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Abstract: In the present work, we study the effect of the isovector scalar meson a,(980) (also called &) to the
asymmetric matter properties by constructing a parity doublet model with including the a,(980) meson based on the
approximate chiral U(2), x U(2), symmetry. The effect of a,(980) to the properties of symmetric matter such as
symmetry energy S (nz), symmetry incompressibility K, , symmetry skewness Q. is investigated. We find that,
a0(980) meson has significant effect to these nuclear matter properties especially when the chiral invariant mass of
nucleon m, is small. We also study the effect of the a,(980) meson to the neutron star (NS) properties and find that
it increase the radius of NSs, especially those having intermediate mass. Finally, we further constrain the value of the
chiral invariant mass of the nucleon to 640 MeV < m, < 860 MeV for L, =57.7 MeV by comparing with the re-

cent accepted value of K, and neutron star (NS) observational data.
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0 Introduction

Chiral symmetry and its spontaneous breaking is one
of the most important ingredient in the low-energy hadron
physics. The spontaneous chiral symmetry breaking is ex-
pected to generate a part of hadron masses, and also causes
mass difference between chiral partners. Here we would
like to raise a question: How much mass of nucleon is from
the spontaneous chiral symmetry breaking? This question
can be addressed using, so called parity doublet models for
nucleons! !,

In the parity doublet model (PDM)[I_Z] an excited
nucleon N(1535) is regarded as the chiral partner to the or-
dinary nucleon, and both of them have a chiral invariant
mass. In this model, the mass of nucleon is schematically
written as a sum of chiral invariant mass m, and the part
coming from the spontanecous chiral symmetry breaking.
Since the chiral symmetry is expected to be restored in the
high density matter while the chiral invariant mass will be
intact, we can study the origin of nucleon mass by apply-
ing the parity doublet model to study high-density matter.

There are many works which studied high-density
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matter based on PDMs. Here, we just list several works
closely related to the present work: In Ref. [3], a PDM with
a six-point interaction of sigma meson was proposed, the
result of which shows that the incompressibility K, =
240 MeV is reproduced for m;=500~900 MeV. In Ref. [4],
a constraint to the chiral invariant mass in the PDM was ob-
tained from the neutron star (NS) properties. In Ref. [5], a
unified equation of state (EoS) for NS was constructed by
connecting the PDM and an NJL-type quark model, based
on the crossover picture in Ref. [6], to obtain a constraint to
m, from the NS properties. A novel way to obtain the dens-
ity dependence of the quark condensate was proposed in
Ref. [7]. The effect of U(1), axial anomaly was studied in
Ref. [8]. These analyses based on the PMD-NJL crossover
model are summarized in the review published in Ref. [9].
Ref. [10] studies properties of nuclei such as the binding
energy and charge radius using the PDM and shows that
my =700 MeV is preferred. Recently in Ref. [11], the ef-
fect of the isovector scalar meson @,(980) meson to the
nuclear matter and neutron star properties was studied. The
PDM was also used to study the hadron-quark phase trans-
ition in Ref. [12].
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It is an important topic in nuclear and hadron physics M =[o+in-1]-[ay-T+in], (3)

to understand the EoS of the dense hadronic matter. Study
of the EoS will provide some clues to understand the prop-
erties of the high density nuclear matter as well as the neut-
ron star. Symmetry properties of the nuclear matter such as
the symmetry energy are very important for the study of
asymmetric matter. In this work, we also study the sym-
metry properties such as the symmetry energy S , the sym-
metry incompressibility K, , and the symmetry skewness
coefficient Qg , focusing on the effects from the isov-
ector scalar meson ay(980) which mediates the attractive
force in the isovector channel. We find that, the «,(980)
meson has a significant effect to the symmetry properties
and the asymmetric matter when m, is small. Comparing
our predictions with the constraints from the NS observa-
tion and the terrestrial experiments, we are able to con-
strain the size of the chiral invariant mass m; .

This work is organized as follows. The model used in
this work is presented in Section 1. Then, we discuss the
results of nuclear matter such as the symmetry energy S,
symmetry incompressibility K. , and symmetry skewness
coefficient Q.. , as well as the neutron star properties
computed from the present model and the effect of a,(980)
meson to these matter properties in Section 2. We then con-
strain the chiral invariant mass of nucleon m, by compar-
ing the results to the recent accepted constraints to the sym-
metric properties and the neutron star observations. Finally,
we summarize this work in Section 3.

1 A parity doublet model with 4,(980)
meson

We construct a parity doublet model with a,(980)
meson based on U(2), x U(2); chiral symmetry. The effect-
ive Lagrangian is given by

-£=-£N+LM+-£V’ (l)

where the Lagrangian is separated into three parts: the Lag-
rangian for baryons including the Yukawa interactions to
the scalar and pseudoscalar mesons expressed by Ly, the
Lagrangian for the scalar and pseudoscalar mesons ex-
pressed by L, , and the vector meson Lagrangian for the
vector mesons including the Yukawa interaction of the ba-
ryons to vector mesons expressed by L, . In L, , the scal-
ar and pseudoscalar meson field M is introduced as the
(2,2)_, representation under the SU(2), x SU(2), x U(1),
symmetry which transforms as

M — g, Mgl , 2

where gz, € SU2)z, and e?% e U(1),. We parameterize
M as

where o, 7, @y, are scalar and pseudoscalar meson fields,
and 7 are the Pauli matrices. The vacuum expectation
value (VEV) of M is given by

OIMI0) = (‘f; (f) )

where o = (0[c|0) is the VEV of the o field. The expli-
cit form of the Lagrangian L), is given by

1 .
Ly = Ztr[aﬂMa“M‘] Vi, (5)

where V), is the potential for M . In the present model, V),
is taken as

Vo == einri )+ 0 [ my? |-
M="7 | ] 3 r

%{tr[M*M]}2 - f—;tr[(M*Mf]—

2
: K
%tr[M + M) - Z{detM +dert’). (6)

For the vector meson, the iso-triplet p meson and iso-
singlet w meson are included based on the hidden local
symmetry[B_M] to account for the repulsive force in the
matter. In this work, we just show the Lagrangian after tak-
ing the mean-field approximation later. The complete Lag-
rangian for the vector mesons is seen in Ref. [15].

Finally, the baryonic Lagrangian Ly based on the
parity doubling structure 2 is given by

Ly =N, i/gNl +N2i/gN2 —mo[N1Y5N2 _N2Y5Nl]_
gl[NllMNlr"'NlrMTNll]_
gz[Nersz"'Nle-l-Nzr] > @)

where N, (N;) (i=1,2) is the right-handed (left-handed)
component of the nucleon fields »;. By diagonalizing Ly,
we obtain two baryon fields N, and N_ corresponding to
the positive parity and negative parity nucleon fields, re-
spectively. Their masses at vacuum are obtained ast! 2]

1
mivac) = 5[ \/(gl +gz)20'(2) +4m§ (g1 —gz)U'o] . (8)

In the present work, N, and N_ are identified as N (939)
and N(1535) respectively, with m, (m_) to be the mass of
N(939) (N(1535)).

To construct the finite matter, we adopt the mean-field
approximation following[s’ o by taking

ox)—>o, m(x) =0,

nx)—0. ©)

The a,(980) mean field is assumed to have non-zero
value only in the third axis of iso-spin as
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ay(x) = ads; . (10)

We note that the mean field of a,(980) vanishes
(a =0) in the symmetric nuclear matter as well as vacuum,
due to the iso-spin invariance. The mean fields for vector

mesons are taken as
Wu(X) = W0, PL(X) = P60 - (11)

Redefining the parameters as

1
'2:'2+ K,
/10' 2

=2 =

1
-—K= K,
Hq = ,U ) ,U(r
Ay = Ay — Ag,
Yy =34 — Ap, (12)

we write V,, in terms of the meson mean fields as

=2
S R SN (S
Vu= 20’ 2a+4(0'+a)+20'a
As 6 2 4 4 2 6 2
g((r +1507°a" +150"a” +a°) —m; f,0. (13)

The Lagrangian L, is written in terms of the mean
fields of the vector mesons as

Ly :_ngNafY WN, ;- ngNGJY pr'/+

aj

1 1

Emiwz + 2mpp P+ A8 g’ (14)
We note that the w-p mixing is included in our model to
reduce the slope parameter following Ref. [8].

Now, the thermodynamic potential for the nucleons is

written as
ky
= —20 ;pnj (271')3[ aj] s (15)
where @ =+ denotes the parity and j = p,n the iso-spin of

nucleons. y; is the effective chemical potential given by

)= (= 8,0+ (1= g,p) (16)

and E,; is the energy of the nucleon defined as
E,;= \/(p)+(m;)* where p and m;,

and the effective mass of the nucleon. The effective mass

are the momentum

m’,. is given by

aj

L] . :
= 5| N+ g2 - a2+ am + ate - g - ja)|
7)
We stress that the masses of proton and neutron become

non-degenerate in the asymmetric matter due to the non-
zero mean field of ay(980).

By combining the above contributions, the entire ther-
modynamic potential for hadronic matter is expressed as

He » Ya

A
24(0'4 +a*)+ 50'2(12—

A
—6(0'6 +1502%a* + 150*a® + a®)—

1
m: f.o ——m w* —Empp /lwpgf)gia)zp -0y, (18)
where we subtracted the potential at the vacuum
=2
_ B Ay A o
Qo=—-f+ —=f2— . 19
R S AR A (19

2 Results

In the present model, there are 10 parameters to be de-
termined for a given value of the chiral invariant mass mj :
81y 82y 2 2, A4y Vi A6y 8uvs 8ps Awp-  We  determine  them
from the vacuum properties as well as nuclear saturation
properties as follows: The vacuum expectation value of o
is taken to be o, =f, with the pion decay constant
f> =92.4 MeV. The Yukawa coupling constants g, and g,
are determined to reproduce the nucleon masses at vacuum
given by Eq. (8), with m, =my=939 MeV and
m_=my. = 1535 MeV. The parameters g%, 4;,4s and g,
are determined from the saturation density n,, binding en-
ergy B, and incompressibility K listed in Table 1 togeth-
er with the vacuum condition: —f@2f, +Ayf7 —Asf>—
m?f, =0. Then, > =2 —K is determined from K given

by
K=m}—m;. (20)
Similarly, vy, is given by
my + 54y + iy
Vs = f—ﬁz ; @n

from the mass of a,(980). We summarize the values of
masses of mesons in Table 2.

The values of the parameters g,, g, f2, 44, A, &
for given values of the chiral invariant mass m, are shown
in Table 3.

Table 1  Saturation properties used to determine the model
parameters: saturation density no, binding energy By,
incompressibility Ko, symmetry energy Sy, and slope
parameter Lo .

no/fm™ By/MeV Ko/MeV So/MeV Lo/MeV

0.16 16 240 31 57.7

Table 2 Values of meson masses at vacuum in unit of MeV.

b ap(980) n w P

140 980 550 783 776
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Table 3 Values of g1, g2, @2, A4, A6, & fOr my = 500 ~

900 MeV.

my/MeV 500 600 700 800 900
81 9.02 8.48 7.81 6.99 5.96
82 15.47 14.93 14.26 13.44 12.41
a2/ f? 22.70 22.35 19.28 11.93 1.50
A4 41.94 40.39 35.46 23.12 4.43
A6f? 16.94 15.75 13.89 8.89 0.64
8w 11.34 9.13 7.30 5.66 3.52
a2/ f? —10.43 —10.79 —13.86 —21.21 —31.64
Y4 191.41 185.07 172.70 140.38 88.67

Tables 4 and 5 show the values of the parameters g,
and A,, that are determined from fitting S, and L,. We
note that the existence of w -p mixing interaction allows to
tune the slope parameter L, inthe present model. Refer-
ence [16] shows that L,=57.7+19 MeV, so we take
Ly =40—-80 MeV as the physical input to compare the ef-
fect of a((980). In this work, we just show the results for
Ly=57.7 MeV. The results for other choices of L, are
seen in Ref. [11].

Table 4 g, of model with ay (980) meson.

mo/MeV 500 600 700 800 900
Ly =40 MeV 19.43 15.52 13.89 12.64 11.40
Ly =50 MeV 18.75 15.03 13.35 12.00 10.69
Lo =57.7 MeV 18.54 14.84 13.08 11.63 10.24
Ly =60 MeV 18.14 14.59 12.87 11.45 10.09
Lo =70 MeV 17.58 14.18 12.44 10.97 9.59
Ly =80 MeV 17.07 13.81 12.05 10.54 9.15

Table 5 A, of model with ag (980) meson.
mo/MeV 500 600 700 800 900
Lo =40 MeV 0.0127 0.0251 0.0761 02916 24595
Lo =50 MeV 0.0119 0.0221 0.0649 02415 19427
Lo=577Mev 0.0I13 0.0199 0.0563 02034 15507
Lo = 60 MeV 0.0110 0.0192 0.0537 0.1914 14259
Lo =70 MeV 0.0101 0.0162 0.0425 0.1413 0.909 1
Ly =80 MeV 0.0092 0.0132 0.0313 0.0911 03923

To compare how the matter properties are affected by
ay(980) meson, we eliminate the a,(980) meson by taking
the mean field a =0 in the potential (18) and the masses in
Eq. (17). The parameters are determined by fitting them to
nuclear saturation properties and vacuum properties. We
note that, in the model without 4((980), the model para-
meters g, g, g-, Ay, A are the same as in the a,(980)
model, since these parameters are determined from the
properties of symmetric matter. We also note that y, -terms
do not exist in the model without ay(980) which takes ac-

count of the cross interactions between o and a,(980). We
summarize the values of the parameters g, and A4,, in the
model without a, meson in Tables 6 and 7.

Table 6 g, of model without ay (980) meson.
mo/MeV 500 600 700 800 900

Lo =40 MeV 12.48 10.99 10.72 10.64 10.61
Ly =50 MeV 10.72 10.01 9.91 9.90 9.91
Ly =57.7 MeV 9.78 9.40 9.39 9.42 9.46

Ly =60 MeV 9.54 9.24 9.25 9.29 9.34
Ly =70 MeV 8.68 8.63 8.71 8.78 8.86
Lo = 80 MeV 8.02 8.13 8.26 8.35 8.44
Table 7 1., of model without ao (980) meson.
mo/MeV 500 600 700 800 900

Lo =40 MeV 0.0554 0.0857 0.1695 04159 25186
Lo =50 MeV 0.0451 0.0671 0.1301 03153 1.8903
Lo=577Mev 0.0372 0.0529 0.0998 02378 1.4064
Ly =60 MeV 0.0348 0.0486 0.0907 02147 12619
Lo =70 MeV 0.0245 0.0301 0.0513 0.1140 0.6336
Lo = 80 MeV 0.0142 0.0116 0.0120 0.0134 0.0052

Let us first study the effect of 4¢(980) to the sym-
metry energy. The results are shown in Fig. 1. We observe
that, in most cases, the symmetry energy is stiffened by the
existence of a((980) and the difference of the symmetry
energy between the model with a((980) indicated by solid
curves and the models without a,(980) by dashed curves is
larger for smaller myg. At nz =2n,, the symmetry energy
S (2ny) can be enlarged as large as 45% in the a, model
when m; =500 MeV. This increase of symmetry energy
can be understood as a result of the competition between
the repulsive p meson interaction (modified by the w-p
mixing interaction) and the attractive a((980) interaction,
in addition to the kinetic contribution from the nucleons. In
the model without @,(980), on the other hand, only repuls-

—— my = 500 MeV
70 L— m, = 600 MeV
—— my =700 MeV
my = 800 MeV
> 60 f— my =900 MeV
=
=50}
%5
40t
O I I I I I I
1.00 125 1.50 175 2.00 225 250

ng/n,

Fig. 1 (color online) Symmetry energy S(ng) for mp =500
~900 MeV and Ly =57.7 MeV. Solid curves represent
the S(np) of the model including ap(980), while
dashed curves show the results of the model without

ap(980) .
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ive contribution from the p meson exists. Since the sym-
metry energy at saturation density is fixed as S, =31 MeV
in both the models with and without a,(980) meson, the p
meson coupling g, is strengthened by the existence of the
attractive a,(980) contribution in the model with a, com-
paring to the model without a,. Actually, from Tables 4
and 6 it is clear that g, is larger in the a, model than in the
no- a, model for a fixed m; .

The symmetry incompressibility K, andthe sym-
metry skewness coefficient Q,,, are important properties
to study the asymmetric matter. It is highly related to the
asymmetric matter EoS and symmetry energy at higher
density ng>ny. Kyn and Q,,, are defined as the coeffi-
cients of the Taylor expansion of symmetry energy S (nz)
at density around n, as

2
ng—no\ Lo np—noy Ksym
S =So+ -+ +
(nB)O(n0)3(no)18
3
np—ny, stm 4
+0 s 22
( o ) 162 TOU (22)
where

HERY ERY

Kym = 9n§ o , Oym = 27n3 o (23)

ny no

Figure 2 shows the m, dependence of K, in the
present models with and without a, meson for different L,
together with the recent accepted value K, =—107+88
MeV given in Ref. [16] which is shown by pink region. We
observe that the presence of a, meson has strong effect on
the K, . In particular, the K, becomes very large when
my < 600 MeV inthe a, model andreach K, = 1200 MeV
when m, =500 MeV for L, =57.7 MeV. We note that the
K become positive when m; is small. This seems to im-
ply that the pure neutron matter is more stable than sym-
metric nuclear matter at saturation when m, is small. By

150 F
— L, =40 MeV
100 | L, =577 MeV
sol L, =80 MeV
B.A. Lietal [16]
> ol
Q
2 s0f \ e
<100 f N
-
—150 ) Tl
200 | T LT

0 500 550 600 650 700 750 800 850 900
my/MeV

Fig.2 (color online) my dependence of Ky, with different
Lo =40,57.7,80 MeV. Solid curves represent the results
from the model with ay meson and dashed curves are
from the model without ap meson. The pink region
shows the recent accepted value of Ky, as summar-
ized in Ref. [16].

comparing with the constraint shown by pink region, the
present results seem to give strong constraint to the value of
my as 640 <my <860 MeV for L,=57.7 MeV. We also
note that larger L, results in larger K, and the effect of
L, is much smaller than the effect of m, when m, is small
(my $600~700 MeV) in the present a, model. However,
when my is large where the effect of m, is small, L, ef-
fect dominates.

Figure 3 shows the m, dependence of Q.. of the
present models with and without a, meson for different L,
together with the range of Q,,, calculated in the models
with Skyrme parameterization[”] which is shown by blue
region. Similar to the K, the isovector scalar a, have
huge effect to the Q.. While Q,,, can be negative for
small m, in the model without a, meson, Q. becomes
very large in the @, model when m, becomes small. When
my =500 MeV, Q.= 12000 MeV in the present model
which is very large comparing to other models with Skyrme
parameterization. The m, dependence of K, and Quym
also agree with the fact that the matter becomes softer when
my 1is smaller. When m, = 700 MeV, the effect of m, re-
duces rapidly and L, effect dominates. We also note that
increasing L, reduces Q,,, in the a, model. We see that
the results from the present model with L, =57.7 MeV
agree with those from other models shown by blue region
when my 2700 MeV. While Q,,, is very difficult to be
measured in the experiment, we believe that further experi-
mental constraint on the Q, will bring valuable insight to
the understanding of asymmetric matter as well as the chir-
al invariant mass of nucleon.

3000

—L,=40 MeV
2500 F —— L,=57.7 MeV
—— L,=80 MeV
2000 + == M. Dutra et al. [17]
=~ 1500
2 1 000 ——
S M o«
Qi 7
500 i / - —
I »~ -
0F /s .
// —
sepy o
500 550 600 650 700 750 800 850 900
my/MeV
Fig.3 (color online) my dependence of Qs with different

Ly . Solid curve represents the model with ay meson
and dashed curve represents the model without ao . The
blue region is the recent accepted value of Qgm as
summarized in Ref. [17].

We also study the effect of a, (980) meson to the neut-
ron star properties by constructing a unified EoS using the
interpolation method as introduced in Ref. [6]. We
smoothly connect the hadronic matter EoS to the quark
matter EoS constructed from an NJL-type quark model, as-
suming a crossover phase transition. Then, we compute the



©792 - B 7%y | TR F41 5
M-R relation by solving the Tolman-Oppenheimer- is constrained as
Volkoff (TOV) equation[lg_lg], and compare the results

640 MeV < my <860 MeV (25)

with the observational data. We first examine how the ex-
istence of a((980) affects to the M -R relation. In Fig. 4,
we show some typical examples of the M-R relations
computed with and without the existence of a,(980) for
my =500 ~ 900 MeV where L, =57.7 MeV is taken. This
clearly shows that inclusion of the @,(980) meson in-
creases the radius for the neutron stars with the mass of
0.5<sM/M, <2, by the amount of <1 km depending on
the parameters. We see that the difference becomes smaller
for larger m, similarly to the one for the symmetry energy.
This is because the @,(980) meson couples to the matter
weaker for larger m, . In addition, we observe that the q
(980) meson has a little effect on the maximum mass, since
the core of such heavy neutron star includes the quark mat-
ter and the maximum mass is mainly determined by the
parameters of the NJL-type quark model.

25+ PSR J0740+6620
_20¢
g
E sl
b
3 PSR J0030
S 1O GW170817 N\ +0451
— my =500 MeV"X
— my =600 MeV (
0.5 m,=700 MeV =
m, =800 MeV ~—
0.0 [=%,= 900 MeV ‘ ‘

9 10 11 12 13 14 15 16
R/km

(color online) M - R relations computed from mod-
els with and without the existence of a¢(980) for differ-
ent my with Ly =57.7 MeV. Solid curves represent the
M -R relations from the model with 4((980) meson
and dashed curves the ones of the model without
ao(980) .

Fig. 4

We compare the results with the observational con-
straints on neutron star mass and radius obtained from PSR
J0030+0451[291 PSR J0740+6620121], and GW170817!22],
which restricts the value of the chiral invariant mass as

580 MeV < mo < 860 MeV , (24)

for L, =57.7 MeV. This should be compared with the con-
straint obtained in the model without ay(980):
540 MeV < my < 870 MeV . We see that the constraint is
slightly changed by the inclusion of a((980) meson.

Since the K, is determined from the nuclear matter
at saturation density while the NS observational constraints
are at high density, K,,, and NSs provide independent con-
straints at high and low density to the m, . Figure 5 shows
the constraints to m, from K, and the neutron star obser-
vations in the present model with a, meson, as a function
of L,. When we require both constraints are satisfied, m,

for L, =57.7 MeV. We note that due to the difficulty of
determining Q,,, experimentally, we do not obtain any
constraints to m, from Q,,, at this moment. We expect
that future experimental study on Q,, will provide further
constraint to m .

Koy
900 | 1\18/4

800

700 - =

600

m,/MeV

500 t

50 55 60 65 70 75 80
L,/MeV

40 45

Fig. 5 (color online) Summary of the constraints on mg

from Kym and NSs with different Lo in the a9 model.
Pink region is the constraint from the recent accepted
value of Ky, as summarized in Ref. [16]. Green re-
gion is the constraint from the NS observations PSR
J0030+04511201 PSR J0740+6620121],  and
GW170817122],

3 Summary

In this work, we studied the effect of isovector scalar
meson a,(980) to the nuclear matter and neutron star mat-
ter properties. In particular, we focused on studying the
asymmetric matter properties such as symmetry energy,
symmetry incompressibility K, symmetry skewness
coefficient Q. , and the neutron star M -R relation. We
find that, a,(980) has significant impact on the asymmet-
ric matter: The symmetry energy in the high density as well
as Kym and Q,,, is largely enhanced when m, is small.
The EoS of the neutron star matter is stiffened, which res-
ults in the increase of the radius of the neutron star. Finally,
we constrain the value of the chiral invariant mass to
580 MeV < my <5860 MeV for L,=57.7 MeV by com-
paring with the recent observational data on neutron stars.
The constraint is further restricted to 640 MeV < my <
860 MeV for L,=57.7 MeV by considering the con-
straint from K,,,. We believe that further experimental
constraint on the asymmetric matter properties such as K, ,
Oy » and S(ng > ny) will bring valuable insight to the un-
derstanding of asymmetric matter as well as the constraint
of chiral invariant mass of nucleon.
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