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Superfluidity of Λ and Σ− admixed in neutron star (NS) cores is investigated realisti-
cally for hyperon (Y )-mixed NS models obtained by a G-matrix-based effective interaction
approach. The equation of state (EOS) with the mixing ratios of respective components
and also hyperon energy gaps including the temperature dependence are numerically pre-
sented in order to serve as physical inputs for Y -cooling calculations of NSs. By covering
the uncertainties of the EOS and the Y Y interactions, it is shown that both of Λ and Σ−

are superfluid as soon as they appear although the magnitude of critical temperature and
the existent density region considerably depend on the Y Y pairing potential. From the
viewpoints of momenturm triangle condition and the occurrence of superfluidity, a so-called
“hyperon cooling” (neutrino-emission from direct Urca process including Y ) combined with
Y -superfluidity is found to be a promising candidate to explain observations of colder class
NSs, together with a remark that Λ-hyperons play a decisive role in the hyperon cooling
scenario. Some comments are given as to the consequence of less attractive ΛΛ interaction
recently suggested by the “NAGARA event” 6

ΛΛHe.

§1. Introduction

Neutron stars (NSs) are primarily composed of predominant neutrons and small
amount of protons, coexisting with electrons and muons to assure the charge netu-
rality of the system. With the increase of total baryon density ρ toward the central
region, however, hyperons (Y ) such as Λ, Σ− and Ξ− begin to appear as new
components. This is because the chemical potential of the predominating neutron
component gets higher with ρ and eventually it becomes energetically economical
for the system to replace neutrons at the Fermi surface by Y through a strangeness
non-conserving weak interaction, in spite of the cost of higher rest-mass energy.
The population of Y increases with increasing ρ and hyperons become important
constituents of NS cores, as well as nucleons.

Internal composition and structure strongly affect the thermal evolution of NSs,
and much attention has continuously been paid to this problem from various view-
points. 4) - 18) The participation of Y is to provide much faster cooling mechanism
due to the very efficient neutrino-emission processes, 19) the so-called “hyperon di-
rect Urca” (abbreviated to as Y -DUrca; e.g., Λ → p+ l + ν̄l , Σ

− → Λ+ l + ν̄l and
their inverse processes; l ≡ e− or µ−), compared to the standard cooling mechanism,

∗ A part of this work has been reported in Refs. 1)- 3).
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called the “modified Urca” (MUrca; e.g., n+n → n+p+ l+ ν̄l , n+p → p+p+ l+ ν̄l
and their inverse processes). The ν-emission rate for the hyperon cooling (Y -DUrca)
is larger by 5-6 orders of magnitude than that for the standard cooling (MUrca),
because in the latter an additional nucleon has to join in the β-decay process in
order to satisfy the momentum conservation for the reactions. This rapid hyperon
cooling is of particular interest in relation to the surface temperature observations
of NSs. That is, recent observations suggest that there are at least two classes of
NSs, hotter ones and colder ones and are stimulationg studies on cooling scenarios to
explain two classes consistently. The standard cooling, together with some frictional
heating mechanism, can explain the hotter ones, but cannot the colder ones. 10) Then
the fast non-standard hyperon cooling shows up as a candidate to explain the colder
ones. A direct action of the hyperon cooling, however, leads to a serious problem of
“too rapid cooling” incompatible with observations and therefore some suppression
mechanism for an enhanced ν-emission rate is vital. A most natural candidate to
play this supprression role is the hyperon superfluidity.

In this paper, we study whether hyperons admixed can be superfluids or not
and show that this is the case. 1) - 3) This means that the hyperon cooling scenario,
combined with the Y -superfluidity, is a promising candidate for the fast non-standard
cooling compatible with the data of the colder class NSs. In our preceding works,
20) - 22) we discussed the hyperon energy gap ∆Y responsible for Y -superfluids by a
simplied treatment where the ρ-dependent Y -mixing ratios yY (≡ ρY /ρ) relevant to
the Fermi momontum kFY and ρ-dependent effective-mass parameter m∗

Y are taken
as parameters. In the present work, we use the ρ-dependent yY (ρ) and m∗

Y (ρ) based
on the Y -mixed NS models in order to get the realistic ∆Y in a ρ-dependent way.
Also, we present the profile functions representing the temperature-dependence of
∆Y , which is necessary for treating the thermal evolution of NSs, and intend to
provide the basic physical quantities for cooling calculations in a realistic level.

This paper is organized as follows. In §2, our NS models with Y -mixing, calcu-
lated by a G-matrix effective interaction approach, are presented, together with the
composition, the equation of state (EOS) and the physical quantities necessary for
the energy gap calculations. The energy gap equation including a finite-temperature
(T > 0) case is treated in §3, where some comments are given on the impotant
ingredients in the gap equation, i.e., m∗

Y (ρ) and the Y Y pairing interactions in com-
parison with the case of nucleons. Results of ∆Y and the profile functions are given
in §4, together with discussions as to the momentum triangle condition for Y -DUrca
processes and the superfluid suppression on ν-emissivities. In addition, in §5, we
discuss how a less attractive ΛΛ interaction inferred from 6

ΛΛHe observed recently
affects the realization of Y superfluidities. The last section, §6, is for summary and
remarks.

§2. Neutron Star Models with Hyperons

We calculate the EOS of Y -mixed NS matter responsible for Y -mixed NS models
and also obtain the ρ-dependent yY and m∗

Y of hyperons necessary for the energy
gap calculations. For simplicty, we neglect the mixing of Ξ− component and restrict
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ourselves to Y ≡ {Λ, Σ−} as the hyperon components, since it would be less likely
for Ξ− to appear due to the higher mass (mΞ− = 1321 MeV compared to mΛ = 1116
MeV and mΣ− = 1192 MeV). We treat the Y -mixed NS matter composed of n, p, Λ,
Σ−, e− and µ− by a G-matrix based effective interaction approach, with attention
to the use of Y N and Y Y interactions compatible with hypernuclear data: 23) - 25)

1. We construct the effective Y N and Y Y local potentials, ṼY N and ṼY Y , in a ρ-
and yY -dependent way, from the G- matrix calculations performed for {n+Y }
matter with a given ρ and yY . In these calculations, we use the Y N and Y Y
interactions from the Nijmegen model D hard core potential 26) (NHC-D) with
a slight modification in the S-state ΛN part (NHC-Dm) as a reasonable choice
(details are refered to Ref. 23)). From a view of Λ effective-mass parameter
(m∗

Λ) controlling the realization of Λ-superfluidity which will be discussed in
the next section, the choice of this NHC-Dm is adequate since it reproduces
m∗

Λ ∼ 0.8 infered from hypernuclear data. 27)

2. For the effective NN local potential ṼNN , we use ṼRSC supplemented by ṼTNI,
i.e., ṼNN = ṼRSC + ṼTNI where ṼRSC

28) is the effective two- nucleon potential
constructed from the G-matrix calculations in asymmetric nuclear matter with
the Reid-soft-core potential and ṼTNI

29) is a phenomenological three-nucleon
interaction (TNI) of Lagaris-Pandharipande type. 30), 31) The ṼTNI(= ṼTNA +
ṼTNR) consists of two parts, the attractive ṼTNA and the repulsive ṼTNR and
expressed in a form of two-body potential with ρ-dependence. At high densities
the contribution from ṼTNA is minor and that from ṼTNR dominates and TNI
brings a strong repulsion with increasing ρ. The parameters inherent in ṼTNI

are determined so that ṼTNI can reproduce the empirical saturation properties
of symmetric nuclear matter (binding energy EB = −16 MeV and saturation
density ρ0 ≡ 0.17 nucleons/fm3) and the nuclear incompressibility κ.

3. On the basis of ṼNN , ṼY N and ṼY Y , we calculate the fractions yi for respective
components (i = n, p, Λ, Σ−, e− and µ−) in β-equilibrium, under the conditions
of charge neutrality, chemical equilibrium and baryon number conservation, and
derive the EOS and m∗

Y (ρ) of Y -mixed NS matter.
By using the EOS thus obtained, we solve the so-called TOV equation and obtain

NS models with a Y -mixed core. Our NS models are specified by the parameter κ
relevant to ṼNN , which is a measure for the stiffness of a nuclear-part EOS (N -part
EOS). We consider three cases; κ = 250 MeV (hereafter, denoted by TNI2), 300
MeV (TNI3) and 280 MeV (TNI6). TNI2 is a soft EOS case, TNI3 is a stiffer EOS
case and TNI6 is between the two, giving respectively the maximum mass Mmax of
NSs sustained by the EOS as Mmax ≃ 1.62M⊙, 1.88M⊙ and 1.78M⊙ for normal NSs
without Y -mixing. In Fig.1, we compare our EOSs for neutron matter with those by
Illinoi group currently taken as most realistic. We stress that our EOSs almost cover
the range from soft to stiff cases allowed by realistic EOSs from more sophisticated
many-body approach. 32), 33)

As a peculiar property for the Y -mixed NS models, we wish to remark that the Y -
mixing casuses a dramatic softening effect on the EOS and therebyMmax for Y -mixed
NSs is greatly reduced. 23) - 25) For example, Mmax ≃ 1.62M⊙ for the case without
Y is reduced to M ≃ 1.08M⊙ for the case with Y , contradicting the condition that
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at least Mmax should be larger than Mobs(PSR1913+16)=1.44M⊙, the observed NS
mass for PSR1913+16. This inconsistency between theory and observation cannot
be resolved by using a stronger NN repulsion as seen from Mmax ≃ 1.08M⊙ →
1.09M⊙ → 1.10M⊙ for TNI2→TNI6 →TNI3 with increasing κ. This is because
the stiffer the N -part EOS, the Y -mixed phase developes from lower densities and
thereby the softening effect becomes all the stronger, making the enhanced NN
repulsion ineffective. The problem of Mmax < Mobs for Y -mixed NSs is also seen
in other approaches 34), 35) and is encountered almost in a model-independent way,
which interestingly suggests that some “extra repulsion” has to work for hypernuclear
systems, namely, Y N and Y Y interaction parts. As one of the candidates, we try
to introduce a repulsion from the three-body force ṼTNR in TNI also into the Y N
and Y Y parts, as well as NN part (hereafter called “universal inclusion of TNI” and
denoted simply by TNIu), 23) - 25) since the importance of three-body interaction is
well recognized for nuclear systems and should not be restricted to nuclear systems
(NN part). Then, we have a moderate softening, not a dramatic one as before, and
a larger Mmax nicely satisfying the condition Mmax > 1.44M⊙; Mmax ≃ 1.52M⊙,
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1.71M⊙ and 1.83M⊙ for TNI2u, TNI6u and TNI3u, respectively. We also note that
the realization of a Y -mixed phase is pushed to higher density side; the threshold
density ρt(Y ) ≃ (2.5 − 3)ρ0 for no extra repulsion whereas ρt(Y ) ≃ 4ρ0 for the
universal inclusion of three-body repulsion. These aspects suggest that ρt(Y ) is not
so low as currently taken (ρt(Y ) ∼ 2ρ0) but is rather high (∼ 4ρ0) as far as the
consistency with the NS mass observation is taken into account. 25) In Table I, we
summarize the parameters profiling the Y -mixed NSs having the maximum mass
Mmax and illustrate in Fig.2 the M -ρc relationships indicating how the Y -mixed
core region depends on M and EOS. We give in Table II the numerical values of
composition and EOS for Y -mixed NSs.

Table I. Profile (mass Mmax, radius R and central density ρc) of maximum-mass NSs in Fig.2 for

EOSs from soft (TNI2u) to stiff (TNI3u). The thresold density ρt(Y ) indicating the portion of

Y -mixed core is also shown for Λ and Σ− cases.

EOS ρt(Λ)/ρ0 ρt(Σ
−)/ρ0 Mmax/M⊙ R/km ρc/ρ0

TNI2u 4.01 4.06 1.52 8.43 11.08

TNI6u 4.02 4.06 1.71 9.16 9.07

TNI3u 4.01 4.01 1.83 9.55 8.26

Table II. (a) EOS of Y -mixed NS matter with the mixing ratio yi of the constituents (i = n, p, Λ,

Σ−, e−, µ−). The energy density e is in MeV/fm3 and the pressure P is in dyn/cm2, for the

case of TNI2u.

ρ/ρ0 yn yp yΛ yΣ− ye− yµ− e P

0.5 0.9684 0.0316 0. 0. 0.0316 0. 80.5 5.51E+32

1.0 0.9499 0.0501 0. 0. 0.0451 0.0050 161.9 3.67E+33

1.5 0.9409 0.0591 0. 0. 0.0464 0.0128 244.9 1.13E+34

2.0 0.9380 0.0620 0. 0. 0.0453 0.0168 330.1 2.40E+34

2.5 0.9371 0.0629 0. 0. 0.0439 0.0191 417.6 4.23E+34

3.0 0.9368 0.0632 0. 0. 0.0426 0.0206 507.7 6.70E+34

3.5 0.9368 0.0632 0. 0. 0.0415 0.0216 600.9 9.92E+34

4.0 0.9371 0.0629 0. 0. 0.0406 0.0224 697.2 1.40E+35

4.5 0.8561 0.0862 0.0262 0.0315 0.0354 0.0193 796.8 1.80E+35

5.0 0.7633 0.1127 0.0574 0.0667 0.0301 0.0159 899.2 2.25E+35

5.5 0.6824 0.1354 0.0859 0.0963 0.0258 0.0133 1004.8 2.78E+35

6.0 0.6135 0.1545 0.1109 0.1211 0.0223 0.0111 1113.5 3.38E+35

6.5 0.5556 0.1701 0.1327 0.1416 0.0193 0.0092 1225.6 4.08E+35

7.0 0.5071 0.1827 0.1518 0.1584 0.0167 0.0076 1341.3 4.87E+35

7.5 0.4660 0.1929 0.1687 0.1723 0.0144 0.0062 1460.7 5.77E+35

8.0 0.4308 0.2013 0.1838 0.1840 0.0123 0.0049 1584.1 6.77E+35

9.0 0.3734 0.2143 0.2096 0.2027 0.0088 0.0028 1843.3 9.10E+35

10.0 0.3277 0.2243 0.2309 0.2170 0.0060 0.0013 2120.3 1.19E+36

11.0 0.2898 0.2329 0.2485 0.2288 0.0038 0.0003 2416.3 1.52E+36

12.0 0.2570 0.2410 0.2631 0.2388 0.0022 0.0000 2732.5 1.90E+36

13.0 0.2272 0.2492 0.2754 0.2481 0.0011 0.0000 3069.9 2.34E+36

14.0 0.1983 0.2581 0.2859 0.2577 0.0004 0.0000 3429.3 2.82E+36

15.0 0.1675 0.2689 0.2948 0.2688 0.0001 0.0000 3811.6 3.36E+36
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Table II. (b) Same as in (a) but for TNI6u case.

ρ/ρ0 yn yp yΛ yΣ− ye− yµ− e P

0.5 0.9682 0.0318 0. 0. 0.0318 0. 80.5 5.87E+32

1.0 0.9473 0.0527 0. 0. 0.0468 0.0058 162.0 4.00E+33

1.5 0.9369 0.0631 0. 0. 0.0488 0.0143 245.4 1.31E+34

2.0 0.9341 0.0659 0. 0. 0.0475 0.0184 331.2 2.91E+34

2.5 0.9341 0.0659 0. 0. 0.0455 0.0203 420.2 5.26E+34

3.0 0.9349 0.0651 0. 0. 0.0437 0.0214 512.6 8.47E+34

3.5 0.9358 0.0643 0. 0. 0.0421 0.0221 608.8 1.27E+35

4.0 0.9366 0.0634 0. 0. 0.0408 0.0226 709.2 1.80E+35

4.5 0.8550 0.0869 0.0261 0.0321 0.0354 0.0193 814.0 2.37E+35

5.0 0.7609 0.1136 0.0578 0.0677 0.0300 0.0159 923.0 3.02E+35

5.5 0.6797 0.1363 0.0865 0.0975 0.0257 0.0132 1036.4 3.79E+35

6.0 0.6110 0.1553 0.1116 0.1222 0.0221 0.0109 1154.5 4.68E+35

6.5 0.5534 0.1707 0.1334 0.1425 0.0191 0.0091 1277.6 5.71E+35

7.0 0.5052 0.1831 0.1525 0.1591 0.0165 0.0075 1406.1 6.89E+35

7.5 0.4645 0.1932 0.1694 0.1729 0.0142 0.0061 1540.1 8.23E+35

8.0 0.4296 0.2015 0.1845 0.1845 0.0122 0.0048 1680.0 9.73E+35

9.0 0.3725 0.2144 0.2102 0.2029 0.0087 0.0028 1978.6 1.32E+36

10.0 0.3271 0.2244 0.2313 0.2172 0.0059 0.0013 2304.1 1.75E+36

11.0 0.2893 0.2330 0.2489 0.2289 0.0038 0.0003 2658.3 2.25E+36

12.0 0.2566 0.2411 0.2635 0.2389 0.0022 0.0000 3043.3 2.83E+36

Table II. (c) Same as in (a) but for TNI3u case.

ρ/ρ0 yn yp yΛ yΣ− ye− yµ− e P

0.5 0.9681 0.0319 0. 0. 0.0319 0. 80.5 6.17E+32

1.0 0.9454 0.0546 0. 0. 0.0481 0.0065 162.1 4.21E+33

1.5 0.9334 0.0666 0. 0. 0.0509 0.0158 245.6 1.42E+34

2.0 0.9302 0.0698 0. 0. 0.0498 0.0201 332.0 3.26E+34

2.5 0.9306 0.0694 0. 0. 0.0475 0.0219 422.0 6.01E+34

3.0 0.9321 0.0679 0. 0. 0.0452 0.0226 516.0 9.80E+34

3.5 0.9339 0.0661 0. 0. 0.0432 0.0230 614.5 1.48E+35

4.0 0.9354 0.0646 0. 0. 0.0415 0.0231 718.1 2.11E+35

4.5 0.8457 0.0907 0.0274 0.0362 0.0353 0.0192 826.8 2.79E+35

5.0 0.7516 0.1172 0.0594 0.0718 0.0297 0.0157 940.6 3.59E+35

5.5 0.6712 0.1395 0.0881 0.1012 0.0254 0.0129 1059.8 4.54E+35

6.0 0.6038 0.1578 0.1132 0.1253 0.0218 0.0107 1184.9 5.65E+35

6.5 0.5475 0.1726 0.1349 0.1449 0.0189 0.0089 1316.2 6.94E+35

7.0 0.5004 0.1846 0.1539 0.1611 0.0163 0.0073 1454.2 8.41E+35

7.5 0.4605 0.1943 0.1707 0.1744 0.0140 0.0059 1599.1 1.01E+36

8.0 0.4263 0.2023 0.1857 0.1857 0.0120 0.0047 1751.3 1.19E+36

9.0 0.3702 0.2148 0.2113 0.2037 0.0085 0.0027 2079.3 1.63E+36

10.0 0.3255 0.2246 0.2322 0.2177 0.0058 0.0012 2440.9 2.17E+36

§3. Energy gap equation for hyperon pairing

As shown in the preceding section, hyperons participate at high densities (ρ >∼ ρt
(Y ) ∼ 4ρ0) but the fractional density ρY (= yY ρ) is relatively low due to small
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contamination, e.g., yY <∼ 0.1 for the density region ρ ≃ (ρt(Y ) ∼ 6ρ0) of interest.
Then the scattering energy Elab

Y Y in laboratory frame for a (q⃗, -q⃗)- Cooper pair near
the Fermi surface (q ≃ qFY = (3π2ρY )

1/3 with qFY being the Fermi momentum of Y )
is at most 110 MeV, estimated by Elab

Y Y = 4EFY = 4h̄2q2FY /2MY with EFY and MY

being the Fermi kinetic energy and the mass of hyperons, respectively. This means
that the pairing interaction VY Y responsible for Y -superfluidity should be that in
the 1S0 pair state (VY Y (

1S0)) which is most attractive at low scattering energies.
Thus the gap equation to be treated here is the well-known 1S0-type:

∆Y (q) = − 1

π

∫ ∞

0
q′2dq′ < q′ | VY Y (

1S0) | q >
∆Y (q

′)

EY (q′)
tanh

(
EY (q)

2κBT

)
, (3.1)

EY (q
′) ≡

√
ϵ̃2Y (q

′) +∆2
Y (q

′), (3.2)

ϵ̃Y (q
′) ≡ ϵY (q

′)− ϵY (qFY ) ≃
h̄2

2M∗
Y

(q′2 − q2FY ), (3.3)

< q′ | VY Y (
1S0) | q >≡

∫ ∞

0
r2drj0(q

′r)VY Y (r;
1 S0)j0(qr), (3.4)

including the case of finite temperature with κB being the Boltzman constant. In the
above expressions, ∆Y (q) is the energy gap function, ϵY (q) the single-particle energy
and M∗

Y the effective mass of Y . For simplicity, the effective mass approximation for
ϵY (q) is adopted in Eq.(3.3). We use a bare VY Y (

1S0) for pairing interaction and do
not introduce the G-matrix based effective interaction ṼY Y (

1S0) in place of VY Y (
1S0)

as adopted by Balberg-Barnea, 36) because the gap equation plays dual roles to take
account of the pairing correlation and the short-range correlation (s.r.c.) at the same
time and so the use of ṼY Y (

1S0) leads to incorrect results with larger energy gaps
due to the double counting of s.r.c..

The gap equation (Eq.(3.1)) is solved numerically when qFY , M
∗
Y and VY Y (

1S0)
are given. We solve it exactly without any approximation by an iterative technique.
The qFY (equivalently yY ) and M∗

Y (equivalently the effective mass parameter m∗
Y ≡

M∗
Y /MY ) are derived in §2. In the following, we give some notices to the important

ingredient in Eq.(3.1), m∗
Y and VY Y (

1S0), controlling the resulting energy gap ∆Y ≡
∆Y (qFY ).

i) effective mass parameter m∗
Y

Generally, energy gap is very sensitive to m∗
Y and results in a larger value for

larger m∗
Y . This is due to that the energy cost for the excitation of Y Y -pair(ϵ̃Y (q)

in Eq.(3.3)) is smaller for larger M∗
Y (≡ m∗

Y MY ). In this sense, the Y -superfluidity
is more likely to occur, compared to that of nucleons, since m∗

Y ≃ (0.8 ∼ 1.2) is
remarkably larger than m∗

N ≃ (0.5 ∼ 0.7) at ρ >∼ 4ρ0 as shown in Fig.3. Moreover the
fact that MY ≃ (1116 MeV or 1192 MeV)> MN ≃ 940 MeV enforces this advantage.
It is of interest to note that m∗

Y = 0.8 corresponds to m∗
N = (MY /MN )m∗

Y ≃ 1.0 for
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Y ≡ Σ− case. Comparison between the Λ andΣ− cases tells us thatΣ−-superfluidity
is more favourable than Λ-superfluidity since m∗

Σ− > m∗
Λ and in addition MΣ− >

MΛ. That is, the resulting energy gaps for baryon superfluids are as ∆Σ− > ∆Λ >
∆N , as far as the role of effective mass is concerned.
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Fig. 3. Effective mass parameter m∗
i for baryon components (i = n, p, Λ, Σ−) as a function of ρ

for three cases (TNI2u, TNI6u, TNI3u) of Y -mixed NS matter with different stiffness. Crosses

denote the threshold points for the Y -mixing.

(ii) Pairing potential
The attractive effect of the Y Y pairing potential VY Y (

1S0) is a main agency for
the occurrence of Y -superfluidity. Our present knowledge of VY Y (

1S0), however, is
very limited. As in previous works, we adopt three potentials called ND-Soft 37), 21), 2)
∗∗ , Ehime 38) and FG-A, 39) expecting to cover the present uncertainties of Y Y
potentials. They are commonly based on the one-boson-exchange (OBE) hypothesis
with SU(3) symmetry in the framework of nonet mesons and octet baryons (B).
Main differences among them are in the treatments of short-range interactions and
the kinds of mesons introduced. The ND-Soft potential is a soft-core version of the
original Nijmegen hard-core model D (NHC-D) 26) by a superposition of three-range
Gaussian functions and is constructed so as to fit the t-matrix from NHC-D with
thw hard-core radii being taken as 0.5fm. The use of soft-core version is for the
sake of convenience in the treatment of the gap equation. The Ehime potential is

∗∗ In the Table I of Ref. 2), V c
iΣ− with i = 2 should be corrected as −2.9232 → −29.232.
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characterized by an application of the OBE scheme throughout all the interaction
ranges and by an addition of a phenomenological neutral scalar meson to take the
2π-correlation effects of this sort into account. It is given by a superposition of the
Yukawa-type functions in r-space regularized by the form factors in momentum space
and has velocity-dependent terms. The FG-A potential is based on the OBE-scheme
where the σ-meson is treated in the nonet scheme, by taking account of the broad
width of σ- and ρ-mesons, and has a Gausian soft-core repulsion with strengths
constrained by the SU(3) representation of two-baryons. This potential includes the
velocity-dependence and the retardation effects.
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80

0 100 200 300

–20

0
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40

60

80(deg.)

EΛΛ
lab (MeV)

C.C.

NN(OPEG)

(a)

ND–soft

FG–A

Ehime

ΛΛ 
scattering phase shifts

(deg.)

EΣΣ
lab(MeV)

ND–soft

FG–A

Ehime

(b) Σ–Σ–

scattering phase shifts

Fig. 4. (a) ΛΛ scattering phase shifts in degrees as a function of laboratory frame energy Elab
ΛΛ

in MeV for three ΛΛ 1S0 potentials (ND-Soft, Ehime and FG-A) explained in the text. NN

scattering phase shifts from OPEG-1E potential are also shown for comparison. The ΛΛ-Σ−Σ−-

Ξ−Ξ− channel coupling (CC) effects are shown by the arrow for the FG-A case (The long dash-

dotted lline is for no CC.). (b) Same as in (a) but for Σ−Σ− scattering.

Here we add a comment on the treatment of the channel coupling effect (CCE) of
ΛΛ-ΣΣ-ΞN type in these potentials. The ND-Soft is constructed so as to simulate
the t-matrices calculated with the NHC-D in ΛΛ and ΞN channels. For simplicity,
here, we use only the ΛΛ-ΛΛ diagonal part of ND-Soft, because the ΛΛ-ΞN cou-
pling effect was found to be small for the coupling constant of the model D∗∗∗ . In
the Ehime case, CCE has no relevance since it is constructed in a single-channel
approximation. In the FG-A case, however, CCE is significant, and is taken into
account by adding an extra term ∆Vsim(r) to the direct-channel part V D

ΛΛ(
1S0) so

that V
(eff)
ΛΛ (1S0) ≡ V D

ΛΛ(
1S0)+∆Vsim(r) simulates the 1S0 ΛΛ phase shifts including

CCE. In practice we use this V
(eff)
ΛΛ (1S0) as VΛΛ(

1S0) for the FG-A potential, by

taking ∆Vsim(r) = 93e−(r/r1)2 − 1000e−(r/r2)2 MeV with r1 = 1.0 fm and r2 = 0.6
∗∗∗ The statement “this channel coupling effect, although small, is included similarly through the

original t-matrix to be fitted” appeared in Ref. 22) (also similar statement in Refs. 2) and 3)) is

inadequate and should be revised as above.
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fm.
In Fig.4, phase shifts from three potentials are displayed as a function of Elab

Y Y .
For ΛΛ, they give almost similar results at low Elab

Y Y and the deviations among them
develop with the inclease of Elab

Y Y as a reflection of short-range behavior in the Y Y
potentials. For the Y Y potentials, the experimental information exists only for the
ΛΛ case, i.e., the double Λ hypernuclei. ND-soft and Ehime have been checked to
reproduce well the bond energy ∆BΛΛ(≃ (4 − 5) MeV) for 10

ΛΛBe and 13
ΛΛB.

40) - 44)

Also in FG-A, this reproduction is well expected since the phase shifts from FG-A
are similar to those from ND-Soft and Ehime at low scattering energies. Recently,
however, there arises the problem that ∆BΛΛ ≃ (4 − 5) MeV extracted from 10

ΛΛBe
and 13

ΛΛB (old data) might be too large and instead ∆BΛΛ ∼ 1 MeV from 6
ΛΛHe

(“NAGARA event” 45), new data) should be the fact. This suggests that the ΛΛ
interaction is less attractive than that taken so far. If this is true, the realization of
Y -superfluidity is affected so much. The discussion about this problem will be given
in §5.

§4. Numerical results and discussion

4.1. Realization of hyperon superfluidity

First we discuss how the energy gap for hyperon pairing is realizable by referring
to the well-known case of nucleon pairing. We focus our attention to the effects of
pairing interactions and effective-mass parameters. For this purpose, the energy
gaps ∆i (≡ ∆i(qFi); i = Λ and p) calculated from a set of Eqs.(1)∼(4) at T = 0, as
functions of fractional density ρi(≡ yiρ), are compared in Fig.5, where the pairing
interaction Vii(

1S0) is taken from the ND-Soft potential for i = Λ and the OPEG
1E-1 potential 46) for i = p. We observe the following three points. First,the relation
that ∆p is larger for M∗

p = 0.8MΛ than for M∗
p = 0.8Mp means that p-superfluid

occurs more likely if bare mass of p is as large as that of Λ, conversely speaking,
Λ-superfluid is realized more easily than p-superfluid due to MΛ > Mp for the same
m∗

i , yi and Vii(
1S0), as has been mentioned in §3. Second, comparison of ∆p with

∆Λ for the same effective-mass (M∗
p = M∗

Λ = 0.8MΛ) and the same yi shows that
p-superfluidity is more likely to occur than Λ-superfluidity as far as the pairing
interaction is concerned, which is reflected by stronger attraction of VNN (1S0) as
shown in Fig. 4(a). Third, for the same yi, ∆p for M∗

p = 0.5Mp is smaller than ∆Λ

for M∗
Λ = 0.8MΛ in spite of stronger attraction of Vpp(

1S0), which suggests that if
actual m∗

i (ρ) in medium (Fig.3) is taken account, i.e., the case of m∗
Λ > 0.8 compared

to the case ofm∗
p ∼ 0.5 for ρ >∼ 4ρ0, ∆Λ would be much larger than∆p. In fact, as will

be presented just below, we have Λ-superfluidity and also Σ−- superfluidity in NS
cores, but we have no p- superfluid because of a serious effect coming from very small
m∗

p(ρ) and relatively large ρp (namely yp). Thus we can say that Y -superfluidity in

dense NS cores occures due to the attractive effect of VY Y (
1S0) not so different from

VNN (1S0) and mainly due to the strong aids from m∗
Y (ρ) which is remarkably larger

than m∗
N (ρ).

Results for a realistic case with ρ-dependent m∗
Y and yY are shown in Fig.6
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Fig. 5. Energy gaps ∆i for proton (i = p) and

Lambda (i = Λ) as a function of the frac-

tional density ρi(= yiρ), showing the ef-

fects of three factors, i.e., pairing interac-

tion, effective mass M∗
i and fractional den-

sity ρi(= yiρ) controling solutions of the

energy gap equation, and serving to the un-

derstanding of a realization of Λ-superfluid.

Pairing potential used for ΛΛ (pp) pairing

is ND-Soft (OPEG 1E-1).

4 5 6 7
108

109

1010

1011

(K)

ρ/ρ0

Λ

Σ−

TNI6u

Fig. 6. Hyperon energy gap ∆i(i = Λ, Σ−) in

Y -mixed NS matter, expressed in terms of

the critical temperature T ∗
ci ≃ 0.57∆i/κB

in Eq.(4.1), as a function of total baryon

density ρ. The solid, dashed and dotted

lines are for the ND-Soft, Ehime and FG-

A potentials, respectively. An arrow indi-

cates the reduction of TcΣ− when the in-

formation of less attractive ΛΛ interaction

suggested by the “NAGARA event” 6
ΛΛHe

is incorporated in the baryon-baryon inter-

action model with OBE and SU(3) sym-

metry frameworks. The reduction of ∆Λ

is serious and too small to be figured, i.e.,

T ∗
cΛ << 108 K.

for TNI6u NS model as an example, in terms of a critical temperature T ∗
cY for Y -

superfluidity defined by

T ∗
cY ≡ 0.57∆Y /κB ≃ 0.66∆Y × 1010K (4.1)

with ∆Y in MeV calculated at T = 0 (∆Y ≡ ∆Y (qF , T = 0)). The solid, the dashed
and the dotted lines correspond to the use of YY Y (

1S0) from the ND-Soft, the Ehime
and the FG-A potentials, respectively. The Y -superfluidity occurs when TcY exceeds
Tin ≃ 108 K, the internal temperature of usual middle-aged NSs. Following points
are noted:
(i) Both of Λ- and Σ−- superfluids are likely to occur in NS cores since TcΛ and
TcΣ− are well above Tin. Λ and Σ− become superfluids as soon as they appear in NS
cores and Λ-superfluid is realized in a limited density region (ρ ∼ (4 − 6)ρ0) while
Σ−-superfluid extends to much higher densities.
(ii) The aspects of TcY versus ρ relationships for three different potentials are well
bunched in the Λ case, as compared with those in the Σ− case, which comes from
less uncertainties of pairing interaction in the Λ case due to the check by double Λ
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hypernuclei mentioned in §3.
(iii) TcΣ−(∼ 1010−11 K) for Σ−-superfluid is larger than TcΛ(∼ 109−10 K) for Λ-
superfluid by more than one order of magnitude, which comes mainly from very large
m∗

Σ−(∼ 1) compared to m∗
Λ(∼ 0.8). The large TcΣ− means that Σ−- superfluidity is

realizabe in NSs even at an early stage of the thermal evolution where Tin is as high
as 1010 K.

Table III. Energy gaps ∆Y of Λ and Σ− in TNI6u Y -mixed NS matter at zero tempeeerature

(E = 0) for several densities ρ and for three Y Y pairing interactions; ND-Soft, Ehime and

FG-A. The mixing ratios yY and the effective-mass parameters m∗
Y (≡ M∗

Y /MY ) of hyperons in

medium are also given. ∆Y at finite temperature (T > 0) is obtained by a profile function P (τ)

given in §4.2.

Y ρ/ρ0 yY m∗
Y ∆Y in MeV

ND-Soft Ehime FG-A

4.05 0.00057 0.818 0.006 0.019 0.006

4.10 0.00225 0.820 0.061 0.133 0.067

4.15 0.0046 0.821 0.140 0.274 0.168

4.25 0.0102 0.825 0.274 0.496 0.370

4.50 0.0261 0.832 0.339 0.638 0.635

Λ 4.75 0.0422 0.839 0.219 0.486 0.641

5.00 0.0578 0.845 0.089 0.271 0.516

5.10 0.0638 0.847 0.053 0.196 0.450

5.25 0.0726 0.850 0.019 0.106 0.348

5.35 0.0782 0.852 0.008 0.065 0.285

5.50 0.0865 0.854 0.001 0.025 0.195

6.00 0.1116 0.860 0. 0. 0.027

4.10 0.00156 1.165 1.656 2.295 15.866

4.15 0.0047 1.146 2.428 3.166 16.502

4.25 0.0123 1.121 3.238 4.125 17.442

4.50 0.0321 1.087 3.619 4.778 18.440

4.75 0.0506 1.062 3.127 4.514 18.423

Σ− 5.00 0.0677 1.040 2.300 3.867 17.901

5.25 0.0833 1.019 1.385 3.037 17.062

5.50 0.0975 1.000 0.612 2.165 16.036

5.75 0.1104 0.983 0.154 1.362 14.895

6.00 0.1222 0.967 0.011 0.714 13.649

6.50 0.1425 0.938 0. 0.077 11.010

7.00 0.1591 0.914 0. 0.000 8.326

Full results of hyperon energy gaps for TNI6u NS models and for three VY Y (
1S0)

are presented in Table III at several densities, together with the ρ-dependent input
parameters, yY and m∗

Y , controling the solution of the energy gap equations (3.1)∼
(3.4). In the cases of TNI3u and TNI2u, the points (i)∼(iii) noted just above are
very similar to TNI6u case. Thus we can say that Λ and Σ− admixed in NS cores are
surely in the superfluid state, although somewhat depending on the NS model and
considerably on the pairing interaction VY Y (

1S0). The aspect of EOS-dependence of
hyperon gap is shown in Fig.7.
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Fig. 7. Hyperon energy gap ∆Y for ND-Soft pairing potential as a function of ρ for TNI2u, TNI6u

and TNI3u EOSs, showing the extent of EOS dpendence of ∆Y . Left-hand (Right-hand) side

is for Λ(Σ−) case.

4.2. Effects of finite temperature

So far we have discussed the energy gaps at zero temperature. In cooling cal-
culations of NSs, however, we need to take account of the temperture effects on the
energy gaps, since the temperature T of Y - mixed NS matter varies according to
the thermal evolution and in general the resulting energy gap ∆Y decreases with
increasing T . 47) The T -dependent energy gaps ∆Y (T ), the solution of the finite-
temperature gap equations (3.1)∼(3.4), are shown in Fig.8 for a typical case with
ND-Soft and TNI6u. We observe that ∆Y depends remarkably on T , especially for
small ∆Y . In cooling calculations, it is of practical use to have a profile function
P (τ) approximating the T -dependence of ∆Y . According to our previous work, 48)

we introduce P (τ) as a function of the argument τ defined by τ = T/Tc:

PY (τ) ≡ ∆Y (qFY , T )/∆Y (qFY , T = 0), (4.2)

= 1−
√
2πa0τ exp [−1/(a0τ)](1 + α1τ + α2τ

2) (0 ≤ τ ≤ τb), (4.3)

= a0C1

√
1− τ [1 + β1(1− τ) + β2(1− τ)2] (τb ≤ τ ≤ 1), (4.4)

a0 = a∗0(Tc/T
∗
c ) (4.5)

where a0, C1, α1, α2, β1 and β2 are the constant parameters and a∗0 = 0.57 is given
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Table IV. Parameters for profile function P (τ) (≡ ∆Y (T )/∆Y (0)) representing analytically the

temperature dependence of hyperon(Y) energy gap.

Y C1 α1 α2 β1 β2

Λ 2.8963 -0.45902 1.41171 -0.13926 -0.53396

Σ− 2.8504 -0.39488 1.38328 -0.09447 -0.57033

by the coefficient appearing in the definition of T ∗
c in Eq.(4.1). Here Tc(T

∗
c ) denotes

real (approximate) critical temperature. Eq.(4.3) assures that the energy gap ratio
(Eq.(4.2)) decreases from P (τ) = 1 as T starts from T = 0 and Eq.(4.4) assures that
P (τ) = 0 at T = Tc.

From numerical calculations to search Tc, it is found that Tc is well substituted
by T ∗

c , except the case of Σ− with FG-A potential where, due to particularly large
∆Σ− , Tc ≃ (0.278+0.130(ρ/ρ0))×T ∗

0 at densities (4−6)ρ0. By selecting the boundary
value of two regions τb as τb = 0.7 and fitting ∆(qFY , T = 0)P (τ) to ∆(qFY , T )
actually calculated, we have the parameters of P (τ) as in Table IV (details of the
procedure are referred to Ref. 48)). The aspect of reproduction of∆(qFY , T )/∆(qFY ,
T = 0) by P (τ) is illustrated in Fig.9 for Λ as an example. Once P (τ) is obtained,
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Fig. 8. Temperature(T ) dependence of Λ en-

ergy gap (∆Λ) for the case of TNI6u EOS

and ND-Soft potential, as an example.
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Fig. 9. Profile function PΛ(τ)(≡ ∆Λ(T )/∆Λ(0))

in the form of Eqs.(4.3) and (4.4) as a

function of τ(≡ T/TcΛ), averaged over the

pairing potentials employed and the densi-

ties under consideration (ρ ≃ (4 − 5)ρ0).

Crosses and error bars denote the val-

ues obtained by numerical calculations of

finite-temperature gap equation. τb = 0.7

denotes the boundary between Eq.(4.3) re-

gion and Eq. (4.4) one. Parameters for

PY (τ)(Y = Λ and Σ−) are listed in Table

IV.
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we can use an analytic form of T -dependent energy gap in NS cooling calculations,
by utilizing the zero temperature gap ∆Y (qFY , T = 0).

4.3. Momentum triangle condition for Y -DUrca cooling

The ν-emission process responsible for NS cooling is operative only when a cer-
tain condition, namely, the so-called “momentum triangle condition” relevant to the
momentum conservation in the corresponding reaction is satisfied. For example, a
familiar β-decay process associated with nucleons (N) and its inverse process (called
N -DUrca), i.e., p → n+ l + ν̄l , n+ l → p+ νl (abbreviated to as p ↔ nl hereafter) is
allowed when the Fermi momenta ki = qFi(= (3π2yiρ)

1/3) for particles participating
the reaction satisfy the triangle condition,

| kp − kl |< kn < kp + kl (4.6)

Here the Fermi momentum kν(≃ κBT/h̄c) for neutrinos is neglected because it is
much smaller than those of N and l . As well known, N -DUrca is forbidden in usual
neutron star matter including n, p, e− abd µ− components, because the second
inequality in Eq. (4.6) is hard to hold among n (large component, yn >∼ 0.9), p
(small component, yp <∼ 0.1) and l (small component, yl <∼ 0.1). Then, to satisfy the
condition, it is necessary for another particle to participate as a bystander mediating
momentum conservation and the ν-emission due to the modified Urca process (pN ↔
nN l) including a bystander nucleon becomes a main agency for the cooling of usual
NSs, although the ν-emissibity is greatly reduced compared to the N -DUrca. In the
case of normal NS matter (npe−ν− matter), the fast cooling due to N -DUrca is made
possible only for NS models including high proton fraction phase with yp > 0.148. 49)

How about the situation in the Y -mixed NS matter (npΛΣ−e−µ− matter) under
consideration ? In Fig.10, the triangle condition is checked for DUrca processes, i.e.,
N -DUrca and Y -DUrca, for the Y -mixed NS matter of TNI6u EOS by using the
fractions yi in Table II(b). The aspects for other EOS, TNI2u EOS (Table II(a))
and TNI3u EOS (Table II(c)), are very similar to those in Fig.10. We note the
following points:
(i) In the Y -mixed phase, the proton fraction yp becomes remarkablely larger than
that of usual NS matter (npe−µ− matter), increasing with ρ and reaching up to 20%
at ρ ∼ 8ρ0. But Fig.10 shows that N -DUrca is not operative up to high density
region, i.e., ρ <∼ 6.5ρ0 for n ↔ pe− and ρ <∼ 8ρ0 for n ↔ pµ−. Combining the M -
ρc relationship in Fig.2, this means that N -DUrca cooling begins to operate only
for rather massive NSs with M >∼ 1.6M⊙ for n ↔ pe− DUrca and M >∼ 1.7M⊙ for
n ↔ pµ− DUrca.
(ii) In contrast with N -DUrca mentioned above, the Y -DUrca of Λ ↔ pl type can
operate as soon as Λ begins to appear, i.e., ρ >∼ 4ρ0 both for l ≡ e− and l ≡ µ−.
This is because the triangle condition is easy to be satisfied due to the fact that all
the particles participating the reactions are of small components, not including the
large n-component. From Fig.2, we see that Λ ↔ pl Y -DUrca can work in all the
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Fig. 10. Momentum triangle condition to check the operation of various DUrca ν-emission processes

in the text, where ki = qFi(= (3π2yiρ)
1/3) is the Fermi momentum of respctive constituent

(i = n, p, Λ, e−, µ−), in Y -mixed NS matter with TNI6u EOS; upper panel is for n ↔ p + l

process, middle panel is for Σ− ↔ n + l, and lower one is for Σ− ↔ Λ + l process, depending

on ρ. Solid (dotted) lines are for the case with l = e− (µ−).

Y -Mixed NSs with M >∼ 1.35M⊙ and provides a very fast cooling of NSs.
(iii) The Y -DUrca of Σ− ↔ nl type including the large n-component is hard to be
operative. It is impossible for NSs with the central density ρc <∼ 7ρ0 for Σ− ↔ ne−

and ρc <∼ 8.5ρ0 for Σ− ↔ nµ−; this means that Σ− ↔ nl Y -DUrca occurs only
for NS with M > 1.6M⊙ for l ≡ e− case and M > 1.7M⊙ for l ≡ µ−. On the
other hand, like Λ → pl type, the Y -DUrca of Σ− ↔ Λl type occurs as soon as
Σ− appears because all the associated particles are small components. It should
be noticed, however, that the Y -DUrca including Σ− is made possible only for the
density region where Λ coexists with Σ−. That is, the particlipation of Λ in NS
constituents is essential for the Y -DUrca to operate.

Based on (i)∼(iii), it is remarked that the momentum triangle condition inter-
estingly limits the density region (in other words, NS mass) and the type of DUrca
processes. Except for massive NS stars, the Λ mixing is a main agency for Y -DUrca
cooling.
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4.4. Superfluid suppression effects on neutrino-emissivities

As mentioned in §1, solely the fast cooling due to Y -DUrca operation is not
satisfactory for the explanation of colder class NSs, because its extremely efficient
ν-emission causes a serious problem of too rapid cooling. Here we discuss the suppres-
sion effects on ν- emissivities due to the nucleon and hyperon superfluidities, by using
the energy gaps in Table II and their T -dependence given by the profile function P (τ)
in §4.2. The Y -DUrca ν-emissivities, ϵDU(Λ ↔ p) ≡ ϵDU(Λ ↔ pe−) + (Λ ↔ pµ−)
and ϵDU(Σ

− ↔ Λ) ≡ ϵDU(Σ
− ↔ Λe−) + ϵDU(Σ

− ↔ Λµ−), are given by

ϵDU(Λ ↔ p) = 0.158× 1021T 6
8 (yeρ/ρ0)

1/3

×m∗
Λm

∗
p(MΛMp/M

2
n)RAA(Λ, p)(θe + θµ) (4.7)

ϵDU(Σ
− ↔ Λ) = 0.822× 1021T 6

8 (yeρ/ρ0)
1/3

×m∗
Σ−m∗

Λ(MΣ−MΛ/M
2
n)RAA(Σ

−, Λ)(θe + θµ) (4.8)

where T8 ≡ T/108 K, θl = 1(0) for the process allowed (not allowed) and RAA(B1,
B2) is the superfluid suppression factor relevant to participating baryons B1 and
B2. The appearance of ye comes from the chemical equilibrium; µe = µµ ≃ h̄qFec.
RAA(B1, B2) is defined by the ratio of the integral of statistical factors in the 1S0

superfluid phase (Is) to that in the normal phase (I0), i.e., RAA(B1, B2) ≡ Is/I0,
which represents the decrease of the number density around the Fermi surface due to
the energy gap (more details including calculational methods are referred to Ref. 48)).

Calculated results are shown in Fig. 11 for TNI6u EOS and energy gaps from
ND-Soft pairing potential. Fig.11(a) demonstrates the suppression effects RAA(B1,
B2) as a function of ρ by taking two typical NS temperatures, T = 1 × 108 K and
5× 108 K. RAA(B1, B2) depends strongly on both ρ and T , reflected by the ρ- and
T - dependent energy gaps of B1 and B2. For example, RAA(Λ, p) for Λ ↔ p process
(solid lines) depends on ρ as RAA ≃ 1 → 10−1 → 1 for ρ/ρ0 ≃ 4 → 4.5 → 5.0 at
T = 5× 108 K. When the temperature dectreases to T = 1× 108 K, the suppression
works by far stronger; RAA ≃ 1 → 10−11.5 → 1. Apart from the details, this
characteric feature is qualititively understood by an exponential damping factor,
exp[−(∆B1 + ∆B2)/κBT ] involved in RAA(B1, B2), together with the ρ- and T -
dependences of ∆B1 and ∆B2 in Fig. 6 (in Λ ↔ p process, ∆p = 0 as mentioned
in §4.1.). For Σ− ↔ Λ process, the ρ- and T - dependent aspect of RAA(Σ

−, Λ) is
extremely enlarged because of large energy gaps of Σ−.

Fig.11(b) illustrates how emissivities ϵDU(B1 ↔ B2) for Y -DUrca are moderated
by RAA(B1, B2), where emissivities ϵMD for the modified Urca including superfluid
suppression (see Ref. 48) for details) are also shown for comparison. First we consider
ϵ(Λ ↔ p) (solid lines) in the density range ρ ≃ (4−5)ρ0. At T = 5×108 K, the effect
of RAA(Λ, p) is not remarkable and ϵDU(Λ ↔ p) ∼ 1023−24 erg/cm3s is much larger
than ϵMU ∼ 1018−19 erg/cm3s. On the other hand, at T = 1×108 K, the situation is
changed remarkably; ϵDU(Λ ↔ p) ∼ 1020 erg/cm3s for no suppression (dash-dotted
lines) is maximumly suppressed to ϵDU(Λ ↔ p) ∼ 108.5 erg/cm3s by RAA(Λ, p)
and even smaller than ϵMU ∼ 1012−13 erg/cm3s for ρ ∼ (4.2 − 4.7)ρ0, although
ϵDU(Λ ↔ p) >∼ ϵMU persists for other densities. The behavior of ϵDU(Λ ↔ p) for



Occurrence of Hyperon Superfluidity in Neutron Star Cores 19

3 4 5 6
8

10

12

14

16

18

20

22

24

26

3 4 5 6
–12

–11

–10

–9

–8

–7

–6

–5

–4

–3

–2

–1

0

T=5x108 K

T=1x108 K

ρ/ρ0

Log ε (erg/cm3s)

1S0 SF

T=5x108K

(b)

ρ/ρ0

LogRAA

(a)

T=1x108K

T=5x108K

Fig. 11. (a) Superfluid suppression factor RΛΛ(B1, B2) on ν-emissivity relevant to baryons (B1,

B2) participating in the Y -DUrca processes, as functions of ρ and for two typical temperatures

of NS interior, T = 1× 108 K and 5× 108 K. Solid lines (dashed lines) is for Λ ↔ p. (Σ− ↔ Λ)

process summed over Λ ↔ p + e− and Λ ↔ p + µ−(Σ− ↔ Λ + e− and Σ− ↔ Λ + µ−). (b)

Y -DUrca ν-emissibity including the superfluid suppression effect corresponding to RΛΛ(B1, B2)

in (a), as functions of ρ and two typical temperatures. Solid lines (dashed lines) is for Y -DUrca

of Λ ↔ p(Σ− ↔ Λ) type and dotted lines are for the modified Urca processes responsible for

the standard cooling of NSs. As an example, the emissivities without the superfluid suppression

are also shown by dash-dotted lines in the case of Λ ↔ p process, for reference.

T = 5 × 108 K → 1 × 108 K tells us that at higher T in relatively earlier stage of
thermal evolution, the Λ ↔ p process dramatically accelerates the NS cooling as
compared to the standard modified Urca process, but this acceleration undergoes a
braking effect due to superfluid suppression with decreasing T in later stage, avoiding
too rapid cooling. In the case ofΣ− ↔ Λ process, ϵDU(Σ

− ↔ Λ) is much smaller than
ϵMU as well as ϵDU(Λ ↔ p) for ρ ∼ (4 − 5)ρ0, due to extremely strong suppression
of RAA(Σ

−, Λ). In the total ν-emissivity, the most efficient ν-emission process
is of prime importance. So Σ− ↔ Λ process becomes appreciable only at high
densities (ρ >∼ 5.5ρ0) where ϵDU(Σ

− ↔ Λ) becomes comparable or larger compared
to ϵDU(Λ ↔ p) depending on T . At high densities (ρ > 5ρ0), ϵDU(Λ ↔ p) and /or
ϵDU(Σ

− ↔ Λ) suffer no suppression because of disappearance of superfluidities and
hence massive NSs with ρc > 5ρ0 cause a problem of too rapid cooling. This negative
situation is quite the same for the N -DUrca cooling mentioned in §4.1 which becomes
possible at ρ >∼ 6.5ρ0, because the n and p superfluidities completely disappear at
these high densities.
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Bearing two conditions, i.e., the triangle condition to allow fast DUrca cooling
and the superfluid suppression condition to moderate the cooling rate (avoiding too
rapid cooling), we can say that the Y -DUrca of Λ ↔ p type plays a decicive role
to generate cooling scenario for colder class NSs. 48) This is because firstly Σ− ↔ Λ
process can work only under the coexistence of Λ and secondary the large Σ− gap
suppresses ϵDU(Σ

− ↔ Λ) too strongly . To be consistent with surface temperature
observations of NSs, we can constrain the mass of colder class NSs as follows. For the
TNI6u NS models, it must be larger than about 1.35M⊙ in order to give ρc > ρt(Y )
and also be smaller than about 1.55M⊙ in order to avoid too rapid cooling. Of course
this mass restriction depends on the NS model (Fig.2) and superfluid gap ∆ (Fig.6),
but anyway the operation of the Y -DUrca moderated by the baryon superfluidity
provides us with a new idea for NS cooling. That is, less massive NSs (hence no
Y -mixed core) cooled slowly by the standard process (modified Urca) correspond
to hotter class NSs and massive NSs (with Y -mixed core and superfluids) cooled
rapidly by the nonstandard process (Y -DUrca) correspond to colder class NSs. In
fact, cooling calculations, though preliminary, nicely explain the surface temperature
observations by this idea. 10)

§5. Less attractive ΛΛ interaction

We have discussed that the hyperon cooling scenario for NSs is consistent with
observations and the occurrence of Λ-superfluidity is of particular importance. There
exists, however, an experimental information contradicting the occurrence. Recently
the KEK-E373 group observed one event of the Λ hypernucleus 6

ΛΛHe in the emulsion
experiment, called “NAGARA event” and extracted new information of ∆BΛΛ ≃ 1
MeV for the ΛΛ bond energy from a difference of binding energy B between double
and single Λ hypernuclei, 45)

∆BΛΛ = B(6ΛΛHe)− 2×B(5ΛHe). (5.1)

This new result of ∆BΛΛ ≃ 1 MeV is much smaller than the old ∆BΛΛ ≃ (4 − 5)
MeV extracted from 10

ΛΛBe and 13
ΛΛB, suggesting that the ΛΛ attraction responsi-

ble for Λ-superfluidity would be much weaker than that taken so far. Since all the
pairing interacations, ND-Soft, Ehime and FG-A, used in the present calculations
of Λ-gap (§3) are taken to be consistent with old ∆BΛΛ ≃ (4 − 5) MeV, the new
finding of ∆BΛΛ ≃ 1 MeV is serious and necessitates a reexamination of Λ-gaps
for the reduced ΛΛ attraction. Hiyama et al., 50) by performing the energy calcu-
lations for α + Λ + Λ system, found that ∆BΛΛ ≃ 1 MeV is reproduced by taking
V ND
ΛΛ (1S0) → Ṽ ND

ΛΛ (1S0) ≃ 0.5V ND
ΛΛ (1S0). Precisely speaking, the potential strength

in the modified ND-Soft Ṽ ND
ΛΛ (1S0) is multiplied by a factor 0.45 for the shortest-

range term and a factor 0.5 for the intermediate- and long-range terms. By using
this Ṽ ND

ΛΛ (1S0), we have tried to calculate ∆Λ and found that the Λ-superfluidity
does not occur, i.e., Tc(Λ) << Tin ≃ 108 K. Then we have a question how about
∆Σ− since Y Y interactions are internally related from the view of OBE plus SU(3)
symmetry hypothesis. To see this, we reconstruct the BB interaction model of FG-A
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so as to reproduce the ΛΛ phase shifts from Ṽ ND
ΛΛ (1S0), by weakening the attractive

contribution form the σ-meson exchange. Through new parameters adjusted, new
Σ−Σ− interaction Ṽ FG

Σ−Σ− is to be obtained. This can be done as follows. 51)

In the framework of octet baryons plus nonet mesons with SU(3) symmetry,
the coupling constants g̃BBm = gBBm/

√
4π for the BB interaction by single meson

(m) exchange are given in terms of 4 parameters, i.e., singlet coupling g̃(0), octet
coupling g̃(8), parameter α relevant to a so-called F-D ratio, and mixing angle θ.
Therefore a set of these 4 parameters are uniquely determined when 4 coupling
constants are given. Here we pay our attention to the condition not to influence the
NN interaction sector since it is well determined. So we use, as 4 coupling constant,
g̃NNσ, g̃NNa0 , g̃NNf0 which are unchanged from the original FG-A model, and g̃ΛΛσ
which is adjusted so as to reproduce the phase shifts form Ṽ ND

ΛΛ (1S0) compatible with
the information from 6

ΛΛHe:

g̃NNσ = g̃(0) cos θ + (4α− 1)/
√
3 · g̃(8) sin θ, (5.2a)

g̃NNa0 = g̃(8) (5.2b)

g̃NNf0 = (4α− 1)/
√
3 · g̃(8) cos θ − g̃(1) sin θ, (5.2c)

g̃ΛΛσ = g̃(1) cos θ − 2(1− α)/
√
3 · g̃(8) sin θ. (5.2d)
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in the frame work of OBE plus SU(3) symmtry. Solid lines (dashed lines) are 1S0 phase shifts
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Y Y ). The modification

(V FG
Y Y → Ṽ FG
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reference.



22 T. Takatsuka, S. Nishizaki, Y. Yamamoto and R. Tamagaki

Actually, about 10% reduction of g̃ΛΛσ is satisfactory for the reproduction of
the phase shifts at low scattering energies ( <∼ 50 MeV) corresponding to the pair-
ing problem of Λ. From a new set of {g̃(1), g̃(s), α, θ}, new g̃ΛΛm and g̃Σ−Σ−m

responsible for the modified Ṽ FG
ΛΛ (1S0) and Ṽ FG

Σ−Σ−(1S0) are obtained as in Table V.

Fig.12 compares the attractive effects between V FG
Y Y (1S0) (solid lines) and Ṽ FG

Y Y (1S0)
(dashed lines) in terms of their phase shifts. We see that the Σ−Σ− attraction
of modified FG-A, as well as ΛΛ case, is remarkably reduced from that of original
FG-A. However, Ṽ FG

Σ−Σ−(1S0) remains to be more attractive than original V ND
ΛΛ (1S0),

implying the persistence of Σ−-superfluidity. In fact, the reexamination of ∆Σ−

with Ṽ FG
Σ−Σ−(1S0) shows that the Σ−-superfluid is realized with the Tc(Σ

−) reduced
by about a half, as indicated by an arrow in Fig.6. By the way, Fig.12 shows that
the situation for Ξ−Ξ− case is similar to the Σ−Σ− case, suggesting that Ξ− when
admixed in NS cores could be in the superfluid state.

To summarize, the less attractive ΛΛ interaction suggested by the NAGARA
event leads to the disappearance of Λ-superfluid, althoughΣ− superfluids can persist,
and the Y -cooling scenario is faced to a serious problem of too rapid cooling by
missing the superfluid suppression on the ν-emissibity for the Λ ↔ pl process.

Table V. Coupling constant g̃Y Y m for modified FG-A potential(Ṽ FG
Y Y ) to take account of “NA-

GARA event” information. Numbers in parenthesis are for original FG-A potential(V FG
Y Y ).

g̃Y Y m\m σ f0 a0

g̃ΛΛm 4.656 2.0849 0

(5.15543) (2.46243) (0)

g̃Σ−Σ−m 4.4265 -2.5360 5.5307

(5.53592) (-1.41267) (4.89611)

g̃Ξ−Ξ−m 4.3610 -3.8542 4.7687

(5.66490) (-2.72596) (4.13408)

§6. Summary and remarks

We have calculated the energy gaps of Λ and Σ− admixed in NS cores, for the
mixing ratios and effective mass parameters of the Y -mixed NS models obtained
realistically by the G-matrix-based effective interaction approach, and by adopting
several pairing potentials to cover the uncertainties of Y Y interactions. It is found
that both of Λ- and Σ−- superfluids are realized as soon as they begin to appear at
around 4ρ0, although the magnitude of critical temperature and maximum density
for existence of the gaps depend considerably on the pairing potential. The EOSs for
Y -mixed NS matter with different stiffness, together with the fractions of respective
components, and also Λ- and Σ−- energy gaps are numerically tabulated. The profile
function P (τ) is presented to give analytically the temperature dependence of energy
gaps. The presentation of these physical quantities serves as physical inputs for the
calculations of Y - cooling for NSs.

Occurrence of Y superfluidity is vital for the Y -cooling scenario to be consistent
with observations of colder class NSs, since otherwise enormous ν-emissivities due to
Y -DUrca processes are not moderated by the superfluid suppression effects and cause
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a serious problem of too rapid cooling generally encountered in DUrca processes. The
momenturm triangle conditions to discriminate the operative DUrca processes are
checked in Y -mixed NS matter. By combining the effects of superfluid suppression,
it is found that in the Y -DUrca processes only the Λ ↔ pl and Σ− ↔ Λl processes
can operate, and the former plays a decicive role in the Y -cooling whereas the latter
is completely supressed due to the large Σ− gaps except for particulary dense core of
NSs. The N -DUrca currently taken is excluded for fast cooling scenario because it
does not take place in core densities of medium mass NSs and its operation in massive
NSs encounters the problem of too rapid cooling owing to a complete disappearance
of nucleon energy gaps. On the basis of investigations presented here, we can say that
the Y -cooling scenario combined with the Y -superfluidity, is a promising candidate
for nonstandard fast cooling of NSs. The scenario can explain observations in the
way that hotter class NSs has lighter masses (e.g., M <∼ 1.35M⊙ for TNI6u plus
ND-Soft and no Y -mixed core) are cooled slowly by the standard modified Urca, on
the other hand, colder class NSs have medium masses (M ∼ (1.4 − 1.5)M⊙ with
Y -superfluids) and are cooled rapidly by a moderated nonstandered cooling of Y -
DUrca. The massive NSs (M >∼ 1.55M⊙) including dense core with disappearance
of Y -superfluids causes too rapid cooling and are excluded if an extremely cooled
NSs are not found. It is worth noting that observations of surface temperature limit
interestingly the mass of NSs.

Less attractive ΛΛ interaction inferred from the NAGARA event 6
ΛΛHe affects so

much the Y -cooling scenario. It is shown that the Λ-superfluidity disappears when
this less attraction is taken into account although the Σ−-superfluidity survives.
This leads to the fact that the Y -cooling scenario, where the Λ-superfluid plays an
essential role, breaks down due to the too rapid cooling. The decisive concludion,
however, has to be postponed until the less attractive ΛΛ interaction not to allow
the Λ-superfluidity is confirmed by more extensive studies on the following issues
including: the validity to extract the ΛΛ bond energy of 6

ΛΛHe system by Eq.(5.1)
without relevance to the rearrengement effects, the possibility of small ∆BΛΛ as a
result of the three-body force repulsion, the mass-number dependence of ∆BΛΛ in
double Λ hypernuclei, possible effects of ΛΛ-Σ−Σ−-ΞN channel coupling in the ΛΛ
pairing and also the Λ-superfluidity due to the ΛΣ− pairing not restricted to the ΛΛ
pairing, and of course the finding of new double Λ hypernuclei. For example, it is of
importance to note that the inclusion of rearrangement effects on the α-particle in
the α+Λ+Λ system suggests more attractive ΛΛ interaction than Ṽ ND

ΛΛ (1S0).
52), 53)

Finally, it is worthwhile to pay attention to another possibility for fast cooling
scenario. As well known, several processes of nonstandard fast cooling of DUrca
type have been proposed, which work under the possible presence of nonstandard
components, such as pion condensate ( pion cooling), kaon condensate (kaon cooling),
high proton-fraction phase (N -DUrca cooling) and quark phase (quark cooling).
Among these, N -DUrca and kaon coolings are excluded from the candidates of fast
cooling scenario consistent with observations, since baryon superfluidity is unlikely
in these exotic phases. 54) Also the quark cooling is excluded because of too large
energy gaps exceeding several tens of MeV which absolutely supress the ν-emission.
Then only the pion cooling remains as another promising candidate because there
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is a strong possibility of quasibaryon superfluids due mainly to the large effective
masses and pairing attraction enhanced by isobar ∆(1232) contamination. 56), 57)
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