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A set of new nucleon coupling constants and the
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Using a new set of nucleon coupling constants CZ11 the properties of a proto neutron star are examined within

the framework of the relativistic mean-field theory for the baryon octet system. It is found that the relative number

density of Λ, Ξ−, and Ξ0 for CZ11 are all smaller than those for GL97 and for both CZ11 and GL97, Σ−, Σ0, and Σ+

do not appear. It is also found that the pressure and the maximum mass for CZ11 are all smaller than those for GL97.

The maximum mass for CZ11 decreases by approximately 9 percent compared with that for GL97.
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1. Introduction

The proto neutron star (PNS) is formed after the

explosion of the supernova and its temperature is more

than 10 MeV.[1] Its maximum mass, which will deter-

mine whether the proto neutron evolves from proto

neutron star to black hole or to stable neutron star,[2]

is of crucial importance.[3]

The relativistic mean-field (RMF) theory, which

can successfully describe the nuclear system,[4] was

first used to describe neutron star matter in 1985 by

Glendenning,[5] and since then it has been extensively

applied to the research of the neutron stars.[6] The

theoretical study of neutron stars shows that neu-

tron star matter is very sensitive to the nucleon cou-

pling constants and the hyperon-to-nucleon coupling

constants.[7,8]

The hyperon-to-nucleon vector couplings can be

obtained by the constituent quark model [SU(6)

symmetry],[9] and the hyperon-to-nucleon scalar cou-

plings can then be determined by fitting the Λ,Σ, and

Ξ well depths in nucleon matter.[10,11] The experimen-

tal data of the depth U
(N)
Λ is −30 MeV.[12] The depth

U
(N)
Ξ also is well determined to be about −16 MeV,[13]

and −14 MeV[14] or −24 MeV∼ −21 MeV.[15] In ac-

tual calculation, a more relativistic potential value of

U
(N)
Ξ = −28 MeV can be chosen.[16] By the analysis

of Σ nucleus optical potential constructed, Mars ob-

tained the depth U
(N)
Σ with a repulsive real part in

the nuclear interior.[17] The inclusive (π−,K+) spec-

tra on medium-to-heavy nuclear targets measured at

KEK give a more direct evidence for a strongly repul-

sive Σ–nucleus potential of 90 MeV.[18,19] More sophis-

ticated theoretical analyses of these KEK (π−,K+)

spectra have also concluded that the Σ–nuclear poten-

tial is repulsive within the nuclear volume and they

yield a weaker repulsion in the range of 10 MeV ∼
40 MeV.[20−24]

The nucleon coupling constants are connected

with four bulk properties of nuclear matter together

with the choice of an effective mass at saturation.[5]

By now, GL85 sets,[5] GL97 sets,[9] TM1 sets,[25] TM2

sets,[25] NL2 sets,[26] and NLSH sets,[27] and so on,

have been obtained and applied to the calculations of

neutron star matter. A recent analysis of the symme-

try energy comes from isospin diffusion data for reac-

tions involving 112Sn and 124Sn from the NSCL/MSU

(the National Superconducting Cyclotron Laboratory

at Michigan State University).[28,29] From the results

of these works a new set of nucleon coupling constants

(CZ11 set[30]) can be obtained.

In this paper, we use the CZ11 set to examine

the properties of the PNS within the RMF approach
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considering the baryon octet.

2. The RMF theory of a PNS

The Lagrangian density of hadron matter reads

as follows:[5]

L =
∑
B

Ψ̄B

[
iγµ

(
∂µ + igωBγµω

µ +
i

2
gρBτ · ρµ

)
− (mB − gσBσ)

]
ΨB

+
1

2

(
∂µσ∂

µσ −m2
σσ

2
)
− 1

4
ωµνω

µν

+
1

2
m2

ωωµω
µ − 1

4
ρµν · ρµν +

1

2
m2

ρρµ · ρµ

− 1

3
g2σ

3 − 1

4
g3σ

4 +
∑

λ=e,µ

Ψ̄λ (iγµ∂
µ −mλ)Ψλ.(1)

We solve the field equations in the usual RMF

approximation. The equations of baryon field are ob-

tained as follows:

(γµκ
µ −mB + gσBσ − gωBγ0ω0

− gρBγ0τ3ρ03)ΨB (κ,B) = 0, (2)

and their eigenvalues are

eB (κ) = gωBω0 + gρBρ03I3B +
√
κ2 +m∗2

B . (3)

Here, I3B is the isospin 3-component for baryon B and

m∗ is the effective mass of baryons

m∗
B = mB − gσBσ. (4)

The mesons field equations are given by

m2
σσ = −g2σ

2 − g3σ
3 +

∑
B

2JB + 1

2π2
gσB

∫ ∞

0

m∗
√
k2 +m∗2

× (exp[(εB(k)− µB)/T ] + 1)−1k2dk, (5)

m2
ωω0 =

∑
B

2JB + 1

2π2
gωBbB

∫ ∞

0

(exp[(εB(k)− µB)/T ] + 1)−1k2dk, (6)

m2
ρρ03 =

∑
B

2JB + 1

2π2
gρBI3BbB

∫ ∞

0

(exp[(εB(k)− µB)/T ] + 1)−1k2dk. (7)

The energy density and pressure of a PNS are given by

ε =
1

3
g2σ

3 +
1

4
g3σ

4 +
1

2
m2

σσ
2 +

1

2
m2

ωω
2
0 +

1

2
m2

ρρ
2
03

+
∑
B

2JB + 1

2π2

∫ ∞

0

κ2dκ
√
κ2 +m∗2(exp[(εB(k)− µB)/T ] + 1)−1

+
∑

λ=e,µ

2Jλ + 1

2π2

∫ ∞

0

κ2dκ
√
κ2 +m2

λ(exp[(ελ(k)− µλ)/T ] + 1)−1, (8)

p = −1

2
m2

σσ
2 − 1

3
g2σ

3 − 1

4
g3σ

4 +
1

2
m2

ωω
2
0 +

1

2
m2

ρρ
2
03

+
1

3

∑
B

2JB + 1

2π2

∫ ∞

0

κ4

√
κ2 +m∗2

dκ(exp[(εB(k)− µB)/T ] + 1)−1

+
1

3

∑
λ=e,µ

2Jλ + 1

2π2

∫ ∞

0

κ4√
κ2 +m2

λ

dκ(exp[(ελ(k)− µλ)/T ] + 1)−1. (9)

The conditions of the conservation of baryon num-

ber and the charge neutrality are respectively given by

ρ =
∑
B

2JB + 1

2π2
bB

×
∫ ∞

0

(exp [(εB (k)− µB) /T ] + 1)
−1

k2dk, (10)

0 =
∑
B

2JB + 1

2π2
bB

×
∫ ∞

0

(exp[(εB(k)− µB)/T ] + 1)−1k2dk

+
∑

λ=e,µ

2Jλ + 1

2π2
qλ

×
∫ ∞

0

(exp[(ελ(k)− µλ)/T ] + 1)−1k2dk. (11)

We use the Oppenheimer–Volkoff equation (O-V

equation) to obtain the mass and the radius of a neu-
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tron star

dp

dr
= −

(p+ r)
(
M + 4πr3p

)
r (r − 2M)

, (12)

M = 4π

∫ r

0

εr2dr. (13)

3. Parameters

The CZ11 set,[30] which is obtained by the analy-

sis of the NSCL/MSU experimental results,[28,29,31] is

listed in Table 1.

Table 1. The CZ11 nucleon coupling parameter set,

1 fm = 10−15 m.

(gσ/mσ)2/fm2 (gω/mω)2/fm2 (gρ/mρ)
2/fm2 b/102 c/102

10.1937 4.8557 4.2090 0.0105 −0.0100

We define the ratios: xσh = gσh/gσN, xωh =

gωh/gωN, xρh = gρh/gρN, with h denoting hyperons.

For the coupling constants of meson ω, we use ratios

gωN/3 = gωΣ/2 = gωΛ/2 = gωΞ, (14)

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

symmetry]. The couplings constants of meson σ are

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

in nuclear matter as follows:[7]

U
(N)
h = mB

(
m∗

n

mn
− 1

)
xσh +

(
gωN

mω

)2

ρ0xωh. (15)

In our calculation, we choose U
(N)
Λ = −30 MeV,

U
(N)
Σ = +30 MeV, U

(N)
Ξ = −28 MeV, and the temper-

ature T = 15 MeV. Because GL97 set[9] can describe

the neutron star matter better,[9] we also consider it

for comparison.

4. Theoretical results and analy-

ses

The field strengths of mesons σ, ω, and ρ are

shown in Fig. 1. The temperature of the PNS is

T = 15 MeV. From Fig. 1 we can see that the field

strengths of mesons ω for CZ11 are larger than those

for GL97 and those of mesons σ are by far larger than

those for GL97. For the field strengths of mesons

ρ, the values for CZ11 are almost equal to those for

GL97.
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Fig. 1. The field strengths of σ, ω, and ρ as a function of

baryon density.

Figure 2 gives the chemical potentials of neutrons

and electrons. From Fig. 2 it can be seen that the

chemical potentials of neutrons for CZ11 are smaller

than those for GL97 while the chemical potentials of

electrons for CZ11 are larger than those for GL97.
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Fig. 2. The chemical potentials of neutrons and electrons

as a function of baryon density.

The relative number density of particles is given

in Fig. 3. From Fig. 3 we can see that the relative num-

ber density of neutrons for CZ11 is larger than that

for GL97 while that of protons for CZ11 is smaller

than that for GL97. As for the electrons and muons,

the relative number densities for CZ11 are smaller

than those for GL97 as ρ < 0.4266 fm−3 while as

ρ > 0.4266 fm−3 the former are larger than the lat-

ter. The relative number densities of Λ, Ξ−, and Ξ0

for CZ11 are all smaller than those for GL97. The

reason is the CZ11 sets are not of great advantage to

the transfer from neutrons to Λ, Ξ−, and Ξ0. We can

also see that for both CZ11 and GL97, Σ−, Σ0, and

Σ+ do not appear. This is because the positive well

depth U
(N)
Σ = +30 MeV would restrain the occurrence

of the Σ−, Σ0, and Σ+.

The pressure as a function of energy density is

charted in Fig. 4. We can see that the pressure for

CZ11 is smaller than that for GL97.
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Fig. 3. The relative particle number density as a function

of baryon density.

13.0 14.0 15.0 16.0
32.0

33.0

34.0

35.0

36.0

 CZ11  
 GL97            

U(N)=-30 MeV

U(N)=+30 MeV

U(N)=-28 MeV

T=15 MeV

L

X

§

log(ε)/gScm-3

lo
g
(P

)/
d
y
n
e
Sc

m
-

2

Fig. 4. The pressure as a function of energy density.

The mass as a function of central energy density

is shown in Fig. 5 and the maximum mass and the cor-

responding radius are listed in Table 2. From Fig. 5

it can be seen that the mass for CZ11 is smaller than

that for GL97. From Table 2 we can see that the max-

imum mass Mmax for CZ11 is Mmax = 1.4216 M⊙ and

that for GL97 is Mmax = 1.5581 M⊙. The maximum

mass for CZ11 decreases by 8.76 percent compared

with that for GL97.
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Fig. 5. The mass as a function of central energy density.

Table 2. The maximum mass and the corresponding radius.

εc/1015 g · cm−3 Mmax/M⊙ R/km

CZ11 1.6719 1.4216 13.4820

GL97 1.6344 1.5581 13.6870

5. Summary

In conclusion, in this paper using the new set of

nucleon coupling constants CZ11, which was obtained

in our previous work, the properties of a proto neu-

tron star are examined within the framework of the

relativistic mean-field theory for the baryon octet sys-

tem. It is found that the relative number density

of neutrons for CZ11 is larger than that for GL97

while that of protons for CZ11 is smaller than that

for GL97. For the electrons and muons, the relative

number densities for CZ11 are smaller than those for

GL97 as ρ < 0.4266 fm−3 while as ρ > 0.4266 fm−3

the former are larger than the latter. The relative

number densities of Λ, Ξ−, and Ξ0 for CZ11 are all

smaller than those for GL97. We also can see that

for both CZ11 and GL97, Σ−, Σ0, and Σ+ do not ap-

pear. The pressure and the maximum mass for CZ11

are all smaller than those for GL97 and the maximum

mass for CZ11 decreases by 8.76 percent compared

with that for GL97.
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