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The Injection of Energy Into the Io Plasma Torus

D. E. SHEMANSKY AND B. R. SANDEL

Earth and Space Sciences Institute, University of Southern California, Tucson Laboratories, Tucson, Arizona 85713

Voyager EUV observations of the Io plasma torus showing a Jupiter local time asymmetry have
been interpreted as a 10-hour periodicity in electron temperature in the corotating reference frame.
The plasma shows two remarkable morphological characteristics. First, the intensity periodicity
showed no tendency to change over the =0.5-year period of reduced data, indicating it to be a
permanent feature of the torus. Second, deviations from the mean behavior, such as short-term
magnetic longitude effects, all appear to be caused by electron temperature effects. Thus no local
plasma mass variations have been detected during the observational period. These characteristics and
the variability of the energy source required to drive the observed asymmetry lead to the conclusion
that the dominant mechanism of energy transport to the plasma is electron-electron heating. If the
parameters applied in coming to this conclusion are correct, the role played by mass loading from Io
and planetary rotation in delivering energy to the plasma becomes much more obscure than the
straightforward electron-ion transfer mechanism that has been considered to date.

INTRODUCTION

Averaged observations of the Io plasma torus via the use
of the Voyager EUV spectrometers have shown an asymme-
try in the distribution of intensity associated with local time
in the Jupiter system [Sandel and Broadfoot, 1981]. The
observation is of considerable importance since it indicates
the presence of an intensity modulation in the corotating
reference frame of significant magnitude on a 10-hour time
scale. The phenomenon has a persistence that suggests it is a
permanent feature, and the magnitude is such that a substan-
tial amount of energy is injected into the torus at a 10-hour
periodic rate. In this article we discuss the nature of the
energy injection process as determined by the plasma param-
eters and the observed characteristics.

The argument that the energy required to maintain the Io
torus and the auroral activity on Jupiter is most likely
ultimately derived from the rotational energy of the planet is
generally accepted [see Eviatar and Siscoe, 1980; Dessler,
1980]. The process by which the rotational energy is convert-
ed to the observed radiation is a matter that has not been
settled and will no doubt require much further conjecture
and discussion in the literature. The most straightforward
mechanism proposed at the time of the discovery of the hot
plasma torus [Broadfoot et al., 1979] is one of ionization of
neutrals that drift into the plasma from Io and subsequent
acceleration of the ions in the corotating magnetic field.
Effectively, all of the energy in this process goes into energy
of the ion because the ion contains virtually all of the mass of
the product fragments. The energy of the ions must then be
delivered to the electrons for maintenance of the radiating
system. This hypothesis for the supply of energy to the
plasma encounters difficulty, as discussed below, for rea-
sons involving the incompatibility of the ion relaxation time,
the required mass loading rate of the torus, and the observed
mean energy of the ions. The problem of energy transfer and
mass injection has been discussed in the literature [Sullivan
and Siscoe, 1981b; Eviatar and Siscoe, 1980; Richardson et
al., 1980; Richardson and Siscoe, 1981; Dessler, 1980;
Brown, 1981b; Shemansky, 1980a; Thorne, 1981], but the
issue is far from resolution.

The phenomenon discussed here, and earlier in a brief
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paper by Shemansky and Sandel [1980], requires a different
mode of energy transfer, namely, electron-electron heating,
as a substantial process maintaining the radiative output of
the plasma. This requirement, dictated basically by the time
scale of the intensity modulation, introduces a fundamental
complication in our effort to understand the plasma torus,
since it implies that the injection of mass from Io at least
does not constitute a direct source of energy. If our under-
standing of this recently observed phenomenon is correct,
the injection of mass into the torus is not necessarily directly
connected to the maintenance of the radiating system and
may only be a minor source of energy for the torus proper.
We discuss below the factors that lead to this conclusion and
suggest some possible sources for electron-electron heating.

THE OBSERVATIONS AND RESULTS

Details of the observational data reduction process are
described by Sandel and Broadfoot [this issue]. Two main
conclusions have been drawn on the basis of observations of
the morphology of the strong S III 685-A emission lines: (1)
The emission on long-term average shows no measurable
magnetic longitude dependence. The intensity modulation in
System III (1965) longitude (Ayy) is estimated to be less than
10%. (2) The intensity of the 685-A feature has a local time
dependence with a peak near Jupiter’s dusk meridian at
19:00 local time (LT). Figure 1 shows a brightness profile in
685-A emission illustrating the asymmetry. The effect per-
sists over the period in which data from the Voyager EUV
instruments have been reduced for the study of morphologi-
cal effects, from February 4 to June 8, 1979. Over this period
of 125 days, no measurable variation in the average magni-
tude of the asymmetry was detected, implying that the
feature is either permanent or present with a time constant
larger than 1 year. The magnitude of the intensity modula-
tion of a given volume of the torus is at least 40%.

The absence of measurable dependence on magnetic longi-
tude implies uniform distribution, on average, of plasma
mass around the circumference of the orbit—a fact that has
been noted in the Voyager observational data, at times
extending beyond the period discussed above [Broadfoot et
al., 1979, 1981; Shemansky, 1980a]. This absence of magnet-
ic longitude dependence contrasts sharply with ground-
based observations in S II 6700-A radiation in which strong
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Fig. 1. System scans of Jupiter near the equatorial plane in S III
685-A emission showing the intensity asymmetry described by
Sandel and Broadfoot [this issue]. The data points are a summation
of several scans obtained during the Voyager 1 postencounter
period, days 74-95, 1979. The curve drawn through the points is a
model calculation described in the text.

A dependences have been observed [Trafton, 1980; Pilcher
and Morgan, 1980; Morgan and Pilcher, 1982; Trauger et
al., 1980]. If geometric factors do not seriously confuse these
results, the data must be interpreted as a Ay dependence of
mass loading of the torus, as opposed to a Ay electron
temperature dependence, say [Shemansky and Smith, 1981].
The reconciliation of these divergent results is not an easy
matter. The torus is distinctly bimodal [Sullivan and Siscoe,
1981; Shemansky, 1980a; Bridge et al., 1979] and the ob-
served Ay dependence in S II radiation may be associated
mainly with the cold inner-torus region [Shemansky and
Smith, 1981], which is too cool to be detected in the EUV
[Shemansky, 1980a]. It should be noted at this point that
longitudinally fixed intensity bulges have been detected in
the hot-torus emission [Sandel and Broadfoot, this issue],
with lifetimes of up to one Io orbit but not associated with
any particular longitude, and attributed to enhanced electron
temperatures rather than mass. We wish to raise two points
in regard to these observations. First, although the ground-
based observations of S II asymmetry are most likely
associated with the cool inner-torus region, Io must ultimate-
ly be the source of mass for both modes of the torus; S II
must be the immediate source for the S III observed in the
hot torus [Shemansky, 1980a; Shemansky and Smith, 1981].
The production of S III in the torus by double ionization of S
I is a very slow reaction for three reasons: The ionization
threshold for double ionization of SI is 34 eV, as compared
to 23 eV for single ionization of S II. Double ionization is an
inefficent process in general, even given sufficient energy.
The population of S I is bound to be an order of magnitude
less than S II because of the efficient single ionization
process. The difference in rates caused by threshold differ-
ences alone is an order of magnitude. Although we do not
have a direct measure of S I — S III cross section, the
process in general [Massey and Burhop, 1969] is at least an
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order of magnitude lower than the single ionization value.
Thus the rate for the process S I — S IIl is expected to be of
the order of 1073 of the rate for the S IT— S III reaction. The
S II Ay asymmetry must be interpreted as an asymmetry in
plasma mass. It is therefore very difficult to reconcile the
two sets of observations without introducing the assumption
that Io itself has two distinctly different modes of mass
injection. Second, a strong asymmetry in S II 6700-A intensi-
ty distribution can be interpreted in only one way, given the
range of plasma parameters in the torus [Shemansky and
Smith, 1981], but asymmetries in the EUV can be interpret-
ed as either mass or electron temperature effects. As dis-
cussed below, the EUV data, on average, shows no plasma
mass asymmetry in any reference frame, and the observed
local time variation is interpreted as a 10-hour cycle in
electron temperature in the corotating reference frame. The
relationship between the ground-based and EUV observa-
tions, in this regard, is certainly not straightforward and
obvious. However, the EUV data are by far the most
extensive [Sandel and Broadfoot, this issue], and we believe
they define the characteristics of the hot torus. The fact that
the local time asymmetry in the EUV data has not been
observed in ground-based measurements is no surprise since
excitation of emission from any of the torus subspecies in the
visible or near-infrared region is insensitive to temperature
variations of any reasonable magnitude [see Shemansky,
1980q, b).

Sandel and Broadfoot [1981] have described the local time
asymmetry in S III 685-A emission in system scans of the
kind described in Figure 1. The observations are made
essentially in the plane of the system, and line of sight
integration mixes the various excitation conditions in the
plasma radial cross section out to a radius of 5.7 R, from
planet center, where the brightness reaches a peak. The peak
is caused by elongation of the line of sight path length
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Fig. 2. Electron temperature as a function of line-of-sight radial
position on the dusk and dawn sides of the planet, using EUV pre-
Voyager 1 encounter data similar to those shown in Figure 1. The
dusk/dawn temperature ratio increases with increasing radial posi-
tion from 1.08 at 6.0 R, to 1.3 at 7.2 R,. The error bars shown are
estimates of relative temperature uncertainty. The absolute uncer-
tainty in temperature is judged to be similar in magnitude [see
Shemansky and Smith, 1981].
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through the plasma torus. The observed emission at <5.7 R,
on either the eastern or western side of Jupiter generally
shows little radial dependence in spectral content because
the line of sight passes through a full radial cross section of
the torus. However, beyond 5.7 R;, where the line of sight
does differentiate the torus radial cross section, the spectra
show changes involving both electron temperature and ion
partitioning [Shemansky and Strobel, 1980]. The EUV spec-
tra yield estimates of electron temperature, and ion composi-
tion. The method of analysis used to produce the results
given here is described by Shemansky and Smith [1981]. At
5.7 R; the observed spectrum contains a mix of temperatures
and densities. However, the spectrum is dominated by the
central dense region of the torus and is analyzed in terms of a
single effective electron temperature. As the radial location
of the instrument line of sight is increased, the temperature
inferred from the spectrum becomes more representative of
the temperature at a particular radial location. Figure 2
shows temperature estimates made in this manner at the
indicated radial locations on the dawn and dusk sides of
Jupiter, using the data set indicated in Figure 1. The electron
temperatures were estimated by using the relative intensities
of S III and S IV lines in the spectrum. The error bars in
Figure 2 represent the relative accuracy of the measure-
ments. The absolute accuracy is judged to be comparable,
according to the results obtained by Shemansky and Smith
[1981]. The brighter dusk side spectra show systematically
higher electron temperatures (7,), with increasing differ-
ences at larger radial locations, as shown in Figure 2.

The analysis of the EUV spectrum produces a measure of
a quantity we describe here as the abundance-density prod-
uct (a). This product is defined by the equation

a, = [ [X,] [N.1dp

o, = &, [N.] o M

where X, is the density of ion species of charge (n — 1), [N,]
is the electron density, and pis distance along the instrument
line of sight. We determine the electron density on the basis
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Fig. 3. Average plasma ion number density as a function of

radial position estimated from analysis of the EUV data, applying
the electron temperatures shown in Figure 2. The plasma ion density
is the same on the dusk and dawn sides of the planet within
measurement error.

221

of charge neutrality, with the assumption that the analysis of
the EUV spectrum accounts for virtually all of the ions in the
torus [Shemansky, 1980a; Shemansky and Smith, 1981]:

N, =2Z(n - 1) [X,] )
thus
N’p=3n-1a, ?3)

Through the application of (3) for each of the radial
locations indicated in Figure 2, we then obtain measures of
mean ion densities on the dusk and dawn sides of the planet.
Figure 3 shows the estimated values, indicating that within
experimental error, determined essentially by the estimated
relative temperatures shown in Figure 2, the dusk and dawn
sides of the torus have the same number density. We
conclude that the intensity asymmetry shown in Figure 1 is
caused by a 10-hour periodicity in electron temperature,
with increasing proportional differences at larger radial dis-
tances.

Excitation-Relaxation

The emission of radiation from the torus is driven by
electron excitation of existing ground state ions. Other
processes generating radiation can be neglected, taking into
account present uncertainties in the known plasma parame-
ters [Shemansky, 1980b]. The generation of radiation de-
pends entirely on the injection of energy into the electrons,
even in plasma conditions in which the electron-ion system
is in a state of substantial disequilibrium. Thus an explana-
tion of the observed modulation depends on determining the
means by which energy is delivered to the electrons in the
plasma, since we have detected no measurable modulation
of the plasma ion density.

The fact that the variation in electron temperature has a
10-hour period immediately eliminates electron-ion relax-
ation as a dominant process for delivering energy to the
electrons on the basis of two disconnected arguments. First,
we suggest the relaxation time for this mechanism is too slow
to account for the phenomenon. This argument, based on the
Spitzer [1962] equations for Coulomb collisional transfer,
has been presented in recent papers [Eviatar et al., 1979;
Shemansky and Sandel, 1980; Thorne, 1981], but in less
detail than the discussion below. Although the Spitzer
equations are not strictly applicable to this case, the relax-
ation times estimated in this way are too slow by 2 orders of
magnitude, and it is doubtful that the real rate can be that
much faster. Second, the pool of energy resident in the ions
is not sufficient to maintain the torus without significant
mass loading effects on the time scale of a rotational period.
There are several arguments against loading rates on this
scale, as discussed below.

The ion-electron relaxation time and the rate of energy
transfer depends on the energy difference between the
electrons and the ions. Ion temperatures in the hot torus
have been estimated from the in situ Voyager Plasma
Science (PL.S) experiment [Bagenal and Sullivan, 1981] at T;
= 4-5 x 10° K on the assumption that the peak at a mass per
charge of 16 in their data was dominated by S III. This is in
reasonably good agreement with ground-based observations
near the time of Voyager 1 encounter by Traugef et al.
[1979], who obtained a value of 3 X 10° from the S IIT 9532-A
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TABLE 1. Electron-lon Energy Transfer Properties

dE, iz

L dt 9 I dt 2
7, st Teqs ST T.KY N,cm™3§ ergscm3s7!leVem™3 s71

su 5.1 + 5* 43+ 6 54+6 4 -1.1- 14 -6.8 -3
S 11 36+ 6 1.1+6 34+5 160 -8.0-15 -50-3
SIvV 80+6 50+5 1.3+5 216 -45-15 -28-3
ol 42+ 6 22+6 57+5 49 -22-15 -14-3
O III 83+6 56+5 1.3+5 336 -6.4 — 15 -4.0-3
Total 805 -32-14 -2.0-2

*5.1+5=51x10

tCharacteristic lifetime against diffusive loss ((13) and (15)) of the ions D = 1.2 X 10—7 s~ (see text).
Rate coefficients QX; determined for T, = 8 x 10* K, from Jacobs et al. [1978, 1979].

{Equipartition time (4).
{Steady state ion temperature ((13) and (17)).

§Mean ion number density, from Shemansky and Smith [1981].
|IIon-electron energy transfer rate (16). Formation energy of S II and O II is assumed to be 507 eV
and 253 eV, respectively. If it is assumed that the ions lose all of their energy to the torus electrons, the

deposition rate is 4.8 x 10~ * ergs cm™3

s~1, determined by the value of D applied to the calculations.

The radiative loss rate from the hot torus is estimated to be 4.8 X 10~ '* ergs cm™3 s™!

line width. The electron temperature in the hot torus is 7, =
8 X 10* K for the Voyager 1 encounter period according to
Shemansky and Smith [1981]. This is in reasonable agree-
ment with the interpolated results obtained from the in situ
PLS data [Scudder et gl., 1981]. We make the assumption
that the conditions 7; = 3 X 10° K and T, = 8 x 10° K
represent a steady state thermal disequilibrium of the hot
plasma torus. Brown [1981a] reports recent measurements of
the S II 6700-A line shapes, which he has fitted with a mix of
three Maxwellian distributions at temperatures of 3.1 x 10%,
3.2 x 10°, and 2.2 x 10° K, giving a mean effective
temperature of 6.6 X 10° K. Although these measurements
were obtained at a much later time, they appear to be
compatible with the lower temperature applied here to the S
III ions, since S III should relax at a higher rate, as discussed
below. Discussions in the literature, based on early unpub-
lished results of PLS measurements of electron energy
distributions, refer to as much as 5% inclusions of 10°~10" K
electrons in the dense central hot torus [Strobel and Davis,
1980; Brown, 1981b; Eviatar and Siscoe, 1980]. It now
appears, on the basis of a number of factors, that quantities
of hot electrons, even as low as 1%, cannot be tolerated
(Scudder et al. [1981], Shemansky [1980a], R. A. Brown and
D. E. Shemansky, unpublished manuscript, 1981) and the
direct estimates (0.025%) by Scudder et al. [1981] may well
be correct. This appears to be a likely condition since the
plasma EUYV intensity and electron temperature appear to
have been stable for the larger part of a year surrounding the
time of Voyager 1 encounter. Although an understanding of
how this state of steady thermal disequilibrium is established
is not directly necessary for the calculation of equipartition
time, it is a matter of importance to the loading of mass into
the torus. Bagenal and Sullivan [1981] have discussed this
issue in a general way in the context of assumptions neces-
sary for the analysis of the PLS data. The observed tempera-
ture of the ions is an order of magnitude below the gyroen-
ergy acquired from acceleration to full corotation at the point
of ionization of the neutral atom. One explanation for this
energy difference suggesed by Richardson et al. [1980]
requires a high mass-loading rate in which ions are shielded
from acquiring full corotational energy by strong interaction

at Jo. Although this possibility cannot be entirely discount-
ed, it seems unlikely since measurable optical activity ex-
pected to be associated with such a process has not been
observed [Shemansky, 1980a; Moos and Clarke, 1981]. An
alternative process is one in which the diffusive loss time is
long enough to allow the ions to relax to the observed
energy. If this is the case, we expect the ions to have energy
distributions that depend on both mass and charge.

ION-ELECTRON RELAXATION

The equipartition time for Coulomb collisions (7.5) be-
tween two sets of particles can be written [Spitzer, 1962],

AAi T.  T:\"?
~772mxla T @
NeZe Z,' InA Ae A,'

where A is the atomic number, Z is particle charge, and A is
an impact parameter factor determined by the Debye shield-
ing distance. For the range of temperatures considered here
the magnitude of 7.q is determined entirely by the electrons.
It is therefore not important that the ions be in a Maxwellian
distribution, and 7.4 can be regarded as an exponential decay
constant. Equation (4) is applicable only to an isotropic
plasma in which charge neutrality obtains beyond the Debye
shielding distance. In the case of the plasma torus the plasma
is formed in a magnetic field, and distributions are not
necessarily isotropic and homogeneous. Thus some devi-
ation from (4) may be expected. At the temperatures and
densities considered here, (4) reduces to

Teq = 3.87 C)]

Teq = 1 X 104Z323.2 ~InZ)  sulfur ®)

and

Teq = 5 X 107/Z323.2 — In Z) ©)

oxygen

using a mean electron density of N, = 1850 cm™ [She-
mansky and Smith, 1981]. The equipartition times for sulfur
and oxygen from (5) and (6) range from 50 days to 6 days, as
shown in Table 1. A rough measure of departure from the
Coulomb relaxation time estimated here may be obtained
from the recent observations by Brown [1981a] of the S II
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energy distribution mentioned above. Brown obtains a three-
temperature fit to the line shape, but this may simply be an
artifact of the distribution, since one may not expect any-
thing approaching a Maxwellian. The time history of the
injection of neutrals alone may impart peculiar Kinetic distri-
butions. However, the mean energy of the S II ions in the
Brown [1981a] observations is of interest since the value is
approximately a factor of 8 below the predicted value in
Table 1. The computation of the predicted mean ion energy
is described in a following section. This result indicates that
if the Brown measurement may be taken as typical the
diffusive loss time in the calculation was too short (100 days)
or that the equipartition time is too long. Many would argue
reasonably that the Coulomb equipartition time is too long
for S II ion in particular. This would reduce the equipartition
time for S II from 50 days to 6 days. The relaxation time on
this basis is still far too long for the required =2-hour
response time. If the transfer rate were in fact this short (=6
days), then most of the ion energy would be delivered by the
singly ionized species. We note that Brown [1981b] reports a
much higher temperature for the S III line at 6312 A (=10¢
K). We assume that this value is not typical of average
conditions since, if it is, we have a serious problem of
interpretation.

A further argument against the ion-electron transfer pro-
cess involves the question of mass loading. If we take the
Brown [1981a] mean S II energy as typical and the remaining
data from Table 1, the pool of energy in the resident ions
available for delivery to the electrons is =15 keV cm ™. This
quantity represents a capacity to sustain the torus at its
normal emission rate for a period of 11 hours. Thus the pool
of energy available to the electrons could sustain the torus
for approximately one rotation period, if it could be deliv-
ered. This rather low capacity has two implications for a
postulated ion-electron energy transfer system for sustaining
the plasma torus. First, the low capacity requires that the
energy be delivered to the ions with a local time periodicity
rather than by some periodic catalysis of the transfer proc-
ess. Second, the required rate of transfer introduces an
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Fig. 4. Calculated total average radiative cooling rate per unit
volume per electron for the torus composition shown in Table 1. The
collision strengths used in the calculation are those given by
Shemansky and Smith [1981].
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unacceptable level of mass transfer to and from the torus. If
the ions are postulated to be the energy transfer medium for
the electrons, the energy for the system must enter through
the creation of new ions. If, as the observations would
dictate, most of the energy in the ions must be transferred
during part of the 10-hour day, we require both a local time
variation in mass loading and an unacceptably high rate.
Several factors lead to this conclusion: (1) The EUV obser-
vations have never shown plasma mass variations, even in
the observed occasions of short-term variability. (2) S III
and S IV cannot be created in the time scale of a few hours,
given our present knowledge of the plasma. The estimated
lifetime of S II against ionization is =6 days (Table 1). (3)
The injection of mass at the rate implied by the transfer
mechanism requires a high influx of neutrals, whereas the
only neutral emission detected in the torus is a weak O I
6300-A line [Brown, 1981b]. The inferred amount of O I is
about 2 orders of magnitude below the quantity required in
this case. We conclude that the 10-hour modulation of torus
emission cannot contain an ion-electron energy transfer
component.

ELECTRON-ELECTRON RELAXATION AND ENERGY
TRANSFER RATES

We have noted above that electron-ion relaxation times
are at least an order of magnitude too long to account for a
10-hour modulation. Electron-electron relaxation on the
other hand has rates which are 4 orders of magnitude faster
than the ion-electron process. The relaxation time for parti-
cles interacting with themselves can be written [Spitzer,
1962]

11.4 A2 732
T TNZ'In A
3

® 9

For electrons with N, = 1850 cm™
T, = 6.2 X 1078 (T)*? (5) ®)

A temperature of 8 X 10* K for the bulk of the electrons
gives

7. = 140 (5)

Thus on the basis of relaxation times above, the observed
modulation must be explained by some process involving
electron-electron heating. We show below that the compo-
nent of the torus energy input that varies with local time
amounts to a substantial fraction of the energy required to
maintain the torus and that, on the other hand, it is unlikely
that any substantial uniform excitation component can be
supplied by the ion-electron relaxation process.

The relaxation processes in the torus are rate limited by
electron collisions, producing radiative loss from the torus.
We are then in a system in which the ions relax toward the
electron temperature, with the electrons acting as an energy
sink. The rate at which energy is lost by radiation in the torus
is estimated to be [see Shemansky, 1980b] 4.8 x 10~ ergs
cm 3 s7! (0.30 eV cm~3 s71). This is a mean rate over the 1
R; half-width of the torus, calculated by using the ion
partitioning given by Shemansky and Smith [1981]. Figure 4
shows the radiative cooling efficiency as a function of
electron temperature. This curve is specialized and must be
used with caution because its derivation is based on a fixed
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Fig. 5. Response of a given volume of the plasma torus to a sine wave electron energy source peaking at 13:30 LT.
The electron energy loss function (Figure 4) has a characteristic time long compared to the 10-hour rotation rate. As a
result, electron energy is pooled, and the energy density varies only 18%, as shown in the figure. The predicted S IIi

685-A

partitioning of ion species. The curve is therefore appropri-
ate to short-term electron temperature variations, centered
on 7, = 8 X 10* K, relative to the ionization equilibration
times, which range between several days and several months
for the major torus ions. We note, however, that a curve
based on equilibrated ion distributions would not be substan-
tially different from Figure 4. The radiative-cooling curve
depends on the assumption that the electron energy distribu-
tion in the central dense region of the torus is dominated by a
single-temperature Maxwellian. As noted above, the Scud-
der et al. [1981] in situ measurements indicate that this is the
case; the projected amounts of high temperature electrons
have little effect on the calculated rate [Shemansky and
Smith, 1981]. Deviations of the electron energy distribution
from a Maxwellian caused by the radiative sink are estimat-
ed to be negligible, as indicated below. We thus expect the
curve of Figure 4 to be a reasonably accurate estimate of the
total radiative cooling efficiency.

The response of the torus to a time-varying electron-
electron heating source can be estimated in the following
manner. We make the assumption that longitudinal or radial
diffusion of torus plasma in a 10-hour period is entirely
negligible, so that a given volume of the central hot torus can
be regarded as a closed system. The dependence of the
electron energy density (E.) of a given torus section on a
source function f{z) can be written

dE,

— + L(E) = f(¥) ©)

dt
It is important to note that (9), and the subsequent discus-
sion, applies to the corotating frame of reference in which
time relates to events in a given volume section of torus
plasma. The exact nature of the observed intensity variation
in local time around the torus cannot be determined [Sandel
and Broadfoot, 1981] as a unique function, although the data
do define an effective width for the source, and we simply

emission rate is also shown in the figure, and the electron energy density lags the source by a phase angle of =85°.

assume for the purpose of illustration that f{¢) is a smoothly
varying function of the form

A) = A (sin wr + 1) (10)

where A is an amplitude and w is the natural (2 7v) frequency
corresponding to the 10-hour period of the torus rotation.
The energy loss function L(E,) determined from the curve of
Figure 4 has a complex form that would require numerical
integration of (9). However, the range of variation of E, in
this case is not large, and the loss function can be approxi-
mated by the equation

3

I(E,))=CvE, ergscm3s™! (1)

where Cv = 1.45 x 107° (s)~! is the loss probability
determined at T = 8 E 4 K from the radiative cooling curve.
The energy density as a function of time is then given by

E(f) = (i) Ii(%) (2 sin wt — cos wt) + 1]
Cv Cv + o ®

(12)

for a steady state condition. The characteristic time of the
electron energy density is roughly 20 hours, and (Cv/w) = 8.3
x 1072. For this reason the energy density E.(f) shows a
considerable phase shift in relation to the source function
and a variation of only 18% over one period of rotation. The
corresponding range of electron temperature is 7.3 X 10* K
< Te < 8.7 x 10* K. The corresponding variation in local
volume emission rate of S III (685-A) radiation is 43%,
fractionally smaller than the 55% estimate from observation.
On this basis, the 10-hour variational source could account
for the total radiated energy of the torus. Figure 5 shows a
plot in local time of the assumed source function, the
electron energy density calculated according ta (12), and the
emission rate of the S III (685-A) feature. If this emission
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rate distribution is inserted as a model in the torus, we obtain
the fit to the observations shown in Figure 1. The agreement
is much better than one might otherwise infer from the
difference between the 43% variation of the model and the
55% value given by Sandel and Broadfoot [this issue]
because the intensity distribution they assumed differs from
that calculated here. It would be difficult to improve on the
model fit shown in Figure 1. This does not mean that we
advocate a sine wave source distribution. The data in fact

indicate that at least some parts of the source variation must :

have a somewhat higher slope. The conclusion of impor-
tance here is that the data dictate the half width of the
variational source, whatever the exact nature of the model
variation may be. The half width of the source is the ultimate
determinant of what fraction of the source must be variation-
al in the corotating frame of reference. To this extent our
conclusion does not depend on any particular model. The
point is that model brightness profiles, calculated by using
narrow impulse sources, fit the data very poorly—well
beyond measurement error bars—and satisfactory results
cannot be obtained as a function of viewing angle or within a
given set of system scans as discussed by Sandel and
Broadfoot [this issue]. The brightness profile measured
across the torus is not well matched by such a model for any
choice of the local time of the energy impulse. The dashed
curve in Figure 6 shows a comparison of the best fit that can
be obtained with a narrow impulse in energy with a mea-
sured brightness profile. Another model used by Sandel and

INTENSITY

Sl 685 A RELATIVE

8 0 8
DISTANCE FROM JUPITER (R)

Fig. 6. Comparison of the measured brightness profile with two
models in which azimuthal extent of the local-time energy source is
infinitesimal. The dashed curve shows the brightness profile that
would result if all the energy radiated by the torus were supplied in
an infinitesimal range of local time chosen to yield the best fit of
model and data. The solid curve corresponds to the best fit model of
Sandal and Broadfoot [this issue] that included a step-function
variation in brightness; in this model, half the energy is supplied in
an infinitesimal range of azimuth, and half is distributed uniformly in
azimuth. Both models are markedly inferior to those in which the
local time source is distributed over a wide range of azimuth (Figure

1.
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Broadfoot [this issue] applies a source in which half of the
energy is supplied by an azimuth-independent source, and
the remainder is injected near 1300 local time. The bright-
ness profile produced by this model is shown by the solid
curve in Figure 6. A compromise between matching the east-
west brightness ratio and matching the central profile has
been reached in this curve, yet in neither case is the fit
comparable to that produced by a source having a 4-5 hour
half width in the variational component. The local time
energy source must therefore extend over a range compara-
ble to the source described in (10). It is of interest to note
that the source function in the sine wave source peaks near
noon local time in order to produce a peak emission rate near
19:00 LT, a phase difference of =85°.

An estimate of the ion-electron energy transfer rates in the
hot torus depends to some degree on how the ions are
assumed to enter the torus. However, the rates we estimate
here depend essentially on the observations indicating S III
temperatures in the vicinity of T; = 3 X 10° K. The mean
energy of the ions depends on the time history of the species
in the torus. The production and loss of a species [X;] in a
given radial cross section of the torus can be approximately
described by the equation

d ¥ — [Xil [[N] @X; + D]
-

13)

" where QX; is the ionization rate coefficient, N, is electron

density, D is the diffusive loss probability, and ¥; is the
source function. Recombination is neglected as a source in
this calculation since it is not significant in the hot torus
[Shemansky, 1980a; Strobel and Davis, 1980]. Thus ¥; is
determined by
% = [Xeet] [Ne] QX (14)
the characteristic time of an ion species in the torus is then
determined by a system of coupled equations in the form of
(13). The number density of neutral particles (X;) in a given
volume of the torus most likely has a strong modulation at
13.0 hours, the period of Io’s orbit relative to Ajy. This is
especially true of S I, which has a lifetime of =10 hours
against jonization at T, = 8 X 10* K, and we expect an
asymmetric distribution concentrated around the position of
Io (W. H. Smyth and D. E. Shemansky, unpublished manu-
script, 1981; Smyth [1979]). The production of S II and O II
in the torus volume will then have a 13.0-h modulation (14).
However, the lifetime of S II arid O II against ionization and
diffusive loss is 6 days or longer (Table 1), and we do not
expect to obtain a measureable 13.0-hour variation in source
particles because of the resultant background of resident X,
ions as an average condition of the torus (see Appendix). We
therefore assume that 7y, is constant. The characteristic loss
time (7;) of the X, ions in the torus is then given by
7 = 1/[N.QX; + D] (15)
and 7, may be taken as an estimate of the residence time of
the S II and O II ions in the torus.

The characteristic residence time for the more highly
ionized atoms is, in principal, more complex, since y;, i > 2,
is a time-dependent quantity. However, the values of 7 for
each higher stage of ionization differ by factors large enough
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that the values of =; for i > 2 are also a satisfactory
approximation to residence time (Appendix).

The energy transfer rate per particle can be written
[Spitzer, 1962]

dE;
e (Ee - E,')/Teq

dt 16

where E; is the mean energy per ion, E, is the mean energy
per electron, and 7q is given by (4). The mean ion energy as
a function of time is then given by

E{r) = E, + (E{0) — E.) exp (—t/7eq) 17

An estimate of the mean energy of the ions can then be
obtained by setting t = 7. If we assume the S II and O Il ions
obtain full corotational energy, we require a 100-day diffu-
sive loss time to reduce the temperature of the S III ions to
the observed value of =3 x 10° K. The characteristic times,
ion temperatures, and energy transfer rates for the observed
species calculated on this basis are given in Table 1. The
total electron-ion energy transfer rate is =3 x 107'* ergs
cm 3571 (2 X 1072eV cm™3 s~ ') compared to the 4.4 x 10713
ergs cm™> s7! (0.3 eV cm™? s7!) required to maintain the
radiative system. We note that Brown [1981b], in a similar
calculation, obtains a considerably larger value for the
transfer rate from S IIT ions (=0.09 eV cm~> s~!). The
differences in these estimates are due to a number of factors.
The Brown results were obtained at a later date, with
indications of increased mass. The Brown calculation ap-
plies an S III density 3 times greater than the value used
here, with a commensurate implied increase in electron
number density and total radiated energy. In addition the
Brown work includes a lower electron temperature and the
higher S III ion temperature (10° K) mentioned above. As we
have indicated, we regard the very high S III temperature
obtained by Brown as atypical.

DiscussioN

An attempt to understand the results presented here
inevitably becomes entangled in more than one way with the
mass loading and diffusive loss rates in the hot plasma torus.
The observed 10-hour modulation in EUV emissions, given
the electron energy loss rates applied here, indicates that
effectively all of the radiated power in the torus is supplied
by a periodic energy source. That is, if a constant source
relative to a 10-hour time scale were postulated as being
mixed with the time-varying source, it would be very diffi-
cult to reproduce the observed average magnitude of the
local time asymmetry. If this conclusion holds, we have a
result of high significance since the energy must be trans-
- ferred to the torus plasma by an electron-electron heating
process on the grounds that electron-ion rates cannot relax
in the required time and that the creation of new ions as a
mechanism to supply the energy is basically incompatible
with the observations. The result certainly complicates our
understanding of torus energetics because up to this point we
have almost exclusively discussed processes in terms of
direct energy transport from ions accelerated in the rotating
magnetic field. The ultimate source process now becomes
much more obscure. For this reason it is important that the
quantities entering the analysis be examined in detail to
determine the degree of confidence that can be placed on the

SHEMANSKY AND SANDEL: INJECTION OF ENERGY INTO [0 PLAsSMA Torus

conclusions. The required study goes beyond the scope of
this article, but we propose to discuss the uncertainties in a
general way. The assumption in calculating the electron
energy loss rate was that it was controlled by radiative
excitation of the ambient ions (Figure 4). If our conclusion
about the nature of the energy source were to change
substantially, we would require some conditions not consid-
ered in the present calculation to substantially alter the
energy loss rate of the electrons. An electron energy loss
component that has been ignored in this calculation is the
energy required to ionize the mass injected into the torus. An
estimate of this loss rate depends on a quantity that has not
been established; estimates of mass loading rates by various
methods have ranged through orders of magnitude from
=10% s~ to =10% s~', The favored value in more recent
work [Dessler, 1981; Eviatar and Siscoe, 1980; Hill, 1980]
seems to be in the range of the 3 x 108 s~! rate originally
estimated by Broadfoot et al. [1979]. This loss rate corre-
sponds to a 9-day diffusive loss time [Shemansky, 1980a].
Assuming that equal numbers of oxygen and sulfur ions
enter the torus, and a mean energy loss of 12 eV per ion
produced, the electron energy loss rate through ionization
would be 1.4 x 107 ergs cm™3 s™! (8.7 x 107% eV cm™3
s~ )—negligible compared to the radiative loss rate. Subse-
quent ionization processes are slower (Table 1). The sugges-
tion by Cheng [1980] that there are on the order of 1000 cm ™3
SO, molecules in the torus is completely at variance with
these results. As we have noted above, the pool of energy
resident in the torus ions is low enough that substantial mass
variation in local time would be required to explain the
observations of intensity modulation, whereas we have
concluded the variation is not one of mass. A diffusive loss
time shorter than 9 days, in our judgement, is highly unlike-
ly, based on optical observations and other grounds [Smyth
and Shemansky, 1981; Shemansky, 1980a]. However, it
should be kept in mind that a high diffusive loss rate of =10
s~! would measurably increase the electron energy loss rate.
The energy required for the ionization process at these rates
would exceed the radiative loss. Other electron energy loss
processes not considered here are plasma wave interactions
that give rise to radio emissions. The calculated energy loss
curve of Figure 4 does not have a high sensitivity to
reasonable deviations of the applied partitioning of ion
species. Earlier calculations by Shemansky [1980b], using a
somewhat different partition function, produced very nearly
the same total radiative loss rate used in the present calcula-
tion.

The electron-ion energy transfer rate calculated for the
partitioned species depends on the assumed mode of entry of
the ions into the torus and on an estimate of the diffusive loss
time. The energy transfer rates calculated here depend on
the assumption that the ions acquire the full corotational
energy imparted by the magnetic field. The Spitzer equations
for equipartition time and the observations indicating 7; = 3
x 10° K for S III then fix an estimated diffusive loss time of
=100 days and total energy transfer rate of 3 X 107 '* ergs
cm 357!, as given in Table 1. If we assume a common speed
model [Bagenal and Sullivan, 1981], we obtain approximate-
ly the same rate, although the relative rates of the partitioned
species are quite different in the two cases. It then appears
that ambient ions in the torus can supply only a minor
fraction of the energy required by the torus, whether the
calculation is based on a common speed model or on the
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assumptions applied in the present work. Thus the estimate
for ambient ions shows a certain independence of calculated
ionization and diffusive loss rates and depends essentially on
the observed temperature of the S III ions. The assumption
of a common thermal speed for the ions places a rather
strong constraint on the physical processes in the torus since
it would require that the diffusive loss time be shorter than 6
days to avoid substantial cooling of O III and S IV ions.
Consequently, a hot electron component greater than 5%
[see Scudder et al., 1981; Shemansky, 1980a; Strobel and
Davis, 1980] would be required to generate measurable
numbers of the higher ions in the first place. As we have
noted above, the possibility of either of these conditions is
unlikely. There is a question about the accuracy of applying
the Spitzer equation for equipartion time (7q, (4)), especially
to the cooling of S II and O II because of the anisotropy of
the velocity distribution. However, a shorter equipartition
time for the singly ionized species would have to be accom-
panied by comparably larger ionization rates in order to
significantly increase the rate of energy transfer from the
electron-ion process. The recent observations by Brown
[1981a] suggest that S II relaxation is faster than the coulomb
rate by approximately an order of magnitude, but the in-
ferred interaction rate is still too slow to contribute to the
observed modulation.

If the conclusions drawn here are correct, the nature of the
energy source becomes more difficult to understand since we
must discount the direct process of electron-ion energy
transfer. The fact that the observed asymmetry is a local
time effect and that the peak in the source function occurs
near Jupiter’s noon meridian certainly suggests that solar
input is a controlling factor. The presence of a measurable
hot electron component in the torus, and in the magneto-
sphere outside the torus [Scudder et al., 1981], may be an
indicator of a magnetospheric source of energetic electrons
capable of transferring energy to the plasma. Electrons and
protons backscattered from the aurora on Jupiter [Thorne,
1981] may make some contribution, but it is not clear why a
local time effect should appear. Photoelectrons are produced
near the exobase in the higher latitudes of Jupiter and would
tend to generate an asymmetry, but we require a detailed
examination of the feasibility of providing energy from
photoelectrons and protons accelerated up the field lines
through the torus.

The radial distribution of temperature at the eastern and
western elongations (Figure 2) indicates that the energy
input to the electrons is distributed over the width of the
torus. In fact the ratio of dusk to dawn temperatures
increases with increasing radial distance to at least 7.5 R;. It
is of interest to note that the relative numbers of hot
electrons observed by Scudder et al. [1981] in the torus show
the same trend. In view of the very short relaxation times for
electrons it is very likely that the hot electron component has
a magnetospheric source and is not confined to the torus
volume. The energy density of hot electrons at 8.9 R; is 5.6
KeV cm™3, using the Scudder et al. [1981] data, compared to
20 keV cm3 for the electrons in the central hot torus. It is
conceivable that the much lower densities of hot electrons in
the central torus relative to those at 8.9 R; may be caused by
a transfer of energy by a magnetospheric electron flux
accompanied by protons to the denser ambient electron
field.

The results we obtain here do not necessarily make a
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statement limiting the energy delivered to the magnetospher-
ic system by mass loading from lo. In fact, differences
between the ground-based and EUV morphology may be
best explained by a mass loading process that on occasions
delivers large amounts of mass to the magnetosphere, but
only very inefficiently to the hot plasma torus [Brown et al.,
1981]. However, the analysis does indicate that, on the
average, processes such as electron-ion collisions that have
relaxation times longer than 5 hours do not contribute more
than ~10% of the energy required to maintain the plasma
emission. This clearly places some ill-defined limit on mass
loading of the hot torus in particular since increased mass
loading and ion production rates increase the electron-ion
energy transfer rate. The mass loading limit for the hot torus
cannot be defined on this basis until better estimates of
relaxation times can be obtained and until we obtain an
understanding in greater detail of how particles from Io are
converted to torus ions. If we make the assumption that the
ions are produced with full corotational energy, the diffusive
loss time will be at least 50 days, based on an upper limit of
20% for a constant source over the torus rotational period
and assuming that all of the ion energy is supplied to the
torus plasma.

CONCLUSIONS

The asymmetric distribution observed in the hot plasma
torus emission in the EUV [Sandel and Broadfoot, this
issue] is interpreted as a 10-hour local time modulation in
electron temperature in the corotating reference frame. The
magnitudes of the modulation and the estimated electron
energy loss rate per electron are such that essentially all of
the power requirement for the maintenance of the torus must
be supplied by a 10-hour variational source. If this source is
assumed to be a smooth function varying between some
maximum value and zero, the peak of the energy input must
occur near noon local time in order to produce the observed
intensity maximum at 19:00 LT. The energy supply for the
torus has been discussed in the literature in terms of direct
ion-electron energy transfer from ions accelerated by the
rotating magnetic field. We conclude that the time constants
for such a process are too slow to account for the present
source requirements, and most of the energy must be
supplied by some source producing electron-electron heating
in the torus. Although these results tend to disconnect the
mass loading rate of the hot torus as a direct source of
energy, an ill-defined limit on the loading rate is fixed by the
fraction of the energy source that can be tolerated as an
approximately constant function over a 10-hour period. We
place a generous upper limit of 20% on such a source. If the
ions injected into the torus acquire full corotational energy,
this limits the diffusive loss time to at least 50 days.

We recommend that the conclusions drawn here be inves-
tigated in further detail since they represent an important
statement on how energy enters the plasma torus. There are
distinct morphological differences between the ground-based
observations of S II and the EUV measurements of the torus
that are difficult to understand. It is essential to do further
observational work with careful differentiation in radial
location in order to relate the S II emissions to the more
highly ionized species so that source processes can be more
easily understood. Ion temperature measurements of the
various stages of S and O ionization are also essential for the
determination of source and relaxation processes. It is
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remarkable that the Voyager EUV observations of variabili-
ty have revealed no effects that can be attributed to mass
loading variations, whereas the ground-based observations
of S II show strong effects, apparently indicating ion density
asymmetries in magnetic longitude. Unfortunately, local
time effects in electron temperature probably cannot be
investigated satisfactorily from the ground. Possible source
processes driving the local time electron-electron heating of
the torus must be investigated.

APPENDIX
Production of Ions

Limits to the variability in plasma ion mass of a given
torus volume can be estimated by assuming a step function
distribution of neutrals in the orbit of Io. Thus

Xi()=A4 [2 (u(t — ng) — ult — ngp — 7))] (A1)

n=0
n=0,1,...

describes the time variability of the neutral population of the
torus volume, where A is an amplitude, u(¢) is the unit step
function, ¢ is the period (13.0 hours), and 7 is the time width
of the neutral atoms. Insertion of (A1) in (13) and (14), then,
gives the variability of the singly ionized species

Al 217 _ 1
X3 (ng + 9) = Al |:((:[21¢ — 1))

o WRCLES| —e-mﬁ] (A2)

d=r
Al [ -1
Xo(np+8+ D =ﬁ[(eﬂ”’_—l)'e 21(r+ 8
+ e 91 - e‘m’)] 8=<(6-1 (A3)

for n — =, where [1] = [N,.] OX, and [2] = [N.] OX; + D.
Substitution of the appropriate ionization rates (Table 1),
and setting 7 = (0.1)¢, produces a variability of singly
ionized species of =4%. If the diffusive loss time is reduced
to 10 days, we obtain a variation of 14%. It is doubtful that a
14% variation would be detectable in ground-based observa-
tions. In fact, no Io-associated effects have been observed. It
appears that only strong transient events or direct injection
of ions from Io would be observable. However, such events
would appear as magnetic longitude effects with apparent 10-
hour periodicity for observations at elongation.

The time-dependent production of the higher ions can then
be calculated, assuming a constant source term for the singly
ionized species. The population of doubly ionized species
can then be written

X310 = exp (- [3]t))

(31
(1 Ty exp (— [2, 3]:))]

nNQX, [ (121
[2103] 2. 3]
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where [2, 3] = [2] — [3], and » = [X|][N.]JQX;, with X;
assumed to be constant in time. If [2] > [3] the characteris-
tic time tends to be controlled by the loss probability [3]. A
similar argument applies to X, ions.
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