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Deformed strangelets at finite temperature
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Considering the confinement of masslesendd quarks and massive quarks in an axially symmetric
guadrupole shaped deformable bag, the stability properties of color-singlet strangelets at finite temperatures are
studied for the baryon numb@r<100. It is found that, in general, at ea8hthe energy of the strangelet is the
lowest for the spherical shape. However, it is interesting to find shell structures for the deformed shapes at
some newA values, not found for the spherical shape. This should be of relevance for the experimental search
of strangelets. The color projectédingled calculation shows that even for the deformed shapes the shell
structures vanish only for the temperatufe; 30 MeV. On the other hand, from a somewhat crude estimate we
also find that at a fixed entropy per bary@mstead of a fixed temperatyref the order of unity or higher these
shell structures disapped60556-28137)05407-1

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

I. INTRODUCTION tures(quantal effegt Therefore, it should be worthwhile to
investigate the stability properties of strangelets allowing for
The stability properties of very small strangelésryon  the deformation degrees of freedomTt0 as well as at
numberA<100) were studied recently by Gilson and Jaffe T>0. Using the same formalism as earljdi these calcula-
[1] and otherg2] in the independent particle spherical shell tions can be carried out if the quark eigenmodes in the de-
model picture where masslessandd quarks, and massless formed bag are known. Actually, following the formalism
or massives quarks are considered to be confined in adeveloped by Viollier, Chin, and Kermdf] to compute the
spherical bag with a bag pressure constBntin view of the  single-particle energies of quarks and gluons in a spheroidal
hot environment of ultrarelativistic heavy-ion collisions bag, we have already made a sti8y of the thermodynam-
where strangelets may be formed, we have rece@y] ics of a deformed bag with=1 considering two flavors of
extended the work of Ref1] to finite temperatures using the quarksu andd, and gluons. In the present work the consid-
method of statistical mechanics. At a finite temperatureered values of temperatures are very lolw=1 and 20
(T> 0), for a given baryon numbeX, a partition function is MeV) and so like in Refs[3,4] here too we have not in-
constructed using the eigenenergies of the noninteratingluded gluons in our calculations.
(3A) quarks confined in the bag. Then the free energy of the
system is minimized with respect to the radius of the bag
leading to the minimum energy of the system at thafor
T =0 we actually consideF=1 MeV and find[3,4] that the The formalism is essentially that of Rd#] except that
results are similar to those in Réfl]. At high temperatures now the input single-particle energies depend on the quadru-
(T=10 MeV) we construct explicitly, following projection pole deformation parameter which is an additional degree of
technique$4,5], a color-singlet partition function. At a given freedom. The computations being quite time consuming we
T and A the color projectionCP) leads to lowering of the have considered only two values of the temperaflirel
energy as compared to the unprojected case and when theaxad 20 MeV.
are shell closures, the shell pockets become deeper. After CP Introducing a deformation parametBr, the surface of a
some of the shell closure positions also get shifted to othespheroidal bag, in the body-fixed frame, is given by
A values. Using B* = 145 MeV with masslessi andd
quarks, and massive quarks ;=150 MeV) we found in Dx2+Dy?+ D 22=R2, (1)
Ref. [4] that in the bulk limit, A=100, CP has little effect
and results are similar to those of the liquid drop mode
calculations of Jensen and Madgén It is also found in Ref
[4] that for T=30 MeV shell structures melt away.
Now, coming back to the main topic of shape deforma-
tion, we know that many nuclei are deformed in the groun
state, and this happens simply due to the effect of shell strucs:

Il. FORMALISM

lvvhereR(J is the radius of a sphere with the same equivalent
volume. From Eq.(1) it is clear that the semimajor and
semiminor axes of the spheroid abR, and RyD %2, re-
pectively, with a volume clearly independent®fForD =

the shape is obviously spherical. A radial coordinate at the
urface of the spheroid is given by
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with a depends upon the value & and T, such that further
inclusion of states in the summation does not affect the re-

1 sults. In this sum the summation over quark flavayd, and
— -2 ’
a(D)= 3(2D+D ), (3) s is also understood. The color unprojeciglJP) partition
function is simply given by
and .
Zy(B,Ro,D,ug) =6, ©)
2
b(D)z—\[g(D—DZ), 4) where now
. ) - + —Bleg—ng) 4 + —Bles+pug) )
whereP,(co9) is the standard Legendre polynomial of or- © Ea: [Infl+e Mt} +in{lte e ra}]
der 2. The details of the calculations of the eigenmodes for (10
the quarks confined in the cavity described by Bg.or Eq. — . , | |
(2) are as given in Ref$7,8]. The problem is reduced to the 1040 D=10 — -
diagonalization of a real nonsymmetric matrix for a fixed 53122 -
parity. The eigenvalues are functions Bf and D where D Z%Ig --------
R, enters actually aéc/R, with ic=197.32 MeV fm. 1020 |- D=ifor A
The color-singlet partition function is given y,5]
1000 - 4
Zc(T,Ro,D)=f du(@)Tr(U(gie™™, (6 o
SU(3) > mm
s 980 e -~ -
whereH denotes the Hamiltonian of the system and = —. T
& T
960 |- . -
f du(g) Nﬁlr dgi) ]N_i(z -91—9k)2 T
=— — sim——| |, | el T
SUNg) K9 N\ =i J—z27 )| Ju 2 a0 WAL el i
© T N
with Nc=3 for SU3) color group. The chemical potential 920 F T=1Mey N~ e
(nq=—umg) dependent partition function can be written as B =145 MeV = NUTmeemmmTTTTTeeell
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B — q_ Bt FIG. 1. (a) Baryon energy per particleE(A) as a function of
Wherefﬂ—e Hles “q).andfg—e ﬁf At ... A for various values of the deformation parameter=(1.0, 1.2,
In Eq. (8) B=1/T is the usual inverse temperature With 1 4 1 § 1.8 and 2)owith spherical and prolate shape Bt 1
T taken in the units of energhere MeV) andeg represents ey, The results are same for both color projecté® and un-
the Ry and D dependent quarkantiquark single-particle  projected(CUP) cases aff=1 MeV. (b) Same as Fig. (&), with
energies witha denoting the single-particle state labels spherical and oblate shape for deformation paran2tetl.0, 0.8,
(spherical or deformed The upper limit of the summation and 0.6.
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As usual the particle number for a given flavor is calcu-
lated from

J
Nq:Tﬂ_,LLq(InZ)' (11)

where Z is given by Eq.(7) or Eq.(9), as the case may be.
The baryon numbeA is fixed by adjusting the value of the
qguark chemical potential such that the excess numbey of

overq_is 3A:
(Ny— Ny + (Ng—Ng) +(Ng—N3) =3A. (12)
The free energy of the system is given by
F(T,Rp,D)=—TInZ+3u,A+BV. (13
With the above definition of free energy, the condition of

stability is given by

p]
Pz—(WF(T,RO,D))T‘AZO. (14)

This way at a giverT andD, the bag radius parametBg is
determined. We may caR, a radius parameter in the sense

that for a deformed bag it is not actually the radius. In prac-

tice we minimize the free energy with respeciRg keeping
at each step the number E42) satisfied. Then the energy of
a strangelet is computed from

J
E(T,RO,D)=TZﬁ(InZ)+3,u,qA+ BV, (15)

where BV is the bag volume energy.

TABLE I. Shell positions at various baryon numbe#s,() and
the value of the pocket depth E{) defined as
Esi=(E/Ag—E/Ay) where Ag>Ag, and E/Ag has the highest
value. These are shown fdr=1 MeV at a few values of the de-
formation parameteb.

D Ash Ag Esh (MeV)
6 7 6.30
14 15 0.17
18 22 4.37
1.0 36 40 2.17
44 47 0.8
70 82 2.36
6 7 0.70
14 16 2.24
1.6 18 19 4.37
36 41 1.09
70 83 0.94
14 16 5.00
2.0 36 42 1.34
72 78 0.40
14 16 3.40
0.6 40 42 0.43
76 82 0.45
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FIG. 2. (a) Strangeness as function Affor different values of

D(=1.0,1.2,1.4,1.6,1.8,and 2.8tT=1 MeV. (b) Same as Fig.
2(a) for D=1.0, 0.8, and 0.6.

[ll. RESULTS AND DISCUSSIONS

After solving Egs.(12) and (14) self-consistently for a

givenA, T, andD the energymas$ of a strangelet is com-
puted according to EqA5). As in our earlier workq3,4],
here too we have takeRY*=145 MeV, massless andd,
and massives quarks (ng=150 MeV). The variation of the
energy per baryonE/A) as a function ofA is plotted in Fig.
1(a) for T=1 MeV (practically the ground stakdor spheri-
cal and prolate shapes with=1.0, 1.2, 1.4, 1.6, 1.8, and
2.0. A similar plot is shown in Fig. (b) for D=1.0, 0.8,
0.6; for D<1 the shape is oblate. From E@) it is clear
that the ratio of the semimajor axig) to semiminor axigb)
of the spheroid 9% from which (just to give an idea of the
extent of deformationit also follows that approximately
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T T T T TABLE Il. Same as Table | fom=20 MeV. Both color un-
1060 D=10 — - projected(CUP) and color-singletCP) cases are shown.
Poiis
1040 B = %g o D Ash Ag Esn (MeV) Case
b=20-- 1.0 5 6 0.9 cupP
1020 1.2 5 6 0.2 CuUP
— 1.0 4 7 6.0 CP
g 1000 1.2 4 6 4.7 CP
;{ 1.6 4 6 0.2 CP
=y 2.0 15 17 0.6 CP

980

ture atA=15 with the increase of deformation. As can be
seen from Table Il, this shell pocket At=15 is 0.6 MeV
with number ofs quark,ng~7.

From discussions so far, it is clear that the color-singlet
B4 = 145 MeV constraint leads to more pronounced shall structures. For
920 L L L L T=20 MeV andD=1.0, 1.4, and 2.0 welemonstrate it in
0 20 0, 00 80 100 Fig. 5 through a plot of a type of color-correlation energy

AE=ECYA—ECF/A vs A. It clearly shows the magnified
FIG. 3. Same as Fig.(& with T=20 MeV and deformation  effect of color projection near the shell closures. In this fig-
valuesD=1.0, . ..2.0 for CP and CUP cases. ure the first high peak is exactly At=4 whereas the second
one is atA=14 with A=13 and 15 lying quite nearby. It is
a=0.%, 2b, and D for D=0.6, 1.6, and 2.0, respectively. interesting to notice that, though f@r=1.0 there is a clear-
Thesea and b should not be confused with those defined cut shell pocket af=14 in theE/A vs A plot, the effect of
through Egs(3) and(4). From Figs. 1a) and Xb) it is clear  the gain in energy due to color projection is getting highly
that, in general, the shell structure is persisting even if thgocused in the present plot. On the whole for 6 the effect
shape of the bagstrangelet is deformed, though energeti- of color projection seems somewhat stronger Bor 1 but
cally at everyA the spherical shape leads to the lowest enqgain forD>1.2 andA> 20 it shows a kind of saturation as
ergy configuration. The shell positions at various baryorfar as the large values @ are concerned.
numbers ) are shown more explicitly in Table 1. One  Finally we want to discuss the effect of deformation vis a
new thing we find is that with the increase of deformationyis mass of thes quark. Like in our previous work4], here,
(prolate as well as oblatethe shell structure af=18 is  too, we have considered two values,=0 and 150 MeV.
vanishing and, on the contrary, the shell structur@atl4is  The E/A vs A plot at T=1 MeV is shown in Fig. 6 for

becoming more pronounced. ms=0 (solid curvé and m=150 MeV (dashedl for
In Figs. 4a) and Zb) we display the variation of the

strangenesactual value is negatiyeas a function ofA for 60
the prolate and oblate shapes, respectively-atl MeV. In

each figure theD=1 (spherical case is presented for the Y
sake of comparison. In the spherical case we have steplike 50 | cp — 4
structure with well-known loading-unloading characteristics CUP --- 4
nearA=20[1]. With the increase of deformation the curves
are becoming smoother, though still some oscillation per- 20 -
sists, as expected, @t=0.

In Fig. 3 we again show the plot &/A vs A for various
prolate shapes, like in Fig.(d), but now atT=20 MeV
when the color projectedsingled and color unprojected
(CUP) curves become distinguishable. For the CUP case
there is hardly any shell structure except néer6 for 20 b i
D=1.0. As can be seen from Table I, this is actually at
A=5 with a small pocket of about 1.0 MeV with the number T =20 MeV
of s quark,n,=2 (see strangeness ¥splot in Fig. 4. On 10 - g,’/leii;v[fdzv
the other hand, for CP case abBd=1.0—1.6, the shell struc-
ture appears only &=4 with ng=0. ForA>4 the strange-
ness number becomes nonzero, so much so that even & 0 ! ! ] !
A=5 andD=1,ns=2.3. As Fig. 4 shows, foA>10 or so, 0 20 40 4 60 80 100
the S vs A curve becomes almost a straight line
(S/A~0.5-0.6 with the strangeness content slightly in-  FIG. 4. Same as Fig.(8 with T=20 MeV for the CP(continu-
creasing with the increase of deformation. One striking thingus lines as well as CURdashed lingswith D=1.0, 1.4, and 2.0
in Fig. 3 for the CP case is the development of a shell structdown to up.
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” ' ' ' T TABLE Ill. Same as Table | wittmg=0 for T=1 MeV.
oo ey Pzl D Agp? As Eq (MeV)
m, = 150 MeV D =20~
“r BY*% = 145 MeV T 6 9 26.43
_ e 18 19 0.25
24 28 3.75
O i 10 42 50 450
- 54 59 1.0
: 84 100 4.86
&y
S | 6 8 18.55
L 18 20 0.98
L4 24 26 0.89
| 42 51 3.59
84 100 4.14
6 8 13.66
0 0 20 40 60 30 100 2.0 18 21 411
i 42 51 3.52
84 100 2.65

FIG. 5. The color-correlation energy defined as
ECUPA—ECP/A at T=20 MeV as function ofA for D=1.0, 1.4, 2At A=18 a shell has developed with the increase of deformation
and 2.0. and has vanished #&=24 and 54.

D=1.0 (lower curve, 1.4 (middle), and 2.0(upped. Again  rather similar to that af=14 whenm,=150 MeV.
at eachA the energy is the lowest for the spherical shape. For them;=0 case aff=20 MeV only the CP case is
The positions and the magnitudes of the shell structures arensidered and thE/A vs A plot for bothmg= 0 (solid) and
also enumerated in Table Il fom;=0 (see Table | for 150 MeV (dashedlis displayed in Fig. 7 foD =1.0 (lower),
ms=150 MeV). For mg=0 a good(deep shell structure at 1.4 (middle), and 2.0 (uppe). For m;=150 MeV and
A=6 persists even with the increase of prolate deformatiord =1.0 and 1.4 the only shell structure seen i$\at4 with
(oblate not considerédinlike in the case of massieequark.  ng=0, whereas foD =2.0 a shell structure has developed at
Also at A=18 a deeper shell structure develops with theA=15 (see Table I). It is rather surprising to see that with
increase of the prolate deformation in contrast to the oppositen,= 0 the shell structure &=6 is 27.11 MeV, 22.34 MeV,
trend for my=150 MeV at the same baryon number, butand 16.31 MeV deep fob=1.0, 1.4, and 2.0, respectively
which are even slightly deeper than that B=1 MeV.
1100 . , , , Though this feature appears very interesting, it cannot be

0 MeV given much importance as,=0 is unphysical. But it does
m, = eV —
\ m, = 150 MeV ---
N 1100 T T T T
1050 ||| \ -
\ N\ m, =0 MeV —
\ m, = 150 MeV ---
\“
1050 ~f|
1000 | \
5
L
=
3 1000 |-
R 950 |- >
L
2
<
=y
900 |- 950 |
850 |- = 145 MeV 900 |
840 1 1 i 1
0 20 0 60 80 100 T = 20 MeV
B4 = 145 MeV
FIG. 6. Same as Fig. 1 for=1 MeV with mg=0 [continuous 850 1 L 1 1
lines with D=1 (lowen), 1.4 (middle), and 2.0(upped] and 150 0 20 0 00 80 100

MeV [dashed lines wittDb=1 (lower), 1.4 (middle), and 2.0(up-
pen] in the CP scheme. FIG. 7. Same as Fig. 6 withi=20 MeV.
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highlight that the quantal features of the strangelets, particudisappear and some new ones appear at diffekewlues.

larly for A<50, are quite sensitive to the mass of the This should have important implications in the experimental

quark. search of strangelets. The maximum deformBd-2.0) pro-
Before presenting finally our conclusions in the next sec{ate shape is considered such that the ratio of the semimajor

tion we wish to make some comments, in view of the workto semiminor axis is about 3:1. On the considered oblate side

of Rgf. [6], on the shell structure features if th#A vs A (D=0.6) this ratio is 1:2. At a finite temperaturg=20

plot is made at a fixed entropy per baryos).(From our  \ev in the CP calculation the shell closure occurshat 4

color projected numbers @ =1 andT=1,10,20,30 MeV ¢4 p—1.0, 1.2, and 1.6 which is actually a lump fand

we have computed=(E/A—F/A)/T at these temperatures. 4 q,;arks only. We may add that this point was missed in our

Thelnoa rc1:rude graphical mrt]erlroltatlotn anall)f[ss shows that frc: arlier work of Ref.[4]. However, atD=2.0 andT=20

s=1.0 there appear no shell structures. It seems somew ; :

surprising but IC(':llovery interesting result in view of what we Mev a s.heII. structure is found &= 1_5 with ns=7. .

Considering masslessquarks (n;=0), we get, in gen-

have discussed so far at fixed temperatures. eral, results similar to those discussed ab@mae Table II).
However, for this case one interesting result is found: that i s,
at T=20 MeV the shell structure =6, for D=1.0, 1.4,
We have investigated the stability properties of color-and 2.0, is even slightly more pronounced than that at
singlet strangelets at finite temperature within an axiallyT=1 MeV.
symmetric quadrupole shape deformable MIT bag model. It appears that in ai/A vs A plot at a fixed entropy per
We find that at each baryon numb&¢<100) energetically baryon &) there are no shell structures even for low values
a spherical shape is preferred at zero as well as at a finitef s~1.0 and A<30. A detailed shell model calculation
temperatures. However, with the increase of deformation wavithin the present approach fex 1.0 andA=<30 should be
find that the shell closures at sorAgfor the spherical shape interesting for a proper analysis of the shell structures.
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