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Nucleon Superfluidity in Kaon-Condensed Neutron Stars
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Nucleon Superfluidity under the occurrence of kaon condensation in neutron star cores is inves-
tigated. Due to a large proton mixing characteristic of the condensate, both of neutrons and protons
can utilize the *Py-pairing interaction, but the realization of these *P; superfluids is unlikely unless the
effective nucleon-mass parameter m*(=m¥/mx) is exceptionally larger than ~0.7 at high densities.

Superfluidity in neutron stars is of great interest not only from the viewpoint of
quantum many-body problem in nucleon matter but also from neutron star phenomena
such as the cooling and the glitches. In 1970’s, we have shown by a realistic approach
that neutrons and admixed protons in the core region of neutron stars are in the *Ps-
superfluid of a new type and the 'Se-superfluid of a usual type, respectively, and these
“core superfluids” are coexistent at the densities 0=(0.7—3)00 with 00=0.17 nucleons
/fm®=2.8 X 10"g/cc being the standard nuclear density."

In recent years, however, the possibility of core superfluids at higher densities o
2= 3p0 has been attracting much attention in relation to the cooling problem of neutron
stars; to be compatible with observations, we need the efficient cooling mechanism
such as the pion- or the kaon-coolings expected to operate at <300 and at the same
time the role of nucleon superfluidity to suppress their too rapid cooling.? This poses
a challenging problem whether the existence of core superfluids can extend to o300
under the situation that pion- or kaon-condensate occurs at these high densities. The
aim of this paper is to investigate the case with kaon condensate under current
interest.

Characteristics of kaon-condensed phase

In neutron stars, kaon condensation is expected to occur for 0= (3—4)po through
the weak interaction process not to conserve strangeness, #=2p+K~, and by the
energy gain coming from the strong interaction, i.e., the so-called KN sigma term.”~®
In this new phase, nucleons are described by the quasiparticle states, 7 and ¢, which
are the superposition of neutron () and proton (p) states, i.e., [7>=u|n>+vip>, [
= u*|p> — v*|n)> with |ul?+|v[?’=1. Since x=1+ O0(Gw?) and v=0(Gw) with the weak
coupling constant Gw, they can safely be treated as pure neutron and proton states
constituting two independent Fermi seas.” In this sense, nucleon system under kaon
condensate is very similar to that in a normal phase of usual neutron star matter.

A distinguished point of this new phase is in a remarkabley large proton-mixing
ratio Ys(=pp/o, 0=0n+0p). This is due to that the charge neutrality condition is
assured by K-, not by e~ which causes a large energy increase. As an example, Y
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Fig. 1. Proton mixing ratio ¥, and Fermi energy use of the OPEG potential ('E-1 and *0-2M in .
of neutrons Er, and protons Ers in the kaon- the isospin triplet state).'™" EMP(Er) is the
condensed phase (solid lines) as compared with scattering energy in laboratory system (Fermi
those in normal phase (dotted lines). p energy).

denotes the total density of nucleons and oo the
standard nuclear density. On the left of the

ordinate, the appearance range of *P or 'S, in the kaon-condensed phase calculated
superfluid. by Maruyama et al.® (the case denoted
PM3 there, the condensed phase sets in
at pc~2.6 po) are illustrated in Fig. 1. For reference, the Y, in normal phase (usual
neutron star matter) obtained by use of the effective two-nucleon interaction based on
the Reid-soft-core potential® are also shown as a standard case. We remark a large
difference in Y3; the Y,=(10—50)% ((5—6)%) for the kaon-condensed (normal) phase.
Therefore it is of interest how the difference in Y} affects the occurrence of nucleon
superfluids.

The pairing interaction responsible for nucleon superfluidity depends on the
density of neutrons (p») and protons (0»). In usual neutron star matter, neutrons are
a dominant component (o~ p), having high Fermi energy (Er,=%%(37%0,)*?/2mx =50
MeV, m~ being the nucleon mass) and hence the Cooper pair of neutrons is formed
primarily in the *P; state which is most attractive at high scattering energies (E%®
=4Er,2200 MeV), as seen in Fig. 2. By contrast, protons admixed are a small
component (pp/p<0.06) and so the Cooper pair utilizes the 'Se-interaction most
attractive at low scattering energies (E¥W*=4Er, <80 MeV). On the other hand, in
the case with kaon condensate, the situation is different. Due to the large Y,, both
of neutrons and protons are able to utilize the ®P-interaction, which is understood
from Fig. 1 showing the p-dependence of Er, and Er,, together with Fig. 2. Here, we
study the *Ps-superfluid of neutrons and protons in this kaon-condensed phase.
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3P +3F; coupled gap equation

In order to treat realistically the ®P:-pairing, it is necessary to include the *P-*F>
tensor coupling effect bringing about an important attraction to enhance the main *P;
component of energy gap. Then the *P, gap equation is coupled with the *F; one
through this tensor coupling (*P;+*F: coupled gap equation) and is given explicitly
(the case with m;=0, see Ref. 1) for details):

A(k)= ——17; f K2dk <K VI k> f AR {A(R)F(8) + (k) g(O)}EW
+% f k2ak R\ Vo kY f dE () g(8)+ L) (O} Ew (1)

Jo(k)= +% f K2dk k| VIR f dEN(E)F(0)+ A )G O)} [Ew

—L firaw <\ Vol [dkAa(k)9(0)+ k)IWONEN )
where

£(6) =5 (1+3c0s?6), (3)
g(8)= ——61‘/—67(1—7coszt9+55in95in35—~10c050c0530) , 4)
1(6)=-5— (13+4cos”0 + 5sinfsin30 +15c0s 6cos 636), 5)
Ev=VFTDRR) | ©
DXk = £(O) K )+ H0) 4K+ 9(0) 4K ) 2o ) ™
o e(k)— e(ke) = (k" — k?) [ 2m3, @®)
KNV \ey= [r*dricl )V (Pidhr), (©)
V)= 3 [d7 YtemL, D VL, DY aon1, 2), (10)
Youm(L,2)= 3 (slmemjm;) Yin(7 Yxsms(1,2) . (11)

In these expressions, Zi(£) and Js(k) are the energy gap functions of the *P;- and
the ®F;-component, respectively, & denotes the polar angle of the momentum &, & is
a single-particle energy measured from the Fermi surface with kr the Fermi momen-
tum. Also, V(1,2) is a two-nucleon potential and ¥sym,(1, 2) is a spin-angular part
for the pair wave function with angular momenta, s, /, 7, m;, in usual notations. The
energy gap for the 3P, +°F; pairing is given by D(kr, £)in Eq. (6). Since D(kr, k) is
angle-dependent, it is convenient to introduce the angle-averaged energy gap D(kr)
defined by
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Dlke) = iz AR D ke, B3| "= A BF R F 2k ~ ko) B . (12)

In the following, we discuss results in terms of the critical temperature given by
Te(Py)=0.60D(kr)=0.1394(kr) X 10" K (13)

with 4i(kr) in MeV.

We solve this *P,+*F; coupled gap equation numerically by an iterative tech-
nique. As for V(1,2), we adopt the OPEG %0-2M potential which is used in our
previous work" and reproduces well the scattering phase shift for the *P, two-nucleon
state. The OPEG *0-2M is a slightly modified version of the OPEG *0-2 in Ref. 10)
by changing only the depth of the spin-orbit core part (V5= —100 MeV » —150 MeV)
in order to improve the fit to *P; phase shift at high energies (E¥* 2300 MeV). In the
calculation, we use the effective mass approximation for the single-particle energy
e(k) given by the second equality in Eq. (8) with m% being the effective mass of a
nucleon. We use the Y} of the kaon-condensed phase in Fig. 1 as a typical case (other
cases in Ref. 8), PM1 and PM2 cases, give similar results).

Results and discussion T T T ' T T

We show results for neutron (solid
lines) and proton (dash-dotted lines) 3Ps-
superfluids in Fig. 3. The following g° ._
points are remarked: (i) When the 3
effective-mass parameter m*(=m¥/my) T [ | ]
=1, both neutron and proton 3P;- ) I \l P~ ]
superfluids exist safely at o= 3p0 (even -
for po=6p0), since 7. is by far larger 5 V s
than the internal temperature ~10°K in  10°F £
neutron stars. As m* gets smaller, T¢ 075
decreases significantly. (ii) For smaller - ll /
m*(=0.75), both superfluids persist, but [ / /
| (
l

the existence of proton ®Ps-superfluid is
pushed to higher densities, p=3.500. 108 1
For still smaller m*(=0.7), both [E 4 pop B
superfluids disappear (7.<10®K is not
figured). (iii) By comparing the 7. for

o

Fig. 3. Critical temperature 7. for the °*PB:-
superfluid of neutrons (solid lines) and protons

m*=0.75 in Fig. 3, between the case with (dash-dotted lines) for several effective
(a solid line) and without kaon condensa- nucleon-mass parameter m*, calculated with
tion (a dotted line), we see that the the OPEG 0-2M potential. For m*<0.70, T.
kaon.condesed phase is more preferable is bY far lower than the internal temperature of

8
3 P,-superflui cur at neutron stars 7y~10K and not figured. The
for the neutron Pz pe d to oc dotted line. illustrates the 7. of neutron 3P:-

high densities. This comes from a smal- superfluid in normal phase for reference and
ler Er, caused by a larger Y3 in the kaon the dashed lines show the 7. of proton 'Sp
condensate. (iv) At lower densities (0. superfluid existing at the vicinity of the onset
<0p<2.9p00), proton superfluid is due to density o. indicated by an arrow.

220z 1snBny g1, uo Jasn sonsnr Jo Juswiedaq 'S'N Ad 6G16v81L/LSH/E/v6/10Me/did/ W00 dno olwapede/:sdpy woly papeojumod



September 1995 Letters 461

the 'So-pairing (dashed lines in Fig. 3) as in normal phase, but very soon (0= 2.90) is
caused by the ®*P-pairing. This is because the most attractive pairing interaction
changes from the 'S, to the *P; as p and Y, increase (see Fig. 1).

Concluding vemarks

The existence of superfluid depends strongly on m*. The G-matrix calculation
of dense nucleon matter suggests that m*>0.7 for 0= 3p0 is unlikely in the normal
phase, especially for asymmetric nuclear matter with Y,~(0.2—0.5), and m}<m}
<(0.5—0.6) is probable. Therefore we conclude that both neutron and proton
superfluids under the kaon condensation is hard to be expected. This means that we
cannot suppress the too rapid cooling if the kaon condensate takes part in neutron
stars. Conversely, this might suggest the non-existence of kaon condensate in neu-
tron stars discussed in Ref. 2), that is, the onset density of kaon condensation would
exceed the central density of these neutron stars. Then, there arises a question; is
there another possibility to give an efficient cooling mechanism together with nucleon
superfluids? We remark the following new phases realizable at high densities: One
is a case with pion condensation leading to a rapid cooling. In the case of combined
neutral and charged pion condensate (7°7° condensate), we have larger m*, m*~0.9
for p=(3—5)p0,'"'? and so can expect the nucleon superfluids. The other is a case
with hyperon matter generating an equally efficient cooling mechanism.'”® In this
case, hyperon superfluid has to be examined. Study on these possibilities is our
forthcoming subject and will be reported elsewhere.
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