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Abstract. We investigate the neutron star matter in magnetic field using the
extended Zimanyi-Moszkowski model. The anomalous magnetic moments of nucleons
and the isovector-scalar mean-field are taken into account. We calculate the
renormalized nucleon masses and the equations-of-state as functions of the total baryon
density for several strengths of magnetic field. It is found that only the ultra strong
field B > 1019G is effective in the results. We further investigate the dependencies
of the renormalized masses and the particle fractions upon the magnetic field. In
weak field B < 1016G they are constant, while the effects of Landau quantization are
apparent as the field becomes stronger. Although almost the features of our results
are essentially the same as those in the preceding works, we cannot reproduce the
anomalous features in B = 1013G predicted by F.X. Wei et al .

1. Introduction

It has been well known that the neutron stars (NSs) observed as radio pulsars have

strong magnetic fields B = 1012 ∼ 1013G on their surfaces. Although these strengths are

already by far stronger than the magnetic fields achieved in laboratories and detected

on the other stars, there are the other classes of NSs observed as the soft gamma

repeaters and the anomalous x-ray pulsars that have much stronger magnetic fields

B = 1014 ∼ 1015G. They are called as the magnetars [1-3] and there have been found

their candidates more than 10 so far.

The magnetic fields of magnetars are stronger than the critical value BC(e) =

me/(2µB) = 4.414× 1013G for electrons. The surface structure of magnetar is therefore

quite different from the ordinary NS [4]. On the contrary, the cores of magnetars and

NSs are the hadronic matters composed of nucleons, hyperons and condensed mesons

along with leptons. Because the critical value BC(N) = MN/(2µN) = 1.488× 1020G for

nucleons is extremely strong, even the magnetic fields B = 1014 ∼ 1015G cannot affect

the properties of the cores of magnetars.

However, according to the expectation that the magnetic field in the core of

magnetar becomes much stronger than its surface, the strongly magnetized NS matter

was first investigated in Ref. [5]. This work used the relativistic mean-field (RMF)

theory [6-8] of nuclear matter because it is more appropriate to dense baryonic matter

than the nonrelativistic theories. Moreover, it is worthwhile to note that within the
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RMF models the mass of nucleon in dense medium is largely reduced from its free value,

and so the critical field for nucleons in NSs might become weaker than 1.488 × 1020G.

Because of these reasons all the subsequent works to Ref. [5] rely on the RMF models.

Although Ref. [5] investigated NS matter within the original Walecka σ-ω model [6],

the later work [9] employed the nonlinear Walecka (NLW) and the Zimanyi-Moszkowski

(ZM) [10] models. The NLW model is the most widely used in the investigations of

nuclear physics. However, the meson self-coupling terms have parameters that are

adjusted to reproduce the properties of finite nuclei, and so we cannot believe that the

model is really valid at higher densities than nuclear matter saturation. In this respect,

the RMF models, which have explicit or implicit density dependence, are desirable.

The ZM model is such a model being applicable to the magnetized NS matter. It has

a renormalized NNσ coupling constant by the renormalized nucleon mass M∗
N/MN .

However, its NNω coupling constant is not renormalized, and the renormalized mass

M∗
N = 0.85MN is too large to reproduce the spin-orbit splitting of finite nuclei.

The above two works did not take into account the anomalous magnetic moments

(AMMs) of nucleons nor the effect of muons. They were first considered in Ref. [11].

The latest work [12] further takes into account the isovector-scalar δ-meson. It predicts

that the equation-of-state (EOS) becomes stiffer for B = 1012 ∼ 1013G than B = 0 and

B > 1015G. If the result is true, the structures of the ordinary NSs observed as radio

pulsars are largely altered from the previous investigations without the magnetic field.

In the present work, we reinvestigate the strongly magnetized NS matter within the

extended Zimanyi-Moszkowski (EZM) model [13,14]. The model is the modification and

extension of the original ZM model based on the consistent quark picture of nucleons

(or baryons). It can overcome the above-mentioned shortcomings of the NLW and ZM

models. Especially, the EZM model predicts the same saturation properties of nuclear

matter [13] as the Dirac-Brueckner-Hartree-Fock (DBHF) theory [15] and reproduces

the empirical critical temperature of liquid-gas phase transition in nuclear matter [16]. It

has been further applied [17-26] to various subjects of nuclear physics and astrophysics.

In some aspects the EZM model reproduces the similar properties to the NLW model,

while in other aspects it shows essentially different features. It is therefore worthwhile to

apply the EZM model to the NS matter in strong magnetic fields. Our main purpose is

to compare the EZM model with the NLW and the original ZM models and to investigate

the effect of δ-meson. In the next section we develop the formulation of the EZM model.

In section 3 the numerical results are shown and discussed. Finally, the present work is

summarized in section 4.

2. The EZM model

Here we reformulate the EZM model of NS matter in the magnetic field B. In the present

work we consider only nucleons as baryons so as to compare the preceding works [11,12].
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The model Lagrangian of the NS matter in the mean-field approximation is

L =
∑

N=p, n

ψ̄N

(
6p− qN 6A−

1

2
κNσµνF

µν −M∗
N − γ0VN

)
ψN

+
∑

l=e−, µ−
ψ̄l ( 6p + e 6A−ml) ψl

− 1

2
m2

σ 〈σ〉2 −
1

2
m2

δ 〈δ3〉2 +
1

2
m2

ω 〈ω0〉2 +
1

2
m2

ρ 〈ρ03〉2 , (1)

where ψN and ψl are the Dirac fields of nucleons and leptons. The charges of nucleons

are qp = e (> 0) and qn = 0 and κN is their AMM. The electromagnetic vector

potential Aµ = (0, 0, xB, 0) is for the external magnetic filed B along the z-axis

and F µν = ∂µAν − ∂νAµ. The isoscalar-scalar, isoscalar-vector, isovector-scalar and

isovector-vector mean-fields are 〈σ〉, 〈ω0〉, 〈δ3〉 and 〈ρ03〉, respectively. The mass of each

meson is mσ, mω, mδ and mρ. The renormalized mass of nucleons M∗
N in the matter is

defined by

M∗
N = MN + SN , (2)

where the scalar potential SN is

Sp = −g∗ppσ 〈σ〉 − g∗pp δ 〈δ3〉 , (3)

Sn = −g∗nnσ 〈σ〉+ g∗nnδ 〈δ3〉 . (4)

The vector potential VN in Eq. (1) is

Vp = g∗pp ω 〈ω0〉+ g∗ppρ 〈ρ03〉 , (5)

Vn = g∗nnω 〈ω0〉 − g∗nnρ 〈ρ03〉 . (6)

The renormalized coupling constants in Eqs. (3)-(5) are given [13,14] by

g∗pp σ(ω) ≡ h∗ppσ(ω)gNNσ(ω) =
[
(1− λ) + λm∗

p

]
gNNσ(ω), (7)

g∗nnσ(ω) ≡ h∗nnσ(ω)gNNσ(ω) = [(1− λ) + λm∗
n ] gNNσ(ω), (8)

g∗ppδ(ρ) ≡ h∗ppδ(ρ)gNNδ(ρ) =
[
(1− λ) + λ

(
2m∗

n −m∗
p

)]
gNNδ(ρ), (9)

g∗nnδ(ρ) ≡ h∗nnδ(ρ)gNNδ(ρ) =
[
(1− λ) + λ

(
2m∗

p −m∗
n

)]
gNNδ(ρ), (10)

where gNNσ(ω, δ, ρ) is the free coupling constant and λ = 1/3.

The total energy density of matter is given by

E =
∑

i=p, n, e−, µ−
εi +

∑

N=p, n

VNρN +
1

2
m2

σ 〈σ〉2 +
1

2
m2

δ 〈δ3〉2 − 1

2
m2

ω 〈ω0〉2 −
1

2
m2

ρ 〈ρ03〉2 .

(11)
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The energy density of each particle is [5,9,11]

εp =
µNMNB

2π2

∑

s=−1,1

νmax
p∑
ν

{
EFpkFp(ν, s) + M̄p(ν, s)

2 ln

∣∣∣∣∣
EFp + kFp(ν, s)

M̄p(ν, s)

∣∣∣∣∣

}
, (12)

εn =
1

4π2

∑

s=−1,1

{
1

2
E3

FnkFn(s) +
2

3
s κnBE3

Fn

[
arcsin

M̄n(s)

EFn

− π

2

]

+
[

1

3
s κnB − 1

4
M̄n(s)

] [
M̄n(s)kFn(s)EFn + M̄n(s)

3
ln

∣∣∣∣∣
EFn + kFn(s)

M̄n(s)

∣∣∣∣∣

]}
, (13)

εe =
µBmeB

2π2

νmax
e∑

ν=0

g(ν)

{
EFekFe(ν) + m̄e(ν)2 ln

∣∣∣∣∣
EFe + kFe(ν)

m̄e(ν)

∣∣∣∣∣

}
, (14)

εµ =
µµmµB

2π2

νmax
µ∑

ν=0

g(ν)

{
EFµkFµ(ν) + m̄µ(ν)2 ln

∣∣∣∣∣
EFµ + kFµ(ν)

m̄µ(ν)

∣∣∣∣∣

}
, (15)

where µN , µB and µµ are nuclear magneton, Bohr magneton and muon magneton,

respectively. The Landau quantum number ν in Eq. (12) starts from 0 for spin-down

(s = −1) and 1 for spin-up (s = 1). The spin degenerate factor g(ν) in Eqs. (14) and

(15) is 1 for ν = 0 but 2 for ν ≥ 1. The effective mass of each particle on each Landau

level is defined as

M̄p(ν, s) =
(
M∗

p
2 + 4 ν µNMNB

)1/2
+ s κpB, (16)

M̄n(s) = M∗
n + s κnB, (17)

m̄e(ν) =
(
m2

e + 4 ν µBmeB
)1/2

, (18)

m̄µ(ν) =
(
m2

µ + 4 ν µµmµB
)1/2

. (19)

The Fermi energies are determined from the chemical potentials

EFp(n) = µp(n) − Vp(n), (20)

EFe(µ) = µe(µ). (21)

In NS matter the β-equilibrium condition

µn − µp = µe = µµ (22)

is satisfied. (Do not confuse the magnetons with the chemical potentials.) The Fermi

momentum of each particle on each Landau level is given by

kFp(ν, s) =
[
E2

Fp − M̄p(ν, s)
2
]1/2

, (23)

kFn(s) =
[
E2

Fn − M̄n(s)
2
]1/2

, (24)

kFe(µ)(ν) =
[
E2

Fe(µ) − m̄e(µ)(ν)2
]1/2

. (25)
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The condition that the Fermi momenta are real values restricts the maximum value of

the quantum number ν for each particle. The baryon density ρN in the second term of

Eq. (11) is defined as [11,12]

ρp =
µNMNB

π2

∑

s=−1,1

νmax
p∑
ν

kFp(ν, s), (26)

ρn =
1

2π2

∑

s=−1,1

{
1

3
kFn(s)3 +

1

2
s κnB

[
M̄n(s)kFn(s) + E2

Fn

(
arcsin

M̄n(s)

EFn

− π

2

)]}
.

(27)

Similarly, the lepton densities are [5,9]

ρe =
µBmeB

π2

νmax
e∑

ν=0

g(ν)kFe(ν), (28)

ρµ =
µµmµB

π2

νmax
µ∑

ν=0

g(ν)kFµ(ν). (29)

From Eqs. (2)-(4) the scalar meson mean-fields 〈σ〉 and 〈δ3〉 are expressed by the

renormalized masses M∗
p and M∗

n. From Eqs. (5) and (6) the vector meson mean-fields

〈ω0〉 and 〈ρ03〉 are expressed by the vector potentials Vp and Vn. The total energy

density E of Eq. (11) is therefore expressed by M∗
N and VN . Then, they are determined

by extremizing the energy, ∂E/∂M∗
N = 0 and ∂E/∂VN = 0. Consequently, we have the

self-consistency equations:

ρp

MN

(
C(0)

)2 −



(
mω

gNNω

)2 (
h∗nnρ

)2
+

(
mρ

gNNρ

)2

(h∗nnω)2


 vp

−



(
mω

gNNω

)2

h∗ppρh
∗
nnρ −

(
mρ

gNNρ

)2

h∗ppωh∗nnω


 vn = 0, (30)

ρn

MN

(
C(0)

)2 −



(
mω

gNNω

)2

h∗ppρh
∗
nnρ −

(
mρ

gNNρ

)2

h∗ppωh∗nnω


 vp

−



(
mω

gNNω

)2 (
h∗ppρ

)2
+

(
mρ

gNNρ

)2 (
h∗ppω

)2


 vn = 0, (31)

ρ(S)
p

MN

(
C(0)

)3
+

(
mσ

gNNσ

)2

A(0)
(
A(1)

p C(0) − A(0)C(1)
p

)
+

(
mδ

gNNδ

)2

B(0)
(
C(0) −B(0)C(1)

p

)

− λ

(
mω

gNNω

)2 (
h∗nnρvp + h∗ppρvn

) {[ (
h∗ppρ

)2 −
(
h∗nnρ

)2
+ h∗ppωh∗ppρ + h∗nnωh∗nnρ

]
vp

−
[(

h∗ppω + h∗ppρ

)
h∗nnρ +

(
h∗nnω + h∗nnρ

)
h∗ppρ

]
vn

}

+ λ

(
mρ

gNNρ

)2 (
h∗nnωvp − h∗ppωvn

) [
2h∗nnωh∗nnρvp +

(
h∗nnωh∗ppρ − h∗ppωh∗nnρ

)
vn

]
= 0, (32)
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ρ(S)
n

MN

(
C(0)

)3
+

(
mσ

gNNσ

)2

A(0)
(
A(1)

n C(0) − A(0)C(1)
n

)
−

(
mδ

gNNδ

)2

B(0)
(
C(0) + B(0)C(1)

n

)

− λ

(
mω

gNNω

)2 (
h∗nnρvp + h∗ppρvn

) {[ (
h∗nnρ

)2 −
(
h∗ppρ

)2
+ h∗ppωh∗ppρ + h∗nnωh∗nnρ

]
vn

−
[(

h∗ppω + h∗ppρ

)
h∗nnρ +

(
h∗nnω + h∗nnρ

)
h∗ppρ

]
vp

}

− λ

(
mρ

gNNρ

)2 (
h∗nnωvp − h∗ppωvn

) [
2h∗ppωh∗ppρvn +

(
h∗ppωh∗nnρ − h∗ppρh

∗
nnω

)
vp

]
= 0, (33)

where we have introduced Vp(n) = vp(n)MN and

A(0) = h∗nnδ

(
m∗

p − 1
)

+ h∗ppδ (m∗
n − 1) , (34)

B(0) = h∗nnσ

(
m∗

p − 1
)
− h∗ppσ (m∗

n − 1) , (35)

C(0) = h∗ppσh
∗
nnδ + h∗nnσh

∗
ppδ = h∗ppωh∗nnρ + h∗nnωh∗ppρ, (36)

A(1)
p = (1− 2λ) + 2λ

(
2m∗

p −m∗
n

)
, (37)

C(1)
p = 2λh∗nnδ, (38)

A(1)
n = (1− 2λ) + 2λ

(
2m∗

n −m∗
p

)
, (39)

C(1)
n = 2λh∗ppδ. (40)

The scalar densities of the first terms in Eqs. (32) and (33) are [11,12]

ρ(S)
p =

µNM∗
p MNB

π2

∑

s=−1,1

νmax
p∑
ν

M̄p(ν, s)

M̄p(ν, s)− s κpB
ln

∣∣∣∣∣
EFp + kFp(ν, s)

M̄p(ν, s)

∣∣∣∣∣ , (41)

ρ(S)
n =

M∗
n

4π2

∑

s=−1,1

{
EFnkFn(s)− M̄n(s)

2
ln

∣∣∣∣∣
EFn + kFn(s)

M̄n(s)

∣∣∣∣∣

}
. (42)

The baryon and scalar densities are determined from the chemical potentials. Due to

Eq. (22) there are only two independent chemical potentials, which are constrained by

the baryon number conservation

ρB = ρp + ρn, (43)

and the charge neutral condition

ρp = ρe + ρµ. (44)
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3. Numerical analyses

For calculating in RMF model, we have to specify the meson-nucleon coupling constants.

The NNσ and NNω coupling constants (gNNσ/mσ)2 = 16.9 fm2 and (gNNω/mω)2 =

12.5 fm2 have been determined in Ref. [13] so as to reproduce the nuclear matter

saturation properties. On the other hand, the NNδ coupling constant (gNNδ/mδ)
2 =

2.5 fm2 is assumed to be the same as Ref. [12] because our results are compared

with those in the work. Then, the NNρ coupling constant (gNNρ/mρ)
2 = 3.005 fm2

is determined so as to reproduce the empirical symmetry energy of nuclear matter

Es = 32.0MeV [27]. It is however noted that both the NNδ and NNρ coupling constants

are much stronger than the physically reasonable values (gNNδ/mδ)
2 = 0.39 fm2 and

(gNNρ/mρ)
2 = 0.82 fm2 in the Bonn A potential [15]. Therefore, the results in the

present work will magnify the effect of isovector contributions.

Once determining the coupling constants, for a definite density ρB in Eq. (43) we

can solve the selfconsistent equations (30)-(33), (43) and (44) in terms of 6-dimensional

Newton-Raphson method so that the renormalized masses M∗
p and M∗

n, the vector

potentials Vp and Vn, and the chemical potentials µp and µn are calculated. Figure

1 shows the renormalized masses m∗
N ≡ M∗

N/MN as functions of ρB. We first calculate

for no magnetic field B = 0. Secondly, B = 1013G is the field for which the anomalous

features have been observed in Ref. [12]. Next, B = 105BC(e) is approximate to the

maximum interior field of NSs [28] expected from the scalar virial theorem. Finally, the

ultra strong field B = 106BC(e) is chosen as an extreme limit. The black and red curves

are the results of proton and neutron. The upper and lower panels are the results without

and with the AMMs. The differences between m∗
p and m∗

n are due to the isovector-scalar

mean-field 〈δ3〉. For B = 0, because of the strong NNδ coupling constant, m∗
n becomes

negative above ρB = 1.2 fm−3 at which we have stopped our calculations. This is not a

problem because the RMF theories of point-like nucleons lose their meanings at such high

densities and because the central baryon densities of NSs are lower than ρB = 1.2 fm−3.

On the other hand, in Refs. [11] and [12] the renormalized masses are positive even at

much higher densities. This is mainly because their renormalized masses of nucleon at

saturation are much larger than our result m∗
N = 0.603. It has been however known

[29,30] that m∗
N ' 0.6 is reasonable to reproduce the spin-orbit splitting of finite nuclei.

Moreover, their NNω coupling constants are much weaker than ours, although our value

is close to the physically reasonable coupling of the Bonn A potential [15].

First, we see in the upper panel that the external magnetic field cannot affect the

renormalized masses except for the ultra strong field B = 106BC(e) in which m∗
p is

suppressed obviously but m∗
n is enhanced slightly, and so m∗

n is always larger than m∗
p.

Even if the AMMs are taken into account (in the lower panel), the magnetic field is

also effective only for B = 106BC(e) in which m∗
n is enhanced obviously while m∗

p is

suppressed below but is enhanced above ρB = 0.48 fm−3. As a result m∗
n is larger than

m∗
p below ρB = 0.6 fm−3. Although these features have been also found in Ref. [12], we

cannot reproduce the large enhancement of m∗
p for B = 1013G predicted in Ref. [12].
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Figure 2 shows the EOSs of NS matter for the same magnetic fields as Fig. 1. The

pressure is calculated in terms of the Gibbs-Duhem relation P = µnρB − E . We also

see that only the ultra strong magnetic field affects the EOS. This is the natural result

of Fig. 1. Without the AMMs, the EOS for B = 106BC(e) becomes softer at lower

densities while becomes stiffer at higher densities. Below ρB = 0.2 fm−3 the pressure

becomes negative according to the fact that the NS matter in such a strong magnetic

field becomes self-bound as has been already found in Refs. [5] and [9]. Taking into

account the AMMs, the EOS becomes much stiffer although the pressure is also negative

below ρB = 0.12 fm−3. Again, we cannot find the stiff EOSs for B = 1013G predicted in

Ref. [12].

In order to investigate the dependencies on the magnetic field in detail, Fig. 3 shows

the renormalized masses as functions of B/BC(e) for ρB = 0.08, 0.16, 0.32 and 0.64fm−3.

The black and red curves are for proton and neutron, respectively. Without the AMMs

(the upper panel), the masses are almost constant below B = 105BC(e), while above the

strength m∗
p turns to decrease but m∗

n is slightly enhanced, and so m∗
n becomes larger

than m∗
p in the ultra strong field. Taking into account the AMMs (the lower panel),

the similar features are found for lower densities ρB ≤ 0.32 fm−3 while for high density

ρB = 0.64 fm−3 both m∗
p and m∗

n turn to increase above B = 5.0× 1015BC(e).

Figure 4 shows the proton (the black curves) and muon (the red curves) fractions

as functions of B/BC(e) for the same densities as Fig. 3 without (the upper panel)

and with (the lower panel) the AMMs. In weaker magnetic fields the fractions are

almost constant. As the field becomes stronger, the fractions begin to oscillate and

the oscillations become more intense. These phenomena are the signals of the Landau

quantization because the maximum quantum number νmax
p decreases and the intervals

between the Landau levels widen. As the field becomes much stronger, the proton is

completely polarized and so its fraction turns to increase monotonically. In the ultra

strong field the protons are more abundant than neutrons. To the contrary, the muons

disappear above B = 105BC(e) because the Fermi energy of muon is the same as electron

but the muon mass is much heavier than the electron mass.

In the weak magnetic fields B ¿ BC(N), the effects of AMMs are neglected. In

this case, no physical quantities of neutron depend on the magnetic field. On the other

hand, any physical quantity of proton is generally expressed by

〈Q〉 =
µNMNB

π2

νmax
p∑

ν=0

g(ν)

kFp(ν)∫

0

dk Q(k, ν), (45)

where Q(k, ν) = 1 for the baryon density ρp, Q(k, ν) =
(
k2 + M̄p(ν)

2
)1/2

for the energy

density εp and Q(k, ν) = ∂
(
k2 + M̄p(ν)

2
)1/2

/∂M∗
p for the scalar density. Then, we

can approximate the summation of the Landau quantum number ν by the integral of
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ξ = 2νµNB/MN , (see Eq. (16))

〈Q〉 ' M2
N

π2

k2
Fp/(2M2

N )∫

0

dξ

kFp(ξ)∫

0

dk Q(k, ξ), (46)

where k2
Fp = E2

Fp−M∗
p

2. The upper limit of ξ is determined from kFp(ξ)
2 = k2

Fp−2 ξM2
N =

0 due to the same reason as restricting νmax
p mentioned below Eq. (25). Consequently,

〈Q〉 does not depend on the magnetic field B. This indicates that in B ¿ BC(N) we

have the same results as B = 0. In fact, the baryon density is

ρp '
M2

N

π2

k2
Fp/(2M2

N )∫

0

dξ
(
k2

Fp − 2 ξM2
N

)1/2
=

1

2π2

[
− 2

3

(
k2

Fp − ξ
)3/2

]k2
Fp

0
=

k3
Fp

3π2
. (47)

Equation (47) naturally explains the results of Fig. 4 in B ¿ BC(N). Similarly, the

scalar density and the energy density are evaluated and we have the same expressions

as B = 0:

ρ(S)
p ' M2

N

π2

k2
Fp/(2M2

N )∫

0

dξ

kFp(ξ)∫

0

dk
M∗

p(
k2 + M∗

p
2 + 2 ξM2

N

)1/2

=
M∗

p

π2

kFp∫

0

dξ ξ ln (ξ + EFp)−
M∗

p

4π2

E2
Fp∫

M∗
p

2

dξ ln ξ

=
1

2π2
M∗

p

(
kFpEFp −M∗

p
2 ln

∣∣∣∣∣
kFp + EFp

M∗
p

∣∣∣∣∣

)
, (48)

εp '
M2

N

π2

k2
Fp/(2M2

N )∫

0

dξ

kFp(ξ)∫

0

dk
(
k2 + M∗

p
2 + 2 ξM2

N

)1/2

=
1

4π2
EFp

k2
Fp∫

0

dξ
(
k2

Fp − ξ
)1/2

+
1

2π2

kFp∫

0

dξ ξ
(
E2

Fp − ξ2
)

ln (ξ + EFp)− 1

8π2

E2
Fp∫

M∗
p

2

dξ ξ ln ξ

=
1

4π2
k3

FpEFp +
1

8π2
M∗

p
2

(
kFpEFp −M∗

p
2 ln

∣∣∣∣∣
kFp + EFp

M∗
p

∣∣∣∣∣

)
. (49)

Equations (48) and (49) imply that in B ¿ BC(N) the selfconsistent equations (30)-

(33) reduce to the equations of no magnetic field. Therefore, neither the renormalized

mass nor the EOS depends on B. This is consistent to our results in Figs. 1-3 but

contradicts the anomalous features for B = 1013G predicted in Ref. [12].
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4. Summary

We have investigated the NS matter in magnetic field using a new RMF model, the

EZM model. It is essentially different from the familiar NLW model because of the

effectively density-dependent renormalized meson-nucleon coupling constants. It has

stronger NNω coupling constant being consistent to Bonn A potential and predicts a

lower renormalized mass being consistent to the DBHF calculation. The EZM model is

superior to the NLW and the original ZM models in the description of dense baryonic

matter.

We have taken into account the anomalous magnetic moments of nucleons and

the isovector-scalar mean-field according to the preceding works [11,12]. The rather

strong NNδ and NNρ coupling constants are employed so as to clarify the isovector

contributions. The renormalized masses and the EOSs have been calculated as functions

of the total baryon density for several strengths of the magnetic field. The effect is

apparent only for the stronger field than the maximum internal field of NSs expected

from the scalar virial theorem. Next, we have investigated the dependencies of the

renormalized masses and the particle fractions upon the magnetic field. In the weaker

fields B ¿ BC(N) they are constant, while the effects of Landau quantization are

apparent especially in the particle fractions as the field becomes stronger.

Almost features of the magnetized NS matter in the EZM model are the same as

the NLW model in Refs. [11] and [12]. However, we cannot reproduce the anomalous

features for B = 1013G predicted in Ref. [12]. Is this due to the difference between

the EZM and the NLW model? In weak magnetic fields B ¿ BC(N) the Landau levels

generally become almost continuous. The summation of the Landau quantum number

is therefore replaced by integral of νB. Consequently, no physical quantities in the

selfconsistent equations determining the renormalized masses depend on the magnetic

field irrespective of the model. The anomalous features in B = 1013G are not likely to

emerge.

Although we have taken into account nucleons only as baryons, it is well known

that the hyperons [31] or more generally strange objects [32] play significant roles in

the cores of compact stars. In fact, the recent works have investigated the effects of

hyperons [33] and antikaon condensation [34] in magnetized NS matter. We will also

investigate them within the EZM model in feature works.
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Figure 1. The renormalized masses of proton (the black curves) and neutron (the red
curves) as functions of the total baryon density in the external magnetic fields B = 0,
1013G, 105BC(e) and 106BC(e). The upper and lower panels are without and with the
anomalous magnetic moments of nucleons.
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Figure 2. The EOSs of NS matter in the external magnetic fields B = 0, 1013G,
105BC(e) and 106BC(e). The upper and lower panels are without and with the
anomalous magnetic moments of nucleons.
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Figure 3. The renormalized masses of proton (the black curves) and neutron (the red
curves) as functions of the external magnetic field. The dotted, dashed and dashed-
dotted and solid curves are for ρB = 0.08, 0.16, 0.32 and 0.64 fm−3, respectively. The
upper and lower panels are without and with the anomalous magnetic moments of
nucleons.
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Figure 4. The fractions of proton (the black curves) and muon (the red curves) as
functions of the external magnetic field. The dotted, dashed and dashed-dotted and
solid curves are for ρB = 0.08, 0.16, 0.32 and 0.64 fm−3, respectively. The upper and
lower panels are without and with the anomalous magnetic moments of nucleons.


