NUCLEAR THEORY, Vol. 31 (2012)
eds. A. Georgieva, N. Minkov, Heron Press, Sofia

Internal Structure and Composition of
Magnetar Crusts with
Hartree-Fock-Bogoliubov Atomic Mass Models

N. Chamel!, R. L. Pavlov2, L. M. Mihailov®, Ch. J. Velchev?,
Zh. K. Stoyanov?, Y. D. Mutafchieva?, M. D. Ivanovich?
Hnstitute of Astronomy and Astrophysics, Univegsitibre de Bruxelles,

CP 226, Boulevard du Triomphe, B-1050 Brussels, Belgium

2Institute for Nuclear Research and Nuclear Energy, Bulgarian Acpaém
Sciences, 72 Tsarigradsko Chaussee, 1784 Sofia, Bulgaria

3Institute of Solid State Physics, Bulgarian Academy of Sciences,
72 Tsarigradsko Chaussee, 1784 Sofia, Bulgaria

Abstract. The internal structure of the outer crust of cold non-accreting magne-
tars has been determined for different magnetic field strengths in tinevrark

of the magnetic BPS model. We have made use of the most recent ezpt&im
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 collapsetafswith a masd/ >
8M during type Il supernova explosions, neutron stars are gntioa most
compact objects in the universe (seg.[1]). Their central density can ex-
ceed several times the density encountered in the heatoesicanuclei. Neu-
tron stars are also the most strongly magnetized objectsrafibenost pulsars
are endowed with typical surface magnetic fields of ofef G, Duncan and
Thompson showed that much stronger magnetic fields up 10'6 — 10'7 G
could be generated via dynamo effects in hot newly-bornroatgtars with ini-
tial periods of a few milliseconds [2]. Soft gamma-ray repesand anomalous
X-ray pulsars are believed to be the best candidates of gwsalled magne-
tars (seee.g.[3] for a review). Their surface magnetic fields are estirddte
be of order10'* — 10'> G assuming that their spin-down is due to magnetic
dipole radiation (see.g.[4]). According to the virial theorem, their internal
magnetic field could reach0'® G [5] (neutron stars would be disrupted by
stronger fields). This limit has been confirmed by numericabnetohydro-
dynamics simulations [6-8].

The interior of a neutron star is composed of four main regiionthe outer
crust primarily composed of pressure ionized atoms arihivga regular crystal
lattice and embedded in a highly degenerate electron ga#)[8je inner crust
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at densities> 4 x 10! g/cn?® where nuclei coexist with a neutron liquid [10],
iii) the outer core at densities abowe 10'* g/cn? made of a uniform mixture
of nucleons and leptons, and iv) the inner core whose cornipesemains very
uncertain [11,12].

In a previous work, we studied the impact of a strongly quamgi magnetic
field on the outer crust of a neutron star [13]. We have regaemttended this
analysis to lower magnetic field strengths and we have peddrsystematic
calculations of the internal structure of the outer crusa ehagnetar [14] (for
a study of the denser regions of a magnetar, esge[15-17]). In Section 2,
we review the microscopic model used to describe the outest.cResults are
discussed in Section 3.

2 Microscopic Model of Magnetar Crusts

We have determined the composition of the outer crust of anetag using the
magnetic BPS model of Ref. [5]. The outer crust is assumee todde of fully
ionised atoms arranged in a body-centered cubic latticerattemperature. In
addition, the outer crust is supposed to contain homogeneiystalline struc-
tures,i.estructures made of only one type of nuclides with proton neinzband
atomic numberA. The values o/ and A in each layer of pressut@ are found
by minimising the Gibbs free energy per nucleon

_E+P
o n

)

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

g

E=nyM'(Z,A)+E + & @)

whereny = n/A is the number density of nuclel{’(Z, A) their mass (includ-
ing the rest mass of nucleons afdelectrons)¢£. the energy density of electrons
after subtracting out the electron rest mass energy demsity;, the lattice en-
ergy density. The nuclear mad$’(Z, A) can be obtained from the atomic mass
M(Z, A) after substracting out the binding energy of the atomictees (see
e.g.[9]). As in Ref. [5], we will ignore the change of nuclear masgaused by
the magnetic field. According to recent fully self-consigteelativistic mean-
field calculations [18], magnetic field strengtBs < 10'7 G do not have any
substantial impact on nuclear masses and therefore on thpasition of the
outer crust. We have made use of the most recent experimegotaic mass
data from a preliminary unpublished version of an updatezhi¢ Mass Eval-
uation (AME) [19]. For the masses that have not yet been nmmedswe have
employed the microscopic atomic mass model HFB-21 of Rél.ljased on the
Hartree-Fock-Bogoliubov method (seey.[21] for a review). This model was
found to yield an excellent fit to the most recent atomic masasurements [22].
In the presence of a strong magnetic field, the electron mgigopendicular
to the field is quantized into Landau levels (see e.g. ChaptéiRef. [1]). We
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will neglect the small electron anomalous magnetic momedtedectron polar-
ization effects (see e.g. Chapter 4 of Ref. [1] and referetiverein). Treating
electrons as a relativistic Fermi gas, the energies of Larelels are given
by [23]

ey = \/c2p% + m2c* (1 + 2vB,) (3)
1
v=nr+ 3 + 0, (4)

wheren, is any non-negative integer, = +1/2 is the spinyp, is the compo-
nent of the momentum along the field, and the magnetic figld= B/B, is
measured in units of the critical magnetic field

m,cC

2.3
B, = —“ ~44x10®G. (5)
eh

In our previous study [13], we considered only strongly dirmg magnetic
fields for which only the lowest level = 0 is filled. For the HFB-21 atomic
mass model, we have found that this situation occurs in aysr laf the outer
crust providedB,, > 1304. However for lower fields, the number of occupied
Landau levels can become very large, as shown in Table lidmtirk, 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
Vmax 2 3 14 28 137 1365

For a given magnetic field,, the number of occupied Landau levels is
determined by the electron number density

2B,
Ne = W Z Gpxe(V) (6)
€ v=0

ze(v) =72 —1-2vB,, @)

where\. = i/mcc is the electron Compton wavelength, is the electron
chemical potential in units of the electron rest mass eneryy

He
Ye = 2’ (8)

Me

while the degeneracgy, is g, = 1 forv = 0andg, =2 forv > 1.
The electron energy densify and corresponding electron pressiiteare
given by (see.g.[5] and references therein)

B,mec? &% xe (V) 9
e = T35 3 v 1 2 B* —— — Tlellle 9
£ = B ;)g (1+2v W*[\/HM%] nemec”, ()
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and
Bymec? &K ze(V)
p, = —xMeC L1+ 2uB)_ || 10
(2m)2A3 ;}9( +2wB)Y [\/1+2VB*] (10)

respectively, where

Yi(z) =2vV1+22 £ ln(z+ V1 +22). (11)

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

2
ge:%[a:T.(l—Fsz)«/l—kx%—ln(a:,.—|— 1—|—m%)} — nemec®, (12)
™ €
and
mec? 2 4
_ MMe L2 2 72
e = §n2xd Xy (3er 1) V1+ a2+ In(x, + 1+¢T)}7 (13)

respectively, where, = h(37%n.)/3 /(m.c) is the relativity parameter.
According to the Bohr-van Leeuwen theorem [24, 25], thedatenergy
density is not affected by the magnetic field. We use the satpeession as
in [13] and we neglect the small contribution due to quant@nozpoint motion
of ions [26].
Collecting all terms, the Gibbs free energy per nucleon éf) be equiva-
lently written as

- M'(AZ) Z 2 4&L
Q—T"‘Z(Me_mec +§n—e . (14)

Note that at equilibrium, the neutron chemical potentiakimply given by
Hn = tp + e, Wherep, is the proton chemical potential. Using electric charge
neutralityn. = n,, and the identity

ng = Npfbn + Nplp + Nefle , (15)

wheren = n,, + n,, we conclude that the value gfat equilibrium is simply
equal to the neutron chemical potential. Consequentifeabbttom of the crust
where neutrons drip out of nuclei, the Gibbs free energy peleon is given by
g = ptn = m,c? (m,, being the neutron mass).

3 Internal Composition of Magnetar Crusts
We have determined the composition of cold non-accretingnatar crusts for
different magnetic field strengths. Results are summaiizddble 2. We have

found that the sequence of equilibrium nuclides is not #fédy the magnetic
field for B, < 1, asin mostradio pulsars. However the highest pressureiahwh
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Table 2. Sequence of equilibrium nuclides with increasing depth in the outstr af a
cold non-accreting neutron star for different magnetic field strengths.nuclides with
experimentally measured masses are indicated in boldface.

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

56 Fe 56 Fe 56 Fe 56 Fe 56 Fe 56 Fe
62Ni 62Ni 62Ni 62Ni 62Ni 62Ni
58Fe 58Fe _ _ _ _
64Ni 64Ni 64Ni 64Ni 64Ni _
66Ni 66Ni 66Ni _ _ _
o _ o BSSr 8SSr
86Kr 86Kr 86Kr 86Kr 86Kr 86Kr
84& 84& 84&3 84&a 84& 84%
SQGe BZGe 8QGe 8QGe SQGe SQGe
_ _ _ _ _ 132Sn
SOZn SOZn 8OZn 8OZn SOZn 8OZn
_ _ _ _ 130Cd
_ _ _ _ _ 128Pd
_ _ _ _ _ 126Ru
79Cu 79Cu 79Cu 79Cu 79Cu _
78Ni 78Ni 78Ni 78Ni 78Ni _
SONi SONi SONi 80Ni SONi _
124MO 124M0 124MO 124MO 124MO 124M0
1222r 1222r 1222r 1222r 122Zr 122Zr
121Y 121Y 121Y 121Y 121Y 121Y
IZOSr 1208r 12()Sr 12()Sr IZOSr 12()Sr
122Sr 1223r 1225r 1228r IQZSr 1223r
124Sr 124Sr 124Sr 124Sr 124Sr 124Sr

each nuclide can be found is increased, especially in thigosheegion of the
outer crust where the effects of Landau quantization arembs important. For
example, the maximum pressure at whi€Re is present, is raised froBi36 x
10719 MeV fm—3 for B, = 0t04.15 x 10~1° MeV fm~3 for B, = 1. Note that
for B, = 0 the outer crust is found to contaifFe whereas it was not predicted
in [9] using the same HFB-21 atomic mass model. This is becates have
neglected electron exchange and other small correcti@isaére included in
[9]. For the strong field®3, > 1 expected to prevail in the interior of magnetars,
the sequence of equilibrium nuclides exhibits significaviations compared to
that obtained fo3, = 0. In addition, such strong magnetic fields tend to prevent
neutrons from dripping out of nuclei. As a result, the pressu the neutron drip
transition is increased even though the correspondindileduin nuclide does
not change.

As shown in Figures 1 and 2, the differences in the Gibbs fregy per
nucleon around the equilibrium configuration are very smatbr example,
the equilibrium nuclide at the pressufe = 1.1 x 10> MeV fm—3 and for
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Figure 1. Gibbs free energy per nuclegms a function of the proton numb&rin the
outer crust of a cold non-accreting neutron star with a magnetic Bele= 1000 (thick
line) and withB, = 10 (thin line) at the same pressufe = 1.1 x 10~° MeV fm~3.
The Gibbs free energy per nucleon B = 1000 was shifted so that it yields the same
value forZ = 32 as that obtained foB, = 10.
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Figure 2. Gibbs free energy per nuclegias a function of the proton numb&rin the
outer crust of a cold non-accreting neutron star with a magnetic Bglg= 1000 (thick
line) and withB, = 10 (thin line) at the same pressufe = 4.8 x 10~* MeV fm~3.
The Gibbs free energy per nucleon B¢ = 1000 was shifted so that it yields the same
value forZ = 38 as that obtained faB, = 10.
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B, = 1000 is 8Sr. The corresponding Gibbs free energy per nucleon is lower
than that of**Kr and %*Ni by respectivelyl.1 keV and1.3 keV only. Like-
wise, in the deeper region of the outer crust whBre- 4.8 x 10~* MeV fm—3
for B, = 1000, the Gibbs free energies per nucleon'#fSr (the equilibrium
nuclide), 12'Y and 24zr differ by less thand.5 keV. This suggests that the
small corrections tg that we have neglected here like electron polarization may
change the composition. Moreover, we anticipate that atfieimperatures the
outer crust will presumably be made of heteregeneous stes;twith different
nuclides coexisting at the same pressure.

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

Z2 2
S = 0.1194ny 2= (16)
RN

whereRy is the ion-sphere radius defined by

RN—< 5 >1/3. 17)

4wnN

As shown in Figure 3, the shear modulus of a magnetar can bk larger than
that of an ordinary neutron star.
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Figure 3. Effective shear modulus in the outer crust of a cold noreting neutron star
with a magnetic fieldB, = 1000 (dashed line) and witB, = 0 (solid line). Note that
the neutron drip pressure f@, = 1000 is higher than that foB, = 0.
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4 Conclusion

We have calculated the internal composition of the outestcad cold non-
accreting magnetars using the most recent experimentai@toass data com-
plemented with the latest Hartree-Fock-Bogoliubov atoma&ss model. The
outer crust of a magnetar is found to have a substantialfgréiit composition
(hence also different properties) compared to that of argipulsars. In partic-
ular, the shear modulus of the outer crust is found to be er@thhy the strong
magnetic field. These results may have implications for therpretation of
quasiperiodic oscillations observed in soft-gamma-r@eaters. This warrants
further studies.
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