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We explore the possibilities of hyperon-nucleon pairing, involving A or 3~ hyperons, using different
Nijmegen hyperon-nucleon potentials. We find possible very large n3,~ gaps and estimate their relevance

for neutron star physics.
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The importance of nucleonic (neutron-neutron and
proton-proton) pairing for the physics of neutron stars
has been widely recognized in the literature [1], and nu-
merical estimates have been given that establish the exis-
tence of neutron 'S, pairs in the crust of the star and of
proton 'S, and neutron 3 PF, pairing in the core of the star
[2,3]. The main physical effects due to pairing are the
glitches of neutron stars [4] and their cooling behavior [5].

In this Letter we wish to advance an ‘“‘exotic’’ possibility
for pairing, namely, that between nucleons and hyperons,
which appear in the inner part of the star [6,7]. In principle,
pairing can also take place between the different hyperon
species (mainly A or 3,7) [8]. However, currently there are
no experimental constraints on the hyperon-hyperon inter-
actions and consequently, the available hyperon-hyperon
potentials are not reliable.

On the other hand, there is experimental scattering
information on the nucleon-hyperon interaction, and sev-
eral nucleon-hyperon potentials compatible with these data
are available, most notably those of the Nijmegen group. In
this Letter we use the most recent ‘“‘soft-core” potentials
NSC89 [9] and NSC97a-f [10] in order to estimate the
eventual gaps between the different nucleon and hyperon
species. It is our aim to perform exploratory calculations in
order to identify the attractive hyperon-nucleon channels
NY;N = n, p; Y = A, X~ with nonvanishing pairing gaps
with the different potentials and to estimate the order of
magnitude of the gaps that can be expected in a neutron
star. We begin by exposing briefly the relevant formalism.

We are interested in the pairing properties of a system
with partial nucleon and hyperon densities py and py, or
equivalently total density p = py + py and asymmetry
a = (py — py)/(py + py). For convenience we also in-
troduce the notation kr = (372p/2)"/3, which in the case
of symmetric matter (py = py) coincides with the Fermi
momenta of nucleons and hyperons.

The BCS theory generalized to asymmetric matter
[11,12] yields the basic coupled equations for the determi-
nation of the (angle-averaged) gap function A, (focusing
on the more general case of pairing in the coupled 3SD,
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channel involving a two-component gap function), and the
chemical potentials of nucleons and hyperons @y and uy
for given densities py and py,
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with the reduced NY mass m = 2mymy/(my + my) and
B = (my — my)/(my + my). In this exploratory Letter we
employ only kinetic single-particle energies in the gap
equation. The relevant potential matrix elements are

A = (AR + (B0 @

and

(Vi) = f LripKnVS ik (6)

with S =1; L, L' =0, 2 for the 3SD1 channel and § = 0;
L, L' = 0 for the 'S, channel.

The physical interpretation of the above equations
is as follows. The unpaired excess particles (in our case,
nucleons) subject to the condition E; < d€, are concen-
trated in the energy interval [u — Se, u + el

de =/op* — A:/(1 = B?) with p =3[ + 5] and

Su = z[ﬁ—“’ﬁ— = B]' They are Pauli blocking the gap

Eq. (1). This leads to a rapid decrease of the resulting
gap when increasing the size 28¢ of the interval, i.e., the
asymmetry a = 38¢/2u.
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The above equations can be analyzed analytically [12] in
the weak-coupling situation, A < e < u, yielding the
gap as a function of asymmetry:

A - 4
Ay 3A,
where Ay and w are the gap and chemical potential for the

symmetric system of the same total density. The gap
vanishes at

1 - Ba, )

34 1
Amax = > T —-
w 1-p2

For the application to neutron star physics we need to
provide an equation of state (EOS) of hypernuclear matter
in order to determine the composition (particle fractions)
of the beta-stable and charge-neutral matter present inside
the star. We use in this work the results of a Brueckner-
Hartree-Fock (BHF) [13] approach extended to hypernu-
clear matter, described in detail in Ref. [7], which employs
the Argonne Vg [14] +Urbana UIX [15] nucleon-nucleon
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FIG. 1. The different hyperon-nucleon gaps in symmetric mat-
ter. The numbers near the curves denote the NSC89 (0) or the
NSC97a-f (1-6) potentials.

and the NSC89 hyperon-nucleon potentials. In this sense it
is compatible with the interaction used for the hyperon-
nucleon gaps.

We proceed now to the presentation of the numerical
results obtained by solving Eqs. (1)—(3). We begin in
Fig. 1, with the existing s-wave gaps A = A, in the
different channels involving A or %~ hyperons in sym-
metric hyperon-nucleon matter (py = py). Results ob-
tained with the NSC89 and the NSC97a-f potentials are
compared, which in the plots are labeled with the indices 0
and 1-6, respectively.

One notes at first glance the enormous gaps in the n3,~
3SD1 channel, of the order of several tens of MeV, and
extending to very large density. The NSC89 potential
yields the highest values, followed by the NSC97f-a in
that order. The physical reason for these large gaps is the
existence of a quasiboundstate in this channel and the
absence of a repulsive core in these potentials [9,10]. We
remark that actually the potentials NSC89 and NSC97e,f
appear to be favored in confrontation with experimental
data on lambda hypernuclei [16]. Concerning the sigma
hyperons, the NSC89 potential yields BHF single-particle
depths that are weakly bound or unbound in nuclear matter
[7], whereas recent experimental data seem to indicate a
stronger repulsion [17].

We find also gaps of the order of 1 MeV in the n%~ 1S,
and nA lS0 channels, but these are too small and exist at
too low density in order to play a role in neutron stars. In
higher partial waves no gaps appear to exist, apart from a
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FIG. 2. The n3~ 38D, gap with the NSC89 potential in
asymmetric matter as a function of asymmetry for different total
densities. The numbers above the curves indicate the value of
kp = (37*p,s/2)"? (in fm~'). The inset shows the maximum
asymmetry as a function of kp (solid line labeled 0) together
with the estimate Eq. (8) (dashed line) for the NSC89 and the
NSC97f potential (solid line labeled 6).
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n3~ 3PF, gap of the order of 1 MeV with the NSC89
potential only (not shown), that is, however, dominated by
the 3SD, gap in the same channel. Also, we do not find any
pairing between protons and A or 3~ hyperons with any
potential.

We therefore continue with the n3~ 3SD; gap and show
in Fig. 2 the gaps in asymmetric matter characterized by
total density p,s = p, + py and asymmetry «,y. In the
following we present only results with the NSC89 potential
in order to demonstrate the largest possible effect. With the
other potentials one obtains analogous, smaller results.
One observes the typical behavior according to the weak-
coupling estimate Eq. (7). Because of the very large gap in
symmetric matter the maximum asymmetry allowing for
pairing reaches also very large values above 0.4, which are
shown in the inset of the figure together with the estimate
Eq. (8). For comparison is also shown the maximum
asymmetry for the potential NSC97f, which reaches only
values below 0.2.

It is then clear that even in the very asymmetric matter
inside a neutron star, n3~ 3SD, pairing can be expected.
This is demonstrated in the last plot Fig. 3, showing as a
function of total baryon density pp = p, + p, + ps +
ps- the composition of beta-stable matter according to
the BHF EOS [3,7], the relevant partial density p,s and
asymmetry a,,s, and the finally resulting n3~ *SD, gap in
that environment. One observes the onset of the gap at
around pp = 1.0 fm > when the n3~ asymmetry drops
below = (.4, and reaching values of the order of 10 MeV at
higher baryon density. For comparison, the lowest panel of
the figure shows the neutron-neutron and proton-proton
3PF, pairing gaps obtained in naive BCS approximation
with the Argonne Vg potential, as published in Ref. [3].
One notes that both gaps extend beyond pz = 1 fm ™3 with
values of less than 1 MeV. This is due to the reduced
nucleonic partial densities in the presence of hyperons.

In conclusion, in this Letter we explored the possibility
of pairing in the various hyperon-nucleon channels rele-
vant, in particular, for neutron star physics, using realistic
hyperon-nucleon potentials of the Nijmegen group. With
several of these potentials we found surprisingly large n,~
38D, gaps that might persist even in the strongly asym-
metric matter encountered in a neutron star. The resulting
gaps are so strong that they would dominate (in fact,
suppress) any direct neutron-neutron pairing [3] and could
have important implications for the cooling behavior [18]
of the star, as they would strongly modify the nucleonic
URCA processes and more importantly block the direct
hyperonic %~ URCA process, which could otherwise
completely dominate the cooling in the core of massive
neutron stars [18].

Even more drastic consequences could be due to an
eventual phase separation of the superfluid and normal
components [19] that might be energetically favorable in
the case of very large gaps. In the most extreme situation a
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FIG. 3. Baryon fractions in beta-stable matter (a); correspond-
ing total n + 3~ density (b) and asymmetry (c); resulting n3,~
38D, gap with the NSC89 potential (d); nucleonic >PF, BCS
gaps with the Vg potential (e).

phase consisting only of neutron, protons, and 2,~ in equal
fractions could be the preferred one at high density. These
speculations open completely new possibilities for the
interior structure of a neutron star and will be addressed
in a future article.

This Letter served mainly to indicate the theoretical
possibility of the presented exotic pairing scenario. We
have chosen the most favorable conditions (potential
NSC89) in order to obtain the maximum effect. The choice
of other potentials strongly influences the final results. In
fact, with the NSC97 potentials the maximum asymmetry
remains below = 0.2 such that nX~ pairing does not
appear with the EOS that we use. On the other hand, the
gap inside the star depends crucially on the nucleon-
hyperon asymmetry in that environment, and other hyper-
nuclear EOS [6] might yield more favorable (lower) asym-
metry values leading to pairing at even lower total baryon
density, or compensating weaker potentials.

Unfortunately, more quantitative predictions cannot be
made given the present state of the theory. While this is due
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mainly to insufficient knowledge of the hyperon-nucleon
interactions, it is also a result of the simplified theoretical
treatment of several many-body effects, such as neglecting
self-energy terms and polarization corrections to the pair-
ing interaction that can be essential at high density.
However, even for the nucleonic pairing these are presently
not under control [1]. In any case it would be highly
desirable to have better constrained hyperon-nucleon po-
tentials, not only for the present application, but also for
the equation of state of high-density baryonic matter [6,7],
or for the theoretical modeling of hypernuclei [16,17].
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