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Hyperon mixing in neutron star matter is investigated by the G-matrix-based effective
interaction approach under the attention to use the Y N and the Y Y potentials compatible
with hypernuclear data and is shown to occur at densities relevant to neutron star cores,
together with discussions to clarify the mechanism of hyperon contamination. It is remarked
that developed Y -mixed phase causes a dramatic softening of the neutron star equation of
state and leads to the serious problem that the resulting maximum mass Mmax for neutron
star model contradicts the observed neutron star mass (Mmax < Mobs = 1.44M⊙), sug-
gesting the necessity of some “extra repulsion” in hypernuclear system. It is shown that
the introduction of three-body repulsion similar to that in nuclear system can resolve the
serious situation and under the consistency with observation (Mmax > Mobs) the threshold
densities for Λ and Σ− are pushed to higher density side, from ∼ 2ρ0 to ∼ 4ρ0 (ρ0 being
the nuclear density). On the basis of a realistic Y -mixed neutron star model, occurence of
Y -superfluidity essential for “hyperon cooling” scenario is studied and both of Λ- and Σ−-
superfluids are shown to be realized with their critical temperatures 108−9 K, meaning that
the “hyperon cooling” is a promising candidate for a fast non-standard cooling demanded for
some neutron stars with low surface temperature. A comment is given as to the consequence
of less attractive ΛΛ interaction suggested by the “NAGARA event” 6

ΛΛHe.

§1. Introduction

Usually a liquid core of neutron stars are taken to be a system composed of
predominant neutrons and small amount of protons, coexisting with electrons and
muons assuring charge neutrality. With the increase of baryon density ρ toward the
central region, however, there arises a strong possibility that hyperons, such as Λ,
Σ− and Ξ−, could appear and become important constituents comparable to nucle-
ons. This is because the chemical potential of predominant neutrons increases with
increasing ρ and eventually it becomes energetically profitable to replace neutrons
at the Fermi surface by hyperons through a strangeness non-conserving weak inter-
action, in spite of the higher rest-mass energy of hyperons. Thus the introduction
of strangeness degrees of freedom into neutron stars (NS’s) provides us with an ex-
otic hypernuclear system not realized in laboratories and has a potential to bring
about new insights into the strangeness nuclear physics, not constrained as in usual
hypernuclei at ordinal nuclear density ρ0(≡ 0.17 nucleons/fm3).

In this paper, we study the hyperon-mixed NS’s. Our first aim is to discuss
the aspect of hyperon (Y ) mixing on the basis of our recent works 1)− 4). To date,
this interesting problem has been discussed in many literatures, with starting from
a simple but pioneering works 5), 6) made in an early stage of neutron star physics,
and afterward by applying several many-body approaches such as variational 7), 8)
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and G-matrix 9), 10) calculations in the potential description, mean-field treatments
in the field description to include explicitly mesons 11)− 20) and also semiphenomeno-
logical methods 21). Of course, to be realistic for dense baryonic matter, it is essential
to take into account the short-range correlations between baryons. In this respect,
the variational or the G-matrix approaches are most reliable. Unfortunately, our
knowledge of hyperon-nucleon (Y N) and hyperon-hyperon (Y Y ) interactions has
been very limited and accordingly the results of Y -mixing problem have not been
free from large uncertainties. In recent years, however, this situation is greatly im-
proved by the progress both in the experimental and the theoretical sides. Valuable
information is extracted from hypernuclear data; about the Y N interactions through
the binding properties 22)− 28) and the effective mass 29) in medium and also about
the ΛΛ interaction through the bond energies in double Λ hypernuclei 30)− 35). The-
oretical studies on baryon-baryon (BB) interactions from the viewpoints of OBE
and /or quark cluster models are developed by several groups; Nijmegen 36), 37),
Julich 38), 39), Tokyo 40) , 41), Kyoto-Niigata 42), 43), Funabashi-Gifu 44) and Ehime 45).
Therefore the interests in Y - mixing in NS cores are being renewed. Here we study
the subject through the G-matrix-based effective interaction approach, paying par-
ticular attention to the use of realistic Y N and Y Y interactions compatible with
hypernuclear data. We discuss the transition densities ρt(Y ) for each Y species and
their populations in NS cores, together with the discussion as to the mechanism of
Y contamination.

Our second aim is to explore the characterisitic property of the equation of state
(EOS) responsible for Y -mixed neutron stars 1)− 4). We find that the EOS with Y -
mixing is dramatically softened as compared with that without Y -mixing, i.e., usual
cases, and as a result the maximum mass Mmax for Y -mixed neutron stars turns out
to be by far smaller than the observed mass Mobs(PSR1913+16)=1.44M⊙, clearly
contradicting observations (Mmax < Mobs). This shortcoming suggests that some
extra repulsion has to work in hypernuclear system. As an attempt we introduce
phenomenologically the three-body repulsion with ρ-dependence into the hypernu-
clear system (Y N and Y Y part), in analogy with that in nuclear system (NN part).
As a consequence we have a reasonable Y -mixed neutron star models consistent with
observations.

Our last aim is to address whether hyperons admixed in NS cores could be
superfluid or not. This problem has been discussed in several literatures 46)− 52) and
is of special interest in association with a rapid cooling scenario needed for some
neutron stars. That is , recent observations of surface temperature for some NS’s
(e.g., Vela X-1, Geminga and PSRJ0205+6499) suggest the fact that these NS’s are
too cold to be cooled by a standard cooling scenario, i.e., typically the modified
URCA ν-emission process (e.g., n + n → n + p + e− + ν̄e), and so demands more
efficient ν-emission mechanism, namely, the so-called non-standard scenario for fast
cooling 53). The direct URCA ν-emission process made possible in a Y -mixed core
(the β-decay process with Y , e.g., Λ → p+e−+ν̄e), called as “hyperon cooling”, is one
of the candidates for such fast cooling mechanism 54). However, the direct application
of hyperon cooling leads to a serious result of “too rapid cooling” and hence needs
some suppression mechanism, most naturally, the superfluidity of hyperons 55), 56),
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57). That is, the hyperon cooling can explain observations only when the hyperons
can be superfluid. Our series of examinations show that this is the case, i.e., hyperons
such as Λ and Σ− are likely to be superfluid and the hyperon cooling scenario is a
promising candidate compatible with the low surface temperature observed 49), 58).

Outline of our approach and details of Y - mixing in NS cores are explained
in the next section (§2). The EOS, the necessity of extra repulsion and Y -mixed
neutron star models are discussed in §3. The Y -superfluidity and also n-and p-
superfluidities in Y -mixed NS’s are investigated in §4, where consequences on the
cooling problem is discussed and also a comment is given to the disappearance of
Λ-superfluid in a context of the less attractive ΛΛ interaction suggested by the
“NAGARA event” 6

ΛΛHe
32). The last section (§5) is for concluding remarks.

§2. Aspects of hyperon mixing

2.1. Outline of approach

For simplicity, we restrict ourselves to Y ≡ {Λ,Σ−} as the hyperon components,
neglecting the contamination of Ξ− component because 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 calculate the Y -mixed NS matter composed of n,
p, Λ, Σ−, e− and µ− by an affective interaction approach. In practice, we construct
the Y N and Y Y effective local potentials, ṼY N and ṼY Y , in a ρ- and yY - dependent
way, from the G-matrix calculations carried out for {n+Y } matter with the mixing
ratio yY (≡ ρY /ρ). In these calculations, we use the Y N and Y Y interactions from
the Nijmegen D-type hard core potentials 36) with a slight modification in the S-
state ΛN part (NHC-Dm) 29) as a best choice, since this BB interaction model gives
results most consisitent with hypernuclear data. More details for the construction
of ṼY N and ṼY Y are referred to Refs.1) and 4).

As for theNN effective local potential ṼNN , we use it as ṼNN = ṼRSC+ṼTNI, i.e.,
the two-nucleon effective potential ṼRSC

59) constructed previously from theG-matrix
results with the Reid- Soft-Core potential 60), supplemented by the phenomenolog-
ical three-body potential ṼTNI

61). Our ṼTNI is expressed in the effective two-body
force with ρ-dependence and consists of two parts, the attractive (ṼTNA) and the
repulsive (ṼTNR) parts (ṼTNI = ṼTNA + ṼTNR) and is based on the three-nucleon
interaction (TNI) proposed by Lagaris and Pandharipande 62), 63). The contribution
from TNA is minor at high densities and that from TNR dominates in TNI, giving
the repulsion increasing with ρ. Parameters in ṼTNI are determined so as to repro-
duce the empirical saturation property of symmetric nuclear matter and the nuclear
incompressibility κ measuring the stiffness of a nuclear- part EOS (N -part EOS);
e.g., κ = 250 MeV (TNI2), κ = 300 MeV (TNI3) and κ = 280 MeV (TNI6).

By using these effective interactions, ṼNN , ṼY N and ṼY Y , we calculate the frac-
tions yi (mixing ratios) 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, together with the EOS responsible for the Y -mixed
NS’s. We also obtain the effective-mass parameters m∗

Y (ρ) of hyperons in medium
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in a ρ-dependent way, which are to be used in the discussion of Y -superfluidity.

2.2. Mechanism of Y -mixing

Before going to the results for full calcurations, we discuss the mechanism of Y -
contamination and emphasize that the Y -mixed baryon matter is sure to be realized.
Meanwhile we focus attention only to the kinetic energy part with rest-mass energy,
ignoring the interaction energy part. Then the threshold condition for Λ to appear
in neutron star matter (yn ∼ 1) is given by

mΛc
2 = µΛ = µn = ϵFn +mnc

2, (2.1)

where µΛ(µn) is the chemical potential of Λ(n), the rest-mass energies are as mΛc
2 =

1116 MeV and mnc
2 = 940 MeV, and ϵFn = h̄2(3π2ynρ)

2/3/2mn is the Fermi kinetic
energy of a neutron on the Fermi surface. We see the condition (2.1) is satisfied at
ρ ≃ 5ρ0 for yn = 1, namely, Λ can participate for ρ >∼ ρt(Λ) ≃ 5ρ0 even for the case
without interactions. This density regime is well realized in the central cores of NS’s,
teaching us the importance to include the hyperon degrees of freedom.

When the interactions are switched on, the condition (2.1) becomes as

mΛc
2 + UΛ(0) = µΛ = µn = ϵFn + Un(kFn) +mnc

2, (2.2)

where kFn is the Fermi momentum of neutrons, UΛ(k) (Un(k)) is a single-particle
potential dependent on the momentum k and k = 0 (k = kFn) for the particle
Λ(n) at the threshold. Since the existence of Λ hypernuclei means the net attractive
contribution from ΛN interaction, we expect that UΛ(0) would be negative. On the
contrary, Un(kFn) may well be repulsive in dense matter with ρ >∼ 2ρ0. Then the
comparison of Eq.(2.2) with Eq.(2.1) clearly shows that Λ is able to appear at lower
densities than 5ρ0.

Next we discuss the case of Σ−- mixing. In this case, the threshold condition is
given by

mΣ−c2 = µΣ− = µn + µe = ϵFn +mnc
2 + µe (2.3)

for non-interacting case and

mΣ−c2 + UΣ−(0) = µΣ− = µn + µe = ϵFn + Un(kFn) +mnc
2 + µe (2.4)
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for the case with interactions, where µΣ− (µe) is the chemical potential of Σ− (e−).

Since electrons are highly relativistic and µe =
√
k2Fe + (mec2)2 amounts to (100-

200) MeV depending on ye and ρ, and also the mass difference between Σ− and Λ is
about 80 MeV, the condition (2.3) can be satisfied at lower density compared to the
case of Λ-mixing (Eq.(2.1)). The condition (2.4) shows that the difference between
UΣ−(0) and UΛ(0) also affects which of Λ and Σ− is the first to appear.

To summarize, we want to stress the following points:
(i) Both of Λ- and Σ−- mixings depend not only on the Y N interaction but also on
the NN interaction. The threshold density ρt(Y ) gets lower and the mixing ratio
yY (ρ) becomes larger as the attraction (the repulsion) of Y N (NN) interactions
become stronger. Generally, ρt(Y ) is lower for stiffer N -part EOS.
(ii) In addition, the nuclear symmetry energy Esym(ρ) plays an important role.
Larger Esym(ρ) realizes lower ρt(Σ

−) because larger Esym(ρ) means higher yp (hence
higher ye) and thereby larger µe leading to the lower ρt(Σ

−) to satisfy the condition
(2.4). That is, Σ− is more likely to appear for the N -part EOS with larger Esym(ρ).
(iii) It should be noted that Esym also affects ρt(Y ) through Un(kFn) in Eqs.(2.2) and
(2.4), since larger Esym means lower yn(= 1− yp) and hence lower kFn, suppressing
the increase of repulsion from Un(kFn). In Λ- or Σ−-mixing, this acts for higher
ρt(Y ).

2.3. Numerical results for Y -mixing

As mentioned in the previous section, Λ begins to appear at ρ ≃ 5ρ0 even for the
non-interacting case. To see transparently how the interactions affect ρt(Λ), we treat
a simplified system composed of n, p, Λ, e− and µ−. Results are shown in Table
I. The effects of interactions causes a downward shifts of ρt(Λ) as ρt(Λ) ≃ 5.07ρ0
→ 3.98ρ0 → 2.94ρ0 according to the non-interacting → only with UΛ(0) → both
with UΛ(0) and Un(kFn), for ṼΛN from NHC-Dm and ṼNN with TNI2. The effect of
UΛ(0) depends on the Y N interaction, to the extent that ρt(Λ) ≃ 4.99ρ0 for NHC-F
(Nijmegen F-type) 36) in comparison with ρt(Λ) ≃ 3.98ρ0 for NHC-Dm. This comes
from the difference, which grows with ρ, in the partial-wave contributions between
NHC-F and NHC-Dm, although they equally reproduce UΛ(0) ≃ −30 MeV from
hypernuclear data. Also more repulsive Un(kFn) works for lower ρt(Λ); ρt(Λ) ≃
3.98ρ0 → 2.94ρ0 → 2.39ρ0 as no TNI (κ = 153 MeV) → TNI2 (κ = 250 MeV) →
TNI3 (κ = 300 MeV), showing lower ρt(Λ) for stiffer N -part EOS.

Results for the full system composed of n, p, Λ, Σ−, e− and µ− are illustrated

Table I. Dependence of the threshold density ρt(Λ) for Λ-mixing on the effects of Y N and Y Y

interactions. κ is the nuclear incompressibility and ρ denotes the nuclear density.

ρt(Λ)/ρ0 for Y N , Y Y and NN=RSC+TNI (κ in MeV)

5.07 non-interacting case

3.98 NHC-Dm RSC (153)

4.99 NHC-F RSC (153)

2.94 NHC-Dm RSC+TNI2 (250)

2.39 NHC-Dm RSC+TNI3 (300)
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Fig. 1. Fractions yi(≡ ρi/ρ) of respective component (i = n, p, Λ, Σ−, e−, ν−) for Y -mixed neutron

star matter as a function of total baryon density ρ in the unit of nuclear density ρ0 (≡ 0.17

nucleons/fm3); (a) non-interacting case and (b) interacting case through Y N , Y Y (NHC-Dm)

and NN (RSC+TNI3) potentials (denoted by TNI3 in short). TNI3 case generates the nuclear-

part EOS with incompressibility κ = 300 MeV.

in Figs.1 for (a) non-interacting case and (b) interacting case through Y N , Y Y
(NHC-Dm) and NN (RSC+TNI3) potentials. In the non-interacting case, ρt(Σ

−)(≃
3.28ρ0) is much smaller than ρt(Λ)(≃ 5.07 for Eq.(2.1)) due to large µe overwhelming
∆mc2 = (mΣ−−mΛ)c

2, as explained in 2.2. In other words, the Σ−-mixing precedes
the Λ- mixing, owing to the fact that Σ− with negative charge, in different from
charge neutral Λ, can subsititute for electrons with high energy and thereby can
reduce the total energy of the system. Fig.1(a) also shows that ρt(Λ) is pushed to
higher density side, i.e., ρt(Λ) ≃ 6.57ρ0 compared to ρt(Λ) ≃ 5.07ρ0 in the case only
with Λ. This upward shift is due to the reduction of yn caused by the preceding
mixing of Σ− and the constraint from baryon number conservation, since smaller yn
means higher ρt(Λ) in Eq.(2.1).

Comparison of Fig.1(a) with Fig.1(b) shows that interactions shift the threshold
densities down to the values ρt(Σ

−) ≃ 2.23ρ0 and ρt(Λ) ≃ 2.45ρ0 through the effects
of UY (0) and Un(kFn) in Eqs.(2.2) and (2.4), respectively. It is remarked that Λ and
Σ− start to appear at almost the same density, in contrast with ρt(Σ

−) << ρt(Λ)
for non-interacting case. This is because the Σ−n interaction with total isospin 3

2

state dominating in NS matter is repulsive 26), 27) in contrast with the attractive Λn
interaction. As to the dependence on Un(kFn) closely related to the NN repulsion,
the changes of ρt(Y ) are such that ρt(Σ

−) ≃ 2.23ρ0 → 2.83ρ0 and ρt(Λ) ≃ 2.45ρ0 →
2.95ρ0 for RSC+TNI3 (κ = 300 MeV) → RSC + TNI2(κ = 250MeV), namely, for
less repulsive NN interaction (softer N -part EOS).

Once the hyperons start to appear, the fraction yY (ρ) increases monotonusly
with ρ and amounts to yΣ− ≃ 22% and yΛ ≃ 30% at ρ ≃ 6ρ0, for instance. Ac-
cordingly, a notable change of yn and yp take place; yn of neutrons predominated
before Y -mixing decreases with ρ and also yp of protons compensating the negative
charge of Σ− increases with ρ, accompanying the decrease of ye and yµ substituted
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by yΣ− ; yn ≃ 36%, yp ≃ 22%, ye < 1%, and yµ < 1% at ρ = 6ρ0. Thus, in the core
region of NS’s, hyperons becom components comparable with nucleons. This aspect
is very different from the usual NS matter, where neutrons dominate with yn >∼ 90%
and protons are admixed with yp <∼ 10%, and is expected to bring about new effects
on NS properties. In the next section, we discuss the EOS with Y -mixing.

§3. Necessity of Extra Repulsion

In Fig.2, EOS’s expressed by the total energy per baryon versusu ρ, are compared
between the cases with Y and without Y , for the use of ṼBB (RSC+TNI3, NHC-
Dm; hereafter denoted simply by TNI3). A notable feature is a dramatic softening of
the EOS due to the Y -mixing, which means that the maximum mass Mmax of NS’s
sustained by the EOS with Y is greatly reduced compared to the case without Y .
For the cases TNI2 (κ = 250 MeV) and TNI6 (κ = 280 MeV) this situation is quite
similar. In fact, Mmax ≃ 1.08M⊙ with Y compared to Mmax ≃ 1.62M⊙ without Y as
shown in Fig.3(a) for TNI2 case. The results Mmax ≃ 1.08M⊙ is remarkabley smaller
than Mobs = 1.44M⊙ observed for the neutron star PSR1913+16. This inconsistency
between theory and observation cannot be resolved by enhancing the stiffness in N -
part EOS, i.e., the use of TNI3 (κ = 300 MeV), as shown in Fig.3(b). In this case,
Mmax ≃ 1.10M⊙ with Y , whereas Mmax ≃ 1.88M⊙ without Y . This is because
the stiffer the N -part EOS, the Y -mixed phase developes from lower densities as
discussed in 2.2 and thereby the softening effect become all the more stronger.

Of course, the the problem Mmax < Mobs could occur also by a strongly softened
EOS relevant to pion or kaon condensates. But in these cases, Mmax > Mobs can
be ensured by choosing a stiffer N -part EOS within the present uncertainties in the

Fig. 2. EOS’s expressed by the total energy per baryon versus ρ for cases with Y and without Y

by the use of ṼBB (RSC+TNI3, NHC-Dm). TNI3u denotes the case where TNR3 is included

universally, i.e., also for Y N - and Y Y -parts. Dotted lines are the contributions from kinetic

energy plus rest-mass energy.
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Fig. 3. Mass M versus central density ρc for neutron star models with Y and without Y ; (a) TNI2

and TNI2u cases (κ = 250 MeV) and (b) TNI3 and TNI3u cases (κ = 300 MeV). Notations are

the same as those in Fig.2.

short-range NN repulsion. In the Y -mixed case, however, this problem cannot be
solved by such a choice, as just mentioned above, and so serious. In addition, this
serious problem is not a consequence peculiar to our way of approach, i.e., our weaker
NN repulsion from the Reid-Soft-Core potential (ṼRSC) supplemented by TNI or our
many-body approach using G-matrix method. Baldo et al 9). used the N -part EOS
from G-matrix approach where a modern NN potential with a stronger repulsive
core, such as the AV14 potential 64) or Paris potential 65), is adopted together with a
three-body repulsion, but they obtained Mmax ≃ (1.22− 1.26)M⊙. Vidaña et al. 10)

obtained Mmax ≃ 1.34M⊙ even in the case of a stiffer N -part EOS, in particular,
the EOS by Akmal et al. 66) based on a variational calculations. Therefore the result
Mmax < Mobs is taken to be common to NS models with Y -mixing, as far as a
realistic treatment of NN interactions and short-range correlations are duely taken
into account.

Here we wish to stress that conversely speaking, the problem Mmax < Mobs is an
interesting problem suggesting a necessity of some “extra repulsion” in hypernuclear
systems. As one of the candidates, we try to introduce the repulsion from the three-
body force since the importance of the three-body interaction is well recognized for
nuclear system 67) and should not be restricted to nuclear system. For simplicity,
we try to include universally the repulsion of our TNI, ṼTNR, also into the Y N and
the Y Y parts, as well as in the NN part (hereafter called “universal inclusion of
TNI” and denoted in short by TNIu). Then, we have a moderate softening, not a
dramatic softening as before, as shown in Fig.2. Correspondingly we have a larger
Mmax, as shown in Fig.3; Mmax ≃ 1.54M⊙ for TNI2u and Mmax ≃ 1.84M⊙ for
TNI3u, nicely satisfying the condition Mmax > Mobs = 1.44M⊙ from observations.
As to the aspect of Y -mixing, we illustrate in Fig.4 the fractions yi(ρ) for respective
components by making comparison between TNI6 (Fig.4(a)) and TNI6u (Fig.4(b))
cases. It is noted that the realization of a Y -mixed phase is pushed to higher density
side; ρt(Λ) ≃ (2.60 → 4.02)ρ0 and ρt(Σ

−) ≃ (2.43 → 4.06)ρ0 for TNI6→ TNI6u.
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Table II. Typical quantities relevant to Y -mixed neutron stars. Mmax, R and ρc are respectively

the mass, the radius and the central density for a maximum mass neutron star with Y -mixing,

and ρt(Λ) (ρt(Σ
−)) denotes the threshold density for Λ(Σ−)-mixing.

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

TNI2 2.95 2.83 1.08 7.70 16.10

TNI6 2.60 2.43 1.09 8.07 14.67

TNI3 2.45 2.23 1.10 8.28 13.90

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
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Fig. 4. Fractions yi versus ρ; (a) TNI6 and (b) TNI6u cases. TNI6 and TNI6u cases generate the

nuclear-part EOS with incompressibility κ = 280 MeV. Notations are the same as those in Fig.1.

Results for TNI2u and TNI3u cases are quite similar, and typical quantities relevant
to neutron star models with Y -mixing are summarized in Table II.

It is worth while to give a comment on the mechanism of a dramatic softening
of the EOS encountered here 3), 4). In the Y -mixed phase, the number of baryon
species is larger than that in normal NS matter composed of n and p and hence
the sum of the Fermi kinetic energies (KE) is made lower at a fixed ρ due to the
increased degrees of freedom. The statement that the softening effect comes from
this energy gain is not correct, because the KE including the rest-mass energy (i.e.,
KE+∆mc2) is almost the same between the cases with Y and without Y , as shown
in Fig.2 by the dotted curves. From the figure, we can see that the energy gain,
i.e., the softening effect, is brought about not by the KE part (including ∆mc2) but
by the interaction energy part. For NS matter without Y , short- range repulsions
dominate in the interaction energies at high densities (ρ >∼ (3− 4)ρ0), especially for
neutrons. On the other hand, for NS matter with Y , the fractional density ρi(= yiρ)
of respective baryon species (i = n, p, Λ, Σ−) is made lower and thereby the short-
range repulsions become less effective, leading to a remarkable energy gain from the
case without Y . This is an essential point in the softening mechanism.
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§4. Superfluidity of Hyperons and Consequences on Neutron Star
Cooling

In this section, we discuss whether hyperons could be in the superfluid state or
not, on the basis of the Y -mixed NS models obtained in the previous section. The
aspect of Y -mixed NS models (TNI2u, TNI3u, TNI6u) are very similar and here we
concentrate on the TNI6u case.

4.1. Realization of Hyperon Superfluids

Hyperons participate in a high-density region (ρ >∼ ρt(Y ) ≃ 4ρ0) of neutron star
cores, but their fractional densities ρY (= yY ρ; Y ≡ Λ, Σ−) are relatively low
(Fig.4(b)). Then the pairing interaction VY Y responsible for the Y -superfluidity
should be the Y Y interaction in the 1S0 state (VY Y (

1S0)) which is most attractive
at low scattering energies corresponding to low Fermi energies ϵFY (= h̄2(3π2ρY )

2/3

/2mY ). Therefore the energy gap equation to be treated here is a well-known 1S0-
type 68):

∆Y (q) = − 1

π

∫ ∞

0
q′2dq′ < q′ | VY Y (

1S0) | q > ∆(q′)/
√
ε̃2Y (q

′) +∆2
Y (q

′), (4.1)

ε̃Y (q) ≡ εY (q)− εFY ≃ (q2 − q2FY )/2m
∗
Y , (4.2)

< q′ | V Y Y (
1S0) | q >≡

∫ ∞

0
r2drj0(q

′r)VY Y (r;
1 S0)j0(qr), (4.3)

where ∆Y (q) is the energy gap function, qF (= (3π2ρyY )
1/3) is the Fermi momen-

tum and m∗
Y denotes the effective mass of Y in medium. As in Eq.(4.2), we take

the effective-mass approximation for the single-particle energy εY (q). We use a
bare VY Y (

1S0) and do not introduce the effective interaction ṼY Y (
1S0) instead of

VY Y (
1S0), as adopted in Ref. 51), since the use of ṼY Y in the gap equation leads

to an incorrect result due to the double counting of the short-range correlation ef-
fect. When VY Y (

1S0), yY and m∗
Y are given, the 1S0-gap equation (Eq.(4.1) with

Eqs.(4.2) and (4.3)) can be solved exactly by a numerical method and the energy
gap ∆Y (≡ ∆Y (qFY )) is obtained.

Since the Y Y pairing interaction is not so certain as NN case, we consider three
OBE-type potentials, ND-Soft 33) , 47), Ehime 45) and FG-A 44), expecting to cover the
present uncertainties, which are based on the SU(3) symmetry hypothesis with the
framework of the octet baryons and the nonet mesons. The main difference are in the
meson species introduced and the treatment of the short-range interaction: ND-Soft
is a soft-core version of the original Nijmegen D-type hard-core potential (NHC-
D) 36), constructed so as to fit the t-matrix from NHC-D, and is expressed simply
by a superposition of three-range Gausian functions. Ehime is a potential from the
Ehime group, characterized by an application of the OBE scheme throughout all
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Fig. 5. Y Y interaction in the 1S0 state; (a) for ΛΛ and (b) for Σ−Σ−. Solid, dashed and dotted

lines correspond to the baryon-baryon potential from ND-Soft, Ehime and FG-A and the thin

solid line is for the 1S0 NN potential from OPEG-A. Notations are explained in the text.

the interaction ranges and by the phenomenological introduction of a neutral scalar
meson to take the 2π-correlation effects into account, in addition to nonet scalar
mesons. FG-A is the potential type-A from the Funabashi-Gifu group, where the
σ-meson is introduced in the nonet scheme and a phenomenological repulsive core
is introduced with the strengths constrained by the SU(3) representation of two-
baryons. Ehime includes the velocity dependent terms and FG-A includes both of
the velocity-dependence and the retardation effects.

The attractive effect coming from the ΛΛ−ΣΣ−ΞN channel coupling is signif-
icant for the VΛΛ(

1S0). In FG-A, this effect is taken into account by adding an extra

term ∆Vsim to the direct- channel part V D
ΛΛ(

1S0) so that V
(eff)
ΛΛ (1S0) ≡ V D

ΛΛ(
1S0) +

∆Vsim can simulale the 1S0 ΛΛ phase shifts including the channel coupling effect.

We use this V
(eff)
ΛΛ (1S0) as VΛΛ(

1S0), by taking ∆Vsim = 93e−(r/r1)2 − 1000e−(r/r2)2

MeV with r1 = 1.0 fm and r2 = 0.6 fm 48). For ND-Soft, the channel coupling effect
is already included in the original t-matrix to be fitted, and for Ehime, this effect
has no relevance since it is constructed in a single-channel approximation. Three
potentials are shown in Fig.5 for ΛΛ and Σ−Σ− cases, where VNN (1S0) from OPEG
1E-A potential 69) is also shown for comparison. VΛΛ(

1S0) is observed to be less
attractive but not so different from VNN (1S0) and suggests a possible occurence of
Λ-superfluidity depending on m∗

Λ and yΛ. VΣ−Σ− is more attractive than VΛΛ(
1S0),

which means that Σ−-superfluidity is more likely to occur than Λ-superfluidity as
far as the pairing interaction is concerned. Three potentials differ considerably both
in the short-range repulsion and in the intermediate-range attraction; e.g., ND-Soft



12 T. Takatsuka

0 5 10

0.5

1

1.5 m*/m

ρ/ρ0

n

p

Σ−

Λ

TNI6u

Fig. 6. Effective-mass parameter m̃∗
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B/mB) of baryons versus ρ in Y - mixed neutron star

matter for the TNI6u case where Λ and Σ− start to appear at around 4ρ0.

has a stronger repulsion and a deeper attraction than Ehime, and FG with less re-
pulsive core (smaller core radius) is expected to generate more attractive effects than
ND-Soft and Ehime at higher densities.

As for the Y -mixing ratio yY and the effective mass m∗
Y , we use those from

TNI6u model. yY are already shown in Fig.4(b). m∗
Y are plotted in Fig.6 in terms

of the effective-mass parameter m̃∗
Y defined by m̃∗

Y = m∗
Y /mY , where m̃∗

N are also
shown for comparison. It is noted that at the densities ρ ≃ (4 − 6)ρ0 of interest,
m̃∗

Λ ≃ (0.82 − 0.86) and m̃∗
Σ− ≃ (1.18 − 0.97) are remarkabley larger than m̃∗

n ∼
(0.66 − 0.60) and m̃∗

p ∼ (0.59 − 0.46). This feature means that Y - superfluidities,
especially Σ− -superfluidity, are more likely to occur than N -superfluidities, as far
as the effective masses are concerned.

Calculated results are shown in Fig.7(a) in terms of the critical temperature
Tc(Y ) defined by kBTc(Y ) ≃ 0.57∆Y with kB the Boltzmann constant. Following
points are to be noted 49), 58).
(i) Both of Λ and Σ− are likely to be in a superfluid state, since their Tc(Y ), although
depending on VY Y (

1S0) and ρ, are well above the internal temperature T ≃ 108 K
of ordinal neutron stars.
(ii) Λ and Σ− become superfluids as soon as they appear in neutron star cores. Λ-
superfluid is realized in a limited density region (ρ ∼ (4−6)ρ0) while Σ

−- superfluid
exists up to higher densities.
(iii) Tc(Σ

−) ∼ 1010−11 K for Σ−-superfluid is larger than Tc(Λ) ∼ 109 K by more
than one order of magnitude, which comes mainly from extremely large m̃∗

Σ−(∼ 1)
compared to m̃Λ(∼ 0.8). This means that Σ−-superfluidity is already realized even
at an early stage of thermal evolution where T is as high as 1010 K.

4.2. Hyperon Cooling Scenario

As mentioned in §1, the existence of Y - superfluids shown here supports the idea
of hyperon cooling scenario for neutron stars with low surface temerature. In the
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Fig. 7. (a) Critical temperatures Tc(Y ) of hyperon superfluids as a function of ρ, defined by

κBTc(Y ) = 0.57∆Y with ∆Y being the 1S0 energy gap at zero temperature (T = 0) and

κB the Boltzmann constant, calculated for yY and m̃∗
Y from TNI6u case and for the 1S0 pairing

interactions corresponding to those in Fig.5. The arrow attached to the FG-A case indicates

the decrease of Tc due to a less attractive ΛΛ interaction suggested by the “NAGARA event”.

(b) Temperature (T ) dependence of Λ energy gap ∆Λ for TNI6u parameters and FG-A ΛΛ

potential.

cooling calculations, we need ν-emissibities for various ν-emission processes for which
n- and p-superfluidities as well as Y - superfluidities play important roles through the
influences on heat capacity and suppression effects for the rate of ν- emission. In
Fig.8, we show the superfluid results for all the baryon componets in the case of
the TNI6u Y -mixed neutron star model 58), where Tc(n) and Tc(p) are calculated for
OPEG-A NN potentials 69), and Tc(Λ) and Tc(Σ

−) are for ND-Soft Y Y potential.
We see that superfluidities of nucleon components are also realized (Tc(N) >∼ 108 K);
p-superfluid is of the 1S0-type corresponding to low ρp like ρY , whereas n-superfluid
is of the 3P2-type corresponding to high ρn because at high densities the pairing
interaction VNN (3P2) in the 3P2 state, instead of VNN (1S0), becomes most attractive
(details are referred to Ref.68)). Tc(N) decreases gradually with ρ and is smaller
than Tc(Y ). This comes mainly from the fact that m̃∗

N is remarkably smaller than
m̃∗

Y (Fig.6). A sharp drop of Tc(p) just beyond the ρt(Σ
−)(≃ 4ρ0) is caused by the

rapid increase of yp (hence kFp) making stronger the repulsive core effect.
The results in Fig.8 are from the energy gap of baryons at zero temperature

(T = 0). In Fig.7(b), we show how the energy gap is affected by the effect of finite
temperature T , taking ∆Λ for ND-Soft and TNI6u as an example 50). A remarkable
T - dependence of energy gap is observed, which indicates the importance of using the
T - dependent∆i (i = n, p, Λ, Σ−) in the calculation for thermal evolution of neutron
stars, since ∆i, not Tc(i), enters in the physical inputs associated. In fact, we derive
the ν-emissibities by taking account of the T -dependence of ∆i, as well as the ρ-
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dependence 70). At low and intermediate densities (0.5ρ0 <∼ ρ <∼ 4ρ0) where hyperons
are absent, the Cooper-pair process (νν̄-pair emission when thermally excited two
quasi-particles recombine into the Cooper-pair in the BCS state) 71), 72) in the n 3P2-
superfluid dominates by (1-2) order of magnitude compared to the standard process
of modified Urca in most cases. At higher densities (4ρ0 <∼ ρ <∼ 6ρ0), the direct URCA
process of Λ (Λ → p+ e−+ ν̄e, p+ e− → Λ+ νe) dominates when Tc(Λ) <∼ 1× 109 K,
while it is completely suppressed if Tc >> 1× 109 K. The direct URCA process of Y
(Σ− → Λ+e−+ν̄e, Λ+e− → Σ−+νe) is completely suppressed at ρ ≃ (4−5.5)ρ0 due
to very large ∆Σ− and become active only for ρ > 5.5ρ0. The direct URCA process
of Σ− (Σ− → n + e− + ν̄e, n + e− → Σ− + νe) is forbidden because a so-called
triangle condition for Fermi momenta does not hold (kFn > kFΣ− + kFe−). Also,
this momentum conservation condition forbids the nucleon direct URCA process
(n → p+ e− + ν̄e, p+ e− → n+ νe) up to ∼ 6.5ρ0.

To summarize simply the cooling picture for Y -mixed NS’s 70), the principal
agent for ν-emission is the Cooper-pair cooling from 3P2 n-superfluid for ρ < ρt(Y )
and is the hyperon cooling from the direct URCA process of Λ for ρ > ρt(Y ).
The latter brings about an extremely enhanced ν-emission responsible for a rapid
nonstandard cooling, in contrast with a moderate cooling from the former. Thus,
from a view of Y -mixed neutron stars, we have the hyperon cooling scenario as
follows; less massive stars, whose central density ρc is below ρt(Y ), in other words,
the mass M <∼ 1.4M⊙ for TNI6u-EOS (see Fig.9), cools moderately through the
Cooper-pair cooling, and on the contrary, more massive stars with M > 1.4M⊙ cools
very rapidly through the hyperon cooling. Very recently, on the basis of our results,
Tsuruta and her coworkers 73) carried out the numerical calculation for the thermal
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evolution of neutron stars. By adopting the TNI3u-EOS, they have shown that the
colder class NS data (Vela X-1, Geminga, PSRJ0205+6499) are well reproduced by
taking a neutron star mass M ∼ (1.5− 1.6)M⊙ with a Y -mixed core and the hotter
class NS data can be reproduced by M <∼ 1.4M⊙ without Y -mixed core. This shows
that the hyperon cooling scenario is a promissing candidate for nonstandard fast
cooling for neutron stars.

4.3. “NAGARA event” 6
ΛΛHe and Λ-superfluidity

Here we wish to give a comment on the Y -superfluidity in relation to the in-
formation from hypernuclear data. In 4.1, we have chosen ND-Soft, Ehime and
FG-A potentials for the 1S0 Y Y pairing interaction. One of the reason for such a
choice is in the fact that these three potentials well reproduce the binding energy
∆BΛΛ of ΛΛ pair in double Λ hypernuclei (10ΛΛBe,

13
ΛΛB)

30), 31), 33)− 35). This data
provides an important information to the property of ΛΛ interaction and constrain
its ambiguity. In fact, the Tc(Λ) calculated from three potentials are well bunched in
contrast with Tc(Σ

−) (see Fig.7(a) ), giving a confidence to our Λ-superfluid results.
Recently, however, the NAGARA group 32) observed a new event of double Λ hyper-
nucleus 6

ΛΛHe in the emulsion experiment, called “NAGARA event”, and extracted
new result ∆BΛΛ ∼ 1 MeV, compared to old ∆BΛΛ ≃ (4 − 5) MeV 30), 31). If this
less attractive ΛΛ interaction is confirmed, the consequence on the Λ-superfluidity
is serious.

By performing the energy calculations for α + Λ + Λ system, Hiyama et al 74).
found that new ∆BΛΛ ∼ 1 MeV is almost equivalent to take V ′

ΛΛ(
1S0) ≃ 0.5VΛΛ(

1S0)
from ND-Soft (precisely, the potential strength is multiplied by a factor 0.45 at
short-distance and by a factor 0.5 at intermediate- and long-distances). So we have
tried the energy gap calculation for ΛΛ pairing by using this V ′

ΛΛ(
1S0) and have
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found that the Λ-superfluidity disappears for realistic m̃∗
Λ (Tc(Λ) << Tin). Then

there arises a question how about the Σ−-superfluidity. To see this, we reconstruct
the BB interaction model of OBE-type so as to reproduce the phase shifts from
V ′
ΛΛ(

1S0), by weakening the attractive contribution form σ-meson exchange. We do
this modification for FG-A potential, by paying our attention to the condition not
to influence the NN interaction sector since it is well determined. This can be done
as follows 75).

In the framework of octet baryons plus nonet mesons with SU(3) symmetry, the
coupling constant g̃BBm for the BB interactions through one meson (m) exchange
is expressed in terms of 4 parameters; singlet coupling g̃(1), octet coupling g̃(8),
parameter α relevant to a so-called F-D ratio, mixing angle θ. Conversely speaking,
this means that a set of these 4 parameters are uniquely determined if 4 coupling
constants are given. For the scalar meson case (m ≡ σ, a0, f0), we use g̃NNσ, g̃NNa0 ,
g̃NNf0 and g̃ΛΛσ, keeping g̃NNm unchanged and adjusting g̃ΛΛσ so as to reproduce
the phase shifts from V ′

ΛΛ(
1S0). Actually, a reduction of g̃ΛΛσ by about 10% is

satisfactory for this reproduction. Then, from a new set of {g̃(1), g̃(2), α, θ}, new
g̃Σ−Σ−m responsible for the modified VΣ−Σ−(1S0) are obtained. Results are shown in
Fig.10, where the 1S0 NN phase shifts from OPEG 1E-A potential is also shown for
reference. It is observed that the “NAGARA event” effect causes downward shifts of
(15−20) degrees for every cases, but the phase shifts for modified VΣ−Σ− is positive
and still higher than those for VNN (1S0) at low scattering energies, suggesting the
survival of the Σ−- superfluidity. In fact, the energy gap calculations lead to the
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results that Tc(Σ
−) ∼ 109 K > Tin (a thin dashed line in Fig.7(a)), in contrast

with Tc(Λ) << Tin. That is, the Λ-superfluidity can not be expected but the Σ−-
superfluidity persists, if the “NAGARA event” information is taken into account.

Finally we add a word to the “NAGARA event” effects on the Y -mixed NS
models. In conclusion, the effects are almost negligible because the energy contribu-
tion from ΛΛ interaction between small components is very small 4). The influence
on bulk properties of NS’s is estimated by taking ṼΛΛ → 1

5 ṼΛΛ corresponding to
∆BΛΛ ∼ (4 − 5) MeV → ∼ 1 MeV. Minor changes are found: both of ρt(Λ) and
ρt(Σ

−) are unaffected, yΛ(yΣ−) is affected to the extent that yΛ = 11.3% → 8.3%
(yΣ− = 12.5% → 12.4%) at ρ = 6ρ0 and TNI3u case, for instance, and also
Mmax = (1.83 → 1.84)M⊙, ρc = (8.26 → 8.19)ρ0 and R = (9.55 → 9.56) km.

§5. Concluding Remarks

We have investigated the problem of Y -mixing in NS matter and characteristics
of the EOS by the G-matrix-based effective interaction approach, paying attention to
the use of Y N and Y Y interactions compatible with hypernuclear data. On the basis
of a Y -mixed NS model, we have discussed the possible occurence of Y - superfluidity
and consequences on the cooling problem of NS’s. We present main points with some
remarks.
(i) In NS cores, the mixing of hyperons such as Λ and Σ− does indeed take place
with a monotonus increase of respective mixing ratio with increasing density and
hyperons become components of importance comparable with nucleons. Thus the
inclusion of strangeness degrees of freedom into theories of NS’s allows us to predict
new properties of NS’s. It is remarked that the Y -mixing depends not only on the
YN interaction but also on the stiffness and the symmetry energy of N -part EOS.
(ii) According to the growth of the Y -mixed phase, the EOS is dramatically softened
and leads to the crucial problem that the predictedMmax fails to satisfy the condition
Mmax > Mobs = 1.44M⊙, in a model independent way, suggesting that we need some
extra repulsion in hypernuclear system, i.e., in the NY and the Y Y interaction parts.
This necessity can be taken a return call from NS physics to hypernuclear physics.
(iii) It is remarked that introducing a repulsion similar to the three-body repulsion
in nuclear system is one possible way to obtain a results Mmax > Mobs consistent
with observations. In this case with such an “extra repulsion”, Y -mixing occurs at
higher densities ( >∼ 4ρ0), not at lower densities ( >∼ 2ρ0) found in many works, and
with smaller values of yY , leading to a moderately softened EOS.
(iv) Our “extra repulsion” is introduced at a phenomenological level. As one of
the origins, obviously it includes the two-pion exchange three-body force with an
isobar ∆(1232) excitation, which has been shown to generate a strong ρ-dependent
repulsion for nuclear matter 76). It is primarily important to study how this process
provides the “extra repulsion” for the Y -mixed NS matter by paying attention to
the change of coupling constants and the fractional density of respective baryons. Of
course, it is of interest to study other possible candidates for such “extra repulsion”,
which includes the quenching of attraction in the N∆ configuration 77), the repulsive
contribution in relativistic approaches 78) , 79) and also the repulsive effects coming
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from an in- medium hadron parameter modifications 80).
(v) For a realistic NS model compatible with observations, it is shown that both of
Λ- and Σ−-superfluids are realized with the critical temperature Tc(Y ) ∼ 108−9 K
in NS cores. The occurence of Y -superfluidity means that a rapid cooling scenario
of NS’s, a so-called “hyperon cooling” combined with the Y - superfluidity, could be
one of the candidates to explain an unusually low surface temperature observed for
some NS’s. We stress that the superfluidity of baryons relevant to the direct URCA
ν-emission processes is vital to non-standard cooling scenarios avoiding a “too-rapid
cooling”, and so the existence or non-existence of the superfluids is a unique tool to
discriminate a real candidate among many possible ones so far proposed 81), 56). Since
so-called “kaon cooling” and “nucleon direct URCA cooling” are unlikely due to the
non-existence of baryon superfluids associated 81)− 83), the “hyperon cooling” here
remains as a promising candidate.
(vi) Information from hypernuclear data is closely related to neutron star physics.
The small ΛΛ-bond energy extracted from “NAGARA event” 6

ΛΛHe suggests a less
attractive ΛΛ pairing interaction. If this is true, the existence of Λ superfluidity
becomes very unlikely and the “hyperon cooling” scenario breaks down. In this
connection, it is important to study the possibility that the small ΛΛ- bond energy
is explained without reduction of the ΛΛ attraction, e.g., by introducing a repulsive
ΛNN three-body interaction and some many-body effect not explored yet 70). In
the context of NS cooling scenarios, it is also important to study the “pion cooling”,
another promising candidate, by making a thorough examination for the superfluidity
of quasi-baryons relevant to pion condensates 84).
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