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In this work we calculate théS, gap energies ok hyperons in neutron star matter. The calculation is based
on a solution of the BCS gap equation for an effectd«natrix parametrization of thA-A interaction with a
nuclear matter background, presented recently by Lanskoy and Yamamoto. We find that a gap energy of a few
tenths of a MeV is expected fat Fermi momenta up to about 1.3 frh Implications for neutron star matter
are examined, and suggest the existence df 8, superfluid between the threshold baryon density for
formation and the baryon density where theraction reaches 15—20 %S0556-28138)02601-§

PACS numbsg(s): 26.60+c, 97.60.Jd, 13.75.Ev, 14.20.Jn

I. INTRODUCTION Baryon superfluids are expected to have a humber of im-
portant consequences on neutron star physics including sev-
The theory of neutron star structure directly relates theeral observational effects, such as pulsar glitch phenomena
global properties of these stars to various aspects of manynd cooling rates. The crustal neutron superfluid is expected
baryon physics. One fundamental issue is whether pairingp play an incisive role in the driving mechanism of pulsar
forces among the baryons can give rise to baryon superfluidglitchs, due to pinning of the neutron superfluid to the nuclei
in the inner crust and quantum cores of neutron stars. Whilgl1]. Core nucleon superfluids may significantly suppress
nucleon pairing in neutron stars has received much attentiortooling rates that rely on neutrino emission, by reducing the
guantitative estimates of the pairing of other baryon specieavailable phase space in the final stdt2,13.
has not been performed to date, due to a lack of relevant In this work we focus on the inner core of neutron stars,
experimental data. In this work we use some recent analysishere baryon species other than nucleons are expected to
of hypernuclei to make a first attempt at determining superappear. It is widely acceptdd4—19 that hyperons begin to
fluid gaps forA hyperons in neutron star matter. accumulate at a density of aboyi2 and at a density of &
Since first suggested by Migdél], nucleon pairing in the hyperon fraction is already about 0.2. These results are a
nuclear matter has been the subject of many studies. Bottirect consequence of using modern estimates of the interac-
former[2,3] and recenf4—8] works typically find 'S, neu-  tions of hyperons in nuclear matter, derived from hypernu-
tron pairing for neutron matter density,, in the range of clei experiments. The presence of hyperons has been shown
0.1po=<p,=<0.5p,, Wherep,~0.16 fm 2 is the nuclear satu- to be of considerable importance in neutron star cooling rates
ration density. At higher densities, tH&, interaction turns  due to their potential to participate in the efficient direct Urca
repulsive, and pairing is possible through higher order interprocesses. While the hyperon direct Urca processes are
actions, mainly>P, [9,10]. The energy gap found for the found to be small compared to the nucleon direct Urca pro-
s, neutron superfluid is typically of the order of a few cesses when nucleons are nonsuperfluid, the hyperon direct
MeV, although recent workgs,7] suggest that quasiparticle Urca processes become the predominating coolant if the
correlations could lower the energy to about 1 MeV. Esti-nucleons form superfluid paif49]. It is noteworthy that the
mates of the®P, gap are typically of the order of a few direct Urca mechanism can proceed through hyperon pro-
tenths of a MeV. It should be noted that published results focesses for almost any hyperon fraction, while the nucleon
the pairing energy gaps differ by as much as a factor of 3direct Urca process requires a proton fraction of at least
The difficulty in obtaining accurate results is mainly due the0.11-0.1520,21]. In fact, some studies have found that hy-
the problem of consistently including background mediumperon direct Urca cooling is too rapid to be consistent with
effects. Uncertainties in the two-body interactions pose ambserved surface temperatures of puldd$,22,23. How-
additional problem. ever, if hyperons also couple to a superfluid state, as ex-
As the temperature of a neutron star is expected to dropected for the nucleons, the hyperon direct Urca process will
below 0.1 MeV (~10° K) within about 1 day from its birth, also be suppressed, and a large hyperon fraction could be
it is widely accepted that nucleon superfluids exist in differ-easier to coincide with observed cooling rates.
ent regions of the star. The qualitative picture of a neutron Hyperon pairing has not been studied previously, as the
star includes &S, neutron superfluid in its inner crugilong  basic obstacles relevant to nucleonic pairing are pronounced
with neutron-rich nuclgiand a®P, neutron superfluid in the for hyperons. However, a few measured events in KEK ex-
guantum liquid core. The protons in the core, having a partiaperimentq 24], attributed to doubly strang&A hypernuclei,
density of about 10% of the neutrons, are also expected to k#o offer indication with regard to th&-A interaction with a
in a 1S, superfluid, with an energy gap of about 1 MeV background nuclear matter medium. In a recent work Lan-
[7.8]. skoy and Yamamot§25] formulated aG-matrix parametri-
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zation for theA-A interaction, based on Nijmegen one-boson In this work we use the common “decoupling approxima-
exchange(OBE) models. ThisG matrix includes a depen- tion,” where the Fermi surface is taken to be sharp even in
dence on the density of the nuclear matter medium, and rehe presence of the pairing correlations. The functi§nare
produces the experimental results of tha hypernuclei. then simply given by

In this work we aim to employ this formulation to esti-
mateAA pairing energies in dense matter. We briefly review E=ek— € 4
in Sec. Il the formalism leading to the gap equation in the
'S, channel. The properties of the effective potential used invhere we calculated the single-particle energies with first-
this work are introduced in Sec. Ill. Section IV presents ourorder Hartree-Fock correctiohg7].
results for the superfluid gap oA S-wave pairing in The effect of the pairing potential on the single-particle
nuclear matter. Implications for neutron stars are discusseghergies is often characterized by an effective particle mass
in Sec. V. Section VI contains our conclusions and somev* which is typically lower than the initialbaré mass by
outlooks regarding hyperon pairing. several percent. This mass can be estimated through the ef-

fective mass approximation

Il. GAP EQUATION
1 dSk

72%ke dk

-1

BCS theory[26] predicts a transition to the superfluid M ) ' )
phase when correlations leading to Coop&, pairs give k=ke
rise to excessive binding energy, which overcompensates the
increase of energy due to the depopulation of the Fermi sed/hich is usually found to be good up to a few percefit
The appropriate equations have been formulated in man%_/ Note that this e_ffec_tlve mass differs from the bulk effec-
works (see, for example, in Reff4,7,8), and for complete- {ive mass, fqund in field theories due to the meson_scalar
ness we review below the main results. We note in passinfje!d, also typically lower than the bare mg45]. A consis-
that variation of the definitions may lead to differences in thefent theory thus requires an appropriate “true” initial mass,

numerical coefficients with respect to other works. which includes medium effects through both theA and
The binding energy of a pair with moment#, k) is  A-nucleon interactions. However, in the present work we
found through a nonzero solution to the gap equation invoke a nonrelativistic approach, which has no means to
consistently combine effective bulk masses, and correspond-
1 AL, ingly set the initial mass to be equal to the bare mass, i.e.,
Ay=—= 2 ka’z—kzl/za ) M, =1115.6 MeV (some justification for this may also be
2% (& +AL) found in uncertainties regarding values of effective masses at

the Fermi surfacg28]). The sensitivity ofA pairing to this
whereA, is known as the gap function. The potentigl, is ~ assumption is examined below.
defined through the matrix element of thg, component of
the interaction, and, corresponds to the single-particle en- . A-A POTENTIAL
ergy e, when measured with respect to the Fermi surface. ) )

Going over to formal integration, the potential term is N this work we approximate théS, component of the
replaced by the potential matrix elemetit] —k||V|k’7 A-A interaction through a Bruecknéi'.-ma!trlx potential. We
—k’]). In the special case of th&S, channel the matrix USe the very recem‘_s-matrlx parametrization of Lanskoy a_md
element is independent of the orientationkofindk’. Fora ~ Yamamoto[25] derived from the Nijmegen OBE potentials

two-particle central potentia¥(r), the matrix element can for @ AA pair in nuclear matter. Their evaluation of theA
be reduced to the form interaction is based on measurements of doubly strange hy-

pernuclei observed in experiment4]. Analysis of these
" experiments has suggested both the existence of an attractive
ka'5<k|V(150)|k'>:47Tf r2drjo(krn)V(r)jo(k'r). component in thé\-A interaction and the dependence of this
0 interaction on the properties of the core nucl¢2g]. The
2 strength of the interaction is derived from the bond energy of
the AA pair, defined asAB,,=Bj,—2B,. HereB,, is
For convenience a unit normalization volume is taken for thethe separation energy of twi's from the nucleus an8, is
plane-wave single-particle wave functions; summation ovethe separation energy of a singlefrom the same nucleus.

spatial and spin exchange terms is implied. The dependence of the interaction on the nuclear matter
The integral form of the gap equation is thus density is represented in R¢25] by a three-range Gaussian
form
A=—t L f4 k'2dk'V R 3

kK= T 5753 ™ Kk' 772 L A2 172

2 (2 1/2
(2m) (& 4k Vaa(n)= 2, [+ bike(n)+ ckE(m) Jexp —r?/87),

1 - Ay 6

—_ f k 2dk 5 T ( )
m (Ea+A%)

where kg(n) is the nucleon Fermi momentum. Assuming
symmetric nuclear mattefas is the case for light hyper-

2 H : ’
><Jr drjo(knV(r)jo(k’r). ) nucle), ke is related to the nuclear densitpy by
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TABLE |. Parameters of théS, state of theAA G-matrix po-
tential (model ND of[25])

Bi a b; Ci
(fm) (MeV) (MeV fm) (MeV fm?)
0.5 835.5 —252.7 122.7
0.9 —298.5 156.6 —55.07
15 —10.80 3.0398 —-1.126

ke=(37%3pn) Y2 Since theA is an isospin singlet, it also
seems safe to apply E(6) to nonsymmetric nuclear matter
of densitypy .

The range$3; and the strength parametas, b;, c; are
taken from model ND of25] and are listed in Table I. This
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FIG. 2. The integrand of the gap equation, E8), for kg(A)

. “1 -
model successfully reproduces the experimental result of 1fm ", a@s a function of the secondary momekta The curves

AB,,=4.9+0.7 MeV of 3B [24].

The radial dependence of the A interaction is demon-
strated in Fig. 1 which show¥ ,,(r) for nuclear matter
densities ofon/po=1, pn/po=2.5, andpy/po=5. At short

distances the interaction is always repulsive, reflecting th

core repulsion of the bare interactione note thatG-matrix
approximations typically yield soft cor¢6] which substitute

tion model$. At intermediate distances th&S, yields an

attractive potential of several tens of MeV'’s, which is strong

enough to yield the pairing of the superfluid state.

As can be seen in Fig. 1, the dependence of the interaction
on the nuclear matter density is rather weak. This implies

that the existence ofS, pairing should have only a moder-
ate dependence on the density of the nuclear matter mediu

We note, however, that the magnitude of the interaction

tends to grow larger for a larger background density.
It must be noted that th&-matrix parametrization is fit-
ted to match experimental results for different nuclei, and i

thus likely to be valid for a nuclear matter background with

a density ofpy=~pg. In the following analysis we assume
that theG matrix is valid for higher densities as well. Clearly
this is a somewhat crude assumption, especially sinc&the
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FIG. 1. The radial dependence derived for tha G-matrix
interaction presented {f25]. The curves correspond to nuclear mat-

ter background densities @fy=pq, 2.50¢, and 5y, wherepg is
the nuclear saturation density.

S

correspond to nuclear matter background densitiep\pf 2.50¢
and 5g.

gnatrix does not incorporate any relativistic effects which

could be significant at densities relevant to neutron star cores
(p=2pg). Hence, the results derived below must be viewed

as preliminary estimates. Improved results must await better

established\ A potentials in high density nuclear matter.

IV. RESULTS FOR A PAIRING IN DENSE MATTER

Using theAA potential described in the previous section,
we have solved the gap equation, E8), for A hyperons in
nuclear matter background. The solution is found by itera-

ibns, when the integration is performed with a few hundred
integration points, exponentially spaced arolpdA). The
exponential spacing is required since the integrand in(&g.
is sharply peaked at the Fermi momentum. This behavior is
demonstrated in Fig. 2 which shows the integrand fak a
Fermi momenta ok-(A)=1.0 fm™ ! and nuclear matter den-
sities of py=2.509 and py=5.0py. Figure 2 also indicates
the need for a large cutoff momenta in the calculation of the
gap function in Eq(3).

Solution of the gap equations gives the gap functign
for any combination of values for the nuclear matter back-
ground density and thd Fermi momenta. Figure 3 shows
the gap function for the same valuesm@f andkg(A) as in
Fig. 2. The gap function falls off from its maximum at
k(A)=0, and varies very rapidly arourki(A). The gap
function is also found to be negative over a wide range of
higher momenta. As can be seen in Fig. 3, the gap enkggy
is always larger in absolute magnitude for larger nuclear
matter density. This results from the enhancement of the
two-particle interaction at higher background densities, as
seen in Fig. 1. Since the size of the superfluid gap for a given
ke(A) is mostly dependent on the two-particle interaction at
distances of about B4(A), the gap energy grows larger for
a larger density of the background nuclear medium. Corre-
spondingly, the integrand of E3) (Fig. 2) also increases
for a largerpy .

We note that qualitative results such as those shown in
Figs. 2 and 3 are common also in solutions of the gap equa-
tions for nucleon$7,8]. The need for a large cutoff momenta
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20 : ‘ ‘ ‘ TABLE Il. AA 1S, pairing energy gaps and effective masses.
1500 ] pn=2.5p0 pN=5p0
\
b — pe2s, _ ke(A) A A
A (fm™h M*/M (MeV) M*/M (MeV)
>
2 0.2 0.9967 0.0432 0.9963 0.1321
< 0.3 0.9895 0.1767 0.9881 0.3897
0.4 0.9771 0.3749 0.9740 0.7143
0.5 0.9596 0.5868 0.9543 1.0371
0.6 0.9383 0.7628 0.9304 1.2998
10 0 70 0 ” 00 0.7 0.9150 0.8677 0.9042 1.4611
k (fm™) 0.8 0.8915 0.8735 0.8779 1.4937
FIG. 3. The gap function, whenkg(A)=1fm~! and nuclear 0.9 0.8693 0.7826 0.8532 1.3876
matter background densities pf,=2.5p, and 5. 1.0 0.8497 0.6130 0.8313 1.1574
11 0.8335 0.4027 0.8132 0.8409
is of particular importance, since it clarifies why the weak-1.2 0.8211 0.2053 0.7993 0.5262
coupling approximatiotfWCA) [30] systematically underes- 1.3 0.8128 0.0495 0.7900 0.1810

timates the gap energy. In this approximation one essentially
assumes that it is sufficient to integrate E2).over a narrow
range nearkg. Indeed, gap energies found for nucleons
through the WCA are usually lower by a factor of 2 and
more than those derived by a self-consistent solution of th
gap equatiorisee, for example, Ref7]).

The prevalent result of the solution of the gap equation i

matter backgroundpy . However, for matter composed of
nucleons and\'s, increasingoy alone corresponds to lower-
?ng the fraction of the\'s. On the other hand, keeping tihe
fraction constant while increasing the total density amounts
: %o an increase oA Fermi momenta, and it is clear from Fig.
the value for the gap energy at the Fermi surfade, 4 ya¢ increasind(A) beyond 0.8 fm? should lead to a
=4y, The resulting functionAe(ke) has a typical bell  yacjine in the gap energy. Thus, increasing the total baryon
shape, ranging frond,=0 to some maximum value and density with a givenA fraction tends to reduce the gap en-
then falling off again to zero. The behavior af-(kg) for  ergy, while a larger total baryon density also means a larger
high ke arises from the decrease of mean interparticle disnuclear matter density, which should increase the gap en-
tance at highekg, as theA’s sample more of the repulsive ergy. Hence, these two trends compete when the total baryon
core. This physical mechanism causes $awave superflu-  fraction is increased and the fraction is kept constant.
idity to vanish at largeA partial densities. Thé\ g(kg(A)) In Fig. 5 we compare these two trends by presenting gap
dependence for nuclear matter background densities equal &mergies at the Fermi surface as a function of the total baryon
2pg, 2.509, 3pp, and g is shown in Fig. 4. The corre- density,pg, of matter composed of nucleons ands. The
sponding values of the gap energies and the effective curves represent constafitfractions of 5%, 10%, 15%, and
masses fopy=2.50 and py=5.0py are given in Table Il.  20% of the total baryon population. As it happens for the
As is expected from Figs. 2 and 3, the gap energy for garticular pairing interaction used in this work, the two
givenkg(A) increases along with the density of the nucleartrends balance for A fraction of about 5%, and for a larger
A fraction the gap energy decreases to zero as the total
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FIG. 4. The gap energy for AA pairing as a function of the

Fermi momenta, for nuclear matter background densitieppf FIG. 5. The gap energy fokA pairing as a function of the total
=2pg, 2.50, 3pg, and &q. baryon densitypg, for different fixedA fractions.
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FIG. 6. The gap energy for AA pairing as a function of the FIG. 7. Temperature dependence of the gap energkfoA)

Fermi momenta, for different values of the initial masstohyper- =1 fm~! for nuclear matter background densitiespaf=2.50, and
ons in the matter. The nuclear matter background density is taken &, . Also indicated are the corresponding weak-coupling estimates
pn=2.50¢- for the critical temperatures.

baryon density is increased. These results have direct implivherekg is the Boltzmann constant. We solve Ed), while
cations on the gap energies in neutron star matter, as is diapproximating the single-particle energies to be “frozen,”
cussed in the next section. i.e., assuming thag,, (T) = &/(0). This should be a reason-
We now return to the problem of the “true” effective able approximation for neutron stars, since the temperature
masses of the baryons in dense matter. So far we have agnge of interest is much lower than the Fermi eneigse
sumed that the initial mass of the hyperons on the Fermi [8] and references therginwWe also assume that the two-
surface is equal to the bare mabs, =1115.6 MeV. Since particle interaction is not sensitive to the temperature in the
we do not combine a self-consistent treatment of bulk effectsange of interest. The gap equation is then solved in similar
and the relativistic properties of the interactions, we musfashion to the zero-temperature case.
resort to arbitrary parametrization to examine the depen- The temperature dependence of the gap energy at the
dence of the pairing energies on the initial mass. A mora=ermi surfaceA(T), for background nuclear matter density
accurate derivation of consistent interactions and masses if py=2.50, and py=5p, is shown in Fig. 7. Also shown
deferred to future work. are the critical temperaturék,, estimated from the WCA,
Figure 6 demonstrates the dependence of the gap energig&en by[30]
on the “true” effective mass of th& hyperons in the matter.
The results shown are for a nuclear matter densitypef
=2.5 andA initial masses taken as 0.7, 0.85, anq 1.0times kgT.~0.57A(T=0).
the bare masgas mentioned in Sec. I, the effective mass
derived by the solution to the superfluid equations is always
lower than the initial one by sev_eral perc)_erzxs is expected, As in the case of nuclear mattg], we see that the WCA
a lower mass leads to higher single-particle energies for any ield d t with th its of the full solu-
given momenta, and this yields lower gap energies. HowJ0€sS YI€ld good agreement wi € resufts ot e Tull Solu
. . . tion, provided that the value & (T=0) is taken from the
ever, the basic existence of a superfluid gap Mof : luti ther than the WCA for the gap. as
=0.1 MeV forkg(A)<1.3 fm ! is found also for effective gap equation solution ra 9ap,
explained above.
masses lower than the bare mass.
A final point of interest is the dependence of the gap
energies on the matter temperature. The importance attrib- v |MPLICATIONS FOR NEUTRON STAR MATTER
uted to this dependence is obvious in view of the implica-
tions of baryon superfluidity on neutron star cooling rates. Modern estimate§14—18 of hyperon formation in neu-
We hereby follow the approach of Elgaret al.[8] in esti-  tron stars agree that hyperons begin to accumulate in neutron

®

mating this dependence farA. star matter at baryon densities of abouyty2 In particular,
The gap equation at a finite temperattiteis given by  the threshold baryon density fdr formation is found to be
revising Eq.(3) to the form about 2.4, when the chemical potential of the neutrons
grows large enough to compensate for the mass difference
1 1 " Ap(T) MAo—M,. While the fine details of the} fraction in the .
A(T)=—= f A7k’ 2dK' Ve — > 7 matter are model dependent, these basic features are widely
2 (2m)° Jo [€(T)+AL(T] accepted. We stress that this consensus is an immediate re-

sult of employing realistic values for the interaction &f

hyperons in nuclear matter, based on experimental data of
(7 -

hypernuclei31].

r([fi(THAi,(T)]W)
Xtan 2I<BT ,
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FIG. 9. The gap energy ofA 1S, pairing in neutron star matter
as a function of the total baryon density. The equilibrium composi-
tions of the matter are those of FiggaB(BG+2) and 8b) (BG
—3), and for model PLZ of Schaffner and Mishustin
[17] (SMp(2).

relative fractions

in the following analysis that the pairing interaction dis-
cussed in Sec. Il is valid also for a background matter which
includes other species besides nucle@ms, X, andE hyper-
ons. For densities up te-5p, this is a reasonable assump-
tion, since the nomx matter is highly dominated by the
nucleons. Thus, for every combination of the total baryon
. i, density and particle fractions we talgg,=pg—p, as the
FIG. 8. (a) The equilibrium compositions of neutron star matter . 09 1
with hyperons, as a function of the total baryon density, The 2zgfg;ound densityy for the calculation of the'S, gap
compositions were calculated with an equation of state similar to ) . .
the 5= y= 2 model from[18]. (b) Same aga), but whenS. hyper- T_he AA gap energies found f(_)r th_e baryon comp(_)smons
ons are repelled by the nucleons and their formation is thus supQf Figs. 8 and 8b) fire shown in Fig. 9, as a f“”C“Or.‘ of
pressed. the tota! _ba.ryon density. Also shown are the gap energies for
the equilibrium composition for model PLZ of Schaffner and
Mishustin [17], which predict A accumulation at slightly
An example of the equilibrium composition of neutron lower densities than the equations[&B].
star matterassumingT =0) is given in Fig. &), based on As seen in Fig. 9, the qualitative behavior of the gap
an equation of state similar to th&=y=3 model of Ref. energies is common to all three equations of state. Pairing to
[18]. The steep rise in tha fraction when it first appears in a superfluid state essentially takes place once\tieappear
the matter is common to all works that examined hyperorin the matter, and rises sharply to a maximum value follow-
formation in neutron stars. This behavior is caused by théng the sharp rise of tha fraction in the matter. The partial
fact that lowering the nucleon fraction lowers the nucleon-density of the nomk baryons is almost constant in this range
nucleon repulsion and the nucleon Fermi energies, while thef total baryon densities. Hence, the curves approximately
net interaction among tha'’s is still attractive. Eventually follow the gap energy dependence kp(A) for a given
the A fraction saturates, typically at 0.1-0.2, and continuesackground density, as shown in Fig. 4. The pairing energy
to grow slowly up to as much as 0.3 at higher densities. rises sharply as the total baryon density is increased, and
Recent theoretical and experimental result€.0f atoms  then, as is expected from Fig. 5, begins to decline oncéthe
suggest that the interaction &f hyperons in nuclear matter fraction exceeds about 0.QBote that forpg=2pq, Kg(A)
includes a strong isoscalar repulsive compori@gt. If such ~ ~0.8 fm ! is reached when th@ fraction is about 5%
a repulsion exists, formation & hyperons in neutron star Since theA fraction begins to saturate at a value of 0.1-0.2,
matter is suppressdd6,18, andA production in the matter the decline of the gap energy is not as steep as in the rising
is somewhat enhanced, both by a lower threshold density arphrt. The rate of this decline is thus somewhat model depen-
by a sharper rise of tha fraction. The main effect, though, dent, particularly whether other hyperon species., the
is the formation ofE~ hyperons which begins at signifi- = ~) compete withA formation.
cantly lower densitiesabout %), providing the favorable It should be noted that these results are qualitatively simi-
negatively charged baryon fraction. The equilibrium compo-lar to those found for proton'S, pairing in neutron star
sitions of matter withou®'’s is shown in Fig. &), using an matter, where protons are a minority among the nucleons.
equation of state otherwise identical to that of Figp)8 The density range found for a superconducting proton state
In view of the absence of any experimental data on melies between the threshold for free proton appearance up to
dium effects regarding different hyperon species, we assumdensities where the proton fraction reaches about 0.1-0.2

p, (Fm™)
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[7,8]. However, since the proton fraction in neutron star matdibrium compositions include only nucleons and’s
ter is expected to rise much more moderately as a function ahroughout the entire range where pairing is expected. None-
the total baryon density than thk fraction [see Figs. &  theless, taking other hyperon species into account is clearly
and 8b)], the density range where a proton superconductodesirable in a more rigorous model. Obviously, hyperon-
exists is typically larger than that found here for thesu-  hyperon interactions in a dense matter background will also
perfluid. provide a basis for the estimation of the possible pairing of
other hyperon species in neutron stars. For examble,
pairing is of special interest, since the is also expected to
VI. CONCLUSIONS AND OUTLOOK appear at relatively low baryon densities in neutron stiirs

In this work the 1S, pairing energy ofA hyperons in a > formation is not suppressediowever, no relevant experi-
nuclear matter background was evaluated usingxfreatrix ~ mental data are currently available. The commonly assumed
effective interaction presented by Lanskoy and Yamamotd/niversal hyperon-hyperon interaction implies that thé
[25]. We find that a gap energy of a few tenths of a MeV isgaps may serve as an indication band= pairing in dense
expected for a\ Fermi momentakgs(A), below 1.3 fnrrl. ~ matter. More accurate results require, however, the inclusion

The gap energy is dependent both on hh&ermi momenta of iSOSpin-dependent fOI’CGS, which are absent inAhease.

and on the density of the background nuclear magigr, For _The large majority of dense matter equations of state re-
pn=2po the gap energy for a giveke(A) increases with guire neutron star central densities larger than the threshold
increasingpy, . density for A formation, i.e., baryon densities larger than

Employing these results to neutron star matter with hyper=~2-50. Hence, it is likely that neutron stars do include a
ons yieldsAA 1S, pairing for a baryon density range be- '€gion where the}’s pair to a'S, superfluid. Whether or not
tween the threshold density for/a appearance to about the the central den.s.|ty of a neutron star exceeds the density range
baryon density where tha fraction reaches-0.2. A maxi- 10r 'So AA pairing depends on its mass and on the actual
mum gap energy of 0.8—0.9 MeV is achieved fohdrac-  €guation of state. Note, however, th_at at !arger_ der_15|t|es
tion of about 0.05. While the exact range of densities wherdligher order pairing may also be available, including inter-
such pairing exists is model dependent, the qualitative picSPecies pairing10]. In fact, An pairing may be more likely
ture seems to be common to all equations of state which af&anpn pairing, since at baryon densities pf=~4p, the
based on modern evaluations of thenucleon interaction in A @nd neutron fractions are expected to be comparable.
nuclear matter. Gap energies in this range are larger than the Finally, we recall that for baryon densities relevant to
temperature predicted in neutron star cores, and thus impkjeutron stars the existence of& A superfluid for implies
that aA 1S, superfluid will exist in the core, typically within Significant suppression of-direct Urca cooling processes.

a baryon density range @f;~(2—-3)p,. These processes, especially

We comment that the present results must be treated as a
preliminary evaluation ofA pairing in dense matter. The _
two-particle interaction is based on an effecti@matrix ST —>A+e +v 9
potential fitted by hypernuclei experiments, and is therefore
valid for nuclear matter densities pi=~p,. Since we as-
sume this effective interaction is also valid for backgroundand its reverse reaction, could be the dominant cooling
baryon densities that are several times the nuclear saturatighechanism in a neutron star if the nucleons are superfluid
density, the effective interaction might not be as good ar@nd the hyperons are normal. However, as is the case for
approximation as in the case of neutron pairing. In particularnucleons, the onset of superfluidity reduces the available
the present work does not include relativistic correctionsphase space for the direct Urca processes. Hence\the
which might be significant at the baryon densities where hytelated neutrino emissivitjalong with the heat capacity and
perons form in neutron star matt@rote, however, that rela- thermal conductivity is also reduced, by a factor of
tivistic corrections for proton'S, pairing at about the same €xp(—Ag/kgT). Such a reduction will suppress the cooling
densities have been found to introduce only small correctiongate and could well reconciliate hyperon presence in neutron
to the nonrelativistic resultg33]). It is also noteworthy that stars with observed pulsar surface temperatures, which seem
we have not included particle-hole correlations which haveoo high to allow for hyperons in a normal st49]. Corre-
been shown to be important in the evaluation of gap energiespondingly, we suggest that the implications of hyperon su-
[6]. perfluidity on neutron star cooling rates are well worth ex-

In short, further work is necessary to produce more realaminating.
istic results, preferably with a better foundaeA interaction
in a high density nuclear matter background. _One p_ossible ACKNOWLEDGMENTS
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