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GW150914" . X251 J3 K302 s B BRI U, 9 AR B 2 AR T
JIPE RS N AT BRI () e B T A) S, ORISR T SO IR ) IR .
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B IMES " R AP FREIFAES GW1710817" # HLV (Hanford-Livingston-
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Virgo) 51 719 5025 WX 25 B DD ER I 2o X SR RS =S THER O i FH. R
LR EE S, HA 3km B KAGRA 5| hEfNgE T, HNATAHRRET
FR, VBB RS B4, T 2016 4F 3 HFHLIRIEAT 7 O8I 1 AN A Mig4T, Bl 2018
R EREAM . 2024 4, LIGO-india 2 i1\ B4 BRHbIE 5] 77 4000 22 1 2 o™,
Z2 0] 5] 7 BRI 350 0806 T %3 18] K 2% (Laser Interferometer Space Antenna, LISA™),
DECIGO™, A# (TALIT™ ™) MK 2 (TIANQIN™) [ 34 & 1] 76 70 75 2% e b BR i 2 11 15
BUR AN K, oG T HBER b R e R R A A MR S T, e AR 1 R U ROK
$eFt. LISA & KN 2.5 x 105 km, TAEMIRAE 1074 ~ 107t Hz, HEEH bR RN 2
Zrb BRI EXURITA RS H G T & HOSR TR & SRR 5| J1AE 5.

*1 EWNZHNEBRHESINKER (Mo RTEKMHRE)

AR GW150914 LVT151012 GW151226 GW170104 GW170608 GW170814
FRIFEFE (m1/Mo) 3615 23158 14.2753 31.218% 1277 30.5157
UERIAR R (mo/Me) 2974 13+ 75535 194733 72 253+

DR L 51 I AR 2 A0 22 [ 5| 78 PRI 5 10 B il H A, U 28 4 PR S PR 420 o B 5 L
B, DI SER-IF - 805 I REAE AR G R SO 1 A BG e B AN R] I 17 20
RErh, RGRER LI B R AR S, Hob T 51 A S s 2 18] A ELAR D LA s
G 1WA T ] BRG] 70 RO SCRC AT 3% XU IF & R A X il ik, I HAf BRI R G H
EEL, WXCRFRF R, B PUBS.0RE. HEH LIGO MEdEr VIRGO fEH Bt R
B 384T B0 5 = ARSI T PRI 4 2 v e i, BRATTH RESRIN 21 X8 2 48 % B Be 51 1
TR S 2 A0, 0 R R AR KRR SR R B D ORI B I S B B, X
NG| DAL SERSR SS iR e S C N2 WA RPN oo Tk 7 1

H T 5% 5 008 2 G IR TR AR, TRATR B R R RURF RS, %R
U )RR 8 PR AR, HUA TR A6 S AT AR ELAG . M 3 A O 18 2 20U R
RGRIIR B KR SR AR IS Jy i T X A . R R IR R4 H
A A [FV )RR AN BT R, KSR SR R A 2 (A5 XU B e A 3 &7 A AN A B
BB R R BA R A, sl AN & T SE e R R BEAL A AT S AR
JE IR R — R R SR, ST R S d e B f s Oy e o R T, Rt
KRR AL B RE AN BB TS (0 — {3 B -0 0E A 3l B A R0 04 75 200 E. JRATTI AR
BEE-PIE MR R R, I HA/NAEIREG AR 5] 755 5 15 0 R s AT
SHUGTE, B e-HUIE F S5 1) A R 1 PR A A e ORIENT R SR, [R5 2 i) AUx
RZLY OV ES S WEPEHiky/E PRI

AT B AR 51 F3 R T 0 2 AR A, A R T IE I M 51 3 AR S
PR HOR R 1 0BT 2R GEEC IR S5 AR (1 05 ik BRATTBR SR TR T 1l ) R AR W B R e s
ORI R R [ A 2 A KBRS TR 51 0SS HEWT R IR R E e s BN
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2 1152 07 1R IR ) 25 SRR IS UEAN R XUR A R SR, BB E. &Za% e
VAR AN S0 W R 45 3R, At PR AN RS P ORI ZR et — > 2 B iR R R 4 ik R
JRE AT S B e AT, FEJE, FATRFTHE AR AT KA IR — A Bt e, Hoh &
NEAT B E-PUE R FE R R R R AR IR, i NEh sl Rz B R AR N
LALInference’” fUfIN (ZIRIHREE T 51 D S HUGTHIObRE %, I D 49), BRABFIR
B EEESE G50 B h5 DT R4 (Bayes factors) Al i B2 S5 4 A R 4t
ALY HEATHE W, 15245 R AT I EA B B AR R X 0 SRR R SR IR A Rk, (a1
K £t ARSI BT o IR BB, DL AN [ AR Jo B 0 A 11 22 57 48 1 il

A LRI, 5 2 ERAAOAH SRR, Q4 elrssmE; 53 &9,
AL G IS BR A SR, R RIS HEA, 250 4 B, BT RIS R
MRS, WA LALInference FAAFG BIRTUE AFRIEZIEOXURTA R G0 &, HtES
HO) 73 A 1 UL AR R AT LA 51 O 5 SR LR R ) R 3R A3 A, 3R T PR E v AN [
FELVE AT R G T o5 L) S B A R AR B 1) Y H . 28 5 Fvh, JRATD A v 1 4
RTINS, BEEPL B AR RIS IRTTHIER 0 SO AR R AR R 2

2 TEEE 2 SRR LI A P R A A

Ozel 2 N %f 16 BibEAMCTE X G LR OUR P (0 SEIAREAT 4007, B3 H3h %R e
(7.8 +1.2) My, SR P, I EHTE 2My ~ 5Me 15 53 [ Py e SR, 3T A S ph 0 i e %
RSB L 2My ~ 5My, FI T Y R TSR RS, BE IR ATE
TETAEMBUE RS WYL, R X 0UR b SR (4 A 37 A AR 22 18 J2 2 B 3 1k
(M. N IR S 2 o TR AT S R SRR R, B R R RS AR T,
TS A A P45 TR S T L0 b 2 RO R . D T O 00 R A R v T
HR R LLAR] 2My, TR BB/ B, RN 5My, FTE O R BRI 2 SR
£ 5M, ~ 15M," JEE .

TRAR B SRS 5, NATRILT 55 /b —Fi i 2 4% S 3R 4 A B, 1 V0 3
F) XS S 20 M 29 M, L 36 My, F45 S5 SRR B T i 62M, . LART MR IR I F
KNG B T HL, 22 ORI B F 00 - S i SR R R E 20 M ~ 40M g, 20 T, X
S S L B X SR B BE A7 E 2 R RV O A SR T R S e

A2 4 SR O RS R TR S A R, — bR A T R R TR R S A SN ) S R
45, 1 Belezynski 25 A 7E 2012 44 H AR R BE SR AL P BARY 2R TYARRR T IR
AACFE X G 0UR B R IS5 5, 3 LA BE M AR e v A SR 1) 55 A
SRR, T SBIR BERCT 15 My IO, OB IR, 5 — R R A R i A
E (pulsational pair instability supernovae) ¥ ™, ZHHIE AT LURRE 5| 13 00 ) K5 &
SORELR, X R TR R T E S A 2 R

Belezynski 25 A\ 41 Hi (9 K0 o 10 2 S AL O B A, S R AR R I R A LA 44



14 BIRf, % WERARGEKAFERLLSH D6 89

TR IR R R A e B R B R AR R IR 100 ~ 200 ms AN, X EIRE R
RIEH 10 ~ 20ms WAEKFERIIATEE MRS 1) B UL, W SHESR UL A 30 T R f 2
T, R FAFE M T EZEART 200ms FIAEKE ], XFEAREIE R &N 3Me ~ 5M, 1)
BB RAR

Bk oot AR e P R B e T AT DURRE 31 0 R R R IR TR
PR AE ST 46 2 B mi i, XA R e R A R EE A (80My ~ 150M) J#EiL K G,
PR AR B X 5 R A IR R EE, 0PRSS T EA EE N, R A REE
80Mg ~ 150M, Yo [ Py 1 fE 2 A 2 08 w5 05 o] DAP= AR X O AR UE e H I ™= A= 1 2T I i
INTF A40Mo, I HRZEEBTFKFREL N 34My, X551 J7Wm 45 R —. st FREE
150Me ~ 250M Z IR ERIE R, HTXAFEENE (pair instability) 1M A GEE R .

3 ANELESIR IR O TR 2 48 5B AT A

I 1 2 20 00 S P A 9 A R K U AR IR R e T K
JRE B A R AR R (galactic fields) H,  OUE I8 I K5 8 002 T A0 T AR, /Ejﬁ
e 1 B 20308 v BEE ) ) PRI R B T VR R AEAE BRI EE ] (globular clusters) 551H 2 %
FERAEE T, e HuE — B2 BEALI. Fﬁ&m%ﬁLﬂiﬂ%%*ﬁiﬁﬁMEgﬂ
(my) BT M AR, SR 5 R FH R 40 A0 W38 TR BN B VCSBIR (m) BO B
T 2R R AR 5Me ~ 15M, JuE W, ﬁfmmpr@&lwmﬁiﬂ%,ﬁ
HRZHAE (1.8 +£1.2) M, JEHEN =, s 4 Belezynski FUEIRBILZE R, W DUR & /)il & 28
T (5Mg ~ 20Mg) MRM RS (power-law distribution), B-JFE M > 5Mgo W51 3 PERD
B BRI KA 2, FEENALE 20M, ~ 40Mg 208 "7, [\, FFH fkoh st A fa e
PR RIS KRS EE@M%NJWMQE%HﬂMEﬂﬁ%¢?mm% IEHK
ZHON 34M . I, BT RLA & a0 A R A K5 & R (20M ~ 40Me) W34, WE
B s

plma|4) o (1= X) mi® H(mmas = ma) 4+ exp (%””) SN
mo\”?
p(malmy, A) <m1> H(mpax —my) . (2)

Forr, X 2P (ERIEACRIE) BT, H (max — ma) RBUEREL mp.. 2D
ATHIBLE TR, myy, A AR, TTEN opyr A= {a, B, X, Mumin, Mumaxs Mpp, Tpp b
Munin &R IVIGE BT, p(mq|Ad) Z7E A H1% #Fnum ARy A o, mTRLEL
Ax ={1.5,3,0.2,3,35,38,1.5} 1 Ag = {1.5,2,0.1,3,35,35,1}, BN KR EIUEELE
P (BB A) Rzl o I (B8 B) BB E 70 A, FSREEAT MOMC RAE = AEREAR, K1
Fi7Re
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— 5B
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o

= 0.06F i
0.04F i
0.02F J E

00 |5 1b 1I5 2b 2I5 3'0 3|5 ziO 4|5 50
Hll
1 #EE A fER B NRESH
X TR E R o U JE A B R R 4, AN 1 R VIR VA A= B 6 A ) 2% ] e 6T e {3

FARIFZIAR N, EATH E EFUEMUALE [0°,10°] WIS A sE fF & m oA xRk A
B 15 RV R R4, H e A s m) R BE AL AT . e SR RS R R Y
(Markov chain Monte Carlo, MCMC) B¢# 2 4l (nested sampling)[m] 17 15 AT R FES
B — 5 T3P FA. TR L H AR R S HAE AR LALInference, 7] LAAS 2IAH . 1)

R R,
4 DUM-HrEER L 2

DL S B B A o R R 2 )45 5 T LU DARG S B MR v e o, R 1t
R MR, M ES S AR RAR R X MR R Tz N BATZ
ARk Ty =, AT DA R g b TR, A RSB R B AR, X6 TR R AR R
051 J1 e B o3 A TAE R OCE 2L, ERETORMBUE N, A 115 2IBORE 2 (1 51 7y F 1,
Br e A A A T A DU R IR, A RLE ST b, DL B E B R SE S B o AT
JE 7 BRI = A 2 ) R
4.1 LALInference &3] JURARMRFHZIT DIATHTHER

GHAEH CESE RS, JFHAE TH Python 51JEHAAEE T B, ZABE 5| J7 RN
B AR E T2, AT AR SR TH S D A2 8 A 45 i e 7 it e (R R e e 7, 348 AT DAASE FH T A 1)
Gl L BRI S H) 56N, 1S3 BE FAUR R E, DL S 30 1) R BE AL
KAEEE. NIAT LALInference [P35 i #8347 ] S 21

AL FERHELSHAG T, BN — 5 DBECE R EBdErS, LALIference 43 tE
BUMON RN SN BB BN, SRCTZE NS (RE. 3RS KRR
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(likelihood function), tH#tA] 5 BIFEIRM BN ZE %4 TSN FME0m, WSHER

434
p(dlf)p(9) _ _p(dlf)p() (3)

p(d) a > p(d|0:)p(0;)
He, 0 B35 TR MERZE, H [p0)do =1, d REMNBICESEES. p0) ZETH
B PT A HME BRI SE IR 0 Al p(d]0) & RUSREL AT BLHRIE S R G4 e p(d)
WM GETHIESE, 2R B BRI SE S0 AR Jm 0 i Z 8 SR A, AESH b, p(d) #Hk
H—1be HBAVENAF IR S5, LALInference P B AR 5K %] LATHSAH B ) 57 7 5
B, ARG I LGB T AR AR IR I 25 48 15 21 BL 5 oR £

R IRA B AN 5 1) M P R A E e R AR, DRI, R RS LA AR R B R DA R B
Hr oA kAthid

p(0ld) =

2|7;|? 1 TS, (f:
IS0 = o0 Y | iy~ Ty )

Hrf, ny MR o, KIS EUE RN, T 2 RS d K. S, (f) A& 5] J7BAR I 45 i g
FIRLE (2 FiR).

10*19=

]_0’20;

10—21;

S (x)/rtHz

1024

10°2L

10*24-

T | " M M PR
102 10°
f/Hz

2 MERAESINEEH GW151226 HIRAEIHEE

MEEMESE P E 5 I ESE, BRESZE R Ban=d—h GF511EES LA

FRAE
_ C20hi(0) —di* 1. aTS,(fi)

Hodr, hi(0) 2 hi(0) BB EUE B AR, X]L?Kﬁlflﬁ%ﬁﬂlﬁﬁ'] 0, 213 BAS A 1) T2 AR AR
hi(0), M AT EAFS BILSR BREL p(d] S, (f), 0) W53 B T o gk — 20 o BT 43 J5 56 43
Aii p(0]d)-

T FRATH LALInference #H2¢ B E01S BIMANF L& BIH KRR 005 s SHE, #t—5>5
T ARAR R IR A G TR B ARt 2R, BAVE TSI, W XCER R EAASE, Bl my = me. B
3 A 4 NSRBI 1R by IR,
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1071 1071
I 1\4@1,2:10 I M®1,2:10 ~
61— M01,2=20 6[j— M®1,2:20 /\ ‘
Al Mo,,=30 Al Mou=30 | A\ .
2 oL
. B /AN AVAR
V|
-6 -6 \
05 =01 03 =02 =01 00 =0.03  -0.02 -0.01 __0.00 0.0
t/s t/s
3 ARRENNERRSGS| JIBUER 4 AEREWNEBRRES|JIEER

MBI BTERANEE (my = my) I, FEAH HLGREE B & I I AR M S 3 P2 B I ] A2 A 15
DB 5 AE 6 e ATLAE R, RIS, ARG E R 4R B .

0.6

400 — Mp,,=10
— el sl — My,=20

300 M::zzgo | =—— Mo, ;=30

« >
100k 0.3 -—_—_______%
1 —
0 0.2
— 1 1 1 1 1
W0 =58 =06 04 02 0.0 0155 =08 06 04 02 0.0
t/s t/s
&5 HEHIS|JIESAZRRERTET B 6 HARIWERSEEERERHAEEZW

TSR ML A, RBGRIE A BT 10My ~ 80M, 2 18], RNIEI40A6; I B
MR EAE 10Me ~ 80My 2 18], 2m¥iaAn, 772 o = 400, k] Lt — 515 5 5%
i, ERWE T Fis.

200
150
100F

50
0

M/M, M/M,
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X5 J13EIE GW150914, R & B eSS #2252 4m, @i 5 000 M
A EERHER. TR E AT my = 51 2+%é Mg, mg = 21.5135 éM@o ﬁDS'EﬁHE%E’J
FEAS, BURES 2 E ™ i i FR ). HELe S A FIBUS A i B 8 B

m=51.2%7M, o=11.6"5%h

1g[L(0)p(0)]

0 5 10 15 20
a/h

8 FRE mi Fome BRAHURFEMFEREDHHERE

4.2 HEHRS|TIBOKIR

BRI 2 —ANHr A, I 2 H Al A AR BB A SR e A (Dl S
BIREGE MR AIR, BRI R RSB SECEEE). IS F IR LA ) Lo
SV UM T RFOREATHENT . 3 Hy RAFESUR BB, Hy 231558
IR e, d RN G ST Bap I, WAERER Hy (5T, BEIFEE d MR

_ _ p(0|d)p(d)

i) = [ a6 pldip) ploli) = [ a0 BOTED o) (©
TR p(6]d) AT, Fir AL 30 AR 2 W] LA AL SR
p(6; |HA p(0:|Ha)

b, 0 2ITARER S, ﬁﬁ%ﬁﬁ$ﬁF%ﬁm%ﬁﬁﬁMﬂmg 5ﬁ%%ﬁ%%
. p(0;) BRI, p(6:| H) G555 %@ LALInference” -5 5],
A RN B R, ATE— ,vttix%[jjﬁﬁﬂﬁﬂﬁéﬁtfﬂfﬁi, 133

p(d|Ha)
p(d|Hg)

BFj = (8)
Hh, BFy RRBREE A M B MGIHEIEZ L. 2 BESY > 1 I, FR3IHEES KA
B A BIRTRETELLSR A B MIATBETE KIR 2. —BGEREL BFS = 8 {E BRI W i br ik, 24
BF{ > 8 B, IATHMIHE S RABRE A,
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4.3 HEBTA[EIRIRER S L
AN FA T KRR F A, Q43 2 &3 Ao I T & RIARXS BBl ? DL KR 2 D F
P2 AT AR A 51 A5 SRS, s g BRI B sk FORBE XUR L, e H e
AVPUERA I 2 50— MR B sl il AR DU HERE, ok B K SUREAL Y
FEASHT S BTEEB, T AR RO X oy k. a2 Ul T DRI RAGIG 51 02 45 T AR IX
oy B REANHUE R A 5 75, 300 T B RS DU TR B ) A 1 R 2 50 L 2
BBGEIE A Fr Sy Cn B 2 Cuy Cr+ Cu =1, WERMRIy:

_ p(Cr)p(d|Cr)
p(Cild) = W o p(Cr) Hp (di|C1) (9)
Hr,
p(di|Cr) = p(dy|Hy, Cy) - p(Hi|Cr) + p(di| HuChi) - p(Hu|Cur) - (10)

T 7 AR N RE 5 A S B 5 &I &Rt o, B Bl #5
p(dp|HiC1) = p(dy|Hy), p(di|HuCn) = p(di|Hn), FFH p(Hi|C1) = Ci, p(Hu|Cn) = Ci =
1— Cr W= (m) AT5:

p(di|Cr1) = p(di|Hy) - Cr + p(di|Hyr) - (1 = Cr) . (11)
FAEFE, AP E NG, 153

lgp(Cild) =1gp(Ch) + Z { lg p(dy|Hy) +1g [CI +(1- Cl)p%ﬂlflgl))} } ' (12)

Horp, p(Cild) RAEHE d KI5, SEGEIE A 7/£5A S B SRS Cr 1A,
p(Cr) REEMEIIIA, p(di|Cr) BAE Oy KA FHRMBIEM & MR, BEEH R0
i, ATLAAE ] p(Ch|d) BESEAEAN RO A R, BIRT G T A s B A R U5 o5 AR AR X B A8 1)
HAHG O TR 2R S5 AR A TSR A R R L G E
4.4 REHSHNER

FRATVEGBEAS [R] 2 s 1) X R B AT AN R R B & 2 A, (RN B AR B e o A, SR 548
F B @ 23 A1 45 2R X 73 A [R] RS Y5 YRR, 36 AN [R) S U5 o B o0 A O 22 53, fBilan, o i ke
PR R BT R BT EEEL B E 2, AR B e R AL B RE AR SR AN [F)2 J5 1) Jo £ 20 A7 BEAT Al
He MAeRERME A, R R K5 & R T8 A0 E AR 1 0 SE TR 5T & b EROIR 2 L
BE/N 2 D] W] R 5 R U VR A 1) R L B g ke YR R RIS BT & e JE X 40 A
m(m|A, H) o p(mq|A, H) - p(ma|ma, A, H) - Vong(m) BEATRAE, M43 2 A RIS 5T & 7y
A ., q = M; — My B9340, HA My = mp + mp, MII = mm + mm2, p(q) HTFRAER:

p(q) = /dMI p(My) - p(My — q) = Zp My —q|d) (13)

&

p(Muld) = p(Mi) - H pg(v[]\;g)

(14)
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LR, p(Mul|d;) = p(Mul|I1,d;)p(11)d;) 4+ p(Mi|I, d;)p(I|d;)e
DA SR B2 DL 3 25 2 HE 2 (Bayesian hierarchical inference) 7575, #4fAHm] LA
ifiT LALInference %Ak 58 .

SESERS) L S

RN T 5 PGS AR, 252 ] LALInference #4051 7 R F3E4T DL
WTHERE s SR DU 37 2 SAE W 51 BRI, AN R 0 B A7) LR AN [R]ES 5 R A1 F) 22
Sk g A, Ok SR 1 A AT R HES: Bdm WERIR B3R 1 DU 59 (10
AT

HBESUEIFE ARG I E S EE T EENBREGEE, SESEERNE. Al
PUBBUA. BLAREE, AR B TR R E 5P S EAEHERT 5| 7 IR A B S H0 A
MR FSE b, S NBIE P EE NSEEIE 15 4, JEANBEEZ NS, RAER
B2 R A SRR, TR S IORIE N, SRR R BIROR IR, X TT D5 78
KAWL 2 7508, E 0 M i) 2 2 2 & 3 AT I 2k, TR 28 Y SRS I e JF
H, URPERR LR 2% 1) 75 B ORAE VI SRR 5 WY 28 TR I 2 FE 3 KR 8], (H2 0 T 24l gk
T AR IR 8 AR, LT DAE 5 (R0 13 e iR AT e DAL PR 1A U RSk 5] F3 8 R S
M Z R —, B 1A R E A G0, RESE 5 L A BB AR TR SR A X 4 [ i
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Formation Channels of Binary Black Hole and Their

Parameter Distributions

LYU Zhen-wei, LI Mu-zi, GUO Yue-fan, ZHANG Fan

(Department of Astronomy, Beijing Normal University, Beijing 100875, China)

Abstract: The binary black hole (BBH) coalescence event GW150914 has been observed by
LIGO detectors, and many more detections are expected once current advanced LIGO and
Virgo detectors begin operating at designed sensitivity. Gravitational waves will provide us
with a powerful tool for investigating the physics of BBHs, because it encodes information
about the formation channel of this system. However, Many physical properties of BBH
system is still unknown, especially mass, spin and other intrinsic parameter distributions
of binary system from different formation channels. Mass distribution of black holes from
gravitational-wave detection and X-ray observation are different, because of different forma-
tional channels. X-ray observation indicates that the black hole mass distribute mainly in
(7.8 £ 1.2) M, which may come from dynamical capture. And mass estimation from grav-
itational waves is in the range 20M ~ 40Mg, which is supposed to be field BBHs. This
is because Jeans stability analysis provides corresponding Jeans radius and black hole mass
which is smaller than dynamical binaries. Two formation channels are commonly considered
for BBH coalescence: common envelope evolution and dynamical evolution mechanism which
have the underlying uncertain intrinsic parameter distributions on mass and spin. The two
formation channels have different mass and spin distributions, and due to Jeans stability anal-
ysis, black hole mass from common envelope evolution is smaller than the other case and spin
aligned. BBHs from dynamical capture mechanism have random oriented spins commonly
considered as isotropic distribution. Based on differences especially mass and spin distri-
butions of BBHs from the two formation channels, using Bayesian hierarchical inference to

distinguish the two formation channels is workable, more over, Bayes method can be used to
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calculate relative population of sources in each channel. Moreover, assuming the percentages
of these two channels have been obtained, it can be used to compare mass distributions of

different formation channels.

Key words: gravitational waves; binary black hole system; stellar mass black hole; Bayesian

inference
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