a3 b &

EZRR: 5| J7iEERin

2016 &£ 6145 £ 14H1: 1525 ~ 1535

@(Hﬂﬂ%) Jeiiil

SCIENCE CHINAPRESS

AU RS 5 i PRy

MY, &R HAR°

O HEBERIEEY IS, L5 100190,

@ hEBEREE S RERET B, LR 100190;
@ PEBER LR CA, L 200030

* B2 N, E-mail: zjcao@amt.ac.cn

)

2016-03-04 Yitf, 2016-03-10 &7, 2016-03-11 $£5Z, 2016-04-06 P2 i & 32
[H % B3RP 4 (11375260, U1431120)% Bl

W B AR EEREN L EWLIGO K 3y L. ZEGWI509140 $iE A B 8| kB AR E| T A8 ER. 2
WHATRANRE BN EE BB ARET, ERENERNEF LK E S5 1o, T ELLIEAHHEKIFERZH,
AR B, T LIGOIX Bty 30 51 4 AR 28, 3 A fikod 2 TH g 3+ %) oz 18] 51 7 R 3 %) 4. 7 BT ] By 3 b
Bl KA R o, BREAGRELEFERBMAKERENEEAG. MAET H R R XFNRH TR, EibE
AR EEE R RS EEEREAE. RNERSE LR FrA 5 4 AR T X & o = A o I 5L i %R

R NE RG] A WIS R RIVR A — MEFE N8, JE3e WA At F A A LG 7T R 99T % 7 .

el

SIWRT X R EEN WS Z —,
R Z H AT E 19164F 82 . (B T2 R ria
SCRXF 805 oy TR AN S M, AT 51 108 i
P AR K et E R 20 42 604F1R,
Bondi% A2 F1Sachs*# i3 Bondi-Sachs H 15 HE 42 i tk
TXAHELS R, i, AMTEAEXMER T EE T
TR H B2 S, Bondi-Sachs S HE S 7 2 1 2
W25t 751 g 7= TR S IR A
T gE, FRATEE S BT I IR e AR

20128 604 AR T, 5 A0 B 1 At 7 gl
BB S P IR A I E AR 2] T 5] Sk, HARY
SE A P A UESE . T 704E 00, AT A
FHBOE TPk B 51 07 3 (AL BI904EA AR, LU
LIGO J 138 i 350G T 95 BUH8I0 #5 9l el v i k. X b
FePR R BRI 2%, Ot TV LRI 25 A E A
A R A, A fob: 32 I A B AE S AT X A R

LAk, RE RS, SUEMM®, FHHEMN, BREMIKER, & EIETEZ

T Bk, LIGO M) B ARAT A1 45 ML 1 2% 51
TR g, R R A SR R AR — TR
My, SelE RAJLAIRZE. BO6 T 58 a5 R
6 A5 7E R s 00 O e A Ok ) Tk A Ak B R ——
UC Fic 38 9% J7 15 (matched filtering) 7 LA 8% 51 A F 5] J
PR Ak B RO 320k T LA 5E 4 MR I R Y
SRR k. T LOZ Oy ik AT LATE B B R R
() FE Atk F AR G A = 5 | T B BRI RE . HZ T vE S
JitE B4 T 5 2 1 VA A 15 0 P A A

S BRI 5E BT T SCAH X 8 S 00 4G 56 ) f I
A SR EE Y S IS I N (PSS SN O
FEH AR AU X ——F RS A TS
U RS, AT B2 52 BN 5 | I 58 I 4k 4 =)
VR R R, B 1A S R B R AT
2, S isEE i R, KA RS £2 /. B
B R R S R R A T I e AR A i

SRR SR, WG, whiachs. JFA DR RGERIE] ISR B2A5E R, 2016, 61: 1525-1535
Cai R G, Cao Z J, Han W B. The gravitational wave models for binary compact objects (in Chinese). Chin Sci Bull, 2016, 61: 1525-1535, doi:

10.1360/N972016-00299

©2016 (PIEREE) Ikt

www.scichina.com  csb.scichina.com




4 % b & 201658 Fe1s £ 144

DT JC 0 0 i b 3, R H D TR A5 A 4 1) B D IR DA
JAAFKSHL, I SBT3

TEGW150914 5255 v, AN TRE il x4~ TJ5 ik, 2
TA AR B A X 18 (EOBNR) L8 458 7 Jiz 3 HY %
I A BRI, (R A3 2 1 ORI AR L B Joi e
HEESHUR B

TS B BRI IR AT B X R
FE 1 BS503R i 2 DU 30 O B8 LA SCHE X
MR RG] 16 2 DA T30 J7 B2 A R RT3V A AR 1Y) g
N OBUR R G E AL o B AT 4 R it (inspiral) . IF A
(merger) F182 4% (ringdown) 31 i B 7. 7E i ik it 5301,
XA BERE AR, 5| A BAE eSS, 5 A 0 lih
. BEdE i AIEA ], 5101 aR | b d b,
IRA BT LT A R A, EE AR XS 2 H i E— T
ITHIACEE k. IEA4 W, B2 B s AL 2 5% sh i
SR BTRAS . XASEIR IS R AT LA v 2R SR A% L
Pk AR . B 5 0 v R B ) 5 A A e
AT DL FR B AR XS 8 B TSR R AL A SOHE X AR i
MTAL T ¥ BB AR X8 T 3 A o R ST B T v E—
DMREWNAE. RIFTHELR G 3M 71445 2 1Y A 2R
PRBE AT XIS BB BE A . B Jm XU R gt 5] i
WHRHIAE— /NG R,

| O R B UR (Vs

AR AR AR G| O Ee TR OE N AR E. HAE)T
SCHERTIE Y, BR TR R A ARG B, AR R R
PR R, R, AR AR R, RIS
K UL b5 | A8 B FH 0 2E 8 AR i) 3l g 2 ), &
I XARX I AR R RS N A X — [A) RE
DAL Hr JH B 8 At ) 51 07 B8 5 R AR A 8 O 1. =
Hr3H | Droste. de Sitter% A 1 B3R MY TAE. Bl7E
B IR NAS 85 R 1Y 08 3 R R BT IE
Einstein-Infeld-Hoffmann 75 & ®1, & ot 76 it 2 Wi
Lorentz FllDroste .45 H T 25 BIAY S5 5. X 88 TR
AT a4 (PN)IE LT, EMESSNIEIE T4
%4 . Einstein-Infeld-Hoffmann 75 72 5 & — B J& 4 1l
(0(#/8))5@%12]:5@@]75&_ Hulse 1 Taylor & 3t fik i
WG, — BG40 () iz 3 5 BN e il 2 AR X 18 8%
N S5 DU RGN T B | T PRI G 24 S
AEXT PRS2 G (e it AN O A 2 B2 09 8h 2= A g
TR — R T S AR T K. 20
22904 AR B2 22 4), BFFE A SUKs AR R Y

1526

1 2E 0T YT R B3PNIKF, A0 1% 3. 5PN Y 4R I 2
EMS, HATC2A TAPNRIIUE R 5015 8127
FRUOL = A ] JE A1) 3 26 I A 1 3h ) 2 05 B AT AR E
Ko —FFRCH G EBOE X, —FFR RS B HIE L,
HZ B IEASEM . X TRE B IR RS, hitk i HIE
KW 4100z s B S oy R TS, i e 2 R
AR,

AR SO 5 AT A BRI A0 45 R, A7 2%
(352 5 AT 2 15 SOk (12,13, J5 28 15 30 8L 5 92 4 3 3L
B2 G0 0 BRGS0 A1 35 XUR 3h F1 28 RS | 1% i W
KA RFRSY. R T 433051 S i BLS AL A e k82E,
T TR AR VU B 12807 B, SR A R AR AR A DO BEiE
W E B RA R, — BT, JEAWHE LA s
25 RS — AN BE AR LR B o R, AR MR
Mok, NATTE H R SR A 7 2. B A I
SR i ) RIS AR Y 40,45 Taylor T2 F Taylor T4ZE M4 5 i
FaM R E AR, AATIE AT LU 5 495 7 #2294kl 5
), L AT B LAY AR AT 2R 5. PR Y
R F & TaylorFAR A . 25 i 51 BRI [ Jié o SUR 8l 1
SR, REAEPE UE S R, TaylorF2455 A1 4
5% 3% Ry B B R R U al 2 XU S AR 2 e R
BB RUR RGERT, Taylor T2 A B AR Ry XA A7),
B TaylorF2A5 8 i 1 1) H 152 138 WU 2R 46 11 B A5
4335 J5 18] (Post Circular, PC)FE I SN s i 5
(Enhanced Post Circular, EPC)f%i#119201

2 BfPAHXTE

et BB 1550 7 128 ok S ik 2% DR 37 30 7 A gt a2
R AR XS 18 BT A 9 10 PN 25 . 6 OU RS Ak 19 e a2 5 0 LA
POt W, Bi B A BE AR S Re AL B 5] 7 g A
FR T . T SO0 R X 18 A2 XoF 2 DAL 30 48 7 B AT
o] fire B 3 AR P R SR A, 33 A R A B A X i
BRG] i RS R R R T BE T . (HZ N
Hr 38 75 R 00 153 T R S 2 3OME T AR R TR Rk
F%) PRI SHE . 50T AR R 38 O AR 58 FF 1R T 20t 22 604F A Y,
T 5 A A e A 2 I 3 H 3R e AE T Ak L
T E A . 20201 22 904E AR, ELIGOXT iR
AR ZU R SR 50, R E A LT A AR
BN RS TF R T R KB K (the binary black
hole grand challenge project). {HEU{E 5 1 Fa 2 7]
AR SR . 220004 2 4, 36 i BT
BE A% . LIGOR) 4 S A Z —Kip Thornih i 481K



iE R

ik, AR T RE T 7 I % S 30 HbBCIEL AR X 38 14 58
WA ZE ST IAT Rt KBRS, 7E20054F Fs e 14
Iia) BT 56 Bk Pretorius® 28 . 7E $2 T oK (192006 4
Baker' > Hll Campanelli"* 9 4~ /N4 il 37 i 78 £ 5 7% )
W ARR TRk, R20104F, AR 4 E E Y
MR A2 52 N B T 2B . fE [ Jena K2 1l
] 5 357 i F0 o [ B2 B e 5 R GRS B S T
A BAERE X8 /N A 58 W S P I, il 7 b ST
A BB AR e F 4, vl DL S B LIGONS i 22 5K 1 Ul
5.

EAS48 2, FEBUE AR X IR R e BUE T Y
AR Tk, TR A B SRR A T L B
FFE o0 55 BV BRAE I8 & — A A TP IR . 78 R 53
ISR E, AMTHEE B S Tk 2 K
TH 7 A B R A 23 BT 20 N S PR B AR B R A BT
7 Pretorius 20054 1) 2 i H, 2% N i 30 5 R 19 1155
J7 FRIE A A 38 0 A AR A TRV R A o OB
PSR e Bl BUEAR XS 18315 TP AU 35 BSSNTS
FEIE 2R SRR AR 7 RE R 201200 1 3 o 0 A 4
A2 A B 22 ROBE T3 n) R R W A R k. H
AT b B R X o8 PR 3 HE 7 AR T R B T AT A &
I A 20 A R B 22 15 5 3 249 H Bruegmann T &
FIBAM, W JE 8T % 1 AMSS-NCKUY", PretoriusJf
K IFJPAMR, Schnetter JT % [ CarpetZ.

TV L 2200 7 VRN BROT T 1R R I o R AR
TR = RIS L. 48 K 2 BOEUE A X 18 /N LA
FH2E 53 T k. in 3 T2 Be /Y SpECHR A FH 1 7 v
A BRIT 7 35 A6 BB AR X 38 v g H AT AR 228, i
J7 ik B R BRSO B A A R AR R HE
4 Ja B A8 e 1 R s BRI L AT RE ). 2248
TREs A X R AT LUK 2R A I A TR RO
J T AR B RAR E R 2 R RE R, ZHARZ 450
1) I A 4 A6 7E 25 433 A O AT sl (H KRR A9 b 3
PAE A B KR 2 AR SR ] T I T R N R 2
O E, MTBR S T st A 7 vl 7 k. Suext e, A
PR 5T 77 % AT LA3E ok BT A 3 5 vk, ROt 5 T
[ {2 F 22 00 ik ab 38 =K. kvl DL &
TS 7R B 48 BB S A 22 A R IR T AT T R A
[FIB,  H A BRI % A 40 Ak e A Eis 12 40 0l B
A B HICGE —TE [ — BN AR 3. BT A b
WA FR T332 DA 3y 38 7 78 AT DAGA B 47 1 9 JF 47 ]
PbE. (HZ R gy R 55 O BRI AR MR i,

RIAERL 2T FAR XS B

FEVHRAE i, ik R T E R &R, |
T VR AE AL B 5 37 5 7 DR S Ay R A ) 3 R AR
S M DRI B ) 1 3% vk A BB AR X R i i — 2P K
. AR TR E eI B S k. B2
Oy AE R R Y & B RO 2
GBI B I HEERY | E s T EEPY | R
A PSR ) S R N AR T RO )
ME, 20 R AR AR B R A & . FE1E Jena%l
B AR XIS /N R o [ B 22 B e 5 R R RL2A0E5E B
AN AR R R ZAc T R 20 1P° 700 fil ] 3 i ik ST
b % JE H CCza T R NPT, R0 i 4 1 £ 100
1. TEZ4cHi PRI LR |, 75 5 Jena B0 {E AH X 38 /N
WA ER B S RGBT R BN R R
TR Rh F AR — R R B 9 10650, FEm A
JHE AR ) L, o [ B2 B S R SR E Y
Bt 5 6 78 D R 2F B A /N Bt e AR B Y TR
K BE 274508,

T R ST 3 7 R ) B B L AR R A A
R) 5,4 5 Rl Al FH GPU 2 BLRE 124 im0 R KR s %k
fEITBACR. H U] 72 A S 4T [ 3E L A% 404k
B 2 0] LA S [ CPU () B3040 22 46 (%) i 2 1 B o 5%
PR Hr 30 5 R H 530 4 D K N A 7 2K FTGPU /N 4 P A7
Z VB R 2 Ji 22 P) R A A o TR M. e R 2 e 2
H5RGER MBS ERER A /N TR
(R 1) A X6 52 DRI 38 3 D7 7 A 08— TR S A
SCEL T ZI10f5GPURE (3 m . [Rli, 1548 K24
H A5 M AR AE 2 F Titan 20T E AL E AR 2 0 1
B 2 1024415895 (B M 16384 THE A% L) B
10241GPU, GPURZ ) AMSS-NCK UK F iR {345 L
B IRAT AT YT R X B IR AT AT B R T R A
— NI A R R RO FR AR . TR AR TR 2
NS TR O S AT B A5 B e A R OA
FIA T BEAZ O B R ENGE (B A IR AT AT 7 R ).
EX} H GPUTE 51 7 5 B4 A B rpr 12035 B 424 i s B,
FATFUHIZ [ B A — A5 1) & 2 ().

XU 2R Ge ) N 25 2 R T Oy B2 L T A R
PR $49r 20 05 R A8 JLART B ) R 35 B — A~ JE AR R 140,
ANR— e, FRATOT DL B HeA . B &
PR3 2H 5 R ARG 3k AN S AR B R AR R AR Y. R I,
A AR X 7 Ak L AL R ) 1) A0 s ke BB A 2T
EOREY 5T b8 W (N G K| B VNS 1 A b/ A IF Y B LY R

1527



4 % b & 2016FE58 £61% £141

85 SR g S B ) R0 TR JoR e 4 i 20 0% AR B Y A b
A BN A A5 B T A 45 SR L W R M 1w 5 ] T i 1R
D2%, FH 24K B ot i [l A A 48 % 0 2 (1) 5 | 07 g
TR, 2476 3 A BH 5 e b B A 4. T SE B
I BE T A5 SRR R — AL T DAAE BB A 5 AUR
i R G FRATT LT B0 B ) Sl e, RS BB 4
SR A TE, 746 B 20 96 4 PR A [ B LA B S 5 B B
. B i 256 MR G, HHE DRI
Z 55 1 AL 10001 I 7] 237 24 55 2 10 K A B B st 1] . o
THY FHRA RS, nxoh 7 2R, FiRaks
JEAE AN A, AR R T B ) 115

X 9 B LT 28 5% i RO R 4e, SCRk P g
WEZ R PO a3 HL LA s A (5 00 A XL BRI &R
G2 R 9 K J 7R KU S A R BB TR A5 R (E 1), X
S T AR 5K 50 7 ok B TE B B A5 A B R
FRBCBAE AR 0T 1 AE B XA v AT AR
AR K HHERCE A 2 B4 A e T b — S B R Y
5 22 0 v R 58] 00 3 ) U IR e o) 3k fiE B —
ARG I A, 5 ERESE M) BRI R G AR,
@), 51 R BERIE 040, ARG

0.0010

0.0005

-0.0005

-0.0010

0.00007
0.00006 }
0.00005}
0.00004

& 0.00003}

hel
0.00002}
0.00001 }
0.00000

~0.00001
0

M

20 40 60 80 100

BRER A3 A . XRE YA A B0 Tk TR B #
L) s I AR R AT R, S BB 1 &
70, FERE1(b) i AN [R] 25 ()7 BT 45 i 51 00 i
WY, TEEGE T, RATEER 2 i TSR0 =
U AT R, X AT N A2 BN A ER AR Y R,
WA R B S U A I A R R (A
r=50), 5|73 FIEFE A BB IX, D25 Y £ B2 1 Y
YEHLF BLIX, 13X B A Y A4 B G P B .

3 RIFRHLERY

PR kg /0N J5 i R AR 4 51 3 7 AT DA VR X i
ARG Wk, BB kIS A AU T
A 2ZEECKWTEH RG] 1. WEIFAEB IR
B B T LA 25 15 (] B 1R 2 B e v R SR TR A R,
VLA 4R o B2 19 5 1 3t 0 ] DA ) B 30 F P A 7R R 4
. TR SR A B Is M WF Y T E A Regge,
Wheeler' > 1 Zerilli'' 45 H ) 52 L PG 230 14 B B4R
J5 1%, TeukolskyE A5 % i (1) 5 R SET 1 il 5134
WHE. W& FR M Regge-Wheeler-ZerilliF 2, J5#&
FRATeukolsky J5 . X T 5 FLVG H&TH, Regge-Wheeler-

0.02f

0 20 40 60 80 100

20 40 60 80 100
M

BI1 (PR () R it I 38 SUR IR R BE BTSSR () S0 [ A 0L; (b) S1DBIE: (o) 5113 DA BEm E 2B 1L; (d) 5

FI TR RE kY BEI E] AR AL

Figure 1 (Color online) Numerical calculation of tow head on collision black holes. (a) The space distribution of gravitational wave; (b) the gravita-
tional wave form; (c) the power of the gravitational wave respect to time; (d) accumenated energy carried by the gravitational wave respect to time
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Figure 2 Calculation result got by our numerical relativity group and PAN Yi. This figure was made by PAN Yi in 2012. (a) The peak amplitude of
the gravitational wave in the whole inspiral-merger-ringdown process of binary black hole; (b) the peak frequency of the gravitational wave during the
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the x-axis means the spin of the initial two black holes
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The gravitational wave detection GW 150914 has been realized by LIGO. The theoretical model played an important role in the
data analysis. The model not only extracts the signal enveloped in the detector noise, but also recognizes that the source is a
binary-black-hole merger. Besides the ground-based detectors like LIGO, pulsar timing arrays and space-based detectors detect
gravitational wave in different frequency band. Soon the FAST telescope will partly serve for pulsar timing arrays in the
coming year. In the near future, SKA project will strongly enhance the gravitational wave detection with pulsar timing array.
Regarding to the space-based detectors, eLISA project is going on in Europe. And the LISA pathfinder works quite well which
implies that most instrument techniques for eLISA are ready. Besides eLISA, there are two more plans for space-based
detectors in China including Taiji and Tianqgin. Among all of these gravitational wave detection projects, theoretical models are
very important for signal extraction and parameters inversion. Along the development of the gravitational wave astronomy, the
theoretical model research becomes more and more important and urgent. Binary compact objects are among the most
important and the most realistic gravitational wave sources for all the above mentioned gravitational wave detection projects.
We briefly describe the research status of theoretical models for binary compact objects in this paper. Post Newtonian method,
perturbation theory of black hole and numerical relativity are all introduced. Typically these three methods are applied to the
inspiral, ringdown and merger stage respectively. And more we also introduced effective one body method which combines the
results of all these three methods and constructs a full model for the whole inspiral-merger-ringdown (IMR) process. This
model is called effective one body numerical relativity (EOBNR) model which is essential in the data analysis of GW150914.

Currently, post Newtonian method has achieved 4 PN order for the conservative dynamics and 3.5 PN order for gravitational
radiation part. Unfortunately the PN order is less for spinning black holes. With higher PN order, ones expect the description is
more accurate, and it is valid for nearer separated binary compact objects. Perturbation theory for black holes includes two
formalisms. One is metric perturbation which corresponds to the Regge-Wheeler-Zerilli equation. One is curvature perturbation
which corresponds to the Teukolsky equation. For Schwarzschild black hole these two formalisms are equivalent. The
analytical solution to the Teukolsky equation is not clear yet. In most applications, ones use numerical methods to treat the
Teukolsky equation. After the merger of two black holes, the space-time can always be looked as a perturbation of a Kerr black
hole. This stage corresponds to the ringdown. So the ringdown stage can always be treated by perturbation theory. In addition,
if the masses of the two black hole are extremely different, the effect of the small black hole can be treated as a perturbation to
the big black hole. Different to the ringdown description, ones have to care about the motion of the small black hole which is
affected by the back reaction of the gravitational wave. In addition, ones need to consider the Teukolsky equation with source.
Differently in ringdown case, ones need only care about the initial state of the Teukolsky equation which is determined by the
binary merger. Different to both the PN method and the perturbation method, numerical relativity (NR) solves the full Einstein
equation without any analytical approximation. In this sense, NR is a robust method to treat any gravitational wave sources
even beyond binary compact objects. But ones have to care about two issues when using NR method. One is the massive
computational cost. The another is the solution accuracy. Currently spectral method is more efficient and more accurate than
finite difference method. But spectral method is less flexible to treat such as precession binary black hole, eccentric binary
black hole, large mass ratio binary black hole and other cases. And more, spectral method meets essential difficulties when
matter couples to the Einstein equations. So it is desirable to develop a new numerical method which can combine both the
advantages of spectral method and finite difference method.

gravitational wave, binary system, numerical relativity, post Newtonian, perturbation theory of black hole,
Einstein equations
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