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The phase diagram of quantum chromodynamics (QCD) and its associated thermodynamic properties of quark-gluon plasma (QGP)
are studied in the presence of time-dependent magnetic field. The study plays a pivotal role in the field of cosmology, astrophysics, and
heavy-ion collisions. In order to explore the structure of quark-gluon plasma to deal with the dynamics of quarks and gluons, we
investigate the equation of state (EoS) not only in the environment of static magnetic field but also in the presence of time-varying
magnetic fields. So, for determining the equation of state of QGP at nonzero magnetic fields, we revisited our earlier model where
the effect of time-varying magnetic field was not taken into consideration. Using the phenomenological model, some appealing
features are noticed depending upon the three different scales: effective mass of quark, temperature, and time-independent and
time-dependent magnetic fields. Earlier the effective mass of quark was incorporated in our calculations, and in the current
work, it is modified for static and time-varying magnetic fields. Thermodynamic observables including pressure, energy density,
and entropy are calculated for a wide range of temperature- and time-dependent as well as time-independent magnetic fields.
Finally, we claim that the EoS are highly affected in the presence of a magnetic field. Our results are notable compared to other
approaches and found to be advantageous for the measurement of QGP equation of state. These crucial findings with and without
time-varying magnetic field could have phenomenological implications in various sectors of high-energy physics.

1. Introduction

The extensive research in the field of high-energy physics
unveiled the phase diagram of quantum chromodynamics
(QCD) which involves hadronic phases (HP) as well as
quark-gluon plasma (QGP) phase [1–10]. This area capti-
vated some light on revealing the process of phase transition
at high temperatures and densities in heavy-ion collision
experiments [11, 12]. QCD is a particular theory related to
the strong interactions of quarks and gluons. It is observed
that at the critical temperature Tc ≈ 170MeV, the hadronic
matter transforms into a new phase where quarks and
gluons are almost free called quark-gluon plasma (QGP)

[13–16]. The accelerator (RHIC and LHC) facilities around
the globe provide an opportunity to look deep into the mat-
ter where several unresolved mysteries for the formation and
evolution of the universe after the big bang may resolve. The
upcoming facility (FAIR) at GSI is also working in the same
direction in which physicists are trying to gain some useful
insights into the basic structure of matter and investigate
the evolution of the universe.

One of the best measurements of these accelerators is to
deal with the properties of QGP in which the nature of phase
transitions, critical temperature, and thermodynamic prop-
erties are treated as a peculiar study. Besides these, equation
of state (EoS) is one such characteristic of QGP that encodes
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the thermodynamic properties of the system. Even after rig-
orous work done on theory and experiment over the couple
of past decades, our understanding of QGP signals and its
related properties are still not well understood [17, 18].

It has been claimed that transitions between quark-
hadronic phases may have transpired during the initial
moments of the early universe, as the system underwent
expansion and cooled within a few femtoseconds following
the big bang. A similar scenario is anticipated to arise during
relativistic heavy-ion collisions at facilities like RHIC and
LHC, giving rise to a miniature version of the cosmic condi-
tions. Exploring the interplay of thermodynamic properties
during these phase transitions is intriguing. The thermody-
namic properties, essential components of the EoS, showcase
how dynamic parameters like chemical potential and tem-
perature contribute to the transformative process of the
system into distinct phases.

Another important physical quantity noticed by some
physicists at RHIC and LHC is the magnetic field of the
order of ~ 1015 tesla that exists from the microscopic level
to the macroscopic level. A surprising magnetic phenome-
non emerges in the transverse direction of the reaction plane
when heavy-ion beams collide at relativistic speeds [19–21].
The QCD phase structure is influenced not only by temper-
ature and chemical potential but also by another crucial
parameter, the magnetic field. The equation of state exhibits
intriguing behavior when probing the complexities of the
quark-gluon plasma system in the presence of such magnetic
fields. Since a large amount of magnetic field produced due
to the spectators, its strength is surprisingly approach to
the mass of hadrons. So, the strength of the magnetic field
created at RHIC and LHC is a few times of hadron mass
[22, 23]. Numerous physicists have postulated its creation
during the evolution of the early universe [24]. Astrophysi-
cists similarly posit the existence of strong magnetic fields
in celestial bodies such as neutron stars, boson stars, strange
quark matter, and beyond [25–30]. It is pointed out that an
enormous amount of magnetic field ~ 1019 − 1020 G might
be generated in heavy-ion collisions [31–34] that may influ-
ence the various properties of QGP matter drastically. It is
also very difficult to deal with such an enormous magnetic
field generated in the collisions of heavy ions due to its exis-
tence for a very little span of time [35]. Some other more
interesting features have been explored in the case of dealing
with chiral magnetic effect [36–38] and the magnetic cataly-
sis effects [39–41].

Results from lattice QCD investigations [42] have scruti-
nized the impact of external magnetic fields on the EoS of
QGP. The study involved the evaluation of thermodynamic
variables such as pressure, entropy, and energy density.
The authors in related works [43–47] observed a reduction
in the transition temperature under the influence of a mag-
netic field. Similarly, employing low-energy effective theo-
ries, the robust magnetic field is demonstrated to exert an
influence on the phase diagram of hadronic matter [48,
49]. It is now clear that the deep understanding of EoS based
on chemical potential, temperature, and magnetic field is the
main requirement to investigate the phase diagram of QCD.

On the other hand, lattice simulation data is still found lim-
ited, i.e., valid at zero chemical potential and magnetic field
[50–52]. Due to the sign problem, simulation data with finite
chemical potential is difficult to obtain, whereas Monte
Carlo simulation works appreciably at finite magnetic fields,
yet the results from lattice data with finite magnetic fields are
not very much clear in order to produce the EoS.

Until now, the authors have employed a widely recog-
nized and straightforward model known as the bag model
to examine and elucidate the characteristics of QGP [53,
54]. These studies inspired us to investigate EoS in the rele-
vant range of magnetic fields and to see the behavior of time-
varying magnetic field on QGP EoS. Here, our main aim is
to determine the QGP EoS with a wide range of tempera-
tures incorporating the effective quark mass at zero chemical
potential and then modify our calculations in the presence of
time-independent and time-varying magnetic field. To this
end, we develop a theoretical model to study the thermody-
namic variables like pressure, the energy density, and the
entropy with the finite values of magnetic field and compare
these results with the vanishing magnetic field. In addition to
this, we also check the validity of time-varying magnetic field
on QGP EoS.

Above all, we first started the work in the zero limit of
chemical potential which is examined as a cogent approxi-
mation for the study of hot QGP in relativistic heavy-ion
collision experiments at BNL (RHIC), CERN (LHC), and
upcoming FAIR (GSI). Till date, lattice QCD results are
valid at zero value of chemical potential for the study of
QGP EoS. In this manuscript, an effective mass of the quark
is used in place of the thermal quark mass as a valid approx-
imation of the quasiparticle model assuming zero chemical
potential at RHIC and LHC. This model has been consis-
tently applied in a self-contained manner. It is crucial to
emphasize that addressing the various divergences inherent
in the computation of free energies for quarks and gluons
is achieved through the inclusion of appropriate counter
terms. The current work predicated upon our prior research,
illustrating the significance of the quark mass’s temperature
dependence in revealing intriguing behaviors within the
QGP EoS during heavy-ion collisions. The calculations are
further refined by incorporating magnetic fields and adjust-
ing the effective quark mass accordingly. This underscores
the role of theoretical models as indispensable tools for
exploring the QGP EoS, particularly in the intricate context
of magnetic fields.

The current studies are found to exhibit some keen fea-
tures of a thermodynamic system in the presence of a mag-
netic field with the involvement of multiple scales, i.e.,
effective quark mass, temperature, and constant and time-
varying magnetic field. One can work with two limiting
cases: the strong magnetic field limit or low temperature
and the weak magnetic field limit or high temperature.
Inclusion of a magnetic field in the medium requires a suit-
able modification of the present theoretical tools to investi-
gate various properties of QGP. The important features of
the Landau levels are the separation of the levels propor-
tional to the magnetic field. Considering high and intense
magnetic fields, a weak interaction between the charged
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particles only perturbs the Landau levels, and then, the low-
est Landau level (LLL) dominance holds good in such cases.
So, the LLL approximation is physically the most suitable
and widely employed by several authors in strong magnetic
fields [55–58], while the contributions from the highest Lan-
dau levels are difficult to estimate [59–62] in such field
limits. Recently, an interesting work has been done by Taba-
tabaee and Sadooghi who have used the Wigner function
formalism and evaluated the thermodynamic quantities in
an expanding magnetized plasma incorporating the quan-
tum effects arising from the Landau quantization [63].

Another group [64] has also reported that the magnetic
field pushes higher Landau levels to infinity compared to
the lowest Landau level in the strong field limit. Then, ther-
mally, quarks excite very feebly to the higher Landau levels,
and only the LLL, n = 0, are populated. This shows that the
system is considered confined in the LLL for such strong field
cases. Moreover, the reason for this assumption can also be
understood by looking at the dispersion relation in the pres-
ence of an external magnetic field along z-direction. Finally,
in the current work, we deal with the LLL approximation
along with the associated scales: eB, T, and meff .

Thus, our paper is organised in three different sections.
It is as follows: in Section 2, we briefly explain the impor-
tance of our model. In Section 3, we show the results of free
energy that can help in order to produce the EoS of QGP.
After this, the results are presented in Section 4, and at last,
we conclude our work in Section 5.

2. Description of a Theoretical Model

QGP’s formation in relativistic heavy-ion collisions has now
become the main attraction of high-energy physicists.
Among several properties of QGP, the equation of state of
QGP is widely explored and the most popular study as the
best signature of QGP. Numerous researchers posit that
the EoS serves as an indirect yet valuable signature for eluci-
dating the formation and evolution of QGP. In this quest,
various theoretical models align closely with calculations
from both perturbative and nonperturbative QCD, making
them thermodynamically sound for unraveling the intricate
structure of QGP [65, 66].

Significant strides have been made in the exploration of
QGP through the quasiparticle approach [67]. The authors
have used this model which is well suited just above and
around the critical temperature where hadronic matter is
supposed to have a phase transition, and after a valid transi-
tion, it forms a new state of matter. This new state of matter
is having free quarks and gluons. Initially, these particle
masses are treated as a dynamical quark mass [68], and fur-
ther in the deep investigation of QGP, it was replaced by a
finite quark mass. This finite value of quark mass depends
strongly on temperature [69–71]. The thermal-dependent
quark mass is also advantageous to remove the infrared
divergences occurred in the calculations. The earlier work
has been modified suitably using the effective quark mass
of quasiparticles expressed in Refs. [72, 73]. This effective
quark mass generated in the suitable environment of relativ-
istic heavy-ion collisions produced at RHIC and LHC. The

effective quark mass is taken as a linear function of the
square value of the current mass, the presence of both terms
such as thermal and current mass of quark, and the square
value of thermal mass.

In this model [69, 70], a noninteracting system of quasi-
particles is described where its existence is based only on
temperature. The interaction between quarks and gluons
with the neighbouring matter of the medium is responsible
for the generation of its mass [74–76]. We incorporated this
effective quark mass in our previous analysis of the equation
of state (EoS) [73]. Now, we have further adjusted it to
account for the influence of a constant magnetic field as well
as a time-varying magnetic field, ensuring that all parame-
ters are suitably fitted within the equation. We tried to ana-
lyze the equation of state in the hot magnetized medium by
extending a quasiparticle model in self-consistent manner by
fixing zero chemical potential. In a heated and magnetized
QGP, three distinct scales emerge, corresponding to the
masses of quasiparticles, the temperature, and the strength
of the magnetic field. In our approach, we address medium
effects by treating quarks and gluons as quasiparticles within
the self-consistent model. To accommodate the influence of a
robust magnetic field, we extend the model to redefine the
effectivemass using the Landau level quantization for fermions.

Firstly, we start with an expression of the effective mass
of quasiparticles which is used as [72, 73]

M2
eff =mc

2 + 2mcmq +mq
2 1

In this equation, mq is taken as mass of the quark depen-
dent on temperature and mc is the current quark mass. Both
values are taken from Refs. [71, 77].

The value of finite quark mass given in Eq. (1) is defined
as [71, 77]

m2
q T = γqg

2T2 2

We use γq = 1/6 as used in Ref. [71]. The parameter

g2 = 4παs is a running coupling constant. We have taken care
of the parametrization factors incorporated suitably in our cal-
culation to match the results of lattice QCD. This way, our
model is perfectly thermodynamical self-consistent to explain
the various features of QGP. The factor γ is used as the root
mean square value. The main role of this parametrization fac-
tor is that it describes the nature of QGP flow.

Now we have modified the effective quark mass in the
appropriate environment of strong magnetic field. Since a
substantial magnetic field ~ 1015 tesla is generated in the rel-
ativistic nuclear collisions of heavy ions at RHIC, LHC, and
GSI, it is helpful in investigating the various features of QGP.
The recent results help us to see the impact on QGP EoS.
The thermodynamic properties of QGP are thus highly
influenced by the existence of such large magnetic fields.
Thus, the effective quark mass is redefined under the influ-
ence of a strong magnetic field produced along z-direction.
It is given as [78]
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MB
eff =mc

2 + 2mcmq +mq
2 + eB 2n + s + 1 3

The first three factors on the right-hand side are the
effective value of quark mass comes from the quasiparticle
model.

MB
eff =M2

eff + eB 2n + s + 1 4

Next, we can consider a constant magnetic field towards
the direction of z-axis to describe the magnetic field created
in relativistic heavy-ion collisions. Due to the relevant
degrees of freedom of quarks, these fermion Landau levels
could play an interesting role at temperatures above and
around the critical temperature. By considering the relativis-
tic Landau levels, the effect of magnetic field can be included.
The energy eigenvalues are thus obtained as Landau levels
and used under several investigations [79]. These studies
indicate that there is a dependency of quasiparticle masses
on both temperature and magnetic field. Finally, we have
incorporated the effect of the magnetic field by modifying
the effective mass using the relativistic Landau levels. These
effective masses are very much significant in computing
the thermodynamic observables under the suitable environ-
ment of magnetic field. To this end, due to the quantized
motion of charge particles in the environment of magnetic
field, the single particle energy spectrum is considered and
it is written as [80]

E = k2 +M2
eff + eB 2n + s + 1 1/2 5

In this context, the notation n = 0, 1, 2,⋯ denotes the
principal quantum number associated with permissible Lan-
dau levels, while s = ±1 corresponds to the spin quantum
number, with + representing quark spin-up and − indi-
cating spin-down states. The particle momentum moving
along the z-direction of the external magnetic field is
denoted by k. For simplicity, we adopt the convention
2ν = 2n + s + 1, where ν = 0, 1, 2,⋯ serves as the quantum
number specifying the Landau levels. Even though there is a
strong magnetic field created, the thermally generated quarks
are feebly jump to the upper Landau levels, so the lowest
Landau levels n = 0 are only populated. We can rewrite the
single particle energy eigenvalue in the following form:

E = k2 +M2
eff + 2νeB 1/2,

E = k2 +MB
eff

1/2
6

Now it is very easy to convey that the ν = 0 state is the only
state of singly degenerate while the rest of the other states for
ν > 0 are doubly degenerate. The energy related to the linear
motion through z-axis is quantized, but due to the small
energy space, they are treated continuous in nature. Thus, it
is used as a single particle energy eigenvalue.

It was studied that not only a strong magnetic field pro-
duces in heavy-ion collisions but it also varies slowly with
time [81–83]. The authors studied some important proper-
ties of this generated magnetic field, and it is inferred that

the produced magnetic fields stay the same during the entire
lifetime of plasma evolution. The reason for this is due to the
high value of electric conductivity. Later on, it was suggested
[84–88] that a substantial, in-homogeneous, and spatially
dispensed magnetic field is certainly produced in collisions
of heavy ions in high-energy accelerators. The magnitude
of the magnetic field is larger at LHC compared to the RHIC.
With increasing the proper time, it was observed that at
LHC, the strength of the magnetic field decreases more rap-
idly than that of the RHIC [89]. According to the quasipar-
ticle model, the particles such as quarks, antiquarks, and
gluons would mesh with each other in the existing strong
magnetic field environment. While there are various poten-
tial mechanisms for the involvement of quarks in the gener-
ation of an intrinsic magnetic field, a particularly relevant
process occurs when quarks interact with the magnetic field
medium. The substantial center-of-mass energy available at
RHIC and LHC enables us to examine the effects of a
time-varying magnetic field, assumed to be adiabatic in
nature [82]. Referring to Eq. (56) from Ref. [82], the mag-
netic field depending on time can be expressed as

eB t = ŷ
αzRσ
t2

exp −
R2σ

4t , 7

where σ is referred as the electrical conductivity of QGP, z is
taken as the nuclear charge, R is the size of the nucleus, and t
is time. The presence of a time-varying magnetic field
emerges as a crucial factor influencing the equation of state
(EoS) of quark-gluon plasma (QGP). The presence of a
time-varying magnetic field emerges as a crucial factor
influencing the equation of state of QGP. This dynamic
magnetic field is anticipated to play a pivotal role in shaping
the dynamics of QGP, providing insights into the evolution
of the system over time and aiding our understanding of
its temporal behavior.

3. Equation of State of QGP in the Presence of
Magnetic Field

The determination of quark-gluon plasma equation of state
in the existence of a strong magnetic field provides a very
useful information to the researcher in a diverse fields. Sub-
stantial magnetic fields are anticipated to be produced in
relativistic heavy-ion collisions. At RHIC, the magnetic field
strength is contemplated to reach up to 1014 tesla, while at
the LHC, it surpasses to 1015 tesla. This formidable magnetic
field intensity opens up new avenues for exploring the
behavior of the hot quark-gluon plasma (QGP) system, pro-
viding a unique phenomenology. In other astrophysical con-
texts, neutron stars known as magnetars are predicted to
harbor magnetic fields of approximately 1010 tesla. This
diverse range of magnetic field strengths positions them as
valuable factors for the comprehensive study of QGP. More-
over, a magnetic field can interact electromagnetically or
chromomagnetically which may serve as another useful
parameter to study the phase structure of QCD vacuum
and phase diagram of QCD on the equal footing with the
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help of other factors such as chemical potential and thermal-
dependent quark mass.

To evaluate the equation of state of QGP, we first com-
pute the total free energy of the system under the influence
of a strong magnetic field. The total free energy comprises
of three parts: quark (up, down, and strange) free energy,
interface free energy term, and gluon free energy. Using total
free energy, pressure can be obtained by the negative of the
free energy in the thermodynamic limit. So here, our main
purpose is to calculate the free energy and thereafter pres-
sure in the environment of substantial magnetic field. Now,
we define the free energy which is suitably modified for
quarks in the existence of magnetic field in Refs. [71, 73].
It is defined as in Ref. [90]:

FB
q = −TgqeB ρq k ln 1 + e−E/T dk, 8

where ρq k is the density of states for quarks [68]. The degen-
eracy factor for the quark is taken as gq [91]. This equation is a
well-defined equation for fermions (quarks), where the energy
term, E, is modified in the presence of an effective quark mass
and magnetic field. On the other hand, the gluon free energy
part is not affected by the environment of magnetic field.
The dominant factor for gluon in a medium is temperature.
Thus, there is no change in the gluon free energy term, and
it is taken as the same as in Refs. [71, 73].

Another important term which separates QGP medium
from hadronic medium is the interfacial free energy. It has
a significant contribution in replacing the value of bag con-
stant pointed out by Ref. [68].

Now the total free energy can be evaluated as

FT
B = F0 + FB

q , 9

where F0 is the total free energy for quarks, gluon, and inter-
face term without magnetic field [71, 73, 91] and FB

q is the
free energy for the quark in the occurrence of strong mag-
netic field [90]. In the absence of magnetic field, the net
value of FT

B is retraced as F0, i.e., the total free energy in
the vanishing magnetic field. The equation tells about the
dynamics of QGP flow and helps us to achieve the equation
of state. Now we can easily calculate the equation of state as
the pressure term P, energy density term ε, entropy term S,
and speed of sound term C2

S using the value of net free
energy FT

B in the environment of strong magnetic field.
The value of total pressure can suitably obtained using the
modified free energy as used in Ref. [90]:

P = −
dFT

B

dv
10

Other thermodynamic variables can also be calculated
with the support of total pressure. These variables are
taken as

ε = T
dP
dT

− P 11

Similarly, the entropy term and the speed of sound
term can be calculated as

S = dP
dT

,

C2
S =

dP
dε

12

While calculating the thermodynamic observables, temper-
ature and magnetic fields incorporating the effective quark
mass are useful parameters to see the impact on equation of
state of QGP and we should be very alert in selecting the range
of these parameters. In order to see how these thermodynamic
variables of a hot matter with three flavors affect the system, we
see the variation of pressure value, energy density term, entropy
term, and speed of sound term as a function of temperature,
with and without magnetic field and with time-varying mag-
netic field. Free energy evolution provides us the opportunity
to calculate all these thermodynamic variables incorporating
the effective quark mass. We conduct a thorough comparison
between our theoretical findings and experimental results.
The outcomes derived from the free energy relation enable
the computation of various equation of state (EoS) parameters
such as P/T4, ε/T4, S, and C2

S. In conclusion, our results bear
significance and offer utility in the ongoing exploration of
high-energy physics. Thus, in this paper, we use a model to
investigate the dynamics of the hot matter of QGP system
exposed to the intrinsic and coexisting magnetic field.

4. Results

Research in the realms of high-energy heavy-ion collisions,
astrophysics, and cosmology has unveiled a common thread:
the generation of strong magnetic fields. These magnetic
fields manifest in the cores of neutron stars, during the early
moments of the universe, and in the heavy-ion collisions. In
the current study, as we deal with the heavy-ion collisions,
the time-independent and time-dependent magnetic fields
are considered for investigating the QGP and to explore its
structure via the equation of state of QGP. The giant col-
liders such as LHC (CERN), RHIC (BNL), and FAIR (GSI)
are trying to detect QGP formation and its evolution. In
recent years, physicists have increasingly acknowledged the
ubiquitous presence of a strong magnetic field in various
experimental processes, exerting a notable impact on the
systems under consideration. Furthermore, observations
indicate a substantial modification in the phase structure of
quantum chromodynamics (QCD) within such environ-
ments. Researchers have explored these effects through both
theoretical models and lattice QCD simulations.

We provide the useful results of EoS of QGP using a sim-
ple phenomenological model as the quasiparticle model. We
show the plots of thermodynamic variables involving vari-
ous parameters such as temperature, effective quark mass,
and time-independent and time-dependent magnetic fields.
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Thus, the equation of state such as pressure value (P/T4),
energy density value (ε/T4), entropy term (S), and speed of
sound value (C2

S) is shown with respect to temperature (T)
by varying zero, constant magnetic field, and time-varying
magnetic field. The explanations of all plots are as follows.

Figures 1 and 2 show the pressure term and energy den-
sity term with respect to the temperature at zero and con-
stant magnetic field and with time-varying magnetic field
incorporating the effective quark mass. In both graphs, we
observe that both curves increase exponentially with temper-
ature and approach towards the Stefan-Boltzmann (SB) limit
for constant magnetic fields as well as for time-varying mag-
netic fields. Our results are the best matched with the lattice
results at zero magnetic field. On comparing the results at
fixed nonzero magnetic fields (0 2 GeV2, 0 4 GeV2), it is
found that the results of pressure and energy density are
much enhanced compared to zero magnetic field. For fur-
ther investigation, we plot the pressure and energy density
with various values of time-dependent magnetic field and
compared the results with zero and constant values of mag-
netic fields. It is interesting to note that for a very short time
duration, say, t = 0 04 fm, the value of pressure and energy
density is enhanced very much compared to zero and con-
stant magnetic field and on further increasing the value of
time, say, t = 0 2, 1 0, 5 0 fm, etc. The pressure and energy
density curve approach again to the same values of zero
magnetic field and match well with the lattice QCD results.
It indicates that in the late time evolution of QGP, the sys-
tem does not deviate much from its actual phase and tries
to retain in the same medium, but on the other side, that is,

in the initial phase, the system is highly affected and unstable
due to the large interaction among the constituent particles.

Thus, the involvement of time-dependent magnetic field
plays a crucial role, and thermodynamic variables are signif-
icantly enhanced by considering the early phase of QGP,
where the time is ≤0 1 fm, and on further increasing the
time, the system comes back to its same state. It is observed
that the magnetic field rapidly decreases in the early time
and becomes almost constant in the late time of QGP evolu-
tion. So, the results of pressure and energy density for late
times are very much similar to the results where the mag-
netic field is not involved. All results are shown using the
effective quark mass which is one of the useful parameters
for producing the equation of state of QGP. In view of zero
and constant magnetic field, our results are improved as
shown in Figures 1 and 2. Results are also much enhanced
and large for the initial value of early times, but in the case
of late times, it gives the same output as shown for zero mag-
netic field and for lattice results. The results are similar to
our earlier work using the effective quark mass [73] at zero
magnetic field. Our current results for time-dependent mag-
netic field are compared with Ref. [90] at zero and fixed
values of the magnetic field.

Further in Figures 3 and 4, we plot the graph of entropy
value and speed of sound value with temperature and with
time-independent and time-dependent magnetic fields. In
the entropy curve, we found that the outputs at zero mag-
netic field are lying almost in the same range in lattice
results. Thus, the results are almost similar to our earlier
work at zero magnetic field using the effective quark mass
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Figure 1: The pressure P/T4 with respect to temperature T is shown with time-independent and time-dependent magnetic fields in
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[73]. The results are also verified in the sense that the value
of effective quark mass fits very well in the calculation to
produce the equation of state of QGP. On the other hand,
lattice QCD results are much enhanced compared to our
results for the speed of sound at zero magnetic field. Lattice
QCD results for high values of temperature match well with
the results of early time of time-varying magnetic field, i.e.,
at t = 0 04 fm. In this case, it is noticed that the thermody-
namic variables are affected much in the presence of
magnetic field where early times play a key role. So, the
equation of state is significantly influenced under time-
varying magnetic field, i.e., in the early phase of QGP, while
these observable outputs are lying in the same range with the
later phase of QGP, i.e., t = 0 2, 1 0, 5 0 fm. Entropy observ-
able also does not affect with large value of time-varying
magnetic field and hence shows similar results as for zero
magnetic field. Among all observables, the speed of sound
for large values of temperature is the only observable which
matches well with the results of lattice QCD simulation at
the early phase of QGP, i.e., t ≤ 0 1 fm.

Ultimately, our model’s outcomes remain consistent
with our prior findings concerning the effective quark mass
in scenarios with zero magnetic field and significantly large
time-varying magnetic fields. Conversely, the EoS of QGP
exhibits a substantial influence from constant magnetic
fields and lower values of time-varying magnetic fields.
Notably, predictions from other models regarding the EoS
of QGP align with earlier results obtained from lattice
QCD [14, 72, 74, 75, 90].

5. Conclusion

In this article, we work on thermodynamic observables of a
hot QGP system which plays an important role in the pres-
ence of a constant and time-dependent strong magnetic field
produced in the collisions of ultrarelativistic heavy ions.
Since these observables have contributions from constituent
particles such as quarks, they are notably affected by the
strong magnetic field while the gluon part does not affect
in the environment of strong magnetic field and it depends
only on temperature. In this work, we obtain the important
QGP equation of state such as pressure term, energy density
term, entropy term, and the speed of sound term. The time-
independent and time-dependent magnetic fields show sig-
nificant output, and thus, the results are compared with zero
magnetic field and with lattice QCD results. The results are
also compared with other works.

The current observations may be useful implications on
the hot system of QGP, and the expansion dynamics of
QGP medium at RHIC, LHC, and GSI show interesting fea-
tures in the presence of magnetic field. These results could
have useful outcomes for the study of various signatures of
QGP. The results are shown for a variety of thermodynamic
observables which indicate that the equation of states is
significantly affected not only with the constant values of
magnetic field but also useful with time-varying magnetic
field especially in the early phase of QGP formation. Our
results are very much similar for the late phase time of
QGP under the effect of magnetic field. Thus, for late time,
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Figure 4: Speed of sound with respect to temperature T is shown with time-independent and time-dependent magnetic fields in
QGP phase.
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the results of EoS match exactly with the results of zero mag-
netic field and similar to the lattice QCD results except the
results of speed of sound. The speed of sound enhances sig-
nificantly during the early time and matches well with the
lattice QCD data.

In conclusion, our model, incorporating the effective
quark mass under the influence of both time-dependent
and time-independent magnetic fields, yields improved
results compared to those obtained in the absence of a
magnetic field and aligns well with the latest EoS findings.
This enhancement is particularly evident in the exploration
of the phase structure of QGP. The model proves versatile
in investigating various properties of QGP under strong
magnetic fields. It is imperative to underscore the signifi-
cance of time-varying magnetic fields, especially during the
early phases of QGP, where EoS results are markedly
affected. This presents an avenue for further exploration by
researchers. Our results stand out compared to alternative
theoretical approaches, offering advantages in the measure-
ment of QGP equation of state. The consequential implica-
tions of these findings, both with and without time-varying
magnetic fields, have broad phenomenological relevance
across various domains of high-energy physics.
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