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Formation Channel of NS Mergers

Isolated Binary Evolution Channel Dynamical Channel

R!"#,"#!%~a few 100Gpc-3 yr-1 R!"#,"#!%<0.1Gpc-3 yr-1≫

Low-spin primary BH
BH spins with random directions



Introduction

Metzger & Berger (2012)Gao et al. (2013)

Multimessenger emissions take place 

during the merger of binary neutron stars 

or a neutron star-black hole mergers
• Gravitational-waves in LIGO and LISA bands

• Gamma-ray Bursts (<2s)

• Jet afterglow emissions from radio to X-ray 

(~a few seconds to a few years)

• Ultraviolet-optical-infrared kilonova emissions 

(~1day to a week)



RISCO (red line): the radius of innermost stable circular orbit.
Rtidal (dotted black line): the radius at which the tidal disruption occurs.

l If Rtidal < RISCO, the NS will plunge into BH without no mass outside the remained BH.

l If Rtidal �> RISCO, the NS can be tidally disrupted by the BH while forming an accretion disk 

around the BH and a dynamical tail.
Which NSBH merger is more likely to lead to tidal disruption: a less massive black hole, a 
highly aligned spin black hole, a less massive neutron star, or a neutron star with a stiffer 
equation of state

Tidal Disruption of NSBH Mergers

Shibata & Taniguchi (2008), Kyutoku et al. (2015), Foucart et al. (2018)



Which NSBH merger is more likely to lead to tidal disruption: a less massive 
black hole, a highly aligned spin black hole, a less massive neutron star, or a 
neutron star with a stiffer equation of state

Tidal Disruption of NSBH Mergers

Zhu et al. 2021, ApJ, 921, 156
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Isolated Binary Formation Channel

Belczynski et al. (2011)

Delayed Collapse: In lower-mass stars, a SN explosion 

may leave behind an NS. If the core mass later exceeds a 

critical threshold (~2.5 solar masses), the NS collapses into 

a BH. This model does not directly create the mass gap but 

results in smaller BHs.

Fast Collapse: In more massive stars, the core can directly 

collapse into a BH, often skipping the mass gap region, 

with BH masses exceeding 5 solar masses.

Early observations on Galactic X-ray binaries supported 
Rapid model.



Primary Mass Distribution
Secondary Mass Distribution

Zhu et al. 2022, ApJ, 928, 167

GW results in O3

The minimum BH mass is 𝟓. 𝟏*𝟏.𝟕,𝟏.𝟏 solar mass. GWTC-3 

supported the existence of mass gap in NSBH mergers



Which NSBH merger is more likely to lead to tidal disruption: a less massive 
black hole, a highly aligned spin black hole, a less massive neutron star, or a 
neutron star with a stiffer equation of state

Tidal Disruption of NSBH Mergers

Zhu et al. 2021, ApJ, 921, 156



GW230529

Credit: Shanika Galaudage
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GW230529 is highly possible to occur tidal disruption and generate bright EM signals.
Zhu et al. 2024, arXiv:2404.10596(accepted by ApJ)



Ejecta Components:
l Neutrino-driven Wind 

Ejecta
κ～ 1 cm2 g-1

l Viscosity-driven Wind 
Ejecta
κ～ 3 – 5 cm2 g-1

l Tidal Dynamical Ejecta
κ～ 10 – 100 cm2 g-1

NSBH kilonovae

Zhu et al. 2020, ApJ, 897, 20
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NSBH kilonovae

Zhu et al. 2020, ApJ, 897, 20
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Detectability of EM signals from GW230529

Kilonova brightness distribution GRB brightness distribution

Kilonova associated with GW230529 is too dim to be detected by present survey projects. 

Associated GRB jet could be off-axis based on the GW observation.

Zhu et al. 2024, arXiv:2404.10596(accepted by ApJ)



Formation of GW230529 from Isolated Binary Channel
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GW230529 can be formed through classic isolated binary evolution channel with the delayed SN mechanism.
Zhu et al. 2024, arXiv:2404.10596(accepted by ApJ)



Mass-gap BHNS Mergers are Multimessenger sources

Future observation rate for <300Mpc BHNS mergers is ~0.2-0.3 yr-1 by Fermi.
Zhu et al. 2024, arXiv:2404.10596(accepted by ApJ)



Formation channels of High-spin BHNS Mergers

NSBH Binary

NSBH Mergers

NSBH binaries

NSBH binaries

Maybe no SN?

Standard Isolated Formation Channel:

l BHs born first

l Low-spin primary BH

l Q~5

NS-first-born Formation Channel (~1%-10%):

l NSs born first

l High-spin secondary BH

Hu, Zhu, et al. 2022, ApJ, 928, 163. Wang, Hu, Qin, Zhu et 

al. 2024, ApJ, 965,177

Super-Eddington accretion



Merger Fraction Tidal Disruption RegionBH Projected Aligned-spins

Hu, Zhu, Qin et al. 2022

l <10% NSBH binaries would be formed via NS-first-born formation channel  (Román-Garza et al. 
2021; Chattopadhyay et al. 2021) and have high-spin BHs.

l NS-first-born NSBH mergers would easily make tidal disruption as multimessenger sources.

Formation channels of High-spin BHNS Mergers



Summary

1. GW230529 can form through classic isolated binary evolution channel by 

adopting the delayed SN mechanism.

2. Kilonova associated with GW230529 is too dim to be detected by present 

survey projects. Associated GRB jet could be off-axis based on the GW 

observation.

3. BHNS mergers can still be multimessenger sources. But most disrupted 

BHNS mergers should contain a mass-gap BH.

Zhu et al. 2020, ApJ, 897, 20; Zhu et al. 2021, ApJ, 917, 24; Zhu et al. 2021, ApJ, 921, 156; 
Zhu et al. 2022, ApJ, 928, 167; Zhu et al. 2022, ApJL, 936, L10; Zhu et al. 2024, 
arXiv:2404.10596(accepted by ApJ); Hu, Zhu et al. 2022, ApJ, 928, 163; Wang, Hu, Qin, Zhu et 
al. 2024, 965, 177


