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Equatorial electron beams and auroral structuring at Jupiter
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[1] It has been reported that low-altitude regions of downward electric current on auroral
magnetic field lines are sites of dramatic upward magnetic field-aligned electron
acceleration that generates intense magnetic field-aligned electron beams within Earth’s
equatorial middle magnetosphere. Field-aligned equatorial electron beams also are
observed within Jupiter’s middle magnetosphere. The mystery about these Jovian beams is
that they are observed in a region thought to map to Jupiter’s brightest aurora and on
field lines that generally carry electric current away from Jupiter’s atmosphere rather
than toward the atmosphere as anticipated at Earth. Here we develop procedures for
quantifying the character of the Jupiter electron beams (for example, how confined they
are with respect to the magnetic field-aligned directions). We apply the procedures to
the highest time resolution electron data available from the Galileo Energetic Particle
Detector (EPD). We find that the Jupiter equatorial electron beams are spatially and/or
temporally structured (down to <20 km at auroral altitudes, or less than several minutes),
with regions of intense beams intermixed with regions absent of such beams.

We suggest that, as with the situation at Earth, Jupiter’s circuit of electric currents that
supports its brightest aurora is structured, with regions of upward current intermixed with

regions of downward current.
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1. Introduction

[2] The mapping of Earth’s intense and dramatic auroral
lights along magnetic fields into the distant magnetosphere
has long been a highly contentious issue [e.g., Meng et al.,
1991]. Much effort has been expended, for example, in
searching for unique signatures of auroral acceleration
within the near-equatorial magnetosphere. The most suc-
cessful of these efforts was achieved by Klumpar et al.
[1988] as reinterpreted by Carlson et al. [1998]. Klumpar et
al. [1988] discovered the occurrence of intense, bidirection-
al, magnetic field-aligned electron beams within the Earth’s
nightside, near-equatorial magnetosphere at radial distances
of ~9—11 Earth radii (Figure 1, left). The authors hypoth-
esized that these beams represent electrons that at one time,
were accelerated toward the Earth at low altitudes in
association with the generation of discrete aurora but later
were released into the magnetosphere after the acceleration
region shut down.

[3] Carlson et al. [1998] reinterpreted the Klumpar et al.
[1988] observations on the basis of low-altitude observa-
tions close to the auroral acceleration region (Figure 2, from
Marklund et al. [2001]). They observed electron beams
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similar to those observed by Klumpar et al. [1988] but in
association with the regions of downward electric current
that do not support intense discrete aurora. A defining
signature of these beams, distinct from the downward
accelerated electron beams associated with discrete aurora,
is the character of the spectra of phase space density (PSD)
plotted versus energy. The upward accelerated beams show
broad spectra that vary monotonically with energy, having
high-energy portions that extend in energy at least an order
of magnitude higher than the energy that would be obtained
by passing through the observed, roughly static downward
electric field associated with the downward current regions
[Ergun et al., 1998]. Stochastic acceleration processes
apparently play a major role in the generation of these
beams in addition to the coherent acceleration arising from
the static fields. In contrast, the PSD spectra of downward
accelerated beams tend to retain the signatures of the
coherent acceleration associated with static electric fields
aligned with the magnetic field lines [Carlson et al., 1998;
Ergun et al., 1998]. The equatorial electron beams appar-
ently are a direct equatorial signature of low-altitude auroral
acceleration processes. While they appear to represent
regions of downward rather than upward current, experience
at Earth suggests that downward auroral currents typically
are closely adjacent to the regions of upward auroral
currents associated with intense discrete aurora (Figure 2).

[4] A complicating factor is that more than one type of
electron beam is observed within the Earth’s equatorial
magnetosphere. Mcllwain [1975] discovered intense mag-
netic field-aligned electron beams in close association with
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Figure 1. (left) Bidirectional electron beams observed near ~9 Rg, near the magnetic equator, and near

midnight by the AMPTE CCE spacecraft as reported by Klumpar et al. [1988]. The pitch angle is the
angle that the velocity vector of the sampled particles makes with respect to the local magnetic field
vector. Angles shown as >180 degrees represent different portions of the sampling cycle and are to be
interpreted with the values 360—180 degrees. (right) Similar beams observed in the plasma wake of
Jupiter’s moon Io near Jupiter’s magnetic equator as discovered by Williams et al. [1996] and replotted by

Mauk et al. [2001].

dynamic particle injections that occur concurrently with so-
called magnetospheric substorms [see also Mauk and Meng,
1991]. These beams are transient rather than steady (several
minutes), are observed closer to Earth (~6—7 Earth radii)
than are the Klumpar et al. [1988] beams, show signatures
of coherent acceleration with local maxima in the PSD
spectra, and are associated with transient east-west magnetic
field perturbations indicative of the occurrence of transient
magnetic field-aligned currents (Figure 3, after Mauk and
Meng [1991]). After the injection, these beams do evolve to
broader distributions and without the peaked PSD versus
energy feature. These beams may be associated with tran-
sient auroral emissions typically occurring equatorward of
the main region of intense discrete aurora. Given multiple
types of equatorial electron beams within the Earth’s mag-
netosphere, care must be exercised in interpreting such
beams observed at such extraterrestrial space environments
as those of Jupiter and Saturn.

[5] Equatorial electron beams of varying intensities, in
some cases better characterized as electron distributions
with bidirectional enhancements in the magnetic field-
aligned direction, have been reported within the broad
magnetospheric environments of both Jupiter and Saturn.
Lanzerotti et al. [1993] interpreted bidirectional electron
beams observed at high latitudes with the Ulysses spacecraft
in the context of auroral processes. Frank and Paterson
[2000] reported the occurrence of such distributions within
Jupiter’s inner magnetosphere (» < 10 R;) and associated
them with the radial interchange of small-scale magnetic
flux tubes of hot and cold plasmas, respectively, as buoy-
ancy forces drive the dense plasmas of Io’s plasma torus
outward. Such beams perhaps arise because of the coupling
of Jupiter’s ionosphere to its partially corotating magneto-
sphere. With this coupling are associated field-aligned
electric currents that require electron acceleration in regions
with sufficiently sparse charge-carrier density. Such distri-
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Figure 2. Schematic from Marklund et al. [2001], based on discoveries reported by Carlson et al
[1998], of the upward and downward field-aligned current regions of the aurora and their relationships to
aurora emissions and upward-accelerated electron beams. Wave turbulence, over and above steady
electrostatic forces, likely contributes at least to the upward electron accelerations [Ergun et al., 1998].

Copyright by the Nature Publishing Group.

butions also are observed in Jupiter’s middle magnetosphere
(from 15 to >30 R)) [Bhattacharya et al., 2001; Frank and
Paterson, 2002, 2004; Tomas et al., 2004a, 2004b] over a
broad radial range that includes the region that maps
magnetically to Jupiter’s most intense aurora.

[6] Similar electron beams also are observed in the
vicinity of Jupiter’s moon lo. Williams et al. [1996] discov-
ered such beams in the plasma wake of lIo with peak-to-
valley ratios quite comparable to those observed at Earth
(Figure 1, right). They later were observed over the poles of
lo [Williams et al., 1999] and at much lower energies [Frank
and Paterson, 1999]. By combining both low- and high-
energy components to reveal a broad, power-law shape to
the intensity versus energy spectrum from <0.2 to ~200 keV,
Mauk et al. [2001] hypothesized that these beams can be
interpreted in the context of the Carlson et al. [1998] picture
(Figure 2), with the observed near-lo beams associated with
the downward (with respect to Jupiter) electric current

regions. With this interpretation, the auroral emissions at
Io’s magnetic footprint are generated by downward accel-
erated, low-altitude electron beams that are not observed
near lo.

[7] Finally, the occurrences of such beams at Saturn
recently were reported [Saur et al., 2006] and were attrib-
uted to auroral processes. Because of the ubiquitous nature
of equatorial electron beams at Earth, Jupiter, and Saturn,
these authors argue that the upward acceleration of electrons
is a universal aspect of discrete auroral processes that
otherwise requires only downward acceleration to explain
the auroral emissions. Downward acceleration of electrons
arises naturally from the magnetic field-aligned electric
fields that regulate the flow of magnetic field-aligned
currents in an environment that has insufficient charge
carriers. The upward electron acceleration is far less under-
stood and studied [Temerin and Carlson, 1998; Anderson et
al., 2002]. The acceleration of particles often is related
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Figure 3. Equatorial magnetic field-aligned electron
beams discovered by Mcllwain [1975] within the Earth’s
geosynchronous magnetosphere (~6.7 Rz) near midnight.
Such beams with phase-space-density distributions (direc-
tional f[v] plotted versus speed |v| or energy E) with
positive slopes are observed in close association with so-
called substorm injections and magnetic signatures of
magnetic field-aligned electric currents (see inserted
magnetic field signature). This figure represents a replotting
of the Mcllwain [1975] data as presented by Fritz et al.
[1977] and Mauk and Meng [1991]. The parameter PA is the
pitch angle, which represents the angle between the velocity
vector of the particles and the local magnetic field direction.
Figure publicly released by Fritz et al. [1977].

either to electrostatic potential structures or to regions of
strong Alfvén wave activity [e.g., Su et al., 2003].

[8] The mystery that we explore in this paper arises from
the work of Tomds et al. [2004a, 2004b]. These authors
found that not only do the bidirectional magnetic field-
aligned electron enhancements occur within the middle
Jovian magnetosphere but they also are continually present
over a broad region that extends from an inner boundary
somewhere between 10 and 17 R; and an outer boundary
that can extend beyond 30 R; (Figure 4). Yet the outer
portions of this radial range include the region that is
thought to be dominated by upward field-aligned currents
that, in turn, drive Jupiter’s bright ring of discrete auroral
emissions (Figure 5, after Hill [1979, 2001], Vasyliunas
[1983], Cowley and Bunce [2001]). On the basis of our
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concepts derived from Earth observations, the equatorial
electron beams should be associated with downward field-
aligned currents, not upward field-aligned currents. How-
ever, these are steady-state approaches, and they divide
Jupiter’s magnetosphere into an inner/middle magnetosphere
in which the electric current is going upward only and an
outer part in which the current is in the reverse direction.
Other approaches to an acceleration mechanism for the
Jupiter’s main auroral oval assume a more dynamic Jovian
magnetosphere. For example, Saur et al. [2006] argue that
turbulent Alfvén waves with associated field-aligned elec-
tric currents are dissipated near the high latitudes to turn the
wave energy into particle acceleration and heating.

[9] A possible resolution of the mystery of the location of
the Tomas et al. [2004a, 2004b] electron beams with respect
to Jupiter’s aurora might be that the beams are caused by
processes other than those anticipated by Earth’s auroral
processes. In addition to very general suggestions involving
wave acceleration that might occur preferentially in the
field-aligned direction, both Bhattacharya et al. [2001]
and Tomads et al. [2004a, 2004b] suggest that the process
discussed by Nishida [1976] might play a role. A crucial
aspect of this model is the assumption that electrons may be
transported across magnetic field lines very close to the
planet at high latitudes more easily than they can be trans-
ported near the equator. However, no convincing mecha-
nism has ever been proposed to explain why the transport
would be faster where the magnetic field strength is high
than it is where the magnetic field strength is weak. Note in
particular that for a dipolar configuration, the distance
between two radially displaced field lines, when measured
in units of the charged particle gyroradius of a given species
and energy, in fact is substantially larger at low altitudes
than it is at high altitudes (by roughly a factor of the
magnetospheric distance parameter L). Frank and Paterson
[2002, 2004] suggest that the observed equatorial electron
beams are generated within the auroral emission region and
are a direct signature of the processes that generate the
auroral emissions. This proposal has the Occam’s Razor
advantage of unifying disparate observations with a single
(but not developed or characterized) mechanism, but it has
the disadvantage of being distinct from the auroral processes
observed to be occurring at Earth. One can envision a heating
mechanism that sends energized electrons simultaneously
upward and downward from the acceleration site. However,
before forcing an explanation that is contrary to Earth-
derived expectations, we examine more carefully those
expectations.

[10] It is our hypothesis that electrons beams are gener-
ated in Jupiter’s broad middle magnetosphere in regions of
downward field-aligned currents just like they are at Earth.
We propose that the reason the beams are observed in the
broad regions of upward currents is because the current
system is highly structured with regions of downward
current closely adjacent to regions of upward current. In
testing this hypothesis, there are several aspects of the
beams that we consider. First, we look at the electron
angular distributions with higher time and angular resolu-
tion than were used by Tomdas et al. [2004a, 2004b] in
establishing the more global characteristics of these distri-
butions. This requirement is a challenge because, as we
discuss, high-resolution data from the ailing Galileo space-
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Figure 4. Relative intensity versus pitch angle versus time and position for 15- to 29-keV electron data
as generated and reported by Tomas et al. [2004a, 2004b] using data from the Galileo EPD instrument at
Jupiter. The pitch angle is the angle that the particle velocity vectors make with the local magnetic field
direction. To obtain greater contrast in the display, the pitch-angle distributions for each record (vertical
lines) are renormalized to a maximum of 1 and a minimum of 0 on a record-by-record basis. The colors
represent relative normalized intensities in the following descending order: off-white, orange, red, light
green, dark green, light blue, and dark blue, with off-white representing values near 1 and dark blue

representing values near 0.

craft is only sparsely available. Second, we must establish
some criterion for deciding what is a beam and what is not a
beam. A major accomplishment of the present work, we
believe, is the establishment of a technique for quantitatively
evaluating the beam-like characteristics of the electron dis-
tributions. Finally, we must address the relationship between
the beams and possible signatures of magnetic field-aligned
currents.

[11] We begin in the sections to follow by first document-
ing the available Galileo Energetic Particle Detector (EPD)
high-resolution data. We describe the technique for quanti-
tatively evaluating the character of the electron beams. We
then use the technique on the high time-resolution data that
are available within our region of interest. We finally
examine magnetic field short-scale structures, transients,
and turbulent fluctuations within the regions that show the
electron beaming. We close with a discussion of the
implications of our findings on the processes of aurora at
Jupiter and how they compare to the processes found at
Earth.

2. Galileo Electron Data

[12] The Galileo EPD instrument, described by Williams
et al. [1992], obtained the data analyzed here. The low-
energy electron channels from the Low-Energy Magneto-
spheric Measurements System (LEMMS) are used, covering
the energies from 15 to 884 keV in eight channels (EO—E3,
FO—F3). Because they deliver the most-refined angular
resolution (64 sectors per spacecraft spin compared to 32
for the other channels), the two lowest-energy channels EO
(15-29 keV) and E1 (29-42 keV) are the key channels
used here. LEMMS uses a stepping motor to position the
~15-degree full-width view cone of the electron sensor into
one of eight spacecraft elevation angles (elevation angles 0,
30, 60, 90, 120, 150, and 180 degrees with respect to the

spacecraft spin axis plus one position viewing a 2-mm
aluminum background shield). In each of these stepping
positions, spacecraft rotation allows sampling of up to 64
different azimuth angles, yielding roughly 47 steradian
angular coverage. The sensor is aligned roughly with one
or the other end of the magnetic field vector during one or
two of the motor stepping periods, which yields one or two
pitch-angle distributions (with sample times of 20 s)
obtained every 160 s. One bidirectional distribution (parallel
and antiparallel to the magnetic field) is obtained every 160 s
when the magnetic field is normal to the spin axis, and two
monodirectional distributions are obtained every 160 s

Spin axis

Equatorial _
plane

Region of parallel
electron distributions

Figure 5. Schematic of the relationship between observed
equatorial electron field-aligned enhancements reported by
Tomas et al. [2004a, 2004b] and the circuit of electric
currents that connects Jupiter’s middle magnetosphere to the
auroral ionosphere. The auroral circuit figure is based on
concepts of Hill [1979] and Vasyliunas [1983] as replotted
by Mauk et al. [2002]. It is understood that the shape of the
field lines in the actual Jovian system are substantially
stretched away from the dipolar configuration.
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Figure 6. Twenty-four-hour context plots of electron
relative intensities for each of the five high-resolution
sampling periods analyzed in this report. The violet bars
show the periods of high-resolution sampling. The plots are
vertically displaced with arbitrary multipliers to separate the
plots. Each plot is annotated with the two-digit year and
three-digit day-of-year (e.g., 97—126 for day 126, 1997),
and the approximate radial distance to the center of Jupiter
at the position of the high-resolution sampling.

when the magnetic field has as substantial component along
the spin axis.

[13] Because the high-gain antenna on the Galileo space-
craft failed to deploy, the EPD data rate typically was 5 bits
per second (and sometimes twice that value) during the so-
called ‘‘real-time” periods when the data were beamed
directly to Earth while the data were being taken. During
these periods, covering most of the >30 orbits that cut
radially through Jupiter’s space environment, the EPD data
were averaged extensively to record just four spin sectors
(down from 32-64) together with the seven step positions.
Also, typically a total of 11 minutes was required to obtain
one complete distribution. Sophisticated data analysis tech-
niques were used by Tomads et al. [2004a, 2004b] on these
data to discover the persistence of the bidirectional, field-
aligned enhancements in the electron distributions in
Jupiter’s middle magnetosphere (Figure 4).

[14] Very occasionally, the Galileo spacecraft utilized a
so-called “record mode,” which allowed full-resolution
data to be obtained from the instruments. For the region
of interest here, the radial range of 15—35 R/, there are five
record mode periods available with the information that we
need for our analyses. In Figure 6, these periods of time are
shown as violet bars placed in the context of 24-hour plots
of the real-time data. Some of these context plots reveal the
roughly 5-hour periodicity associated with Jupiter’s rotation
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combined with the 10-degree magnetic axis tilt, which
causes the spacecraft to dip into and out of the plasma
sheet particles that populate the Jupiter magnetodisc. The
context plots also show other intervals in which the mag-
netospheric conditions were too highly disturbed to cleanly
reveal the spin modulation (day 176, 1997) or the spacecraft
was relatively close to Jupiter where the thickness of the
plasma sheet is too large to reveal a strong spin modulation
(day 141, 2000). A complicating issue is the fact that the
record mode periods often were used to capture high-
resolution data during encounters with Jovian satellites.
Thus care must be exercised to make sure that the effects
of the near-satellite environments are separated from the
environmental effects of Jupiter’s middle magnetosphere.

3. What Constitutes a Beam?

[15] There is no uniform terminology for electron distri-
butions that show magnetic field-aligned bidirectional
enhancements. They have been called “beams,” “scattered
beams,” “bidirectional enhancements,” ‘“‘cigar distribu-
tions,” and ““butterfly distributions”; the latter terminology
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Figure 7. (top) Plot of the pitch-angle distribution-fitting
function showing that the parameter m controls how closely
aligned the distribution is to the magnetic field direction.
(middle) Example of electron beam distributions fit with our
fitting function. (bottom) Example of a pitch-angle
distribution with a local maximum at 90-degree pitch angle.

For such cases the fitting function is modified by replacing
the parameter B with a two-parameter parabolic function.
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Figure 8. (top) Comparison of an initial ideal pitch-angle

distribution (black) with the result of convoluting that
distribution with the ~15-degree full-width view cone of
the Galileo EPD instrument (blue, the ‘“measured”
distribution) and finally with the “deconvolution” (red) of
the measured distribution with the view cone by utilizing
our simplified deconvolution procedure. Our procedure
consists of fitting that portion of the measured distribution
that resides at angles >15/2 degrees. (bottom) Test of the
success of our deconvolution procedure in retrieving the
true parameters of ideal test distributions for a broad range
of the parameter m.

applies when the distribution, as a function of angle away
from the direction normal to the field, shows a decrease
after increasing as the sensor approaches the field-aligned
direction. Frank and Paterson [2002] make a qualitative
distinction between what they call field-aligned beams and
scattered beams. Here we develop a quantitative tool for
assessing what constitutes a beam and what constitutes a
bidirectional enhancement, cigar distributions, or a scattered
beam. The tool involves fitting the distributions with a
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parametric functional form in which a single parameter
quantifies the ““beam-ness” of the distribution.

[16] Our functional form uses the hyperbolic cosine with
the form:

Cosh[m - (page — 90) - 7/180] — 1

Rate =B+ A4 -
ate + Coshlm - /2] — 1 '

where page, is the pitch angle, which is the angle that the
velocity vector of the particles makes with the local
magnetic field vector, and 4, B, and m are our free-fitting
parameters. This function is plotted in Figure 7a, which
clearly shows that the parameter m characterizes how
closely the electron beam resides to the magnetic field
direction. Note that as m — 0, equation (1) reduces to a
perfect parabola. The parameter m can be characterized in
terms of the one-half width of the pitch-angle distribution
away from pa = 0 at the half maximum value (HWHM,
evaluated at the rate value of B + 4/2). The following list of
pairs, showing [m, PAywnwm in degrees], provides examples
of that relationship: [~0, 26.3], [1, 23.4], [3, 12.9], [4, 9.9],
[5, 7.9], [10, 4.0], [15, 2.6], [20, 2.0], and [25, 1.6]. When
the observed distribution has the general form of
equation (1), a simple least-squares minimization that
optimizes the three parameters 4, B, and m is used to fit
the distributions. Figure 7b shows a sample fit.

[17] There are times when the distribution shows a local
maximum at a 90-degree pitch angle, revealing a traditional
trapping distribution. In such cases we replace B in
equation (1) with a parabolic form: B — C(pdiagian —
7r/2)2, where our fitting parameters now are 4, B, C, and
m. A parabolic form is chosen because it has no
singularities near the directions aligned with the magnetic
field that would disrupt the characterization of the beams
(contrary to the often-utilized sin"(pa) distribution) and
because it forms a nearly linear extrapolation into the
small pitch-angle regions, forming a stable baseline
against which to characterize the nearly aligned beams.
Because of coupling between parameters in the minimi-
zation process (potentially yielding nonunique solutions),
we first fit the near 90-degree regions with the parabolic
form (finding the parameters B and C) and then fit the
entire distribution by optimizing the parameters 4 and m.
This procedure is chosen, rather than inventing another
parametric form for these situations, to preserve the
uniqueness of the parameter m as a measure of the
beam-ness of the field-aligned distributions. The proce-
dure is found to be robust to variations in the range of
pitch angles chosen around the 90-degree position for the
initial fit and also robust to other kinds of perturbations
to the initial conditions. Figure 7c show a sample of this
kind of fit.

[18] A complication is the finite size, 15 degrees full-
width, of the electron detector view cone. Figure 8 upper
shows the consequences (blue line) of the convolution of
the view cone with the ‘““true” pitch-angle distribution
(black line). The intensities closest to the direction of the
magnetic field are substantially degraded from the true
intensities. We have found that rather than performing a
comprehensive and complicated deconvolution, we can
retrieve nearly the original distribution simply by fitting
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Figure 9a. Results of fitting the pitch-angle distributions

for a high-resolution sample period designated as the G8
Plasma Sheet period. (top) Time profile of the m parameter
of our fits for the two lowest-energy electron channels
sampled by Galileo EPD. Isotropic distributions (see text for
definition) are assign the parameter m = —2. Distributions
with m > 4 are designated beams, and those with4 <m <0
are designated as cigar distributions. (middle) Counting
rates for 29- to 42-keV electrons. The different colors
represent angle-averaged rates for every instrument stepping
cycle (blue; every 20 s), rates actually measured at the
minimum pitch angle sampled (solid red diamonds), rates
obtained by extrapolating the fit functions to 0-degree pitch
angle (open red diamonds), and the minimum rate measured
at any pitch angle (open red triangle). (bottom) Plot of the
minimum pitch angle sampled by Galileo EPD for those
distributions that are fitted.

only that portion of the pitch-angle distribution that resides
at center angles greater than 15/2 degrees away for the
aligned directions (Figure 8 upper, dashed red line). Figure 8
lower tests the retrieval of the values of 4 and m, plotted as
a function of m. The signal is lost for large values of m by
using this procedure, with the consequence being that our
statistical test (described in the next paragraph) is more
difficult to pass. On the other hand, the <7.5-degree portion
of the signal is not useful for constraining the value of m
when m is very large. Other procedures might retain more
solutions but with the consequence of very uncertain
answers for those saved solutions.

[19] A final critical element to our analysis is the error
analysis that must be used to determine whether the beam is
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statistically significant. In our analysis, a beam is considered
real if those data points that are higher than the distribution
minimum plus 90% of the difference between the minimum
and the maximum are at least three standard deviations
above the minimum value. The standard deviation is
derived in the usual way, based on the differences between
the functional fit and the 64 data points that comprise the
measured angular distributions. This procedure has the
quality of being generally consistent with the authors’
subjective judgments of which beams seem to be real
and which beams are suspicious and possibly the result of
fluctuations. When a distribution failed the statistical test, it
was assigned the status of “other,” which generally means
either isotropic or trapped (peaking only near 90 degrees)
distributions. In some instances, in the plots presented in the
next section, an “N”* (for noisy) is positioned close to some
data points that failed our statistical test but where beam-like
structures subjectively were sensed by the authors. It should
be noted that a feature that fails a statistical test when sampled
over 20 s (our sample period) may represent a relatively
robust feature when sampled over 11 min (the sample period
used by Tomdas et al. [2004a, 2004b]). Therefore some
regions in the present analysis that are labeled isotropic
may represent cigar-like distributions in the analysis of these
latter authors.

4. Analysis of Record Mode Data

4.1. Orbit G8 Plasma Sheet Encounter,
Day 126, 1997 (25.4 R))

[20] A sample of our standard result plots is shown in
Figure 9a for the day 126, 1997, record mode period labeled
the “G8 Plasma Sheet Encounter,” where the 8 represents
the Galileo orbit number and the G represents the icy moon
(Ganymede) that was targeted during this orbit. The data
shown in Figure 9a were taken far away from Ganymede.
This record mode period was planned by the Galileo Project
for the purposes of characterizing Jupiter’s plasma sheet
populations. There are no icy moon encounters during the
displayed period of time. Figure 9a (top) shows the m
values, derived from our fits, for the two low-energy
electron channels: 15-29 keV and 29-42 keV. On this
display and others, we have made the arbitrary and subjec-
tive decision that beams are defined as having m > 4 based
on the impression that, with m > 4, there is a clean
separation between the field-aligned enhancement feature
and the character of the distributions near the 90-degree
pitch angle. Cigar distributions (read also scattered beams)
have 0 < m < 4. This region in Figure 9a (top) is highlighted
with blue shading. Isotropic distributions are assigned the
value m = —2 for clarity on the plot. Note that this
assignment is an arbitrary convention because all valid
solutions have m > 0.

[21] Figure 9a (middle) shows channel counting rates for
the 29-42 keV channel. Blue connected crosses represent
spin-averaged rates for all stepping sectors. Solid red
diamonds are the rates at the minimum pitch angle viewed
by the sensor only for those stepping sectors that yield
relatively aligned pitch-angle sampling. Open red diamonds
are the rates for 0-degree pitch angle obtained by extrapo-
lating with the fitted function (representing, for example, the
number 4 + B for the equation (1) function form). This
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Figure 9b. Sample electron pitch-angle distributions and
fits selected from the time period represented in Figure 9a.

value is what an ideal detector, with delta-function angular
response, would see if it looked exactly along the magnetic
field line. The open red triangle represents the minimum
rate observed and is included for those situations where
there is a local maximum at 90 degrees.

[22] Figure 9a (bottom) shows the minimum pitch angle
viewed by the center of the detector view cone. A horizontal
line is placed at ~15/2 degrees as a demarcation between
the situation when the magnetic field line resides within the
view cone at the time of the minimum pitch-angle sample
and when the magnetic field stays outside of the view cone.
When the magnetic field stays outside of the view cone,
beams with very high m values may not be visible.

[23] We preliminarily conclude from Figure 9a that there
is a high degree of structuring in the beaming characteristic
of the electron distributions. Two brief periods of robust
beaming are observed at the very beginning of the period of
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Figure 9c. A time series of electron pitch-angle distribu-

tions sampled at the very beginning of the time period
shown in Figure 9a. The fractional hour of the day for each
panel is given at the bottom of the plot (e.g., 13.1544 for the
first panel). The number of minutes into the hour (hour 13)
is shown in the lower right-hand corner of each plot (e.g.,
9.3 min for the first panel).
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Results of fitting the pitch-angle distributions for a high-resolution sample period

designated as the C9 Aurora period. The description is the same as in the Figure 9a legend.

interest (where the average electron intensities are low).
Assuming that these features are spatial in character, the
spatial scale of these beaming periods at auroral altitudes
may be estimated by using the constancy of magnetic flux
® = B - A, where B is magnetic field strength and A is
flux shell cross-sectional area with direction normal to the
area. By combining the observed temporal scale with the
spacecraft speed, one can estimate auroral altitude scales
on the order of ~15 km. If the features are temporal in
character, then the temporal scale is represented by the
time over which the beams were observed, 3—6 min.
Elsewhere such beaming is observed only marginally, the
distributions more often representing cigar or isotropic
configurations. A variety of angular distribution types are
observed through the period displayed. Figure 9b, a
sampling of different distribution types within the
Figure 9a period, shows that the diversity of distribution
types is qualitative and not just quantitative. We observe
true beaming (Figure 9b, top), truly isotropic distributions
(Figure 9b, middle), and truly cigar distributions
(Figure 9b, bottom; with the field-aligned enhancement
spreading across the entire pitch-angle range).

[24] Figure 9c shows a time series of distributions that
demonstrates that the temporal or spatially varying nature of
the beams at the beginning of the Figure 9a time period is
quite real and again not an artifact of the fitting procedures.

4.2. Orbit C9 Aurora, Day 179, 1997 (18.3 R))

[25] Our second record mode period of time (Figure 10a;
Orbit 9, target Callisto and at ~18.3 R,) was planned by the
Galileo Project to possibly characterize the regions that
might map to Jupiter’s auroral regions on the edge of the
nominal plasma sheet. Again, there were no icy moon
encounters during this period. Here we begin with a 15-min
period with considerable diversity in the electron distribution
types (cigars, truly isotropic, and beaming) followed by a
roughly 40-min period of relatively steady beaming. We note
that following the hour 14.1, there is apparent structuring, but
the numerous Ns labeling the isotropic distributions that
follow that time are used by the authors of this paper to
declare that the jumping up and down of the m parameter
results from the fact that the beams reside fairly close the
detection threshold, causing the distributions sometimes to
fail our statistical test. If we were to remove the points labeled
N from consideration, the beaming would appear to be
relatively steady for the 40-min period. Figure 10b shows
again that the diversity of distributions types suggested by
Figure 10a is real. Figure 10b (bottom) also shows how weak
some of the beams are relative to the background intensities
and why they sometimes fail our statistical test.

[26] This Figure 10 sampling of electron distributions
near 18 R,, as with our previous period near 25 R;, again
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Figure 10b. Sample electron pitch-angle distributions and
fits selected from the time period represented in Figure 10a.

reveals that the electron distributions at any one position are
diverse and that the beaming characteristic is structured.
Here, though, we may have a period of relatively constant
beaming that lasts 40 min or a radial distance of ~0.3 R;.
With the constancy of B - A, where B is magnetic field
strength and A is flux shell cross-sectional area, such a
distance translates into ~200 km within the auroral iono-
sphere, assuming that the event represents spatial rather than
temporal structuring.

4.3. Orbit G28 Encounter, Day 141, 2000 (15 R))

[27] Still closer to Jupiter (~15 R, from Jupiter’s center),
we have the Ganymede encounter record mode period
(Figure 11a) that occurred during Galileo orbit 28 on day
141, 2000. As with all of the remaining periods, here we
face the issue of separating the effects of the icy moon
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environments (in this case that of Ganymede) and the
broader environment of Jupiter. The radial distance to
Ganymede’s center (in units of Ganymede’s radius) are
shown in the upper portion of Figure 11a (bottom), and a
clear signature of Ganymede’s presence is shown in a rate
versus time profile in Figure 11a (middle). While Galileo
passes Ganymede on the upstream side with respect to the
flow of Jupiter’s plasmas, a strong signature of Ganymede is
observed as a result of Galileo passing onto closed magnetic
field lines that are connected to Ganymede on both of
their ends. Pitch-angle fits are not provided for the near-
Ganymede distributions, all within the bounds of
Ganymede’s ‘“magnetopause’ as defined by Williams
[2001]. The distributions observed on closed field lines
show a strong trapping distribution with no signatures of
field-aligned beaming. A few other distributions, still within
the bounds of the magnetopause, show a lack of coherence
over the 20 s needed to sample them.

[28] The visual impression of Figure 1la, and the iden-
tification of the limits of Ganymede’s influence by Williams
[2001], leads us to the belief that the field-aligned enhance-
ments in the regions away from Ganymede in Figure 11a are
a property of Jupiter’s environment as distinct from the
environment of Ganymede. Here the distributions reside
close to the boundary of what we describe as beams and
what we describe as cigar distributions, or scattered beams
(see examples in Figure 11b). Interpolating through the
Ganymede encounter region, we see that the beaming
characteristics are relatively steady for a period of again
~40 min (translating here to 300-km sizes within the
ionosphere). The variations in the postencounter regions
appear to be real features of Jupiter’s environment, and so
even in this region near the inner boundary of where field-
aligned enhanced distributions prevail [Tomads et al., 2004a,
2004b], the distributions show some spatial or temporal
structuring.

4.4. Two Callisto Encounters

[29] The problem of separating icy moon environments
from the broader environment of Jupiter is a greater chal-
lenge with our final two periods of study, obtained during
near encounters with the moon Callisto. Figure 12 provides
observations of the C9 Callisto encounter (day 176, 1997).
The distance to Callisto’s center is shown in Figure 12a
(bottom) in units of Callisto radii. In a Callisto-centered
coordinate system, Galileo follows a path that is roughly
parallel to the vector that points from Callisto to Jupiter and
passes upstream of Callisto with respect to the corotating
magnetospheric plasmas. A region of modest magnetic field
pileup (20-30% over background), as diagnosed with
Galileo’s magnetometer instrument [Kivelson et al., 1999]
is shown just above Figure 12a (bottom).

[30] The beam and cigar distributions on the extreme left
of Figure 12a clearly are unrelated to the immediate Callisto
environment. More structured beaming occurs very close to
Callisto and also some distance from Callisto, as shown on
the extreme right of Figure 12a. The degree to which the
immediate Callisto environment itself is responsible for the
nearest-to-Callisto beams cannot be ascertained, but, clearly,
structured beaming occurs elsewhere as well. Figure 12b
shows examples of the beaming that is observed.
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Figure 11a.

Results of fitting the pitch-angle distributions for a high-resolution sample period

designated as the G28 Encounter period. The description is the same as in the Figure 9a legend.

[31] Our final high time-resolution period (Orbit C3 on
day 309, 1996) is shown in Figure 13, where we suspect
that the moon Callisto may have had a profound effect on
the beaming characteristics of the pitch-angle distributions.
In this case, Galileo passed into the plasma wake of
Callisto; the green bar above Figure 13a (bottom) shows
when Galileo resided within the geometric wake (radial
distances to Callisto are shown in the Figure 13a (bottom)).
Outside of the geometric wake we see no beams. Examples of
the rather dramatic beams observed are shown in Figure 13b.
This encounter is reminiscent of the lo wake encounter in
1995 [Williams et al., 1996] where, as described in section
1, electron beams were observed in Io’s wake. We suspect
that, as with lo, these Callisto beams are generated by an
auroral current circuit stimulated by the motion of Jupiter’s
magnetized plasmas over and past the obstacle represented
by Callisto’s conducting ionosphere [Kliore et al., 2002].
However, because electron beams can be observed else-
where in Callisto’s broader environment irrespective of
Callisto’s immediate presence (Figure 9), the beams
observed in Callisto’s wake could have been generated by
Jupiter irrespective of Callisto’s presence. The beams
observed in Callisto’s wake may have been there simply
by happenstance. The C3 encounter with Callisto, and the
possibility that that the Callisto interaction is responsible

for the observed beams, will be examined in detail in a
future paper.

5. Spectral Properties

[32] The beams documented in Figures 9a—13b are char-
acterized roughly with a power-law energy distribution above
the ~15-keV minimum energy observed (Figure 14). In this
respect, they are consistent with the distributions observed in
lo’s wake [Mauk et al., 2001] and in Saturn’s middle
magnetosphere [Saur et al., 2006]. While the <25-keV
portions of the Earth magnetospheric beams characterized
by Klumpar et al. [1988] are not well-characterized with
a power-law distribution shape [see Mauk et al., 2001,
Figure 7], the beams nonetheless are broadly distributed in
energy and lack any distinct feature in their energy distribu-
tions. For the spectra shown in Figure 14, the power-law
spectral indices (7 in the expression: I ~ E~7, where E is
energy) are roughly v ~ 2.5. This value is the same as some of
the spectral indices reported by Saur et al. [2006] for Saturn
and is consistent with the electron beam spectrum from Io’s
plasma tail reported by Mauk et al. [2001].

[33] Frank and Paterson [2002, 2004] have reported
observing at lower energies some intensity versus energy
distributions in Jupiter’s middle magnetosphere with local
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Figure 11b. Sample electron pitch-angle distributions and
fits selected from the time period represented in Figure 11a.

peaks in the approximately kiloelectronvolt energy range.
The PSD versus energy distributions are, however, mono-
tonic (W. R. Paterson, private communication, 2007). Are
these distributions, perhaps along with the higher-energy
tails reported here, more closely related to the injection-
stimulated electron beams reported by Mcllwain [1975] (our
Figure 3, with the peaked PSD energy distributions) than
they are to the Klumpar-Carlson beams closely associated
with the electric circuit that participates with the generation
of the main ring of discrete aurora? The short answer is that
we do not know.

[34] The long answer takes into account the fact that some
injection phenomena have been studied at Jupiter and that
the radial distribution of injections is not consistent with the
distribution of beaming characteristics [Mauk et al., 1999,
Figure 13]. Our alternative interpretation takes account of
the discussions by Ergun et al. [1998] that note that the
upward accelerated electron beams associated with down-
ward currents represent a mixture of coherent and stochastic
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acceleration. For example, the average energy of the accel-
erated distributions is correlated closely with the low-
altitude electrostatic potential through which the electrons
propagate. On the other hand, the high-energy tails of the
distributions extend at least an order of magnitude in energy
higher than that electrostatic potential drop. We hypothesize
that the balance between coherent and stochastic accelera-
tion can be different at Jupiter than it is at Earth. A third
possibility is that Frank and Paterson [2002, 2004] are right
and that, contrary to what happens at Earth, these beams are
directly, rather than indirectly as we propose, associated
with the generation of the discrete auroral emissions within
the main auroral ring of Jupiter.

6. Magnetic Signatures of Electric Current

[35] If the bidirectional electron beams are generated by
field-parallel electric currents connecting Jupiter with its
space environment, then one might expect that structuring
within the beaming characteristics should be reflected
within magnetic signatures of the electric currents. Saur et
al. [2002, 2006] have demonstrated that the magnetic field
in Jupiter’s middle magnetosphere is not quiet but includes
magnetic field perturbations on various spatial/temporal
scales. The authors show that these fluctuating fields can
be described as weak turbulence, i.e., a bath of weakly
nonlinearly interacting Alfvén waves. The amplitude of the
fluctuations, and thus the turbulence power distribution,
maximizes in the regions that map to Jupiter’s most intense
aurora. This finding is consistent with the idea that turbulent
Alfvén waves exchange energy between the magnetosphere
and the auroral ionosphere. Such turbulent fields are
observed in the general region of electron bidirectional
beaming, as displayed in Figure 15.

[36] It is impossible to uniquely relate magnetic field
fluctuations like those shown in Figure 15 to field-aligned
currents based on the time series measurement of a single
spacecraft, i.e., in this case Galileo. However, by making
simplifying assumptions an estimate of the relationship can
be obtained. For an estimate, we rotate the data to a
coordinate system in which z is along the background
magnetic field. The coordinate x lies in the plane spanned
by the magnetic field vector B and the direction of rotation
of the spin equator and is perpendicular to the z direction.
The coordinate y completes a right-hand coordinate system.
The background field also is removed, and large-scale
trends are removed from the data. The electric current is
given by the curl of the magnetic field. On the temporal
scale of concern, we can neglect Maxwell’s displacement
current. The field-aligned current is given by I = 1/119 (0By/
0x — 0B4/0y). We do not have both derivatives available to
calculate Jj. If we assume that one component of B is
representative of J; and that the temporal scales predomi-
nantly are spatial, then we can rewrite J| = vo/uo OB,/Ot.
The velocity vy, roughly in the x direction, is the relative
velocity between the spacecraft and the plasma carrying the
magnetic field. The results for J; are shown in Figure 16,
where we assumed vy = 100 km/s.

[37] The electric current estimate in Figure 16 shows
strong structuring, as expected from Figure 15. Structures
that are 1-2 min wide correspond to spatial scales that are
0.1-0.2 R, given the 100 km/s rotational velocity. The
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designated as the C9 Encounter period. The description is the same as in the Figure 9a legend.

large-scale magnetospheric electric current densities dia-
grammed in Figure 5 have magnitudes of the order ~2 x
10~'2 A/m? [Khurana, 2001] or from ~2 x 1072 A/m? to
~2 x 107" A/m® [Gustin et al., 2004]. Our estimates in
Figure 16 render current densities up to a factor of 100
larger. To the extent that some fraction of our estimate
represents true currents, after relaxation of our simplifying
assumptions, these currents easily could sit on top of the
large-scale upward going current system and locally reverse
the direction of the electric current. On those field lines with
the reversed electric current, we then expect antiplanetward
electron beams to be created when the currents are suffi-
ciently strong to be in a charge-carrier-limited condition at
the low-altitude acceleration regions.

[38] While the results of this section show that structuring
within the magnetic field generally is present, the details of
that magnetic field structuring do not correlate directly with
the details of the electron beam structuring for the specific
beam-like distributions shown in Figures 9-13, i.c., the
locations of peaks in estimated currents and those of the
electron beams do not exactly coincide. Detailed correlation
is not expected given Alfvénic-scale time delays between
our observation positions and the auroral ionosphere. We

also will argue in the next section that the beams that we
have seen with our very limited sampling perhaps were not
actively being generated at the time that they were observed.
While the most distinct beams undoubtedly demarcate the
positions of relatively recent beam generation, the beams
when observed were likely in various stages of decay.

[39] While the high-energy electron components studied
in this paper generally are not thought to carry the predom-
inant auroral electric currents, it is nonetheless interesting to
consider how much current might be carried by them. By
integrating a mean of the R ~ 25-26 R; spectra shown in
Figure 14 [I ~ 10° (Exev/10)™2° cm ™ s ' st keV ™
along one of the two directions of the bidirectional electron
beams and including only those electrons that reside within
the loss cone, one obtains the current density entering or
leaving the auroral zone at atmospheric altitudes equal to
~0.003 pA/m? for E > 10 keV and 0.1 pA/m?* for E >
1 keV (spectrum extrapolated). A similar calculation for the
R ~ 18 R, spectra (data not shown) yields E> 10 keVand E >
1 keV (extrapolated) current densities of 0.015 ;zA/m? and
0.4 uA/mz, respectively. Currents associated with stron
Jovian auroral emissions are estimated at 0.04—0.4 pA/m
[Gustin et al., 2004], which is not outrageously different from
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Figure 12b. Sample electron pitch-angle distributions and
fits selected from the time period represented in Figure 12a.
(bottom) Shown is an example in which the beam-like
characteristic only marginally satisfies our statistical test.

the potential values given here for our beams. However, the
beams are thought to be accelerated upward rather than
downward, and they occur in regions absent of auroral
emissions [Carlson et al., 1998]. So, the relevance of these
current calculations is unclear.

7. Discussion

[40] It is our expectation that, although the source of
power for auroral activity is very different at Jupiter than it
is at Earth, the physical processes for these two systems are
closely analogous. For the equatorial electron beam phe-
nomena addressed here, that expectation along with the
evidence presented here leads to the interpretation presented
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in Figure 17 (upper and lower). Specifically, within the
broad region of generally upward (away from Jupiter)
magnetic field-aligned currents that map generally to
Jupiter’s bright oval of discrete aurora, the electric currents
are highly structured with regions of strong downward
currents closely adjacent to regions of strong upward
currents. Such current structures may be spatial in character,
but they could relate to turbulent Alfvén waves [e.g., Saur et
al., 2002, 2006]. Single spacecraft observations, however,
do not provide the possibility to distinguish if the nature of
the structuring is spatial or temporal or a mixture of both of
them. Presumably, the net current represented by an integral
across this broad region still would yield net upward current
and would therefore be broadly self-consistent with the
forces needed to maintain partial corotation of plasmas
radially transported outward from the lo torus source region
(Figure 17, lower). With this interpretation, bright discrete
aurora would be generated in regions of strong upward
current, whereas our bidirectional equatorial electron beams
would be generated in the regions of strong downward
current. Once generated, the electron beams in various
stages of evolution and transport would become a regular
component of the plasma populations of the middle equa-
torial magnetosphere, explaining perhaps the persistence of
the field-aligned enhancements in the middle magneto-
sphere documented by Tomds et al. [2004a, 2004b]. Also,
as this component evolves and is transported to other
regions, it also may become a source population for other
components of Jupiter’s aurora, specifically as postulated by
Tomas et al. [2004a, 2004b], the source of the diffuse aurora
that extends equatorward of the oval of bright discrete
aurora.

[41] How does the interpretation in Figure 17 stand up to
the evidence presented here? The prime evidence presented
here is the spatial/temporal structuring of the equatorial
electron beams. This structuring has been established by
quantifying the qualitative “notion” of the electron beam-
ing into a numerical parameter and then examining the
behavior of that parameter in high-time resolution. We find
that even within the confines of time periods of roughly <1
to 2 hours, with Galileo moving distances of only 0.3 to
<1 R}, a variety of angular distribution shapes typically are
observed (isotropic, cigar, beaming), and the beaming char-
acteristics can come and go on a time scale of several
minutes. If we assume that the structures are spatial in
character, the spatial scales estimated at auroral altitudes
range from <20 km (several minute features at Galileo) to
~300 km.

[42] The >15-keV energy spectra of the beams are broad
with power-law-like distributions, suggesting that stochastic
processes are responsible for the energization. This charac-
teristic (broad, featureless distributions) is in accordance
with the character of the equatorial electron beams discov-
ered by Klumpar et al. [1988] and interpreted by Carlson et
al. [1998] as being generated at low altitudes on auroral
field lines that carry downward currents. On the other hand,
low-energy spectra associated with beams at times show
intensity spectra with local maxima in the kiloelectronvolt
energy range [Frank and Paterson, 2002, 2004]. While
peaked spectra of electron beams are observed in Earth’s
equatorial magnetosphere in association with transient mag-
netic field-aligned currents that accompany dynamic injec-

15 of 20



A10221

26.4R,

MAUK AND SAUR: EQUATORIAL ELECTRON BEAMS AT JUPITER

A10221

26.1R,

12 [ A
10 T

C3 Encounter

---------------------------------------

__________________

Parameter m

o) : Wake :

S16+-35 25 17 15 21 30 41 oo

9 C : R(Callisto) : : : (il

2 12 :TBoutsmeFOV ﬂﬂ H m !

< 1 N e e 101 B Lp

5 8 F : :A 2w : ] 7t

Wi IS

SE' 0 22 | Binside FOV I I , 1 ,
13.2 133 134 135 136 13.7 13.8 139 140

Hours of Day 309, 1996

Figure 13a.

Results of fitting the pitch-angle distributions for a high-resolution sample period

designated as the C3 Encounter period. The description is the same as in the Figure 9a legend.

tion phenomena (Figure 3), they represent phenomena that
appear distinct from the Klumpar-Carlson beams thought to
accompany the main oval of Earth’s discrete aurora. The
dynamic injections at Jupiter that could explain peaked
intensity features within the equatorial electron beams using
Earth-like processes appear to have a radial profile of
occurrence [Mauk et al., 1999] that is very different than
the radial profile of electron beam occurrence [Tomds et al.,
2004a, 2004b]. It is possible that Frank and Paterson
[2002, 2004] are correct in asserting that these beams are
associated directly with the generation of discrete aurora at
Jupiter in a fashion that is not anticipated from Earth’s
auroral processes. However, Ergun et al. [1998] show that
the energization of the upward accelerated Klumpar-Carlson
beams has contributions from both coherent and stochastic
processes. In keeping with our hypothesis as represented by
Figure 17, it is our assumption that the signatures of
coherent acceleration at times are maintained within the
upward accelerated electron beams at Jupiter in a fashion
that has not been identified at Earth.

[43] Our analysis shows that the magnetic field within the
regions that show the field-aligned electron beams is highly
structured in a fashion that in part could represent field-
aligned current structures as sketched in Figure 17. How-
ever, as previously acknowledged, we find no one-to-one

correlation between the electron beam structures that we
observed and the signatures of magnetic field-aligned cur-
rents that we have estimated with simplifying assumptions.
However, a detailed correlation is not expected given
Alfvénic-scale time delays between our observation point
and the auroral ionosphere. We also believe that the beams
that we observed were not necessarily being generated at the
times that they were observed. The most distinct beams are,
we believe, remnants of beams that were generated in time
periods that are relatively recent with respect to the obser-
vation times. This statement begs the question of what a
beam would look like if it actively were being generated.
Figure 18 shows a hint of an answer. It shows a fit of one
beam reported by Klumpar et al. [1988] and shown in
Figure 1 (left). The fitting parameter has a value of m ~ 21,
which is a factor of 2 higher than any persistent beams that
we have observed in Jupiter’s middle magnetosphere.

[44] It also is of interest to consider the maximum width
that the beams would have if they were generated at auroral
acceleration altitudes and propagated to the observation
point without scattering. The beams would achieve their
maximum widths with this scenario if the energization
process acted on the electron distributions isotropically. If
the distributions are generated at an altitude of 1 R;, with
field strength of roughly 50 uT, the beams would have
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Figure 13b. Sample electron pitch-angle distributions and
fits selected from the time period represented in Figure 13a.

widths near the equator at 20 R; (B ~ 20 nT) of a degree or
so, with m values much higher than 21. For the Earth case
revealed by Klumpar et al. [1988], a similar calculation
yields a beam width of ~2 degrees, a value roughly
commensurate with the m value of 21 above. To the extent
that our hypothesis for Jupiter has validity, angular scatter-
ing must be involved between the time that the beams are
generated and the time that they are observed.

[45] A possible reason that such distinct beams with high
values of m were not observed with Galileo EPD within
Jupiter’s middle magnetosphere is the scarcity of high time-
resolution data. It may be difficult to see beams that actively
are being generated with such sparse and random samples.
On the other hand, the m value for the Io beam in Figure 1
right, which must have been generated within the time that
it takes the plasmas to flow the short distance from Io to the
measurement point, some 0.5 Io radii from lo, is of order
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~10, again roughly a factor of 2 below the value for the
Klumpar et al. [1988] beams. We do know that, at least at
times, the scattering can be very rapid. For example, with
distributions observed over Ganymede’s pole on field lines
connected directly to Ganymede, it was possible to deter-
mine that strong scattering, to the extent of generating
isotropic distributions, was occurring within the time period
of a single bounce [Williams and Mauk, 1997; Williams et
al., 1998]. Thus ascertaining the age of the observed beams
in Jupiter’s middle magnetosphere is very difficult.

[46] A final topic worthy of discussion is the observation
of electron beams in Callisto’s wake that potentially are
generated by the Callisto—magnetosphere interaction. Such
a discussion awaits the more detailed analyses to be
presented in a future paper.

8. Conclusions

[47] While the discussions here make it apparent that we
cannot be definitive in explaining all details of our obser-
vations, certain things are clear. The observed equatorial
electron beams are structured down to observations time of
less than several minutes, corresponding to auroral scale
size of <20 km if the structures are assumed to be spatial in
character. In the same regions of the beam observations, we
see structured magnetic field fluctuations likely associated
with structured currents. These magnetic field fluctuations
are consistent with turbulent Alfvén waves maximizing in
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Figure 14. Intensity versus energy spectra sampled near
25 R; from the G8 Plasma Sheet period shown in Figure 9
(sampled far away from any icy moon) and sampled near
26 R, from the C3 Encounter period shown in Figure 13.
The C3 Encounter data spectra were obtained within the
plasma wake of Callisto. Straight lines on these log—log
plots represent power-law distributions. The power spectral
indices (7 in the expression I ~ E™7, where E is energy) is
roughly v ~ 2.5.
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the same region [Saur et al., 2002]. The beams are observed
in regions that map magnetically to Jupiter’s strong auroral
regions and are similar to beams observed within Earth’s
equatorial magnetosphere that map magnetically to Earth’s
strong auroral regions. Because it has been demonstrated
that Earth’s beams are generated at low altitudes within
regions of downward auroral electric currents, and because
of the similarities between the Earth’s and Jupiter’s beams
mentioned above, we conclude that the Jupiter beams likely
are generated at low altitudes within regions of downward
auroral electric currents. Because the beams at Jupiter are
highly structured and because strong aurora are expected in
regions of upward auroral currents, we also conclude that
the auroral field-aligned currents at Jupiter likely are struc-
tured like they are at Earth, with regions of downward

Up-down current structure in region
of generally upward currents

Sporadic and spatially
structured electron beams

Spin axis

Equatonal
plane ~ =
Region of parallel
electron distributions
i
0 Y - v i, | i A i
L

Figure 17. (top) A reinterpretation of the concept shown
in Figure 5. The data presented here indicate that the
electron beams are spatially structured. On the basis of our
Earth-derived assumption that such beams are generated in
regions of downward (with respect to Jupiter) electric
currents, this finding implies that the auroral currents
themselves are highly structured with a pattern of strong
upward and downward currents embedded in the broad
region that on average is a region of generally upward
currents. (bottom) Notional sketch of field-aligned electric
currents as a function of radial distance. The red line shows
a highly structured electric current system that we infer in
this paper. We expect a spatial and temporal average of
these currents (black curve) to render the static magneto-
sphere—ionosphere coupling currents derived by Hill [1979,
2001] and Cowley and Bunce [2001].
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Figure 18. A replotting and fitting of the Earth-observed
electron beam data published by Klumpar et al. [1988] and
shown in our Figure 1 (left). The high value of m obtained
may more closely represent values expected while the
beams actively are being generated and before the beams
are degraded over time by scattering.

currents closely adjacent to regions of upward currents. The
magnetosphere—ionosphere coupling likely is more struc-
tured and perhaps dynamic than previous large-scale models
would suggest [Cowley and Bunce, 2001; Hill, 2001], as
suggested by Dougherty et al. [1998]. A spatial-temporal
averaging of our picture, however, would be qualitatively
consistent with previous large-scale models (Figure 17,
lower).

[48] A key open question concerns the mechanisms of
upward field-aligned acceleration. We propose that differ-
ences in the details of the broad upward-accelerated spectra
observed in both the Earth and Jupiter systems may corre-
spond to differences in the relative importance of the
contributions of coherent and stochastic acceleration pro-
cesses. Both kinds of processes appear to contribute to the
acceleration at both Jupiter and Earth.
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