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Dense Matter 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

Nuclear physics + Astrophysics + 
Mathematics + Artificial Intelligence

Symmetry Energy (later)

Tidal deformability of NS

BUD2 Collaboration  
for Astro-Hadron Physics

2003 Korean Gravitational Wave Group

2006 Science-Business-Belt Project 
initiated by D.P. Min
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ECT* Workshops co-organized by Koreans & Europeans

1994 Director: B. Mottelson

2004 Director: W. Weise

2015 Director: W. Weise

ECT* established in 1993

Organized by M. Rho & W. Weise 
(my first visit to ECT* as a Ph.D. student)
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Novel Approaches to Nuclear Many-Body Problem:  
From Nuclei to Stellar Matter 

ECT*, Sep. 6-17, 2004 
(organized by CH Lee, N Kaiser, A Schwenk)
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Works with G.E. Brown & H.A. Bethe

2003

2000

1999

2001

2006
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Laboratory�probes�of�the�nuclear�matter�EOS�

Courtesy of  
Youngman Kim (IBS)   

Seung-Woo Hong (RAON User Liaison Center, SKKU)
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RAON Site : Sindong in Daejeon

Current RISP Office

~11 km

~160km
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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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IF systemLow Energy Experiments
Nuclear Astrophysics

Driver LINAC

LEBT

ECR-IS 
(10keV/u, 12 pµA)

RFQ (500keV/u, 9.5 pµA)

MEBT

SCL1 (18.5 MeV/u, 9.5 
pµA) 

Charge 
Stripper SCL2 (200 MeV/u, 8.3 pµA for U+79)

(600MeV, 660 µA for p) 

Post Accelerator

CB : Charge Breeder
HRMS : High Resolution Mass Separator

 
MEBT

ECR-IS

Cyclotron 
(p, 70 MeV, 1mA)

ISOL system
High-precision 
Mass Measurement

High Energy Experiments
Nuclear Structure/
Symmetry Energy

RF Cooler

RFQ CB HRMS ISOL
Target

IF Target

IF Separator

❑ High intensity RI beams by ISOL & IF

     ISOL : direct fission of 238U by 70MeV protons
     IF : 200MeV/u, 8.3pμA of 238U

❑ High quality neutron-rich RI beams
        132Sn with up to ~250MeV/u, up to ~108 pps

❑ More exotic RI beams  by ISOL+IF

µSR, 
Bio-medical

RAON Concept

SCL3 (18.5 MeV/u)

postponed

11



12



Sep.�2019 Area�~�1M�m2
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Installation�of�the�First�Superconducting�Cavites�and�Cryomodules�
2019.9.26
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Mass & radius of neutron star

Neutron Star-White Dwarf Binaries 
1.97 solar mass NS : Nature (2010)

2.01 solar mass NS : Science (2013)

2.14 solar mass NS : Nature Astronomy  (2019)

prefer 
harder EOS

Tidal deformability of NS from GW 
Strangeness in NS

prefer soft 
EOS
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All well measured NS masses  
in NS-NS binaries are less than 
1.5 solar mass! 

Why?

Prakash (2013)
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Our open questions

2 M⊙ NS has been observed in NS-WD binaries 

▪ Why all well-measured NS masses in NS-NS binaries are 
less than 1.5 M⊙?

▪ What is the maximum mass of neutrons stars?

Lee, Park, Brown, ApJ 670 (2007) 741 

We discussed the maximum mass of NS can be significantly higher than 1.5 
M⊙ as far as the evolution is concerned.

Before the observation of high-mass neutron stars
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In close binaries (evolution without H envelope)
low Fe core mass                   NS mass = 1.3 - 1.5 solar mass
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Fate of first born NS

Evolution of 
Companion

1st-born NS

NS with accretion

He

Common envelope evolution

Fe 2nd NS/WD
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MHe
<latexit sha1_base64="/yF3QDFQrs8OjjfQx1qiYD7PkYM=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BL7kIEcwDkyXMTjrJkNnZZWZWCEv+wosHRbz6N978GyfJHjSxoKGo6qa7K4gF18Z1v53c2vrG5lZ+u7Czu7d/UDw8auooUQwbLBKRagdUo+ASG4Ybge1YIQ0Dga1gfDvzW0+oNI/kg5nE6Id0KPmAM2qs9HjXS7sqJDWc9oolt+zOQVaJl5ESZKj3il/dfsSSEKVhgmrd8dzY+ClVhjOB00I30RhTNqZD7FgqaYjaT+cXT8mZVfpkEClb0pC5+nsipaHWkzCwnSE1I73szcT/vE5iBtd+ymWcGJRssWiQCGIiMnuf9LlCZsTEEsoUt7cSNqKKMmNDKtgQvOWXV0mzUvYuypX7y1L1JosjDydwCufgwRVUoQZ1aAADCc/wCm+Odl6cd+dj0Zpzsplj+APn8wcfgZCO</latexit>

Common envelope evolution

Progenitors

Md
<latexit sha1_base64="VLcZbC6BPUaNPwcTRhECNGvUZX8=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04kWoaD+gDWWzmbRLN5uwuxFK6U/w4kERr/4ib/4bt20O2vpg4PHeDDPzglRwbVz321lZXVvf2CxsFbd3dvf2SweHTZ1kimGDJSJR7YBqFFxiw3AjsJ0qpHEgsBUMb6Z+6wmV5ol8NKMU/Zj2JY84o8ZKD3e9sFcquxV3BrJMvJyUIUe9V/rqhgnLYpSGCap1x3NT44+pMpwJnBS7mcaUsiHtY8dSSWPU/nh26oScWiUkUaJsSUNm6u+JMY21HsWB7YypGehFbyr+53UyE135Yy7TzKBk80VRJohJyPRvEnKFzIiRJZQpbm8lbEAVZcamU7QheIsvL5NmteKdV6r3F+XadR5HAY7hBM7Ag0uowS3UoQEM+vAMr/DmCOfFeXc+5q0rTj5zBH/gfP4AGMiNrA==</latexit>

He

Mp
<latexit sha1_base64="hHndD4DiF8ueYVRIeKu7OXHe3CI=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04kWoaD+gDWWznbRLN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqZ+6wmV5rF8NOME/YgOJA85o8ZKD3e9pFcquxV3BrJMvJyUIUe9V/rq9mOWRigNE1Trjucmxs+oMpwJnBS7qcaEshEdYMdSSSPUfjY7dUJOrdInYaxsSUNm6u+JjEZaj6PAdkbUDPWiNxX/8zqpCa/8jMskNSjZfFGYCmJiMv2b9LlCZsTYEsoUt7cSNqSKMmPTKdoQvMWXl0mzWvHOK9X7i3LtOo+jAMdwAmfgwSXU4Bbq0AAGA3iGV3hzhPPivDsf89YVJ585gj9wPn8AKviNuA==</latexit>

Me(envelope)
<latexit sha1_base64="DAmOVzuWwfOC8M3F6YkZ241jLW4=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSxCvZSkCnosevEiVLC10Iaw2U7apZtN2N0US+hf8eJBEa/+EW/+G7dtDtr6YODx3gwz84KEM6Ud59sqrK1vbG4Vt0s7u3v7B/Zhua3iVFJo0ZjHshMQBZwJaGmmOXQSCSQKODwGo5uZ/zgGqVgsHvQkAS8iA8FCRok2km+X73zA1Z6MMIgx8DiBM9+uODVnDrxK3JxUUI6mb3/1+jFNIxCacqJU13US7WVEakY5TEu9VEFC6IgMoGuoIBEoL5vfPsWnRunjMJamhMZz9fdERiKlJlFgOiOih2rZm4n/ed1Uh1dexkSSahB0sShMOdYxngWB+0wC1XxiCKGSmVsxHRJJqDZxlUwI7vLLq6Rdr7nntfr9RaVxncdRRMfoBFWRiy5RA92iJmohip7QM3pFb9bUerHerY9Fa8HKZ47QH1ifP8KOk54=</latexit>

Gravitational self-energy of H envelope

Change of binary orbital energy

Q) How to determine
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What we have discovered in Soft X-ray transients (BH binary)

CHL, G.E. Brown, R.A.M.J. Wijers, ApJ 575 (2002) 996

New Astronomy 6 (2001) 331
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BH Binaries / Soft X-ray Transients

M
BH

 (M
su

n)

Orbital period (days)

Main Sequence companion  Evolved companion
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Q3) Evolution of Donor Star

Q1) Evolution of BH/NS Progenitor

Current Observation

Progenitors

Q2) What happens at birth ?

 Q) How can we understand  
 the population of SXTs ?
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Tidal interaction just before BH formation

rapidly 
spinning BH

Fe

Synchronization of  
BH-Progenitor  Spin  & Binary Orbital Period
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 Reconstructed BH Binaries at the time of birth

Current observation
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  Pre-explosion orbital period (days)

 Rapidly spinning black holes at birth

4U 1543-47  
GRO J1655-40

Shafee et al. (2006)

McClintock et al. (2006)
GRS 1915+105  

a* > 0.98

Evolution after BH formation
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Evolution after BH formation

GRS 1915+105
spin-up due to accretion

Kerr parameters for stellar mass black holes and their consequences for GRBs and hypernovae 
Moreno Mendez, Brown, Lee, Walter (ApJ 727:29, 2011)
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What if we apply the same evolution to NS binaries

Lee, Park, Brown, ApJ 670,741(2007) 
Lee, Cho, Nuclear Physics A 928 (2014) 296
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Eddington limit / critical accretion rate
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Super-critical accretion onto first born NS

▪ Eddington Accretion Rate :  photon pressure balances the 
gravitation attraction 

▪ If this limit holds, neutron star cannot be formed from the beginning 
(e.g. SN1987A; 108 Eddington Limit). 

▪ Neutrinos can take the pressure out of the system  
allowing the supercritical accretion when accretion rate  
is bigger than 104 Eddington limit !  
(T > 1 MeV : Thermal neutrinos dominates !)

Q) What is the implications of supercritical accretion?
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A
B

He

H

H

He

Case 1 

A

B

Formation of nearly equal mass NS-NS binary

H red giant He red giant

90% of lifetime in main sequence
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H He    

NS/WD

NS with accretionA
B

He

+0.7 Msun 
+0.2 Msun 

Supercritical Accretion: First born NS can accrete up to 0.9 M⊙

Case 2

A

B  
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Final mass of first-born NS with supercritical accretion 

observed

observed

MSP J0740+6620
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KIDS Nuclear Energy Density Functional

● KIDS
Korea: IBS-Daegu-Sungkyunkwan

● Collaboration
• Model construction
P. Papakonstantinou, Y. Lim (IBS), C. H. Hyun (Daegu), T.-S. Park 
(Sungkyunkwan)
• Nuclear structures
H. Gil (Kyungpook) , E. In (Sungkyunkwan) P. Papakonstantinou, 
Y.-H. Song (IBS), C. H. Hyun, Y. Oh (Kyungpook)
• Heavy-ion collision 
M. Kim (Pusan), H. Gil, Y. M. Kim (UNIST), P. Papakonstantinou, 
Y. Kim (IBS), C. H. Hyun, C.-H. Lee (Pusan), S. Jeon (McGill)

Courtesy of Chang Ho Hyun (Daegu)

Related publication
  Phys. Rev. C 97, 014312 (2018)

  Phys. Rev. C 98, 065805 (2018)

  Phys. Rev. C 99, 064319 (2019)

  Phys, Rev. C 100, 014312 (2019)
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Strategy 
 1. Expand energy density in powers of kF/mρ. 

 2. Fix αi to ρ0=0.16fm-3, E/A=16.0 MeV, K0=240 MeV of symmetric 

nuclear matter (SNM). 
 3. Fit βi to the APR EoS of pure neutron matter (PNM). 

 4. Consider 3, 4, and 5 terms for βi while fixing αi to 3 terms.

PRC 97, 014312 (2018)

 Expansion parameter kF/mρ: less than 1 even at ρ = 8ρ0.
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Result1: validity of systematic expansion 
  * Naturalness: Order of coefficients 10-1 ~ 101 

  * Dimensionless coefficients

c0dim c1dim c2dim c3dim

δ=0 -3.6 6.6 0.6
δ=1 -1.1 3.4 -5.9 3.3
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Result2: Convergence 
  Ratio of magnitude of individual interaction term divided by their sum

Pure Neutron Matter
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Symmetric Nuclear Matter

* Hierarchy (|ε0|>|ε1|>|ε2|>…) is  valid at low densities. 

* However, hierarchy is better for SNM.
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Result3: Symmetry Energy

• No difference up to ρ ~ 0.6 fm-3 (~ 4ρ0): Higher order terms (ρ6/3, ρ7/3) are 

negligible. 

• Marginal difference between P4 and P5 up to ρ ~ 1.2 fm-3 (~ 8ρ0): Four terms are 

sufficient for neutron stars.
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Correlation between neutron skin thickness rnp and slope parameter L of 208Pb
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One find (J, L) combinations that can reproduce experimental S2n

S2n

For a given Kτ

In the KIDS model, J, L, Ksym, … can be chosen arbitrary, so one can check 
the correlation more systematically.

44

two-neutron separation energy S2n 

Kτ = -380 MeV, Qsym = -650 MeV



Binding energy per nucleon Kτ = -380 MeV, Qsym = -650 MeV
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• J and L can be correlated strongly via S2n of neutron-rich nuclei. 
• Measurement of rnp, S2n and neutron drip line can provide more stringent 

constraints and correlations of J, L and Ksym.

rnp

46

neutron skin thickness rnp 

Kτ = -380 MeV, Qsym = -650 MeV



speed of sound
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Result4: Neutron Star

Mass-Radius Relation Tidal Deformability

arXiv:180511581v1: 70 <Λ1.4< 580

P3 P4 P5

Λ1.4 316 304 289

Red dot curve: Λ ∝ R7.5  by E. Annala et al., PRL120(2018)
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Neutron star properties
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With RAON & MMA Observation

• We developed a new effective model KIDS 
• We also developed a new transport code DJBUU 
• With new results from RAON, NICER, and Multi-messenger (GW & EM) 

observations, we will be able to have better understanding on the 
physics of dense matter and NS properties.

52

• BUD2-McGill Collaboration 
DJBUU (DaeJeon Boltzmann-Uehling-Uhlenbeck) 
** DaeJeon is city name in Korea where RAON will be built 
** S. Jeon (McGill) ** developed MARTINI for RHIC/LHC



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

Measurement error vs. source distance

SNR = 30

For one detector with optimal condition

53

GW from NS mergers 
- April 25, 2019 : NS-NS merger candidate (500 Mly, 153 Mpc) 
- April 26, 2019 : NS-BH merger candidate (1.2 Gly, 368 Mpc)



Thanks

Binary interactions  
are always interesting
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