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Effects of σ∗ and Φ mesons on the
surface redshift of a neutron star∗

Zhao Xian-Feng(赵先锋)†

Department of Electronics Engineering, Chuzhou University, Chuzhou 239000, China

(Received 22 April 2010; revised manuscript received 8 October 2010)

The effects of σ∗ and Φ mesons on the surface redshift of a neutron star have been investigated within the

framework of relativistic mean field theory for the baryon octet {n, p, Λ, Σ−, Σ0, Σ+, Ξ−, Ξ0} system. It is found that

compared with those without considering the contributions of σ∗ and Φ mesons, the surface redshift decreases and that

corresponding to the maximum value of the mass also decreases from 0.2540 to 0.2236, about by 12%. Meanwhile, it is

also found that including σ∗ and Φ mesons, the M/R and that corresponding to the maximum mass decrease.
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1. Introduction

The surface redshift of a neutron star is related
to the value of M/R and if either M or R is known
from other measurements then the other quantity is
obtained.[1] It is thus clear that the research on the
surface redshift of a neutron star is very important.
By now, much work about it has been done. In 1986,
Liang[2] fixed the scope of surface redshift of a neutron
star by measuring 39 gamma-ray burst pair annihila-
tion lines in a range of 300–511 KeV.[2] Li et al.[3] used
temperature, density and isospin dependent nuclear
equation of state to calculate the surface redshift of a
neutron star through resolving Tolman–Openheimer–
Volkoff equation in 2001. They found that the surface
redshift strongly depend on nuclear equation state.

In 1985, Glendenning[4] applied relativistic mean

field theory (RMF), in which the baryon octet is con-
sidered, to the research on a neutron star. In 1994,
Schaffner et al.[5] further suggested that the interac-
tion between hyperons, which interacts by exchanging
σ∗ and φ mesons, should be considered.

In the present paper, the effects of σ∗ and φ

mesons on the surface redshift of a neutron star are
investigated in the framework of relativistic mean field
theory for the baryon octet system.

2. Relativistic mean field theory

and surface redshift of a neu-

tron star

The Lagrangian density of hadron matter is as
follows:[6]

L =
∑

B

Ψ̄B(iγµ∂µ −mB + gσBσ − gωBγµωµ − 1
2
gρBγµτ · ρµ)ΨB +

1
2

(
∂µσ∂µσ −m2

σσ2
)− Uσ

+
∑

λ=e,µ

Ψ̄λ (iγµ∂µ −mλ)Ψλ − 1
4
ωµνωµν +

1
2
m2

ωωµωµ − 1
4
ρµν · ρµν +

1
2
m2

ρρµ · ρµ + L YY, (1)

where the last term on the right-hand side represents the contribution of σ∗ and φ mesons, and for the case of
coupling to hyperons it is

L YY =
∑

B

gσ∗BΨ̄BΨBσ∗−
∑

B

gφBΨ̄BγµΨBφµ +
1
2

(
∂µσ∗∂µσ∗ −m2

σ∗σ
∗2)− 1

4
SµνSµν +

1
2
m2

φφµφµ, (2)

where Sµν = ∂µφν − ∂νφµ.
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We solve the field equations in the usual RMF approximation. The equation of baryon field is obtained as
follows:

(γµkµ −mB + gσBσ + gσ∗Bσ∗ − gωBγ0ω0 − gφBγ0φ0 − gρBγ0τ3ρ03)ψB (k, λ) = 0, (3)

and its eigenvalue is

eB (k) = gωBω0 + gφBφ0 + gρBρ03I3B +
√

k2 + m∗2
B , (4)

where m∗
B is the effective mass of baryons and ex-

pressed as

m∗
B = mB − gσBσ − gσ∗Bσ∗. (5)

The mesons field equations are given as

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 the
leptons 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 as

ρ =
∑

B

ρB

=
∑

B

(2JB + 1) bBk3
B/

(
6π2

)

= const, (13)

Q =
∑

B

QB +
∑

λ

Qλ

=
∑

B

(2JB + 1) qBk3
B/

(
6π2

)
+

∑

λ

2qλk3
λ/(6π2)

= 0. (14)

The energy density and the pressure of a neutron
star are given as

ε =
1
2
m2

σσ2 +
1
3
g2σ

3 +
1
4
g3σ

4 +
1
2
m2

σ∗σ
∗2

+
1
2
m2

ωω2
0 +

1
2
m2

φφ2
0 +

1
2
m2

ρρ
2
03

+
∑

B

2JB + 1
2π2

∫ kB

0

k2dk
√

k2 + m∗2
B

+
1
3

∑

λ=e,µ

1
π2

∫ kλ

0

k2
√

k2 + m2
λ dk, (15)

p = −1
2
m2

σσ2 − 1
3
g2σ

3 − 1
4
g3σ

4 − 1
2
m2

σ∗σ
∗2

+
1
2
m2

ωω2
0 +

1
2
m2

φφ2
0 +

1
2
m2

ρρ
2
03

+
1
3

∑

B

2JB + 1
2π2

∫ kB

0

k4

√
k2 + m∗2 dk

+
1
3

∑

λ=e,µ

1
π2

∫ kλ

0

k4

√
k2 + m2

λ

dk. (16)

We use the Oppenheimer–Volkoff equation (O–V
equation)to obtain the mass and the radius of a neu-
tron star respectively as

dp

dr
= − (p + ε)

(
M + 4πr3p

)

r (r − 2M)
, (17)

M = 4π

∫ r

0

εr2dr. (18)

The surface redshift of a neutron star is given as[1]

z =
(

1− 2M

R

)−1/2

− 1. (19)

3. Parameters

The coupling constants of the nucleons are the
GL97[1] constants listed in Table 1.

We define the following ratios: xσ = gσh/gσ, xω =
gωh/gω, and xρ = gρh/gρ. For the coupling constants
of meson ω, we use ratios

gωN/3 = gωΣ/2 = gωΛ/2 = gωΞ , (20)

which are given by the constituent quark model [SU(6)
symmetry].[1] The coupling constants of meson σ are
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then determined by fitting Λ, Σ and Ξ well depth in
nuclear matter to the following expression:[7]

U
(N)
h = mB

(
m∗

n

mn
− 1

)(
gσh

gσn

)

+
(

gω

mω

)2

ρ0

(
gωh

gωn

)
, (21)

where we choose U
(N)
Λ = U

(N)
Σ = −30 MeV and

U
(N)
Ξ = −28 MeV.[8,9]

Table 1. Coupling constants of nucleons.

m mσ mω mρ gσ gω gρ g2

GL97[1] 939 500 782 770 7.9835 8.7 8.5411 20.966

g3 C3 ρ0 B/A K asym m∗/m

GL97[1] –9.835 0 0.153 16.3 240 32.5 0.78

To obtain the coupling constants of the strange
meson φ, we use the quark model relationships

gφΞ = 2gφΛ = −2
√

2gωN/3. (22)

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 poten-
tial depth U

(Ξ)
Λ ≈ U

(Ξ)
Ξ ≈ 2U

(Λ)
Λ ≈ 40 MeV, thereby

yielding gσ∗Λ/gσN = gσ∗Σ/gσN = 0.69, gσ∗Ξ/gσN =
1.25.[5]

4. Theoretical results and analy-

ses

The surface redshift as a function of central en-
ergy density is given in Fig. 1, from which we can
see that compared with those without considering the
contributions of σ∗ and φ mesons, the surface redshift
decreases.

Fig. 1. Surface redshifts each as a function of central en-

ergy density.

Figure 2 shows the surface redshifts each as a
function of the mass of a neutron star. The max-
imum values of mass Mmax, corresponding radius R,
and gravitational redshift z are given in Table 2. From
Fig. 2 and Table 2 we can see that compared with
those without considering the contributions of σ∗ and
φ mesons, the maximum value of the mass decreases
from 1.5211 M¯ to 1.4424 M¯, about by 5 percent and
the surface redshift corresponding to the maximum
value of the mass decreases from 0.2540 to 0.2236,
about by 12 percent. The reason is that the appear-
ing of σ∗ and φ mesons makes the maximum value of
neutron star smaller and the neutron star with smaller
maximum mass will provide weaker gravity, leading
the surface redshift to decrease. The observational
data of the gravitational redshift is in a range of 0.25–
0.35.[2] It is thus evident that our results are in agree-
ment with the observational data.

Fig. 2. Gravitational redshifts each as a function of mass.

Table 2. Maximum values of mass Mmax and corresponding radius R and gravitational

redshift z.

εc/(1015 g/cm3) R/km Mmax/M¯ z

without σ∗, φ mesons 1.5942 12.339 1.5211 0.2540

with σ∗, φ mesons 1.3040 12.828 1.4424 0.2236
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The surface redshifts each as a function of R is
given in Fig. 3, from which we can see that the surface
redshift increases with radius reducing. Compared
with those without considering the contributions of
σ∗ and φ mesons, the surface redshift decreases. This
is because, with the mesons σ∗ and φ included, the
mass corresponding to an identical radius R becomes
smaller (seen Fig. 4 ) and thus the weaker gravity will
provide the smaller surface redshift.

Fig. 3. Surface redshifts each as a function of radius R.

Fig. 4. Values of mass M each as a function of radius R.

Finally, the surface redshifts each as a function of
M/R are shown in Fig. 5. It is found that the surface
redshift increases with M/R growing. Considering the
contributions of σ∗ and φ mesons, the M/R and the
corresponding z decrease. For the maximum value of
the mass, the homologous surface redshift z and M/R

both decrease too. From Fig. 5 we can see that if the
surface redshift is observed then the quantity M/R

would be known. Furthermore, if either M or R is

known from other measurements then the other quan-
tity is obtained.

Fig. 5. Surface redshifts each as a function of M/R.

5. Summary

In this paper the effects of σ∗ and Φ mesons on the
surface redshift of a neutron star has been investigated
within the framework of relativistic mean field the-
ory for the baryon octet {n, p, Λ, Σ−, Σ0, Σ+, Ξ−, Ξ0}
system. It is found that compared with those without
considering the contributions of σ∗ and Φ mesons, the
surface redshift decreases and that corresponding to
the maximum value of the mass also decreases from
0.2540 to 0.2236, about by 12%. Meanwhile, it is
also found that, with σ∗ and Φ mesons included, the
M/R and that corresponding to the maximum mass
decrease.

The strange nuclear matter is very important for
both the astrophysics application and the compari-
son of strange quark matters. Firstly, the effects of
σ∗ and Φ mesons on the surface redshift of a neutron
star conduce to a better understanding of the equa-
tion of state of the nuclear matter, through which the
possible model of a neutron star can be determined.
Secondly, the surface redshift of a neutron star has a
significantly observable effect on surface electromag-
netic radiation, which arouses the great interest and
has been extensively studied.[10,11] Thirdly, the obser-
vational data of mass and surface redshift still may
constrain the properties of the equation of state for
quark matter in compact stars.[12−15]
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