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Strangelets with finite entropy
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Strangelets with nonzero entropy are studied within the MIT bag model. Explicit account is taken of the
constraints that strangelets must be color neutral and have a fixed total momentum. In general, masses increase
with increasing entropy per baryon, and the constraints work so as to increase masses further. This has an
important destabilizing effect on strangelets produced in ultrarelativistic heavy ion collifi50556-
2821(96)50209-3

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

Several ultrarelativistic heavy-ion collision experiments at For pedagogical reasons we first look at strangelet prop-
Brookhaven and CERN are searching foretgstable lumps erties without imposing restrictions of color singletness and
of roughly equal numbers of up, down, and strange quarks—definite momentum. Here the general expression for the
so-called strangelefd]. If created, strangelets are character-grand potential of particle speciéss
ized by a very low charge-to-mass ratio, and they could pro-
vide one of the best indications of quark-gluon plasma Qi=1ginmdkd—Nln(lieXp[—[e(k)—,u]/T}), (1)
formation. o dk

An extensive body of literaturf2] has studied the prop-
erties of strangelets at zero temperature, but the impact d¥here the upper sign is for fermions, the lower for bosons.
nonzero entropytemperaturg which is certainly a condition 4 andT are the chemical potential and temperathrés the
to be expected in the hot environment of ultrarelativisticparticle momentume the corresponding energy, agg the
heavy-ion collisions, has not been investigated in detailstatistical weight. The smoothed density of statds/dk, is
Clearly, the addition of thermal energy will lead to an in- given by the multiple reflection expansion with MIT bag
crease in strangelet masses, and this is indeed what is deftodel boundary conditions. For massless quadk&/dk
onstrated below. Furthermore, additional increases in the er 6{k?V/2m?—C/24x?}, whereV andC denote volume and
ergy come about when one restricts the strangelets to b@xtrinsic curvature. For spherical strangelets characterized by
color singlets, and to have a fixed total momentum. All of V=47R3/3 andC=8=R an integration gives, per flavor of
this leads to a destabilization relative to zero entréigyn-  massless quarkéncluding antiquarks
peraturg calculations, which is of significant importance for ) _— 4
the experimental production and detection of these objects. __ (711-4 M T L2

In the present investigation we study strangelets in the 9 60 2 41°
finite entropy regime. We use the multiple reflection expan- ) )
sion approach3] within the MIT bag mode[4], and in order with a corresponding net quar_k number, i.e., the number of
to study the important consequences of color singletness arfparks less the number of antiquarks,
definite momentum in a transparent manner, we set all quark 3
masses equal to zero. Since tguark mass is expected to - _(%> :( 2, M

i N uTe+ —
be in the range of 100—300 MeV we thereby get the “most d Iy w
optimistic” values possible(from a production point of
view) for strangelet masses etc. Using zero quark masses afidr gluons withdN/dk= 16{k?V/27%— C/67?%},
the multiple reflection expansion allows us to write many of 5
our expressions in an analytical form, which is more trans- Q= 8iT4V+ ETZC @
parent than the numerical integrals and sums otherwise ob- 9 45 9 '
tained. On the other hand it prevents us from showing indi-
vidual shell effects in the energy as a function of baryonHere and in the following we often explicitly write thermo-
number; only the mean effects of the shells are includeddynamical expressions in terms of, T, V, and C. One
Preliminary results from a finite temperature shell-model calshould notice, that since we concentrate on spherical sys-
culation by Mustafa and Ansaib] (without the color singlet tems, C=8m(3/47)3v3 so V is the only independent
and momentum restrictionsndicate that shells are washed “shape” variable. However, the use @& makes it more
out at temperatures exceeding 10-20 MeV, so above thigslear where finite-size corrections enter. Algoand T are
temperature the two approaches should yield identical resometimes functions of other variables, such as particle num-
sults. berN and entropyS.
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The total(Q) can be found from summing the terms abovedefinite total momentum. To do this we use the color singlet
plus the bag energBV and other thermodynamical quanti- and fixed momentum projected grand canonical partition
ties such as the free enerfyand the internal energ, can  function of Elze and Greinel6], which we have indepen-
be derived. For three massless quark flavors of equal chemilently checked. This partition function, calculated using the
cal potential(this gives the lowest possible energy and elec-group theoretical projection metho], is derived in a
trical neutrality, so that no Coulomb energy needs to besaddle-point approximation valid at high temperature and/or

taken into accountone finds

chemical potential. The partition function is

1972 3 3 = 0)
QTV,u)=| — 36 T4 - E,U«ZTZ— m,u«4+ B)V 2= Mool Tp-0Z ™, (13
wherell ., is the correction factor due to the color singlet
N 41T2 3 2) constraint, andl,_, is the correction factor due to the fixed
=5 s—mn°|C, (5 p=0"
8 momentum constraint, here taken at zero total momentum
[8]. This factorization is only valid in the saddle-point ap-
2 4.3 0 9 proximation.Z(®) is the unprojected partition function for a
F(T.V.N)=| — 36 T +§'“ T +m“ +BV collection of noninteracting massless quarks, anti-quarks,
and gluons in a spherical MIT bafiThe grand potential in
+(4—1T2— 3 2) c ©) Eq. (5) equals— TInZ©.] Both the partition function and the
72 g2l |~ projection factors are calculated with a density of states
based on the multiple reflection expansion. The color projec-
97 _, 9 ,, 9 , tion factor is given by
E(S,V,N)—( R T+§,LLT+WM +B|V . ,
a_, 3 (273 o)~ YA=VT3 24,17, §+(%) H
(72T +g207|C (7 b
12— q
where the entropp=—dQ/dT|y,, . +CT 1272 (14

Strangelets are in mechanical
dFI V|t n=001V|1 ,= JEIIV|sn=0, corresponding to

equilibrium  when

and the factor due to the zero-momentum constraint is

1972 3 3 2 1 4 16
BV=( + o plT24 — 4)\/ 2/3 3.2 ’“ _<i —
41 1 e 21 4
_ 2 2
(216T g21°|C. 8 —CT[ = |13 | [+ 57 (15

Thus in mechanical equilibrium one gets the following ex-
pressions for the grand potential, free energy, internal en

ergy, and baryon number:

— T2+ mMZ)C, 9

Terms proportional to/;, which is the number of massless
quark flavors, orlglnate from quarks, while the remaining
terms are due to gluons.

We now have the ingredients necessary to calculate the
energy per baryon for a zero-momentum, color-neutral drop

of quark matter at finite temperatugentropy. As discussed
earlier we concentrate on three flavors of massless quarks

41 1 : : - . .
F=|3u2T2+ 4l | —T2— )C, 10 with equal chemical potentials. We introduce the constrained
( K w2k 108 272" (19 grand potential
E=4BV, 11 Qo TV, ) =—TINZ(T,V, ). (16)
1 2 For each baryon numbek, we then solve the equations of
_ 2 3|y 7 '
A_('“T toan )V 4772C' (120 mechanical equilibrium,
Equation(11) follows directly from Eqs(7) and(8), and it is dQ con
in fact a general result for ultrarelativistic particles in a bag, EY; =0, (17)
since the energy density of a relativistic gas is 3 times the T
particle pressure, wh|c.h equdls soE=3BV+BV=4BV. fixed baryon number,
For massive quarks this result no longer holds.
Dotted curves in the figures illustrate the behavior of en-

. _ aQCOﬂ
ergy per baryon as a function of baryon number and tempera — =3A, (18
ture or entropy per baryon derived from the equations above. Iw |y

So far we have not explicitly taken into account the fact
that strangelets have to be color singlets, and must have and fixed entropy per baryon,
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FIG. 1. Energy per baryon as a function of baryon number for A

strangelets with equal numbers of massless up, down, and strange |5 5> The energy per baryon in the unprojected dasted
quarks.T=0 results are shown by the downmost, thin curve. Oth-jineq -~ including the zero-momentum constraindashed-dotted
erwise, dotted curves are results without constraints, dashed curv Ses), including the color-singlet constraitdashed lines and with
With the color singlet restriction, a”‘?' full curves with both color both constraintgfull lines). The calculations were again done for
singlet and zero-momentum constraint. The entropy per baryon i§14_ 145 MeV and 3 massless quark flavors. From bottom to top:

10 for the upper set of curves, 5 for the set in the middle, and 1 f0|:|-:0 10,20,30,40 MeV. The lower end point of all curves is at
the lowest set. The bag constant was chose®'és-145 MeV. For o _5" " ' '

other choices oB the energy scales in proportion B}

lower temperatures. It is also seen that the color singlet con-

1/(0Qcon S straint is the most important of the two in terms of the effect
AN aT A’ 19 on the energy per baryon.
Vi One notices that the effect of color singletness goes away
for small T (S/A). This is how it should be, because for
with respect tol, u, andV. T=0 there is no problem in constructing a color neutral
Using E=4BV we then calculate the energy per baryon
as a function of baryon number and show the results for fixed 1500 . : : : :
S/A in Fig. 1, where dashed curves include the color singlet
constraint without the fixed momentum constraint, and full 1450 y
curves include both color singlet and fixed momentum con- 1400 1
straints. As expectetWhen calculated for fixed natural vari- 1350 |
able S) both constraints lead to an increase in energy. For
very low A there is no solution to Eq$17)—(19). The lack ~ 1300 T
of a solution for smallA (A<1-7, depending oi%/A; for E 1250 g
S=0 solutions exist for allA) is a feature common to the =
. . . . : < 1200 .
saddle-point approximation and the numerical calculation o
(see Fig. 3. It can be traced to the breakdown of the approxi- 1150 T
mation to the density of states for very low values of the 1100 i
product of particle momentum and bag radki® Below the
value ofkR corresponding to the ground state, the density of 1050 i
states becomes spuriously negative. For lawthis part of 1000
the spectrum is weighted relatively more. 950 ! ! ! - .
Results for fixedT [i.e., without imposing Eq(19)] are 0 10 20 30 40 50 60

shown in Fig. 2, where the results for the unprojected case,

each of the two projections alone, and together are superim- A

posed for different temperatures. For sufficiently high tem- ki, 3. The energy per baryon f&A=5 andBY4=145 MeV
perature and low baryon number, the effect(mfainly) the including only the color singlet constraint. The saddle-point ap-
color singlet constraint is equivalent to a lowering of the proximation(dashed lingis seen to be in very good agreement with
temperature by as much as 10 MeV. In other words, thehe result obtained from a numerical evaluation of the color pro-
curve including color singlet correction®r both correc- jected partition functiorishown ast+ ). No solutions were found for
tions) crosses the curves for the unconstrained calculation at<2. The unprojected result is shown for referefidetted ling.
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strangelet by placing quarks in the lowest energy let@lg., At fixed entropy per baryon the mass is further increased
constructing a strangelet with=6 from 2 blue, 2 green, and when the objects are constrained to be color singlets(ind
2 red up quarks, and similarly for down and strange quarksa lesser extenby the requirement of a definite total momen-
with all quarks in the $,,, ground state For T>0 quarks tum (taken to be zero in the calculatiof®)). The total mag-
are statistically distributed over energy levels, and the connitude of the effect is of order 80 MeV/baryon for tempera-
straints reduce the number of possible configurations, forcingres of 40 MeV (which for high baryon numbers
the energy up. Also, the constraints are only important focorresponds to roughly 4 units of entropy/baryoand in-
A<100. creases rapidly for higher entrofemperaturg This impor-
The validity of the saddle-point approximation is demon-t@nt change in energgand other corresponding thermody-

strated in Fig. 3, where the approximation is compared wit amical pa_ramete}snust _be taken into account in qu_els_
the result of a numerical integration, for a particular choice or production and detection of strangelets in ultrarelativistic

of parameters. In the high chemical potential regime relevantPeaVy ion collisions. In particular, it is worth noting that the

to the present investigation the approximation is very good_rela’uve importance of the effects grows in the low-baryon

As stated in the introduction we have assumed zero quarﬂumber re_gimg that is easiest to probe in Iaboratory experi-
masses in the interest of clarity and ease. Nonzero qua ents. This will make strangelet searches in these regimes

masses, in particular that of tisequark, will of course fur- more difficult, but metastability still seems possible for some
ther increase strangelet masses. Feoi0 this increase mani- parameter chomeﬁlp], and in any case more detailed pro-
fests itself as a well-understood shift EA [9]. We expect dchon ar.]d. evolutlpn. models for stra}ngelets are needed to
a similar shift to occur folr >0. Since there are more up and give a definite prediction of the experimental signature. The

. effects described in this investigation also play a role in re-
down quarks(and gluons, at higi') than there are strange _.. o )
) ; lation to quark matter formation in other circumstances, such
quarks in the ground state strangeletsrfoe>0, there is no

reason to believe that the quantitative effects of finite en?s protoneutron stars.

tropy, color singlet, and momentum constraints differ signifi- ~ This work was supported in part by the Theoretical As-
cantly from those found in the present paper. trophysics Center, under the Danish National Research

We have shown that the mass of strangelets increasé=undation, and the U.S. Department of Energy under Con-
with the entropy per baryon, or temperature, of the systemtract No. DE-AC02-76CHO00016.

[1] See, for instance, J. Barret al, Phys. Lett. B252 550 [4] T. A. DeGrand, R. L. Jaffe, K. Johnson, and J. Kiskis, Phys.
(1990; M. Aoki et al, Phys. Rev. Lett69, 2345(1992; K. Rev. D12, 2060(1975.
Borer et al,, ibid. 72, 1415(1994; D. Beaviset al,, ibid. 75, [5] M. G. Mustafa and A. Ansariprivate communication
3078 (1995. For reviews and references see aBtiange [6] H.-Th. Elze and W. Greiner, Phys. Lett. B/9 385 (1986.

Quark Matter in Physics and Astrophysi¢oceedings of the See also H.-Th. Elze, W. Greiner, and J. Rafelski, Phys. Lett.
International Workshop, Aarhus, Denmark, 1991, edited by J. 124B, 515(1983; Z. Phys. C24, 361 (1984. Other expres-
Madsen and P. Haens@Nucl. Phys. B(Proc. Supp). 24B sions for the color singlet partition functigwithout a momen-
(1991)]. tum constraint deviating from that of Elze and Greiner have
[2] See, for instance, A. R. Bodmer, Phys. Rew,[1601(1971); been given by M. I. Gorenstein, S. I. Lipskikh, V. K. Petrov,
S. A. Chin and A. Kerman, Phys. Rev. Le#3, 1292(1979; and G. M. Zinovjev, Phys. Lettl23B, 437(1983, and M. G.
E. Witten, Phys. Rev. 30, 272(1984); H.-C. Liu and G. L. Mustafa, Phys. Lett. B18 517 (1993. We have successfully
Shaw,ibid. 30, 1137(1984; E. Farhi and R. L. Jaffabid. 30, reproduced the calculation of Elze and Greiner.

2379(1984; M. S. Berger and R. L. Jaffe, Phys. Rev.35, [7] K. Redlich and L. Turko, Z. Phys. 6, 201 (1980.
213 (1987; C. Greiner, D.-H. Rischke, H. St&er, and P. [8] We present our results for strangelets at rest, which is normally

Koch, Phys. Rev. 88, 2797(19898; E. P. Gilson and R. L. the choice taken for tabulations of particle or nuclear masses.
Jaffe, Phys. Rev. Let71, 332(1993; J. Madsen, Phys. Rev. A nonzero momentum reflects itself in an additional kinetic
D 50, 3328(1994); 47, 5156(1993; Phys. Rev. Lett70, 391 energy term in the equations.

(1993. For reviews and references see afstmange Quark [9] J. Madsen, Phys. Rev. B0, 3328(1994.

Matter in Physics and Astrophysi¢g]. [10] Naively, metastability is possible fd/A below theA mass,

[3] R. Balian and C. Bloch, Ann. PhyéN.Y.) 60, 401 (1970. m,=1116 MeV.



