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Seen in LIGO + 70 Observatories 

The EM kilonova indicates 

evidence of r-process 

nucleosynthesis that has 

implications for galactic chemical 

evolution and the nuclear physics 

of heavy nuclei.

Preliminary Obs. Data of Multi-Messenger Astronomy 

By Grant Mathews

HaPhy, APCTP, Pohang, 19-20 Oct., 

2018



Deduced properties for 

GW170817

Two ~1.4 M


neutron stars 40 Mpc distant 

Preliminary Obs. Data of Multi-Messenger Astrnomy

By Grant Mathews
HaPhy, APCTP, Pohang, 19-20 Oct., 

2018



Introduction (GW170817)

NSF/LIGO/Sonoma State University/A. Simonnet

https://www.ligo.caltech.edu/image/ligo20171016d

𝑚1 = 1.36 − 1.60𝑀⊙

𝑚2 = 1.17 − 1.36𝑀⊙

Mass

Distance

40−14
+8 Mpc

Combined dimensionless
tidal deformability

 Λ ≤ 800

Dimensionless
tidal deformability 

Λ(1.4𝑀⊙) ≤ 800
PRL 119 161101 (2017)



Introduction

𝑄 = −𝜆ℰ

: Quadrupole moment of neutron star𝑄

: External quadrupole tidal fieldℰ

: a constant which is related to the tidal deformability𝜆 Λ
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PRD 81 123016 (2010)



If we consider a static, spherically symmetric star of mass (m) placed in a time-independent 
external quadrupole tidal field.

The star will develop in response a quadrupole moment

Tidal deformability

NS



NSNS

If we consider a static, spherically symmetric star of mass (m) placed in a time-independent 
external quadrupole tidal field, the star will develop in response a quadrupole moment

External quadrupole field

Quadrupole moment of neutron star

Tidal deformability

NS

ℰ

𝑄

𝑄𝑖𝑗 = −𝜆ℰ𝑖𝑗

PRD 81 123016 (2010)



Tidal deformability & Masses

: a constant which is related to the tidal deformability𝜆 Λ

Λ =
5

2
𝜆
1

𝑀
(
𝑐2

𝐺
)5

Λ ≤ 800 PRL 119 161101 (2017)

1.94𝑀⊙ ≤ 𝑀NS ≤ 2.01𝑀⊙

Nature 467 1081-1083 

(2010)

By using these observation data, 
we can give the constraint on slope parameter and 

incompressibility.



Saturation properties present

𝜌0 = 0.16fm−3
𝜌(fm−3)

𝐸
(M

eV
)

𝑆0(𝜌0)

𝐿

𝐾𝑣
 𝐵 𝐴

𝐵/𝐴 ≈ −16.0MeV

𝑆0(𝜌0) = 32.5 ± 0.5MeV

180 − 260MeV

𝐿 =

𝐾 =

Saturation density

Binding energy

Symmetry energy

Slope parameter

Incompressibility

0.7 − 0.8

Effective mass

50 − 100MeV

[2]PRL 102 122501 (2009)

[3]PLB 778 207212 (2018)

[2]

[3]

[1]PRL 108 052501 (2012)

[1]

[4]Nucl. Phys. A 950 64109 (2016)

𝑚∗/𝑚 = [4]



In these range,

neutron stars can cover wide range of mass 
and radius.

The effect of L and K 
on neutron stars

𝑅(1.4𝑀⊙): 12 − 14km

1.5 − 2.1𝑀⊙
Maximum mass :

180 − 260MeV𝐿 = 𝐾 =50 − 100MeV



Lagrangian density for static uniform nuclear matter :

The effective baryon mass in matter :

The following non-linear term is also introduced in order to reproduce the saturation 
properties of nuclear matter :

Relativistic mean field 
model

ℒ = ∑
𝐵
𝜓𝐵 [𝑖𝛾𝜇 𝜕

𝜇
−𝑀𝐵

∗(𝜎0, 𝜎0
∗) − 𝑔𝜔𝐵𝛾0 𝜔0 − 𝑔𝜙𝐵𝛾
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Coupling constants, gσN, g𝜔N, and g𝜌N are determined so as to reproduce

the binding energy per nucleon, and symmetry energy at saturation density.

The SU(3) symmetry in the vector-meson gives the relations of the coupling constants as

Coupling constants

𝜌0 = 0.16fm−3𝐵/𝐴 = −16.0MeV

𝑆0(𝜌0) = 32.5MeV

𝑔𝜌Σ = 2𝑔𝜌𝑁, 𝑔𝜌Ξ = 𝑔𝜌𝑁𝑔𝜌Λ = 0𝑔𝜔Λ = 𝑔𝜔Σ =
1

1 + 3𝑧tan𝜃𝑣
𝑔𝜔𝑁

𝑔𝜔Ξ =
1 − 3𝑧tan𝜃𝑣

1 + 3𝑧tan𝜃𝑣
𝑔𝜔𝑁 𝑔𝜙Ξ = −

3𝑧 + tan𝜃𝑣

1 + 3tan𝜃𝑣
𝑔𝜔𝑁𝑔𝜙Λ = 𝑔𝜙Σ =

−tan𝜃𝑣

1 + 3𝑧tan𝜃𝑣
𝑔𝜔𝑁

𝑔𝜙𝑁 =
3𝑧 − tan𝜃𝑣

1 + 3𝑧tan𝜃𝑣
𝑔𝜔𝑁 In the present calculation, we refer to

the Nijmegen extended-soft-core (ESC) model [1]
to fix the mixing angle (𝜃v) and z as

𝜃 = 37.50∘, 𝑧 = 0.1949
[1] Prog. Theor. Phys. Suppl. 185 14 (2010)



We need to consider the hyperon coupling. The σ-Y and σ*-Y are determined as follows. The 

potential for hyperon Y in symmetric nuclear matter is calculated as

The potential for Y in Y-hyperon matter is written as :

Coupling constants

𝑈𝑌
(𝑁)

= −𝑔𝜎𝑌𝜎0 + 𝑔𝜔𝑌𝜔0

𝑈𝑌
(𝑌)

= −𝑔𝜎𝑌𝜎0
(𝑌)

− 𝑔𝜎∗𝑌𝜎0
∗(𝑌)

+ 𝑔𝜔𝑌𝜔
(𝑌) + 𝑔𝜙𝑌𝜙0

(𝑌)

𝑈Λ
(𝑁)

= −28MeV 𝑈Σ
(𝑁)

= 30MeV 𝑈Ξ
(𝑁)

= −18MeV

𝑈Ξ
(Ξ)

≃ 𝑈Λ
(Ξ)

≃ 2𝑈Ξ
(Λ)

≃ 2𝑈Λ
(Λ)

𝑈Λ
(Λ)

= −5MeV Nagara event

[1]PRC 54 1416 (1996), [2]PRC 88 015802 (2013), [3]PRC 77 025801 (2008) 

[2] [3][1]

[3]



We add the following NL potential to the Lagrangian density

Investigated range of incompressibility (K), and the slope parameter (L) at saturation density 

is 

We fix the effective mass ratio as

Non-Linear potential

𝑈NL(𝜎, 𝜔
𝜇
𝝆
𝜇
) =

1

3
𝑔2𝜎

3 +
1

4
𝑔3𝜎

4 − Λ𝑣 𝑔𝜔𝐵
2 𝑔𝜌𝐵

2 (𝜔0
2𝜌0

2)

𝐾 = 180 − 260MeV

𝐿 = 50 − 100MeV.

𝑚∗/𝑚 = 0.7



• The slope parameter does not affect the 
maximum mass of neutron star.

• Around the 1.3 solar mass neutron star

• In the tidal deformability case, the large slope 
parameter gives the higher tidal deformability.

Result
(Dependence on slope parameter)

Slope parameter Large

Radius Large

L = 50 MeV 70 MeV 90 MeV 100 MeV

0.450 0.440 0.410 0.380𝜌Λ

Kv = 240 MeVThe onset of Lambda particle



• The slope parameter does not affect the 
maximum mass of neutron star.

• Around the 1.3 solar mass neutron star

• In the tidal deformability case, the large slope 
parameter gives the higher tidal deformability.

Result
(Dependence on slope parameter)

Slope parameter Large

Radius Large

L = 50 MeV 70 MeV 90 MeV 100 MeV

0.450 0.440 0.410 0.380𝜌Λ

Kv = 240 MeVThe onset of Lambda particle



• The incompressibility affects both maximum 
mass and radius.

• The two-solar mass neutron star
cannot be described 
in K = 180 and 200 MeV cases.

Result

(Dependence on incompressibility)

¥

Incompressibility Large

maximum mass Large



• The incompressibility affects both maximum 
mass and radius.

• The two-solar mass neutron star
cannot be described 
in K = 180 and 200 MeV cases.

Result
(Dependence on incompressibility)

¥

Incompressibility Large

maximum mass Large



• We changed the slope parameter and incompressibility by using RMF model 

with non-linear potential.

• The slope parameter affects the radius and tidal deformability.

• The incompressibility can change the maximum mass of the neutron star.

• Neutron stars prefer the high incompressibility and low slope parameter.

• We can reduce the ambiguity of slope parameter and incompressibility

by using the astronomical observation data.

Summary I

× × ◯ ◯ ◯

× × ◯ ◯ ◯

× × ◯ ◯ ◯

× × × × ×

𝑚∗/𝑚 = 0.7𝐾 = 180MeV 200MeV 220MeV 240MeV 260MeV

𝐿 = 50MeV

70MeV

90MeV

100MeV
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Interaction between particles

Type NN NY YY NNN NNY NYY YYY

Y.Lim et al.,[1] SHF Skyrme interaction - -

Y. Yamamoto et al.,[2] BHF BHF BHF(𝛬𝛴𝛯 ) BHF (𝛬𝛬) TBR+TBA [2]

Ours Hybrid SHF BHF(𝛬𝛴𝛯 ) BHF (𝛬𝛬) SHF TBR+TBA [2]

We suggest a hybrid model

• The NN interactions are described by the Skyrme-Hartree-Fock (SHF) [SkI4, SG1, SLy4]

• The hyperon interactions are treated by taking the Brueckner-Hartree-Fock approach (BHF)

Skyrme-Hartree-Fock approach

• Effective potential in the nuclear matter 
Brueckner-Hartree-Fock approach

• Extending two-body interaction in free space to two-body 

interaction in matter

Two-body Three-body



Type NN NY YY NNN NNY NYY YYY

Y.Lim et al.,[1] SHF Skyrme interaction - -

Y. Yamamoto et al.,[2] BHF BHF BHF(𝛬𝛴𝛯 ) BHF (𝛬𝛬) TBR+TBA [2]

Ours Hybrid SHF BHF(𝛬𝛴𝛯 ) BHF (𝛬𝛬) SHF TBR+TBA [2]

We suggest a hybrid model

• The NN interactions are described by the Skyrme-Hartree-Fock (SHF) [SkI4, SG1, SLy4]

• The hyperon interactions are treated by taking the Brueckner-Hartree-Fock approach (BHF)

If we use the SG1 for hybrid model, then we call H-SG1.

Type 𝜌0 (fm-3) B/A (MeV) Esym (MeV) L (MeV) K∞ (MeV)

SG1 0.155 -15.9 29 69 263

SkI4 0.160 -16.1 29 59 246

SLy4 0.160 -16 32 47 230

exp -16 ~30 54±19 3230±30

Interaction between particles

Two-body Three-body



Many-body interaction for hyperon

Generally, the N-body local potential W(N) by pomeron exchange is

where gp and gp
(N) are the two-body and N-body pomeron strengths, respectively. 

If we integrate the above equation by x3,…,xN, then 

This ESC08 is used to consider two-body interaction.

The experimental nuclear saturation properties, the density ρN , 

the binding energy per nucleon E/A, the compression modulus K, cannot be reproduced 

quantitatively with nuclear two-body interactions only.



Particle profile

If we input the center density, then 

we can obtain the neutron star properties

mass, radius and 𝚲



Mass-radius relation and tidal deformability

SkI4 + BHF case can reach
the two-solar mass neutron star.

The large ΛThe same mass

The pressure is large



Mass-radius relation and tidal deformability

𝑚1 = 1.36 − 1.60𝑀⊙

𝑚2 = 1.17 − 1.36𝑀⊙

Λ
˜

=
16

13

(𝑚1 + 12𝑚2)𝑚1
4Λ1 + (𝑚2 + 12𝑚1)𝑚2

4Λ2
(𝑚1 +𝑚2)

5

Λ1 Λ2  Λ

SLy4 202 560 343

H-SkI4 400 980 629

H-SG1 345 1023 611

preliminary

 Λ ≤ 800

𝑚1 = 1.48𝑀⊙

𝑚2 = 1.27𝑀⊙



Mass-radius relation and tidal deformability

𝑚1 = 1.36 − 1.60𝑀⊙

𝑚2 = 1.17 − 1.36𝑀⊙

preliminary

𝑚1 = 1.48𝑀⊙

𝑚2 = 1.27𝑀⊙

Λ1 Λ2  Λ

SLy4 202 560 343

H-SkI4 400 980 629

H-SG1 345 1023 611

 Λ =
16

13

(𝑚1 + 12𝑚2)𝑚1
4Λ1 + (𝑚2 + 12𝑚1)𝑚2

4Λ2
(𝑚1 +𝑚2)

5

 Λ ≤ 800



Summary II

• The density of neutron star is very high. 
hyperons can be generated in the core.

• The gravitational waves from binary neutron star merge
gives the tidal deformability and masses of NS

• To get mass and tidal deformability,
we need equation of state for neutron star.

• Our hybrid model can describe the 2 solar mass NS and     
measured tidal deformability.
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EoS & Mass-R RMF with CQMC in H-F scheme by SU(3)+q 
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What process would bring about a quark star? (Intermediate)

“What process would bring about a quark star? How would that differ from a neutron star?

A neutron star is the remnant core of a massive, normal star after it has undergone a 
supernova explosion. It consists mostly of neutrons and is held up against gravitational 
collapse by "neutron degeneracy pressure" - this is a quantum mechanical effect that resists 
two neutrons being in the same place and therefore tends to push them apart when they get 
too close together.

If the remnant core of the original star is massive enough (greater than a few times the mass 
of the sun) then the force of gravity will be stronger than the force of neutron degeneracy 
pressure and so the star will continue to collapse right on past the neutron star stage. 
Currently, we think that the star will continue to collapse indefinitely past this point and 
eventually become a black hole. However, it is possible that there is another effect which 
comes into play - "quark degeneracy pressure". Quarks are the ultimate building blocks of 
protons and neutrons - each neutron is made up of three quarks - so it could be the case 
that as gravity overcomes neutron degeneracy pressure and causes the neutrons to "implode", 
the quarks put up some resistance of their own, and if the star isn't massive enough for its 
gravity to overcome that, then you would be left with a quark star instead of a black hole.

It is not yet known whether quark stars actually exist in nature because the details of what 
happens at such high densities are difficult to calculate. There has been some tentative 
evidence put forward for the existence of one quark star but it is by no means considered 
conclusive.
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𝑑𝑃

𝑑𝑟
= −

[𝑃(𝑟) + 𝜀(𝑟)][𝑀(𝑟) + 4𝜋𝑟3𝑃(𝑟)]

𝑟[𝑟 − 2𝑀(𝑟)]
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Observational Data
1. Drifting subpulsar
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For drifting subpulsar, we need electric field or very high voltage 
between surface and outside. But normal NS could not produce enough E field
Compared to quark solid star because of some charged particles (or nuclei) on the
Surface of normal NS. 
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Observational Data
2. Another accelerating mechanism for SN explosion
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