
were low (that is, fewer Coulomb colli- 
sions) in the torus (12, 13). Alternatively, 
the spatial relation between the cool and 
hot cbmponents of the plasma torus and 10's 
sodium cloud might have changed. As a 
result, more neutral particles would en- 
counter hot ions. Table 1 summarizes the 
full set of observational and model-derived 
quantities. 

The three-dimensional distribution of the 
Na* volume densitv reauired to match an , . 
image can be modeled within the charge- 
exchange framework discussed above (4, 5) 
(Fig. 2). The Ulysses trajectory through the 
modeled particle distribution can be used to 
specify the [Na*] density at the spacecraft's 
location (Fig. 3). For simulation runs with 
and without photo-ionization, there is a 
slight difference between the [Na*] distri- 
butions; these are designated [Na+] in Fig. 
3. It should be noted that Na+ can appear 
by other means (14). Moreover, the Na+ 
energy should be higher than the 600 eV 
associated with corotational escape from 
10's location because of capture by the 
rapidly rotating magnetic field at larger 
distances. Nevertheless, the simulations de- 
picted in Fig. 3 should give a good predic- 
tion for fast neutral clouds (Na* is a tracer 
for other gases). In the absence of signifi- 
cant radial transport, the simulations also 
provide a rough estimate of where ions 
produced by solar EUV might appear. Scal- 
ing of this latter effect to gases other than 
sodium would require the use of their re- 
spective solar ionizing time constants in the 
simulation. 

In summary, ground-based imaging ob- 
servations of Jupiter's great sodium nebula 
during the Ulysses encounter period indi- 
cated that (i) volcanic activity on 10 pre- 
ceding the Ulysses encounter must have 
been lower than observed in 1989 to 1990; 
(ii) plasma torus densities derived from the 
neutrals were proportionally lower; and (iii) 
the ion thermal structure in the torus was 
higher than in previous years. 
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Hubble Space Telescope Imaging of the 
North Polar Aurora on Jupiter 

J. Caldwell, 9. Turgeon, X.-M. Hua 
The first direct images of the Jovian aurora at ultraviolet wavelengths were obtained by the 
Hubble Space Telescope Faint Object Camera near the time of the Ulysses spacecraft 
encounter with Jupiter on 8 February 1992. The auroral oval is not uniformly luminous. It 
exhibits a brightness minimum in the vicinity of longitude 180". In the few images available, 
the brightest part of the oval occurs in late afternoon Jovian time. The observed oval is not 
concentric with calculated ovals in the 0, model of Connerney. The size of the oval is 
consistent with auroral. particles on field lines with magnetic L parameter >8, indicating 
significant migration from lo, its torus, or both, if these are their origins. 

A n  aurora is the visible interaction be- 
tween a planet's magnetosphere and its 
atmosphere. Auroral observations provide 
information on planetary magnetic fields 
(and thus, planetary interiors), magneto- 
spheric species, and atmospheric composi- 
tion and dynamics. Previous ultraviolet 
(UV) observations of the Jovian aurora 
from spacecraft such as the International 
Ultraviolet Explorer (IUE) and the Voyag- 
ers were made with spectrographs with large 
apertures and permitted only indirect infer- 
ences of spatial characteristics. Ground- 
based infrared (IR) images have also been 
obtained, but they are somewhat degraded 
spatially by Earth's atmosphere. We present 
here UV images of the Jovian aurora ob- 
tained by the Hubble Space Telescope 
(HST) that reveal the auroral oval for the 
\ ,  

first time. The images generally confirm 
urevious auroral observations and models of 
the Jovian magnetic field, with some signif- 
icant exceptions. 

The HST Faint Object Camera (FOC) 
obtained six images (Fig. 1) of the Jovian 
north polar aurora in the H, Lyman band 

Space Astrophysics Laboratory, Institute for Space 
and Terrestrial Science, 2700 Steeles Avenue West, 
Suite 202, Concord, ON L4K 3C8, Canada. 

near 160-nm wavelength. The images were 
taken in two groups of three (Table I ) ,  
resuectivelv -13 and 3 hours before the 
time of closest approach to Jupiter by the 
Ulysses spacecraft (1, 2). 

The photometric properties of Jupiter 
enhance the observability of its aurora (3). 
Increased absorption of UV sunlight at the 
poles (Fig. 1) due to high-latitude, high- 
altitude aerosols urovides a relativelv dark 
background. If t i e  background at thk poles 
were as brieht as at lower latitudes. auroral - 
contrast would be greatly reduced. 

Images 101, 102, and 201 have similar 
central meridian longitudes (CMLs) in Sys- 
tem I11 (4) (-150") and images 202 and 
203 also have similar CMLs (-190"). In 
each H, image an auroral oval may be seen, 
with those at CML -190" havine more - 
favorable orientations. For each case, the 
astronomically westernmost part of the oval 
(local Jovian evening) is the brightest, with 
a second brightness maximum at the east- 
ernmost uosition. 

Limb brightening, which occurs in an 
optically thin emitting region, is not the 
primary determinant of the apparent bright- 
ness variations along the oval. First, it 
could not introduce the observed east-west 
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asymmetry. Second, the two images at 
CML -190" have western maxima well 
within the limb, whereas limb brightening 
produces maxima at the limb. And third, 
part of the oval near the CML in the latter 
two images is significantly more faint than 
other parts that are not much closer to the 
limb. Therefore, the oval is not uniformly 
bright along its arc. 

The individual images in Fig. 1 are 
shown in false color to enhance the visibil- 
ity of faint auroral features. This enhance- 
ment process distorts judgment of relative 
brightness made by the eye. Table 2 pre- 
sents a quantitative summary of three of the 
images, 102, 202, and 203. The informa- 
tion in this table helps confirm the large 
relative brightness of the western part of the 
oval for images 202 and 203 (CML - 190"). 
This is consistent with an auroral model in 
which the brightest spot on the oval, while 
remaining approximately fuced in local time 
of day, is modulated by Jupiter's rotation so 
that the bright spot is brightest when the 
CML -190". This will be discussed below 
relative to auroral observations at other 
wavelengths. 

Furthermore, the section of minimum 
brightness along the oval is relatively faint 
with respect to much of the surrounding 
area-that is, many regions within the oval 
and also manv at lower latitudes are some- 
what brighter8than that section of the oval. 
The general increase in brightness toward 
the equator is also evident. 

Polar projection gives an additional per- 
spective of the aurora (Figs. 2 and 3). For 
two reasons, the entire sequence of images 
was scheduled so that the CML would be as 
close as possible to 180". First, in the 
northern hemis~here the aurora was ex- 
pected to extend to its maximum southward 
latitudes near 180" longitude, according to 
models. Second, thermal IR images at 
8-p.m and longer wavelengths have consis- 
tently shown a single, large bright spot at 
the position of 180" longitude, 60" north 
latitude (5). 

The UV auroral oval does extend farthest 
south near 165" longitude, reaching 50% 
latitude (Fig. 2). However, there is a relative 
brightness minimum on the oval, centered 
at 170" longitude, extending about 215" 
from there. This UV brightness minimum 
includes the longitude of the 8-pm bright 
spot. Figure 2 also shows that the brightest 
part of the oval is at its astronomically 
western extremity, in the longitude range of 
140" to 145", 52% latitude. 

In the three images clustered near CML 
-150" (Fig. 3), the auroral oval has the 
same size and orientation with respect to 
System 111 as the oval in Fig. 2. There is 
also a relative minimum brightness of the 
oval near 170" longitude indicating that the 
region of minimum UV brightness is ap- 

proximately fixed in System 111 coordinates, 
much like the thermal IR bright spot (5). 
The CML of Fig. 3 differs from that of Fig. 
2 by about 40". 

Unlike the constancy of the longitude of 
minimum brightness, however, the bright- 
est spot on the oval has moved to 90" 
longitude, 75" latitude, in Fig. 3. It is still 
at the westernmost part of the oval but has 
moved in longitude by about the same 
amount that the CML has changed, re- 
maining at the same local time of day. 

A UV brightness minimum at longitude 
170" & 15" differs somewhat from the inter- 
pretation of UV observations by Livengood 
et al. (6). They analyzed IUE observations of 
the aurora from 1981 to 1991, from wave- 
lengths of 156 to 162 nm, which correspond- 
ed closely to our wavelengths (Table 1) but 
did not overlap in time. One of their primary 
conclusions was that the northern aurora 
had a UV brightness maximum at -194" 
longitude, with significant variability about 
this position. That is compatible with the 

identified by the numbers 
from Table 1. An "occulting 
finger," planned for imag- 
ing faint regions near very 
bright stars, is visible in the 
mid-latitude background 
(lower right) of each image. 
lmage 103, taken with dif- 
ferent filters than were used 
with the others, shows the 
planetary limb unambigu- 
ously, spectrally excluding 
the auroral emissions. 

Fig. 2. Polar projections of 
two images, each with CML 
-190". lmage 203 is rotated 
counterclockwise by 9" rel- 
ative to the orientation of im- 
age 202 to compensate for 
planetary rotation. At the 
lower left a composite is 
shown; at the lower right the 
composite is repeated, with 
a latitude-longitude grid and 
model auroral ovals super- 
imposed. The enhanced 
line projecting to the bottom 
of the grid corresponds to O" 
longitude (System Ill). The 
earthwardlsunward direc- 
tion is perpendicular to the 
north polar terminator, 
which projects as a straight 
line approximately parallel 
to the 105 lonaitudel285 
longitude great circle. 

Table 1. Hubble Space Telescope UV imaging of the Jovian aurora. 

lmage Time Exposure 
time Filters CML 

(deg) 

101 92,038121 :53:44 7 min F140W, F152M 143 
102 92.038122:07:03 16 min F140W, F152M 154 
103 92.038122:29:39 2.3 min F175W, F170M 163 
201 92.039107:40:20 9 min F140W, F152M 138 
202 92.039109:06:58 9 min F140W, F152M 190 
203 92.039109:21:47 9 min F140W, F152M 200 
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HST images, particularly because they rep- 
resent an instantaneous snapshot and the 
IUE data show temmral variabilitv. 

Livengood et ul.' (6) recorded spectra in 
an aDerture that was oval in sha~e  with a 
long axis of 2 1.6 arc sec and a short axis of 
8.9 arc sec. The IUE spatial resolution is 
more than 100 times worse than the HST 
pixel size after binning was completed. 
They investigated many possible models for 
the brighmess distribution in their aperture 
but not the model suggested here-a fixed 
oval with a bright spot that is approximate- 
ly fixed in local time of day, modulated by 
Jupiter's rotation. In fact, if they had done 
so, they would have violated Occam's razor. 

We suggest that Livengood et d. (6) were 
detecting, in their large aperture, the in- 
creased brightening in the local evening part 
of the oval that occurs when the CML is 
-180". Because this area was close to the 
edge of their aperture, minor pointing errors 
in the IUE fine guiding system could account 
for some of their remrted variabilitv. 

The size of the oval is important to 
determine the magnetospheric origin of the 
high-energy particles responsible for the au- 
rora. In both Figs. 2 and 3 there are three 
computed ovals superimposed on the data. 

From the largest to the smallest, these cor- 
respond, respectively, to Jovian magnetic 
field lines crossing the Jovian equator at Rl 
(radius of Jupiter) = 6 and 8 and the last 
closed field line, according to the 0, model 
of Connemey (7). The observed auroral oval 
had its long axis roughly parallel to the long 
axis of the computed model ovals, but it was 
slightly ofFset from the center of those ovals. 
Connemey (7) notes that a central position 
shift between the observed and the comput- 
ed ovals does not mean the two are incom- 
patible. However, the size of the observed 
oval is extremely significant. It was clearly 
larger than the oval corresponding to the last 
closed field line, consistent with the posi- 
tioning on closed field lines of particles that 
excite the emission, as expected. 

Further, the observed oval was distinctly 
smaller than the Rl = 6 and Rl = 8 ovals, 
which suggests that the auroral particles are 
on field lines well outside the orbit of 10. 
Assuming that 10 was the origin of these 
particles, we conclude that they dihsed 
radically outward from 10 before being able 
to penetrate the atmosphere of Jupiter to 
auroral altitudes. The proximity of the au- 
roral field lines to open lines may be respon- 
sible for the proposed time-of-day effect on 

Fig. 3. Similar to Fig. 2 ex- 
cept for the three images 
with CML -1 50". Note that 
the oval remains fixed in 
System Ill coordinates, 
while the apparent direc- 
tion to the sunlearth 
changes as Jupiter rotates. 

Table 2. Photometry of selected regions (relative units). 

Image 
Region 

102 202 203 

Brightest area, 1.24 2 0.26 1.59 2 0.30 1.64 2 0.30 
western part of oval (10) 

Brightest area, 1.02 2 0.11 1.16 * 0.25 1.19 2 0.27 
eastern part of oval 

On oval, minimum 0.88 2 0.13 0.98 2 0.16 1.00 2 0.24 
brightness area 

Inside oval 0.97 2 0.15 1.08 2 0.15 0.93 2 0.20 
Below oval 1.24 2 0.30 1.28 * 0.18 1.24 2 0.17 
Mid-latitude 1.27 2 0.33 1.51 2 0.15 1.63 2 0.19 

the maximum auroral brightness region, 
because the open field lines are perturbed by 
lu~iter's rotation. - .  

Finally, there were many similar aspects 
between our HST imaees and the near IR ... 
images of H,+ auroral emission observed at 
the NASA Infrared Telescope Facility 
(IRTF) (8,9). The IRTF spatial resolution is 
much inferior to the HST resolution, but the 
IRTF images have much higher signal-to- 
noise ratios and there are many more IRTF 
images with which to work. For example, 
the images obtained by Kim et ul. (9) of H,+ 
emission at 3.533 pm show extremely good 
morphological agreement with the HST im- 
ages taken less than a month earlier. 

For the north, Drossart et al. (8) report 
1991 observations of two HT "auroral 
spots" separated by -60' in longitude on 
either side of the central meridian, joined 
by a weaker arc of emission. The whole 
structure was centered at about longitude 
180" with much weaker emission outside 
this range. Their description is quite con- 
sistent with our images. 

Drossart et ul. (8) report that auroral 
behavior is more complex in the south, for 
which no HST observations have vet been 
made, than in the north. From their nu- 
merous images they suggest that there is a 
bright spot on the southem auroral oval 
fixed approximately in local time and mod- 
ulated by System I11 longitude. This finding 
has strongly influenced the hypothesis that 
a similar model applies to the north. 
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hits on individual pixels have been removed. The 
FOC was used in its f196 zoom mode, and the 
field of view was 22 by 22 arc seS. The original 
format was 512 by 1024 pixels, with each pixel 
being 0.044 by 0.022 arc seG. The images were 
subsequently rebinned to an effective resolution 
of 0.35 arc sec (full width at half maximum for a 
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polnt source) to improve the signal-to-noise ratio. 
Exposure times were calculated from IUE auroral 
spectra but depended on assumptions about the 
emisslon geometry in the large IUE aperture and 
so were initially quite inaccurate A trade-off was 
necessary between longer exposure times to col- 
lect more photons and shorter ones to minimize 
the effect of Juplters rotation. A number of differ- 
ent exposure times were therefore tried, with the 
longer ones being more successful 

3. In Images at longer wavelengths, selected to be in 
one of several strong absorption bands of meth- 
ane (CH,) such as 890 or 2200 nm wavelength, 
the polar caps of Jupiter are relatively brlghter 
than the rest of the planet The enhanced bright- 
ness is due to high-altitude partlcles that are rela- 
tively concentrated at the poles and that scatter 
sunlight before the CH, can absorb it At other 
locations on Jupiter the CH, is an effective absorb- 
er However, at the much shorter UV wavelengths 
of the HST images the particles are intrinsically 
strong absorbers and make the pole relatively 
darker than the rest of the planet. The darkening is 
zonal, not concentric wlth the subsolar point, which 
demonstrates independently of other consider- 
ations that it 1s due to latitudinally inhomogeneous 
composition and not to radiative transfer effects in 
a unlform atmosphere The bottom of the images 
extends almost to the equator of Jupiter. It 1s not a 
coincidence that thls effect occurs where it does 
on Jupiter The source of the near IR-scattering1 
UV-reflect~ng particles is radiochemlstry, induced 
by the Influx of hlgh-energy magnetospheric parti- 
cles on Jupiter's atmosphere of H, and CH,. When 
CH, IS radiologically dissociated, the products 

polymerize to form the partlcles at the high lati- 
tudes where bombardment occurs. 

4. System Ill is a longitudinal and rotational refer- 
ence frame determined by the observed rotatlon 
rate (870.536" per day) of Jupiter's magneto- 
sphere, which 1s identical to the rotation rate of the 
planetary interior. Two other atmospheric rotation 
rates are associated with Jupiter. System I (equa- 
torlal, 877.900" per day) and System II (hlgh- 
latitude, 870.270" per day). 
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Magnetic Field Observations During the 
Ulysses Flyby of Jupiter 

A. Balogh, M. K. Dougherty, R. J. Forsyth, D. J. Southwood, 
E. J. Smith, B. T. Tsurutani, N. Murphy, M. E. Burton 

The Jovian flyby of the Ulysses spacecraft presented the opportunity to confirm and com- 
plement the findings of the four previous missions that investigated the structure and 
dynamics of the Jovian magnetosphere and magnetic field, as well as to explore for the first 
time the high-latitude dusk side of the magnetosphere and its boundary regions. In addition 
to confirming the general structure ofthe dayside magnetosphere, the Ulysses magnetic field 
measurements also showed that the importance of the current sheet dynamics extends well 
into the middle and outer magnetosphere. On the dusk side, the magnetic field is swept back 
significantly toward the magnetotail. The importance of current systems, both azimuthal and 
field-aligned, in determining the configuration of the field has been strongly highlighted by 
the Ulysses data. No significant changes have been found in the internal planetary field; 
however, the need to modify the external current densities with respect to previous obser- 
vations on the inbound pass shows that Jovian magnetic and magnetospheric models are 
highly sensitive to both the intensity and the structure assumed for the current sheet and to 
any time dependence that may be assigned to these. The observations show that all 
boundaries and boundary layers in the magnetosphere have a very complex microstructure. 
Waves and wave-like structures were observed throughout the magnetosphere; these 
included the longest lasting mirror-mode wave trains observed in space. 

T h e  primary aim of the Ulysses mission is 
the exploration of interplanetary space out 
of the ecliptic plane, in particular over the 
poles of the sun. The requirement for rotat- 
ing the orbital plane of the spacecraft to 
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enable it to reach high solar latitudes has 
resulted in a unique Jovian flyby trajectory 
( I ) .  Whereas the inbound portion of the 
orbit was close to the planet-sun line (sim- 
ilar to previous flybys), close to the planet 
the spacecraft reached higher latitudes than 
previous missions. The outbound orbit tra- 
versed the previously unvisited dusk sector, 
and the spacecraft exited the Jovian envi- 
ronment at high southern latitudes. We 

report on the observations made with the 
magnetometer (2) onboard Ulysses along 
this new flyby trajectory. 

The magnetic field strength measured 
during the inbound and outbound passes of 
the flyby is shown in Fig. 1, A and B, 
respectively. We have marked three sepa- 
rate reeions on the inbound uass that cate- " 
gorize the general nature of the field data. 
The categorizations match those suggested 
previously (3, 4 )  and are made on the basis 
of the field morphology. The field is much 
more regular in the inner and middle re- 
gions, and the dominant feature is the 
periodic depressions in field strength [first 
observed by Pioneer 10 (31, detected about 
every 10 hours, produced by encounters 
with, or approaches to, the magnetodisk. 
The distinction between the inner and 
middle regions is that the field is primarily 
radial in the middle regime [beyond about 
30 Jovian radii (Rj)] and is dominated by 
the planetary dipole in the region defined as 
the inner magnetosphere. The outer region 
of the magnetosphere is characterized by a 
very disturbed field with large changes in 
field strength, some of which can be attrib- 
uted to brief exits from the magnetosphere 
back into the magnetosheath. Other large 
deviations resemble the current sheet cross- 
ings recorded closer in. The real distinction 
between the reeions is that the field in the " 

outer region is not mainly radial, but rather 
is directed predominantly parallel to the 
planetary dipole. 

The bow shock was encountered in- 
bound at a radial distance from the planet 
of 113 RJ at 17:33 universal time (UT) on 
2 February 1992. The shock was encoun- 
tered only once inbound and was a quasi- 
parallel shock; the normal angle of 36" to 
the field was calculated with the use of 
magnetic coplanarity. 'The magnetopause 
current sheet was first encountered at a 
distance of 110 Rj  at 21:30 U T  on the same 
day. Other instruments on Ulysses identi- 
fied magnetospheric signatures only about 
an hour later, implying the existence of a 
thick boundary layer. 

All inbound Jovian spacecraft flyby tra- 
jectories, including that of Ulysses, entered 
the magnetosphere in the late, morning 
equatorial sector. The magnetosphere ob- 
served bv Ulvsses was much exuanded in , . 
comparison to the Voyager and Pioneer 11 
inbound passes. Pioneer 10 first detected 
the magnetopause at 98 RJ. 

The briefness of the magnetosheath so- 
journ indicates that the magnetosphere had 
expanded substantially between the shock 
and the first encounter with the magneto- 
pause. Our data, which show a weak mag- 
netic field immediately before the bow 
shock, after the termination of a corotating 
interaction region by a reverse shock 4 
hours previously, are consistent with this 
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