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Properties of strangelets at finite temperature in the liquid drop model
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A comprehensive study of the properties of strangelets at zero and finite temperature is presented withi
framework of liquid drop model, including the essential finite size effects. Strong parameter dependences o
properties are found and discussed.
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I. INTRODUCTION

It was argued by Witten@1# that strange quark matte
might be the ground state of normal nuclear matter at z
temperature and zero pressure, which was later supporte
the studies of Farhi and Jaffe@2# based on MIT bag model
The existence of stable strange quark matter would h
some remarkable consequences in cosmology and astrop
ics. For instance, it has been suggested@1# that some of the
dark matter in the Universe could possibly exist in the fo
of strange quark matter which was produced when the U
verse underwent the quark to hadron transition. The poss
transition of a neutron star into a strange star was discus
as well@3,4#. In addition, there have been proposals that
strange stars might be the sources of gamma rays with v
high intensities@5,6#. Recently Greiner and his collaborato
@7# have proposed that small lumps of strange quark ma
~‘‘strangelets’’! might be produced in ultrarelativistic heavy
ion collisions, and they could serve as an unambiguous
nature for the formation of quark-gluon plasma. In fact, se
eral heavy-ion collision experiments at Brookhaven a
CERN are searching for strangelets@8#.

Most strange quark matter investigations@2,9,10# have
been performed based on shell model or liquid drop mod
While calculations in shell model are rather tedious, recen
Madsen@11# has pointed out that the general structure
shell model results can be obtained more readily from liq
drop model. On the other hand, strange quark matter at fi
temperature has attracted some special interests@12,13#,
since in some cases, such as ultrarelativistic heavy-ion c
sions, strange quark matter is expected to exist in a hot
vironment. However, these studies of strange quark matte
finite temperature have not completed the treatment of fin
size effects, which are expected to play a substantial role
strangelets possibly appearing in the scope of ultrarelativi
heavy-ion collision experiments@14#. The present work is an
attempt to apply liquid drop model to strangelets at fin
temperature, and could be a step towards the studies of p
structure and evolution of strange quark matter. We will
clude the important finite size effects~volume, surface, and
curvature contributions! to study the overall properties o
strangelets at finite temperature, which might give so
clues to the search of strangelets.
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In the literature@2,11,15# there have been discussions o
parameter dependences of the stability of strange quark
ter at zero temperature. However, it is interesting as wel
study how the parameter ‘‘windows’’ for stable strange qua
matter would become, if strange quark matter at finite te
perature, e.g., strange stars with a temperature up to ten
MeV, is assumed to exist stably in nature. In this work w
shall investigate the properties of strange quark matte
finite temperature for a wide range of parameters.

II. FORMALISM

We consider the strangelet as a gas of up, down, stra
quarks, their antiquarks, and gluons confined in an MIT b
In liquid drop model@11#, the grand potential of the system
is given by

FIG. 1. Free energy per baryonF/A as a function of the strange
ness fractionf s with ~dashed lines! and without~full lines! Cou-
lomb corrections, at temperatureT50 ~upper two curves! and
T530 MeV ~lower two curves!, for strangelets with a baryon num
berA5100, withms5150 MeV andB1/45145 MeV.
1903 © 1996 The American Physical Society
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FIG. 2. ~a! Internal energy per baryonE/A, ~b! strangeness fractionf s , ~c! charge-to-baryon-number ratioZ/A, and~d! averaged radius
per baryonR/A1/3 as a function of temperatureT, for A520 ~full lines! andA5100 ~dashed lines!, with ms5150 MeV andB1/45145 MeV.
-

d

ns
V5(
i

V i1BV. ~1!

Here B is the bag constant,V is the bag volume, and the
grand potential of particle speciesi can be written as

V i57TE
0

`

dk
dNi

dk
ln„16exp$2@e i~k!2m i #/T%…, ~2!

where the upper sign is for fermions, the lower for boso
m andT are chemical potential and temperature,k ande i are
particle momentum and energy. In a multiple reflection e
pansion@16# the density of states is given by
ns,

x-

dNi

dk
5gi H 1

2p2 k
2V1 f S

~ i !Smi

k D kS1 f C
~ i !Smi

k DC1•••J .
~3!

For spherical strangeletsV5(4/3)pR3 is the volume of the
bag,S54pR2 is the surface area, andC58pR is the ex-
trinsic curvature of the bag surface. The factorgi is the sta-
tistical weight~6 for quarks and antiquarks, and 16 for glu
ons!.

The surface term for quarks was given by Berger an
Jaffe @17# as

f S
~q!Smq

k D52
1

8p H 12
2

p
arctan

k

mq
J . ~4!

In particular, the surface term for massless quarks and gluo
is zero. It has been shown by Madsen@11# that the following
ansatz works for the curvature term of massive quarks:
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FIG. 3. ~a! Internal energy per
baryonE/A, ~b! strangeness frac
tion f s , ~c! charge-to-baryon-
number ratioZ/A, and ~d! aver-
aged radius per baryonR/A1/3 as a
function of baryon numberA, at
temperatureT50 ~full lines! and
T530 MeV ~dashed lines!, with
ms5150 MeV and B1/45145
MeV.
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1

12p2 H 12
3k

2mq
S p

2
2arctan

k

mq
D J . ~5!

For gluons the curvature term is@18#

f C
~g!52

1

6p2 . ~6!

After the construction of the grand potential as above,
can readily obtain the thermodynamical quantities of the s
tem as follows. The net number of quarks, i.e., the numbe
quarks minus the number of antiquarks, can be derived fr

Ni52S ]V i

]m i
D
T,V

, ~7!

and

A5
1

3 (
i
Ni ~8!

gives the total baryon number of the strangelet. The f
energyF and internal energyE of the strangelet are given b
e
ys-
of
om

ee

F5(
i

~V i1Nim i !1BV, ~9!

and

E5F1TS ~10!

with the entropyS52(]V/]T)V,m .

III. NUMERICAL RESULTS

We can study the ground state properties of strangelet
finite temperatureT, i.e., the lowest mass state for a give
baryon numberA and temperatureT, by minimizing the free
energyF with respect to the net number of quarksNq , Ns
and the volume of the systemV, at fixed baryon number
A. However, for the sake of illustration, in Fig. 1 we vary th
strangeness fractionf s5Ns /A ~net number of strange quark
per baryon! instead ofNs , to show the minimum of the free
energy per baryon. While the free energy per baryon
creases as temperature rises up from zero to 30 MeV,
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1906 53Y. B. HE, C. S. GAO, X. Q. LI, AND W. Q. CHAO
value of f s which minimizes the free energy per bary
changes little. Actually, as it will be shown later, the stran
ness fraction of strangelet in its ground state has weak
pendence on temperature.

An easier way to investigate the ground state propertie
strangelet is to minimize the free energy analytically w
respect toNq , Ns , andV, under the constraint Eq.~8! for
fixedA, which leads to the mechanical equilibrium conditi

2(
i

]V i

]V
5B, ~11!

and the optimal composition condition

mq5ms . ~12!

~For details see the Appendix.! Equation~11! has the expla-
nation that the pressure exerted by the quarks and gluo
the bag is balanced by the bag pressureB. Equation~12!
might be unexpected, however. It could be interpreted
follows. Since the total number of quarks (5Nq1Ns53A)
in the strangelet is fixed, the free energy of the system
minimized when adding a massless quark~up or down
quark! to the strangelet is energetically as favorable as a
ing a massive strange quark, i.e.,mq5ms . Equation~12! is
usually considered as a consequence of bulk strange m

FIG. 4. Critical baryon numberAcri as a function of temperatur
T, for two different values ofms , ms5150 MeV ~full line! and
ms50 ~dashed line!, with B1/45145 MeV.
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at energy minimum. We argue that Eq.~12! holds for
strangelets as long as the liquid drop model is applica
~applicability of liquid drop model to strangelets has be
approved by Madsen@11#!. Nevertheless, if some other con
tributions, e.g., Coulomb effects, are taken into account,
simple relationship in Eq.~12! will be modified. Equations
~8!2~12! altogether specify the ground state properties
strangelets.

A strangelet at zero temperature is stable relative to56Fe
nuclei if its energy par baryon,E/A, is less than 930 MeV. At
finite temperature, however, a strangelet can radiate elem
tary particles like nucleons and pions from its surface. Wh
it does not lead to the breakup of a hot strangelet but ra
favors the creation of a cold strangelet, pion emission is s
pressed at low temperature by a factor;exp(2mp /T)
(;0.01 atT530 MeV!. Furthermore, for a strangelet wit
E/A,930 MeV, nucleon emission proceeds via energy flu
tuations and will be greatly suppressed@7,12#. If E/A.930
MeV, on the other hand, nucleon emission process has
threshold and goes much faster, which might drive the
strangelet to a complete hadronization. Therefore, in
context we shall call a strangelet stable if itsE/A is lower
than 930 MeV throughout this work.

In Fig. 2~a! we have presented the~internal! energy per
baryon as a function of temperature, for two different bary
numbers,A520 and 100, with bag constantB1/45145 MeV
and strange quark massms5150 MeV. Note that the strange
let with a baryon numberA5100 is stable only for tempera
tureT&20 MeV. @The dot-dashed line in Fig. 2~a! marks an
energy per baryon of 930 MeV.# We see also that the uppe
limit of temperature for stable configuration of strangele
depends on baryon number. This is a consequence of
inclusion of finite size effects. More discussions will b
given in Fig. 4.

Figures 2~b!–~d! show the temperature dependence of
strangeness fractionf s , charge-to-baryon-number rati
Z/A, and averaged radius per baryonR/A1/3 of strangelets
with A520, and 100, forB1/45145 MeV andms5150 MeV.
It can be seen thatf s andR/A

1/3 increase, andZ/A decrease
slowly, when the temperature rises up. It is expected thaf s
will saturate to unity, andZ/A will decrease to zero, when
the temperature is high enough, since at that stage the m
difference between up, down and strange quarks is unim
tant, the system will tend to become flavor symmet
(Nu5Nd5Ns) and globally charged neutral. Our observ
tion of Z/A as a decreasing function of temperature diffe
from that of Chakrabarty@13#.

In Figs. 3~a!–~d! we have plotted the energy per baryo
E/A, strangeness fractionf s , charge-to-baryon-number rati
Z/A, and averaged radius per baryonR/A1/3 as a function of
baryon numberA, for two temperaturesT50 and 30 MeV,
with B1/45145 MeV andms5150 MeV as well. One can se
from Fig. 1~a! that there is a lower limitA cri to the baryon
number of a stable strangelet~whoseE/A,930 MeV!. This
critical baryon number is a function of temperature, para
etersB ~bag constant! andms ~strange quark mass!, as will
be shown later. Except for sufficiently low baryon numb
we see thatf s , Z/A andR/A1/3 depends weakly onA. Their
typical values aref s.0.4–0.6, Z/A.0.15–0.3,R/A1/3.
0.95–1 fm.

Figure 4 shows the critical baryon number as a function

e
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FIG. 5. ~a! Internal energy per baryonE/A, ~b! strangeness fractionf s , ~c! charge-to-baryon-number ratioZ/A, and~d! averaged radius
per baryonR/A1/3 as a function of bag constantB1/4, for strangelets with baryon numberA550, at temperatureT50 ~full lines! and
T530 MeV ~dashed lines!, with ms5150 MeV.
s
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he
temperature, for two different values ofms , ms5150 MeV
~full line! andms50 ~dashed line! with B1/45145 MeV. For
temperatures low enough, the critical baryon number
creases little. However, beyond some temperature~about 30
MeV for ms5150 MeV, and 42 MeV forms50! even bulk
strange quark matter (A→`) could not be stable.

Before any concrete statements can be made, it is rea
able to discuss the parameter dependence. Next we s
how the properties of strangelets depend on the two m
parameters in the liquid drop model, bag constantB, and
strange quark massms .

The variation withB1/4 is plotted in Figs. 5~a!–~d! for
strangelets with a baryon numberA550, at temperature
T50 ~full lines! and 30 MeV~dashed lines!, with ms5150
MeV. One can see from Fig. 5~a! that the energy per baryon
E/A is proportional toB1/4 for a given baryon number and
temperature. While the strangeness fractionf s increases with
in-

on-
tudy
ain

B1/4, the charge-to-baryon-number ratioZ/A and averaged
radius per baryonR/A1/3 are decreasing functions ofB1/4.

In Fig. 6 the critical baryon numberAcri is plotted as a
function ofB1/4, with the strange quark massms5150 MeV.
It can be seen that for sufficiently large bag constant, the
could be no stable strange quark matter. This upper limit
B1/4 depends on temperature,B1/4&153 MeV at T50,
B1/4& 151 MeV at T515 MeV, andB1/4&145 MeV at
T530 MeV. For strange quark mass less than 150 MeV, t
upper limit ofB1/4 moves up.

Figures 7~a!–~d! show the variation withms of properties
of strangelets at temperatureT50 and 30 MeV, with baryon
numberA550 andB1/45145 MeV. For strangelets atT50,
both the energy per baryonE/A and charge-to-baryon num-
ber ratioZ/A increase with increasingms , and saturate when
ms reaches the chemical potentialms.ms . The strangeness
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fraction f s is a decreasing function ofms , and goes to zero
whenms&ms . For finite temperature,T530 MeV, the satu-
ration happens at a larger value ofms . However, the aver-
aged radius per baryonR/A1/3 depends little onms .

We have plotted in Fig. 8 the critical baryon numbe
A cri as a function ofms , with B1/45145 MeV. Note that at
zero temperatureAcri increases with increasingms , and sud-
denly becomes a constant atms.ms , indicating the fact that
for ms&ms , no strange quarks exist@see Fig. 7~b! where
f s→0#, and an increased value ofms does not lead to an
increase of strangelet energy.

IV. DISCUSSIONS AND CONCLUSIONS

In the present work we have neglected QCD radiati
corrections, as argued in Refs.@2,17# that an increased value
of the strong coupling constantas could be absorbed into a
decrease in the bag constantB. Coulomb effects could be
included in liquid drop model self-consistently as shown b
Madsen@15#. We show also in Fig. 1 by the dashed lines th
free energy per baryon versus strangeness fraction after
inclusion of Coulomb energies. One sees that Coulomb
fects are rather negligible for the strangelet energy, but co
cause a change of the quark composition of the strang

FIG. 6. Critical baryon numberAcri as a function of bag constan
B1/4, for strangelets at temperatureT50 ~full line!, T515 MeV
~dot-dashed line!, and T530 MeV ~dashed line!, with ms5150
MeV.
r

n

y
e
the
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~Note in Fig. 1 that the value off sminimizingF/A is shifted
a little by the inclusion of Coulomb effects.! The resultant
corrections toZ/A are within the uncertainties caused b
parametersB andms , however.

We have found in this work that the stability of strangele
at zero and finite temperature depends strongly on para
etersB, the bag constant, andms , the strange quark mass
An increased value ofB or ms ~for ms,ms) tends to desta-
bilize the strangelet. Forms5150 MeV, the strangelet can be
stable only forB1/4&153 MeV atT50, B1/4&151 MeV at
T515 MeV, and B1/4&145 MeV at T530 MeV. For
B1/45145 MeV, the strangelet is stable only forT&30 MeV
with ms5150 MeV, andT&42 MeV with ms50. This can
impose important restrictions on the possible existence of
strange quark matter, e.g., strange stars in astrophysics. F
the fact that ordinary nuclei are composed of nucleons
stead of up-down quark matter we can obtain a lower lim
(B1/4*145 MeV! of the bag constant@15#. For the most ex-
treme choice of parameters, i.e.,B1/45145 MeV andms50
~see the dashed line in Fig. 4!, we find that strange quark
matter at a temperatureT*42 MeV cannot exist stable.

The critical baryon numberAcri , below which the
strangelet cannot be stable, is an increasing function ofT,
B, andms . Forms5150 MeV andB1/45145 MeV, the criti-
cal baryon number is aboutAcri.25 atT50, andAcri.60 at
T520 MeV.

The strangeness fraction of the strangelet,f s , is found to
increase slowly with the increase of temperatureT or baryon
numberA ~except forA&100!. However,f s as an increasing
function ofB1/4 and a decreasing function ofms , is sensitive
to the values ofB1/4 and ms . For ms5150 MeV and
B1/45145 MeV, the typical values off s are about 0.4–0.7. In
terms of the simple relationshipZ/A5(12 f s)/2, the charge-
to-baryon-number ratioZ/A has typical values about 0.15–
0.3, forms5150 MeV andB1/45145 MeV.

Finally the averaged radius per baryon,R/A1/3, is a
slowly increasing function ofT orms , and a slowly decreas-
ing function ofA, whereas it decreases fast with the increa
of B1/4. For ms5150 MeV, B1/45145 MeV, R/A1/3 ranges
from 0.9 to 1.1 fm.

To conclude, we have shown in the present work th
liquid drop model including finite size effects provides a su
cessful description of properties of strangelets at zero a
finite temperature, and allows studies for a wide range
parameters. It is possible to carry out further explorations
phase structure, phase evolution, and possible survival
strangelets in ultrarelativistic heavy-ion collisions within th
framework of the liquid drop model.
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APPENDIX

Equations~11! and~12! are given by minimizing the free
energy
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FIG. 7. ~a! Internal energy per baryonE/A, ~b! strangeness fractionf s , ~c! charge-to-baryon-number ratioZ/A, and~d! averaged radius
per baryonR/A1/3 as a function of strange quark massms , for strangelets with a baryon numberA550, at temperatureT50 ~full lines! and
T530 MeV ~dashed lines!, with B1/45145 MeV.
F5 (
i5q,s

~V i1Nim i !1BV, ~A1!

with respect toV, Nq , andNs , under the constraint

(
i
Ni53A ~A2!

for fixed baryon numberA. For the sake of simplicity we
omit the surface and curvature terms inF in the following
derivations.

Constructing an auxiliary function
F85 (
i5q,s

$V i@V,m i~V,Ni !#1Nim i~V,Ni !%1BV

1lS (
i5q,s

Ni23AD , ~A3!

we can derive the constrained minimum from

S ]F8

]V D
Ni

50 ~A4!

and

S ]F8

]Ni
D
V

50. ~A5!
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Since (]V i /]m i)V52Ni , Eq. ~A4! leads to

FIG. 8. Critical baryon numberAcri as a function of strange
quark massms , for strangelets at temperatureT50 ~full line!
T515 MeV ~dot-dashed line! , andT530 MeV ~dashed line!, with
B1/45145 MeV.
S ]F8

]V D
Ni

5(
i H S ]V i

]V D
m i

1S ]V i

]m i D
V

S ]m i

]V D
Ni

1NiS ]m i

]V D
Ni

J 1B50, ~A6!

or

(
i

S ]V i

]V D
m i

1B50, ~A7!

which is Eq.~11!.
From Eq.~A5! we obtain

S ]F8

]Ni
D
V

5S ]V i

]m i
D
V
S ]m i

]Ni
D
V

1m i1Ni S ]m i

]Ni
D
V

1l50,

~A8!

or

m i1l50, ~A9!

which implies

mq5ms . ~A10!

This is Eq.~12!.
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