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Figure 1 (LAGO’s) Laser heterodyne gravitational wave antenna. The
figure is from ref. [40].
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Figure 2 (LAGO’s) Laser heterodyne gravitational wave antenna
showing spacecraft detail. The figure is from ref. [40].
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Figure 3 (Color online) Schematic of LISA/LISA-type orbit config-
uration in Earth-like solar orbit. The figure is from ref. [45].
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Figure 4 Schematic of ASTROD-GW orbit configuration [78].
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Figure 5 (Color online) Schematic of ASTROD-GW orbit configura-
tion with inclination [82]. 3D view with the scale of the vertical axis
multiplied tenfold. Its projection on the ecliptic plane looks basically
like Figure 4.
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Figure 6 (Color online) Two schematic configurations of BBO and
DECIGO in Earth-like solar orbits.
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Figure 7 (Color online) Configuration of the LISA-Taiji network. The
LISA constellation follows the Earth by 20°, while the Taiji
constellation leads the Earth by 20°. The figure is from ref. [93].

RX J0806.3+1527

Celestial equator

8 (M#EhE ) TianQin ZE HA(S/C1, S/C2 & S/C3)HILIERL
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[94,95]

Figure 8 (Color online) Schematic of TianQin (S/CI1, S/C2 & S/C3)

orbit configuration. The direction to JO806 is shown. The figure is from
refs. [94,95].
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[ TR 145 AMIGO (Astrodynamical Middle-
frequency Interferometer GW Observatory)“OHO(’]%DB-
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R U R ) P 5 o S DU . AMIGOFEREAR A5
— RGBT A 5| D3RI 2.
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PR PG 72 A7, RHARHE 51 IR B A AR 56, Xt 5]
13 R R AN AT GE 0 FE R T H PR e i =, S
Hi e R 5| JT T R, LA R R OB & G Al
KRR R G0 5| 73 AR 2 55

K300 75 2 B AR 25 18] 51 79 48 D 1K1 >R
KLISAFIERIN . WREAELISATRMII H1(20364F J5),
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RAIB| JIWIR R E R ™, 5 T Sl 245 L.
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BARH60°. KRAR-pisethiRes HHIE£120°, HRH60°. KK-c 5LISAFRALE HILME. £ KB 2 /RLISARIRAR-m, KAK-misahik
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iHk[92,93]

Figure 9 (Color online) Diagrams of the LISA and alternative Taiji mission orbit deployments. The left plot shows the LISA mission, which trailing
the Earth by approximately 20° and is inclined by +60° with respect to the ecliptic plane. The Taiji-p leads the Earth by ~20° and is inclined by +60°.
The Taiji-c is colocated and coplanar with LISA. The right panel shows the LISA and Taiji-m, which lead the Earth by ~20° and —60° inclined. The
angle between the LISA and Taiji-m constellation planes is ~71°, and the angle between LISA and Taiji-p formation planes is ~34.5°. The figure is

from refs. [92,93].
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HER£920°, Za B\ T AR 6 T 35 i AH-60°, HLISA
AHI; (iii) LISA-Taiji-m, 5 Taiji-m %156 H Bk 21200, Ji
IOA P T AF X T 2 T A6 0°.
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T PR 5 e R P AL B

FELR A IR I G AT B ST PR U 25 O 4% P B AR
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FE—HAL BNICEAMRMERA Mg b, (1) ALE
B IR IEIRR [2ay, Ta JN WL TR AF B AL, FFAERT ]
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T I WL 3R AGHHE BB 1, FAE I 8] 18] B [ £, Tl Y
RAFEIEEB2; (i) CHERS IR B[ 2y, Te I I FE3R
BHFEICL, FFAERS R BB [1cy, Teo] N IRTFEHEIC2.
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Y AR
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ARG BE B8 LR e AT T ). IR A s R A L R
W E BRI, A T iXe, HAASE AT Ly
SR E . LISAFITaiji-p/Taiji-melés 78 HLid _EAHBE £
100 GmEk£140°, #130-401% T LISAFITaijis% H I
St R ZHORTILIN 0 51 i IR () AR X T
B, L5 B ASERIN AR AH L, PN H R 25 8 AL IX S mT B
RN EY. FFEB TG, BRI B 5
FEPOEFEH), MR LR () B R, — Nl
LISA B Taijitf 4 T 2 A4k T A [R47 B AH B[R] A0 %0
B8, REfE DL R I 1R 2% a8 LR DU () o ;. X4
SAESTAR AR R AT A K T2 k2" x 2" x
T LISAFA TaijitH %t 2E 2545 B A3 5 R 7). 28 1) 1
PRIH ) 72 7 7 HE R 2 $ETE X T2 A5 (0] 42 5 F %L
LIGO-VirgoZH [P FI1LIS A-Taiji ZH % # A2 A e [|] 38
BOWI 811, B BeRd s AL 4b, [R] I 8iAN A I AT 2
Ay SR 3G e I A B W R R AR
RU/FR BN RS, IS ATEA RIS AT A, R
[Fi B BCAN [ B 23R4T 22 4500 LN, 4 B Acth e S 40
fliit. Flhn, Wi 2% mHz). 7352 (deci-Hz) fl-+
7 2% (deca-Hz) M2 [ 5. — XUE Jie dE H A AR, LISA,
Taiji, AMIGO, ETFICEIZE [/ 5] 73 BRI 85 P 2% (L T-
AMIGO-ET-CE) W44 50 il vk B 3 = P M 2
D' LT-AMIGO-ET-CERE 2 A%t 51 77305 i 52
AT AR B = AN, B KR 4 AT R U 2
51 J3 U A B RS P A, 7% 107 —2x10 " deg’
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Table 1 Median values of the distributions of parameter estimation uncertainties for multiband BBHs" [107]

GW detector AQqgy, median 04,/dy, median JMC/ M, median 0, median
LT (LISA-Taiji) 8.2x107" 1.1x10™" 3.4x107° 5.5%107
AMIGO 1.1x107" 7.5%107 4.5x107 4.7x107*
ET-CE 5.7x107° 1.8x107° 1.6x107° 2.0x107°
LT-AMIGO 5.4x107" 5.8x107° 1.5x107 3.0x107
LT-ET-CE 1.5x107* 1.3x107° 4.7x107° 1.5x107"
AMIGO-ET- CE 4.9x107° 1.1x107° 2.4x107 7.9x107°
LT-AMIGO-ET-CE 4.6x107° 1.1x107° 2.9x107" 6.1x107°

a) FE— BTN S BN S R AR E AT AR LA, 55 SRR T AE100 2 B BOW R R GESC L, 8 R EA Qg 731 i P A £
fE. S8 =51 SR PBURRE — S50 o 1 S BB MR AR R 5% 2 0 by YA TP BB DA B LA R 2,/ M 50T B o B B AR
PRI i LU AR K 5 2 0, 43 A1 1 FPSL UL, T4 A 3K 2 5 (68 % 1455 X 1B) (RMER B AN i, 145 5 B SCHR[107].

JETF. 215 {6 109 588 0L 00 11 455 L5 I i Xt 2% e 51 F3 3898
BRI IX 40 e 77, fREExHE R R, AR R AL E
WAL T f#. LISA-Taiji-AMIGO-ET-CE £ I B XU i
RERHBIRI AT LUERLAEL0” deg IR AL H, iz
JiE B W F NS 2 Moy, /dy <0.001, HrbfE EERK
W2 AT DB 5| 79 0 B R . R AR IR
XoF S AR S ORI ) 0 ks R T AR B %2
BT 7 2 —, W ROBHE R 52 5 R B =1 T 7.
FEIX AT BT 7 R T R T MR B AL
B AIE Y BRI 2 G5 773 2 5 ML i i
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Z VUFFAS R R AL A = A 28 ) A M 5 T R T
R(0)H— L EILVKALE §T =R M M2 1T 2 5 $2 AL 1 B8
AL TN SR LB Sy (OEAR 2
Ao BRI ZR eI 32 B o o AT Ao B b4 A,
SRR ONEE IR G R, FBIELVKA A
H A IR R A R AH G e M, AN B A Rl sk
D100 BEAURE AR, FH s =AAFMRO0)E, P
19.1, 10.6F127.5 Gpe™ yr', AR IIAHE I
T 4R 35 FE (1 rh S B DA B 90% RT A5 [X [, Y AN R 4> 5l
s&: (1) EMBSEAL, (RBHTA AR RS HUE T 2
F K BRI AL (CL R TR AR NEMBS  (Evolution
of Massive Binary Stars in galactic field)ifiE)!""”. (ii)
B, BT U 2R Gl i il E S
B 55 50 7 5 A0 TAE TR EE A e (LA R 8RR A 3l
D15 I0IE, K SCHR[110]H 19 A023 GCIBTERLAY). (iii)
TRAER: 2 3 BE AT EMBSTE G 8 3 AT 8 112

BEIE, A RET75% MR R4k 3 TEMBSI#E
T, MHR25%KH BN 1FWIE. (iv) GWTC-34%Y:
HAR LV M 1 57 5 SR BT LI ) SR (AR R, 41
FE M I Bl % 2 FE 5 (1+2) I EL B s IE L, e re
RLL A TG (Rlz< DI, e = 2,715,

Bl 1022 H AL X2 & Fi(mock  BBHSs) [4RFIE
PRMETE SAT 55 R BHORE AR B P S AL .

EXAMMGESF, BKELISA. KEFAMIGO [H i
FELEMLI, JF HAAE N 44 1 S & 1, 1] g
AR KREBRIGHAFE. iR AMIGOFELISA/ KA I
CERSTFURWLI, A AELISA/ KAWL & 3 3 & 5F:
) — L XU B 2R 48, 7E AMIGO 46 WL 2 B T2 45
SR . SR, FEARAT T FR0 2] 1) — L8 FF A 1] )UK
T A4 [ R G0 1T e i 24 AR B RS, O HLR
ZHEAMIGOM MR, XA [F S AN 5] iR
T8 S 1 P R X B R SR B S, R LAE
SRS 22 AT 51 i U B e R AR

1.10  FFZES| JIBIRMAMK] . £ Astro2020 APC
H R B MR FELISAZS 8] 5| SR N 4] 2 {iE K
BE$H

FAE kb B FE BRI B 5 5] T3k, SURIEGIHE
2RI B, LISAFITaiji BRI K 5] J7 % 1F = Ak 22 AR AT
B%(0.1-100 mHz). 7EIX AN B 18] 1) 2 ARl 24
BB (0.1-100 uHz) 5] S, S+ FARAGR 24 51 J13 4R
W, 157 BTk K 33 %23 RO T 51 1R
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10 (0 45 R JR )R AU PR 0L B R 2 Gt (mock BBHSs) AR AE
PRIGIHALPNE, X2 R 4] DIAE LISA-Taiji-AMIGOFR I £
(BlpLisa-raiii=S Mpamico>5, Hi2k), WLLISA-Taijif il £ (]
Prsamii=8, FEK), LR BAMIGORIM 2(Hlpavico>8, @4l
). XHEZH H T BRI REMR RSN AE.
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Figure 10 (Color online) Evolution tracks of characteristic amplitudes
for the mock BBHs which are detectable by LISA-Taiji-AMIGO (i.e.
PLisa-Taiii =9 and pamico =5, blue lines), by LISA-Taiji (i.e. ppisa-raiji =8,
yellow lines), and by AMIGO (i.e. pamigo=8, magenta lines),
respectively. All the BBHs plotted here are assumed to be observed
for a continuous period of 4 yr. Orange, pink, sky blue, green, and
purple curves represent the sensitivity curves for LISA, Taiji, AMIGO,
CE, and ET, respectively [107].
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WAk, DLUSURIRA 51 7 i Y5000 R s P v b ) 2 5
H AR PR B R i M

25 TR 2 1% B (0.1-100 pHz)#0eT-#5] 71
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AR AR R HURE 15 52 B AR SR o B T
M A BRI, 7E1 mHzPA R, S LISA/TaijiffGmZE K
PRSI LL, R0 AAr AUZLRE K51 7k BRI 38 (T
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FL 4129, 0.01 mHzEA T AUZRL G 33 88 A8 52 3
M RS AT AUZE K 51 F AR D48 14 43 1] 57
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e 5l Sk %, — Moo 5] 1 i R U
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RiZS JRIE 2R 203520504 25 (M T 5%, KF-5] 1R
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P22 A 2 A A | 3 L 5 45 W L O 0 ) 7T 4
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BUIE B = AMURERNIREE. I, ESAFFE T DLHER
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7 2 T3 ATIASTROD-GW.
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KK 23 J&3 2% EE (3 L2 A

7E1.9%5 7R T PLLISA-Taiji-AMIGO-ET-CE A5l
2 e B 5 J7 M, DMIRAT . AR ST 5| i iR
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2O OSLI. CR MR IR B TR A1 IEAE A
IO TP 5] 7 BRI 73 (R v B T T
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Table 2 A compilation of laser-interferometric GW Mission Proposals

BRI 5] i ) S5 P 1 PR, s R v R
SR R I, AERUR AR b 2 R R RS B K
5T B IR BRI SR R SRR MRy, B
NARRLZE, MBI 22, 5 51 i, Sl
B FRTRRE H) 2> CACAR, R UG SO R LRI 2 5| 7. E S5 AE
SN 5] F IR B 75 (000 280 51 7098 T SRS RIS 22
AR AR I BPAR PR AR ENEAS R, T 6 25 ]
[IRESE I, & A XURE I BE. b {5 FH S0 S, JUIKS
JERTFEI10 107", St B S BLA s % 3% B IR B A
WM IP RS, PR3N, €5 TR BATT R

Mission concept S/C configuration

Arm length Orbit

S/C Acceleration noise Laser metrology Sensitive

(Gm) period # (fm/(s2 Hz”z)) noise (pm/Hz”z) frequency band
Solar-Orbit GW Mission Proposals
LISAL5051) Earth-like solar orbits with 25 lyear 3 3 10 (15" 100 pHz-1 Hz
20° lag
98] Earth-like solar orbits with 3
Taiji (ALIA-descope) 20° advance 3 lyear 3 3 8 100 pHz—1 Hz
ALIA! Earth-like solar orbits 0.5 lyear 3 0.3 0.06 1 mHz-10 Hz
ASTROD-GW"™! Near Sun-Earth L3, L4, L5 points 260 lyear 3 3 1000 100 nHz—10 mHz
aASTROD-GW®"'! Near Sun-Earth L3, L4, LS points 260 lyear 3 0.3 100 100 nHz-10 mHz
Folkner’s mission' " Earth-like solar orbits 260 lyear 3 3 1000 100 nHz-10 mHz
LISAmax!'*") Earth-like solar orbits 260 lyear 3 3 100 100 nHz—10 mHz
uAries[m] Mars-like solar orbits 395 lyffr 3+3 1 50 100 nHz-10 mHz
Big Bang Observer™” Earth-like solar orbits 0.05 lyear 12 0.03 14 %107 10 mHz-10 Hz
DECIGO™ Earth-like solar orbits 0.001  1year 12 0.0004 2x107° 10 mHz-10 Hz
B-DECIGO™ Earth-like solar orbits 0.0001  Iyear 3 0.01 2x 107 10 mHz-10 Hz
AMIGO! ™' Earth-like solar orbits 0.01 lyear 3 3 0.0038 10 mHz-10 Hz
b-AMIGO % Earth-like solar orbits 0.01 lyear 3 3 0.012 10 mHz-10 Hz
e-AMIGO! ™! Earth-like solar orbits 0.01  lyear 3 3 0.0005 10 mHz-10 Hz
po!'* Earth-like solar orbits 0.01 lyear 3 3 0.0005 10 mHz-10 Hz
Near Sun-Jupiter L3, L4, L5 points
: 183] (3 S/C), near Sun-Earth L1 point 4 or 7
Super-ASTROD' (1 S/C), and (optional) Jupiter-like 1300 11 year 5 3 5000 100 nHz-1 mHz
solar orbit with inclination (1 S/C),
Earth-Orbit GW Mission Proposals
TianQin™” 0.057 Gm height orbit 0.17 44h ( 33) 1 1 1 mHz-10 Hz
B-DECIGO"” Earth orbit 0.0001  tbd 3 0.01 2x 107 10 mHz-10 Hz
[115-118] [118]
gLISA (GADFLI Geostationary orbit 0.073 24h 3 3 0.3 1 mHz-10 Hz

GEOGRAWI!'h?

a) gLISA" T B3 AN 3 37 (E A AP 32 28— GADFLIFIGEOGRA W4 i .
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1 FHIRERER LT, 18Rk B SCRR[125]
Figure 11 Early diagram for tracking geometry. The figure is from
ref. [125].
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Figure 12 (Color online) Strain power spectral density amplitude (asd) vs. frequency for various GW detectors and GW sources. The black lines
show the inspiral, coalescence and oscillation phases of GW emission from various equal-mass black-hole binary mergers in circular orbits at various
redshift: Solid line, z=1; dashed line, z=5; long-dashed line, z=20. See text for more explanation. CSDT: Cassini Spacecraft Doppler Tracking; SMBH-

GWB: Supermassive Black Hole-GW Background.
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Figure 13 (Color online) Characteristic strain /. vs. frequency for various GW detectors and sources. The black lines show the inspiral, coalescence
and oscillation phases of GW emission from various equal-mass black-hole binary mergers in circular orbits at various redshift: Solid line, z=1; dashed
line, z=5; long-dashed line, z=20. See text for more explanation. CSDT: Cassini Spacecraft Doppler Tracking; SMBH-GWB: Supermassive Black

Hole-GW Background.

Colombo) T-20184-10 H 20 H & % 7t 75 (https://en.wiki-
pedia.org/wiki/BepiColombo; http://sci.esa.int/bepico-
lombo/)' P JETF20214E10 H 1 H & — K KilK R,
Ziderk CME, H4T20254512H S HAUA S K B YUl
(https://www.esa.int/Science Exploration/Space -
Science/BepiColombo). H-—Jo4k R} 2% H Fr2 M AH
PRSI 7). ARG K BRI BE R, eR I 7K 2 T Y
B3, HOEEEH HU R A B K B R T BE AR B v T LA
B, X2 E KR H SHT3E A Shapirofh /] (ER
RILFRL S, FEps B B Fodt s A i 2 .

N TN EESGE RIIMAT B S5, R & 4%
AR B R A s R . AT
NEARGTHU/NMT B 2415 FIMESSENGER /K /2
P 37

A 23 8] 5| 73 800 3 B )3 sh e 22 (R B0 T30
Sl AIBIRM A TF A 592, ST IA e ke
AE107"0, FFAIE A 252 18] 51 7RI 107> O EL SR,
WA R T SR se R 35 T v, R R GREFE
Z=/NFEE.

2 [RG5S FEE 7 R I A 2 5 [

270402-14


https://en.wikipedia.org/wiki/BepiColombo;
https://en.wikipedia.org/wiki/BepiColombo;
http://sci.esa.int/bepicolombo/
http://sci.esa.int/bepicolombo/
https://www.esa.int/Science_Exploration/Space_Science/BepiColombo
https://www.esa.int/Science_Exploration/Space_Science/BepiColombo

fgest, rpERRE W 3% ROCF 2024 5 BB 54 % BT W)

-6 -4 =2 0
T T O T T
8l SMBH-GWB AT B-DECIGO 1
EETERTE 3N — DECIGO (BBO)
assive Binarie e
6 [Extreme mass ratio inspirals’ — LisA 16
Resolvable galactic bin_arlés — gLISA
41 * LISAmax da
Unresolvable galactic binaries — ALA
Compact binary inspirals — TAUI
2r TIANQIN 12

m LISA verification binaries
— Galactic Foreground ~ ASTROD-GW (Folkner's)

ol . ceot — aASTROD-GW
4 A Super-ASTROD)
a 3 b-AMIGO
A\¥o)
S AMIGO
e-AMIGO

z

Ao
AQ

-2

-4

Log1o( Qgw )

-12 ; 12
-14

Akt v A S = SR e e oLl sess _16

Log4o( Frequency [Hz])

14 (E8 IR IET) 25 b 51 R DN A 51 7R B A — A6 51 DI B B B FE Qo SR IR R, RN TR
[ T b A 45 T B R XUR @t IF & ARG i BOR B 51 J00: SR, 2=1; REER, 2=5; KRB, z=20. IS CAT L
VLWL, CSDT: R 5 MR & 2 Bk ER; SMBH-GWB: K5 it PRI 51 701 5

Figure 14 (Color online) Normalized GW energy spectral density Qg vs. frequency for various GW detectors and GW sources. The black lines
show the inspiral, coalescence and oscillation phases of GW emission from various equal-mass black-hole binary mergers in circular orbits at various
redshift: Solid line, z=1; dashed line, z=5; long-dashed line, z=20. See text for more explanation. CSDT: Cassini Spacecraft Doppler Tracking; SMBH-
GWB: Supermassive Black Hole-GW Background.
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&, A Re5r A

FENEHE ¥ 6 /AELE T, SGAE—ANT7 1R HUAH 7 1) H
TEI AL FR 2 AR T A [R] F F [R) (A1, 1% 38 FR A JB T
SR, X T R PIOG IR, HHSagnac 3 H TS
LU A9y
Ap = (8n/ic)m - A, 3)

Forr, @ F G/HESLI n) B e il B, AR
TR, RIEHIM. MRS HELL 0 ) & ek /i e
R [ TR ) YRR B Bl F80 5 9 Y6 B D B i) 22 A,
NN
At=4w-A/c’ (4)
P #EngmIN, 5] 15 EURETTE TS 71
A ), A S A S I % TR ) A% R e (] 22 B
DI R AR A

F35B2-947 H H LISA R TaijifF 5 07 FLAT55 W IRl il
K A9 b\ [*)Sagnac-a, B, y; Sagnac-a2, 2B, y2i iE
(TDDAH (S T7. 275 A 30(48) KUt BN I BB e 2 %
LR ASFIRE # fa, f, y2 FHeRE 220 2355104791
AR 5 T IE TR R 60° 1E = A T4 BN T~ R AEMT T 120 5
i) Sagnac B, HAFHE LI F(Ni W-T, Ciufolini I,
Wang G. LISA, Taiji, Sagnac effect, Lense-Thirring
effect, the solar angular momentum and the Galactic
angular momentum, 18 3CHEE H).

TE 5 LISA/Taiji(BOt T IR 4 9 A5t 0o 5% H i
2% Zrh, WIRLISA/Taijidn B EE 1IE RS, MWAR4)
73 3 Sagnac-aff] 1 2% 2% B 42 ¥ Sagnac i ] 2 4

At,=4Q - A/ c? =3"Q(L*/ ¢*)cos60°
= (3" /12)QL*/ c¢*)+O(e), (5)
Hor, e MR HUEEOF, 2 110,177

T LISA/Taijigm A 5 - Ao I & e 4% 51 &
AIRIA E IR S

F 3 LISAMITaijiff) 5 —1Sagnac-a, Sagnac-BAISagnac-yLl K 5 —{XSagnac-a2, Sagnac-p2F1Sagnac-y2Ht ZE -5 (TDI)4HL & %
2622 2 #4975 48 LA K e Sagnac 4 i Lense- Thirring # 43 (3 s 145157

Table 3 Compilation of the RMS (root mean square) path length differences together with their Sagnac part and Lense-Thirring part of first
generation Sagnac-o, Sagnac-f3 and Sagnac-y, and second generation Sagnac-a2, Sagnac-f2 and Sagnac-y2 TDI configurations for LISA and Taijia)

[145,153]

Sagnac TDI configuration

LISA TDI path difference

RMS average [min, max], RMS deviation

Taiji TDI path difference

RMS average [min, max], RMS deviation

Sagnac-a
Sagnac-B
Sagnac-y
Average
Sagnac-a2
Sagnac-f32
Sagnac-y2
Average

Sagnac part (equalateral model with
60° inclination)

Lense-Thirring effect due to the Sun
Lense-Thirring effect due to the Galaxy
Laser metrology noise of the detector @ 1 mHz
Laser metrology noise of the detector @100 pHz
Inertial sensor/accelerometer noise @ 1 mHz

Inertial sensor/accelerometer noise @ 100 pHz

11911 [-12309, —11551], 153 ns
11915 [-12262, —11624], 144 ns
11906 [-12199, —11593], 125 ns
11912 ns
1.3 [-2.7, =3.0] ps
1.2 [-3.0, —2.6] ps
1.2 [-2.9, -2.7] ps
1.23 ps

11989 ns

3.52ycosA’ as (1.05ycosA’ nm)
0.075y'cosA” as (0.022y'cosA” nm)
~41 pm Hz "
~4000 pm Hz "
3fms? Hz "™

13 fms” Hz

17151 [-17759, —16623], 234 ns
17156 [-17666, —16749], 216 ns
17145 [-17611, —16661], 192 ns
17151 ns
2.2 [-4.8, =5.2] ps
2.1 [-5.2, —4.4] ps
2.1 [-5.0, —4.9] ps
2.13 ps

17265 ns

5.04ycost’ as (1.52ycosl’ nm)
0.107y'cosA” as (0.032y'cosA” nm)

~33 pm Hz "
~3200 pm Hz "
3fms’ Hz "

13 fms” Hz
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At,=4Q- A/ c?=-3"Q(L?/ ¢*)cos0°
=-3"2Q(L*/ ¢} + O(e). (6)

[A ., Sagnachf %k
Atgpgnae = A+ AL =—(3"212eH)Q(L* 1 ) +O(e).  (7)

$FTLISA, Ljsx=2.5 Gm, Q=1.9909865788600x
107 Hz, 15
AtSagnaC*LlSA = 7(3 2 / Zcz)Q(L LISA 2/02) + O(e)
=-1.199054 x 10° s x[1 + O(e)].  (8)

XF FTaiji, Lrg;i=3 Gm, Q=1.9909865788600x
10’ Hz, 15
AtSagnac*Taiji = 7(31/2 / 202)Q(L Taiji 2/02) + O(e)
=—1.726638 x 10> s x [1+0(e)]. 9)

T A AR TR 2 LR B O AR e M AE IR
BIOA Tz, 4 9 A~ THI e 3R B T [T 22 -60° 1, WA,
(K455 250%, Sagnachf 248 A A R(8), (9)II-31.

FE TR EARI 51 713 v 1) Jay BB 14 28 8 e 2 A 4 5))
T @ . SR e e A () e e ik 9 Qe 4, D) Jey 10 12
RSN A(UICT) QEZRIHE T e, HrhURiekstk
FEAZAL (R A SX MRS & — Bl 5] 808, 38 H AR
NHEZLHE 8 (frame-dragging) 5 AT 3B 1948 - 3% Ak
(Lense-Thirring) 3.

A 17 - 55 PR A8 A TR AR ) 3L 2 R R SCHE B2 ) A
Wi E bR AR R 2 A = 4RI #5-B (Gravity Probe
B)#fllLageos-Lares 't I #E SE 46 O 20 0 & Hh Bk 5 & 1)
Lense-Thirring 8N %22%. Z A0 7t 52t 7 HRKFH 5]
HZ I Lense-Thirring 8B & 77 v (40 SCrik[146]), I
HH R R T R A8 BB - A PR RIS R AT R (A0 ST R
[147]).

FEAUN AT R HL AR 2, 6 T 853418 0, AE 58
IR, FATRE EE RN g, RN

ga[i = ”aﬁ+ha/}” ‘ ha/} ‘<<1’

1,5 = diag(1,~1,-1,-1), (10)
ho=-2U/c?=-2(GM, | ¢?), (11)
hy, = —2(G/ )T xx),/r’. (12)

T AE KRB R 3| F13 by — AR (< 4x107°%),
AT AR S JETF I LR PEAL, SRAFLRIE(S 37T AL, S AE

WIERFE RN (A K (10)-(12) 155 R N A& 7 7 #2.
Br=r(O)=(x(1), (1), () NICHIL. SeALIRIEIEE g,
(22 2R, FLARZEr ()i 2

0 =ds*= gaﬂdx”’dxﬁ

= (I+hg)ede®+ 2hgedx'de— (0, h)dx'dx’,  (13)

2 J& 13 T R, B /deem A
dx' [ dt = (dx' | dt) ™ + O(h)
=en™ + en V' + O(h?), with zl.(n“’)")2 =1, (14)

Horh, enVREH, enRIERIRS, B ECHOM).
K ARAHRNARA3), fi# i |dr/de, 1FO(h)H 156
FERETTHE:
\dr / dt|
= 1+(12)h g+ hn® + (U2 nOn ™ +0()].  (15)

DR, T AN R 5% 38 (L R 4 ) 22 [ (1) 6 AT B ) Aty
(I I KE3R) Jy
Atrp = (1/0) [ldHl[1-(1/2)h gy~ h o™

~(12)h 0+ O(h?)]. (16)

Xt BA RS, A EIJI=(J,, J,
j(lzaa
8o = 12U/ c*+2BU% ¢t +0(° 1 ),
2o = —2G/cHI xx),/r’+0(°/ ), (17)
gy = —(1+29U/ c)o,+O(* / c*).

B IS Moz, Bz, TR e 4 7 1, B =
0,0, 1), 5
Aty = [dt

J NI

=(l/c)[dz

1+ (1)U +hn ™ + O(h2)}

= AtN+[(14y) /2] Aty R+AL,_, F+O(h?)
= (1/e)(zy—z) +(1+) (GM,, | ¢*)

><ln{ (212+b2)1/2 +zl}}
+(2/c*)GyJcosl'
fom-1e0%) 1z 207) 7

+0O(h?), (z,<0,z, > 0), (18)

(222+b2)1/2 +z,|/
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Horp, S — TR AR WD AT A AL (Romer 4ESR), 55—
SR RO 8 B I () ZE 3R A g R = R
47 18] _E (I Lense-Thirring RS At b JLIE B5
X B P B 5 0 (Rl 2 40, A A BT P T4 5 K FH
FEN T M F] (1A

ARA2)HF 5] SR 2, Bl Lense-Thirring %%
IS EE AP

Atz = (1/0) [ld [ on® + 001
= (l/e) [dr-h+O(h?). (19)

K h=(hy) & —3-KE. WY HE s, X1 —
AR AR

Atrrr=(1/0) [V xh-dS+O(h?), (20)

A, SO ) A G A LR e 1 R . XA
LISA/TaijilX £ [ R B2 M M 4%, Atpp AR 2> 7] LLIE
Tk E AR A A Hh 0 PRV B R 1) 28 THT AR S 1) 1 H
ek, B

Aty 7= (1/c)V xh-S=(l/c) | V xh|Scosi’, (21)

o, ARAESRIEE S o [V xh FTE 7] R T RS 2 (7]
RIS, SHSZ AXTE.

JUMpE I 7R 2045 HS 0 oK BH £ 2 & 1l o i
21092x10" kg m” s~ A SCAH ) S8k B R 2 1 £
WA, WJ=2y x 10" kgm’ s (BRI —MER K
FHE e 2 491.8838 x 10" kgm®s ', Allenf
Astrophysical Quantities, 5530, 55161712 {H N1.63x
10" kgm® ™). H1 T KBH 8 A SR ARG T 30 S T
MEE TR ES7°, BRI T2 AALISA R Taiji AT 55,
A RLITE60°+T° 2 8] 22— AR L. KT Taiji, Az
+rr=0.758 nm=2.52 as. %} TLISA, Atrp;7=0.526 nm
=1.76 as. Sagnac-a2, Sagnac-B2, Sagnac-y2(1E%¢— 8
W B8, ULEE7. 29 TDIR #E T3 o ) Lense-Thir-
ring RN A2 B (I (EAR) 2 I fs. RIE, XFTLISA, &
#£3.52 as (1.05nm), [fXf T Taiji, E&5.04 as
(1.52 ) (4 Ji B 31— 4 (37 AR 2 (0.4-0.5) x 107"°
@0.03 pHz). IX L5 {E 51 TR 3E R 617

S 4R A4 B Tt ) — N SRy

inner __ inner
JGalaxy - MGalaxy x Rsun*tO*Galaxy

(22)

V;olar*system*relative*to —Galaxy *

inner

1EFEM gy =mass inside Sun’s orbit around Galac-

tic Center=2 x 10'" M, (total mass: ~10" M,; Galactic
virial mass: 1.3£0.3 x 10" Me); Rgun-to-Galaxy=8-2 kpc
(8.2£0.1 kpc, Bland-Hawthorn and Gerhard[m]);
Vsolar-system-relative-to-Galaxy=200 km/s (250 km/s, Bland-Haw-
thorn and Gerhard""”"), %} F- Joatany T RSFAG T2

Ty =2 2% 10" M x2x10*"kg/ M, x8.2 kpc
x3.086 x 10" m/kpc x 200 km /s
=x'2x10kgm?/s. (23)

H1 TR BH AR A W 5 AT R T8 1, BRI 51 IR
WA

Vxh~2G/ I/ rY)=0.0626 %10 m ' x ', (24)
Rk, fEMERSEHBE B, BRACKBHRIS] sz
B

0.0626x 10 ®m ™" y'/(0.292x10 7 m ™" y)
=0.0214y "/ y = (1/47) (' ! x). (25)

AA LIS A 5 Taijifffi K 2% 4 BA T T2 2 A0 K B £ 51
FRAAAE60°+T° 2 [8) B — 4 F AR, 51 ek
IR —4E JA B AZ AL, A% 050.03 pHz. LISA 5 Taijift
| mHzf IR A BRAE3 fm s Hz 12, BHAF|(0.4-
0.5) x 10 "@1 mHzHIR B, TEIFZI14E; 72100 pHz/2
10" fm s> Hz ', 21104, 4A1f, #£0.03 pHz LISA/
Taijiflc A7 23R, RSN ZALTE, FLISA/Taijif) J7iA AT
Zi~1nms > Hz "7, FEHFZ910" 4E. 7E20234F 58 Y i
5 J1055 KRR FE e shill & TAE £ 1(GRM 2023: TV In-
ternational Workshop on Gravitomagnetism and large-
scale Rotation Measurement, June 14 to 16, 2023, Pisa)
BRI B IAELISA 5 Taiji % AT 25 # K1 J6 125 19U 4
R BB 3] FIRERR e 4 F T S NT W-
T, Ciufolini I, Wang G. LISA, Taiji, Sagnac effect,
Lense-Thirring effect, the solar angular momentum and
the Galactic angular momentum).

1 75 F2 (18) 51 7y Wk 5% Wi ) 2 A% 4k I 1) 1) 2 32

AtrpirrE
Atyrir = (2/ch)GJcosli!
. {2/b ~1(z,2+0%) " - 1/(212+b2)1/2}

+O(h%),(z,< 0,z,> 0), (26)
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AU, z,=-0.866 AU, z,=0.866 AU. It 7FEA 5K
BH 51 1t 52 (e [a], 15

Atgpir=0.0439 ps = 13.17pym/ c. 27)

%} T Sagnac-o, Sagnac-B, Sagnac-y, Atprpr=
0.0439 ps x 6=0.263 ps=70.9 pm/c.

F4%3-64T %1 HI ASTROD-GW R 24T 55 i 17 i K
a5 Y B\ AP E TR A R Y Sagnac-a, Sagnac-B, Sag-
nac-yI 2ET P (TDDAHZ (S 7. 27 FEZ DL
RRFE o, B, yHIF AR 22, R 4557-947 23 5151
TE S P IE R M 9P\ 2 Sagnac N BB BRI
5iiik, PLMLense-ThirringZ( M, #510-1317%1HAS-
TROD-GW FAHSCME . T 5 DA A BE 75 9145 2K FH A
B & FIELW A B &2 B o A AT e, 1 S 0L SCHR
[153,154].

T & KA HBEOLCE b ~ R, %iz)=
~0.866 AU, z,=0.866 AU. /7 F£(26) 1] {1552 K FH 5
JIEm R K, 15

Atpr 1 =9.42 ps =2.825 mm/ c. (28)

ik b 35 ' B 1) 0 B PR B PTOA 1 mmEE 4, TR
ASTROD-GW [¥IAT 55 Mk 2 A 2 3 I s i b 5 L3 f il
FUL TR 25 R R0 P b S8 A SO B [ B, ) 0 )R
BHIC 51 J3E 08, e LS KIH I M sl &, fEAS-
TROD-I (Mini-ASTROD)HIASTROD (ASTROD-I)%*
(AT S5 A&, ot & 4t R BRI BT, ¥ mT il & 3
KPS F RGOS, FF o 45 2K FH 1) £ 30 2 (CCRk
(72,731 A0 A 1 SCHR).

3 MRF[HZEFIRERS BRoRESEN R

3.1 AREFERHON S EEIRERS H 5| SR R

23 A 55 HH AR 2 R o 2k R 22 3 0 R T T4
LRI T 7B RN IX T IR D S 56 P
BT R 10 223 B R B T 4 HL R R MIRE S8 A
KA. 205 PRI & AR O B 0 A AR AL G X e

£ 4 M TEIE RGN FEFEEBIAO0°, 0.5, 1°, 1.5°, 2°, 2.5°H13°) ) % Ff /S [7] 2 ASTROD-GW %5 [A14T- 45 ) 5 — 4 Sagnac-a,
Sagnac-BHlSagnac-yI HET-3(TDI) 4 & [ % 42 6 FE 22 2 #4977 LA e Sagnac #543 A Lense-Thirring #4331 g Y1515
Table 4 Compilation of the RMS path length differences together with their Sagnac part and Lense-Thirring part of first generation Sagnac-a,

Sagnac-B and Sagnac-y TDI configurations for ASTROD-GW of various degrees of formation inclination (0°, 0.5°, 1°, 1.5°, 2°, 2.5°, and 3°) with
respect to the ecliptic plane. y is a parameter of value ~ 1 to be determined by ASTROD-GW Lense-Thirring measurement” [82,153,154]

Sagnac TDI ASTROD-GW TDI path difference
configuration 0° (us) 0.5° (us) 1° (us) 1.5% (us) 2° (us) 2.5% (ps) 3° (us)
Sagnac-a 257610 257590 257531 257432 257293 257115 256898
Sagnac-f 257608 257588 257529 257431 257294 257118 256902
Sagnac-y 257607 257588 257530 257432 257297 257122 256909
Average 257608.3 257588.7 257530 257431.7 257294.7 257118.3 256903
Sagnac part 257608 257588 257530 257431 257294 257.118 256902
Sagnac part due to A = 0 0 —19.62 —78.47 —176.56 —313.88 —490.44 —706.24

Lense-Thirring part

Laser metrology noise of
the detector @ 100 pHz

Laser metrology noise of
the detector @ 0.03 pHz

Inertial sensor/acceler-
ometer noise @ 100 uHz

Inertial sensor/acceler-
ometer noise @ 0.03 pHz

0.263ycos’ ps

0.263ycos’’ ps

0.263ycosl’ ps

ASTROD-GW ~3000 pm Hz

-1/2

ASTROD-GW ~30 pm Hz

ASTROD-GW ~4.2 fm s * Hz

ASTROD-GW ~13 pm's” Hz

—1/2

—1/2

0.263ycosA’ ps 0.263ycost’ ps 0.263ycost’ ps

0.263ycos’ ps

a) y#& HLense-Thirringl B € FIE =S HL A RPUEFIHVEL S5 KA ETT 17 Z KR A, 2l Lense-Thirring U8 i & )
ZH, HAE~B> 1. AR EIE VAL S54RI A B 77 ) 2 ) (1) ff B #E#5 112 3C: Ni W-T, Ciufolini I, Wang G. LISA, Taiji, Sagnac effect,
Lense-Thirring effect, the solar angular momentum and the Galactic angular momentum.
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i, AT DATRIN /A 208 R B ) 51 23RN, 1967
4, BraginskyMGertsenshtein'>> & VR 35 H ] 1) F AL R
R ERER 1 2 W BB HEAT 51 DAY R 19714, Ander-
son' HEULRIH T CA HARHAT T K. Davis
197454 T tH FE LU RF RIS D0 T 228 B ERER 1 51 70w
J8Z; Estabrook®1Walquist!' >V T-197 54 #: 5 th % i i R
FRANLE IR 51 7338 X6F 22 7 8y BB 00 23 ) 2 52 0 ) — R
(T W SCHR[158)).

FEMUR A 2 B ERER h,  DAMER B & FERR e (1)
T2 b g 252 SR A ] B I 2k L YA i B R AR (L
ITHERS). AMURAS b0 R A8 HRUS 3 540 T 26 HL ik
I, B 2R A HIAIR 5 4 AT B B A9 (frequency off-
set)BiAH, FFAHFHINE AR MR 2515 5 5 R 3 b [T
(FATHERR).

L[ 225 B e () € SN
y)y=ovivy= (vl(t) - Vo)/ Vo, (29)

o, v BRSO, v 4RI 5 R, 75 H
HI A0 SEEG /I DL, 51 3 BeIRAHAT i 2 Lz,
BIE I ArE BCT I BB EL N X SCREx R
ez 7 A% 5 R /N P Tz, LI 25 B

ds®=dt*~(0,;+ hy(ct—2))dx'dx’, |h,| <<1, (30)

Horp, 5 TR ETFARM1RI3. EFAsE—TihEE A
KA. Estabrook I Walquist! > I 1 SUFI AT 1 Fr S )
TeFTEHHE S H T il A KA 0) P 5] 13
A B[] R ) 22 mm . 7ES/C2UR B MS/CL & HE
2A5T, Heam 2R, B ArmstrongZs N He e
FIRF S5 AR N

W(t) = (1-k - m[Z (¢ — (1+k - m)L) — P ()], (31
Horh, k [=K)=(k', K, K) &5 J1I A48 77 15 L1 s
&, n [=(n)y=(n', 0’, ) RIS TR 251 BT R 2825
MA AL, L2 SR A KE. REP©)
P(t) =—n'hy (O’ / {201-(k - m) ]} (32)

IE i TintoFl Alves! it & B 9 EHES: i, %+ T
T FRQ0)E BT 5] ) FER R 1) 5] PR, 235
B A (3 1) (32) W & IE R Y.

B i) 25 385 B e )82, AT DA L] AR 22 i B i
XU [e) 25 e B A HE a0 ARG A8 2 IR R

ATEERR IR AR MR, FEMTR 28 5% A B IR 0] f A
MR A% P AR, I AR (R ) 1 S I [a]
BREIEAT AT ANRE R ) 22 e B A (B D%
A ARG D)X % SR w2 i R 5
25 i
(1) = —(1-k - P (6) — 2(k - ) (1 — (1+k - m)L)

14K - m) P (¢t 2L). (33)

(33) 20 Y = 10043 ) %of BT 7 b 3k 42 i 22 35 8 R
ERE T MRS K DLk B BRI ERERE 5 Kk
SIS B 51 1R . ik 22 1 B ERER N, FELR AR A
—iERRIRY . HORE BEAS Qi Hb R B B, Bk 2
L ATy IR R PR R e T b s P S A e (B LA
THASE FH AR ).

Viking S/C (S#iE%, 2.3 GHz)!"*"", Voyager I S/C (S
BB b AT B B HAE T 3 R P S AL B R XA B (8.4 GHz)
ITEER)! ), Pioneer 10 (SHIEH!IAISEHEIL (S
BV 2 8 i BREE O T 51 SRR I, I X RAREL
(51 J1E a7 2.

BT IR 25 Bk B R TP e S MR A% 2 B R R
(CSDT). ArmstrongZ A I#E2001-20024F i [ 318
R e 5 2 8ERE o2k R ok G 51 773 25 1)
AT SO 2], RT9)e 5 2R L4k i RGH
AP OXCRI K adil B A _EATREER(S 5, RS =4
TATHERAE T, HrhXIB S X FATEERSAH T, Ka
BB XANEL FATHEIS AR T, KadilB 5Kadii Bt FAT5E
PEART. XOHB A bR IR Sl AE B, 29°M8.4 GHz;
Kafil B2 7 — MR @ E B, 29832 GHz. Arm-
strong®5 AVl HY A T m R R UG JE 2 R o2k
R 22 G0 FN S ik B 6H I 2 A U 2R G0 SR 3 B 2 e 7 (5%
B ARG 02 DN R R i, ol FCA 3 b g 75 (1 7K
Vo TS EEE T nHz-1 mHZAREL N 2% 1 [F] 74
T R g B RV E130bRie I CSDTRIRAIE B AR
PR i 22 SRk 16510 B4 i 2k -F i oA, B 12
AR i 55 P B (A AH R CSDT Rl 28 AT 1470 15— 1k
T e B R (W AR SLCSDT i £ 2 A FH A =) # 5 1).
X2k E AN A (1) ££0.2-0.7 mHZBRR B )L
A SN < 8 x 1077; (ii) 7EAIHEZI50.3 mHz
i, h(f) < 2 x 107" (ifi) 4R N1.2 pHzl, Qg () <
0.03. WA R BOL2EmT B, HTR A 28 B ERER 1 5
J1UE REUE A s A 124 e g
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FEMUR AR IR ER T, BRER I RIS 5 1)
. BRI AAL FERUR AR I TC L FER o,
DB AR RS 5 AL, AR S ROt 2. 0T
TR, BT — AN H K 2 e 4, AR A
PEHEAR bR AR .

3.2 BlowiEe i EE

TS RN BE B8 1 o — b v A R Bk v st
XA A HOE I EE AN H EREOE I EE BT i g 7. Xt
T RS ZE B, FRBRKFLER Bt i
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P2, R (R ) 1AL S I B Al K i ik 3]
WKk, B B0 A BREOC IR 923l o7 A
BRIEE S50 8 RS IR R T 2K, IR AT =K
2%. Jason 2 I AW BERE B A A2 Hn(T2L2) 411
98 B2 528 T3 ps (0.9 mm) i) S & i s e 101700,
FET IR JE, S THEAKBH R MR e R+
REEN TR ZR G HE V=2 KRB AIREE. SR
FEFN20N R SCEAL Y R Ya ], BRI 7 FEAS e R A
=N e DB T L WAL NP L AL R S 2
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AH VG E O30 6 R e M AT B0k P2 A RE I8 21X M4 B
B 5 PR 7K; 120K B O AR S50 = S, R AR R 25
SEPL. AR BRI B I ASTROD 1V >80 H b
Z— R R A 2 IR ER I 5] T R U 2
ARG, FHE b, bR e R T B8
EEN107 . A=A e S — KSR, Bk ss
B &5 A ToHE A BN 22 A B 51 1R )
HESRTE.

WK A 24 BhERER . WURSHEOGINE . R0
TV AR T 51 7RI ) ik b 2B T H i BE 51 (PTA) 2
FEA R AR, 5] T3S ERI TE R K R, R
P 22 0 ) PR R RN K O D B VR R AE T BB
M. I 2 T O TR0 AR R A Tk vp B2 e B 51 ) O
VEC ORI G| 773 IR A vk DU =5 )
TR Bk B T 5] D3R, e R el ik
PRI, VLS 25 [R5 51 T3 BRI R o s

4 BKREFESIT|FRERN

TE19674E R I T Bk . 19784, Sazhin'"42H

A8 kot BRI 10°-10" MR EXGEE R . 48
R B PHE 1 5] T2 T 19794, Detwei-
ler" 7PV3HT O Mk B2 2 6 kb PO B 4 T T R 0
ERENLG] 1 RE R RO T E IR TEE . 19824F,
Backer® N'VR B T RasE (KRB kb 2, THAHAG 1 &
ZhsEm T .

24 5) i T 3 ok FE LR 2 A5 3R B, Rk 25A
I [B) 2252 B M. X R OR AT T EE51 Ji. kit
SR K B G FL R ST B PR AR A7 T AR, B AT 46
I (R FOAH AL AN R, S WIGR MLV E G35, 1983
4, HellingsFDowns' ™%} 2% 11 [ VE BEHL S| 33 15
s, ST RN I A D O R Ik R T i ZE A G
Pecpp RE O 5, AN BRI ik B2 E R BR AN Jl i A 6L
Hifi s, AN

cyp = 1/ 2+ (3/4)(1—cosO)[In(1—cos®) — 1/6]. (34)

A ZUFR N Hellings-Downs 24 3%, 22 Hi ) #h 28R
NHellings-Downs i 2k, 41158 €L~ Kk
W St S5 MR, BT DA etk R R AT IE M A 0%, AR
FAS Tk R AL B A 5. BRURAET SCRX i A 5

B B
v varied

r( énl) )

1T

0 30 60 90 120 150 180
Separation Angle Between Pulsars, &, [degrees]

15 (123 ROR 11 ik 0 418 5 A Y F) 8 f e 22 4
RUER VUM FAe), DA KRR SR A Y, NS 2 1
FET R AL IR SR 320 B /5 56 85 T2 O _E P (B A1 68% AT 45 X
(AIFRIAE). 9 b B E 1, JF HARYE Hellings-Downs H 25
FRFIEE R BN R RO MBI ) 2. Hellings-Downs
ith 2 BT X AR MH R AL . AR L S
B, ES I SCHR[185155375. A K B STHR[185]

Figure 15 (Color online) Bayesian reconstruction of normalized
interpulsar correlations, modeled as a cubic spline within a variable-
exponent power-law model. The violins plot the marginal posterior
densities (plus median and 68% credible values) of the correlations at
the knots. The knot positions are fixed and are chosen on the basis of
features of the Hellings-Downs curve (also shown as a dashed black line
for reference): they include the maximum and minimum angular
separations, the two zero-crossings of the Hellings-Downs curve, and
the position of minimum correlation. See section 3 of ref. [185] for more
details. The figure is from ref. [185].
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JIPGEVURLAE R, Fr DL B8 20 2w e s
FE4-10 nHz [A) 1) 51 73 e B35 FE i 298/ T il i
FLEIEMIL4 x 107", R 129 T kb BV i i 5
AR 5 PR E 1.

19904, FosterfliBacker! "4 H Al 4454 & (50
fik ot R H B EIFESI T2 () 3R AR RARAE; (i)
PRI ERPE IS, (iii) PRI T 17 15 Fhaht. 20k
TR H3E ORI AN 2251 T3 EE 775, 1996
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4x107°. 20024F, FERL B B 5K S0 & 4R H i
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2R3 PR I 21 A AR U B AL A 51 7 i w4t B 4 ) o)
201781

B 20154F O A 34 F kb 2 I PRSI (PTA:
Pulasr Timing Array) S AT BRI ik i B2 s
F£%1(EPTA: European PTA, http://www.epta.eu.org/).
L GHH 2% 51 719 R L E (NANOGrav: The North
American Nanohertz Observatory for Gravitational
Waves, http://nanograv.org/)~ 152 1k 2 105 FE 51
(PPTA: Parks PTA, http://www.atnf.csiro.au/research/
pulsar/ppta/)' ™). SCER[179]H 018 T ik 2 1 R 71
LR,

5% TEPTA, PPTAFINANOGrav{£20154E45
HH g 2% 1) [ PR B LT S B BRSO s s ) 4 fi 4%
51 D3P SARFIE N AR h (N SR TR RN

hdf) = Ay lf 1y O] [o=—=213)]. (35)

HONAFT-3) AR, X4, 2B
HIFBCRES, IX ek 2] O 1 24 Vr 2 A1
TR, HEFR T K 22 B0 K5 2 B T A A,

FETHI HERE D08 2 5, B4 6 ik B2 1 i
Hl: G T A ik e B2 T RE 5] (CPTA:  Chinese
PTA). EEE Kbt 4 %(InPTA: Indian PTA)!'™A1
FAAEBk IS %1 (SAPTA: South Africa PTA)!*.
B ik 22 THIFRE B (IPTA:  International PTA, http://
www.iptadgw.org/) & X PTARK B I BCEE, B 763k 1S
FUFHI5] Sk REUE. H T, PPTA, EPTA, NANOGrav
FNPTAZIPTAIE U 51, SAPTAFICPTA S IPTA R 42
TV, IX6ZH ki S I BE B AE 5] 73R R
WaE T A T ARKIEETT.

20 1 SAFE I AT BE 3l -0 BRI 2 51 79 17K
T BTG RGURZE. TERMHRETISUEE, NANO-
Grav, EPTA/InPTA, PPTARICPTATE20234E6 H28 H 7
AT BlarXivilU ES (i 5 2306.16213%16) K& BN 2%
5 55| Fuk e scUS H Hr 45 B (1 4h Ak
25 5| IR PR g K6, oM ALE Ty

F 5 20153k R T BEBUXS % i P BEALEY Sl 2 BRSO

Table 5 Upper limits on the isotropic stochastic background from 3 pulsar timing arrays [180-182]

No. of pulsars included No. of years observed

Observation radio band (MHz)

Constraint on 4, (=107°-10"7 Hz)

EPTA 6 18
PPTA 4 11
NANOGrav 27 9

120-3000 Ay <3x 107"
3100 Ay <1x 1077
327-2100 A, <1.5x 1077

% 6 NANOGrav, EPTA, PPTARICPTAE20234F6 H 28 Fl A Z 4R MBI 48 2215 5 31 Jyis o i g™
Table 6 Compilation of the amplitude of background GW from NANOGrav, EPTA/InPTA, PPTA and CPTA observations [185-188]

No. of pulsars included No. of years observed Observation radio band (MHz)

Constraint on 4,[10™"°] (~107-107" Hz)

NANOGrav 67 15

EPTA/ InPTA 25+InPTA10 254,247,103, 11
PPTA 30 18
CPTA 57 3.5

+0.7

327-2100 Ay =244
120-3000 A,-25+0.7

3100 A, = 20475
1000-1500 ogd,, = 0.377[4,, =27
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375 S R5] e, t i A B A % bt
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Ji& YRSk — T AEPTAR R AUE, FA 1R A 3E4h
T MooreZe NSttt PTANT BS5I 5] 779 1 R
JE BT U INRE FE, LS AR S 1R B B 22 (1) 1]
B ZE (X T ARAm22). iy 96 BT SR A2 R A5 ) [
PERE . 0T A (DU — 2 T U0 5255 R TR AN,
WRONUT, VAL RISV S 2P
AH K

h(f) =By (f 1y ), (1IT) < f < (1/AD). (36)

AR EB,, 5T REFE OB LG, 55 000 B a5
R L, S PTAH kG 2 308 AU E. Moore AP
WE T AN HLTEPTAMTGHLTEPTA), BI ¥ K 25 th B
AT T 36FUK IR, B I — Ik, TESHE AL
100 nsFITH B RS UL, 1% YU PTA M) R U A
(36), By,=4x107"%, KA 24 T IPTAKCHE Bkl 1
OPEN #4545 (http//iptadgw.org/?page_id=89). 7E
K7, TATLAAGTIPTA, FASTHISKA RUE, W
WEE FE 43 712920, 50, 1004, Ff:51 H 7 XTTPTA, FASTAHI
SKA R HAEARR K

XITPTA, FAST, SKA PRI i fit R 0 h 2% )

% 7 IPTA, FASTHISKAX B8 5| 79 KLuG Ffi 4 5% g el

hf) = 1x10"%¢/yr ),

(37
1.58 x 10 "Hz < f'< 8.27 x 10 "Hz, for IPTA-20,
h(f)=1.5x10"(f/yr '}, (38)
6.34 x 10 ""Hz < f< 8.27 x 10 " Hz, for FAST-50,
h(f)=1.5<10"%f/yr Y,

3.17x 10 ""Hz < £ < 8.27 x 10 " Hz, for SKA-100.

BATE R BN HIAE SCHER[ 12611 B 2—4 7 (R R B R
s 2k, SIS 09 I SKATIQy, () RS TES. 17%
107" HzZE A R Fas 1077, X e il 28 48 5 2
IPTA-20, FAST-50HISKA-100.

J1713+0747 (151 177224 WA BRI T 3RTE
107107 Hzi EIRPY, B 12-14 b sz 2R bEbL 7
[ () _F R, e 2 2 Bkl 2 7 ) g R,

5 AWMEERFFHII TR

FATHEF 3T B8 7R 28 2 5 8 PR R 5 ik
WOGIIER, 5 FH AR S5 B VR g I [a) RO A e J o, 7E 28
A7 VR Ik b B B A 5| R, A FH kB R
ke ) o 1 S i ) ) v ol o ' e oA T R R 1k
P, DB IR AT AE PR & b (B M R — iR
2% E) PRI ) R 2 v i A7,

B 17 I T2 2 458 FH e BB LB S B b i 2
LN ERERERM 5] J1 s, BASHA LE BAR RS EFh
JGHERS 2 B R AR 5] I T %, H—wE 16/
T DR RS 5 —FROAINO (Interplanetary
Network of Optical lattice clocks), 7N )G 2 g eh,
MWE 7R, el DA R R BIRT TR A R
Ph R B A RO ACFRT ) R g e T10°
BEN10 PP G R NRUE, KR TR
AT R TR Ao TR 4 T

Table 7 Sensitivities of IPTA, FAST and SKA to monochromatic GWs [126]

No. of pulsars No. of years of observation

Timing accuracy (ns)

Sensitivity in characteristic strain
h(f) [:Byr(ﬂyr_l)] for monochromatic GWs

IPTA 36 20
FAST 50 50
SKA 100 100

100 B,~1x 107"
50 By=1.5x 107"
20 By=1.5x 107"
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FEOCTARIES, 2R 2348 1 BNEHIR FBHOL - AR 2 DGR, I E i ShZ kil SEEL T HOEB S HOL AR AAAUE . 8
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Figure 16 (Color online) Proposed optical-clock gravitational wave detector. The detector consists of two identical drag-free spacecraft, A and B,
separated from each other by a distance d along the x axis. Each satellite contains a free-floating reference mass, an ultrastable laser, and a strontium
optical lattice clock. A mirror is mounted on the free mass and is used to define the standing wave of light forming the optical lattice and confining the
Sr atoms. Some of the laser light from spacecraft A (orange, dashed line) is sent to spacecraft B. The light first passes through an acousto-optic
modulator driven at frequency f,, which offsets the frequency of the light reaching photodiode 2B in spacecraft B and enables the phase locking of laser
B to laser A through heterodyne detection. Vibrations and thermal drifts of the optics on each satellite can be corrected locally by feeding back on the
beat notes at 2f,.3 on photodiodes 1, . Light from laser B (blue, dotted line) is sent back to satellite A to verify the phase lock, to maintain pointing
stability, and to enable operation in the reverse mode, with laser A locked to laser B. A plus-polarized gravitational wave propagating along the z axis
induces relative motion between the two free masses, which can be detected using a clock comparison measurement protocol. The figure is from ref.
[205].
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Figure 17 (Color online) A planned location of the spacecraft: Lagrangian points L,, Ly, and Ls of the Sun-Earth orbit. The L, is at 1/100 AU from
the Earth, while Z, and Ls form equilateral triangle with the Sun and the Earth, respectively; the distance between L,—L, (Ls) is 1 AU, while that of L,—
Ls is ./3 AU Two-frequency radio or light will be used for communication between spacecraft. The inset explains that the solar panel of the spacecraft
is separated as a parasol from the main body, in order to prevent acceleration noise due to solar wind. The figure is from ref. [206].
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Figure 18 (Color online) The GW strain sensitivities and benchmark
signals from BH binaries of different masses at different redshifts. The
coloured dots indicate the times before mergers at which inspirals could
be measured. The figure is from ref. [228].
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Figure 19 (Color online) The S/C layout-time delay diagrams for the
zeroth-generation TDI channel Michelson X0, the first-generation TDI
channel Michelson-X, and the second-generation TDI channel Michel-
son-X1. The vertical lines indicate the trajectories of S/C in the time
direction (D—®) indicate S/Ci, i=1, 2, 3), and the ticks on each y-axis
show the value of time delay with respect to the TDI ending time 7=0.
The blue solid and red dashed lines show the paths of TDI channels, and
indicate two groups of interfered laser beams. The figure (Wang
diagrams) is adapted from refs. [241,242].
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Figure 20 Schematic of the original Michelson stellar inferterometer.
When the fringe visibility vanishes, the 1.224/d is the apparent angular
diameter. (https://www.wikiwand.com/en/Michelson_stellar_interfe-
rometer).
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Figure 21 (Color online) Schematic diagram of a current Michelson
stellar inferterometer using the delay line.
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Figure 22 (Color online) A classical method with a three satellites
configuration (left) and an intensity interferometer configuration of two
satellites (right) for stellar interferometry of detecting gravitational
waves. The figure is from ref. [259].
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Figure 23 (Color online) Laser light is divided into two beams ABC
(1) and ADEFC (2) from input A to output C. At each link, the phase of
beat with the local laser oscillator is received and recorded in the phase
meter to produce phase differences.
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Figure 24 (Color online) The S/C layout-time delay diagrams for the
first generation TDI channels Michelson-X, Relay-U, Beacon-P, and
Monitor-D. The vertical lines indicate the trajectories of S/C in the time
direction (D—®) indicate S/Ci, i=1, 2, 3), and the ticks on each y-axis
show the value of time delay with respect to the TDI ending time 7=0.
The ¢, is the time with respect to the starting time ¢, at starting S/C of
TDI. To avoid the crossing caused by TDI paths at noninteger delay
times and show the paths clearly, extra trajectory lines are plotted for S/
C2 (dotted green lines) and S/C3 (dashed orange lines). The blue lines
show the paths of TDI channels, the solid line and dashed line indicate
two groups of interfered laser beams. The figure (Wang diagrams) is
from refs. [241,242,293].
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Figure 25 (Color online) A schematic configuration of fibre delay lines. The figure is from refs. [54,55].
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(53)

K264 HHLISAAITaiji X, A, EAIT TDLEIE [1°F13
e 87 R . T30 T (1% v 7 DR K PR AR T AR, R AR B
53K RI400 K PN 50% B Kb A8 4k, ERIK DK €
[0 43 6 R 400K P 90% i K 484k, 7 B B A )
S RTHEIELE0.01, 0.1, 1 mHz )3 1) B 75 K

2 R W 7 0 I T /R X TDLEE A 4K DTk,
N3R5 I P M 7R 0 AT 16 IR TR, ik bR AR IR
JEFRER B2 LA R e 4 AR, B4
4P

op.mission
AR I, 1/(2L)R 7B R 51 i 51 e it i K B AR
1k, Bl16P acc,mission/ (2Lmission)2:4P acc,mission/ (Lmission)z'
P(f) = Py () + Py °°(f) + Py ™(f) + Py, °(f)
{4 cos’ (1 11%) % [Py () + Py ()]
AR S() AP () | (2 ) (L))
= 4P°P(f) + 8[1+ cos(f /  *)]
xP*(f) / [(2nf) (L)), (56)
R, RN A P I SR I 2 LA R T (e
FEHEPP(NFIPY (). cos(f1f*) W4 H1S/C 1 ¢l ) Fl¢
—2 LIS} [ AB A/ 0 P8 - 75 48 45 T SR A R 7
K2, 7EX TDLEIE H [ S e 75 A2
Py(f) = 4P(f) / (4L7)
+8[ 1+cos (£ 1 H)P**(f) / [(2nf)*(2L)7]
= PP(f) / L*+ 2[1+cos*(f / £ *)]
xP(f) / [(2nf ) (L)), (57)

/(2L B)p,mission/(l‘ (55)

)'= )?
mission mission/ *

Sk 75 0 X TE 5 115 5 B TTHR Pxa(f) 72
Py, (f) = 16x°sin’xPy(f)
(FIRA(f) = 16x7sinxR (/) LR R). (58)
HAR(50), (51), (ST)YRI(S8), FI1FHI%F 25 H 5] F1
PRI 838 70 /R X TDIIEIE [ N AR T &4k R F,
BV H A 24 A DR B, N
Sxalf) = Po(F) / R (f)
= 16xsinxPy(f) / (16xzsin2xRXO(f))
= Px(f)/ Rx(f)
= {POP,mission / (Lmission)2 + 2[1+C052(f/f*)]
%Pcmission) ) Lpsion) 1 10. 3/ (140.6x7)]
= [10 / (3Lmissi(m 2)}
x [Pop,mission 2+2 [1+COS 2(f /f *)]'Pacc,mission / (27’[f)4]
x (140.6x7)
~ [10 / (3Lmission 2)] [Pop,mission 2+4Pacc,mission / (27[f)4}
x (140.6x2). (59)
A AR e 75 200 ) DT MR AR A e S REA AR AZ O
W 7 RSP DL AT DAZBE A, T Ok 2 B30 gl A 43
Br, AT RLBR B 46 FH DL R & 204 R a9l 0 R i
E[BOO]:
SXn,mission l/z(f)

= (20/3)"(1/L

12

1+f/ (1 . 29fmission )2}

(E)p,mission + 4Ricc,mission / (27If)4)}1/2 HZil/z, (60)

ssion )
mission

X

H, Loision® 51 DB TS FVELK, Mifision=1/
(27 L pigsion) & R DU 2R H G FLCRRAE) 2. 5 FE(60) 72 —
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Figure 26 (Color online) The average responses of TDI X, A, E, and
T channels for LISA (upper panel) and Taiji (lower panel). The T
channel is sensitive to the variances of arm lengths, and the dark grey
region shows the best 50% percentile in 400 days, and the dark and light
grey areas together show the best 90% percentile. The right panel in
each plot shows the histogram of the T channel’s response at frequencies
0.01, 0.1, 1 mHz. The figure is from ref. [302].
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Figure 27 (Color online) The core noise (SN, acceleration noise
+optical metrology noise) and the laser frequency noise (LFN) effect for
LISA (upper panel) and Taiji (lower panel) in the first 400 days. The
dark grey shows the highest laser noise effect in 50% of the first 400
days, and dark grey together with light grey show the laser noise effect
90% percentile in T channel. The dark blue shows the highest core noise
in 50% of the first 400 days in T channel, and the dark blue together
with light blue show the core noise in 90%. The figure is from ref.
[302].
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Figure 28 (Color online) The average sensitivities of TDI X, A, E,
and T channels by considering the core noises and laser noise effect. The
dark color areas show the best sensitivity in the 50% percentile of the
first 400 days for X, A, and T channels, and the dark color together with
the light color areas show the best sensitivity in 90% percentile. The
sensitivities of T channels for equal-arm configuration are shown by
dashed curves [303,304]. The figure is from ref. [302].
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BEFGETRZHARRTED. FiR e
EATRER BN E &AM E RE RIIREIF. 2T
BWALAERARBL(100 nHz—100 mHz)) 51 798 000 A ik
PR FE BB BN (300 pHZ—100 nHz)f 5] 730
WK RN B 9T R RS R R S R 9 g 3
TH.

KI5 2 SR TR D v FER S 2 5 A K 2 S
SN I A RE. AT DARR R K5 & R SUR I 5
a2 1] 51 77 R s R0 Rk v 2 B 2 ARG D R R
Zok B I K i B BRI 5] 1k, HiIAFEH
PEE. RAEAFAEA R A PR AL RN A5 1 B )
HAPRRL, (HEATER T TR AT 25 18 51 7 9 4
22 LIS A/Taiji/TianQinf1ASTROD-GW/Folkner’s %
[ 4F 55/L1S Amax) Al ik o 2 s i g1 7210 T LA
FH IR ZE. PTATE300 pHz—100 nHz#4 {6 F P 5% R
i, LISA & Taiji/TianQin?E3 mHz—0.1 Hz4i 3 Ju [
B R, T ARORR 26 A B 5] I R 2% 7R 100 nHz—
3 mHzAR i [ P fe R (1214, SCER[126] 1K
2-4). ARSIT] 7 ipk PRI 35K B8 B W 5% Kok i
TE R R IR P s il il AR KRR ELAE
F. ASTROD-GW/LISAmax*#$7£ 100 nHz-100 pHzAi %
T Bl AR SR 1 K TR U A IR I BE LS Sy
5. LISA/Taiji iT4R M 10°-107 M [rIRUK 5 5 SR Y5 11
WERE . FEE AR LA 10Y Mg RN 30 I Y5 1) e
B, PRI AR 10-10007k Y, 3T ok 22 64051 7
BARNAESs, TR AL, (5 A AT B (S
510.3°7), S M HEFRETEEN10-10" M. X
S ) 55 SRS T E LA R BT R R I L R
P EA BB S RIS I PRI 25 R 5 i AR
R it z~20.

B2 14 8- XUK 5 & B 51 A iieist . 34
() — e fpi] 770 B _E BTSSR AR BOR T & AR
TASUR I A TEAR R W BT IE RS 5] F1 e
HE. FERIR: 2Lk, z=1; Bk, =5, KELkz=20.
B 12z=14b f10° M—10° M XUKJF & B4 =
204L1910° Mg—10° Mo XUK 55 SR 3F- 4 UL Sz 2=20 4k
(110" Mg—10* Mo XUK 5 5 SR 3 A B0 5k 1 Sk
[319]; HAthilid e 130 14100 N fth 2238 5 5 7%
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(D)ZEBAFH]. XT3 [ ERIN 38 0K 5 2 A
FATRE ML, o — 25 B (10° My—10" M)
B HA R W E 12-14F7R,  #B 2 23 (BRI 25 B4R
FR), LA DT AT R A T AR SR TE RN 25 B E SR 1)
Je B

8 3 A W XK 5 & R I A S A S 551
W, AT LASHE DK R 5 B R 1) S PR 23 A, AT BLI
TEAE AP AR A,

JUHER, Bk 5 BE 51— BLZE IS, DAL
Rt & JER -5 HR B BEAL S 0 . AEX UK &
SR BERL 51 00T S0 % B AT N, VPR
AT T ITREGS) A B, Ik B2 I 1) g P O
SR G TR, K& R RE LT 577 FE(35) A4,
AR 11334, = 2. 47 (AR, fE4olI AT EEZ T
S T BEHLS] e A B4 €. 5 A
RN L T KB4

9.3 #himRELLHEFH(EMRI)

B g JoT & b g g S 2 [A) 5| 77 9 ER 0 2% (1) 51 770
U5, LISA/Taijixsh ot K5 B ) UK R 10 M-
10" M. LISA/Taiji TR AT K £ 51 3 SAF AT 3k Tk
TP, ASTROD-GWRBIETE £, Xkl
ORI B RE REUE, I BB EIF A
R(EH10.379).

9.4 MXMEFTILS| 5

AR G| TP Y — > B BB H AR
B UMY 8 48 98 31 77T RS B 7 IRy e
b ZEARII S| TR, FEAFE100 nHz—1 mHZAR
Ve A S R KA R, R ARV 2 T Tl P eI — H
b, A REIBGR 5] 7. TR 2 R SR A
FO &/ 251 J 7 B R, SCER[320] B &G T —
BB RE AR, BRI ) R RS T 52 e 2% Pk
W P FLAT BB R P, AR I TR M) — DR TN L
AARK M E.

FEH HEE,

w=plp, (67)

Hrh, wRFEHB IR, pEk ], pRiEaeE %
PRI BE R 35 8 200 5 lowv=—1. M F2H WK
F, A FHEIE I, 76 F1H ) Friedman-Lemaitre-
Robertson-Walker (FLRW)F i, SR H T
ZhH:

dy(z) = (1 +2)(Hy) '

N

; B
<[ (0,120 + Qpu1+ 2] 2 (69

Hob, HONWRENEEL, Qop NG RE R E S5, W
AEEwHPIRES T R B o H AL AR AR How MR 4H
FLRWFH TG UL, AT DA S R R 2 R
B XERAVERAR(68)H T UL AR, ARAE WM
B EE SAMI KR, AT DRI N 2R
HHPRETTES Bow, 5 BT T H AR AT HUEL 185
RE B T H AR AT DU X A7 ST, T
U T 555 28 B O 5 £04% I 14 57 8 B I 24 i
FREER AR B R 51 TR R IR SRS A )
gk

RN XK Jo7 2 1] e R AR o o2 2 B gt ) 2 1)
ST BAR M ER R0 E e L FE B ) R AP PRI A% AL
M ARG A A U AR T RO I i i, IR 2]
S TP RN 5 R I R AR 4. 22 RILF AL
RSB RIAIF A, P ARSI st 7
B G5 IR R S AR B . X EEXUR
A 5 T LAE bty g ey 2122, A Ay
(R Ff X FE AR (B 10.3797), SobF 22 AR5 T3 R MK A 5
TF ROl 2 TR AE G 1 FB RELE R, DRI G N B 4 b o

AR AT A,

9.6 [R¥IGEI)5 11K

AT HEFREMNIEYIOoY) . B, B 5] 1k,
AT DA B T 58 T LISA S B g%, [ 3
T B A 75 500 BT 5% A 4 30 5 2 Sl e 25 R
DECIGO™ HIBig Bang Observer" 4% % i 47 2% 13 ]
W 5651 J10%, TTASTROD-GW!™ i) 4% B4
RYGHEN S 55 1. AT REE B ARTEIR
FLes g A R0, FE ) R AT RN B &
A s2 7 0] LLIX 70 K.

B1275 N I BT BT IR A 51 11 5 Q=
1107 T B P M Ak 75 5t PR, 4T ASTROD-GW,
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481 FH 6-S/CmBAIEAT BEML 51 773 FAH SR I, R B
T LIS BZ K. SR, K5 & 23 5| 773 w5 U
P& T3-S/C ASTROD-GW REUE. I Bk I 3%
5%, N/EASTROD-GWARBLSE % NQ,,~107°-107"
(R B 51 7338 P AT G 00k B kT 5k 1 42 Ko e B3 5
DI R 5 2 75 i R AS [R) AT 3R A0 1 sl LAt R AiE
i ] 46-S/C ASTROD-GW H# I 4 8515 HH 645
P LA E A 5] 3R, 50 i 5 R 5% RN AR AR BT R AR 1
51 71 S AR — IR T, v 2 L SCHR[50,51].

10 EARHIEES. BOPEMLENATS

TE10. 1T AV e FUE A4S, 10.2F110.3
T ERIRFEA K ZELISAFIASTRO-GWHLIE; 10.4110.5
RS e R 2 A PIE AT, XL
FEARAZ AR T IX P RAT 55 B T R 3
ERIE A

10.1 SeHHERET

XTI T T B H BRPUE (N BN [ Se b BRETLIE .
K HI(OMEGA) 51 338 804 25522y eh 1 i 8
AR T T 19984E1F ik MIDEXAE 45 7]
NASA$EH, FEF 201 1VEFRIRAE AT S5 A R 12
. AT SN R R SRR, 47 T-600000 km s
(PIHBERFIE b, BT E AR AR, 1TSS =
TERITIR. 1X BB IE R A28 1, FOVFET = 4R Rl
PETHRI, I H W 1 75 Z R ] AT ZE K M55, =
AR LI N10075 724 (1 Gm). (45 9mBA T H Bk
HIEZ A,

P4 AT R B AT 346 FH Gkt 00 20 45 R kA7
WF T 2= AT 5 & K2 . gLISAMIB-DECIGO.
AMIGORE H BB wF 7, sk 7 g2 H L
. F2MES IR E——GEOGRAWI! */gLISA!" 70
GADFLI" Vi i o R 6 11 (K093, 3 AT 2% 4 PA
TEHLERE EEUE Figfr, TRESSd =M, By
7373~ H. B-DECIGO [Hi A 1% 5E 8 FH 98 H #LIE 8l 2 48
HhALIE.

FREE R —NFE 02100000 km#LIE 2 51 7930
fE5%. 3IMRRBIER—MESL =M, BKL177]
AN S ERBUE IS AT Y 944 0,

BEEHERSE H is AT, B, KDL SiEE s

BRI B St ke, 24k 5 i KB I,  5 TEaE PH E
OMEGAP* MR T — /M7 %, T Rgnr LUH T it
KM HABAT S, REESRAUAE FI WAL A AR 2845 =
A E R,

10.2 BLISABIMEARMMEET

iZD lgl:;ﬁﬁﬂi\‘, %ZIK%LISAE@% &éﬂ§[38,45,289,327—332]
(53 O TG R SR K BH 42 R (R=1 AU IR FE HUE.
TR 2% 2 A (1 PR 25 (OB ) L/ T B 3 42 1
AU, RUFRATTAT LLBE AT 88 R B WA B 008 (1 5
ShIE. g A O (R0 I BUE 5 FEFR N Euler-
Hill /7 #2. HillJ5 F£ 5 Clohessy Ml Wiltshire J5 F£. HillZE
191 40K X BE 77 72 T BRER B BT 50, Clohessy
AWiltshire!™ Y #E 195748 23 (AR TT 46 5, S I8
P Ix 6 7 FE R 19604 PR A 40 5] 5 R 4.
Clohessy Fl1Wiltshiref$ F 4 S\ J57 02 5¢ H (5l Ge b ) 51325 1)
AR RFRACWARFR &, HJE SO T T 225 (W
CFE b, I HARKR R DLS 255 BT e A [R] ) R
JEQIER:. T AR H0E 5 R s R (O(a)=O(L/
(2R)) - FE B HAECWALR R R FE— I 1k, ddid Tt
R IE S EAEPIE R ZE T I HUE TR, RO
T fi, LAEH 2 T HIKR:

e=3"%+0(a),i=c=a=L/Q2R). (69)

T B K BUE KN L(1+0 (o)) 130T 55 10 = F T 4
RUP —Fh 722 SR PUIE T /ARG 120°, JFkHa M
R LI AR ] R A AR R AR AR H
W& B AT IE F 7 (AR R RS B CGE— AR, 57
— PRI H AT E R 7 (AR B
(55 )P, X s, AT 55 42 T S B T
B60°, 5HIE A S AAHY T HE O RTEHE. X
TIETEAR, RERIENT A BRI AT, AAITAT
DAL A 385 A A 1E 22 30 TR T B AT AT~ T 4. 56
— PP S B e e, R RPN B e A, k] A
AR CWARKR R b A PIAN 5 225 PUIE - 1H R
+£60°J A 1P, FH A HUR 8 (UKL 5 ) IR ACW
T2, Ge)5 sUgAT NIPEIES%, Ml h—QAnQ.

2 Dhurandhar® A% DL Wang FINiP* g 7
%, WLVE R RLISATY S 1) =/ MUR S8 I B A pLIE
IR B, X-Y i BB POE TR R

X = R(cosy+e), Y = R(1—e2) siny, (70)
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Horh, REMHFIM KA, ef2 DR, yt Wil 2.
TE Mo N PUE L B LRIV K LS 58K BH -3
HERHIEER (1 ADIWREZ L, Bla=L/(2R). fiH
HOMR R, Y, Z), FRIEBEVIARET (]2 fE R 750 i

R E AL T8, XEONFE 725 1A, 8 SC— TR A5 AR B
SEW

X; = R(cosy,+ e)cose,

Y, = R(1—¢?)siny,, (71)

Z: = R(cosy;+ e)sing.

FFLISAQR.5 GmEK), R=1 AU; ¢=0.004811;
£=0.008333. it /5 My 5 Tl A Q(t—t) [N KRN

Wt esiny, = Q(t —t,). (72)
TE X QA2m/(— AMEERLE). Wil s A wer] CLE IS
fEIEACRRAA. BRI Xy, T 2045

wetesing, = Q(t—t,)—120°(k—1),for k=1,2,3. (73)

%XXHB Yfk’ Zf7( (kzla 23 3)%
Xp = R(cosy, +e)cose,

= R(l—e2)1/zsint//k, (74)
Zy = R(cosy, +e)sine.

7€ Xy = we—10°, Herfrypt o U ERA R T X4
PEA. EXXf(k)a Yy Ziwy (=1, 2, 3), BIXG1y, iy, Ziays
Xiay Yoy Zioy Xioy Yoy Zf(3)y‘j
Xigy = Xpcos[120° (k= D)+ ]— Ysin[120° (K — Do ],
Yoy = X sin[120° (k— 1)+¢, ]= Yycos[120° (k— 1)+o ],

Zoy=Zy- (75)
ZANS/CHIZEAPIE S T — P 7 ) /&

Ry = (Xfa)s Yf(1)> Zf(l))
Ry = (X f2) Y, f2) Z f(Z)) (76)
Ry = (X f(3)> Yf(3)’ zZ f(3))

LISA I Taijid¥) & fEFE K FH-F31 AUBLIE L 12E
LISAB 25 (AT 5%, HI4R ¥t B T DUE T & Fe=t,
SKARAF, WILABLTT B AT DU I o B =t A B R] AL
BFHCRIRKME. Flin, T 4,=ID2461853.0(20284:3
H22H12:00:00), MILISA =/ i K 2% T M 76
J2000.0K FH 2 J51 /0 b BR V- 7R T8 7 53 RAR AR B W) 46 15
THAZS (O B AR AT a5, HEBE K

O FE IR AT AR B A R S HI R T RS E
=FNCR E SCHR[145]/)24). T Taijifl) =BT R 28 Tk
A 2E72000.0 A BH 2R J5T O H BR P 705 38 75 43 5 AL AR 4]
BT A (B B A B ) n] Wb i H BB R T RO 28
=Rk E SCHR[14511033). MIXEERTAG &P 4R, W]
PLanss 1127 s, (ERAT B A H BRE iR ks
WAL PUE S, G R NTR ARV
FABFRAETLE]. ST A I BA R H Ak B (Bl an, 76
20364 23 Taijitt K BARHAHUE KR 1), 7524
I ).

10.3 ASTROD-GWHIE A#ELETS

ASTROD-GW [ B A B B = i R AR %, 7
FIALT HHh R A B H ASL3, LAFILSPT, SeKFisqT
IR EE, RRE L = A, 4R, =ANMEK
$1%592.6x10° km (1.732 AU, ZE - H -fi K28 &
G Z B = AR A R, R B3 T kB K. B
THUER R FHPUE W IRDTE B, PRt s B H s e Hh

F 8 LISATIESTRARE K A2.5 Gmf = MR & T
W% 20 J6ID2461853.0 (202843 H 22 H 12:00:00)7£J12000 75 1E
(G BRF- 7R TE AR 23 1) K BH 2 5700 AL b 2 T K B AR AL )R
Z A

Table 8 Initial conditions of three S/C for optimized LISA with arm
length 2.5 Gm at epoch JD2461853.0 (2028—Mar—22nd 12:00:00) in
J2000 equatorial (Earth mean equator and equinox) solar-system-
barycentric coordinate system [145]

REAET e
MR YIRS
. X —9.342355891858E-01
S/?AI%E Y 3.222027047288E-01
V4 1.415510473840E—-01
. Vi —6.020533666442E—-03
Séig%;)g vy —1.471303796371E-02
v, —6.532104563056E—-03
o X —9.422917194822E-01
S/Eii}i)ﬁ Y 3.075956329521E-01
Z 1.403200701890E—-01
. Vi —5.875601408922E—-03
Séi%]%i;)g vy —1.480936170059E—02
v, —6.319195852807E-03
o X —9.335382669969E—-01
S/((:iggﬁ Y 3.132742531958E-01
z 1.273476800288E—-01
. Vi —5.949351791423E-03
Séi%ljﬁdl)g v, —1.490443611747E—02
v, —6.410590762560E—-03
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F 9 TaijiFAMESARFRE K N3 GmAI =A~S/C T 5 42 0ID2461853.0 (20284E3 H 22 H 12:00:00)7£J20007 B 0 718 (b ER
AR 1) AR R T IV AR AS () 2 S VI B (3 = H) R AR A S 18 (56 )

Table 9 Initial states (conditions) of three S/C of Taiji at epoch JD2461853.0 (2028-Mar-22nd 12:00:00) for our initial choice (third column) and
after optimizations (fifth column) in the J2000 equatorial (Earth mean equator and equinox) solar-system-barycentric coordinate system [145]

BRANERHINUR YIRS

AL G I B AR SRR

—9.337345684115E-01
3.237549276553E-01
1.426066025785E-01

—6.034814754038E-03
—1.469355864558E-02
—6.554198841518E-03

—9.433977273640E-01
3.062344469040E-01
1.411270887844E-01

—5.861017364349E-03
—1.480919323217E-02
—6.298978166673E-03

—9.328957809408E-01
3.130424089270E-01
1.255542247698E-01

—5.949486480991E-03
—1.492350292755E-02
—6.408454202380E-03

—9.337343160303E-01
3.237548395220E-01
1.426065637750E-01

—6.034814754038E-03
—1.469355864558E-02
—6.554198841518E-03

—9.433977273640E-01
3.062344469040E-01
1.411270887844E-01

—5.861017364349E-03
—1.480919323217E-02
—6.298978166673E-03

—9.328957809408E-01
3.130424089270E-01
1.255542247698E-01

—5.949486480991E-03
—1.492350292755E-02
—6.408454202380E-03

S/ICIfL & ))f
(AU) 7
S/C1#FEE I;
y

(AU/d) v
S/IC21r & )Y(
(AU) 7

. v,
S/IC23E i v
y

(AU/d) v
S/C3fr & )§
(AU) 7

. v,
S/C3iE ~
(AU/d) y

BR-RPBHTREEHELE TR IEARFRIEIY. L3, LAFILSARIA
B 1132 3 & R TE BLIE 210 (e) I RN, Hde
(=0.0167) & HhERGE K FHEE 1m0 2R, SRT, MR &
Al DAL TSN FA B H Sy uE S, R KRR EAb
2T RiAE B H SRS 1LZ B,  DASR R A BH 1 13
JEHIE. L3, L4, L5FIEATRES I EPUEE209E W
o BUE AT E (e EE AR X T % B R0k B H
m R R E N, R HEA AR E A5
HUE IR 2 T B G NO0(ED) AU), Fi RS =Mk
S5 = AT 22 B K b o) B 2. o Tkt
BV S5 84, FH 53 PR B TR ORI . S T i kiX
A1), FRAT T B B PUE AT R TE R SR
A IUTE A T 2R 1 PR AR A CABIKRE DR AL ) LN
BRAL O B, Tk, T3 WA 5 R 1 1
MEAS LB RO, AD). T X FIA R F DAL GA
FO(107Y), AMEEFNNO1°). A% FH KM H
Yy G DN BURMENT BIUIE,  FFRAh TR T A R LK
YR AR A o B B . ZE S 1175 v, ALK A FH KB
REPJRE A PUERCE, JEEE BB HEk 2 4
(TG AT R 33 9010 Y& 4%. HHTL3, L4FILS
RTE204FE N SEBR B R AR E R, AR T HUBR I

DRI, A3 PRBUR B T2 3008 o] DA N BRATT I R AR U,
5 SEERARAL B P (s 22 REZAEO(10) H$ R 24

%t T Super-ASTROD™, AL AT LLK 3N 5 AR
X PHEUTE P THI WA} A 250/ B0 R 25 T30 7R R BH- A2
L3, L4FILS s bk, 1 573 4N B2 R 2 2 KA.

%t F ASTROD-EM! | 34N i K #5445 3 B 15 3
BHEMIL3, LARILS &, SFFHiRassh 1%, FATRAMRE
BRI PURGER. FER. KBRS J13% 0] LL 2 (1)
R R 28 1) . &% SR AN EE AR

HERMINITT %%, ASTROD-GW %L i# 1% £ 7 5
WG b, WifA=0. XF 5] SR RER B A HERA
FIE MG B E M. I HREERE S RX L
Iy HERAARLE, (BETCE P 2 HERIRZE. 2010
EJG, FATEASTROD-GW [ AIE & it N/ Miif,
DU eI 261 31, [N K B K R AR AL AR FEO (107 Y
‘—?Hli V‘] [80,81].

T2 CHR[80,81], FEAAEVE&Z, WA ASTROD-GWHL
RARITEUTE LN BEAUARY, E 2480 125 F T
PAZEALA £ BE AT, 24 ASTROD-GW 4B (H745) i 1k
B, AT AR S kR 3. XA, 7ERK
DX B A2 25 R DX 3174 5 080 1 A A6 58 1) o s
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NS WG IHE A 2, R IX I B M o Bt AN
SR ZE(W R —/NAY),  H ELAE I & K BH AR 1 5] 77
TN 2 A 2 A R R 1) 082, R T I s A B AR
B

DL (5] oot 5 3 [f 154} 1 ASTROD-G WL K 25 41
TR g N () T E B IEERAAR(r, 6, 9)
AR G| 7 O ) R (ERAAR F o 1 ) R S R L
HUIE:
r=a,0=90°,0=wtt+g, ()

H, a, oMl HHL X TARRSHE IR, BT

a=1 AU, 0=2n/T;,, T=IERAE, oo/ T 75 & AA KR 4]
UEAHAL. YT Super-ASTRODFL K %%, a=5 AU, 0=2n/T,,
T=11HRSE; SfpAriesfi REsa=K BEHIEFE, o=
2n/Ty, Ty=KEAF. HHRIRAKRZR ot 20 iR 2550
X = acosg = acos(wt+¢,);
y = asing = asin(wt + ¢ );z = 0. (78)
BUER 2 PUE A HON AR BUE, FFEP0E 1
5 xy 10 (5518 ) B 22 s A Ty P 1 ) B 2 p=D Ak
T2 AR W

cos’® ;+sin’® cos/  sind jcos® (1—cosl) sind ;sini
R(% @) = [sind cos® o(1-cost) sin’D,+ cos’D cosi —cosd gsini| (79)
—sind (sind cos® jsink cos/
BTR 28 90E 2
x' a[ 1-sin’® o1 *cosi)]cosgo + asin® cosd ((1—cosA)sing
V' = | acos® osin®d (1—cosi)cosg + a[ 1—cos’® 0(1—cosi)]singo : (80)
z —asin® sinicosy + acos® ;sindsing
[
X T AL N AL ) = ANE, k4% M5 FE(80)FI(81), 153
S/CI : (DO(I) — 2700’¢0(I) — OO; (1) S/C IE"J—*FjLJE
S/CIL: @ () = 150°, ¢ (I1) = 120°; (81) | acosel — facosor
S/CIII : @ (IIT) = 30°, ¢ (TIT) = 240°. it = asinot (83)
N = acoswtsin/
&= 1-cosi = 0.5 +0(2%), (82) (i) S/C TIHI&E
J
my a[(—1/2)coswt — (3 /2)sinwt ] Ha /2)E[(3Y* /2) sinwt — (1/2) coswt ]
Yy = | a[(=1/2)sinwt + (3% 12)coswt ] + (3% 12)ac[(3"* /2) sinwt — (1/2)coswi ] |- (84)
z" asinA[(3"% /2) sinwt — (1/2)coswt]
(iii) S/C II#LIE
il al(-1/2)coswt + (32 /2)sinwt ] + (a /2)E[(3"? /2)sinwt — (1/2)coswt |
y M = | a[(-1/2)sinwt — (3% /2)coswt ] — (3% 12)aé[(—3"2 /2)sinwt — (1/2)coswt ] |- (85)
zM asind[(—3"% /2) sinwt — (1/2) coswt]
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- ﬁ fi E,J */\ E T}‘}\ i+ ﬁ Tﬁ?’ EJ ?ﬂ‘ ilj [(x ) +(y ) + i+§)§{/< I_',jj %V]H:r”—rr, V[]I_H:rm—rniﬂjV[.[][:rl

( )]1/2 [( )+(y ) +( )]1/2:[()6[“) +()/IH) +( III) ]1/2 —I‘HII
J
a[—(3/2)coswt — (3% /2)sinwt ] + aZ[(3"* /4)sinwt + (3/4)coswt ]
Vi = | a[-(3/2)sinwt + (3" /2) coswt] + a[(3/4) sinwt — (3" /4)coswt] |, (86)

asind[(3"* /2) sinwt — (3/2) coswt ]

3" asinwt — (3" 12)aésinwt

Vi = | =3"2acoswr + (3" /2)aé coswt |» 87)
—3"2asindsinwt
al(3/2)coswt — (3% /2)sinwt ] + a&[(3"? /4)sinwt — (3/4) coswt ]
Vi = | a[(3/2)sinwt + (3% /2)coswt ] + aé[~(3/4) sinwt — (3% /4)coswt ]|, (88)

asind[(3"? /2)sinwt + (3/2) coswt]

HERAV LA Vi Vin=08or, #—S5E 7 5.
HEEKAR

Vi, |= 3"2a(1-¢/2)> + sinZsinXwt — 60°)] 7,

Vi = 3"2a[(1-¢12)% + sinZsinXwt)] (89)
V, o |= 3"a[(1-¢/2)? + sinZisin (ot + 60°)] .
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&1,
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(1-¢/2)
VA —4b BT 5 ) oAy
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Figure 29

Variations of the arm lengths, velocities in the line-of-sight direction, formation angles and angle between barycenter of the S/Cs and Earth

in 2200 d for the Taiji S/C configuration with initial conditions given in column 5 (after optimization) of Table 9.
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Figure 30 (Color online) S/C1 view from Earth before rotating the
initial conditions by an angle (upper diagram) and after rotating by an
angle 2.0° (lower diagram) for the case of inclination angle 1.0° (The
rotation of 2.0° of S/C1 in orbit is equivalent to a rotation of 1.0° viewed
from Earth). The figure is from ref. [82].
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Table 10 Initial states of S/Cs for the configuration with an inclination angle of 1° at epoch JD2464500.0 for initial choice, after period optimization,
and after all optimizations in J2000 equatorial solar-system-barycentric coordinate system [82]

Initial choice of S/C initial

Initial states of S/Cs after
period optimization

Initial states of S/C after final

optimization

=10 states
X ~2.8842263289715x10
S/C1 Position (AU) Y 9.1157742309044x10”"
z 3.9552690922456x10 ™"
v, —1.7188548244458x 107
S/C1 Velocity (AU/day) v, —2.8220395391983x10*
v, —4.4970276654173x10"*
L X 8.7453598387569x10 "
S/ Cz(/i’%s)‘“"“ Y —4.3802677355114x10™"
VA —2.0634980179207x10™"
) v, 8.2301784322477%10°>
S/ fﬁt};zlsc)lty v, 1.3797379424198x10~
y v, 6.1425805519808x10°>
» X —8.5683596527799x10™"
S/ Ci:gs)‘“"“ Y —4.8998222347472x10""
Z —1.9592963105165%10""
. v, 8.9788714330506x10°>
S/ ((:/i[};zl:c)‘ty v, ~1.3530263187520x10
Y v, ~5.6998631854817x10

—2.8842263289715x10°
9.1157742309044x10™"
3.9552690922456x10 '

—1.7188535691176x107
—2.8220375159556x10™"
—4.4970243993363x107*

8.7453598387569x10 "
—4.3802677355114x10""
—2.0634980179207x10 "

8.2301033726700x10
1.3797253460590%x10
6.1425244722884x10"°

—8.5683596527799x10™"
—4.8998222347472x10™"
—1.9592963105165x10™"

8.9787977300014x10"°
—1.3530152097744x10°
—5.6998163886731x10°

—2.8842514605546x10°
9.1158659433458x10"
3.9553088730467x10""

—1.7188363750567x10"
—2.8220098038726x10™*
—4.4969796642665%10™*

8.7453598387569x10 '
—4.3802677355114x10""
—2.0634980179207x10 "

8.2301033726700x10°
1.3797253460590%10
6.1425244722884x10°

—8.5679330969623x10™"
—4.8995800210059% 10"
—1.9591994878015x10™

8.9792464008067x10
—1.3530828362023x10
—5.7001012664635%10"
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Figure 31 The variation of armlengths (a), difference of armlengths (b), angles between arms (c), velocities in the measure direction (d), inclination
of the unit normal n of the ASTROD-GW formation (e) and azimuthal angle of n (f) in 10 years for the case with the nominal formation inclination

angle 1°.
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Space gravitational wave (GW) detection is to detect and measure the distance change between spacecraft/celestial
bodies or status change intra spacecraft/celestial body according to the astrodynamical equations of general relativity or a
specific gravitational theory. The basic method is using electromagnetic waves (including radio, microwave, light, X-ray,
y-ray, etc.) to Doppler track the spacecraft/celestial body and compare them with the two stable frequency standards
(sources) at the emission end and the receiving end, e.g. microwave Doppler tracking, optical clock Doppler tracking,
atom-interferometry GW detection, laser-interferomatic GW detection. If the emission phases of the electromagnetic
waves are unknown, the statistic Doppler tracking method can be used as in the Pulsar Timing Arrays. If the frequency
standards at the emission and the receiving ends are not stable enough in the desired detection frequency band, then it is
necessary to exploit the generalized Michelson interferometry based on two paths each consisting of multi-segments of
Doppler tracking. In this case, the phase (length metrology) noise at the combination end is proportional to the product of
laser source frequency noise times the pathlength difference of the two paths, and the two paths need to be carefully
designed and evaluated. Each set of two paths is called a TDI (Time-Dealy Interferometry) configuration. The study of
TDI configurations together with the orbit design and the noise requirement at each optical link and the final spacecraft is
called TDI interferometry. The final mission products for scientists to use are TDI phase (range) sequences/spectra. These
products are also useful for other gravity measurements or testing specific gravitational theories, e.g. measuring
gravitomagnetic effects. The current projects under construction and/or study are mainly using this method of generalized
Michelson laser-interferometry which includes AMIGO (Astrodynamical Middle-frequency Gravitational Observatory),
BBO (Big Bang Observer), B-DECIGO, DECIGO (Deci-Hertz Gravitational Observatory) and DO (Deci-Hertz
Observatory) in middle frequency band (0.1-10 Hz), LISA (Laser-Interferometric Space Antenna) and TAIJI/TianQ in
the mHz low frequency band (0.1-100 mHz), and ASTROD-GW (Astrodynamical Space Test of Relativity using Optical
Devices dedicated for Gravitational wave detection), Folkner’s mission, LISAmax, pAries and Super-ASTROD (0.1—
100 pHz). In this article, we review the current status quo of these space detection methods and present an outlook.

gravitational waves, space gravitational wave detection, time-delay interferometry (TDI), extended Michelson
interferometry, milli-Hertz gravitational waves, micro-Hertz gravitational waves, deci-Hertz gravitational waves,
Doppler tracking, optical clock gravitational wave detection, atom interferometry gravitational wave detection
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