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Rapid cooling of Cassiopeia A[1, 2] as well
as pulsar glitches [3, 4] might be explained
by considering superfluid neutrons in a neutron star core. The neutron stars are described by the two fluid model where one
fluid is superfluid neutrons and the other fluid
called the proton fluid represents the charge
neutral component made of protons and electrons. When one fluid interpenetrates through
the other,the momentum of one fluid is proportional to the linear combination of velocities of both fluids. This effect is known
as entrainment. We study the entrainment
effect in a neutron star interior within the
two-fluid formalism using a relativistic model
where baryon-baryon interaction is mediated
by exchange of σ,ω and ρ mesons. This
model of strong interaction also includes scalar
self interaction. The starting point of the
superfluid formalism is the master function
−Λ(n2 , p2 , x2 ) that is a function of scalars
which are obtained neutron and proton number density currents. The stress-energy tensor in terms of the master function is written as [5, 6] Tνµ = Ψδνµ + nµ µν + pµ χν where
Ψ = Λ − nρ µρ − pρ χρ is the generalized pressure and
µν = Bnν + Apν ,
χν = Anν + Cpν ,

(1)
(2)

µν and χν are neutron and proton momentum
covectors. The entrainment effect is present
due to the term A in above equations. Now
we relate the neutron and proton number density currents to the mean particle fluxes of
neutrons and protons along the z direction in
relativistic mean field model[7]. Comer and
Joynt [5] calculated the entrainment effect using the σ-ω model. So the symmetry energy
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effect is absent from the system. We include
ρ mesons and scalar self coupling terms in the
Lagarangian [7]. The Lagrangian density for
nucleon-nucleon interaction is given by[8]
LB =

X

Ψ̄B (iγµ ∂ µ − mB + gσB σ

B=n,p

−gωB γµ ω µ − gρB γµ tB · ρµ )ΨB

1
+ ∂µ σ∂ µ σ − m2σ σ 2 − U (σ)
2
1
1
1
− ωµν ω µν + m2ω ωµ ω µ − ρµν · ρµν
4
2
4
1 2
µ
(3)
+ mρ ρµ · ρ .
2
We calculate the equations of motion for
mesons field in the mean field approximation
and averaged stress energy tensor in a zero
momentum frame of neutrons. In the slow
rotation approximation, we get the values of
Ψ|0 , Λ|0 , µ|0 , χ|0 , A|0 , B|0 and C|0 from Ref.[7]
where subscript ”0” stands for quantities calculated in the static limit and c2σ = (gσ /mσ )2 ,
c2ω = (gω /mω )2 and c2ρ = (gρ /mρ )2 . Now the
entrainment parameter (ǫmom ) in the zero momentum frame of neutrons can be calculated
in terms of coefficients in momentum covectors
in the two fluid formalism from the following
relation [5, 7],
ǫmom =

m
A|0
.
n (B|0 C|0 − A|20 )

(4)

Here we consider a beta-equilibrated neutron
star matter made of neutrons, protons and
electrons. We perform this calculation for
the NL3 and GL parameter sets as shown in
Table 1. For the calculation of entrainment
we choose neutron star configurations which
are just below the maximum masses in both
case. In case of the GL set, we consider a
neutron star mass of 2.37 M⊙ corresponding
to the central value of neutron wave number
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c2σ
c2ω
c2ρ
b
c
GL 12.684 7.148 4.410 0.005610 -0.006986
NL3 15.739 10.530 5.324 0.002055 -0.002650

Ho, and C.M. Espinoza, Phys. Rev. Lett.
109, 241103 (2012).
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NL3
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TABLE I: Nucleon-meson coupling constants in
the GL and NL3 sets are taken from Ref.[7–9]. All
the parameters are in fm2 , except b and c which
are dimensionless.
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FIG. 1:
Entrainment parameter in the RMF
model with ρ meson in the zero momentum frame
of neutrons is plotted as a function of radial distance in a neutron star .
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kn (0) = 2.71f m−1 . The radius of the neutron star is 11.09 km. Similarly, in the other
case with NL3 set, we find a neutron star having maximum mass 2.82 M⊙ and radius 13.17
km. The radial profile of the entrainment parameter in the zero momentum frame for the
GL and NL3 sets are shown in Figure 1. The
entrainment parameter in both cases remains
constant in the core and drops rapidly at the
surface. Moreover, in both cases, the entrainment effect is strong at higher baryon densities in the core whereas this effect diminishes
sharply at lower densities towards the surface.
For the calculation of the entrainment parameter without ρ meson, we obtain the radial
profile of the entrainment parameter in a neutron star of 2.33 M⊙ and radius 10.96 km. It
is evident from Fig. 1 that the inclusion of
ρ in the calculation strongly enhances the entrainment parameter.
Furthermore, We investigate the role of the
isospin dependent entrainment on the mass,
shape and kepler limit of of slowly rotating
neutron stars. It is found from Fig. 2 that
the Kepler limit is modified due to the isospin
dependent entrainment effect.
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FIG. 2:
The mass-shedding (Kepler) limit is
shown as a function of relative rotation rate
Ωn /Ωp for the GL set . The solid squares show
the allowed rotation rate of proton(Ωp ) and the
open squares show the allowed rotation rate of
neutron(Ωn ). The Kepler frequency is the largest
of the two.
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