#32% B rx X = g E Vol. 32, No. 1
2019 1 H PROGRESS IN ASTRONOMY Jan., 2019

doi: 10.3969/j.issn.1000-8349.2019.01.01

ETsINWERNAEFHRE-FREXRKE
56 XXt
FRERL, BRAX?, ¥ A2
(1. JEFUIRE RS MBS R SR 100875 2. BRI @SR Fibe ZEE B R 240 310024)

WE: SR IS RIS I 5 58 20 HE, EEmREX R A%l KEREE
SRSk . FERBIR ARG mohas. AR B AR g i 25 DX A0TSR 1 R AT A B A
2T AR RO AT RS . 5] 1 E N A i B, SRR R IR AR
mmﬁmﬁ%ﬁu,ﬁﬁ%%ﬁ@ ARISRAE T — L %4, LIGO. Virgo. KAGRA%
TRINEE 10 51 S B Ry PR W T34 T 8048 3%, A STU NS IRE BRI 51 0
FEGW1B0914 NS &, 2T 51 JJBBIE S UG THF R SR ek 4. FRA1E: TLIGOAE
W7z K FH FIIMRPhenom X ASYE B RS, 5%t Ji5 200 JF A A R A5 AN S8R B I, Mg v]
BRSO 8 S IE B . 30T FATTRF DL 74 7 5 Bl A5 R 28 SR 5925 52 ROV 23T
P, HREGRIRES M HFRESEE RS e B EdE 538 1 —5
PE, FRATEE TG SO 2 A R B R - G R AT AT AT FRATTI AT 45 SRR,
GW 1509140 BARTE — B R ESCHF SUHE XS,

% B O 510G BE-REXRR: JOUHENR

FESES: 0412.1 XERPR RS : A

1 3

ol

H20154E NS R EIRIR I BN 51 1, 51 R34 P 7 IR I+ 4E [, 2. A
b SRR AR RN (B], 51 T3 52 AR SE M) AN 2 1 ARSI S/, 51 3 R AATTAR
e REIDIRNEN Bl B L e [ | P Sl R A s S O SR R S AR & NI oS = & EAT N sl R i
PIEER, S BB NIRRT SRR A T A (5],

7SO 1R TR AE 1915 4E LR 10 51 B 6], B AEAF W A 51 S Eg A
J7SCHRR, RS M EAE R ER IR 2, (BRI H AT IR, T SCHXE 2 SO i 51

fsHE: 2020-01-01; {EEIAHEA: 2020-01-01
REME: EREBRIFES (12475046); R R FEARHI 5 5% & 10 5T 4 % B
BiEE: H)E#, zjcao@bnu.edu.cn



2 RX % HER 323

DI, —J7T, fESS5 I AMREIE A O, )T SN B 324 T A 5 R (7).
PATH RIS 5 IBLG AR H 578 B RIR SEER AR A 51 1R FEA. —Jrm, T
FET V8 2 R R LR 38 51 S13% 264 N BT SEI 48 I i i BB [R, 0] (H R BRATTH R ZE =
BT SCAHX R I S8, — NSRS SIS R HESE N AE 75 e 3, FAAERR b
R S IC H H A& BTSN SRR E TR AR L. MBS
EUL, XSS AMTRBE TS R0, Bl SRR X IR A
SR E J1ER R, T, AUIUATSZEE (4 M B F48) SURRHE R LR IR AR EZ Rl 2
I 7 [T

S TBAE AT SRS TSR T H, S4B R 2 KA TR 51 38 0 KA
BT SCHIG B [2-05]. fi A X Se i 70 TAR 623 # B A 3otk DU SCHIRHE e mti iy e
TN EIN I R, XS EAE IR R SR, FEUE /N RAE B X S
ST I FERE . ST A RELE H %S EAE M 2R R I 5 SR 0 A, BT A RS,
BIREIGT SUHXHE R e, (HMREL G — e, HUREmE UGS
R T A g B E

SCRR[ZA-26) 32 T AT K X ) R AT R R - R Ok R A IR T A X R
P[], H M ARR T SEBR 5] B ARG SOk [2a-26) (035 BT BUR RS 5] 13 ey
B, ARCEE ARG R CE I RTI i dt Re,  FEARLIGO &1 5 o 1 7 1
BIRCR, K ReE RAE RIS 5 IR & SR H I BN A, A RERT T S IR
K6 25 B 52 B 5 R Go k. A S UOB SOk [2a- 26 3 H R BT OR R AR LR AR S
TR 2 e et R AR w5 S, FIHLIGO-VIRGO-KAGRA G EHFIGW 150914 %L
PR HE TR SR R 56

GW1509141F N N KA ELAEER MBI 51 03k R]. e fEmeth e, e Had
KBTS THRBMATEESEUEN, CRmap AN A, A X%EESH
BB IE 1S Z gt BN SRIS T R, TERRFEBIARRESL AT T, R T e
AT Ji5 A= 22 B RS TV R T SR A O B, il A AL PR A IR S S R s B RS
52840, 5EMGW150914 3 4F 1 =ik B sids 5| 71K,  Frd i B S Eb A S HE 4L
A EE N AR A, AR USRI AL i B M i e 5 S k.

ARCF TG ZHAI T R —E AN HIMRPhenom X ASH AR () S 54018 1E 7
F. TR E X RS I FER A0 %, U RIES 0 TR, BT — &4 H
XFGW150914%04 73 At S fl v 45 5, A I M 26 8 B PR A LN 5 ) SR 18 1 — 3K
Mo BE BB RLEW, HFMNERFEAR. BN, Stk R e 8 T 1.

2 HiE

2.1 IMRPhenomXASK BRI LK ESHIEERE
WU RARFE A=A 5] S m DU T )\ 5 4%, RATTAT LA IX B8 7 ) A o R AE LAk



14 RRER, . FET 51730 BRI B - B E R R AL SR 3

4110 B8 K0 P VLR 86 B KR, OB R AR I 31 A1 11 6 B At e (2, +2) 8
REG. XA TR S DU HAE ST 0 E 5T, BRLIGO,/ Virgo IS 5 W 5>
B EWRAHTR, R RHZ A R A R RIE T S LI, DU RS SRR e
554t
A HE (2, —2)Hr BRI [pa) % 5 AT

ha_o(f,0) = A(f,0)e U0 f>0 (1)
KRG T, RIS CBL& SR B R EM. X FRE & by L S A 2
Y ITE A B BT I 1 L e on e I R 0y o BRI B ST RIAS,  A(f, O) % L3 TH AR
W, o(f, 0% BB TEA L. M ARy Hhooff9 6 R[B0, B1), FATHE S i+ IR 5 = w5 5
HH, MH,

5 1+cos?y - .
H = - - . _ —2ip 2
+=+ 6n 5 ho_ge™ "%, (2)

/5 ~ iy
H,=—1 Ecosﬁ'hg,ge e (3)

I M55 A AR 22 458 B VT AT A 5 00T T 6 S o
(D) X RE 5 A AL, 75 g 13 JE- 9 &% %5 (Inspiral-Intermediate-Merger-
Ringdown) HIAFEIFT B, IMRPhenomXASH AR K FH A [6] R be g 47 i i
Ans(fine: ) fias € (0, f7]
A(f,0) = A (i, 0)s fine € (f7 focald] , (4)
AMR(fl\IL/}Rv 9)) fl\é[R € (fpeakv O'3Mf)

s (fins: ) fins € (0, firco — Or]
o(f,0) = o[ 0), [y € (fumco — Or, f4 + O] - (5)
eMr(fiir: 0):  fir € (f7 +0r,0.3Mf)
For SRR () 58 SR

f# = fusco + % (fisco — fueco) (6)
6r =0.03 (f7 — fmeco) (7)
f+=0.6 (;fRD + fISCO) ) (8)
fpcak = fRD + fdampal_)\/\_l‘ . (9)

TEJFIEIMRPhenom X ASH JEAL A 1, MECO(Minimum Energy Circular Orbit) X3 i
INEE R EAIEB2], ISCO(Innermost Stable Circular Orbit)fX3 i N a2 [ HL1E, peak 18



4 RX % HER 323

TR BT B3], fap + 0 faamp NN B 2T A B ROAEEMBL. 0.3M fRIVKE
£ PEE A (LALSuite) NIMRPhenomX A SHAY % ¢ [ #k B A% (34, B5). 55 furco~ fiscos
fros faamps ORI AXIHR T Bt 5 83 1 581 o MORRE,  HLRATE 88 R i S B 0 S
Mg, EASCH, mTRAHEEET SCHEMN R IEE, RWAEAHEA RPN,
A FHIMR Phenom X A ST Y ff B AR .

IR AKX HIH S AR E

1 3 3 1 3
Oms = prr2(M f;0) + E <Uo +oif+ 102f4/3 + 503f5/3 + §U4f6/3 + 7U5f7/3> ) (10)

Lo\ ) 3 —5/3 z/3
pre2(Mf;0) = 21 fte — g — o + 1o (M f) ;w (0)(wM ) (11)
4depa
ol =bo+baf by f A b f by f T — i : 12
1 Pint 0 4f 3f 2f 1f (f*fRD)2+(2fdamp)2 ( )
Coaw (13>

n'tpi\/IR:CRD‘f‘;Cifipi‘f‘fgamp+(f_fRD)2.
FHo ory Flonr BHBETEARN T 5] JJBSR 1 SEH €. Ko b e SINEIESHON %
o X EERIE FRZIMRPhenomX A S AL i M R AVE AR 2K, BATEA S H#RH
XL

R G B A YA, MEGIRIRA(S, 0) 5HLIe(f, 0) HHIMER ST 1L e
eI, V- B BT PSP R 43 T AR BRI B T SR bR B — I S R SR %
ko ABIEJG IR AL S Ja SR DLAE N ZR 5T fratenin = fupco — 0r AGIEPHE. BT S,
FATE R pras 5 e S H T E 011 5 1t T tacenin A& I BUE R 70 I A S WL 51N — A Ak
FAGT 5 BUC) 1065 Co, 1o T B R EE AR AL 5 I P AR 23 AT BUE A0 1 7 A= 1 A I

Cz,lnt = SOins(fMatchIN) - ‘Pim(fMatchIN), (14)

C1.nt = Pins(fMateniN) — @it ([Matchin) — C2 1nt fMatchIN- (15)
77K IMRPhenomXAS U ALY e 2 4l 8Bk SUMXT 18 2 3L IMRPhenom X AS
WA, A1 7PN R It m, AR

3

7
1287‘('( TMf)~%/3 Z(p V(M f)3 — Z ) +%;1(0) - In f]- FUT (16)
7=0

=0

Hrp SR Ry, WD S BRIk Ma; (NS) 72855 B K Koy () 705,
THEIEF A HFEIE R AR T Coeff (M, n). XA & REHE LT

;= Coeff(M,n) - (o + ajy - In(7M)) (17)

wjl = COGH(Ma 77) s O, (18)



15 RRER, . FET 51730 BRI B - B E R R AL SR 5

3 .
ff(M,n) = —— (rM)U—2)/3 1

Coeff (M, ) = T (mM) =973, (19)

Q;j = QyNs + A s, (20)

Qj; = QjNs T Qs (21)

IR AR TR B OGRS T AR AR S R, BARH (r M O)VBIRRE R TR
R, HrE e, (0B TS MERRE RSN, BN fR R AT X R
KIFHW AL mc N “1 BT RE” CEER Moy, M “XEM R 257 (¢;), PR
Ire & “a” ZREME XFIEATT AL SCHR [B0] 1 F .

FAREOL N, FrA Ja AR R BT SRR 22 B[R Al T H RN, SR, 7
58S H L FIppE (Parameterized post-Einsteinian, Z#{bJ5 % R H) T d, S5
1) ) v 1 PR DA AN [ PN SR i [8) 78 Jie 32t B B 22 T X 48 4 v R AH ELRME S, 33
SE R T RS, PR, RN AT 2 S8 S AT A HE DLIRTS A B 2R

BT ERFELE, JATEEE LIS E—A REK HIE KA 2 H 6 I IMR Phenom X A S
TR, BART S, ATy, My R —AS%, SHE0HEL, mARFEHMEE S
(OGRS E. PR ORI B ) [ g, AT, JA TR AR S — A REH )
— AR T IRATAE RO FRATH H AR 252 5 S5 5 e 2 AU T e
Mo B S BE RN ST X8, INRAAE— N ER W, #2ELA TR,

577 SCHX R AR LG, 88 SO X8 1) 2 8y () 76 kB B 2x 72 4 — AN A A7
ZENp;(t,NS)o E Xty Ay, BATE

Apjix(f) = (1/13‘ - ¢§;R(M777§X1L,X2L)) f(jfs)/?’a (22)

Agjn(f) = (%‘l - ¢ﬁR(M7 i X1L, X2L)) f(j_s)/3 In f. (23)
EATR N S EOE N

A‘P;,IN(f) = % (%‘ - ¢JGR(M777§X1L7X2L)) f(j—S)/B’ (24)

A@;z,IN(f) = (d’jl - lffﬁR(Man;XlL,Xu)) X

(j;‘r)f(j—s)/3 Inf + f(j—S)/3> _ (25)

FARIHL, PINRS T HC) 1y MO 1y WAFE] THEIE
ACy 1 = ASO;(t),IN(fMatchIN)a (26)
ACY 1t = A@j)n (fratenin) — AC g fMatchIN- (27)

RREB TGRS, TRATH ik Ag; 0w (f) BNV BRI, TFH A, 2.1
PR YN BRI, AN W B AR R, 1, 8414354 IE R IMRPhenom X ASH
MY 0 R AR R A T 28

Al (f) = eSE(f) + Apsam (), (28)



6 RX % HER 323

@%ﬁlc)(f) = i (f) + ACo e f + ACH 1, (29)
@%{(Q(f) = onp(f) + ACs e f + ACH 1t (30)

B TR USRI 2 80, ) ARG 2, RUIRATER B T SO % 4
WEAT A. VEJRE], ATE RN /R T GW1509142KF4E7E s Sibs, 15 1EJFIMRPhenomX A S
TERIRINI L. BHe RnSBmZE S5
iy — 5y

GR
i

5

(31)

Horbs =0 2R R SRR 1R .

;
:
Wl e | B
;Z::::::::::::
s 80 R
i %; E 60
/“_\___________ Sl £
E 60 %_ 6=-083 H
& f — 6=-08 £
of /‘/_k— G=-0.4 ;;% 40 -
: 40 //\_6“-“ e
2 ' — =0 p
§ } — =02 E
! — 5=04 @ 20
20 1 — = 0.6
— fm 0B
—_— =]l
0 [— 63.61H 0
304
[ 1.5
204
- 'd _ 50
S B
b <
Q 10 / : s |
8 i g
g 9] 3 00
=
o N E
% -0 g -25
£ \ £
=-5.0
=20
=7.5
=30
0 200 400 600 800 0 200 250 w1 .
Fourier frequency f (Hz) Eiiifter RSaLenEy NG

(a) s (b) s

El 1 {2IERIMRPhenomXASKARB s 5y S HEMTHISI SR BMITA. SHIBESH =
O B A Z 3T Rz T~ SRR IR IR

i E LI AL, ARSI 2 EA A AR B A ) o - o B Ok AR ) v ] AR
HEAKBUEIFARAR R DB R AW TR SO R S H0T R R itk 2 5
RS LIRZAH, ARG R S5 A6 G S5 5 2 R 36 T AR, A SCHR I S8R p.
R T P AMEH T B AR S S H gt FIE, KR e R R T B E AR
FEXS TR Z R R A



15 RRER, . FET 51730 BRI B - B E R R AL SR 7

2.2 RE-REXARESIEFEE

TE] ST AEZE R, MER KA (0)7] S5XCERTFARAE R EmM . mo M H RS HUE T
Ko HAFPow hon sn Yus Ysin e Y MY M T I B g M, = ¢y = g =
s = Yy = Py = 0, BIIIXEESETLIELIS S 8 HERA OB, A SCE L kb 2
PHE T SCHIAA B R B, RIS IR go. o v GuRE HIELRE R
wmOAAE. Z0TTERN: NRASH IR —y,(0)Z 8IS HE BTN, TS
HIMRPhenomXASH LA, SKREUZSHE W RBFASHW GER 2. 3T SUHXHS R

B R
%‘(9) = ¢i(m1§m2;X1L7X2L)~ (32)

S S
ma(may, ;) = mao (myq, 1;; Median(1 1), Median(x2r)) - (33)

FH G AT, B E 26 3 AT B Ak DR o - 2~ T e o0 A BT 3K P i Mediand s 5 56 A7 44
AR b, FRAR R B e e N R R R AL, R B R Lm0 Ema RS R
J& 963 A AR AN (0) BB B — 461 SCAHAT R EEAE R Ay -mig 2R 368 J 4= S U (X 15,
Rl s ) SCHISHE I BT AT R X 38

XF Eomy-mo JG B0 AR X3 5 T UM AT REIX Sk, 57 38 JC A 4R M ARG B 47
Hebs AR NRT SCHXHEER 50 EE — 8. BT s s XS, &
K HMathematicak {4 FIF indRoot B $5 52 Al B K fif.

0.22 0.22
) Y2 W2
Z
S 0201 s 020 Ysimod
x
P
E
Yo Wo
0.18 T 0.18 T
1.9 2.0 2.1 1.9 2.0 2.1
m; %10t (Mg) m;x10t (Mg)

2 mi-m XRERBGEREE. ZERR XEMETEE—HER. AERYHY:FE—MRBNE
5, BEREMNBEREX T NIRRT XEXE—H,

PRI — KRR I 7 ik 0 R P[] 72 P SR i 52 A B R I B R o 5
BTN MR R, (E7E I B 2 2 S R AR SR I SURE 65K

NRTFAHT, AL AL B EACPp A ATE: p=0 flp = 1. Mp =0 K,
my Fimy BOE(E KBGEAATIR B, 0 KB — &5, W2k, =435 A



8 RX % HER 323

fiX, BUIAEO N =R EEAR BRI TR — M. Mp =18, %BEXEES LRI R nir
AT IA X I,  IRAFAE =R B X . MBS K Fp MO BB KA1 B, 2
RAAE— DN T EAE K Fpe, HAETEm mas ¥y ZABEE KIS IFAEREREA ST E
ST I S A E AR S SURXHE Ge it — B iz O R 4B ASAKCF & T,
I, 7 SCMHR AU £t B & giit— 2k

Yp = po B, EANEGEXBIANEREEXE, LRSS B Soige B AL
Kp = 0.5 XFRAAE, WL:

1
Vletr = QUANTILE (v,pleft =0.5— 2pc> ; (34)
1
Uright = QUANTILE <v7pright =0.5 -+ 2pc> . (35)

A XIFEE I NS E K = p. PSR MEEKTE TN, WER S
i 5ER XIBIF IS S, pJlsh, FRUTME SCHXT 18— U i
2.3 HE\S5HHIA

AR SCAE F 10 51 7 3 D0 8 Sk B 51 A7 T R 2 T O GWOSC,  FRATIR N 4 AT
T GW150914A 1 ¥i¥s.

AR SCI 51 7 A 53 BT R 2 3K AR T S, RS RS, a0 T
HARELALSuite (LIGO S K, WsiHA K. HE B2 mEThRE, 2&OUsbs
HETH), BETFHMEMPYCBC S (RAREMREN, HTESEESSH M. Wt
WAt WT 315 K F Dynesty JPFESEILEN AR EIIFE, TGN A EHE R, =TI m4ES5
A HFECR SR E. S8 iHEE PyCBC HEZL ) pycbe inference P27 58, FREUXUE 5
BT SHUER M B IEMIMRPhenomXAS WK MK IEWF4Py FESzil. 5 E
F, RFEEE. SECEE SRR A A S H4-0GC ArAERC B SO, 45 A7 B Antlfb ¢
HSHCL, WEURTEES T, RS R AT S, AT .

3 s

3.1 REBHS5HERTH

pycbc_inferenceff]. inifit & M # B 2 % 4-OGC TAE A $2 H 1 FL & S AHPY, a5 %
ZH MR A, AR E SRR E. B E, WO EREREENL < ¢ < 10,
W Wk 57 5 BB N 10 M < M < 100M g

BT Ja AR R BUE I S e e A, AR i e NI AR S 8] (my,my €
[1,100]Me» X1, X2r € [—0.99,0.99]) WIJ SCHXF IR TS 15 A1 R E05 K / S/ ME I +1065.
HARSEIGHAE I, —15000 < 1hy < 15000, —10000 < t)q, b5 < 10000, —500 < by < 500,
—600 < 5 < 600, —200 < 1hg < 200H1-20 < thg; < 200



14 REFIR, %5 BT 5] Jy o0l Bl FI B R - R R SRR 9
*1 TEEHHABTHCWIS4EHSEINEER

PN coefficient my ma X1L XorL XPN Y GRX} M E‘ij(l)
GR 37.33133% 3130153 0.06%0%s  0.09750%  0.08%0:08 - -
Yo 37.0073%5,  29.07752  0.06700:  0.0810%S  0.077058  7346.827253%  9280.017131 53
s 36.3575%  28.657g¢00  0.057002  0.09T0¢s  0.087008  40L.71Ti300  611.78%527)
Vs 36.7455% 27587570 0.057003  0.08102  0.077550 —534.7871505L 4641972120
Uy 37467557 27581477 0.057002  0.087520  0.077592 331573459 43.983-14
Vs 37.397552  26.657%1%  0.0570%  0.08T02  0.077502 22.3677 53 13.187353
Ve 36.95703% 27187591 0.06%0%s  0.097025  0.08700% 8.461778 —2.671147
Vel 36.58T3%%  27.967%5%5  0.0670%s  0.08T57%2  0.0815:00 0.8411:3 —1.04+993
Uq 35.937522  26.44%33>  0.0810%2  —0.197091  —0.021513 4111258 1.1475°22

B8 FIMES TR PyCBCSEUh THAC B S, ¥ CTEGitlab - & FFIED.
ETGW150914010 64 R
X0, Yo, 13, ha, Y1, Vo, Y 7 AT SEUAN T, i3 E. ARSHBSLVKAEIEHE T
SR FESHSERWRIR.

VERNBLTIB T, FRATHE o Flp HIA 25 SRS B R - R ok R (Emy s mo B, JF
TR R IE R pe. 43 N EBA BT R, HA LGS Am, — mo MBS, Kt
5 XS Rip Z UG T B JE 5 0 AT 45 R AEmy — mo B BRI IX 3

3.2

pc = 0.9856

50 T T T

40
§® 301
£

201

10F

10 20 30 40 50
m4/me

3 BT BRABEREIm-m QW E, IRFEHFEp. = 0.9856

Phttps://gitlab.com/chendawww/parameterized-gr-test



10 KX E=HEE 32%

pc =0.9642
60 T T

50

40

molmg

30r

20F

10 20 30 40 50 60

m4/me

4 BT RRABEREAm-m QW E, IEFHFERp. = 0.9642

FETGWI50914 BRI 405 5 A R b H Sos, WIlEEE 5 SCHEX IR TS B4k
HFF. BB Em . mo X ARSE 1L X ER AT ST SUHME R IX A AHZS, (HiR
ZIX RS, RIEEEEEPAR, SEF0RE; RSP OMES T UYL
FMEAE FTiRAs, 90% B 15 X AR 78 5 S ], 32705 51 S0 UM AE 7775 AT R AR 3¢
XSS, PUERIFEAEERESERS, UIHBUE B R 58 78 S R SR 7k R 4544,
Il S M2 po s ALK 5 SO SHe — S0 A% O AR b, AN, RS XS —
R, EE A H TR S EAT HAS BloXT Mp. = 0.9999, )o%F Np. = 0.9856, 7 %f
Fip. = 0.9642, BT EEIXE, Foda 8K SCHXHE (& Bk

gi b, RUASIEAREHERR T SUMXTE, Iy sedixt Hoarda e N s B A | SO
X V8 AT KA 538 U S 5 53 X I 1) 5| 1R S SR 8 2, B IS R AT B
FENLI S RF. a0 B a7 SCHIGT S RN 2 R 59, B IE 51 BRI FE R S 5=
], AW it - 6 - B A HT AL 255 BURK, 3R I 58 8 s R S TH iR da i
LA S

4 REiHRYE

4.1 R4

53— =]

ASCHFIMRPhenomXAS AU Ji5 A R S AU IE 1E 5 RAS BRI SRR
SITPEARRRL, IR i SRR RO RAT I8 SO 18 S DU HEWT S 3l iR
FEXTGW 150914 EHE BEAT TIRNA3HT, SEIXURIA RGBS ) SCHR 181 25 2 H Bk
AT, B R R R RATIRA ST A B AR, SERGRIA) X IR S, A
SCEUCK PR - R R AR EY R EEPOEHBL TRET BB FHET 5



15 RRER, & FET 51 7O - R K R SO R 11

Wi, GW150914 [ 7r & RN, WLINEERE 5 UG TS BRI AT, HZ 00 S
AR, 58I X OSSR AR kS BEIESE. BT PyCBC &5 T H 71 M i 5 RAR
B, AR R SR [F) A 6 At 56 48 ELRE A
4.2 RE

FT AR HESE 5GW1509 14 B 45 0 Hr &5 2%, 5 22 m] DU D7 s 1D =
[, Koy 203, 04 MM EM L4, CURFEARSG T FERIG % #1277t
ARFERE: 2) BIVEE, I ERES N S il FRZZHEE R 3 Fiit
JZI, RESHTRISBURYE, 4G 2RI SRR A AR @ s O WS, FHR A
B TEG| B WS B R . AR ADRAG IS 7 VR E He 5 = AR B 5 23 W] 5] J s Rl &,
LB s AR R B 9 5] IR Ee 7 5.

EEPEE

[1] The LIGO Scientific Collaboration, the Virgo Collaboration, the KAGRA Collaboration, et al. arXiv
e-prints, 2025: arXiv:2508.18082
[2] & KB 2018, 37(2): 10
[3] PERLICK V, TSUPKO O Y. Physics Reports, 2022, 947: 1-39. https://www.sciencedirect.com/science/
article/pii/S0370167321003811. Calculating black hole shadows: Review of analytical studies
(4] HEEE, HEME. PEREE WS 1% R, 2017, 47(1): 18
(5] H)EEE, . PEREE WESE 1 RICF, 2018, 48(7): 13
(6] MM, M. By JURIANTTS ) SUEXTIE. [S.L]: S JURINT TS ) SURXSiE, 2006
[7] SOFFEL M H, 35, AHXERAE I ZZRRAAR R, [S.L]: MRS R RN &2, 2015
[8] WILL C M. Living Reviews in Relativity, 2006, 9(1): 3. https://doi.org/10.12942/1rr-2006-3
[9] Will C M. Theory and Experiment in Gravitational Physics. [S.1.]: [s.n.] , 2018
[10] ZHANG C, CAO Z. Phys. Rev. Lett., 2025, 135: 261401. https://link.aps.org/doi/10.1103/6sws-hfi7
[11] BROIBs, W, WGBSR (H R FHERR), 2026, 54(3): 11
[12] KRISHNENDU N V, OHME F. Universe, 2021, 7(12): 497
[13] B3L, 4. FBlEIR, 2024, 69(25): 3770-3784
[14] YUNES N, SIEMENS X, YAGI K. Living Reviews in Relativity, 2025, 28(1): 3. https://doi.org/10.1007/
SATT14=024=00054=9
[15] SKIE4E, Sh3Chs. RICHF#ERE, 2025, 43(3): 472
[16] YUNES N, PRETORIUS F. Phys. Rev. D, 2009, 80: 122003. https://1link.aps.org/doi/10.1103/PhysRevD.
RO_122003
[17] LI T GF, DEL POZZO W, VITALE S, et al. Phys. Rev. D, 2012, 85: 082003. https://link.aps.org/doi/
10.1103/PhysRevD.85.082003
[18] AGATHOS M, DEL POZZO W, LI T G F, et al. Phys. Rev. D, 2014, 89: 082001. attps://link.aps.org/
d0i/10.1103/PhysRevD.89.082001
[19] ABBOTT B P, ABBOTT R, ABBOTT T D, et al. Phys. Rev. Lett., 2016, 116: 221101. https://link.
aps.org/doi/10.1103/PhysRevLett.116.221101
[20] ABBOTT B P, ABBOTT R, ABBOTT T D, et al. Phys. Rev. X, 2016, 6: 041015. https://1link.aps.org/
d01/10.1103/PhysRevX.6.04101%
[21] ABBOTT B P, ABBOTT R, ABBOTT T D, et al. Phys. Rev. Lett., 2019, 123: 011102. https://link.
aps.org/doi/10.1103/PhysRevLett.123.01110%


https://www.sciencedirect.com/science/article/pii/S0370157321003811
https://www.sciencedirect.com/science/article/pii/S0370157321003811
https://doi.org/10.12942/lrr-2006-3
https://link.aps.org/doi/10.1103/6sws-hfj7
https://doi.org/10.1007/s41114-024-00054-9
https://doi.org/10.1007/s41114-024-00054-9
https://link.aps.org/doi/10.1103/PhysRevD.80.122003
https://link.aps.org/doi/10.1103/PhysRevD.80.122003
https://link.aps.org/doi/10.1103/PhysRevD.85.082003
https://link.aps.org/doi/10.1103/PhysRevD.85.082003
https://link.aps.org/doi/10.1103/PhysRevD.89.082001
https://link.aps.org/doi/10.1103/PhysRevD.89.082001
https://link.aps.org/doi/10.1103/PhysRevLett.116.221101
https://link.aps.org/doi/10.1103/PhysRevLett.116.221101
https://link.aps.org/doi/10.1103/PhysRevX.6.041015
https://link.aps.org/doi/10.1103/PhysRevX.6.041015
https://link.aps.org/doi/10.1103/PhysRevLett.123.011102
https://link.aps.org/doi/10.1103/PhysRevLett.123.011102

12 KX E=HEE 32%

[22] ABBOTT B P, ABBOTT R, ABBOTT T D, et al. Phys. Rev. D, 2019, 100: 104036. https://link.aps.
org/doi/10.1103/PhysRevD.100.10403¢€

[23] MEHTA A K, BUONANNO A, COTESTA R, et al. Phys. Rev. D, 2023, 107: 044020. https://link.aps.
org/doi/10.1103/PhysRevD.107.044020

[24] ARUN K G, IYER B R, QUSAILAH M S S, et al. Phys. Rev. D, 2006, 74: 024006

[25] ARUN K G, IYER B R, QUSAILAH M S S, et al. Class. Quantum Grav., 2006, 23: L37-L46

[26] MISHRA C K, ARUN K G, IYER B R, et al. Phys. Rev. D, 2010, 82: 064010

[27] Li L F, Cao Z. General Relativity and Gravitation, 2023, 55(6): 76

[28] ABBOTT B P, ABBOTT R, ABBOTT T D, et al. Physical Review Letters, 2016, 116(6): 061102

[29] CAO Z, YO HJ, YU JP. Phys. Rev. D, 2008, 78: 124011

[30] PRATTEN G, HUSA S, GARCiA-QUIRGS C, et al. Phys. Rev. D, 2020, 102: 064001

[31] BRUGMANN B, GONZJLEZ J A, HANNAM M, et al. Phys. Rev. D, 2008, 77: 024027

[32] CABERO M, NIELSEN A B, LUNDGREN A P, et al. Phys. Rev. D, 2017, 95: 064016

[33] KHAN S, HUSA S, HANNAM M, et al. Phys. Rev. D, 2016, 93: 044007

[34] LIGO SCIENTIFIC K C, VIRGO. LALSuite: LIGO Scientific Collaboration Algorithm Library Suite.
Free software (GPL)

[35] IACOVELLI F. WF4Py: Gravitational wave waveform library. https://github.com/CosmoStatGW/WF4Py

Testing General Relativity with the Mass-Mass Relation by

Gravitational Wave Data
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Abstract: General relativity is the core theory of modern gravitational physics and cos-
mology. It has been extensively verified with high precision in the weak-field and low-speed
regime. However, in the extreme spacetime regions characterized by strong fields, high
dynamics and nonlinearity such as binary black hole mergers, the completeness of general
relativity still lacks direct and high-precision observational tests. As a direct manifestation of
spacetime curvature, gravitational waves carry complete dynamical information of compact
binary coalescence, providing a unique way to test strong-field gravity. With the advance-
ment of Advanced LIGO, Virgo and KAGRA detectors into the O4 observing run, a number
of high signal-to-noise ratio events have offered unprecedented data support for relevant stud-
ies. This work focuses on the high signal-to-noise ratio gravitational-wave event GW150914
and performs tests of general relativity using gravitational-waveform parameter estimation.

We adopt the widely used IMRPhenomXAS waveform model in gravitational-wave data
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analysis. By introducing parameterized deviations to the post-Newtonian expansion phase
coefficients, we construct modified waveforms that can quantify non-general relativistic ef-
fects. Based on Bayesian inference and dynamic nested sampling algorithm, we complete
the full parameter estimation of astrophysical parameters including binary black hole mass-
es and spins, as well as general relativity deviation parameters, and obtain the posterior
probability distributions of all parameters. To quantitatively evaluate the consistency be-
tween observational data and theoretical predictions, we employ the critical probability p.
and visualization methods in the m; - my mass plane. Results show that the observation-
al data of GW150914 confirm general relativity to a moderate extent. Our results verify
with improved precision that general relativity can still describe spacetime dynamics and
gravitational-wave radiation accurately in the strong-field and highly dynamical regime of
binary black hole mergers, providing high-quality independent observational evidence for
strong-field general relativity tests. In the future, the parameterized testing framework can
be extended to more O3 and O4 gravitational-wave events to further tighten constraints on

modified gravity theories.

Key words: Gravitational Waves; Mass-Mass Relation; General Relativity
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