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Jupiter’s Magnetosphere: Plasma Description
from the Ulysses Flyby

Samuel J. Bame,* Bruce L. Barraclough, William C. Feldman,
Galen R. Gisler, John T. Gosling, David J. McComas,
John L. Phillips, Michelle F. Thomsen, Bruce E. Goldstein,
Marcia Neugebauer

Plasma observations at Jupiter show that the outer regions of the Jovian magnetosphere
are remarkably similar to those of Earth. Bow-shock precursor electrons and ions were
detected in the upstream solar wind, as at Earth. Plasma changes across the bow shock
and properties of the magnetosheath electrons were much like those at Earth, indicating
that similar processes are operating. A boundary layer populated by a varying mixture of
solar wind and magnetospheric plasmas was found inside the magnetopause, again as at
Earth. In the middle magnetosphere, large electron density excursions were detected with
a 10-hour periodicity as planetary rotation carried the tilted plasma sheet past Ulysses.
Deep in the magnetosphere, Ulysses crossed a region, tentatively described as magnet-
ically connected to the Jovian polar cap on one end and to the interplanetary magnetic field
on the other. In the inner magnetosphere and lo torus, where corotation plays a dominant
role, measurements could not be made because of extreme background rates from pen-

etrating radiation belt particles.

During the Ulysses flyby of Jupiter, analogs
of the familiar plasma regions and bound-
aries found in Earth’s magnetospheric sys-
tem were observed, including upstream
electron and ion precursors of the bow
shock, bow shock, magnetosheath, magne-
topause and its boundary layer, outer and
middle magnetosphere, and plasma sheet.
With the exceptions of the larger scale of
the Jovian system, its higher rotation rate,
and the presence of the lo torus, the simi-
larities between features in the magneto-
sphere of the Jovian system and of the
terrestrial system are striking. Finding these
similarities reinforces the idea that these
features are common astrophysical phenom-
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Technology, 4800 Oak Grove Drive, Pasadena, CA
91109.

ena that can be expected in other similar
systems that may be inaccessible to space
probes. These observations supplement and
extend those of the earlier Pioneer (1) and
Voyager (2) flyby missions because Ulysses
flew during a different time era, along a
different encounter trajectory (3), and car-
ried instrumentation having different capa-
bilities. Here, we report an overview of the
observations made with the Ulysses solar
wind plasma experiment.

Because the velocity distributions of ions
and electrons in the solar wind are very
different, the experiment contains two
spectrometers (4) to characterize them in-
dependently in three dimensions: one for
the beam-like ions and one for the omnidi-
rectional electrons. Detailed descriptions of
the instruments are given elsewhere (5).
Even though not ideally suited for magneto-
spheric observations, the instruments mea-
sured many of the plasma features of the
Jovian magnetosphere during the entire
15-day flyby except for the day of closest
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e
approach. The electron results are displayed
in a color-coded spectrogram of energy dis-
tributions in Fig. 1; Fig. 2, A and B,
presents a plot of electron density and
temperature parameters with various fea-
tures of the encounter identified. The sum-
mary chart in Fig. 3 shows the flight path of
Ulysses with magnetospheric features locat-
ed along the trajectory. Spectrograms for
both electrons and ions from two intervals
on the outbound leg are shown with time
expanded in Figs. 4 and 5. A summary log
of the entry and exit times of the various
plasma regions is presented in Table 1 with
boundary identifications. More precise
boundary locations will be determined later
from a joint analysis of plasma and field (6)
observations.

At 17:33 UT (universal time) on day 33
(2 February 1992), an abrupt appearance in
the Fig. 1 spectrogram of a broad band of
yellow extending to energies above 100 eV
marks a single inbound crossing of the bow
shock, where the solar wind.electrons were
heated and compressed. An ion spectro-
gram (not presented here) shows that the
solar wind proton and helium ions were
similarly heated, compressed, and deflect-
ed. A model consistent with past flyby
results predicts a bow shock at ~80 Jupiter
radii (R;) for average solar wind conditions.
Instead, this crossing, located in Fig. 3,
occurred at 113 R; as the magnetosphere
expanded in response to a measured factor
of 10 decrease of solar wind dynamic pres-
sure during the day before the crossing.
Quantitative electron density and tempera-
ture (T) jumps at the shock are ~0.06 to
~0.15 electron cm™ and ~1.6 X 10° to
~1.3 x 10°K, respectively. The amount of
heating at this crossing and other crossings
during the flyby shows that AT scales as the
change in flow velocity (AV) in the same
manner as at Earth. This fact, combined
with the fact that the downstream electron
distributions had the flattened tops charac-
teristic of distributions downstream from
Earth’s bow shock, suggests a heating mech-
anism at Jupiter like that at Earth. Figure 3
also locates several upstream episodes of
interplanetary magnetic field (IMF) con-
nection to the bow shock, observed at
Jupiter for the first time in three-dimension-
al distributions of the solar wind electron
velocity. Connection events have been ob-
served many times at Earth (7) and also at
comet Giacobini-Zinner (8). When con-
nected, a flux of hot electrons from the
shock streams sunward along the IMF,
counterflowing against the usual electron
heat flux from the hot solar corona.

From previous flybys it was expected that
nearly a day would be required for Ulysses
to cross the magnetosheath into the mag-
netosphere. Instead, this crossing, identi-
fied in the spectrogram in Fig. 1 by the
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profiles on day 33, took only ~4 hours.
This unexpectedly short time shows that
the magnetosphere continued to expand

descending yellow band and in the electron
density—temperature plots in Fig. 2, A and
B, by the elevated density and temperature
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Fig. 1. Color-coded spectrogram of the entire 15-day Ulysses flyby. Electron energy spectra summed
over all “look” directions are displayed in three panels starting at 00:00 UT on day 33 (2 February 1992)
and ending at 24:00 UT on day 47 (16 February 1992). Twenty-level electron energy spectra in the form
of counts per sample versus energy, extending from 1.59 to 862 eV, are displayed vertically, with counts
color-coded as shown in the bar on the right. A uniform dark blue band of zero counts between 0.81 and
1.59 eV extends across the bottom of the panels because the lowest energy levels were not used. Above
that band, a region of red, denoting highest counts, fading into yellow, extends throughout the sequence.
Most of these counts are due to photoelectrons that have been ejected from the spacecraft by solar
ultraviolet radiation. Those electrons with energies below the electrostatic potential of the spacecraft
return, producing a background that must be removed from ambient spectra. Typical values of the highly
variable spacecraft potential are +6 V in the solar wind, +4 V in the magnetosheath, and +20 V in the
magnetosphere. The data are continuous except for day 39, when the instruments were switched off
because of extreme background counting rates in the inner radiation belt.
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after the bow-shock crossing. A preliminary
estimate of the expansion speed is ~100 km
s~ 1. This crossing, as well as others on the
outbound leg, show that the magnetopause
is not a sharp spatial boundary separating
the lower energy electrons of the sheath
and the higher energy, hot electrons of the
magnetosphere. Instead, the two popula-
tions coexist in a boundary layer that ex-
tends inward from the magnetopause. A
boundary layer internal to the magneto-
pause and containing solar wind plasma
from the sheath was clearly present for all
but one of the Jovian magnetopause cross-
ings. In the first crossing on day 33, the
boundary layer extended far beyond the
magnetopause crossing, identified in field
data (6) at 21:30 UT. By 23:10 UT, Ulysses
had crossed the boundary layer into the
magnetosphere proper, characterized by
higher energy, hot magnetospheric elec-
trons, as shown in the Fig. 1 spectrogram by
the lighter blue color extending to the top
of the panel at 862 eV.

After 19 hours in the outer magneto-
sphere, at 17:00 UT on day 34 a yellow-
green band centered near 100 eV in the
spectrogram of Fig. 1 reflects large changes
of density and temperature as Ulysses passed
back through the boundary layer and mag-
netopause into the magnetosheath. These
observations suggest that an increase in
solar wind dynamic pressure moved the
magnetopause inward past Ulysses. Early on
day 35, after 11 hours in this region, the
pressure must have relaxed, because Ulysses
returned to the magnetosphere proper, as
indicated by the disappearance of lower
energy electrons and the return of hot
magnetospheric electrons.

Later, periodic appearances of hot, high-
density regions developed as Ulysses moved
into a latitude range in the middle mag-
netosphere in which planetary rotation car-
ried the relatively thin and tilted plasma
sheet past the spacecraft with a planetary
rotation period of 10 hours. These plasma
sheet encounters persisted for 6 to 7 days
during both the inbound and the outbound
portions of the middle magnetosphere pas-
sage. They are discernible in the spectro-

Fig. 2. Derived electron density (A) and tem-
perature (B) measured during the Ulysses tran-
sit past Jupiter. Various features of the encoun-
ter are identified; open B, open magnetic field,
BL, boundary layer. The parameters are based
on numerical integration of three-dimensional
electron distributions, measured every 17 min,
together with two two-dimensional distributions.
The energy range of analysis extends from the
variable spacecraft potential, determined by
inspection of each spectrum, to the top energy
limit, 862 eV. A simple algorithm based on
minimum count rates for each spectrum was
used for background subtraction.



gram of Fig. 1 by the vertical bands of color
but are most striking in the electron density
record in Fig. 2A, which shows peak-to-
valley variations of more than an order of
magnitude for some of the plasma sheet
encounters.

An interesting plasma event occurred
during a 1.5-hour period starting at 21:30
UT on day 38 when Ulysses was at 15.6 R;
and a magnetic latitude of 34.5°. Al-
though this short interval is not well
resolved in the 15-day spectrogram, it can
be identified by the short band of yellow
crossing the red photoelectron band (see
Fig. 1 and its legend) just before the day
39 marker. Higher resolution data display
a number of features during this interval.
(i) The persistent magnetospheric popula-
tion of hot electrons, identified by the
lighter blue color extending to the top of
the spectrogram panels (862 eV), disap-
peared. (ii) A penetrating particle back-
ground in the ion spectrometer caused by
high-energy, trapped magnetospheric par-
ticles fell to very low values. (iii) The
persistent background of photoelectrons,
returning to the spacecraft because of the
positive spacecraft potential, disappeared
or fell to very low levels, showing that the
potential must have fallen to very low
positive, or even negative, values. (iv)
Distinct modulation in the angular distri-
butions appeared.

Some of these features might be ex-
plained by the following scenario: Deep
within the magnetosphere, Ulysses passed
through a region in which magnetic field
lines from the Jovian polar cap on one end

were connected to the IMF on the other
end. Such a magnetic configuration would
have a number of important consequenc-
es: A trapped population of magneto-
spheric electrons could not be maintained,
accounting for (i) above. Similarly, such a
field could not contain the trapped popu-
lation of energetic penetrating particles
that caused the ion instrument back-
ground in other parts of the magneto-
sphere, explaining (ii) above. Referring to
(iii), the field configuration must have
changed the environment so as to clamp
the spacecraft potential at low values.
Possibly, low-energy plasma flowing up
from the ionosphere along the open field
lines inhibited the buildup of spacecraft
charge. Low-energy electrons, with distri-
butions unlike those of photoelectrons,
were observed, but without an ion compo-
nent. However, ionospheric ions would
probably have energies below the thresh-
old of the ion spectrometer (256 eV per
charge) and thus could not be observed. In
addition to this event, data show that a
similar, less developed, open field event
may have occurred earlier, between 12:30
and 13:30 UT on day 38, and other
examples might have occurred during clos-
est approach when the channel electron
multipliers (CEMs) were turned off.

As Ulysses approached the lo torus,
background counting rates in both instru-
ments due to penetrating particles from
the inner radiation belt climbed above 10°
count s~'. To ensure the preservation of
CEM gains for the primary mission over
the solar poles, the CEMs were switched
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off during the day of closest approach.
Thus, plasma was not observed in the
more intense regions of the inner mag-
netosphere, where corotational features
due to the high planetary rotation rate
would be most observable, or in the Io
torus, the most distinctive region of the
Jovian magnetosphere. After the CEMs
had been switched back on, Ulysses con-
tinued outbound through the middle mag-
netosphere, where particularly strong pas-
sages through the plasma sheet were ob-
served on day 40 (see Fig. 2). During day
42, Ulysses passed into the outer magneto-
sphere, where plasma sheet excursions past
the spacecraft disappeared or became indis-
tinguishable from other activity. Then, in
response to fluctuations of solar wind dynam-
ic pressure or flow direction, or both, the
magnetopause and bow shock passed Ulysses
a number of times over a period of 4 days.
The times of these crossings, determined
from high time resolution electron data, are
listed in Table 1. ‘

Inbound during the encounter the ion
experiment geometry did not permit mea-
surement of magnetosheath ion flow, but
outbound that flow was measured directly.
Spectrograms of both ions and electrons
for three magnetopause crossings on day
43 are shown in Fig. 4. These ion data
confirm the identification of the magneto-
pause boundary layer discussed above. The
coexistence of hot magnetospheric parti-

Table 1. Summary log of entry and exit times of
the plasma regions encountered: solar wind
(SW), magnetosheath (Msh), boundary layer
(BL), and magnetosphere (Msp), with identifi-
cation of the boundary crossed, bow shock
(BS), or magnetopause (MP). The symbol MP?
is used when the MP cannot be precisely
identified and located with plasma data alone.

Entry  Exit
Day time time Transition Bo;nd-
Ty UT) i
33 17:33 17:33 SW-Msh BS
21:35 23:00 Msh-BL-Msp MP
34 1655 17:20 Msp-BL-Msh MP
19:45 00:25 Msh-BL-Msh MP?
35 01:00 0125 Msh-BL-Msh  MP?
02:50 04:00 Msh-BL-Msp MP
43 13:37 13:57 Msp-BL-Msh MP
17:00 17:40 Msh-BL-Msp MP
18:20 19:10 Msp-BL-Msh MP
45 00:37 00:37 Msh-SW BS
04:28 04:28 SW-Msh BS
09:45 10:30 Msh-BL-Msp MP
14:.00 16:00 Msp-BL-Msp MP?
18:15 18:25 Msp-BL-Msp MP?
20:45 21:40 Msp-BL-Msh MP
47 07:55 07:55 Msh-SW BS
1541



cles with magnetosheath particles on both
sides of the magnetopause is clearly evi-
dent. Indeed, for these outbound cross-
ings, hot particles are commonly present
in the sheath outside the magnetopause,

in contrast to the inbound crossing, where
hot electrons were not observed until an
hour after the magnetopause crossing. An
interesting feature is seen in the crossing

between 18:20 and 19:10 UT, where
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Fig. 4. lon and electron energy spectrograms from day 43 showing three magnetopause crossings.
Coexistence of energetic magnetospheric particles with magnetosheath particles across the
boundaries is clearly evident from the overlapping of green at higher energies with yellow in the ion
data, and light blue at higher energies with yellow in the electron data.
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Fig. 5. lon energy per charge and electron energy and angular distribution spectrograms showing
the final exit of Ulysses through the bow shock on day 47. The angular distributions are for electrons
in the two energy intervals given in the figure. After the bow-shock crossing, the apparent
modulation of the well-resolved solar wind protons and helium ions is an artifact caused by use of
interleaved energy level sets having wider spacing than ordinarily used for the solar wind.
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sheath plasma ions entering the boundary
layer apparently were accelerated to a
speed higher than they had in the magne-
tosheath. This was probably a result of
local reconnection between the IMF and
the Jovian magnetic field, as has been
observed extensively at Earth (9). Over-
all, the observation of an Earth-like mag-
netopause and boundary layer suggests
that the solar wind interaction with the
outer magnetosphere at Jupiter is similar
to the terrestrial interaction and suggests
the probable importance of reconnection
for Jovian magnetospheric processes.

On day 45, Ulysses entered the solar
wind and then returned to the magne-
tosheath. After the first bow shock cross-
ing at 00:37 UT (see Fig. 1), the ion
observations (not given here) showed the
presence of upstream ions with proper-
ties similar to those of the “diffuse” su-
prathermal ions commonly observed at
Earth in the upstream solar wind when a
spacecraft is connected to the bow shock
by the IMF (10). As at Earth, the pres-
ence of these upstream ions was cor-
related with compressive magnetic fluctu-
ations.

Ulysses made its final bow-shock cross-
ing at 07:55 UT on day 47. Figure 5
illustrates results from both the preshock
magnetosheath and the postshock solar
wind in which important Earth-like fea-
tures are exhibited. In the solar wind,
hot electrons due to magnetic connection
are seen flowing upstream with varying
intensity along the IMF, manifested by
the lighter blue swath centered near 0° in
the angular distribution spectrograms.
Near 180°, the usual solar wind heat flux
from the solar corona produces another
less intense band. This bidirectionality
is a common feature of bow-shock con-
nection in the solar wind (7). In the
angular distribution spectrograms of mag-
netosheath electrons in Fig. 5, it is
evident that the electrons with energies
from 40 to 47 eV have an anisotropy
that is perpendicular to that of the elec-
trons with energies from 77 to 99 eV.
Comparison of the anisotropy at higher
energies with the magnetic field orienta-
tion, provisionally given by the ~0° ori-
entation of the postshock heat flux along
the IMF and confirmed to be near 0° in
the magnetic field data, reveals that the
anisotropy at lower energies is aligned
along the field, whereas at higher energies
it is aligned perpendicular to the field.
Earlier work has shown the same feature
in the terrestrial magnetosheath (11). It
has been suggested that leakage of higher
energy electrons upstream along the field
is responsible for the switchover in the
orientation of anisotropy as a function of
energy.



The plasma observations from the flyby
are rich in detail, showing that the outer
regions of the Jovian magnetosphere are
remarkably similar to those of Earth. We
anticipate that, as the plasma observations
are analyzed in greater detail and as joint
studies with combined data sets from the
various investigations are completed, new
discoveries will be made and our under-
standing of Jupiter’s magnetosphere will
improve significantly.
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Energetic Charged-Particle Phenomena in the
Jovian Magnetosphere: First Results from the
Ulysses COSPIN Collaboration

J. A. Simpson,* J. D. Anglin, A. Balogh, J. R. Burrows,

S. W. H. Cowley, P. Ferrando, B. Heber, R. J. Hynds, H. Kunow,
R. G. Marsden, R. B. McKibben, R. Mdller-Mellin, D. E. Page,
A. Raviart, T. R. Sanderson, K. Staines, K.-P. Wenzel,
Margaret D. Wilson, M. Zhang

The Ulysses spacecraft made the first exploration of the region of Jupiter's magnetosphere
at high Jovigraphic latitudes (—~37° south) on the dusk side and reached higher magnetic
latitudes (~49° north) on the day side than any previous mission to Jupiter. The cosmic and
solar particle investigations (COSPIN) instrumentation achieved a remarkably well integrat-
ed set of observations of energetic charged particles in the energy ranges of ~1 to 170
megaelectron volts for electrons and 0.3 to 20 megaelectron volts for protons and heavier
nuclei. The new findings include (i) an apparent polar cap region in the northern hemisphere
in which energetic charged particles following Jovian magnetic field lines may have direct
access to the interplanetary medium, (i) high-energy electron bursts (rise times <1 minute
and energies extending to >~17 megaelectron volts) on the dusk side that are apparently
associated with field-aligned currents and radio burst emissions, (jii) persistence of the global
10-hour relativistic electron “clock” phenomenon throughout Jupiter’'s magnetosphere, (iv)
on the basis of charged-particle measurements, apparent dragging of magnetic field lines
at large radii in the dusk sector toward the tail, and (v) consistent outflow of megaelectron
volt electrons and large-scale departures from corotation for nucleons.

M easurements of the population of high-
energy electrons, protons, and heavier nu-
clei in Jupiter’s magnetic field are essential
for understanding the energetic and dynam-
ic processes that govern the Jovian mag-
netosphere. For example, high-energy elec-
trons [energy (E) > ~1 MeV], whose speed
is near that of light, are trapped in the
Jovian magnetic field and constrained to
travel along the field lines. Their flow along
the field lines and their intensity levels
provide information about both their ori-
gins and the large-scale structure of the
magnetic field far from the point of obser-
vation. Their speed of propagation along
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the field also makes them sensitive probes of
rapid changes in the magnetic field config-
uration along the field lines on which they
are trapped. Considered together with ob-
servations from radio, magnetic field, and
plasma investigations, measurements of the
trapped electrons and nucleons provide the
evidence needed to begin to understand the
complex flow of energy between particles
and electromagnetic fields and radiation
that characterizes the Jovian magneto-
sphere.

Previous missions that penetrated the
magnetosphere of Jupiter (Pioneer 10 and
11 in 1973 and 1974, respectively, and the
Voyager 1 and 2 missions in 1979) probed
the sunward side and the dawn side (Fig. 1)
of the magnetosphere. The Ulysses space-
craft investigated for the first time the
region at high latitudes on the dusk side and
also reached higher latitudes on the day side
than any previous flyby. Ulysses has con-
firmed many results and conclusions from
the earlier missions (I, 2) and, through the
broader range of sensitivity of its instrumen-
tation and the exploration of new regions of
the magnetosphere, has yielded many sur-
prises and new understandings of the ener-
getics and dynamics of the magnetosphere
and its high-energy particles. In this paper,
we summarize the most significant results
concerning the high-energy particles to
come from our early analysis of data from
the cosmic ray and solar particle investiga-
tions (COSPIN) experiment.
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