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Introduction
The equations of state (EoSs) for neutron stars should be satised with the nuclearproperties and the astrophysical constrains.
Since the discovery of massive neutron stars, the discrepancy between theobservations and theories becomes a big problem (2M⊙ problem).

PSR J1614-2230 with 1.97 ± 0.04M⊙ : P. B. Demorest et al., Nature 467 (2010) 1081,
and PSR J0348+0432 with 2.01 ± 0.04M⊙ : J. Antoniadis et al., Science 340 (2013) 6131.

In addition, the gravitational wave from binary neutron star was detected by LIGO andVirgo collaboration. B. P. Abbott et al. [LIGO Scientic and Virgo Collaborations], Phys. Rev. Lett. 119, 161101 (2017).

Exotic degrees of freedom are expected in the core of a neutron star as well asnucleons:
▶ hyperons,
▶ quark matter,
▶ some unusual condensations of boson-like matter,
▶ dark matter etc.
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Motivation
However · · · in general calculations, baryons are treated as point-like objects as in
Quantum Hadrodynamics (QHD).
In the present calculation,

We try to include the effect of quark degrees of freedom inside a baryon using the
quark-meson coupling (QMC) model.
The extended version of the QMC model based on chiral symmetry is adopted,denoted by the CQMC model.
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Using the volume coupling version of the cloudy bag model (CBM), the hyperneinteraction due to the gluon exchange and the meson clouds is taken into account.

LCBM = Lbag + Lπ,K ,η + Lg + Lint.

The interaction Lagrangian density (up to O (1/f )) is
Lint = ψ̄q

[
i m̂f γ5λ⃗ · ϕ⃗+

1
2f γµγ5λ⃗ ·

(
∂µϕ⃗

)
+
g
2 γµλ⃗ · A⃗µ

]
ψqθv ,

with θv the step function for the bag, λ⃗ the Gell-Mann matrices, f (g) the meson octet
(gluon) coupling constant ψq =

 ψu
ψd
ψs

, m̂ =

 mu 0 00 md 00 0 ms

, and ϕ =

1√2
(
(π+ + π−), 1i (π+ − π−),

√2π0,−(K+ + K−), 1i (K+ − K−),−(K 0 + K̄ 0), 1i (K 0 − K̄ 0),√2η
).

�
�

�
�
�
�

�
�

T. Miyatsu and K. Saito — EoS for neutron state in the QMC model with the cloudy bag — 5/13



Outline Introduction Baryon description Matter description Neutron stars SummaryBaryon mass spectra in vacuum
Baryon (B ) mass with OGE and OPE:

MB = 43πBR 3B +
1
RB

 ∑
q=0,s

nqΩq − zB
+∆EOGE +∆EOPE ,

where Ω0 and Ωs are calculated under the bag boundary condition, j0(xq) = βq j1(xq).
B mass (MeV) zB (QMC) zB (CQMC)N 939 3.295 2.476
∆ 1232 2.049 2.053
Λ 1116 3.563 2.487
Σ 1193 3.259 2.424
Ξ 1313 3.738 2.529
Ω 1672 3.295 2.476

B 1/4 = 170.0 (MeV) 168.8 (MeV)m0 = 5 (MeV) ms = 414.1 (MeV) 275.6 (MeV)
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The Lagrangian density for nuclear matter at the quark-mean eld level:

LCQMC = LCBM + Lσωρ,

where
Lσωρ = ψ̄q

[gqσσ − gqωω − gqρ ρ]ψqθv − 12m2σσ2 + 12m2ωω2 + 12m2ρρ2.
The self-consistency condition (SCC) for the σ eld:

σ = −
∑
B
1
m2σ

2
(2π)3

∫ kFB dk⃗ M ∗B√M ∗2B + k⃗ 2
(
∂M ∗B
∂σ

)
RB

=
∑
B
gσBm2σ

2
(2π)3

∫ kFB dk⃗ M ∗B√M ∗2B + k⃗ 2CB (σ),
with CB being the scalar polarizability.
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The scalar polarizabilities can be expressed by the following parameterizations:

CB (σ) = bB [1− aB (gσNσ)] ,
where aB and bB are parameters.

QMC CQMCB aB (fm) bB aB (fm) bBN 0.179 1.00 0.118 1.04
Λ 0.172 1.00 0.122 1.09
Σ 0.177 1.00 0.184 1.02
Ξ 0.166 1.00 0.181 1.15
∆ 0.196 1.00 0.197 0.89
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Thus, M ∗B (σ) = MB − gσB (σ)σ,with gσB (σ) = gσBbB [1− aB2 (gσNσ)].
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Nuclear properties are calculated as in the same manner of the relativistic mean-eldmodels based on Quantum Hadrodynamics (QHD).
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Neutron-star matter in the CQMC model
The Lagrangian density for neutron-star matter: B = N , Λ, Σ+,0,−, Ξ0,−, ℓ = e−, µ−

LNS =
∑
B
ψ̄B

[iγµ∂µ −M ∗B (σ,σ∗)− gωBγµωµ − gϕBγµϕµ − gρBγµρ⃗µ · I⃗B]ψB
+
1
2
(
∂µσ∂

µσ −m2σσ2)+
1
2
(
∂µσ

∗∂µσ∗ −m2σ∗σ∗2)+
1
2m2ωωµω

µ − 14WµνWµν

+
1
2m2ϕϕµϕ

µ − 14PµνPµν +
1
2m2ρ ρ⃗µ · ρ⃗µ − 14 R⃗µν · R⃗ µν +

∑
ℓ

ψ̄ℓ [iγµ∂µ −mℓ]ψℓ.

In addition, the charge neutrality and β equilibrium under weak processes areimposed in solving the TOV equation.
gσB (σ) = gσBbB [1− aB2 (gσNσ)] , gσ∗B (σ∗) = gσ∗Bb ′B

[
1− a ′B2 (gσ∗Λσ

∗)

]
.

Introducing strange mesons, σ∗ and ϕ.
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Hyperon puzzle:

Since the discovery of massive neutron stars, the discrepancy between theobservations and theories becomes a big problem (2M⊙ problem).
PSR J1614-2230 with 1.97 ± 0.04M⊙ : P. B. Demorest et al., Nature 467 (2010) 1081.

and PSR J0348+0432 with 2.01 ± 0.04M⊙ : J. Antoniadis et al., Science 340 (2013) 6131.

The extension of SU(6) spin-avor symmetry to SU(3) avor symmetry is examined indetermining the couplings of the vector mesons to the octet baryons, introducing thestrange vector mesons:
SU (6) symmetry
αv = F/(F+ D) = 1
θidealv = 35.26◦z ≃ 0.4082

=⇒

the extended−soft core (ESC ) modelby the Nijmegen group
αv = 1
θv = 37.50◦z = 0.1949
T. A. Rijken, et.al., Prog. Theor. Phys. Suppl. 185 (2010) 14.Breaking about 50 %
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1 Baryon-structure variation in matterusing the CQMC model
2 SU(3) avor symmetry
3 Relativistic many-body calculation
Hartree approximationHartree-Fock approximation
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Motivation:
We try to include the effect of quark degrees of freedom inside a baryon
using the quark-meson coupling (QMC) model.

Results:
We construct the chiral quark-meson coupling model which can be applied tohadron physics, nuclear Physics, and astrophysics.
The hyperne interaction due to the gluon exchange as well as that due tothe pion cloud is taken into account.
The extension of SU(6) spin-avor symmetry to SU(3) avor symmetry isexamined in determining the couplings of the vector mesons to the octetbaryons (hyperon puzzle).

Thank You for Your Attention.
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