A Z L& 20255 F70% F3MW 373386 %, CRIEERE) Jebsit

BARE BRI &P BN AR ES 7" SCIENCE CHINA PRESS

@ CrossMark
<

B K o B R B B XU T & ——3)) J1 A AL
R

X A

WL A B 272 B RSO T, BJH 310058
E-mail: liubin23 @zju.edu.cn

2024-06-03W ki, 2024-09-011& 8], 2024-09-184552, 2024-09-19 4% i K& %
E XK BRI &N E IR A TUH %8

WE BEEALT, ERAFCE@E—NMEARERFASAZLAENZER. EAAR 2ot 8EE. &E
E, EERNEARG. ARXMIET, FERFWWELBHEER, XEZ R R ENEN. MBFHHFEKER>
ERGI BRI, AMUTTRAREFATERERIIE ENTY ARG 6. £k, RANAERAEERT RXEw
FEFCBARERRNKAZ I TECEZREH6, RETHRARERRAF S A4 oL —REW KR

L5, MR T v 7 B9 WL AR AE .
KA B, 510, NRF AL, 34k

ERNER/EEi R el R U A B3
155 LAK, LIGO-Virgo-KAGRA PME A Z(LVK) & T J&
T3UOMMATSs, Hgmist 168 1904 51 J1 R i v
H M, Ho A5 29804 WU T & FH4F. 20 1
BEIGFEML L T E-BiF6F 0% B2 E
AT, BN A SR R I 100Me, #EN T H T
R REER, S — RN KT BE 2.6 M
B, XS IE A I TE I 0UR R I B 1 e 5 R
B BB B S DY IE AT T, LVKCHS
SR L (1 BIFERE, A AT LG A XU H R
(AR PEEA T D123,

LA R LN 2] P X B I SRR, FRATT
ZRR N B AN B AN B0 L DL e HT B R T
5 A R A BT, 04 75 B AR (R R TE X e
ATV R PE R MR SR 1, 350 B SR A I AR
PET P RIRIE, 1 e R SUR IR IE 1), X — IR TE 3
AT P R AEIINL I BUR R G A I BE I TR,
B A B SRR X — TR R R, R 2 (]
1) 2 T D I < A IS (B I o e 7 ) B A

A Z A ARFRE P U R ) T A A R AR .
B 28T BRI XU PR I 8] B2 8 /), EATME A T REAE T
RIEE 6 P9I, RO ADIN ) 51 A7 3R, F k& 2h 7)
PRI, X SR S A AR AR 2
SEAEAR T, B SO 5 55— A R B0 R R
B A20T S A 2 R AR AE A B 2 A
2 A1 A6 R R L R X, R KA AR, &
it o 533 B R AR S SRR SR A A, BRI ) von
Zeipel-Lidov-Kozai(ZLK)HLH, £ I 6] RUE _E A2 ey
By, RZ&5| SRURFIEEP .

RZHOR R OHIAE A R A —
AN K 5 R AR % R A R A R B SR R BRR
PRI A R o e AT e HH N R 2, H L AR
FEABL, i L ey i rh B B AR 2B R iz — 023,
1 B2 P 55 K B TR B A7 A S R R L O BT T
e 18 A2 2 g 2 R ARSI L AR I A IR, —
AR 59 A R ) T A 1 % ) AR b B ]
R BRI B 2l sl .

MERAE F LR, BB R0 808 B XUR T 1

5l A&

10.1360/TB-2024-0593

XM 88 K5 2 R I PR XU I ——30) ) A AR I RURE. B 243d 4, 2025, 70: 373-386
Liu B. Binary mergers near the supermassive black hole—Secular effect in the orbital evolution (in Chinese). Chin Sci Bull, 2025, 70: 373-386, doi:

©2024 (PEFEY M

www.scichina.com  csb.scichina.com


http://crossmark.crossref.org/dialog/?doi=10.1360/TB-2024-0593&domain=pdf&date_stamp=2024-09-19
www.scichina.com
csb.scichina.com
mailto:liubin23@zju.edu.cn
http://doi.org/10.1360/TB-2024-0593

M FZ BB 205518 0% L3

FHUAN 8, TR 8 52 22 B8 IR 35 U M), 1K 8 ) 35 B A%
BB LA 8 0T & SR (1 5, 38 AL AE R
A BRI 1 B AR K 3 ) 5. B RO
B REIR S g 1E B ) (A B AR T B &, AT A R
TEUE BRI . SR, Ak O o R ) A
15T B0 A2 B A0 DX 380 B R O K, X AE — o8 72
A TSR BT . B OUR E A% A T R,
Bl f Jg M e R A AT RS RUR P AR i — 2D A
B H, 1% S84 FH AT RE 03 XU &R 40 1 1) B, 2 4 XU
SRS BUR, B2 BB R G ARN635:301
R 2 B R 5] 3t B0 B SUR AL R R R
F . AT RE G| R OB UTE o0 Z6 1) JE PR B0, d
R ZUKHR % i 4 ] BEAR A XUE IR G038 RS E R
H% Hp, R Ko 2 T i R 11 A I AR A A 2 X XU 1)
B 15 AR R . R 5 S B A B 2 e
LT [B) FER O 3R, A N TR 00 - B2 R G 2 T 1) 3R
PG, HARRE T XUR B AR Fhofh ke B4R A 15
U B OUR B2 BRIE S 9 230 HE LUK B T

AL AE RN R K 2 2 30 40 X ek 8
R NUR B AL AR S R A I G AR BT RE n, 2 RL
B RGBT AE — AN 0 5 =R 2, H LR
BB SRR O ERE, NZ RS 7T RES T — P AR
NZLKI K ARG, X Pl 2 T SO0 $UIE 1) i O
BN TE TH 77 1) A2 o) B ) 35 A8 k. SRR SR 4
51 JTUR I, B = AR B AFAE A o [E A Ak ) — A,
DU BT 0 32 vk, AT HE S T AT SE Pt ) SR A B
XTZLKNE 51 A ) BUHE R FF 60X — SR, JRATT 7 4 1)
BT ZIRIE I RS G, X S R B 5 T ZLK IR 1
FAB AR BUR 0 Z BV 5 = Ak R G0 LT &5 14
Z I AT 2 &R, DA RCBUR TR 28 ARG N I 9F A it
PR OB R, ATCHR R 1 1% 18 P A i phoRs w]
SDRFAE, 47 50 2 BB s AR M, 1F R X 2 AN R B
IETE AR, X S AR AT TAE, BATRE ST ZLK
SIHEHLHAE B R . ST IR E T
TR B PR I PR O Bl 7 25, K5 i B A B i ok
()R S5 A 05 2 B i 0 U (4. B Ao, 5
& S8 (NZLK TS 3 T & B A B AN [, 8 50 AR X8
RN e % 2 25 1 SRZLKHL I R I XR IR F A . R
R K SRV B I D /0N J5 R O A A T gk B B, i
T 1SR € ) 71 5 AT 9 Re % 2 TREE R & R
1 E, X AR I AR AT 2R B K ST Y R R

374

TR AT RENE. BEA, 3X L ks Ko B SRR A AR
RN AN =R RGGIN T — a8 0 38) )1 53R,
iR S B IE IR, R AR BRI R IR S
SBtBY ). fea, BATER 1RO R T AR % 2
HE (et R PR BRI & FF B R e L34

1 F=KRESHEEE
1.1 BEH=ZREWI 1%

ZR— N EAEBEREM =R RS, EH— N
KB R G A — N AR UR R . SR i &
A Ramy Eimo ) ST 2H R, AT e A BRI R
RN G — A, R B K BiEAm T A
e T ANOUR R, WEI TR, 8T SRS R A A
REA RGN J15 R, 5IN T 2940 i & S, Xt
THANUR, HA40 50 &2 L = mima/(my + my),
Hout = [(my +mo)m3]/(my +my+ms3). A, IEHER] 7P
ANEIE OB LT 2 H: BB K, 300 Aain S aou;
PASBNE A 0 ZE (6 2R), 53 0 N ein S eon. 3T IX LS AL,
A DL — P RR AN PIE B A B

Lin = LnLin = ptin \/G(ml +my)ain(1 — €2) Lin, (D

Loy = Low Loy

= HouJGOm1 + 3+ my)dou(l = &) Boe (2)

BT RATHE AR R =R R G, AVE ) K%

1 XU S8 i R o e BRI ALk B = AR R G A TR . TR )
Jot R PRI AR (my S )AL B, LG8 55 = 4 (mi3 ) R AN XU
PRI (VI BTE 11 B8 R 73 00 Lin 5 Low

Figure 1 A schematic diagram of the three-body system consisting of
a binary black hole orbiting a supermassive black hole. The stellar-mass
black hole binary (with masses m; and m,) forms the inner binary, which
orbits the third body mj3, creating the outer binary. The orbital angular
momentum vectors of the inner and outer binaries are denoted by L;, and
Loy, respectively
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Figure 2 The evolution of the orbital and spin dynamics of a binary black hole under the influence of a supermassive black hole as the third body. In
this example, the system parameters are n; = 30My, my = 20Me, m3 = 2.3 X 10° My, ao = 500 AU, ey, = 0. The initial values are aino = 0.1 AU,

eino = 0.001, Iy = 84° and Hg’l = 0°. (a) The orbital and spin evolution without considering the gravitational radiation of the inner binary; (b) includes the
effects of gravitational waves
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Figure 3 The excitation window of the inner binary’s orbital eccentricity, i.e., the dependence of the maximum eccentricity of the inner binary on the
initial inclination angle between the orbits. The system parameters are m; = 30M, m, = 20M, ai, = 0.1 AU, agy = 500 AU. Initially, both the inner
and outer orbits are circular. All results do not consider the gravitational wave radiation effects of the inner binary. The green data points are from the
standard Kozai effect (considering only the relativistic effects of the inner binary), while the purple data points include the relativistic effects on the outer

binary induced by the supermassive black hole!*”!
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Figure 5 (a) The parameter space influenced by the relativistic effects of the supermassive black hole. The system parameters considered are
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(1 year). (b), (c) The evolution of the binary near the supermassive black hole and the variation of the orbital angular momentum direction over time
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Iy = 19° (b), and aey = 10 AU, I = 93.3° (c)!"%!
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Figure 7 A schematic diagram illustrating different formation channels for GW190521-like gravitational wave events. The final merging binary may
originate locally, through binary-single interactions within star clusters, or via binary-binary interactions. Typically, the resulting black hole binaries

cannot merge within the age of the universe solely through gravitational wave radiation. However, the presence of an external “fourth body” can induce
the Kozai effect, leading to a rapid merger!®®!
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Binary mergers near the supermassive black hole—Secular

effect in the orbital evolution
Bin Liu

Institute of Astronomy, School of Physics, Zhejiang University, Hangzhou 310058, China
E-mail: liubin23 @zju.edu.cn

The center of a galaxy is expected to contain a supermassive black hole (SMBH) surrounded by a nuclear star cluster. Inside
the cluster, there is a broad distribution of stars, compact objects, and even binary systems. In such an environment, the
evolution of binaries can be affected by a variety of physical processes. With the discovery of gravitational waves (GWs)
from merging black hole binaries (BHBs), extensive research has been conducted to understand the formation and merger
of compact binaries. Here, we theoretically review how binaries evolve and eventually merge under the long-term influence
of a central SMBH. We summarize the key conclusions of this dynamical channel of mergers, including: (1) Gravitational
perturbation from the SMBH induces von Zeipel-Lidov-Kozai (ZLK) eccentricity oscillations of the BHB, which leads to
enhanced gravitational radiation and merger of the BHB. The maximum eccentricity of the BHB due to ZLK effect can be
derived analytically and the modified merger time of the BHB is presented. In this tertiary induced channel, we find that
the spins of black holes (BHs) preferentially lie in the orbital plane when the BHB enters the LIGO band. (2) Because the
tertiary (SMBH) mass is much larger than the masses of the inner BHB, several general relativity (GR) effects involving the
SMBH can generate extra precessions on the binary orbits and qualitatively change the dynamics, significantly increasing
the inclination window for mergers and producing a wide range of spin orientations when the BHB enters LIGO band.
For the BHBs that emit GWs in the low-frequency band (0.001-1 Hz), we show that the rate of change of the angular
momentum vector of the BHB encodes the information on the spin of the SMBH due to the GR effects. Detecting GW's
from compact binaries around SMBHs can provide a new probe of the spins of SMBHs. When the BHB moves around
the SMBH in a less inclined orbit, we show that the inner binary can encounter an “apsidal precession resonance” and
experience eccentricity excitation during the orbital decay due to gravitational radiation. This resonance occurs when the
apsidal precession rate of the inner binary matches that of the outer binary, with the precessions driven by both Newtonian
interactions and various post-Newtonian effects. The resonance and the associated eccentricity growth may occur while
the binary emits gravitational waves in the low-frequency band, and may be detectable by future space-based gravitational
wave detectors. The hierarchical mergers in multiple stellar systems can occur. We show that the binaries that have survived
the SNe and kicks generally have too wide orbital separations to merge by themselves, but can merge with the aid of an
external companion that gives rise to ZLK oscillations. The merging BHBs GW 190412, GW 190814, and GW 190521 from
the third LIGO/VIRGO observing run exhibit some extraordinary properties. We suggest that GW 190412, GW 190814,
and GW 190521 could all be produced via hierarchical mergers in multiples, likely in a nuclear star cluster, with the final
merger induced by a massive BH.

black hole, gravitational wave, N-body problem, resonance
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