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physics of dense nuclear matter 
(strong interaction)
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Without general relativity

ideal gas

nonrelativistic
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Nuclear matter is not an ideal gas
F.  Weber 2005

• still uncertain due to the nature of strong interactions 
• introduction of 3 body forces 
• exotic states with strangeness 
• … …
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with general relativity & strong interactions !

p / ⇢� / ⇢(n+1)/n

Which EOS is consistent with nature ?



Neutron Star-White Dwarf Binaries 
1.97 solar mass NS : Nature 467 (2010) 1081


2.01 solar mass NS : Science 340 (2013) 6131

    Q) Which EOS ?
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prefer harder EOS

prefer soft EOS

Tidal deformability of NS from GW 
Strangeness in NS

J0030+0451 by NICER (2019)

IJMPE (2020) Kim, Lee, Kim, Kwak, Lim, Hyun

MSP J0740+6620



Dense Matter EOS

Nuclear & Particle Physics

8



Example: quark stars 
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(u, d, s) quarks ) charge neutrality without electron
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Example: Nuclear Equation of States
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J.M. Latter, Y. Lim (2016)



Symmetry energy / Theoretical uncertainties

Courtesy of Lie-Wen Chen
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waiting for RAON@IBS 



Our works on NS EoS

From finite nuclei to neutron stars
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IJMPE (2020) Kim, Lee, Kim, Kwak, Lim, Hyun 
EPJA 56:157 (2020) Kim, Kwak, Hyun, Gil, Lee 
PRC 98, 065805 (2018) Kim, Lim, Kwak, Hyun, Lee 
… …



KIDS nuclear energy density functional

● Motivation
     Construct models for nuclear structures on a basis with systematic expansion scheme.

● Fitting
• αi : ρ0 = 0.16 fm-3, BE = 16.0 MeV, K0 = 240 MeV, 

        Q0 = -360, -390, -420 MeV (skewness)

• βi : pure neutron matter EoS of APR, QMC and etc

• Parameters for closed-shell magic nuclei

• E/A, Rc of 40Ca, 48Ca, and 208Pb (only 6)

• Specific values of isoscalar and isovector effective masses   m*s and m*v

PRC 97, 014312 (2018)

Courtesy of Chang Ho Hyun (Daegu)
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An Example



KIDS nuclear energy density functional PRC 97, 014312 (2018)

Courtesy of Chang Ho Hyun (Daegu)
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Constraints on Nuclear EoS

• 11 experimental/empirical data for nuclear matter around saturation density [PRC 85, 035201 (2012)]
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Binding energy

Charge radius
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P = K⇢�
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Sound velocity

Nature seems to prefer 
• low sound velocity at low density 
• high sound velocity at high density



21

Tidal deformability
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scaling behavior in tidal deformability



Strangeness in neutron star
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Role of strangeness in the core
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IJMPE 12, 1550100 (2015) reduction of degeneracy pressure



Skyrme-type forces : NN interaction
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N-Lambda interaction
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Lambda-Lambda interaction
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Lambda-Lambda interaction / Binding energy
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Maximum mass of NS
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Central densities
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O : central densities for maximum mass



Hyperons in Skyrme force models
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IJMPE 12, 1550100 (2015)

reduction of degeneracy pressure



Kaons with Skyrme-type models

Y Lim, K Kwan, C H Hyun, C-H Lee, PRC 89, 055804 (2014)
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Kaons with Skyrme force models
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PRC 89, 055804 (2014)



Kaons
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Particle fraction

Orange region: maxwell construction

35



NS mass with kaons

36



NS with strangeness

• In general, strangeness reduces maximum NS mass 
• But, there still remain possibilities for the strangeness

masses with kaon condensation consistent with 2 Msun NS 

masses with Lambda hyperons
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NS cooling

Q) Can NS EOS with/without strangeness be consistent with  
     both NS maximum mass & NS cooling?
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arXiv:1608.02078



Neutron Star Cooling

depends on 
• particle fraction 
• elements in the envelope 
• nuclear superfluidity 
• … …Y.Lim, C H Hyun, CHL, IJMPE (2017)

39



Role of nucleon direct Urca
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maximum mass without strangeness  (critical mass for nucleon direct Urca) 

effect of direct Urca



effect of surface element

light elements burn into heavier elements
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light element : H, He, C, O



Superfluidity
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Cooling with hyperons (Skyrme force model SkI4)
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without hyperons 
(sudden drop between 1.6~1.7)

with hyperons 
(sudden drop between 1.5~1.6)

 NS mass : 1.0 – 2.0 M⊙ 

• abrupt drop: ingnition of direct 
URCA 

• stiffer EoS allows early direct Urca 
• no calculated-curve can explain 

middle-age data 
• require real fine-tuning



Dependence on the surface elements

without hyperons with hyperons
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- chemical evolution from light to heavy elements 
   (earlier plots are with heavy elements) 
- pulsar injection of light elements into magnetosphere



Negligible contribution with kaons
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density for nucleon direct Urca < density for kaon condensation  

Nucleon direct Urca is the dominant neutrino emission process  



Neutron stars in new era of multi-messenger astrophysics

• Nuclear Physics 
- dense matter equation of states 
- neutron star cooling 
- heavy ion collisions / hot & dense matter 
- hadronic physics 
- rare isotope physics 

• Astrophysics/Particle Division 
- gravitational waves 
- gamma-ray bursts 
- neutrino observations
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Prospect

• GW from NS mergers 
- GW190425 : NS-NS merger candidate (500 Mly, 153 Mpc) 
- GW190426 : NS-BH merger candidate (1.2 Gly, 368 Mpc) 
- GW190814 : NS-BH or BH-BH merger candidate (700 Mly, 240 Mpc) 

• BUD2-McGill Collaboration  
- DJBUU (new transport code) for RAON 
- Dense Matter & Neutron Star EOS
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NS Binary Evolution
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NS Binary Evolution

NS mass may depend on the evolution process

Prakash 2013 
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Black Hole Formation from Core Collapse of Giants or Accretion onto Neutron Stars
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unstable branch

collapse to BH

as central density increases  
equilibrium mass decreases

as central density increases  
equilibrium mass increases



Black Hole Observation

XTEJ1118+480

M87Centaurus A

Stellar Mass Black Holes
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X-ray Binaries
Galactic Center

Gravitational  
Waves



Soft X-ray Transients

Main Sequence Companion Evolved Companion
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15M�

5M�

ApJ 575, 996 (2002) 
ApJ 670, 741 (2007)

NPA 928, 296 (2014)



New Class of Black Hole Binaries
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36M� + 29M�

z = 0.09 (1.3⇥ 109 light year)

Formation of massive black holes 
in low-metallicity galaxies 

(from pop-III stars)



Evaporation of BH / Hawking Radiation

Mass R_event Temp Evaporation 
Time

Sun / 2*1033g 3 km 10-7 K 1062 year

Each / 6*1027g 1 cm 0.01 K 1035 year

1016g 10-12 cm 1010 K 1010 year

Cosmic Microwave Background (CMB) : 2.7 K

⌧Universe ⇠ 1.37⇥ 1010 year
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Binary Evolution
• NS/BH mass depends on the host galaxy 
• NS/BH mass depends on the binary evolution

WD/NS
NS/BHA

B

Life time

H He    
He

A

B
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Key ingredients

• Mass accretion rate vs Eddington limit 
• Conservative mass transfer vs orbital evolution 
• Evolution time scale vs mass transfer time scale 
• Roche lobe overflow 
• Tidal interaction 
• … …
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Mass Accretion after NS formation
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Observed

MSP J0740+6620



BH-NS binaries
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⌧pulsar /
1

B

Brecycled ⇠ 108 G

Bfresh ⇠ 1012 G

⌧recycled � ⌧fresh

NS-NS 
- if first-born NS is recycled by accretion 
- longer pulsar life time, larger beaming angle 

BH-NS 
- no recycled pulsar 
- smaller chances to be observed

Gravitational Wave Sources



Binary interactions are always interesting !!
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