kv
H

arXiv:2503.14179

We—, EEFHI (KR

CKIBEREIFER)

Rika Shimomura, Yuuichi Tabe, Hisaaki Shinkai (OIT)

+ & 5 o SHEHER\. Laptop PCTHEAE(3
o FUTL—RFELRNDT, HlZ I,
u _7FHN'|VZ-E '__I:IFFEI @@nﬂi

BRADETTRDHER

e 7JL—hrZHWTIC. ENRDBERZMY BTl FExREUZ
e Injection testickY, FiHEtDE/A1ATE, SNR>15 TEZ)
o O3FXTHOEANRIM 2HIICIHFE

rH

gl%l

B B ZEHETE, Mc(1+2) &€ GWTC3EEFE
B IRTOIRINCGWRER.ZEBFFICHETEZEVWADS
B FSESIADENREIEHRLANDREZNESTESHInY
m sky localizationDFEEREAFEZS

I

%D2023E3ADYE

o ICATCHEEINDHERIL, fEx

FI'

jHAT%EiL/T AR( 5[0 IJ'FElli"_T)I/):E)Tle/ I\&b_C/}S‘Zﬁ/TEEI_:'FCS?Z:

LAULVATSE -27]/}§ZTH3L475/£0)ﬁ?ﬁ%b\T¢DDHZL) LEBAREEM T DL DICRB.

AT ZIHDFENIEDT, EHULN.

BIFEICSEEE This work was supported by JSPS KAKENHI Grants No. 24K07029 and 18K03630.

2025/3/21 ¥RF= @ #5142 BRIk otz AW CEDRBEAEDRE] THRUD,

FARET TR S EREFE)

o [CATHBESNDIBERIL, IRIBOARSIEHRZE TR
B U CUL\BAIREMEN 3 5.

ahE—, EBFA(KIRTX)

11


http://arxiv.org/abs/2503.14179

