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Astro-Hadron Physics in Korea my personal point of view

Hadron Physics Astrophysics
1990sNS EoS with Effective Field Theories 

(with D.P.Min, M.Rho & G.E.Brown)   
NS Binary as a source of GW 
(with G.E.Brown@Stony Brook)

2009RAON project was approved KGWG joined LIGO Scientific Collab.

2017 GW from NS-NS mergers 
   (Multi-messenger Astrophysics)

2021First run of RAON

New Transport DJBUU 
Nuclear Structure DRHBc 

New EDF KIDS 
… …

Nuclear physics + Astrophysics + 
Mathematics + Artificial Intelligence

Symmetry Energy (later)

Tidal deformability of NS

Astro-Hadron Physics

2003 Korean Gravitational Wave Group

2006 Science-Business-Belt Project 
initiated by D.P. Min
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Figure: taken from G.F. Bertsch, D.J. Dean, and W. Nazarewicz, SciDAC 
Review 6, 42 (2007)

4

⇤QCD

<latexit sha1_base64="bTpvGuxlxmQqbhWqsQeeQzu9lZM=">AAAB+nicbVC7TsMwFHV4lvJKYWSxqJCYqgRVgrGiDAwMrUQfUhNFjuO0Vm0nsh1QFfopLAwgxMqXsPE3uG0GaDmSpaNzztW9PmHKqNKO822trW9sbm2Xdsq7e/sHh3blqKuSTGLSwQlLZD9EijAqSEdTzUg/lQTxkJFeOG7O/N4DkYom4l5PUuJzNBQ0phhpIwV2xbsz4QgFuSc5bDdvpoFddWrOHHCVuAWpggKtwP7yogRnnAiNGVJq4Dqp9nMkNcWMTMtepkiK8BgNycBQgThRfj4/fQrPjBLBOJHmCQ3n6u+JHHGlJjw0SY70SC17M/E/b5Dp+MrPqUgzTQReLIozBnUCZz3AiEqCNZsYgrCk5laIR0girE1bZVOCu/zlVdK9qLn1Wr1drzauizpK4AScgnPggkvQALegBToAg0fwDF7Bm/VkvVjv1sciumYVM8fgD6zPH4AIk4M=</latexit>

E > ⇤QCD

<latexit sha1_base64="t0khbQ5512/USTKkkzpbZLyuEJw=">AAAB/nicbVDLSgMxFM3UV62vUXHlJlgEV2VGCrqSYhVcuGjBPqAzDJlM2oYmmSHJCGUo+CtuXCji1u9w59+YtrPQ1gOBwzn3cG9OmDCqtON8W4WV1bX1jeJmaWt7Z3fP3j9oqziVmLRwzGLZDZEijArS0lQz0k0kQTxkpBOO6lO/80ikorF40OOE+BwNBO1TjLSRAvvoFl5B794EIhRknuSwWb+ZBHbZqTgzwGXi5qQMcjQC+8uLYpxyIjRmSKme6yTaz5DUFDMyKXmpIgnCIzQgPUMF4kT52ez8CTw1SgT7sTRPaDhTfycyxJUa89BMcqSHatGbiv95vVT3L/2MiiTVROD5on7KoI7htAsYUUmwZmNDEJbU3ArxEEmEtWmsZEpwF7+8TNrnFbdaqTar5dp1XkcRHIMTcAZccAFq4A40QAtgkIFn8ArerCfrxXq3PuajBSvPHII/sD5/AEqKlG4=</latexit>

E < ⇤QCD

<latexit sha1_base64="PHdp/we2P5Biz8mh42SujP6Xx1g=">AAAB/nicbVDLSgMxFM3UV62vUXHlJlgEV2VGCrpwUayCCxct2Ad0hiGTSdvQJDMkGaEMBX/FjQtF3Pod7vwb03YW2nogcDjnHu7NCRNGlXacb6uwsrq2vlHcLG1t7+zu2fsHbRWnEpMWjlksuyFShFFBWppqRrqJJIiHjHTCUX3qdx6JVDQWD3qcEJ+jgaB9ipE2UmAf3cIr6N2bQISCzJMcNus3k8AuOxVnBrhM3JyUQY5GYH95UYxTToTGDCnVc51E+xmSmmJGJiUvVSRBeIQGpGeoQJwoP5udP4GnRolgP5bmCQ1n6u9EhrhSYx6aSY70UC16U/E/r5fq/qWfUZGkmgg8X9RPGdQxnHYBIyoJ1mxsCMKSmlshHiKJsDaNlUwJ7uKXl0n7vOJWK9VmtVy7zusogmNwAs6ACy5ADdyBBmgBDDLwDF7Bm/VkvVjv1sd8tGDlmUPwB9bnD0delGw=</latexit>

QCD

Effective  
Theories

Neutron  
Star
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NS binary merger
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BH formation 
GW 

Gamma-ray    
X-ray 
Light 
Radio

Earth

GW 170817 (d=40 Mpc) 
GRB 170817A by Fermi-GBM 
Kilonova/X-ray/Optical Afterglows



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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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

dimensionless
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accumulated GW phase  
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accumulated GW phase

waveform model: 
TaylorF2(SPA)

Mch=1.188M⦿

M1=M2=1.365M⦿

~600 Hz

1/2-cycle
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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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BUD2 Collaboration



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 22



Pressure
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Adiabatic index
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Sound speed
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Neutron star properties
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Tidal deformability
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NICER Neutron star Interior Composition ExploreR
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• launch: early 2017, SpaceX 
• platform: ISS ELC (ExPRESS Logistics Carrier)  
• instrument: X-ray (0.2-12 keV) 
• objective 

- structure: neutron star radii to 5%, cooling timescales 
- dynamics: stability of pulsars as clocks, properties of outbursts, oscillations, 
                   and precession 
- energetics: intrinsic radiation patterns, spectra, and luminosities



1. Mass 

- 1.34 +0.15-0.16 Msun vs.  1.44 +0.15-0.14 Msun 

2. Radius 

- 12.71 +1.14-1.19 Msun vs.  13.02 +1.24-1.06 Msun 

3. Methods 

- MultiNest vs. MultNest & emcee (MCMC) 

- X-PSI bayesian code vs. Miller’s own code 

- Different heated regions 

- Pulse profile model vs. Pulse waveform model

Riley 2019 vs. Miller 2019
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J0030+0451 by NICER



Hot spot region model of Riley 2019
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Single NS (better constraint)
Low-mass X-ray binary (NS binary)



HIRFL-CSR  
China

BRIF-II  
China

MSU-FRIB 
USA

SPIRAL-II  
Europe

GSI-FAIR 
Germany

RIKEN-RIBF 
Japan

HIAF  
China

RAON
Korea

32

Facilities for Rare Isotope Beams
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○ Goal : To build a heavy ion accelerator complex RAON 
                 for rare isotope science researches in Korea
○ Project period : 2011.12 - 2021.12
○ Total Budget : ~$ 1.43 billion 
                       (Facilities ~ $ 0.46 bill., Bldgs & Utilities ~ $ 0.97 bill.) 
    - include initial experimental apparatus

Rare Isotope Science Project (RISP)
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Nuclear Equation of States
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Prospects

• Both Mass & Tidal Deformability of Neutron Star can be 
measured simultaneously from Gravitational Waves 

• Gravitational Waves & Rare Isotope Experiments can give 
constrains on the high-density EOS  

• Expecting more GW observations and new experimental 
results from RAON
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