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Studying neutron stars can help us understand the early formation of the universe. To understand
and describe neutron stars, an appropriate equation of state that satisfies bulk nuclear matter
properties is necessary. This study explores the quark matter equation of state by applying the
Density Dependent Quark Mass model which is an extension of the MIT Bag model. The equation
of state such as pressure, energy density, entropy, specific heat and speed of sound are calculated
for a range of temperatures. The model results provide QGP equation of state, and the velocity of
sound is shown in comparison to the Lattice QCD result.
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1. Introduction

Compact stars such as white dwarfs, neutron stars, and the possible existence of quark stars or
hybrid stars provide an essential link between nuclear physics and astrophysical observables [1-3].
Neutron stars, in particular, serve as natural laboratories for matter at densities far exceeding those
reached in terrestrial experiments. The equation of state (EoS), which specifies the relationship
between pressure and energy density, plays a central role in determining their masses, radii, and
stability. While the EoS is reasonably well constrained between neutron drip density and about
3x 104 g cm™3, where matter consists of nuclei, free neutrons, protons, and electrons, its form at
supranuclear densities remains highly uncertain.

It has long been proposed that at sufficiently high densities, hadronic matter undergoes a phase
transition to a deconfined state of quarks and gluons [4, 5]. This quark-gluon plasma, containing
approximately equal numbers of u, d, and s quarks together with electrons for charge neutrality, has
been suggested as the true ground state of matter. The resulting “strange matter hypothesis” implies
that neutron stars could convert into strange stars [6], compact objects whose global properties
closely resemble those of neutron stars.

Theoretical descriptions of strange quark matter (SQM) are often based on the MIT bag model,
sometimes incorporating corrections from the QCD coupling constant [5, 7-9]. An alternative
framework is the density-dependent quark mass (DDQM) model [10, 11], where confinement is
introduced through a baryon density dependence of quark masses. Unlike the bag model, the
DDQM approach endows even the light u and d quarks with appreciable masses at low densities,
effectively accounting for first-order QCD corrections while remaining computationally simpler.

Since observed pulsars may be hybrid stars or even pure quark stars, neutron stars themselves
offer a potential astrophysical signal of quark-gluon plasma formation. Moreover, the presence of
intense magnetic fields on the order of 10'7—10'® G can substantially alter the EoS of these objects
[12]. Motivated by these considerations, this work examines neutron stars as possible indicators
of quark-gluon plasma formation, with particular attention to the predictions of the DDQM model
under strong magnetic fields.

2. Density Dependent Quark Mass Model

In this model, we have assumed SQM as a free Fermi gas. We study the general properties
of strange quark matter in the framework of a new equation of state in which the quark masses are
parametrized as functions of the baryon density np as follows [13]:

muzmdzi, ms=m50+i- (D

Here, my is the strange quark current mass and c is a constant. The range of both these parameters

is to be constrained by a stability argument. It has to be noted that in the bag model, confinement

is independent of density. Here, we have not treated the change of masses of quarks as a phase
transition.

The system is in the presence of a magnetic field B which is directed along the z-axis. The

energy of the charged particle of mass m; and charge ¢; in the presence of the magnetic field is
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given by [14]
== [ml2 + Pi,i + 2q,~Bn] 12 2)

where +(-) refers to spin-up(-down) states of the particles, p, is the momentum along the z-axis
and n represents the Landau level. The thermodynamic potential is [12, 13]
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where the second term is contribution due to gluons. The general expression for the thermodynamic
potential €; in the presence of magnetic field is

Q = g’q’BZ(z 5,,0)/de In[1 - e Alam)] “)

where i = (u, d, s, ), g; is the degeneracy factor (g; = 2 X 3 = 6 for quarks, g; = 2 for electrons).

The thermodynamic parameters like pressure, energy density, entropy density, and specific
heat of the system can be calculated from eqs. (3) and (4) using the standard thermodynamics
relations. The pressure can be written as a function of temperature and finite baryon chemical
potential [15, 16].

P(T, ) = =Q(T, p) o)
The energy density is calculated using the following expression,
Q(T, )
T,p)=-T2 6
e(T,p) = [ 3T ( T )] (6)

Thus, we obtain the energy density at a finite baryon chemical potential within a finite magnetic
field. This allows for the calculation of the properties of the DDQM model of 2 + 1 flavor quarks at
finite baryon chemical potential. Following the same approach, the entropy density of the system
is studied to determine the equilibrium and disordered states of the system. The entropy density
indicates the order of a phase transition, as reflected in first and second order derivatives. It is
calculated from the partial derivative with respect to temperature and expressed as a function of
temperature and chemical potential, as shown in the following relation.

_ 4 Q(T, 1)
s(T,p) = 37 [aT ( T )] @)
The specific heat of the system is
ds
v(T,u) =T |—
Co(T, p) BT] ®)

We further calculate the speed of sound of SQM using the standard ratio of entropy density to
specific heat. This ratio, as established by previous studies [17, 18] is

Ci=— ©)
Since the SQM system is in beta equilibrium it follows that,

Md = s (10)
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and assuming that neutrinos or antineutrinos produced stream out freely i.e. u, =0
Hd = Hu + He (11)
The charge neutrality condition gives
2n, —ng —ng —3n, =0 (12)
The baryon number density of the system is

_ (ny +ng+ny)
B 3

np

13)

Thus, for a given value of np equations (10)-(13) can be solved for y,,, g, is, tte. The quantities of
physical interest, viz., P, €, s, Cy, Cf provide us the equation of state of the system, i.e, P = P(¢).

3. Results
The values of the parameters ¢ and m g are constrained by requiring that

£ <930MevV  for SQM,

"B (14)

— > 930MeV for two-flavor quark matter.
np

From the stability window of SQM [11], the range for ¢ is from 70 to 110 MeV fm ™3 and for m
is within 50-180 MeV. In our study, we have considered ¢ = 75 MeV fm ™3, mgy = 140 MeV fm =3
and eB = 1 x 10* MeV2. At finite temperature, the chemical potential of the electron u, varies
between 6 and 50 MeV [12]. We have taken it to be 7 MeV.

This enables us to numerically compute the thermodynamic parameters for a range of temper-
atures at baryonic chemical potential u = 300 MeV, which are then demonstrated in the figures.

In Fig 1, we first plot the pressure with respect to temperature at finite chemical potential u
and finite magnetic field in the DDQM model. There is a rapid rise in pressure at the initial stage
of temperature and there is a constancy of P/T* with the increase of temperature beyond 7' ~ 250
MeV. In the second plot, the energy density rises sharply around the critical temperature and reaches
a saturation value. Beyond the critical temperature, it remains essentially constant, indicating that
the system’s energy density stabilizes at high temperatures.



Neutron star as a signal for Quark-Gluon Plasma formation Anisha Khatri

5.25 1
1.6 1
5.20 7
1.4
1.2 4 5.15 4

1.0
5.10 4

PIT*
g/ T*

0.8 4
5.05 1
0.6 1
0.4 1 5.00 4

0.2 4

4.95 1

T T T T T T T T T T

200 300 400 500 600 200 300 400 500 600
T (MeV) T (MeV)

Figure 1: Variation of pressure (P/T*, left) and energy density (e/T*, right) with temperature 7 (MeV).

Fig. 2 shows the plot of the variation of entropy density and specific heat with temperature at
fixed chemical potential and magnetic field. The entropy density increases rapidly with temperature
up to T =~ 250 MeV, beyond which it approaches a nearly constant behavior. The specific heat
C,,, which is a second-order derivative of the thermodynamic potential, exhibits a similar smooth
behavior and does not show any discontinuity in the transition region. The smooth rise and
subsequent saturation of the entropy density indicate a continuous second order transition from the
confined hadronic phase to the deconfined phase of quarks and gluons.

Fig. 3 shows the variation of the interaction term, defined as € - 3P with temperature. The plot
indicates that as the temperature increases, the interaction term gradually decreases towards zero.
When the interaction term approaches zero, it signifies that the potential governing interactions
between quarks and gluons become negligible, and the quarks and gluons behave as a "quasi-free"
system. In this asymptotically free regime, they approximately obey the relation P =~ %e.
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Figure 2: Variation of entropy density (s/T°, left) and specific heat (C, /T3, right) with temperature T
(MeV).
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Figure 3: Variation of Interaction ((e — 3P)/T*, left) and speed of sound (Csz, right) with temperature T
(MeV).

A critical temperature around 7 ~ 250 MeV can be identified, corresponding to the transition
of hadronic matter into the deconfined state.

The behavior of the speed of sound, obtained from the ratio of entropy to specific heat, is also
well defined. When compared with both lattice and curvature data, it exhibits a similar trend at
higher temperatures. Lattice QCD calculations indicate that at small baryonic chemical potential,
the confinement-deconfinement transition is not of first order [19]. At temperatures below and
well above the critical point, the speed of sound for strange quark matter takes values larger than
those predicted by lattice QCD. However, the results remain significant for capturing the qualitative
features of the speed of sound under extreme conditions of temperature and density.

4. Conclusion

We investigated strange quark matter (SQM), potentially present in neutron star cores, using the
phenomenological DDQM model. The influence of a strong magnetic field (eB = 1 x 10* MeV?) on
the second order quark-hadron phase transition was analyzed. Key thermodynamic quantities were
computed to obtain the equation of state (EoS), and the speed of sound was compared with lattice
and curvature data, showing similar trends at high temperatures. The DDQM model predictions are
consistent with the lattice QCD calculations, also suggesting a continuous, second order transition
under these conditions.

For future work, additional parameters such as number density, susceptibility, and Taylor
coefficients can be computed to further explore the QCD phase structure. Moreover, extensions of
the model with quark masses that are both density and temperature dependent could be developed and
compared with the DDQM model. Overall, the DDQM model provides a reasonable approximation
for describing the EoS of quark-gluon plasma under the high temperature and high density conditions
expected in neutron star interiors.
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