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Abstract Neutron stars are among the most exotic ob-
jects in the universe and constitute a unique laboratory
to study nuclear matter above the nuclear saturation
density. In this work, we study the equation of state
(EoS) of the nuclear matter within a relativistic model
subject to a strong magnetic field. We then apply
this EoS to study and describe some of the physical
characteristics of neutron stars, especially the mass—
radius relation and chemical compositions. To study the
influence of the magnetic field and the hyperons in the
stellar interior, we consider altogether four solutions:
two different magnetic fields to obtain a weak and a
strong influence; and two configurations: a family of
neutron stars formed only by protons, electrons, and
neutrons and a family formed by protons, electrons,
neutrons, muons, and hyperons. The limit and the va-
lidity of the results found are discussed with some care.
In all cases, the particles that constitute the neutron
star are in B equilibrium and zero total net charge.
Our work indicates that the effect of a strong magnetic
field has to be taken into account in the description of
magnetars, mainly if we believe that there are hyperons
in their interior, in which case the influence of the
magnetic field can increase the mass by more than
10 %. We have also seen that although a magnetar can
reach 2.48 M, a natural explanation of why we do not
know pulsars with masses above 2.0 M, arises. We also
discuss how the magnetic field affects the strangeness
fraction in some standard neutron star masses, and to
conclude our paper, we revisit the direct Urca process
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related to the cooling of the neutron stars and show how
it is affected by the hyperons and the magnetic field.

Keywords Neutron stars - Pulsars -
Strong magnetic field - Hyperons

1 Introduction

Neutron stars are compact objects maintained by the
equilibrium of gravity and the degenerescence pressure
of the fermions together with a strong nuclear repulsion
force due to the high density reached in their interior.
Since we do not know yet the precise and detailed struc-
ture and composition of the inner core of a neutron
star, many models have been used to describe it. In the
literature, we can find some standard ones: hadronic
neutron stars, quark stars, strange stars, and hybrid
stars [1-3].

In the present work, we study a hadronic neutron
star constituted by nucleons and hyperons and sub-
jected to a strong magnetic field. The presence of hy-
perons is justifiable since the constituents of neutron
stars are fermions. So, according to the Pauli Principle,
as the baryon density increases, so do the Fermi mo-
mentum and the Fermi energy. Ultimately, the Fermi
energy exceeds the masses of the heavier baryons [1].
On the other hand, some strange objects, such as the
soft gamma-ray repeaters and anomalous X-ray pul-
sars can be explained assuming that these objects are
neutron stars subject to a strong magnetic fields on
their surface. These objects are called magnetars [4].
Although the magnetic field of the magnetars do not
exceed 10'°G in their surface, it is well accepted on
the literature that the magnetic field in the core of the



Braz J Phys (2012) 42:428-436

429

neutron stars can reach values greater than 108G [3, 6].
Due to the large densities in the neutron star interior,
we do not expect any significant influence of the mag-
netic field until it reaches values on the order of 10'3G.
Besides, it is well established in the literature that
the direct Urca process is an efficient method to cool
neutron stars if the proton fraction reaches values of
11 ~ 15 % [7]. Hence, the study of the proton fraction
in the interior of the neutron stars is very important to
determine how fast the cooling is.

This paper is organized as follows: we make a re-
view of the formalism of the nonlinear Walecka model
(NLWM) in the presence of a magnetic field. Then we
present the numerical results showing how the presence
of hyperons and a strong magnetic field affects the
equations of state (EoS) and the chemical composition.
We study how these terms alter the macroscopic mass—
radius relation of the neutron stars and compare our
results with those found in literature. To conclude our
paper, we discuss how the magnetic field affects the
strangeness fraction for some standard masses, and
revisit the direct Urca process.

2 The Formalism

The total Lagrangian is given by [8, 9]:

L= Ly+Ln+ ) Li+Ls e9)
b !

where b stands for the baryons, m for the mesons, / for
the leptons, and B for the electromagnetic field itself.
The sum in b can run over the eight lighter baryons
and in / over the two lighter leptons. Explicitly, in the
presence of a electromagnetic field, the Lagrangian is

Ly = Wy [yu(id" —eA" — gy p" — gpp I3y p")
— (Mp — g50) | W, (2)

1 1 1 1
'Cm = zaﬂaa“a — 5]71?02 + Emﬁwﬂw“ — ZQMVQMV

1 1 1 1

+ Emi(pu,o") — ZPWP‘” — 5;«73 — 4—!,\04, (3)

L = Yilyuid" — e A"M)] — mylyn, 4)

L= ! F,, F* (5)
B~ " len

where W}, and y; are the baryon and lepton Dirac fields,
respectively. The baryon mass and isospin projection
are denoted by M, and I35, respectively. The masses
of the leptons are my, and the electric charge of the

particles is given by e. The antisymmetric mesonic and
electromagnetic field strength tensors are given by their
usual expressions: Q,, = 9w, — ,@u, Puy = 900 —
dyp, and F,,, =9, A, — 9, A,. The y, are the Dirac ma-
trices [10]. The strong interaction couplings are denoted
by g, and the meson masses by m, all with appropriate
subscripts. The second subscript of the g constant is
due to the distinctive coupling of hyperons with the
mesons. In this work, we assume that g,z = 0.7g, n;
8o = 0.783gy v, and g, y = 0.783g, n [11], where H
denotes hyperons and N nucleons. The hadronic part
of the Lagrangian is the called NLWM. The leptons
are included in the total Lagrangian density as a non-
interacting Fermi gas in order to account for the B
equilibrium in the star.

To solve the equation of motion, we use the mean
field approximation, where the meson fields are re-
placed by their expectation values, i.e.: 0 — (o) = oy,
w" — 8o (@) = wo and p** — 8o, (p*) = po.

In this work, we use a GM1 parametrization [12],
which can describe the most important properties of nu-
clear matter and reproduce the macroscopic properties
of the neutron stars consistent with those observed in
nature. The GM1 parameters are showed in Table 1.

This parametrization is fixed so that the incompress-
ibility of nuclear matter K = 300 MeV and the nuclear
saturation density ny = 0.153 fm~>. The masses of the
baryon octet are My = 939 MeV (nucleons), M, =
1,116 MeV, My =1,193 MeV, and Mz = 1,318 MeV.
The meson masses are m, = 400 MeV, m, = 783 MeV,
and m, = 770 MeV. The masses of the leptons are
m, = 0.511 MeV and m, = 105.66 MeV. Applying
the Euler-Lagrange in (1) in the absence of an electric
field, the equation of motion in the mean field approxi-
mation for an arbitrary baryon becomes

[10(i° — gv.b w0 — o6 I3b o) —¥j (13! — eAT) —M; | W =0,
(6)

where

M = My — g5 00, (7)

is the baryon effective mass.

For an uncharged particle, e A* is always zero. The
quantization rules are id° = E and id/ = k/, where k/ is

Table 1 Values of GM1 parametrization

Set gs /mg
GM1 11.785 fm?

gv/m$ gp/m% K /MN A
7.148 fm? 4.410 fm®> 0.005894 —0.006426
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the momentum in the j direction. Setting £ — g, pwo —
8o Is3ppo = E*, we have the following equation of
motion wrltten in a block matrix:

(TR ) ()= @

This is an eigenvalue equation, which can be solved
as the free Dirac equation for an effective mass and
energy, whose solution is

= K>+ M;? + gupwo + 8.6 Lzn po = 14, )

where p is the chemical potential.
For a charged baryon, the Dirac equation assumes
the following form:

(E*—M;) —o.(k—eA)\ (ua) _
( o.(k—eA) — (E* = M;) ) \us =0. (10)
To produce a constant magnetic field in the z direction
we, choose: A, = Az =0, A; = —By. The solution of

this eigenvalue equation is well known in the litera-
ture [5, 8, 13]:

E* = \[M? + k2 + 2vle| B,

E= \/MZZ+k§+2V|€|B+gu,bw0+gp,b13b,00=lt, (11)

where the discrete parameter v is called Landau level
(LL), and u is the chemical potential. The first LL,
v = 0, is nondegenerate and all the others are two-fold
degenerate. For the leptons, since they do not feel the
strong force,

E = \/m,z + k2 +20le| B = . (12)

The expected values for the mesons are as follows:

8v.b 8v.b
wy = Z Wl’lub =+ Z W}’lbc, (13)
ch v

ub v

| | | 1
o= Y Bt 3 B S it g (1)
)

2 270
ub S w T 2 mg
8p.b 8p.b
N LIRS LA N
m m
ub p cb P
where n®® and n** are the number density of the

“charged baryons” and “uncharged baryons,” respec-
tively [14, 15], and n and n“® are called scalar density

@ Springer

for the charged and uncharged baryons [8]. In T = 0!
and they are given by

8 k2 kr 8mk? K
d ub — ub :/ — _f’ 16
T an)y " @ e (9
. e
an® = S,

Vmax

. B
= G 0 [ k= 53 Sk 17

M; k2dk

1 /kf
ub
ng = — —_—,
m? 0 /M;;2+k2
pet = |e|B o f M; dk,
n(v) . 19

(18)

24+ k2 +2vle|B

The summation in v in the above expressions ends
at vmax, the largest value of v for which the square of
Fermi momenta of the particle is still positive and which
corresponds to the closest integer from below defined
by the ratio:

2 _ M*Z

Vmax < lldzwﬁf’, charged baryons (20)
2 2
ny—m

Vmax = W leptons (21)

Now we couple the equations imposing S equilib-
rium and zero total net charge:

Wb, = [y — €ifte. M=y, »_epn”+ Y en'=0,(22)
b /

where up, and e; are the chemical potential and electric

charge of the i-th baryon; and w,, p., and u, are

the chemical potential of the neutron, electron, and

muon respectively; and n” is the number density of the

baryons, and #' is the number density of the leptons.
The energy density of the neutron star is

2
e:Zeub—}—Zecb +ZEI+Z€m+§_7T’ (23)
ub cb / m

IThis can be justified since the Fermi temperature of the neutron
stars is very high compared to its own temperature [16].
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where the energy densities for the uncharged baryons,
charged baryons, leptons, and mesons have the follow-
ing forms:

1 ks *2 21,2
eubzﬁfo M2+ KKk, 24)

Vmax

. lelBZ ()/ M+ 2+ 2vlel Bdk,, (25)

Vmax

|e|BZ v )f \/ml +k2+2v|e|Bde, (26)

1
€En = —m2002+

1
5 1oy, (27)

13
—koy+ — I

1 1 )
—-m w0+ mpp0+3‘

2 2
To find the pressure, we use the second law of ther-
modynamics, which gives an isotropic pressure:

B2
p= Zﬂtn _6+ . (28)

where the sum runs over all fermions. Note that the
contribution from electromagnetic fields should be
taken into account in the calculation of the energy
density and the pressure.

2.1 Tolman-Oppenheimer—Volkoff Equations
and the Density-Dependent Magnetic Field

The magnetic field on the surface of the magnetars
are of order of 10'°G but can reach more than 10'*G
in their cores. To reproduce this behavior, we use a
density-dependent magnetic field given by [5, 13, 17]:

Bn) = B + BO|:1 — exp{ — ﬂ<£>a”, (29)

no

where B*/ is the magnetic field on the surface of the
neutron stars, taken as 10> G; n is the total number den-
sity, n = an , By is the constant magnetic field. The
two free parameters 8 and « are chosen to reproduce
a weak magnetic field below the nuclear saturation
density, and a quickly growing one when n > ny, in such
a way that B(n) > 0.95B, when n = 6n,. To reproduce
this behavior, we have set § = —6.5-1073 and « =
3.5. Now B is replaced by B(n) in the term B?/8x in
our EoS.

To finish our analytical analysis, we write the
Tolman-Oppenheimer—Volkoff (TOV) [18] equations:

dMm
5 = 4 rie(r), (30)

dp _ GeyM() [1 N p(r)}
)

dr r2
A p(r)r’ 2GM(r) ]!
x[1+—Mm }[1_—r ] , (31)

which are the differential equations for the structure of
a static, spherically symmetric, relativistic star in hydro-
static equilibrium. The equation of states developed in
this work are used as input for these equations. There
are three minor problems with this approach. First, the
pressure is not really isotropic. Anisotropies arise due
to the preferential direction z of the magnetic field. Sec-
ond, the energy of the magnetic field itself is a further
source of gravitation that may induce a gravitational
collapse. Third, the gradient of the pressure is a source
of repulsion, which counter-balances gravity. So, if the
magnetic field is strong enough, the neutron star may
blow up. We discuss the validity of the symmetric TOV
equations more carefully at the end of the paper.

3 Results and Discussion

We consider two families of neutron stars: one con-
taining just protons, electrons, and neutrons, which we
call “atomic stars” denoted by the letter A in the leg-
ends; and other containing protons, electrons, neutrons,

II>>
WOWm

e (fm™)

Fig.1 (Color online) EoS for two atomic and two hyperonic stars
obtained with different values of the magnetic field. The straight
line corresponds to the causal limit, for which € = p

@ Springer
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AB=3.1.10/8G -~
A,B=10.10,.G
H.B=31.10/5G
H B=10.10"G
3,
~
i
£ 2}
N
[a®}
1

n (fm™)

Fig. 2 (Color online) Pressure as function of number density for
the four stars. The relative difference between blue-green (red-
pink lines) for atomic (hyperonic) stars is the direct influence of
the magnetic field

muons, and hyperons, which we call “hyperonic stars”
denoted by the letter H in the legends. In the results, we
also include the crust of neutron star through the BPS
EoS [19] but always take into account the contribution
of the magnetic field through the term B(n)?/8x in
the EoS.

We choose two values for the magnetic field: 1.0 -
107G and 3.1 - 108G to produce a weak and a strong
influence. We also include here some theoretical and
observational constrains. First, all our EoS are causal
and obey the Le Chantelier principle, i.e., the quantity
dp/de lies between 0 and 1. We plot the numerical
results of four EoS in Fig. 1.

|
0 02 04 06 08 1 12 14 16
3
n(fm™)

As we can see in Fig. 1, the presence of hyperons
softens the EoS more than the influence of the mag-
netic field can stiffen it. No matter how strong is the
magnetic field in the interior of the magnetar, the EoS
of an atomic star is always stiffer than a hyperonic one.
We can also see that all our EoS are causal (the “c” line
is the causality limit).

In Figs. 1 and 3, we note that both the EoS and
the fraction of particles Y; = n;/n are not affected sig-
nificantly by a magnetic field about 10'7G. The reason
is that a field of this magnitude is too weak to contribute
to the final EoS and to the fraction of particles. We also
see that the magnetic field affects more the hyperonic
stars than the atomic ones. As the hyperonic stars are
softer than the atomic ones, they are therefore more
sensitive to the presence of the magnetic field. Also the
hyperonic stars are denser than the atomic stars, with a
bigger central density n.. Moreover, for a fixed value of
density, the pressure of the hyperonic stars are smaller
than the atomic ones. So, as the magnetic field couples
to the number density through (29), the contribution of
the magnetic field is always greater in hyperonic than in
atomic stars. We show this result plotting the pressure
p in function of » in Fig. 2.

Figures 3 and 4 show the fraction of particles. We
can see that for the strong field, the appearance of
charged particles is favored at low densities due to
their dependence on the magnetic field, as expected
from (17). The behavior of the particles in the presence
of a strong magnetic field is also altered. For weak
fields, the population of a kind of particle is always well
behaved, while for the strong one, many kinks appear.
The reason is that in the absence of a magnetic field, the
number density of a determined kind of particle grows

b 1 :
5
>.: 01k 4
0.01 L
0 1.4

Fig. 3 a Atomic stars and b hyperonic stars for a magnetic field of 1.0 - 107 G

@ Springer
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a 1F— N T T T T ]

p,¢

001 1 1 1 1 1 1 1
0 02 04 06 08 1 12 14 16

n (fm'3)

0.01

Fig. 4 a Atomic stars and b hyperonic stars for a magnetic field of 3.1 - 1018G

smoothly with the momentum. When a magnetic field is
present, there is also a dependence of the discrete L L.
For a weak magnetic field, a lot of Landau levels are
occupied; but for a strong magnetic field, just a few of
them are filled. So the orbit normal to the z direction
is tightly quantized. This effect is more evident in the
hyperonic stars. Each nozzle in a slope of a determined
particle indicates that the density is high enough to
create another Landau level. For a high density, there
are so many Landau levels available that the distrib-
ution approaches to the continuous, while for a weak
magnetic field, even in a low density, there are several
L L, so there is no significant difference with the case
in the absence of the magnetic field. One can notice
that for hyperonic stars, at densities on the order of
0.8 fm~3, the neutron is no longer the most important

. 01} . |
el r
r‘
B=3.1 _1013(; .............
0.01 ) HE ) , B=10.10"G i
0 0.2 0.4 0.6 0.8 1 1.2 1.4
n(fm'3)

Fig. 5 Strangeness fraction for a weak and a strong magnetic
field

constituent. From this point, the A hyperon dominates
in the region of high densities.

We can also ask how the magnetic field affects the
strangeness fraction, defined as

12 ls)lng
=3
where s, is the strangeness of baryon jand 7 is the total
number density. We plot the results in Fig. 5.

As we can see, although the magnetic field causes
a difference in the fraction of a single particle, no
difference is found in the total strangeness fraction. For
a fixed density, if a new particle is created, another
has to disappear due to the g equilibrium condition.
Hence, although the Landau quantization affects a sin-
gle particle, this effect is washed out when all of them
are summed.

It is hard to compare quantitatively our results with
others existing in the literature due to many different
parametrizations. In the absence of hyperons, we see
that our EoS is stiffer than those presented in [8, 9]
since the authors of those references do not consider
a density-dependent magnetic field. With relation to
the fraction of particles Y;, the fraction of protons in
a low-density region is more favored in [8] than in our
work. Now for a magnetic field of 1.0 - 10'7G there is
virtually no difference compared with the results with
zero magnetic field presented in [11].2

When a strong magnetic field is applied, we see
that our parametrization does not prevent the hyperon
formation in a low-density region as showed in [20].
Also, in our work, the influence of Landau quantization

(32)

2The same holds for the TOV solution showed.

@ Springer
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co

0.75 ! ! ! ! ! !
0 0.2 0.4 0.6 0.8 1 1.2 1.4

n (fm™)

Fig. 6 (Color online) Quantity of co, showing that the energy
density of the magnetic field is not dominant

is much more evident even for a smaller value of the
magnetic field.

In order to validate our EoS, we have to solve the
TOV equations and check if the results agree with
observational constraints. But, first, we have to check
if the TOV equations are allowed to be used as a good
approximation. The first point is that the pressure is not
really isotropic. However, a recent work [21] showed
that the anisotropy is not significant until the magnetic
field reaches B ~ 3.2 - 10" G. This is the reason we use
the value 3.1- 108G as the strongest magnetic field.
The second concerns the magnetic field as a source of
gravitational energy. We expect that the magnetic field
induces gravitational collapse. A simple way to avoid it
is by requiring that the energy of the strongest magnetic
field, By = 3.1- 108G, to not be dominant. In other
words, we require that ey, > B(n)?/8m, where € is the
energy density of matter, given by (23) without the last
term, which is the energy of the magnetic field itself.
We can define the dimensionless quantity co

(-5e)
co=|(1- s
8mey
and require that co® is never negative. As we can see in

Fig. 6, this imposition is fully filled.

The last point refers to the pressure of the magnetic
field. If the magnetic field is too strong, the neutron star
cannot be gravitationally bounded. In order to study
the limits of the magnetic field such that it does not
blow up the star, we use the approximation for the
radial magnetic field presented in [22]. For the neu-
tron star to be gravitationally bound, the term M(r) +

(33)

3We have named co and bo after their relation with the collapse
and the bound state, respectively.

@ Springer
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0 0.2 0.4 0.6 0.8 1 1.2 1.4
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Fig. 7 (Color online) Quantity of bo, showing that the neutron
star is always gravitationally bound

4mwr3(p — B(n)*/8m)—where p here is the pressure of
matter given by Eq. (28) without the term of the mag-
netic field itself—has always to be positive.* So, if the
term p — B(n)?/8m is positive, of course the total sum
also is. Now we define another dimensionless quantity
bo:

2
bo = (1 — B ),
8mp

and require that bo is always positive. In Fig. 7, we see
that this requirement is fulfilled, so we guarantee that
the neutron star is gravitationally bound for all fields
used in this work.

Now we can return to the TOV constraints. The star
masses cannot exceed the maximum theoretical neu-
tron star mass of 3.2 solar masses [23]. The EoS has to
be able to predict the 1.97-solar mass neutron star [24]
and to be in agreement with the redshift measurements
(z) of two neutron stars. A redshift of z = 0.35 has been
obtained from three different transitions of the spectra
of the X-ray binary EX00748-676 [25]. This redshift
corresponds to M/R=0.15 Mn/km. Another constraint
on the mass-radius ratio comes from the observation
of two absorption features in the source spectrum of
the 1E 1207.4-5209 neutron star, with redshift from
z = 0.12 to z = 0.23, which gives M/R=0.069 Mo /km to
M/R=0.115 M/km [26]. Besides these constrains, the
stars with central density above that of the maximum
mass stars are mechanically unstable [1]. Due to this
fact, the E° hyperon is not present in the neutron star
interior (the density required to create it is too high’).

(34)

4We do not use this modified TOV equations since they imply
the existence of a magnetic monopole.

SIndeed, the EZ° hyperon appears in an insignificant quantity
Yz =107 at 1.2 fm=3.
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Table 2 Neutron stars properties computed from the four EoS
used as input to the TOV equation

Kind M/Mg (max.) R (km) n.(fm™) By B,
A 2.48 12.21 0.741 310 25
A 2.39 12.10 0.840 1.0 10
H 2.22 11.80 0.824 3.0 28
H 2.01 11.86 0.952 1.0 10

From the central density n., we see that the hyperonic stars are
denser than the atomic ones for a fixed magnetic field. By and B,
are given in multiple of 1017 G

Solving the TOV equations for the EoS, we obtain
the results presented in Table 2.

The fact that the EoS of hyperonic stars are always
softer than the atomic ones reflects in the maximum
mass of these stars. Further, in Table 2, we can see
that the hyperonic stars are denser than the atomic ones
for a fixed magnetic field, as stated before. Moreover,
denser stars can support stronger magnetic fields in
their center (B.) as a consequence of (29). A curi-
ous fact is that while the radius of the hyperonic star
with the maximum mass decreases for strong magnetic
fields, in the atomic stars, the radius grows with B. This
result is a consequence of the fact that the radii of the
neutron stars are not related to the stiffness of the EoS
but with its symmetry energy slope [27]. We plot the
TOV solutions in Fig. 8.

We can see that all our models are in agreement
with the previously discussed constrains [23-26]. The
inclined straight lines are the constrains of the mea-
sured redshift, while the horizontal one is the 1.97 Mg,
pulsar. Every single dot in the curves is a possible
neutron star. We can see also that a magnetar can reach
a mass of 2.48 M. However, as we neither know nor
expect to discover any white dwarf with mass above
1.4M¢ due to the Chandrasekhar limit [2], the same
holds to the neutron stars with masses above 2.0M,
due to the Oppenheimer—Volkoff limit if we believe
that hyperons and muons exist in their interior. The
maximum possible mass is very close to the 1.97 Mg
known neutron star. The discovery of neutron stars
with masses above 2.0 M will imply that either hyper-
ons are absent or the star is a rare strongly magnetized
neutron star, as shown in Fig. 8.

We have seen in Fig. 5 that the strangeness fraction
fs is not affected by the magnetic field for a fixed den-
sity. Let us see what happens inside different stars with
different central densities, which can support different
magnetic fields. We first calculate the strangeness frac-
tion in the inner core by fixing the mass and check what
happens with f; when we vary the magnetic field. We
then fix the maximum mass and look at its strangeness
content. We write these results in the Table 3. We see

435
3
A,B‘:3.1.10‘:3G ,,,,,,,,
AB=10.1017G
R —
H,B=10.10"G
25|
2k
(=3
‘g 15
= z=0.35
e 7=0.23
Z=O.12
05 Lo
0 I | | ‘ ‘ | | |
7 8 9 10 1 12 13 14 i -
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Fig. 8 (Color online) Mass-radius relation for two atomic and
two hyperonic stars with different values of magnetic field. The
straight lines are the observational constraints

that the strangeness fraction is not significant for lower
mass stars. Indeed, the hyperons just become important
for stars with masses above 1.6 M. The magnetic field
is also not important for stars with low masses due to
the low magnetic field strengths reached in their center.
For masses above 1.6 M, both the magnetic field and
the hyperonic constituents become important. Since the
magnetic field reduces the central density, it suppresses
the hyperon formation. To conclude this discussion we
note that the f; is the value calculated at the center of
the neutron stars, so the quantity of hyperons at lower
densities is even more insignificant.

To conclude this paper, we discuss the cooling of the
neutron stars due the direct Urca effect. As pointed out
previously, Lattimer et al. [7] showed that the neutron
stars can, too, cool much faster if their proton fractions
reach values of >~ 11 — 15 %. If it occurs, the direct
Urca process enhances neutrino emission, cooling the
neutron star much faster than any other process. We

Table 3 The influence of the magnetic field in the strangeness
fraction for some standard mass

M (M) fs ne (fm™) By B,
1.2 0.00 0.29 31.0 1.8
1.2 0.00 0.29 1.0 0.07
1.4 0.01 0.32 31.0 2.6
14 0.01 0.34 1.0 0.12
1.6 0.03 0.38 31.0 4.5
1.6 0.04 0.40 1.0 0.22
1.8 0.05 0.44 31.0 72
1.8 0.08 0.52 1.0 0.40
2.22 (Max) 0.18 0.824 31.0 28
2.01 (Max) 0.23 0.952 1.0 1.0

The B’s are given in multiple of 107 G
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Table 4 Lower mass of the neutron star for a proton fraction of
13 %

M (M) Kind fs ne (fm™3) By B,
1.50 A - 0.33 31.0 29
1.46 A — 0.33 1.0 0.11
1.12 H 0.00 0.27 31.0 1.4
1.08 H 0.00 0.27 1.0 0.06

next show the strangeness fraction of the hyperonic
stars when the direct Urca process is allowed by writ-
ing the mass of the stars when the proton fraction
reaches 13 % for atomic (A) and hyperonic (H) stars in
Table 4.

We see that the magnetic field causes almost no
change in the lower mass that enables direct Urca
process. On the other hand, the presence of muons
(since hyperons are not present at low densities) has
a great influence on the lower mass when the proton
fraction reaches 13 %.

4 Conclusion

In this work, we consider a hadronic neutron star com-
posed by hyperons submitted to a strong magnetic field.
We see that while the presence of hyperons reduce the
maximum mass by softening the EoS [1, 11, 28-31],
the presence of a density-dependent magnetic field
tends to increase the maximum mass stiffening the
EoS [13, 17, 20]. Our study shows also that although
the influence of a strong magnetic field is stiffer than
the EoS, a hyperonic magnetar still has a softer EoS
compared with a common atomic stars. We also see
how the magnetic field can change the chemical com-
position of neutron stars due the Landau quantization
and offer an explanation about the nonexistence of
neutron stars with masses above the 1.97 Mg. We
have shown that the TOV equations can be used as
an approximation for neutron stars subject to strong
magnetic fields up to a certain limit and that the effect
of strong magnetic fields has to be taken into account in
a description of massive magnetars, mainly if we believe
that there are hyperons in their interior. In this case, the
magnetic field increases the mass by more than 10 % al-
though its effect is not significant for low mass neutron
stars because the central magnetic field B, is also low.
According to the present model and parametrization, it

@ Springer

is unlikely that hyperons are present in neutron stars
with masses below 1.4My even if the magnetic field
is taken into account.
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