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Abstract

A new relativistic mean-field model of baryon matter is developed. It is con-
structed by modifying the Zimanyi-Moszkowski model based on the constituent
quark picture of baryons and is further extended so as to take into account the
(hidden) strange mesons. The model is applied to dense strange hadronic matter
using three sets of hyperon-hyperon interactions. The first one is characterized by
strong AA attraction, the second has weak AA but strong XX attraction and in the
third set both the interactions are weak. There have been found in all the sets the
most stable forms of baryon matter with the deeper binding-energies than the sat-
uration energy of normal nuclear matter and the strangeness fractions being larger
than 1. Their properties are dominated by the abundance of A, ¥ and = hyperons
respectively for each set of interactions. In the comparisons with the nonlinear
Walecka and the modified quark-meson coupling model, we have confirmed that
it is important to take precisely into account the medium dependences of effective
meson-baryon coupling constants in dense baryon matter.

1 Introduction

One of the greatest interests in recent nuclear physics is the dense hadronic matter with
large strangeness fraction. Such an object may be realized in the high-energy heavy-ion
collisions on the terrestrial laboratory or in the core region of neutron stars. In theoretical
aspect it has therefore become an important subject to develop the reasonable models of
dense hadronic matter. We generally expect that the baryons in dense medium overlap
with each other and lose partially their identities and then the phase transition to quark
matter occurs above some critical density. Ones expect that the density has relatively low
value, a few times of the nuclear saturation density, but we have no reliable information
on it. Inversely speaking the reasonable description of dense hadronic matter in a picture
of baryons and mesons is crucial to decide the precise value of the critical density.
Although there are a great variety of the models for dense baryonic matter, the rel-
ativistic mean-field (RMF) theories based on or inspired by the Walecka model [1] are
most promising. Nevertheless we still have several variants even in this sphere. The most
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widely used model is an extension of the Walecka model to include the nonlinear meson
self-coupling terms [2], hereafter called the NLW model. It is however noted that many
parameters in the model are adjusted to reproduce the properties of normal nuclear mat-
ter and finite nuclei. Consequently, the NLW model is really valid around the nuclear
saturation density, but there are no guarantees that it is meaningful at high densities.

In this respect the models embodying the density-dependence are desired. One of such
efforts is the density-dependent hadron field (DDRH) theory [3]. It is however based on
the Dirac-Brueckner-Hartree-Fock (DBHF') theory [4] and we have no realistic DBHF
calculations of baryonic matter including hyperons at present in contrast to the non-
relativistic Brueckner-Hartree-Fock (NRBHF) calculations [5,6]. As a result the density
dependence of meson-hyperon vertices in the DDRH model cannot be well determined.

We therefore arrive at a conclusion that the RMF models, which have implicit density
dependence through the effective masses of baryons in the medium but are independent
of the DBHF theory, are more desired. One of such models is the quark-meson coupling
(QMC) model [7]. It is based on the bag model of baryons and the first attempt to unify
the RMF model of baryonic matter and baryon structure. The density dependence in the
QMC model indeed results from baryon structure in the medium.

Within an extension of the Walecka model, Zimanyi and Moszkowski (ZM) [8] de-
veloped another model embodying implicit density-dependence. It employs the effective
renormalized NNo coupling constant gyy, = (My/My) gnn, Where My, is the effec-
tive mass of a nucleon in nuclear medium. The ZM model however has the defect that
it cannot reproduce the strong spin-orbit potentials because of its larger effective mass
My, ~ 0.86M, than the reasonable empirical value My ~ 0.6M,. In addition, its
extension to hyperons cannot be determined in unique way [9,10].

Here it is noted that the ZM model predicted the similar saturation properties of
nuclear matter to the QMC model. Both the models have effectively density-dependent
N No coupling constant. This suggests that the ZM model has its theoretical foundation
on the nucleon structure. In fact it has been shown [11] that the relativistic SU(6) model
of anucleon gives the similar N No coupling to the ZM model. Reference [12] investigated
the renormalization of wave function in the Walecka model so as to take into account the
nucleon structure in terms of the meson cloud in nuclear medium. We have obtained the
improved ZM model, which includes effectively density-dependent N Nw coupling as well
as NNo coupling. The predicted nuclear matter saturation properties are comparable to
the DBHF' calculation.

Furthermore it has been recently found [13] that 1) the ZM model can be interpreted
from the constituent quark picture of nucleons, 2) the renormalized N No coupling results
from the effect of scalar potential on the quarks and 3) a slight modification of the ZM
model reproduces almost the same result as Ref. [12]. Because this modified ZM (MZM)
model can be extended to meson-hyperons couplings unambiguously, it has readily applied
to the strange hadronic matter (SHM).



Although the MZM model has been further applied to the asymmetric nuclear matter
[14], the neutron star matter [15] and the s-wave antikaon condensations in neutron stars
[16], they take into account only the interactions between nonstrange quarks. This is
because we have little information on the interactions between hyperons. However the
precise description of Y'Y interactions really requires the interactions between s quarks.
The purpose of the present work is to extend the investigation of Ref. [13] by including
the (hidden) strange mesons according to Refs. [17,18].

In the next section we first develop the effective renormalized meson-baryon coupling
constants in the mean-fields by scalar ¢ and strange scalar 6* mesons and then the RMF
description of SHM. In section 3 the properties of SHM are calculated and our results
are compared with the most refined NLW model [18] and the modified QMC model [19].

Finally we summarize our investigations and draw conclusions in section 4.

2 Formalism

In this work we investigate charge-symmetric baryon matter and so take into account
only the isoscalar ¢ and w mesons and their strange counterparts ¢* and ¢ mesons. Their
masses are m, = 550 MeV, m, = 783 MeV, m, = 975MeV and m, = 1020 MeV.
The masses of baryons are assumed to be My = 938.9MeV, M, =1115.6 MeV, My, =
1193.05 MeV and Mz = 1318.1 MeV.

2.1 Effective renormalized coupling constants

In order to clarify the basic concept of our model, we first review the effective meson-
nucleon coupling constants derived in Ref. [13]. In the constituent quark model (QCM)
of a nucleon, the free NNo or NNw coupling used in the Walecka model is depicted by

=+
+

or the coupling constant is expressed by

N
INNo(w) = 39;10)(“})- (1)

Here only one quark ¢ = w or d in a nucleon couples to the mesons (the wavy lines)
but the other two quarks are spectators. However for a nucleon in medium all the three

quarks are embedded in meson mean-fields. This effect should be taken into account so



as to go beyond the Walecka model. The QMC model [7] was inspired by the same idea,
in which the mean-fields fulfill a nucleon bag.
Then we have considered the following first-order medium correction:

g q g g q

where SgN) =S gN) /My = Sn/(3My) is the effect by scalar potential on a quark in
nucleon. Hereafter we use the symbols Sp, SEIB) and SY for the scalar potentials of
baryon B, its constituent u or d quark and its s quark. Adding these contributions to

Eq. (1), we have the effective NNo(w) coupling constant

INNow) = INNo(w) T3 géN)géé?(w) = (1 + li) INNo(w) = [(1 = AN) + ANTN] NN o)
@)
where my = Mx/My = (My+ Sy) /My and Ay = 1/3. If S in the above figure
is replaced by S(qN) /M,, where M, = (1/3) M is the mass of a constituent quark, the
original ZM model (A\y = 1) is recovered. In Ref. [13] we first interpreted the ZM model
from the QCM of nucleons and then modified it as in Eq. (2).
It is straightforward to extend the above consideration of meson-nucleon coupling to
meson-hyperons couplings including the contributions of strange mesons. The free AAc
or AAw coupling in the QCM is depicted by

qg g S g g S

or the coupling constant is expressed by

A
gAAU(w) = Qgéqz(w) (3>

This is corrected by the medium contributions,

qg q S g g S
+
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where SgA) = SSJA) /My and S W = g /M)y are the effects of scalar potentials on the
constituent u or d and s quark in A. Consequently, we have the effective AAo(w) coupling

constant
. _ o) | My (A L za A
IAAo(w) = IAAo(w) T (551 )+ 5§ )) Jggotw) = |1 T 5 (551 )+ 8¢ )) IAAo(w) (4)

1f S is neglected, Eq. (6) in Ref. [13] is recovered.
The effective AAc™* or AA¢ coupling in the mean-fields is obviously given by

q g S a q
||| +

or the renormalized coupling constant is expressed by

* S(A
Ao (¢) = (1 + S(q )) INAo*($)" (5)
Because there are no isovector mean-fields in the present work, the renormalized

meson-Y coupling constants have the same forms as A:

* 1 Q
Iyyo(w) = 1+ Bl (S(qz) + ng)) Isyo(w) (6)

Fsor) = (1+ S ) Is50+(9)- (7)

The most prominent difference between the MZM model in Ref. [13] without the
strange mesons and the present extended version including them is apparent in the meson-
= couplings. Only taking into account the strange mesons is able to renormalize the
coupling constants because =’s contain only one u or d quark. In fact the effective ==c

or ==w coupling in the mean-fields is given by

q S S

or the renormalized coupling constant is expressed by

[1] %

g Eo(w) — (1 + ggE)) gEEJ(w)7 (8>
where 5 = 5% /Mz is the effect of scalar potential on the s-quark in =’s.
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Next, the free Z=c* or Z=¢ coupling in the QCM is depicted by

q S S qg S S

or the coupling constant is given by

—_ 9,8
=20+ (¢) = 29,0 OF (9)

The medium correction to this is depicted by

where S’EIE) =S5 515) /Mz is the effect of scalar potential on the constituent u or d quark in

—0
=

or Z~. Consequently, we have the renormalized Z=c*(¢) coupling constant

_ a® ., a®) &  _ L s®, ae
Eo*(¢) — gEEU*(¢) + (Sq + SS )gssa*(¢>) = |1+ 2 (Sq +Ss ) gEEU*(@’ (10)

[1] *

9

Although we have derived the effective renormalized meson-baryon coupling constants
in the intuitive schematic methods, their stringent derivations based on the relativistic
SU(6) model of baryons will be presented in a future work including the contributions by

isovector mesons.

2.2 The relativistic mean-field model of SHM

The relativistic mean-field Lagrangian of baryon matter is generally given by

. ) 1 1 .
L= > (B My=1"Vs) U= 3m (o) — gmi (o)
B=N,AYZE
1 1
+ Emi <w0>2+§mi <¢0>27 (11)

where M}, = Mz + Sp and V5 are the effective mass and vector potential of each baryon:
Sp =~ 9BBs (0) = bpo~ (07) , (12)

Vs = 95w (Wo) T 955s (Do) - (13)
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The energy density is given by

. 1 . 1 1
E= > UBDg+Va)pa + 5mi (o) + gmd (o) — 3 (o) — 5md (60)°,
B=NASE

(14

where (E}) ; is the average kinetic energy and pj is the density of each baryon. Inverting
Eq. (13) we can express the vector mean-fields (w,) and (¢,) by the vector potentials
Vy and V,, and so Vs and Vz are also expressed by them. Therefore the energy density
contains only Vi and Vj. Then, extremizing the energy 0£/0Vy = 0E/0V) =0, we

have the general expression of vector potential

v, gng E gE’B/w 'QB* B¢ E 93*3@3 5
pr— !/ jr 1
B m, n m,, pB m¢ m¢ Py ( )

and vector mean-fields

mg, (wo) = Z 9BBw PB: (16)
B=N,AXE

mi (o) = Z Iyye Py (17)
Y=A%E

Substituting Egs. (15)-(17) into (14), the energy density becomes

2 2
* I 5, 2,1 5 w2 1 9BBuw 1 g;qu
5:§<Ek>BPB+§ma<U> +§ma*<0> +§ % m., PB +§ Zm¢ Py | -

Y
(18)
This equation is a function of the effective masses of N and A as shown below.
First, because the scalar potential of nucleon is
SN = —gnne (0) = = [(1 = An) + A my] gyns (0) (19)
the o mean-field is expressed by the effective mass of nucleon as
M 1 —m;
(o) = —= e (20)
Inne (L= AN) + Anmy
Next, the scalar potential of A is given by
Sy =285M 4 g (21)
where
* l 5 Q
QS(qA):—gAAa (o) = — 1+§(551A)+S§9A)) Iane (O) (22)



S = = ghag (07) = = (1+5) gane (07) - (23)

From Eqgs. (22) and (23) the scalar potentials for the constituent quarks of A are expressed
by

Syh:——7i—-@v (24)
. 2— 320, _,
5 = - 22 g, (25)
where we have introduced the reduced scalar mean-fields for each baryon,
— 9BBo —x Jyyo* *
Op = MB <U> ’ Oy = MY <O- > ) (26)
and )
CA:2+§(1_52)6A' (27)

by

_ _ 2 5*
145 (5 4 50) = =54, (28)
q CA
_ 2—15
1450 2274 29
+5M - 29
Substituting Eqgs. (24) and (25) into Eq. (21), we have
1_nmézzu—%6@a¢+(2—%ag51. (30)
Ca
Consequently,
2(l—mj)—[2—-3(1—m})]o
5% = ( ) [ 3 ( A)] UA_ (31)

2—-1(2+m}) 5,
As seen from Eqgs. (20) and (26), the 7, is a function of m%, and so the ¢} depends on

both of m} and mj.
On the analogies of Egs. (28) and (29), the renormalized ¥¥o(w) and X¥0*(¢)
coupling constants are determined by

2 — &%,

L &= a(s
1+§(sg>+sg>)= o (32)
1450 = 2720 (33)
q Cs ’
where
1 e



In addition, on the analogy of Eq. (30), the effective mass of ¥ becomes

~ %k p ~ X
mZZ

35
- )
Because 7% is expressed by 7%, Egs. (32)-(35) are the functions of m% and mj.
Similarly the renormalized Z=0(w) and Z=0*(¢) coupling constants are determined
by

27 (36)
(SE L 5@y =2 (37)
Csz
and the effective mass of = becomes
2-26-—36L+0-0%
*: — = 2 7= =278 38
e = , 39
where 1
C==2+-—=

5 (1—0z)d%. (39)
Because 7% is also expressed by 73, Eqgs. (36)-(39) are also the functions of m} and mj

Consequently, the scalar mean-fields, the effective masses and the renormalized cou-
pling constants of baryons in Eq. (18) depend only on m} and mj

A %. Therefore the
properties of SHM are determined by these two values, which are the solutions of the
self-consistency equations obtained by extremizing Eq. (18)

9 (ﬁ) _ 9 My sz+m§<0>3<0>
O My \ pr = OMY pr

L M) 2()
My pr Omiy
+ Pr

0
Ty 2 <2B: I QEBM) <Z [ gBBw)
Pr " 9YY¢>
+ My m2¢ (; Iy 9YY¢> (Z Iy )

9 (ﬁ) o OMj s m2. (0*) 9 (0%)
O M\ pr ) 9 My

Pr My pr

My pr dmy

*
omi

0
+ Mfi:nf) (; [ 9791%) (Z Iy gYYw)
dyg
M m(b (Z fygyy¢> (Z Iy YY¢>

where pp = > pp is the total baryon density and fz = pg/pr is the fraction of each

(41)
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baryon and ppgg is the scalar density. The solutions of Eqgs. (40) and (41) must sat-
isfy the energy minimization conditions 0%€/dm3? > 0 and (9%€/0m32)(0*E /Om32) —
(9%E /Om3,0m%)? > 0. Because it is tedious but straightforward task to calculate the

derivatives in Egs. (40) and (41), we will not present their expressions explicitly.

3 Numerical analyses

Here we calculate the properties of charge symmetric SHM consisting of baryon octet.
The system is in chemical equilibrium under the conservations of the total baryon density
(number) and the strangeness fraction (number) [18]. The chemical potentials i 5 of each
baryon with strangeness Sp can be related to the baryon and the strangeness chemical

potentials, py and pg as

fp = py + Sp s (42)
In the RMF model the pj is given by

Y Vg, (43)

Hp = [kf%B + (ME)Q]
where kpp is the Fermi momentum of each baryon and Vg is given by Eq. (15). Because
the r.h.s. of Eq. (43) contains the effective mass of each baryon, a set of equations
(40)-(43) have to be solved self-consistently.

Before performing actual calculations, we have to specify the free (un-renormalized)
meson-baryon coupling constants. The NNo and N Nw coupling constants were deter-
mined to reproduce the nuclear matter saturation properties in Ref. [13]. The nucleon-
hyperon (NY) and hyperon-hyperon (YY) interactions however are not well known at
present. We first determine them according to Ref. [18]. The YYw coupling constants
are fixed by the SU(6) relations:

1 1 1
§ INNw = 5 Iarw — 5 Isyw = 9=50- (44)

On the other hand, the YYo coupling constants are chosen to reproduce reasonable

hyperon potentials in saturated nuclear matter:
UM (pom) = —28MeV, UM (p,) =30MeV and UL (p,,.) = —18MeV, (45)

where the potential U giv) is given by a simple summation of the scalar Sy and vector Vy

potentials and p,,, = 0.16 fm ™ is the saturation density. The obtained values are

Inne o604, IEZ _ 0461 and LEE2 —0.300. (46)
INNo INNo INNo
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The Y'Y ¢ coupling constants are also fixed by the SU(6) relations:

29AA¢ = 2922¢ = Y==p — _T INNw- (47)

Of course gy, = 0. The remaining Y'Y o™ coupling constants are adjusted so that the
potential of a single hyperon, embedded in a bath of = matter at p,,,,,, becomes

U (pam) = UL (pum) = —40MeV. (48)
The obtained values are
Mot _ 9550 _ (690 and LE2C — 192, (49)
INNo INNo INNo

where gy, = gpp+ 18 assumed according to SU(6) symmetry. These values predict the

following potential of a single hyperon embedded in a A bath at p,,,:
URY (un) % U () ~ ~20 MeV. (50)

It is seen that the AA interaction is rather attractive. Hereafter we call the model
developed in the present work with strange mesons as extended ZM (EZM) model so as
to distinguish it from the MZM model in Ref. [13] without strange mesons. The EZM
model using the coupling constants determined above is especially called as EZM1.
Then we present the properties of SHM calculated by EZM1. Figure 1 shows the

binding energies per baryon

Z:__ Z fp Mp, (51)

Pr B=N,A%E

as functions of the total baryon density p;. for several fixed strangeness fractions:

fS:fA+fE+2fE' (52)

The results suggest that the SHM with fq ~ 1 becomes the most stable form of baryon
matter at pr ~ 0.4fm™>. In order to examine it in detail, Fig. 2 calculates the lowest
binding energies per baryon as functions of the strangeness fraction. The result of EZM1
is shown by the solid curve. We have found that the SHM with fq = 1.14 is the most
stable state of /A = —18.2MeV The NLW model [18] predicts the maximum binding
energy 24.6 MeV at fq = 1.3 while the QMC model [19] predicts lower energy 19 MeV at
less strangeness fraction fg = 1.2. Our result generally agrees with the QMC model rather
than the NLW model, but predicts the even lower binding energy at even lower strangeness
fraction than the QMC. This indicates the importance of the medium dependences of

meson-baryon coupling constants.
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The dip of E/A = —16.2MeV at fg = 0.095 is the most stable state of the SHM
consisting of IV and A only. So as to make this clear, the result of N + A matter is shown
by the dashed curve. The N + A system becomes less stable than N + A + X + = system
as the strangeness fraction increases and eventually becomes unbound at fq = 0.72. The
dotted curve shows the result by MZM taking into account all the baryon octets. In this
case the most stable state is N + A matter that has the energy E/A = —16.1 MeV at
fg = 0.077. The absence of attractive interaction between s quarks predicts less stable
state than EZM1 at higher strangeness fraction and then leads to unbound state above
fq=1.450.

The black curves in Fig. 3 show the corresponding particle fractions fz to the lowest
energy of the solid curve in Fig. 2 as functions of the strangeness fraction. The Y’s are
absent owing to the repulsive potential adopted in Eq. (45). In the following there are
no contributions of ¥ in the results of EZM1. The nucleons decrease monotonically as
fg increases and disappear above fq = 1.75. The =’s appear at fq = 0.20 and increase
monotonically as fg increases. At fq = 1.0 the fractions of N and = have the same values
fn = f= = 0.38. The A’s always appear except for fg = 0.0 and fq = 2.0. Owing to the
strangeness conservation, the fraction of A increases rapidly before the appearance of =’s
and then gradually up to its maximum value f, = 0.249 at fq = 1.725. As soon as the
nucleons disappear, the Z’s increase rapidly because of the baryon number conservation
and so the A’s turn to decrease because of the strangeness conservation. Consequently,
the disappearance of nucleons gives rise to the kink on the solid curve at f¢ = 1.75 in
Fig. 2.

The solid and dashed-dotted curves in Fig. 4 show the total baryon densities corre-
sponding to the energies by EZM1 and MZM in Fig. 2. The strange mesons have effect to
increase the density for each value of the strangeness fraction. As the strangeness grows,
both the densities increase up to their maximum values p, = 0.43 fm™ at fq = 1.41 and
pr = 0.33fm=3 at f4 = 1.30 and then turn to decrease. The kink on the solid curve at
fg = 1.75 reflects the disappearance of nucleons again. It is seen that the most stable
state of N+ A+ Z system with fq = 1.14 appears at p; = 0.39 fm 3. Without the strange
mesons we cannot find the chemical-equilibrated state above fg = 1.55.

The black curves in Fig. 5 calculate the potential Ugp = Sp + Vg of each baryon
corresponding to the solid curve in Fig. 2. The solid, dashed and dotted curves are the
results for N, A and = respectively. The U, and Uz are almost the same because they
are determined to satisfy Eq. (48). Below fg = 1.4 the Uy is much deeper than U, and
U=z while above fg = 1.6 it becomes shallower. The Uy becomes deepest around fq = 1.0
while the Uy and Uz become deepest around fgq = 1.5. Consequently, the value of fq, at
which the most stable SHM appears, shifts to the somewhat larger value than 1 as seen
above.

The properties of SHM have been determined by solving self-consistency equations
(40) and (41) for the effective masses of N and A under the chemical equilibrium (42)
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constrained by the strangeness conservation. As a result, the effective mass of each baryon
my = M} /Mg implicitly depends on the strangeness. The black curves in Fig. 6 show the
effective masses corresponding to the solid curve in Fig. 2. The solid, dashed and dotted
curves are the results for N, A and = respectively. Below fq = 1.5 the masses of the
baryons with lower strangeness are reduced more significantly because of the dominance
of () mean-field over (c*). On the other hand, above fq = 1.7 the masses of the baryons
with higher strangeness are reduced more significantly because of the dominance of (c*)
over (o). It is noted that the minimum of m}, appears at fq = 1.16 being almost the
same as fg = 1.14. This indicates that the most stable SHM is still dominated by (o)
mean-field.

The renormalized coupling constants also reflect the strangeness. The black curves in
Figs. 7 and 8 calculate g5, /95 Bo(w) A0 93y e / Iyyo(w corresponding to the solid
curve in Fig. 2. Their essential behaviors are determined by the numerators in Egs. (28),
(29), (36) and (37). Therefore the strangeness fractions on the minimums of g3, ,, and
Jrno-(p) are almost the same as those of Mz and M} respectively.

So far we have used the YYo* coupling constants determined through Eq. (48).
However the recent discovery of , $He in the KEK-E373 experiment [20] has presented a
question on the strong AA attraction in Eq. (50). In this respect we cannot regard the
values of Eq. (49) to be physically proper. At present there remain some ambiguities in
determining the Y'Y o* coupling constants. Therefore Refs. [18] and [19] investigated the
properties of SHM using the most recent SU(3)-extension NSCI7f [21,22] of the Nijmegen
soft-core potential model as well. In fact the new result of , $He was reproduced by the
calculation [23] based on the three-body Faddeev equation and the NSC97 potential.
Unfortunately it cannot be directly used in the RMF models and so was implemented
[18] by adjusting the Y'Y ¢* coupling constants to reproduce the hyperon binding energy
curves in Fig. 2 of Ref. [24]. This method of implementation still has problems. First the
quantitatively satisfactory agreements with the energies were not obtained [18,19] by any
adjustment of the Y'Y ¢* coupling constants in the RMF models. More seriously, Ref. [24]
employed the NRBHF model that is essentially different from the RMF models and so
was not able to reproduce the nuclear matter saturation properties. Therefore we cannot
say that the above implementation precisely takes into account the YY interactions of
NSC97f potential.

In spite of these problems, for completeness of the comparison between our EZM
model and the NLW and QMC models, we also calculate the properties of SHM using
the YY interactions of NSC97f potential implemented by the same way as Ref. [18] into
EZM model. Figure 9 shows the binding energy per baryon in its own baryonic matter.

We have used the following Y'Y ¢* coupling constants in place of Eq. (49):

IAAor _ 0.52, 9ot _ )96 and LEBet —1.98. (53)
INNo INNo INNo
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UéN) (Ppm) in Eq. (45) has been reduced to 20 MeV and we have g5y, /9yn, = 0.485
so that the binding energy of pure 3 matter agrees with the result of Ref. [24] more
precisely than those in Refs. [18] and [19]. However the agreement with the pure =
matter cannot be improved by any reasonable adjustments of the relevant quantities.
This suggests again the essential difference between NRBHF and RMF models. We call
the EZM model using the Y'Y o* coupling constants of Eq. (53) as EZM2.

Then Fig. 10 calculates the lowest binding energies per baryon as functions of the
strangeness fraction again. The solid curve is the result of EZM2. For the comparison
the result of EZM1 is also shown by the dotted curve. The difference between the two
models is small below fq = 1.0 while the energy by EZM2 becomes much larger above
fg = 1.0. The deep bound state by the YY interactions of NSC97f potential has been
attributed [18] to the first-order phase transition from the SHM consisting of N + A 4+ =
to the SHM with »-dominance. This has been also confirmed in our model. The black
curves in Fig. 11 show the corresponding particle fractions to the solid curve in Fig.
10. As soon as the strangeness fraction crosses over 1.0, the ¥’s suddenly appear and
increase and so the other baryons rapidly decrease because of the baryon number and
strangeness conservations. The N and A disappear above fq = 1.2. Although the results
of EZM2 generally agree with Refs. [18] and [19], there are a few differences that our
binding energy of the most stable state is deeper than the QMC model and that the
Y-dominance in our calculation is more conspicuous than the NLW model. The dotted
curve in Fig. 4 shows the total baryon density corresponding to the solid curve in Fig.
10. We can see clearly the discontinuity of the density at fq = 1.06 due to the first-order
phase transition.

The ¥¥ interaction in NSC9T7f is strongly attractive. However it has been never
confirmed experimentally at present. Therefore we consider another model EZM3 in
which ¥¥¢* coupling constant is assumed to be the same as AAcd*,  gsv,+/Gn Ny = 0.52,
according to SU(6) symmetry and the X3¢ coupling constant is the same as Eq. (46).
The other coupling constants are the same as EZM2. The lowest binding energy per
baryon is shown by the dashed curve in Fig. 10 and the corresponding particle fractions
are shown by the blue curves in Fig. 11. For the comparison with EZM1, the particle
fractions are also shown by the blue curves in Fig. 3. There appear no ’s in the results
of EZM3, which are the same as EZM2 before the appearance of ¥’s in it at fg = 1.06.
The EZM3 predicts the most stable state of SHM of E/A = —24.8 MeV at fq = 1.57.
The strangeness fraction is larger than EZM1 and EZM2 because the SHM by EZM3 is
dominated by = hyperons. The fraction of =’s in Fig. 3 or 11 increases linearly as the
strangeness fraction becomes larger. The nucleons do not disappear below f¢ = 2.0. The
A gradually decreases above fq = 0.2 and disappears at fq = 1.875 because of much
weaker AA attraction than EZMI1.

The differences in the strength of AA attraction and = abundance between EZM1
and EZM3 are clearly seen in the dashed and dotted curves of Fig. 5. The U, and Uz
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by EZM3 are much shallower and deeper respectively than those by EZM1 at higher
strangeness fraction. For the most stable SHM by EZM3, the U= becomes deeper than
Uy. The dashed curve in Fig. 4 shows the total baryon density corresponding to the
dashed curve in Fig. 10. Below fg = 1.06 it is connected to the dotted curve. The
maximum density p; = 0.45fm™ appears at fq = 1.51 being close to fg = 1.57. The
effective masses and renormalized coupling constants corresponding to the dashed curve
in Fig. 10 are shown by the blue curves in Figs. 6, 7 and 8. Their minimums shift
to larger strangeness fractions than the black curves by EZM1. These results are also
because the most stable SHM by EZM3 is dominated by = abundance.

4 Summary

Introducing the (hidden) strange mesons into the modified Zimanyi-Moszkowski model
developed previously in Ref. [13], we have extended it further so as to investigate dense
strange baryonic matter accurately. The model is based on the constituent quark picture
of baryons. Taking into account the effect of scalar potential on the constituent quarks,
the medium corrections to meson-baryon couplings are derived. The resultant renormal-
ized coupling constants effectively depend on the density through the effective masses of
baryons in medium.

Because at present there is little reliable information on the hyperon-hyperon interac-
tions, the three possibilities have been investigated. The first one (EZM1) is designed so
that the Y'Y ¢* coupling constants are adjusted to reproduce the empirical potential of a
single hyperon embedded in a bath of = matter at nuclear saturation density. We have
found the most stable form of baryonic matter, whose binding energy F/A = —18.2 MeV
and strangeness fraction fq = 1.14 are similar to those obtained by the QMC model but
are lower than the NLW model. This indicates the importance of medium-dependent
meson-baryon coupling constants in dense baryon matter.

The second model (EZM2) is designed to implement the Nijmegen soft-core poten-
tial model NSC97f. As well as the NLW and QMC models, we have found the phase
transition from the SHM consisting of N + A 4+ = to that with »-dominance, when the
strangeness fraction becomes larger than fq = 1.0. This is due to the strongly attractive
Y interaction in NSC97f potential. The obtained binding energy of the most stable
SHM is deeper than the QMC model. This indicates the differences between EZM and
QMC models in the medium dependences of meson-baryon effective coupling constants.

Because the strong XX interaction in NSC97f potential has not been confirmed, the
third model (EZM3) reduces the ¥¥0* coupling constant in EZM2 to the same value as
AAc* coupling. The resulting SHM is dominated by abundance of = hyperons and so the
most stable state has larger strangeness fraction than EZM1 and EZM?2.

In conclusion our new extended ZM model works well to describe the dense SHM
as well as the most refined NLW and the modified QMC models. However we have
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found important non-negligible differences between them. This indicates that the precise
consideration of the medium dependences of effective meson-baryon coupling constants
is important to describe dense baryon matter as neutron star matter correctly. Although
at present there is no reliable empirical information on the medium dependence at high
densities, the EZM model with reasonable baryon-baryon interactions provides a useful
instrument to investigate dense baryon matter.
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Figure 1: The binding energies per baryon by EZM1 as functions of the total baryon

density for fixed strangeness fraction.
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Figure 2: The lowest binding energies per baryon for each value of the strangeness frac-
tion. The solid, dashed and dotted curves are the results using EZM1 including all the
baryon octets, EZM1 including N and A only and MZM including all the baryons.
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Figure 3: The black curves show the fractions of each baryon corresponding to the solid
curve in Fig. 2. The blue curves show the results calculated by EZMS3.
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Figure 4: The solid and dashed-dotted curves show the total baryon densities correspond-

ing to the solid and dotted curves in Fig. 2. The dotted and dashed curves show the
results calculated by EZM2 and EZM3 respectively.
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Figure 5: The black curves show the potential Ug = Sg+ Vg of each baryon corresponding
to the solid curve in Fig. 2. The blue curves show the results calculated by EZMS3.
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Figure 6: The black curves show the effective masses of each baryon corresponding to the
solid curve in Fig. 2. The blue curves show the results calculated by EZMS3.
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Figure 7: The black curves show the renormalized coupling constants gy, Bo(w) / IBBo(w)
corresponding to the solid curve in Fig. 2. The blue curves show the results calculated
by EZMS3.
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Figure 8: The black curves show the renormalized coupling constants Byor(4) / Iyyor(e)
corresponding to the solid curve in Fig. 2. The blue curves show the results calculated

by EZMS3.
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Figure 9: The binding energy per baryon in its own baryonic matter using Y'Y ¢* coupling
constants of EZM2.
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Figure 10: The lowest binding energies per baryon as functions of the strangeness fraction.
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Figure 11: The fractions of each baryon corresponding to the lowest binding energy of

EZM2 (black curves) and EZM3 (blue curves) in Fig. 10.
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