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Introduction: Two forms of electrical heating of
planetary satellites have been featured in the litera-
ture. The first, viewed in the frame of the primary,
is an analog to Lorentz-force-driven current flow and
ohmic dissipation in the Faraday disk; such homopo-
lar induction has been explored as a heating mecha-
nism for Io [1, 2, 3], Europa [4, 5] and Enceladus [6].
In this hypothesis, current flows in the ionosphere of
the primary, down a flux tube to the primary-facing
equatorial region of the satellite, through the conduct-
ing satellite, and then back to the primary. But at Io
the plasma likely shunts the circuit around Io itself,
yielding little internal Joule heating [7, 8, 9]. At Eu-
ropa, the current is limited by the resistance of the ice
shell; only if the circuit could connect to the conduct-
ing ocean through cracks in the ice could there be sig-
nificant heating [4, 5]. (Given observations of possible
plumes at Europa [10, 11], this question should be re-
examined.) At Enceladus, currents can flow through the
“tiger stripes” at the south pole, but the possible Joule
heating provides < 1% of the observed heat flux [6].

A second form of electromagnetic heating in the lit-
erature is due to eddy currents from the primary’s time-
varying magnetic field (seen in the satellite’s frame).
This model in effect treats the satellite as sitting within
a giant solenoid with spatially constant but temporally
oscillating magnetic flux density B. The oscillation
could be due to a primary’s tilted or offset dipole, or a
satellite’s eccentric or inclined orbit. We have explored
these possibilities, and such heating appears negligible
for satellites in our solar system [12], consistent with
earlier conclusions for specific objects [3, 13, 14].

A new mechanism: However, the literature has
overlooked a third electromagnetic heating mechanism
deriving from the spatial variation of B across the satel-
lite. We illustrate this mechanism for Io, and show
that if the electrical conductivity σ of Io’s mantle sat-
isfies σ<∼10

−2 S m−1, too low to shield Io’s core from
Jupiter’s time-varying B components, this mechanism
concentrates ∼ 1, 200 GW of heating in the outer 100
m of Io’s Fe-FeS core. This heating is independent of
the eccentricity e of Io’s orbit, in strong contrast to tidal
heating. If Io has a global magma ocean, its core is
certainly shielded [15], but non-molten interior models
are also consistent with current observations [16]. Even
were Io to have a shielded or partially-shielded metal-
lic core at present, our mechanism could be of interest
to an early Io prior to entering the Laplace resonance

[17], or to a variety of other moons or exo-moons. We
therefore consider its implications in some detail.

First recall the fundamental definition of electromo-
tive force (emf, or ε), viz. the work per unit charge done
around a path C due to the Lorentz force [18]:

ε =

∮
C

(E+ v ×B) · dl. (1)

Absent jump discontinuities [19] on the corresponding
surface S this becomes, via Stokes’ theorem:

ε =

∫
S

[−∂B/∂t+∇× (v ×B)] · da. (2)

If we work in a frame K rotating with the planet then
the first term in Eq. (2) is 0. (This term could be
nonzero in K due to eccentricity or inclination in the
satellite orbit – but for bodies in our solar system, the
resulting effects appear negligible [12].) The second
term in Eq. (1) is the one that has been appealed to for
homopolar generator effects. In K for a circular orbit,

v = ωr sin θφ̂, (3)

where r is radial distance, θ orbital inclination, and ω
angular velocity of the satellite viewed from K. (Satel-
lites in orbits with e 6= 0 also have a radial component
of velocity whose interesting effects we do not address
in this abstract.) The laboratory homopolar generator
[20, 21, 22] relies on v varying around C in Eq. (1).
Absent such variation, using Eq. (3) we find [18]

∇× (v ×B) = −ω∂B/∂ϕ, (4)

which is 0 for any axially symmetric B. The classic
astrophysical homopolar generator varies v around C
by connecting the satellite to the primary via flux tubes.
Here instead we consider circuits C purely internal to
the satellite for which v does not vary, but for which B
is not axially symmetric – allowing, at least in principle,
the second term in Eq. (2) to be nonzero by Eq. (4).

Calculating the effect: We use a recent model
of Jupiter’s magnetic field, with the usual magnetic
potential in terms of surface harmonics and Schmidt-
normalized associated Legendre polynomials with co-
efficients gml and hml of degree l and order m [23]. The
g01 term corresponds to the dipole axisymmetric about
Jupiter’s rotation axis; by Eq. (4) all g0l terms contribute
0 to Eq. (2). The g11 and h11 terms correspond to dipoles
lying in the equatorial plane and are given by

B1,1
r = 2(RJ/r)

3(g11 cosϕ+ h11 sinϕ) sin θ (5a)
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B1,1
θ = −(RJ/r)3(g11 cosϕ+ h11 sinϕ) cos θ (5b)

B1,1
ϕ = (RJ/r)

3(g11 sinϕ− h11 cosϕ), (5c)

where RJ is Jupiter’s equatorial radius, g11 =
−71, 498.3 nT, and h11 = 21, 330.5 nT [23]. In this
abstract we do not yet consider higher-order terms.

We work in K and treat orbits as equatorial and cir-
cular so only the second term in Eq. (1) contributes.
We consider paths that run around the surface of in-
ternal metallic cores. In this abstract we do not con-
sider effects due to possible conducting spherical shells
(oceans). The components of B that can contribute to
the emf appear to be oscillating as seen from the satel-
lite, so penetrate only the relevant skin depth δ into the
core. The dissipated power P is given by

P = ε2R/Z2, (6)

where Z = R+iωL is the conductor’s impedance, with

Z2 = R2 + (ωL)2, (7)

and R and L the conductor’s resistance and inductance,
respectively. We have shown [12] that for a sphere of
conductivity σ with radius r0 � δ,

Rsphere =
π

2σδ
=
π

2

(ωµ0

2σ

)1/2
, (8)

and

Z2
sphere =

π2ωµ0

2σ
= 4R2

sphere. (9)

Magnitude of the effect: For specificity, we take
Io to have an Fe-FeS core of radius 950 km with
σ = 1 × 106 S m−1, appropriate to FeS at tem-
perature 1900 K and pressure 6 GPa [24]. We have
ω = 1.3 × 10−4 s−1. With these values, B has a skin
depth δ = (2/σωµ0)

1/2 = 110 m into the core, and
R/Z2 = σδ/2π = 1.8× 107 S. We therefore have but
to calculate ε2 and then determine P from Eqs. (6), (8),
and (9). By Eqs. (3) and (5), currents running around
Io’s core should run in both constant r and constant ϕ
surfaces. To illustrate, consider paths C lying in planes
of constant r. For such paths

ε11 =

∮
C

B1,1
r vrdθ, (10)

and we find

(ε11)
2 = [(π2/2)ω(RJ/a)

3r2c ]
2[(g11)

2 + (h11)
2]/2,

(11)
for a dissipated power P in Eq. (6) of 370 GW. Here we
have taken the average radius of a path in a consant-r
surface to be πrc/4, where rc is the core radius. Planes
of constant ϕ contribute identically in form to Eq. (11),
but with a coefficient of 3π2/4 rather than π2/2, giving

P = 830 GW, for a total of 1,200 GW dissipation. This
is about three times the expected radiogenic heating for
Io, assuming chondritic composition [25]. The electro-
magnetic heating is deposited with a density ∼ 10−3

W m−3 in the outer ∼ 100 m of the Fe-FeS core, rather
than being distributed throughout the lithosphere as for
radiogenic heating. These and related results could sub-
stantially affect heating profiles for interior models of
Io [16], and resulting physical conclusions.

The alternating currents that result induce their own
magnetic field; a simple current-loop model shows that
this field is � B1,1 so does not affect ε in Eq. (2).
Heating P ∝ ω3/2, so if the primary and satellite are
co-rotating, heating is 0. We expect, then, this mecha-
nism to act to despin the primary with a corresponding
expansion of the satellite orbit. Finally, as a consistency
check, it is easy to show∇× (v ×B) 6= 0 for v = vrr̂
and B = B1,1.
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