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Quark condensates and strange quark matter
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Based upon recent studies on quark condensates, we investigate strange quark matter at zero temperature and
find that the mass parametrization popularly usedifarquarks with the mass-density-dependent model is just
a first-order approximation to a more general formula, whereas the corresponding formsiliguinks has to
be modified, which leads to the result that the strangeness fraction in strange quark matter carukkceed
fraction. This strangeness excess may have a negative influence on the search for strangelets in ultrarelativistic
heavy ion collisions[S1063-651X97)04707-1

PACS numbeps): 24.85+p, 12.38.Mh, 12.39.Ba, 25.75(q

[. INTRODUCTION with density according to the mass scaling relations. Based
upon recent studies on quark condensates, we investigate
Since the conjecture by Wittdid] that objects, consisting SQM at zero temperature and find E@) is the first-order
of roughly equal numbers af, d, s quarks, might be abso- approximation of a more fundamental formula, while E2).
lutely stable and so may serve as the true QCD ground statbas to be modified, which leads to the result thatsheac-
a great amount of investigations have been carried out inttion in SQM can exceed the or d fraction.
the stability and properties of strange quark mat&QM) In the subsequent section, we will derive the relation be-
[2]. Most of them are based on the MIT bag mofig] in  tween the quark mass and density, and then present our re-
which SQM is absolutely stable around the normal nucleasults in the study of SQM. The conclusion and discussion are
density for a wide range of parametds5]. Other QCD  given in Sec. lll.
motivated phenomenological models are also applied. By us-
ing the quark mass-density-dependent modd] Chakra-
barty et al. [7] obtain a very different result: only at very
high densities does strange quark matter have the possibility In the mass-density-dependent model, quark confinement
of absolute stability. However, Benvenuto and Lugofs is achieved by requiring6]
point out that this is the consequence of an incorrect thermo-

II. FORMULAS AND RESULTS

dynamical treatment of the problem. They add to the expres- lim my=oo, 3)
sion of the energy density an extra term, arising from the ng—0

baryon density dependence of the quark masses, and get

similar results to those in the bag model. wherem, is the quark mass. It is also popularly believed that

~ Acommon point in literature is that theefraction in SQM  the quark condensate varies with density. Therefore, there
is almost equal to, but always less than titd fraction. This  must exist a relation between the quark mass and quark con-

is due to the corresponding assumptions about quark massefsnsate. Inspired by E¢8) and the following obvious equal-
In the bag model, the masses wfd, ands quarks are all ity:

constant or independent of density. The quark confinement is
mimicked by the vacuum pressuge In the previous version

of the quark mass-density-dependent model, all the masses lim <(f>”8 -1 )
of u, d, ands quarks decrease with density, namgRg] ng—0{d0d)o ’
B _ _
Mya=3— (1) where(qq), and(qq),, are the quark condensates, respec-
. tively, in vacuum and in strange quark matter with baryon
B number densityng, we propose the following concise ex-
Ms=Mso+ 35— (2)  pression:
B
where mgy, is the current mass of quarks andng is the Mg 1
baryon number density. M 1—(aor. oo’ 5
Because these expressions are pure parametrizations, their a0 <qq>“B {aao

applicable range of densities is completely unknown. We

believe there exist links to quark condensates in SQM, whiclwheremy, is a parameter. It may be regarded as the quark
to some extent resembles the situation in normal nucleamass at the chiral restoration density. We will refer to it
matter where the in-medium hadron or meson masses vaggain a little latter.
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Equation(5) is the simplest among relations satisfying the  The numerator on the right-hand siéitas) of the above
two basic requirements Eq&) and(4). It is obviously dif-  equation has the same dimension with mass, and we denote it
ferent from the mass scaling relation by myo. Consequently, Eq5) follows.

As for s quarks, we have a similar expression:

m_Go, m_ (@)

= == — os_som! (V(0| 5|0
™ (age M (qa)l? T s LU NP
1—(SQM| ss|SQM)/{0| ss|0)

presently available for nucleons in normal nuclear matter. o _ _
When the nuclear density—0, one hasn’/my—1. This Whereos_squ satisfies the following equality10,11]:
difference is due to the fact that quarks are confined whereas . o
the l_"nucleon is f_re.e in vacuum. o Os_soM= msf d3x{(SQM ss|SQM) — (0| s5|0)}.

Since the validity of Eq(5) is of crucial importance to the (13

present investigation, we derive it formally from more fun-

damental principles below. _ _ By now we can see thahy, in Eq. (5) is flavor depen-

As is well known, the chiral symmetry of QCD is explic- gen. It will be taken as parameters in the present investiga-
itly broken by the mass ternk MW" which fails to commute  tjon.
with flavor-SU3) axial charge€QZ (a is the isospin index According to Eq.(4), the Taylor series of the relative
The mass matrisM can be brought to diagonal form through condensate at zero density has the following general form:
flavor-mixing transformation. So, the quark mass contribu-

tion to the Hamiltonian may be written as <a1>n3 Ng
——=1——+ higher ordersimg+---, (14
. _ (gqa)o Ay
Hp= | dxX mW Wy, (6)
f where
wheref is the flavor index with color index suppressed. For d (ﬁ) -1
the study of SQM, ag=— ( — _—nB) (19
dng (9a)o

_ — _ ng=0
Hm:f d*x{m,uu-+mydd+mgss}. (7) _ _
Because the ratigq q)nB /{qq), is expected to decrease

Regarding the SQM as a giant “nucleon,” we can simi- With increasing densitya(’] is positive. Its dimension is the

larly define a “sigma term’[9]: same with that of the density.
If the density is not too high, we can ignore all terms in

13 Eq. (14) with orders inng higher than one and obtain
Uw—SQMZEaE_:l {(SQMI[Q5.[Q5,Hqocol11SQM) _
B (d0)n, Ng

—(0J[Q5,[Q5,Hqcol1|0)}, ®) (9% 1- ol (16)

where Hqocp is the QCD Hamiltonian|SQM) is the state For u/d quarks, substituting Eq16) into Eq. (5), we get
vector for the SQM at rest, arj@) is the vacuum. Substitut-

ing Eq.(7) for Hocp and performing the double commutator, agmy B
one has Mya=—— =7 17)
B B
- cop=2m Jd3x SOMqg|SOM)—(0[qq|0)!, where we have denoted], 4 by a; and also ignored the mass
7m-sQu a {(SQMqq|SQM —(0lqal0)} difference betweenu and d quarks as usually done:

mu0= meE mo. With

wheremg=3(m,+mg), @_:%@H%), the term propor- B=38=3aymy, (18)
tional to (myg—m,)((SQM/ dd— uu|SQM)), and (ng—m,) _ ,
><(<O|aj—u_u|0>u) has been dropped ! Eq. (1) is obtained naturally.
. ' . At zero temperature, the energy density afdcanonical
Because the SQM is homogeneous, we replace the mtes- stem is
gration in Eq.(9) by multiplying the volumeV of SQM y

_ _ 3 Pt
7 7-squ= 2MeV{(SQM qq|SQM) —(0[qal0)}. (10 e=2 2 | \p*rmip%dp, (19
Therefore, whereP; ;= (7°n;)*3 is the Fermi momenta of quark flavor
_ 1(2v(0laalo i that relate to the flavor number density. If we substitute
o-sou! (2(0[q4]0)) (11  Eda.(D)into Eqg. (19 and letng—«, then obviously we can

my= — — .
 1-(sQMqq|SQM)/(0[qq|0) get
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350 where
1 -
300 - 0K=§(mu+ms)<uu+ Ss) (24)
Unstable is the kaon-nucleon sigma term affid is the kaon decay
250 constant. In the chiral limitfx=f .. Because the kaon mass
drops rapidly with increasing densifit5] while the 7’s re-
- mains remarkably unchangdd6], the difference between
> 200 - mzf2 and m2f2 would not be too much at high enough
S densities. On the other hand, we have already knglivi
% 150 o
g L 6>1. (25)
ON
100 — This implies the Ihs of Eq(22) is much greater than that
of Eq. (23). Therefore, we expand E¢b) as
L — - 2
0r m, (4%n, [ (A0)n,
— =1t ="t = + (26)
Maqo (ad)o (ad)o
L 1 d 1 L P PRI T 1
20 25 30 35 40 45 50 and only take its zero-order approximation gguarks.

It is very clear from the derivation process that the con-
dition for Egs.(17) and (21) is: the density should be high
enough but not too high. We will estimate the range as fol-

FIG. 1. Counters of fixe@/ng in the 8-mg, plane. The stability  |ows.
region is where the energy per baryon is less than 930 MeV. The From Eq. (16), the highest densityig .y iS less than
vertical_line at the left is the minimL_Jrﬁ for which two-flavor quark _ a('). According to Eq.(18), we have
matter is unbound. The nearly horizontal line is the equal mass line

B (MeV /fm?®)

where the numbers of three flavors are exactly the same. B
ap=—-. (27
° m
lim e=B= const>0. (20) 0
ng—0

The quantity8 should be no less than 23 MeV fr(the

So in this context, the parametBrcan have the same mean- '€aSOn is to be recounted belowaking the smallest per-

ing with the bag constant in the MIT bag modebt neces- Missible value fors and 10 MeV form,, we havea,=2.3

sarily interpreted as the vacuum pressure, however fm™2. This indicates that the upper restriction m§ is not
For strange quarks, the lattice calculat{d2] has shown  Strict. _ _ _ _

that (s_s>o is nearly one order of magnitude higher than The lowest densityg i, can be estimated like this. From

(uuo or (dd)o in the quark phase. So we expéats), / [14.19

'ss) to be relatively small and can be neglected. From Eq. oK
§5), >vc\)/e thus have g ’ ! Amﬁ(p) - ?EpwmeOAmK' 29
Ms~Mgo . (2)  we have
In fact, we can compare the two ratios to a leading order as Amyg m2,f2
such. Ngmin~ — 2 o (299
According to the model-independent resedrth,13, we Ko Ok
have in nuclear matter 22
Mgo— Mz mﬂTf‘lT
(uv),  (dd) e o 20
uu o KO K
—0 or _p=l—2—’:2p+-~, (22)
(U)o (ddyy ~ mof 2(1 mW>UN m2f2
wherem_, is the pion massf . is the pion decay constant, B Mo/ ok ON
p is the medium density and is the pion-nucleon sigma (299

term.

Similarly, one can write dowi14] where myo~495 MeV is the kaon mass in free space. An

extrapolation from low-energy pion-nucleon scattering data

gives[18]: on=(45+8) MeV. Taking the center value 45
(23 MeV for oy, and 6 for the ratiook/oy, together with

m_~140 MeV, f_~93 MeV, we getngpin~0.12 fni >,

(s _,_ ok ..
(ss)o ~ Mkfk ’
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( ) FIG. 3. The equation of state for paramet@grs= 34.9 MeV

FIG. 2. The energy per baryon vs baryon number density. Thém >, ms, = 140 MeV. It asymptotically shows a similar behavior
zero pressure occurs at the points marked v@thThe triplicate  to the ultrarelativistic case as should be expected.
points(see text are marked with/A.

Q)
Equations(17) and (21) indicate thatu and d quark i A (35
masses decrease with density whergegsiark mass remains .
constant for the range of density considered. This conclusioWIth
gets support from a recent work with the chiral color dielec- 9i
tric model[19]. T wi( w?—m?)Y2(2u2—5m?)
Equation (17) is identical to the corresponding Edl) ™
directly used by the previous authdig8] while Eq. (21) is wit JpZ—m?
completely not. It is this difference that might make the +3miin— : '}, (36)
fraction exceed the&/d fraction. i

We assume the SQM to be a Fermi-gas mixtureiofi,  whereg; is the degeneracy factor with values 6 and 2, re-
s quarks and electrons with chemical equilibrium maintainedspectively, for quarks and for electrons, 4 and mg to be

by the weak interactions: replaced by Eqs(17) and (21).
_ As in Ref.[8], the pressure and energy density are given,
d,s—ut+e+v,, s+u—u-+d. respectively, by
Neutrinos enter and leave the system freely. For a given _ 0%
ng, the chemical potentialg;(i=u,d,s,e) are determined P_Z _Qi+”BaTB ' (37)
by the following equation$4]:
Ha=1hs= (30) E=—P+2> wini. (38)
HuT pe=H, 31 Since the baryonic matter is known to exist in the had-

ronic phase, we requir@ to be such that thed system is
unbound. This constraing to be bigger than 23 MeV
fm~3, i.e., atP=0, E/ng>930 in order not to contradict
standard nuclear physics. On the other hand, we are inter-
2 1 1 ested in the possibility that SQM may be bound, i.e., at
3Mu=3Ma= 3Ns~Ne=0, (33 p=0, E/ng<930, which gives an upper bound 325 MeV to
Mg,. Also, whenmg,— 0, B8 approaches its maximum value
where 48 MeV fm™ 3.
In Fig. 1, we give the counters of fixe/ng in the 8-
My, plane. The vertical line at the left is the minimygnfor
which nonstrange quark matter is unbound. The “stability
window” is also trianglelike but wider than that in R€8].
which is derived from the relation A noticeable feature not seen before is that there appears

1
nB:§(nu+nd+ns)a (32

g.
ni=g 2 (uf-m)¥ (34
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14 T When the relative condensate is taken to first-order terms in
- _ I _ density, the popularly used mass parametrization formula for
13k \\ ""ﬁ_24MeV/fm3 M =20MeV u/d quarks is naturally obtained whereas the corresponding

S —/3=35MeV/fm3 my=140MeV formula fors quarks has to be modified.

R —-B=40MeV /fm” mg,=120MeV With the quark condensate results in normal nuclear mat-

'= ter, we estimate that the applicable range of E43) and
(21) is (0.12—2.3) fm®3. When applied to study SQM, the
results are similar to those obtained before, except that the
s content in SQM can exceador d content.

This quite unusual result may give an explanation for the
failure of searches for strangelets in ultrarelativistic heavy
ion collisions. Unlike the situation in the interior of super-
L dense starf20] where the time scale is enough to establish
08 | T flavor equilibrium by the weak interaction as mentioned

; above, the strangeness content in QGP is believed via the
strangeness enrichment due to the early black-body radiation

of more kaons @s) than antikaons @s) off the fireball

N R [21]. The probability to produceq pairs can be calculated
01 02 03 04 05 06 07 08 09 10 by [22]

NUMBER DENSITY (fm?)

11}

09

STRANGENESS FRACTION

0.7

2
mm
FIG. 4. The strangeness fractiomi(ng) vs baryon number |M|2:eXF< T ), (39
density f1g). When the density is less thg8img,, the strangeness

fraction is greater than 1. . ) . i
where k is the string tension in the color forcefield. The

another line where electrons are not present and the numbe¥§ing tension of 1 GeV/fm leads to a suppression of the
of u, d, ands quarks are exactly the same. This is due toStrange quarks as comparedutd quarks. This may sup-
their equal masses on the line. WhEfng is not too low  Press the strangeness enrichment process to such an extent
(>813 MeV), the corresponding counters intersect the equaihat the strangeness fraction does not possibly exceed the
mass line. u/d fraction.

The energy per baryon vs baryon number density is given However, this should not dlscouragg experimental
in Fig. 2 for three pairs of parameters. On each line, there aréearches for strangelets or cold QGP formation. After all, the
two special points marked, respectively, By and A. The  duark condensate in SQM is a new domain which needs
former is the zero pressure point. The latter is the triplicatNOre investigations in its own right. In our present study, we
point where thes content is just a triplet. For case 2, the two have resorted to the corresponding results in normal nuclear
points coincide with each other. However, they generally dgnatter and only considered the lowest-order approximation.
not correspond to the minimum energy per baryon. The higher-order contribution is not available up to now.

The resulting equation of state is plotted in Fig. 3. Be-AlSo, other factors, for example, a strong magnetic fi2l,

cause it is insensitive to parameters, we have only chosef@y change the configuration of the constituents in SQM.
one parameter pair8=34.9 MeVfm 3 and mg=140 It should be mentioned that the strangeness excess was

MeVv. also observed by Farhi and Jaffe in their early ware Fig.

In Fig. 4, we give the dependence of thdraction on  2(@ in Ref.[4]]. Because of the large coupling constant and
densities. It asymptotically tends to the result obtained with £Mall strange quark mass, the phenomenon was not taken
previous version of the mass-density-dependent model but REMously.
not so at low densities. When the density is smaller than
Blmg,, the s fraction exceeds tha/d fraction. ACKNOWLEDGMENTS
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