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. . . 2
Chiral symmetry restoration and the origin of hadron mass B

NAGOYA UNIVERSITY
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)
Neutron star: laboratory for highly dense matter fli

Neutron star = highly (iso-spin) asymmetric matter
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Parity Doublet Model (PDM) e

 Parity doublet model (PDM) models considers the parity doubling
of nucleons using linear ma; =1 [\/(91 T+ 92)2(0 — ja)? + 4m2 + £(g1 — g2)(0 — ja)

L= Zﬁaj(ia_maj)Naj
@j

+LETM(M) + L7 (w, p)

* The nucleon mass in this model is given by

my ~ Megq + Mo Ny = L= N,
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PDM with isovector scalar meson a;(980) BT
* To study the asymmetric matter like
neutron star, it is important to consider Isoscaler | Isovector
the isovector scalar meson which Gonler 5 (50
mediate the attractive force in the =
isovector channel TEEuUGRCaer f "

ap(980) : 0**
Lightest isovector scalar

* We construct a PDM with a,(980) meson
=>U(2) PDM In asymmetric matter,
M = (o +1i7-7) — (T - do +in) ap ~ qrq — qr3q ~ wu — dd # 0

a0 meson does not appear in symmetry matter
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Parity Doublet Model (PDM) e

The mesonic Lagrangian is based on the extended linear sigma model

LEoM (M) = itr 0, MO" MT]

— %tr[(MT M)?| + %{tr[MT M]}?

T 2SN + 22 (M M) M) Z—%?’{tr[M )y

12 24
2
+ mjlf“tr[M + MT]
K ; . : o
+ g{det M + det M} Taking mean field approximation,
o(x) — o, m(x) — 0, n(z) — 0.
ap(x) — adss, a3 = a.
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Parity Doublet Model (PDM) e

The vector meson is included using hidden local symmetry (HLS).

Under mean field approximation, the vector meson Lagrangian is
written in a more familiar form:

_ — T3
,CHLS — — gJuwNN Z NaijwNaj — dpNN ZNaijOEIONaj
ay aj
1 1
+ §miw2 - 57712,02 + AwpgiNNgzNNw2p2

Wy (x) — wéyo, P;, (x) — P5y05i3/
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)
Symmetry energy S(ng) B

S() =31 MeV
707 —— mg = 500 MeV We determine the p couplingby p
65|~ Mo =600 MeV with ag fitting saturation properties, in
=1 Iy = /.00 P1EV the a, model the p coupling is “
601 — my =800 MeV 0 ) e T - -
% 55| — mo =900 MeV stronger to fit S;=31 MeV @
S
~ 501 ao
&
W 45
40 - S(nB > no)
] without a i P
35 0 When ng > n,, the repulsive ) 4N
30— : : : . :
o 2 Ta i e o~ force qf p become larger and
ne/No attractive force of a; become “
— PDM with a _ _——d - - -
—— PDM without a, Lo = 57.7 MeV smaller Uao
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Unified equation of state (EoS) of Neutron star
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Neutron star M-R relation B
. my T
* We compute the M-R relation by - :
solving the TOV equation | === e
2.0
* We find that a,(980) increase the £ L5
radius of intermediate mass NS S | [ o—
=
— mo =600 MeV
0.5
— mgo =700 MeV
540 MeV < mg < 870 MeV (without ag) —— mg =800 MeV
003 10 11 12 13 14 15
a,(980) R (km)

— PDM with a, Lo = 57.7 MeV

--- PDM without a,

580 MeV < mg < 860 MeV
AR < 1 km for 0.5 < M/Mqg < 2
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Summary & future work fl ke

* We find that the existence of a,(980) stiffens the matter:
* increase the symmetry energy at ng > n,
* increase the radius of intermediate mass NS

* We constrains the chiral invariant mass mg in a, model to

580 — 860 MeV

* Further experiment data on S(ng > ny) may help us to constrain the chiral
invariant mass

* We are now studying the effect of a,(980) to finite nuclei with isospin asymmetry

Thank you!
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Appendix
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Symmetry incompressibility K, ,

Recent value of K., = -107+88 MeV

B. A. Li et al. Universe, 2021, 7(6).
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Constraint to myin the a0-PDM model AT
900 - "flssym //

700 i /

600 -

500 A
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Ly (MeV)

The constraint from NS (high density) and K, (low density) basically agree with each other
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Parity Doublet Model (PDM) e

The mesonic Lagrangian is based on the extended linear sigma model
LhoM (M) = %tr [0, M6"MT]
— ?tr[(MTM)Q] + %{tr[MTM]}z

+ S {1 M)) + 2l (MM P)ex{MM] 4 2 ol art ]

DT M

K
+ g{detM + det M1}
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Parity Doublet Model (PDM) e

The mean field Lagrangian is then given by

—2 —2
H H Ay V4
2 2 4 2
)\6 /
+ —( 6 1 150%a* + 150%a? + a6) — )\6(02a4 + 04a2)
6]
2
+m: fro
o o 1
s = j +§K, Y4 = 3A1 — A4z,
~ _ 1 _ A6 = A61 + A62 + Ae3 5
po=p'—sK=pl-K,
2 Vo= I, 12
A =M1 — A2, 6 = 3762 63
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Hidden Local Symmetry (HLS) T

The vector meson is included basing on Hidden Local Symmetry (HLS) to
account for the repulsive interaction in the matter:

LT = aynn [Nll')’y‘:{&ﬂy‘:LNll + Nlr')’yg}-{&HngNlr]
+ayn | Ny ki, Er Na + Nory 8, 6Ny

+ AoNN E [ ilY tr[“||y]Nl+Nzr'Y tr[“”y]Nzr]
i=1,2

2
m A A

+ _Pztr[cxﬁlx“y] + (
8p

mey,

88w

LA P 1tr[ww] 1tr[ ]
28 [ 12 820 nv 28,2 P Py

+ Awp(avnn + aonN) @Y NN lltr[“”“||u]t1‘[“||]tr[“llv] 1 {tr[“n]tr[“llﬂ]} ]

1
W= (. i
- 525&2 DM&'R - GMSR - igpp"SR — igww“SR + ié’RR“ —+ iERA“ ) = 2 [DugRgR D'ungL]
£R = f}; = exp (zP/fw) Dﬂé‘L — 8M§L — igpp“fL _ igww"fL + ifL/Q“ _ ifLA“ &ﬁ — %[DﬂﬁRf;[% i D“ﬁLﬁz]
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Parity Doublet Model (PDM) e

Under mean field approximation, the vector meson Lagrangian is
written in a more familiar form:

— 0 — 07_3
Ly =—guNN Z Naﬂ WNaj — gpNN Z Naj’Y EPNaj
o aj
+1m2w2+1m2 >+ Aopdl Snnwip?
o' 9 oP wpYuwNNIpNNW P

guoNN = (ay NN + GONN) G

dgpNN = AV NNYp
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PDM with mean field approximation G

In our works, we employ the mean field approximation:

o(x) — o, w(zx) — 0, n(x) — O.

ag(z) — ad;s, av=> = a.

wy(x) = wbyo, P;(x) — P0u00;3,

M = (o +i7-7) — (F- @ +in)

o—a 0
l 0 o+ a
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Properties of nuclear matter L

Pure neutron matter

(5=1)

Symmetric matter no = 0.16 fm—3 (Saturation density)

/ (6 =0) Ko = 215 MeV (Incompressibility)
. = nBE=ng By = 16 MeV (Binding energy)

3’}10

So = 31 MeV (Symmetry energy)
Lo = 57.7 MeV (Slope parameter)
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Determination of model parameters G

* The physical input we used are as follows:

my = 140MeV mo = 500 — 900M eV
mq = 980MeV Lo = 50MeV
my = 550M eV fﬂ' — 02 4MeV
s Ty K, - 0arc
P So = 31MeV

my_ = 1535MeV
my+ = 939MeV
me. = 0.511MeV
m,, = 105MeV
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* The coupling of a0 meson (g1,g2) is smaller for larger mO

mm——m

9.02 8.48 7.81 6.99 5.96
g, 15.47 14.93 14.26 13.44 12.41

)

my; = 3 [\/(91 +g2)%(0 — ja)? +4mg + +(g1 — g2) (0 — ja)]
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7]

p meson coupling constant T
With a0 Without a0
MO MO
(MeV) (MeV)
10 = 40 ULl | lbps | LB | 1zl | kA LO = 40 12.475 10. 993 10.724 10.642 10. 510
(MeV) 1 4 6 6 1 (MeV) 1 1 4
L0 = 50 gp 18.751 15.034 13.352 12.000 10.686
0=50 . : 9.9065 9.893  9.9148
(MeV) 0 9 3 9 5 IEMe\S/) gp 10;17 10 (())05 5
0=60 &P  18.138 14.590 12.872 11.448 10.092 5.9 g, 95406 92430 92512 92912 9.3404
(MeV) 5 7 8 6 7 (MeV)
L0 =70 gp 17.582 14.183 12.441 10.966 9.5880 LO = 70 gp 8.6820 8.6321 8.7109 8.7836 8.8555
(MeV) 3 é 6 2 (MeV)
LO = 80 gp 17.074 13.808 12.051 10.540 9.1522 L0 = 80 gp 8.0201 8.1283 8.2554 8.3511 8.4391
(MeV) 3 8 0 1 (MeV)
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Vector meson mixing interaction GHRAT

In our a, PDM without vector meson mixing interaction, we can
compute the slope parameter L;:

mg [MeV] 600 700 800 900
_ SoNN 12.52 11.20 9.94 8.90
Ko = 215MeV Lo [MeV] 120.14 105.21 97.05 87.65
_ SoNN 12.47 11.16 9.90 8.86
Ko = 240MeV Lo [MeV] 126.58 108.78 98.67 87.75
_ SoNN 12.43 11.13 9.86 8.83
Ko =260MeV: | "\ fev] 131.19 111.45 99.86 87.75
Reduce the stiffness of the
Recent accepted LO = 57.7 £ 19 MeV matter with vector meson
Li, B.A. et al., Universe 2021, 7 mixing interaction
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. . 2
My model without vector meson mixing BT

Symmetry energy vs rhoB/rho0 without vector meson mixing

—== without a0, m0 = 500,L0 = 93
500 4 —— with a0, m0 = 500, LO = 380
-== without a0, m0 = 600,L0 = 86
—— Wwith a0, m0 = 600, LO = 220
—=—= without a0, m0 = 700,L0 = 83

400 1
i —— with a0, m0 = 700, LO = 159
=4 ~~- without a0, m0 = 800,L0 = 81
S 590 — Witha0, mo =800, 10 = 121
= -—- without a0, m0 = 900,L0 = 80
£ —— with a0, m0 = 900, L0 = 92
E
¢ 200 A

100 4

rhoB/rho0
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p meson coupling constant T

With a0

MO
(MeV)

L0 = 60 gp 18138 14590 12872 11448 10092
(MeV)

Without a0
MO
(MeV)
LO =60 9.5406 9.2430 9.2512 9.2912 9.3404
(MeV)
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