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The possibility of stable strange quark matter (both bulk and quasibulk) at finite temperature and

some of its gross properties have been investigated with the dynamical density-dependent quark mass

model of confinement. The possibility of metastable and/or stable strangelet formation in ultrarelativis-

tic heavy-ion collisions has also been discussed.
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I. INTRODUCTION

It was argued by Witten [1] that fiavor-symmetric bulk
strange quark matter (SQM) may be an absolute ground
state of matter near nuclear density at zero temperature
and zero pressure. This speculation was investigated
[2—4] using the most popular phenomenological bag
model results [5]. With the same model, the stability of
strange droplets and their gross properties have also been
studied [6]. Recently the stability of SQM at finite tem-
perature has got some special interest [7,8].

It is generally expected that if the density of a superno-
va remnant (the neutron star) is sufficiently high, neu-
trons may overlap and form a large cluster of quark
matter. Since SQM is energetically favorable over non-
strange quark matter (QM), the whole star will be con-
verted to a strange star by the weak decays (and also re-
actions) of u and d quarks. The temperature of the star
may be a few MeV [9—11].

During the quark-hadron phase transition in the early
Universe, which is assumed to be first order (or at least
weak first order) in nature, quark matter may be trapped
within the infinite network of hadron bubbles. This
trapped quark matter finally collapses to form a large
cluster of quark matter or quark nugget and subsequently
by the weak decay of light quarks a bulk structure of
SQM will be produced [1].

Recently it has also been argued that if a baryon-rich
quark-gluon plasma is formed in ultrarelativistic heavy-
ion collisions [12], strangelets might play an important
role. In this particular case an equal number of s and s is
created by the reactions qq ~ss and gg —+ss where (q ) q
stands for light (anti)quarks and g stands for gluon.
These are strong interaction processes and further
creation of u and d quarks (by pair production of gluons)
are suppressed or forbidden by the Pauli exclusion princi-
ple. The produced antistrange quarks will combine with
u and d quarks and give rise to K+ and K mesons. They
will come out of the hot and baryon-rich quark-gluon
plasma (QGP) bubble. Since the abundances of u and d
quarks are very low (due to Pauli suppression), the emis-
sion of K and E will also be very rare. As a result the
strangeness fraction in the QGP bubble will increase con-
tinuously with time and finally, depending on the density,

temperature and strangeness content of the system, the
QGP bubble (which is now strangelet or strange droplet)
may become a metastable or stable system. It is therefore
interesting to study the stability of both bulk as well as
quasibulk SQM at finite temperature both from the points
of view of cosmology or/and astrophysics and ultrarela-
tivistic heavy-ion collisions.

In a series of papers [11,13—16], we have investigated
the stabilities of both bulk and quasibulk SQM at zero
temperature and the results obtained differ significantly
from those of the previous authors [2—4]. In our studies,
a dynamical density-dependent quark mass mode1 of
confinement was introduced, which is one of the best
models of quark confinement. According to this model
the mass of a quark is extremely small inside a hadron
and is infinitely large outside [13]. The predictions of this
model are more or less consistent with the lattice results.
On the other hand, the phenomenological bag model a
priori assumes that, within the bag, quarks are asymptoti-
cally free. But the recent results [17] from lattice calcula-
tions show that quark matter does not become asymptoti-
cally free immediately after the phase transition, even if it
is first order in nature; it approaches the free gas equation
of state rather slowly; some hadronic degrees of freedom
remain within quark matter immediately after the phase
transition; in this context the bag model is thus an inade-
quate description of confinement. In our previous studies
we have obtained a stable configuration of noninteracting
bulk SQM at densities around 7—8no (no-0. 17 fm

the normal nuclear density) [13]. When an interaction is
switched on among the quarks (which was treated by the
relativistic version of the Landau theory of a Fermi liquid
[15,18]) the stability point was shifted to 5no [15];but in

both the cases the internal kinetic pressures remain
nonzero, which again contradicts Witten s speculation.
This model also predicts the stability of strangelets at
zero temperature and the stable density is -2no [14].
The stability point (density) is shifted due to the surface
effect. We have also studied, with the same model of
confinement, the gravitational stability and some gross
properties of strange stars [15]. We have reproduced
some of the expected parameters for submillisecond pul-
sars. The density of a strange star (from core to surface)
is again very close to the density range within which bulk
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SQM is stable, which is not the case with the bag model
of confinement.

In this paper we shall investigate the conditions of sta-
bility and some global properties of bulk and quasibulk
SQM at nonzero temperature. A modified form of the
dynamical density-dependent quark mass model of
confinement at TWO will be used [11].

The paper is organized in the following manner. In
Secs. II and III we have investigated the stability and
some global properties of bulk and quasibulk strange
quark matter. Section IV deals with the possibility of
strangelet formation in ultrarelativistic heavy-ion col-
lisions, and Sec. V contains the discussions and con-
clusions.

are assumed to leave the system freely (no Pauli block-
ing), so that p = —p =0.

Overall electrical charge neutrality of the SQM system
gives

26n„=And +An, +3hn, , (6)

F=Eq+E'e

where

aQ;
e = P+—gp, n, —T g

(7a)

(7b)

where b,n, is given by Eq. (2). Then the free energy den-
sity e of the system can be written as

II. STABILITY OF BULK STRANGE
QUARK MATTER AT TAO

Let n~ be the baryon number density of strange quark
matter, given by

ns =
—,'(bn„+And+En, ),

where

An; =n; —n;

g& 1

(2~)3 exp[p(e; —p; ) ]+ 1
d p

is the free energy density of the quark sector, i =u, d, and
s (also their antiparticles), and

(7c)

is the electronic free energy density; here i =e and e, P,
and P, are the kinetic pressures of quark part and elec-
tronic part, respectively, and are given by

1
2

Q '+m'

1

exp[13(e, +p, ) ]+1
(2)

1 +
exp[P(e, —p;)]+1

1

exp[P(e;+ p; ) ]+1

m, =I, +B/3nz, (3b)

where B is the vacuum (nii ~0) energy density, m, is the
current mass of s quark (and also 7), whereas for the light
quarks and antiquarks the current mass is assumed to be
zero, which is in agreement with the asymptotic freedom
and the restoration of chiral symmetry at very high den-
sity.

Inside SQM, s (and also Qs quarks are produced
through the weak processes

u+d~u+s, s~u+e +v, ,

+e ++e~ + ~d+ ve
(4)

and similarly for the antiquarks. The dynamical chemi-
cal equilibrium among the participants yields

pd =@,=p(for example) and p„=p p, , —

where u, d, s, and e stand for the u quark, d quark, s
quark, and electron, respectively (for antiparticles
p; = —p;, where i =u, d, s, and e). The created neutrinos

(n; ) n; is the number density of the (anti)fiavor i (i =u, d,
or s), g; =6, the degeneracy factor, p; is the chemical po-
tential (for antiparticle P; = —p;), and e; =Qp +m, is
the single-particle energy of the same Aavor.

The masses of u, d (or u and d), and s (or Qs quarks are
parametrized in the following manner [13]:

m, „=Bi3n-, ,

(7d)

where i = u, d, s, or e. The thermodynamic potential den-
sity Q; is given by

J d pin(l+e ' ' )= P;, —
(2vr)'

(7e)

where i =u, d, s (or u, d, s), and e (or eg.

For the stable configuration of SQM, the free energy
per baryon (es) should be less than Mz, the nucleon
mass. One can make the energy per baryon for SQM
even less than the corresponding quantity for iron by
properly adjusting the numerical value of the parameter
8. The value of this parameter has to be reduced slightly.
Here, we have not considered the reference energy as the
energy needed to emit a neutron. We have studied nu-
merically the emission of neutrons from the surface of
SQM, using a Monte Carlo coalescence model. At the
surface we have chosen three quarks randomly with mo-
menta very close to each other, and spins, colors, and
Aavors are adjusted properly to construct neutrons. We
have seen that the emission rate of neutrons is negligibly
small.

To obtain the chemical potentials for the constituents
of SQM we have solved Eqs. (1) and (6) numerically with
the chemical equilibrium conditions (5), for a given
baryon number density nz and temperature T. The pa-
rameter B is adjusted in such a way that bulk QM system
becomes just unstable (i.e., e~ for QM becomes just
greater than M&).
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Knowing the values of chemical potentials for all the
constituents we have evaluated the electron and strange-
ness densities, given by n,- = —BA;/Bp;, where i =e and s,
for various values of baryon density and temperature.
We have also calculated energy/baryon for SQM for the
same values of density and temperature.

In Fig. 1, we have plotted the variation of
energy/baryon for SQM with baryon number density, for
two different temperatures [30 MeV (curve a) and 10
MeV (curve b)]. The values of the parameter B are re-
spectively (148 MeV) and (180 MeV) for these two tem-
peratures. It is to be noted that beyond T=35 MeV
there is no stable configuration of SQM for an acceptable
value of B [~ (140 MeV) ?]. For both these cases, the
minima of ez occur near 2.2no.

In Fig. 2 the temperature dependence of ez's are plot-
ted for two different baryon number densities (2no and
4no) Bo.th these curves show that e~ is a monotonically
increasing function of T and SQM becomes unstable for
T) 35 MeV.

In Fig. 3 we have presented the variation of the
strangeness fraction for a stable SQM system with the
baryon number density for the temperatures and parame-
ter B as discussed above. Both the curves show that with
the increase of baryon number density the strangeness
fraction increases and saturates to a constant value —,',
which is the flavor symmetric situation. Since, at high
baryon density regime, the production cross section of s
quarks and the absorption cross section of electrons are
very high (mean free path of electron becomes extremely
small), the system will try to become globally charged
neutral by properly adjusting the numbers of u, d, and s
quarks and electrons (and also their antiparticles). As a
consequence, the system will become almost flavor sym-
metric (b,n„=b,n„=b.n„) at very high density.

Figure 4 represents the variation of the strangeness
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FIG. 2. Temperature dependence of energy per baryon;
curves (a) nz =2nD and (b) nz =4no.

fraction with temperature for n~ =2no and 4no. These
curves show that the strangeness fraction is an increasing
function of temperature. But beyond some baryon num-
ber density ( ~ 5no), it saturates to a maximum value —,

'

and becomes independent of temperature.
The variation of electron density with baryon density is

plotted in Fig. 5. The behavior of electron density is just
opposite to that of the strangeness fraction; it decreases
with the increase of baryon number density. Unlike the
strange quark density, the electron density is extremely
small for all densities and temperatures.

Figure 6 shows the variation of electron number densi-

ty with temperature and is an increasing function of tem-
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FIG. 1. Variation of energy per baryon with the baryon num-
ber density (expressed in terms of no) for T=10 MeV (curve b)
and 30 MeV (curve a).

FIG. 3. Variation of strangeness fraction (n, /nq) with the
baryon number density; curves (a) T=10 MeV and (b) T=30
MeV.
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FIG. 4. Temperature dependence of strangeness fraction;
curves (a) n& =2no and (b) n& =4no.

FIG. 6. Temperature dependence of electron number density;
curves (a) n~ =2no and (6) n~ =4no.

perature. An increase of temperature increases the mean
free path of electrons inside SQM.

III. STRANGELETS AT TAO
ng = 3

4~ro3
'

inside the strangelets, we have

For the sake of simplicity we assume the shape of
strangelets to be spherical (which is again a necessary
condition to minimize the surface energy). Then the ra-
dius R can be parametrized in the form

hence
1/3

4mn~
(10)

R =r 3'i
0 (g) and then following (3a) and (3b), we have

where A is the total number of baryons present in the
strange droplet and ro is an unknown parameter and has
to be determined. Assuming a uniform baryon density

3m d d=C)ro

m =m, +C&ro,

(1 la)

(1 lb)

where C, =4~B/9.
Unlike bulk SQM, in this case the total energy is given

by the sum of volume and surface energies

10—

m;

where e„& is the volume energy density, V is the total
volume, e,„,& is the surface energy density (energy/surface
area), and S is the surface area surrounding the volume
V.

Then following Berger [19] (see also Ref. [20]), we have

T d k 2 k
1 ——arctan32,. ' k

X ln 1+exp (13)

10
0

I

4

FIG. 5. Variation of electron number fraction (n, /nq) with
the baryon number density; curves (a) T=30 MeV and (b)
T=10 MeV.

where o is the surface tension and i =u, d, and s (and also
their antiparticles). In the case of electrons (or posi-
trons), m, =0 and, therefore, cr =0 (no surface contribu-
tion from massless components). This expression for sur-
face tension follows immediately from the work of Balian
and Bloch [21] using the bag model boundary conditions
(see also Ref. [22] for an excellent discussion). In our
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confinement model, which is entirely different from the
MIT bag model, the mass of the quark becomes infinity
just outside the hadrons. The scenario is physically
analogous to the confinement of quarks in an infinite po-
tential well. In this case, the quark wave function van-
ishes at the boundary, which is the well-known Dirichlet
boundary conditions. This condition uniquely specifies a
solution at the boundary, which is zero in this particular
model of confinement. Here we do not need derivatives
of the wave function at the boundary. However, in this
model, since the total energy density is finite in vacuum
(which is B, for n ~0), the second derivative of the wave
function must become infinity at the surface and, as a
consequence, its first derivative is discontinuous at the
boundary. Then following Balian and Bloch [21], the
modified form of Eq. (13) which is appropriate for our
model, is given by

220 =
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FIG. 8. Temperature dependence of strangelet surface ten-
sion; curves (a) nz =6no, (b) n& =4no, and (c) nz =2nD.

T d k
gg; J ln 1+exp32~'; ' (13a)

where i =u, d, and s, and their antiparticles. Here the
electrons can go out of the system and form a thin layer
at the strangelet surface. This electronic layer will be
bounded to the positively charged strange nucleus by a
strong attractive Coulomb potential (V=20 MeV). In
this calculation we have neglected the surface energy
contribution from the electronic part.

Solving numerically for chemical potentials of the con-
stituents as before, we have evaluated the surface tension
of the strangelet for various values of baryon density,
temperature, and parameter B. Also in this case the pa-
rameter B is adjusted to make the nonstrangelet just un-
stable. The values of B ' are = 155 MeV, = 162 MeV,
and = 184 MeV for the temperatures 10, 35, and 50 MeV,
respectively. In this case T =55 MeV is the upper limit
for the strangelet temperature, beyond which there can-
not be any stable configuration.

1
(e„,iV+e,„,P) &M~ . (14)

In Fig. 7, we have plotted density dependence of o'
for three different temperatures. These curves show that
the surface tension of the strangelets is an increasing
function of baryon number density.

Figure 8 shows the variation of surface tension with
the temperature of the system and is a decreasing func-
tion of temperature, but the variation is very slow. Fig-
ure 9 shows the variation of o' with the parameter B
for three different temperatures and fixed baryon number
density n~ =2nD. The surface tension first increases with

B, reaches a maximum value, and then decreases continu-
ously. The maximum value is a function of temperature.
Within the values of B, for which strangelets are predict-
ed to be stable, the surface tension is an increasing func-
tion of B.

Now for the stability of strangelets, the total energy
per baryon should be less than M&, i.e.,
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FIG. 7. Baryon density dependence of strangelet surface ten-
sion; curves (a) T=50 MeV, (b) T=30 MeV, and (c) T=10
MeV.

FIG. 9. Variation of surface tension with the parameter B;
curves (a) T=50 MeV, (b) T=30 MeV, and (c) T=10 MeV;
Plg =27lo ~
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For spherical strangelet S =4aroA, which leads to the
minimum value of the baryon number content of a stable
strangelet A„(critical mass number) given by

3
4m.r oo.2

~N ~B
(15)

where ez =F.„,~ In~, the bulk energy per baryon.
Equation (15) shows that the critical mass number is a

function of temperature, baryon number density, and pa-
rameter B.

In Fig. 10, the variation of the critical mass number
with the baryon number density of the system is shown
for two different temperatures. For both the tempera-
tures, there are some allowed regions in the A„—n~
space for which A„ is finite, indicating the possibility of
stable strangelet formation in this regime. Beyond these
regions, the critical mass number becomes infinitely
large. It is also seen from these figures that, with the in-
crease of temperature, the allowed region gets narrower.

Figure 11 shows the temperature dependence of the

FIG. 12. Variation of critical mass number with the parame-
ter B; curves (a) T=10 MeV and (b) T =30 MeV; n& =2no.

2ll „P1d 71

n„+nd+n,
(16)

critical mass number of a stable strangelet for two
different baryon number densities ( n~ =2n 0 and 4n o)
For low baryon number density, A,', remains almost
constant up to a certain temperature and then suddenly
increases to a very large value and finally goes to infinity,
indicating the barrier and upper limit of the temperature
beyond which there cannot be any stable strangelet. For
high baryon densities, the critical temperatures are shift-
ed towards the lower values.

In Fig. 12, the variation of A„with parameter B is
plotted. In this case also, there is an upper limit of B
beyond which there cannot be any stable strangelet.

Now the ratio of protonic charge (Z) and the total
baryon number ( A ) of the strangelet is given by
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FIG. 11. Temperature dependence of critical mass number;
curves (a) n& =2no and (b) n& =4no.

FIG. 13. Variation of Z/A with the baryon number density;
curves (a) T =30 MeV and (b) T=10 MeV.
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IV. STRANGELETS IN ULTRARELATIVISTIC
COLLISIONS
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FIG. 14. Temperature dependence of Z/A.

This ratio has been evaluated for various values of n~, T,
and B.

In Fig. 13, the variation of Z/A with the baryon num-
ber density is plotted for two different temperatures. The
ratio first increases, reaches a maximum, and then de-
creases continuously. Curve a is for T=30 MeV and
curve b is for 10 MeV, respectively. Unlike a stable nu-
cleus for which Z/3 =1/2 here it is extremely small
( ( 10 ). This is one of the peculiarities of stable
strangelets.

Figure 14 shows the variation of Z/A with tempera-
ture. The ratio remains much less than 10 up to the
stability temperature 55 MeV, but the ratio is an increas-
ing function of temperature.

On the other hand, Z/A is an increasing function of 8,
but the variation is very slow. In Fig. 15, we have plotted
this variation for two different values of baryon number
density ( =2no and 4no) and constant temperature T = 10
MeV.

f25 175 225
B (M eV)

FIG. 15. Variation of Z/3 with 8' for two different values
of n& ( =2no, upper curve and 4no, lower curve) and T = 10
MeV.

If a baryon-rich QGP is formed in ultrarelativistic
heavy-ion collisions, an equal number of s and s quarks
will be created by the annihilation of light quarks and an-
tiquarks and also by the pair production of gluon pairs.
Since the chemical potentials of both u and d quarks (and
their antiparticles) are nonzero, further creation of uu or
dd pairs will be suppressed. Since initially (inside the col-
liding nuclei), there was no strange quark, the initial
chemical potentials p, (t =0)= —p, (t =0)=0. Now an-
tistrange quarks produced in the system can combine
with u or d quarks and give rise to K+(su ) or K (sd )

mesons and will be evaporated out through the QGP sur-
face. Since the abundances of u and d quarks are ex-
tremely low, the production of K (su ) and K (sd )

mesons will consequently be very rare. As a result, the
strangeness fraction in the QGP bubble will continuously
increase with time and, as a consequence, the chemical
potential of strange quarks will also increase (n, or p, will
be functions of time). The temperature of the system de-
creases due to the combined effects of expansion, pion
evaporation (these two processes will not change the
strangeness content of the system) and kaon evaporation.
Since p, is a function of time, ultimately the strangeness
fraction within QGP will saturate to a maximum value.
At that moment the rate of creation of ss pairs and their
annihilation rate plus evaporation rates of K+ and K be-
come just equal in magnitude. Recently Cxreiner and co-
workers [12] have done an exhaustive work on the distil-
lation and survival of strangelets in ultrarelativistic
heavy-ion collisions using the rate calculation method.
In this section we are not going to repeat those calcula-
tions again. Our intention is to see whether the
confinement model proposed by us [13] is able to predict
the existence of stable strangelets, whose origin is the ul-
trarelativistic heavy-ion collisions.

In our treatment, strangeness (n, ), baryon density

(n~ ), and temperature (T) are variables and we shall try
to find out the ranges of n.„n~, and temperature T within
which such a system is stable. In our calculation, we are
considering a situation where the strangeness fraction has
already been saturated to a maximum value, and a
strange droplet has been produced, i.e., the last stage of
the evolution of the strange droplet. Since the saturated
value of the strangeness density is a function of both
baryon number density and temperature, we are treating
all of them as parameters and we have investigated the
stability of the strangelet in this parameter space.

Unlike cosmic or astrophysical SQM, where strange
quarks are produced through the weak processes (4), here
the underlying processes are strong in nature. Again, the
system is not necessarily electrically neutral. The only
condition one can impose is the baryon number conserva-
tion, provided no baryons are evaporated out from the
QGP bubble (which is possibly true at the last stage of
the evolution of the QGP bubble when the temperature
becomes much less than Mz, the nucleon mass). Then
~~iti~g p„=pd =pq, one can solve for pq and for a given
strange quark density n„ the strange quark chemical po-
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FIG. 16. Variation Z/A with the strangeness fraction n, /nq
of a strangelet formed in ultrarelativistic heavy-ion collisions.

FIG. 17. Variation of Z/A with nz /no, for n, =0;1nq (upper
curve) and n, =0.3nq (lower curve).

tential p, can be evaluated, where n~ is given by Eq. (1)
and

Ns 1
ns 3 dp(2~)' exp[ate )Lt. ) ]+ 1

1

exp[P(e+ p, )]+1
(17)

We have seen that the density range within which the
system is stable is 1.6—3.5no, and the upper limit of the
temperature is =40 MeV. The lower and upper limits of
the strangeness fraction (n, /nq ) are 0.13 and 0.7, respec-
tively (provided by the baryon density lying within the
range stated above). In Fig. 16, we have plotted

Z/3 =n„/nz —1=0.5(1—n, /3nz )

for a stable strangelet for different values of the strange-
ness fraction (n, /n ). Obviously, the ratio Z/2 remains
positive and less than 0.5 up to the strangeness fraction
value —,

' and then becomes negative (when the system be-
comes more than flavor symmetric, which is an unphysi-
cal situation) and then decreases monotonically. We have
also noted that for a given n„Z/A first increases and
finally saturates to a constant value 0.5 for large n . In
Fig. 17, we have shown the variation of Z/3 with n~ /no
for two different values of n, .

possibility of stable SQM at finite temperature. The den-
sity regime, within which bulk SQM is stable is lying be-
tween 1.8no and 5no. The minimum value of ez occurs
at =2.2no. This density point is again independent of
temperature, whereas the density range for which the
strangelets are stable lies between 2no and 4no.

The strangeness fraction increases with the increase of
both the baryon number density as well as temperature of
the system. Beyond n~=5no, the strangeness fraction
saturates to a constant maximum value —,', which is the
flavor-symmetric situation. In this regime, the rate of ab-
sorption of electrons by u quarks balances its rate of
creation.

The ratio Z/A for strangelets is much smaller than
that of stable nuclei. For cosmo or astrophysical strange-
lets, Z/3 can be defined only after n~ ~ 1.1no, whereas
for the strangelets, whose origin is ultrarelativistic
heavy-ion collisions, this ratio is independent of T, and
decreases linearly both with n, and 1/n~ for given nz
and n„respectively. The ratio is positive and less than
0.5 up to a Aavor-symmetric situation and then becomes
negative and decreases continuously. On the other hand,
for a given n„ the ratio Z/A saturates to 0.5 for some
large value of n~ and this limiting value increases with
the increase of n, . This is in good agreement with the re-
cent results obtained by Greiner and co-workers [12].
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