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1. Introduction

f Hadrons

Origin of Mass  ?
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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
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Spontaneous chiral symmetry breaking

chiral symmetric
phase at high T
and/or density

chiral symmetry
broken phase at
vacuum

<5q> =0 (chiral condensate) <c_]q> =0

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

* |t causes mass difference between chiral partners.
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Spontaneous chiral symmetry breaking

chiral symmetric
phase at high T
and/or density

chiral symmetry
broken phase at
vacuum

<5q> =0 (chiral condensate) <c_7q> =0

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

* |t 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

e 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.

my — my + m@q)K spontaneous chiral symmetry breaking

/ e.g. Finite-T lattice calculation
chiral invariant mass (G Aartsetal O8] | [~
ON—
« A Lattice QCD analysis at non-zero T supports parity  ? §\
doublet structure. P X %
S = m@§ % %
O i SO A
= Constraint to my from phenomenological analysis ? [ arant mess

0 0.5 1 1.5 2
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Constraint to my at vacuum

*analysis based on a simple linear sigma model

C.DeTar, T.Kunihiro, PRD39, 2805 (1989)
D.Jido, M.Oka, A.Hosaka, PTP106, 873 (2001)

>N (1535) is regarded as the chiral partner to N(939).
» use ['\+__ as aninput to determine my, = 270 MeV

e Inclusion of derivative interactions in an extended
model
T. Yamazaki and M. Harada, PRD99, 034012 (2019)

» g, = 1.26 and '« can be explained for 300 < my <
1000 MeV .
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Constraint to my in dense matter

a simple linear sigma model with ¢*lno? term, w & p mesons
T.Hatsuda & M.Prakash, PLB224, 11 (1989)
> use m, = 270 MeV (De Tar-Kunihiro, Jido et al.) as an input

100

» obtain K,(incompressibility) ~ 143 MeV o o FEEE

add w* term, no g*lnog? term
D.Zschiesche et al., PRC75, 055202 (2007)

> use K, < 400 MeV to obtain my = 800 MeV
add w*, p*, w?p? terms, no g*lno? term -

EEEEE

VV.Dexheimer et al., PRC77, 025803 (2008) S
> use K, < 400 MeV to obtain my, = 800 MeV

add ¢° term, no w* p*, w?p?, c*Ino* terms
Y.Motohiro, Y.Kim, M.Harada, Phys. Rev. C 92, 025201 (2015)
K, = 240 MeV for 500 < my < 900 MeV
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Constraint to my from Neutron Star observation

« PDM with ¢ term
T. Yamazaki and M. Harada, Phys. Rev. C 100, 025205 (2019)
> use binary dimensionless tidal deformability A < 800 from GW170817
» obtain my, > 500 MeV

« PDM (low density) - NJL (high density) crossover model
T. Minamikawa, T. Kojo and M.H., Phys. Rev. C 103, 045205 (2021).
> Use My, = 2Mg & GW170817 & NICER

» obtain 600 < m, S 900 MeV

« PDM - NJL crossover model with iso-triplet a, meson
Y.-K. Kong, T. Minamikawa and M. Harada, Phys. Rev. C 108, 055206 (2023).
> use Myq = 2Mg & GW170817 & NICER

» obtain 560 < m, < 840 MeV

« PDM - NJL 1st-order model

B. Gao, W. L. Yuan, M.H. and Y.L. Ma, Phys. Rev. C 110, 045802 (2024).
» Constraint to m, is not affected very much.
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Constraint to my from Neutron Star observation

« PDM with ¢ term
T. Yamazaki and M. Harada, Phys. Rev. C 100, 025205 (2019)

> use binary dimensionless tidal deformability A < 800 from GW1/0817

» obtain m, > 500 MeV

« PDM (low density) - NJL (high density) crossover model
T. Minamikawa, T. Kojo and M.H., Phys. Rev. C 103, 045205 (2021).
> Use My, = 2Mg & GW170817 & NICER

» obtain 600 < m, S 900 MeV

« PDM - NJL crossover model with iso-triplet a, meson
Y.-K. Kong, T. Minamikawa and M. Harada, Phys. Rev. C 108, 055206 (2023).

» use My, = 2Mg & GW170817 & NICER
» obtain 560 < m, < 840 MeV

e PDM - NJL 1st-order model

B. Gao, W. L. Yuan, M.H. and Y.L. Ma, Phys. Rev. C 110, 045802 (2024).
» Constraint to m, is not affected very much.
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Constraints from the supernova remnant HESS
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Study of 1st order phase transition
Effect of iso-triplet scalar a;(980) meson
Summary




2. PDM-NJL crossover model
& Constraints to mgy from neutron star observation

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

based on Three-Region Structure
G.Baym et al., Rept. Prog. Phys. 81, 056902 (2018)

Color-Super

Hadron Phase conductivity
chiral symme{y CP:iaere
breaking symmetry
\ NS breaking
1 __|_>
| Up
Hadronic Matter : |
(Parity doublet model) ‘ InterpOIat|On ‘ Quark Matter
(NJL-type quark model)

2025/11/28 M. Harada @ ANPhA 2025 17



Unified EOS for NS in the PDM-NJL crosssover model

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.

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

Praa = Pine

Parity double model OPhad _ OPint 0°Phad _ 9*Pint
ou ou =~ ou? o2
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M-R relation

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

600MeV < my < 900MeV
O % PSRJ0740+6620
- Mass formula
2
mi:\/ngr(m;rgz) 2 T O 2920
s 1.5
S
my | interact | Attractive | Repulsive | EOS
1.0 1 ion force by o | force by »
o :Z:;jgg oy small  strong strong strong stiff
051 T o ey large  weak weak weak soft

10 11

NSs include quark matter inside. ‘ INSs are made from only hadronic matter. |
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3. Constraints from supernova remnant HESS J1731-347

B. Gao, Y. Yan and M. Harada, Phys. Rev. C 109, 065807 (2024)

- We added the w —p ™o = 800MeVand

mixing term to the L, = 40,57.7, 60, 80MeV Constraints to m, for given L.
mOdel for > PSR J0740+6620 9001 =
controlling the slope al
PSR J0030+0451 — 800 1
parameter L. $15] - 3
= HESS J1731-347 — 700 1
2 2 RO £ oo
~ Aop(80®)"(85P) o5 JERE RO,
0.0 —— m=800 MeV,L=80 MeV 550 1

9 1'0 1'1 1l2 1I3 1'4 1|5 200 40 a5 50 55 60 65 70 75 80
R Ikm]l L [MeV]

* For my = 800MeV and L, = 40MeV (blue curve), it is possible to explain
the HESS as a neutron star with satisfying constraints from
LIGO/VIRGO and NICER.

|t HESS is a neutron star, HESS data is used to obtain constraint to my:
e.g. my = 850 MeV for Ly = 57.7 MeV



4. Study of 1st order phase transition from PDM to NJL

B. Gao, W.L.Yuan, M. Harada and Y.L. Ma, Phys. Rev. C 110, 045802 (2024).

Hadron Phasi Color-Super Conductivity Phase

\ | ns
Hadronic Matter | UB

1st order
(Parity doublet model) "y Quark Matter
phase transition (NJL-type quark model)
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Comparison with crossover

450
— (H, gy) = (1.4, 0.7), me=600 MeV 2.51
4001 —— (H, gv) = (1.4, 0.8), mu=600 MeV =
3501 = (H, gv) = (1.45, 1.2), me=500 MeV e e PSR10740+6630",
—— (H, gv) = (1.4, 0.9), me=500 MeV _ 2.01 ety
3001
‘g 250 015 PSR J0030+0461
~ 54
- =
s 200 3 E
Q. 150- 1.01
100{ AL e — (H, gv) = (1.4, 0.7), mp=600 MeV
st 0.51 (H, gv) = (1.4, 0.8), my=600 MeV
307 e —— (H, g) = (1.45, 1.2), mo=500 MeV
0 : , ' , , , , , —— (H, gv) = (1.4, 0.9), my=500 MeV
1.0 1.5 2.0 2.5 30 35 40 45 5.0 55 0.0

9 10 11 12 13 14 15
ng/no
R [km]

e Difference

> M-R relation: sudden change for 1st order
> maximum mass of NS: smaller for 1st order

» Constraint to m, is not affected.
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b. Effect of iso-triplet scalar a,(980) meson

Y.-K. Kong, T. Minamikawa and M. Harada, Phys. Rev. C 108, 055206 (2023).

- We construct a PDM with a0(980) ..
meson and study its effects in AR ) IR i it
neutron stars. 2.0 -
. é R e e e = ———————————
- Effect of a4(980) increases the : | . PSR 0030+0451
radius of intermediate mass NS =1ojowosw i v
X a, effect
057 — m0=600,H/G=1.55,gv/G=1.2 \\“\:ﬁ_\;%
520 MeV < mo < 850 MeV T moewssmes | T

9 10 11 12 13

a,(980) m B
— PDM with aj Lo =50 MeV

560 MeV < my < < 840 MeV —~ PDM without ag
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0. Summary fR——

 Chiral invariant mass (microscopic information) in o N
the PDM is constrained by NS observational data s
(macroscopic information):

> 600 < my < 900MeV g:
> (roughly more than 50% of nucleon mass) oo

©o

- If HESS is a neutron star, my is strongly constrained; & &,z = &
> e.g. my = 850 MeV for Ly = 57.7 MeV - |
» 1st order phase transition instead of crossover™
» constraint to m, is not affected very much. -
e Effect of iso-triplet
> a,(980) meson slightly modities the Constramt
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Thank you very much for your attention !
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