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Abstract

We have developed a new relativistic mean-field model of asymmetric nuclear
matter. It is an extension of the Zimanyi-Moszkowski model based on the con-
stituent quark picture of nucleons. The effects of the scalar mean-fields on all the
three constituent quarks in medium have been taken into account. They produce the
renormalized effective coupling constants to be dependent on the effective masses of
nucleons. Including the isovector scalar mean-field by 0[ag(980)] meson, the masses
of protons and neutrons are different from each other. Consequently, we have
charge-asymmetric effective interactions to be determined self-consistently as well
as the effective masses. We have numerically investigated the charge-asymmetric
nature of our model in detail. Then it is applied to the cold S-stable neutron stars.
The results exhibit the general feature of a stiff equation-of-state.

1 Introduction

There are growing interests on asymmetric hadronic matter at high density in the rela-
tion to high-energy heavy-ion collisions and astrophysics. Theoretically, the high-density
matter should be described within a relativistic framework. A lot of investigations have
been performed based on the relativistic mean-field theory as the so-called Walecka model
[1] or its nonlinear extension (NLW). However they are not consistent in the following
respect.

The nucleon in the relativistic mean-fields is not a physically observed nucleon but
a quasi-particle or dressed nucleon. Therefore the interactions between two nucleons
mediated by various mesons are the effective ones. In asymmetric matter, the effective
interactions are not necessary to be charge symmetric or invariant. This is theoretically
realized in the Dirac-Brueckner-Hartree-Fock (DBHF) model [2-4]. (Precisely, this is also
realized in the nonrelativistic Brueckner-Hartree-Fock model.) The three G-matrices
describing proton-proton, neutron-neutron and proton-neutron scattering are different
from each other in asymmetric medium. However, neither the Walecka nor the NLW
model can take into account the charge asymmetry of the effective interactions. Moreover,

the phenomenological effective mean-field models [4-6] of the DBHF' theory do not treat
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the asymmetry explicitly since their meson-nucleon coupling constants are determined
from numerical results of the nucleon self-energies by the DBHF calculation [7].

We have seen that the fully self-consistent theory of asymmetric matter should deal
with the charge asymmetry of the densities, effective masses and effective interactions of
protons and neutrons, simultaneously. Until now there have been no relativistic mean-
field models to satisfy such a condition. We can however find a promising candidate, that
is, the derivative scalar-coupling model developed by Zimanyi and Moszkowski (ZM)
[8]. This model gives the renormalized N No coupling constant gy, = (Mx/M y) nNo
where ¢y, is the phenomenological NNo coupling constant determined to reproduce
the nuclear matter saturation. My is the free mass of a nucleon and My, is its effective
mass in the medium. If the effective masses of protons M, and neutrons M are different
in asymmetric matter [9,10], we have the charge asymmetry of the coupling constant
Gopo F Inno- Of course, this simple discussion is not sufficient. We have to consider
the isoscalar mesons o and w as well as isovector mesons d[ag(980)] and p in a fully
self-consistent method.

However the straightforward extensions of the ZM model to asymmetric matter in
Refs. [11,12] are not suitable to our purpose. They applied the renormalization factor
Tine/Inne = (1+ gnne (0)/M )~ to all the meson-nucleon couplings, where (o) is the
mean field of the 0 meson. In this case, the renormalized (or effective) coupling constants
are determined by only the isoscalar mean field. Therefore the charge asymmetry of the
effective interactions cannot be realized.

Recently, another interpretation and extension of the ZM model [13] has been de-
veloped to describe charge-symmetric strange hadronic matter based on the constituent
quark picture of baryons. This model remedies the deficiency of the original ZM model
that cannot reproduce the strong spin-orbit potential, and produces the similar properties
of symmetric nuclear matter to the DBHF calculation. The purpose of the present work
is a generalization of the model in Ref. [13] to asymmetric nuclear matter. We will find
that it can describe the charge asymmetry in a fully consistent manner. The detailed for-
mulation of the model is given in the next section. The numerical results of asymmetric
matter are shown in section 3. Especially, the charge asymmetries of the effective inter-
actions or the meson-nucleon coupling constants are investigated in detail. Furthermore
the model will be applied to neutron stars. Finally, we summarize our investigations and
draw conclusions in section 4.

2 (Generalization of the ZM model to asymmetric

matter

Here the renormalized effective coupling constants in asymmetric matter are derived based

on the method developed in Ref. [13]. Then they are used to construct the mean-field



model. We consider the contributions by the isoscalar scalar meson o, isoscalar vector
meson w and isovector vector meson p. Furthermore the isovector scalar meson 6[ag(980)]
is introduced to produce the different effective masses of protons and neutrons [9,10]. In
this work, the same free masses for proton and neutron, M, = M, = My, are assumed,

and the electro-magnetic interactions are not considered.

2.1 Renormalized coupling constants

We first consider ppo and ppw couplings. In the constituent quark picture of a proton

(p), unrenormalized free coupling constant g,,,(.) is schematically written as

u u d u u d u u d

or expressed by
pp o(w) — ngqo(w)7 (1)

where ¢ denotes u or d quark. Equation (1) is also valid for a neutron (n). Thus

gNNa(w) = Ippo(w) = Inno(w) = 39qqa(w)' (2)

Here the two quarks in a nucleon are the spectators or free constituents. However all the
three quarks in a nuclear nucleon are embedded in the medium. This fact should produce
the medium correction to gy, It was investigated in Ref. [13] for symmetric matter
and the effective coupling constants being similar to but more reasonable than those in
the ZM model were obtained.

Extension of the model in Ref. [13] to asymmetric matter is straightforward. It is
only noted that the scalar mean-fields of v and d quarks are different from each other.

Then we have the following medium correction term to Ippor (@)

u u d

where the wavy lines are o or w mesons. The dashed lines are the effects of the mean-fields
of quarks defined by



Su(ay = Su(@)/Mn- (3)

where S, and Sy are the scalar potentials of v and d quarks. Adding the above correction

*
ppo(w)’

to Eq. (1), we have the renormalized effective ppo(w) coupling constant g
: - Lo s
gppa’(w) = gNNo'(w) + (QSU + Sd) gqqcr(w) = |1+ g (2S’u + Sd) gNNU(w)v

1. .
N <1+§Sp> INNo(w) = [<1_)‘N)+)\Nmp]gNN‘7(w)’ (4)

where S, is the scalar potential of protons

S,=S,/My =28, + Sq, (5)

and
my, = My /My = (My + Sp) /My, (6)
Av = 1/3. (7)

Similarly, the renormalized effective nno(w) coupling constant g:fmo(w) is

Grnow) = InNo) T (Sut252) Gygor) = |1 +% (Su +254) | In No(w)»
= (1435 o = (1= 2) + 278 v ®)
where S,, is the scalar potential of neutrons
S,=8,/My =28, +2S,, (9)

and
mr=M:/My= (My+S,)/Mx. (10)

Essential difference between the present results and Ref. [13] is that the values of S,

and Sy or m; and m; are different;

5,4 54, (1)
my, # my,. (12)

As a result the NNo(w) coupling becomes charge asymmetric,
g;z*ma(w) # g;kzna(w)‘ (13)

If my = m; = mj, we have the same results as Ref. [13]. Furthermore, in the case of



An = 1, the ZM model is recovered.
Equations (11) and (12) are due to the contribution by the isovector scalar mean-filed.
Then we consider the isovector mesons d]ag(980)] and p. In the constituent quark picture

of a proton, unrenormalized free NN or N Np coupling constant is expressed by

Iops(p) = Gnnd(p) = INN5(p) = aas(p)- (14)

According to the same procedure as the isoscalar mesons, the medium correction to ppd(p)
coupling constant is schematically written by

u u d

where the wavy lines are § or p mesons. Thus, the renormalized effective ppd(p) coupling
constant g;é " is
Gopste) = InNs(p) T S5a9aase) = (1+ 5a) gnws()
= [(1 —AN)+ Ay (Zm;: — m;)} INNS(p)- (15)

Similarly, the renormalized effective nnd(p) coupling constant g, 5, is

Irns(p) = INNo() + SuJags(e) = (14 5u) Innage)s
= [Q=An)+ Ay (2my —m)] IN NS (p)- (16)

We have also the charge asymmetry,

g;pé(p) 7é ger?(p) (17)

Consequently, the model developed in Ref. [13] can be extended straightforwardly to
asymmetric matter and reproduce the charge-asymmetric effective interactions between
two nucleons in medium as the DBHF theory does. Our intuitive method may arise some
suspicion about its theoretical foundation. However, in the symmetric case m; = m;,
almost the same effective coupling constant as Eq. (4) or (8) has been derived in the
renormalized Walecka model of Ref. [14], which takes into account the effect of meson

cloud surrounding the nucleons in medium.



2.2 The mean-filed model of asymmetric matter

Using the renormalized effective meson-nucleon coupling constants obtained above, our

mean-field model Lagrangian for asymmetric nuclear matter becomes

L= G, (p—M;=2"V,) 0, + &, (p = My =" Vo) 0,
1 1 1 1
— Emi (0)? +§mi (wo)? —5""? (63)° +§mi (pos)?. (18)
where ¢, and 1, are the Dirac fields of protons and neutrons, (o), (wg), (d3) and (py3)
are the mean-fields and m,, m., ms and m, are the masses of each meson. The scalar

and vector potentials are given by

Sp = _g;po' <U> - g;pé <53 ) 19

)
STL = _g;kmo <0-> + g:Lné <53> ) 20
)

‘/I; - g;pw <(,d0> + g;pp <p03 9 21

*

Innw <w0> - g;kmp <1003> :

(19)
(20)
(21)
(22)

22

=

From Egs. (19)-(22), the meson mean-fields are inversely expressed by the potentials.
Therefore the energy density is written by

£ = ((E;)p - Vp> Ppp+ ((ER)n + Vo) pup

- 2
2%MW—%H%MW—Mq

1
+ 5 mg : PE——

2 g;pa Inns + Inne gpp6

[« * * * 2

1 2 | Inne (Mp B Mp) — Yppo (Mn - Mn)

+ 5 ms * * * *
gppa' Inns + Inno gpp6
* * 2 * * 2

1 i ( Gnnp V;? + Yppp Vn ) . % m2 ( Innw V;? ~ Yppw Vn ) : (23)

* * * * P * * * *
gppw gnnp + Innw gppp gppw gnnp + gnnw gppp

where <E};>p(n) is the average kinetic energy and p,(,)p is the baryon density of protons
(neutrons). The vector potentials are determined by 0€/0V,, = 0 and 9€/9V,, = 0. Then

we have

*x 2 * 2 * * * *
_ gppw gppp gppw Innw gppp gnnp
‘/p - ( mi + m% ppB + mz) - mg PnB> (24)
v (G | i opeo T Tppp T o5



Substituting Eqgs. (24) and (25), the energy density becomes

2

My 2 ;né (m; B 1) + h‘;p& (m; - 1)
h h:m(s + h;kmoh*

ppo

1
€ = f <E/:>p pr+ fo (ER), pr + 5 Mg,

2
1M}"v( my )2 [hnm (m: 1) —hppg(mn—l)]

INNo pp

+ 5 * * *
2 I B+ hnoh

INNs nno ' “ppd

1 (9NN ? . . \2 1 (9nn,\° . . 22
+_< T]\;LN ) (fphppw+fnhnnw) p%—i_a( m £ (fphppp_fnhnnp) 10%7

2 w p
(26)

where we have used the total baryon density p; = p,p + p,5 and the proton (neutron)
fraction fpm), and Egs. (4), (8), (15) and (16) are abbreviated as

g;p(nn)M = h;)p(nn)M gnvm (M =0, w, 4, p). (27)

The effective masses m;; and m;, are determined by solving the self-consistency equa-
tions € /Omy, = 0 and OE /Om;, = 0 simultaneously. From Eq. (26), we have

(0) (D ~0) 40 ~(1)
fppS+A (Apc Acp)<mg>2MN
g PpB (C(O))3 INNe/ Pr
(1)
. BO (C(O) _ BOCY, > ( - )QMN s (et ) (gNNw)Qp_T
(C1)? 9nns/)  Pr PAIR Tppe DI el my, ) My
2
= Uy 20 (i = i) (222 ) L, (29)
0) ([ AW ~0) _ A(0)~1)
s A (AnC Acn)<mg)2MN
" pup (CO)? YNNe /P
© (0 L O > 2
_B (C +B Cn)(m(S)MN—l—/\Nf(fh* + )(gNNUJ)ﬂ
(Co)? Inns/  Pr P el my, My
2
+ AN 2+ fo) (Fo By = fr i) (gl—fzp) va =0, (29)

where p,,,)s is the scalar density of protons (neutrons). The quantities A, B and C are
defined by

A0 = s (my = 1) + hyys (my, = 1) (30)
B(O) - h:ima (m; - 1) - h;()pa (m:; - 1) ) (31)



CO =nr k4 b b 32

ppoltnns + Mo Mpps » (32)
AP = (1 - &) + &y (2m, —my) | (33)
Cf) = &xh; (34)
(35)
(36)

nnd

AR = (1= &y) + &y (2my, —my) |

O = enh;

ppd

35
36

with {y = 2Ay. The values of m; and m;, should satisfy the energy minimization
condition 9?€ /dmz? > 0 and (92 /Om:?) (0*E/Om;?) — (825/8m;8m:)2 > 0.
Finally, the pressure P is given by

1 * * 1 * *
P = Z (EpF ppB - Mp ppS) + Z (EnF PnB — Mn an)

Lo (e TAONE w2 [ 2 (BON

2N \Gune /) \CO ) T2V G ) \CO

1 /g 2 2 1/9 2 2

w * * NN * *
w p
(37)
where EY . is the Fermi energy of protons (neutrons).

3 Numerical analyses

For calculations of asymmetric matter, we have to determine the free meson-nucleon
coupling constants. As seen in Egs. (26), (28), (29) and (37), only the ratios to masses
(Inno/ m0)2 etc. are necessary. The isoscalar coupling constants are determined to
reproduce the saturation properties of symmetric nuclear matter. (The saturation energy
of —15.75MeV and the saturation density of 0.16 fm™> are assumed.) The calculation
has already been performed in Ref. [13] and (gy x,/m,)” = 16.9fm? and (gyy./m,)" =
12.5 fm? are obtained. The isovector coupling constants however cannot be determined
uniquely [9]. Here we first fix the & coupling constant by (gy ys/ms)° = 1.0 fm? (referred
as the model 1) or (g ys/m;)° = 2.5 fm? (referred as the model 2) and then determine the
p coupling constant to reproduce the nuclear symmetry energy F,. Although there still
remains ambiguity in determining its value [15], we choose Es; = 30.0MeV. The result
is (gyn,/m,)? = 1.727fm? for the model 1 or (gyy,/m,)* = 2.855fm? for the model 2.
The model 1 and 2 exhibit relatively weak and strong effect of the charge asymmetry
respectively.

Then we calculate the properties of asymmetric nuclear matter. Figures 1(a) and
1(b) show the binding energies per nucleon F = £/p, — My in the models 1 and 2 as

functions of the total baryon density p, for several values of the asymmetry parameter
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a = (p,p — ppp)/pp- For increasing asymmetry, the saturation density shifts to lower
values. Although there are little differences between Figs. 1(a) and 1(b), the model 2
produces somewhat lower saturation energies than the model 1. Especially for a = 1,
the model 1 has no energy minimum whereas the model 2 exhibits a very shallow dip
at pr ~ 0.04fm™3. In general the model 1 gives larger energies than the model 2 below
the saturation density p; = 0.16fm ™3 of symmetric nuclear matter while the model 2
gives larger energies than the model 1 above the density. The difference between the two
models becomes larger as the asymmetry parameter and the density increase.

The difference between the models 1 and 2 is explicitly seen in the density dependence
of the symmetry energy. The binding energy per nucleon is a function of the total baryon

density and the asymmetry parameter, and so is expanded as
E (pr,a) = E(py,0) + Sz (pr) @ + Sy (pr) a* + O (a°) . (38)

The nuclear symmetry energy E, mentioned above is the value of Sy (p;) at the saturation
density of symmetric nuclear matter p;, = 0.16 fm 3. Recently there are growing interests
on the high-density behavior of Ss (py) in conjunction with the numerical simulations of
high-energy heavy-ion collisions [16-18]. Figure 2 shows Sy and S, as functions of the
total baryon density. The solid and dotted curves are the results of the models 1 and
2. Usually, F (pr,a) can be well expressed by up to the second term of Eq. (38).
In fact Sy is negligible to S;. The symmetry energy S, increases almost linearly with
density in both the models. The same feature is reproduced by the DBHF calculation
[19]. We can see that the model 2 predicts slightly lower S, than the model 1 below
pr = 0.16 fm=3 whereas, above the density, the model 2 predicts larger S, than the
model 1. The difference becomes larger as the density increases

Next, we investigate the effective mass M}, of nucleons in asymmetric matter. Figure
3 shows M7 and M; in the model 2 as functions of the density. The solid, dotted
and dashed curves are the results using a = 0.0, 0.5 and 1.0 respectively. MJ becomes
larger for increasing asymmetry parameter in the whole range of the density while M
becomes lower. This is due to the isovector scalar mean-field (d3) in Egs. (19) and (20).
The difference between the results for @ = 0.0 and a = 0.5 or between the results for
a = 0.5 and a = 1.0 in M, are much smaller than the corresponding differences in M.
Furthermore Fig. 4 shows M (the solid curve) and M (the dashed curve) in the model
1 as functions of the asymmetry parameter at p; = 0.4 fm . M increases monotonically
whereas M has a minimum at ¢ ~ 0.7. Consequently, the difference between the two
masses becomes larger as the asymmetry increases. The similar behavior can be found
in the DBHF calculation [7].

The difference between the effective masses by the models 1 and 2 is shown in Fig.
5. The solid curve is for symmetric matter (a = 0.0). The dotted and dashed curves

are the results by the models 1 and 2 for a = 0.75. The model 2 gives larger M and



lower M than the model 1 owing to stronger N NJ and NNp coupling constants in the
model 2. Furthermore Fig. 6 shows the effective masses as functions of the asymmetry
parameter for several values of the densities. The solid and dotted curves are the results
of the models 1 and 2. The differences between the two models become larger as the
asymmetry increases.

In our model the renormalized coupling constants do not depend on whether the
meson is scalar or vector, but are different for protons and for neutrons as seen from Eqgs.
(13) and (17). We then investigate the charge asymmetries of the effective interactions
that are the essential difference of our model from the other relativistic mean-field models.
Figures 7 and 8 show the density-dependences of the coupling constants in the model 2
for the isoscalar and isovector mesons, respectively. Part (a) is the result for protons and
part (b) is for neutrons. The dotted and dashed curves are the results for a = 0.5 and
a = 1.0. For a comparison we add the results of symmetric nuclear matter by the solid
curves in Fig. 7. In general the coupling constants decrease monotonically as the density
increases. The ppo(w) coupling becomes stronger but the nno(w) coupling becomes
weaker for larger asymmetry parameter. The difference between the results for a = 0.0
and a = 0.5 or between the results for ¢ = 0.5 and @ = 1.0 in Fig. 7(b) is much smaller
than the corresponding difference in Fig. 7(a). On the contrary, the ppd(p) coupling
becomes weaker but the nnd(p) coupling becomes stronger for larger asymmetry. The
difference between the results for a = 0.5 and @ = 1.0 in Fig 8(b) is nearly the same as the
corresponding difference in Fig. 8(a). These facts explicitly reveal the charge-asymmetric
features of the renormalized effective coupling constants in our model.

The differences between the coupling constants by the models 1 and 2 are shown in
Figs. 9 and 10. The solid curve is for symmetric matter (¢ = 0.0). The dotted and
dashed curves are the results by the models 1 and 2 for a = 0.75. The model 2 gives
stronger ppo(w) coupling and weaker nno(w) coupling than the model 1. On the contrary,
the model 1 gives stronger ppd(p) coupling and weaker nnd(p) coupling than the model
2. Furthermore Figs. 11(a) and (b) show NNo(w) and NN§(p) coupling constants at
pr = 0.4fm™3 as functions of the asymmetry parameter. The thick (thin) solid and
dotted curves are the results for protons and neutrons in the model 1 (2). We can clearly
see the charge asymmetry of the effective coupling constants and the differences between
the models 1 and 2.

Finally, we apply our model to the cold neutrino-free non-rotating dense neutron star
matter containing only nucleons as baryons and electrons and muons as leptons. In this
case, the asymmetry parameter a or proton fraction f, = (1 —a)/2 is determined by
B-equilibrium condition under the charge neutrality [19],

1 3/2
fopr =5 |14 0 (n =) (2 = m?)™?] (39)

where m,, is muon mass and p, is the chemical potential of electrons given by the sym-
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metry energies in Eq. (38);
e = 4a (52 + 254 a2) . (40)

Equations (28), (29) and (39) should be solved self-consistently. The resulting proton
fraction f, is shown in Fig. 12. The solid and dashed curves are the results of the
models 1 and 2. Below the nuclear matter saturation density p, = 0.16 fm~3, the model
2 predicts slightly smaller f, than the model 1 whereas the model 2 becomes larger than
the model 1 as the density increases above the saturation. This behavior of the difference
between the two models just reflects the density-dependence of the symmetry energy S,
in Fig. 2. In addition we calculate AE = E(pr,a) — E(py,0) in Fig. 13. The model 2
predicts larger S, as seen in Fig. 2, but lower A E than the model 1 at higher densities.
This is due to the larger proton fraction f, or the lower asymmetry parameter a of the
model 2 in Fig. 12. At higher densities, the effect of a® overcomes the effect of Ss.

The properties of the neutron stars are calculated by integrating the so-called Tolman-
Oppenheimer-Volkov (TOV) equation [20]. For this purpose, we need the equation of
state (EOS). We assume that the EOS of our model describes the core region
(pT > 0.08 fm*3) of neutron stars. For the outer region (pT < 0.08 fmf?’), we use the EOS
by Feynman-Metropolis-Teller, Baym-Pethick-Sutherland and Negele-Vautherin (NV)
from Ref. [21]. Figure 14 shows the EOS by the model 1. It is found that our EOS
is similar to the DBHF calculation [22].

Figures 15 and 16 show the gravitational mass of a neutron star in units of the solar
mass as functions of the central energy density £ and radius R. The solid and dotted
curves are the results of the models 1 and 2. They exhibit the general feature of the stiff
EOS [23] that predicts both a large maximum mass and a large radius. The maximum
mass by the model 1is M = 2.19 M at ¢ = 2.08 x 10¥g/cm?® and R = 11.8 km while
the model 2 predicts M = 2.21Mg at Ec = 2.01 x 10Pg/cm?® and R = 12.0km. So as to
understand the differences between the results of the two models, Fig. 17 shows the EOS
again in the different units and scale from Fig. 14. The triangle-solid and cross-dotted
curves are the results by the model 1 and 2 respectively. The circle-dashed curve is the
EOS by NV. The EOS by the model 2 becomes softer than the EOS by the model 1 below
the intersection (pT =0.08 fm_3) with the NV EOS, while the former becomes slightly
stiffer than the latter above the intersection. Therefore the model 2 in Figs. 15 and 16
exhibit the feature of stiffer EOS than the model 1.

4 Summary and conclusions

The fully consistent theory of asymmetric nuclear matter should satisfy the charge-
asymmetry of the densities, effective masses and effective interactions of protons and
neutrons simultaneously. The DBHF theory satisfies such a full consistency whereas
there have been no corresponding relativistic mean-field theories even now. The present
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work is a resolution of this problem.

We have extended the ZM model to asymmetric matter based on the constituent
quark picture of nucleons. The effects of scalar mean-fields on all the three constituent
quarks in medium have been taken into account. They produce the medium corrections
to the meson-nucleon coupling constants or the renormalized effective interactions. Since
the renormalizations depend on the effective masses of nucleons, both the effective masses
and coupling constants have to be determined self-consistently. Including the isovector
scalar mean-field by §[ag(980)] meson, the masses of protons and neutrons are different
from each other. Therefore the renormalized coupling constants for protons are different
from those for neutrons. Consequently, we have fully consistent relativistic mean-field
model of asymmetric matter containing charge-asymmetric effective interactions as the
DBHF theory.

We have numerically investigated our model in detail and explicitly revealed its charge-
asymmetric nature. Then the model is applied to the cold §-stable neutron star matter.
The results exhibit the general features of a stiff EOS. In several aspects of these calcu-
lations, the similar results to the DBHF calculations have been found. In this respect we
want to emphasize that our model is not a simplified effective version of the complicated
DBHF theory as the works in Refs. [5,6], but is an independent theory.

The reliability and applicability of our model has to be investigated further. For
an example the surface region or the neutron skin of largely neutron-rich nuclei may
be a candidate of highly charge-asymmetric medium. It is however not appropriate to
our purpose since the relevant density is rather low. So as to clear the effects of the
charge-asymmetric interactions, both the high density and high asymmetry are necessary.
Therefore the neutron star is a good subject of our investigation. The present study is
however insufficient because of the important roles of hyperons in neutron stars [23].
In our picture the effective interactions between two hyperons and between nucleons and
hyperons will be also charge-asymmetric. We will investigate their effects in future works.
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Figure 1: The binding energies per nucleon calculated by (a) the modesl 1 and (b) the
model 2 as functions of the total baryon density. The solid, dotted, dashed and dotted-
dashed curves are the results using the asymmetry parameter a = 0.0, 0.5, 0.75 and 1.0
respectively.
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Figure 2: The symmetry energies defined in Eq. (38) as functions of the total baryon
density. The solid and dotted curves are the results by the models 1 and 2.
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Figure 3: The relativistic effective masses of (a) protons and (b) neutrons calculated by
the model 2 as functions of the total baryon density. The solid, dotted and dashed curves
are the results using the asymmetry parameter ¢ = 0.0 (symmetric nuclear matter), 0.5

and 1.0 (pure neutron matter).
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Figure 4: The relativistic effective masses of neutrons (the solid curve) and protons (the
dashed curve) as functions of the asymmetry parameter calculated by the model 1 at the
total baryon density 0.4 fm=3.
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Figure 5: The relativistic effective masses of (a) protons and (b) neutrons as functions of
the total baryon density. The solid curve is the result for symmetric matter. The dotted

and dashed curves are the results for the asymmetry parameter a = 0.75 calculated by

the model 1 and 2 respectively.
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Figure 6: The relativistic effective masses of (a) protons and (b) neutrons as functions
of the asymmetry parameter at the total baryon densities 0.2fm™2, 0.4fm—3 and 0.6fm3.
The solid and dotted curves are the results by the models 1 and 2.
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Figure 7: The renormalized (a) ppo(w) and (b) nno(w) coupling constants calculated by
the model 2 as functions of the total baryon density. The solid, dotted and dashed curves
are the results using the asymmetry parameter a = 0.0 (symmetric nuclear matter), 0.5
and 1.0 (pure neutron matter).
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Figure 8: The renormalized (a) ppd(p) and (b) nnd(p) coupling constants calculated by
the model 2 as functions of the total baryon density. The dotted and dashed curves are
the results using the asymmetry parameter a = 0.5 and 1.0 (pure neutron matter).
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Figure 9: The renormalized (a) ppo(w) and (b) nno(w) coupling constants calculated as
functions of the total baryon density. The solid curve is the result for the symmetric
matter. The dotted and dashed curves are the results for the asymmetry parameter

a = 0.75 calculated using the models 1 and 2.

23



1 ' ' ' ] ! ! ! ] ! ! ! ]
i
v asymmetry=0.75
5 ‘\ (a) prOton ........... mode 1
\\ ----- model 2
-
09F '\, .
A\ -
c \\"‘.
S s
EC’L N
C N\
S 08 *\ .
*@ N N
b ~
0.7 \\\‘~~.:m """"" .
L L L | L L L | L L L | L L L ]
0 0.2 0.4 0.6 0.8
Dersity (fm™)
1 '\ ! ! ! ] ! ! ! ] ! ! ! ] ! ! !
[x (b neutron YMMEy=0.75 1
| \\ ........... model 1 N
N modd 2 |
N
i N ]
\
09 . 7
g = ~ < - -
X - RN -
(@) . ~ N
0.8 e TN 7
1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
0.75 0.2 0.4 0.6 0.8
Density (fm®)

Figure 10: The renormalized (a) ppd(p) and (b) nnd(p) coupling constants calculated as
functions of the total baryon density. The dotted and dashed curves are the results for
the asymmetry parameter a = 0.75 calculated using the models 1 and 2.
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Figure 11: The renormalized (a) NNo(w) and (b) NNd(p) coupling constants at the
total baryon density 0.4fm~—3 as functions of the asymmetry parameter. The solid and
dotted curves are for protons and neutrons respectively. The thick and thin curves are
calculated by using the models 1 and 2.
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Figure 12: The proton fractions as functions of the total baryon density under (-
equilibrium. The solid and dotted curves are calculated by using the models 1 and
2.

26



|
0 0.5 1
Density (fm™)

Figure 13: The differences between the energy density of asymmetric matter under -
equilibrium and that of symmetric matter, as functions of the total baryon density. The
solid and dashed curves are calculated by using the models land 2.
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Figure 15: The neutron star masses in units of the solar mass as functions of the central
energy density. The solid and dotted curves are the results of the models 1 and 2
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Figure 16: The neutron star masses in units of the solar mass versus the neutron star
radius. The solid and dotted curves are the results of the models 1 and 2.
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Figure 17: The equation-of-state by the model 1 (the solid curve) and by the model 2
(the dotted curve). The dashed curve is due to Negele-Vautherin.
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