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Io's Interaction With the Plasma Torus 

C. K. GOERTZ 

Max-Planck-Institut fiir Aeronomie, 3411 Katlenburg-Lindau 3, Federal Republic of Germany 

A new model for the interaction of Io with the dense corotating plasma of the Io torus is described 
which involves pickup and Alfv6n waves carrying a field-aligned current. Pickup refers to the process 
whereby ions freshly created near Io are accelerated by the corotational electric field. It is shown that the 
pickup current is connected to a field-aligned current carried by an Alfv6n wave. The combination of 
currents allows for a self-consistent determination of the electric field in Io's vicinity. Using a simplified 
solution for the electric field, we calculate the total pickup rate, field-aligned current, enhancement of 
plasma density in Io's vicinity, thermal energy injected into the torus, UV radiation power, and inertial 
drag on the magnetosphere. All observations made by Voyager are compatible with an electron impact 
ionization mechanism and a neutral SO2 Io atmosphere with a density of 109 cm -3. 

t. INTRODUCTION 

Since the discovery by Bigg [ 1964] of the control that Io, Ju- 
piter's innermost Galilean moon, has over the Jovian deca- 
metric radiation (DAM) many new observations have empha- 
sized the important role that Io plays in the dynamics of the 
Jovian magnetosphere-ionosphere system. Io is, indeed, one 
of the most fascinating astronomical objects. Not only does its 
surface reveal ongoing geological activity (such as volcanism) 
on an unprecedented scale, but Io also seems to be the major 
source of neutrals (like sodium) and the heavy ion plasma in 
the Jovian magnetosphere. This plasma determines the mag- 
netic field topology, which in turn controls the dynamics of 
energetic charged particles, some of which escape the Jovian 
magnetosphere and subsequently propagate as far as the 
earth. It may be said (however, with tongue in cheek slightly) 
that Io's influence extends out to the earth and that in a subtle 

way the earth's environment is subject to processes going on 
at Io. This is quite a surprising and exciting thought. Yet al- 
though the fact of a strong interaction of Io with the Jovian 
magnetosphere has been known for a long time, no unified 
theory exists which ties together all observations. In fact, sev- 
eral theories of the interaction contradict at least some aspects 
of the data. For example, the DAM control has often been ex- 
plained as being due to field-aligned currents driven by the 
large emf across Io due to Io's motion relative to the magneto- 
spheric plasma (see, for example, Smith [1976] and references 
therein). However, these models require a large Pederson con- 
ductivity for the bulk of Io and its ionosphere. This requires 
the density of Io's atmosphere to be quite large (N •> t0" 
cm-3). On the other hand, the extended neutral sodium cloud 
around Io has been related to sputtering of sodium from Io's 
surface by energetic charged particles penetrating Io's atmo- 
sphere [Matson et al., 1974]. A dense atmosphere would ab- 
sorb the energetic particles before they hit the surface and 
would also prevent the sodium atoms from escaping from Io. 
The sputtering mechanism requires a thin atmosphere (N _< 
10 9 cm-3). Furthermore, if Io were an ideal conductor and 
carried the magnetic field with it, charged particles would 
drift around Io, and only extremely energetic particles (E > 10 
MeV) would impact the surface of Io [Schulz and Eviatar, 
1977; Thomsen, 1979]. Yet it is observed that Io absorbs 
charged particles, in particular, low-energy particles [see 
Thomsen, 1979, and references therein], indicating that Io's 

Copyright ̧  1980 by the American Geophysical Union. 

flux tube (IFT) is not frozen into Io but moves in relation to 
the moon. On the other hand, Ness et al. [1979] observed mag- 
netic field perturbations near IFT which indicate that large 
field-aligned currents flow along IFT (I II = 5 x 106 A). A fur- 
ther problem is posed by the existence of a dense ionosphere 
at Io [Kliore et al., 1974, 1975] with a maximum electron den- 
sity of 5 x 10 n cm -3. 

It seems that a new model for the Io interaction is required. 
The ingredients for the model proposed in this paper have 
been separately discussed and published by various authors 
[e.g., Dretl et at., 1965; Goertz, 1973; Cloutier et at., 1978; Smith 
and Goertz, 1978; Ip and Axford, 1979; Neubauer, 1980; G. L. 
Siscoe and A. Eviatar, private communication, 1979]. The 
model is based on two basic features: pickup and Alfv6n 
waves carrying a field-aligned current. The combination of 
these two mechanisms yields a very powerful framework into 
which many observations can be fit without any ad hoc as- 
sumptions. 

Pickup refers to the process whereby ions freshly created in 
the vicinity of Io are accelerated by the corotational electric 
field until their guiding centers acquire the corotation speed 
[Cloutier and Daniell, 1973]. Ions could be created by photo- 
ionization, in which case the ionization rate depends only on 
the neutral atmospheric density. They could also result from 
electron impact ionization by the ambient plasma electrons 
moving into the atmosphere of Io. In this case the ionization 
rate depends on the electron density itself. We will assume 
that throughout the pickup region an exospheric model is 
valid in the sense that the collision frequency is much less 
than the ion gyrofrequency. For a thin atmosphere (N < t0 'ø 
cm -3) this is well satisfied. We will describe the pickup process 
in more detail in section 2, where we will show that the pickup 
mechanism produces a current perpendicular to the local field 
line which is related to the ionization rate and the local elec- 

tric field. 

If an exospheric model is not valid, Pederson and Hall cur- 
rents must be added. To keep the discussion general, we in- 
clude them at first but show later that they are unimportant. 

For a steady state situation these currents have to be closed 
by field-aligned currents. The magnitude of the field-aligned 
current determines the local electric field in a self-consistent 

manner. If, for example, no parallel current were allowed to 
flow, the pickup current would eventually reduce the corota- 
tional electric field by polarization of the plasma. We will 
show in section 2 that the magnitude of the field-aligned cur- 
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rent is determined by the Alfv6n wave conductance (or, bet- 
ter, impedance) and the local electric field gradients. We then 
derive a differential equation for the electric field which al- 
lows, at least in principle, for a completely self-consistent de- 
termination of the electric field in Io's vicinity. 

In section 3 we. will use a simplified solution to calculate the 

total pickup rate, field-aligned current, enhancement of where 
plasma density in Io's vicinity, and thermal energy injected 
into the magnetosphere by Io. In section 4 we will use the re- 
sult of recent Voyager observations to determine the one un- 
known quantity in the model, namely, the ionization rate. We 
will see that observations indicate that ionization by electron 
impact is quite plausible. In section 5 we will show that the 
model is also consistent with the motion of plasma in the 
outer Jovian magnetosphere. In section 6 we will discuss the 
propagation of Alfv6n waves through the Io plasma torus. 

2. ELECTRIC FIELD IN THE VICINITY OF Io 

We assume with Ip and Axford [1979], G. L. Siscoe and A. 
Eviatar (private communication, 1979), and Kumar [1979] that 
the atmosphere of Io consists mainly of SO2. This is quite rea- 
sonable in light of the strong volcanic activity on Io. When 
SO2 molecules are dissociated and ionized, the resulting S + 
and O + ions move under the influence of the local electric and 
magnetic field. The newly created charged particles perform a 
cycloid motion which can be represented by a superposition 
of a guiding center motion at a velocity (in cgs units) 

ExB 

Vs= B2 c (1) 

and a gyromotion with a gyrospeed 

--IVl (2) 

The guiding center of the ions is displaced by one gyroradius 
in the direction of the electric field and that of the electrons 

opposite to the electric field. If rii ion-electron pairs are created 
per unit time, a current flows in the direction of the electric 
field which is given by 

E 

J_• = • qdi,Rs,E/E= • mdi,c • B-- • (3) i i 

This pickup current exerts a force on the plasma which is 
given by 

F J•- ExB =•x B= • tiimi B•C C i 

and balances exactly the change of plasma momentum. In ad- 
dition to this pickup current there is the normal conductive 
current 

J• = o,,E + o•E x B/B (4) 

where o,, and o• are the Pederson and Hall conductivities, re- 
spectively. We will see later that for the model atmosphere to 
be used later an exospheric approximation is quite valid and 
this current can be neglected. We do, however, wish to formu- 
late the problem as generally as possible now and introduce 
simplifications later. 

It should be noted that the electric field E in (3) and (4) is 
the local electric field, which must be determined self-consis- 
tently. In order to do that we need to know all currents which 
flow in the vicinity of Io. In addition to the above currents 

there is a polarization current due to the distortion of the elec- 
tric field near Io. The polarization current is given by 

1 c • dE (5) J*' = 4r VA 2 dt 

B 2 

The only additional current of interest is the field-aligned cur- 
rent. It may be thought that the parallel current has to close 
through the Jovian ionosphere and is thus determined by Ju- 
piter's ionospheric conductivity. However, on a field line up- 
stream from Io the pickup, conduction, and polarization cur- 
rents are zero, and no parallel current flows. Only when the 
field line penetrates Io's atmosphere will a current begin to 
flow. This current is carried by an Alfv6n wave propagating 
from Io toward Jupiter's ionosphere [e.g., Goertz, 1973; Drell 
et al., 1965; Goertz and Boswell, 1979; Neubauer, 1980]. Only 
after the Alfv6n wave has reached the ionosphere and, after 
reflection, returns to Io can the local currents be influenced by 
the resistive characteristics of the Jovian ionosphere. Before 
the discovery of the dense plasma torus at Io's orbit [Bridge et 
al., 1979; Warwick et al., 1979] the Alfv6n return trip travel 
time was believed to be small. Goertz and Deifi [1973] esti- 
mated the round trip time as 60 s, and even if the local electric 
field near Io is the full corotational electric field, the Alfv6n 
waves would return to Io and establish a steady current pat- 
tern in which the ionospheric resistance determines the total 
current. However, in the torus with an average ion mass (m) 
the Alfv6n velocity is only 670/(m) '• km/s (ne = 4' 103), and 
it takes 4707(m) '• s to propagate 1 R•. Thus if Io is in the 
torus, a round trip Alfv6n travel time could be as large as 1000 
s when we assume that the torus consists mainly of singly 
charged sulfur and oxygen ions. Only if the electric field near 
Io is reduced to one thirteenth of its full corotational value Eo 

._ 

(Eo-- (f•o x B)/c = 0.1 V/m) w• the Alfv6n wave return to 
Io. If E > Eo? 13, the return Alfv6n wave will not return to Io, 
and the resistive characteristics of the Jovian ionosphere will 
not be able to influence the currents in Io's vicinity (see Neu- 
bauer [1980] for a more detailed discussion of this point). In 
fact, it takes more than one round trip time to establish a 
steady state current pattern in which the Jovian conductivity 
controls Jll. Thus we believe that Jll is not related to Jupiter's 
ionospheric conductance Y.,, but is solely controlled by the 
current characteristic of the Alfv6n wave. 

The parallel current density carried by the Alfv6n waves is 
given by Goertz and Boswell [1979] and Neubauer [1980]: 

c 2 B 
J= +•V.E• (6) 

4•rV• B 

where the plus/minus sign refers to the two waves propagat- 
ing away from Io (northward and southward). Thus from the 
continuity equation of charge we get 

4r (p)= •(V'E)=V' V.n• • (-•-E+4r• 

•-4,r o• B +-• +-v•V'EI 
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Fig. 1. Variation of the 'dielectric constant' as a function of 
radius. The dashed curve is the form used in this paper, namely, E = 1 
+ 3H/V,•r•,. 

For a uniform magnetic field the divergence of the Hall cur- 
rent is zero. We write ,p-• = tiJ(n) + op4,rV,•:/c 2 and obtain 

C 2 1Ex+ 

We see that the time scale for changing the electric field is 
very small because c2/VA 2 >> 1 and we can neglect the partial 
time derivative of the electric field. We now assume that the 

Alfv6n velocity does not vary appreciably in the near vicinity 
of Io. We can then write (for VA2/c 2 << 1) 

d a 

v. + _+ [:.=o 

3. SIMPLIFIED SOLUTION FOR THE 

ELECTRIC FIELD 

The solution of (8) is quite formidable and will not be at- 
tempted here. The difficulty arises from the dependence of ,• 
on azimuth because the ionization rate depends on the azi- 
muth angle. For electron impact ionization the azimuthal de- 
pendence of • results from the fact that the electron density 
increases along the plasma drift motion. In the case of photo- 
ionization the position of the sun determines the azimuthal 
variation. To make the problem tractable, we neglect this pos- 
sible azimuthal variation. This should be a good approxima- 
tion for electron impact ionization if the increase of the elec- 
tron density along the drift path is small (or if the newly 
created electrons have very small energies, so that they do not 
produce further ionization). In any case, we shah treat • as a 
parameter to be determined from the observations of field- 
aligned current, additional ionization (Io ionosphere), heat in- 
put into the toms, and mass loading of the Jovian magnet- 
osphere. Ideally, that is, if our model is correct, all observa- 
tions should be compatible with one value of •. This value 
should be regarded as an average value along a drift path. 

A further simplification is introduced by replacing the at- 
mosphere of Io with a spherical shell of thickness H and con- 
stant neutral density. In this case we have 

[(RIø -I- H) 2 -- F] l/2 -- (Rio 2 -- F) l/2 VA•, 0<r<R•o 
[(Rio -•-H) 2 -- F] !/2 

ß = 1+ R•o<r<R•o+H 

The last two terms can be combined as the gradient of V. El 
along the Alfv6n characteristic 

ß = 1 R•o + H < r 

S • 
Vi +_ V•B/B 

[see Neubauer, 1980], and we can finally write 

V Ei d ) ß •+V•E• =0 (7) 

It should be noted that Neubauer allows for a plasma flow 
component along the unperturbed magnetic field Bo (the 
angle 0 in his equations can be nonzero). We do not take such 
a flow into consideration. 

Integrating (7) along the Alfv6n characteristic yields a 
simple Laplace equation 

v. ([.0 = 0 (8) 

where the formal 'dielectric' constant E is given by 

E = 1 + V•r. (9) 
The boundary condition for (8) is that far away from Io the 
electric field Ex approaches the corotation electric field Eo: 

Eo-- B x V•o/C (10) 

If the physical process of ionization is known and tii can be 
calculated, the electric field near Io is in principle completely 
determined by (8)-(9). 

Where r is the radial coordinate in a cylindrical coordinate 
system. We have made the implicit assumption that the addi- 
tional ionization does not produce strong field-aligned density 
gradientsß For H = 80 km the dielectric constant varies with r 
as shown in Figure 1. A reasonable approximation is given by 
the dashed curve in the figure. Using this considerably sim- 

Fig. 2. Equipotential contours near Io for E = I + 3H/VAre = 3. 
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plified version of the problem, we can immediately write the 
solution for the electrostatic potential as 

ß = -Eir sin •k 0 < r • Rio -!- H/2 

ß = -Eor sin tk + (Eo- Ei) 
(Rio -!- H/2) 2 

sin • (1 l) 

R•o + H/2 < r 

2 

Ei -- Eo 2 + 3 H/ VA %, 
The equipotentials are shown in Figure 2. We can at once 
draw one interesting conclusion from this figure. Except for 
extremely high energy particles, charged particles drift along 
equipotentials [Schulz and Eviatar, 1977]. Since Ei • 0, a non- 
zero fraction of particles will drift into Io. Thus Io acts as an 
absorber of charged particles. However, the absorption cross 
section of Io is not its surface area but is reduced by a factor 
2/(2 + 3H/VAmp). Such a reduction is required by the ob- 
served energetic particle absorption effects of Io [Thomsen, 
1979]. We also see that the back of Io is not shielded from the 
drifting plasma. 

We are now in a position to calculate a number of observ- 
able quantities from the model. Along a drift path p the elec- 
tron density will increase as (the maximum electron density 
occurs on the downstream edge of Io) 

n,v.da= • •iida (12) 

where 

dp ExB 
dt B • 

cla--dœ x dli 

Since the drift occurs along equipotentials, we have 

El. alii - Eod/o 

and we get 

(13) 

dne= •i Eo = (n) 2 + 3H/VA•- e (14) 
dp Vo C_ Vo•-,, 

Integrat•g (6) over lx for the parallel l•e cu•ent density we 
get 

dI[i c 2 Eo( Ex}(ne) Up - 4e Eo 1-• • (15) 
which for V,o = 200 •/s (correspond•g to a density of 2000 
cm -3 and an average ion mass of 20 amu) becomes 

( dp R•o 1 -2 + 3H/V,• 
We can calculate the total number of ions added to the toms 
as 

• = / ti, dp dL dz =tii 4•rR,o'- H = 4•rR,o'- (n) H (17) 
As the newly created ions drift around Io, their gyroenergy 

remains constant, although the guiding center speed changes 

in response to the changing electric field along the drift path. 
The constancy of the gyroenergy follows from the con- 
servation of the first adiabatic invariant (there are small 
changes of Vx associated with magnetic and electric field gra- 
diems in the vicinity of Io, but they can be shown to be small). 
Thus the total gyroenergy (or heat) added to the toms by the 
ion species i is 

P,= •i•'• T dp dlx dz= R,E½o/ Ex •: 
where E•o/is the corotational energy of the species. Thus the 
average energy of an ion is 

(19) = = E•/ 2 + 3H/V•, 
The total power dissipated • Io is equal to 

i 

Ha• of this power is ca•ed away by the thermal energy of 
the ions, and haw is ca•ed away by the• guid•g center 
ergy. 

4. COMPARISON WITH OBSERVATIONS 

For electron impact ionization by the ambient magneto- 
spheric electrons which have a temperature Te • 8 eV [Broad- 
foot et al., 1979] the ionization rate is 

ti• = 0.3 x 10-Sn,.N ø cm -3 s -• (20) 

where N ø is the number of neutrals. Using the usual formulae 
for Pederson conductivity and scale height, we find 

•= (n) [1 + 300 x 109(gH) •/2] (21) 
where Oo is the ion-neutral collision cross section (5 x 10 -• 
cm') and g is the gravitational acceleration at the surface of 
Io. The second term in brackets is due to the Pederson current 
and is small. 

To obtain some estimates for the observable quantities, we 
adopt the following nominal values: 

Io atmosphere 

NO = 109 cm -3 H = 0.8 X 107 cm/s 

This scale height and the value of NO represents the exo- 
spheric model of Kumar [1979] with an exospheric SO,• tem- 
perature of 1100øK and a density of 2 x 109 cm -3 at the base 
of the exosphere. These numbers are meant only as guides 
and must not be taken too literally. Not enough is known 
about the atmosphere of Io at present to give more reliable 
values. 

Torus plasma 

neo -- 2 X 103 cm -3 (mi) = 20 amu V•o = 2 x 107 cm/s 

Again these values are meant only as guides but are represen- 
tative of the measurements [Bridge et al., 1979]. These values 
yield %, = «. From this we obtain Ane = 8 X 104 cm -3 for the 
additional electron density by integrating (14) over an average 
path length of 3H. This is only slightly larger than the maxi- 
mum values observed by Pioneer 10 [Kliore et al., 1974]. How- 
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ever, there are reasons to believe that the torus density was 
less in 1973 than in 1979 [Broadfoot et al., 1979], and this dis- 
agreement should not be taken too seriously, especially when 
one considers the crudeness of the model. 

However, the model would not be compatible with a maxi- 
mum electron density in the Io ionosphere that is much less 
than this value for the conditions that existed in 1979. 

Using this value in (16), we obtain I, -- 3.7 x 106 A for the 
total field-aligned current flowing along the surface of the Io 
flux tube. This is in good agreement with the value obtained 
by Ness et al. [1979], who estimate Iii to be between 106 and 
5x i0•'A. 

For the ion production rate we get Ns+ = 1028 s -• and No+ -- 
2 x 1028 s -•, where we have used No = 2Ns -- 109 cm -3. 

Finally, we obtain (Es+) = 66 eV and (Eo+) = 33 eV for the 
average energy of the ions injected into the torus. To compare 
these values with the observed ion temperatures and the ob- 
served UV radiation, we have to calculate the energy budget 
in the torus. The ions will collisionally heat the electrons, 
which in turn will lose their energy through UV radiation. 
However, the ions do not stay in the torus for ever but diffuse 
out of the torus. The mean lifetime of the ions can be obtained 

by dividing the total number of ions in the torus by the ion 
production rate: 

'Ti -" /•i Vt .... /]•i •-- 106 s 

Then for the energy budget of the torus ions and electrons we 
have 

dTi n/Ti 
n/-•--- P•- •- Ti 

[ lIi/e (Ti- Te) -•- ZlIi/i, (Ti- Ti,)] •i ! 

where ni' -- $ni dV is the number of the ith ion in the entire 
volume of the torus. The second term expresses energy loss as- 
sociated with particle loss, or 

-" (El) -- Ti-- [ lli/e(Ti- Te)'•- lli/i,(Ti- Ti,)] •'i (22) 

dTe 
dt -- Z lIi/e(Ti- Te) - Prad/tteVt .... (23) i 

where iti/e is the electron-ion collision frequency and v•/• is an 
ion-ion collision frequency. Using as a characteristic electron 
temperature Te -- 8 eV, we have 

-• ---- 5 X 106 • = 2.5 X 106 S Its+ / e It O+ / e-- 

-'-2X 106s Ps+/O+ -- 

For these values we get for the equilibrium ion temperatures 
Ts+ -- 51 eV and To+ -- 34 eV. These are quite compatible 
with the observed temperatures [Bridge et al., 1979]. The total 
power radiated by the electron is P -- 6 x 10 • W. This is fac- 
tor of 3 smaller than the estimate of Broadfoot et al. [1979]. It 
should be realized that a density of neo.-- 2 X 103 cm -3 is an 
underestimate for the torus density, which may well be a fac- 
tor of 2 higher. Power is also carried away by the Alfv6n 
waves. Some of this power is dissipated in the torus (see dis- 
cussion below) and heats the torus plasma and hence increases 
the total UV radiation power (see section 6 and Figure 4). We 
feel that at this stage it is unnecessary to search for values that 
would yield improved agreement with the observations. We 
believe that the model is quite successful in explaining a large 
number of different observations. 

300 

'-' 200 

13_ 100 

0 I • • 1• 2•0 2'2 /, 6 8 1•0 12 lt/, 116 
DISTANCE [Rj] 

Fig. 3. Variation of azimuthal plasma velocity as a function of 
radial distance according to the theory of Hill [1979]. A mass injection 
of 6.4 x 10 29 amu/s has been used. The boundary condition chosen 
was strict corotation at L -- 6 and equal mass transport inward inside 
L = 6 and outward outside L -- 6. The observations are taken from 

McNutt et al. [ 1979]. 

We conclude this section by noting that an electron impact 
ionization rate of 10 4 cm -3 s -• is compatible with all observa- 
tions discussed above. To maintain the atmosphere at the 
level required by this ionization rate, we need a gas produc- 
tion rate of 2 x 10 •ø cm -2 s -• molecules averaged over the sur- 
face of Io. This is well below the estimate of the •;olcanic gas 
outflux rate estimated by Kumar [1979]. 

5. CONSEQUENCES FOR THE OUTER MAGNETOSPHERE 

The ion injection rate calculated above is considerably 
larger than the injection rate from the Jovian ionosphere 
[Goertz, 1973, 1976; $iscoe, 1978]. Io is apparently the major 
source of plasma in the outer Jovian magnetosphere. The 
radial transport of Io-injected ions proceeds via diffusion [Sis- 
coe, 1978]. We have estimated the mean lifetime of ions in the 
torus as 106 s. In that time the ions diffuse a distance of 1 R i 
(the torus radius). Thus we require a diffusion coefficient of 
roughly D,•,• -- 10 -6 Rf/s. This is somewhat larger than the 
maximum value of the diffusion coefficient estimated by 
Thomsen et al. [1977] from the energetic particle observations 
near Io (see also Thomsen [1979]). An enhanced diffusion co- 
efficient at the outer edge of the torus is not surprising, be- 
cause the outer edge of the torus is unstable against the flute 
instability, which should result in enhanced diffusive transport 
across magnetic field lines. 

The inner edge of the torus is not flute unstable, and the 
diffusion coefficient should be smaller there. In order to trans- 

port the same number of particles inward as outward the den- 
sity gradient should be steeper at the inner edge of the torus 
than at the outside. This is indeed observed [Bridge et al., 
1979; Warwick et al., 1979]. It should be noted here that the 
injection rate calculated above will maintain the plasma torus 
at the observed extent and density provided that the diffusion 
coefficient is not larger than the one estimated above. 

The plasma transported away from Io will cause an inertial 
drag on the Jovian ionosphere [Hill, 1979]. Hill calculates the 
rate of slowing down of the Jovian ionosphere by equating the 
rate of increase of angular momentum by the outward mass 
transport to the torque that can be provided by the Jovian 
ionosphere. He derives a differential equation which relates 
the change of rotation rate to the mass injection rate and the 
height-integrated conductivity of the Jovian ionosphere. We 
have used his equation and integrated it, using as a boundary 
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condition that the plasma at L -- 6 is rigidly rotating with the 
planet. (Hill has used this condition at L -- 1.) We also have 
inward mass transport for L < 6. Figure 3 shows the results Of 
that calculation superimposed on the observation of McNutt 
et al. [1979]. It seems that 

Lo -- (q'f•,.•Rj2j•.121M) 1'4 • 20 

gives a good agreement with the data. Using the mass injec- 
tion rate M estimated above, we find that Z•-- 0.06 mho. This 
is somewhat less than the value suggested by Hill [1979]. For 
Z•-- 0.1 mho we would get Lo -- 23, which would also be 
quite compatible with the data. Again, we feel that the crude- 
ness of the model does not warrant a more detailed search of 

the parameter space. 

6. THE COUPLING OF ALFVEN WAVES TO AND THEIR 

TRANSMISSION THROUGH THE TORUS 

So far we have only analyzed the energy contained in the 
newly created ions. There is an additional power contained in 
the Alfv6n wave which propagates away from Io. This is not 
simply related to the (mechanical) energy of the ions must be 
calculated separately. The plasma density in the torus varies 
quite rapidly along the Io flux tube, and we must calculate the 
Alfv6n power which can be transmitted through the torus. 
From the usual MHD equations one obtains the wave equa- 
tion for the perturbation of the plasma flow velocity: 

where 

0% 1 0% 

0z --•-- V•:(z)0:t: (24) 

ExB 

v = V•o- B----•c (25) 
and 

V•12(z) = Bo:/4•rmn(z) (26) 

Deift and Goertz [1973] have discussed the conditions for the 
validity of this equation and show that near the toms (called 
Iosphere by them) it is applicable. 

We calculate only the power contained in the Alfv6n wave 
propagating into a decreasing density. We model the density 
variation along the IFT as 

1 1 

•/rA 02 2 e-2Z/zø (27) 

where V•o is the Alfv6n velocity at Io and V•oo is an Alfv6n 
velocity outside the torus. Fourier transforming (24) and in- 
troducing the new variable yield 

x • 
I I 

ffAO [ffA oo 2 
•ozoe-Z/zo = • 

OO Zo•--Z /Zo 
VAi 

We can rewrite (24) as a Bessel differential equation for the 
Fourier transform of v, 

X 2 •2g(•O) + X 0g(•o) + (X 2 + p2) g(•o) = 0 

/)2 • •02X02 • • • • C22 Xo 2 
V•oo 2 

(28) 

The solution is 

v(x, t)--f• g(x = 0, •0) 

with 

J,, {XoeO[ 1/V•o 2) - (1/V.•oo2)]'/2e -•/•ø} ,ei• t doo (29) 
ar• {Xoe0[( 1 / VAo 2) -- ( 1 / V• oo2)] i/2} 

= 0, fZo< = 0, Oe-i'øtdoo 
To obtain the power flux F we have to calculate the magnetic 
field perturbation from 

Ob/Ot = Bo Ov/Oz (30) 

F-- -(1/8•r) Re (Bob*v) (31) 

For an arbritrary v(x = 0, t) the flux cannot be represented in 
closed form. For a sinusoidal perturbation v(x -- O, t) -- Vo sin 
•0ot we can write 

---- I J•(Gzøe-Z/zø) l J•'(c•zøe-Z/Zø) '1 F(x) = Bø2 vø2'e-Z/zø Re . • 
A(C,Zo) i(C,Zo) 

(32) 

with c• -- oo/V•. From the discussion above we realize that 

Vo = v•o(1 - E ff Eo) = V•o • + 1 + 1 
(33) 

10-' •0-2R,oEo= •+l -i•; 

The scale height for the variation of the Alfv6n velocity in the 
torus is [Siscoe and Chen, 1977] 

Zo -• 2R•-- 1.4 x 10 •ø cm (34) 

The density along Io's orbit varies from a maximum value of 
a little more than 3 x 10 acm -a when Io is in the magnetic 
equatorial plane to a minimum value of 10 a cm -a when Io's 
magnetic latitude is a maximum (10ø). The Alfv6n velocity at 
Io's position varies correspondingly from 163 to 283 km/s 
(where we have assumed a constant average atomic mass of 20 
amu). The Alfv6n velocity outside the torus is much larger. If 
we take an asymptotic density of 10 cm -a, we get V•oo = 2830 
km/s if ( m ) = 20 amu or V•oo = 1.27 x 104 km/s if ( m ) - 1 
ainu asymptotically. 

We take as a representative value V•oo = 104 km/s. Since 
V•oo >> V•o in any case, the exact value is not of great impor- 
tance. From (9), (20), and (21) we find an approximate rela- 
tion for •: 

• = 1 + 7.4 x 10-2n •/2 (35) 

and we see that everywhere along Io's orbit, C•Zo >> 1. Thus 
near Io a WKB approximation would be valid. However, as z 
increases, the Alfv6n speed becomes large, and the WKB ap- 
proximation should becomes less applicable. In particular, we 
do not expect equipartition between kinetic and magnetic en- 
ergy everywhere along the IFT [Deifi and Goertz, 1973]. It is 
this fact which necessitates the rather formidable treatment of 

the Affv6n wave propagation through the torus. Since we are 
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Fig. 4. Variation of power as a function of the density of the torus 
plasma impinging on Io. P,• is the Alfv6n power transmitted through 
the tour in units of 1022 W. Pt) is the power dissipated in the torus in 
units of 1020 W. Pi is the 'thermal' energy of the ions in units of 10 •2 
W. 

interested mainly in the power at z --• oo, we can use a small 
argument expansion for the Bessel function in the numerator 
of (32): 

(«C,Zoe-Z/zo)" 
J"(c'zøe-'/'ø) = I•(v + 1) 

Since C2Zo >> 1, we use the large argument expansion for the 
Bessel functions in the denominator of (32): 

J.(c2zo) -• - cos (C2Zo - 1/4 •r - 1/2 v•r) 
2•rc ½o 

Using standard forms, we can finally write for the flux at z --• 

Bo2vo • sinh (•rC:Zo) 
F(z -• oo) - 4•rV• sinh: (•r/2C:Zo) + cos 2 (C,Zo - •r/4) (36) 

and using similar expansions, we obtain for the flux at z -- 0 

F(z = 0) = F(z--, oo) + « c,• Bo% '• c2 4-• (37) 

The second term in (37) represents the flux lost in the toms 
due to internal reflections. This flux is trapped in the toms 
and will eventually be dissipated by heating the torus plasma. 
To obtain the total power in the Alfv6n waves, we multiply 
the flux with the surface area of Io. This is also valid for F(z 
--• oo) because we have assumed that the magnetic field along 
IFT in the toms does not change. Figure 4 shows the variation 
of P, the power transmitted through the torus, and PD, the 
power trapped and eventually dissipated in the toms, as a 
function of plasma density at Io's orbit. We also show the 
thermal power carried away by the newly created ions. The 
power lost in reflection by the Alfv6n waves as they propagate 
through the toms is small in comparison to the power trans- 
mitted through the torus. However, the Alfv6n waves may be 
Landau damped by thermal electrons [Hasegawa and Chen, 
1976]. An analysis of this effect would be beyond the scope of 
this paper, and we will address the question of Landau damp- 
ing in a future paper. Contrary to the assertion of Neubauer 
[1980] we believe that internal reflections in the toms are neg- 
ligible. However, if some of the Alfv6n power is reflected at 
the Jovian ionosphere and trapped in the magnetosphere, it 
may lead to a significant additional heating. It should be 
noted that when the toms is dense (nio > 103 cm-3), most of 
the energy is carried by the Alfv6n waves. It is quite tempting 

to associate this energy with the energy necessary to generate 
the Io-controlled decametric radiation [Goertz, 1973] which 
radiates a nominal power of 108 W [Smith, 1976; Warwick, 
1970]. However, it is not clear that the total Alfv6n wave 
power is injected into the Jovian ionosphere where the deca- 
metric radiation is generated. Because the Alfv6n velocity 
changes rapidly near the Jovian ionosphere, we expect reflec- 
tion to occur. In a future paper we will explore the con- 
sequences of our model for the Io-controlled decametric radi- 
ation. 

O U 1¾11¾1/'•k1'• 1 

We have described a new model for the •teraction of Io 

with the Jovian magnetosphere. Io is assumed to have an exo- 
spheric SO: atmosphere which is ma•ta•ed by volcanic 
eruptions. The average neutral atmosphere is 109 cm -3 and 
has a scale height of 80 •. These are representative values 
which yield good agreement with various obse•ations but are 
by no means sacrosanct. The corotat•g torus plasma pro- 
duces S + and O + ions by electron •pact ion•ation. Newly 
created ions are displaced • the direction of the local electric 
field. The displacement represents a current•the pickup cur- 
rent. This current is connected to a field-aligned cu•ent car- 
ried by an Alfv6n wave. The Alfv6n wave also carries a per- 
pendicular current which is related to the change of the toms 
plasma velocity. We derive a differential equation for the elec- 
tric field • Io's vic•ity and solve it for ce•a• ideal•ed situa- 
tions. We show that the electric field • Io's atmosphere is 
smaller than the corotational electric field and hence the toms 

plasma slows down as it approaches Io. It is perhaps •stmct- 
ive to consider the energy flow • this model. The toms 
plasma loses energy by slow•g down as it approaches Io and 
by ion•g the atmosphere of Io. Pa• of this energy goes •to 
the Alfv6n waves, pa• •to stretch•g the field l•es (dis- 
to,ion of the magnetic field), and pa• •to acceleration of the 
newly created ions. In Io's wake the magentic field l•es 
straighten out, and the total plasma is accelerated. Beh•d Io 
the plasma is denser (new ions are added) and hotter. Fu•her- 
more, energy is propagated toward Jupiter • the form of an 
Alfv6n wave. Thus there is a net energy dra• on Io of the or- 
der of 10 •: W. It is clear that the •teraction will slow Io down 

(as seen from a corotation frame of reference) or reduce Io's 
angular momentum about Jupiter. However, the reduction of 
the orbital period of Io due to a power dra• of 10 •: W is 2 or- 
ders of magnitude below present detectability [Smith, 1976]. 
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