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Strangelets with nonzero entropy are studied within the MIT bag model. Explicit account is taken of
constraints that strangelets must be color neutral and have a fixed total momentum. In general, masses in
with increasing entropy per baryon, and the constraints work so as to increase masses further. This h
important destabilizing effect on strangelets produced in ultrarelativistic heavy ion collisions.@S0556-
2821~96!50209-2#
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Several ultrarelativistic heavy-ion collision experiments
Brookhaven and CERN are searching for~meta!stable lumps
of roughly equal numbers of up, down, and strange quark
so-called strangelets@1#. If created, strangelets are characte
ized by a very low charge-to-mass ratio, and they could p
vide one of the best indications of quark-gluon plasm
formation.

An extensive body of literature@2# has studied the prop-
erties of strangelets at zero temperature, but the impac
nonzero entropy~temperature!, which is certainly a condition
to be expected in the hot environment of ultrarelativis
heavy-ion collisions, has not been investigated in det
Clearly, the addition of thermal energy will lead to an in
crease in strangelet masses, and this is indeed what is d
onstrated below. Furthermore, additional increases in the
ergy come about when one restricts the strangelets to
color singlets, and to have a fixed total momentum. All
this leads to a destabilization relative to zero entropy~tem-
perature! calculations, which is of significant importance fo
the experimental production and detection of these objec

In the present investigation we study strangelets in
finite entropy regime. We use the multiple reflection expa
sion approach@3# within the MIT bag model@4#, and in order
to study the important consequences of color singletness
definite momentum in a transparent manner, we set all qu
masses equal to zero. Since thes-quark mass is expected to
be in the range of 100–300 MeV we thereby get the ‘‘mo
optimistic’’ values possible~from a production point of
view! for strangelet masses etc. Using zero quark masses
the multiple reflection expansion allows us to write many
our expressions in an analytical form, which is more tran
parent than the numerical integrals and sums otherwise
tained. On the other hand it prevents us from showing in
vidual shell effects in the energy as a function of bary
number; only the mean effects of the shells are includ
Preliminary results from a finite temperature shell-model c
culation by Mustafa and Ansari@5# ~without the color singlet
and momentum restrictions! indicate that shells are washe
out at temperatures exceeding 10–20 MeV, so above
temperature the two approaches should yield identical
sults.
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For pedagogical reasons we first look at strangelet pro
erties without imposing restrictions of color singletness an
definite momentum. Here the general expression for t
grand potential of particle speciesi is

V i57giTE
0

`

dk
dN

dk
ln„16exp$2@e~k!2m#/T%…, ~1!

where the upper sign is for fermions, the lower for boson
m andT are the chemical potential and temperature,k is the
particle momentum,e the corresponding energy, andgi the
statistical weight. The smoothed density of states,dN/dk, is
given by the multiple reflection expansion with MIT bag
model boundary conditions. For massless quarksdN/dk
56$k2V/2p22C/24p2%, whereV andC denote volume and
extrinsic curvature. For spherical strangelets characterized
V54pR3/3 andC58pR an integration gives, per flavor of
massless quarks~including antiquarks!,

Vq52S 7p2

60
T41

m2T2

2
1

m4

4p2DV1S T2241
m2

8p2DC, ~2!

with a corresponding net quark number, i.e., the number
quarks less the number of antiquarks,

Nq52S ]Vq

]m D
T,V

5S mT21
m3

p2DV2
m

4p2C. ~3!

For gluons withdN/dk516$k2V/2p22C/6p2%,

Vg52
8p2

45
T4V1

4

9
T2C. ~4!

Here and in the following we often explicitly write thermo-
dynamical expressions in terms ofm, T, V, andC. One
should notice, that since we concentrate on spherical s
tems, C[8p(3/4p)1/3V1/3, so V is the only independent
‘‘shape’’ variable. However, the use ofC makes it more
clear where finite-size corrections enter. Also,m andT are
sometimes functions of other variables, such as particle nu
berN and entropyS.
R4719 © 1996 The American Physical Society
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The totalV can be found from summing the terms abov
plus the bag energyBV and other thermodynamical quanti
ties such as the free energyF and the internal energyE, can
be derived. For three massless quark flavors of equal che
cal potential~this gives the lowest possible energy and ele
trical neutrality, so that no Coulomb energy needs to
taken into account! one finds

V~T,V,m!5S 2
19p2

36
T42

3

2
m2T22

3

4p2m41BDV
1S 4172T21 3

8p2m2DC, ~5!

F~T,V,N!5S 2
19p2

36
T41

3

2
m2T21

9

4p2m41BDV
1S 4172T22 3

8p2m2DC, ~6!

E~S,V,N!5S 19p2

12
T41

9

2
m2T21

9

4p2m41BDV
2S 4172T21 3

8p2m2DC, ~7!

where the entropyS[2]V/]TuV,m .
Strangelets are in mechanical equilibrium whe

]F/]VuT,N5]V/]VuT,m5]E/]VuS,N50, corresponding to

BV5S 19p2

36
T41

3

2
m2T21

3

4p2m4DV
2S 41216T21 1

8p2m2DC. ~8!

Thus in mechanical equilibrium one gets the following e
pressions for the grand potential, free energy, internal
ergy, and baryon number:

V5S 41108T21 1

4p2m2DC, ~9!

F5S 3m2T21
3

p2m4DV1S 41108T22 1

2p2m2DC, ~10!

E54BV, ~11!

A5S mT21
1

p2m3DV2
m

4p2C. ~12!

Equation~11! follows directly from Eqs.~7! and~8!, and it is
in fact a general result for ultrarelativistic particles in a ba
since the energy density of a relativistic gas is 3 times t
particle pressure, which equalsB, soE53BV1BV54BV.
For massive quarks this result no longer holds.

Dotted curves in the figures illustrate the behavior of e
ergy per baryon as a function of baryon number and tempe
ture or entropy per baryon derived from the equations abo

So far we have not explicitly taken into account the fa
that strangelets have to be color singlets, and must hav
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definite total momentum. To do this we use the color single
and fixed momentum projected grand canonical partitio
function of Elze and Greiner@6#, which we have indepen-
dently checked. This partition function, calculated using th
group theoretical projection method@7#, is derived in a
saddle-point approximation valid at high temperature and/
chemical potential. The partition function is

Z5PcolorPp50Z
~0!, ~13!

wherePcolor is the correction factor due to the color single
constraint, andPp50 is the correction factor due to the fixed
momentum constraint, here taken at zero total momentu
@8#. This factorization is only valid in the saddle-point ap-
proximation.Z(0) is the unprojected partition function for a
collection of noninteracting massless quarks, anti-quark
and gluons in a spherical MIT bag.@The grand potential in
Eq. ~5! equals2TlnZ(0).# Both the partition function and the
projection factors are calculated with a density of state
based on the multiple reflection expansion. The color proje
tion factor is given by

~2pA3Pcolor!
21/45VT3H 21N qF131S m

pTD 2G J
1CT

122N q

12p2 , ~14!

and the factor due to the zero-momentum constraint is

pPp50
22/35VT3p2HN qF 7301S m

pTD 21 1

2 S m

pTD 4G1
16

45J
2CTH N q

72 F113S m

pTD 2G1
4

27J . ~15!

Terms proportional toN q , which is the number of massless
quark flavors, originate from quarks, while the remainin
terms are due to gluons.

We now have the ingredients necessary to calculate t
energy per baryon for a zero-momentum, color-neutral dro
of quark matter at finite temperature~entropy!. As discussed
earlier we concentrate on three flavors of massless qua
with equal chemical potentials. We introduce the constraine
grand potential

Vcon~T,V,m!52TlnZ~T,V,m!. ~16!

For each baryon numberA, we then solve the equations of
mechanical equilibrium,

S ]Vcon

]V D
T,m

50, ~17!

fixed baryon number,

2S ]Vcon

]m D
T,V

53A, ~18!

and fixed entropy per baryon,
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2
1

A S ]Vcon

]T D
V,m

5
S

A
, ~19!

with respect toT, m, andV.
Using E54BV we then calculate the energy per baryo

as a function of baryon number and show the results for fix
S/A in Fig. 1, where dashed curves include the color sing
constraint without the fixed momentum constraint, and fu
curves include both color singlet and fixed momentum co
straints. As expected~when calculated for fixed natural vari-
ableS) both constraints lead to an increase in energy. F
very low A there is no solution to Eqs.~17!–~19!. The lack
of a solution for smallA (A<1–7, depending onS/A; for
S50 solutions exist for allA) is a feature common to the
saddle-point approximation and the numerical calculati
~see Fig. 3!. It can be traced to the breakdown of the approx
mation to the density of states for very low values of th
product of particle momentum and bag radiuskR. Below the
value ofkR corresponding to the ground state, the density
states becomes spuriously negative. For lowA this part of
the spectrum is weighted relatively more.

Results for fixedT @i.e., without imposing Eq.~19!# are
shown in Fig. 2, where the results for the unprojected ca
each of the two projections alone, and together are super
posed for different temperatures. For sufficiently high tem
perature and low baryon number, the effect of~mainly! the
color singlet constraint is equivalent to a lowering of th
temperature by as much as 10 MeV. In other words, t
curve including color singlet corrections~or both correc-
tions! crosses the curves for the unconstrained calculation

FIG. 1. Energy per baryon as a function of baryon number f
strangelets with equal numbers of massless up, down, and stra
quarks.T50 results are shown by the downmost, thin curve. Ot
erwise, dotted curves are results without constraints, dashed cu
with the color singlet restriction, and full curves with both colo
singlet and zero-momentum constraint. The entropy per baryon
10 for the upper set of curves, 5 for the set in the middle, and 1
the lowest set. The bag constant was chosen asB1/45145 MeV. For
other choices ofB the energy scales in proportion toB1/4.
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lower temperatures. It is also seen that the color singlet co
straint is the most important of the two in terms of the effec
on the energy per baryon.

One notices that the effect of color singletness goes aw
for small T (S/A). This is how it should be, because for
T50 there is no problem in constructing a color neutra

FIG. 3. The energy per baryon forS/A55 andB1/45145 MeV
including only the color singlet constraint. The saddle-point ap
proximation~dashed line! is seen to be in very good agreement with
the result obtained from a numerical evaluation of the color pro
jected partition function~shown as1). No solutions were found for
A<2. The unprojected result is shown for reference~dotted line!.
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FIG. 2. The energy per baryon in the unprojected case~dotted
lines!, including the zero-momentum constraint~dashed-dotted
lines!, including the color-singlet constraint~dashed lines!, and with
both constraints~full lines!. The calculations were again done for
B1/45145 MeV and 3 massless quark flavors. From bottom to to
T50,10,20,30,40 MeV. The lower end point of all curves is a
A53.
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strangelet by placing quarks in the lowest energy levels~e.g.,
constructing a strangelet withA56 from 2 blue, 2 green, and
2 red up quarks, and similarly for down and strange quar
with all quarks in the 1S1/2 ground state!. For T.0 quarks
are statistically distributed over energy levels, and the co
straints reduce the number of possible configurations, forc
the energy up. Also, the constraints are only important f
A,100.

The validity of the saddle-point approximation is demon
strated in Fig. 3, where the approximation is compared w
the result of a numerical integration, for a particular choi
of parameters. In the high chemical potential regime relev
to the present investigation the approximation is very goo

As stated in the introduction we have assumed zero qu
masses in the interest of clarity and ease. Nonzero qu
masses, in particular that of thes quark, will of course fur-
ther increase strangelet masses. ForT50 this increase mani-
fests itself as a well-understood shift inE/A @9#. We expect
a similar shift to occur forT.0. Since there are more up an
down quarks~and gluons, at highT) than there are strange
quarks in the ground state strangelets forms.0, there is no
reason to believe that the quantitative effects of finite e
tropy, color singlet, and momentum constraints differ signi
cantly from those found in the present paper.

We have shown that the mass of strangelets increa
with the entropy per baryon, or temperature, of the syste
ks,
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At fixed entropy per baryon the mass is further increase
when the objects are constrained to be color singlets, and~to
a lesser extent! by the requirement of a definite total momen
tum ~taken to be zero in the calculations@8#!. The total mag-
nitude of the effect is of order 80 MeV/baryon for tempera
tures of 40 MeV ~which for high baryon numbers
corresponds to roughly 4 units of entropy/baryon!, and in-
creases rapidly for higher entropy~temperature!. This impor-
tant change in energy~and other corresponding thermody-
namical parameters! must be taken into account in models
for production and detection of strangelets in ultrarelativisti
heavy ion collisions. In particular, it is worth noting that the
relative importance of the effects grows in the low-baryo
number regime that is easiest to probe in laboratory expe
ments. This will make strangelet searches in these regim
more difficult, but metastability still seems possible for som
parameter choices@10#, and in any case more detailed pro-
duction and evolution models for strangelets are needed
give a definite prediction of the experimental signature. Th
effects described in this investigation also play a role in re
lation to quark matter formation in other circumstances, suc
as protoneutron stars.
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