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Abstract. To understand the behaviour of Quark Gluon Plasma (QGP) in the early stages
of universe, a precise temporal evolution of different thermodynamic parameters is
studied. Out of many indirect signatures used for the detection of QGP, we compute the
Equation of State (EoS) by solving the Friedmann equations. A phenomenological
model is used with the value of thermal dependent finite quark mass. The variation of
temperature, as well as the energy density with respect to time, are provided which
predicts a suitable transition temperature for the phase transition. These results can also
be used to calculate other thermodynamic observables. The evolution of early universe
and its related properties are thus important in the detection of QGP.

1. Introduction

The unique structure of quark gluon plasma (QGP) during the primordial universe has become
the most important problem among researchers. Due to the complex behaviour of quantum
chromo-dynamics (QCD) phase diagram, it is still a challenging part of investigation to resolve
various unusual and interesting properties of QGP. It was assumed that the exotic state of QGP
exists when the temperature is above and around 150MeV. This makes the study of deconfined
QGP and confined hadronic medium important to understand the evolution of the universe
[1,2]. Since long, the exotic matter of QCD was investigated via the QGP EoS within the Lattice
QCD computations. For producing the equation of temporal evolution of thermodynamic quantities
within the QGP medium, most of the work has been done at zero or small chemical potential.
At critical temperature, there is a transformation of hadronic matter into QGP phase. The work
of Aoki and other authors suggested that the Lattice QCD results from cosmic quark-hadron
transition showed a nature of crossover [1,2,3,4,5], while several other groups claimed a transition
from hadrons to QGP to be a first order type [6,7,8,9,10]. Due to the several factors involved in
the early universe as well as computer simulation errors, it is difficult to determine the exact order
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of phase transition. However, researchers are still struggling to ascertain the order of phase shift
whether it is a first, second or crossover. Although there are some indications of a crossover
transition, some significant studies reported afirst order phase transition because of extensive
research on bubble nucleation [11,12]. Also, some work has been done on quark nuggets and their
consequences in the early universe. Earlier, it was studied that in the early universe, the quark
nuggets are generated only if the phase shift is of the order one [13,14,15,16,17,18].

Over the past decade, authors [19,20] pointed out the possibility of QCD first order phaseshift
in the beginning of universe. This outstanding work was followed by many useful studies which
inspected the outcome of an order one type in the early universe [21,22]. The work of Boeckel and
his co-workers was revisited to search the possibility of an order one type phase transition by
authors [23,24]. The above studies provided us the opportunity for the further investigation of
QGP. The EoS is a relationship among various thermodynamic state functions, such as pressure,
temperature, and etc. Therefore, the EoS directly describes the behaviour of the particular state of
matter, with which it is associated. RHIC and LHC have increased our understanding on this unigque
QGP signature [25], which has been used extensively in cosmology, especially to understand the
thermodynamic evolution of the early universe. Thus, the plasma of quarks and gluons can be
described by thermodynamic observables, which are energy density, pressure and temperature
varying with respect to time. By using cosmology models derived from the general relativity, a
study of the time variation of equation of state can be done easily. The equations given by
Einstein are the fundamental field equations of the general theory of relativity. To compute the
variation of thermodynamic quantities mentioned above, we need to solve the time evolution
equation from the Friedmann equation [26] (egn. (1)):
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Here, the symbols used in this equation are energy density (e) of the universe, pressure (p) of the
system, Gravitational constant (G) and time evolution (t) of the universe. Since the system is
homogenous, the expansion of universe is well defined by Friedmann and Einstein, provided the
field equations [27], from which the Friedmann equations are derived (egn.(2) and (3)):
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In the above equations, we have used natural units (c=1). The symbol a is the scale factor that
allows the knowledge about distance ratios at different times and a dot on a is its time derivative.
Equation (3) has a double time derivative of symbol a which can be considered as equation of
motion. The symbol k. represents a curvature constant which is used to fix the character of spatial
curvature such as k.=0 for flat space, ke=+1 for closed space and k.=-1 for open space. It is important
to note that whatever be the expansion of universe, the space-time geometrical metric should be of
the form of Friedmann-Lemaitre-Robertson-Walker (FLRW) due to isotropy and homogeneity of
the system. Another parameter A is used as cosmological constant. The time evolution equation
(egn. (1)) assumes that the universe’s expansion is isentropic and it aids us in finding the time
variation of energy density once we ascertain the pressure quantity which depends on energy
density, p(e) [28]. In this study, a quasi-particle approach is adopted, in which, a finite (thermal
dependent) quark mass is considered instead of the earlier assumed dynamic quark mass. Earlier
studies in the same area have been conducted, a review is provided in Ref. [29]. Various variants
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of the initially developed MIT bag model [30] were previously incorporated to solve the Friedmann
equation, which allows us to see the trends between the time and the thermodynamic observables
taken as energy density term, pressure term, and sound speed, etc. In Ref. [31], a realistic equation
of state was used for the initial stages of the universe and relativistic massive ion collisions. The
change of thermodynamic quantities with respect to time varies for different temporal evolution
equations, and the equations we are using depend on the choice of our model. Any progress along
this line of query is important since an EoS is necessary to conduct theoretical studies of QGP state,
the source of it could either be through relativistic massive ion collisions or the primordial universe.
Other developments like finite temperature QCD numerical simulations on a lattice also played a
crucial role in the study of QGP.

The gravitational wave (GW) emission [32,33] also varies with the nature of the EoS [34,35], since
the nature of evolution of the early universe changes by considering EoS using different models.
In this work, we attempt to predict the temperature of transition from QGP to the hadronic phase
from our model results, which is currently to be determined accurately although it is still a matter
of further discussion. The validity of the model can only be checked if the theoretical model
results match well with the experimental results. But unfortunately, data is still not very much
clear at RHIC and LHC. Therefore, theoretical models are the reliable tools to give the best outcome
to explain the phase structure of QCD. Finally, our model works well to explain the evolution of
early universe of QGP.

2. Model description
Several models have been used to explain the various properties of early universe expansion of QGP.
Since long, extensive research in this field indicated the range of transition temperatures, i.e., T ~
(110-200) MeV, although the temperature varies according to the applied model. So, active
research is still going on to claim the phase shift order and the exact measure of transition
temperature at which phase transition occurs. In this work, we try to obtain the EoS and predict the
value of transition temperature using a quasi-particle approach with various initial conditions.
For that, we use the Friedmann equations which are derived by substituting the FLRW metric in
Einstein’s Field Equations [36] (eqn. (4)):
1 872G
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Here, R, is Ricci tensor which depends on the metric tensor and its derivatives, T, is the stress-
energy tensor and g, is the space-time metric. These equations (eqn. (2) and (3)) provide us with
the energy density-time evolution equation (eqn. (1)), which has been mentioned in the previous
section. Various works to determine the relationship between thermodynamic quantities like
pressure, temperature, sound speed started from solving the basic MIT Bag model. The simple
expressions of pressure and the energy density in the MIT Bag model are used by [37,38].
A phenomenological model as a quasi-particle model (with thermal quark mass) is used to explain
the evolution of early universe. Earlier, we have used an expression for free energy of quarks and
gluons, Fi [39,40]. The expression of F; is written as:
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Here, gi is the factor of degeneracy for quarks and gluons and pi(k) is the state density of
quarks and gluons. m; is thermal mass of a quark and a gluon generated due to the interactions
among these particles, k is the momentum and T is the parameter for temperature. Negative sign
used in the above integral refers for quarks (fermions) and positive sign indicates for gluons
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(bosons). These masses strongly depend on temperature and coupling parameters in QGP medium.
It is defined as [40,41]:

M (T) =74, (97 ()T

In the above equation, yq,g is the factor used to relate hydrodynamic features of hot QGP flow and g(k)
is order one QCD running coupling invariant [42,43,44]. Parameters used in thermal mass are taken
as: yq=1/6 and yg= 6 yq Or 8 yq[41,42]. In addition to free energy term for the deconfined particles,
another term is included as interface energy which plays a significant role in order to separate QGP
medium from hadronic medium. This term can be obtained via scalar Weyl surface with proper
modification to take care hydrodynamical aspect of QGP. It is expressed as [45,46,47,48]:

1
Finterface:Z Y R*T3. (6)

Here, R is the radius of QGP droplet, y is the effective rms quantity of flow parameter, defined in Ref.
[41]. The total free energy can be calculated using free energy of interface term, and quarks and
gluons term given in Ref. [25]. Equations (5) & (6) is useful to create a stable QGP droplet,
and further, the same is required so as to calculate the expression for pressure and energy density
using thermodynamic relations [49]:
dF,
P av @)
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The resultant pressure (p) is the addition of the pressures due to individual entities obtained
by total free energy and v is the QGP volume. Further, the energy density can be calculated using
egn. (7). Itis expressed as:

dp
TP _ 8
=TT p (8)

Using the relations of free energy (egn. (5) & (6)) and pressure (egn. (7)), we can now express the
time evolution of energy density (¢) (above as eqgn. (1)) and time evolution of temperature (T). The
time (t)evolution of temperature can be obtained using eqn. (8) with the help of Ref. [50]:

dT 1 de
= (9)
dt ( de ) dt
dT
With the help of eqgn. (9), we solve time evolution of temperature T(t). One should note that
since the EoS are different, keeping a fixed starting point of energy density suggests that, the early
universe evolution begins at different starting temperatures for separate models [28,50]. Finally,

we obtained the results of time evolution of temperature and energy density which help us to
understand the evolution of early universe.

3. Results

To understand how the early universe of QGP changes with time, a study of temporal variation of
temperature and energy density are presented. Instead of using the previously used MIT
bag model, we have used a quasi-particle approach to solve the Friedmann equation in order to
obtain the thermodynamic relations between energy density with time and temperature with time.
Considering the time from the starting phase (origin) of early universe, i.e., t=0 to the initial time
of QGP creation, i.e., to. We have chosen initial conditions such as energy density ~10* GeV/fm?
at ti=10° sec and the time evolution vary from t;=10"° sec to t;=10" sec [50]. These conditions are
well suited into the evolution of early universe. Due to complexity of system, some error occurred
on these conditions. This is due to the fact that these initial conditions may vary model to model
for the fine tuning of parametrization factors to show the evolution of early universe. Therefore,
in order to investigate unusual properties of early universe, it is interesting to see how the system
affects thermodynamic observables with respect to time in the expansion of early universe. These
equations provide us more valuable information about the early expansion of the universe in the
fraction of time just after Big Bang.
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Figure 1. Plot of energy density (&) with respect to time (t).

From the Lattice gauge theory of quantum chromodynamics, it is found that a phase shift from a
hadrons to a QGP medium occurs roughly at around 150MeV [51]. From the above mentioned
calculations, we obtain the graphs of the temporal evolution of ¢ and T, which are given in
Figures 1 and 2 respectively. From the model results, we can predict the phase transition
between hadronic phase and QGP phase, occurring at around 150MeV, between 10~° seconds and
10 “*seconds. Figure 1 shows that energy density decreases continuously with time and it becomes
constant just after 107° seconds. On the other hand, the time evolution of temperature in Figure 2
clearly shows that there is sudden fall of temperature in the early phase of QGP which further
decreases slowly with time after 107 seconds. On critical observation, it is found that the
temperature becomes constant giving a clear-cut indication that there is a phase transition
occurring near about the temperature 150MeV as shown in Figure 2. Just after t=10"° seconds,
there is no change observed in the temperature value by which, we infer that there may be a phase
transitions occur at temperature around 150MeV. Although the order of phase transition (first
order or smooth crossover) is not very much clear, our model showed a transition temperature
value around 150 MeV which is also in good agreement with other theoretical results. So, this
information may provide us more about the order of the phase transition between these two
phases of QCD. Also, our results closely match with the results of Sanches et al. [28,50].
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Figure 2. Plot of temperature (T) with respect to time (t).

Various approaches predict that the phase transition which occurred at the time of the big bang is
an order one phase shift, but the Lattice QCD computations indicate that the cosmic phase shift
for hadronization process is always a crossover phase transition even in the appearance of
magnetic fields [52]. Moreover, there are several results which indicatedthat the shift from QGP
phase into hadronic phase is an order one rather than a crossover phase transition. The results of
guasi-particle model suggested the transition temperature, i.e., around 150MeV which may
support us to forecast the order of phase shift. The research is still going on in this direction to
predict such claims. Above all, our results are in well conformity with the other theoretical results.

The obtained theoretical results can be verified once the precise data is available from the
experiments to claim the phase shift whether it is a 1% order or smooth crossover. The upcoming
proposed techniques like the Laser Interferometer Space Antenna (LISA), interesting New
Gravitational wave Observatory (NGO) and the Big Bang Observatory (BBO) might be an
excellent source of information to guess the order of the phase shift [34]. Finally, our results with
guasi-particle approach are useful to understand the behaviour of early universe expansion of
QGP.

4. Conclusion
The basic models like the MIT bag model are reviewed. Due to its simplicity, several authors
have been used MIT bag model although there are some discrepancies found to understand the
physical picture of phase diagram of QGP. The idea of introducing the phase boundary between
both the mediums using the bag model is not appropriate. Also, there is a disagreement with the
lattice QCD simulation pointed out by authors [53,54,55]. However, the phase boundary
separating both mediums is used as an interfacial surface instead of using the MIT bag model and
this kind of difficulty can be removed by the interfacial energy through parametrization factors.
Another mismatch results with lattice simulations can be resolved using thermal masses in quasi-
particle model [55,56,57]. The quasi-particle model provides an opportunity to determine the EoS
of QGP in early universe expansion and its related properties. The work related to the QGP is
highlighted in view of the early universe evolution. We have studied the plots of energy density
(e) against time (t) in Figure 1 and temperature (T) against time (t) in Figure 2 for understanding
the evolution of the early universe. It is observed from the figures, at the time between 107° sec
to 107 sec, a phase shift from QGP to hadrons is expected at about 150MeV. We have also
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discussed that the earlier theoretical works have predicted that hadronization is an order one
phase transition, whereas the Lattice QCD calculations have articulated that it is a crossover
phase shift. It shows that the order of phase shift is a matter for further discussion and works along
this line are still in progress [31].

From our current work, we have confirmed that the QGP-hadron phase transition is actually a
reality that may exist at temperature ~ 150MeV although it is still a challenging problem to predict
the phase shift order. We infer that our results obtained from quasi-particle model are promising
in studying the equations of state of QGP and are in good agreement with Sanches et al. [50]. This
work needs further calculations with the consideration of factors like chemical potential, magnetic
field etc. which may help us to compute the EoS in a more accurate way and also enable us to
predict the exact phase shift order.

5. Further Work

To study the early universe expansion of QGP, our future work will provide a more clear picture
on using other important scales like chemical potential, magnetic field, etc. in addition to thermal
quark mass and temperature. These different scales may be important in the initial phase of
early universe expansion and cannot be ignored to describe the interesting features of QGP
medium. This work needs more investigation for deeper insights to explorethe early universe
expansion.
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