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Introduction




f Hadrons

Origin of Mass  ; ?

One of the Interesting problems of QCD
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Spontaneous chiral symmetry breaking

chiral symmetric
phase at high T
and/or density

chiral symmetry
broken phase at
vacuum

<5C7> =0 (chiral condensate) <5q> -0

The spontaneous chiral symmetry breaking is expected to generate a part of
hadron masses.

It causes mass difference between chiral partners.

How much mass of nucleon is from the spontaneous chiral symmetry
breaking ?

What is the chiral partner of the nucleon ?
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Parity Doublet models for nucleons

* How much mass of nucleon is from the spontaneous chiral
symmetry breaking ?

« A Parity doublet model for light baryons

 In [C.DeTar, T.Kunihiro, PRD39, 2805 (1989)], N(1535) is regarded as
the chiral partner to the N(939) having the chiral invariant mass.
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Study of nuclear matter using parity doublet models (PDMs)
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2. Nuclear matter from

DM




A relativistic mean field (RMF) approach based

on the parity doublet m

odel

O N(939), N*(1535) as ch

iral partners
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»my =- J(gl + g2)%0% +4m§ ¥ (91 — g2)0
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» my: chiral invariant mas
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Nuclear Matter at normal nuclear density

Y. Motohiro, Y. Kim, M. Harada, Phys. Rev. C 92, 025201 (2015); Erratum: Phys. Rev. C 95, 059903 (2017).

 Nuclear saturation density
»>p(uy = 923MeV) = ny = 0.16fm™3
: BindinT energy at normal nuclear density

>w=|7-m(939)| =-16MeV
A no
* Incompressibility
_0.20%E/ND]
»Ky = 9p2 =22 = 240MeV
ap 1o
« Symmetry energy
>SO — 31 Me\/
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3. A unified EOS for NS and M-
R relation

T. Minamikawa, T. Kojo and M. Harada, Phys. Rev. C 103, 045205 (2021).
T. Minamikawa, T. Kojo and M. Harada, Phys. Rev. C 104, 065201 (2021).
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Three-Region Structure

Hadron Phase

chiral symmegry
breaking e\

G.Baym et al., Rept. Prog. Phys. 81, 056902 (2018)

Color-Super
Conductivity
Phase

chiral
symmetry
breaking

Hadronic Matter
(Parity doublet model)

‘Interpolation ‘

KMI Topics

—

Quark Matter
(NJL-type quark model)
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Quark Matter (High density region)

The Color-Super Conductivity is expected to occur in the high
density limit of QCD, in which two quarks make a Cooper pair
breaking the color symmetry and the chiral symmetry.

In the present analysis, we use a model of NJL-type including
the following 4-point interaction terms:

— Attractive force between two quarks

H Z (Givsmad CT' ) (q' Cismadarg) + (qrarrCq") (¢' CTadarq) |
AAI=25]

— Repulsive force between two quarks

—av(qy"q)’
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Unified EOS for NS in 3-window picture

G. Baym et al., Rept. Prog. Phys. 81, 056902 (2018).
T. Minamikawa, T. Kojo and M.H., Phys. Rev. C 103, 045205 (2021).

— NJL-type quark model

Interpolation |

We use b-th order polynomial of
u for the pressure F.

b-coefficients are determined by
connecting P to the second order
at 2n, and 5n,.

Phaa = Pint
Parity double model OPhad _ OPint 9%Phad _ 9*Pint
ou ou ' o0u? ou?

2022/2/23 Reimei Workshop “Hadrons in dense matter at J-PARC” 15



M-R relation

T. Minamikawa, T. Kojo and M.H., Phys. Rev. C 103, 045205 (2021).

600MeV < m, < 900MeV
e o,
S \ " PSRJ0740+6620
- : Y Mass formula
............ .
my = | mg + g11+92) + n-9
) 2 2
s 1.5
s
my | interact | Attractive | Repulsive | EOS
1.0 1 ion force by ¢ | force by ®
o Zzzsgg oy small  strong strong strong stiff
051 T o ey large  weak weak weak soft

10 il | 12 L3 14
R [km]

NS includes quark matter inside. ‘ INS is made from only hadronic matter. |
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Density dependence of chiral condensate

(au)/(au)o

T. Minamikawa, T. Kojo and M. Harada, Phys. Rev. C 104, 065201 (2021).

Lot on = T 0 e, (6. ) = (130,07 NS observatio_n Qf M-R rglation
, === mo=700 MeV, (H/G,gv/G) = (1.40, 0.8 (Macroscopic information)
-8 1 —-= mp =900 MeV, (H/G, gv/G) = (1.45,0.7)
. » R < 13.5 km for M~1.4M
e Interpolation
AN e ’
V.
- Constraint to

0% i ; .7 a > |Chiral condensate at high density

Ip (Microscopic information)
(qq) = —5—

am,
Hellmann-Feynman theorem

(qq)n
> B/<qq>0 2 04‘ at TLB —_ 27’10
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Summary

2.0 A

* NS properties such as M-R relation T R
(macroscopic information) gives constraint
to the chiral invariant mass and chiral
condensate (microscopic information). o

=== mo=3800 MeV

» R < 13.5 km for M~1.4M I
> 600 < my < 900MeV

— > — ~== mg= 700 MeV, (H/G, gv/G) = (1.40,0.8)
> /<qCI>O = 0.4 at Ng zno

081 Wy —-= mo =900 MeV, (H/G, gv/G) = (1.45,0.7)

PSR J0740+6620

1.59 GW170817

M/M,

» Future works:
> |Inclusion of hyperons or A baryon
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Thank you very much for your attention !



