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Effect of the mesons σ
∗ and Φ and the variety of U

(N)
Σ

on the transition density of hyperon stars *
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Abstract The effect of the mesons σ∗ and Φ and the variety of U
(N)
Σ on the transition density of hyperon

stars is examined within the framework of relativistic mean field theory for the baryon octet {n, p, Λ, Σ−, Σ0,

Σ+, Ξ− and Ξ0} system. It is found that, compared with that without considering the mesons σ∗ and Φ, the

transition density of hyperon stars decreases, the critical baryon density that hyperons Σ−, Σ0, Σ+, Ξ− and

Ξ0 appears to decrease too, but for Λ the effect is not obvious. As U
(N)
Σ goes up, the critical baryon density of

Σ+, Σ0 and Σ− increases, that of Ξ0 decreases and that of Λ and Ξ− is fixed. In addition, it is found that the

variety of U
(N)
Σ almost does not influence the transition density.
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1 Introduction

In 1968, Hewish et al first discovered radio pul-

sars [1], which were soon identified as neutron stars

[2]. Since then they have become a hot topic.

Relativistic mean field theory (RMF) provides a

good description of the bulk properties of nuclear

matter as well as of a large number of single-particle

properties of finite nuclei [3–5]. In 1985, RMF the-

ory was extended and used to describe the proper-

ties of neutron star matter by Glendenning [6], who

thought that there are interactions between nucleons

or nucleons and hyperons. In order to describe the

interaction between hyperons, Schaffner further ex-

tended the RMF model and suggested that interac-

tions also exist between hyperons by exchanging the

scalar mesons f0 (975) (denoted as σ∗) and the vector

mesons φ(1020) (denoted as φ) [7].

As the density of neutron star matter is near to

the saturation density of normal nuclear matter, the

neutron star matter is only composed of neutrons,

protons, electrons and muons. With the baryon den-

sity increasing, the relative populations of neutrons

in the neutron stars will decrease and those of hyper-

ons will increase. At a certain baryon density, the

neutron star will change into hyperon stars [8]. In

2001, Jia Huan-Yu et al investigated how the coupling

constants influences the transition density of hyperon

stars [9]. But it is well known that there might be a

lot of other factors, i.e., the variety of U (N)
Σ (the po-

tential well depth of Σ in nuclear matter), that affect

the transition density too.

In this paper, the effect of the mesons σ∗and φ

and the variety of U (N)
Σ on the transition density of

hyperon stars is examined in the framework of rela-

tivistic mean field theory for the baryon octet {n, p,

Λ, Σ−, Σ0, Σ+, Ξ− and Ξ0} system.

2 Relativistic mean field theory

(RMF)

The Lagrangian density of hadron matter reads as

follows [10, 11],

L =
∑

B

ΨB(iγµ ∂µ−mB +gσBσ−gωBγµω
µ

−1

2
gρBγµτ ·ρµ)ΨB +

1

2

(

∂µσ∂µ
σ−m2

σσ
2
)
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−Uσ +
∑

λ=e,µ

Ψλ (iγµ ∂µ−mλ)Ψλ−
1

4
ωµνω

µν

+
1

2
m2

ωωµω
µ− 1

4
ρµν ·ρµν +

1

2
m2

ρρµ ·ρµ +LYY . (1)

The last term representing the contribution of σ∗

and φ mesons is

LYY =
∑

B

gσ∗BΨBΨBσ
∗−

∑

B

gφBΨBγµΨBφ
µ

+
1

2
(∂µσ

∗ ∂µ
σ∗−m2

σ∗.

σ∗2)− 1

4
SµνS

µν

+
1

2
m2

φφµφ
µ. (2)

Here, Sµν = ∂µφν −∂ν φµ.

We solve the field equations in the usual RMF

approximation. The equations of the baryon field are

obtained as follows,

(γµk
µ−mB +gσBσ+gσ∗Bσ

∗−gωBγ0ω0

−gφBγ0φ0−gρBγ0τ3ρ03)ψB (k,λ) = 0, (3)

and their eigenvalues are

eB(k) = gωBω0+gφBφ0+gρBρ03I3B+
√

k2 +m∗2
B , (4)

here, m∗

B is the effective mass of baryons,

m∗

B =mB−gσBσ−gσ∗Bσ
∗ . (5)

The mesons field equations are given by

m2
σσ = −g2σ

2−g3σ
3 +

∑

B

gσBρsB, (6)

m2
σ∗ .σ∗ =

∑

B

gσ∗BρsB, (7)

ω0 =
∑

B

gωB

m2
ω

ρB, (8)

m2
φφ0 = 2

∑

B

gφBρB, (9)

m2
ρρ03 =

∑

B

gρBI3BρB. (10)

The chemical potentials for the baryons and lep-

tons, respectively, are

µB = eB(k), µe =
√

k2
e +m2

e ,µµ =µe

=
√

k2
µ +m2

µ, (11)

µB = µn−qBµe. (12)

The scalar density for baryon B and the condition

of charge neutrality are given by

ρ=
∑

B

ρB =
∑

B

(2JB +1)bBk
3
B/(6π2) = const, (13)

Q =
∑

B

QB +
∑

λ

Qλ =
∑

B

(2JB +1)qBk
3
B/(6π2)

+
∑

λ

2qλk
3
λ/(6π2) = 0. (14)

The above equations will be used to solve the dis-

tributions of baryons in the neutron star matter.

3 Parameters

The coupling constants of the nucleons in our

calculations are chosen as GL85 [6], GL97 [8], DD-

MEI [12], NL1 and NL2 [13] constants, by which es-

pecially by the GL85 constants we will make a minute

study on the effect of the σ∗ and φ mesons on the

transition density of a hyperon star.

We define the ratios: xσh = gσh/gσ, xωh = gωh/gω,

xρh = gρh/gρ. For the coupling constants of meson ω,

we use ratio

gωN/3 = gωΣ/2 = gωΛ/2 = gωΞ, (15)

which is given by the constituent quark model [SU(6)

symmetry] [8]. The coupling constants of meson σ

are then determined by fitting the Λ, Σ and Ξ well

depth in nuclear matter [8]. Here, we choose U (N)
Λ =

−30 MeV [14]. For the Ξ nuclear interaction, the

experimental values indicate a nonrelativistic poten-

tial U (N)
Ξ of about −16 MeV [15] and −14 MeV [16]

or less, respectively. Dover and Gal found the Ξ-

nucleus potential well depth to be ≈21–24 MeV based

on their analysis of emulsion data [17]. In our cal-

culation, a more relativistic potential is chosen as

U (N)
Ξ = −28 MeV [18]. As for U (N)

Σ , the attractive

case is U (N)
Σ = −30 MeV and the repulsive case is

U (N)
Σ = +30 MeV, as suggested in Refs. [19–23]. So

we respectively choose U (N)
Σ = −30, −20, −10, 0, 10,

20 and 30 MeV to examine how the variety of U (N)
Σ

affects the transition density of hyperon stars.

In order to obtain the coupling constants of the

strange mesons φ, we use the quark model relation-

ship,

gφΞ = 2gφΛ =−2
√

2gωN/3. (16)

For the σ∗ mesons, we use the mass of the obtained

f0 (975) meson, but treat its couplings purely phe-

nomenologically so as to satisfy the equation of po-

tential depths U (Ξ)
Λ ≈ U (Ξ)

Ξ ≈ 2U (Λ)
Λ ≈ 40 MeV. This

yielded gσ∗Λ/gσN = gσ∗Σ/gσN = 0.69, gσ∗Ξ/gσN =

1.25 [7].

The transition density ρ0H is defined as the low-

est baryon density ρ=
∑

B

ρB at which
∑

H

ρH >
∑

N

ρN,

where ρH is the hyperon density and ρN is the nucleon

density.
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4 Theoretical results and analysis

The effect of σ∗ and φ mesons on the relative pop-

ulations of hyperons is shown in Fig. 1. In this case,

we choose the GL85 constants and U (N)
Λ = U (N)

Σ =

−30 MeV, U (N)
Ξ =−28 MeV. From Fig. 1 we can see

that, compared with those without considering the

contribution of σ∗ and φ mesons, the relative pop-

ulations of neutrons decrease but those of hyperons

increase. The reason is that, as the mesons σ∗ and

φ are considered, more neutrons decay to hyperons.

In addition, the existence of the mesons σ∗ and φ

makes the critical density that Ξ−, Σ−, Ξ0, Σ0, Σ+

appear decrease, while for Λ hyperons the effect is not

obvious.

Fig. 1. The composition of neutron star matter

using parameter GL85.

The effect of the σ∗ and φ mesons on the transi-

tion density of hyperon stars is plotted in Fig. 2. In

this case, U (N)
Λ = U (N)

Σ = −30 MeV, U (N)
Ξ =−28 MeV

and the GL85, GL97, DD-MEI, NL1 and NL2 con-

stants are chosen. From Fig. 2 we can see that, con-

sidering the contribution of σ∗ and φ mesons, for all

the five sets of constants the transition density of hy-

peron stars decreases. This is because the existence

of mesons σ∗ and φ makes more neutrons decay to

hyperons.

For the case of GL85 constants, the contribution

of hyperons of different kinds to the transition den-

sity of hyperon stars is given in Fig. 3, Fig. 4 and Ta-

ble 1. From Fig. 3 we can see that at the transition

density ρ0H, the relative populations of neutrons are

more than those of protons. It can also be seen that

the contribution of hyperons Λ and Ξ− to the transi-

tion density is more than that of hyperons Σ− and Ξ0

and for the hyperons Σ− and Σ+ the contribution is

zero. Considering the mesons σ∗ and φ, at transition

density, the numbers of neutrons, protons, Σ− and

Ξ− decrease, while those of Λ and Ξ0 increase. This

means that at transition density ρ0H, the existence of

the mesons σ∗ and φ makes more nucleons decay to

Fig. 2. Effect of the mesons σ∗ and φ on the

transition density of hyperon stars.

Fig. 3. The relative populations of baryons at

the transition density of the hyperon star as a

function of the kinds of hyperons.

Fig. 4. The percentage of relative populations

of baryons at ρ0H.
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hyperons Λ and Ξ0 but mitigates against the appear-

ance of Σ− and Ξ−.

The more detailed results are shown in Fig. 4 and

Table 1. At the transition density ρ0H of the hyperon

stars, compared with those without considering the

mesons σ∗ and φ, the percentage of neutron density

increases from 60.38% to 62.45%, while that of pro-

tons decreases from 39.62% to 37.55%. As for hy-

perons, the percentage of Λ and Ξ0 increases from

34.27% and 10.82% to 36.56% and 11.26%, respec-

tively, but that of Σ− and Ξ− decreases from 8.27%

and 46.64% to 7.99% and 44.19%, separately. It is

thus clear that, at transition density ρ0H, the star is

mainly composed of neutrons, protons, Λ, Ξ− and a

small amount of Σ− and Ξ0, but the hyperons of Σ0

and Σ+ don’t appear. The existence of the mesons

σ∗ and φ makes the number of neutrons Λ and Ξ0

increase but that of Σ− and Ξ− decrease.

The effect of the variety of U (N)
Σ on the transition

density of hyperon stars is shown in Fig. 5, Fig. 6 and

Table 2. Here, the GL85 constant is adopted.

Fig. 5. Effect of the variety of U
(N)
Σ on the crit-

ical baryon density.

In Fig. 5, the effect of the variety of U (N)
Σ on the

critical baryon density that hyperons appear is given.

In this case, the σ∗ and φ are not considered and

the U (N)
Σ are chosen as −30, −20, −30, 0, 10, 20 and

30 MeV. From Fig. 5 we can see that, with the raise

in U
(N)
Σ , the critical baryon density of Σ+, Σ0 and Σ−

increases, that of Ξ0 decreases and that of Λ and Ξ−

is fixed. That is to say, the higher potential depth

U (N)
Σ will be conducive to the appearance of Ξ0 but

mitigate against the appearance of Σ−, Σ0 and Σ+.

From Fig. 6 and Table 2 we can see that the transi-

tion density ρ0H is fixed as U (N)
Σ goes up from −30 MeV

to 30 MeV, i.e., the variety of U (N)
Σ almost does not

influence the transition density ρ0H. Compared with

those without considering the contribution of mesons

σ∗ and φ, the transition density ρ0H will greatly de-

crease. The reason is that the existence of the mesons

σ∗ and φ makes more nucleons decay to hyperons.

Fig. 6. Effect of the variety of U
(N)
Σ and the

mesons σ∗ and φ on the transition density ρ0H.

Table 1. Relative populations of the baryons at the transition density of hyperon stars. Here, U
(N)
Σ = −30 MeV.

kinds of hyperons n p Λ Σ− Σ0 Σ+ Ξ− Ξ0

number 1 2 3 4 5 6 7 8

with σ∗,φ 0.3117 0.1874 0.1831 0.0400 0 0 0.2213 0.0564

percentage(%) 62.45 37.55 36.56 7.99 0 0 44.19 11.26

without σ∗,φ 0.3014 0.1978 0.1716 0.0414 0 0 0.2336 0.0542

percentage(%) 60.38 39.62 34.27 8.27 0 0 46.64 10.82

Table 2. The transition density ρ0H of hyperon stars.

U
(N)
Σ /MeV −30 −20 −10 0 10 20 30

ρ0H (with σ∗,φ)/fm−3 0.831 0.830 0.830 0.830 0.830 0.830 0.830

ρ0H (without σ∗,φ)/fm−3 0.973 0.972 0.971 0.971 0.971 0.971 0.971
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5 Summary

In conclusion, in this paper the effect of the

mesons σ∗ and Φ and the variety of U (N)
Σ on the transi-

tion density of hyperon stars is examined within the

framework of relativistic mean field theory for the

baryon octet {n, p, Λ, Σ−, Σ0, Σ+, Ξ− and Ξ0} sys-

tem. It is found that, compared with that without

considering the mesons σ∗ and Φ, the transition den-

sity of hyperon stars decreases, the critical baryon

density that hyperons Σ−, Σ0, Σ+, Ξ− and Ξ0 appear

decreases too, but for Λ the effect is not obvious. As

U (N)
Σ goes up, the critical baryon density of Σ+, Σ0

and Σ− increases, that of Ξ0 decreases and that of Λ

and Ξ− is fixed. In addition, it is also found that the

variety of U (N)
Σ almost dose not influence the transi-

tion density.
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