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중성자별 (Neutron Star) 이란?
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위키피디아/항성진화



Neutron Star

3courtesy of D. Page

M= 1.4~2.0M◉
R=10~15km
A~ 1057 nucleons

ρcenter ≈ several × ρ0

n0 ≈ 0.16 fm−3 ≈ 1.6 × 1044m−3

ρ0 ≈ 2.04 × 1017kg ⋅ m−3
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Mass ~ 1.4 Msun 
Radius ~12km



Neutron Star of Known Mass
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J. Lattimer,  
Annu.Rev.Nucl.Part.Sci.62,485(2012) 
and https://stellarcollapse.org by C. Ott

https://stellarcollapse.org


Maximum mass of Neutron Stars
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Demorest  et al. Nature (2010)

Shapiro delay



Low-Mass X-ray Binary

7

Steiner,  Lattimer, Brown, ApJ 2010

95% confidence limits by using MC sampling

Kim et al., A&A 650, A139 (2021)



Observation by NICER
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Research Laboratory and universities 
across the USA, together with McGill 
University in Canada.

NICER was selected in 2013 by NASA’s 
Science Mission Directorate as an 
Astrophysics Explorer Mission of 
Opportunity. NICER will launch in June 
2017 aboard the eleventh SpaceX 
Commercial Resupply Services 
(CRS-11) flight to the International Space 
Station. The payload will be robotically 
installed on one of space station’s zenith-
side Express Logistics Carrier (ELC) 
platforms.

NICER SCIENCE OBJECTIVES
UNCOVERING THE NATURE AND 
BEHAVIOR OF NEUTRON STARS
Neutron stars embody extreme conditions 
impossible to replicate in a laboratory. 
NICER provides high-precision 
measurements of the structure, 
dynamics, and energetics of neutron stars 
through observations in “soft” X-rays 
(photon energies between 0.2 and 12 
keV), the part of the electromagnetic 
spectrum in which these stars radiate 
both from their million-degree solid

"What's inside a neutron 
star?" is one of many 
long-standing astrophysics 
questions about the 
ultra-dense, fast-spinning, 
powerfully magnetic objects 
commonly observed as 
pulsars. The Neutron 
star Interior Composition 
Explorer (NICER) mission  
will reveal some of the 
extraordinary physics at 
work in and around 
neutron stars, confronting 
theoretical predictions 
with unique X-ray measurements of these 
stellar corpses. In particular, NICER will 
probe the nature of the densest stable form 
of matter, deep in the cores of neutron 
stars, by measuring the sizes of a handful of 
neutron stars. 

NICER is the first mission designed 
specifically for the study of neutron stars, 
with simultaneous fast timing—some 
pulsars flicker and flash hundreds of times 
each second—spectroscopy, and sensitivity 
to faint X-ray emissions. 

In addition to its principal science goals, 
NICER will enable the first demonstration of 
spacecraft navigation using pulsars as 
beacons, through the Station Explorer for 
X-ray Timing and Navigation Technology
(SEXTANT) enhancement to the mission,
which is funded by the NASA Space
Technology Mission Directorate's Game-
Changing Development program.

NICER team partners include NASA’s 
Goddard Space Flight Center (GSFC), the 
Massachusetts Institute of Technology 
(MIT), the Technical University of Denmark 
(DTU), and Moog, Inc. Additional science 
team members come from the Naval 

National Aeronautics and Space Administration

NICER
Neutron star Interior Composition Explorer
INVESTIGATING THE DENSEST KNOWN OBJECTS IN THE UNIVERSE



Hot spot region model in Riley 2019
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Riley_2019_ApJL_887_L21



NICER observations

10

Riley_2019_ApJL_887_L21

PSR J0030+0451 PSR J0740+6620

arxiv:2105.06979



Mass and Radius of Neutron Stars
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prefer soft EoS

prefer hard EoS



Deriving TOV eq.
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Derving TOV eq. (1)
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Derving TOV eq. (2)
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Derving TOV eq. (3)
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Derving TOV eq. (4)
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Derving TOV eq. (5)
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Derving TOV eq. (6)
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Equation of State (EoS)
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Hard (stiff)

Soft

Y.-M. Kim et al. (EPJA 2020)



Equation of State (EoS)
1. Equation of state : a thermodynamic equation relating state variables 

(P, V, T, E) which describe the state of matter under a given set of 
physical conditions. - from Wikipedia

- NS is cold on the nuclear scale (1 MeV ~ 1010 K) : frozen in the 
point of view of hadronic and leptonic compositions.
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Degenerate Fermi Gas
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Degenerate pressure of Fermi gas
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Slide from C.Lee (PNU)’s lecture



Degenerate pressure of Fermi gas
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Slide from C.Lee (PNU)’s lecture



Degenerate Pressure of electron gas (1)
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Degenerate Pressure of electron gas (2)
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Degenerate Pressure of electron gas (3)
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Degenerate Pressure of electron gas (4)
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Degenerate Pressure of electron gas (5)
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Degenerate Pressure of electron gas (6)
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Degenerate Pressure of electron gas (7)
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Another way to obtain Pe
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Polytropic equation of state
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M. Kim et al., JKPS, 78, 932-941(2021)
https://link.springer.com/article/10.1007/s40042-021-00084-4

K1<K2<K3

(a=0)

https://link.springer.com/article/10.1007/s40042-021-00084-4


M-R Relation in Various EoSs

Vertical line follows N=1 polytope 
in Lane-Emden Solution

 N < 1
Γ > 2

 1 < N < 3
3/4 < Γ < 2

Recall that 

M (R) = 4πR
3 − N
1 − N [ (N + 1) K

4πG ]
N
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ξ
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1 − N

s θ′￼(ξs)



Polytropic EoSs vs. Realistic EoSs
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M. Kim et al. (IJMPE 2020)M. Kim et al. (JKPS 2021) K1<K2<K3

n < 1.0 n >=1.0



Nucleus and Strong force
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Image: NASA



Effective field theories and energy scales
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Slide from Dean Lee’ lecture in Nuclear Physics School 2020



EoS for a Neutron Star
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<latexit sha1_base64="NM0RAoDF4dRNgE2wdVgqDbYuelw=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRBKEkIuhFKHrxWMHaQhvCZjtpl242YXcjlFDwr3jxoIhXf4c3/42bNAdtfbDM470ZZvYFCWdKO863VVlaXlldq67XNja3tnfs3b0HFaeSQpvGPJbdgCjgTEBbM82hm0ggUcChE4xvcr/zCFKxWNzrSQJeRIaChYwSbSTfPuhHqS/wFc5rgk+LCr5ddxpOAbxI3JLUUYmWb3/1BzFNIxCacqJUz3US7WVEakY5TGv9VEFC6JgMoWeoIBEoLyvOn+JjowxwGEvzhMaF+nsiI5FSkygwnRHRIzXv5eJ/Xi/V4aWXMZGkGgSdLQpTjnWM8yzwgEmgmk8MIVQycyumIyIJ1SaxmgnBnf/yInk4a7hOw707rzevyziq6BAdoRPkogvURLeohdqIogw9o1f0Zj1ZL9a79TFrrVjlzD76A+vzB3JelH8=</latexit><latexit sha1_base64="NM0RAoDF4dRNgE2wdVgqDbYuelw=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRBKEkIuhFKHrxWMHaQhvCZjtpl242YXcjlFDwr3jxoIhXf4c3/42bNAdtfbDM470ZZvYFCWdKO863VVlaXlldq67XNja3tnfs3b0HFaeSQpvGPJbdgCjgTEBbM82hm0ggUcChE4xvcr/zCFKxWNzrSQJeRIaChYwSbSTfPuhHqS/wFc5rgk+LCr5ddxpOAbxI3JLUUYmWb3/1BzFNIxCacqJUz3US7WVEakY5TGv9VEFC6JgMoWeoIBEoLyvOn+JjowxwGEvzhMaF+nsiI5FSkygwnRHRIzXv5eJ/Xi/V4aWXMZGkGgSdLQpTjnWM8yzwgEmgmk8MIVQycyumIyIJ1SaxmgnBnf/yInk4a7hOw707rzevyziq6BAdoRPkogvURLeohdqIogw9o1f0Zj1ZL9a79TFrrVjlzD76A+vzB3JelH8=</latexit><latexit sha1_base64="NM0RAoDF4dRNgE2wdVgqDbYuelw=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRBKEkIuhFKHrxWMHaQhvCZjtpl242YXcjlFDwr3jxoIhXf4c3/42bNAdtfbDM470ZZvYFCWdKO863VVlaXlldq67XNja3tnfs3b0HFaeSQpvGPJbdgCjgTEBbM82hm0ggUcChE4xvcr/zCFKxWNzrSQJeRIaChYwSbSTfPuhHqS/wFc5rgk+LCr5ddxpOAbxI3JLUUYmWb3/1BzFNIxCacqJUz3US7WVEakY5TGv9VEFC6JgMoWeoIBEoLyvOn+JjowxwGEvzhMaF+nsiI5FSkygwnRHRIzXv5eJ/Xi/V4aWXMZGkGgSdLQpTjnWM8yzwgEmgmk8MIVQycyumIyIJ1SaxmgnBnf/yInk4a7hOw707rzevyziq6BAdoRPkogvURLeohdqIogw9o1f0Zj1ZL9a79TFrrVjlzD76A+vzB3JelH8=</latexit>

µe = µµ(= µK)
<latexit sha1_base64="dJjVFn9U6Q1kRqQNmwnFJfHHztc=">AAACAnicbVDLSgMxFM34rPU16krcBItQN2VGBN0Uim4ENxXsA9qhZNI7bWgmMyQZoQzFjb/ixoUibv0Kd/6NmXYW2noguYdz7iW5x485U9pxvq2l5ZXVtfXCRnFza3tn197bb6ookRQaNOKRbPtEAWcCGpppDu1YAgl9Di1/dJ35rQeQikXiXo9j8EIyECxglGgj9ezDbpj0AFdxVlNzTcrVjN6e9uySU3GmwIvEzUkJ5aj37K9uP6JJCEJTTpTquE6svZRIzSiHSbGbKIgJHZEBdAwVJATlpdMVJvjEKH0cRNIcofFU/T2RklCpceibzpDooZr3MvE/r5Po4NJLmYgTDYLOHgoSjnWEszxwn0mgmo8NIVQy81dMh0QSqk1qRROCO7/yImmeVVyn4t6dl2pXeRwFdISOURm56ALV0A2qowai6BE9o1f0Zj1ZL9a79TFrXbLymQP0B9bnD9umlm0=</latexit><latexit sha1_base64="dJjVFn9U6Q1kRqQNmwnFJfHHztc=">AAACAnicbVDLSgMxFM34rPU16krcBItQN2VGBN0Uim4ENxXsA9qhZNI7bWgmMyQZoQzFjb/ixoUibv0Kd/6NmXYW2noguYdz7iW5x485U9pxvq2l5ZXVtfXCRnFza3tn197bb6ookRQaNOKRbPtEAWcCGpppDu1YAgl9Di1/dJ35rQeQikXiXo9j8EIyECxglGgj9ezDbpj0AFdxVlNzTcrVjN6e9uySU3GmwIvEzUkJ5aj37K9uP6JJCEJTTpTquE6svZRIzSiHSbGbKIgJHZEBdAwVJATlpdMVJvjEKH0cRNIcofFU/T2RklCpceibzpDooZr3MvE/r5Po4NJLmYgTDYLOHgoSjnWEszxwn0mgmo8NIVQy81dMh0QSqk1qRROCO7/yImmeVVyn4t6dl2pXeRwFdISOURm56ALV0A2qowai6BE9o1f0Zj1ZL9a79TFrXbLymQP0B9bnD9umlm0=</latexit><latexit sha1_base64="dJjVFn9U6Q1kRqQNmwnFJfHHztc=">AAACAnicbVDLSgMxFM34rPU16krcBItQN2VGBN0Uim4ENxXsA9qhZNI7bWgmMyQZoQzFjb/ixoUibv0Kd/6NmXYW2noguYdz7iW5x485U9pxvq2l5ZXVtfXCRnFza3tn197bb6ookRQaNOKRbPtEAWcCGpppDu1YAgl9Di1/dJ35rQeQikXiXo9j8EIyECxglGgj9ezDbpj0AFdxVlNzTcrVjN6e9uySU3GmwIvEzUkJ5aj37K9uP6JJCEJTTpTquE6svZRIzSiHSbGbKIgJHZEBdAwVJATlpdMVJvjEKH0cRNIcofFU/T2RklCpceibzpDooZr3MvE/r5Po4NJLmYgTDYLOHgoSjnWEszxwn0mgmo8NIVQy81dMh0QSqk1qRROCO7/yImmeVVyn4t6dl2pXeRwFdISOURm56ALV0A2qowai6BE9o1f0Zj1ZL9a79TFrXbLymQP0B9bnD9umlm0=</latexit><latexit sha1_base64="dJjVFn9U6Q1kRqQNmwnFJfHHztc=">AAACAnicbVDLSgMxFM34rPU16krcBItQN2VGBN0Uim4ENxXsA9qhZNI7bWgmMyQZoQzFjb/ixoUibv0Kd/6NmXYW2noguYdz7iW5x485U9pxvq2l5ZXVtfXCRnFza3tn197bb6ookRQaNOKRbPtEAWcCGpppDu1YAgl9Di1/dJ35rQeQikXiXo9j8EIyECxglGgj9ezDbpj0AFdxVlNzTcrVjN6e9uySU3GmwIvEzUkJ5aj37K9uP6JJCEJTTpTquE6svZRIzSiHSbGbKIgJHZEBdAwVJATlpdMVJvjEKH0cRNIcofFU/T2RklCpceibzpDooZr3MvE/r5Po4NJLmYgTDYLOHgoSjnWEszxwn0mgmo8NIVQy81dMh0QSqk1qRROCO7/yImmeVVyn4t6dl2pXeRwFdISOURm56ALV0A2qowai6BE9o1f0Zj1ZL9a79TFrXbLymQP0B9bnD9umlm0=</latexit>

⇢p = ⇢e + ⇢µ (+⇢K)
<latexit sha1_base64="nVKj6K72gQ/UNvUO2YDlxRTVufA=">AAACEHicbZDLSgMxFIYz9VbrbdSlm2ARK0KZEUE3QtGN4KaCvUBnGDJp2oYmkyHJCGWob+DGV3HjQhG3Lt35NqbTWWjrD4Ev/zmH5PxhzKjSjvNtFRYWl5ZXiqultfWNzS17e6epRCIxaWDBhGyHSBFGI9LQVDPSjiVBPGSkFQ6vJvXWPZGKiuhOj2Lic9SPaI9ipI0V2IeeHIgghhcwAwKPp5B6PBk/VPLbzVFgl52qkwnOg5tDGeSqB/aX1xU44STSmCGlOq4Taz9FUlPMyLjkJYrECA9Rn3QMRogT5afZQmN4YJwu7AlpTqRh5v6eSBFXasRD08mRHqjZ2sT8r9ZJdO/cT2kUJ5pEePpQL2FQCzhJB3apJFizkQGEJTV/hXiAJMLaZFgyIbizK89D86TqOlX39rRcu8zjKII9sA8qwAVnoAauQR00AAaP4Bm8gjfryXqx3q2PaWvBymd2wR9Znz9+fpuZ</latexit><latexit sha1_base64="nVKj6K72gQ/UNvUO2YDlxRTVufA=">AAACEHicbZDLSgMxFIYz9VbrbdSlm2ARK0KZEUE3QtGN4KaCvUBnGDJp2oYmkyHJCGWob+DGV3HjQhG3Lt35NqbTWWjrD4Ev/zmH5PxhzKjSjvNtFRYWl5ZXiqultfWNzS17e6epRCIxaWDBhGyHSBFGI9LQVDPSjiVBPGSkFQ6vJvXWPZGKiuhOj2Lic9SPaI9ipI0V2IeeHIgghhcwAwKPp5B6PBk/VPLbzVFgl52qkwnOg5tDGeSqB/aX1xU44STSmCGlOq4Taz9FUlPMyLjkJYrECA9Rn3QMRogT5afZQmN4YJwu7AlpTqRh5v6eSBFXasRD08mRHqjZ2sT8r9ZJdO/cT2kUJ5pEePpQL2FQCzhJB3apJFizkQGEJTV/hXiAJMLaZFgyIbizK89D86TqOlX39rRcu8zjKII9sA8qwAVnoAauQR00AAaP4Bm8gjfryXqx3q2PaWvBymd2wR9Znz9+fpuZ</latexit><latexit sha1_base64="nVKj6K72gQ/UNvUO2YDlxRTVufA=">AAACEHicbZDLSgMxFIYz9VbrbdSlm2ARK0KZEUE3QtGN4KaCvUBnGDJp2oYmkyHJCGWob+DGV3HjQhG3Lt35NqbTWWjrD4Ev/zmH5PxhzKjSjvNtFRYWl5ZXiqultfWNzS17e6epRCIxaWDBhGyHSBFGI9LQVDPSjiVBPGSkFQ6vJvXWPZGKiuhOj2Lic9SPaI9ipI0V2IeeHIgghhcwAwKPp5B6PBk/VPLbzVFgl52qkwnOg5tDGeSqB/aX1xU44STSmCGlOq4Taz9FUlPMyLjkJYrECA9Rn3QMRogT5afZQmN4YJwu7AlpTqRh5v6eSBFXasRD08mRHqjZ2sT8r9ZJdO/cT2kUJ5pEePpQL2FQCzhJB3apJFizkQGEJTV/hXiAJMLaZFgyIbizK89D86TqOlX39rRcu8zjKII9sA8qwAVnoAauQR00AAaP4Bm8gjfryXqx3q2PaWvBymd2wR9Znz9+fpuZ</latexit><latexit sha1_base64="nVKj6K72gQ/UNvUO2YDlxRTVufA=">AAACEHicbZDLSgMxFIYz9VbrbdSlm2ARK0KZEUE3QtGN4KaCvUBnGDJp2oYmkyHJCGWob+DGV3HjQhG3Lt35NqbTWWjrD4Ev/zmH5PxhzKjSjvNtFRYWl5ZXiqultfWNzS17e6epRCIxaWDBhGyHSBFGI9LQVDPSjiVBPGSkFQ6vJvXWPZGKiuhOj2Lic9SPaI9ipI0V2IeeHIgghhcwAwKPp5B6PBk/VPLbzVFgl52qkwnOg5tDGeSqB/aX1xU44STSmCGlOq4Taz9FUlPMyLjkJYrECA9Rn3QMRogT5afZQmN4YJwu7AlpTqRh5v6eSBFXasRD08mRHqjZ2sT8r9ZJdO/cT2kUJ5pEePpQL2FQCzhJB3apJFizkQGEJTV/hXiAJMLaZFgyIbizK89D86TqOlX39rRcu8zjKII9sA8qwAVnoAauQR00AAaP4Bm8gjfryXqx3q2PaWvBymd2wR9Znz9+fpuZ</latexit>
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A
✏(⇢, �) = ✏(⇢, �)/⇢

<latexit sha1_base64="wGDe6/EIWh7hUAXY0sb1OwQVqyg=">AAACPXicbVBLSwMxGMzWV62vqkcvi0WoIHVXBL0IVRE8VugLuqVk02/b0GyyJFmhLP1jXvwP3rx58aCIV69m2x607UBgMjMfyTd+xKjSjvNqZZaWV1bXsuu5jc2t7Z387l5diVgSqBHBhGz6WAGjHGqaagbNSAIOfQYNf3Cb+o1HkIoKXtXDCNoh7nEaUIK1kTr5qhdITJK7UXI9KnqyL068LjCNj68mRj01PIgUZYLPBBapp+mlky84JWcMe564U1JAU1Q6+RevK0gcAteEYaVarhPpdoKlpoTBKOfFCiJMBrgHLUM5DkG1k/H2I/vIKF07ENIcru2x+nciwaFSw9A3yRDrvpr1UnGR14p1cNlOKI9iDZxMHgpiZmthp1XaXSqBaDY0BBNJzV9t0semNW0Kz5kS3NmV50n9rOQ6JffhvFC+mdaRRQfoEBWRiy5QGd2jCqohgp7QG/pAn9az9W59Wd+TaMaazuyjf7B+fgGpbK9y</latexit><latexit sha1_base64="wGDe6/EIWh7hUAXY0sb1OwQVqyg=">AAACPXicbVBLSwMxGMzWV62vqkcvi0WoIHVXBL0IVRE8VugLuqVk02/b0GyyJFmhLP1jXvwP3rx58aCIV69m2x607UBgMjMfyTd+xKjSjvNqZZaWV1bXsuu5jc2t7Z387l5diVgSqBHBhGz6WAGjHGqaagbNSAIOfQYNf3Cb+o1HkIoKXtXDCNoh7nEaUIK1kTr5qhdITJK7UXI9KnqyL068LjCNj68mRj01PIgUZYLPBBapp+mlky84JWcMe564U1JAU1Q6+RevK0gcAteEYaVarhPpdoKlpoTBKOfFCiJMBrgHLUM5DkG1k/H2I/vIKF07ENIcru2x+nciwaFSw9A3yRDrvpr1UnGR14p1cNlOKI9iDZxMHgpiZmthp1XaXSqBaDY0BBNJzV9t0semNW0Kz5kS3NmV50n9rOQ6JffhvFC+mdaRRQfoEBWRiy5QGd2jCqohgp7QG/pAn9az9W59Wd+TaMaazuyjf7B+fgGpbK9y</latexit><latexit sha1_base64="wGDe6/EIWh7hUAXY0sb1OwQVqyg=">AAACPXicbVBLSwMxGMzWV62vqkcvi0WoIHVXBL0IVRE8VugLuqVk02/b0GyyJFmhLP1jXvwP3rx58aCIV69m2x607UBgMjMfyTd+xKjSjvNqZZaWV1bXsuu5jc2t7Z387l5diVgSqBHBhGz6WAGjHGqaagbNSAIOfQYNf3Cb+o1HkIoKXtXDCNoh7nEaUIK1kTr5qhdITJK7UXI9KnqyL068LjCNj68mRj01PIgUZYLPBBapp+mlky84JWcMe564U1JAU1Q6+RevK0gcAteEYaVarhPpdoKlpoTBKOfFCiJMBrgHLUM5DkG1k/H2I/vIKF07ENIcru2x+nciwaFSw9A3yRDrvpr1UnGR14p1cNlOKI9iDZxMHgpiZmthp1XaXSqBaDY0BBNJzV9t0semNW0Kz5kS3NmV50n9rOQ6JffhvFC+mdaRRQfoEBWRiy5QGd2jCqohgp7QG/pAn9az9W59Wd+TaMaazuyjf7B+fgGpbK9y</latexit><latexit sha1_base64="wGDe6/EIWh7hUAXY0sb1OwQVqyg=">AAACPXicbVBLSwMxGMzWV62vqkcvi0WoIHVXBL0IVRE8VugLuqVk02/b0GyyJFmhLP1jXvwP3rx58aCIV69m2x607UBgMjMfyTd+xKjSjvNqZZaWV1bXsuu5jc2t7Z387l5diVgSqBHBhGz6WAGjHGqaagbNSAIOfQYNf3Cb+o1HkIoKXtXDCNoh7nEaUIK1kTr5qhdITJK7UXI9KnqyL068LjCNj68mRj01PIgUZYLPBBapp+mlky84JWcMe564U1JAU1Q6+RevK0gcAteEYaVarhPpdoKlpoTBKOfFCiJMBrgHLUM5DkG1k/H2I/vIKF07ENIcru2x+nciwaFSw9A3yRDrvpr1UnGR14p1cNlOKI9iDZxMHgpiZmthp1XaXSqBaDY0BBNJzV9t0semNW0Kz5kS3NmV50n9rOQ6JffhvFC+mdaRRQfoEBWRiy5QGd2jCqohgp7QG/pAn9az9W59Wd+TaMaazuyjf7B+fgGpbK9y</latexit>

� =
⇢n � ⇢p

⇢
<latexit sha1_base64="fPyXcxS7kskShT1NEZ4AAixiTzA=">AAACDHicbVDLSsNAFL3xWeur6tLNYBHcWBIRdCMU3bisYB/QhDKZTNqhk0mYmQgl5APc+CtuXCji1g9w5984TbPQ1gMDh3PO5c49fsKZ0rb9bS0tr6yurVc2qptb2zu7tb39jopTSWibxDyWPR8rypmgbc00p71EUhz5nHb98c3U7z5QqVgs7vUkoV6Eh4KFjGBtpEGt7gaUa3zlhhKTzJWjeCDQKSpIkhdCblJ2wy6AFolTkjqUaA1qX24QkzSiQhOOleo7dqK9DEvNCKd51U0VTTAZ4yHtGypwRJWXFcfk6NgoAQpjaZ7QqFB/T2Q4UmoS+SYZYT1S895U/M/rpzq89DImklRTQWaLwpQjHaNpMyhgkhLNJ4ZgIpn5KyIjbGrRpr+qKcGZP3mRdM4ajt1w7s7rzeuyjgocwhGcgAMX0IRbaEEbCDzCM7zCm/VkvVjv1scsumSVMwfwB9bnD/K2m4w=</latexit><latexit sha1_base64="fPyXcxS7kskShT1NEZ4AAixiTzA=">AAACDHicbVDLSsNAFL3xWeur6tLNYBHcWBIRdCMU3bisYB/QhDKZTNqhk0mYmQgl5APc+CtuXCji1g9w5984TbPQ1gMDh3PO5c49fsKZ0rb9bS0tr6yurVc2qptb2zu7tb39jopTSWibxDyWPR8rypmgbc00p71EUhz5nHb98c3U7z5QqVgs7vUkoV6Eh4KFjGBtpEGt7gaUa3zlhhKTzJWjeCDQKSpIkhdCblJ2wy6AFolTkjqUaA1qX24QkzSiQhOOleo7dqK9DEvNCKd51U0VTTAZ4yHtGypwRJWXFcfk6NgoAQpjaZ7QqFB/T2Q4UmoS+SYZYT1S895U/M/rpzq89DImklRTQWaLwpQjHaNpMyhgkhLNJ4ZgIpn5KyIjbGrRpr+qKcGZP3mRdM4ajt1w7s7rzeuyjgocwhGcgAMX0IRbaEEbCDzCM7zCm/VkvVjv1scsumSVMwfwB9bnD/K2m4w=</latexit><latexit sha1_base64="fPyXcxS7kskShT1NEZ4AAixiTzA=">AAACDHicbVDLSsNAFL3xWeur6tLNYBHcWBIRdCMU3bisYB/QhDKZTNqhk0mYmQgl5APc+CtuXCji1g9w5984TbPQ1gMDh3PO5c49fsKZ0rb9bS0tr6yurVc2qptb2zu7tb39jopTSWibxDyWPR8rypmgbc00p71EUhz5nHb98c3U7z5QqVgs7vUkoV6Eh4KFjGBtpEGt7gaUa3zlhhKTzJWjeCDQKSpIkhdCblJ2wy6AFolTkjqUaA1qX24QkzSiQhOOleo7dqK9DEvNCKd51U0VTTAZ4yHtGypwRJWXFcfk6NgoAQpjaZ7QqFB/T2Q4UmoS+SYZYT1S895U/M/rpzq89DImklRTQWaLwpQjHaNpMyhgkhLNJ4ZgIpn5KyIjbGrRpr+qKcGZP3mRdM4ajt1w7s7rzeuyjgocwhGcgAMX0IRbaEEbCDzCM7zCm/VkvVjv1scsumSVMwfwB9bnD/K2m4w=</latexit><latexit sha1_base64="fPyXcxS7kskShT1NEZ4AAixiTzA=">AAACDHicbVDLSsNAFL3xWeur6tLNYBHcWBIRdCMU3bisYB/QhDKZTNqhk0mYmQgl5APc+CtuXCji1g9w5984TbPQ1gMDh3PO5c49fsKZ0rb9bS0tr6yurVc2qptb2zu7tb39jopTSWibxDyWPR8rypmgbc00p71EUhz5nHb98c3U7z5QqVgs7vUkoV6Eh4KFjGBtpEGt7gaUa3zlhhKTzJWjeCDQKSpIkhdCblJ2wy6AFolTkjqUaA1qX24QkzSiQhOOleo7dqK9DEvNCKd51U0VTTAZ4yHtGypwRJWXFcfk6NgoAQpjaZ7QqFB/T2Q4UmoS+SYZYT1S895U/M/rpzq89DImklRTQWaLwpQjHaNpMyhgkhLNJ4ZgIpn5KyIjbGrRpr+qKcGZP3mRdM4ajt1w7s7rzeuyjgocwhGcgAMX0IRbaEEbCDzCM7zCm/VkvVjv1scsumSVMwfwB9bnD/K2m4w=</latexit>

Kim et al. (IJMPE 2020)

⇢0 ⇠ 0.16 : saturation density
<latexit sha1_base64="C8aUmQOzdyNeSQwUhOrl/4UonjY=">AAACFnicbVDLSgMxFM3UV62vqks3wSK4scyIqLgqunFZwT6gU0omTdvQJDMkd4RhaH/Cjb/ixoUibsWdf2PazkJbDwQO55zLzT1BJLgB1/12ckvLK6tr+fXCxubW9k5xd69uwlhTVqOhCHUzIIYJrlgNOAjWjDQjMhCsEQxvJn7jgWnDQ3UPScTakvQV73FKwEqd4omvB2HHxb7hErtl7xynvpZ4fIUNgVhPU2PcZcpwSEadYsktu1PgReJlpIQyVDvFL78b0lgyBVQQY1qeG0E7JRo4FWxU8GPDIkKHpM9alioimWmn07NG+MgqXdwLtX0K8FT9PZESaUwiA5uUBAZm3puI/3mtGHqX7ZSrKAam6GxRLxYYQjzpCHe5ZhREYgmhmtu/YjogmlCwTRZsCd78yYukflr2bJ93Z6XKdVZHHh2gQ3SMPHSBKugWVVENUfSIntErenOenBfn3fmYRXNONrOP/sD5/AGv655+</latexit><latexit sha1_base64="C8aUmQOzdyNeSQwUhOrl/4UonjY=">AAACFnicbVDLSgMxFM3UV62vqks3wSK4scyIqLgqunFZwT6gU0omTdvQJDMkd4RhaH/Cjb/ixoUibsWdf2PazkJbDwQO55zLzT1BJLgB1/12ckvLK6tr+fXCxubW9k5xd69uwlhTVqOhCHUzIIYJrlgNOAjWjDQjMhCsEQxvJn7jgWnDQ3UPScTakvQV73FKwEqd4omvB2HHxb7hErtl7xynvpZ4fIUNgVhPU2PcZcpwSEadYsktu1PgReJlpIQyVDvFL78b0lgyBVQQY1qeG0E7JRo4FWxU8GPDIkKHpM9alioimWmn07NG+MgqXdwLtX0K8FT9PZESaUwiA5uUBAZm3puI/3mtGHqX7ZSrKAam6GxRLxYYQjzpCHe5ZhREYgmhmtu/YjogmlCwTRZsCd78yYukflr2bJ93Z6XKdVZHHh2gQ3SMPHSBKugWVVENUfSIntErenOenBfn3fmYRXNONrOP/sD5/AGv655+</latexit><latexit sha1_base64="C8aUmQOzdyNeSQwUhOrl/4UonjY=">AAACFnicbVDLSgMxFM3UV62vqks3wSK4scyIqLgqunFZwT6gU0omTdvQJDMkd4RhaH/Cjb/ixoUibsWdf2PazkJbDwQO55zLzT1BJLgB1/12ckvLK6tr+fXCxubW9k5xd69uwlhTVqOhCHUzIIYJrlgNOAjWjDQjMhCsEQxvJn7jgWnDQ3UPScTakvQV73FKwEqd4omvB2HHxb7hErtl7xynvpZ4fIUNgVhPU2PcZcpwSEadYsktu1PgReJlpIQyVDvFL78b0lgyBVQQY1qeG0E7JRo4FWxU8GPDIkKHpM9alioimWmn07NG+MgqXdwLtX0K8FT9PZESaUwiA5uUBAZm3puI/3mtGHqX7ZSrKAam6GxRLxYYQjzpCHe5ZhREYgmhmtu/YjogmlCwTRZsCd78yYukflr2bJ93Z6XKdVZHHh2gQ3SMPHSBKugWVVENUfSIntErenOenBfn3fmYRXNONrOP/sD5/AGv655+</latexit><latexit sha1_base64="C8aUmQOzdyNeSQwUhOrl/4UonjY=">AAACFnicbVDLSgMxFM3UV62vqks3wSK4scyIqLgqunFZwT6gU0omTdvQJDMkd4RhaH/Cjb/ixoUibsWdf2PazkJbDwQO55zLzT1BJLgB1/12ckvLK6tr+fXCxubW9k5xd69uwlhTVqOhCHUzIIYJrlgNOAjWjDQjMhCsEQxvJn7jgWnDQ3UPScTakvQV73FKwEqd4omvB2HHxb7hErtl7xynvpZ4fIUNgVhPU2PcZcpwSEadYsktu1PgReJlpIQyVDvFL78b0lgyBVQQY1qeG0E7JRo4FWxU8GPDIkKHpM9alioimWmn07NG+MgqXdwLtX0K8FT9PZESaUwiA5uUBAZm3puI/3mtGHqX7ZSrKAam6GxRLxYYQjzpCHe5ZhREYgmhmtu/YjogmlCwTRZsCd78yYukflr2bJ93Z6XKdVZHHh2gQ3SMPHSBKugWVVENUfSIntErenOenBfn3fmYRXNONrOP/sD5/AGv655+</latexit>

≡



Nuclear Equation of States
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x =
(ρ − ρ0)

3ρ0



Nuclear Symmetry Energy

40

S ⌘ Esym(⇢0)
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Nuclear Symmetry Energy

41
Kim et al. (IJMPE 2020)



Gandolfi and Steiner (2016)

Nuclear Symmetry Energy

42



Constraints on Symmetry Energy

43

Kim et al., PhysRevC.98.065805



Constraints on EoS
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Properties of Nuclei

45

Kim et al. (IJMPE 2020)



Standard Skyrme effective interaction
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2nd order derivative 

N1LO Skyrme pseudopotential



Skyrme-type Energy Density Functional
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Relativistic Mean-Field (RMF) theory

48

σ-ω-ρ model



Relativistic Mean-Field (RMF) theory

49



첫 번째 다중신호천문학 이벤트

50

GW170817 / GRB170817A / AT2017gfo
- PRL.119.161102,ApJL.848.L12 새로운 다중신호천문학의 시대가 옴 !

https://www.youtube.com/watch?v=BorIWC42tXk


첫 번째 다중신호천문학 이벤트
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GW170817 / GRB170817A / AT2017gfo
- PRL.119.161102,ApJL.848.L12 새로운 다중신호천문학의 시대가 옴 !

https://www.youtube.com/watch?v=BorIWC42tXk
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Heavy Elements from BNS mergers

53



Heavy Elements from BNS mergers

54



A new constraint by GW Observation

Abbott et al. (LSC and Virgo),  arxiv:1805.11581 (PhysRevLett.121.161101)

Λ(1.4Μ )=190+390-120

h̃T (f) = Af�7/6ei T (f)



Response of NS to GW during inspiral

56

perturbative approaches

Qij = ��Eij

� =
2

3

R5

G
k2

λ : Tidal deformability
k2 : Tidal Love number



Measurability of tidal 
deformability

57



Tidal term in GW waveform

58

⇤ = �/M5 ! G

✓
c2

GM

◆5

� =
2

3

✓
Rc2

GM

◆5

k2

h̃T (f) = Af�7/6ei T (f) M. Favata, PRL.112.101101 (2014)

 (f) = 2⇡ftc � 2�c �
⇡

4
+

3

128⌘v5
�(f)

v = (⇡fM)1/3



Accumulated GW phase (1)
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Moore et al., PRD.93.124061(2016)

f1 = 10 Hz, 
the low frequency cutoff for 
Advanced LIGO 
due to seismic noises

the number of wave cycles in frequency domain

Waveform models: 
    TaylorT2 for ΔNcyc

    TaylorF2(SPA) ΔNcyc,Ψ



Accumulated GW phase (2)

60

waveform model: 
TaylorF2(SPA)

Mch=1.188M⦿

M1=M2=1.365M⦿



Accumulated GW phase (2)

60

waveform model: 
TaylorF2(SPA)

Mch=1.188M⦿

M1=M2=1.365M⦿

~600 Hz

1/2-cycle



Measurement Errors via Fisher Matrix
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�ij = Re <
@h

@�i
| @h
@�j

>

⌃ij = ��1
ij

cij = ⌃ij/
p

⌃ii⌃jj

�i =
p
⌃ii

h̃T (f) = Af�7/6ei T (f)

�i = Mchirp, ⌘,�c, tc, s1,2, e0, ⇤̃, ...

Fisher matrix

covariance matrix

correlation matrix

Measurement Errors



Measurement Errors of Tidal Deformability

62
Kim, Kim, Kwak, Choi, Cho and Lee,  JKPS (2021)



Calculation of Tidal 
deformability
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TOV Eq. vs. Diff. Eq. for Tidal deformability
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dP

dr
= �GM⇢

r2

✓
1 +

P

⇢c2

◆✓
1 +

4⇡Pr3

Mc2

◆✓
1� 2GM

rc2

◆

dM

dr
= 4⇡r2

⇣ ✏

c2

⌘

Gµ⌫ = 8⇡Tµ⌫

a spherical symmetric star in hydrostatic equilibrium

Mass & Radius

TOV eq.



TOV Eq. vs. Diff. Eq. for Tidal deformability

65

static linearized perturbations due to an external tidal field

�Gµ⌫ = 8⇡�Tµ⌫

k2 or λ

T. Hinderer (2008), K. Thorne and A. 
Campolattaro (1967)

�T 0
0 = ��⇢ = �(dp/d⇢)�1�p �T i

i = �p



To obtain Tidal Love number, k2 (1)
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d�
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8C5
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��1
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R�(R)

H(R)
C =
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Rc2

T. Hinderer,  ApJ,  677, 1216 (2008)



To obtain Tidal Love number, k2 (2)
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k2 (λ,Λ) depends on NS EoS !!



Constraints on Equation of State

68
prefer hard EoS: M_max, NICER

prefer soft EoS: GW170817,strangeness

M. Kim et al. (IJMPE 2020)



Polytropic EoSs vs. Realistic EoSs (2)

69

⇤ = �/M5 ! G

✓
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k2
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Density profiles for polytropic eos
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Tidal Love number, k2

71

High k2 low k2



Tidal Love number, k2
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Measurements of GW170817

73

Abbott et al. (LSC and Virgo),  arxiv:1805.11581 (PhysRevLett.121.161101)

P(2 ρnuc)= 3.5+2.7-1.7 x1034 dyne/cm2

P(6 ρnuc)= 9.0+7.9-2.6 x1035 dyne/cm2

ρnuc= 2.8 x1014 g/cm3

Λ(1.4Μ )=190+390-120



Posteriors w/ Piece-wise Polytropic EoSs

74

GW170817 
MR samples: EoS-insensitive model  

PRL, 121, 161101 (2018)

PSR J0030+0451 
MR samples: 2 spot model 

Miller et al., ApJL, 887, L24 (2019) 

Reference for Piece-wise Polytropic EoSs : Read et al. PRD 79, 124032 (2009)



Bayesian analysis on EoS parameters
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Eos-insensitive relation

76

K. Yagi and N. Yunes, Phys. Rep. 681 (2017) 1 

Insensitive to EoS

a_0=0.360, a_1= - 0.0355, a_2= 0.000705

C=GM/Rc^2



Red line: Λ(1.4M⦿) = 2.88 * 10-6 (R/km)7.5 

Blue line: Λ(1.4M⦿) = 1.35 * 10-3 (R/km)5.0 

Y.-M. Kim, in progress

Kim et al., PhysRevC.98.065805 (2018)

[C] PhysRevLett.120.172703.pdf

Magenta line: Λ(1.4M⦿) = 1.05 * 10-4 (R/km)6.0 

Lambda-Radius relation
Implication of PREX 2 - 

PhysRevLett.126.172503 (2021)

Implication of PREX 2 - PhysRevLett.126.172503 (2021)
  => Λ ~ R4.8



Astrophysical GW Sources - NS

78

5

The Astrophysical 
Gravitational-Wave Source Catalog

Credit: Casey Reed, Penn State 

Coalescing Binary 
Systems
• Black hole – black 
hole
•Black hole – neutron 
star
• Neutron star –
neutron star 
(modeled waveform)

Credit: Chandra X-ray Observatory 

Transient‘Burst’
Sources
• asymmetric core 
collapse supernovae
• cosmic strings
• ???
(Unmodeled
waveform)

Credit: Planck Collaboration

Stochastic 
Background
• residue of the Big Bang
• incoherent sum of 
unresolved ‘point’ 
sources
(stochastic, incoherent 
noise background)

Continuous 
Sources
• Spinning neutron 
stars
(monotone waveform)

Credit: Bohn, Hébert, Throwe, SXS

In D. Reitze’s presentation in LIGO ODW #1, 2018



Continuous Gravitational Waves (CW)

non-Transient sources

Credit: Casey Reed, Penn State

Continuous Sources

credit: A. Stuver/ LIGO



NS Oscillations
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2026 겨울학교 슬라이드 - 김진호/박경빈



NS Oscillations
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2026 겨울학교 슬라이드 - 김진호/박경빈



Equilibrium Structure of Star

Pressure 
Gradient

Gravity

∇P

−ρ∇Φ

Fluid equation (Euler equation). 

1. Continuity Equation 

 

2. Momentum Equation 

 

3. Energy Equation 

∂ρ
∂t

+ ∇ ⋅ (ρ ⃗v) = 0

ρ
∂ ⃗v
∂t

+ ρ ⃗v ⋅ ∇ ⃗v + ∇P = − ρ∇Φ

ρ
∂e
∂t

+ ⃗v ⋅ ∇e +
P
ρ

∇ ⋅ ⃗v = 0

For spherical star (non-rotating, non-magnetized), LHS of 1. Continuity and 3. Energy equation 
is 0. The remaining equation is 2. Momentum equation and can be rewritten in spherical 
coordinates as

dP
dr

= − ρ
GMr

r2
where Mr = 4π∫

r

0
ρ(r)r2dr

1
r2

d
dr ( r2

ρ
dP
dr ) = − 4πGρ

김진호 박사님 강의자료중에서



Linear Stability Analysis

Let us revisit hydrodynamic (Euler) equation in 
spherical coordinates 
1. Continuity Equation 

, 

2. Momentum Equation 

, 

3. Equation of State 

, 

4. Poisson Equation 

.

∂ρ
∂t

+
1
r2

∂
∂r (r2ρv) = 0

ρ
∂v
∂t

+ ρv
∂v
∂r

+
∂P
∂r

= − ρ
∂Φ
∂r

P = KρΓ

1
r2

∂
∂r (r2 ∂Φ

∂r ) = 4πGρ

Equilibrium (background) solution 

. 

Assume, 

  

where subscript 0 denotes background 

(equilibrium) solution while -ed variables 

represents Eulerian perturbations. 

We can define radial displacement, , then 

the perturbation of velocity can be written as 

.

∂P0

∂r
= − ρ0

∂Φ0

∂r

ρ = ρ0 + δρ,
P = P0 + δP,
v = 0 + δv,

Φ = Φ0 + δΦ,

δ

ζ

δv =
∂ζ
∂t

김진호 박사님 강의자료중에서



Radice et al. , Annu. Rev. Nucl. Part. Sci. 70, 95–119 (2020) 
“The Dynamics of Binary Neutron Star Mergers and GW170817”



Radice et al. , Annu. Rev. Nucl. Part. Sci. 70, 95–119 (2020) 
“The Dynamics of Binary Neutron Star Mergers and GW170817”



Stergioulas, Bauswein, Zagkouris , and Janka, MNRAS. 418, 427–436 (2011) 

“Gravitational waves and non-axisymmetric oscillation modes in 
mergers of compact object binaries ”



Stergioulas, Bauswein, Zagkouris , and Janka, MNRAS. 418, 427–436 (2011) 

“Gravitational waves and non-axisymmetric oscillation modes in 
mergers of compact object binaries ”



Next Generation GW detectors

86

Einstein Telescope

ET-bluebook



Astrophysics w/ nuclear physics

87



88

중성자별과 중력파 ! 
아직도 할게 많다~



88

중성자별과 중력파 ! 
아직도 할게 많다~

궁금한 것은 이메일로 물어보세요~ : ymkim@kasi.re.kr



Derive 2nd order Diff. eq of H 
for tidal deformability

89



Selected references

90

• 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 
• … … 
• T. Hinderer (2008) - Tidal Love numbers of neutron stars 
• T. Damour and A. Nagar (2009) - Relativistic tidal properties of neutron stars



Love number
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Love number
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Tidal Love number and Tidal deformability
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⇤ = �/M5 ! G

✓
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GM

◆5
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2

3
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Rc2

GM
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k2

� =
2

3

R5

G
k2

Qij = ��Eij

T. Hinderer,  ApJ,  677, 1216 (2008)

� : Tidal deformability

Qij : Quadrupole moment of NS

Eij : External quadrupole tidal field

k2 : l = 2 Tidal Love number



Tidal coefficients (deformability)

94

Multipole moments induced by a external tidal field

Mass moments 

Spin moments 

electric-type tidal field

magnetic-type tidal field

electric-type tidal coefficient (even parity)

magnetic-type tidal coefficient (odd parity)



Metric in linearized perturbation
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even parity

odd parity



Regge-Wheeler gauge and M=0
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even parity

odd parity



Regge-Wheeler gauge and M=0

96

even parity

odd parity

k=0, stationary case

0

0

0

0

H=H0=H2,K

Ψ=h0



Even parity (Electric-type) metric Fn. H
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�Gµ⌫ = 8⇡�Tµ⌫

Regge & Wheeler (1957),  Thorne & Campolattaro (1967)

�T 0
0 = ��⇢ = �(dp/d⇢)�1�p �T i

i = �p



Electric-type tidal coefficients (1)
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General solution



Electric-type tidal coefficients (2)
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Damour and Nagar , PRD 80, 084035 (2009)



Electric-type tidal coefficients (3)
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Damour and Nagar , PRD 80, 084035 (2009)



Electric-type tidal coefficients (4)
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Damour and Nagar , PRD 80, 084035 (2009)

Electric-type tidal coefficients

 we calculated the case, l=2

yR =
rH

0(r)

H(r)
|r=R



Higher Tidal Love Numbers

102

Damour and Nagar , PRD 80, 084035 (2009)

We hardly expect to 
observe higher terms of 
tidal deformability in the 

waveform

x ⌘ (M!)2/3

� tidal
2 ⇠ �2 x5/2

� tidal
3 ⇠ �3 x9/2

|� tidal
3 /� tidal

2 | ⇠ O(10�3)



Magnetic-type tidal coefficients
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Damour and Nagar , PRD 80, 084035 (2009)

Magnetic-type tidal coefficients

Likewise,



Magnetic-type tidal coefficients

103

Damour and Nagar , PRD 80, 084035 (2009)

Magnetic-type tidal coefficients

Likewise,



Tidal Love number and Tidal deformability

104

� =
2

3

R5

G
k2

Qij = ��Eij

T. Hinderer,  ApJ,  677, 1216 (2008)

� : Tidal deformability

Qij : Quadrupole moment of NS
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Tidal term in GW waveform
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Higher order terms in GW phase (1)
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Post-Newtonian spin-tidal couplings for compact binaries - 
arxiv:1805.01487 



Higher order terms in GW phase (2)
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Rotational-tidal phasing of the binary neutron star waveform 
 - arxiv:1805.01882



Dynamic tide
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