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Introduction

Theoretically, the r-mode oscillation in
pulsar neutron stars (NSs) is hypothesized to
constitute a constant source of Gravitation Wave
(GW) released by these pulsars. The r-modes are
the neutral circular currents on the surface of non-
rotating NSs, while the Coriolis force provides the
true dynamics in the case of pulsars [1,2]. The
resulting instability in the pulsar star as a result of
continuous GW emission is mitigated by viscous
processes in the NS, and the r-mode oscillation is
subjected to the condition e, where o is the
real part of the r-mode frequency given by

(-1 (142)
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the pulsar. Contribution to the r-mode comes from
the emission of GW that tries to render the r-mode
unstable and the viscous effects that counter
balances the instability due to GW emission. So,
the reciprocal of the resultant time-scale % = Ti +

G
L , with 1 being the gravitational time-scale

Tvis

Q, where Q is the angular velocity of

and Ti is the sum of the reciprocal of all the
different viscous time-scales. Shear viscosity and
bulk viscosity are well known components out of
the various viscous effects. At high temperatures,
T >10° K, bulk viscosity is dominating, and thus
critical for hot new-born NSs. It prevails when the
pulsation modes cause fluctuations in pressure
and density that push the star out of equilibrium
[3,4,5].

In this work we focus mainly on the bulk
viscosity of the superfluid matter of the NS using
simple effective interaction (SEI). Here we have
limit ourselves to the case of npep matter.

Formalism

The bulk viscosity of sufficiently hot npep matter
is mostly determined by URCA neutrino
processes associated with electron and muon
emission and capture by nucleons. The neutrino
processes under consideration are classified as
direct Urca and modified Urca processes
[3,4,5,6]. A direct URCA is a sequence of two
reactions,

n—ptH+y; , p+l— nty, . (D)

where, lepton | is either e or p and v, is the
associated neutrino. In modified URCA processes
an additional nucleon required to conserve
momentum,

n+N—-p+N++v; , p+N+l— n+N+v,, ..(2)
where, N is an additional nucleon required to
conserve momentum of the reacting particles.
The direct URCA and modified URCA are
subject to the condition pen <prp*+pri, and pen <
3prptpr, respectively, where pr, and prp are the
Fermi momenta of the neutron and proton,
respectively and pg is the Fermi momentum of the
lepton, either e or .

The total bulk viscosity of non-super fluid matter
is written as a sum of the partial bulk viscosities
associated with each URCA reaction [3,4,5,6,7],

(3)

&= &purca + Smurca
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This bulk viscosity is strongly affected by the
superfluidity of nucleons in the core of a NS. As
a result, the bulk viscosity is reduced, since
superfluidity introduces energy gap in momentum
dependence of the nucleon energy, and the total
bulk viscosity can be expressed as
g =¢R, (4

where, R is the reduction factor, which is 1 for
non-superfluid matter and less than 1 for
superfluid matter as discussed in Refs. [3] and [4].
The total bulk viscosity is calculated using the
finite range simple effective interaction (SEl),
that is given by [8 and references therein],

Vers = to(1 4+ %0 Fp)8(r) +%3(1 + x3P;)
Y
(1+pbp) 6(7")+(W + BPG - HPT - MPO'PT)f(r)(S)

where, f(r) is the functional form of the finite
range part and in this work, we have taken it to be
of Gaussian form. The other terms have their
usual meanings. It has in total 11 parameters. For
the study of ANM, however, nine combinations,
namely, b, v, a, €, €5, €}, €, el and eXi of
these 11 parameters are required. The connection
of the new parameters to the interaction
parameters and their determinations has been
discussed in Ref.[9].

Results and Discussion

We have studied three different superfluidity
types, 1So ,°P, (m=0), and 3P, (m;=2) that are
denoted by A, B and C, respectively. The
superfluidity of type A may be attributed to any
protons, while superfluidity of types B and C may
be attributed to neutrons[3]. The bulk viscosity is
calculated by computing the reduction factors, R,
for the three cases, and the results are compared
with the bulk viscosity of the non-superfluid case.
The results are shown in the Figure 1 as a function
of temperature, T, for the equation of state of SEI
corresponding to y =1/2, that has
incompressibility K (p,)=245 MeV and slope L=
76.26 MeV. The results in the Fig.1 is for density
p=4po, Where pg isthe saturation density, where we
have used o = 10 s2, the critical temperature T
to be 101K
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It is found that stronger reduction in bulk viscosity
is provided by the type A and B superfluidity in
comparison to type C for temperature less than
10° K. However, above this temperature, the three
curves get closure asymptotically approaching the
non-superfluid curve as the critical temperature T,
is reached
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Fig. 1. The total bulk viscosity of non-superfluid
matter (black solid line), total bulk viscosity of
superfluid matter (Type A (red solid line), Type B
(green solid line), and Type C (pink solid line)) as
a function of temperature (T).

References

[1]
(2]

(3]
[4]

[5]
6]

[7]
8]

Andersson, N. 1998, ApJ, 502, 708.
Friedman, J. L., & Morsink, S. M. 1998, ApJ,
502, 714.

Haensel P, Levenfish K P, and Yakovlev D
G,2000, Astron. Astrophys. 357, 1157.
Haensel P, Levenfish K P, and Yakovlev D
G,2001, Astron. Astrophys. 130, 372.
Vidafia Isaac,2012, Phys. Rev. C, 85 045808.
Yaklov D G et.al. 1999, Physics Uspekhi 42,
737.

Routray T R et. al. 2021, Phys. Scr 96,
045301.

Routray T R, Vi'nas X, Basu D N, Pattnaik S
P, Centelles M, Robledo L M and Behera B
2016 J. Phys G: Nucl.Part. Phys. , 45, 055202
B Behera, X Vifias, T R Routray and M
Centelles,2015, J . Phys. G: Nucl. Part.
Phys, 42, 045103.

(9]

771

Awailable online at www.sympnp.org/proceedings



