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SME Lorentz invariance violation e↵ecting the speed of
light). Moreover, as per the SMEmodified electrodynam-
ics, electromagnetic shielding will not suppress the axion
signals, as they are source terms. The source terms can
act as current and/or voltage sources, as discussed in a
later section of this text.

One might also expect that a fluctuating refractive
index or fine structure constant might be measurable
through variations of the resonant frequency of an ap-
propriately designed resonant cavity system. This would
be analogous to a dielectric resonant cavity e↵ected by
Brillouin scattering in the media induced by refractive
index fluctuations, which is also an inherently non-linear
process. Recently a dual-mode pumped resonant sys-
tem has been analysed and been shown to be sensitive to
axion-induced frequency shifts, and under the appropri-
ate conditions such a system has shown to be sensitive
enough to place limits on popular axion models [19].

BOUNDARY CONDITIONS FOR AXION
MODIFIED ELECTRODYNAMICS

When designing an experiment and solving the modi-
fied Maxwell’s equations in di↵erential form (Eqns. (9)-
(14)), in general, the boundary conditions must also
be known. The integral forms of the axion modified
Maxwell’s equations can be used to determine the modifi-
cations to the standard electromagnetic boundary condi-
tions. Since Eqns. (11) and (12) remain unmodified, the
boundary conditions of the ~E and ~B fields between two
media (labeled 1 and 2) remain unchanged from normal
Maxwell electrodynamics, and are given by

~E
k
1 � ~E

k
2 = 0, (19)

~B?
1 � ~B?

2 = 0. (20)

In contrast, the ~Da and ~Ha boundary conditions take
a familiar form (assuming no surface or current charge
densities between boundaries), but are modified to give

~D?
a1 � ~D?

a2 = 0, (21)

~H
k
a1 � ~H

k
a2 = 0, (22)

which are modified boundary conditions, since the ax-
ion terms are included in ~Da and ~Ha. In the follow-
ing sections, we apply these equations to specific types
of applied fields, with applications to axion dark matter
haloscopes, which were first proposed in [20, 21].

INDUCED OSCILLATING VACUUM
POLARIZATION AND MAGNETIZATION

UNDER A DC MAGNETIC FIELD

Currently, the most common axion haloscopes apply
a large DC magnetic field to covert the mass of axions
to photons of equivalent frequency. In typical experi-
ments, a solenoid aligned is in the laboratory ẑ direc-
tion with applied fields ideally equivalent to ~E = 0 and
~B = B0ẑ within the cylindrical solenoidal magnet [22–
32] (although some experiments now implement toroidal
magnets [33–36]). Under these conditions the induced
electric vacuum polarization becomes

~Pa = �ga��
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✏0
µ0

aB0ẑ. (23)

There will be no directly induced axion magnetization as
~E = 0 and thus Eqn. (14) just calculates the regular ~H

field in the ẑ direction, which is simply ~H = B0ẑ/(µ0µr),
so in this case Eqn.(14) is not relevant for calculating
the axion modified magnetization. Instead an orthogonal
magnetization, M�a�̂ = �H�a�̂ must be induced by the
oscillating polarization, which may be calculated from
the integral form of the modified Ampre’s Law in vacuum
or a medium (given by Eqn.(10)), and assuming no free
current may be written as
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~Pa · d~S. (24)

Note, the oscillating polarization does not cause an oscil-
lating ~B field, otherwise Faraday’s law (Eqn. (12)) will
not hold true, so it must induce an oscillating vacuum
magnetization. We take S to be a circular surface in-
side the solenoid with radius r, and C to be the bound-
ary of this circular surface. Substituting Eqn. (??) into
Eqn. (24) and integrating we obtain
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and finally
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In this case, the axion interacts with the virtual pho-
tons of the DC ~B-field to cause an oscillation of vacuum
magnetization and polarization at a frequency equivalent
to the axion mass. However, many descriptions consider
these oscillating terms of the vacuum polarization and
magnetization as a tiny e↵ective or pseudo ~E-field or ~B-
field [20, 27, 29, 30, 35, 37–41]. In the case of the applied
DC ~B-field presented here, the e↵ective (or pseudo) fields
may be easily calculated as

~Ee↵
a = ~Pa/(✏0✏r) = �ga��a
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