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Abstract

We investigate the strongly magnetized strange baryonic matter in a relativis-
tic mean-�eld theory. We �rst take into account the hidden strange mesons and
the �eld-dependent meson-baryon coupling constants. In low-density region the
strongly magnetized neutron star (NS) matter is nearly iso-symmetric. The equa-
tion of state (EOS) therefore becomes softer than that of the normal NS matter.
Because the magnetic �eld increases the threshold densities of � and ��, the EOS
becomes sti¤er in high-density region. However, the magnetic �eld has little e¤ect
on the e¤ective masses of � and �. Taking into account the anomalous magnetic
moments (AMMs) of baryons, the EOS becomes much sti¤er although the thresh-
old densities of �+, �0 and �0 decrease largely. The density dependence of the
e¤ective mass of � precisely re�ects the EOS while the e¤ective masses of � and �
are strongly in�uenced by the AMMs of nucleons through the scalar mean-�eld.

In recent astronomy and astrophysics there are great interests in the magnetars [1-5].

They are the neutron stars (NSs) that involve stronger magnetic �elds

1014G < B < 1015G than the critical strength BC(e) = me= (2�B) = 4:414 � 1013G for

electrons. Although the �eld is still much weaker than the critical strength

BC(N) = MN= (2�N) = 1:488 � 1020G for nucleons, the magnetar has stimulated the

investigations [6-11] of extremely magnetized nuclear matter in a core of NS within the

modern relativistic mean-�eld (RMF) theory [12]. In this respect, it is noted that in the

RMF models the mass of a nucleon in dense medium is largely reduced from its free value,

and so the magnetic �eld B < BC(N) is able to have signi�cant e¤ect on NS matter.

It is generally expected [13,14] that the hyperons play important roles in the inner

cores of NSs. Most of the preceding works [6-11] for strongly magnetized NS matter

however considered only nucleons as baryons. Only the paper [15] took into account

hyperons within the so-called nonlinear Walecka (NLW) model [16]. On the other hand,

it has been recently shown [17,18] that the NLWmodel is not useful in studying dense NS

matter while the truly nonlinear RMF models, which should have �eld-dependent meson-

baryon coupling constants, are promising. The most familiar RMF model embodying the

true non-linearity is the Zimanyi-Moszkowski (ZM) model [19]1. It has a renormalized

1Although Ref. [15] also calculated using the naive extension of the ZM model to hyperons, the results
were not shown in �gures.
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NN� coupling constant by the renormalized nucleon mass M�
N=MN . However, its NN!

coupling constant is not renormalized and the renormalized mass M�
N = 0:85MN is much

larger than an appropriate valueM�
N ' 0:6MN [20,21] to reproduce the spin-orbit splitting

of �nite nuclei. Although an extension [22] of the ZM model has been recently developed,

it has the same shortcoming as the ZM model and cannot be applied to dense strange

baryonic matter in an unambiguous manner. To the contrary, the extended Zimanyi-

Moszkowski (EZM) model developed in a series of papers [23-31] can reproduce the similar

saturation property of nuclear matter to the Dirac-Brueckner-Hartree-Fock theory [32]

and is applicable to strange baryonic matter in a unique manner because it is based on

the constituent quark picture of baryons.

The purpose of this letter is to extend the investigation of Ref. [11], in which we

developed the EZM model for the magnetized NS matter composed of only nucleons as

baryons, so as to take into account hyperons. We also include the isovector scalar meson

and the (hidden) strange mesons [33], which were not considered in Ref. [15].

Here we brie�y review the strange baryonic matter in magnetic �eld B. The model

Lagrangian in the mean-�eld approximation is

L =
X
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where  b and  l are the Dirac �elds of baryons and leptons. The charge and anomalous

magnetic moment (AMM) [15] of each baryon are denoted by q b and �b. The electro-

magnetic vector potential A� = (0; 0; xB; 0) is for the external magnetic �led B along

the z-axis and F �� = @�A��@�A�. The isoscalar-scalar, isoscalar-vector, isovector-scalar
and isovector-vector mean-�elds are h�i, h!0i, h�3i and h�03i, respectively. In addition
we take into account the (hidden) scalar and vector strange-mesons �� and � [33].

The e¤ective mass M�
b of a baryon b in baryonic matter is

M�
b = m�

bMb =Mb + Sb: (2)

The scalar potential Sb is given by

Sb = �g�bb� h�i � g�bb� h�3i I3b � g�bb�� h��i ; (3)

where I3b = (1;�1; 0; 1; 0;�1; 1;�1) for b = (p; n;�;�+;�0;��;�0;��) and g�bb� etc. are
the renormalized scalar-meson coupling constants [28]. On the other hand, the vector
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potential Vb is given by

Vb = g�bb! h!0i+ g�bb� h�03i I3b + g�bb� h�0i ; (4)

where g�bb! etc. are the renormalized vector-meson coupling constants [28].

The energy density of matter is

E =
X
i=b;l
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where �b is the baryon density in NS matter. The energy densities of charged baryon,

neutral baryon, electron and muon are
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where �N , �B and �� are nuclear magneton, Bohr magneton and mu-magneton, respec-

tively. The Landau quantum number � in Eq. (6) starts from 1 for spin-up (s = 1) and

0 for spin-down (s = �1). The spin degenerate factor g(�) in Eqs. (8) and (9) is 1 for
� = 0 but 2 for � � 1. The Landau e¤ective mass of each particle is de�ned as

�Mb=p;�+;��;��(�; s) =
�
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The Fermi energies are determined from the chemical potentials

EFb = �b � Vb; (14)

EFl = � l: (15)

(Do no confuse the magnetons with the chemical potentials.) The Fermi momentum of

each particle on each Landau level is given by
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The constraint that the Fermi momentum is a real value determines the maximum value

�maxb;l of the Landau quantum number for each particle.

The scalar-meson mean-�elds are expressed by the renormalized masses M�
p , M

�
n and

M�
�. Similarly, the vector-meson mean-�elds are expressed by the vector potentials Vp,

Vn and V�. They are determined by extremizing the energy density (5). The resultant

six nonlinear equations are formally same as Eqs. (44)-(49) in Ref. [34]2 although the

baryon densities are given by
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and the scalar densities are
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For the �-equilibrated NS matter, the six nonlinear equations are solved together with the

baryon number conservation and the charge neutral condition under the �-equilibrium

2We mistyped the �rst terms in Eqs. (47) and (48) so that the nucleon mass MN was missed.
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condition using the 8-rank Newton-Raphson method so that we have the three indepen-

dent e¤ective masses and vector potentials and the bario- and electro-chemical potentials.

As has been shown in Refs. [8,9,11], only the extremely strong magnetic �eld

B > 1019G is e¤ective in the core of NS. In the present work we assume B = 106�BC (e)
although it is stronger than the maximum magnetic �eld in NS expected from the scalar

virial theorem [35]. The meson-baryon coupling constants are the same as those of the

EZM-P in Ref. [34]. The AMMs of baryons are given in Table 1 of Ref. [15]. Figure

1 shows the pressures of cold �-equilibrated NS matter as functions of the total baryon

density. The solid curve is for no magnetic �eld, and the dashed and dotted curves are

for B = 106 � BC (e) with and without taking into account the AMMs of baryons, re-

spectively. Figures 2, 3 and 4 show the particle fractions in NS matter for B = 0 and

B = 106 �BC (e) without and with the AMMs.

In Fig. 1 the dashed and dotted curves are lower than the solid curve below

�T = 0:34fm�3 and �T = 0:52fm�3, respectively. Especially, they have negative val-

ues below �T = 0:12fm
�3 and �T = 0:20fm

�3, respectively. The result is due to the fact

[6,7] that the strongly magnetized NS matter is self-bound in low-density region as the

normal nuclear matter is so. In fact, owing to the Landau quantization the protons in

Figs. 3 and 4 are abundant even below �T = 0:3fm
�3 in contrast to Fig. 2. The NS matter

in the strong magnetic �eld is therefore nearly iso-symmetric. As a result, the electron

is also abundant because of the charge neutral condition and so the threshold density

of muon increases. To the contrary, below �T = 0:04fm�3 the magnetized NS matter

becomes iso-asymmetric. There, the e¤ects of the AMMs of nucleons are apparent. We

�nd a proton rich matter in Fig. 3 but a neutron rich matter in Fig. 4.

There are noticeable kinks on the curves in Fig. 1 corresponding to the threshold

densities of �. This is because in Figs. 2-4 the ��s appear just above � threshold and

then the equations-of-state (EOSs) become much softer. The thresholds of � and �� in

Fig. 3 are higher than those in Fig. 2. Therefore, above �T = 0:5fm
�3 the EOS of the

dotted curve is sti¤er than the solid curve. Taking into account the AMMs, the threshold

densities in Fig. 4 increase further. Consequently, the EOS of the dashed curve is the

sti¤est. On the other hand, the AMMs decrease the threshold densities of �+, �0 and �0

so largely as to be lower than those in Fig. 2 whereas �� never appears in our calculation

in spite of its negative charge. The results are due to the fact that �+, �0 and �0 have

strong AMMs while �, �� and �� have weak ones. For an example if ��0 = 0 is assumed,

the threshold density of �0 in Fig. 4 increases up to �T = 1:07fm
�3.

Figure 5 shows the mass sequences of cold non-rotating NSs by integrating the Tolman-

Oppenheimer-Volkov equation [36]. For the crust of NS we employ the EOSs by Feynman-

Metropolis-Teller, Baym-Pethick-Sutherland and Negele-Vautherin in Ref. [37]. It is

noted that they are for zero magnetic �eld and so are not appropriate for the strongly

magnetized NS. Nevertheless, we simply interpolate between the EOS of Negele-Vautherin

below �T = 0:1fm�3 and the EOSs of the dashed and dotted curve in Fig. 1 above
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�T = 0:12fm
�3 and �T = 0:20fm

�3. It is also noted that we consider the contribution to

EOS only from matter but not from magnetic �eld. Consequently, the dashed and dotted

curves in Fig. 5 do not describe real NSs. In this respect, even an e¤ort of Ref. [38] is not

su¢ cient for studying the strongly magnetized NSs. This is because the RMF model of

NS matter assumes the spherical symmetry while the external magnetic �eld requires the

axial symmetry on the Einstein equation. The strongly polarized nuclear matter within

the relativistic theory [39,40] is beyond the mean-�eld approximation. Moreover, there is

a problem [41] on the stability of axisymmetric NS matter. However, the results in Fig. 5

are su¢ cient for our purpose to show the e¤ects of strong magnetic �eld and the AMMs

of baryons. In fact, we �nd the remarkable di¤erences in the mass and radius of NSs.

The most massive NS for zero magnetic �eld has a gravitational mass MG = 1:566M�

and a radius R = 13:11km while that in the strong magnetic �eld has MG = 1:634M�

and R = 10:65km. The small radius in the latter is due to the softest EOS of the dotted

curve in Fig. 1 at low densities. To the contrary, the e¤ect of the AMMs produces much

larger mass MG = 3:198M� and radius R = 15:19km because of the sti¤est EOS of the

dashed curve in Fig. 1 at high densities.

Figure 6 shows the e¤ective masses of proton as functions of the total baryon density.

As the proton is abundant, the � mean-�eld becomes strong and m�
p becomes small. The

dotted curve, which is lower than the solid curve over whole range of density, therefore

re�ects the abundant proton in Fig. 3 relative to Fig. 2. On the other hand, the di¤erence

between the solid and dashed curves precisely re�ects the corresponding EOSs in Fig. 1.

This is understood from the Gibbs-Duhem relation P = �n�T � E , which indicates that
a weaker � mean-�eld or a larger m�

p leads to a sti¤er EOS. Figure 7 shows the e¤ective

mass of ��. It re�ects the e¤ect of �� mean-�eld because � has the largest strangeness

S = �2. Above the threshold densities of �, which are seen as kinks on the curves, the
hyperons are abundant and so the �� mean-�eld is strong. A stronger �� mean-�eld leads

to a smaller m�
��. From the Gibbs-Duhem relation, a smaller m�

�� means a softer EOS.

The curves in Fig. 7 are therefore consistent to the corresponding EOSs in Fig. 1. The

result of m�
�0 is similar to m

�
�� although it has not been shown in �gure. To the contrary,

for m�
� and m

�
�� in Figs. 8 and 9 the kinks on the solid curves at � thresholds are not

noticeable and the di¤erences between the solid and dotted curves are small. After taking

into account the AMMs, the kinks and the e¤ects of the magnetic �eld on the e¤ective

masses are apparent. The results seem to be remarkable because the AMMs of � and ��

are weak. However, they are not the direct results of the AMMs of � and �� themselves

but the indirect results of the strong AMMs of nucleons through the � mean-�eld. In

fact, the results of �+ and �0, which have strong AMMs, are similar to m�
�� although

they have not been shown in �gures.

We have investigated the strongly magnetized NS matter composed of all the baryon

octets within the extended Zimanyi-Moszkowski model. The new ingredients in this

work are the isovector scalar mean-�eld, the contributions of strange mesons and the
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�eld-dependent meson-baryon coupling constants. We have assumed extremely strong

magnetic �eld B = 4:414 � 1019G. In low-density region the strongly magnetized NS
matter is nearly iso-symmetric. The EOS therefore becomes softer than that of the

normal NS matter. In NS mass sequence, the softness of the EOS is re�ected in a small

radius of the most massive NS. However, the magnetic �eld has little e¤ect on the e¤ective

masses of � and �. Taking into account the AMMs of baryons, the EOS of the strongly

magnetized NS matter becomes much sti¤er although the threshold densities of �+, �0

and �0 decrease largely. The mass and radius of the most massive NS are therefore

much larger than those of the observed NSs. The dependence of � e¤ective mass on the

total baryon density re�ects the EOS precisely while the e¤ective masses of � and � are

strongly in�uenced by the AMMs of nucleons through the � mean-�eld.

Recently, we have shown [42] that the antikaon condensation has a signi�cant e¤ect on

the EOS of normal NS matter. Although Ref. [43] has already investigated the antikaon

in magnetized NS matter, it considers only nucleons as baryons. In a future work we will

extend the present investigation to take into account the antikaon condensation.
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Figure 1: The pressures of cold �-equilibrated NS matter as functions of the total baryon
density. The solid curve is for no magnetic �eld while the dashed and dotted curves
are for B = 106 � BC (e) with and without taking into account the AMMs of baryons,
respectively.
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Strongly magnetized strange baryonic matter in neutron star
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Figure 5: The mass sequences of cold non-rotating NS. The curves are the same as Fig.
1.
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Figure 6: The e¤ective masses of proton in NS matter as functions of the total baryon
density. The curves are the same as Fig. 1.
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Figure 7: The same as Fig. 6 but for ��.
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Figure 8: The same as Fig. 6 but for �.
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Figure 9: The same as Fig. 6 but for ��.
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