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Introduction
Neutron stars(NSs) are compact astrophys-

ical objects formed as a result of supernovae
explosions, as massive stars end their main-
sequence evolution. The interiors of such stars
have temperatures that can sustain the super-
fluidity of neutrons. The superfluid dynamics
inside such a star can be studied using the
single, and two-fluid formalism [1]. In this
work, we have developed a realistic equation of
states for superfluid neutron stars in the sin-
gle and two-fluid formalism, taking different
parametrization schemes for the meson cou-
pling constants.

Formalism
The Lagrangian Density for the σ−ω−ρ−δ

model is given as [1]
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where

Vµν = ∂µVν − ∂νVµ
, and

Rµν = ∂µρν − ∂νρµ − gρ(ρµ × ρν).

We substitute self-interaction with density-
dependent couplings to understand nuclear
and neutron matter at higher densities.
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Due to the presence of superfluid neutrons,
the two fluid formalism segregates the first
fluid to the superfluid neutrons, and all other
charged species like protons and leptons are
considered the other fluid. Strong interaction
between protons and neutrons causes entrain-
ment in the NSs interior. This is quantified in
the two-fluid formalism through the elements
of entrainment matrix KXY and of its inverse
YXY . These are functions of three quantities,
i.e., neutron density (nn), proton density (np),
and square of relative velocity between the two
fluid (∆2). In this work, the two fluids are as-
sumed to co-rotate implying [1],

∆2 = 0

The entrainment coefficients:

YXY ≡ YXY |∆2=0,µn=µp (2)

which depend on the total baryon density nB .

Results and Discussion

We have developed various EOSs for
density-dependent coupling parameteriza-
tions, viz., TW99[4], DDME2[6], DD2[7],
DD-LZ1[5] in the framework of two fluid for-
malism. The two fluid EOSs reduce to single
fluid EOS when entrainment is removed. The
mass-radius relationship obtained by solving
the Tolman-Oppenheimer-Volkov equations
using this single fluid EOSs are shown in
Fig. 1. The mass constraints (taken from [2])
suggest that TW99 does not satisfy all the
constraints.
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FIG. 1: Mass Radius Diagram for DDLZ1, DD2,
DDME2, TW99 models with observational con-
straints. TW99 not satisfying.

For the case of two fluids, we show the varia-
tion of the energy density with pressure in Fig.
2. It is important to note that these plots have
been generated for the case of co-rotating flu-
ids. As we can see from Fig. 2, we observe the
softness of TW99 compared to other Models.
This is further confirmed by Fig. 1, where the
TW99 cannot satisfy the constraints.

FIG. 2: Energy Density vs Pressure plot in two
fluid formalism for DDLZ1, DD2, DDME2, TW99
models. The TW99 is softer than other models.

We plotted the inverse entrainment co-
efficients (given in Eq.2) versus the baryon
density for the various EOSs generated
above. From Fig. 3 we can infer that there
is not much variation of entrainment in
proton-proton (pp) and neutron-proton (np)
interactions. The entrainment for neutron-
neutron (nn) interaction vary significantly

for the TW99 model in comparison to other
models. This could be due to the softer
nature of this EOS.

FIG. 3: Inverse entrainment coefficients versus
baryon density for DDLZ1, DD2, DDME2, TW99
models. Low variation of pp and np

Conclusion
In this work, we successfully developed new

EOSs in two fluid formalism. We presented
the results obtaind for co-rotating fluids
inside a neutron star for such EOSs. These
EOSs will be further used to obtain the con-
figurations of superfluid NS using LORENE [3]
libraries. Subsequently, these properties can
be studied at various rotational frequencies.
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