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It is widely accepted that soft gamma repeaters (SGRs) 
and anomalous X-ray pulsars (AXPs) correspond to 
magnetars [2]. In the magnetars a proton is expected to be 
accelerated in a strong magnetic field and to emit photons 
through the synchrotron radiation. The meson-nucleon 
couplings are about 100 times larger than the photon-
nucleon coupling, and the meson production process is 
expected to exceed photon synchrotron emission in the 
high energy regime.

However, the synchrotron radiation has been 
studied only in the semi-classical framework [3] and 
it has not treated discretized Landau levels and the 
anomalous magnetic moment (AMM) of protons. In 
this work [1], then, we study the pion production from 
proton synchrotron radiation in the relativistic quantum 
approach.

We assume a uniform magnetic field along the 
z-direction, B = (0, 0, B), and take the electro-magnetic 
vector potential Aμ to be A = (0, 0, xB, 0) at the position 
r ≡ (x, y, z). The relativistic proton wave function ~ψ is 
obtained from the following Dirac equation:

where Fμν ≡ ∂μ Aν − ∂ν Aμ, mN is the proton mass, and κp 
is the proton AMM. By solving Eq. (1), we then obtain 
the energy eigenvalues as

where n is the Landau level number, s = ± 1 is the spin 
index, and pz is z-component of the proton momentum.

In Fig. 1 we show the initial and final spin-dependence 
of the proton differential pionic decay widths with (a) 
and without (b) the AMM with a proton kinetic energy 
of 1 GeV, emitted pion energy of 300 MeV and a strength 
of the magnetic field to be 5 × 1018 G. These widths are 
averaged over the initial Landau levels 0 ≤ nmax − ni ≤ 9.

When κp = 0, the contributions from the spin-flip 
transition, si = −sf, are about 100 times larger than those 
of the spin non-flip, si = sf. The spin-flip contributions 
become much larger than those from the spin non-flip 
reaction.

When the AMM is included, only the contribution 
from si = −sf = 1 is about 10,000 times larger than those of 
the other channels. When si = −sf = 1, the effects of the AMM 
and spin-flip are synchronized, and they increase very 

largely, while the two effects cancel when si = −sf = 1.
Thus, we have found that the proton AMM largely 

contributes to the pion production. We can clarify this 
effect by solving the Dirac equation in a strong magnetic 
field in a fully relativistic and quantum mechanical way.
Furthermore, we found that the AMM effect becomes 
larger as the magnetic field decreases when the initial 
energy is fixed while the AMM effects diminish as the 
proton energy increases when the magnetic field is fixed. 
When B ~ 1015 G, the proton is expected to be ep ~ 1 TeV, 
and the maximum Landau level number becomes about 
1011, but one expects the AMM effect to remain because 
of the above results.

As for future studies, we must consider a method to 
treat huge numbers of the Landau levels for the magnetic 
field of B ~ 1015 G. We should have to derive a new 
formulation including effects of the AMM from the exact 
formulation given in this paper.
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The differential pionic decay widths of protons with 
(a) and without (b) the AMM included. The widths 
are averaged over initial Landau numbers, 0 < nmax − 
ni < 9. The solid, dot-dashed, dashed, and dotted lines 
represents the results when si = −sf = −1, si = −sf = 1, si = 
sf = 1, and si = sf = −1, respectively, where si( f ) indicates 
the initial (final) spin of the proton.
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(a) κp ≠ 0
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(b) κp = 0


