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We investigate the properties of exotic Strange Quark Matter (SQM)
with spin polarization and the complex configuration of Strange Quark
Stars (SQSs) using a phenomenological MIT Bag Model, enhanced by in-
corporating a QCD-informed running strange-quark mass dependent on
the chemical potential. The effective mass using quasiparticle approach
is utilized to understand the framework of SQM. The resulting Equation
of State (EoS) is constructed for two distinct parameter sets, yielding an
energy per baryon below the iron limit for stable configurations and thus
supporting the Bodmer—Witten—Terazawa hypothesis that SQM could be
the actual ground state of exotic matter. This framework is then used to
address the Tolman—Oppenheimer—Volkoff (TOV) equations to study the
effect of spin polarization on stellar properties. The model predicts that
the maximum stellar mass increases with the degree of spin polarization,
a result that diverges from previous constant-mass models. Furthermore,
the model’s predictions for mass, radius, and surface redshift are in excel-
lent agreement with observational constraints for the compact object Vela
X-1. This agreement validates our theoretical approach and strengthens
the candidacy of Vela X-1 as a Strange Quark Star. Overall, the model
results highlight the importance of in-medium QCD effects in describing
dense matter.
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1. Introduction

The study of compact stars offers a unique intersection of nuclear physics,
particle physics, and astrophysics, providing a basis to test theories of mat-
ter under conditions of extreme density [1, 2]. Understanding the composi-
tion of these stellar remnants remains one of the biggest issues in modern
science. The theoretical framework for this search is Quantum Chromody-
namics (QCD), whose phase diagram explores the different states of strongly
interacting matter. The heavy-ion experiments probe the high-temperature
regime at zero or low density to study the complex structure of Quark—
Gluon Plasma (QGP) [3-5]. On the other part, the high-density and zero-
or low-temperature region is the exclusive domain of compact stars [6].

Recent astronomical observations have offered constraints on highly dense
Equation of State (EoS). The discovery of massive pulsars, such as PSR
J1614-2230 [7], PSR J0348+40432 [8], and the more recent PSR J0740+6620
[9], requires the EoS to be stiff enough to support stellar masses of at least
two solar masses (Mg). On the other hand, data from gravitational wave
events like GW170817 have placed limits on the tidal deformability of neu-
tron stars, suggesting a relatively soft EoS [10]. This issue intensified the
search for a comprehensive theoretical understanding of stellar interiors.

A suitable possibility, known as the Bodmer—Witten—Terazawa Strange
Matter Hypothesis [11-13], conjectures that matter composed of up, down,
and strange quarks named Strange Quark Matter (SQM), may be the true
ground state of matter. If correct, this implies the existence of Strange
Quark Stars (SQSs), which would be self-bound by the strong interaction
and exhibit macroscopic properties different from their traditional neutron
star counterparts [14, 15]. This distinguishes SQSs from hybrid stars, which
are gravitationally bound neutron stars that possess a quark-matter core
formed through a hadron—quark phase transition [10, 16].

Different forms of phenomenological models such as the MIT Bag Model
[17] have been extensively used to describe SQM. However, these models
often depend on treating fundamental parameters like the quark masses
as constants. A more physically relevant approach must account for in-
medium QCD effects, where quark properties are expected to evolve with
the energy scale. The concept of a density- or chemical-potential-dependent
“running” mass has been explored in various contexts, from early models
of confinement [18| to modern quasiparticle [19] and density-dependent for-
malisms [20-22|, and is an intrinsic feature of frameworks like the Nambu—
Jona-Lasinio (NJL) model [23].

Building on the spin-polarized SQM framework [24], this work introduces
a key QCD-informed modification: a running strange-quark mass dependent
on the in-medium chemical potential. In Section 2, we detail this theoretical
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framework, analyze the resulting EoS, and investigate the properties of SQSs
arising from this model, while focusing on the role of spin polarization.
In order to check whether this model can produce astrophysical stars, we
work on the Tolman—Oppenheimer—Volkoff (TOV) equations in Section 3 to
calculate the stellar mass—radius relations. Finally, in Section 4, we explore
potential observational signatures by summarizing our findings, highlighting
the impact of the running mass, and identifying the compact object in Vela
X-1 as a compelling counterpart.

2. Theoretical analysis and brief model description of SQM

The properties of Strange Quark Matter (SQM) have been investigated
by several authors using various methods [12, 14, 15, 25, 26]. The accelera-
tors at RHIC and LHC provide signals of strangeness enhancement, which
has been proposed as an indirect signature of quark—gluon plasma forma-
tion and possibly strange-quark matter [27]. In this work, we examine spin-
polarized SQM counsisting of three flavors; up (u), down (d), and strange
(s) quarks. These particles are treated as fermions possessing an intrinsic
quantum spin that can be oriented “up” (4) or “down” (—) relative to a quan-
tization axis. The degree of spin alignment is quantified by the polarization
parameter [24]. It is defined as

p = pl”

CZ' == ' y
Pi

where p; = pl&) + pg_) is the total number density for a given quark flavor.

While mathematically ¢ can range from —1 (all spins down) to +1 (all
spins up), the intrinsic physics is symmetric with respect to the choice of
direction. By convention, we take the direction of net polarization as positive
value, so the analysis is restricted to the range 0 < ¢ < 1 without loss of
generality. ¢ = 0 value is represented as an unpolarized state, while ( = 1
represents a fully spin-aligned state and acts as a ferromagnetic-like state.
The primary astrophysical motivation for studying spin polarization comes
from the strong magnetic fields in magnetars, which could induce such an
alignment [20]. Even in the lack of a magnetic field as in our research,
analyzing the EoS across a range of ( is a crucial theoretical exercise and
can provide appreciable results. It allows us to isolate and understand the
fundamental impact of spin ordering on the properties of quark matter.
However, it provides a baseline for more advanced models. Throughout
this work, we assume the simplifying condition of equal polarization for all
flavors, i.e., {, = (g = (s = (.

To model the SQM, we use the bag value By, from the MIT Bag Model
and the QCD scale parameter, Aqcp. In this study, we consider two distinct
parameter sets:
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Case I: Bpae = 60 MeV /fm? and Agcp = 150 MeV,
Case II: Bpag = 55 MeV /fm? and Agcep = 200 MeV.

These parameter sets are chosen to examine the interplay between the con-
fining pressure of the bag and the strength of the quark—quark interaction.
A higher value of Aqcp leads to a stronger running coupling constant, pro-
viding more self-binding for the quark matter. Consequently, a lower bag
constant is sufficient to achieve a stable state with energy per baryon below
the iron limit of 930 MeV. This inverse relationship between the required bag
constant and the QCD scale parameter allows us to probe different physical
scenarios for stable SQM.

Beyond the constant-mass approximation, our model introduces a run-
ning mass governed by an independent environmental scale, pg. This param-
eter functions as a phenomenological tool to characterize the dense quark-
matter environment. It isolates the qualitative effects of the running mass
prescription. We treat pp as an independent input variable rather than
a strict thermodynamic chemical potential. This allows us to systematically
vary the energy scale and observe the resulting structural changes. This
framework is physically motivated by in-medium QCD effects where quark
properties are expected to evolve with the energy scale, a feature explored
in various forms, including models with dynamical quark masses [28]. While
we neglect the masses of the up (u) and down (d) quarks (m, = mg = 0),
the strange-quark’s effective mass squared (m?) is adapted from the quasi-

S
particle model formalism and depends on chemical potential [29-33|

mg = m?o +v2m0 mg + mg , (1)

where mgp is the current mass of the strange quark (150 MeV). The term
mg represents the in-medium dynamical mass contribution. Here, we adapt

it to be dependent on the chemical potential, representing a leading-order
perturbative QCD correction

|9
4 62
This approach is consistent with other quasiparticle descriptions of dense
matter [19, 34]. The running coupling constant g is also taken to be depen-

dent on the chemical potential to better reflect QCD dynamics [35]
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In this expression, ny is the number of active quark flavors. The logarithmic
term in the denominator of Eq. (2) enforces the physical condition that
1o must be greater than the QCD scale. At chemical potentials just above
Aqcp, g is large and diverges at ug = Aqcp, where the model is not defined.
We define a working range Aqcp < po < 500 MeV for our calculations.

The behaviour of running strange-quark mass as a function of chemical
potential is shown in Fig. 1. The large value of coupling constant g results
in a high strange-quark mass at chemical potential values close to Aqcp.
The effect of asymptotic freedom causes g to decrease rapidly as po in-
creases. This decrease initially dominates over the rising ,u% term in Eq. (1),
causing the overall mass mg to fall. This trend continues until a minimum
value is reached, which corresponds to the most stable configuration of the
system. This minimum, marked by a black dot in each panel, occurs at
o = 250 MeV for Case I and pg = 330 MeV for Case II. After this point,
p3 term increases more rapidly than the slowly changing logarithmic term,
so mg keeps increasing with chemical potential.

(@) (b)

360 -

340 -

(MeV)
(MeV)

0 250

s

320
240 -
300 -
230 -

280 -
220

Strange Quark Mass m
Strange Quark Mass m

260 -
210

200k 240 -

190 L L L L L L 220 L L L L L
150 200 250 300 350 400 450 500 200 250 300 350 400 450 500

Chemical Potential s, (MeV) Chemical Potential p, (MeV)
Fig. 1. Variation of the running strange-quark mass (my) as a function of chemical
potential (ug). Panel (a) corresponds to the parameter set (Bpag = 60 MeV /fm?,
Aqecp = 150 MeV), while panel (b) shows the result for the set (Bpag =
55 MeV /fm?, Aqcp = 200 MeV). The black dot in each panel indicates the lo-
cation of the minimum mass.

Physically, this behaviour reflects the competition between asymptotic
freedom and the increasing energy scale of the dense medium. At low chem-
ical potentials, the reduction in the strong interaction strength dominates
and lowers the effective strange-quark mass. Beyond the minimum, the
continued increase in the chemical-potential environment becomes the dom-
inant effect, causing the quasiparticle mass to rise slowly despite the further
decrease of the coupling constant.
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2.1. Equations of State

For all subsequent calculations, we adopt the system of natural units
where h = ¢ = 1, and all physical quantities are expressed in units of MeV.
The total energy density (€io1) is calculated from the formalism presented
in [24]. The final analytical expression used in our work is the following:

kP + EP
o = ez 0 [EE (28)7 + m2) - mim (FEEEE )
p==%

ms

2/3
3”Tp4/3 [+ QY+ (1= Q"] + Buag. (3)

where the spin-dependent Fermi momentum, kﬁE, and Fermi energy, EPjF, are
given by

KE = (r20) P10V
Ef = (k;c)Q—i-mg

The pressure (P) is then derived from the thermodynamic relation [2]. It is

expressed as
Oetot

P(p)=p oy ot (4)

This set of equations very well defines the EoS used in our analysis.

2.2. Baryonic energy and stability

To assess the stability of the system, we calculate the energy per baryon,
E/A, and the speed of sound squared, c2. The energy per baryon is derived
from Eq. (4)

0 P
pjA= et L (5)

dp p
The most stable state of the system is found at the density where E/A
reaches its lowest value, while the speed of sound squared characterizes the

stiffness of the EoS. It is given by the fundamental relation [2]

oP
2 _
= O€tot ‘ (6)

Here, ¢2 > 0 gives mechanical stability, while ¢ < 1 is a relativistic con-
straint that ensures information does not travel faster than light.
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In Fig. 2, we plot the energy per baryon as a function of pressure for
various values of chemical potential. We show the specific minimum val-
ues for each curve tabulated in Table 1. In both Case I and Case II, the
minima for most configurations lie far below that of iron considered as the
most stable nucleus. Energy per nucleon for iron is about 930 MeV (dashed
line). Results are in support with the work of Bodmer—Witten—Terazawa
hypothesis [11-13|. This indicates that the strange-quark matter could be
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Fig. 2. The energy per baryon (E/A) as a function of pressure (P) for several values
of finite chemical potential (ug). Panel (a) shows the curves for the parameter set
(Bbag = 60 MeV/fm?, Aqcp = 150 MeV), and panel (b) corresponds to (Bhag =
55 MeV /fm?, Aqcp = 200 MeV). The minimum of each curve occurs at P = 0. The
dashed horizontal line indicates the empirical nuclear saturation point at F/A =
930 MeV for comparison.

Table 1. Minimum energy per nucleon (E/A) as a function of finite chemical
potential (po) for two different parameter sets of the bag constant (Bpag) and
QCD scale parameter (Aqcp)-

Brag =60 MeV /fm?, Aqcp =150 MeV | Bpag =55 MeV/fm?, Aqep =200 MeV
o [MeV] Min. E/A [MeV] po [MeV] Min. E/A [MeV]

200 927.8001 270 927.0368

220 925.6056 300 924.0635

250 924.8919 330 923.4109

270 925.1899 360 923.8498

300 926.2144 380 924.4963

400 931.7766 400 925.3337

500 938.5916 500 931.1257
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regarded as a real ground state of matter and hence poses as an interesting
signal for the confirmation of strangelets. We note that the present stabil-
ity analysis is restricted to three-flavor strange-quark matter. A complete
determination of the stability window would additionally require an investi-
gation of two-flavor quark matter (ud) to verify its instability with respect
to ordinary nuclear matter. We also showed cases in which minimum E/A
is above 930 MeV depicting a less stable state. A comparison of the two
parameter sets reveals that Case II yields a more deeply bound absolute
minimum (E/A = 923.4109 MeV) than Case I (E/A = 924.8919 MeV). This
comparison suggests that the former produces more stable SQM.

Based on the above findings, we select two representative configura-
tions for further analysis: the most stable (ug = 250 and 330 MeV for
Cases I and II, respectively) and the least stable (ug = 500 MeV) configu-
ration. The corresponding equations of state are shown in Figs. 3 and 4.
In both parameter sets, the pressure increases monotonically with the total
energy density, yielding a physically acceptable EoS over the entire range
considered. For a fixed value of the spin polarization parameter (, the sta-
ble configurations consistently produce higher pressures at a given energy
density than their corresponding unstable counterparts. Furthermore, in-
creasing ( systematically shifts the EoS towards higher pressures. This be-
haviour indicates that spin polarization enhances the resistance of strange-
quark matter to compression and therefore leads to a progressively stiffer
EoS. Physically, this trend originates from the increasing imbalance between
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Fig.3. The pressure (P) as a function of the total energy density (o) for the
parameter set (Bpag = 60 MeV/fm?, Aqcp = 150 MeV). The plot shows results
for different values of the spin polarization (¢) for the most stable (ug = 250 MeV)
and least stable (1o = 500 MeV) configurations. Panel (a) shows the full range,
while panel (b) provides a zoomed-in view.
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spin-up and spin-down quark populations. As the degree of polarization in-
creases, the available phase space becomes more restricted, forcing quarks to
occupy higher momentum states and thereby increasing the Fermi pressure.
The stable configurations exhibit this effect more strongly, which explains
their systematically higher pressures compared to the corresponding unsta-
ble states.
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Fig.4. The pressure (P) as a function of the total energy density (etot) for the
parameter set (Bpag = 55 MeV /fm3, Aqcp = 200 MeV). The plot shows results
for different values of the spin polarization (¢) for the most stable (1o = 330 MeV)
and least stable (10 = 500 MeV) configurations. Panel (a) shows the full range,
while panel (b) provides a zoomed-in view.

The stiffening of the EoS with increasing polarization is astrophysically
significant because it enhances the ability of strange-quark matter to resist
gravitational compression and therefore influences the maximum mass and
radius attainable by a strange-quark star. The resulting effects on the stellar
structure are discussed in Section 3.

The stiffness of the EoS is most precisely characterized by the speed of
sound squared (c2), shown in Figs. 5 and 6. For both parameter sets, the sta-
ble configurations (ug = 250 MeV for Case I and pg = 330 MeV for Case 11)
consistently exhibit higher values of ¢? than their corresponding unstable
counterparts (ug = 500 MeV) across the entire density range and for all
polarization states. This behaviour indicates that the stable configurations
possess a stiffer EoS and are therefore more resistant to compression. The
difference becomes increasingly pronounced with increasing spin polariza-
tion, reflecting the enhanced contribution of the Fermi pressure in polarized
matter. These results are fully consistent with the pressure—energy den-
sity relations discussed above, where the stable configurations also produce
higher pressures at a given energy density.
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Fig.5. The speed of sound squared (c?) as a function of baryonic density (p) for
the parameter set (Bpag = 60 MeV /fm?, Aqep = 150 MeV). The plot shows results
for different values of the spin polarization (¢) for the most stable (19 = 250 MeV)
and least stable (g = 500 MeV) configurations. Panel (a) shows the full density
range, while panel (b) provides a zoomed-in view at low densities.
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Fig.6. The speed of sound squared (c2) as a function of baryonic density (p) for
the parameter set (Bpag = 55 MeV /fm?, Agcp = 200 MeV). The plot shows results
for different values of the spin polarization (¢) for the most stable (19 = 330 MeV)
and least stable (ug = 500 MeV) configurations. Panel (a) shows the full density
range, while panel (b) provides a zoomed-in view at low densities.

For both parameter sets, the plots and the data in Table 2 clearly show
that the value of ¢2 increases monotonically with the spin polarization pa-
rameter ¢ for any given configuration. This trend is a direct consequence of
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the Pauli exclusion principle, which enhances the resistance of the matter to
compression and consequently increases the speed of sound. The maximum
values obtained remain well below the causal limit of ¢2 < 1 and approach
the conformal limit of ¢2 = 1/3 [36] as complete polarization ({ — 1) is ap-
proached. Therefore, all considered configurations satisfy the fundamental
physical constraints while exhibiting the expected stiffening associated with
increasing polarization. These results are subsequently employed to model
the stellar structure discussed in the next section.

Table 2. Maximum value of the speed of sound squared (c2) as a function of the
polarization parameter (. The values are calculated for two different sets of the
bag constant (Bhag) and QCD scale parameter (Aqcp), and are evaluated at their
respective stable and unstable chemical potential.

Brag =60 MeV /fm? Aqep =150 MeV | Biag =55 MeV/fm?, Aqep =200 MeV
Max. cZ Max. ¢2
¢ o = 250 MeV o = 500 MeV o = 330 MeV o = 500 MeV
0.00 0.3158 0.3128 0.3125 0.3108
0.33 0.3164 0.3135 0.3132 0.3116
0.66 0.3182 0.3156 0.3154 0.3139
1.00 0.3218 0.3198 0.3196 0.3184

3. Structure of strange-quark star

The gravitational mass term (M) and radius term (R), the key observ-
ables of compact stars, are especially significant in astrophysics. Thus, we
compute these structural properties for a spin-polarized strange-quark star
(SQS). Using the EoS derived in the previous section, we can obtain M and
R by numerically integrating the general relativistic equations of hydrostatic
equilibrium, the Tolman-Oppenheimer—Volkoff (TOV) equations [6]. In rel-
ativistic units, the value of speed of light ¢ is assumed to be 1 and retaining
the gravitational constant G explicitly, the TOV equations are as follows:

% = 4mrie(r), (@)
I __Gnlen) 1 F0Y o) ) (- 26m0) T

where factors €(r) and P(r) are the energy density value and pressure term
at a given radius 7. The term m(r) is the gravitational mass contained
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within the radius, as indicated by the integral

T

m(r) = / Arr2e(r)dr .

0

Here, 1’ is a dummy integration variable for the radius which is used to
distinguish it from the integral’s upper limit, 7.

The integration of the coupled TOV Egs. (7) and (8) begins at the center
point of the star where radius is (r = 0) and proceeds outwards. The
process requires a chosen central energy density, €. = ¢(r = 0), as an initial
condition. The other boundary conditions are applied at the center with
m(0) = 0 and at the star’s surface, where the pressure must vanish, i.e.,
P(R) = 0. This condition defines the total radius of star, R. Next, the star’s
entire gravitational mass is the mass enclosed at this radius, M = m(R).

Another important astrophysical observable related to the mass factor
and radius factor of a compact star is the surface gravitational redshift
(zs) [2]. Tt is determined by the star’s compactness and is given by the

expression
2G M\ /?
s=(1——— - 1. 9
s (1- 2 ()

We calculate the value of the surface redshift using the fundamental con-
stants and stellar parameters in SI units.

In order to investigate the features of stars generated by our EoS, we use
only the most stable configuration for each parameter set. These correspond
to the chemical potentials pg = 250 MeV for Case I and pg = 330 MeV
for Case II. The configurations corresponding to pg = 500 MeV are not
considered in the stellar structure calculations. Their minimum energy per
baryon exceeds the iron limit and fails the stability condition of the Bodmer—
Witten—Terazawa hypothesis. Such unstable configurations do not produce
viable strange-quark stars. These specific cases are included in the EoS
analysis solely for comparison with the stable states. We repeat the numer-
ical integration for 1000 different values of the central energy density €. for
each FKoS. This process generates a corresponding family of unique stellar
configurations. The resulting stellar mass in units of solar mass Mg and
the radius R are displayed as a function of €. in Figs. 7 and 8. These plots
demonstrate that both stellar mass and radius initially increase with central
density. A maximum mass is eventually reached. Further increases in e,
cause the configurations to become unstable to gravitational collapse. This
instability causes the stellar radius to decrease [6].
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(b) as a function of the central energy density (e, in units of 10*® gcm=3) for the
parameter set (Bpag = 60 MeV/fm?, Aqgcp = 150 MeV). Each curve corresponds
to a distinct value of the spin polarization parameter, (.
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Fig. 8. The stellar mass parameter (M) in panel (a) and radius factor (R) in panel
(b) as a function of the central energy density (e, in units of 10'® gcm=2) for the
parameter set (Bpag = 55 MeV/fm3, Aqcp = 200 MeV). Each curve corresponds
to a distinct value of the spin polarization parameter, (.

This effect is clearly visible in the figures, where the maximum mass point
on each curve (indicated by red dots) increases with ¢. The corresponding
radius at the maximum mass also increases with polarization. This result
is particularly noteworthy as it contrasts with the findings of Bordbar and
Peivand work [24], where increasing polarization was found to decrease the



9-A5.14 M. LOHANI ET AL.

maximum stellar mass. This divergence can be understood from the differ-
ent treatment of the EoS in the two approaches. In the work of Bordbar
and Peivand [24], the stellar structure calculations were performed using
a constant-mass EoS, where the increase in energy density associated with
polarization appears to outweigh the additional pressure support, leading
to lower maximum masses. In the present work, the running strange-quark
mass allows for the identification of the most stable strange-quark matter
configuration through the energy per baryon analysis before constructing the
stellar sequences. For these stable configurations, the stiffening of the EoS
with increasing polarization becomes the dominant effect. Consequently,
the pressure support generated by polarization exceeds the corresponding
increase in self-gravity, resulting in larger maximum masses and radii. This
behaviour highlights the importance of incorporating both stability consid-
erations and in-medium QCD effects when studying strange-quark stars.

The final mass-radius (M—R) relations are displayed in Fig. 9 and 10.
From the speed of sound analysis, we noticed that increasing the spin po-
larization parameter ¢ makes the EoS stiffer. A stiffer EoS provides more
pressure to oppose gravity, thus allowing the star to support a larger maxi-
mum mass.

Mass M (M G\)
Mass M (M

— — PSR J1614-2230
02 — — PSRJ0348+0432] \

) ’ 7Feadius RB(km) ! b * ’ Radiusgrse (km) b e
Fig.9. The mass-radius relation for the parameter set (Bpas = 60 MeV /fm3,
Aqep = 150 MeV). Each curve corresponds to a distinct value of the spin polariza-
tion parameter, . Panel (a) shows the full sequence of stellar configurations, while
panel (b) provides a zoomed-in view of the maximum-mass region. The red dots
indicate the maximum-mass configuration for each value of (. The shaded bands
and dashed lines represent observational constraints from selected well-measured
compact objects and their associated uncertainties.
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Fig.10. The mass-radius relation for the parameter set (Bpas = 55 MeV /fm?,
Aqep = 200 MeV). Each curve corresponds to a distinct value of the spin polariza-
tion parameter, (. Panel (a) shows the full sequence of stellar configurations, while
panel (b) provides a zoomed-in view of the maximum-mass region. The red dots
indicate the maximum-mass configuration for each value of (. The shaded bands
and dashed lines represent observational constraints from selected well-measured
compact objects and their associated uncertainties.

To facilitate comparison with observations, representative constraints
from several well-characterized compact objects are included in Figs. 9 and 10.
The green shaded region centered on the green dashed line corresponds
to Vela X-1, for which a representative mass of M = 1.88 £ 0.13M was
adopted [37]. The blue shaded region corresponds to PSR J1614-2230 with
a measured mass of M = 1.908 + 0.016 M, [7], while the red shaded region
represents PSR J0348+0432 with a measured mass of M = 2.01+0.04M, [8].
In each case, the horizontal dashed line denotes the central observational
value, whereas the surrounding shaded band represents the associated obser-
vational uncertainty. These constraints allow for a direct visual comparison
between the predicted maximum masses of the theoretical stellar sequences
and the masses inferred from precision measurements of compact stars.

The calculated stellar configurations are consistent with the observa-
tional range inferred for Vela X-1 and remain compatible with the uncer-
tainty interval associated with PSR J1614-2230, particularly for larger values
of the polarization parameter. In contrast, the present model is unable to
reproduce the observed mass of PSR J0348+0432.

Additional observational constraints arise from NICER measurements
of PSR J00304-0451 and PSR J07404-6620. For PSR J0030+-0451, NICER
analyses indicate a mass of approximately 1.44Ms and a radius close to
13 km [39]. Similarly, PSR J0740+6620 has a measured mass exceeding 2M
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together with a radius of approximately 12-14 km [9, 40, 41]|. These objects
are not displayed in the mass—radius diagrams because their inferred radii
lie outside the radius range predicted by the present model. The compact
object associated with GW190814 provides an even stronger constraint, with
an inferred mass in the range 2.50-2.67 Mg, which is substantially larger than
the maximum masses obtained in the present work.

The relatively small radii predicted by the present model are charac-
teristic of compact self-bound strange-quark stars and remain below those
typically obtained from hadronic and hybrid-star equations of state [10, 42].
Among the observational candidates considered, Vela X-1 shows the closest
correspondence with the present calculations. Multiple independent studies
have reported a mass in the range 1.8-1.9M, for this system [37, 38, 43].
Adopting the representative values M = 1.88M and R = 9.56 km gives
a surface gravitational redshift of approximately zs &~ 0.544, which lies within
the range predicted in Table 3. The agreement in mass, radius, and redshift
supports Vela X-1 as a possible strange-quark star candidate within the
framework of the present model.

Table 3. Maximum stellar mass (M), the corresponding radius (R), and surface
redshift (z5) as a function of the polarization parameter . Results are shown for
two different sets of the bag constant (Bpag) and QCD scale parameter (Aqcp).

Brag =60 MeV /fm?, Aqep =150 MeV | Bpae =55 MeV/fm?, Agcep =200 MeV
¢ | Muax (Mo) R [km] 2 Mpax (Mo) R [km] zs
0.00 1.8463 9.3583 0.5479 1.8625 9.5601 0.5346
0.33 1.8512 9.3879 0.5474 1.8684 9.5978 0.5338
0.66 1.8661 9.4821 0.5453 1.8866 9.7051 0.5323
1.00 1.8951 9.6511 0.5429 1.9212 9.9039 0.5302

4. Summary and conclusion

In this study, we have examined the characteristics of strange-quark mat-
ter with spin polarization and the corresponding structure of strange-quark
stars. In Section 2, we detailed our theoretical framework, starting from a
modified MIT Bag Model where we introduced a running strange-quark mass
dependent on chemical potential via Eq. (1) and Eq. (2). Then we defined
the EoS in Subsection 2.1 by calculating the energy density and pressure for
various spin polarizations using Egs. (3) and (4). By analyzing the energy
per baryon, calculated with Eq. (5), we identified the most stable and least
stable configurations for each case, as summarized in Table 1. The EoS
characteristics and the speed of sound calculated from Eq. (6) and shown
in Figs. 56 helped us in confirming that the model respects the relativis-
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tic constraint and providing insight into the stiffness of the EoS (Table 2).
Subsequently, in Section 3, the Tolman—Oppenheimer—Volkoff (TOV) equa-
tions were solved to determine the macroscopic properties of the resulting
stars, presenting the mass—radius relations in Figs. 9 and 10. Our numerical
approach proved to be efficient and successfully achieved the goal of deter-
mining a valid range for the maximum mass, radius, and surface redshift
(calculated with Eq. (9)) of SQSs. The results are summarized in Table 3.

Our analysis demonstrates a distinct novelty for theoreticians utilising
the quasiparticle model. The introduction of a chemical-potential-dependent
running strange-quark mass alters the stability and macroscopic properties
of strange-quark matter. This phenomenological model isolates the effects
of a running mass alongside spin polarisation. The resulting stiffening of
the EoS with increasing polarisation is astrophysically relevant. It improves
the ability of strange-quark matter to resist gravitational compression. This
influences the maximum mass and radius attainable by a strange-quark star.
This behaviour highlights the necessity of incorporating stability consider-
ations and in-medium QCD effects. The agreement in mass, radius, and
redshift supports Vela X-1 as a strange-quark star candidate. This validates
the theoretical framework and provides a foundation to construct more com-
prehensive astrophysical models.

The energy-per-baryon analysis identified distinct stability windows for
the two parameter sets considered. The most stable configurations occurred
at po = 250 MeV and pg = 330 MeV for Case I and Case II, respectively.
The minimum energy per baryon was found to lie below the iron benchmark
of 930 MeV. This supports the Bodmer—Witten—Terazawa hypothesis for
the existence of absolutely stable strange-quark matter. The speed-of-sound
analysis revealed that increasing the spin polarisation parameter stiffens
the EoS while respecting the relativistic causality constraint. In contrast
to previous studies employing a constant strange-quark mass, the present
model predicts an increase in the maximum mass with polarisation. The
combined effects of the running-mass prescription and the stability analysis
modify the balance between pressure support and self-gravity. This allows
for the polarisation-induced stiffening to become the dominant effect.

Comparison with observational constraints indicates that the predicted
stellar configurations remain consistent with the measured mass range of
PSR J1614-2230. More massive objects such as PSR J0348+4-0432, PSR
J07404-6620, and the secondary component of GW190814 are not repro-
duced within the present parameter space. This indicates that the resulting
EoS remains relatively soft despite the stiffening induced by polarisation.
These results suggest that the model favours compact self-bound strange-
quark stars with relatively small radii and moderate maximum masses.
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The present framework serves as a strong foundational step that de-
liberately isolates the thermodynamic effects of a running mass and spin
polarisation. Future extensions can build upon this baseline to investigate
matter under broader astrophysical conditions. For instance, integrating
strong magnetic fields would enable the study of Landau quantization and
magnetic-field-induced spin alignment. Subsequent models can also incor-
porate beta-equilibrium and charge neutrality conditions to examine the
resulting flavour asymmetry and its impact on the particle composition.
Furthermore, the present calculations employ a standard phenomenologi-
cal strange-quark mass of 150 MeV, which is conventionally used in MIT
Bag Model studies. A systematic investigation utilising alternative mass
constraints could offer additional insight into the stability window. Finally,
advanced quasiparticle approaches or the NJL. model can be explored to gain
a deeper understanding of the phase structure at high density.

The Department of Physics at Hansraj College, University of Delhi, and
other institutes provided the necessary research facilities and a favorable
environment for conducting high-energy physics research, for which the au-
thors are grateful.
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