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ØBackground: current status of BNS observations
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ØDistribution, merger rate, and properties of BNSs
ØElectromagnetic counterparts of BNS mergers: 

kilonovae
ØDetection rate of kilonova
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ØSummary

12/07/22 NAOC-Colloquium 2



Neutron Stars
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Initial Mass

<9Mʘ
Electron degeneracy pressure
àwhite dwarfs

～9-25Mʘ
Neutron degeneracy pressure
àNeutron stars

>25Mʘ
No known physics
àBlack Holes



Pulsar discovery：
üPSR B1919+21: 1.4M⊙,

P=1.3373s (1968.11.28);
ü>3000 pulsars (FAST +++)
üExtremely massive one

2.14M⊙ Cromartie+ 2020, Nat Astro.

Neutron Stars
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Antony HewishJocelyn Bell Burnell



Binary Neutron Stars (BNSs)

12/07/22 NAOC-Colloquium 5

Taylor & Hulse 1973

Russel Hulse Joseph Taylor

Binary Neutron Stars/pulsasrs：
üPSR J0737-3039: 1.337M¤+1.250M¤, 23ms+2.8s; Period=2.8hrs
üPSR B1913+16: 1.387M¤+1.441M¤, 59ms+Neutron star; Period=7.75hrs



Binary Neutron Stars: Galactic BNSs
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Laser Interferometer GW Observatories: BNS mergers
Livingston

Hanford 
measure distance difference of 10-19 m 
(10-thousand times smaller than a proton)
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Virgo
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1.74 second
GRB170817A

BNS mergers: GW170817
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GW170817: kilonova

hosting in an early type elliptical galaxy
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Sky area: typically >30 deg2
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BNS mergers: GW190425

EM not detected！

Sky area: typically >30 deg2
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BNS mergers

GW170817

GW190425

Merger rate: 10-1700 Gpc-3 yr-1

MTOV: ~2-2.5M⊙
Total mass distribution: any tension?

Abbott et al. arXiv:2111.03634

Abbott et al. 2020, ApJ
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LIGO-Virgo-KAGRA and future GW observations

BNSs

O3

Many more BNS mergers are expected to be detected by GW detectors.
LIGO A+: >several tens; LIGO Voyagers: >several hundreds; ET: ~104; CE: ~105;
LIGO-Virgo-KAGRA O4: a few or more? (2023.03- )



Important Questions
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Ø How did BNSs form in the universe?
Ø How are the BNSs distributed in the universe?
Ø How do the EM signals depend on the properties of 

progenitor BNSs?
Ø How to search and detect kilonovae?
Ø What are the host galaxies of BNS mergers?
Ø How to constrain the EOS of neutron stars according to 

the multi-messenger information?
Ø What are the remnant of BNS mergers?
Ø ……



²Binary star evolution (or dynamical origin?)
²Orbital evolution of BNSs
²Star formation and metallicity enrichment history of 

each galaxy 
²Formation and evolution of galaxies in the universe
²Mergers of BNSs (relativistic) dynamical processes
²kilonova model (detailed microphysics for radiation)
²……
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Models for BNSs: key ingredients



Binary Star Evolution

EAGLE Simulation

Heirachival Galaxy formation

12/07/22 NAOC-Colloquium 15



Population Synthesis Models for Formation of BNSs

Ø Common Envelope Evolution (CE)
·α-formalism 

·γ-formalism

Ø Kick velocity

Ø Mass ejection

Ø Formation route for BNSs

Ø Remnant mass           
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Stiff EOS

Or mass relation given by Spera et al. 2015 Chu et al. 2022, MNRAS



Formation and evolution of BNSs

Population synthesis：
Ø Common evenlope evolution
Ø Kick velocity
Ø Mass ejection
Ø Remnant mass
Galaxy formation and evolution in the universe: 
Millennium-II, EAGLE, Illustris-TNG，
Observational SFR/metallicity history

12/07/22 NAOC-Colloquium 17Chu et al. 2022



Galactic BNSs
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Galactic BNSs
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Merger rate density and its cosmic evolution 

ζ=1.98  α1.0klβ0.9

ζ=1.00  γ1.3klβ0.9
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The predicted local merger rate is consistent with observations.
Chu et al. 2022



BNS merger rate
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Multiband Electromagnetic counterparts
Eric 2019
BNS mergers
GW and EM
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Li & Paczynski, 1998, ApJL
Metzger et al. 2010, MNRAS

Kasen et al. 2017, Nature



kilonova

Eric 2019
EM counterparts 
from different 
types of mergers

Observational signals are
determined by the ejecta 
properties, including mass,
velocity, structure, and
microphysics and radiation
processes

Ø Dynamical ejecta
Ø Remnant disk
Ø Disk wind
Ø Fallback accretion
Ø ……
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Multiband Electromagnetic counterparts



Kilonovae from BNS mergers
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GR numerical simulations

In addition, results for the velocity and opening angle for dynamical ejecta



Phenomenological kilonova model
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MOSFiT

Purple component

fallback fallback

ØDynamical ejecta (mass, velocity, structure)
q Red component
q Blue component

ØDisk wind (mass, velocity, structure)
q Viscous-driven wind

purple+red components
q Neutrino-driven wind 

blue+purple components

ØFallback accretion (mass)
Heating, isotropic radiation 

ØPhotosphere of the ejecta
R-process heating

ØEmergent luminosity
ØKilonova light curves



Kilonova models

Model fitting to the light curves of GW170817
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GW170817 LCs

Contributions from different components

Zhao et al. 2022, submitted to MNRAS



Kilonova models
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The best-fit model parameters
Zhao et al. 2022



Kilonova assoiated with GW190425
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Dark blue dashed lines: the observational upper limits 
Zhao et al. 2022

No detection of EM 
Counterparts is consistent
with model predictions



Kilonova peak luminosities
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EOS: DD2 EOS: SLy

Zhao et al. 2022

Ø BNS mergers with same q under the same EOS: larger total mass, fainter peak luminosities, and more rapid decay of
the light curves after the peak luminosity, because of lighter disk formed in BNS mergers with larger total mass;

Ø BNS mergers with same total mass under the same EOS: the larger the mass ratio when the total mass is large, the
brighter the peak luminosities, because of more massive disk formed in mergers with larger mass ratio；

Ø BNS mergers with same total mass and mass ratio: the stiffer the EOS, the brighter the peak luminosities because of
more neutrons ejected in the case with a stiff EOS compared with that with a softer EOS.



Maximum “detctable” kilonova distances
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EOS: DD2 EOS: SLy

Zhao et al. 2022, submitted to MNRAS

O4: LIGO, 160-190 Mpc; Virgo, 80-115 Mpc
Required search magnitude limit should not be smaller than 
~20/22 at g-band for GW170817/GW190425 like sources



Distribution of BNS total mass and mass ratio
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Kilonova Luminosity Functions
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Double peak normalized luminosity function;
EOS dependend but weak redshift evolution;



Detection of kilonovae
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VRO wide-fast-deep survey with
different choices of cadence

VRO Target of opportunity 
observations with different 
choices of exposure time 

Chen et al. 2021, ApJ



Detection of kilonovae
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Zhao et al. 2022, in preparation

Hundreds to thousands kilonovae are expected to be detected in near future, some may have
extreme parameters.



Detection of lensed kilonovae

12/07/22 NAOC-Colloquium 35Ma et al. 2022, MNRAS

Upto about one hundred lensed BNS mergers per year are expected to be detected by future GW detectors



Detection of lensed kilonovae
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Euclid/H
Rubin/z
CSST/z
RST/H158
JWST/150W

Advantages: lensed host galaxies may be identfiable from galaxy surveys, and thus
the lensed kilonovae can be searched by directly pointing to the hosts



Detection of lensed kilonovae
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Redshifts of detectable lensed kilonovae peak at ~1-2
Importance for cosmological applications



Host galaxies of BNS mergers

Ø Galactic BNSs

Ø BNS merger rate

α10.kbβ0.9 
Host galaxy properties versus time-delay 
of the BNS merger
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Host galaxies of BNS mergers: GW170817
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NGC4993

NGC 4993: ~3×1010 M⊙-1.2×1011 M⊙, elliptical probability: 15.6%/18.8% (red)
Peaks for BNS mergers at merging time:
5.0×1010 M⊙, 3.2×1010 M⊙ and 3.2×1010 M⊙ for Millennium-II, EAGLE and Illustris



Host galaxies of BNS mergers
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Host galaxies of BNS mergers
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Ellipticals Spirals

The properties of the sGRB host galaxies are consistent with  those of kilonovae and BNS mergers.
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Prospects

Multi-messenger observations of many BNS mergers and its 
EM counterparts (kilonova and sGRB) make it possible to:
Ø constrain the formation and evolution of (binary) stars 

and lead to a deep understanding of stellar evolution;
Ø reveal the physical mechanisms in the strong field and 

extreme matter densities/magnetic fields that are 
responsible for kilonova and sGRB phenomena.

Purple component

fallback fallback



Ø Tight constraint on the EOS of neutron stars;
Ø Witness the formation of event horizon.
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Prospects

Pang et al. arXiv:2205.08513
Coughlin et al. 2019, MNRAS



Cosmological applications as standard sirens to independently and accurately 
measure the Hubble constant and other cosmological parameters
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Prospects

Abbott et al. 2017, Nature

Chen et al. 2018, Nature



Summary

ØPresent a comprehensive model for the formation and evolutoin of BNSs, 
reconstruct the distribution of Galactic BNSs and constrain the model 
parameters;

ØCurrent GW observations of BNS mergers only put weak constraint on the 
CE evolution;

ØDevelop a phenomenological kilonova model by considering various 
procecsses, and explain the light curves of GW170817;

ØPredict the luminosity function of kilonova;
ØPredict the distribution of the properties of the kilonova host galaxies and 

find the predictions are well consistent with the observations on the host 
galaxies of short GRBs;

ØEstimate the detection rate of lensed kilonovae.
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Thank you for your attention!
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