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The previous treatments for strange quark matter in the quark mass-density-dependent model have unrea-
sonable vacuum limits. We provide a method to obtain the quark mass parametrizations and give a self-
consistent thermodynamic treatment which includes the MIT bag model as an extreme. In this treatment,
strange quark matter in bulk still has the possibility of absolute stability. However, the behavior of the sound
velocity is opposite to previous findings.

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

[. INTRODUCTION where my;, is the s quark current massy, is the baryon
number densityB is the famous MIT bag constant. Equation
Since Witten’s conjecture that quark matter with strange<{1) was first used to study light quark mat{drl], and later
ness per baryon of order unity might be boudd| an exten- extended to Eq.2) to investigate strange quark matter
sive body of literature has investigated the stability and/of9,10,12.
probabilities of strange quark matt€QM) [2]. Because the As for the thermodynamic treatment, there exist two con-
application of perturbative quantum chromodynant@€D)  troversial ones in the literature up to now. One expresses the
to strong-coupling domain is unbelievable while the latticetotal pressure of SQM d9,10|
approach is presently limited to the case of zero chemical
potential, we have to resort to phenomenological models. P1=-0Q, 3

f th tf Is is the MIT | with
One of the most famous models s the bag model wi where(} is the ordinary thermodynamic potential density of

which Farhi and Jaffe find that SQM is absolutely stable .
around the normal nuclear density for a wide range of pa—sigmgszie Eq(40)]. The other adopts the following expres-

rameters[3]. Further investigations have also been carried®
out by many other authors in the bag mofiel6]. A recent 20

investigation indicates a link of SQM to the study of quark P,=—Q+n,—. (4)
condensates7] while a more recent work has carefully stud- INp

ied the relation between the charge and critical density o
SQM [8].

Chakrabartyet al. [9,10] have discussed the limitation of
the conventional MIT bag model which assumes that th
quarks arte frl]syrr;ptotic_altly fret_e Wl;thtin the bagi(ln order to_ As is well known, the QCD vacuum is not necessarily
incorporate the strong interaction between quarks, one way i . ' . e
to fallpback on the pe?turbation theory, whicqh is questionab%egmpty' To obtain the vacuum properties, let us take the limit

. ! . . . n,— 0 for the two treatments. It is easy to obtain, at zero
in the strong-coupling domain. An alternative way is to make, -

; ) ~temperature, the limits
the quark masses density dependent. In this nonperturbative

tI'he extra term in Eq(4) is said to arise from the baryon
density dependence of quark masses. This difference leads to
significantly different results. Therefore, it is meaningful to
ake a check of the two thermodynamic treatments.

treatment, the strong interaction between quarks is mimicked lim P,=0, (5)
by the proper variation of quark masses with density. There np—0

are two questions of crucial importance to this model. One is

how to parametrize quark masses, the other concerns ther- lim E;=B, (6)
modynamic treatment. However, the two aspects are not self- np—0

consistent in literature presently. _ .
Here are the popularly used parametrizations for quarkOr the first treatment, and the limits
massesn, (q=u,d,s):

lim P,=-B, (7)
B np—0
Mud=3n, @ lim E,=2B, ®)
np—0
M= Mgy + i (2)  forthe second treatment. Heffg andE; are the correspond-
3Ny ing energy densities.
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According to the fundamental idea of MIT bag model, where m, is the equivalent mass to be determined. Obvi-
QCD vacuum has a constant energy denBifythe famous  ously, we must require that the two Hamiltonian densities
bag constant. The mass parametrizatidnis just obtained H.,, andHqcp have the same eigenenergy for any eigenstate
from this requirement (IirrpwO E;—3mgn, for flavor-  |¥), ie.,

symmetric case[11]. The constant vacuum energy comes
from the fact that QCD vacuum must have a pressure to
maintain pressure balance at the bag boundary. Obviously,

the first treatment can give the correct vacuum energy and @pplymg this equality respectively to the stafy,) with

(V|Heqd W) =(V|Hqcp| P). (11

wrong QCD vacuum pressure. On the contrary, the secon aryon F‘“mbef Qensmb and the vacuum stat), and
treatment leads to the correct QCD vacuum pressure but en taking the difference, one has

wrong vacuum energy. In fact, this is just caused by the
ignorance of the QCD vacuum energy which guarantees the
pressure balance at the bag boundary.

~ It should be pointed out that in getting the unreasonablérne simplest and most symmetric solution for the equivalent
limits (5)—(8), we have used the quark mass formuBsand 1,255 from this equation is

(2). Because these formulas are pure parametrizations with-

out any real support from underlying theories, one may ask if (H)n —(H)

the contradictions can be solved by choosing other param- S Vnp A0 (19
etrizations. According to our present investigation, one a- a0 z — —
should modify the quark mass formulas and thermodynamic 3 [<qq>“b_<qq>0]
treatment simultaneously.

It is the aim of this paper to give a self-consistent treat-
ment which includes the conventional MIT bag model as an
extreme. In our new treatment, strange quark matter in bulhare we have used the symbol  definitioné, ),
still has the possibility of absolute stability. However, the — — b
lower density behavior of the sound velocity in SQM is op- ={NblHilNs), (Hi)o=(0[H|0), and (qa),, =(ns|aalny),
posite to previous findings. (99)o=(0|qq|0).

In the following section, we first derive the new quark  Therefore, if quarks are decoupled, they should take the
mass formulas and describe our thermodynamic treatmengquivalent mass of the forifi3) to keep the system energy
and then in Sec. lll, we present our results in studying SQMunchanged. From Eq13) we see that the equivalent mass
with this model. Section IV is a short summary. m, includes two parts: one is the original mass or current

massmy, the other is the interacting pam,. Becausem,
equals the ratio of the total interacting part of the energy

(Np|Heqd Nb) —(O[Heqd 0) = (np|HgcplNb) — (Ol Hgcol 0(>1-2)

=Mgot+m, (14

II. FRAMEWORK density and the total relative quark condensate, it is flavor-
Let us schematically write the QCD Hamiltonian density iIndependent and density dependent. Because of the quark
as confinement and the asymptotic freedom, i.e.,
lim m=o0, (15
— anO
HQCD:Hk—"% Mgodq—+Hy, 9
lim m=0, (16

Np—>
whereH, is the kinetic termmy, is the quark current mass, )
andH, is the interaction part. The summation goes over althe reasonable form might be
flavors considered.

The basic idea of the quark mass-density-dependent D
model of strange quark matter is that the system energy can m=-
be expressed as the same form with a proper noninteracting
system. The strong interaction between quarks is i”CIUdeQ\ccordingly,
within the appropriate variation of quark masses with den-
sity. To avoid confusion with other mass concepts, we refer D
such a density-dependent mass to an equivalent mass in this My=Mgo+ —, (18)
paper. Therefore, if we use the equivalent mags the sys- ng
tem Hamiltonian density should be replaced by a Hamil-
tonian density of the form whereD is a free parameter to be determined by stability

arguments. Obviouslyz>0 for confined particles anz<<0

for nonconfined particles. In Eq¢l) and (2), z=1. How-

Heq= Hk"'E mqaq’ (10) ever, just as mentioned in the Introduction, E@9.and (2)
q are closely linked to the first thermodynamic treat-

(17

Nh

we have
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ment, and thus unsuitable for our case. We now discuss thehere

determination ofm, which is consistent with our thermody-

namic treatment.

Firstly, we express the interacting part of the energy den-

sity (H)=(H)n, —(H)o [the numerator in Eq13)] as

1 - -
H)= 5y | [ vin@niy@neiy a9

R
=187m§f0 v(r)r2dr, (20)

wherer=|r;—r,|, v(r) is the quark-quark interactiofR is

the SQM radiusV =4/37R? is the volume. The extra factor

1/2 is responsible for double counting.
Because of the following obvious equality:

BRCTIS
lim ——=1, (21)
np—0{(dQd)o

6 1/3

pf,i:(__’ﬁzni> (28
I

is the corresponding Fermi momentum.

As is usually done, we here assume that the SQM consists
of u, d, ands quarks, and electrongeutrinos enter and
leave the system freelyThe degeneracy factay; is 6 for
quarks and 2 for electrons. The electron magss equal to
0.511 MeV. In order to include the strong interaction be-
tween quarks, the quark masseg (q=u,d,s) should be
replaced with the expressiqi3) or (26). The extra ternB
comes from the pressure balance condition, and its physical
meaning is still the vacuum energy density or vacuum pres-
sure just as in the MIT bag model. The corresponding pres-
sure is

P= win—E, (29

i=u,d,se

the Taylor series of the relative condensate at zero densityynere u; is the chemical potential for particle type Be-

has the following general form:

<EQ>nb Ny . i
——=1——+ higher orders inn,+---. (22
(ad)o Pq

If taking it only to first order approximation, we have

; [<Eq>nb—<5q>o]=§ [—(aa)o/pglnp=An.

(23
Taking the ratio of Eqs(20) and (23), we get
187 R
m|=—nbf v(r)r2dr. (24)
A 0

According to the lattice calculatiol 3] and string model
investigation 14], the quark-quark interaction is proportional

to the distance, i.ey(r)=ar. We thus have

18ma R* 1
m,= A anOC EB (25)
Therefore, we should take in EGL8) z=1/3, i.e.,
D
Mg = Mo+ L (26)

b

whereD is a parameter to be determined by stability argu-

ments.

Because the Hamiltonian densitq, has the same form
as that of a system of free particles with equivalent nmags

the energy density of SQM can be expressed as

B Pt i
E= S "7 p2dp+B,  (27)

i=tdse 2m2J)o

Cause it is equal to the Fermi energy at zero temperature, we
have

wi=pF +m?. (30)

Equation(29) is equivalent to
P=-Q-B. (31

The second term-B is responsible for pressure balance.
Such an extra term is necessary even in the nonrelativistic
treatment of SQM15].

It is clear that the above thermodynamic treatment will
approach the conventional MIT bag model if one casts away
the interacting partn, of the equivalent mass),. It can be
proved, from Eqgs.(26), (27), and (29), that we have the
following correct vacuum limits:

lim E=B, (32
nbﬂo

lim P=—B. (33
nbﬂO

Therefore, the physical meaning Bfis the same as that in
the conventional bag model. We takR&*=144 MeV in our
present calculation.

Ill. PROPERTIES OF STRANGE QUARK MATTER

Following previous authors3], we assume the SQM to be
a Fermi gas mixture ofu,d,s quarks and electrons with
chemical equilibrium maintained by the weak interactions:
d,s—u+e+v,,stu—u+d. For a given baryon number
densityn,, and total electric charge densi€y, the chemical
potentialsw,, mq, s, andu, are determined by the fol-
lowing equationg8]:

Ma= Hs= i, (34)
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Myt pme= s (39 1200 i
|
1 _ F 0 |-1) D"2=50MeV,my=150MeV
5(Nut Mg N5 =M, 56 R L 20 ey
= Vo |-3) D¥*=110MeV,mg=30MeV
%nu_%nd_%ns_ne:Qa (37) E 1100 | ‘\ O )Zem pressurepgims
~ \
where the particle number density is related to the corre- cf? i
sponding chemical potential; by < 1050
m
£ 1000
i o
== (ut =) @9 5
6 z
= 950
which is derived from the relation
900
Q) (39
ni=——,
: I 850

0 01 020304050607 0809 1

with DENSITY (fm?®)

g, FIG. 1. The energy per baryon vs baryon number density for
= > /Li(,(,Liz— mi2)1/2(2,ui2— 5mi2) different parameters. The zero pressure density occurs at the points
A8 marked with a circle ‘©.”

2 2

Mt NV pg—m;

+3mt In————|. (40) gimix? )
i P=> 7G(xi)—5:2 mnx2G(x))—B, (42
I ar I

In order to include the strong interaction between quarks, .
the quark massesy,, my, andm in the above equations Where the summation goes ower d, s, ande, and
are to be replaced with the density-dependent expression >
(26) while the electron mass, is negligible(0.511 Me\j. X = ﬂz M m; (43)

For the bulk SQM with weak equilibrium, the previous om m;
investigations got a slightly positive charge. Our recent study . )
demonstrates that negative charges could lower the criticap the ratio of the Fermi momentum to the mass that related
density. However, too much negative charge can make ¢ Particle typei. With the hyperbolic sine function
impossible to maintain flavor equilibrium. Therefore, the sh™!(x)=In(x+vx?+1), the functions=(x) and G(x) are
charge of SQM is not allowed to shift too far away from zerodefined as
at both positive and negative directions. For this and our
methodological purpose, we only consider neutral SQM in
this paper, i.e.Q=0 in Eq.(37).

Since the baryonic matter is known to exist in the had- L
ronic phase, we must requii2to be such that thad system _ T n 2 _a 5
is unbound. This constrairi3 to be bigger than (47 MeV) G(x)=glxvx*+1(2x —3)+3sh ()1, (49
i.e., atP=0, E/ny>930 in order not to contradict standard
nuclear physics. On the other hand, we are interested in th&hich have the limit properties
possibility that SQM might be absolutely stable, i.e.,Pat . B
=0, E/n,<930, which gives an upper bound (128 M&V) Im:) F(x)=1, (46)
We takeD'? to be 50, 80, and 110 MeV, respectively. -

Because the light quark current masses are very small, 1
their value uncertainties are not important. So we take the lim G(x):§. (47)
fixed central values =5 MeV andmy=10 MeV in our x—0
calculation. As fors quarks, we take 150, 120, and 90 MeV, .
corresponding respectively @Y2=50, 80, and 110 MeV. Therefore, we have the correct limit32) and (33).

F(x)zg[x\/x7+ 1(2x2+1)—sh Y(x)]/x3, (44

For a givenny, we first solve foru; (i=u,d,s,e) from b IndFig._l, ¥ve grive Lhe energy pfer baryon vs b\f;l\;yon nun;]-
the equation grouf4) (37, and then calculate the energy 2o 1SS0 I L Ot B e Parameter groups.
density and pressure of SQM from E@27) and (29): : : . o

i P . Q 487) 29 while metastable for the third group. The points marked with
gim* a circle “O” are the zero pressure points where the pressure
A

E:E - F(Xi)+B:Z mnF(x)+B, (41)  Within SQM is zero. Because of the density dependence of
i 6T i quark masses, the zero pressure density is generally not that

015201-4



MASS FORMULAS AND THERMODYNAMIC TREATMENT . .. PHYSICAL REVIEW C 61 015201

250 0.64 '
063 | !
IR S [ Ref.12 model
200 | 062 .  |—Bag model
P 061 - |--This model
£ S os| -
2 150 | 8 1
= @ 059 |
TR L
% O o088 S,
2 100 | E I
w O 057
s o I ]
& T 056 | T
L 056 | -
S0 055 | S
I ,
054 -/
0 L vl b by ey b Ly g Ly g 1y 053-_ /./
200 300 400 500 600 700 800 900 10001100 R R
0.52 PN ¥ BN FTEWE FNTE RN RS PR U N SNTEY SN PR
ENERGY DENSITY (MeV fm®) 0 100 200 300 400 500 600 700 800 9001000

. ENERGY DENSITY (MaV fm®)
FIG. 2. The equation of state for parameter grolg

=80 MeV andmg(=120 MeV. It asymptotically approaches to

the ultrarelativistic case as expected. FIG. 3. The sound velocity vs energy density. The dot-dashed

line is calculated with the method in this paper, while the dotted
line is calculated with the same method in Ref2]. Their lower
density behavior is obviously opposite. The full line is the ultrarela-
tivistic case.

corresponding to the minimum energy per baryas in the
usual casg but nearly the case in the first two parameter
groups.

The resulting equation of state is plotted in Fig. 2. Be-
cause it is insensitive to parameters, we have only chosefy
one parameter pai=(80 MeV)? andmg=120 MeV. .

In Fig. 3, we show the sound velocityof SQM with a lim f(x)=z. (52)

hich has the limit property

dot-dashed line, which is obtained from Mp—0
dp|12 However, the modification does not change the properties
c= dE (48) of SQM significantly this time. For the same parameters, the

line in Fig. 1 will move upward slightly while in Fig. 2 and
Because the interacting part of the quark masses is negligibl'é'g' 3 it will move a little downward. This is because the

at higher densities, it asymptotically tends to the ultrarelatiy-contribution from the extra term;m;n;f(x;) (arising from

istic value 143 as in the bag moddkolid line). Simulta- the density dependence of the quark masgegositive to
neously given is that calculated by the same method as i nergy and negative to pressure. But the gross features of

Ref. [12] with C=90 MeVfm  andmy,=80 MeV (dot- QM are still the same.
ted line. Obviously, the lower density behavior of the sound
velocity in our model is opposite to that in the previous IV. SUMMARY
calculation. )
It is interesting to note that if one considers the thermo- W€ have presented a new version of the quark mass-

dynamic relatiorP= — 9(QV)/dV as being more fundamen- density-dependent model for SQM. We first note that the
tal thanP=—Q (as done in Ref[12]), Egs.(41) and (42) previous treatments have unreasonable vacuum limits. Then

should be replaced with we provide a practical method to derive the quark mass for-
mulas. In our thermodynamic treatment, the conventional
bag model is included as an extreme, and the vacuum still
E=E miniF(xi)JrZ m;n;f(x;)+ B, (49 has a constant energy density corresponding to a constant
! ! pressureB. In this new treatment, SQM also has the possi-
bility of absolute stability for a wide range of parameters. A
PZE miniXiZG(Xi)_z min f(x,)—B, (50) noticeable fe_at_ur_e is that the sound ve_Ic_)city is smaller than
i i the ultrarelativistic case at lower densities, contrary to the
previous finding.
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