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Figure 1 Artistic image of the neutron star-black hole merger. The
black elliptical region in the center of the figure represents the black
hole, and the blue object at the upper left corner is the neutron star, the
colors at other regions reflect the relative changes of the spacetime

relative to a flat spacetime. From LIGO website: https://www.ligo.
caltech.edu/image/1igo20210629f
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Figure 2 The time-frequency diagrams of GW200105 (a) and GW200115 (b)m. The horizontal and vertical axes represent the time and the frequency,
respectively. In the panel (a), the data from LIGO Livingston clearly shows a chirping signal with yellow color, which is the GW signal GW200105. In
other panels, the GW signal can be revealed by the detailed data analysis though it is not clearly seen
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Figure 3 The sky localizations of GW200105 (a) and GW200115
(b)m. The horizontal and vertical coordinates represent the right
ascension and the declination, respectively. The solid and the dashed
curves represent the 90% credible region from two different analysis
methods. The colorful regions are the heat maps obtained by using the
same analysis method as that for the dashed line, and the darker the
color, the higher the probability

fE R BALEIAIH R = W2 TR, KT A25M,, R
TR R RZ PR Z RN, BARMZRIE T REZ 48
AR R DUR RGP R AL B2 P — e A
HIRHEAE LSRR, SRR R —HE, (B85 RHA
R,

Ty - R GG AT s e H A, MR-
EXUR ARG IHLH] FEZA 3P (1) IRSL U A
(2) BRSBTS AR, (3) W8 2R HISE O
R PR SR A SRR, AR, T PRt 2 L
FERIERUR, JRSLAR BT BUR R K 1l Jeln
PRI R 5 b F AL, 3 RIS U AL R,
MIAERR R R AT, A T B0 e R s R,
I B S AT =R PR A AR, SSH eI A,
78 I — U S — b RS, X R
R iaRte. HEGEA 5 —Fah i ak o, RI7E
R REWID, —SeHUERUR RS RS A A
M, HBGE R i S BOUR RIS, MR T,
80% 1 H B2 - i SURAE I TR AN 22 A L Bl g 22 e (D
PEERAZUUE), 3 — i S I BUR AL L BRI, SR, ansf
XU —IF ARG 2 2 AL AR BUE IR Ry, T
AR IE VR RGBS, ATLLRECEL
PRI, X AR IR A, X —WUR A SRRt ]

2612

BB RS 5IE, MIHASHEZ SRS )E
(7=, (AR R A A RARAR, JLF- T LA Z s

PBRBEARIRI A v 2 - BRI, e B e T AEAT DA
SRR AR A R AR N R A T - BRI A A E,
R ep 7 B - PR 9 A B R 8 R ) S A AR R 2
B AHREE, RFRBRE 2SR 2 LA B g 3
Hh, ISERUR AR IR 25 H 9 20.1~800 Gpe ™ 4E" *(Gpe
F10fZFb2EER, 1R RN 3 26 GAR A R, AR B dh3)
IR HY20.1~100 Gpe ™ 4 ) Bl L 1A hg) )y
IR FIFFRATCRA0.01 Gpe™ 4 o' ™'), 1% 3h
AR R SRR LI k300 Gpe® 4ET AR
GW200105F1GW2001 1594, AT MOULI | B b b+
-SRI A SRR 2, R 227.4-320 Gpe”® 4T UL
I, GW200105HIGW210115JL-FANA] GERL IR T HH % 2 H sh
SEAREAEH, (HHEALA LA IEHLE 5T SR —A 325 T2
FGW200105FIGW21011SIX KL 7 B - IEG RGN TE
I, AJ5AE TR — A 0 e B .

X R T AT 49T B - BT R S 3R a3 WU &
AR [ R SCAE MR, —Jy T, B R-RR A
RAMFRB AL, m L FRUhFRIFE R AR SRR
FHE(CH13~1900 Gpe 4F Y, 55— 5, SV TR -SRI T
BRIFAR AR IR (CH17.3~45 Gpe ™ 4 HIE, (Hi %
PRI B SRR R G5 P ) R B o LR BB, L
FEMNBREREZT, BMERSHEE T, hFR-BRUEI
A5 AE T 55 T ORI I & M E g 2], A, 52
R b4 2 i 7 B - BRI G i S R 2 2R E 5
BIZEAEEI, T EARA AR A R 2 7r BLim.

3 v RE-IRIAAUE RSl e

— BRI SUR RGP IR, BUR SR 24wt
TN R RERE AN M e, HEMSUR BE 2, P
R IHOR MO, S B HORBR, RN 5| TS
MG, FR A9 RE R A A S BOR R Z, REAS AE f
Mo MR I REHE S A, REIE DR, XA
SRR R UUR RGER LB A Sl iy AT e, 552
THRA R AR, FAE U IR A8 . IF-G I hREL
JELR 7 BRI R A 2T IS | D BRI AR ).

TEH ¥ B-MRIF ISR R A A p e b, dunlge 3t
PR EI 28 S5y, ARSI ) R B/ N T 296M s RIS T
B/ NT291.5M,,, A FTREHP T R AERA SR Z B R
TR e b, TSSO AREE, 7 AR i =5 S AR B FIAH
JIVA; BB 2N (0 e D R 7 e A Ry SU XU A i
TSN R 5 B 2 AT 3R S E OO R AR, IFAE
Serpersh s BR At 2, BT R, T,
PERE TR - BRI 05 L PP I A R S S LB A T
TR SR BRI AR FL R IOEA, AT PR D 0 B B PR 3,



NI A] T 22 A5 (5. R BRI 64 S5 KT 2 6 M, B
TRIBTEBER, BRI AR LU 7 2R, b
TRIWZ RS R A — LW IE A, a8 S g R A .
TGO, b B -BRIR I A ek i .

4 FLREOYI 1At - IR TEDRUR S H

7 AT LA I P 7 R - B U 28 LA R I PR A
SIS RGEME 124N, @] L i e 7= 0 B R
FEOREE. W LA, AR SERUR PR R A
T vl P (0% F1 402, BRI R R S R S5 v - T
S HURERR T, X B A L B B R R . XA
BB PR A v i) SRR S b K, RIS i B A B A/,
T AR R R R S M, T A B R
TEER S (1 AIGW200105). AR, H T35 195 f51) S A A B 5 sk
O~ 10fZIEAFBINL B, R E T 22 AT 2] Fi R %o Lo R B R A
EIFAFHGWI170817(HEE HhER 1.3420C4F), EAA IR 2
w2, ULEMEA 2SR S B R 51 2. R, T
JTTE R X B MR 2SI EL A K, BRIULEIME =4 T S 5,
WATTRER T HATEEE ARG IR R, s Bngiskn
B 35 HARIR A B e K IX PSRl miss i 7 HARE, S380%
7 R0 305 W 5 A 1) FL R AR

T RN, 2R RA 410 kmAoh, HILh 2R
PER ST AELI OS], FJ,  AATTHEIT RE A Bh 5 o e S
e, T PREER: B AP S AR R RE S A FE m— AR
W, RGeS, 25 AL YSRGS 7 1 R ST e R S, AT
HER, T LRI ) e e bk o, IR TV 11 i e
LB SUR R A o B ke B, gl T L e R
MF-Bok TR it o op 7 2 - XUR R 5. 1 /el i 7T bk
R R ST B BRI AE Tk, e R B AEE R L R
PEEM R, PRI E R AOES G, nTRERH
R SRS R R . IR T AR R R, I
LK FE A FH S E LI B S - R RS, R
AL AT AR ST F R RS, EILZHT, R RN A
B &M — I R T 2020 W0 72, (Hif )k
PRI 7 - PR AU 2 g R, S 4] T R - TR XL
BEAUUZG 15— UM B AR 1 R 5, 302 A H AT
55 IR FPFBOA TR BN 5 — K. XABRIA S| e
TR R BUR R G807 A bk, ARk, ABa A b

[E] KHR(Five-hundred-meter Aperture radio Telescope, FAST)
FIAFN T2 FLRF (Square Kilometer Array, SKA)S55TH 22
MW 5 EMrh T E-RINE RS AFT 51010
PR, F R LI P Ao AR T TR A Ay - PRI 3L
EFREEMIITTE, WA LERE T8 m 7 2RI A
Fa LA K B - RS ARIR.

5 Ak

o B - SRR ORI 2R RAR S & 31—
B, A LA AR ST SRR RN LT SR F e
SRR, AR IR h o 2 -SSR EEGR T — A
TR, R AR PR LA 3R ECE BUR A P B
BT, AHX R AZSA T SR T i — A8 1 T iR
51 F3 BN AN ZAF 0 R SCEF I NG B B R, T AR

HA10~204F, HEET| 1 RICH, Rl 2 HE Mo i 2
[K| 30 B2 1545 (Einstein - Telescope, ET)[IS]JEH%E@?E%J%
#(Cosmic Explorer, CE)'"EM IS =031 IBARM A, #
PR LA TS SR I A S, Kol KiE
) v s W L A AP 7 R N P 7 R - B O B 2, S SNy
5 By AT G-t R AR 3R i v e R ) B B R o R
RIS TTE, Hethh 2 5 RINZ 55, R KRBT ()
H 2 AR R TR A R 3R AR, R SRR
SIr3s, EERUSH| e At RS, J34h, AT
WNG BRI B DRR I G AR A F RN REAR. AR, F b
AT -5 25 [B] 1945 D B3 11 Bz 5 2 ) R i 1 TR B 45 U X1,
PR | R R AR, IRAFRES &5
P AR L 45 2B IR RSO RsE. R —Le O,
BRI M B B AN 25 R B A S 5 X — 1R, X
SSEH AL AG I R R I e . IR T RS, ZSEK
51 7 I 7 v R LR G B R A RS T2 T B DR A
A [ 2 )t LA R B i 4. xtrp 7 B -BIRXUR IS &
G 2 RPN S b7 2-BRIFEh R AENEZ R
Ry R R, S B AT i T Ol E T R A AR IR
FUE 8 LA B AN B 2 A T AL S5 SR . [RIA, %A1
AR 25 R R 1) LR D U0 D R B R B P F AR - TR OB,
S eR o R - B SR SRS, BT S B 5 T
TR ERM TS HoNANTE, B HIRR AR R G n R . AL
PSSPt uy

ot R E R EEA LT X(2020YFC2201400). B K 8 AR 4 (11690024)F0 & B A5 [ B 24 M 58 5 B £ TU(B %)

(XDB 23040100)%¢ B .

) 15 SR

1 Abbott R, Abbott T D, Abraham S, et al. Observation of gravitational waves from two neutron star—black hole coalescences. Astrophys J Lett,

2613


https://doi.org/10.3847/2041-8213/ac082e

M4 %8 & 2022588 H£67k %228

10

11

12

13

14

15
16

2021, 915: LS

Abbott R, Abe H, Acernese F, et al. Tests of general relativity with GWTC-3. 2021, arXiv: 2112.06861

Mirabel F. The formation of stellar black holes. New Astron Rev, 2017, 78: 1-15

Abbott R, Abbott T D, Acernese F, et al. GWTC-3: Compact binary coalescences observed by LIGO and Virgo during the second part of the third
observing run. 2021, arXiv: 2111.03606

Broekgaarden F S, Berger E. Formation of the first two black hole-neutron star mergers (GW200115 and GW200105) from isolated binary
evolution. Astrophys J Lett, 2021, 920: L13

Belczynski K, Kalogera V, Bulik T. A comprehensive study of binary compact objects as gravitational wave sources: Evolutionary channels, rates,
and physical properties. Astrophys J, 2002, 572: 407431

Broekgaarden F S, Berger E, Neijssel C J, et al. Impact of massive binary star and cosmic evolution on gravitational wave observations I: Black
hole—neutron star mergers. Mon Not R Astron Soc, 2021, 508: 5028-5063

Fragione G, Banerjee S. Demographics of neutron stars in young massive and open clusters. Astrophys J Lett, 2020, 901: L16

Hoang B M, Naoz S, Kremer K. Neutron star—black hole mergers from gravitational-wave captures. Astrophys J, 2020, 903: 8

Clausen D, Sigurdsson S, Chernoff D F. Black hole—neutron star mergers in globular clusters. Mon Not R Astron Soc, 2013, 428: 3618-3629
Sedda M A. Dissecting the properties of neutron star—black hole mergers originating in dense star clusters. Commun Phys, 2020, 3: 43
McKernan B, Ford K E S, O’Shaughnessy R. Black hole, neutron star, and white dwarf merger rates in AGN discs. Mon Not R Astron Soc, 2020,
498: 4088-4094

ZhuJ P, Wu S, Yang Y P, et al. No detectable kilonova counterpart is expected for O3 neutron star—black hole candidates. Astrophys J, 2021, 921:
156

Chu Q, Yu S, Lu Y. Formation and evolution of binary neutron stars: Mergers and their host galaxies. Mon Not R Astron Soc, 2022, 509: 1557—
1586

Hild S. Beyond the second generation of laser-interferometric gravitational wave observatories. Class Quant Grav, 2012, 29: 124006

Reitze D, Abbott R, Adams C, et al. The US program in ground-based gravitational wave science: Contribution from the LIGO laboratory. 2019,
arXiv: 1903.046

2614


http://arxiv.org/abs/2106.15163
http://arxiv.org/abs/2112.06861
https://doi.org/10.1016/j.newar.2017.04.002
http://arxiv.org/abs/2111.03606
https://doi.org/10.3847/2041-8213/ac2832
http://arxiv.org/abs/2108.05763
https://doi.org/10.1086/340304
http://arxiv.org/abs/astro-ph/0111452
https://doi.org/10.1093/mnras/stab2716
http://arxiv.org/abs/2103.02608
https://doi.org/10.3847/2041-8213/abb671
http://arxiv.org/abs/2006.06702
https://doi.org/10.3847/1538-4357/abb66a
http://arxiv.org/abs/2007.08531
https://doi.org/10.1093/mnras/sts295
http://arxiv.org/abs/1210.8153
https://doi.org/10.1038/s42005-020-0310-x
http://arxiv.org/abs/2003.02279
https://doi.org/10.1093/mnras/staa2681
http://arxiv.org/abs/2002.00046
https://doi.org/10.3847/1538-4357/ac19a7
http://arxiv.org/abs/2106.15781
https://doi.org/10.1093/mnras/stab2882
http://arxiv.org/abs/2110.04687
https://doi.org/10.1088/0264-9381/29/12/124006
http://arxiv.org/abs/1111.6277
http://arxiv.org/abs/1903.046

Summary for “ A\ 28 KM 2 7 2-BHIFEE

The first detection of neutron star-black hole binary mergers

. 1,2% . 1,2%
Youjun Lu ™~ & Xiao Guo

' National Astronomical Observatories, Chinese Academy of Sciences, Beijing 100101, China;
* School of Astronomy and Space Science, University of Chinese Academy of Sciences, Beijing 100049, China
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On June 29, 2021, the LIGO, Virgo, and KAGRA collaboration published a paper to announce the detection of two neutron
star-black hole (NS-BH) merger events GW200105 and GW200115 via gravitational waves (GWs). This unprecedented
discovery is selected as one of the six surprising records science set in 2021 by Science News.

The first event, GW200105, was caused by the merger of a 8.9'; % solar mass (My,,) BH with a 1.93M,,, NS at about 900

—0.2

million light years away from Earth, and the second event, GW200115, was caused by the merger of a5.7") 1M, BH and a

1.5"07M,, NS at about 1 billion light years away from Earth. The mass of the massive component in each of these two
binaries, determined by the GW data, is larger than the minimum mass of all known astrophysical origin BHs (~5M,,), thus
it must be a BH, while the mass of the light one is less than the maximum mass but larger than the minimum mass of known
NSs, thus it must be a NS. The detected GW waveform of each binary indicates some tidal deformation of the light
component, which is also consistent with a NS nature of that component. The sky localizations of these two events are
poorly determined by the GW waveforms, i.e., about 7200 and 600 square degrees for GW200105 and GW200115,
respectively.

NS-BH systems can be generated by different mechanisms, including the evolution of isolated binaries, the dynamical
interactions in dense star clusters and young star clusters, and the star formation/evolution and interactions in the gaseous
accretion disk around supermassive BHs in active galactic nuclei. The NS-BH merger rates resulting from different
mechanisms may be different. The inferred NS-BH merger rate from the detection of GW200105 and GW200115 suggests
that the dynamic origin in dense star clusters may be ruled out.

Some NS-BH mergers may lead to electromagnetic radiation. If the BH component of a NS-BH merger is small, the NS
may be tidally disrupted and an electromagnetic (EM) counterpart, i.e., a kilonova, emerges from the merger. The NS can
be directly plunged into the BH without EM radiation, however, if the BH mass is significantly large. No EM counterpart
was detected for the two NS-BH merger events. This could be due to that either no EM counterpart is generated from each
merger, or the generated EM counterpart is too faint to be detected or simply missed by those telescopes searching for it. In
addition, a NS-BH binary may be also directly discovered by monitoring the variation of the arrival time of pulsar pulses
with radio telescopes, if the NS component is a pulsar.

The detection of NS-BH systems can be used to not only constrain the evolution of (binary) stars and the nature of NS and
BH, but also test the high mode GW radiation and the theory of gravity. In the future, GW and EM waves will inevitably
detect a large number of NS-BH binaries and their mergers, which will be of great importance for investigating stellar
physics, compact objects, gravity theory, and even cosmology.

gravitational wave, black hole, neutron star, binary star, kilonova
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