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We investigate the 3 PFy neutron superfluidity in 3-stable neutron star matter and neutron stars by using the

BCS theory and the Brueckner—Hartree—Fock approach. We adopt the Argonne Vig potential supplemented with a

microscopic three-body force as the realistic nucleon—nucleon interaction. We have concentrated on studying the three-
body force effect on the 3 PF, neutron pairing gap. It is found that the three-body force effect is to enhance remarkably

the 3 PF, neutron superfluidity in neutron star matter and neutron stars.
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1. Introduction

Superfluidity plays an important role in under-
standing a number of astrophysical phenomena in neu-
tron stars.' = In the inner crust of a neutron star
where the total baryon density is low, neutrons are
thought to be superfluid in the 'Sy channel. In the nu-
clear core part (i.e, the outer core part), protons may
form a superfluid in the 1Sy partial wave state due to
the small proton fraction, and neutron superfluidity is
expected in the 3 P, —3 I, coupled partial wave channel
since the nucleon—nucleon (NN) scattering data indi-
cate that the 3P, —3 F, component of NN interaction
is attractive at relatively high energies. It is gener-
ally expected that the cooling processes via neutrino
emission, =6 the properties of rotating dynamics, the

post-glitch timing observations, -8

the possible vertex
pinning!?) of a neutron star are rather sensitive to the
presence of neutron and proton superfluid phases as
well as to their pairing strength.

The 3 PF, nucleon superfluidity (i.e., the nucleon
superfluidity in the 3PF, channel, where the 3PF,
channel means the partial wave channel with total an-
gular momentum J = 2; total spin S = 1; total isospin
T = 1 and orbital angular momentum L,L" = 1,3,
see Ref.[2]) in pure neutron matter has been inves-
tigated by several authors using various theoretical

[10—14]

approaches. There also exist a few investiga-

3 PF, superfluidity, neutron star, three-body force, Brueckner-Hartree-Fock approach

tions on the neutron 3PF, superfluidity in S-stable
neutron star matter.l'>=17 However, in these studies,
the calculations were done by adopting two-body in-
teractions and the effects of three-body forces (TBF)
were not considered. Since the 2PF, neutron super-
fluid phase exists in the high density region of neu-
tron stars, three-body forces may play a crucial role
in determining the strength of the 3PF, pairing gap.
Only recently, the effects of three-body forces on the
1Sy nucleon superfluidity'®! and on the 3PF, neu-
tron superfluidity™® in the interior of neutron stars
were explored. However, in the above investigation,
the phenomenological Urbana three-body force??) was
adopted, and it was shown that the Urbana TBF may
induce an extremely strong 3 PF, neutron superfluid-
ity in the interior of a neutron star. The Urbana phe-
nomenological TBF% has two adjustable parameters
that are determined by reproducing the empirical sat-

[21] therefore its

uration properties of nuclear matter,
applicability away from the saturation density, espe-
cially at high densities, is not completely guaranteed.
In Ref.[22], we explored the effect of a microscopic
TBF on the 3 PF; pairing gap in pure neutron matter.
It was found that the effect of the microscopic TBF is
to enhance the 3PF; superfluidity in neutron matter
and inclusion of the TBF increases the predicted max-

imum gap value from ~ 0.2MeV to ~ 0.5 MeV. As is
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well known, the neutron star matter at 8 equilibrium
contains generally not only neutrons, but also pro-
tons. In the interior of neutron stars the proton frac-
tion might reach 0.15 — 0.4 depending on the adopted
high-density behaviour of symmetry energy.['8! There-
fore the isospin dependence of both the single particle
(s.p.) energy and the equivalent TBF contribution in
asymmetric nuclear medium may affect the predicted
superfluidity in neutron stars.

In this paper, we shall extend our previous work
for pure neutron matter and explore the microscopic
TBF effect on the 3PF5 neutron superfluidity in neu-
tron star matter and neutron stars by adopting a mi-
croscopic TBF model based on the meson-exchange

current approach.[23:24

2. Theoretical approaches

Since our purpose is to investigate the TBF effect,
we shall not go beyond the BCS framework. In this
case, the pairing gap in the 3PF, coupled channel,
which characterizes the 3 PF, superfluidity in a homo-
geneous Fermi system, is determined by the following
coupled-channel gap equations:[12:2%]

AL+2(]€) ™ Jo Ek'
Vio(k, k) Vi Lta(k, k")
Vito,o (k. E') Vigo ryo(k, ')
Ap (K
al ()
Apt2(k')
B 1 e(k) — e(kp)
p= 2ij 5 {1 o : (2)

where E? = [e(k) — p]> + AL(k)? + Apya(k)?; e(k) =
h%k?/(2m) + U (k) is the neutron single particle (s.p.)
energy in neutron star matter, and U (k) is the neu-
tron s.p. potential; Vi, r/(k, k') are the matrix ele-
ments of the realistic NN interaction in the coupled
3PF, channel. In the BCS gap equation, the most
important ingredients are the realistic NN interac-
tion V(k, k") and the s.p. energies e(k). For the NN
interaction, we adopt the Argonne V18 (AVig) two-

body interaction!°!

plus the microscopic TBF in
Refs.[18, 23] based on the meson-exchange current ap-
proach. The TBF includes the contributions from
different intermediate virtual processes such as vir-

tual nucleon-antinucleon pair excitations and nucleon

resonances. Its parameters, i.e., the coupling con-
stants and the form factors, are determined from the
one-boson-exchange potential model to meet the self-
consistent requirement with the adopted AVig two-
body force. The TBF adopted here is a microscopic
one in the sense that it is determined completely by
the adopted two-body force and there is no free param-
eter in the TBF model. A more detailed description
of the TBF model and the related approximations can
be found in Ref.[23].

The proton and neutron s.p. energies in neutron
star matter are calculated by using the Brueckner—
Hartree—Fock (BHF') approach for isospin asymmetric
nuclear matter.[?”) The starting point of the BHF ap-
proach is the Brueckner G-matrix, which satisfies the
Bethe-CGoldstone (BG) equation!?8]

|k1ko)Q(k1, ko) (kika|

G(p, fiw) =V +V Z w —e(ky) — e(ks) +in

kik2
x G(p, Bw), 3)

where k; = (k;, o4, 7;) denotes the momentum, the

z-components of spin and isospin of a nucleon, respec-
tively; w is the starting energy and Q(k1, k2) is the
Pauli operator. The isospin asymmetry parameter is
defined as 8 = (pn — pp)/p, With py, pp, and p be-
ing the neutron, proton and total nucleon number
densities, respectively. The s.p. energy is given by
e(k) = h2k?/(2m) + U(k).
tion, we adopt the continuous choicel®®! for the s.p.

In solving the BG equa-

potential U(k) since it has been proved to provide a
much faster convergency than the gap choice.?) In
particular, under the continuous choice, the s.p. po-
tential describes physically the nuclear mean field felt
by a nucleon in nuclear medium®®! and is calculated
from the real part of the on-shell G-matrix.

The s.p. energies in neutron star matter can be
obtained according to the following three steps: 1)
first, we calculate the equation of state (EOS) of asym-
metric nuclear matter (i.e., the energy per nucleon
as a function of density and isospin asymmetry) in
the whole asymmetry range of 0 < § < 1 by using
the BHF approach; 2) second, by using the obtained
EOS of the asymmetric nuclear matter, we can deter-
mine the proton fraction Y, = p,/p = (1 — 5)/2 as
a function of density in (-stable nuclear matter ac-
cording the requirement of charge neutrality and the
B-stable condition;[?”] 3) for any given total density,
we can determine the isospin asymmetry according to
the above obtained relation between the proton frac-
tion and density in [-stable neutron star matter, and
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carry out the BHF calculation again to obtain the s.p.
energies in (-stable neutron star matter.

The neutron and proton superfluidity in nuclear
matter can be described by their pairing energy gaps
at their respective Fermi surfaces. To solve the gap
equation for the 3PF, superfluidity, we follow the
scheme proposed in Ref.[12]. In our calculations, the
microscopic TBF contribution has been included by
reducing the TBF to an equivalently effective two-
body interaction according to the standard scheme
described in Ref.[23]. A detailed description and jus-
tification of the method are discussed in Refs.[23, 24].

3. Results and discussions

In Fig.1, we show the obtained 3 PF, neutron pair-
ing gap Ap = A(kp) in neutron star matter as a func-
tion of the total baryon density p. The open squares
are obtained by adopting the pure AV;g two-body in-
teraction, while the filled squares are predicted by us-
ing the AV;g interaction plus the microscopic TBF.
We notice that the neutron 3 PF, superfluid phase ex-
ists in the high density region of neutron star matter
in both cases with and without including the TBF'. In
the case of not including the TBF, the pairing gap in-
creases first with density in the relatively low density
region of p < 0.24fm~3 and then decreases as the den-
sity increases in the region of p > 0.24 fm~=3. The pair-
ing gap is peaked around p ~ 0.24 fm~2 and the peak
value of the pairing gap is about 0.2MeV, in agree-
ment with the previous prediction.!*d) Comparing the
open squares and the filled squares, we find that inclu-
sion of the TBF enhances remarkably the 3 PF, super-
fluidity in B-stable neutron star matter, especially at
high densities, and makes the 3PF, neutron pairing
gap become an monotonically increasing function of
density. The TBF effect on the 3 PF, neutron super-
fluidity in neutron star matter turns out to be quite
different from that in pure neutron matter obtained in
Ref.[22]. Tt is clear from Fig.1 that the TBF effect on
the 3 PF, pairing gap in neutron star matter increases
monotonically as a function of the total baryon den-
sity. Whereas, it was shown in Ref.[22] that in pure
neutron matter, the TBF effect on the 3PF, super-
fluidity increases first with density in the relatively
low density region of p < 0.32fm ™3 and then reduces
gradually as the density further increases. This dif-
ference can be explained by the isospin dependence of
the TBF effect. The (-stable neutron star matter con-

tains generally not only neutrons but also a fraction
of protons. In addition, the proton fraction increases
continuously with density and may reach quite high
values at high densities as shown in Fig.2. It can be
seen that the proton fraction at high densities in (-
stable matter predicted by including the TBF is much
larger than that without considering the TBF.
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Fig.1. Neutron 3PFy energy gap as a function of density in
[B-stable neutron star matter, predicted for the two cases with
and without including the TBF, where bf = body force.
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Fig.2. Proton fraction predicted for the two cases with in-
cluding (solid curve) and without including (dashed curve)
the TBF.

In order to see clearly the isospin dependence of
the TBF effect, we compare in Fig.3 the TBF contri-
bution to the neutron—neutron pairing interaction in
the 3PF, channel in pure neutron matter with that in
neutron star matter at several densities. In the figure,
the solid (dashed) curves and filled (empty) squares
are the >P, (*F,) components of the TBF contribu-
tions in neutron star matter and in pure neutron mat-
ter, respectively. It can be seen that in the density re-
gion of p < 0.32fm ™3 the 3P, (3Fy) TBF components
are almost the same in pure neutron matter and neu-
tron star matter. Both the 3P, and *F, components
of the TBF are essentially attractive and their attrac-
tion enhances rapidly as the density increases up to
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0.32fm~3. As a consequence, the TBF induces an en-
hancement of the 3 PF, superfluidity and its effect in-
creases as the density increases. Above p = 0.32fm=3,
the 3P, (3Fy) components of the TBF become differ-
ent in pure neutron matter and in neutron star matter.
In pure neutron matter, the increase of the attraction
of the 3P, and 3F, components of the TBF becomes
slow and the repulsion of the two components (espe-
cially the 3P, component) around R = 1fm becomes
stronger as the density increases in the density region
above p = 0.32fm~2. However, in neutron star mat-
ter, due to the isospin effect, the attraction of the
3P, and 3F, components of the TBF at high densities
above p = 0.32fm™3 turns out to be stronger than
that in pure neutron matter. As a consequence, the
TBF-induced enhancement of the 3PF, superfluidity
at high densities in neutron star matter is stronger
than that in pure neutron matter.
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Fig.3. The 3Py and 3F, components of the microscopic
TBF as a function of the distance R between the two in-
teracting neutrons in neutron star matter (the solid and
dashed curves) and in pure neutron matter (the filled and
empty squares) for several densities.

In general, the TBF is expected to influence the
superfluidity phase in g-stable matter by modifying
the pair interaction V, 1/ in the BCS gap equation and
by correcting the s.p. energy spectrum. To see which
is the most important mechanism responsible for the
enhancement of the 3PF, neutron superfluidity, we
plot in Fig.1 also the result obtained by including the
TBF in the BHF calculations to obtain the s.p. en-
ergy, but adopting only the pure AVig as the pairing
interaction Vi, 1/ in the gap equation (triangles). By
comparing the triangles and the empty squares, it is
clear that inclusion of the TBF correction in the s.p.
energy spectrum plays a minor role and increases only
slightly the pairing gaps at high densities. The strong
enhancement is mainly due to the TBF modification

of the pairing interaction in the 3 PF, channel.

In Fig.4, we illustrate the distribution of the 3 PF;
neutron pairing gap in a typical neutron star with a
mass of M=1.4Mg. In the figure, the empty squares
are the results obtained by adopting the pure AVig
two-body interaction; the filled squares are obtained
by adopting AVig plus the microscopic TBF. It is
shown that by adopting purely the AVig two-body
force, the predicted pairing gap increases from the
outer part of the neutron star, reaches a maximum
value of about 0.2 MeV located at around r ~ 8.4 km,
then starts to decrease and finally vanishes at high
enough densities in the inner part of the neutron star.
It is also seen that in the case without including the
TBF, the 3PF, neutron superfluid phase is restricted
within a relatively narrow region of neutron stars, in
agreement with the previous result of Ref.[15] by us-
ing the AV, interaction. Inclusion of the microscopic
TBF turns out to enhance significantly the 3 PF, neu-
tron superfluidity in neutron stars. On the one hand,
the TBF makes the superfluid phase spread through-
out the whole neutron star; on the other hand, it
enlarges the maximum strength of the pairing gap
from ~0.2 MeV to ~0.5 MeV. For comparison, we also
give the result of Ref.[19] obtained by using the phe-
nomenological Urbana UIX TBF (empty triangles).
We notice that in both cases by adopting the phe-
nomenological Urbana UIX TBF and the microscopic
TBF, the predicted pairing gaps increase continuously
from the outer part to the inner part of neutron star.
However, the phenomenological TBF leads to an ex-
tremely strong 3 PF, neutron superfluidity in neutron
stars. At variance, our microscopic TBF enhances the
superfluidity moderately.

25} —2—AV,g + Pheno. UIX TBF
T —u— AVyg + Micro. TBF
K o
A o— AV;g two-body force
2.0F N
N
&K
z N
- N
~
< 10 N
Ny
AL
0 a . N
\.A%%
O 'l L f? D_E,D_—D—DDlDD% 1 -
2 4 6 8 10
r/km

Fig.4. Distribution of neutron 3 PFy pairing gap in a typ-
ical neutron star.
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4. Summary

In summary, we have calculated the neutron 3 PF,
pairing gap in neutron star matter and neutron stars
based on the BHF approach and the BCS theory. We
have especially investigated the effect of the micro-
scopic TBF on the neutron superfluidity in the 3PF,
coupled channel. It is shown that inclusion of the mi-
croscopic TBF leads to a remarkable enhancement of
the predicted pairing gap at high densities since the
TBF turns out to be essentially attractive in the 3PF,
channel. In neutron star matter at [-equilibrium,
the TBF effect on the neutron 3PF, superfluidity is
found to increase continuously with the total baryon
density, mainly due to the isospin dependence of the
3PF, component of the TBF in asymmetric matter.
The distribution of the ® PF, neutron pairing gap in
a typical neutron star with a mass of 1.4Mg has also
been calculated. It is shown that by adopting purely

the AVig two body force, the predicted pairing gap
is restricted within a relatively narrow region of neu-
tron stars and the maximum strength of the gap is
about 0.2 MeV. Whereas, if the TBF is included, the
obtained pairing gap increases continuously from the
outer part to the inner part of the neutron star and
the strength of the pairing gap is found to be much
larger than the one calculated without including the
TBF. On the one hand, the TBF enhances signifi-
cantly the predicted neutron 3 PF, pairing gap in neu-
tron stars; on the other hand, it makes the super-
fluid phase spread throughout the neutron star. As
compared to the result obtained by using the phe-
nomenological Urbana TBF, which leads to an ex-
tremely strong enhancement of the 3 PF, neutron su-
perfluidity in the interior of neutron stars,!'! the en-
hancement predicted by the microscopic TBF turns
out to be much less pronounced and to be moderate.
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