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Abstract. The role of electron captures by nuclei in the shallow heating of magnetars is further
investigated using both nuclear measurements and the theoretical atomic mass table HFB-27.
Starting from the composition of the outer crust in full equilibrium, we have calculated the
onset of electron captures and the heat released due to the slow decay of the magnetic field.
Numerical results are found to be similar to those previously obtained with the HFB-24 atomic
mass model and are consistent with neutron-star cooling data.

1. Introduction

With their extreme magnetic fields, soft gamma-ray repeaters and anomalous X-ray pulsars are
very active types of neutron stars exhibiting outbursts and more rarely giant flares releasing
energies up to ~ 1040 erg within a second (see e.g. [1] for a recent review). So far, 24 of these
magnetars have been identified according to the McGill Online Magnetar Catalog! [2]. Their
magnetic field is also thought to power their persistent X-ray luminosity ~ 1033 — 1035 erg/s,
which is well in excess of their rotational energy and which implies higher surface temperatures
than in weakly magnetized neutron stars of the same age [3]. The most widely accepted heating
mechanism involves crustal deformations beyond the elastic limit induced by magnetic stresses
(see, e.g., Ref. [4]; see Ref. [5] for alternative models). Because the melting temperature of an
electron-ion Coulomb solid increases with density [6, 7], this mechanism is most effective in the
inner region of the crust. However, heat sources are not expected to be found in such deep
region of the star [8, 9].

Alternatively, the magnetic energy may be converted into heat through electron captures
by nuclei in the outer crust [10]. This mechanism is analogous to crustal heating in accreting
neutron stars [11], the matter compression being induced here by the magnetic-field decay rather
than accretion from a stellar companion. We have recently estimated the maximum amount of

! http://www.physics.mcgill.ca/~pulsar/magnetar/main.html

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOIL.
Published under licence by IOP Publishing Ltd 1


http://www.physics.mcgill.ca/~pulsar/magnetar/main.html

XLIV Brazilian Workshop on Nuclear Physics 10P Publishing
Journal of Physics: Conference Series 2340 (2022) 012029 doi:10.1088/1742-6596/2340/1/012029

heat that could be possibly released by these processes and the location of the heat sources [12].
In addition to electron captures, we have also considered pycnonuclear fusion of light elements.
After briefly reviewing our assumptions and our treatment of dense matter, new results are
reported using a different nuclear model.

2. Compression-induced reactions in magnetar crusts

2.1. Initial composition

We assume that each crustal layer is made of nuclei (A, Z) with proton number Z and mass
number A in a charge neutralizing background of free electrons.

We take into account Landau-Rabi quantization for electrons (see, e.g. Chapter 4 of
Ref. [13]) and consider that electrons all lie in the lowest level, which occurs whenever
B 2 5.72 x 1016 G [14]. Quantization effects are expected to be very strong for such fields
because the temperatures prevailing in a magnetar, T ~ 10% — 10° K, are much lower than the
characteristic temperature

Mec?

Tp = B, ~5.93 x 10°B, K, (1)

B

where kp denotes Boltzmann’s constant, ¢ is the speed of light, m, is the electron mass, and we
have introduced the dimensionless magnetic field strength B, = B/Bye > 1 with:

m2c3
Brel =

~4.41 x 108G, (2)

(e is the elementary electric charge and # is the Planck-Dirac constant).

The electron-ion plasma may not necessarily be in a solid state, especially in the shallow
layers. A lower bound on the melting temperature can be found by ignoring the magnetic
field [15], and is typically of order T, ~ 10° K (see Ref. [6] for more details). In this study,
thermal effects on thermodynamic quantities will be neglected.

Assuming the crust is initially in full thermodynamic equilibrium in presence of some magnetic
field, the composition is found by minimizing the Gibbs free energy per nucleon (see Ref. [16]).
This minimization can be performed numerically in a very efficient way by using the iterative
approach proposed in Ref. [17].

2.2. Magnetic field decay and electron captures

The compression of the crust induced by the decay of the magnetic field occurs very slowly, on a
typical time scale of millions of years [18]. The capture of one electron by the nucleus (A4, Z) (in
its ground state since matter is assumed to be initially in equilibrium) becomes allowed once the
local pressure attains some threshold value Pg(A, Z, B, ), which can be calculated analytically
and is given by [12]

B,(mec2 5 5
Ps(A,Z,B,) =~ ARZNE ’)’e\/’Ye—l—ln(\/’ye—l—F’ye)

LG <4B*ZQ>1/3 (v - 1)2/3] : (3)

3 w2

where A\ = h/(mec) is the electron Compton wavelength, o = e2/(he) is the fine-structure
constant, C' is a dimensionless constant characterizing the spatial arrangements of nuclei and
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for which we adopt the Wigner-Seitz value C' = —9/10(47/3)'/3 ~ —1.4508 [19]. Here 7, is the
threshold electron Fermi energy in units of mec? given by [12]

_ 1 B
3/2 3+ Ve .
8|F(Z, By)|*'* cosh <3arccosh [P (Z B B*)|3/2> if v>1,
= 1 y (4)
n 3/2 3 e .
S‘F(Z,B*N / COS (3 arccos 2‘F’(Z’B*)’3/2> if OS’U < 17
with
F(Z,B,) = Loa (B " Z°% —(Z —1)°3 + g (5)
=3 o 37 )
6 _Qec 6
=ttt (6)
Qrc(A, Z) = M'(A, Z)c* — M'(A,Z —1)c* — Eex(A, Z — 1) . (7)

Here M'(A, Z) denotes the nuclear mass including the rest mass of Z electrons and Eey (A4, Z—1)
is the excitation energy of the daughter nuclei. The mean baryon number density at the onset
of the first electron capture is given by [12]

B, A
”B(AaZ,B*):mE\/%Q_l- (8)

No heat is released by this first electron capture since it proceeds in quasiequilibrium.
However, the daughter nucleus (in some excited state) (A,Z — 1) is almost always unstable
against a second electron capture off-equilibrium thus depositing some heat at the same pressure
Ps(A, Z, B,). The maximum amount of heat per nucleus can be estimated analytically ignoring
the fraction of energy carried away by neutrinos [12]

QA Z,B,) = Quc(A Z—-1)—-Quc(A, Z) +2Ex(A, Z - 1)

1/3
_ ’ITL@CQCOé <2B*2) (,762_1)1/6 |:Z5/3+(Z_2)5/3_2(Z_1)5/3 ) (9)
T

Leaving aside the small terms on the second line, the maximum heat released is thus completely
determined by nuclear data alone, independently of the magnetic field and whether the electron-
ion plasma is solid or not.

In the densest regions of the outer crust, fusion of the lightest nuclei might occur [20].
Considering that such reactions become allowed at pressure P,y = Pj3 yields the following
upper bound on the heat released per parent nucleus:

M'(24,27Z — 2)c?
2

Quye(A, Z,B,) = M'(A,Z 1) — + Eex (A, Z 1)

2 23, [ Bx Y3 5/3
+ mec*Ca(l —2%7) [ —- (Z —1)°7, (10)

[
27?2

with v, given by Eq. (4).
The bottom of the outer crust is marked by the emission of free neutrons [14, 21]. We have
not considered reactions occurring in deeper layers (inner crust).
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3. Results and discussion

3.1. Numerical estimates

We have calculated the crustal heat using nuclear masses and Qg(A, Z—1) = —Qgc (A4, Z) values
from the 2016 Atomic Mass Evaluation [22], excitation energies from the Nuclear Data section of
the International Atomic Energy Agency website?, as well as predictions from the atomic mass
model HFB-27 based on self-consistent deformed Hartree-Fock-Bogoliubov calculations [23].
Further details can be found in Ref. [12]. The magnetic field strength was set to B, = 2000.
The initial equilibrium composition was taken from Ref. [17]. As for possible contamination of
the crust with light elements from the interstellar medium, we considered carbon and oxygen.
Results are summarized in Fig. 1.

Comparing the present results with those previously obtained using the HFB-24 mass model
in Ref. [12], we notice that the reactions releasing the largest amount of heat are the same,
namely, 12C — ?Be, 150 — 16C, and %2Cr — 92Ti considering ground-state-to-ground-state
transitions (the heat released being ~ 0.14 MeV, ~ 0.15 MeV, and ~ 0.09 MeV per nucleon), and
82Ge — 827Zn, 38Sr — 88Kr, ¥Kr —8 Se, and 8Kr — 30Se considering ground-state-to-excited-
state transitions (the heat released being ~ 0.1 MeV, ~ 0.08 MeV, ~ 0.07 MeV, ~ 0.09 MeV per
nucleon, respectively). Note that for the latter reactions, as well as for the reactions involving
carbon and oxygen, the amount of heat released is only determined by experimental data, thus
independent of the adopted mass model (see also Tables 1 and 3 in Ref. [12]). The most
noticeable difference between the predictions of the mass models HFB-24 and HFB-27 concerns
the heat released in the ground-state-to-ground-state transitions %Ti — 56Ca and 80Zn — 8ONi.
In the former (latter) reaction, the heat predicted by HFB-27 is a factor of ~ 2 (~ 3) higher
than that calculated using the HFB-24 mass model. The reason stems from the discrepancy in
the Qrc values, see Eq. (9). Indeed, the difference in |Qpc(Z) — Qrc(Z — 1)| calculated using
the HFB-24 and HFB-27 mass model amounts to ~ 1.3 MeV (~ 0.9 MeV) for the transition
from %6Ti to *°Ca (from 89Zn to 8ONi).

The maximum amount of heat released per nucleon is found to be ~ 0.1 MeV from electron
captures, and ~ 1 — 2 MeV from pycnonuclear fusions. The total amount of heat deposited in
the outer crust of a magnetar is comparable to that found in accreting neutron stars although
the initial composition and the physical conditions are totally different [25]. However, heat in a
magnetar is deposited at higher densities, pg ~ 10'% — 10" g em ™2 (corresponding to pressures
Pg ~ 10%? — 103 dyn cm~2) for the magnetic field considered.

3.2. Astrophysical implications
The range of densities where most of the heat from nuclear reactions is released corresponds to
that determined empirically by fitting the observed thermal luminosity using magnetar cooling
simulations [8, 9].

The time 7 required for all the nuclei (A, Z) to capture electrons, roughly given by [12]

47
T ~ 5 P3(A, Z,By) — Puin(A, Z, B,) | Myr (11)

(Pmin(A4, Z, By) being the lowest pressure at which parent nuclei (A, Z) were initially found), is
of the same order in the different crustal layers, and more importantly of the same order as the
kinematic age of magnetars (a few thousand years).

Finally, the heat power, estimated as [12]

W o L 3" QA Z)N(A, Z) ~ 107 — 10% erg/s, (12)
.

2 https://www-nds.iaea.org/relnsd/NdsEnsdf/QueryForm.html
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Figure 1. Heat ¢ per nucleon (in MeV) from selected electron captures in the crust of a
magnetar with a magnetic field B, = 2000 in a pressure P (in dyn cm~2)-mass density p (in
g cm~3) diagram, considering transitions from the ground state of the parent nucleus to either
the ground state (squares) or the first excited state (triangles) of the daughter nucleus. The size
of each symbol is proportional to the amount of heat deposited as indicated.

where N'(A, Z) is the total number of nuclei (A, Z), is of the same order as that obtained in
Refs. [8, 9].

The compression of matter caused by the spin down of the star could also trigger nuclear
reactions, as studied in millisecond pulsars [26]. However, this heating becomes ineffective several
days after the formation of the star [12] and can thus be ignored.

4. Conclusions

Our analysis suggests that electron captures by nuclei and pycnonuclear fusion reactions in the
outer crust of a magnetar induced by the decay of the magnetic field could be a robust source
of internal heating. Unlike the commonly accepted dissipation of elastic energy due to crust
failure, the heating from electron captures remains effective even if some part of the crust is
melted. Although for simplicity we have considered an extremely quantizing magnetic field,
we have shown that the maximum amount of heat is essentially determined by nuclear data
alone. Therefore, our estimate remains a fairly good approximation for neutron stars with lower
magnetic fields, as confirmed by our recent study [27]. Only the location of the heat sources will
vary substantially depending on the magnetic field strength. The models HFB-24 and HFB-27
predict similar results for the main heat sources, however significant differences are found for
some minor reactions.
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