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Nonlinear Standing Alfvén Wave Current System at Io: Theory

F. M. NEUBAUER

Institut fuer Geophysik, Technische Universitis Braunschweig, 3300 Braunschweig, Federal Republic of Germany

We present a nonlinear analytical model of the Alfvén current tubes continuing the currents through
Io (or rather its ionosphere) generated by the unipolar inductor effect due to Io’s motion relative to the
magnetospheric plasma. We thereby extend the linear work by Drell et al. (1965) to the fully nonlinear,
sub-Alfvénic situation also including flow which is not perpendicular to the background magnetic field.
The following principal results have been obtained: (1) The portion of the currents feeding Io is aligned
with the Alfvén characteristics at an angle 8, = tan—! M, to the magnetic field for the special case of
perpendicular flow where M, is the Alfvén Mach number. (2) The Alfvén tubes act like an external con-
ductance 3, = 1/(uo V(1 + M2 + 2M, sin 6)'/%) where V, is the Alfvén speed and @ the angular devia-
tion from perpendicular flow towards the direction of Alfvén wave propagation. Hence the Jovian iono-
spheric conductivity is not necessary for current closure. (3) In addition, the Alfvén tubes may be
reflected from either the torus boundary or the Jovian ionosphere. The efficiency of the resulting inter-
action with these boundaries varies with Io position. The interaction is particularly strong at extreme
magnetic latitudes, thereby suggesting a mechanism for the Io control of decametric emissions. (4) The
reflected Alfvén waves may heat both the torus plasma and the Jovian ionosphere as well as produce in-
creased diffusion of high-energy particles in the torus. (5) From the point of view of the electrodynamic
interaction, Io is unique among the Jovian satellites for several reasons: these include its ionosphere aris-
ing from ionized volcanic gases, a high external Alfvénic conductance Y, ,, and a high corotational volt-
age in addition to the interaction phenomenon with a boundary. (6) We find that Amalthea is probably
strongly coupled to Jupiter’s ionosphere while the outer Galilean satellites may occasionally experience

super-Alfvénic conditions.

INTRODUCTION

The recent observations of strong electric currents associ-
ated with the Jovian satellite Io by the magnetometer experi-
ment onboard of Voyager 1 [Ness et al., 1979] have confirmed
the theoretical prediction of a system of currents set up by the
electric field due to Io’s motion relative to the corotating mag-
netospheric plasma first proposed by Piddington [1967]; see
also Piddington and Drake [1968). In the picture used in most
models the current system consists of field-aligned currents to-
ward the inner face of Io as seen from Jupiter, currents
through Io’s interior and/or ionosphere, field-aligned currents
away from Io’s outer face toward the Jovian ionosphere, and
final closure currents in the northern and southern Jovian dy-
namo region [Goldreich and Lynden-Bell, 1969; Gurnett, 1972,
Shawhan et al., 1975; Dessler and Hill, 1979]. As a first approx-
imation the Voyager 1 magnetic field observations have been
fitted by the field of a two-dimensional dipole source which
can be considered as the far field of a distribution of currents
approximately parallel and antiparallel to the global Jovian
background magnetic field at the position of Io with net cur-
rent zero. The two-dimensional dipole moment determined in
this way is a vector perpendicular to the average background
field which is given by

m=/(x—xp)xjds ¢))

where j is the curient density, x the position vector and x,,
the location of the dipole in the plane perpendicular to j with
area elements 48. It is clear from (1) that determination of the
total current requires further modeling, since it is m which di-
rectly follows from the observations if we accept the assump-
tion that Voyager 1 has observed the far or at most inter-
mediate range magnetic perturbation field of a current
distribution described by a bundle of currents limited in cross-
sectional area. Increasing the average distance between the
antiparallel parts of the current distribution implies decreas-
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ing the total currents to be consistent with the determination
of m. However, in spite of this model dependence it is difficult
to escape the conclusion that the magnetic field in the vicinity
of Io is strongly perturbed by the presence of the satellite asso-
ciated current system. Also we wish to point out that the ob-
servations do not rule out the possibility of internal magnetic
fields influencing the current system in the vicinity of Io [Neu-
bauer, 1978; Kivelson et al., 1979)].

In the model using field-aligned currents outside of Io the
plasma inertia is neglected. Physically, the short-circuiting of
the corotational electric fields by the conductance associated
with Io or its ionosphere leads to electric field variations which
imply velocity variations and therefore acceleration or decel-
eration of the plasma. These acceleration terms must be bal-
anced by j x B forces. Consequently, the perpendicular com-
ponent of the currents increases in relative importance as the
mass density increases. The unipolar inductor model includ-
ing plasma inertia has been treated theoretically by Drell et al.
[1965] in the simple approximation of linear perturbations
only. It has been shown by these authors that the current is not
field aligned and is associated with Alfvén waves—called Al-
fvén ‘wings’—standing in the satellite frame of reference. The
significance of these inertial effects can be expressed by the
Alfvén Mach number

M, =uy/V, (2)

with #, the relative speed between o and the magnetospheric
flow and V¥, the Alfvén speed. Figure 1 sketches the basic con-
figuration obtained by Drell et al. [1965]. Since the current is
guided by the wings or Alfvén current region, the spatial sepa-
ration between the current stream lines and magnetic field
lines may be appreciable even for small values of M,, if fol-
lowed down to Jupiter’s ionosphere. Some different aspects of
Alfvén wave generation by a conducting Io have been treated
by Goertz [1973] and Goertz and Deift [1973]. In the terrestrial
magnetosphere, Maltsev et al. [1977] have applied the more
accurate concept of Alfvénic current systems to ‘field-aligned’
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Fig. 1. Three-dimensional sketch of ‘Alfvén wings’ generated by
an ideal conductor in a collisionless plasma [after Drell et al., 1965].
V. is the satellite speed with respect to the plasma. The Alfvén wings
are bent away from B, by 6, given by (4).
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currents of auroral arcs. This work has been amplified by
Mallinckrodt and Carlson [1978].

We can use the preliminary plasma and radio astronomy
results at the time of the Voyager 1 encounter [Bridge et al.,
1979; Warwick et al., 1979] to obtain an upper limit to the Al-
fvén speed or lower limit to the Alfvén Mach number. Figure
4 of Warwick et al. [1979] yields a density of n ~ 1500 cm™,
which, assuming that the ion species is protons, yields V, ~
1070 km/s and M, ~ 5.3 X 1072 Massive ions like S** will
further increase the Alfvén Mach number. Using the upper
density limits obtained by Broadfoot et al. [1979] for a uni-
form density model of the torus we obtain M, < 0.18. Con-
versely, we show below how the magnetic field data can be
used to obtain an independent estimate of M,, and therefore
the mass density p.

The brief discussion above indicates that a self-consistent
model of the interaction between Io’s ionosphere and/or inte-
rior and Jupiter’s magnetosphere must include the appreciable
distortions of the magnetic field in a nonlinear model. In this
paper we present a theoretical treatment of the Alfvén wings
or, more generally, Alfvén current tubes in the framework of
nonlinear magnetohydrodynamics. The motivation is twofold.
First, we wish to lay the foundation for a proper local physical
modeling of the Voyager observations which allows, for ex-
ample, a reasonably accurate tracing of high-energy charged
particle trajectories to Io’s close vicinity. A detailed modeling
of the magnetic field observations of Voyager 1 [see Ness et
al., 1979] is done in a paper by M. H. Acuna et al. (unpub-
lished manuscript, 1979). Second, we thereby self-consistently
treat one aspect of the complete Io problem in the vicinity of
the satellite including important nonlinearities. We also dis-
cuss the interaction of the Alfvén tubes with the magnet-
osphere and with the Io associated plasma torus in particular.
Finally, we briefly apply our theoretical results to the five in-
nermost satellites of Jupiter.

ANALYSIS

Figure 2 shows a schematic sketch of the interaction geome-
try. We also take into account a deviation @ of the speed V,
from being perpendicular to the magnetic field B, as indicated
in Figure 3. We assume sub-Alfvénic flow, i.e., M, < 1. Con-
sequently, no bow shock can form. Because of Io’s volcanic
activity, a highly dynamical thin neutral atmosphere and ion-
osphere are expected which probably form a tail downstream,
similar to the basic idea of Cloutier et al. [1978]. Because M, <
1, fast MHD disturbances can propagate in all directions.
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whereas the propagation of Alfvénic and slow MHD distur-
bances is restricted by the geometry of their characteristics.
Figure 2 also illustrates some Alfvén and slow characteristics
for small disturbances. If we further make the reasonable as-
sumption of the magnetic field pressure exceeding the thermal
plasma pressure at some distance from Io, the region of main
Alfvénic disturbances is separated from the region perturbed
by slow disturbances. The fast MHD disturbances generated
by Io propagate away from the satellite in an approximately
isotropic manner thus decreasing in amplitude. Therefore the
Alfvénic perturbations will become quite pure unless local
generation of slow or fast disturbances is important. We wish
to point out, however, that the fast mode and also slow mode
disturbances will play an important role in closing part of the
currents flowing inside Io or its ionosphere as M, increases to-
ward one (a more accurate condition is obtained by taking
into account the plasma pressure) when a fast shock forms.
Note that in the paper by Drell et al. [1965] no such currents
are included because of the assumption of very low M, which
may not necessarily be adequate for the Galilean satellites.

After these general preparations we now turn to the treat-
ment of the nonlinear Alfvén disturbances. The theoretical
treatment of Io’s vicinity is deferred to a later paper. We as-
sume uniformity of the magnetospheric magnetic field and
plasma in the region of interest. Our analysis will be per-
formed in the rest frame of Io. The Alfvén characteristics C,*
are given by lines along the total group velocities

VsV oo )
where V is the plasma speed in one-fluid MHD, p the mass
density, and B the magnetic field vector. The plus sign and
minus sign denote propagation toward the southern hemi-
sphere and northern hemisphere of Jupiter, respectively. The
linear solutions [e.g., Drell et al., 1965] imply constancy of all
perturbed quantities along V ,*. Here V * is given by the con-
stant background properties V,, B,, and p. Let us now look for
a nonlinear standing Alfvén wave solution which is indepen-
dent of the coordinate along a fixed direction. Since this direc-
tion must also apply for the outer part of the Alfvén per-
turbation region with small (ie., linear) perturbations, this
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Fig. 2. Examples of linear Alfvén and slow wave characteristics
for M, = 0.25 and sonic Mach number M, = uy/a, = 1 with the speed
of sound a,. Front view and side view refer to an observer moving
with the plasma approaching Io. Alfvén characteristics C,* delineate
range of influence due to the Alfvén mode. Slow characteristics Cg™
delineate range of influence due to slow mode propagation. Fast
mode waves can propagate in all directions. Strong Alfvénic distur-
bances are expected to issue from Io and its vicinity along the appro-
priate tube of Alfvén characteristics. Slow disturbances are issuing
along their characteristics from Io’s vicinity and the wake region.
Both do not propagate perpendicular to B, as shown in the front view.
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Fig. 3. Geometrical relationships and coordinate systems used in
this work. Note that # is positive if Vo, and V ,* are on the same side of
the x’ axis and vice versa.

direction must be identical to the direction of V* in the un-
perturbed region, i.e.,

_Bo
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We shall consider southward propagation of Alfvén waves for
definiteness without loss of generality. For the analysis we
shall choose the coordinate system shown in Figure 3 with z
along V,,* and x in the plane of z and corotational flow. The
angle 8, between B, and V ,,* is given by

M, cos @ 4
(1 + M2+ 2M, s5in ) @

vA'o* = vO +

sind, =

Assuming p, the pressure p, [B|, and V,* to be constant with

B
V, = VA.0+ =V+ W &)

we automatically satisfy the equation of mass conservation
and the equation of motion

p(curlVxV+1/2VV)=—-Vp+jxB (6)
as well as the frozen-in field condition E + V x B = 0 which
implies

cul(VxB)=—-BdivV+B- V) V- (V-V)B=0 (7)
This is easily shown by replacing B in (6) and (7) using (5)
and Ampere’s law. The equation div B = 0, which is needed
for the derivation of (7), is fulfilled because of (5) and the con-
stancy of p. Stationarity implies

E=-Vy=(E,E,0) 8)
where { is the scalar electric potential depending on the
coordinates x and y only. An important relation for the com-
ponent of the current density j in the z direction can be ob-
tained using (5) again:
divE=-B.curlV+ V.curl B=V,*.ju,

And finally,

Je=24divE = -3 V¥ &)
with
_ 1
" V(1 + M2+ 2M, sin §)'2

3.4 has the dimension of a conductance.
We may consider any current circuit in Io’s vicinity to be
‘closed’ by a conductance 3, due to Alfvén waves. For ex-

2 (10)
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ample, an Alfvén speed of 1000 km/s together with M, <« 1
leads to 2, = 0.8 2~'. We have used quotes to indicate that in
the absence of any boundary which might reflect the Alfvén
wave the currents along (+2z) or (—2) extend to infinity where
they may be considered to close or to be fed by sources and
sinks. Thus the unipolar inductor also works without current
closure in the Jovian ionosphere. Real current closure will oc-
cur by losses during reflection at the Jovian ionospheric
boundary, due to absorption in the magnetosphere, etc. Equa-
tions (9) and (1) can be used to derive a general expression for
the two-dimensional dipole moment in the plane x, y. The
part of the current density vector j in the z direction is given
by j. - z,, where z, is the unit vector in the direction of positive
z. In the equation m = (X, f (x — Xx,) div E dS) x z, with dS
= dxdy the electric field E can be replaced by the constant
perturbation electric field E, = E — E,, where the background
electric field E, is given by

E, = —V, x By= (0, 4,B, cos 6, 0) (11)

Using the summation convention, the expression (x — x,) div
E, can be written as
oE, i)
(x;— xp,) ﬁ = E [xi — xp)E, ] — si.kEp.k
where 8, is the Kronecker delta. If we assume that net current
along z, i.e., fj.dS to be zero, the first term on the right-hand
side contributes m/2 to the integral for m upon application of
Gauss’s theorem, and we obtain
m=23,2, x / E,dS (12)
If 2, is known, an observed magnetic moment yields therefore
the integrated perturbation electric field.
The current components perpendicular to V,,* are given by
A 1 B

ji=0wj. 0= p_oVB‘ Xz, = _EVB x z, 13)
The dependence of j on x and y only implies that j, - z, and j,
have divergence zero separately. Therefore the current field
j. forms closed loops in the x, y plane. These currents can
geometrically connect to Io only in its vicinity. On the other
hand, the currents j, - z, then constitute the currents feeding
the complex three-dimensional current system in Io’s immedi-
ate vicinity.

A general solution of the type discussed here can be con-
structed in the following way: Specification of j, (x, y), using
(8) and (9) and the additional condition E — E, for r = (x> +
)2 — oo, allows the complete determination of .
From E = —V x B and (5) we obtain

BJ. = (Bxs By’ 0) = (Z x E)"‘OEA
B, is obtained from
B, = i(Boz - BJ.Z)Vz (15)

and the speeds V are obtained from (5). If the currents parallel
to z, (or V,*) are restricted to be inside a cylinder with radius
R,, the potential outside is simply given by the general La-
placian solution

(14

Y=—Ey+ 3 (4,001 ¢+ B,sin n $)(R./rY"

+ Ay log (R./1) (16)
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where ¢ is the position angle in the x, y plane and r = (x*> +
y)'/2 If the net current [Jj, dx dy = 0, we can omit the term
involving A4,. Equation (14) provides a simple relation of the
electric field expansion to the magnetic field expansion out-
side R..

For use in the analysis of observational data it is reasonable
to finally consider the magnetic field perturbation vectors de-
fined by

an

in the linear case, i.e., at some distance from the Alfvén tube.
It is well known that in the linear case, B, is perpendicular to
B, for an Alfvén wave. In the primed coordinate system,
which is also shown in Figure 3, we have

B P,z = 0

B,=B-B,

B,y =B,,= (18)

E,pn%,

B,. = B,.(1 + tan® §,)'”?
= —(E, — upB, cos OpZ (1 + tan® ,)'/?

after linearization. It is interesting to compare these per-
turbation fields with the external magnetic field of currents
flowing solely parallel to B, used in the preliminary analysis
of Ness et al. [1979]. The representations differ by the factor (1
+ tan? 6,)'/? in the expression for B,,. Equation (18) also
shows that the normal to the plane of the perturbation field x’,
y’ differs by 8, in direction from those currents feeding the
current system in Io’s vicinity. In the nonlinear regime close to
the Alfvén tube the perturbation vectors do not necessarily lie
in a plane.

We note that instead of the elementary derivation in this
section we might have used a mathematical shortcut using the
theory of simple waves where V, corresponds to a Riemann
invariant [e.g., Jeffrey and Taniuti, 1964].

The above developments open interesting possibilities for
the evaluation of magnetic field observations made close to
the Alfvén tube. Since the currents along V,* or V,,~ must be
closed in the vicinity of Io, this condition together with the de-
termination of the location of the Alfvén tube relative to the
spacecraft trajectory can be used to determine the orientation
of the Alfvén characteristics. Since the angle between V ,* and
B, involves the corotational speed and plasma mass density in
addition to the magnetic field vector according to (4), it opens
up the possibility of determining the plasma mass density
from magnetic field data alone. This possibility is certainly in-
teresting for both the Voyager 1 and future Galileo observa-
tions.

TWO-DIMENSIONAL ELECTRIC DIPOLE

As an example, we consider the important case of a two-di-
mensional electric dipole field with A, = 0 and B, # 0 for n 7%
1 only. We assume j, to be distributed over a cylinder r = R,,
according to a sin ¢ law, where the angle ¢ has been defined
in Figure 3. This model seems to be a reasonable first approxi-
mation to the Io Alfvén tube before an accurate modeling of
the vicinity of Io. Inside the cylinder the electric field E, is
constant in this case. Using E; < E,, we obtain

Y =—Ersin ¢ r=<R,
and

Y= —Eysin ¢ + (Ey — E)R(Ro/r)sine  r> Ry,

a9
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For B we obtain
B, = —Eg,%, (20)

B,=0

r< R,

r<R,

2 __
Bo= (Bt BB~ B) T E,  r=Re @)

B=RAE~E) 22w, r=R, QW)
with B, given by (15). The two-dimensional dipole moment in

the x, y plane is given by
m, = 2uR(Eo — E)E, @2)

which is also a special case of (12). If the electric field inside
the cylinder is short-circuited completely by the conductance
of the Ionian current path, i.e., E; = 0, we obtain the maxi-
mum magnetic moment of

m,=0

m = 27R,2B,cos 6 M,
(1 + M2+ 2M  sin 6)'2°

Assuming the maximum number for M, = 0.18, R,, = 1820
km, and B, = 1900 nT, we obtain m, = 5.6 X 10° A km, some-
what less than the lower limit obtained in the regression anal-
1sis of Ness et al. [1979]. This suggests that even for a com-
plete short-circuiting the current-carrying cylinder must have
a greater diameter than R,, or for incomplete short-circuiting
the diameter must be even greater. The latter interpretation
would imply that Joule heating of Io or its ionosphere is small
in comparison with the energy radiated away in Alfvén waves
and possibly dissipated in the ‘external load.” Finally, the ob-
servational evidence for the existence of a neutral atmosphere
consisting mainly of SO, [Pearl et al., 1979; Kumar, 1979] sug-
gests that the resulting ionosphere could provide a conducting
region with an effective radius greater than R,, to close the
Alfvénic currents. Here, j, is given as a surface current density
jz.: onr= Rlo1

B, E
',,,=2—|° l——')sin sin @ 23
.l "0 Eo ¢ A ( )
which integrates to a total current of
I=4E,— E)R, X, (24)

in each direction. This has an interesting consequence. Even
for zero internal resistance of the unipolar generator, i.e., E, =
0, the total current is limited to a maximum value I, =
4E,R,, 3, due to the Alfvén conductance in (10).

There is also a perpendicular surface current component j,
in the cylinder r = R, given by

Jou= —%-cos 8, (1 - tan? 8, (7 — 1)(n — 1 + 2 cos 2¢)]

—[-tan’6, - DI} (29

where we have used n = E,/E,. It is connected to volume cur-
rents which finally decrease as r> at large distances from the
cylinder according to (13). From the discussion following (13)
the total surface current vectors on the cylinder are neither
field-aligned nor divergenceless.

The velocity is given by

B_Bo

V = uygfcos (8, + 6), 0, sin (8, + 6)] — o)

(26)
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Equation (21) can also be viewed as describing a homoge-
neous field plus the magnetic field of a two-dimensional mag-
netic dipole due to the current distribution j,(x, y) along the
characteristic C,* alone. For such a magnetic dipole alone, B,
would be constant. However, in the Alfvén tube, |B| = B, is
forced to be constant by the currents j,.

The distortion of the magnetic field lines is interesting for
several reasons. These include high-frequency wave tracing
computations and the trajectories of energetic particles. Fig-
ure 4 shows an extreme case of the field lines passing through
the Alfvén tube at y = 0 for E; = 0.0909E, and M, = 0.5. Note
that field lines outside the midplane y = 0 have a bulge away
from the midplane as they pass by or through the current-car-
rying cylinder.

We may finally estimate the Joule dissipation in Io by as-
suming closure of the current I by currents parallel to E, in-
side the cylinder and at the end of it. This neglects the correct
conductivity distribution in and around Io and magnetic field
distortion, to name the most important items. Using (23), we
obtain

—ax|T Bo p (1= B
P—2><(4)><(2Rk,E,)><(4Mo R.o(l E sm0A)
or, after some rearrangement using (4) and (10),
P = 47R\E(E, — E)Z, @7

The maximum Joule dissipation occurs for optimum match-
ing of internal and external loads, implying E;, = E,/2 and

P max = 7Ir-Rlcszl)zzA (28)

It is interesting to note the average volume heating rate P,/
Volume = } E*Z,/R,,. Also the Ionian conductivity for opti-
mum matching is of the order X ,/R,, apart from a factor not
much different from unity.

SIGNIFICANCE OF SATELLITE-INDUCED
ALFVEN WAVE SYSTEMS

In the last earlier section we presented a nonlinear solution
for the standing Alfvén wave system generated by Io or any

1
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Fig. 4. Magnetic field lines in plane y = 0 for M, = 0.5 and E, =
0.0909E,. The large value of M, has been chosen for clarity. In the vi-
cinity of Io the expected ficld line topology has been sketched,
whereas solid lines are due to the theory developed in this paper. Note
that for E, < E, the field lines inside the cylinder are parallel to the
cylinder and for the trivial case E; = E, the field lines are straight lines
everywhere.
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other satellite moving relative to a homogeneous magneto-
plasma at sub-Alfvénic speeds. This solution may serve as the
theoretical background for a local fitting to magnetic field or
other observations (M. H. Acuna et al,, unpublished data,
1979). In this section we shall discuss some of the interesting
consequences of the system of Alfvén tubes radiated by Io and
observed by the Voyager 1 magnetometer experiment [Ness et
al., 1979].

Following the Alfvén tubes through the Jovian magnet-
osphere requires taking into account the inhomogeneous mag-
netic field and plasma distribution. This will lead to a bending
of the Alfvén current tubes and other associated changes.
Strong gradients in plasma mass density lead to reflection of
Alfvén waves. There are at least two potential boundary re-
gions with high-density gradients. First we may have strong
reflection from the boundary of the plasma torus centered
around the magnetic equator at a distance of 6 R; [Broadfoot
et al., 1979; Warwick et al., 1979; Gurnett et al., 1979; Bridge et
al., 1979]. Using whistler dispersion, Gurnett et al [1979] have
shown that the electron density decreases from up to 4000
cm™ in the center of the torus to less than 20 cm™ outside.
Although there are physical reasons to assume a higher aver-
age ionic mass in the torus than in its surroundings, even the
assumption of identical chemistry leads to an increase of at
least an order of magnitude in Alfvén speed across the torus
boundary at the time of the Voyager encounter. Con-
sequently, strong reflection may occur. Second, the Jovian
ionosphere is a potential reflecting boundary for the Alfvén
waves due to Io. Figure 5 shows a sketch of the scenario ex-
pected for a position of Io in the center of the torus and at
maximum magnetic latitude.

In the situation shown in Figure 6a there is no interaction
between lo’s immediate vicinity and any of the reflected Al-
fvén waves. The Alfvén tube provides the external resistance
2, given by (10). The interaction occurs if one of the reflected
Alfvén wave tubes is able to return to Io before the satellite
has moved away. If the distance from the reflecting boundary
is L, and we assume 6 = 0 for simplicity in Figure 3, the con-
dition under which the interaction will occur is

La ds R,
—< = 29,
o V. U (29a)
or
M, <R, /Lg (29b)

for a uniform propagation path. It is most difficult to fulfill
this condition if Io is in the magnetic equatorial plane. As
suming a constant Alfvén speed in the torus of diameter 2 R,,
the Alfvén Mach number must be less than R,,/R, to have a
strong interaction, i.e., M, < 0.025 or the mass density p <
350m,/cm*® where m, is a proton mass. The plasma density
during the encounter of Voyager 1 was too large for the inter-
action to occur. However, depending on the precise density
distribution, conditions under which the interaction will occur
are easiest to fulfill if Io is at maximum or minimum magnetic
latitude, i.e., with the magnetic dipole of Jupiter tipping to-
ward or away from Io. In this situation, Io may even be out-
side the torus if we invoke some azimuthal variations in torus
diameter. If instead of this somewhat extreme possibility the
more conservative assumption is made that the torus is
formed by ions originating from o and bouncing around the
magnetic equator in an unimpeded way, Io would be located
in the region of strong density decrease near the torus bound-
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Fig. 5. Sketch of Alfvén current tube system associated with Io. Reflections occur at torus boundaries and Jovian iono-
sphere. Propagation directions are indicated. Regions of space affected by Alfvén current tubes are shown dotted. Contin-
uation of the wave regions shown will finally lead to an almost complete filling with Alfvén waves to the right of the left-
most Alfvén tube. (q) Io in magnetic equatorial plane. No interaction due to Alfvén waves reflected back to Io. Only
Rhombus immediately following Io not reached by Alfvén waves. (b) Io at maximum magnetic latitude outside torus.
Strong interaction with the torus boundary and Jovian ionosphere due to reflected Alfvén waves.

ary at maximum magnetic latitude. In any case at this time
the interaction between Io and the Jovian ionosphere will be
most efficient via the Alfvén wave reflected from the Jovian
ionosphere. In the limit that inequality (29) is fulfilled
strongly for the Jovian ionosphere reflection, we may have the
limit of an Alfvénic current system proposed by Piddington
[1967), i.e., the currents are almost field aligned in the magnet-
osphere and are closed through the Jovian dynamo region.
From the discussion above, it appears that the coupling be-
tween Io and the Jovian ionosphere is strongest for maximum
magnetic latitude excursions. We propose that in addition to
beaming, this is the physical reason for the Io control of deca-
metric emissions which is maximum at maximum northern
latitude of Io [see Dulk, 1965]. To explain the absence of Io-
controlled emissions at maximum southern magnetic latitude,
we observe that the magnetic field magnitude in the vicinity of
Jupiter is much greater in the northern polar region than in
the southern polar region [4cuna and Ness, 1976]. This leads
to a higher Alfvén speed and therefore to a stronger coupling
via northerly Alfvén current tubes in the sense of (294) unless
the magnetic field magnitude enhancement is compensated by
a density enhancement.

Strong reflection of Io’s Alfvén tubes from the inner torus
boundary will lead to a sequence of standing Alfvén waves re-
flected back and forth between the boundaries. These re-
flected Alfvén tubes may produce increased diffusion of radia-
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a) b)

Fig. 6. Sketch illustrating modification of slow and Alfvénic char-
acteristics due to interaction leading to enmhanced densities above
poles due to ‘polar wind’ outflow from Ionian ionosphere. (@) View in
x, z plane. Note bending of characteristics C,* due to enhanced den-
sities and of Cg* due to decreased sonic Mach number in short-cir-
cuited low-velocity region. (b) Sketch of current flow seen from front
side.

tion belt particles via their associated electric and magnetic
field perturbations. The mapping of electric fields via the Al-
fvén characteristics can be pictured as a sequence of images of
Io, e.g., in the Jovian magnetic equatorial plane.

The reflecting waves in Figure 5 must finally lose their en-
ergy by dissipation either by Joule heating in the Jovian dy-
namo region or by damping and associated particle heating of
the Alfvén waves proper in the torus or other wave types gen-
erated, e.g., by reflection at the torus boundary. Waves re-
flected back to Io will lose part of their energy in the dynamo
region of Io’s ionosphere. The possible return of reflected
waves and interaction with the Jovian ionosphere may even
lead to power dissipation in Io or its ionosphere which exceed
P, in (28) under favorable conditions. The relative impor-
tance of all these processes can only be assessed after proper
modeling.

Several complications will make the picture described even
more difficult. First, reflection of the Alfvén waves will also
produce other wave modes like fast waves. Second, with a cy-
clotron frequency of an S** ion in a 1900-nT magnetic field of
f{S**) = 1.8 Hz, finite ion gyroradius effects cannot be ne-
glected for length scales of the order of u, [27f (S*)]! = 5.1
km, which should be compared with an atmospheric scale
height of 7.1 km for SO, at 100 K on Io. Current filaments of
these scales will propagate in a much more complex manner
than the ‘simple’ Alfvén wave picture suggests. In fact, each of
the gas volcanoes may contribute its pair of Alfvénic current
filaments with diameters given by the associated gas clouds.

Strong short-circuiting of electric fields by Io’s ionosphere
implies a strong reduction of plasma speeds in Io’s frame,
which also implies a long time for the passage of a flux tube
across Io’s diameter. A long time is then available for empty-
ing the plasma of the flux tubes into Io’s atmosphere, where it
will lead to enhanced ionization. Conversely, Joule heating in
the upper layers of Io’s atmosphere-ionosphere system may
lead to a polar wind flow filling flux tubes passing above and
below Io with plasma up to distances determined by the char-
acteristics C;* of slow waves in a fluid picture. In a plasma
with dominant magnetic field pressure the C.* are along V,* =
V + (B/B)a, where a is the appropriate sound speed. The situ-
ation has been sketched in Figure 6. A net change in mass
density due to the latter effects will also change the Alfvén
tube as schematically indicated in Figure 6. We close the dis-
cussion with these remarks which already point to some of the
interesting questions to be treated in physical models of Io’s
immediate vicinity.
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NUMERICAL RESULTS

It is finally interesting to apply the theoretical results devel-
oped above to the Galilean satellites and Amalthea. Some
simple results are shown in Table 1. The satellite speeds u, rel-
ative to the plasma have been obtained assuming corotation.
This assumption is questionable at Callisto and sometimes
even closer to Jupiter [McNutt et al., 1979]. The electron den-
sities #, have been obtained from Warwick et al. [1979] at Io
and from Bridge et al. [1979] for the outer satellites. For
Amalthea we have simply assumed n, = 20 cm™>. We assume
an average ion mass per electron of 9 proton masses m,, which
corresponds to the upper limit torus composition of Broadfoot
et al. [1979]. Although this assumption is not consistent with
the Bridge et al. [1979] densities which were derived assuming
protons as the dominant species both the observational uncer-
tainties and variations make this a not too unreasonable as-
sumption. It is important to note at this point that the torus is
subject to appreciable temporal variations as shown by
ground-based observations [e.g., Mekler and Eviatar, 1978]
and also a comparison of Pioneer 10 and Voyager observa-
tions [Broadfoot et al., 1979]. The magnetic fields have been
derived from a dipole with 3.9 G R,* for the inner four satel-
lites and from the directly measured value for Callisto [Ness et
al., 1979].

The Alfvén Mach number M, the angle 8, (6 = 0), the
voltage U applied to the satellite, Alfvénic conductance =,
maximum current (equation (24) for E, = 0), maximum mag-
netic moment, and maximum power dissipation in the satellite
have been included for the two-dimensional electric dipole
model. The table also contains 2,/R, the approximate inter-
nal conductivity for best matching of internal and external
loads. The entries in Table 1 following =, assume simple radi-
ation of Alfvén waves without interaction due to waves re-
flected back to the satellite. If an effective satellite radius
greater than the geometrical radius is chosen, the maximum
values of total current, magnetic moment, and power dis-
sipation will be even greater. For example, an extensive iono-
sphere of Io results in a greater effective satellite radius. It is
clear from the table that the uniqueness of Io results not only
from volcanism finally leading to a conducting ionosphere but
to at least the same extent from the low external resistance
3,! provided by the huge torus densities combined with a
large voltage U driving the currents. In addition, the possi-
bility of fulfilling the inequality (29) for interaction with the
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Jovian ionosphere or the torus boundary gives Io an advan-
tage compared with the other Galilean satellites. Moreover,
the outer satellites probably lack sufficient conductivity be-
cause of the absence of an adequate ionosphere and/or an in-
ternal conductive path. The Mach numbers suggest that some-
times a transition to super-Alfvénic flow may occur at least for
Ganymede and Callisto leading to a more lunar type inter-
action if they possess no internal magnetic field or sufficient
conductivity. The value for the maximum power dissipation
inside Io or its ionosphere far exceeds the nominal power of
10* W required for decametric radio bursts [R. 4. Smith,
1976]. Although an important diagnostic tool, decametric ra-
dio emissions are therefore probably unimportant for the en-
ergy balance of the overall current system.

Amalthea is probably coupled to the Jovian ionosphere
most of the time according to §,. The maximum possible
power may therefore exceed P, appreciably depending on
the Jovian ionospheric conductance. Since the optimum inter-
nal conductivity 2 ,/R in Table 1 already exceeds a typical sil-
icate conductivity at the temperature of Amalthea by several
orders of magnitude, the real power dissipation is determined
by the satellite’s conductivity leading to values even smaller
than P_,, in Table 1.

CONCLUSIONS

We have presented a fully nonlinear analytical solution for
the standing Alfvén wave current system, detected by Voyager
1, feeding the current system in the immediate vicinity of Io.
The latter is probably generated by the unipolar inductor ef-
fect suggested by Piddington [1967]. We have obtained the fol-
lowing main theoretical results:

1. Current flow deviates appreciably from magnetic field
lines where the part of the currents connected with the gener-
ator, i.e., Io, flows along Alfvén characteristics C , * given by
V.* = Vy £ By/(uep)'/> For perpendicular flow the angle 8,
between the C,* and the magnetic field is given by tan 4,
M,, where M, is the Alfvén Mach number.

2. An additional system of currents perpendicular to the
characteristics C,* is closed in loops not generally connecting
to Io.

3. The nonlinear Alfvén wave current tubes act like an
‘external load’ represented by a conductance 3, ~ 1/u,V,
with V, the Alfvén speed (a more accurate expression is given
in the text in (10)). Therefore open field lines have a limited
conductance.

TABLE 1. Characteristic Quantities for Satellite Interactions*

Amalthea Io Europa Ganymede Callisto
Distance, R, 2.54 59 94 15.0 26.3
Radius R, km 100} 1,8204 1,565% 2,640% 2,420%
g, km/s 49 56.8 104 177 322
n,, cm™3 20 1,500 10 1.5 0.1
Bg,nT 23,800 1,900 470 116 30
V., km/s 38,700 356 1,080 688 689
M, 127 x 1074 0.16 0.10 0.26 047
8,4, deg 0.007 9.1 5.7 14.6 25.0
U=2BjuR,kV 233 393 153 108 46.8
3., 27! 0.021 22 0.74 1.2 1.2
Ioens A 926 1.74 % 10¢ 233,000 246,000 98,000
Myax A km 1.5 x 10° 45x10° 5.6 %108 1.1 x 1¢° 4.3 % 10®
Pro W 9 x 10° 2.7 x 10" 1.4 x 10'° 1.1 x 10'° 2.1 x10°
/R, (@ m)! 2.1 x 1077 1.2x 107 47x 1077 45x 1077 5x 1077

*See text.

{Intermediate between long and short dimensions.
1B. A. Smith et al. [1979].
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4. A complex system of Alfvén current tubes is set up in
this way which depends strongly on the plasma and magnetic
field distribution and particularly also on reflecting bounda-
ries like the Io-torus boundary and the Jovian ionosphere.
The interaction between Io and the torus boundary or Jovian
ionosphere occurs only if the round trip travel time of the Al-
fvén wave to the reflecting boundary and back is short enough
for the returning wave to reach Io.

5. The Alfvén wave system may produce enhanced radia-
tion belt particle diffusion in the Io-torus and plasma heating.

6. The interaction between Io and the Jovian ionosphere
is strongest under conditions where the northern or southern
magnetic pole of Jupiter’s dipole tips toward Io with a strong
preference for the northern emissions. This effect together
with the beaming of the emissions is proposed to explain the
maximum occurrence rate of decametric radio emissions
around maximum northern latitudes.
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