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We present a reformulation of modified axion electrodynamics where the four Maxwell’s equations
maintain a similar form to the unmodified versions, with all modifications redefined within the
constitutive relations between the ~D, ~H, ~B and ~E fields. In this reformulation the axion induced
bound charge density, polarization current density and bound current density are identified along
with the associated axion induced vacuum polarization and magnetization, which are shown to
satisfy the charge-current continuity equation. This representation is consistent with Wilczek’s
original calculations from the polarization of vacuum fields. The reformulation is important when
considering conversions of axions into photons, relevant in many experimental contexts. For example,
when a DC ~B-field is applied, oscillating bound vacuum charges and polarization currents are
induced at a frequency equivalent to the axion mass. In contrast, when a large DC ~E field is
applied, an oscillating bound current or magnetization of the vacuum is induced at a frequency
equivalent to the axion mass. Moreover, the integral forms of the equations can be used to clearly
define the boundary conditions between distinct media either with or without axion induced vacuum
polarization or magnetization. This provides clarity when considering experiments sensitive to axion
induced electric and/or magnetic e↵ects inside or outside the high DC field region. For example, a
capacitor in a high DC magnetic field can act as a detector for low-mass axions without suppression
of of the signal due to electromagnetic shielding. Also, we calculate the voltages and currents
induced by axions in an inductive sensor under a DC electric field, which is the dual experiment to
a capcitive sensor under a DC magnetic field.

INTRODUCTION

Axions and axion like particles (ALPs) are neutral
spin-zero bosons, which were originally postulated to
solve the strong charge-parity problem in QCD [1–3].
Following this came the realization that axions could
have been abundantly produced during the QCD phase
transition in the early universe and that they may be
formulated as cold dark matter [4–7]. If this is true they
should be abundant in the laboratory frame on earth,
and thus detectable. Models predict that axions couple
to photons, with the strength of this axion-photon inter-
action, and the mass of the axion given by
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Here z is the ratio of up and down quark masses, mu
md

⇡
0.56, f⇡ is the pion decay constant ⇡ 93 MeV, m⇡ is the
neutral pion mass ⇡ 135 MeV, g� is an axion-model de-
pendent parameter of order 1, and ↵ is the fine structure
constant [7–11].

AXION MODIFIED ELECTRODYNAMICS

Axion modified electrodynamics (or axion modified
Maxwell’s equations) are derived from the Lagrangian

for axions coupled to photons [12]:
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From this equation, it can be shown that we arrive at
the modified Maxwell’s equations (in SI units and with
magnetic and dielectric media) [13], given by
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where the constitutive relationships are, ~D = ✏0 ~E + ~P
and ~H = ~B/µ0 � ~M . Here ~D is the electric flux den-
sity (or ~D-field), ~E is electric field intensity (or ~E-field),
~P is the polarization (or ~P -field), ⇢f is the free charge

density, ✏0 the vacuum permittivity, ~H is magnetic field
intensity (or ~H-field), ~B is magnetic flux density (or ~B-
field), ~M is the magnetization (or ~M -field), µ0 is the
vacuum permeability, ~Jf is the free current density and
a is the axion scalar field, which is generally of the form
a(t,~r) = a0 cos(!at�~ka ·~r), where !a is the Compton an-

gular frequency equivalent to the axion mass and ~ka is the


