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Figure 1

(Color online) cWB search algorithm workflow. On the left side, it depicts the search process for zero-lag data, while on the right side,

it shows the search process for time-shifted data (background) . Since both searches utilize the same core algorithm, the detailed steps of the core
algorithm are omitted in the right-side workflow. The statistical significance of each event can be determined from the distribution obtained from the

background data.
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Figure 2 (Color online) The panels on the left column display the gravitational wave signal generated by 30M-30M,, binary black holes coalescence
with zero spin and zero eccentricity, and the right panels show the same gravitational waves signal with the Advanced LIGO noise data. The top panels

represent the waveform and data in the time domain, while the bottom panels depict the corresponding signal in the time-frequency domain.
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Figure 3  (Color online) Diagram of the background data generation process using time-shifting techniques. This example illustrates the use of two
detectors. The green and yellow blocks represent segments of gravitational wave detector data, while the blue waveform icon represents the gravitational
wave signal within the data. By applying time shifts to the detector data, the arrival times of gravitational wave signals in the two detectors exceed the
time required for a photon to travel between them. This breaks the coherence of the true gravitational wave signals. Through continuous time-shifting,
several days of gravitational wave background can generate decades or even centuries of background data. The same method can be used to produce

even longer background data for more detectors.
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Figure 4 (Color online) On the left side of the figure is a sine Gaussian waveform, and on the right side is a white noise burst waveform. The sine
Gaussian waveform is generated with parameters f = 300 Hz, Q = 9, the white noise burst waveform on the right is generated with a central frequency
of 400 Hz. The time-frequency domain plots in the lower panels are the wavelet representation of the corresponding time-domain signal.
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2> I % R A2 (Pulsar Glitch) I 4, X M I R A
ik v R T B AT S AR I, B S 2 T R o (61, —
oy ikt B E R I e s it 5] 1 BRI, (2
HALE H wr A B, Rms R E B AR
5e4 24 (Crust Fracture, “ 5 E ") FHEIRAE 5 #7240 BAF
Ff (Superfluid-Crust Interactions) (02, AS[A] 2 AY 25 HY T
ANE 5] 770 e B A TE, DAL Ik e S (1) 5] 3
TUAT DA ik 22 1 A (R A 20 4 it B B ) £ 0. [
I, B FER I, BT 51 AR RS T — FE 2R ) A
B R, 51 77 PRI A o] DLV R Bk B B e R AR
—Fofr 0 N - B (631,

fEinitial LIGO 20064 5 Tk B} 2212 47 (S5) 3 7],

Jik i E2 PSR J0835-4510 (X FxVela) & 2E T H 5748 B
JELIGO & TR 2 X} H e 5848 B [a] 1) 51 J i $dis 447 7
SR EEEHI NEESARERESHENL
T, FH DU g o o KR IR S4A tH T 6.3 x 10721 (14
#1041 7F Advanced LIGO O3] fit) 4 K34 2 oy,
BR[57, 6510 5L 1 HTH 5| J3 AR 285 P Fh & S S 7
FE N Bk B2 B % 5848 RN R R

4.4 SlJEEIBIZHM

G 773 B AE 2 A 10 AZ RN = — Ffk A I Ay
IR, vT LUERE A HH 51 77 A B e 59 i A8 1 5
JIE 5y 5 100701 X — B N FEAS & — AN B4l 5] S
MG, HAFER Redaon 7ol HEw A& 7R Z M1
R Bl G2 RN &4 = A1 (Infrared Trian-
gle) b —ff, iIX — MRS B ALK 5] 773 1d4Z 5 Bondi-
Metzner-Sachs (BMS)X BRI FER 5| /71T € HLE Bk &
TE— R VB B T AR Z 8008, 5l J13 42 3%
PR AL HE B e 12808 U4 TSR 5 02 12,8 6T i Fef
KA.

L A2 N AT DL TR € SR A X 43
o BRI A SRR IR A UL AR AR o 8L
HIE LT, B M ICZ RN I8 B R H X 20 X0 5 B2 9F
B MR IEA b7 R A RE 2 UL R R
AL AL AZ NI W] DAAE S HUAh T TR TR T & 4t
Ot FEE B VA A 1R 8T 5, AT A S ) 8 0 )
JEEERE B U791, SCHR[80, 81TIEHF 78 1 R 5% 5] J1icdz
8N BRI e

S PR BRI e R R S A0 R L X
B AR R4 10 12 80N 1) e B AR H LR AR IX 38 X
TLIGOFTHR I 2 ) A EE I 51 773 A, HAad 12 20 1)
FE R E N TR T LIGO SRR A 2 (e [ A, Bt
YA RIS 73 R AR PR 213X 2 A2
SR, 3% — 45 1t AR L8 B TR 51 77 5 R 45 B v At
ZR0 B IR SR AL 1 BT RE . XS T — LA
PRI Z5 B PR B v A 5 | 73R, n SR ) BT, B AR TR
S| BENE K 2 aae SN T =0 7k A N K (EIESK [: 7 ek vy VAT
REBE BRI A5 2R 1K ARG Gad i bk Iz
AN (Orphan Memory). SCHA[82]7] FH Advanced LIGO
O3 25 45 3 A7 48 2, AH oK R AT AT 5 35 i 9 S7
TEAZ RN, BEAh, Z i F0IE B R FH I Fh 7 k% B iR
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B Mo < 0.4Mo RSB IF& 3BT 755, Wit
THHZR.

4.5 W51 EE

5] TP AEAL R IR A BB KRR, A AR
BRB BV, IR I (Free Floating Black
Hole)%§, Hl i o2 KA. £ JLFDEZFEIERL T, 245
T3 VR 55 A S R 0FE B R ARAE J5 A 92 DR B R AR
B A0S 55 8, 51 i A SR AR o R AR AT MBS 2,
TR TR 2 AR R Gt — A5 IS 5 29 B Rk
ZAME T, WA R PR B S 5 BA RN 3. X
S R 5 I B S R KL AR, HiE
BERARI S AH S T BUK T 10° Mo B LB 7 A,
B I B G IR IR B oK, 27 A T AT
GBI B3STL S P I A G O B R G R TE R
LI F B, R 51 77903 B R I — SRy 8, FRATT AT
DA SRR T/ ot 8 R A, rp 86 o 2 RO ImIR R
4%

LS RE G RARATAT I AR A5 B B 2 o &
SRR, TR VF 2 BRI /N5t B R AR SR T R 91l 2
RIER RS, (EEY) R T A A IE L & 0 )
B X209 2 A P 5 B O TE R TR ). X e
BRI B AR g — A Trid AR, gl A o it
LGB AR 27 AT SR RS, ATITX 51
WA 5 P AR AR T F B 77 AR 1 G 2 i 3 A 7
AT, PIRAR NG| J1iE 5. AR I 5
R, XL ARE 5 o2y RO T 15| i AR (e
SETE AR I oA, T e B ) A [A) 4 A S+
BEALIC. PR, 5] )i B RS AT B @A Ty
PRIAEF) 121221 56f T X M S 5, cWBIZ — A+ id &
k5. AW TE B8, R FH e WB 5 5 AR IL BC 7 v
73 2 EIBOT B AN VL HE B SR i e SEAUL 51 098325 45 5] )
T =AM T 51 A7 ARM 28 AT A R, ZITER
AT LLERI10% 44

4.6 35|KEEIE

WA G5 36 AT LA A =ANB B e, A
M. Ho, a8 e B S TR T RATL R
T B G5 ) GBS B B B B IS 5 38 e IR
15538 (Quasinormal Mode, QNM)ZH i (8901 i 1E A A 2

& 20 FL A B v IE AT I R 3% R i . H B
B IO e FH 7 SR 00 S AR A SR G 55 a2 At n 1
SRS, R B, Y E A AT DL ik
TR B 3T B 25 S K. 4 i SRR AR o i B A kK
ARAAE BNE — A2, HILE G S RIEER
F M BRI NR. SR T, A AR AR R A A L,
L TR R R BT ) R ) (f8] K i 192y T g 2 A
WL T BN 34 &2 Ak, 3T %A LA 1 808
FA, fn B O3 ONFN 5| Fy R OV 5] kTR I R
P A BESAEE AN AR, WAEFL, B A E BN
BRI Hh ) 5] ik v 1B S TE RS T 7] 1 RT RE A7 L
AN A DO LRI, BRI IE RS =047
A B HEIE R, A — AR 10 308 el FE A
X, X ] HE S EUE 5 I 2 A Bk, X2 T
5T IR R A 22 L R SO, PR AR IR SRR AN, B
PRATZ A5 5 R A4 2 e SR AL AT 2 35 22 T2 ) HE A B
WL XL R 2 S S R B A LS
SR, FRA ] 39k [a] 7 081001 5] 338 [a] 75 PRI A
RE B 23 85 R F1 T3 3 5 BRI T is 12,
A E R L

SCHRI1011E X A 5 A A8 7 5 4 )
B R F BREE T 1 ) HI 5] J1ik Fl 7 (5 53T TR, #F5%
X G NGWTC-3 H % o 35 0 Ll 1 0 R TR A S 1
TR G BRI M G it BB S, b A%
W FEIE 5 5 7098 1Bl 75 AR b BREEAT T 293K,

5 HBRFIAERRFHINA

51 D3I — H 2 B glitchP 75 1Y R . BRI
RES N B glitchMe 75 2 A7 K, L i T glitch 4 1)
9iR PEE AR K, AR AE 2o A ELAL RN 5% AR MR 7S 7 A D AR 5K,
BET A BRI TR 5] Fc A, Bk, Tomitk i
ZNEZLIE W 2l A I 45 OF T3l T ek S 5t a1
BR(Veto) WL, LY/ AL S o (e A S 3 BR AL
HIX R mHEA RS R E IR AR ERR T
THRBEMF SIS RS EAT 2, IWR T =4S
B e, FEh s ERE R AT — 4240w A 5
R, 2 A7 5 R BB T 10 51 7805 5 1R
Wz Ak, 0 50 B R 7 2 KR P I T x4t SR
ITAL LRI %, EIEFRACR] AR 2% P 45 B B0 Al
WEZ A, T E B I
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X T IX S v o 2 ] (R BN 2 25, HLAS 2 S0 T LA g
BEEE 4T () fif v J5 ZE. XGBoostlIGMM & LIGO- Virgof
5 2R R A I R AL 2R 2 5] Uy 102104 X G-
Booste — Fli T P SR R B $E T By 110S), i 1o i
AR AR A O R ER 2 A TR SRR, A v AR AL i T
F . AEcWBH Z 1, XGBoost 7] LA T — 2 4k
SRR 1) 53 A%, T W 7S ARG A (0 5] 1k F AR
X 73 K. GMM2 —Ff ) i M 26 2 B bR 50k SR 98 1)
k. FLAR B ARt 2 7 40 A A,
KIABE R LKA T = W 0 A S 8. fEcWBH &,
GMM AJ DL A - 4550k s 5 5 (10 oA, S8 TS
J& T 75 B 5 IR SR AT 2.

Wk T T e A5k ) e S R v RS, MLAS 2]
SRLVE 1 L FH R TG B A 2 s Sk TR IR i I
Bh4% % (Model-Informed Search). X J7 1A 6 T4& 45
1) 56 4= AN 0 RS AR 1 98 2% R0 2 T A 1 4 2R A
il B 2R T e AR 4 2 AR AL VR AL A 2] I 2R
R b, (LA 2 o BE AR A% B L7 MR i I LAY )R
fE. BT R BB R b VF 2 I RS 5 1k
R (PRI, AT rp R ZE AN 2 B3 PRI R AR, X
BRI106]VEAH BT 18 T ML % I FE 25 0] 5] J1 I B )
HAh .

6 LR RERAKFKSPYcWB

TOREAR A 2R AL I 51 7RI R4 T AT EAR
PR . A2 18] 5] 7 BRI, JA TR T I BE 2 Ak
ik, AR AR A B B HLXE U AU
KFFEERRE S RG-S LSLATRE B 5
S5 I ATk, AR ARASURSE AR 1)1 2R AT RSEAR il B R
28] 51 F TR A (1 AL AR 7

BEAh, BEE DS 2 S SRR SRR, eI LS
TR R EE IR s, Tt — P e e
B, W NG RAE 5 A RE R B AR ), 8
R AR AEIVR IRV VA D EELSR T

TR IR IR SR N 3 5 AT R
BEAT RREE AL AN TR K. R, ok = 5 B AR AN
YEAP BB, AT IO BRI A B SRR R TT R
548, B Tl RN SR A IR SR A O R
HC/CH+EIETE F IFT AN . H T L iE 5 AE

BRI R, I 4 2R Lo DL S5 L8 2% o SRE A Rk
&, I HL R 22 ) Bk B i AE S R E St o fhr b
fiiH.

35 B 1) G R 1 R R A B B B R A
2R H B, Python K F T2 1 B A 43 1 O R R 12k,
TEIZ M A 51 1B R S i K BN g ARE &, W5l T
2B LIE# S 5 d. 2T Python) 5] J1 i B
A (4npySEOBNR [ flgwsurrogate 1081), S %4t 114K
{4 (NBILBY MOV FIPyCBC-inference 'O L & 5| 7 3k
B = R A pygwb NI H I, UEBH 71X —
. A, BPyCBC UL A 1 51 77 HRE 7 Hr i Bt
FRIIAFE] T T2 B H.

TF R Bk B3 T Python I il vk 77 &, ¥ A B T
HEBZ W) 12 2 5. PycWB UL g4~ 2%
WK cWB E BT A ek 31 A PythoniE S E 5 HIIH. &
K, PycWBIGZ ML A% 2 ST R NAZ O S, DLk —
WARTE 51 T 7 AE TR R R S AL 5 o Y AN R R, I
HAE TR0 723 18] 51 BRI 25 S

7 RBHESRE

20154 Advanced LIGOFA I &% 1 VA B 32 W0 £
WA G BB T AR LR, 51 J1E R SR T
Pk H R 3yt e PR3 RS iR DL K 2 E AT
RO HVR &, NTRAT B 5 1 P I b o I R AR it 1
AP ARE B2, ORI 2R, JCH 2 i AU A 15
TR IECWB, TEAL R HIEUE AR A5 5 I R IR,
PRI AR IR A e O IR ) 2 8 s R 4 it 1 =
BISCHE. BEAE T — QML 5] 7 3 R #5 Einstein Tele-
scope, Cosmic Explorer A f& 7% [A] 5] 773 PR M #RLISA.
IR AR B8 B HEE, FRATTAE AR ST B4 B b LA
FR) A5 M PRI 280 5 22 BR300 51 7
W A3 Hr s KT I W LB APk ik, o i b 1 208 75 FL
rh oy S D EE B A . R, MLEs I R RO
TRLRR A 2= AE e 75 DR =S 5 R e 7 T4t 1
5 KB 77, PycWBXT cWB R H AL fTPythonfb. 3% 771, 4
A BT HEBN B o R R R R, AR HER] D7 R S
B X R N RAE T8 5 JR AR B AR
A PR AT (U T R T IR AR, TR AT TR AR
FHERZR A (]
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Since the first detection of the binary black hole merger event GW150914 in 2015, gravitational wave astronomy has
rapidly advanced, with 93 gravitational wave events detected until O3. The continuous improvement of gravitational
wave detectors and the emergence of a new generation of detectors will expand our ability to observe the universe. This
study uses the cWB pipeline as an example to explore the core algorithms of unmodeled gravitational wave searches
and the computation of background and event significance. Furthermore, we briefly review its applications for various
gravitational wave sources, including high-eccentricity compact binary mergers, core-collapse supernovae, hyperbolic
encounters, pulsar glitches, microlensing, and echoes. Finally, this study discusses the future applications of machine
learning in unmodeled gravitational wave searches and the possible adaption of the modular, Python-based PycWB pipeline
for future space-based gravitational wave detectors.
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