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Strange quark matter in a chiral SU(3) quark mean field model
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We apply the chiral S(B) quark mean field model to investigate strange quark matter. The stability of
strange quark matter with a different strangeness fraction is studied. The interaction between quarks and vector
mesons destabilizes the strange quark matter. If the strength of the vector coupling is the same as in hadronic
matter, strangelets cannot be formed. For the cage @duilibrium, there is no strange quark matter that can
be stable against hadron emission even without vector meson interactions.
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I. INTRODUCTION have large negative charges too. The curvature contribution
was considered by Madsei5], which is dominant for
Strange quark matter has attracted a lot of interest sincstrangelets with small baryon numbers. Though the bag
Bodmer[1] and, later on, Wittei2] suggested that it could model is simple, it is an incomplete description of confine-
be absolutely stable even at zero temperature and pressureent. Results from lattice calculatiohs6] show that quark
The investigation of such a possibility is relevant not onlymatter does not become asymptotically free and some had-
for high energy physics, but also for astrophysics. For exronic degrees of freedom remain within the quark matter
ample, the core of a neutron star may be composed of quaihmediately after the phase transition. Fowler, Raha, and
matter. The possible existence of strange stars that are maggeiner [17] suggested another description of the confine-
entirely of deconfined, d, ands quarks is one of the most ment mechanism via the introduction of a density-dependent
intriguing aspects of modem astrophysics. There havg bee(ﬁhark mass. This quark mass-density-depend@MDD)
some reports on events with=350-500 andZ=10-20 in  mqodel was first employed to study the properties of ordinary
cosmic ray experiments3], the so-called exotic cosmic ray q,ark matter{17] and then applied to the investigation of
events. Also, recent studies have shown that x-ray burslange quark matt§L8]. As was pointed in our recent paper
sources are likely strange star candidd®s. It is al_so In- [19], their thermodynamic treatment was not correct. We re-
teresting to produce strange quark ma(t&rangelet)sm the considered strange quark matter in the self-consistent quark
laboratory because they could serve as a signature of the the

quark-gluon-plasma formation which is a direct demonstra.ass-density-dependent model and found a region of param-

tion of QCD [6]. Many ultrarelativistic heavy-ion collision eters in which the strange quark matter is absplutely stable.
experiments at Brookhaven and CERR] are proposed to In the QMDD model, the_ concepF of a density-dependent
search for(metastable lumps of such kind of strangelets. dUark mass has no dynamical origin. In recent years, some
Recently, Ardouinet al. [8] presented a novel method that approaches for strange quarl_< matter bas_:_ad on dynamical
can be applied to characterize the possible existence of H0dels were developed. Alberiet al.[20] utilized the col-
strange quark matter distillation process in heavy-ion colli-ored dielectric model to calculate the energy per baryon of
sions. Up to now, there is no experiment which confirms thestrange quark matter. They found that while the double mini-
existence of strangelets. For example, the E864 collaboratiofium version of the colored dielectric model allowed the
found that there is no evidence for strangelet production irexistence of strangelets, the single minimum version of this
11.5 GeVt per nucleon Ad-Pb collisions[9]. model excluded the possibility. Stability of strange quark
Besides the experimental efforts, there are also a lot ofnatter was also investigated using the effective four-quark
theoretical investigations of the stability of strange quarkinteractions [21], the SU3) Nambu-Jona-Lasinio(NJL)
matter. The earliest discussions are based on the MIT bagodel with and without four-quark-vector-type interactions
model[10] that assumes that quarks are confined by a phd22,23. In studying hadronic matter, we proposed a chiral
nomenological bag. Within the bag, quarks are asymptotiSU(3) quark mean field model. This chiral quark model was
cally free. Calculation$11] within this model indicate that applied to investigate the properties of strange hadronic mat-
there is a range of parameters in which strange quark mattéer and multistrange hadronic systef24,25. In this paper,
is absolutely stable, i.e., the energy per baryon is less thawe want to use this model to discuss the stability of strange
930 MeV. The stability of strange quark matter with finite quark matter. The difference between quark and hadronic
volume (strangelets was also discussed in the MIT bag matter is that in quark matter, the d, s quarks are decon-
model. Chin and Kermarn12] proposed that multiquark fined and not combined into baryons by the confining
states with large strangeness fractitarge negative charge potential.
may be metastable. Berger and J4ff&] discussed the sur- The paper is organized as follows. In Sec. Il, we introduce
face correction for the strangelets, where they found that théhe basic model features. We apply the model to investigate
surface tension destabilizes strangelets. In response to tls&range quark matter in Sec. lll. The numerical calculations
work of Berger and Jaffe, Schaffnet al. [14] found that are discussed in Sec. IV. Finally, main conclusions are drawn
strangelets can be stabilized by shell effects and that theyn Sec. V.
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Il. THE MODEL It contains the free part for massless quark,

Our considerations are based on the chira(Blguark =91 7*d,.0, the quark-meson field interaction term
mean field modelfor details, see Ref§24,25). For com-
pleteness, we introduce the main concepts of the model ikam= gs(ALMdr+0rM ") =g, (AL ¥l AL+ AR YT 0R),
this section. In the chiral limit, the quark fietfican be split (7
into left- and right-handed partg, and qgz: =9, +0Qg.

Under SU(3) X SU(3)g, they transform as the chiral-invariant scalar mesaiys and vector mesod,,y

self-interaction terms in the mean field approximation

al=La., Gr=RGr. (1 [2428
- . . 1 ot
The spin-0 mesons are written in the compact form Lss=— —kox¥(02+ (2) +ky(02+ (2)2+k, >+ I
M(M+):Etil'[=i§ (c?xia?)\? (2 1 XY 6 o’
V2 40 +kaxo?—kax*= 7 x* |n( ) +3x |n( )
X0 o540
whereo® and =2 are the nonets of scalar and pseudoscalar %)
mesons, respectivel?(a=1,...,8) are theGell-Mann
matrices, and\°= \/§|. Plus and minus signs correspond to 152
M andM ™. Under chiral SU3) transformationsM andM * Lyy= 2 (m W+ mpp2+ m§5¢2)
transform asM—M'=LMR* andM*—M* =RM*L".
As for the spin-0 mesons, the spin-1 mesons are set up in a +g4(w4+ Bw2p?+p*+24%), 9)

similar way as
whereé=6/33; o, {5, andyg are the vacuum values of the
mean fieldsr, ¢, andy and the three terms, s, EAmS, and

Ly, which explicitly break the chiral symmetry. The Lagrang-
ian (8) contains a new field, a dilaton fiejg, which is not a
They transform asﬂ—>l;=LlﬂL*, rl’L=RrﬂR*. These ma- glueball field in our approach. In this view, we follow the
trices can be written in a form where the physical states ar&leas of Ref[27] and relate the fielg to a glueball fielch as
explicit. For the scalar and vector nonets, the expressions are

1
L(r)=5(VuxA, 2[ E Wizaph® (3

x*=xg+Zh, (10)
1
— (ot ag) ag K* ™ whereZ is an appropriate dimensional parameter. In @,
1 8 V2 the masses of vector mesons are density dependent which are
S = 5 P G I 1 ( 0 Ko | expressed as
a=0 ao —_— O'—ao
V2 M,
K*— L ¢ m,=m,=—"7 ) an m¢—1_’u§2,
(4 1=suo
v - 1 OREIC wherem,=673.6 MeV andu=2.34 fnf are chosen to get
#_E =0 VA m, =783 MeV andm,=1020 MeV. Chiral symmetry re-

quires the following basic relations for the quark-meson cou-
pling constants:

1
E(wu—i_pz) p; K,lt+
&:gu :_gd :gu:gd:”':igs
- Pu i(w —p%) Kx° V2 7 o Te T V27t
“ \/5 v Ppu u
K* - 0 é 93,=9,=9;=9;=0, (11)
M 1 M
5 g, 1
Pseudoscalar and pseudovector nonet mesons can be written 2\/— g =9 0_9‘0 gw o \/§g¢,

in the same way.

The total effective Lagrangian for the description of gizgsozg;:gg:o_ (12
strange quark matter is given by g
B Note, the values ofy, ¢, andy, are determined later from
Let=Laot Lamt Lss+ Loyt Lyset Lam+ L. (6) Egs.(26) to (28). Particularly, the parameters, and{, are
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TABLE |. Parameters of setd, B, andC of the model.

Set Ko Ky Ko Ks Ky Os 9y 04 hy h,

A 4.94 2.12 —10.16 —-5.38 —-0.06 4.76 10.92 375 —-2.20 3.24
B 3.83 2.64 —10.16 —-3.40 -0.18 4.76 10.13 0.0 —-2.03 2.55
C 4.21 2.26 —10.16 —4.38 -0.13 4.76 10.37 7.5 —-2.07 3.16

expressed through the pior (=93 MeV) and the kaon set A m,=417.5 MeV, m,=1170.1 MeV,

(Fk=115 MeV) leptonic decay constants as
m,=596.2 MeV, xo=254.6 MeV;

1 (18)
oo=—Fr,  Lo=—z(Fz=2Fy). (13
\/E set B: m,=502.7 MeV, m,=1161.5 MeV,
The LagrangianC, sg generates the nonvanishing masses of m,=659.3 MeV, xo=305.9 MeV;
pseudoscalar mesons X (19)
2 mi . — -
ﬁ)(SB:X_Z M2F o+ \/EmﬁFK—EFw)Z (14) setC: m,=466.2 MeV, m,=1167.1 MeV,
0 m,=626.4 MeV, xo=280.2 MeV.
leading to a nonvanishing divergence of the axial currents (20)

which safisfy the partially conserved axdal-vector currentA" meson masses and the dilaton mass are obtained from the

(PCAQ) relations for and K mesons. Pseudoscalar and process of chiral symmetry breaking that is density depen-

scalar mesons and alsp the dilaton _f|g|(d>bta|n the MASSES  jent. One can see that the mass of the dilaton is around 600
by spontaneous breaking of the chiral symmetry in the La;

) MeV. In our consideration, we do not identify the dilaton
grangian(8). The masses af, d, ands quarks are generated . . L C S

. field y with the glueball. It is just an effective field which is

by the vacuum expectation values of the two scalar mesons

. . related to the glueball via Eq10). With the use of transfor-
o and{. To obtain the correct constituent mass of the Strang?nation(lO) in the model Lagrangian, we can obtain the glue-
quark, an additional mass term should be added '

ball massm,~1.5 GeV atZ~0.2 Ge\?. By the way, both
schemes with dilaton field or with glueball are equivalent to
each other. A little bit of difference is in the small redefini-
tion of the masses of scalar mesansaind {. For example,
for set C, the Lagrangian with glueball field givem,
=471.8 MeV andn,=1111.6 MeV.
g To check the consistency of our model, it is crucial to
My=My=— —09, M=—0glo+Ams. (16) estimate the trace anomal6,28 which is related to the
\/5 vacuum expectation value of the dilaton field as

Lam,=—AMmSq (15)

whereS= (I —\g\/3)=diag(0,0,1) is the strangeness quark
matrix. Finally, the quark masses are given by

The parametergs=4.76 andAm,=29 MeV are determined 0, =(1- 5))(3. (22)
from my=313 MeV andm;=490 MeV. In order to obtain o _
reasonable hyperon potentials in hadronic matter, we includBy definition, the trace anomaly of QCPj, with N;=3
the additional coupling between strange quarks and scaldnumber of flavorsandN.=3 (number of colorsis propor-
mesonso and ¢ [24]. This term is expressed as tional to the gluon condensate:

Ly=(hyo+hy0)ss. (17 =2 (012262 o). (22

In our calculations, we consider three sets of free parameters:

setA, setB, and setC. Though parameter s is preferred This quantity can be directly estimated with the use of the
for hadronic matter, we will discuss strange quark mattevalues of the gluon condensate calculated in Q2D

with these three sets for completeness. The values of fre@.006+0.012) GeV taken from analysis of the-decay
model parametets (i =0, . ..,4),9s.0, , 94, hy, andh, are  data and (0.0020.007) GeV taken from the sum rules for
given in Table I. We also list the values of the meson massegharmonium. The corresponding values of the trace anomaly
used in the calculation. The masses of pseudoscalar and veare ¢, =(0.007+0.014) GeV and ¢,,=(0.010

tor mesons are the same for all three seis=139 MeV, +0.008) Ge\}. Using our average vacuum expectation
myx =496 MeV, m,=540.1 MeV, m;]=961.9 MeV, m,, value y,=0.28 GeV, we give the following prediction for
=m,=783 MeV, andm,=1020 MeV. The masses of sca- the trace anomaly and the gluon condensaﬁ@“ﬂ

lar mesonso and ¢ and the mass and vacuum expectation=0.005 GeV and (0|(a5/w)GiV|O>=0.0045 GeV. One
value of the dilaton fielgy are can see that both values are in agreement with QCD analysis.
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)
Kox?{— 4Ky (?+ () {— 8Ky —kaxo?— o= x*

Now we apply the model to investigate strange quark 3§X
matter. We begin with the thermodynamical potential density ) 5
because all other quantities such as energy per volume and n X P2m2E, — isz _(1) m ¢2%
pressure can be obtained from it. The thermodynamical po- X2 K2 T kel T ot
tential density is defined as
=2 9 tith), 27)
_ZkBTyr “ * e
0= —f d3k{In(1+ e~ E-(O—ralkeT)
~=gqe (2m)° Jo X a?l
Kox(02+2)—kgo?l+| 4ky+ 1+ 4In—— 3= X3
+|n(1+e—(E’;(k)wT)/kBT)}_ﬁM ’ (23) X0 o5lo
2X| 2 1.
whereE* (k)= \m*“+k?, y, is 3 for quarks and 1 for elec- * X_S mZFqo+ | V2mFy - ﬁm"F”) ¢
trons andZ,, is the meson interaction including the scalar
meson self-interaction sy, the vector meson self- X 2 9. 929, 2.
interaction £y, and the explicit chiral symmetry breaking — = (M +m;p+m,¢) =0. (28
term £, sg. In the MIT bag and the QMDD modeky, is Xo

replaced by the effective bag constant. At zero temperatureshe equations for the vector mesons can be obtained in the

Q) can be expressed as

1
Q= —i=u2d . Q{ v[vi—m?1M 207 - 5mi?]

+3m*“In

*
my

vit (P-mi 2 g
121

e
2 Ly,

same way as

2
X . R
—zmiw+4g4w3+1zg4wp2=i:2ud 9. (i), (29

Xo
X2 —
?m§p+49493+ 12g50%p= 2, g,(divoth), (30
O - ]
(24) , .
?m¢¢+ 804¢°= iZS 9y i vouh). (31)
2 -

where u, is the chemical potential of the electron and the
quantity »; (i=u, d, s) is related to the usual chemical po- The scalar and vector densities can be written as
tential u; by vi=u;—g,0—g,p—gy¢. The effective quark

mass is given byn = —g, 0 —g;{+mj,. The total baryon — . 6 kFid3k m; 32
density is defined as (i) = (2m3Jo /—k2+mi*2' (32
1 _ 6 ke,
PB:§(Pu+Pd+ps)' (25 (i Volzbi):(zﬂ_)gjo d3k (33
with ke = \[v?—m¥2.
With the thermodynamical potential density, the energy per RV '
volume e and pressur@ of the system can be derived as
— Q43 q5euipi ANAP=— Q. | IV. NUMERICAL RESULTS
The mean field equations for the mesgnare obtained Now we investigate the implications of the previous for-

with 9Q/d¢;=0. For the scalar mesons and { and the  mgajism to strange quark matter. Compared to earlier applica-

dilaton field y, the equations are expressed as

26
ko)(zo-—4k1(0'2+ {2)0'— 2k20'3— 2kgxol— g){“

tions of hadronic matter, here we need not introduce the con-
fining potential that combines quarks into baryons. In quark
matter, theu, d, and s quarks are deconfined. They only
interact by scalar and vector mesons. The self-interactions
between mesons are the same as in hadronic matter. All the

2 2 2 parameters in this model are determined in our previous pa-
X X am X am . .
L S B B mppz_f’ pers. They are listed in Table I. The values of meson masses
XS Jdo X0 dy are given in Sec. Il. We assume that these parameters do not

:i:Zud 9L i),

change when the model is applied to quark matter. In fact,
(26) the parameters which describe the interactions between fields
“should” be universal. The medium effects are included by
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FIG. 1. Energy per baryon versus baryon density for different ] .
vector coupling constants. The solid, dashed, and dotted lines are FIG. 2. Fractions ofi, d, ands quarks in strange matter versus

for parameter setA' B’ andc' Resu|ts are Shown for the Case,[bf bal’yon density W|th and Wlthout vector interactions, respectively.
equilibrium. The solid, dashed, and dotted lines are for parameterAs&sand

C. Results are shown for the case@fequilibrium.

the treatmengrelativistic mean field theopytself and are not
included in the original Lagrangian. Earlier investigations
based on the MIT bag mod¢l0—-15, the QMDD model
[17-19, the SU3) NJL model[23], etc., did not consider
the repulsive interaction caused by vector mesons. In Rer.
[22], the repulsive vector interaction was included a with
different strength G,=0 and G,,=0.5Gg). We will also

the strength is half of that in hadronic matter, the local mini-
mum for the energy per baryon disappears. The energy per
baryon E/A increases monotonously with the increasing
aryon density.

In Fig. 2, we show the fractions= p;/3pg of u, d, ands
quark versus baryon density with and without vector interac-
; . ) . tions. The fraction ol quarks almost does not change with
discuss the stability of strange quark matter with dn‘ferentthe density. There exists a relationshipt pe=2p, . There-

\éal\JIu?)esNgoLr th% \I/eqttzr Cgup.';ﬂg fonsiant. Note_tr:at ":. thefore, although we included the electron in our calculations,
3 model with and without vector meson INteraction, e graction of electrons is very small. The chemical potential

the chiral symmetry is exactly realized. For comparison, NGt the electron, is not zero which results in a larger frac-

our discussion, we first do not include the additional cou-. .
. ’ . . . tion of d thanu quarks. At low density, no strange quarks are
pling £y, that breaks chiral symmetry explicitly and discuss 9 Y 9ea

. resent. The fraction afl quarks is about 2 times that of
the effect of this term on strange quark matter later. P 9

- . guarks. Without vector interactions, when the density is
If strange quark matter is stable and can survive for a lon

i libri ith t to th K Qarger than about 0.41 fit, strange quarks appear. Com-
ime, equilibrium with respect to the weak processes pared to Fig. 1, this density is larger than the density where

the local minimum appears. This result is consistent with that
of Ref.[23], where the S(B) NJL model was used. In that

may be achieved. If we neglect the chemical potential of thdndel, the strange quark appears when the baryon density is

neutrino, the chemical potentials of quarks and electron havaPout 4o (_po is the _sa_\turation density of symmetric nuclear
the following relation: mattep, while the minimum of energy per baryon occurs at

p=2.5. Therefore, no stable strange quark matter can exist

= M= Myt Me- (35) at zero pressure. The so-called strange star cannot be com-
posed entirely by the deconfinad d, and s quarks. The

The values foru, and uq are determined by the baryon stable strange quark matter can only exist in the core of these

density and the total charg®. As usual, we assume the objects where the pressure is high enough to force the tran-

chargeQ to be zero. Equation@6)—(31) for the mesons can sition from hadronic matter to quark matter to occur.

be solved simultaneously. The energy per baryon with a dif- If strange quark matter is metastable, then it may be pro-

ferent strength of vector coupling and for different parameteduced in heavy-ion collisions. In this case, equilibrium

sets are shown in Fig. 1. When vector interactions are natay not be achieved. In our calculations, we assume that

considered, there is a local minimum of energy per baryonu,= uy= uq. The values ofu, and us are determined by

with parameter sefA. The corresponding density is about the total baryon density and the strangeness fradtioff

0.13 fm 3. As shown later, at this density, no strange quarks=3r). In Fig. 3, we plot the effective masses of nonstrange

appear. When the vector interactions are included, even whesnd strange quarks versus the baryon density for different

S—>u+e*+;e, d—>u+e*+7e (39

015210-5



WANG, LYUBOVITSKIJ, GUTSCHE, AND FAESSLER PHYSICAL REVIEW &7, 015210 (2003

600 —— T — T T T T

500

400

300

m; ( MeV)
0‘/0‘0, f/{'o

200

100

(8] 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1
o ( fm™ ) s ( fm™ )

FIG. 3. The effective nonstrange and strange quark masses ver- FIG. 4. The nonstrange and strange quark condensates versus
sus baryon density for different strangeness fraction. Parameters aparyon density for different strangeness fraction. Parameters are
taken from seC. taken from seC.

strangeness fractions with parameter@eBothu (d) ands ~ smaller than 0.5 at high baryon density. For the cas@ of
quark masses decrease with the increasing density. In nogquilibrium, the density dependence of quark condensates is
strange quark matter, the mass of théd) quark decreases the same as in the case 6f=0 at low density. This is
more quickly than that of the quark. Wherf increases, the because at low density, no strange quarks appear which can
mass of thes quark decreases at a fixed density. At somebe seen in Fig. 2. Abg=0.41 fm®, the strange quarks ap-
high density, the strange quark mass is even lower than theear. As a result;/{, will be smaller than that wittf;=0.
mass of nonstrange quarks. Compared to the QMDD modellhe nonstrange quark condensate changes a little be€ause
here the effective quark masses are obtained dynamicallpf the system i3 equilibrium is smaller than 1. The density
The quark masses are not only density dependent but alstependence of the quark condensates determines the energy
strangeness fraction dependent which are not present in thger baryon of the system through the effective quark masses.
QMDD model. The density and strangeness dependence &fr the system ing equilibrium, the small decrease of
the quark masses is close to that of R22] calculated in the  strange quark condensate results in the small decrease of the
SU(3) NJL model. effective strange quark masses. For the metastable strange
The chiral symmetry restoration can be studied from thegquark matter with large strangeness fraction, the large de-
quark condensates. The nonstrange and strange quark cariease of strange quark condensate can produce a sizable
densates are shown in Fig. 4 for both bulk mattegiequi-  binding energy.
librium and metastable matter with=0 andf,=3.0. For In Figs. 5-7, we plot the energy per baryon versus density
the case off =0, the nonstrange quark condensater, for different values offs, which corresponds to different
decreases faster than the strange quark condefisatevith vector coupling constants. The solid, dashed, and dotted lines
the increasing baryon density. At the density=p,, pg  are for parameter sets B, andC, respectively. First, we do
=2po, andpg=23p,, ooy is about 0.6, 0.5, and 0.38. At not include the interactions between quarks and vector me-
low density, the quark condensate can be expandé@@s  sons. This is close to the QMDD model or the SUNJL
model with only scalar-type 4-quark interactions. In Fig. 5,
(qq) on for parameter sef, there exists a local minimum of energy
P=1- > P (36) per baryon for anys. The baryon density at the minimum of
(qa)o fzmz energy per baryon first increases and then decreasesfiyhen
increases. For nonstrange quark matter, though there is a
where oy is the nucleon sigma term. The above equationiocal minimum, the system has no positive binding energy
suggests about 30% reduction in the quark condensate abmpared to the vacuum mass of nonstrange quarks. For
nuclear saturation density. When density is smaller thag) 2 strange quark matter, the energy per baryon is lower than the
our result is close to that of NJL modgd1]. At higher den- masses of hyperons with the same strangeness number.
sity, NJL model gives lower quark condensate. Whenfthe Whenf,=1, the binding energy is about 45 MeV compared
increases, the value @f ¢, decreases evidently. The density to the vacuum constituent quark mass. The maximum bind-
dependence of nonstrange quark condensate changes a lilifigy energy is about 60 MeV and the correspondingis
when f;<2.0. For any number of, the value ofo/og is  about 2.0. Metastable strange quark matter is, therefore, fa-
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FIG. 5. The energy per baryon versus baryon density for differ-  FIG. 7. Same as Fig. 5, but the vector coupling constant is of the
ent strangeness fraction for parameter get8, andC. The inter-  strength as in hadronic matter.
action between quarks and vector mesons is not considered.

energy per baryon versus baryon density with the vector cou-
vored to have a large strangeness fractibigh negative pling constant half of that in hadronic matter. Compared to
charge. For the parameter s8 the system has a local mini- Fig. 5, the energy per baryon becomes higher. For parameter
mum of energy per baryon only for some range gfthatis  setA there exists a local minimum for<0f ;<2. The maxi-
1<fs<3. The maximum binding energy is about 5 MeV mym binding energy is only about 10 MeV with~1.0.
whenf is around 2.0. The result of parameter €els be-  The corresponding density is also much lower compared to
tween those of setd andB. Our result is comparable to the Fig. 5. For parameter sef and C, there is no local mini-
one in Ref.[22], where the maximum binding energy is mum for any strangeness fraction. If the vector coupling is
about 90 MeV and the Corresponding StrangeneSS fraction 'ﬁi]e same as in hadronic matter, as is shown in F|g 7, the
around 1.7 in the case @, =0. energy per baryon will increase monotonously with the

When the interactions between quarks and vector mesonsaryon density for all parameter sets. The vector meson cou-
are included, the system is destabilized. In Fig. 6, we plot the)jings are also discussed in R¢22]. When G,=0.5Gs,
strange quark matter is found to have a positive binding en-
ergy for 0.6<f,<1.6 and the maximum binding energy is
about 15 MeV aff;=1.2.

Therefore, if vector interactions are included, even when
the strength is only half of that in hadronic matter, the bind-
ing energy of metastable strange quark matter becomes small
or negative. At the minimum of the energy per baryon, the
pressurep of the system is zero. This kind of objects with
finite volume are called strangelets. If the vector interactions
are fully considered, the metastable strangelets cannot be
formed at zero pressure.

Up to now, we did not consider the additional coupling
between strange quark and scalar mesfpns which is im-
portant to obtain reasonable hyperon potentials in hadronic
matter[24]. When the additional term is included, the effec-
tive quark masses versus baryon density for paramete set
are given in Fig. 8. The result for the strange quark mass
evidently change, especially for large strangeness fraction,
0 0.25 0.5 0.75 1 when compared to Fig. 3. In nonstrange quark matter, the
effective mass ob quarks almost stays constant. When the
strangeness fraction is high, the strange quark has a lower

FIG. 6. Same as in Fig. 5, but here the quark-vector mesorinass when compared to Fig. 3, whelgis not included.
interaction is included. The value of the vector coupling constantis The effective quark masses will affect the energy of the
half of that for hadronic matter. system. In Figs. 9 and 10, we plot the energy per baryon
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600 . I . I . , .
1600
500
—~ 400 ~ 1400
> >
= z
byt <
E" 300 ~ 1200
m
200
1000
100
800 L I L I L I L
0 0.25 0.5 0.75 1

) » o FIG. 10. Same as Fig. 9, but the vector coupling constant is half
FIG. 8. Same as Fig. 3, but the the additional tefmis in- 5 tnat for hadronic matter.
cluded in the calculation.
high. The strange quark matter still can be weakly bound

versus density for different vector coupling constant withwith some high strangeness fractions in this case. If the vec-
parameter se€. The solid and dashed lines correspond to thetor coupling strength is as large as in hadronic matter, there is
cases without and witlf,, respectively. For small strange- no local minimum for both cases, with or withog,. For
ness fractiorf, the results of these two cases are close. Fothe case when thg equilibrium is achieved, the strangeness
large strangeness fraction, the additional tefmwill pro-  fraction of the system is smaller than 1. The additional term
duce larger binding energy. Without the vector meson inter£, only gives sizable contributions for systems with a large
action (Fig. 9), the binding energy is now about 100 MeV strangeness fraction. Therefore, the inclusion of the addi-
whenf is larger than 2. The corresponding saturation dentional term£,, does not affect the main results of Fig. 1.
sity is around 2-3p,. In Fig. 10, the vector coupling is half  To see clearly the binding energy of the system with dif-
of that for hadronic matter. The additional tefy makes the  ferent strangeness fraction, in Fig. 11, we plot the binding
energy per baryon decrease when the strangenss fraction is

—7——7—
. T T T T T T i without L, , g,= 0 J
o 10 | o with L, , gv=0 /“______-____
S with L, , gv/z /,
[ | . |
= y
> 5 Il
)] - | |
= 2
S 5 Il
> £ 50 ; |
~ 1200 £ ,l
i £ ;
@ s ; |
25 1
o ——Without L, | i -
i fs=0 With L, i
O 1
° 3
800 : L : ! . | \
Y 0.25 0.5 0.75 1

FIG. 11. The binding energy of the system versus strangeness
FIG. 9. The energy per baryon versus baryon density for paramfraction with parameter set. The solid, dashed, and dotted lines
eter setC without vector meson interaction. Solid and dashed linescorrespond to the case without additional te€mand vector meson
correspond to the case without and with the additional t&m couplingg, , with £,, and withoutg, , and with£,, andg, , respec-
respectively. tively.
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energy versusg with parameter se€C which is better for the B equilibrium may not be achieved. This metastable
hadronic matter compared with setsand B. One can see strange quark matter can have a high strangeness fraction
that without the additional ternf,, and vector meson inter- (h'gh_ negative c_hargeWhen we O.IO not take the vector me-
actions, strange quark matter has a positive binding energg?" |nteract|ond|n|to _ar(]:coulnt, asl in the ?MDD mtl)(dgl or the
for 0.6< f.<2.6. The maximum binding energy is about 25 >3) NJL model with only scalar-type four-quark interac-
MeV and the corresponding strangeness fraction is about 1 on, the maxirmum binding energy 1S ab_out 5-60 MeV anc_j
If the vector coupling constant is half of that in hadronic. e corresponding strangeness fraction is about 1-2 for dif-
. M ferent parameter sets. If we assume that the strength of vec-
F""’.‘“e“ the system has no positive binding energy. When tor meson coupling is half of that in hadronic matter this
IS m_cluded, _thg system can he self-bound ng;'.ﬁl' The case, the strength of vector coupling is comparable to the one
maximum binding energy is about 102 MeV with=2.8. ¢ pat [22)) the maximum binding energy decreases. Inclu-
Strange quark matter can still be weakly bound whenfe g4 of the additional ternt, will force the system to have a
< 2.6 if vector coupling is half of that in hadronic matter. larger strangeness fraction and binding energy. When the
vector coupling constant is the same as for hadronic matter,
V. CONCLUSIONS no metastable strange quark matistrangelets can be
formed in heavy-ion collisions.

We investigate strange quark matter in a chiral(3U . _
_ However, strange quark matter can still exist in the core

guark mean field model. The effective quark masses are ob o X

tained dynamically by the quark meson interactions and the f-a neutron star. The phase t_ransmon. from hadronic matFer

are both density and strangeness fraction dependent. The s g_quark matter can oceur at' high density and pressure which

bility of strange quark matter is studied for different values'S caused by gravity. This kind of phase transition has been

of the vector coupling constant and for different parameteStudied by numerous papers starting from the 1926s, for

sets. The effect of the additional terdy, is also discussed. example, Ref.[32])..Because both hadromc.and quark matter
In the case wher@ equilibrium is achieved, the strange- can be described in the £8) quark mean field model, it is

ness fractionf, of quark matter is smaller than 1. In the of interest to investigate this phase transition in this model.
s .

chiral SU3) quark model, at the density where the systemThiS will be studied in the future.

has a local minimum for the energy per baryon, no strange
guarks appear. Even without the vector meson coupling, this
nonstrange quark matter has a negative binding energy and P.W. would like to thank the Institute for Theoretical
cannot be self-bound. Therefore, opposed to the early sughysics, University of Thingen for their hospitality. This
gestion[1,2], stable quark matter at zero pressure cannotvork was supported by the Alexander von Humboldt Foun-
exist even without vector meson interactions. dation and by the Deutsche Forschungsgemeins¢b&t)

If quark matter can be produced in heavy-ion collisions,under Contract Nos. FA67/25-1 and GRK683.
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