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Nuclear superfluidity in isospin asymmetric matter within the Skyrme model
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The phase diagram of the superfluid phase coupled to spin singlet (S = 0) and isospin triplet (T = 1) states
in infinite nuclear matter is analyzed within the nonrelativistic Skyrme model. We use an approach that allows
a unified and consistent treatment of the particle-hole and particle-particle channels. The gap equation is solved
for the full range of accessible densities, isospin asymmetries, and temperatures. The characteristic features of
each of the components Tz = 0, ±1 are emphasized. The search for signatures of a BCS-BEC crossover yields
negative results within the scheme proposed.
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I. INTRODUCTION

The study of the superfluid phase in asymmetric nuclear
matter is at present a subject of increasing research [1–7].
It is a matter of intrinsic interest because it explores aspects
of the nuclear interaction that are not well established. But
it is also a fundamental factor in the description of nuclei in
the limits of β stability, as well as an important ingredient in
the interpretation of the thermal equilibration of protoneutron
stars.

In the past, most of the investigations on nuclear superflu-
idity in infinite matter concentrated on two specific isospin
compositions: symmetric matter and neutron matter. Even
under the simplifying assumption of homogeneous infinite
matter, the study of the superfluid gap requires sophisticated
calculations. Starting from a reliable particle-particle potential,
the in-medium dressed vertices and the abnormal Green’s
function must be evaluated self-consistently [8]. Different
schemes of approximation have been tried to avoid these
involved calculations. Independent efforts focused recently on
the formulation of a density functional theory for the pairing
interaction that is able to treat the nuclei structure [3–7]. In
most of these cases, nuclear matter results are taken as a
baseline or as a building block of the approach.

Effective nuclear interactions, such as the Gogny or
Skyrme forces, have been profusely used in the context of
nuclear superfluidity. The use of effective models, adjusted to
reproduce the nuclear phenomenology, offers the advantages
of simple calculations and reliable results. In particular, the
Skyrme potential motivated different approaches. Since it does
not include an explicit pairing interaction, it is frequently
used in the particle-hole channel with the addition of an ad
hoc particle-particle term [3,7]. However, it is possible to
include pairing in the mean-field approach by solving the
Hartree-Fock-Bogoliubov equation [9]. In such a way a unified
description of the nuclear force is obtained, not only from the
conceptual viewpoint but also in the sense that both normal
and superfluid properties are evaluated on the same footing.

In this work we intend to take advantage of the properties
of the Skyrme model to study the pairing of nucleons coupled
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to spin singlet (S = 0) and isospin triplet (T = 1) states in
infinite nuclear matter. We examine the nuclear phase diagram
for the full range of isospin asymmetry, from pure neutron
to symmetric nuclear matter, and for temperatures up to the
critical value Tc. In this sense we contribute to complete the
panorama of nuclear superfluidity under diverse situations. By
choosing the Skyrme model we are able to state the in-medium
equations in a simplified way, keeping a unified description of
particle-hole and particle-particle channels. To perform the
self-consistent solution of the full set of equations we adopt
the block diagonalization procedure of Ref. [10].

It is clear that detailed calculations should take into account
a multitude of specific effects. However, with the purpose
of highlighting the basic features, we present here some
simplified calculations, which admit further improvement and
completion. For instance, by taking into account that the
presence of a pair condensate does not modify significantly the
equation of state of infinite nuclear matter [11], it is reasonable
to expect the liquid-gas instability to persist under this
situation. Inclusion of this effect could modify significatively
the superfluid description [12].

This article is organized as follows. In the next section
we describe pairing to S = 0, T = 1 states in infinite nuclear
matter within the Skyrme model. Results and discussion are
given in Sec. III, and finally the conclusions are presented in
the last section.

II. SUPERFLUIDITY IN THE SKYRME MODEL

The Skyrme model is a well-known effective formulation
of the nuclear interaction [13]. It consists of a basic Hamil-
tonian with contact potentials and density-dependent vertices
simulating medium effects:

vSky(r1, r2) = t0(1 + x0 Pσ )δ(r1 − r2)

+ 1
2 t1(1 + x1 Pσ )[

←
q

2
δ(r1 − r2)+ →

q
2

δ(r1 − r2)]

+ t2(1 + x2 Pσ )
←
q ·δ(r1 − r2)

→
q

+ 1
6 t3(1 + x3 Pσ )δ(r1 − r2)nγ [(r1 + r2)/2]

+ iW0(σ1 + σ2)· ←
q ×δ(r1 − r2)

→
q ,

064314-10556-2813/2012/85(6)/064314(8) ©2012 American Physical Society

http://dx.doi.org/10.1103/PhysRevC.85.064314


R. AGUIRRE PHYSICAL REVIEW C 85, 064314 (2012)

where σk represent the Pauli matrices for spin, Pσ = (1 + σ1 ·
σ2)/2 is the spin exchange operator, q = −i(∇1 − ∇2)/2 is
the relative momentum operator, and n is the total baryonic
density.

An energy density functional can be obtained by taking the
statistical averages of the Hamiltonian

Ĥ =
X
i,j

ti,j a
†
i aj + 1

2

X
i,j,k,l

v(i, j ; k, l)a†
i a

†
j ak al (1)

expanded in a given basis. Here v(i, j ; k, l) stands for the
matrix elements of vSky(r1, r2) in such a basis. Making use of
the Wick theorem at finite temperature [14] and assuming
nonzero particle-particle expectation values, one arrives to
an energy density functional [10]. For pairs coupled to S =
0, T = 1, the following expression is obtained:

E = 4
Z

d3p

(2π )3

p2

2 m
f0(p) + 2

Z
d3p

(2π )3

Z
d3q

(2π )3

× [f0(p)U0(p, q)f0(q) + f3(p)U (p, q)f3(q)]

+ 2
Z

d3p

(2π )3

Z
d3q

(2π )3

X
k

αk g∗
k (p)V (p, q)gk(q). (2)

Here f0 and f3 stand for the statistical occupation factor for the
total particle and isotopic asymmetry numbers, respectively.
They can be related to the more commonly used occupation
numbers fa(p) for protons (a = 1) and neutrons (a = 2)
through fa = f0 + Iaf3 with Ia = (−1)a . The distribution
function for pairs is represented with gk(p), k = 0,±1, where
the subindex is related to the third component of isospin
Tz = 0,±1, and α0 = 1, α±1 = 1/2.

The vertices of the Skyrme model for the different channels
are [10]

U0(p, q) = [a0 + b0(p − q)2]/2,

U (p, q) = [a2 + b2(p − q)2]/2,

V (p, q) = [a0 + a2 + 2 t1(1 − x1)(p2 + q2)]/4,

with a0 = 6t0 + t3n
γ , b0 = [3t1 + t2(5 + 4x2)]/2, a2 =

−2t0(1 + 2x0) − t3(1 + 2x3)nγ /3, and b2 = [t2(1 + 2x2) −
t1(1 + 2x1)]/2.

Because we regard proton and neutron numbers as indepen-
dent conserved charges, different chemical potentials μa can
be assigned to each one. Alternatively, one can think the total
baryonic and isotopic asymmetry numbers are the conserved
quantities, with chemical potentials μ0 and μ3, respectively.
They are related through μa = μ0 + Iaμ3, a = 1, 2. The
quasiparticle picture arises from the mutual interaction of the
nucleons in the nuclear environment; therefore their properties
are unknown until the full problem is solved. However,
in the Landau-Fermi liquid approach, one can obtain the
energy spectrum in terms of functional derivatives of the
energy [10],

2 εas(p) = δE
δfa(p)

, 2 αk 1k(p) = δE
δg∗

k (p)
, (3)

for a = 1, 2, k = 0,±1, where the subindex s distinguishes
the two possible spin states, and 1k represents the compo-
nents of the superfluid gap. In such a way we obtain the

self-consistent definitions

εas(p) = p2

2m∗
a

+ 1

8
va, (4)

1k(p) = 1

(2π )3

Z
d3q gk(q) V (p, q), (5)

where

va = (a0 + a2wIa) n +
X
c=1,2

(b0 + IaIcb2)Kc

+ [3 − (1 + 2x3)w2]γ t3n
γ+1/6

and we used the isospin asymmetry factor w = (n2 − n1)/n,
the effective nucleon mass

1

m∗
a

= 1

m
+ 1

4
n (b0 + b2wIa), (6)

and the kinetic term

Kc = 2

(2π )3

Z
d3p p2fc(T , p). (7)

The explicit form of the distributions f0, f3, and gk can
be obtained in a self-consistent manner by the method of block
diagonalization described in Ref. [10]. In order to simplify the
discussion we consider two different situations: (i) neutron-
proton pairs coupled to Tz = 0 and (ii) coupling to Tz = ±1.
For these cases we obtain

(i) f0 = 1

2
− ξ0

4E0

·
tanh

µ
β

2
(E0 − ξ3)

¶
+ tanh

µ
β

2
(E0+ξ3)

¶̧
,

f3 = −1

4

·
tanh

µ
β

2
(E0 + ξ3)

¶
− tanh

µ
β

2
(E0 − ξ3)

¶¸
,

g0 = − 10

4E0

·
tanh

µ
β

2
(E0 − ξ3)

¶
+ tanh

µ
β

2
(E0 + ξ3)

¶̧
,

(ii) f0 = 1

2
−

·
ξ0−ξ3

4E−1
tanh

µ
βE−1

2

¶
+ ξ0+ξ3

4E1
tanh

µ
βE1

2

¶̧
,

f3 = ξ0 − ξ3

4 E−1
tanh

µ
βE−1

2

¶
− ξ0 + ξ3

4 E1
tanh

µ
βE1

2

¶
,

gk = − 1k

2 Ek

tanh

µ
βEk

2

¶
, k = ±1.

Here we used ξ0 = (ε2 + ε1)/2 − μ0, ξ3 = (ε2 − ε1)/2 − μ3,

E0 =
q

12
0(p) + ξ 2

0 , and E±1 =
q

12
k(p) + (ξ0 + kξ3)2 for

k = ±1.
The set of self-consistent equations is completed with

the relation between the conserved particle numbers and the
corresponding chemical potentials,

na = 2

(2π )3

Z
d3p fa(T , p). (8)

It must be pointed out that, due to the structure of V (p, q),
the momentum dependence of the gap can be expressed as
1k(p) = Ck + Dk p2, where Ck and Dk are functions of the
densities and the temperature.
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III. RESULTS AND DISCUSSION

For the Skyrme model the SLy4 parametrization is used, for
which t0 = −2488.91 MeV fm3, t1 = 486.82 MeV fm5, t2 =
−546.39 MeV fm5, t3 = 13777 MeV fm7/2, x0 = 0.834, x1 =
−0.344, x2 = −1, x3 = 1.354, and γ = 1/6 [15]. The satu-
ration density, binding energy, incompressibility, and symme-
try energy obtained are n0 = 0.159 fm−3, EB = −15.97 MeV,
K = 229.9 MeV, and ES = 32 MeV, respectively. Another
significative quantity is the in-medium nucleon mass at the
saturation density, for which m∗/m = 0.694.

As is common in nonrelativistic calculations, we found that
the definition of the gap function contains divergent integrals,
which must be regularized in order to obtain meaningful
results. We adopt here the intuitive procedure of introducing a
momentum cutoff. There is no general argument to select this
cutoff, which in most calculations is chosen as a compromise
between conceptual reasons and computational efficiency.
Anyway, it must be regarded as a part of the definition of the
model. Actually, for a given number density of particles n, we
use the cutoff pc = 1.3pF , where pF = (3π2n)1/3 is the Fermi
momentum. Since we plan to examine the low-temperature
domain, this is a reasonable prescription which ensures that
Fermi surface effects are properly included and the standards
used to fix the SLy4 parametrization are well reproduced.
We leave for further development a detailed study of the
dependence on the factor pc/pF .

As a first step we examine the domain of existence of
superfluid phases, which corresponds to a volume in the n-w-T
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FIG. 1. Isothermal sections of the domain of the neutron-proton
coupling. The closed curves are their boundaries; the labels associated
with each curve indicate the corresponding temperature.
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FIG. 2. Isothermal sections of the domain of the proton-proton
(a) and neutron-neutron (b) couplings. The closed curves are their
boundaries; the labels associated with each curve indicate the
corresponding temperature expressed in MeV.

space. The results are shown in Fig. 1 for the neutron-proton
coupling (Tz = 0) and in Figs. 2 and 3 for the neutron-neutron
and proton-proton cases (Tz = ±1). Since the Tz = 0 pairing
needs a balanced population of neutrons and protons, it arises
on a very narrow range of asymmetries, 0 6 w < 0.16, and
relatively low densities, 0 < n/n0 < 0.6. As the temperature
is increased above T = 0.5 MeV the domain is reduced,
shrinking to a point at the critical temperature Tc ' 1.2 MeV.
As expected, this critical value is reached in symmetric matter.

A contrasting result is obtained for Tz = ±1, for which
the full range of asymmetries is covered. There are noticeable
differences between neutron-neutron (Tz = −1) and proton-
proton (Tz = 1) couplings. In the first case, displayed in
Fig. 2(b), the reach in density is not beyond n/n0 ' 0.6, and
the critical temperature is Tc ' 1.2 MeV. Neutron-proton and
neutron-neutron couplings have the same critical temperature
because it is attained at w = 0 in both cases. In symmetric
matter neutrons and protons are indistinguishable since we do
not include the electromagnetic interaction. For pure neutron
matter the gap has collapsed for the curves corresponding
to T > 0.5 MeV. The proton-proton coupling persists up
to supranormal densities n/n0 ' 1.2 under extreme isospin
asymmetries w ' 1 and very low temperatures, as can be seen
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FIG. 3. Detail of the relation between the isothermal sections of
the domains of the neutron-neutron and proton-proton couplings for
T = 0.01 MeV (a) and T = 1 MeV (b). The shaded areas correspond
to the Tz = −1 component, whereas the closed curves stand for the
boundaries of the Tz = 1 region.

in Fig. 2(a). The critical temperature Tc ' 2.6 MeV takes place
at w = 0.8. It must be noticed that the gap for Tz = −1 appears
always associated with the Tz = 1 case, as is emphasized in
Fig. 3. The shaded area represents the domain of the Tz = −1
pairing for a selected temperature, while the outer curve shows
the limits of the region of existence for the Tz = 1 coupling.

Next we examine the behavior of the gap function evaluated
at the Fermi surface. As was mentioned at the end of the
previous section, within the Skyrme model the gap has a simple
parabolic dependence with the momentum, and therefore it can
be written 1Fk = 1k(pF ) = Ck + Dkp

2
F . In Fig. 4 we display

the density dependence of the neutron-proton gap at the Fermi
surface for the low temperature T = 0.01 MeV [Fig. 4(a)] and
for T = 1 MeV [Fig. 4(b)] close to the critical temperature.
We found typical bell-shaped curves, exhibiting the property
that the maximum value for 1F0, the density where it happens,
and the range of existence are all decreasing functions of w.
For instance, for w = 0 and T = 0.01 MeV the maximum
1F0 = 1.6 MeV corresponds to n/n0 ' 0.175 and the range
of densities is 0 < n/n0 < 0.62. At this temperature neutron-
proton pairing is not sustained for asymmetries beyond w >

0.12. For T = 1 MeV the gap has disappeared for the more
asymmetric configurations (w > 0.04). For a given value of
w the maxima have been reduced by around 40%–50% with
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FIG. 4. The density dependence of the neutron-proton gap
for several asymmetries and constant temperature T = 0.01 MeV
(a) and T = 1 MeV (b). The arrows indicate the direction of
growing w, taking the specific values w = 0, 0.02, 0.04, 0.06, 0.1,

and 0.12 (a) and w = 0, 0.02, and 0.04 (b).

respect to the equivalent case at T = 0.01 MeV, and they are
located at slightly lower densities.

A similar description for the Tz = ±1 case is exhibited
in Figs. 5 and 6. A direct comparison of the last three figures
indicates that for w = 0 all the cases Tz = 0,±1 coincide. This
is a direct consequence of the indistinguishability of protons
and neutrons for w = 0, if electromagnetic interactions are
neglected. Differences appear as w is increased. While the
magnitude of 1F0 drops drastically, there is a smooth decrease
for neutron-neutron and proton-proton pairings. In the former
case the density domain is progressively reduced, keeping
its center around n/n0 ∼ 0.2. For Tz = 1, instead, this base
becomes broader for increasing w. From Fig. 6(a), it can be
seen that, for Tz = 1 and T = 1 MeV, the maximum value of
the gap at the Fermi surface starts increasing for 0 < w < 0.4
and from here on it decreases slowly.

Nuclear superfluidity in pure neutron and symmetric nu-
clear matter has been extensively studied at zero temperature
by using a variety of theoretical approaches. We do not intend
to reach the same accuracy of the more sophisticated calcula-
tions, but a comparison is in order to check the reliability of
our outcome. For instance, the maximum value of the neutron
gap in neutron matter, 1F−1 ' 1.4 MeV, corresponding to
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FIG. 5. The density dependence of the Tz = 1 (a) and Tz = −1 (b)
gaps at T = 0.01 MeV. The arrows indicate the direction of growing
w, taking the specific values w = 0, 0.2, 0.4, 0.6, 0.8, 0.9, and
0.98 (a) and w = 0, 0.2, 0.4, 0.6, 0.8, and 1 (b).

n/n0 = 0.12 [Fig. 5(b)], is lower than the 2–2.5 MeV obtained
in quantum Monte Carlo calculations [16]. Our result seems to
be more similar to that of Ref. [12], which gives approximately
1.75 MeV at n/n0 ' 0.12. However, for w = 0, in the same
reference the authors obtain a maximum value of about
2.7 MeV at n/n0 ∼ 0.09. This is in clear contrast with the
value 1F = 1.6 MeV at n/n0 = 0.17 shown in Fig. 5(a).

With regard to the variation with w shown in Fig. 5,
it is useful to make a comparison with Figs. 1 and 2 of
Ref. [2]. In this work the superfluid gap is evaluated in a BCS
approach, over a Brueckner-Hartree-Fock calculation based
on the Argonne AV18 model plus a three-body force. Some of
the coincidences we find for the neutron gap are as follows:
all the maxima are roughly centered around n = 0.02 fm−3,
as w increases the maximum slightly shifts toward smaller n,
and, finally, lesser extinguishing density corresponds to the
larger asymmetries. The upper density supporting the neutron
gap ranges from n/n0 = 0.47 to 0.70 for w = 1 and w = 0,
respectively [17]. We have obtained an inferior set of values,
0.3 < n/n0 < 0.65, for the same instance [see Fig. 5(b)]. A
significative difference is the fact that the peak value of 1F−1

increases with w, in opposition to the tendency illustrated in
Fig. 5(b). For the proton gap we also find some coincidences
for growing w: the peak value of 1F1 decreases (in fact a
40% decrement is registered between w = 0 and w = 0.8
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FIG. 6. The density dependence of the Tz = 1 (a) and Tz = −1
(b) gaps at T = 1 MeV, for several asymmetries. The numerical labels
in (a) represent the values of w, whereas the arrow in (b) shows the
direction of growing w = 0, 0.2, and 0.4.

in both calculations), the position of this peak moves to the
right, and the upper density of existence is increased, reaching
n/n0 = 1.6 in Ref. [2], in contrast with our result n/n0 = 1.
It must be pointed out that the inclusion of three-body forces
in Ref. [2] is essential to improve the coincidence with our
results.

A detailed study of the dependence of 1Fk with w is shown
in Fig. 7, where the total density n is kept fixed and T =
0.01 MeV [Figs. 7(a) and 7(c)] or T = 1 MeV [Figs. 7(b)
and 7(d)]. At low temperature (T = 0.01 MeV) there is a
change of character according to the value selected for n. For
densities low enough we found a monotonic trend, decreasing
for 1F1 and increasing for 1F−1. For intermediate values of
n the curves show a nonmonotonic behavior. This tendency is
changed again for 1F−1 with n/n0 = 0.25 and 0.5, becoming
a monotonic decreasing function of w. At T = 1 MeV, 1F−1

is always decreasing, but 1F1 exhibits a maximum situated at
increasing values of w as n grows.

Figures 7(a) and 7(c) can be compared with the results
presented in Fig. 2 of Ref. [6], which uses a BCS approach
over a Brueckner-Hartree-Fock evaluation of the AV18 model.
Under these conditions a change in the behavior of 1Fk as
a function of w is reported, similar to that described above.
The proton gap decreases monotonically if n/n0 < 0.25, and it
develops a maximum for larger values of this parameter. These
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FIG. 7. The dependence on w of the Tz = 1 [(a) and (b)] and
Tz = −1 [(c) and (d)] gaps at T = 0.01 MeV [(a) and (c)] or T =
1 MeV [(b) and (d)] for several values of the relative density n/n0 as
indicated by the numerical labels.

maxima shift toward higher w as n/n0 grows. The authors
of Ref. [6] found the neutron gap to be an increasing function of
w for n/n0 < 0.12, turning decreasing for greater values of
the density. There is a strong disagreement in the qualitative
description for n/n0 = 0.5, which in our calculations ends
at w ∼ 0.4. Furthermore, absolute values are not comparable
since for symmetric matter 1.5 MeV 6 1Fk < 2.8 MeV is
obtained in Ref. [6]. However, it must be noticed that these
results are not completely self-consistent.

The thermal dependence of the gaps is examined in Figs. 8
and 9. For Tz = 0 (Fig. 8) and w = 0 thermal effects are
negligible if T < 0.3 MeV, and a sudden drop is registered
for T > 1.1 MeV. In the same figure, but for w = 0.05 and
0.1 there is, instead, a smooth increase for temperatures
below T = 0.4 MeV and a steep fall for T > 0.8 MeV. As
the asymmetry is increased the gap disappears at very low
temperatures, giving rise to two different critical temperatures.
For the case shown (w = 0.15) we have Tc1 = 0.2 MeV
and Tc2 = 0.6 MeV. This phenomenon has been observed in
relation to 3S1-3D1 coupling [19] and is related to an abnormal
behavior of the entropy.

In Fig. 9 we display the results for proton [Figs. 9(a) and
9(c)] and neutron [Figs. 9(b) and 9(d)] gaps. They are grouped
according to the constant value of the density, n/n0 = 0.2
[Figs. 9(a) and 9(b)] or n/n0 = 0.4 [Figs. 9(c) and 9(d)].
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FIG. 8. The thermal dependence of the Tz = 0 gap for n/n0 = 0.1
and several asymmetries as indicated by the numerical labels.

The gap equation, within the Skyrme model, can be
expressed in terms of the coefficients Ck and Dk:

Ck = 1

8π2

Z
dq q2gk(q)[a0 + a2 + 2t1(1 − x1) q2]

Dk = 1

4π2
t1(1 − x1)

Z
dq q2gk(q).

We illustrate their density and temperature dependence in
Fig. 10 for a set of of typical values. The range of existence
of solutions determines the range of the associated 1k . Here
a mirror-like behavior between Ck and Dk can be seen. This
property, together with the fact that Dk < 0, implies that, for
fixed temperature and w, the maxima of 1Fk lies at the left
of the peaks of Ck and Dk . Furthermore, the presence of a
plateau in Fig. 10(b) and the steep fall shown in this figure are
the direct cause of the similar behavior registered in Fig. 8.

As a final application we have studied the possibility of
a change of regime in the coupling between nucleons. It is
believed that at very low densities the pairing bound becomes
stronger, giving rise to Bose-Einstein condensation (BEC). The
transition from an ordinary superfluid state to BEC should be a
smooth one. Recently, there has been a growing interest in the
study of a spin singlet condensate [18]. Different indicators
have been proposed to signal this crossover, the most accepted
is the change in the sign of the chemical potential. With this
motivation, we have examined the effective neutron chemical
potential μn − vn/8 at zero temperature. We focused on
the low-density regime, n/n0 < 0.001, of symmetric nuclear
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FIG. 9. The thermal dependence of the Tz = 1 [(a) and (c)] and
Tz = −1 [(b) and (d)] gaps at fixed densities n/n0 = 0.2 [(a) and (b)]
or n/n0 = 0.4 (c) and (d) and several asymmetries as indicated by
the numerical labels.

matter, but we did not find a change of sign. We conclude that
the approach used cannot describe the BCS-BEC crossover.

IV. CONCLUSIONS

In this work we have examined in detail the phase diagram
of the S = 0, T = 1 superfluid gap in infinite nuclear matter.
We have paid special attention to the thermal and isospin
composition effects. For this purpose we have selected the
effective Skyrme model of the nuclear interaction. It has
been extensively used in diverse fields of nuclear physics
with remarkable success. We have used a Hartree-Fock-
Bogoliubov-like approach that uses the same interaction as the
source for both particle-hole and particle-particle channels.
Thus we can give a conceptually unified description of the
problem. Furthermore, within our calculations, normal and
superfluid properties are taken on the same footing, ensuring
the self-consistency of the results.

The neutron-proton component has a very small domain,
n < 0.7n0, w < 0.17, and T < 1.2 MeV. The neutron-neutron
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FIG. 10. The dependence of the gap coefficients Ck and Dk on
the density (a) and temperature (b). In (a) each curve corresponds to
fixed values of asymmetry and temperature as indicated by the labels.
In (b) the density is fixed at n/n0 = 0.2 for the asymmetries w = 0
and 1. In every situation C (solid lines) and D (dashed lines) appear
as mirror-like curves.

component reaches, instead, the w = 1 limit at low tempera-
tures. But its isospin asymmetry extension is rapidly reduced
as T grows. The Tz = 1 projection has a broader domain
of n < 1.2n0, w < 1, and T < 2.6 MeV. The fact that this
coupling survives up to supranormal densities and w ∼ 1
has been noticed in reference to neutron star composition.
For Tz = 0 and Tz = −1 the upper temperature is reached in
symmetric matter, whereas for Tz = 1 it is attained at w = 0.8.

The gap evaluated at the Fermi surface, 1F , has a peak value
slightly below the common results, although a comparison
is hard to make due to the diversity of approaches and
conclusions found in the literature. We obtained 1F max '
1.6 MeV in symmetric matter and 1F max ' 1.4 in pure
neutron matter. This comment is particularly true for w = 0
at low temperature, while for Tz = −1 in neutron matter there
is a clear resemblance to some elaborate calculations (see for
instance [12]).

The w dependence of the gap at the Fermi surface has
distinguishing features for Tz = 1 and Tz = −1. In the first
case, 1F 1 → 0 when w → 1, whereas 1F −1 keeps finite
values at w = 1. At low temperature there is a drastic change
of regime according to the density value. A variation from
decreasing in the low-density domain to a nonmonotonic
behavior is registered in the Tz = 1 channel. On the other
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hand, 1F −1 changes from increasing, to nonmonotonic, to
definitely decreasing as n grows. For higher temperatures
the range of accessible densities is shortened, and hence
these modifications do not happen. We have found qualitative
agreement with the results of Refs. [2,6] where a BCS
calculation is performed based on the the AV18 model. It is
worthwhile to mention that the inclusion of three-body forces
in Ref. [2] improves the similarity.

The thermal behavior has the typical appearance for
Tz = ±1 of a nonincreasing function with a steep fall at
a characteristic temperature depending on the density and
asymmetry of the system. For Tz = 0 we found, at large
enough w, the presence of a bivaluated critical temperature.
This property has been previously described in relation to
3S1-3D1 coupling [19].

Finally, we have examined the possibility of a BCS-BEC
crossover at low temperature and w = 0. But we do not
find the typical change of sign of the effective chemical
potential. Hence, we conclude that such a phenomenon cannot
be properly described within this approach.

The present description can be improved in different ways.
An analysis of the sensitivity to the cutoff procedure will be
given, and the inclusion of effects of the liquid-gas instability
is in progress.
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