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APPENDIX

Application of Axion Modified Maxwell’s Equations
to Electric Field Sensing

It is shown in [37] that axion modified Maxwell’s equa-
tions may be written in a similar way to the unmodified
equations;

~r · ~Da = ⇢f , (3)

~r⇥ ~Ha = ~Jf +
@ ~Da

@t
, (4)

~r · ~B = 0, (5)

~r⇥ ~E = �@ ~B

@t
, (6)

but with modified constitutive equations, given by;

~Da = ~D + ~Pa; ~D = ✏0✏r ~E; ~Pa = �g↵��

r
✏0
µ0

a ~B, (7)

~Ha = ~H � ~Ma; ~H =
1

µ0µr

~B; ~Ma = g↵��

r
✏0
µ0

a ~E.

(8)

This can be interpreted as the axion inducing an oscil-
lating vacuum polarization field, Pa and an oscillating
vacuum magnetization field, Ma, for a more detailed ex-
planation see [37]. Currently, the most common axion
haloscopes apply a large DC magnetic field to covert the
mass of axions to photons of equivalent frequency. In
this case we usually have a solenoid aligned in the labo-
ratory ẑ direction with applied fields ideally equivalent to
~E = 0 and ~B = B0ẑ. Under these conditions the induced
electric vacuum polarization field becomes;

~Pza = �g↵��

r
✏0
µ0

aB0ẑ = ✏0✏r ~Ea eff . (9)

There will be no directly induced axion magnetization
field as ~E = 0 however from the integral form of the
modified Ampre’s Law from eqn.(4) it can be shown that

an oscillating orthogonal vacuum magnetization will be
induced [37] equivalent to;

~M�a = ga��

r
✏0
µ0

r

2
B0

@a

@t
�̂ = � 1

µ0µr

~Ba eff . (10)

Because the axion modifications are in the source terms
of Maxwell’s equations, it is more correct to think of them
as oscillations of vacuum magnetization and polarization
fields in a non-conducting medium. Most of the previous
literature indicate sensitivity to a tiny e↵ective or pseudo
~E and ~B fields [22, 27, 29–35]. To formulate the polariza-
tion and magnetization as an e↵ective electric and mag-
netic field, they are defined above as ~Ea eff and ~Ba eff

respectively, in the equivalent units and directions. It is
important to stress that in the axion medium the actual
~E field is zero, and the actual ~B field is DC, and that the
axion fields cannot be substituted into the modified equa-
tions as actual ~E and ~B fields as they are really ~P and
~M fields. Attempts to substitute them as actual ~E and
~B fields will lead to an apparent violation of Faraday’s
law.

Boundary Conditions

The integral form of the modified Maxwell’s equations
can be used to derive the boundary conditions between
media [37]. The key electrical boundary conditions for
the modified equations are;

~E
k
1 � ~E

k
2 = 0, (11)

~Da
?
1 � ~Da

?
2 = �f , (12)

where �f is the free surface charge density between the
surfaces.

Axion Current Density Produced in Non-Conductive Media
due to DC Magnetic Field

The modified Maxwell’s equations can be interpreted
in such a way that the axion source term contributes to
~J , the current density (as discussed in the body of the
text, and in [36]). In the context of a typical haloscope
experiment ~E = 0 and ~B = ~B0 (a DC field). The axion
current produced in a non-conductive media is due to
oscillating bound charges due to the vacuum and hence
a polarization current, and in this situation is given by;

~Ja =
@ ~Pa

@t
= �ga��

r
✏0
µ0

~B0
@a

@t
. (13)

The associated bound charge is then given by;

⇢a = �~r · ~Pa = ga��

r
✏0
µ0

~B0
~r · a. (14)


