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We study the thermodynamics of the quark—gluon plasma using an ef-
fective 2-flavor Polyakov—Nambu—Jona-Lasinio (PNJL) model extended by
a quasiparticle description for quarks and gluons, incorporating tempera-
ture-dependent quark masses within the PNJL framework. Two variants,
Quasiparticle Model-I and Quasiparticle Model-II, are implemented to in-
vestigate bulk thermodynamic observables such as pressure, energy density,
entropy density, specific heat, and the speed of sound. The combined frame-
work yields a robust baseline for the description of hot QGP dynamics in
the high-temperature regime at vanishing chemical potential and zero mag-
netic field. Systematic comparison with lattice QCD results shows excellent
agreement and a clear improvement over conventional PNJL implementa-
tions. We observe that both variants complement each other, offering mutu-
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ally consistent insight into quasiparticle mass effects and medium response
in the deconfined phase. This mutual consistency validates the physical
foundation of the overall quasiparticle mechanism, reinforcing the credi-
bility of the calculated Equation of State. Finally, the quasiparticle model
extension improves PNJL from a descriptive tool to a more qualitative phe-
nomenological approach, enabling an improved description of the strongly
interacting quark—gluon plasma.

DOLI:10.5506/ APhysPolB.57.7-A5

1. Introduction

In the first few microseconds after the Big Bang, the universe was a su-
per heated soup of elementary particles known as the quark—gluon plasma
(QGP) [1, 2|. This primordial state represents a key phase in the life of
Quantum Chromodynamics (QCD), the theory of the strong force. Today,
QCD’s influence is seen in two non-perturbative phenomena: color confine-
ment, which perpetually traps quarks and gluons within composite particles
called hadrons [1, 3], and spontaneous chiral symmetry breaking, the mech-
anism respounsible for generating the dominant portion of hadron mass [4-6].
The transition from the primordial QGP to this familiar hadronic matter,
therefore, represents one of the most profound phase changes in cosmic his-
tory. Recreating and studying this phase transition is a central goal of high-
energy physics, providing crucial insights into the fundamental properties of
matter under extreme conditions.

Experimental facilities such as the Large Hadron Collider (LHC) at
CERN and the Relativistic Heavy Ion Collider (RHIC) at BNL collide heavy
nuclei at near light-speeds to shortly recreate these extreme temperatures
and densities [2, 3, 7, 8]. The aim is to probe the deconfining phase tran-
sition, where quarks and gluons are liberated and the simultaneous chiral
symmetry restoration (CSR), where they shed their dynamically generated
mass [1-5]. This transition is not a sharp event but a continuous crossover,
with the Polyakov loop acting as an indicator of deconfinement and the
chiral condensate for CSR [2, 3, 9].

Despite the considerable amount of experimental data, making accu-
rate theoretical predictions about the QGP remains a formidable challenge.
The strong coupling of QCD near the transition makes conventional meth-
ods such as perturbative QCD (pQCD) and Hard Thermal Loop (HTL)
resummation unreliable [3, 10-12]. Moreover, while lattice QCD (LQCD) is
a powerful tool at zero chemical potential, the “fermion sign problem” makes
it computationally intractable at non-zero values, leaving a significant gap
in our understanding of the QCD phase diagram [2, 4, 13, 14]. This “non-
perturbative gap” has underscored the necessity of robust phenomenological
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models. FEarly models were often thermodynamically inconsistent or pro-
vided a wide range of predictions for the Critical End Point (CEP), further
complicating the picture [1, 2, 7].

To bridge this gap, the Nambu—Jona-Lasinio (NJL) model was pro-
posed by Nambu and Jona-Lasinio in 1961 [6, 14] to describe chiral sym-
metry breaking [6, 15, 16]. Its extension, the Polyakov—Nambu—Jona-Lasinio
(PNJL) model [17], incorporates deconfinement dynamics through the
Polyakov loop [4, 9, 17, 18|. This development created a self-consistent
framework that successfully predicted the simultaneous occurrence of chiral
restoration and deconfinement, in good agreement with lattice simulations.
The predictive capability of the PNJL model is evident in its close agreement
with numerous lattice QCD results, including pressure and energy density
[2-4, 9, 18].

However, as an effective description, PNJL exhibits limitations in quanti-
tative accuracy near the transition region. This has led to several refinements
including improved Polyakov loop potentials and analyses of higher-order
fluctuations related to heavy-ion observables and the CEP [19, 20]. Sev-
eral extensions implementing finite density effects, finite volume corrections,
and vector interactions have further enriched its phase structure [21]. Com-
parisons with functional approaches such as the Functional Renormalization
Group (FRG) provide important benchmarks for assuring its validation [22].
These developments indicate that PNJL captures essential features of QCD
thermodynamics but achieving quantitative agreement with first-principle
results remains an open challenge.

To address these limitations, alternative approaches have been developed
to more directly reproduce the thermodynamic properties of QCD matter.
Quasiparticle models (QPMs) provide one such framework, pioneered by
seminal works from QPM-I [7] and QPM-II [10, 11]. These models sim-
plify the complex system of interacting quarks and gluons by treating them
as a gas of effective, massive particles. The crucial difference lies in how
these quasiparticles are defined. Rather than being dynamically generated
from a Lagrangian, the effective temperature-dependent masses are intro-
duced phenomenologically, often with a functional form that is constrained
by fitting to lattice data or HTL results [7, 23]. This approach has been par-
ticularly successful in describing the Equation of State (EoS), including the
softening near the transition region reflected in the speed of sound [2, 7, 23].

Modern quasiparticle formulations focus on further improving thermo-
dynamic consistency and reducing phenomenological inputs. Early studies
[24] emphasize thermodynamic self-consistency conditions, while later works
[25, 26] incorporate medium-dependent dispersion relations within transport
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frameworks. Extensions to finite baryon density, along with improved agree-
ment with lattice QCD [27], further enhance their reliability. This leads
to a more constrained and QCD-consistent description of the quark—gluon
plasma.

Following these developments, the present work combines PNJL-based
confinement dynamics with temperature-dependent quark masses within
a quasiparticle framework, leading to an effective PNJL description. The
framework is implemented at vanishing chemical potential (19 = 0) and
zero magnetic field (B = 0) to investigate the thermodynamic properties of
the EoS with an extended approach. This formulation aims to provide im-
proved insight into the interaction between confinement effects and medium-
modified quasiparticle excitations in the quark—gluon plasma. Accordingly,
the analysis is performed within a 2-flavor setup, which serves as a baseline
for isolating light-quark dynamics. Given the limited availability of 2-flavor
lattice QCD data, comparisons are made with 2-+1-flavor results to assess
qualitative trends and to estimate the impact of the missing strange-quark
degree of freedom.

The manuscript is organized as follows: In Section 2, we briefly introduce
the quasiparticle approach within the PNJL model and further evaluate
the concerning thermodynamic parameters to define the EoS in Section 3.
We analyse the results in Section 4. Finally, we discuss the conclusion in
Section 5.

2. A brief overview of QPM in PNJL model

The PNJL model [17], a well-established effective theory of QCD, serves
as the foundation for our investigation. This framework has proven highly
effective in describing the crossover transition to the QGP and reproducing
a wide range of thermodynamic observables. We build upon the foundation
of 2-flavor PNJL model by adopting a quasiparticle based approach.

The temperature-dependent masses of these quasiparticle employed in
this work follow the formulations of QPM-I [7]. This approach considers
the thermal mass m, that arises due to the interactions among quarks and
gluons within the surrounding matter of the medium. In contrast, its refined
extension QPM-II [10, 11], incorporates the current quark mass with the
thermal mass in the system.

In this manuscript, these models are used to define the dynamics of the
QGP using a quasiparticle approach. Within this formalism, the effective
mass of quasiparticles, named as QPM-II, which incorporates both current
and thermal contributions, is expressed as [8, 11, 28, 29|

mgﬁc = (me + mq)2 + mg , (1)
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where m, represents the current quark mass and m, denotes the thermal
quark mass as QPM-I. The thermal mass is modeled as [5, 30, 31]

mg(T) = (4mas) 7417, (2)

where oy is the strong coupling constant and v, is a flow parameter used to
predict the stability of the QGP flow and the order of the phase transition.
The coupling constant itself depends on the QCD scale parameter Aqcp and
is parameterized as [8]

4

(11N, — 2Ny) In (1 + A;fz)
QCD

Qg =

where N. = 3 is the number of colors, Ny = 2 is the number of flavors, and
k is a scale factor related to the thermal environment |30, 31]
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where the parameterization factors v = 1/2[v4 2 + 7 2] and N = 167/(11N.—

2Ny). The parameters m., Aqcp, and numerical coefficients v, and v, are
provided in Table 1.

Table 1. Current quark mass and other parameters in the effective mass meg.

me [MGV] AQCD [MGV] Yq Yg
10 150 1/6 | 6 or 8y,

The overall thermodynamic potential for the 2-flavor system is then con-
structed with the quasiparticle contributions and the effective potential of
the Polyakov loop. Under the conditions of zero magnetic field, this potential
is formally expressed as follows [1, 5]:

) — me)? a3
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where, for a given system, the quasiparticle energy E, = \/p? + m?2, pg is the
quark chemical potential fixed at zero, and the fields ¢ and ¢ represent the
Polyakov loop and its conjugate, respectively. For the cases of quasiparticle
model as QPM-I and QPM-II, the mass (m) would be translated into the
thermal mass m, and the effective mass meg, respectively.

In contrast, the parameters A and G define the regularization scale and
the strength of the scalar interaction term appearing in the thermodynamic
potential. These parameters are taken from standard PNJL parameter sets
and fixed at values 651 MeV and 10.08 x 1076 MeV 2, respectively. In the
present framework, they serve as effective inputs controlling the vacuum con-
tribution and residual interaction structure. Variations in these parameters
primarily influence the quantitative scale of the thermodynamic observables
without modifying the overall qualitative behavior of the FEoS.

The first term in Eq. (3), U(#, ¢, T) corresponds to the Polyakov loop
potential, which governs the confinement—deconfinement dynamics. In the
commonly used polynomial form [17], it is written as

U(p, ¢, T bo(T) -, b 73y, b o
BoT) _ Mgy b (g 5+ % (05)". 4

In the above expression, ba(T') is expressed as

bo(T) = ag + a1 (??) + az (?)24—% (:':;?)3 (5)

Here, Tj is the pure-gauge critical temperature and a;, b; are the parameters
fitted to lattice QCD data [32, 33|, provided in Table 2. The value of Tj is
taken to be 190 MeV for the transition temperature T to be near 170 MeV.
Additionally, the Polyakov loop potential in Eq. (4) is taken from pure SU(3)
LQCD, as standard in PNJL models. While the presence of quarks through
QPM does not modify the potential itself, it affects the Polyakov loop expec-
tation value at the mean-field level through their coupling in the distribution
functions. This mechanism suppresses color degrees of freedom at lower tem-
peratures and restores gluonic contributions at higher temperatures.

Table 2. Parameters used in the Polyakov loop potential in Egs. (4) and (5) are
taken from Ref. [1].

ag ay as as b3 by
6.75 | —1.95 | 2.625 | —7.44 | 0.75 | 7.5
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3. Thermodynamic observables with quasiparticle approach

To formalize and obtain the thermodynamic parameters using the ther-
modynamic potential ({2), two parameters are required, i.e., ¢ and ¢. The
appropriate method for finding these parameters is to minimize {2 with re-
spect to the fields ¢ and ¢

o2 o2

oo 9o
Solving these coupled equations would allow us to determine the observables.
At zero chemical potential, ug, both the Polyakov loop and its conjugate
would yield the same value. Then, the transition temperature T, can be
calculated by analyzing the behavior of d¢/dT and identifying the temper-
ature at which it reaches its peak value. By determining these quantities,
the thermodynamic parameters can be formalized. First, we determine the

pressure, which can be defined as a function of temperature for zero chemical
potential g

0, 0. (6)

P(T> Ho = 0) = _‘Q(Tv Mo = 0)7 (7)

where the vacuum components are removed from the thermodynamic po-
tential to obtain vanishing pressure and other thermodynamic quantities at
T =0 and po = 0. Next, the entropy density can be calculated as

aQ(T7 Ho = 0)
Topo=0)=———7"—"-. 8
ST = 0) i Q
Given the pressure and the entropy, energy density can be defined as

AT, po = 0)
aT

The first derivative of the energy density with respect to temperature is
termed the specific heat Cy/. It is defined as

De 82T, o = 0)
v=gr="T T2

Subsequently, the squared speed of sound can be defined by the pressure
and the energy density at constant entropy as
2P| 0P [ 0c _ 9QTun=0) / T =0)
* 9e|, oT/) OT oT o1?

e(T,up=0)=—-P+Ts=-T + (T, 1o =0). 9)

(10)

(11)

With the help of these thermodynamic parameters at the fix value of zero
chemical potential and zero magnetic field, the results are explained in Sec-
tion 4 using QPM-I and QPM-II.
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4. Results

We present the behavior of various thermodynamic quantities as func-
tions of scaled temperature, T//T.. The critical temperature is observed
as T, = 168.8 MeV with the pure gauge critical temperature fixed at Ty =
190 MeV. This value of Tt is consistent with 2-flavor lattice QCD data, which
yields T, = 173+8 MeV. Unlike other PNJL-based studies, the present work
implements temperature-dependent quasiparticle masses within the effective
PNJL framework instead of masses generated through the chiral condensate.
This choice was motivated by the effectiveness of quasiparticle descriptions
in reproducing QCD thermodynamics near and above the transition temper-
ature, where medium-induced effects dominate. Within this setup, we ana-
lyze the differences arising from the use of two distinct types of quasiparticle
models: QPM-I and QPM-II. These two models are then used in describing
the behavior of various thermodynamic quantities. Furthermore, our results
are compared with the recent lattice QCD data [34-36] and other theoreti-
cal models [37-39], both of which correspond to the 2+1-flavor regime. This
choice is necessitated by the limited availability of 2-flavor data. Accord-
ingly, these comparisons are intended to assess qualitative consistency and
general trends rather than exact quantitative agreement, since 2+ 1-flavor
results serve as the current standard reference in the field.

The Polyakov loop ¢ serves as an approximate order parameter (or indi-
cator) for the confinement-deconfinement transition. At po = 0, it follows
that ¢ = ¢. Figure 1 shows the variation of ¢ with 7'/T,. Both QPM-I and
QPM-II reproduce the expected confinement—deconfinement transition: the
Polyakov loop rises from nearly zero at low temperature to unity in the de-
confined regime, with the QPM-I curve lying slightly above that of QPM-II.

—— QPM-I E——
1.04 QPM-II e

0.8 7
0.61 7/
0.4 7

0.2 V

0.0

050 075 1.00 125 150 1.5 2.00 225 2.50
T/T,

Fig. 1. The Polyakov loop as a function of scaled temperature at pug = 0 for QPM-I
and QPM-IT are shown in the 2-flavor regime.
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Within the PNJL framework, this behavior reflects the role of ¢ in modulat-
ing the gluonic background. In contrast to pure quasiparticle models, this
leads to a suppression of thermodynamic excitations in the confined phase
(¢ = 0). As the temperature increases, the gradual approach of ¢ toward
unity signals the onset of deconfinement and the corresponding restoration
of gluonic contributions. The two formulations yield nearly identical results
with only minor deviations around the crossover region and thus indicates
that the quasiparticle extension retains the essential deconfinement dynam-
ics inherent to the PNJL framework.

Figure 2 (a) compares our results of the scaled pressure with lattice QCD
data [34] as well as with the results of Bhattacharyya et al. [38] and Taw-
fik et al. [39]. For T'/T, < 1.15, the QPM-II curve lies above the QPM-I
curve and decreases to a dip around T'/T. = 0.8, after which it rises sharply
in the range of 0.9 < T'/T. < 1.0. Similar behavior is shown by the QPM-II
curve with a dip around T'/T. ~ 0.75, followed by a sudden increase near
T/T. ~ 0.9. These features reflect the confinement-deconfinement tran-
sition and highlight the strong role of thermal interactions among quasi-
particles near the critical region. In the 1.15 < T/T. < 1.2 interval,
the two curves converge, while for T//T. > 1.2, the QPM-I curve remains
slightly above that of QPM-II. At higher T', both masses tend toward per-
turbative behavior and the curves converge, as expected from quasiparticle
EoS systematics and lattice-constrained PNJL fits. Overall, both QPM-I
and QPM-II agree closely with lattice QCD [34] simultaneously, and the
works of Bhattacharyya et al. [38] and Tawfik et al. [39], particularly for
0.95 < T/T,. < 1.8, a region characterized by a sharp increase.

6 25
——= QPM- (a) —— QPM- (b)
QPM-I QPM-II
5] * Tawfik etal. Model SB—> *  Tawfik et al. Model 5B —3)
» Bhattacharyya et al. Model 201 » Bhattacharyya et al. Model
& Lattice QCD $ Lattice QCD
>
! ; ged T
¥ €1 £ 3 e 15 .i,?—j> ************
< > o= = _»
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Fig. 2. Variation of (a) scaled pressure P, (b) scaled entropy density s as a function
of scaled temperature with g = 0 for QPM-I and QPM-II are shown in the 2-flavor
regime. The results are compared with the 2+1-flavor lattice QCD data [34], as
well as with the results of Bhattacharyya et al. [38] and Tawfik et al. [39], which
are also within the 2+ 1-flavor setup. The Stefan-Boltzmann (SB) limit is defined
as L5 = (N2 — 1)1—; + NcNf% and 238 = 458 evaluated for Ny = 2 + 1, and
consistent with the lattice data.
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In Fig. 2(b), the scaled entropy density for QPM-I remains above that
of QPM-II throughout 0.5 < T'/T, < 2.5, with both curves expected to con-
verge at higher temperatures and to saturate close to the Stefan—-Boltzmann
limit. Both curves depicts qualitative agreement with the lattice QCD
[34] and the Bhattacharyya et al. work [38], particularly in the region
1.2 < T/T. < 1.7, indicating that the quasiparticle-PNJL framework re-
liably captures the thermodynamics of the transition. Their overall trend
also bears some resemblance to the pattern observed in the Tawfik et al.
work [39].

Figure 3 (a) shows the scaled energy, which exhibits a rapid rise around
T., consistent with the sudden increase in active degrees of freedom during
the crossover. The QPM-I curve remains slightly above that of QPM-II
across the studied temperature range, although both align very well with
lattice QCD data [34], again reflecting the combined effect of deconfinement
and the strong medium dependence of quasiparticle interactions.

— - (a) SB——>
16 gm:l By 60 ; (b)
*  Tawfik et al. Model 3% ¢ ?’ﬁ'{ [ddd
141§ Lattice QCD T :’»» . EY *@'f [T1Xs
gpaitdd 50 Seib?
12 &?}é‘ 77777777 3 e
PR 40 %
L1 ‘P§; o
& X S %
% 8 ¢ R J 30
P |
6 .
*l 20 b%
4 N Ry f-’ — = QPMA
i; 7 10 7 QPM-II
2 Y ‘.7 » Bhattacharyya et al. Model
P 7 & & Lattice QCD
0 0
0.5 1.0 1.5 2.0 2.5 0.5 1.0 15 2.0 2.5
TITc TITe

Fig.3. Variation of (a) scaled energy density ¢ and (b) scaled specific heat Cy as
a function of scaled temperature with pug = 0 for QPM-I and QPM-II are shown
in the 2-flavor regime. The results are compared with the 2+1-flavor lattice QCD
data [34], and the results of Bhattacharyya et al. [38] and Tawfik et al. [39], which

are also within the 2+1-flavor setup. The Stefan-Boltzmann (SB) limit is defined

SB
as FP = 3% and CT—g = 12%7 evaluated for Ny = 2+ 1, and consistent with

the lattice data.

In Fig. 3(b), we can observe the behavior of the scaled specific heat
with temperature. In this figure, a slight peak is observed near T'/T. ~ 1.0
for both the QPM-I and QPM-II curves. This peak is characteristic of the
crossover transition, where fluctuations are enhanced and the system un-
dergoes rapid changes in its thermodynamic state. This prominent feature
also underscores the thermodynamic sensitivity of the medium in the vicin-
ity of critical temperature. Although these peaks are less pronounced than
in the model of Bhattacharyya et al. [38], the results exhibit strong resem-
blance to both that model and lattice data up to T'/T, ~ 1.0. The specific
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heat also approaches the conformality limit at higher temperatures (see also
Fig. 5(b)). Across the full temperature range, the QPM-I curve lies slightly
above the QPM-II curve.

Figure 4 (a) shows the squared speed of sound v, which decreases sharply
near T.. This dip reflects the softening of the EoS: the pressure grows more
slowly with the energy density as the medium undergoes deconfinement.
Beyond the transition, v2 increases gradually and approaches the conformal
limit of 1/3 at high temperatures. Panel (b) presents the ratio P/e which
displays similar behavior, remaining below the Stefan—Boltzmann limit, but
after transition it rises steadily with 7/T.. These illustrations also reveal
a contrasting behavior compared to the previously discussed quantities. In
both cases, the QPM-II curve lies above the QPM-I curve up to a certain
point (T/T. =~ 1.0 for v2 and T/T. = 2.0 for P/¢), after which both converge.
This behavior arises because at higher temperatures meg makes the quasi-
particles heavier and less sensitive to temperature. As a result, it suppresses
the energy density € (and consequently the specific heat Cy/) slightly more
than it suppresses the pressure P (and the entropy density s). Thus, our
findings in Fig. 4 (a) show strong agreement with both lattice QCD data [34]
and the work of Bhattacharyya et al. [38] throughout the transition region.
By contrast, in Fig. 4 (b), our results agree closely with lattice QCD data
[35, 36] and the work of Bhattacharyya et al. [38] only at higher tempera-
tures, specifically for T'/T, > 1.3.

0.35{ == QPM-I (a) 0.351 —'— QPM-l (b)
QPM-II SB —>t QPM-II SB ——>
» Bhattacharyya et al. Model i e Lattice QCD ol
0.301 § Lattice QCD = ; e (S22 sdad 0.307 »  Bhattacharyya et al. Model . " ="
Ly PR o
(1] -
0.25 T2 L] 0.25 -
. If/{ =

L
w 5 i,if w0 -
T >
»ii

o il
.

0.00 0.00
0.5 1.0 15 2.0 25 0.5 1.0 15 2.0 2.5

TITe /T

Fig.4. Variation of (a) speed of sound squared v2 and (b) P/e as a function of
scaled temperature with pg = 0 for QPM-I and QPM-II are shown in the 2-flavor
regime. The results are compared with the 2+1-flavor lattice QCD data [34-36]
(in which the LQCD data for § corresponds to its mean value) and the results
of Bhattacharyya et al. [37, 38], which are also within the 2-+1-flavor setup. The
Stefan-Boltzmann (SB) limit for v? and 2 is flavor-independent and corresponds
to the value v2 = £ = 1/3.

=
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Figure 5 (a) compares v2 and P/e. Both quantities exhibit a gradual
increase with temperature and tend toward their respective conformal limits
at higher T'/T., indicating the expected approach of QCD matter toward
conformal behavior in the deconfined regime. In Fig. 5(b), the comparison
of the scaled specific heat (Cy) and the energy density (e) with temperature
can be seen. The specific heat is observed to be above the energy density
throughout the temperature range. At higher temperatures, both quantities
converge and approach their respective conformal limits.

50

40

30

—
4Tt

(b)

NS 20

0.00 0
0.5 1.0 15 2.0 2.5 0.5 1.0 15 2.0 25

TITc TITc

Fig. 5. Comparisons between (a) speed of sound squared and P/e¢ (a), and (b) scaled
energy density € and scaled specific heat Cy as a function of scaled temperature
with pg = 0 for QPM-II are shown in the 2-flavor regime.

Overall, both QPM-I and QPM-II successfully reproduce the thermo-
dynamics behavior across the transition, displaying only mild differences in
their predictions near T.. These features include the rapid increase in pres-
sure and entropy density, the peak in specific heat, the dip in sound speed,
and the eventual convergence of all quantities toward the conformal limit
at high temperatures. This reflects the thermodynamically self-consistent
dynamics of the quasiparticle description. In the high-temperature region,
our results appear slightly lower than the compared lattice QCD data. This
is primarily due to the absence of strange quarks in our framework. As we
utilize a 2-flavor model (N = 2), the system inherently possesses fewer ac-
tive degrees of freedom and thus a lower Stefan—Boltzmann limit than the
2-+1-flavor lattice results (except for observables such as the speed of sound
squared and P/e whose limits are flavor-independent). The suppression of
the specific heat also leads to a mild overestimation of the speed of sound
squared. Regarding the chiral sector, its absence mainly affects quantities
sensitive to the transition region such as the trace anomaly. However, at
high temperatures, where chiral symmetry is effectively restored, its influ-
ence becomes negligible. Therefore, the dominant source of deviation at high
temperature is the reduced flavor content of the model. Furthermore, differ-
ences between QPM-I and QPM-II become more apparent at intermediate-
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to-high temperatures where a transient inversion in v2 and P/e reflects their
distinct mass implementations. The strong medium-induced effects on m,
surpass those on meg and make it more sensitive at higher temperatures,
whereas the residual interactions in meg tend to make it less sensitive to
temperature after transition. At sufficiently high temperatures, both mass
schemes behave very similarly and produce almost indistinguishable results.
Therefore, the results converge smoothly to the standard PNJL predictions
and are consistent with the expected high-temperature limit of QCD ther-
modynamics |1, 34, 35]. Finally, certain thermodynamic quantities such as
the specific heat in Fig. 3 (b) show apparent agreement with lattice data at
low temperatures. This agreement should be interpreted while considering
that the relevant degrees of freedom are hadronic and are not fully captured
in the present framework. It is therefore primarily qualitative and serves as
an illustrative role rather than a quantitative validation.

Above all, our two variants of quasiparticle treatment (QPM-I and
QPM-II) provide important information on QGP’s thermodynamics near
and above the critical temperature for the 2-flavor scheme under the suit-
able conditions at zero chemical potential (po = 0) and zero magnetic field
(B = 0). This proposed effective PNJL+QPM extension situates itself
within the broader landscape of current research and underscores the mo-
tivation for combining the two frameworks to study QGP thermodynamics.
Using the current baseline theoretical framework, future investigations in-
corporating heavy flavor, chemical potential, and/or magnetic fields are ex-
pected to open many challenging areas in the field of high-energy heavy-ion
collisions not only in the high-temperature sector but also important in the
high-density region.

5. Conclusion

In this work, we have successfully investigated the thermodynamic prop-
erties of the quark—gluon plasma by applying a quasiparticle approach to
the 2-flavor effective PNJL model. The calculated thermodynamic observ-
ables are found to be in close agreement with lattice QCD data across the
temperature range of the crossover transition.

A key finding of our work is that both the QPM-I and QPM-II formula-
tions of the quasiparticle model, when integrated into the PNJL framework,
produce results that align well with each other and also with the LQCD
data. This confirms that the quasiparticle approach offers a robust and re-
liable alternative to the traditional PNJL models for describing QGP ther-
modynamics. Both models, QPM-I and QPM-II, complement each other as
well and do not invalidate the calculation of EoS.
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The implementation of a quasiparticle description within the PNJL model
represents a crucial theoretical advance in the study of hot QCD matter.
By incorporating the medium effects through the temperature-dependent
masses, the effective PNJL framework successfully resolves the major de-
ficiencies of conventional mean-field approaches, particularly in the high-
temperature EoS.

Finally, the results achieved from Model-I and Model-II variants across
all thermodynamic observables validate the robustness of the core quasi-
particle mechanism in order to explore the QCD phase diagram. The QPM
extension provides a phenomenological approach of the effective PNJL model
with temperature-dependent quark masses, in which medium-induced effects
are incorporated within the PNJL framework. This formulation enables
a consistent description of the QGP thermodynamics, particularly in the
deconfined region near and above the transition temperature where quasi-
particle behavior dominates.

Within this regime, the model effectively captures the leading interaction
effects and reproduces the overall thermodynamic trends. At the same time,
the present formulation does not include an explicit dynamical treatment of
the chiral condensate and is restricted to a 2-flavor system which limits its
quantitative agreement with the full 2+1-flavor lattice QCD, especially for
observables sensitive to flavor content and transition dynamics. These fea-
tures define the scope of applicability of the model rather than a deficiency
and extensions incorporating additional flavors along with a dynamical chi-
ral sector are expected to further improve the quantitative accuracy and
broaden its scope. Future investigations may extend this framework to in-
clude higher-order perturbations, improved flavor dependence, finite chem-
ical potential, and external magnetic fields to extend the applicability of
the model and enable a more comprehensive exploration of the QCD phase
diagram.

REFERENCES

[1] C. Ratti, M.A. Thaler, W. Weise, «Phases of QCD: Lattice thermodynamics
and a field theoretical model», Phys. Rev. D 73, 014019 (2006).

[2] S.K. Ghosh, T.K. Mukherjee, M.G. Mustafa, R. Ray, «Susceptibilities and
speed of sound from the Polyakov-Nambu-Jona-Lasinio model», Phys.

Rev. D 73, 114007 (2006).

[3] S.K. Ghosh, T.K. Mukherjee, S. Raha, «A Counsistent Quasiparticle Picture
of Quark—Gluon Plasma and the Velocity of Sound», Mod. Phys. Lett. A 21,
2067 (2006).

[4] C. Ratti, S. Rofner, M.A. Thaler, W. Weise, «Thermodynamics of the PNJL
modely, Eur. Phys. J. C' 49, 213 (2007).


http://dx.doi.org/10.1103/PhysRevD.73.014019
http://dx.doi.org/10.1103/PhysRevD.73.114007
http://dx.doi.org/10.1103/PhysRevD.73.114007
http://dx.doi.org/10.1142/S0217732306020019
http://dx.doi.org/10.1142/S0217732306020019
http://dx.doi.org/10.1140/epjc/s10052-006-0065-x

Thermodynamical Analysis of QGP Using Effective PNJL Model . . . 7-A5.15

[5]
(6]
7]
8]
19]

[10]

[11]
[12]
[13]

[14]

[15]
[16]
[17]
[18]

[19]

[20]

[21]

[22]

P.K. Srivastava, S.K. Tiwari, C.P. Singh, «QCD critical point in
a quasiparticle model», Phys. Rev. D 82, 014023 (2010).

Y. Nambu, G. Jona-Lasinio, «Dynamical Model of Elementary Particles
Based on an Analogy with Superconductivity. Iy, Phys. Rev. 122, 345 (1961).

M.I. Gorenstein, S.N. Yang, «Gluon plasma with a medium-dependent
dispersion relation», Phys. Rev. D 52, 5206 (1995).

V.M. Bannur, «Self-consistent quasiparticle model for 2, 3, and (2+1) flavor
QGP», Phys. Rev. C 78, 045206 (2008).

K. Fukushima, «Chiral effective model with the Polyakov loop», Phys.
Lett. B 591, 277 (2004).

A. Peshier, B. Kampfer, G. Soff, «Equation of state of deconfined matter at
finite chemical potential in a quasiparticle description», Phys. Rev. C 61,
045203 (2000).

A. Peshier, B. Kampfer, O.P. Pavlenko, G. Soff, «Massive quasiparticle
model of the SU(3) gluon plasmay, Phys. Rev. D 54, 2399 (1996).

F. Karsch, «Lattice results on QCD thermodynamics», Nucl. Phys. A 698,
199¢ (2002).

C.R. Allton et al., «Thermodynamics of two flavor QCD to sixth order in
quark chemical potentialy, Phys. Rev. D 71, 054508 (2005).

Y. Nambu, G. Jona-Lasinio, «Dynamical Model of Elementary Particles
Based on an Analogy with Superconductivity. II», Phys. Rev. 124, 246
(1961).

M. Buballa, «NJL-model analysis of dense quark matter», Phys. Rep. 407,
205 (2005).

T. Hatsuda, T. Kunihiro, «QCD phenomenology based on a chiral effective
Lagrangian», Phys. Rep. 247, 221 (1994).

A .M. Polyakov, «Thermal properties of gauge fields and quark liberationy,
Phys. Lett. B 72, 477 (1978).

S. Rofsner, C. Ratti, W. Weise, «Polyakov loop, diquarks, and the two-flavor
phase diagramy», Phys. Rev. D 75, 034007 (2007).

S. Upadhaya, «Fluctuations and Correlations of Conserved Charges Serving
as Signals for QGP Production: An Overview from Polyakov Loop Enhanced
Nambu-Jona-Lasinio Modely, Universe 10, 332 (2024).

A. Sarkar, P. Deb, B. Mandal, R. Varma, «Study of net-baryon higher
moments in PNJL model and their expectation for net-proton using the
subensemble acceptance method for the search of QCD critical point», Phys.
Rev. D 110, 074023 (2024).

A. Sarkar, P. Deb, R. Varma, «Net strangeness fluctuations and their
experimental implications in the SU(3) PNJL model using the subensemble
acceptance method for the search of QCD critical point», Fur. Phys. J. C
86, 107 (2026).

W.-J. Fu, J.M. Pawlowski, F. Rennecke, «QCD phase structure at finite
temperature and density», Phys. Rev. D 101, 054032 (2020).


http://dx.doi.org/10.1103/PhysRevD.82.014023
http://dx.doi.org/10.1103/PhysRev.122.345
http://dx.doi.org/10.1103/PhysRevD.52.5206
http://dx.doi.org/10.1103/PhysRevC.78.045206
http://dx.doi.org/10.1016/j.physletb.2004.04.027
http://dx.doi.org/10.1016/j.physletb.2004.04.027
http://dx.doi.org/10.1103/PhysRevC.61.045203
http://dx.doi.org/10.1103/PhysRevC.61.045203
http://dx.doi.org/10.1103/PhysRevD.54.2399
http://dx.doi.org/10.1016/S0375-9474(01)01365-3
http://dx.doi.org/10.1016/S0375-9474(01)01365-3
http://dx.doi.org/10.1103/PhysRevD.71.054508
http://dx.doi.org/10.1103/PhysRev.124.246
http://dx.doi.org/10.1103/PhysRev.124.246
http://dx.doi.org/10.1016/j.physrep.2004.11.004
http://dx.doi.org/10.1016/j.physrep.2004.11.004
http://dx.doi.org/10.1016/0370-1573(94)90022-1
http://dx.doi.org/10.1016/0370-2693(78)90737-2
http://dx.doi.org/10.1103/PhysRevD.75.034007
http://dx.doi.org/10.3390/universe10080332
http://dx.doi.org/10.1103/PhysRevD.110.074023
http://dx.doi.org/10.1103/PhysRevD.110.074023
http://dx.doi.org/10.1140/epjc/s10052-026-15335-6
http://dx.doi.org/10.1140/epjc/s10052-026-15335-6
http://dx.doi.org/10.1103/PhysRevD.101.054032

7-A5.16 Y. KUMAR et al.

[23]
[24]

[25]

[26]

[27]

28]

[29]
[30]
[31]
[32]

[33]

[34]
[35]
[36]

[37]

[38]

[39]

Y. Kumar, «Equation of state of quark—gluon plasma using a simple
phenomenological model», EPJ Web Conf. 182, 02070 (2018).

M. Bluhm, B. Kéampfer, K. Redlich, «Shear and bulk viscosities of the gluon
plasma in a quasiparticle descriptiony, Phys. Rev. C' 84, 025201 (2011).

V. Mykhaylova, M. Bluhm, K. Redlich, C. Sasaki, «Quark-flavor dependence
of the shear viscosity in a quasiparticle model», Phys. Rev. D 100, 034002
(2019).

O. Soloveva, D. Fuseau, J. Aichelin, E. Bratkovskaya, «Transport properties
and equation-of-state of hot and dense QGP matter near the critical
endpoint in the phenomenological dynamical quasiparticle model», Phys.
Rev. D 105, 054011 (2022).

M.L. Sambataro, V. Greco, G. Parisi, S. Plumari, «Quasi particle model vs
lattice QCD thermodynamics: extension to Ny =241+ 1 flavors and
momentum dependent quark massesy, Fur. Phys. J. C 84, 831 (2024).

A. Peshier, B. Kampfer, O.P. Pavlenko, G. Soff, «An effective model of the
quark—gluon plasma with thermal parton masses», Phys. Lett. B 337, 235
(1994).

P. Lévai, U. Heinz, «Massive gluons and quarks and the equation of state
obtained from SU(3) lattice QCD», Phys. Rev. C' 57, 1879 (1998).

A. Dahiya, S.S. Singh, «Equation of state of PNJL model under the influence
of thermal mass and magnetic field», Pramana — J. Phys. 94, 121 (2020).

Y. Kumar, «Stable droplet formation of quark—gluon plasma in
quark-hadron phase transitiony», J. Phys.: Conf. Ser. 668, 012110 (2016).

G. Boyd et al., «Thermodynamics of SU(3) lattice gauge theory», Nucl.
Phys. B 469, 419 (1996).

0. Kaczmarek, F. Karsch, P. Petreczky, F. Zantow, «Heavy quark—antiquark
free energy and the renormalized Polyakov loop», Phys. Lett. B 543, 41
(2002).

HotQCD Collaboration (A. Bazavov et al.), «Equation of state in
(2+1)-flavor QCD», Phys. Rev. D 90, 094503 (2014).

S. Borsanyi et al., «The QCD equation of state with dynamical quarks»,

J. High Energy Phys. 2010, 77 (2010).

M. Cheng et al., «QCD equation of state with almost physical quark
massesy, Phys. Rev. D 77, 014511 (2008).

A. Bhattacharyya, P. Deb, A. Lahiri, R. Ray, «Susceptibilities with
multiquark interactions in the Polyakov—Nambu—Jona-Lasinio model», Phys.
Rev. D 82, 114028 (2010).

A. Bhattacharyya et al., «Finite temperature properties of a modified
Polyakov—Nambu—Jona-Lasinio model», Phys. Rev. D 102, 074006 (2020).
A.N. Tawfik, A.M. Diab, N. Ezzelarab, A.G. Shalaby, «QCD
Thermodynamics and Magnetization in Nonzero Magnetic Field», Adv. High
Energy Phys. 2016, 1381479 (2016).


http://dx.doi.org/10.1051/epjconf/201818202070
http://dx.doi.org/10.1103/PhysRevC.84.025201
http://dx.doi.org/10.1103/PhysRevD.100.034002
http://dx.doi.org/10.1103/PhysRevD.100.034002
http://dx.doi.org/10.1103/PhysRevD.105.054011
http://dx.doi.org/10.1103/PhysRevD.105.054011
http://dx.doi.org/10.1140/epjc/s10052-024-13276-6
http://dx.doi.org/10.1016/0370-2693(94)90969-5
http://dx.doi.org/10.1016/0370-2693(94)90969-5
http://dx.doi.org/10.1103/PhysRevC.57.1879
http://dx.doi.org/10.1007/s12043-020-01994-x
http://dx.doi.org/10.1088/1742-6596/668/1/012110
http://dx.doi.org/10.1016/0550-3213(96)00170-8
http://dx.doi.org/10.1016/0550-3213(96)00170-8
http://dx.doi.org/10.1016/S0370-2693(02)02415-2
http://dx.doi.org/10.1016/S0370-2693(02)02415-2
http://dx.doi.org/10.1103/PhysRevD.90.094503
http://dx.doi.org/10.1007/JHEP11(2010)077
http://dx.doi.org/10.1103/PhysRevD.77.014511
http://dx.doi.org/10.1103/PhysRevD.82.114028
http://dx.doi.org/10.1103/PhysRevD.82.114028
http://dx.doi.org/10.1103/PhysRevD.102.074006
http://dx.doi.org/10.1155/2016/1381479
http://dx.doi.org/10.1155/2016/1381479

	1 Introduction
	2 A brief overview of QPM in PNJL model
	3 Thermodynamic observables with quasiparticle approach
	4 Results
	5 Conclusion

