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Introduction

m The equations of state (EoSs) for neutron stars should be satisfied with the nuclear
properties and

m Since the discovery of massive neutron stars, the discrepancy between the
observations and theories becomes a big problem ( )-
PSR J1614-2230 with 1.97 4 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.
m In addition, the gravitational wave from binary neutron star was detected by LIGO and
Virgo collaboration.
B. P. Abbott et al. [LIGO Scientific and Virgo Collaborations], Phys. Rev. Lett. 119, 161101 (2017).

m Exotic degrees of freedom are expected in the core of a neutron star as well as
nucleons:
>

» quark mo'tter,
» some unusual condensations of boson-like matter,
» dark matter etc.
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Introduction

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 using the
quark-meson coupling (QMC) model.

* The extended version of the QMC model based on chiral symmetry is adopted,
denoted by

T. Miyatsu and K. Saito — EoS for neutron state in the QMC model with the cloudy bag — 4/13



Outline  Introduction Baryon description Matter description Neutron stars  Summary

Baryon description with the cloudy bag model

m Using the volume coupling version of the cloudy bag model (CBM), the hyperfine
interaction due to the gluon exchange and is taken into account.

‘C'CBM = Lbag + Lﬂ—y}(,n + EQ + Eint.
m The interaction Lagrangian density (up to O (1/f)) is

T PR
Lint = g I:’?’YS)\ O+ ST (5”¢) Yqbv,

with 6, the step function for the bag, X the Gell-Mann matrices, f (g) the meson octet

wu mu 0 0
(oluon) coupling constant g = | ¥y |, M= 0 my 0 |,ando¢=
Ps 0 0 ms

5 ( (K" + KK = K7),=(K* + K%), 1K = K), v27).
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Baryon mass spectra in vacuum

m Baryon (B) mass with OGE and

4
M = 37TBRB + = (QZOS NgQq — ZB) + AEoce + :

where Qq and Qs are calculated under the bag boundary condition, jo(Xq) = Bqi(Xq).

B mass (MeV) z5 (QMCQ) z5 (CQMC)
N 939 3.295 2476
A 1232 2.049 2.053
A mé 3.563 2.487
)X 193 3.259 2424
= 1313 3.738 2.529
Q 1672 3.295 2476

B4 = 170.0 (MeV)  168.8 (MeV)
—5(MeV) ms =4141(MeV) 2756 (MeV)
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Matter description in the CQMC model

® The Lagrangian density for nuclear matter at the quark-mean field level:

Lcqme = LoM + Lowp,

where ] ] ]
Lowp =g [950 — 9dw — 97 p] qby — §m302 + §m5w2 + §m§P2-

® The self-consistency condition (SCC) for the o field:

12 [ . Mg (OMg
o= e | IR 4((8)
5 Mé (2m)° Mz R\ 97 )y

Oo8 2 kFB e MB*
= — dk ———C;(0),
; mz (2m)3 /M§2+E2 5(0)

with Cg being the scalar polarizability.
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Matter description

Scalar polarizability

® The scalar polarizabilities can be expressed by the following parameterizations:

Cs(0) = bg [1 - ag(gon0)],

where gg and bg are parameters.

200 300
JdonO (MeV)
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Thus, Mg(O') = MB — QUB(O')O',
with g,5(c) = 9,868 [1— Z(9,n0)]

QMC CcaMC
B op (fm) bs o (fm) b
N 0.179 1.00 0.118 104
A 0.172 1.00 0.122 1.09
> 0.177 1.00 0.184 1.02
= 0.166 1.00 0.181 115
A 0.196 1.00 0.197 0.89
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Matter description

Scalar polarizability

® The scalar polarizabilities can be expressed by the following parameterizations:
Cs(0) = b [1— as(gono)l,
where gg and bg are parameters.

QMC camMC
(o]} (fm) bB (o]} (fm) / bB \

0179 100 0.118
0172 100 0.122
0177 100 0.184
0.166 100 0.181
0196 100 0.197

DuM>zZzw

Thus, Mg(O') = MB — QUB(O')O',
with g,5(c) = 9,868 [1— Z(9,n0)]

200 300
JdonO (MeV)
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Matter description

Properties of nuclear matter and hyperons

® Nuclear properties are calculated as in the same manner of the relativistic mean-field
models based on Quantum Hadrodynamics (QHD).

E.ym = 32.5 MeV (fixed)

cQMC pure neutron matter
QMC —

Unsyiz = —28(+30)[—18] MeV at po (fixed)

v/ symmetric nuclear matter

Ky MM = 286(309) MeV, L AME(CME) = 88(91) MeV
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Neutron-star matter in the CQMC model

® The Lagrangion density for neutron-star matter: B =N, A, £+0~ =0~ v = e~ 5~

Lns = Z Vs [i'yua“ — Mg (0,0") — QuYuw" — 9pYu®" — QB VA" - TB] Vs
B
+ % ((%aa“a — mQJQ) + % (0“(7*0“(7* — mg*(rﬂ) + %mf,wuw“ — %W,w wH

1 1

1z 5 -
+  Mipuet — PWPMV F 2mppu p = ZRW R™ + ZW (170" — Me] e
¢

Introducing strange mesons, o* and ¢.

® |n oddition, the charge neutrality and 8 equilibrium under weak processes are
imposed in solving the TOV equation.

Q * / O/ *
QJB(O) = go'BbB |:] — 75 (QJNO):| ’ 90‘*5(0— ) = QJ*BbB |:.| - ?B (Qa*/\g ):| .
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Neutron stars

SU(3) flavor symmetry in the vector couplings

Hyperon puzzle:

* Since the discovery of massive neutron stars, the discrepancy between the
observations and theories becomes a big 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-flavor symmetry to SU(3) flavor symmetry is examined in
determining the couplings of the vector mesons to the octet baryons, introducing the
strange vector mesons:

SU(6) symmetry the extended — soft core (ESC) model
by the Nijmegen group
av=F/(F+D)=1 ay =1

gioeel — 35.26° 6y = 37.50°
z ~ 0.4082

T. A. Rijken, et.al, Prog. Theor. Phys. Suppl. 185 (2010) 14.
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® The extension of SU(6) spin-flavor symmetry to SU(3) flavor symmetry is examined in
determining the couplings of the vector mesons to the octet baryons, introducing the
strange vector mesons:

SU(6) symmetry the extended — soft core (ESC) model
by the Nijmegen group
av=F/(F+D)=1 ay =1

gioeel — 35.26° 6y = 37.50°
z ~ 0.4082

. T. A. Rijken, et.al, Prog. Theor. Phys. Suppl. 185 (2010) 14.
Breaking about 50 %
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Neutron stars

Neutron-star properties

B Baryon-structure variation in matter
using the CQMC model CQMC (RHF)

CQMC (RH-SU3) e
B SU(3) flavor symmetry CQMC (RH) ——

B Relativistic many-body calculation

approximation
-Fock approximation

Ko (MeV)
269
309

CQMC (RH) —— 309

145611 1213 14 15

286
1000 1500 2000 .
& (MeV/im®) Radius (km)

T. Miyatsu and K. Saito — EoS for neutron state in the QMC model with the cloudy bag — 12/13




Neutron stars

Neutron-star properties

B Baryon-structure variation in matter

using the CQMC model CQMC (RHF)
. CQMC (RH-SU3) s
B SU(3) flavor symmetry CQMC (RH) ——
p Qe ——

B Relativistic many-body calculation

approximation
-Fock approximation

14 15
Radius (km)

QHD+NL

1000 1500 2000
£ (MeV/fim®)

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

12/13



Neutron stars

Neutron-star properties

B Baryon-structure variation in matter
using the CQMC model CQMC (RHF)

CQMC (RH-SU3) e

B SU(3) flavor symmetry CQMC (RH) ——
QMC ——

B Relativistic many-body calculation

approximation
-Fock approximation

+OPE

Ko (MeV)
269
309
309

2 11 12 13 14 15

286
1000 1500 2000 .
& (MeV/im®) Radius (km)

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

12/13



Neutron stars

Neutron-star properties

B Baryon-structure variation in matter
using the CQMC model

B SU(3) flavor symmetry
B Relativistic many-body calculation

approximation
-Fock approximation

Ko (MeV)
269
309
309

2 11 12 13 14 15

286
1000 1500 2000 .
& (MeV/im®) Radius (km)

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

12/13



Neutron stars

Neutron-star properties

B Baryon-structure variation in matter
using the CQMC model

B SU(3) flavor symmetry
B Relativistic many-body calculation

approximation
-Fock approximation

Ko (MeV)
269
309
309
286
286

QHD+NL

1000 1500
£ (MeV/fim®)

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

CQMC (RHF)
CQMC (RH-SU3)

QM

+OPE

11 12 13 14 15
Radius (km)

12/13



Outline  Introduction Baryon description Matter description Neutron stars  Summary

Summary

*» We try to include the effect of quark degrees of freedom inside a baryon
using the quark-meson coupling (QMC) model.

* We construct the chiral quark-meson coupling model which can be applied to
hadron physics, , and astrophysics.

+ The hyperfine interaction due to the gluon exchange as well as that due to
the pion cloud is taken into account.

+ The extension of SU(é) spin-flavor symmetry to SU(3) flavor symmetry is
examined in determining the couplings of the vector mesons to the octet
baryons (hyperon puzzle).

Thank You for Your Attention.
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