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Abstract: We study the properties of strangelets at finite temperature 7, employing an equivparticle model that in-
corporates both linear confinement and leading-order perturbative interactions with density-dependent quark masses.
The shell effects are analyzed by solving the Dirac equations for quarks within the mean-field approximation. As
temperature increases, these effects weaken due to the occupation probability of single-particle levels being gov-
erned by the Fermi-Dirac statistics, a phenomenon known as shell dampening. Surprisingly, the surface tension, de-
rived from a liquid-drop formula, does not decrease with temperature but instead rises until it peaks at 7' ~ 20~40 MeV.
At this temperature, shell corrections become negligible, and the formula provides a reasonable approximation for
the free energy per baryon of strangelets. However, the curvature term decreases with 7" despite the presence of shell
effects. The neutron and proton emission rates are determined microscopically by the external nucleon gas densities
that are in equilibrium with strangelets. These emission rate generally increases with 7 for stable strangelets, but de-
crease for those that are unstable to nucleon emission at 7'= 0. The other properties of f-stable strangelets obtained
with various parameter sets are presented as well. The results indicated in this work are useful for understanding the
products of binary compact star mergers and heavy-ion collisions.
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constitute the ground state of strongly

interacting

Quantum Chromodynamics (QCD) predicts the exist-
ence of multiquark states beyond mesons and baryons, in
which the number of quarks exceeds three. As the density
of nuclear matter increases, a phase transition from confine
hadronic matter to deconfined quark matter is expected[l].
In 1971, Bodmer suggested the possibility of “collapsed
nuclei” with a mass number A4 exceeding 1 and a signific-
antly reduced radius when compared to typical nucleil?.
Subsequently, Witten posited that strange quark matter
(SQM), containing approximately equal numbers of u, d,
and s quarks along with a small quantity of electrons, could

Received date: 18 Feb. 2024; Revised date: 27 Mar. 2024

systems[3]. Based on various quark models such as the bag
model, it has been demonstrated that SQM is more stable
than nuclear matter in the extensive parameter space[4]. The
absolute stability of SQM allows for the possible existence
of strangelets[sfs], nuclearitesl” 1% meteor-like compact
ultradense objects[“], and strange stars! 127141, Despite this,
when the effect of dynamical chiral symmetry breaking is
taken into account, SQM may become unstable[15716], and
non-strange quark matter (udQM) may constitute the true
ground statel! 7). Moreover, instead of being in a decon-
fined state, a stable solid phase made up of strangeons
(clusters of quarks with three-light-flavor symmetry) may
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prevail, which permit the existence of minuscule strangeon
nuggets throughout our universel! 2] These exotic ob-
jects are thought to originate from various sources, includ-
ing heavy-ion collisions(?!], the mergers of binary compact
stars! 227261, type II supernova explosions[27], and the had-
ronization process in the early universel®]. Substantial en-
deavors have been invested in the quest for these enigmatic
objects, yet conclusive evidence remains clusivel?87291,
Consequently, it is imperative for us to unravel the intrica-
cies of their properties to ultimately validate or refute their
very existence.

Given its non-perturbative nature and the notorious
sign problem in lattice simulations, at present we must rely
on various QCD-inspired effective models to reveal the
properties of these objects. For instance, utilizing the Mas-
sachusetts Institute of Technology (MIT) bag model with
bag constant B, where the surface tension ¢!’* ~ B'*, Far-
hi and Jaffe discovered that the surface tension plays a sig-
nificant role in the stability of strangelets[s]. Later on, Ber-
ger and Jaffe proposed a mass formula for strangelets and
investigated their possible decay channels!®). Small strange-
lets are almost uniformly charged, while the charge screen-
ing effects start to play a role for larger strangeletsBO]. By
considering a reasonable surface tension and incorporating
Coulomb interactions, it was found that large strangelets
are likely to be stable against fission!**]. Furthermore, if the
surface tension o is sufficiently small, there exist strange-
lets of a certain size that are more stable than others®>'l. In
such cases, the surfaces of strange stars may fragment into
crystalline crusts composed of strangelets or udQM nug-
gets and electrons?®>7331 or even form low-mass, large-ra-
dius strangelet dwarfsl**. It has been demonstrated for
small strangelets and udQM nuggets that the curvature con-
tribution is signiﬁcant[35], leading to the development of
the multiple reflection expansion method (MRE) to ana-
lyze surface and curvature corrections analytically[36738].
The shell effects in strangelets were also examined within
the framework of the MIT bag model, which significantly
affects the properties of small strangelets[4’ 38-41],

The studies on strangelets and udQM nuggets are typ-
ically conducted at zero temperature, but their creation and
survival often occur at large temperatures. Therefore, it is
necessary to investigate the properties of these objects at fi-
nite temperatures. In the framework of MIT bag model, the
properties of strangelets at finite temperatures were invest-
igated, where clear shell structures persist up to about 7" =
10 MeV were identified** 3], The cosmological quark-
hadron transition reveals a significant suppression of evap-
oration and boiling processes for quark nuggets in a color-
flavor locked state**. However, it is noteworthy that the
MIT bag model assumes an infinitely large boundary,
whereas lattice QCD suggests linear confinement for
quarks, resulting in distinct surface density profiles and

consequently impacting various properties of strangelets as
indicated in our previous study[45]. We thus employ an
equivparticle model in this study to investigate the proper-
ties of strangelets, wherein both the linear confinement and
leading-order perturbative interactions are incorporated by
considering density-dependent quark masses 4% Note
that the properties of strangelets at finite temperatures have
been examined in the framework of the equivparticle mod-
el, where the interface effects are treated using the MRE
method!*”> 31752] The results indicate that the mass, radius,
and strangeness per baryon increase with temperature,
while the charge-to-mass ratio decreases with
temperaturel>?!.

The paper is organized as follows. In Sec.l, we
present the theoretical framework of the equivparticle mod-
el, where the Lagrange density of equivparticle model with
density dependent quark masses is given in Sec.l.1, the
mean-field approximation (MFA) is introduced in Sec.1.2
with the quark wavefunctions obtained by solving Dirac
equations, and the emission rates of neutrons and protons
can be determined based on the densities of external neut-
ron and proton gases that are in equilibrium with the
strangelet[53] in Sec.1.3. Our numerical results on the prop-
erties strangelets at finite temperature are presented in
Sec.2. Finally, we draw our conclusion in Sec.3.

1 Theoretical framework

1.1 Lagrangian density

The Lagrangian density of the equivparticle model can
be given as
iy 1 ,
L= 3 i d,-mon) -eqra |7 - 4,47 (1)
i=u,d,s
where y; is the Dirac spinor of quark flavor i, m, the mass,
q; the charge (g, =2e/3 and q,=¢,=¢/3), and A, the
photon field with the field tensor

A,=0,A-0A,. )

In the equivparticle model, the strong interactions are
considered with density and temperature-dependent quark
masses and quarks are treated as quasi-free particles. The
mass of quark i is fixed as

my(n,) = my +m({n;}, T). 3)

Here n;= <l/_/ ) j> represents the number density for
quark flavor j, T the temperature, and m,, =2.2 MeV,
my,=44MeV, m,=96MeV the quark
masses>4. Considering the quark confinement effect in
bag model®>77], the density dependent quark masses for
zero temperature can be given by

current
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my(n,) = o &) of quarks can be expanded as
° 1{ iG, (r
1 . l//nkm(r) = ( ”K( ) 7 )Yfm(e’ ¢) ’ (9)
where n, =3, ,.n,/3 is the baryon number density and B r\ F,(no-r

is the bag constant. Alternatively, to reflect the contribu-
tions of linear confinement and in-medium chiral condens-
atesl®],  the interacting part of the energy density
(Hp) = <Hl>nb —(H,), reads

1
(H) = 5 f va(r)(3nbdrl)(3nbdr2)

R
= 187n; j v(r)r*dr, Q)

0

where v(r) is the quark-quark interaction with r =|r, —r,|,
R the strangelet's radius, V =4/37R® the volume. The

factor 1/2 is responsible for double counting. Considering
. L@g, .
the obvious equality }:g}) G = 1 and the quark-quark in-
teraction v(r) = ar according to the lattice calculation and
string model investigation, a cubic-root scaling[5 8] was pro-

posed
my(n,) = D", (6)

where D =-3(2/m)'on*/ ¥, (qq), represents the confine-
ment strength, which is connected to the string tension of
linear confinement and vacuum chiral condensates. In or-
der to take into account both the one-gluon-exchange inter-
action and the leading-order perturbative interactions! 901,
Eq. (6) is modified as follows

my(n,) = D' +Cnyl%, Q)

where the perturbative strength parameter
C ~ 3 \[2a /37, with the strong coupling constant «, .
Depending on the sign of C, the second term of Eq. (6) cor-
responds to the contribution from one-gluon-exchange in-
teraction (C < 0)[49:| or leading-order perturbative interac-
tion (C >0 )[5 % To adapt to the phase transition of decon-
finement at large temperatures, this mass scaling was sub-
sequently extended to be temperature-dependent, i.e.,

8T _a\" 8T 4
ml(nb)an;1/3(1+76xp_T) +Cni/3(1+7exp‘r)
®)

where A =280 MeV is a temperature scale parameter cor-
responding to the critical temperature T, =~ 175 MeVI47],
Given that strangelets do not exist at high temperatures
above T, and the variation of m, with respect to temperat-
ure is generally small below T,, we have chosen to neglect
the temperature dependence of quark masses and instead

utilize Eq. (6) in this study.
1.2 Strangelets in MFA

For spherically symmetric strangelets, the Dirac spinor

where G, (r)/r and F, (r)/r are the radial wave functions
for upper and lower components, while Xﬁm(0,¢) is the
spinor spherical harmonics. The quantum number x is
defined by the angular momenta (l,j) as
k= (=12 +1/2) with j=1+1/2.

By utilizing the mean-field approximation and insert-
ing Eq. (9) into the Dirac equation, we can easily acquire
the one-dimensional radial Dirac equation through the in-
tegration of the angular component, i.e.,

d_ «
V.,+V. -5+ - . .
[ L(\i KIS dr r \J( gznx ) — 8im<( ?mk ) , (10)
Er + - ‘/iV - ‘/iS ink ink

where ¢, is the single particle energy. The mean-field

scalar and vector potentials of quarks can be obtained as

Vis = my +my(n,), (11)
1dm
Vi, ==— ) n+eqA, (12)
Y 3 dnb i=ud,s ‘

where there exist common terms of the scalar and vector
potentials Vg =m,(n,) and Vy = %;‘%‘ Diicuashi . In  addi-
tion, it should be noted that the scalar potential in Eq. (11)
now incorporates the current masses of quarks. The vector
potential arises as a result of the density-dependence of
quark masses and is crucial for ensuring thermodynamic
self-consistency. The time component of the photon mo-
tion equation can be written as follows:

-V?A, = eng, (13)

where n, =3.qn is the charge density g¢,=2/3,
q,=-1/3,and ¢, =-1/3.

Once the single particle energies for quarks are estab-
lished, their occupation probability is subsequently determ-
ined using the Fermi-Dirac distribution.

fone = [1 4+ eCnm/T], (14

where y; represents the chemical potential of quark favor i,
and we focus solely on the f-equilibrated case with

=1, = /3. (15)

We have adopted the no-sea approximation and dis-
regarded any contributions from anti-quarks, which is justi-
fied at the small temperatures considered here. As neutri-
nos can freely escape the system and electrons have minim-
al impact on the properties of strangelets with radii R > 40
fm, the contributions of neutrinos and electrons are disreg-
arded by assuming their chemical potentials to be zero. The

M =My
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scalar and vector densities are fixed by

3Klf

n(r) = Z %[ G| - |F,.nk(r)|2] , (16a)
3KIf

= gjjz"‘“[G,nK(r)|2+|FW(r)|2], (16b)

where the degeneracy factor 3(2j+ 1) = 6|«| of each single
particle levels is considered. The quark numbers
N, = f47rr2n,.(r)dr (i=u,d,s) are obtained by integrating
the density n,(r) in coordinate space.

Finally, the total mass and free energy of a strangelet
can be obtained with

M = Z 61«1, €ine — f 127rr2nb(r)VV(r)dr—

J 27rr2nch(r)eA0(r)dr, (17)

F= Z 6|K|ﬁnx{#[ - Tln [1 + e(f":unﬁﬂ,)/T:I }_
J 2@V = [ 2y eayndr. - (19)

The last term of mass and free energy represents the
contribution of the Coulomb energy.

For a fixed baryon number 4, temperature 7, and para-
meter set (C, VD), we solve the Dirac Eq. (10), mean field
potential Egs. (11) and (12), and density Eq. (16) inside a
box by iteration in coordinate space adopting the grid width
less than 0.005 fm. Note that in our calculation we have in-
troduced cutoffs on the quantum numbers n<n and

|k < k.., which are fixed by the criterion 6|«|f, < 107°.

max 2 ink

1.3 Nucleon emission rates

Having fixed the strangelet's properties in Sec. 2.2, the
neutron and proton emission widths can be estimated by ex-
amining the external neutron and proton gas densities that
are in equilibrium with the strangelet. These densities are
obtained using the standard formulae for nuclear reaction
rates in nucleosynthesis theory[5 3]

Ty =1y (T pvs) (19)

where o, is the neutron and proton cross sections of the
strangelet, while v, = is the velocities of protons and neut-

. le.,

rons, <0' npVnp) TEpresent statistical average over the states
in the external gas. In addition, we can also derive the
particle number densities of neutron and proton gases out-

side the hot strangelet, i.e.,
1 © 2 em? -1
Ny, = ;L [1+e(V" “b)”] pidp.  (20)

Here the chemical potential y, is fixed by Eq. (15) where

the strangelet is in thermodynamic equilibrium with the
nucleon gas. It is worth mentioning that due to the minimal
impact of antiparticles at small temperatures, their contribu-
tion is not considered in this work.

The statistical average (0' n,pvn,p> can be calculated
with

|7 aefEme) vads,
fom f(e)+Ede,

where f(g;) represents the Fermi-Dirac distribution in Eq.
(14) with the discretized single particle energy e, re-
placed by the cintinuum one ¢&; and chemical potential p,
by u, —m, . The kinetic energy is connected to the velocity

v, of the nucleons, i.e.,

<O—ivi> = > (21)

&= \Pi+m}—m ~mv;[2, (22a)
2¢.
v(e) = ZE (22b)

i

As the neutron is electrically neutral, we can straight-
forwardly utilize the geometrical cross section. i.e.,

o, =nR’ (23)

where R is the radius of the corresponding strangelet and
we take its value at vanishing quark densities. When calcu-
lating the capture cross section for protons, it is essential to
account for the Coulomb interaction!® >°1. Here we utilize
the Hill-Wheeler formulal®] and assume a typical Cou-
lomb barrier width of w;, = 4 MeV for nuclear reactions,

ie.,
}. (24)

Here the Coulomb barrier height is determined by the box
boundary with &.=aZ/R, where a=1/137.036 is the
fine structure constant.

2

(€) Rw, In{1
= +
o,(g, 28p n exp

2n(e, —&c)

Wy

2 Results and discussions

For a strangelet with given total baryon number A4,
temperature 7, and the parameter set (C, VD), the free en-
ergy F'in Eq. (18) reaches minimum, i.e., fulfilling the -
stable condition. The density profiles can also be obtained
with Eq. (16). The other properties of strangelet can be de-
rived with the formulae presented in Sec. 2. The neutron
and proton emission widths are then estimated by Eq. (19).
Previously, we have conducted investigations to under-
stand the properties of strangelets and udQM nuggets at
temperatures close to absolute zero. These properties are
greatly influenced by the strengths of the confinement in-
teraction D and perturbation interaction C. In this investiga-
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tion, we are particularly interested in exploring the effects
of finite temperature on the characteristics of strangelets.

In Fig. 1, we present the density profiles of u, d, and s
quarks for strangelets with a baryon number of 4 =50 ad-
opting temperatures ranging from 7= 1 to 30 MeV. These
profiles were obtained using the parameter set C = 0.4 and
VD =129 MeV. We obtain the quark density distribution
by solving the radial wave function. As quarks occupy dif-
ferent energy levels and the wave functions have different
nodes, there exists fluctuations in the density profiles of
strangelets. As the temperature rises, the densities of u, d
quarks experience significant decreases at temperatures ex-
ceeding 20 MeV. However, at temperatures below 20 MeV,
the shell effects become crucial, resulting in an increase in
the densities of # and d quarks while the density of s quarks
decreases. This is primarily due to the decreasing strange-
ness per baryon, f, = N,/A, of the f-stable strangelet as the
temperature rises. The density distribution near the quark-
vacuum interface becomes more diffused with increasing
temperature. The variations in the density profiles of # and
d quarks generally exhibit similar trends as temperature in-
creases, while the density of s quarks shows more signific-
ant variation.

~~~~~ T'=10MeV
—-— - T'=20MeV
- T=30MeV

r/fm

Fig. 1 (color online) Density profiles of u-, d-, s-quarks for

strangelets at baryon number 4 = 50 with various tem-
peratures, where the parameter set C = 0.4 and VD =
129 MeV is adopted.

Figure 2 depicts the charge n, = (2n,—n,—n,)/3 and
baryon n, = (n,+n,+n,)/3 density profiles of the strange-
lets that correspond to Fig. 1. With an increase in temperat-

ure, the baryon number density within the strangelet dimin-
ishes and becomes more dispersed in the surface area. The
charge density is predominantly positive, which is maxim-
al at the center of the strangelet and decreases with r at low
temperatures. With increasing temperature, the variation in
charge density becomes smoother, primarily attributed to
the alterations in the density profiles of s quarks as depic-
ted in Fig. 1.

0.25

0.20 F

~~~~~ T=10MeV
—— - T=20MeV
AN Lree - T=30MeV

0.00 £

r/fm

Fig. 2 (color online) The baryon and charge density distri-

butions in a strangelet at various temperatures.

Based on the density profiles indicated in Figs. 1~2,
we obtain the corresponding scalar and vector potentials us-
ing Egs. (11) and (12), which are presented in Fig. 3. By
considering quark confinement self-consistently in our
mass scaling in Eq. (6), the mean-field potentials exhibit in-

>
Q
=
S
300 TT
~~~~~ T=10 MeV [
275 L—-—- T=20MeV 2
S
%
s 250
o
225
200}
0 2 4 6
r/fm
Fig.3  (color online) Scalar and vector potentials corres-

ponding to the density profiles of the strangelets indic-
ated in Figs. 1 and 2.
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finite values near the interface between quark matter and
vacuum as illustrated in Fig. 3. As illustrated by Fig. 1~2,
the densities of strangelets decrease with increasing temper-
ature while their sizes increase. Consequently, the scalar
potential depth ( V) becomes shallower at larger temperat-
ures. In contrast, the vector potential ( V, ) becomes deeper,
except for a shift in the location of the infinite potential to-
wards larger strangelets' sizes. At sufficiently high temper-
atures, there is a significant decrease in densities leading to
a rapid expansion of the strangelet's size. Ultimately, the
mean fields converge towards the bulk limit, indicating an
absence of strangelets at higher temperatures.

In Fig. 4, we present the chemical potential, energy,
and free energy per baryon for f-stable strangelets, plotted
against the baryon number 4 at distinct temperatures, where
the parameter set C = -0.5 and VD =180 MeV is adop-
ted. As baryon number increases, the strangelets' charge
numbers decreases, the strangeness per baryon increases,
and the energy per baryon drops to an asymptotic bulk
value presented in Table 1, indicating that it is more stable
at this time. But to form SQM, or strange stars, strangelets
need to constantly fuse with each other. Since the strange-
lets are positively charged, this means that the process
needs to overcome a large Coulomb barrier. In addition, the
shell effect reflected by the energy per baryon in Fig. 4
shows that if the strangelets at energy valley is to evolve in
the direction of increasing baryon number 4, it needs to ab-
sorb huge external energy. All in all, metastable strangelets
can exist for a long time. Based on the Fermi-Dirac distri-
bution outlined in Eq. (14), quarks have a tendency to oc-

Table 1

1100

1000

1, /MeV

900

—— T'=20MeV
—— T=30MeV

Nm

1200

1100

M/A/MeV

1000

900
1100

1000

F/A/MeV

900

AF/A/MeV
=)

10 100 1 000
A
(color online) Chemical potential, energy and free
energy per baryon of f-stable strangelets as functions
of baryon number. The deviation in the free energy per
baryon AF/A from the liquid-drop formula in Eq. (25)
is presented in the lower panel as well.

Fig. 4

cupy higher energy states as the temperature rises. Con-
sequently, the energy per baryon increases with temperat-
ure 7, whereas the free energy per baryon and chemical po-
tential exhibit a decreasing trend. Cold strangelets, particu-

Bulk properties of SQM at zero external pressure, interface properties obtained using the fitted liquid-drop parameters, and

emission rates per unit surface area for large strangelets obtained at various temperatures and parameter sets.

Parameters Bulk properties

Interface properties

Emission rates

C VD/MeV TMeV ny/fm™ [y F jAMeV So/A ag/MeV a/MeV o/(MeV-fin2) i/(MeV-fm™") 1 /4xR2/(MeV-fim2) T,/47R? [(MeV-fin2)

-0.5 180 1 0.38 0.70 902 0.11 34 371
-0.5 180 5 0.38 0.70 900 0.57 45 337
-0.5 180 10 0.37 0.70 895 1.15 55 298
-0.5 180 20 0.36 0.69 877 2.30 82 230
-0.5 180 30 0.34  0.69 846 3.47 103 170

04 129 1 0.11 0.18 852 0.21 57 143
04 129 5 0.11 0.19 849 1.05 53 156
04 129 10 0.11 0.21 841 2.05 66 115
04 129 20 0.10 0.26 808 4.04 83 75
04 129 30 0.09 033 755 5.95 91 35
0.7 140 1 0.13 0.13 997 0.22 52 192
0.7 140 5 0.13 0.14 994 1.06 62 157
0.7 140 10 0.13 0.18 985 2.07 75 118
0.7 140 20 0.12 0.24 952 4.05 93 73

0.7 140 30 0.10 0.29 898 6.12 99 44

3.7 17.30 2.0x10719 7.9% 10730
4.9 15.60 1.8x1073 1.3x1077
5.9 13.70 0.0013 1.1x107*
8.6 10.50 0.022 0.0063

10.4 7.60 0.051 0.022
2.7 438 9.8x 1074 1.4x 1077
25 4.80 2.1x10710 32x10713
3.1 3.54 57x107° 2.4x1077
3.7 222 6.6x1074 1.5x107*
3.8 1.01 0.0028 0.0011
2.8 6.24 2.0 0.31
3.3 5.09 1.9 0.32
4.0 3.85 1.7 0.33
47 2.30 0.78 0.22
4.4 1.32 0.25 0.10
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larly those with smaller baryon numbers, exhibit fluctu-
ations in their chemical potential, energy, and free energy
per baryon as a function of 4. These fluctuations can be at-
tributed to shell effects!*]. However, at higher temperat-
ures, the shell effects become less pronounced (i.e., shell
damping), resulting in a smoother variation of y,, M/A,
and F/A with 4. Additionally, it is worth noting that at
smaller baryon numbers, specifically when A4 is less than
approximately 10, the center-of-mass correction and one-
gluon-exchange interactions become significant!®'). Con-
sequently, the energy and free energy per baryon for S-
stable strangelets are anticipated to decrease. In the ex-
treme scenario where 4 equals 1 and 7 is 0, the (free) en-
ergy per baryon should align with the mass of nucleons.

The free energy per baryon in Fig. 4 can be fitted by a
liquid-drop type formulal*!], ie.,

FLD_F() @y Qe

A A tan e 22
Here, F,/A denotes the free energy per baryon in the bulk
limit as indicated in Table 1, while @, and . are the fit-
ted parameters. It's worth noting that during the fitting pro-
cess, we subtracted the contribution of the Coulomb en-
ergy E. to better highlight the influence of the strong in-
teraction on the interface effects. The deviations from the
fitted free energy values, denoted as AF (where
F—-E.-F,,), are presented in the bottom panel of Fig. 4.
In this panel, the shell effects can be clearly identified. As
the baryon number 4 increases, the shell corrections to the
energy and free energy per baryon eventually become neg-
ligible. Similarly, at higher temperatures, quarks begin to
occupy a larger number of single-particle states above the
Fermi energy, thereby diminishing the fluctuations caused
by significant shell gaps, i.e., shell dampening.

In Fig. 5, the strangeness per baryon, charge-to-mass
ratio, and ratio of root-mean-square radius to baryon num-
ber can all be derived as

fi=N,/A, (26)

f.=Z/A=@2N,-N,~N,))/3A, (27)
1

Ty = (f4ﬂr4nbdr)2 /Ag. (28)

Generally speaking, as the baryon number 4 increases,
the charge-to-mass ratio and the ratio of root-mean-square
radius to baryon number tend to decrease, eventually ap-
proaching to their bulk values (f, =0 and r,~0.48/n
with n, fixed at vanishing pressures) as indicated in Table 1.
Conversely, the strangeness per baryon increases with A
and approaches its bulk value ( f,  0.7), which is presen-

ted in Table 1. At lower temperatures 7, shell effects in-

duce fluctuations in both the strangeness per baryon and the
charge-to-mass ratio due to sequential occupation of low-
est energy levels. However, with increasing 4 or 7, these
fluctuations become less evident. It is noteworthy that the
shells exert opposing influences on f, and f, . Specifically,
f. experiences a sudden drop when the s-quark shell is oc-
cupied, accompanied by a corresponding surge in f,. This
phenomenon also affects the radii of strangelets, as a sud-
den reduction in r, is observed when f, increases. As tem-
perature 7 rises, the shell effects become less pronounced,
resulting in a smoother variation of f,, f,, and r, with 4.
For the parameter sets C = —0.5 and VD = 180 MeV em-
ployed in this study, f, and f, generally exhibit limited
sensitivity to temperature effects beyond shell dampening.
Meanwhile, as depicted in Figs. 1 and 2, the density pro-
files of strangelets exhibit a more dilute character as tem-
perature rises, resulting in an increase in r, as shown in
Fig. 5.

1.0r

=05

—— T=1MeV
—— T'=10 MeV

Tl 10 100 1000
Fig.5 (color online) Charge-to-mass ratio f, strangeness
per baryon f,, and ratio of root-mean-square radius to
baryon number r, for f-stable strangelets obtained at
various temperatures.

The surface tension ¢ and curvature term A can all be
obtained with

o= (E) , (29)
1
1=ac(5s) (30)

To provide a clearer picture of the temperature-de-
pendent behaviors in the surface tension and curvature term
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of SQM, in Fig. 6 we present the obtained values for ¢ and
A plotted against temperature. As denoted by the black
squares, the curvature term A decreases steadily with tem-
perature, while the surface tension o rises with 7 until it at-
tains its peak value at approximately 7 ~40 MeV. This is
in contrary to our expectations, where the increase in sur-
face tension at temperatures 7 below 40 MeV is precisely
the opposite of what has been typically observed in previ-
ous studies with o decreasing with 7192794 The primary
reason for this atypical behavior in ¢ can be attributed to
shell effects. As temperature 7 rises, the free energy per ba-
ryon subtracted by its bulk value increases rapidly for smal-
ler strangelets due to shell dampening. In this study, our
primary focus is on characterizing the properties of all
strangelets that may potentially emerge during binary com-
pact star mergers or heavy-ion collisions, so we still use the
liquid-drop formula.

8r —s— Curvature 18
6  \ —eo— Surface | 1¢
_14L C=-05\VD=180MeV |14 _
=12t o~ 112'g
= - o, B=)
= 10t S 110 2
o gl ) 18 &
= ~. =
X 6F . ~, 16 %
) '~ 14

\.
2+ \.\.\. 12
0 L L L L L 0
0 20 40 60 80 100
T/MeV
Fig. 6  (color online) The obtained surface tension ¢ and

curvature term 4 of SQM as functions of temperature,
which are fixed by Egs. (29) and (30).

Utilizing the derived chemical potentials for S-stable
strangelets, the rates of proton and neutron emissions can
be determined using Eq. (19). To illustrate this, Fig. 7
shows the neutron emission rates for f-stable strangelets
considering two distinct parameter sets. In particular, com-
pared with nuclear matter, strangelets are stable adopting
the parameter set C = 0.4 and VD = 129 MeV, which be-
come unstable for C = 0.7 and VD = 140 MeV. The
strangelets obtained with the parameter set C = 0.7 and
VD =140 MeV exhibit instability against neutron emis-
sion, characterized by significant decay rates that decrease
with temperature. This behavior contrasts sharply with the
results obtained using C = 0.4 and VD = 129 MeV, where
the neutron emission rates are low and increase with 7. This
variation can be primarily attributed to the evolution of the
chemical potential y, . Specifically, for unstable strange-
lets, u, exceeds m,, and y, gradually decreases as tem-
perature rises. As a result of shell effects, the chemical po-
tential experiences fluctuations that are dependent on the
baryon number 4. Consequently, the emission rates also
undergo corresponding variations. This gives rise to the ex-
istence of extremely stable strangelets, which might serve
as key waiting points during the decay process of larger

strangelets. These stable strangelets are likely to persist in
binary compact star mergers or heavy-ion collisions.
However, at higher temperatures, these fluctuations in nuc-
leon emission rates are suppressed due to shell dampening,
while the neutron and proton emission rates per unit area
may decrease significantly, attributed primarily to the rapid
decline in the chemical potential.

C=0.7, VD = 140 MeV
10! —— T'=5MeV
—— T=10MeV
—— T=20MeV
g \“‘ "---.-....“."m""“
&
% 2 M
g L L
X 1 C =04, VD =129 MeV
g 10°
<
kf r
100
F
r
103 F
F
106 . .
1 10 100 1 000

A

(color online) Neutron emission rates for S-stable
strangelets as functions of baryon number, which are
fixed by Eq. (19).

Fig. 7

3 Summary

Employing equivparticle model with density-depend-
ent quark masses, we investigate the interface effects and
properties of S-stable strangelets with various parameter
sets, accounting for both linear confinement and leading-or-
der perturbative interactions. Based on the mean-field
framework, we study various strangelets' characteristics,
such as the density profiles of u, d, and s quarks, the distri-
bution of baryon and charge densities, the free and total en-
ergy per baryon, the chemical potential, the strangeness
content per baryon, the charge-to-mass ratio, as well as the
nucleon emission rates. As temperature rises, the shell cor-
rections eventually lose significance as quarks occupy high-
er energy states, a phenomenon known as shell dampening.
Consequently, contrary to the expected trend, the surface
tension, derived from a liquid-drop formula fitted to the
free energies of strangelets, increases with temperature un-
til it peaks at 7 ~20~40 MeV, where shell corrections
vanish. In contrast, the curvature term decreases monoton-
ically with temperature. Using the derived properties of
strangelets, we can determine the neutron and proton emis-
sion rates by applying standard formulae for nuclear reac-
tion rates from the theory of nucleosynthesis. These calcu-
lations incorporate the equilibrium densities of the external
nucleon gas and the capture cross sections of strangelets.
The emission rates of stable strangelets generally increase
with temperature, while unstable strangelets exhibit mono-
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tonically decreasing emission rates with temperature. These
emission rates are intimately linked to the chemical poten-
tial of strangelets, which experiences fluctuations due to
shell corrections. Consequently, certain strangelets exhibit
remarkable stability against neutron or proton emissions.
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BIRE THIET R

R RIRR2 S, LBV R EHS, ZorgoTs
(1 MR 2= Rl 2= S E R 2B 51 /1 5 T8 7L oL, Y195 41 225009;
2. BHZEBE ML TR 2R, AR #UR 1L 354300;

3. TEIE RS B LRE =R, Y195 T8Ik 223800;

4. bR, bRt 1008715
5. bR R R SO A R AR B 220 5 BT, b5t 1008715
6. H ERL =B K =R = RR 2B, 65 100049;

7. HER R AT AT, dE5T 100049,

8. R VG K 2 & RS S I A B R B L, K 410081)

WE: a4 RFEHANELT, TRAMEAF—NHRREEERANTER, AXTAREBEEN T T FENE
MR, BRELRTEARERFES AT T 7 E, S EETRENERL. BEREAE, REFLAKTR
GUHEE, 2RERAGEHEHETCTNER, MR TRARE, FTRRALR. 2 ABIHE, NRBEHEE QK
FRENRERAFZAEERENFEHTER, MEFE, HERET~20~40MeV 2L EHE, EXMNEET,
TBEEETULASLT, RAEE AR AN TRBANEGETEOMBHT NS EWAMNE. KT, #EHMUF
HALZEBEEEH, MAMEFEEATTERRD . THETHFRENETRAEREBENT L., X TFREHF
RH, BTAHERBEEN AT E N, TN TARENTRFENER. RELHETAREE TH R AN L
M. MATHEREENTANEBIREEHASGPER THEN M.

XA SWREEE; FRE; RER; KHE; ARE

i B HA: 2024-02-18; &K HEA: 2024-03-27

EEWE: BHR HRB S RBTH (12275234 & 12342027);  H [E R} 2% b S 0% = 2 5F 55 01 H (XDB0550300);  FH # SKA % 5 15 H
(2020SKA0120300 & 2020SKA0120100)
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