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Abstract

We improve our recently proposed unified description for strange quark matter (SQM) objects, in the
way that analytical expressions are derived and used to calculate the distribution of particles inside an
SQM object. In the improved model, the computational time is greatly reduced without losing accuracy.
The properties of SQM objects are then investigated by adopting perturbative quantum chromodynamics
(pQCD) with running quark masses and coupling constant. Aside from the increase of masses and radii of
strange stars, it is found that the perturbative interactions also make the electric field on the surface stronger
and extends deeper into the core, while small SQM objects become less compact and more positively
charged. These may affect the experimental searches of SQM.
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1. Introduction

Due to the asymptotic freedom of strong interactions, strange quark matter (SQM) is formed
at high enough densities. Unlike ordinary nuclear matter, SQM consists of approximately equal
numbers of up, down, and strange quarks. Early studies of SQM with effective models sug-
gested its absolute stability [1-3], indicating the possible existence of stable SQM objects such
as strangelets [4-7], nuclearites [8,9], meteorlike compact ultradense objects [10], and strange
stars [11-19].

The properties of these SQM objects have been studied extensively. For example, with
nonzero strange quark masses, it was found that strangelets in perfect weak equilibrium are
slightly positively charged [4]. Strong parameter dependence was revealed for their proper-
ties [20,21]. The possible formation of strangelets in heavy-ion collisions was investigated [22,
23], and it was proposed that strangelets which are stable against strong decay are most likely
highly negatively charged [24]. By constraining its shape in an axially symmetric bag, it was
found that a strangelet is in favor of spherical shape [25]. Since the wave functions of quarks
approach to zero on the quark-vacuum interface, there are surface effects caused by quark de-
pletion, which can be well described with the multiple reflection expansion (MRE) method [5,
26-28]. Adopting a small enough surface tension, a strangelet at certain size is more stable than
others if the effects of charge screening are considered [29]. In such cases, the surface of a
strange star may consist of a crystalline crust comprised of SQM nuggets embedded in a uniform
electron background [30]. Considering the electron—positron pair creation in the supercritical
electric field of a static spherical object, an upper bound on the net charge of SQM objects was
obtained [31]. The properties of strangelets and strange stars were thoroughly investigated using
the equivparticle model [32-39].

If SQM objects are absolutely stable, there may be a chance for us to observe them. Up till
now, several incidents that fit the SQM characteristics have been detected [40—43], while more
efforts are being made for the search of SQM [44—46]. On the other hand, since its first discov-
ery [47], approximately 2,500 pulsars have been found [48]. The extreme conditions of pulsars
offer us a unique opportunity to study matter at highest densities, where SQM may be favored.
In fact, there are several hints suggesting that pulsars may actually be strange stars [49-51]. Nev-
ertheless, final confirmation may rely on future observations, e.g., the lightweight asymmetry
and magnetism probe (LAMP) project [52], the five-hundred-meter aperture spherical telescope
(FAST) [53], the neutron star interior composition explorer (NICER) [54], and the square kilo-
metre array (SKA) [55], etc.

Recently, we have proposed a unified description for SQM objects [56-58], called hereafter
the UDS model. The properties of these objects ranging from strangelets to strange stars were
investigated, where the MIT bag model was adopted for the local properties of SQM. The nu-
merical calculation was carried out in a straightforward manner, and was time consuming. In
this paper, with certain approximations, we obtain the analytical expressions for the distribution
functions of particles, which significantly reduces the computational time. The interaction be-
tween quarks was ignored in our previous work. However, recent studies via relativistic heavy
ion collisions indicate that quarks are strongly correlated [59]. In fact, according to the pre-
cise mass measurements of PSR J1614-2230 (1.928 £ 0.017 M) [60,61] and PSR J0348+0432
(2.01 £0.04 M) [62], it is unlikely that the masses of strange stars predicted with bag model
can reach these observational values, while including the perturbative interactions can change
this situation [63—65]. Knowing that the interaction between quarks is negligible only at much
lager densities, it is thus necessary to include the perturbative interactions in our calculation.
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In this work, we investigate the properties of SQM objects by adopting perturbative quantum
chromodynamics (pQCD), while the renormalization scale and the energy difference between
the physical and perturbative vacua are treated with phenomenological approaches.

The paper is organized as follows. In Sec. 2.1 we present the formalism of pQCD with nec-
essary non-perturbative corrections. For the particle distributions of an SQM object, we adopt
the UDS model in Sec. 2.2 with certain approximations to simplify our calculation. The average
effects of quark depletion on the quark-vacuum interface are treated with the MRE method in
Sec. 2.3. Our results are presented in Sec. 3, where the properties of S-stable SQM with local
charge neutrality and SQM objects are investigated in Secs. 3.1 and 3.2. We draw our conclusion
in Sec. 4.

2. Theoretical framework
2.1. SOM with pQCD

The pQCD thermodynamic potential of cold quark matter consisting of massless quarks was
obtained by Freedman and McLerran in 1977 [66]. Later on, it was realized that the contribution
of the nonvanishing strange quark mass is sizable [63]. Thus, here we adopt pQCD with the quark
masses and strong coupling constant running with the energy scale. Currently, the state-of-the-art
pQCD calculations were performed to the order of asz [64], where oy is the renormalized strong
coupling constant of QCD Lagrangian. In this work, we adopt these results up to the order of «s,
where the thermodynamic potential density in the MS scheme is given by [63]

Ny

=Y (of +olay), (1

with
0 glm? 2 5 3
w; = —247_[2 ujvi | U; — E + Eln(ui + vi) ’ (2)
1 8im? A 2 4
w; = 6Iln| — ) +4 | [ujvi —In(u; +v;)] + 3 [u;vi —In(u; +v:)]" —2v; 1. (3)
1273 m;

Here u; = u;/m; and v; = ‘/ul.z — 1 with u;, m;, and g; (g, = g4 = g&s = 6, g = 2) being the
chemical potential, mass, and degeneracy factor for particle type i, respectively.

The running coupling constant and masses are obtained with the B-function and y-function,
ie.,

do 2 &

S i+2
— = —— i O . 4
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— = ——= 104 . 5
dA A Z,-zoyl s )

Those functions are known up to 4-loop order in the MS scheme [67,68]. Ignore the higher

order terms, we take fo = 7-(11 — $Np) and B; = 125 (102 — 3 Ny) for the B-function while
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yo=1/mand y; = 7 6n2 (202 %Nf) for the y-function. Then the scale dependence of the strong

coupling constant and mass are given by
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where L =21n ( ) with Ay being the MS renormalization point. At present, it is not clear
MS
how exactly the renormalization scale A evolves with the chemical potentials of quarks. There

are various choices, e.g., A = C > i/ N [63], A=CJ > /J,?/Nf [19], etc. In this work, we

expand A with respect to the average value of quark chemical potentials and take to the first-order
— Cl
A=Co+ﬁf2i:ui, ®)

where Co=0~1GeVand C; =1~4[65].

To incorporate the non-perturbative corrections, we introduce an extra bag constant B to take
into account the energy difference between the physical and perturbative vacua. The modified
thermodynamic potential density for SQM is

Q=M+’ + B. ®)

Here the contribution of electrons is indicated as a) , which is obtained with Eq. (2).
Based on the basic thermodynamic relations, the partlcle number density is given by

a2
nj=— —

dpi 10

Hjti

For quarks, the particle number density obtained with Eq. (10) can be divided into two parts, i.e.,

ni =n: + no, (1D
with
9! !
P AN (12)
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mi mi,
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Here n arises due to the scale dependence of the strong coupling constant and quark masses. If
we take constant values for «g and m;, ng vanishes. Note that for the derivatives of ag and m;,
instead of adopting the B-function and y-function in Egs. (4) and (5), we take the derivatives of
Egs. (6) and (7) and keep the higher order terms to avoid thermodynamic inconsistency, i.e.,
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For electrons, the number density given by Eq. (10) reads
ng (,uz — 1413)3/2
Ne=——| =—F7>5—. (16)
Olhe m, 3
The energy density and pressure of electrons are E, = a)g + pene and P, = —wg, respectively.
Then the energy density for SQM is obtained with
EZth+w8+B+ZMini, (17)
i
while the pressure takes negative values of the thermodynamic potential density, i.e., P = —S2.

Due to the weak reactions such as d,s <> u + e + Vv, and s + u <> u + d, quarks can be
converted into each other. For stable SQM, the B-equilibrium condition needs to be satisfied, i.e.,

Hu + e = Hd = Us.- (18)

Here the chemical potential of neutrinos are set to zero since they can leave the system freely.
2.2. The distribution functions

For zero temperature cases, the internal structure of a static SQM object is determined by min-
imizing the mass at given number of particles. The local chemical potential w; (r) of a spherically
symmetric SQM object at ground state follows [56-58]

i = wi(r)e’"? + gio(r) = constant, (19)

with the metric elements " and e*") as well as the electric potential ¢(r) determined by

2G A 2
v =29 (- 2 ) | 20)
r2 8mré
2G
et =1-—"2M, (1)
r
g0/ — _azQe()H-U)/Z. (22)

r

In this work we use the natural system of units and adopt the “prime notion” so that v’ = dv/dr
and ¢’ = dg/dr. The gravitational constant and fine-structure constant are taken as G = 6.707 x
1074 MeV~2 and o = 1/137, respectively. The total mass M, particle number N;, and charge
Q enclosed in a sphere with radius r are

A 2
M(r) = [4n72 (E + O‘—Q4> dr, (23)

8mr
0



674 C.-J. Xia, S.-G. Zhou / Nuclear Physics B 916 (2017) 669-687

r

Ni(r) = / 4 i?niet2dr, (24)
0
,
Q) =Y qiNi(r)= / 4 i*nene/?dr. (25)
i 0

Here n;(r) is the local number density of particle type i, which determines the local charge
density nch(r) = Zi gin;(r) with the particle charge ¢, = %, qi =qs = —%, and g, = —1. Mean-
while, the pressure P (r) and energy density E (r) are also related to the local properties of SQM.

Based on Eq. (19) and the Thomas—Fermi approximation, the structure of an SQM object is
unambiguously determined by ¢ (r) and v(r) at given f1;, which gives the local chemical potential
wi(r)= [,zli — qu(r)] e V(/2 The particle distribution of an SQM object can then be obtained
by solving the differential equations (20) and (22) along with the subsidiary conditions (21),
(23)—(25). It is found that the structure of an SQM object resembles an atom, consisting of a
positively charged quark core surrounded by an electron cloud [56-58].

A straightforward calculation of the aforementioned formulae consumes many computational
resources. To simplify our calculation, we substitute Eq. (22) into Eq. (25) and take the derivative
with respect to r, which gives

/ /

A
r2(p// + 2rg0/ _ %rz(p/ +4ﬂar2nchelev/2 —0. (26)

2.2.1. The electric field of the quark part
It is convenient for us to solve the differential equation (26) approximately by expanding the
charge density nch (¢, v) and keeping the leading terms:

0nch
av

onch

e

Av. 27)
¢

nCh((pa U) ~

v

Here we have defined Agp = ¢ — @9 and Av = v — vy with nc,(¢o, vo) = 0. For the differential
equation

an
r2@¢ + 2rog + dmariete/? T ¢s =0, (28)
v

it can be solved analytically and gives

0s(r) = Lt =R/ip 2 —=R)/ip (29)

r r

where

- 0]

Ap? = —dmaetveo/? Geh | _ g’ (30)

9o |,
/ —-1/2
Here R represents the radius of the quark core and Ap = (47101 > idgi %’L‘h . ) is the
i i

Debye screening length of SQM [69].
Now the electric field can be divided into three parts, i.e.,

o(r) =s(r) +oc(r) + ¢o, 31
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where ¢g(r) takes account of the gravitational effect on the electric field and is comparatively
small. By substituting Eq. (31) into Eq. (26) with the charge density given by Eq. (27), we obtain

/ dnch
¢ dg

The derivative terms of ¢g are neglected since their contributions are insignificant. Meanwhile,
the last term in Eq. (32) is small enough to be ignored even when gg is sizable. To obtain ¢g(r)
throughout the quark part, we take the derivative of Eq. (32) with respect to r and discard higher
order contributions, i.e.,

oncp
ov

A4 -
- A5 (32)

¢G(r)=—Av

v

UL N (33)

¢

o5 (r) = 4mae’ V2 (r)?

Then ¢g(r) is obtained by integrating Eq. (33).

At the center of an SQM object (r = 0), according to Eq. (22) and Eq. (33), we have r2¢/(r) =
r2 [(p/s (r) + (pé(r)] =0 and ¢g(r) =0 since Q(0) =0 and v'(0) = 0. Then Eq. (29) satisfies
lim,,o r?p§ (r) = 0, which gives

o5 = Cr_' [e(r—m/in _ e—<r+R)/iD] . (34)
Finally, the electric field within the quark core is obtained with Eq. (31), where ¢g and ¢g are
determined by Egs. (33) and (34), respectively. Note that at r = R, we take ¢pg(R) = 0 and
V(R) = vp.

2.2.2. The electric field of the electron cloud
According to Eq. (26), the electric field of the electron cloud (r > R) can be obtained with

/ /

A
r2¢" +2r¢’ — —_; e r2¢’ —dwarin.ete’/? = 0. (35)

Generally speaking, the electron cloud covers an extremely thin layer (~1 A) in the surface
region with little contribution to the total mass so that the metric elements remain constant, i.e.,
e*() av eV ~ M R) = constant at r &~ R. Then Eq. (35) becomes

" +2¢' |r —dman.e* =0, (36)

with § = ge /2
neutrality condition is fulfilled, we have jii.e
is then obtained with w.(r) = @(r) + m,.

If the core radius R is large enough, the second term in Eq. (36) can be ignored [70]. Assuming
zero electron mass m, = 0 and take 1, = 0, the local chemical potential of electrons becomes

We(r) = @(r). Then the electron number density is obtained with

and the electron number density determined by Eq. (16). Since the global charge
—v(R)/2 — . The local electron chemical potential

3 -3

Me %
= = —’ 37
e =372 7 352 7

and Eq. (36) becomes
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4
7" — 25?0 (38)
3n
This equation can be solved analytically at given @(R) by satisfying the boundary condition
¢(00) =0, which gives

_ @(R)
— , 39
= R 5
with k = /22 5(R)e*®)/2,
For massless electrons, the particle number density is determined by Eq. (37), while the energy
density is E, = /ft}/4n2 and pressure P, = Mﬁ/lan. According to Egs. (22) and (23), the mass
contribution from the electron cloud reads

® —4 " = N2
R
Mezfﬂ LA PR G (R2K2+RK+1) [e—“R>nK2+2a¢(R)2]. (40)
7 2 6K’
R

2.3. The surface

Since the wave functions approach to zero on the surface of an SQM object, quarks are de-
pleted and consequently contribute to the interface effects. By counting the number of depleted
quarks, the average effects due to quark depletion are treated with a modification to the den-
sity of states. Here we adopt the multiple reflection expansion (MRE) method [5,26-28], which
gives

n" (pi) = 8 Pl aretan [ 28 ) + 222 1 — 2P arctan ( 22) | (41)
T Di 3 mi Pi

with p; being the momentum of quark flavor i (i = u, d, s). The upper bound of p; corresponds
to the Fermi momentum on the interface v; (R) and is obtained phenomenologically by solving
givi(R)3/6m? = n; with n; given by Eq. (10). Then the corresponding contributions to particle
number Nis“rf, energy E l.surf, and pressure P! are determined by

vi (R)

N3 = / 3 (pi)dpr, “2)
0
v;i (R)

Esrt = / P2+ min ™ (pidp;, (43)
0

rsurf
dE

Psurf - _ Z
— dV

1

(44)

surf
N i

The surface charge created by quark depletion is obtained with Qs = > iqi Nisu‘f. Due to the
presence of gravity, the contribution to the mass of an SQM object is



C.-J. Xia, S.-G. Zhou / Nuclear Physics B 916 (2017) 669-687 677

MSul‘f — Z E_isul’fev(R)/Z’ (45)
i
with E‘f‘urf given by Eq. (43).

On the requirement of dynamic stability of the quark-vacuum interface, the outward pressure
of quarks should match the inward vacuum pressure B, i.e.,

P(R) — P.(R) + P =0. (46)

Finally, by satisfying the continuity condition at r = R
@(R7) = p(RT), 47
QSU
¢'(R7) = ¢'(R") + ——5—e T2, (48)

Eq. (46) and global neutrahty condition Q(oco0) = 0, the metric element v and electric field ¢ can
be obtained by solving Egs. (20), (33), and (36) along with the subsidiary conditions (21)—(25),
(30) and (34).

3. Results and discussions

To fix the parameters of pQCD in Sec. 2.1, we adopt the latest results obtained by Particle Data
Group [71], where the strong coupling constant at Mz = 91.1876 GeV is given as as(Mz) =
0.1185 = 0.0006. Based on the continuity condition at the threshold of heavy quark masses
and Eq. (6), we have Agg s, = = 3769793 MeV for A < m,. Meanwhile, at A =2 GeV, m, =

2.3707 MeV, my =4.8%03 MeV, and m, =95 £ 5 MeV [71]. If we take Ay = 376.9 MeV,
the invariant quark masses are obtained by solving Eq. (7), where m, = 3. 8Jrl 2 MeV, g =

8. OJFO8 MeV, and m; = 158Jr9 MeV. In this work, we take their central values ie., Ay =
376. 9 MeV m, =3.8 MeV, my =8 MeV, and m; = 158 MeV. The mass of electrons is taken
asm, =0.511 MeV.

3.1. B-Stable SQM with charge neutrality

To see the properties of SQM with running masses and coupling constant, we first study the
cases satisfying the g-stability condition in Eq. (18) and local charge neutrality condition

nen =y _ qini =0. (49)
i

The particle number densities are obtained with Eq. (10), where the values of ng given by Eq. (13)
are the same for all three types of quarks. Then Eq. (49) is converted into Zi:M’ a5 qin; +
gene = 0 with n} determined by Eq. (12). For given values of the total quark chemical potential
W= Wy + g + Us, the chemical potentials are determined by fulfilling Eqgs. (18) and (49). Then
the properties of SQM are obtained with Egs. (1)—(17).

In order for SQM objects to stably exist at zero external pressure, the Witten—Bodmer hypoth-
esis [1,2] has to be fulfilled. The parameters Cp, C1 and B are then constrained by requiring the
minimum energy per baryon of quark matter smaller than 930 MeV for 3-flavor cases but larger
for 2-flavor cases. The obtained results are presented in Fig. 1, where the parameters should lie
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Fig. 1. (Color online.) Range of parameters C, C1 and B that satisfies the Witten—-Bodmer hypothesis, which lies in
between the mesh and surface. The tetrahedra represent the selected parameter sets for our following studies.

in between the mesh and surface. For regions above the mesh and surface, SQM is unstable and
can only exist at the center of compact stars, i.e., hybrid stars [15,72—77]. Note that the region
beneath the surface is forbidden since 2-flavor quark matter can not be more stable than °Fe. As
indicated by the tetrahedra, the parameter sets (Co, C1, B1/%): (0,4, 138), (1, 2, 138), (1, 4, 138),
and (1, 4, 147) are chosen for our following study, where C; is dimensionless, Cy in GeV and
BY* in MeV.

In Fig. 2, we present the baryon number density ny, = (n, 4+ ng + ng)/3, strange quark mass
mg and strong coupling constant o as functions of w. The choice of bag constant B is irrelevant
here. As w increases, ny, is increasing while m; and oy are decreasing. When we adopt larger
values of Cp and C1, the baryon number density becomes larger. The running quark masses and
strong coupling constant behave similarly with respect to w. It is found that they decrease faster
for smaller Cq or larger C1. Meanwhile, m; and o are smaller if we take larger values of Cy
and Cq.

The energy per baryon E/np of SQM is presented in Fig. 3 as functions of baryon
number density, where the energy density E is obtained with Eq. (17). Previously in [39,
Eq. (10)], we have provided a necessary condition for thermodynamic self-consistency, i.e.,

A=P— n% dinb (%) = 0. In this work A remains zero for -stable SQM with charge neutrality,
suggesting that the thermodynamic self-consistency is satisfied. The properties of SQM at zero
external pressure are presented in Table 1. Note that the total chemical potential p coincides
with the minimum energy per baryon. This is a nature consequence for SQM at zero pressure
with the f-stability and charge neutrality conditions fulfilled. Since the parameters are chosen
to meet the requirement of the Witten—Bodmer hypothesis, the obtained minimum energy per

baryon of SQM is always smaller than 930 MeV. Meanwhile, the corresponding baryon number
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Fig. 2. (Color online.) Baryon number density (top), strange quark mass (middle) and strong coupling constant (bottom)
as functions of the total quark chemical potential jt.
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Fig. 3. (Color online.) Energy per baryon of SQM as functions of baryon number density. The shaded region corresponds
to the results obtained with the bag model by varying the bag constant B 1/4 from 145 to 159 MeV, which lies within the
stability window; the same convention is adopted for the following figures.

densities lie within the range 0.24 < ny, < 0.3 fm™3. At given values of Cy and B, the SQM
energy becomes smaller with larger C;. Since the non-perturbative effects are important at lower
densities, varying Cp and B has more impact on SQM energy at lower densities than higher
ones. If we increase Cy or decrease B, the obtained energy per baryon is smaller. For compari-
son reason, in Fig. 3 we present the results obtained with the bag model. The energy per baryon
obtained by incorporating the results from pQCD can be reproduced by bag model at lower den-
sities, while this is not the case at higher densities since the perturbative interactions become

important.
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Table 1
Properties of SQM at zero external pressure.
Co C Bl/4 ny w E/ny
GeV MeV fm—3 MeV MeV
0 4 138 0.278 924.23 924.23
1 2 138 0.248 895.39 895.39
1 4 138 0.247 875.64 875.64
1 4 147 0.297 925.63 925.63
25 7|:| Bag model
3>
= 20
s
§ 15 1
[} [
Q [
L2 10 -
3 7 L——=""0 4138}
w 5 r r ---1 2 138 f
[ 1 4 138 ]
L I 1 4 147 |]
O Ll Col L Lol il
1 10 100 1 10 100

Radius (fm) Radius (fm)

Fig. 4. (Color online.) Left: the electric potential ¢(R) on the quark-vacuum interface as functions of R, which is com-
pared with the Coulomb barrier E¢ for finite nuclei. Right: the electric potential ¢ that fulfills the local charge neutrality
condition n¢h (¢g, vg) = 0.

3.2. The properties of SOM objects

Based on the UDS model [56-58], we investigate the properties of SQM objects ranging
from strangelets to strange stars. By adopting the simplifications in Secs. 2.2.1 and 2.2.2, the
numerical calculation for SQM objects are greatly simplified. For example, the computational
time to obtain the particle distribution of a strangelet with R = 10 fm are reduced by two orders
of magnitude comparing to the straightforward calculation. The obtained mass, total particle
numbers, and particle distributions are not affected by the simplifications. Note that we have
adopted Eq. (36) for the electron cloud. At larger radii, the computational time can be further
reduced if we consider massless electrons.

In the left panel of Fig. 4 we show the electric potential ¢(R) on the quark-vacuum interface,
which is obtained with Egs. (34) and (36) by fulfilling the global charge neutrality condition.
The electric potential ¢(r) in the surface region can be obtained with Eq. (31), where the values
of ¢o and Ap are presented in the right panel of Fig. 4 and in Fig. 5, respectively. Due to the
effects of perturbative interactions, the electric potential and Debye screening length obtained
with pQCD are much larger than those with bag model. At certain radii, as indicated in Fig. 4,
the electric potential ¢(R) on the surface of SQM objects are even larger than the Coulomb
barrier of finite nuclei for proton reactions Ec =« Z/R, (R, = ro A3 + R p wWith 7, = 1.62 fm
and R, = 1.443 fm [78]). This may affect the search for SQM via heavy-ion activation [79,
80], where a low-energy beam of heavy ions can not penetrate the Coulomb barrier of an SQM
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Fig. 5. (Color online.) The Debye screening length of SQM in the vicinity of the quark-vacuum interface.
Table 2
The properties of SQM objects at large radii and the maximum masses and radii of strange stars.
Parameters RZ 104 fm 104 fm <R<1km  The most massive strange star Rmax
_ _ km
Co Ci Bl/4 w(R) AD ep(R)  ego o % st O % min Mmax  Amax R
GeV MeV MeV fm MeV  MeV fm 2 Mev fm MeV Mg 107 km
0 4 138 92422 5.68 26.29 2423 0.100 92423 095 774.76 1.79 2.58 10.04 10.50
1 2 138 895.37 5.65 21.10 19.07 0.065 89539 0.99 750.36 1.93 2.88 10.82  11.32
1 4 138 875.63 5.62 17.59 15.54 0.045 875.64 0.99 732.85 1.98 3.01 11.03  11.52
1 4 147 925.62 529 16.39 1421 0.040 92563 093 774.20 1.77 2.54 9.81 10.25

object to produce the characteristic y-rays. As the radius of an SQM core increases, the Debye
screening length Ap, the reduced electric potentials ¢(R) and ¢g increase to the constant values
indicated in Table 2. This suggests that the surface structures with the effects of gravity reduced
are insensitive to radius for large enough SQM objects, i.e., R > 10* fm.

To show more details on the surface structures of an SQM object, in Fig. 6 we present the total
chemical potential of quarks w(R) = u,(R) + 1q(R) + s (R) on the quark-vacuum interface,
which is determined by fulfilling the boundary condition in Eq. (46) as well as the S-stability
condition in Eq. (18). The obtained results for pQCD coincide with bag model. Meanwhile, the
values of t(R) are decreasing with radius and approach to constants at R > 10* fm as indicated
in Table 2. If we take larger values of Cy and C; or smaller B, w(R) becomes smaller. According
to Eq. (19), we have u(r) = ;le_”(’ )/2_The structure of an SQM object can then be obtained by
solving Eq. (20) at given values of ¢(r). Note that 1 (r) barely changes in the surface region with
sizable s (r) (R —5Ap Sr < R).

The mass-radius (M-R) relations of strange stars were investigated previously with perturba-
tion models in Refs. [63—65]. The important effects of perturbative interactions on the structures
of strange stars were pointed out, where the bag model is unlikely to predict a strange star with
its mass exceeds 2M [65]. The statement coincides with our predictions here, where we have
carefully fixed the parameters so that the Witten—Bodmer hypothesis is satisfied. As indicated in
Fig. 7, the most massive strange stars predicted by bag model do not reach 2M, unless we incor-
porate the results from pQCD. It is found that the masses and radii of strange stars are increasing
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Fig. 6. (Color online.) The total quark chemical potential on the SQM core surface.
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Fig. 7. (Color online.) The M-R relations of strange stars, where the most massive strange stars are marked with open
circles. The mass of PSR J0348+0432 [62] is indicated with the horizontal band.

with Cgp and C; but decreasing with B. Note that the electric potential and surface structure have
little effects on the mass and radius of a strange star so that the M-R relations in Fig. 7 do not
deviate much from those predicted by conventional approaches.

The energy per baryon of an SQM object is presented in Fig. 8, which is decreasing with its
baryon number. For strangelets, it is found that their masses obtained with and without pertur-
bative interactions coincide with each other at certain choices of parameters. For moderate-sized
SQM objects, their masses are insensitive to the effects of charge screening, quark depletion or
gravity, where the energy per baryon in Fig. 8 varies little for 10'2 < A < 103*. The correspond-
ing values are indicated in Table 2 as % |Sat, which coincide with these listed as E /ny, in Table 1.
Meanwhile, the most massive strange stars in Fig. 7 correspond to these indicated with open cir-
cles in Fig. 8, suggesting that the most massive strange star has the minimum energy per baryon
and the maximum baryon number. The minimum energy per baryon is found to be decreasing
with Cp and C; but increasing with B. Note that an SQM object is stable only if the energy per
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Fig. 9. (Color online.) The ratio of radius to baryon number ry = RA™1/3 for strangelets.

baryon is smaller than 930 MeV, suggesting the existence of a lower limit on the baryon numbers
of stable SQM objects.

The dependence of the core radius R with respect to the baryon number A can be well de-
scribed by the ratio of radius to baryon number ro with R = rgA'/3. In Fig. 9 we present rg as
functions of A for strangelets, where they become less compact when perturbative interactions
are included. This will increase the energy loss when a nuclearite with R > 1 A passing through
normal matter and consequently enhance the sensitivity for nuclearite detections [8,9,81,82]. For
increasing baryon number, ro decreases to the constant values at A > 10'? as indicated in Table 2.
Note that ro can be further reduced once gravity starts to take effect at A > 103+,

The most important observable for the search of SQM objects is the charge carried by
them. In Fig. 10 we present the charge-to-mass ratio fz = Q(R)/A and surface charge density
o = Q(R)/R? for small SQM objects. It is found that the SQM objects become more positively
charged once the perturbative interactions are included, which is mainly caused by the scale de-
pendence of quark masses. The magnetic rigidity of a strangelet is decreased due to a larger fz,
which may cause difficulties to distinguish strangelets from ordinary nuclei in mass spectrom-
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Fig. 10. (Color online.) The charge-to-mass ratio f7 (a) and surface charge density o (b) of small SQM objects.

eters [45,83—-85]. The charge carried by an SQM object is reduced if we take larger values of
Co, C1 and B. When the size of an SQM object is large enough (R > Ap), charges are mostly
located on the surface and are better described with a surface charge density o, which is related
to the charge-to-mass ratio by fz = crrgA’l/ 3 with rg given in Fig. 9. For increasing radius, as
indicated in Fig. 10, o first increases to its maximum value at R & 8 fm and starts to decrease at
larger radius. The surface charge density approaches to a constant value at R > 10* fm, which is
indicated in Table 2.

4. Conclusion

We improved our recently proposed unified description for SQM objects, i.e., the UDS model.
By adopting certain approximations, the numerical calculation was significantly simplified with-
out loosing accuracy. The effects of perturbative interactions on the properties of SQM and SQM
objects were investigated. It was found that the energy per baryon of §-stable SQM with charge
neutrality can not be reproduced by bag model at higher densities, suggesting the important ef-
fects of perturbative interactions on stiffening the EoSs of SQM. For SQM objects, aside from
the increase of masses and radii of strange stars, perturbative interactions also affect their charge
properties. Particularly, the electric field became stronger and extended deeper into the core,
while small SQM objects such as strangelets became less compact and more positively charged
due to the effects of perturbative interactions. These will affect the sensitivity of the experimental
searches for SQM. Finally, beside the perturbative interactions, it is worth mentioning that other
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effects such as shell structures [6], non-spherical shapes [25], external magnetic field [86—89],
and color superconductivity [90,91] may play important roles for the properties of SQM objects,
which need to be considered in future works.
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