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                  and its Implications
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• QCS2019: Chair of Organizing Committee


• QCS2023: Neutron Star Properties from Low-Mass X-ray Binary
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Astro-Hadron Physics my main interests in Neutron Star related problems

Hadron Physics Astrophysics

1990sKaon Condensation in Dense Stellar Matter 
(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)

2023

First Beam of RAON

Transport Studies
DJBUU (new transport code) 
BUD2-McGill Collaboration

Nuclear physics + Astrophysics +

Mathematics + Artificial Intelligence

2022.10.07

Tidal deformability of NS

for Astro-Hadron Physics

2003 Korean Gravitational Wave Group

2006 Science-Business-Belt Project 
initiated by D.P. Min

2022
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Astro-Hadron Physics Group@PNU
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Dense Nuclear & Stellar Matter Studies 
for RAON New Rare Isotope Accelerator & MMA Multi-Messenger Astrophysics

BUD2 Collaboration
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By EM observations before GW

• High-mass neutron stars in X-ray binaries 
have been reported


• But, they are not considered as evidences 
of the existence of high-mass NS due to 
large uncertainties 

J. Lattimer 

X-ray Binary

WD-NS Binary

NS-NS Binary



• launch: June 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

NICER Neutron star Interior Composition ExploreR
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arXiv:2201.00477
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Contrera, Blaschke,

Carlomagno, Grunfeld, 
Liebbing

High-mass NS by NICER (X-ray : 0.2-12 keV)

WD-NS Binary  
(radio/Shapiro delay)



Black Widow Pulsar

Companion is destroyed  
by the strong powerful outflows, or winds,  
of high-energy particles caused by the neutron star
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A new constraints by GW observations
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⇤1.4M� = 190+390
�120
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P2⇢nuc = 3.5+2.7
�1.7 ⇥ 1034 dyne/cm2

<latexit sha1_base64="PsASAdVeghmC/9BpCq8RsIeHELU="></latexit>

P6⇢nuc = 9.0+7.9
�2.6 ⇥ 1034 dyne/cm2

<latexit sha1_base64="NeY4zNKpbGFEx/YnTe3X47xIVso="></latexit>

⇢nuc = 2.8⇥ 1014 g/cm3
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LSC and Virgo, PRL  121, 161101 (2018)

GW 170817 (d=40 Mpc)

GRB 170817A by Fermi-GBM 
Kilonova/X-ray/Optical Afterglows



Constraints on Equation of State

prefer harder EoS: M_max, NICER

prefer soft EoS: GW170817, strangeness

M. Kim et al. (IJMPE 2020) 12
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Light Black Hole 

• e.g., Yang et al., ApJL 901, L34 (2020) 

• Tidal deformability of GW170817 prefers soft EOS 
• 2.6 solar mass NS is inconsistent with soft EOS (requires hard EOS) 
• Light BH may be formed by accretion (not from direct collapse of giant stars)

Strange Quark Star 
• e.g., Bombaci et al., PRL 126, 162702 (2021)  

        Drago & Pagliara, PRD 102, 063003 (2020)

• Two track scenario

• NS and QS may coexist

… …

Black Hole or Neutron Star or Quark Star ?
<latexit sha1_base64="IiX2qBvHeTcchv+9/0hjfmi2nf4=">AAAB8nicbVDLSgNBEJz1GeMr6tHLYBA8LbtRoseAIF6ECOYBmyXMzs4mQ2ZnlpleIYSAP+HFgyJe/Rpv/o2Tx0ETCxqKqm66u6JMcAOe9+2srK6tb2wWtorbO7t7+6WDw6ZRuaasQZVQuh0RwwSXrAEcBGtnmpE0EqwVDa4nfuuRacOVfIBhxsKU9CRPOCVgpaDiVvFdt6NiBd1S2XO9KfAy8eekjOaod0tfnVjRPGUSqCDGBL6XQTgiGjgVbFzs5IZlhA5IjwWWSpIyE46mJ4/xqVVinChtSwKeqr8nRiQ1ZphGtjMl0DeL3kT8zwtySK7CEZdZDkzS2aIkFxgUnvyPY64ZBTG0hFDN7a2Y9okmFGxKRRuCv/jyMmlWXL/qnt9flGs3T7M4CugYnaAz5KNLVEO3qI4aiCKFntErenPAeXHenY9Z64ozj/AI/YHz+QMVY5Do</latexit>

2.6M�



Low-Mass X-ray Binaries

With Myungkuk Kim, Young-Min Kim, Kyujin Kwak
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Low-Mass X-ray binary (low-mass companion)

95% confidence limits by using MC sampling (for fixed NS mass)

Steiner,  Lattimer, Brown, ApJ 2010
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In this talk, I will focus on

Low-Mass X-ray Binaries (LMXB) with Photospheric Radius Expansion (PRE)

Simultaneous measurement of neutron star Mass & Radius
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Photospheric Radius Expansion (PRE) XRB 

( M, R )

( FD, T; distance )

17

Observations

Equations of state



LMXBs considered in our work
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Our strategy
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( M, R )

( FD, T; distance)

Observations

( NS EOS is used )
Method 1 

Monte Carlo sampling
Method 2 
Bayesian analysis

(M. Kim) (Y.-M. Kim)

Steiner et al., ApJ 722, 33 (2010) Ozel et al., ApJ 820, 28 (2016)



Method 1: Monte Carlo sampling (by M. Kim)
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Basic observations : flux, spectrum (blackbody temperature)

Touch down flux

Apparent angular area

before corrections

<latexit sha1_base64="HNLxSFSealGgJJdKtuymCBTXjpc=">AAACD3icbVDLSsNAFJ3UV62vqEs3g0WpiCWpom6EohuXFewDmrRMppN26EwSZiZCCfkDN/6KGxeKuHXrzr9x2mahrQcuHM65l3vv8SJGpbKsbyO3sLi0vJJfLaytb2xumds7DRnGApM6DlkoWh6ShNGA1BVVjLQiQRD3GGl6w5ux33wgQtIwuFejiLgc9QPqU4yUlrrmoTNEUYTgFbTKFViyj1tHDkwcwSHmnYoD+53kxE7Trlm0ytYEcJ7YGSmCDLWu+eX0QhxzEijMkJRt24qUmyChKGYkLTixJBHCQ9QnbU0DxIl0k8k/KTzQSg/6odAVKDhRf08kiEs54p7u5EgN5Kw3Fv/z2rHyL92EBlGsSICni/yYQRXCcTiwRwXBio00QVhQfSvEAyQQVjrCgg7Bnn15njQqZfu8fHp3VqxeZ3HkwR7YByVggwtQBbegBuoAg0fwDF7Bm/FkvBjvxse0NWdkM7vgD4zPHxGhmZA=</latexit>

 = 0.2(1 +X) cm2 g�1

X : hydrogen mass fraction in H-He plasma

Opacity



Systematic treatments

Color-correction factor 
• Change of the effective area due to the atmospheric effect

Cooling tail method 
• Spectral evolution during the cooling phase due to the atmosphere of NS  

(surface gravity & chemical composition)

Chemical composition of the photosphere 
• H-He plasma
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 = 0.2(1 +X) cm2 g�1

X : hydrogen mass fraction in H-He plasma



Flux, Color temperature, Apparent area 
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rph 6= R
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Modifications
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h =
2RNS

rph

Touchdown Flux (ratio) Apparent angular area (ratio)
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fNS : NS spin frequency

touchdown radius parameter causality limit NS spin frequency
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Double solutions are allowed in MC sampling
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� =
MNS

RNS

unphysical/unstable region
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h =
2RNS

rph

allowed region



26

SAX J1748.9-2021

X: hydrogen mass fraction 

4U 1820-30



Most probable values of M & R
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M. Kim, Y.-M. Kim et al. (A&A 2021)



Most probable M,R

M. Kim, Y.-M. Kim et al. (A&A 2021)Abbott et al. (LSC and Virgo), PRL 121.161101

EoS insensitive relations

Consistent
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Method 2: Bayesian analysis (by Y.-M. Kim)
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P (data|✓)

Posterior probability distribution

Parameter set

Likelihood
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P (✓) Prior of the parameter set of the model

(flat distribution for unknown quantities without using EOS)



Mass-Radius estimation by Bayesian.

Correlation of

hydrogen mass fraction, x


Photosphere size, h

M. Kim, Y.-M. Kim et al. (A&A 2021)
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h =
2RNS

rph
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Discussions on LMXBs

LMXBs are good laboratories for NS physics


• Photosphere is likely to be H-poor regardless of the energy generation mechanism below.


• Touchdown is likely to occur away from the neutron star surface.


• Bounds of NS radius is consistent with the results of LIGO/Virgo (based on tidal 
deformability of GW170817).


Future observations of LMXBs will be able to give more constraints on NS masses & radii, 
and check the possibilities of Quark Stars.


Effects of accretion disk in LMXBs are in progress.
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