
Chang-Hwan Lee / Pusan National University

1

in collaboration with 
Myungkuk Kim, Young-Min Kim, Kyujin Kwak (UNIST)

Neutron Star Properties 
from Astrophysical Observations

APCTP-Focus@2021.07.14

focused on Astronomy & Astrophysics 650, A139 (2021)



Contents

Introduction & Motivation


Mass & Radius of NS from Low-Mass X-ray binary (LMXB)


• Monte Carlo sampling


• Bayesian analysis


Discussion

2



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)

2021

New Transport DJBUU 
Nuclear Structure DRHBc


New EDF KIDS

… …

Nuclear physics + Astrophysics +

Mathematics + Artificial Intelligence

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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Dense Nuclear & Stellar Matter Studies 
for RAON New Rare Isotope Accelerator & MMA Multi-Messenger Astrophysics

BUD2 Collaboration
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Single NS (better constraint)

Low-mass X-ray binary (NS binary)

Kim et al., EPJA 56, 157 (2020)

Riley 2019 vs. Miller 2019

J0030+0451 by NICER



Constraints on Equation of State

prefer harder EoS: M_max, NICER

prefer soft EoS: GW170817, strangeness

M. Kim et al. (IJMPE 2020)
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Mass Gap (2.5-5)

before GW
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Probability of NS formation from core collapse SN is low

What is the origin of 2.6 solar mass compact object ?
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Light Black Hole 

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

• Tidal Love number of GW170817 prefers soft EOS 
• 2.6 solar mass NS required hard EOS (inconsistent with GW170817) 
• 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>
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Open questions
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Observations of both M & R of 
NS are important !!



Low-Mass X-ray binary (LMXB)

Mass & Radius of Neutron Star

• Monte Carlo sampling

• Bayesian analysis
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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, we 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 )
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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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<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



Modifications
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<latexit sha1_base64="lIcUStQKP5IH/Q26EToG8Jaq3+Y=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4KjNV1I1QdONK6qMP6Awlk2Y6oUlmSDJCGeYD3Pgrblwo4tYPcOffmLaz0NYDgcM553Jzjx8zqrRtf1uFhcWl5ZXiamltfWNzq7y901JRIjFp4ohFsuMjRRgVpKmpZqQTS4K4z0jbH16O/fYDkYpG4l6PYuJxNBA0oBhpI/XKlRCeQzeQCKc1eNtLXcnh9V2WpXLK4zDLTMqu2hPAeeLkpAJyNHrlL7cf4YQToTFDSnUdO9ZeiqSmmJGs5CaKxAgP0YB0DRWIE+Wlk2MyeGCUPgwiaZ7QcKL+nkgRV2rEfZPkSIdq1huL/3ndRAdnXkpFnGgi8HRRkDCoIzhuBvapJFizkSEIS2r+CnGITDPa9FcyJTizJ8+TVq3qnFSPbo4r9Yu8jiLYA/vgEDjgFNTBFWiAJsDgETyDV/BmPVkv1rv1MY0WrHxmF/yB9fkDtYSa0Q==</latexit>

h =
2RNS

rph

Touchdown Flux (ratio) Apparent angular area (ratio)

<latexit sha1_base64="y4I6wucZLCL8ywkzQc3cTSrwwo0=">AAACDHicbVDLSsNAFJ3UV62vqks3g0VwVRIVFVdFN66kon1AE8pketMOnUzizEQIoR/gxl9x40IRt36AO//GaZuFVg8MHM45lzv3+DFnStv2l1WYm19YXCoul1ZW19Y3yptbTRUlkkKDRjySbZ8o4ExAQzPNoR1LIKHPoeUPL8Z+6x6kYpG41WkMXkj6ggWMEm2kbrkSdDNXhvjqZoTPpsTFKmbCxYGEuwQETU3KrtoT4L/EyUkF5ah3y59uL6JJCEJTTpTqOHasvYxIzSiHUclNFMSEDkkfOoYKEoLysskxI7xnlB4OImme0Hii/pzISKhUGvomGRI9ULPeWPzP6yQ6OPUyJuJEm6umi4KEYx3hcTO4xyRQzVNDCJXM/BXTAZGEatNfyZTgzJ78lzQPqs5x9fD6qFI7z+sooh20i/aRg05QDV2iOmogih7QE3pBr9aj9Wy9We/TaMHKZ7bRL1gf33bamqQ=</latexit>

fNS : NS spin frequency

touchdown radius parameter causality limit NS spin frequency
<latexit sha1_base64="TB4ydfiGbxkRxM5ogZWywRugdCc=">AAACH3icbZDLSsNAFIYn9VbrLerSzWARXIWklqqgUHTjRqmXXqAJZTKdtEMnF2YmQgl5Eze+ihsXioi7vo3TNqC2Hhj4+P9zOHN+N2JUSNMcabmFxaXllfxqYW19Y3NL395piDDmmNRxyELecpEgjAakLqlkpBVxgnyXkaY7uBz7zUfCBQ2DBzmMiOOjXkA9ipFUUkev2C6RCJ5D2+MIJ9edxOY+vLlP0+Tuh+FZ5ltpUjJOy2lHL5qGOSk4D1YGRZBVraN/2d0Qxz4JJGZIiLZlRtJJEJcUM5IW7FiQCOEB6pG2wgD5RDjJ5L4UHiilC72QqxdIOFF/TyTIF2Lou6rTR7IvZr2x+J/XjqV34iQ0iGJJAjxd5MUMyhCOw4JdygmWbKgAYU7VXyHuIxWEVJEWVAjW7Mnz0CgZVsU4ui0XqxdZHHmwB/bBIbDAMaiCK1ADdYDBE3gBb+Bde9ZetQ/tc9qa07KZXfCntNE3MXih0w==</latexit>

� =
MNS

RNS
<

1

2.94



Double solutions are allowed in MC sampling
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<latexit sha1_base64="1pIpeZjH4e10h+uDQsRwBm/+f/k=">AAACDnicbZDLSsNAFIYn9VbrLerSzWApuCqJiroRim7cKPXSCzQhTKaTduhMEmYmQgl5Aje+ihsXirh17c63cdoG1NYfBj7+cw5nzu/HjEplWV9GYW5+YXGpuFxaWV1b3zA3t5oySgQmDRyxSLR9JAmjIWkoqhhpx4Ig7jPS8gfno3rrnghJo/BODWPictQLaUAxUtryzIrjE4XgKXQCgXB66aWO4PDqNsvSmx/2zLJVtcaCs2DnUAa56p756XQjnHASKsyQlB3bipWbIqEoZiQrOYkkMcID1CMdjSHiRLrp+JwMVrTThUEk9AsVHLu/J1LEpRxyX3dypPpyujYy/6t1EhWcuCkN40SREE8WBQmDKoKjbGCXCoIVG2pAWFD9V4j7SOeidIIlHYI9ffIsNPer9lH14PqwXDvL4yiCHbAL9oANjkENXIA6aAAMHsATeAGvxqPxbLwZ75PWgpHPbIM/Mj6+AXwQm8c=</latexit>

� =
MNS

RNS

unphysical/unstable region

<latexit sha1_base64="lIcUStQKP5IH/Q26EToG8Jaq3+Y=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4KjNV1I1QdONK6qMP6Awlk2Y6oUlmSDJCGeYD3Pgrblwo4tYPcOffmLaz0NYDgcM553Jzjx8zqrRtf1uFhcWl5ZXiamltfWNzq7y901JRIjFp4ohFsuMjRRgVpKmpZqQTS4K4z0jbH16O/fYDkYpG4l6PYuJxNBA0oBhpI/XKlRCeQzeQCKc1eNtLXcnh9V2WpXLK4zDLTMqu2hPAeeLkpAJyNHrlL7cf4YQToTFDSnUdO9ZeiqSmmJGs5CaKxAgP0YB0DRWIE+Wlk2MyeGCUPgwiaZ7QcKL+nkgRV2rEfZPkSIdq1huL/3ndRAdnXkpFnGgi8HRRkDCoIzhuBvapJFizkSEIS2r+CnGITDPa9FcyJTizJ8+TVq3qnFSPbo4r9Yu8jiLYA/vgEDjgFNTBFWiAJsDgETyDV/BmPVkv1rv1MY0WrHxmF/yB9fkDtYSa0Q==</latexit>

h =
2RNS

rph

allowed region
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SAX J1748.9-2021

X: hydrogen mass fraction 
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4U 1820-30

X: hydrogen mass fraction 



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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<latexit sha1_base64="znosiDU81M1QnH+LBjUuZwH9X0s=">AAAB/nicbZBLSwMxFIUzPmt9jYorN8Ei1E2ZUVGXBUFcVrAP6AzlTpq2oZkHyR2hjIX+FTcuFHHr73DnvzF9LLT1QODjnBtyc4JECo2O820tLa+srq3nNvKbW9s7u/befk3HqWK8ymIZq0YAmksR8SoKlLyRKA5hIHk96N+M8/ojV1rE0QMOEu6H0I1ERzBAY7Xsw0ox81RI24AwfPKwxxFOacsuOCVnIroI7gwKZKZKy/7y2jFLQx4hk6B103US9DNQKJjkw7yXap4A60OXNw1GEHLtZ5P1h/TEOG3aiZU5EdKJ+/tGBqHWgzAwkyFgT89nY/O/rJli59rPRJSkyCM2faiTSooxHXdB20JxhnJgAJgSZlfKeqCAoWksb0pw57+8CLWzkntZOr+/KJRvR9M6cuSIHJMicckVKZM7UiFVwkhGnskrebNG1ov1bn1MR5esWYUH5I+szx+MPJWl</latexit>

P (data|✓)

Posterior probability distribution

Parameter set

Likelihood

<latexit sha1_base64="zkcY1rjGTFiyT34qCc9JjUiRNNk=">AAAB8XicbVDLSgNBEJz1GeMr6tHLYBDiJeyqqMeAIB4jmAcmS5id9CZDZmeXmV4hLAE/wosHRbz6N978GyePgyYWNBRV3XR3BYkUBl3321laXlldW89t5De3tnd2C3v7dROnmkONxzLWzYAZkEJBDQVKaCYaWBRIaASD67HfeARtRKzucZiAH7GeEqHgDK30UC21sQ/ITminUHTL7gR0kXgzUiQzVDuFr3Y35mkECrlkxrQ8N0E/YxoFlzDKt1MDCeMD1oOWpYpFYPxscvGIHlulS8NY21JIJ+rviYxFxgyjwHZGDPtm3huL/3mtFMMrPxMqSREUny4KU0kxpuP3aVdo4CiHljCuhb2V8j7TjKMNKW9D8OZfXiT107J3UT67Oy9Wbp6mceTIITkiJeKRS1Iht6RKaoQTRZ7JK3lzjPPivDsf09YlZxbhAfkD5/MHj0qQnQ==</latexit>

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)

<latexit sha1_base64="lIcUStQKP5IH/Q26EToG8Jaq3+Y=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4KjNV1I1QdONK6qMP6Awlk2Y6oUlmSDJCGeYD3Pgrblwo4tYPcOffmLaz0NYDgcM553Jzjx8zqrRtf1uFhcWl5ZXiamltfWNzq7y901JRIjFp4ohFsuMjRRgVpKmpZqQTS4K4z0jbH16O/fYDkYpG4l6PYuJxNBA0oBhpI/XKlRCeQzeQCKc1eNtLXcnh9V2WpXLK4zDLTMqu2hPAeeLkpAJyNHrlL7cf4YQToTFDSnUdO9ZeiqSmmJGs5CaKxAgP0YB0DRWIE+Wlk2MyeGCUPgwiaZ7QcKL+nkgRV2rEfZPkSIdq1huL/3ndRAdnXkpFnGgi8HRRkDCoIzhuBvapJFizkSEIS2r+CnGITDPa9FcyJTizJ8+TVq3qnFSPbo4r9Yu8jiLYA/vgEDjgFNTBFWiAJsDgETyDV/BmPVkv1rv1MY0WrHxmF/yB9fkDtYSa0Q==</latexit>

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.


• Upper bound of NS radius is consistent that by 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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Thanks

Binary interactions  
are always interesting

Ssireum (Korean Wrestling)

Hong-Do Kim (1745 ~ ?)


