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Gravitational waves from neutron star binaries

• B1913+16 / Hulse & Taylor (1975) 
• change in the orbital period due to GW radiation 
• 1993 Nobel Prize 
• LIGO is based on  

NS binary mergers 
• GW expected in 2019 

d = O(100 Mpc)

Weisberg, Nice, Taylor, ApJ (2010)
1975 2005
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GRB and Kilonova from NS binaries
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r-process peak at A~195



Heavy Elements from NS mergers

 Sources of Heavy Elements

S Rosswog 2015

 solar pattern vs NS-merger

• Supernovae:  
neutrino-driven wind 
r-process peak at A~130 

• NS mergers: 
r-process peak at A~195
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GW 170817 (d=40 Mpc) 
GRB 170817A by Fermi-GBM 
Kilonova/X-ray/Optical Afterglows

Credit: NSF/LIGO/SSU/A.Simonnet

Press Release Oct 16, 2017 
GW from Binary NS Mergers
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soon after the announcement of  
2017 Nobel Prize



GW170817 Binary Neutron Star Mergers

Oct 16, 2017
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GW170817 / GRB170817A
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First event of Multi-messenger Astronomy

ApJL.848.L12(2017)

GW170817

GRB170817A

SSS
17a/

AT2017gfo



http://horizon.kias.re.kr
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Fermi/Integral 
gamma-ray

Telescopes in Chile



http://horizon.kias.re.kr
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Korean Telescopes 
Nature 551, 71 (2017)

Chandra X-ray VLA radio



Kilonova / Geometry of GW170817 Nature 551, 71 (2017)
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Optical/ IR / X-ray
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Gravitational-Wave & Multi-Messenger Astronomy

• First direct detection of GW in 2015 
• First detection of BHs with masses 30 ~ 60 solar mass  
• GW, Gamma-ray, Optical, X-ray, Radio from NS mergers 
• New era for GW Astronomy & Multi-Messenger Astronomy 

�14



NS in new era of GW & multi-messenger astronomy

Tidal Love number & Deformability
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Response of NS to GW during Inspiral

perturbative approaches
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Tidal deformability & Love number
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• A.E.H. Love (1909) - The Yielding of the Earth to Disturbing Forces 
• K.S. Thorne & A. Campolattaro (1967) - non-radial pulsation of NS 
• J.B. Hartle & K.S. Thorne (1969) - stability of rotating NS 
• … … 
• K.S. Thorne (1998) - Tidal stabilization of rigid rotating, fully relativistic  

                                 neutron star 
• … …

Selected references



Tidal deformability & Love number
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Eij : external quadrupole tidal field
Qij : quadrupole moment of NS

Hinderer et al. PRD 81 (2010)

dimensionless parameter
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phase shift vs deformability
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accumulated GW phase  

|��GW(f)| = |�3.5,pp(fGW)� �3.5,�(fGW)|
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Accumulated GW phase

Moore et al., PRD.93.124061(2016)

f1 = 10 Hz, 
the low frequency cutoff for 
Advanced LIGO 
due to seismic noises

the number of wave cycles in frequency domain

Waveform models: 
    TaylorT2 for ΔNcyc

    TaylorF2(SPA) ΔNcyc,Ψ



accumulated GW phase

waveform model: 
TaylorF2(SPA)

Mch=1.188M⦿

M1=M2=1.365M⦿

~600 Hz

1/2-cycle



Λ(M=1.4M⦿)=800 

Local group Virgo cluster Virgo supercluster

GW170817

Y.B. Choi, H. S. Cho, C.-H. Lee

Dotted line : 5PN
Solid lined  : 6PN

Measurement error vs. source distance
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GW170817 
 Information of Neutron Star Structure                

has been revealed by Gravitational Waves 



(revised) properties of GW170817

Abbott et al. (LSC and Virgo),  arxiv:1805.11579
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A new constraint by GW Observation

Abbott et al. (LSC and Virgo),  arxiv:1805.11579

Low-spin prior : χ <= 0.05
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What we have done
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Constraints on Nuclear EoS
• Nuclear data: hundreds of models (Skyrme force, RMF, …)
• Neutron star maximum mass

1.97 ± 0.04 M⦿ [Nature 467, 1081 (2010)]

2.01 ± 0.04 M⦿ [Science 340, 448 (2013)]

• 11 experimental/empirical data for nuclear matter around saturation density [Phys.Rev. C 85, 035201 (2012)]
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Selected EoSs

• Skyrme force models

• Basically fitted to properties of well-known nuclei

• Good saturation properties

• Mmax more than 2Msun

KIDS (Korea: IBS-Daegu-Sungkyunkwan): A new systematic expansion scheme for nuclear EDF 
[Phys. Rev. C 97, 014312 (2018)]

Kim et al., arxiv:1805.00219 �31



Mass-Radius relations

GW170817
- Mchirp = 1.188 M⦿ 

- low spin prior : M1 = 1.36 ~ 1.60 M⦿ , M2 = 1.17 ~ 1.36 M⦿ 

- high spin prior : M1 = 1.36 ~ 2.26 M⦿ , M2 = 0.86 ~ 1.36 M⦿

GW170817 - M1

GW170817 - M2

J0348+0432

J1614-2230

MNS=1.4M⦿

~3.3~2.7

Kim et al., arxiv:1805.00219
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Tidal deformability of a NS

GW170817, Mchirp = 1.188 M⦿ 

- low spin prior :  Lambda(1.4 M⦿) < 800 

- high spin prior :  Lambda(1.4 M⦿) < 1400

⇤(M = 1.4M�)

Kim et al., arxiv:1805.00219
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Central Density at MNS=1.4 M⦿

ruled out ?

well-selected EoSs

�34



Tidal deformability in BNS

GW170817, Mchirp = 1.188 M⦿ 

- low spin prior :  reduced Lambda < 800 
- high spin prior :  reduced Lambda < 700

Kim et al., arxiv:1805.00219
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Comparison with recent works

[A]  F.J. Fattoyev, J. Piekarewicz, and C.J. 
Horowitz, arXiv:1711.06615v2
[B] P.G. Krastev, and B.-A. Li, arXiv:
1801.04620v1
[C] E. Annala, T. Gorda, A. Kurkela, and A. 
Vuorinen, arXiv:1711.02644v2
[D] Y.Lim and J. Holt, arXiv:1803.02803

Red line: Λ(1.4M⦿) = 2.88 * 10-6 (R/km)7.5  (fitting function in [C])

ρc > 3 ρ0 ρc < 3 ρ0

Kim et al., arxiv:1805.00219
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Prospects

• Both Masses & Tidal Deformability of NS  
        can be measured simultaneously  
        by GW generated from NS mergers 

• Expecting more GWs from NS binary mergers
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Thanks

Binary interactions  
are always interesting


