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By using the new experimental data of ΛΛ potential, this paper has performed a full calculation for strange

hadronic matter with different strangeness contents as well as its consequences on the global properties of neutron star

matter in relativistic mean field model. It finds that the new weak hyperon–hyperon interaction makes the equations of

state much stiffer than the result of the previous strong hyperon–hyperon interaction, and even stiffer than the result

without consideration of hyperon–hyperon interaction. This new hyperon–hyperon interaction results in a maximum

mass of 1.75M⊙ (where M⊙ stands for the mass of the Sun), about 0.2–0.5M⊙ larger than the previous prediction with

the presence of hyperons. After examining carefully the onset densities of kaon condensation it finds that this new weak

version of hyperon–hyperon interaction favours the occurrence of kaons in comparison with the strong one.
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Nowadays hypernuclear physics is of great inter-

est since many questions in heavy-ion physics and

astrophysics are related to the effect of strangeness

in matter. States with large strangeness per baryon

have been supposed more stable than normal matter

since years ago,[1] and the possible existence of such

bound states[2−9] may have important consequence for

the equation of state (EOS) of neutron stars at high

densities[2−4] which remains unknown.

In relativistic mean field (RMF) theory,[5,10] if the

hyperon–hyperon (YY) interaction is only slightly at-

tractive through the usual σ and ω isoscalar field and

the isovector ρ field, the potential U
(Y‘)
Y (here U

(j)
i

denotes the potential depth of a baryon species i in

matter of baryon species j), is rather weak (less than

10MeV deep), and the strange hadronic matter is

bound up to fs ≃ 1.5, where fs stands for the num-

ber of strange quarks per baryon. When σ∗ and φ

were introduced[11] to reproduce experimentally the

much deeper Λ potential well depth in Λ matter (i.e.

UΛ
Λ ≃ 20MeV), the matter gets more deeply bound

at large fs, and even pure Ξ matter (where fs = 2)

can reach a negative minimum binding (for example

E/A = −8.9MeV[6]). Furthermore the introduction of

these two hidden strange mesons results in a reduction

of the predicted maximum neutron star mass,[2] i.e,

fromMmax = 1.8M⊙ down to 1.4–1.6M⊙. Schaffner et

al
[2] also checked the effects of an enhanced YY inter-

action by increasing the coupling constants of Λ to the

σ∗ meson and in the mean time setting gσ∗Ξ = 2σ∗Λ,

where gσ∗Ξ and gσ∗Λ are the coupling constants of σ∗

to Ξ and Λ respectively.

While by the recent data analysis of 6
ΛΛHe dou-

ble hypernucleus, Takahashi et al
[12] obtained a

much smaller ΛΛ interaction energy ∆BΛΛ = 1.01 ±
0.20+0.18

−0.11MeV, then the corresponding potential well

depth has the value UΛ
Λ ≃ 5MeV, indicating a much

weaker attraction. By using this new weak version of

Y–Y interaction several works[13,14] have been done to

study EOSs of strange hadronic matter and neutron

star matter. It is shown that a change of the hyperon

coupling constants may have crucial effect on the sat-
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uration properties and stabilities of strange hadronic

matter, and also on the chemical composition of neu-

tron stars.

Our motivation here is to investigate the prop-

erties of strange hadronic matter with different

strangeness contents by using this new weak version of

YY interaction and also to illustrate its consequences

on the global properties of neutron star matter, since

at present this weak YY interaction may seem quite

realistic as far as the available hyperon data as well as

microscopic calculation[15,16] are concerned.

When we describe the properties of dense matter,

it is also important to study the possibility of kaon

condensation since it may affect the dynamical evolu-

tion of protoneutron stars[17] and the cooling rate of

neutron stars via enhanced neutrino emissions.[18]

Since the proposition by Kaplan and Nelson,[19]

the possibility of kaon condensation and its im-

plications for astrophysical phenomena of neutron

stars have been extensively discussed by many

physicists.[17−31] Various theoretical models, however,

gave different results addressing this issue. With

the chiral Lagrangian approaches, Lee et al
[18,20−23]

predicted a relatively low critical density: ∼(2–4)b0,

where b0 is the normal nuclear matter density. Brown

et al
[24] proposed a unified treatment of normal nu-

clear matter and kaon condensed matter by using BR

scaling. The former is described by Walecka’s mean

field theory while the latter by mean field chiral per-

turbation theory. In this scheme the critical den-

sity was ∼(3–4)b0. In addition, Ellis et al
[25,26] ex-

plored this problem on the basis of Kaplan–Nelson

Lagrangian for the kaon–baryon interactions and a

Walecka-type relativistic field theoretical approach for

the baryon–baryon interactions. They found that

when the matter contained only nucleons and leptons,

kaons condensed around ∼(3–4)b0 as found earlier by

using the chiral model, while the inclusion of hyperons

in matter made the appearance of kaons very uncer-

tain, even impossible. For a recent review one may re-

fer to Ref.[27]. Westerberg et al
[28] explored also the

kaon condensation in the bound-state approach in the

Skyrme model on a 3-sphere, and the resulting criti-

cal point was ∼ 3.7b0, which fell in the early predicted

range. From the microscopic point of view, the nonrel-

ativistic or relativistic reaction matrix theory, that is

the so-called Brueckner–Hartree–Fock (BHF)[29,32,33]

or Dirac–Brueckner method,[30] also gave very similar

results with those phenomenological models in the ab-

sence of hyperons. Then in the framework of a chiral

quark model Kim et al
[31] studied the kaon condensa-

tion with the use of formalism that goes beyond the

linear-density approximation commonly used in the

literature, and the critical density was estimated to

be ∼(3–4)b0, where the linear-density approximation

may still be valid. In this paper, we follow and extend

the method of Ellis et al,[25,26] and mainly concen-

trate on the onset mechanisms of kaon condensation

to explore the influence of YY interaction on the kaon

threshold density.

We first review briefly the extended RMF model

including hyperons adopted in our calculation, then

apply it to the study of strange hadronic matter as

well as the global properties of neutron stars. Finally

the calculated onset densities of kaon condensation are

discussed in neutron star matter.

The Lagrangian of the theory is

LB =
∑

B

ψ̄B(iγµ∂µ − gωBγ
µVµ − gφBγ

µφµ

−gρBγ
µτaρa

µ −MB + gsBσ + gσ∗Bσ
∗)ψB

−1

4
GµνG

νµ +
1

2
m2

ωVµV
µ +

1

4
c3 (VµV

µ)
2

+
1

2
∂µσ∂

µσ − 1

2
m2

σσ
2 − 1

3
g2σ

3 − 1

4
g3σ

4

−1

4
Ra

µνR
aµν +

1

2
m2

ρρ
a
µρ

aµ

−1

4
SµνS

µν +
1

2
m2

φφµφ
µ

+
1

2

(

∂νσ
∗∂νσ∗ −m2

σ∗σ∗2
)

, (1)

where Gµν(= ∂µVν − ∂νVµ), Sµν(= ∂µφν − ∂νφµ)

and Ra
µν(= ∂µρa

ν − ∂νρa
µ + gρεabcρ

b
µρc

ν) are the ω field,

the φ field and the ρ field strength tensor respec-

tively. We take TM1[34] parameter set as nu-

cleon parametrization in the following calculation,

which is possibly capable to provide good descrip-

tions of the properties of dense matter under the

wide range of density[35] relevant to astrophysical

interests. The coupling constants for the hyper-

ons to the scalar σ and σ∗ mesons are constrained

by the hyperon potentials compatible with hyper-

nuclear data[2,6]: U
(N)
Λ (ρ0) = −30 MeV, U

(N)
Σ (ρ0) =

+30 MeV, U
(N)
Ξ (ρ0) = −18 MeV, and UΛ

Λ (ρ0) ≃
UΞ

Ξ (ρ0) ≃ −20 MeV(strong) or −5 MeV(weak). The

coupling constants to the ω, ρ, φ vector mesons

are fixed by using SU(6) symmetry.[36] Note that

in the strong case this yielded gσ∗Λ/gσN =

0.79, gσ∗Ξ/gσN = 1.25 and in the weak case gσ∗Λ/gσN

= 0.37, gσ∗Ξ/gσN = 1.15, which is obvious that for

the latter one the value of gσ∗Λ/gσN is far below the

range of 0.7–1.2.
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For infinite nuclear matter, introducing the mean

field approximation, i.e. the meson fields are replaced

by their mean values, the equations of motion can be

simplified as

m2
σσ + g2σ

2 + g3σ
3 =

∑

B

gσB
2JB + 1

2
ns

B, (2)

m2
ωω + c3ω

3 =
∑

B

gωB (2JB + 1) k3
B

/

(6π2), (3)

m2
ρρ =

∑

B

gρBI3B (2JB + 1)k3
B

/

(6π2), (4)

m2
σ∗σ∗ =

∑

B

gσ∗B
2JB + 1

2
ns

B, (5)

m2
φφ =

∑

B

gφB (2JB + 1)k3
B

/

(6π2), (6)

where kB is the Fermi momentum of the baryon

species B. JB and I3B denote the spin and the isospin

projection of baryon B. And baryon scalar density ns
B

is defined as

ns
B =

1

π2

kB
∫

0

dk k2 m∗
B

√

m∗2
B + k2

B

, (7)

where

m∗
B = mB − gσBσ − gσ∗Bσ

∗ (8)

is the effective mass of the baryon species B.

The ω, ρ and φ fields can be obtained respectively

by Eqs.(3), (4) and (6). The scalar fields σ and σ∗ can

be solved from the coupled Eqs.(2), (5), (7) and (8)

by iteration. The total energy density of the uniform

matter is then given by

ε =
∑

B

2JB + 1

2π2

∫ kB

0

√

k2 +m∗2
B k2dk

+
1

2
m2

σσ
2 +

1

3
g2σ

3 +
1

4
g3σ

4

+
1

2
m2

ωω
2 +

3

4
c3ω

4 +
1

2
m2

ρρ
2

+
1

2
m2

σ∗σ∗2 +
1

2
m2

φφ
2. (9)

For symmetric strange hadronic matter there are

only two conserved charges: the baryon number nb =

nN + nΛ + nΣ + nΞ and the strangeness number

ns = nΛ+nΣ+2nΞ, then one can define the parameter

which specifies the strangeness contents in the system:

fs =
ns

nb
=
nΛ + nΣ + 2nΞ

nb
, (10)

which is regarded more and more as another impor-

tant degree of freedom, in similarity to the nuclear

asymmetry β = N/Z. The hyperon fractions are

determined through the Hugenholtz–van-Hove theo-

rem so as to ensure chemical equilibrium written as

2µΛ = 2µΣ = µN + µΞ where

µB =
√

m∗2
B + k2

B + gωBw0 + gφBφ0. (11)

As usual, we would like to subtract the baryon masses

in the total energy per baryon (9) of the strange mat-

ter and to study the binding energy per baryon ex-

pressed as

Eb =
1

nb
(ε−YNmN −YΛmΛ −YΣmΣ −YΞmΞ), (12)

where YB(B = N,Λ,Σ,Ξ) denotes concentrations of

particular baryons.

Figure 1 shows the minimum binding energy as

a function of fs. The strong YY interaction leads to

a much more bound state at large fs than the other

two cases. The calculated results with the weak YY

interaction are very similar to (even less bound than)

the one without strange mesons (σ∗, φ), the hadronic

matter is bound up to fs ≃ 1.5 consistent with for-

mer study[6] although with different parameter set. In

order to see the role of strange mesons (σ∗, φ) more

clearly, we shall to discuss the possible implication for

compact astrophysics neutral β−equilibrated neutron

star matter.

Fig.1. The minimized energy per baryon Eb as functions

of strangeness contents fs calculated for the strong and

weak hyperon–hyperon interaction models in symmetric

strange hadronic matter, in comparison with the one with-

out strange mesons (σ∗, φ). See text for details.

To add leptons Ll =
∑

L=e,µ ψ̄L(iγµ∂µ−mL)ψL to

the above Lagrangian of hadronic matter, the charge

neutrality requires:

np + nΣ+ = ne + nµ + nΣ− + nΞ− , (13)
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and equilibrium under the weak process (B1 and B2

denote baryons)

B1 → B2 + L B2 + L→ B1

leads to the following relations among the involved

chemical potentials:

µp = µΣ+ = µn − µe, µΛ = µΣ0 = µΞ0 = µn,

µΣ− = µΞ− = µn + µe, µµ = µe. (14)

The EOSs of the system can be calculated as

usual. In Fig.2 we give the calculated EOSs for the

strong and weak YY interaction models, in compar-

ison with the one without strange mesons (σ∗, φ) as

well as the results without hyperons, namely (npeµ).

Inevitably, the inclusion of hyperons makes the EOS

much softer because of its serving as an additional de-

gree of freedom. With the strong YY interaction one

gets the expected softest EOS because of the attrac-

tive nature of YY interaction below 0.9 fm−3, but on

higher density it may be stiffer than the one without

(σ∗, φ). Also one can see clearly that the resulting

EOS with the weak YY interaction is stronger than

the corresponding EOS without strange mesons(which

is indicated in the above figure of hadronic matter

study).

Fig.2. The equations of state calculated for the strong

and weak hyperon–hyperon interaction models in neutron

star matter, in comparison with the one without strange

mesons (σ∗, φ), and also the results without hyperons. See

text for details.

Fig.3. The mass–radius relation calculated for the strong

and weak hyperon–hyperon interaction models, in com-

parison with the one without strange mesons (σ∗, φ), and

also the results without hyperons. See text for details.

For a certain EOS the global properties of neu-

tron star can be obtained from the hydrostatic equilib-

rium equations of Tolman, Oppenheimer and Volkoff.

As shown in Fig.3, the predicted maximum masses

increase in an order with the increasing of stiffness

of the corresponding EOSs. The inclusion of hyper-

ons lowers the value from 2.18M⊙ at nb = 0.85 fm−3

down to 1.66M⊙ at nb = 0.69 fm−3, then down to

1.56M⊙ at nb = 0.6 fm−3 if the strong YY interac-

tion is considered, while the weak YY interaction lifts

this value to 1.75M⊙ at nb = 0.79 fm−3. This pre-

dicted maximum mass is about 0.2–0.5 M⊙ which is

larger than the usual prediction with hyperon interac-

tion before.[2,36−39]

In the following we explore the influence of YY

interaction on the kaon condensation in neutron star

matter. The total systemic Lagrangian consists of two

parts of contributions: LH = LB + LK. We eval-

uate the kaon–nucleon sector in the energy density

of the kaon-condensed phase of matter in terms of

the effective chiral Lagrangian density which was sug-

gested by Kaplan and Nelson[19] and extensively inves-

tigated afterwards.[20] In the Kaplan–Nelson model,

the SU(3) × SU(3) chiral Lagrangian density is ex-

pressed as

LK =
f2

4
Tr∂µU∂

µU † + TrB̄(iγµDµ −mB)B

+ F TrB̄γµγ5[Aµ, B] + DTrB̄γµγ5{Aµ, B}
+cTrM(U + U †) + a1TrB̄(ξMξ + ξ†Mξ†)B

+a2TrB̄B(ξMξ + ξ†Mξ†)

+a3TrB̄B Tr(ξMξ + ξ†Mξ†). (15)

where we adopt the same notations and symbols as

in Ref.[19]. The above Lagrangian density includes
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an octet of pseudoscalar masons M and an octet of

baryons B. The first four terms conserve the chiral

symmetry. f = 93 MeV is the pion decay constant.

The constants D and F are given by D = 0.81 and

F = 0.44. The coefficients a1ms, a2ms , a3ms, and c

determine the strength of the chiral symmetry break-

ing in the last four terms. We adopt a1ms = −67MeV

and a2ms = 134MeV obtained from the baryon mass

splittings.[21] The constant c is related to the bare

kaon mass by the Gell-Mann–Oakes–Renner relation

m2
K = 2 cms/f

2. The parameter a3ms had remained

largely uncertain for many years due to our poor

knowledge of the strangeness content of the proton

and the kaon-nucleon sigma term ΣKN .[19,21,22,40] For-

tunately, the large ambiguity in this parameter has

been settled recently by Dong, Lagaë and Liu[41] with

small error based on the lattice calculations. In the

present calculations we adopt the value of a3ms in

the range −310 MeV < a3ms < −134 MeV as done in

Refs.[18,23]. a3ms measures the proton strangeness

content and plays an essential role in determining the

threshold density for kaon condensation[18] since it

provides the dominant attraction in the kaon-nucleon

interaction via the sigma term ΣKN = −(a1 + 2a2 +

4a3)ms/2. The above specified range of a3m3 from

−310 MeV to −134 MeV corresponds to a reasonable

range 0.2 > 〈s̄s〉p/〈ūu + d̄d + s̄s〉p > 0 of the proton

strangeness content.[40]

Kaons are treated in the mean field approxima-

tion as usual[18]: K± =
1√
2
fθe±iµt, then as a symbol

of the condensate amplitude, θ = 0 accounts for the

nonappearance of kaon condensation. All the contri-

bution of kaons can be included in the effective baryon

mass and chemical potential:

m∗
B = mB − gσBσ − gσ∗Bσ

∗

+[(a1 + a2)(1 + YBqB) + (a1 − a2)(qB − YB)

+4a3]ms sin2 1

2
θ, (16)

and

µB =
√

m∗2
B + k2

B + gωBω0 + gρBt3Bb0 + gφNφ0

−(YB + qB)µ sin2 1

2
θ, (17)

where YB denotes the supercharge and qB the electric

charge of the baryon species B, and µ = µe = µµ ac-

counts for the chemical potential of kaons. Note here

gσ∗N = 0 since the strange mesons do not couple to

nucleons.

Particularly, taking notice of the possible isospin

mixing of Λ and Σ0, we find that the Λ−Σ0 mass ma-

trix needs to be diagonalized[42] in the first place of

the grand potential calculation, as a result the corre-

sponding coefficient in the square brackets of the last

term of Eq.(16) would be
5

3
(a1 + a2) + 4a3 for Λ and

1

3
(a1 + a2) + 4a3 for Σ0.

Employing θ = 0, one can obtain the threshold

density ncrit of condensation (That is Table 1) by solv-

ing the following equation:

µ2 + 2µα−m∗2
K = 0, (18)

where α = (2np+nn−nΣ− +nΣ+ +2nΞ−−nΞ0)/(4f2
π),

and the effective mass of kaons m∗2
K can be written

elaborately as

m∗2
K = m2

K +

[

(2a1 + 2a2 + 4a3)n
s
p + (2a2 + 4a3)n

s
n

+

(

5

3
(a1 + a2) + 4a3

)

ns
Λ

+(2a2 + 4a3)n
s
Σ− + (2a1 + 4a3)n

s
Σ+

+

(

1

3
(a1 + a2) + 4a3

)

ns
Σ0

+(2a1 + 2a2 + 4a3)n
s
Ξ−

+(2a2 + 4a3)n
s
Ξ0

]

ms

2f2
π

. (19)

It is shown[19] that in the pure nucleonic case

the kaon–nucleon sigma term ΣKN provides a strongly

attractive interaction between kaons and nucleons.

This attraction reduces the K− energy ωK in nu-

clear medium and it becomes strong enough at a

high enough baryon density above which the kaon

condensed phase is energetically favourable, then K−

appears macroscopically as a Bose–Einstein conden-

sate. The existence region of hyperons, however,

may overlap with kaon condensation. Concerning the

competition or coexistence problem of these phases,

we point out that kaon threshold is pushed up to a

higher baryon number density in the presence of the

negatively charged hyperons in comparison with the

neutron-star matter with no hyperons[25,26,43] which

is shown clearly in Table 1. One may understand

this in the following way. Since more and more neg-

ative charge of the system is carried by the neg-

atively charged hyperons in place of the electrons

to satisfy the charge neutrality with the increase of

baryon number density, the charge chemical potential

µ[= (3π2ne)
1/3] gets smaller with the increase in the

baryon number density (see Fig.4), which makes the

onset condition for kaon condensation, ωK = µ, diffi-

cult to satisfy.



No. 7 Hyperon–hyperon interaction in relativistic mean field model 1939

Table 1. Threshold densities for kaon condensation (fm−3).

a3ms/MeV no Y with Y (no YY) with Y(with YY)

weak strong

−310 0.42 0.45 0.44 0.47

−222 0.53 0.89 0.87 0.99

−134 0.67 — — —

c) 0.85 0.69 0.79 0.60

c) is the corresponding central density of a neutron star in the absence of kaons.

Fig.4. The electrochemical potentials calculated for the

strong and weak hyperon–hyperon interaction models, in

comparison with the one without strange mesons (σ∗, φ),

and also the results without hyperons. See text for details.

Specifically, when there are no hyperons, with the

increase of the magnitude of a3ms, the critical point

decreases: this results from the enhancement of kaon-

nucleon attraction which makes the effective energy

of kaons (ωK) drops. In addition, the central density

ncent of a star, which contains only the corresponding

baryons but no kaons, is more than the critical density

ncrit with baryons as well as kaons in all cases. It im-

plies that kaons will be present without doubt. This is

also true with hyperons included when the magnitude

of a3ms is the largest. When the magnitude of a3ms

decreases, the onset densities are much postponed be-

cause of the presence of hyperons (larger than their

corresponding ncents), so the kaon condensation would

be impossible. The YY interaction may enhance the

delay due to hyperons (see the strong case), or weaken

it (see the weak case). Particularly, with the weak

YY interaction the threshold density of kaons slightly

moves up by 0.01–0.02 fm−3 because the delay appear-

ance of hyperons.

In summary, we have shown that the presence of

weak YY interaction makes the strange hadronic mat-

ter less bound than the strong case, stiffens the EOS

of corresponding neutron star matter and results in a

larger maximum mass prediction. In addition, it in-

creases the chemical potential of electrons, therefore

enhances the possibility of kaon condensation. Our

procedure, however, is still far from good due to self-

consistent problem, that is, the treatments of baryons

and kaons are not on the same footing (the KY inter-

action is not incorporated properly), and also a fully

understanding of the hyperon degrees of freedom is in

bad need of the hyperon data. By improving these

results our future work can be more decisive.
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