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6 N REESEL, TN =4 5 — B8 (Yo 5 myo)
M TR Schechter pREIE AP 2 5 i sRAL,
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Ty rma R P40 TR -
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+ 2 cos 20(¢) cos t cos 2471, (13)
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R AR K ER) CURN MRSt 5 2T A s SR
AT AR 22028 T B4R R AR X AR5 1
W25 A B, XA (] A M P ) AR ST A B A
MAF] PTA B%ds Ak PAHES .

Xt BBk e B R R, S I A
KEESH: EFAC AR 1 HI 1 i 21 38
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Figure 1 The NANOGrav’s sky-averaged 95% upper limits on
the strain amplitude of continuous gravitational wave point
sources as a function of time, the sensitivity curve of the mock
CPTA, and the distribution of randomly realized point sources
in strain amplitude—frequency space. The mock CPTA con-
figuration adopts the following parameters: number of pulsars
Np = 50, timing precision o = 100 ns, total observation duration
Tobs = 3.4yr, and cadence 1/At = 25 yr‘l. The detection thresh-
old is set to a signal-to-noise ratio of pg, = 3. The point sources
are drawn from an observationally calibrated population model
of SMBBHSs, under the assumption that the recently detected
stochastic gravitational wave background arises entirely from
the SMBBH population. The figure highlights the brightest
point sources from 10 random realizations of this population.
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Figure 2 95% upper limits on the contribution of SMBBHs to
the recently detected GWB Hgpy as a function of the PTA ob-
servational time Tops. Curves with different colors correspond
to different choices of the threshold for a detection of CGW
signal. The top axis shows the corresponding detection S/N to
the GWB by the mock CPTA, while the right axis shows the
characteristic strain amplitude of the GWB caused by SMBBHs
AyrBBH, reproduced from [19].

it ZR B 2, P IEA B R AR
P B IR GBS 55 5 R RS2 T — 2
PERG SR, RIS X SEAE 5ok H T — e, Hm
HRRERL PTA FRINE], WIAEMER SR PTA XFPEME
SR BE R HTFE T, BRI R I 2 B A
FE—EUE. PP — BRI AE R R AR I B 72 2
PR AL ERY. B IR Y AT R T T BB A
L, HIEATRTH LR NI R — St i R iR 41

013002-11

http://physcn.scichina.com

Page 11 of 18



O©CoOoO~NOOOTA~,WNPE

gooo:obobgobbd

Wrzlgess. hERE Pl s RIC¥ 2020 4F 550 % 45 13

TERPIFILA.

6.2  ZWBRATRMVEZE

SMBBH {E2h B ARGl B i B 2874y, Hi
LI AR IS T M kpe 2] mpe (1) 2318 R, HHAE
el ad L by T A SR AN 2 B 2 B 2
BB e Gt XA SMBBH iR PTA
FZsa) 5] Fy kR s (LISA. K. K2 2022 g
BT A BEAE R AR EE H AR AN RBE A5 0
M 5T SMBBH AR AL 7 g i FL A Y A
i PTA X 2851 738 0 380 5 A BT B 5t
AT 107-10" Mo 5l AR RURIA R S8, BERS 14
TIE AL T 1-10 FRIT] S BR, XX
AL T B AR RS CRI I CR BAT K
BEROG MEZTR, 2SR | S a2 BRI
AL T 10107 Mo JERENHIXURIR R 5L, REMEAS
Bl HUE SR, AR AR R A E
T4, HEATABRIN BN 218 2 > 10 [ 540 5240 ARt
A ARGE, T E AT R T2 L S S
S AR SR LI i 1.

X 2 I B A R F 7S LA B R
{H, FEABAEPAT =AT7 i B, @id*f i PTA
XLABFH (2 < 2) M=l | Bl deif w207
(z22) 19 SMBBH FAERIMMEER, Wl DARSH A
M S i B R R R R E T8 A5 JE BRI
s Hak, BAAFBEN SMBBH WL%HE, A
B B KR L 5% 28 8 e o SRR AR
TR 58 o KA F EE AR SE 8 P s B
Ja, SiETE 3 B AR, BERE IR AIRIT A
AR5 PR S A AL AR R AR Tk, AT 4
7 RS R i PR - H A B AR T [
ERA.

6.3 IR I 2 45 SR SOMMI 5 0F 5

TR AI GRS, FhlR e E RS T,
SMBBH 1 1 1 A £ il 25 Tl 20 64 A W AR ek
Fi 10667 . SMBBH 5 Ji Fil “L A i1 52 A AR T AL
2 S35 5 W LSRR P LS 3l g 2 AR O 9 i 2y
FEMAR L B o 7 A 22 9 B R PR AR G 707 xd

T | g A A P R R X AR B Y, AN
SMBBH FuEIA$E ML T X8 T B, B A AR
WA RGN EAY S U EENZ,
SMBBH F4¢5 | J7 i 8 515 8 o S Ry 3k A 40
(RP” ZA5 RSO 5 R FAT TR R it K
TRIGPIERPE T . T RSOML AN A S T R A i 1F
FEEAR, HA F B KRR Y A T 24 5

tF SMBBH [ T 422 FL #0000 T i R Bk K
24 HIRIF 5 5 BRSO LA H 7 e e )
M. FEHABEBERT, ERLERURIAG] 185 T
TV B BRSO ST W AR ey 1650730 2 00 S
(B Z SR 52, TR AR 2 O DO 2 T B — IR
BRI AR, 8 ARG o S I g W s, Ot
BRSBTS R o AR B g 747
TR G B T o S A A e i 2%, R R R A
AR AT . AR B A BLeFSE, SMBBH &
GERTRE A AT REAE O G 5 -

o WEBLARPIRDEAS : FOSURIAHILE 2 3h i ik
Wi AR SR 7 A A ) e A (74 71 e e s T
RE-S B AR AR C 2R, B AHSE T DR
i AR S1E 7 BT M SN E Rl i i35 s
45

o FUXTIEZ M 21 XU I B S B
FHRTE I, H 2230 50 3 5 A0 5 B AR R
AIE 1727780810 S iy 2 5L EE IE % R, (A
TEAESEAE AT RES AR SN I A B 5 1 152,

o BB TRIE S FEk: hAUERFLEZ S5
i B W 22 AR 5. AR R AR
FIFHE— AR BN, LA I ) 55 2 X7
Fi o B Ay AR AS B85 3 1 ST A B £k
Xz B 3l F124 20 B, 52 0 T0 18 X0 3 A0 108 ~F 1
P, 4 DX Hp PTG 2 1 R, A AT DA S M ) B A Sk
R T AR A1) SR T A 067 T AL 18O8TL o
XU ) 2238 30y, 2 A S LT, AR
S TR SRR Vi A B R A IR I B

o LMY Ko Kk 7F SMBBH R4, W
2 2 A ek Ka RS A 2B % 3 A
FRSTIADE R SRk Ko K PTERE M. %k
LR B AL M 2 AR AR 22 52 . RGN

013002-12

http://physcn.scichina.com

Page 12 of 18



O©CoOoO~NOOOTA~,WNPE

gooo:obobgobbd

Wrzlgess. hERE Pl s RIC¥ 2020 4F 550 % 45 13

DA BT 5 R e S R 22, XY
R TERE VR A S AR SMBBH & 481 H|
i 188-92]

o BBt FROURRR AR O s
D332 TR 28 A /G RS VIR AL 7). %y
ik T REWY B P RETAEY HE 2, FLIT BT 58
25 S V9 AT BB A B B AR 17095990 BT i 5 3 8
TR A S

o BSIIEBY: EEEE ARG EEL
B 77 A B A ] S0 4 2 il T T 4 FHIEA
SMBBH %% [10°,

SRR, B PSR 3 B e A A
RS (R B . AR . i SE Lk
REEFEE) |, M SEFR R R BEER ST RE R B 5
IR TIZ2ATA.

RAEGH®E X% Bl SMBBH i ik
A HOV1O3 - {HL g oA A A ] — {90 B ) ¥ A E K
SMBBH #4¢, H 3205 e T BUA ALl 0L e
AEAFAEZ PR T AENE, XEDAZE A PESSE. 78
Z AR RSOV AR, 3 — T A A AR AP
A2 HEZEG ] TR IR R e S PR L G f
eI 2R, BLAE—E 1 25 1) E LA EE AR SRR .
B XGOSR R BT R B B T XA
R, FFRERTHMEEF AN IEEF . o E %
W, 51 7S G IR A UL D TR AR Y S 40U B
o 8 A A B — PR T Be g . Bk = (1)
HLRE LI AT B Y A PR =S [ SE RS S (2) 7
Tt LEERN_E, 510 BAE 5 AR AR 280
R IE;  (3) XA HCRA TR
AR BT, 8 I ) AR AR (Y — B 5 T AT
PR JE R R, A RAT R s, 1M
WEWLI BE A (I IR A ZL AL 15 R 1K SE L ot 255
R Z I MG 5, M B PN A AR
R B0 T BlE) ™ SCAHXHE RIS s R, KGRI 6
E- LI IR T AT S SR R R e, —
2T IAUER) SMBBH FEAREAR KISl 545 0B
BRGNS 1)
B AR AR P 2 A U L RIS S .

7 HEiB

ITAER, kv B VT I FEAE AR 245 | ) I I 23
IS ERER. A NANOGrav, EPTA/InPTA .
PPTA. CPTA fil MPTA NCFEMEPRR PTA TAE
HOAED 240 BEIKV- BRI T k& a5
Wt SAFAE ) BRSSP 08 T S S
PEYE, H A mAh SRR RIRY s I
WRAE SR T8 T =S R RS | e S Al
FHTZM: FHAREMA S T 6e ™ 4T 5
FHIMBEK. —PHZ. SR AF
SHfith SMBBH %, #lit F PTA WV Rgd#—4#
) Sk H AN BRI TSRS | i S s S, (HE
R RGP R M AR R AA G B SRR
P, EFISHFSE T, £X%F SMBBH il C &
SRR (1) ETHISHERMZE AL
SRR (2) MRATTFHT 2R B A e AL
FIEAL (3) SEUb AR X HERIE Y MES AR AL [F]
B, 2% KT R B R I E SRt T
Z R HESE.

SRR 255 | 1R A AR BRAE AN AR
S50y T WA T R kR, AR T IRk
TG, 2T G Tk B X A3 B RIL T S R AR
PR AR, MR — IR RS A A
I R A R SORHR MR ST, XK PTA W
0B [B] P SE AR SR AT RS BE B s R, TR
L5 Iy AR T, REUZRR S A [HE AL
JEFE1E 3B RIANIERME, DA ki B AR
WA P R [ £ M P S5 0 Mg 7 T 0, LRI AR 8 T
TERORPRIG eAh, 215 [ A HRNAT 52 IR T rL g
XoF I AR SRR I BRVS AR VE, DAL | ) I A e i
DRI F 7 555 760 2 [ 20 38 25 5 T ) DR T Pk
M8, 33K 48 i) A ) o e R e B S ) 24 A I
SR 55 43 HTHESE.

JRBEARK, YUl 2451 I B 5T IR AR R R
BAE R NIOR R E RS FN, g
E Br 2 PTA A 1F2H 5 22 £7 52 00 0 454 o 38 1ok
IPTA % EFr A 1E-F & S g 3 = S BG4,
PRI R AR BT, A BT AR R N L i
SE5 | I3 SRR SEBEERRI, AT SMBBH

013002-13

http://physcn.scichina.com

Page 13 of 18



0
1
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

P RPOO0O~NOOTDWNEPER

gooo:obobgobbd Page 14 of 18

Wrzlgess. hERE Pl s RIC¥ 2020 4F 550 % 45 13

FOITREEe 05 [, BELS R st R B, XA LA . BRI Ak BOX
RN DR A R (S B PR T AR 2 RIS IR A B B, KEAE R R i DU
R 2R, PRIDRE, PTA S2E5U08REN  BREE. Sons] gk . T KD s s
7 (LISAL K. K2 PO220) MMy Basaimi 2z 2wV s m, #Esh 51 Iy, 24 A
MBI Z W BOMAR R, A2 FEERION R0 S A A RE.

B REERIEN AR S TR E A B
Sk
1 Abbott B P, Abbott R, Abbott T D, et al. Observation of gravitational waves from a binary black hole merger. Phys Rev
L, 2016, 116: 061102.
Foster R S, Backer D C. Constructing a pulsar timing array. Astrophys J, 1990, 361: 300.
Xu H, Chen SY, Guo Y J, et al. Searching for the nano-hertz stochastic gravitational wave background with the Chinese
Pulsar Timing Array data release I. Res Astron Astrophys, 2023, 23: 075024.
4 Agazie G, Anumarlapudi A, Archibald A M, et al. The NANOGrav 15 yr data set: Evidence for a gravitational-wave
background. Astrophys J, 2023, 951: LS.
5 EPTA Collaboration, InPTA Collaboration, Antoniadis J, et al. The second data release from the European Pulsar Timing
Array. III. Search for gravitational wave signals. Astron Astrophys, 2023, 678: A50.
6 Reardon D J, Zic A, Shannon R M, et al. Search for an isotropic gravitational-wave background with the Parkes Pulsar
Timing Array. Astrophys J, 2023, 951: L6.
7 Hellings R W, Downs G S. Upper limits on the isotropic gravitational radiation background from pulsar timing analysis..
Astrophys J, 1983, 265: L39-142.
8 Miles M T, Shannon R M, Reardon D J, et al. The MeerKAT Pulsar Timing Array: The first search for gravitational waves
with the MeerKAT radio telescope. Mon Not R Astron Soc, 2025, 536: 1489 —1500.
9 Phinney E S. A practical theorem on gravitational wave backgrounds. ArXiv Astrophysics e-prints, 2001: arXiv:astro—
ph/0108028.
10 Afzal A, Agazie G, Anumarlapudi A, et al. The NANOGrav 15 yr data set: Search for signals from new physics. Astrophys
J, 2023, 951: L11.
11 Vagnozzi S. Inflationary interpretation of the stochastic gravitational wave background signal detected by pulsar timing
array experiments. J High Energy Astrophys, 2023, 39: 81-98.
12 Cai Y F, He X C, Ma X H, et al. Limits on scalar-induced gravitational waves from the stochastic background by pulsar
timing array observations. Sci Bull, 2023, 68(23): 2929 -2935.
13 EPTA Collaboration, InPTA Collaboration, Antoniadis J, et al. The second data release from the European Pulsar Timing
Array. IV. Implications for massive black holes, dark matter, and the early iniverse. Astron Astrophys, 2024, 685: A94.
14 Ellis J, Fairbairn M, Franciolini G, et al. What is the source of the PTA GW signal?. Phys Rev D, 2024, 109: 023522.
15 Bian L G, Ge S L, Shu J, et al. Gravitational wave sources for pulsar timing arrays. Phys Rev D, 2024, 109: L101301.
16 Figueroa D G, Pieroni M, Ricciardone A, et al. Cosmological background interpretation of pulsar timing array data. Phys
Rev L, 2024, 132(17): 171002.
17 Sato-Polito G, Zaldarriaga M. Distribution of the gravitational-wave background from supermassive black holes. Phys Rev
D, 2025, 111: 023043.
18 Valtolina S, Shaifullah G, Samajdar A, et al. Testing strengths, limitations, and biases of current pulsar timing arrays’
detection analyses on realistic data. Astron Astrophys, 2024, 683: A201.
19 Chen Y F, Yu Q J, Lu Y J. Constraining the origin of the nanohertz gravitational-wave background by pulsar timing array
observations of both the background and individual supermassive binary black holes. Astrophys J, 2024, 974: 261.
20 Amaro-Seoane P, Audley H, Babak S, et al. Laser Interferometer Space Antenna, 2017.
21 Ruan W H, Guo Z K, Cai R G, et al. Taiji program: gravitational-wave sources. arXiv e-prints, 2018, 1807 : arXiv:1807.09495.

013002-14

http://physcn.scichina.com



0
1
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

P RPOO0O~NOOTDWNEPER

gooo:obobgobbd Page 15 of 18

Wrzlgess. hERE Pl s RIC¥ 2020 4F 550 % 45 13

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

Luo J, Chen L' S, Duan H Z, et al. TianQin: A space-borne gravitational wave detector. Class Quantum Grav, 2016, 33:
035010.

Arzoumanian Z, Brazier A, Burke-Spolaor S, et al. Gravitational waves from individual supermassive black hole binaries in
circular orbits: Limits from the North American Nanohertz Observatory for gravitational waves. Astrophys J, 2014, 794 :
141.

Aggarwal K, Arzoumanian Z, Baker P T, et al. The NANOGrav 11 yr data set: Limits on gravitational waves from individual
supermassive black hole binaries. Astrophys J, 2019, 880: 116.

Arzoumanian Z, Baker P T, Blecha L, et al. The NANOGrav 12.5 yr data set: Bayesian limits on gravitational waves from
individual supermassive black hole binaries. Astrophys J, 2023, 951: L28.

Agazie G, Anumarlapudi A, Archibald A M, et al. The NANOGrav 15 yr data set: Bayesian limits on gravitational waves
from individual supermassive black hole binaries. Astrophys J, 2023, 951: L50.

Babak S, Petiteau A, Sesana A, et al. European Pulsar Timing Array limits on continuous gravitational waves from individual
supermassive black hole binaries. Mon Not R Astron Soc, 2016, 455: 1665—1679.

Collaboration E, Collaboration I, Antoniadis J, et al. The second data release from the European Pulsar Timing Array. V.
Search for continuous gravitational wave signals. Astron Astrophys, 2024, 690: A118.

Zhu X J, Hobbs G, Wen L Q, et al. An all-sky search for continuous gravitational waves in the Parkes Pulsar Timing Array
data set. Mon Not R Astron Soc, 2014, 444 : 3709—3720.

Ferrarese L, Merritt D. A fundamental relation between supermassive black holes and their host galaxies. Astrophys J Lett,
2000, 539: L9-L12.

Gebhardt K, Bender R, Bower G, et al. A relationship between nuclear black hole mass and galaxy velocity dispersion.
Astrophys J, 2000, 539: L13-L16.

Tremaine S, Gebhardt K, Bender R, et al. The slope of the black hole mass versus velocity dispersion correlation. Astrophys
J, 2002, 574: 740-753.

Kormendy J, Ho L C. Coevolution (or not) of supermassive black holes and host galaxies. Annu Rev Astron Astrophys,
2013, 51: 511-653.

McConnell N J, Ma C J. Revisiting the scaling relations of black hole masses and host galaxy properties. Astrophys J, 2013,
764: 184.

Graham A W. Galaxy bulges and their massive black holes: A review, 2016, 418: 263.

Begelman M C, Blandford R D, Rees M J. Massive black hole binaries in active galactic nuclei. Nature, 1980, 287: 307 —309.
Yu Q J. Evolution of massive binary black holes. Mon Not R Astron Soc, 2002, 331: 935—958.

Sesana A. Systematic investigation of the expected gravitational wave signal from supermassive black hole binaries in the
pulsar timing band. Mon Not R Astron Soc, 2013, 433: L1-L5.

Chen Y F, Yu Q J, Lu Y J. Dynamical evolution of cosmic supermassive binary black holes and their gravitational-wave
radiation. Astrophys J, 2020, 897: 86.

Kelley L Z, Blecha L, Hernquist L. Massive black hole binary mergers in dynamical galactic environments. Mon Not R
Astron Soc, 2017, 464 : 3131-3157.

Katz M L, Kelley L Z, Dosopoulou F, et al. Probing massive black hole binary populations with LISA. Mon Not R Astron
Soc, 2020, 491: 2301 -2317.

Middleton H, Del Pozzo W, Farr W M, et al. Astrophysical constraints on massive black hole binary evolution from pulsar
timing arrays. Mon Not R Astron Soc, 2016, 455: L72—-L76.

Chen S Y, Sesana A, Conselice C J. Constraining astrophysical observables of galaxy and supermassive black hole binary
mergers using pulsar timing arrays. Mon Not R Astron Soc, 2019, 488: 401—418.

Agazie G, Anumarlapudi A, Archibald A M, et al. The NANOGrav 15 yr data set: Constraints on supermassive black hole
binaries from the gravitational-wave background. Astrophys J, 2023, 952: L37.

Wyithe J S B, Loeb A. Low-frequency fravitational waves from massive black hole binaries: Predictions for LISA and pulsar
timing arrays. Astrophys J, 2003, 590: 691 —706.

Fang Y, Yang H. Probing the delay time of supermassive black hole binary mergers with gravitational waves. Mon Not R
Astron Soc, 2023, 523: 5120-5133.

Mingarelli C M F| Lazio T J W, Sesana A, et al. The local nanohertz gravitational-wave landscape from supermassive black

013002-15

http://physcn.scichina.com



0
1
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

P RPOO0O~NOOTDWNEPER

gooo:obobgobbd Page 16 of 18

Wrzlgess. hERE Pl s RIC¥ 2020 4F 550 % 45 13

48

49

50

51

52

53

54

55

56

57
58

59

60

61

62

63
64

65

66

67

68
69

70

71

72

73

hole binaries. arXiv:1708.03491 [astro-ph], 2017.

Chen Y F, Yu Q J, Lu Y J. Pulsar timing array detections of supermassive binary black holes: Implications from the
detected common process signal and beyond. Astrophys J, 2023, 955: 132.

Vogelsberger M, Genel S, Springel V, et al. Introducing the Illustris project: Simulating the coevolution of dark and visible
matter in the Universe. Mon Not R Astron Soc, 2014, 444 : 1518 —1547.

Kelley L Z, Blecha L, Hernquist L, et al. The gravitational wave background from massive black hole binaries in Illustris:
Spectral features and time to detection with pulsar timing arrays. Mon Not R Astron Soc, 2017, 471: 4508 —4526.

Kelley L Z, Blecha L, Hernquist L, et al. Single sources in the low-frequency gravitational wave sky: Properties and time to
detection by pulsar timing arrays. Mon Not R Astron Soc, 2018, 477: 964—976.

Laal N, Taylor S R, Kelley L Z, et al. Deep neural emulation of the supermassive black hole binary population. Astrophys
J, 2025, 982: 55.

Wahlquist H. The doppler response to gravitational waves from a binary star source.. Gen Relativ Gravit, 1987, 19:
1101-1113.

Sesana A, Vecchio A. Measuring the parameters of massive black hole binary systems with pulsar timing array observations
of gravitational waves. Phys Rev D, 2010, 81: 104008.

Ellis J A, Siemens X, Creighton J D E. Optimal strategies for continuous gravitational wave detection in pulsar timing
arrays. Astrophys J, 2012, 756: 175.

Taylor S R, Simon J, Sampson L. Constraints on the dynamical environments of supermassive black-hole binaries using
pulsar-timing arrays. arXiv:1612.02817 [astro-ph], 2016.

Corbin V, Cornish N J. Pulsar timing array observations of massive black hole binaries, 2010.

Ellis J A, Siemens X, van Haasteren R. An efficient approximation to the likelihood for gravitational wave stochastic
background detection using pulsar timing data. Astrophys J, 2013, 769: 63.

Lam M T, Cordes J M, Chatterjee S, et al. The NANOGrav nine-year data set: Excess noise in millisecond pulsar arrival
times. Astrophys J, 2017, 834: 35.

van Haasteren R, Levin Y. Understanding and analysing time-correlated stochastic signals in pulsar timing. Mon Not R
Astron Soc, 2013, 428: 1147-1159.

Caballero R N, Xu H, Lee K J, et al. Chinese Pulsar Timing Array upper limits on microhertz gravitational waves from
supermassive black-hole binaries using PSR J1713+0747 FAST data. Res Astron Astrophys, 2025, 25: 035022.

Rosado P A, Sesana A, Gair J. Expected properties of the first gravitational wave signal detected with pulsar timing arrays.
Mon Not R Astron Soc, 2015, 451: 2417 —2433.

Moore C J, Taylor S R, Gair J R. Estimating the sensitivity of pulsar timing arrays. Class Quantum Grav, 2015, 32: 055004.
Guo X, Lu Y J, Yu Q J. On detecting nearby nanohertz gravitational wave sources via pulsar timing arrays. Astrophys J,
2022, 939: 55.

Agazie G, Antoniadis J, Anumarlapudi A, et al. Comparing recent pulsar timing array results on the nanohertz stochastic
gravitational-wave background. Astrophys J, 2024, 966: 105.

Barnes J E, Hernquist L. Dynamics of interacting galaxies.. Annual Rev. Astron. Astrophys., Vol. 30, p. 705-742 (1992),
1992, 30: 705.

Springel V, Di Matteo T, Hernquist L. Black holes in galaxy mergers: The formation of red elliptical galaxies. Astrophys J,
2005, 620: L79-L82.

Armitage P J, Natarajan P. Accretion during the merger of supermassive black holes. Astrophys J, 2002, 567: L9—-L12.
Haiman Z, Kocsis B, Menou K. The population of viscosity- and gravitational wave-driven supermassive black hole binaries
among luminous active galactic nuclei. Astrophys J, 2009, 700: 1952—1969.

Tanaka T, Menou K, Haiman ZOLTAN. Electromagnetic counterparts of supermassive black hole binaries resolved by pulsar
timing arrays. Mon Not R Astron Soc, 2012, 420: 705-719.

Bogdanovi¢ T, Miller M C, Blecha L. Electromagnetic counterparts to massive black-hole mergers. Living Rev Relativ,
2022, 25: 3.

Charisi M, Taylor S R, Runnoe J, et al. Multimessenger time-domain signatures of supermassive black hole binaries. Mon
Not R Astron Soc, 2022, 510: 5929 —5944.

Artymowicz P, Lubow S H. Mass flow through gaps in circumbinary disks. Astrophys J, 1996, 467: L77.

013002-16

http://physcn.scichina.com



0
1
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

P RPOO0O~NOOTDWNEPER

gooo:obobgobbd Page 17 of 18

Wrzlgess. hERE Pl s RIC¥ 2020 4F 550 % 45 13

74

75

76

7

78

79

80

81

82

83
84

85

86

87

88

89

90

91

92
93

94

95

96

97

98
99

MacFadyen A I, Milosavljevi¢ M. An eccentric circumbinary accretion disk and the detection of binary massive black holes.
Astrophys J, 2008, 672: 83-93.

D’Orazio D J, Haiman Z, MacFadyen A. Accretion into the central cavity of a circumbinary disc. Mon Not R Astron Soc,
2013, 436: 2997 —3020.

Farris B D, Duffell P, MacFadyen A I, et al. Binary black hole accretion from a circumbinary disk: Gas dynamics inside the
central cavity. Astrophys J, 2014, 783: 134.

D’Orazio D J, Haiman Z, Schiminovich D. Relativistic boost as the cause of periodicity in a massive black-hole binary
candidate. Nature, 2015, 525: 351 —353.

Noble S C, Krolik J H, Campanelli M, et al. Mass-ratio and magnetic flux dependence of modulated accretion from
circumbinary disks. Astrophys J, 2021, 922: 175.

Miranda R, Mufioz D J, Lai D. Viscous hydrodynamics simulations of circumbinary accretion discs: Variability, quasi-steady
state and angular momentum transfer. Mon Not R Astron Soc, 2017, 466: 1170—-1191.

Tang Y K, Haiman Z, MacFadyen A. The late inspiral of supermassive black hole binaries with circumbinary gas discs in
the LISA band. Mon Not R Astron Soc, 2018, 476: 2249—2257.

Ge J Q, Lu Y J, Yan C S, et al. Variations of light curves and broad emission lines for periodic QSOs from co-rotating
supermassive binary black holes in elliptical orbits. Astron Astrophys, 2024, 687: A57.

Hu B X, D’Orazio D J, Haiman Z, et al. Spikey: Self-lensing flares from eccentric SMBH binaries. Mon Not R Astron Soc,
2020, 495: 4061 —-4070.

Gaskell C M. Evidence for binary orbital motion of a quasar broad-line region. Astrophys J, 1996, 464 : L107.

Roedig C, Krolik J H, Miller M C. Observational signatures of binary supermassive black holes. Astrophys J, 2014, 785:
115.

Runnoe J C, Eracleous M, Mathes G, et al. A large systematic search for close supermassive binary and rapidly recoiling
black holes. II. Continued spectroscopic monitoring and optical flux variability. Astrophys J Suppl Ser, 2015, 221: 7.
JiX,LuY J, Ge J Q, et al. Variation of broad emission lines from QSOs with optical/UV periodicity to test the interpretation
of supermassive binary black holes. Astrophys J, 2021.

Ji X, GeJ Q, LuY J, et al. Variations of broad emission lines from periodicity QSOs under the interpretation of supermassive
binary black holes with misaligned circumbinary broad line regions. Res Astron Astrophys, 2021, 21: 219.

Yu Q J, Lu Y J. Fe Ka line: A tool to probe massive binary black holes in active galactic nuclei?. Astron Astrophys, 2001,
377: 17-22.

Torres D F, Romero G E, Barcons X, et al. Testing the binary black hole paradigm through the Fe Ka line profile: Application
to 3C 273. Astrophys J, 2003, 596: L31—-L34.

Jovanovié¢ P, Borka Jovanovi¢ V, Borka D, et al. Composite profile of the Fe Ka spectral line emitted from a binary system
of supermassive black holes. Adv Space Res, 2014, 54: 1448 —1457.

Jovanovié¢ P, Simi¢ S, Borka J V, et al. The comparison of an optical and X-ray counterpart of subparsec supermassive
binary black holes. Adv Space Res, 2025, 75: 1441 —1458.

Yi S X, Zhao W, Xu R X, et al. Prospects for time-domain and multi-messenger science with eXTP, 2025.

Giltekin K, Miller J M. Observable consequences of merger-driven gaps and holes in black hole accretion disks. Astrophys
J, 2012, 761: 90.

Sesana A, Roedig C, Reynolds M T, et al. Multimessenger astronomy with pulsar timing and X-ray observations of massive
black hole binaries. Mon Not R Astron Soc, 2012, 420: 860—877.

Tanaka T L, Haiman Z. Electromagnetic signatures of supermassive black hole binaries resolved by PTAs. Class Quantum
Grav, 2013, 30: 224012.

Roedig C, Sesana A. Migration of massive black hole binaries in self-gravitating discs: Retrograde versus prograde. Mon
Not R Astron Soc, 2014, 439: 3476 —3489.

Yan C S, Lu Y J, Dai X Y, et al. A probable milli-parsec supermassive binary black hole in the nearest quasar Mrk 231.
Astrophys J, 2015, 809: 117.

Shi J M, Krolik J H. How bright are the gaps in circumbinary disk systems?. Astrophys J, 2016, 832: 22.

Bowen D B, Mewes V, Noble S C, et al. Quasi-periodicity of supermassive binary black hole accretion approaching merger.
Astrophys J, 2019, 879: 76.

013002-17

http://physcn.scichina.com



0
1
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

P RPOO0O~NOOTDWNEPER

gooo:obobgobbd Page 18 of 18

Wrzlgess. hERE Pl s RIC¥ 2020 4F 550 % 45 13

100

101

102

103

104

105

Yan C S, Lu Y J, Yu Q J, et al. Microlensing of sub-parsec massive binary black holes in lensed QSOs: Light curves and
size-wavelength relation. Astrophys J, 2014, 784 : 100.

Tsalmantza P, Decarli R, Dotti M, et al. A systematic search for massive black hole binaries in the Sloan Digital Sky Survey
spectroscopic sample. Astrophys J, 2011, 738: 20.

Eracleous M, Boroson T A, Halpern J P, et al. A large systematic search for close supermassive binary and rapidly recoiling
black holes. Astrophys J Suppl Ser, 2012, 201: 23.

Liu X, Shen Y, Bian F Y, et al. Constraining sub-parsec binary supermassive black holes in quasars with multi-epoch
spectroscopy. II. The population with kinematically offset broad balmer emission lines. Astrophys J, 2014, 789: 140.
Graham M J, Djorgovski S G, Stern D, et al. A systematic search for close supermassive black hole binaries in the Catalina
Real-time Transient Survey. Mon Not R Astron Soc, 2015, 453: 1562 —1576.

Charisi M, Bartos I, Haiman Z, et al. A population of short-period variable quasars from PTF as supermassive black hole
binary candidates. Mon Not R Astron Soc, 2016, 463: 2145-2171.

Progress in the detection and study of continuous nanohertz
gravitational wave sources
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In recent years, pulsar timing array (PTA) experiments have made substantial progress in probing the
nanohertz gravitational wave background, propelling the search for continuous gravitational waves (CGWs)
from supermassive binary black holes (SMBBHs) to the forefront of astrophysical research. This review
systematically synthesizes key advancements in the field. On the theoretical front, a comprehensive frame-
work has emerged for modeling SMBBH dynamical evolution and population distributions, incorporating
semi-empirical models, post-processing techniques, and phenomenological approaches that provide robust
foundations for observational studies. Observationally, CGW searches have become an integral component
of standard PTA data analysis pipelines, with continual improvements in timing precision and noise char-
acterization. Nonetheless, statistically significant CGW detections have yet to be realized. With increasing
observational time spans and improving data quality, PTAs are poised to achieve the first robust detection of
CGWs from SMBBHSs in the near future. Sustained progress in this field will be driven by integrated efforts,
including joint analyses of continuous and stochastic signals, coordinated multi-band observations with future
space-based detectors (such as LISA, Taiji, and TianQin), and multi-messenger approaches that incorporate
electromagnetic counterparts. Collectively, these developments promise to revolutionize our understanding
of SMBBH formation and evolution, enable novel tests of gravitational physics, and offer new insights into
early-universe cosmology.

continuous gravitational wave, supermassive binary black hole, nanohertz gravitational wave, pulsar timing
array, multi-messenger gravitational wave astronomy
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