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Abstract. The internal structure of the outer crust of cold non-accreting magne-
tars has been determined for different magnetic field strengths in the framework
of the magnetic BPS model. We have made use of the most recent experimental
atomic mass data complemented with a microscopic atomic mass model based
on the Hartree-Fock-Bogoliubov method.

1 Introduction

Born from the catastrophic gravitational core collapse of stars with a massM &

8M⊙ during type II supernova explosions, neutron stars are among the most
compact objects in the universe (seee.g. [1]). Their central density can ex-
ceed several times the density encountered in the heaviest atomic nuclei. Neu-
tron stars are also the most strongly magnetized objects. Whereas most pulsars
are endowed with typical surface magnetic fields of order1012 G, Duncan and
Thompson showed that much stronger magnetic fields up to∼ 1016 − 1017 G
could be generated via dynamo effects in hot newly-born neutron stars with ini-
tial periods of a few milliseconds [2]. Soft gamma-ray repeaters and anomalous
X-ray pulsars are believed to be the best candidates of theseso called magne-
tars (seee.g. [3] for a review). Their surface magnetic fields are estimated to
be of order1014 − 1015 G assuming that their spin-down is due to magnetic
dipole radiation (seee.g. [4]). According to the virial theorem, their internal
magnetic field could reach1018 G [5] (neutron stars would be disrupted by
stronger fields). This limit has been confirmed by numerical magnetohydro-
dynamics simulations [6–8].

The interior of a neutron star is composed of four main regions: i) the outer
crust primarily composed of pressure ionized atoms arranged in a regular crystal
lattice and embedded in a highly degenerate electron gas [9], ii) the inner crust
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at densities& 4 × 1011 g/cm3 where nuclei coexist with a neutron liquid [10],
iii) the outer core at densities above∼ 1014 g/cm3 made of a uniform mixture
of nucleons and leptons, and iv) the inner core whose composition remains very
uncertain [11,12].

In a previous work, we studied the impact of a strongly quantizing magnetic
field on the outer crust of a neutron star [13]. We have recently extended this
analysis to lower magnetic field strengths and we have performed systematic
calculations of the internal structure of the outer crust ofa magnetar [14] (for
a study of the denser regions of a magnetar, seee.g. [15–17]). In Section 2,
we review the microscopic model used to describe the outer crust. Results are
discussed in Section 3.

2 Microscopic Model of Magnetar Crusts

We have determined the composition of the outer crust of a magnetar using the
magnetic BPS model of Ref. [5]. The outer crust is assumed to be made of fully
ionised atoms arranged in a body-centered cubic lattice at zero temperature. In
addition, the outer crust is supposed to contain homogeneous crystalline struc-
tures,i.e.structures made of only one type of nuclides with proton numberZ and
atomic numberA. The values ofZ andA in each layer of pressureP are found
by minimising the Gibbs free energy per nucleon

g =
E + P

n
(1)

with n the average nucleon number density andE the average energy density
given by

E = nNM
′(Z,A) + Ee + EL (2)

wherenN = n/A is the number density of nuclei,M ′(Z,A) their mass (includ-
ing the rest mass of nucleons andZ electrons),Ee the energy density of electrons
after subtracting out the electron rest mass energy densityandEL the lattice en-
ergy density. The nuclear massM ′(Z,A) can be obtained from the atomic mass
M(Z,A) after substracting out the binding energy of the atomic electrons (see
e.g.[9]). As in Ref. [5], we will ignore the change of nuclear masses caused by
the magnetic field. According to recent fully self-consistent relativistic mean-
field calculations [18], magnetic field strengthsB . 1017 G do not have any
substantial impact on nuclear masses and therefore on the composition of the
outer crust. We have made use of the most recent experimentalatomic mass
data from a preliminary unpublished version of an updated Atomic Mass Eval-
uation (AME) [19]. For the masses that have not yet been measured, we have
employed the microscopic atomic mass model HFB-21 of Ref. [20] based on the
Hartree-Fock-Bogoliubov method (seee.g.[21] for a review). This model was
found to yield an excellent fit to the most recent atomic mass measurements [22].

In the presence of a strong magnetic field, the electron motion perpendicular
to the field is quantized into Landau levels (see e.g. Chapter4 of Ref. [1]). We
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will neglect the small electron anomalous magnetic moment and electron polar-
ization effects (see e.g. Chapter 4 of Ref. [1] and references therein). Treating
electrons as a relativistic Fermi gas, the energies of Landau levels are given
by [23]

eν =
√

c2p2
z +m2

ec
4(1 + 2νB⋆) (3)

ν = nL +
1

2
+ σ , (4)

wherenL is any non-negative integer,σ = ±1/2 is the spin,pz is the compo-
nent of the momentum along the field, and the magnetic fieldB⋆ = B/Bc is
measured in units of the critical magnetic field

Bc =
m2

ec
3

e~
≃ 4.4 × 1013 G . (5)

In our previous study [13], we considered only strongly quantizing magnetic
fields for which only the lowest levelν = 0 is filled. For the HFB-21 atomic
mass model, we have found that this situation occurs in any layer of the outer
crust providedB⋆ > 1304. However for lower fields, the number of occupied
Landau levels can become very large, as shown in Table 1. In this work, we have
therefore included the contribution of all Landau levels.

Table 1. Number of occupied Landau levels at neutron drip

B⋆ 1000 500 100 50 10 1

νmax 2 3 14 28 137 1365

For a given magnetic fieldB⋆, the number of occupied Landau levels is
determined by the electron number densityne

ne =
2B⋆

(2π)2λ3
e

νmax
∑

ν=0

gνxe(ν) , (6)

xe(ν) =
√

γ2
e − 1 − 2νB⋆ , (7)

whereλe = ~/mec is the electron Compton wavelength,γe is the electron
chemical potential in units of the electron rest mass energy, i.e.

γe =
µe

mec2
, (8)

while the degeneracygν is gν = 1 for ν = 0 andgν = 2 for ν ≥ 1.
The electron energy densityEe and corresponding electron pressurePe are

given by (seee.g.[5] and references therein)

Ee =
B⋆mec

2

(2π)2λ3
e

νmax
∑

ν=0

gν(1 + 2νB⋆)ψ+

[

xe(ν)√
1 + 2νB⋆

]

− nemec
2 , (9)

261



N. Chamelet al.

and

Pe =
B⋆mec

2

(2π)2λ3
e

νmax
∑

ν=0

gν(1 + 2νB⋆)ψ−

[

xe(ν)√
1 + 2νB⋆

]

, (10)

respectively, where

ψ±(x) = x
√

1 + x2 ± ln(x+
√

1 + x2) . (11)

In the absence of magnetic fields, the electron energy density and pressure
reduce to (seee.g.Chapter 2 in [1])

Ee =
mec

2

8π2λ3
e

[

xr(1 + 2x2
r)

√

1 + x2
r − ln(xr +

√

1 + x2
r)

]

− nemec
2 , (12)

and

Pe =
mec

2

8π2λ3
e

[

xr

(

2

3
x2

r − 1

)

√

1 + x2
r + ln(xr +

√

1 + x2
r)

]

, (13)

respectively, wherexr = ~(3π2ne)
1/3/(mec) is the relativity parameter.

According to the Bohr-van Leeuwen theorem [24, 25], the lattice energy
density is not affected by the magnetic field. We use the same expression as
in [13] and we neglect the small contribution due to quantum zero-point motion
of ions [26].

Collecting all terms, the Gibbs free energy per nucleon (1) can be equiva-
lently written as

g =
M ′(A,Z)

A
+
Z

A

(

µe −mec
2 +

4

3

EL

ne

)

. (14)

Note that at equilibrium, the neutron chemical potential issimply given by
µn = µp + µe, whereµp is the proton chemical potential. Using electric charge
neutralityne = np and the identity

ng = nnµn + npµp + neµe , (15)

wheren = nn + np, we conclude that the value ofg at equilibrium is simply
equal to the neutron chemical potential. Consequently, at the bottom of the crust
where neutrons drip out of nuclei, the Gibbs free energy per nucleon is given by
g = µn = mnc

2 (mn being the neutron mass).

3 Internal Composition of Magnetar Crusts

We have determined the composition of cold non-accreting magnetar crusts for
different magnetic field strengths. Results are summarizedin Table 2. We have
found that the sequence of equilibrium nuclides is not affected by the magnetic
field forB⋆ . 1, as in most radio pulsars. However the highest pressure at which
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Table 2. Sequence of equilibrium nuclides with increasing depth in the outer crust of a
cold non-accreting neutron star for different magnetic field strengths.The nuclides with
experimentally measured masses are indicated in boldface.

B⋆ = 0 B⋆ = 1 B⋆ = 10 B⋆ = 100 B⋆ = 1000 B⋆ = 2000

56Fe 56Fe 56Fe 56Fe 56Fe 56Fe
62Ni 62Ni 62Ni 62Ni 62Ni 62Ni
58Fe 58Fe − − − −

64Ni 64Ni 64Ni 64Ni 64Ni −

66Ni 66Ni 66Ni − − −

− − − −
88Sr 88Sr

86Kr 86Kr 86Kr 86Kr 86Kr 86Kr
84Se 84Se 84Se 84Se 84Se 84Se
82Ge 82Ge 82Ge 82Ge 82Ge 82Ge
− − − − −

132Sn
80Zn 80Zn 80Zn 80Zn 80Zn 80Zn
− − − − −

130Cd
− − − − −

128Pd
− − − − −

126Ru
79Cu 79Cu 79Cu 79Cu 79Cu −

78Ni 78Ni 78Ni 78Ni 78Ni −

80Ni 80Ni 80Ni 80Ni 80Ni −

124Mo 124Mo 124Mo 124Mo 124Mo 124Mo
122Zr 122Zr 122Zr 122Zr 122Zr 122Zr
121Y 121Y 121Y 121Y 121Y 121Y
120Sr 120Sr 120Sr 120Sr 120Sr 120Sr
122Sr 122Sr 122Sr 122Sr 122Sr 122Sr
124Sr 124Sr 124Sr 124Sr 124Sr 124Sr

each nuclide can be found is increased, especially in the shallow region of the
outer crust where the effects of Landau quantization are themost important. For
example, the maximum pressure at which56Fe is present, is raised from3.36 ×
10−10 MeV fm−3 forB⋆ = 0 to 4.15×10−10 MeV fm−3 forB⋆ = 1. Note that
for B⋆ = 0 the outer crust is found to contain58Fe whereas it was not predicted
in [9] using the same HFB-21 atomic mass model. This is because we have
neglected electron exchange and other small corrections that were included in
[9]. For the strong fieldsB⋆ ≫ 1 expected to prevail in the interior of magnetars,
the sequence of equilibrium nuclides exhibits significant deviations compared to
that obtained forB⋆ = 0. In addition, such strong magnetic fields tend to prevent
neutrons from dripping out of nuclei. As a result, the pressure at the neutron drip
transition is increased even though the corresponding equilibrium nuclide does
not change.

As shown in Figures 1 and 2, the differences in the Gibbs free energy per
nucleon around the equilibrium configuration are very small. For example,
the equilibrium nuclide at the pressureP = 1.1 × 10−5 MeV fm−3 and for
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Figure 1. Gibbs free energy per nucleong as a function of the proton numberZ in the
outer crust of a cold non-accreting neutron star with a magnetic fieldB⋆ = 1000 (thick
line) and withB⋆ = 10 (thin line) at the same pressureP = 1.1 × 10

−5 MeV fm−3.
The Gibbs free energy per nucleon forB⋆ = 1000 was shifted so that it yields the same
value forZ = 32 as that obtained forB⋆ = 10.
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Figure 2. Gibbs free energy per nucleong as a function of the proton numberZ in the
outer crust of a cold non-accreting neutron star with a magnetic fieldB⋆ = 1000 (thick
line) and withB⋆ = 10 (thin line) at the same pressureP = 4.8 × 10

−4 MeV fm−3.
The Gibbs free energy per nucleon forB⋆ = 1000 was shifted so that it yields the same
value forZ = 38 as that obtained forB⋆ = 10.
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B⋆ = 1000 is 88Sr. The corresponding Gibbs free energy per nucleon is lower
than that of86Kr and 64Ni by respectively1.1 keV and1.3 keV only. Like-
wise, in the deeper region of the outer crust whereP = 4.8 × 10−4 MeV fm−3

for B⋆ = 1000, the Gibbs free energies per nucleon of120Sr (the equilibrium
nuclide), 121Y and 124Zr differ by less than4.5 keV. This suggests that the
small corrections tog that we have neglected here like electron polarization may
change the composition. Moreover, we anticipate that at finite temperatures the
outer crust will presumably be made of heteregeneous structures, with different
nuclides coexisting at the same pressure.

Because the crust of a magnetar can have a different composition from that
of an ordinary pulsar, its properties can also be different.For instance, we have
calculated the “effective” shear modulusS of a body-centered-cubic lattice poly-
crystal using the following expression from [27] :

S = 0.1194nN

Z2e2

RN

, (16)

whereRN is the ion-sphere radius defined by

RN =

(

3

4πnN

)1/3

. (17)

As shown in Figure 3, the shear modulus of a magnetar can be much larger than
that of an ordinary neutron star.
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Figure 3. Effective shear modulus in the outer crust of a cold non-accreting neutron star
with a magnetic fieldB⋆ = 1000 (dashed line) and withB⋆ = 0 (solid line). Note that
the neutron drip pressure forB⋆ = 1000 is higher than that forB⋆ = 0.
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4 Conclusion

We have calculated the internal composition of the outer crust of cold non-
accreting magnetars using the most recent experimental atomic mass data com-
plemented with the latest Hartree-Fock-Bogoliubov atomicmass model. The
outer crust of a magnetar is found to have a substantially different composition
(hence also different properties) compared to that of ordinary pulsars. In partic-
ular, the shear modulus of the outer crust is found to be enhanced by the strong
magnetic field. These results may have implications for the interpretation of
quasiperiodic oscillations observed in soft-gamma-ray repeaters. This warrants
further studies.
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