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Abstract

We study kaon production in hot and dense hypernuclear matter with a conserved zero total
strangeness and a conserved small negative isospin charge fraction in order to make our results rele-
vant to relativistic heavy-ion collisions. The baryons and kaons are treated as MIT bags in the context
of the modified quark—meson coupling model. They interact with each other via the scalar mesons
o* and the vector mesons ¢ as well as the isovector mespnWe adopt realistic sets of hyperon—
hyperon interactions based on several versions of the Nijmegen core potential models. Our results
indicate that the hyperons as well as the kaons are produced abundantly when the temperature in-
creases and approaches the critical temperature for the phase transition to a quark—gluon plasma.
Moreover we find that the kaons are only produced thermally and we find no kaon condensation in
the regime explored by relativistic heavy-ion collisions.

0 2005 Elsevier B.V. All rights reserved.

PACS: 21.65.+f; 21.80.+a

1. Introduction

The quark—meson coupling (QMC) model incorporates the quark—gluon degrees of free-
dom while respecting the established model based on the hadronic degrees of freedom in
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nuclei. It describes nuclear matter as a collection of nonoverlapping MIT bags interacting
through the self-consistent exchange of scalar* and vector mesons, ¢ as well as the
isovector mesop in the mean field approximation with the mesonic fields directly coupled

to the quarks [1]. In the so-called modified quark—meson coupling model (MQMC) [2—4],

it has been suggested that including a medium-dependent bag parameter is essential for the
success of relativistic nuclear phenomenology. The density dependence of the bag parame-
ter is introduced by coupling it to the scalar mesonic field [2,4]. We have used the MQMC

to study the properties of nuclear matter and quark deconfinement at finite temperature [5—
7] and the phase transition from the hadronic phase to the quark—gluon plasma [7,8]. We
have also studied the properties of neutron stars in the context of MQMC [9].

In the present work we shall extend the MQMC to study the production of strange
hadrons, especially kaons, in relativistic heavy-ion collisions. Elucidating the properties
of kaon production and kaon condensation is important to specify the tricritical point of
the phase transition from a QGP phase to a hadronic phase. The competition between pion
and kaon condensation in the framework of a microscopic model has been considered at
zero and finite temperatures in the space of quark chemical potentials [10]. We consider a
system of strange hadronic matter with conserved zero total strangeness and a conserved
small negative isospin charge fraction in order to make our results relevant to heavy-ion
collisions. We also investigate the possibility for the onset of kaon condensation in such a
system.

In the mean field approximation, the scalar mesowith mass 550 MeV is supposed
to simulate the exchange of correlated pairs of pions and may represent a very broad res-
onance observed inx scattering, while the vector mesenis identified with an actual
meson having a mass of about 780 MeV. Bhecalar andv vector mesonic fields couple
the up and down flavors. Also the scaddi(ss) and vectokp (ss) mesonic fields are actual
mesons with masses 975 and 1020 MeV, respectively. They are introduced to couple to the
strange flavor quark. Similarly, the mesonic isovector figldvhich is essential for isospin
charged nuclear matter, is an actual meson with mass 770. It exchanges the nonstrange
flavor quarks. We assume hadronic matter to consist of the members of the SU(3) baryon
octet and the kaon doublet. The pions are not explicitly included in the calculation because
the contribution of one-pion exchange vanishes in spin and isospin saturated nuclear matter
and so their inclusion will not have any effect on the quantities of interest in the present
work such as baryon or strangeness density. The pions contribute to the total energy den-
sity and to the pressure, for instance, but these quantities are not calculated in the present
work. For the purpose of calculating these latter quantities, the pions can be included as
an ideal gas. The baryon octet is comprisedmfn, A, £+, 0, ¥—, £0 £-) baryons
while the kaon doublet is comprised @& *, K% mesons. In heavy-ion collisions the total
net strangeness of the system is conserved during the collision. If the quark—gluon plasma
is produced during the collision the net strangeness for the hadronic phase may not be con-
served but the total net strangeness for both the hadronic and quark—gluon phases will be
conserved.

Various calculations and models predict that metastable strange systems with strange-
ness fractions of order one and charge neutrality might exist in the hadronic phase at
densities between two and three times nuclear matter saturation density [11,12]. How-
ever, the predicted phenomenon of metastability of strange hadronic matter and the actual
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values of the binding energy depend specifically on the partly unknown hyperon potentials
assumed in dense matter [11-14]. Recently, unconstrained Relativistic Mean Field calcula-
tions of a charge—neutral strangeness-rich hadronic system have been carried out with two
sets of hyperon—hyperon (&'Y) potentials, the first set is determined from the Nijmegen
hard-core potential Model D [15], and the second set corresponds to the potentials obtained
in a recent SU(3) extension of the Nijmegen soft-core potential Model NSC97 [16-19]. The
differences between these two sets are essentially attributable to the extremely attractive
X' X andZ & interactions in the second set which allow for the possibility of deeply bound
nuclear matter with hyperons [20].

In the present work, we shall study the production of kaons in neutral as well as weakly
isospin strange hadronic matter at finite temperature. We shall adopt realistic phenomeno-
logical fitting parameters which are calculated from the potential models. The outline of
the paper is as follows. In Section 2 we write the equation of state. Then in Section 3 we
present the two different sets of fitting parameters forttvepotentials. In Section 4, we
present and discuss our results. Finally, we summarize our conclusions in Section 5.

2. Theequation of state

The quark fieldy, (7, 1) inside a bag of radiu®; representing a baryon of species
satisfies the Dirac equation

) 1. .
|:WM3M —mg + (8457 = 8gowu?") + (8450 = 8gpPur™) = Lap 5T pm/“]
X g (F, 1) =0, (1)

wherem? is the current mass of a quark of flawpr The current quark masses are taken,
for the up and down flavor quarks, to lm, = my = 0 while for the strange flavor
mg = 150 MeV. Inclusion of small current quark masses for the nonstrange flavors or
other values for the strange flavor leads only to small numerical refinements of the present
results. In the mean field approximation the meson fields are treated classically and the
space like components of the vector fields vanish for infinite systems due to rotational
invariance. As a result we get, y* = (wo)y° = wy® and ¢, y* = (¢o)y° = ¢y° and
T puyt =13(p)y° = 13py° = 213 py°. The nonstrange (up and down) flavor quarks are
coupled to the scalar (550 and vectorw (780) and isovectorp (980) mesons while the
strange flavor quarks are coupledtt975) and¢ (1020 .

For a given value of the bag radi& and scalar fields ando*, the quark momentum
x4 is determined by the boundary condition of confinement which, for quarks of fiavor
in a spherical bag, reduces f§(x,;) = Byi j1(x4i), where

.qu(O, O‘*) — R,-m*
Iqu = ¥ Z (2)

We have defined the effective quark mass inside the bag as

0
m; =m, — 8qc0 _gqo*a*, (3)
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and the effective quark energy is given by

24i(0,0%)/Ri =/ (xqi/Ri)? + m32. (4)

The bag energy is given by

Z, 4n
Ebag = Equarks — Fl + ?R?Bi (0,07), 5)
1
where
Mg
$24i(0,0™)
Equarks = Z WT (6)
l

q

is the total constituent quarks kinetic energy inside the bag%}rtérm is the zero-point
energy of the quarks anB; (o, o*) is the medium-dependent bag parameter.

We would like to emphasize here that we did not take into account the thermal excitation
of the constituent quarks inside the bag [5-7,21]. In Refs. [5-7,21], the total constituent
guarks kinetic energy with thermal excitations of the populated quarks is given by

g

Q i ’ * k =%
Bt = 3 0T (fy e — o] = 1a[&] + 4. @
q 1

where f; [e;‘ — gl and f; [é;; + 141 are the Fermi—Dirac quark and antiquark distribution
functions, respectively. The constituent quark effective energy is given by

2,i(0,0%) 1
6; = LNT + <ng0) + gq¢¢ + qup'@p) (8)
i
and
_s _ $24i(0,07) 1
6;; = [NT - <gqa)a) + gq¢¢ + qupTBIO)' (9)
1

In this construction, the constituent quark chemical potentjais determined from the
constraint

”qzzfq[eg—l‘q]—fﬂé;"‘“q]’ (10)
q

wheren, is the number of the constituent quarks (antiquarks) inside the bag. This con-
straint, fortunately, giveg, ~ 1 andfq ~ 0 in the actual numerical calculations. We have
found that adopting Eq. (6) rather Eq. (7) in the calculations does not affect the results
given in Refs. [5-7]. Therefore, the thermal excitations of the populated quarks inside the
bags in that construction is negligible [5-7].

In the simple QMC model, the bag parameter (constant) is tak&g esrresponding to
its value for a free baryon. The medium effects are taken into account in the MQMC [2,3]
by coupling the bag parameter to the scalar meson fields. In the present work we use the
following generalized ansatz for the coupling of the bag parameter to the scalardfields
ando* [7-9]:



|. Zakout et al. / Nuclear Physics A 759 (2005) 201-226 205

b b
Bi(0,0*) = Boexp[—4(g;2% + g,250*) / M;] (11)
with gb:g andg, . as additional coupling constants to be fitted from the phenomenology.
In Ref. [14], the bag parameter has been considered to couple to the nonstraocgkar
field but not to the strange* scalar field. The spurious center-of-mass energy is subtracted
to obtain the effective baryon mass

bag

Ml* = Egag _(p§m>i’ (12)

where

ng

(Pam); Zxc,l/R2 (13)

The bag radiir; ande for baryoni and kaork species, respectively, are obtained through
the minimization of the baryon mass with respect to the bag radius [1]

oM}
OR;

The coupling of the scalar mean fieldsndo * with quarks in the nonoverlapping MIT
bag through the solution of the point-like Dirac equation should be taken into account to
satisfy the self-consistency condition. However, this constraint is essential to obtain the
correct solution of the scalar mean fietdando*. We think the discrepancy between our
results in Ref. [5] and those in Ref. [21] is due to the coupling of the quark with the scalar
mean fieldsr, o* in the framework of the point like Dirac equation. The differentiation of
the effective hadron species mass with respest ¢fives

—0. (14)

OE ;
8M;k Ebag( bag Jox — 2( Pcm )0*

, 15
do Ml.* (15)
where
9o ) e S\ 082 do o Jq.
aEbag (Sq/q
3824 =2 R’ (1)
q q/
and
OE 4t ,9B;(0,0*
(), = Smg
I7)

The 3%’ depends on;. Its solution is obtained from the point-like Dirac equation for
the quarks and must satisfy the required boundary condition as well as the confinement on
the bag surface [1,2]. It reads
1 982
Ri do

= — 840 (Vil¥i), (19)
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where

_ Qq,-/2+m;R,-(S2q,- -1
i) = . 2
Wilvi) £24i(824i — 1) +m2R,'/2 (20)

Furthermore, the term for the spurious center-of-mass momentum correction reads

2
a(p§m>i 1 8xqi
N 21
do Rl.2 ; do (1)
where
dx2. 92,
q qi 2
ao'l = (Zqu' a—o‘) =+ 2Rl mqul'. (22)

Similar expressions can be obtained for the differentiation of the effective hadron
(baryon and kaon) species mass with respect to the scalar meanfidide zero-point en-
ergy parameterg; of Eq. (4) are used to fit the actual masses of the free barMprs 939,
1116, 1193 and 1315 MeV and are found to He= 2.03, 1.814, 1.629 and 1.505 for
the N, A, ¥ and Z hyperons respectively, corresponding to a free baryon bag parameter
Bo = (1881)* MeV* and a free nucleon bag radii = 0.6 fm. The zero-point energy
parameterZ; is determined by fitting the actual mass of the free kajn= 495 MeV
which yields the valug; = 1.170.

The effective Fermi-energy for baryon and antibaryon spedigegiven by

€ (p) =+ P2+ M2+ X; (23)
&(p)=\/p?+M;?- X,

respectively, where

and

(24)

Xi =[8iow + &ip® + gipI3iP]. (25)
The effective Bose-energy for the kaon and antikaon species reads

(p) =1/ P2+ M2+ Xy, (26)
E(p) =/ P2+ M2 — Xy, (27)

respectively, where

and

X = [8kow + gkp® + 8kp L3k P]. (28)

The indices for the kaon and antikaon species are givert by(Kt, K% and k =
(K, K9), respectively.
The chemical potentialg; andu for baryon speciesand kaon specigsread

mi=Bippg + Sins+ Qipno, (29)
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and

k= Skus + Qkito, (30)

respectively. The quantum numbeBs S; and Q; are the baryon, strangeness and isospin
guantum numbers, respectively. The baryon, strangeness, isospin chemical pqtentials
wus andpu g, respectively, are determined from the constraints of total baryon, strange and
isospin densities 3 Eq. (37),n (" Eq. (38) anch '@ Eq. (39), respectively.

The density for each baryon and antibaryon species is given by

d; .

m =g [ 0 Al = ) (31)
and

~ di 3 —k

it = s [ 0 ST )+ i) (32

respectively, wherd; = 2 is the spin degeneracy for the octet baryon speciesfasdhe
Fermi—Dirac distribution function

1

flxl= m- (33)
Similarly, the density for each kaon and antikaon species is given by
ni = (fo)3 / d*pble; (p) — . (34)
and
iy = i /dspb[gf(l?) + k] (35)
(2m)3

respectively, wherd; = 1 is the kaon spin degeneracy, anis the Bose—Einstein distrib-
ution function

blx] = (36)

(/T —1)
When the condition for kaon condensation (KC) [22,23] is not satisfied, see Eq. (52)

below, the kaons will not condensate and the density of the kaon condengate 0.

In this case the chemical potentialg;, s and o are determined fromgp, n}btal and

nTQOta'. However, when the condition for the kaon condensatign= € (0) is satisfied for

either kaon specie& * or K9 then that species will condensate. Beyond the condensation
point, the strange chemical potential saturates at the threshold energy for the ground states
ug = €x(0). On the other hand, if the conditigng = —¢% (0) is satisfied for eithek —
or K9 antikaon, then eithek — or K antikaon will condensate. Beyond the condensation
point, the strange chemical potential saturates at the threshold energy for the ground states
uk = —€x(0). We shall return to the kaon condensation when we reach Eq. (52).

The baryon density reads,

Bs
ng=Y Bilnj —i;]. (37)
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The total strangeness density is given by
ns :n?s+n§5, (38)

wheren8s = P8, [n; — ;] and nkS = Y°K° Sy[nx — fie] + Sxnkc. The total isospin
density is given by

no =ngs+n55, (39)

wheren®s =32 0:[n; — ;] andns = KS Oklnk — il + Qxnke.
The vector mean fields, ¢ andp are determined, respectively, as follows

w= Zg””[n, i ]+Zg (e — i) + S5 nge, (40)
Ll)
8i¢ — 8K¢

¢ = Z [nz nil+ Z ne =ikl + =5 ke, (41)
¢

- k, —
p= Z 13, [ni — ]+ Z i—glsk[nk — gl + (g;nizplskm(c- (42)
© o o

Thegiw, gip andgip are the meson—baryon coupling constants whilg gre andgy, are
the meson—kaon coupling constants and are determined from the data.

The pressure for hot and dense strange nuclear matter is equal to the negative of the
grand thermodynamic potential density and is given by

_Z(Zn)3/ Ly (f[ “(p) — wi| + fI€ (p) + wi]) + Px

1 1 1 1 1
+ mea) + m¢¢> + = %pz—ém(zjoz—émg*o*z (43)

where summation runs over the 8 species of the baryon ogtet, A, ¥+, £°, £~ and
59, £~. The thermal kaon pressure is given by

(277)3/ [k2 + M*Z

where the summatiok run over the kaon doublet speci&s”, K°.
The scalar mean fields ando* are calculated by maximizing the pressure

oP

Pg =

bleg (k) — ] + b[E (k) + ]), (44)

25 =0 (45)
JdP
dov (46)

The pressure depends explicitly on the scalar mean field$ through the last two terms
in Eq. (43). It also depends on the baryon and kaon effective magsesnd M, which
in turn depend o ando*. If we write the pressure as a function @}, {M}) and
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(0,0%), the extremization o ({(M}, {M/'}, o, ™) with respect to the scalar fieldsand
o* can be written as

P JaP oM* P
(i) () g -
do i ajui (Mj}; iomBoiesing, T do do {M;}

A similar expression can be written f§g§* = 0. The coupling of the scalar mean fielgls
o* with the quarks in the nonoverlapping MIT bags through the solution of the point-like
Dirac equation should be taken into account to satisfy the self-consistency condition. This
constraint is essential to obtain the correct solution of the scalar meaw fiefd

The pressure of the kaon condensBte, if it exists, contributes to the total pressure of
hot and dense strange hadronic matter. The total pressure of the system becomes

pll— p 4 pc. (48)
The contribution of the kaon condensate pressure reads [24,25]

Pxc = %(f 0)?[ e (0) — pa][€°(0) + pax ], (49)
where

€5 (0) = M} + X, (50)

& (0) = M} — Xy. (51)

This equation is derived by assuming that the kaon amplitude is replaced by thekinsatz
f0/+/2 andK K = 1 f292 where f is the kaon decay constant afds the dimensionless
kaon field strength. The variation of Eq. (49) gives

8Pxc = f20[€f (0) — ] [& (O + ] = 0. (52)
There are three solutions to Eq. (52) that determine the conditions for kaon condensation.
The trivial solution is that kaon amplitude vanishes- 0. This case means that no kaon
condensation takes place in the system and subsequgath: 0. The other two solutions
are determined as follows: [i€; (0) — ux] = O eitherk = (KT or KO) will condensate, and

if [e_;j(O) + ux] = 0 either antikaork = (K~ or K% will condensate. The density of the
kaon condensate is given by,

nke = (f0)* (i — Xo). (53)
In this case, the charge chemical potential becomgée, (0), us) for either K *or K©
condensate opo(—€x(0), us) for either K~ or K° condensate sincex = Skus +
Ok andniP@ is conserved. It is interesting to note here that the three solutions give
Pxc = 0 and normally the pressure of the condensate kaons contributes indirectly via the
strange hadronic abundances and the total energy density of the system.

3. Fitting parametersfor YY potentials

We assume that theandw mesons couple only to the up and down quarks whiland
¢ couple to the strange quark. We thus ggt= g,+* = g5 = g5 = 0 andg,, =0, where
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r refers to the up and down flavors whitedenotes the strange flavor. By assuming the
SU(6) symmetry of the simple quark model we have the relatigns= v/2g,, andg, =
—v/2g,». Theo mean field is supposed to simulate the exchange of correlated pairs of
pions and may represent a very broad resonance obserwed$oattering. We take:, =
550 MeV. The vectow andp mesons are identified with the actual mesons whose masses
arem, = 783 MeV andm, = 770 MeV, respectively. Since the mean fieldsand w,
are considered a®d) condensates, they interact only withd-quark in the baryons and
kaons. On the other hand, the scalar and vector mean #€ldg are considered ags)
condensates and interact only with theguarks in the baryons and kaons. The isovector
mean fields interact with the, d-quarks in the baryons and kaons.

The coupling of each baryon species with the vector mesons is calculated by counting
the constituent quarks

3
gim=quw=ng, (54)
q r

and

3
8ip=) 8= & (55)
q s

while

8ip = 8qp- (56)
With these assumptions the only free parameters left at our disposal are the quark—meson
coupling constantg,, andg,,, and the bag coupling constant¥®, ¢?*9for the 4 baryon
species and these parameters are adjusted to fit nuclear properties as well as the extrap-
olated properties of hypernuclear matter. The coupling constants of the scalar and vector
mesons to the nonstrange quarks are takeg.as= 1 andg,,, = 2.705 which together
with a bag coupling consta@tmgz 6.81 yield a binding energy of 16 MeV and a com-
pressibilityK‘j1 of 289 MeV at the normal saturation densjfy= 0.17 fm~2 of nuclear
matter [2,5,6]. The isospin vector meson coupling constant foiptheeson is taken as
gqp = 8.086 to reproduce the bulk symmetry energy. The coupling cons@’ﬁ?sand

g’.b:?, wherei = A, ¥, £ are determined from thEY potentials assumptions.

In the present calculation, we have considered two different models for the hyperon—
hyperon interactions. Table 1 summarizes the values of the two sets of coupling constants
corresponding to these two models. The basic quark—meson coupling constants as well

as the parameterg;bfg are identical in the two models and are chosen to fit nuclear and

hypernuclear properties. In particular, the paramegéfg are determined by fitting the
hyperon potentials in nuclear matter [12]:

U (po) = —30 MeV,
U (po) = +30 MeV,
U (pg) = —18 MeV, (57)
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Table 1
Fitting parameters

. ba ba ba ba ba ba ba ba ba
FILSEl 840 80 8ap  Sna San Sank Sxe Sxk Son S Sp Spok SKw

Modella 1.0 2.705 8.086 6.81 4.22 545 1.63 .26 2.27 912 227 /2x227 8qw
Model b 1.0 2705 8.086 6.81 4.22 545 1.63 .26 2.27 912 227 /2x227 17840
Model Il 1.0 2.705 8.086 6.81 4.22 0.0 1.63 .28 227 1017 2.27 /2x227 gqw

where the hyperon potentials are defined by
U = (M} — M;) + (8iow + 8ig®)- (58)

However, the two models differ in their choices for the const@ﬁi%

Model | is designed to mimic the consequences of the Nijmegen hard-core potential
Model D [12,13,15]. It is nevertheless constrainedAoynd & nuclear phenomenology,
and by a fewA A hypernuclei reported to date. It accounts more realistically for the attrac-

tive AA and N Z interactions, but ignores thE hyperons altogether. In this model, the
medium constantgl.bf,? are adjusted so that the potential of a single hyperon embedded in

a bath of& matter becomes
UZ (po) = U (po) = —40 MeV (59)

in accordance with the attractive hyperon—hyperon interaction of the Nijmegen hard core
potential Model D [12,14]. Furthermore, we adopt the approximalﬂg"r(po) ~ U)jf (po)

to fit the medium constants. The resultiUQA)(po/Z) is about—20 MeV.

Model Il is designed to generate qualitatively similar baryon potentials to those obtained
in the BHF approximation from the SU(3) extensions of the Nijmegen soft-core potential
model NSC97 [16-19]. The phenomenology in this model departs substantially from that
in Model I. The NSC97 model has been tuned up to reproduce certain characteristics of
A hypernuclei, particularly its version NSC97f. It yields particularly attracivg, ¥ X
and X' & interactions. Some of the shortcomings of this model are the vanishingly weak
AA andN & interactions which are in contradiction with the little experimental evidence
available fromA A hypernuclei and fronE -nucleus interaction. In this model we adjust

the bag constan@b(f‘,fJ to reproduce qualitatively the binding energy curve of each hyperon
species in its own hyperonic mattB;‘ as those produced by the Model NSC97f [18,20].
No binding occurs fort hyperons whileX matter is deeply bound at33 MeV per baryon

at px, which is twice as deep as ordinary nuclear matter, Anehatter has an energy of
—23 MeV per baryon apz,.

The kaon coupling constants are determined from the kaon potentials when embedded
in nuclear matteUI((AQ =20 MeV [26] andU,(g\f) = —120 t0—180 MeV [24,25,27]. In
Model I, we have used two slightly different versions of these coupling constants. In set
(la) we have takegg ., = g4, based on simple SU(6) symmetry while in set (Ib) we have
takengg, = 1.7g4, in order to fit the kaon potential depths [26]. In both sets we take
29— 227 andg®% = v/2¢%%9. In Model 11, we only takegk,, = g, based on simple
SU(6) symmetry. In our calculations we shall adggt, = g4, as the normal case and we
shall consider the casg ., = 1.7g,, as a special case. Here it may be worth mentioning
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that recent results [28] indicate twaf(’@ = —50to—60 MeV and for such a shallow kaon
potential the renormalization factor need not be as large7as 1

4. Resaultsand discussions

We have studied hadronic matter with a conserved strangeness densit9 at finite
temperature using the MQMC model which takes into account the quark degrees of free-
dom as well as the medium dependence of the bag conBtawke have chosen a direct
coupling of the bag paramet@rto the scalar mean fieldsando* and the bag parameter
becomesB = B(o, 6*). The quarks and antiquarks confined in the bags are coupled to
the scalar mean fields ando* and the vector mean fields and¢ and isovector mean
field p. At first, we have studied the symmetric hot and dense strange hadronic system of
baryons and kaons with a neutral isospin charg¢n g = 0 and with a conserved zero net
strangenessg = 0. Then, we have considered the asymmetric system with a conserved
isospin charge o /np and a conserved zero net strangeness. This is relevant for heavy-ion
collisions where it is possible to have an asymmetric system with a conserved low isospin
fraction in the range ¢ /np = 0.0 to —0.2.

The starting point of the calculation is the determination of the chemical potentials
wg, us andu g using the baryon, strange and isospin densities given by Egs. (37), (38)
and (39), respectively. The vector mean-fieldsand ¢ and the isovector mean field
are computed from Eqgs. (40), (41) and (42), respectively. Once the values for the chemical
potentials(u g, is, no) are given, the values for the scalar mean fieldsido * are calcu-
lated by maximizing the pressure using Eqgs. (45) and (46), respectively. These constraints
should take into account the coupling of the quark with the scalar mean fields in the frame
of the point-like Dirac equation exactly [1-3] to obtain consistent results. The bag radius
for each hadron species is obtained by minimizing the hadron mass with respect to its bag
radius, Eq. (14).

In Fig. 1, we display the density fraction for each baryon spegies(n; —n;)/np ver-
sus the baryonic densityp at several temperatures using the parameter sets (la) and (Ib).
Furthermore we also display in the lower part of panel (a) of this figure the relative abun-
dance of the kaons. The abundance of the strange hadrong'up & MeV is completely
negligible and this explains why the 5 MeV curve cannot be distinguished from the hori-
zontal axes of the panels (b), (c) and (d). The strange hadrons make their first noticeable
appearance & ~ 80 MeV and they start to be produced abundantly when the tempera-
ture exceeds 100 MeV. ThE appears to be produced more abundantly tharn/ttanly
because it has a higher isospin degeneracy factor. On the other haatlhteethe lowest
rate of production. The dependence of the production rates of the various hadronic species
on the total baryon density seems to undergo a drastic change at the critical temperature
T. = 170 MeV of the QGP phase transition, becoming almost flat above this temperature.
We also note that the modification of the kaon vector coupling which leads to the two sets
(la) and (Ib) has very little effect on the production of the various hadronic species. The
effect can be mainly seen abo¥jgwhere set (la) produces slightly mageand, to a lesser
extent, moreX’ and kaons than set (Ib) because of the stronger vector coupling for kaons
in (Ib). Kaon production in the system increases with temperature especially for tempera-
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Fig. 1. The density fraction for hadron and antihadron spegies(n; — i1;)/n g versus baryonic densityp at
several temperatures using the parameter sets (la) and (Ib). (a) Nucleons and kaan&)XB), (d) &

tures exceedin@ ~ 100 MeV. We see that a large mesonic strangengss 0.2 can be
reached at the critical temperatufe= 170 MeV when kaons are produced abundantly in
the system.

In Fig. 2, we compare the baryon and kaon abundances obtained using parameter
sets (la) and (II). The phenomenology in model (Il) departs substantially from that in
(la) for large baryonic and strangeness densities where the phase transitidn takes
place [8,20]. We see that at high temperaturesthe more abundantly produced with the
set (la) than when the set (Il) is used. TBehas the opposite behavior, as its abundance
obtained from the set (Ia) is less than that from the set (ll). At the same time, there is no
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Fig. 2. Same as Fig. 1 but using parameter sets (la) and (lI).

noticeable difference between the two models in the nucleon, kaon and cascade production
rates. Furthermore, there is not much difference in total strange baryon production. Gener-
ally speaking, it can be concluded that kaon production and condensation in the context of
MQMC is not likely to be affected drastically by which set is being used from amongst the
different sets of parameters extracted from phenomenology.

In Fig. 3, we display the antibaryon to baryon abundance ratio for each baryon species
n;/n; at several temperatures as obtained by using parameter set (1a). It is seen that for
temperature§’ < 100 MeV the production of the antibaryons is negligible. However, for
higher temperatures there is significant antibaryon production particularly when the tem-
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Fig. 3. The ratio of antibaryon to baryon abundangg; for each baryon species versus baryonic densityat
several temperatures using the parameter set (la) and for the ideal gas approximawoiibja), (c) X, (d) &

perature reaches and excedds Furthermore, we notice that the antibaryon abundance

ratio n; /n;, is particularly large at small baryon density. This ratio also seems to in-
crease with the baryon strangeness number as follows:

|>|
|M'
|2|

o | &3]

A ) N (60)

This enhancement of antihyperon abundance ratio over the antiproton abundance ratio in
the relativistic nuclear collisions has been observed earlier [29]. Also included in Fig. 3 are
the results obtained in the ideal gas approximation which assumes noninteracting hadrons
in a thermal bath. In this approximation, the hadrons do not modify their masses, do not
interact with each other and there are no mean fields at all. Although this approximation
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Fig. 4. The ratio of antikaon to kaon abundamnge/n g at various temperatures using the parameter set (la) and
for the ideal gas approximation.

is too simplistic, it can be useful to obtain rough first estimates. It is seen from Fig. 3 that
the ideal gas results greatly underestimate the antibaryon production, especially at high
temperature or at high density. In Fig. 4, we show the antikaon to kaon abundance ratio
versus the baryon densiiyp at various temperatures using parameter set (Ia) and in the
ideal gas approximation. We note that the antikaon abundance ratio increases with temper-
ature. We also note that again the ideal gas approximation gives much lower estimates for
the antikaon to kaon abundance ratio than the MQMC, especially at high temperature or at
high density.

Fig. 5 examines the crucial issue of the onset of kaon condensation in heavy-ion col-
lisions. Kaon condensation implies that the equation of state will be softer and that more
hyperons and kaons will accumulate in the system. Indeed, it is known that kaon condensa-
tion plays a significant role in the physics of neutron stars [27]. One of the major themes of
the present work is to study the possibility for the onset of kaon condensation in heavy-ion
collisions. The necessary condition for the onset of kaon condensation is to nontrivially
satisfy Eq. (52). For th&© or K+ kaons, condensation is possible only when

ik =€ (0) (61)

while for the antikaons © or K —, condensation is possible only when

wk = —&(0). (62)

When the condition for the onset of kaon condensation is satisfied, the kaons start to con-
dense smoothly and the strange chemical potential could be evaluated either from Eq. (61)
or (62). After the kaon condensation starts to take place in the system, the strange chemi-
cal potentialug becomes an input parameter and the amplitude of the kaon condensation

is calculated by conserving the total strangeness of the system. The contribution of the
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Fig. 5. The strange chemical potentia§ and the kaon threshold effective eneEij) versus baryonic density
n g for various temperatures using the parameter set (la). (a) Kaons, (b) antikaons.

kaon condensate to the total density of the system is calculated from Eq. (53). To ex-
amine the possibility for the onset of kaon condensation in our model we plot in Fig. 5
the kaon chemical potentialx and the kaon threshold effective enekgy0) versus the
baryonic density: 5 at various temperatures. The isospin chemical potepgavanishes

for symmetric strange hadronic matter so that in this case Eq. (30) redupgsous,
whereug is the strangeness chemical potential. We see from panel (a) of Fig. 5 that the
kaon chemical potentigkx is always less than the kaon threshold enespi0) for the

all baryon densitiea p so that Eqg. (61) can never be satisfied. A similar conclusion can
be drawn for the antikaons and Eq. (62) as can be seen from panel (b) of the same figure.
This indicates that kaon condensation does not take place at any temperature and density
in heavy-ion collisions where the total strangeness is conserved to zero for a system that
consists of baryons and kaons. The kaons are only produced thermally in this system. The
situation is, of course, completely different in neutron stars where there is enough time for
the conservation of strangeness to be violated by the weak interaction [27].

In Figs. 6 and 7, we display the baryon and kaon effective masses versus the baryon
densityn . We note that, in the context of the MQMC model, the effective masses do not
vanish at large baryon densities, unlike the standard Walecka model where the effective
hadronic masses tend to vanish at large baryon density. The realistic case of effectively
massive hadrons at all densities is actually a characteristic result of the MQMC. Indeed, in
the hadronic phase, the hadron’s effective mass should not vanish until chiral symmetry is
restored or a QGP phase transition takes place. At the phase transition, there is a sharp drop
in the hadron’s effective masses and all hadrons in the system will dissolve into their con-
stituent quarks. Furthermore, the quarks attain their current masses which are very small
for the up and down flavors. At this point, however, bubbles of the QGP are formed in
the system. Therefore, we do not find it is appropriate, in the realistic situation relevant to
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Fig. 6. The effective masMi* for each baryon species versus baryonic densityor various temperatures using
the parameter set (1a). (&), (b) A, (c) X, (d) =.

heavy-ion collisions, to extrapolate the study of the onset of kaon condensation to massless
hadrons since these massless hadrons can exist only at the point of the phase transition.
We have also extended MQMC to study hot and dense asymmetric strange hadronic
matter with a conserved total zero strangengss: 3 = 0 and a conserved finite negative
isospin density fraction/np < 0. Generally speaking, the negative value of the isospin
density fractiom g /n g reflects the fact that the number of neutrons is more than the num-
ber of protons (i.ez,, > n,) in the initial conditions of the colliding heavy ions. The results
for the asymmetric system are therefore more relevant to relativistic heavy-ion collisions.
We present our results for such a system using the parameter set (la) in Figs. 8 and 9 for
ng/npg =—0.10, while the results fot o /n g = —0.20 are shown in Figs. 10 and 11.
In Figs. 8 and 10, we display the net kaon abundance ratie (nx —ng)/np and the
ratio of antikaon abundance over kaon abundance for the charged and neutral kaon species
(K, K9) at several temperatures for the isospin charge density fractignsp = —0.1
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parameter set (la). (a) The kaon density fractign= (ng —iig)/n g, (b) the ratio of antikaon abundance over
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andng/np = —0.2, respectively. In panel (a) of both figures, we display the net kaon
abundance versus the baryon densigy It is seen that zo = (ngo — ngo)/np is much
larger thanx g+ = (nx+ — ng-)/np in such a system, especially at higher temperatures.
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Fig. 10. Same as Fig. 8 but withp /np = —0.2.

The conservation of net strangeness for the asymmetric system is more easily preserved
by neutral kaons at high temperatures. Consequently, when the negative isggpig is
increased, the neutral kaons become more dominant than the charged ones. From Fig. 8(b),
we see that th&? and K+ are produced more abundantly than their antiparticles for the
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Fig. 11. Same as Fig. 9 but withp /np = —0.2.

system with lower asymmetry. However, when the asymmetry is increased, we see from
Fig. 10(b) a dramatic change for the charged kaons with the antipaKicldecoming

more abundant than th& ™ at high densities in order to conserve isospin. Actually, in
addition to the kaons, we have found that the baryon spegiesr?, ¥+ also play an im-
portant role in conserving the isospig /n g at high temperature when the isospin charge
fraction is increased. The proton density fraction tends to saturate at some value when
the negative isospin charge fraction becomes rather lagggnz = —0.2,n,,/np ~ 0.30)

while the density fraction for neutrons continues to increase with temperature. However,
at higher temperatures, the conservation of isospin charge fraction is preserved by creating
more charged strange hadrons.

We have also examined the possibility for the onset of kaon condensation in the asym-
metric system. The necessary condition for kaon condensation is that the kaon threshold
energye; (0) equal its chemical potentialx. In Figs. 9 and 11, we display the kaon
chemical potentialix and the kaon threshold effective enekgy0) versus the baryonic
densitynp at various temperatures and fop/np = —0.1 andng/np = —0.2, respec-
tively. We see that the kaon’s threshold energy is always larger than its chemical potential,
and their curves become almost parallel at large baryonic density. Furthermore, when the
nuclear matter asymmetry is increased by increasing the negative isggpig to reach
the maximal value ofip/np = —0.5, appropriate for neutron matter, the onset of kaon
condensation is not possible even at very large baryonic densities and we find that the
strange chemical potentialg in the medium is always modified in such a manner as to
avoid the onset of kaon condensation. These results show that no signature can be expected
for kaon condensation in heavy-ion collisions and kaons can only be produced thermally.
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Fig. 12. The kaon and antikaon abundances versus baryonic degsity various isospin charge ratiag /» g
attemperaturd” = 170 MeV using the parameter set (1a). (a) The density fractjpr= (nx —ng)/np for the

charged and neutral kaons, (b) the kaon and antikaon abundances for charged (upper panel) and neutral (lower
panel) kaons.

We have also examined how the production of the charged and neutral kaons and their
antiparticles at high temperature varies with respect to the isospin charge gdtig. In
Fig. 12, we display the kaon and antikaon abundances versus the baryonic dgnsity
at temperaturel’ = 170 MeV forng/ng = —0.1, —0.2, —0.3. The temperaturd’ =
170 MeV is particularly interesting because it is accessible at RHIC energies and is rel-
evant to the freezeout chemical potential [30,31]. Part (a) of Fig. 12 displays the charged
and neutral kaon abundant density fractiatyg, while part (b) displays the densities for
charged (upper panel) and neutral (lower panel) kaons and their antiparticles. It is seen
from part (b) that the kaons and their antiparticles are produced abundantly at high tem-
peratures even at very low baryon densities. However, the net density fraction for charged
kaonsxx = (nx+ —ng-)/np tends to be small and varies weakly with the baryon density
ng. Furthermore, it decreases when the asymmetry of the system increases by increas-
ing the negative value of the isospin charge fractigiyn g. This reflects the fact that the
negative charged kaons become more dominant as the magnitude of the isospin charge
asymmetry increases and excegdg/ng| = 0.25. Here it must be stressed that in a re-
alistic situation the isospin charge fraction of the normally used colliding heavy ions lies
in the rangerp/np = 0 to —0.1 and consequentlif * production is expected to be more
dominant thank — in RHIC. However, more asymmetric nuclear matter may be reached
experimentally in the future by using different isotopes for the colliding heavy ions. Gen-
erally speaking, the net production of charged kaons is relatively smaller than that of the
neutral kaons, indicating that the neutral kaons play a more significant role in asymmetric
nuclear matter in order to conserve the net zero strangeness of the system.
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Fig. 13. Same as Fig. 12 but versus temperature at the baryonic degsit0.05 fm3.

Fig. 13 displays the variation of kaon and antikaon abundances with respect to the tem-
perature for several values of the isospin charge fractigying. The calculations are
carried out at the baryonic densipg = 0.05 fm~3. This rather small baryonic density
is accessible in RHIC and has a special interest at high temperature in particular in study-
ing the freezeout chemical potential [30,31]. The phase transition from the hadronic phase
to QGP is expected to take place at this low baryon density and tempefatuier 0 MeV.

Itis seen that kaons are produced abundantly when the temperature ekcedd@d MeV

and this production becomes more significant when the temperature réach®g0 MeV.
Furthermore, it is seen that the neutral kaon density, lies always above the antikaon
densityn o but this is not the case for the charged kaong; andng-. The net density
fraction for the charged kaons decreases as the magnitude of the negative isospin charge
asymmetry increases while net density fraction for the neutral kaons has the opposite be-
havior. Moreover, the net density for the neutral kaons is always greater than that for the
charged kaons for asymmetric nuclear matter. This reflects the fact th&fthbundance

is dominant at all temperatures and more so as the magnitude of the isospin charge asym-
metry increases.

In Fig. 14, we display the baryon, strangeness and isospin chemical potentials versus
the baryonic density g at T = 170 MeV for the symmetrical and asymmetrical nuclear
matter. We also indicate on this figure the estimated freezeout chemical potential at SPS
and RHIC energies. In particular it is known that freezeout in RHIC occurs at the small
chemical potentiap ~ 46+ 5 MeV and at a temperaturE ~ 174+ 7 MeV [30,31].

The substantial decrease of the baryon chemical potential frgrez 270 MeV at SPS
energies tqup ~ 45 MeV at RHIC energies shows that, at mid-rapidity, we are dealing
with a low net baryon density in the medium [30]. In our model, the baryon chemical
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Fig. 14. The dependence of baryon, strange and isospin chemical potgnials; andu o, respectively, on the
baryon density: g at 7 = 170 MeV for a symmetric and an asymmetric matter.

potentiali g ~ 50 MeV for the critical temperaturg ~ 170 MeV corresponds to the very
small baryonic densityt 3 ~ 0.015 fm~3. Other models, however, may lead to somewhat
higher values for the baryonic density for the chemical freezeout potential [31] and we
shall refer to a baryon density; ~ 0.05 fm~3 when we speak about RHIC physics.

5. Conclusionsand summary

We have studied strange hadronic matter composed of the baryon octet and kaon doublet
with a conserved zero total strangenesgn z = (n?aryons~|— nKaons) /. = 0 and a con-
served finite isospin fractionmg /ng. RHIC physics is reached at the rather low baryonic
densityn g &~ 0.05 fm~23 and high temperaturg ~ 150170 MeV [30]. We have not found
any evidence for kaon condensation even in highly asymmetric dense nuclear matter. The
kaon threshold energy is always higher than the kaon chemical potential given by Eg. (30)
so that the kaons are only produced thermally in the system. The production of the strange
hadrons starts smoothly at low temperatures and then they are abundantly produced when
the temperature reach&s~ 170 MeV.

We have solved the baryon, strange and isospin chemical potengialss andu o, re-
spectively, self-consistently. In the hot or even warm dense medium, the strange chemical
potentialu s is finite (nonzero) even for a system with zero total strangeness and it likely
modifies itself in a manner to decrease the kaon chemical potential to be always lower
than the kaon threshold energy. The results of other microscopic models also disfavor kaon
with respect to pion condensation [10]. On the other hand, in cold dense matter, the strange
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chemical potentialts is normally set to zero for a system with zero total strangeness. In
this case, it is possible for the antikaon (kaon) to condense at zero temperature at very high
baryonic density. Therefore, the results at finite temperature suggegtsthatist be actu-

ally assigned a small finite value at zero temperature in order to maintain the conservation
of the zero total strangeness for cold dense matter. Such a modification would also reduce
the possibility for the onset of kaon condensatioff at 0.

It is interesting to note here that the effective hadronic masses do not vanish in the
hadronic phase in our model. The effective hadronic masses attain small values only at
the chiral phase transition and the phase transition to the QGP. In the QGP, the hadrons
dissolve and disappear and the kaons will not be produced. On the other hand, at very
high densities and low temperatures the quark color superconductivity will dominate. The
strange hadrons and their antiparticles are normally produced at high temperatures and
low baryonic densities which are the ideal circumstances at RHIC energies. Furthermore,
when the system freezes out, the strange baryons and kaons might survive with the baryonic
sector having a negative net strangen@g "Y1 = 0.0 to—0.25 and the mesonic sector
(i.e. kaons) having a positive net strangeness, but the total strangeness for the baryons and
kaons is conserved to zero. Moreover, although production always dominates over
K9, the K~ becomes more abundant th&r for highly asymmetric nuclear matter (i.e.
ng/np < —0.2), especially at high temperatures or large baryonic densities.
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