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Far-Ultraviolet Imaging of Jupiter's Aurora 
and the lo "Footprint" 

John T. Clarke,* Gilda E. Ballester, John Trauger, Robin Evans, 
J. E. P. Connerney, Karl Stapelfeldt, David Crisp, 

Paul D. Feldman, Christopher J. Burrows, Stefano Casertano, 
John S. Gallagher III, Richard E. Griffiths, J. Jeff Hester, 

John G. Hoessel, Jon A. Holtzman, John E. Krist, 
Vikki Meadows, Jeremy R. Mould, Paul A. Scowen, 

Alan M. Watson, James A. Westphal 

Far-ultraviplet images of Jupiter from the Hubble Space Telescope Wide Field Planetary 
Camera 2 reveal polar auroral emissions at 300 kilometer resolution and three times 
higher sensitivity than previously achieved. Persistent features include a main oval 
containing most of the emission and magnetically connected to the middle magneto-
sphere, diffuse and variable emissions poleward of the main oval, and discrete emission 
from lo's magnetic footprint equatorward of the oval. The auroral emissions are variable, 
exhibit magnetic conjugacy, and are visible above the planet limb. All emissions ap­
proximately co-rotate with Jupiter except the lo "footprint," which is fixed along lo's 
magnetic flux tube. 

1 he presence and approximate strength of 
Jupiter's magnetic field have been known 
since the 1954 detection of radio emissions 
from trapped charged particles (1). In 1964 
the decametric emissions were found to be 
modulated by the orbital location of Jupi­
ter's satellite lo (2). This modulation was 
attributed to the electromagnetic interac­
tion of Jupiter's magnetic field with lo, 
implying a ~10 6 A electric current system 
along magnetic field lines linking lo with 
Jupiter's ionosphere (3) (hereafter lo flux 
tube, or IFT). From the strength of the 
decametric emission and the implied mag­
netic field, Jupiter was expected to exhibit 
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active aurora potentially more energetic 
than the Earth's aurora. Jupiter's auroral 
emissions were observed at far-ultraviolet 
(FUV) wavelengths by the Voyager 1 Ul­
traviolet Spectrometer (UVS) in March 
1979 (4), followed by spatially resolved 
spectra by the Earth-orbiting International 
Ultraviolet Explorer (IUE) in May 1979 
(5). Jupiter's auroras have since been ob­
served periodically by the IUE (6), and 

other observations revealed thermal infra­
red (IR) hydrocarbon emissions (7), soft 
x-ray emissions (8), and near-IR ionospher­
ic H 3

+ emissions (9). Images of the H3
 + 

emissions reveal the main structures of the 
auroras at the limited angular resolution 
available from ground-based telescopes 
(10). High angular resolution images of the 
FUV auroral emissions have been obtained 
with the Hubble Space Telescope (HST) 
since 1990 (11, 12). Here we present a 
comprehensive analysis of the FUV auroral 
images taken by the HST Wide Field Plan­
etary Camera 2 (WFPC2). These FUV im­
ages resulted from a decade-long program by 
the WFPC2 instrument development team 
(13) to produce alkali metal "Wood's" fil­
ters, which provide several times greater 
FUV sensitivity than earlier HST imaging 
while efficiently blocking visible light. 

Observations and data reduction. FUV 
images of Jupiter were obtained with the 
HST WFPC2 between 19 May 1994 and 26 
September 1995 (Table 1), including dur­
ing the Comet Shoemaker/Levy 9 (S/L 9) 
impacts in July 1994. No effects of the S/L 
9 impacts beyond those initially reported 
(12) have been found. The response of the 
WFPC2 with filter F160BW to an auroral 
spectrum includes the H2 Lyman (B^, - 1 - — 
X*2 + ) band emissions and part of the 
Werner ( C 1 ^ , — X1Xg

+) band series plus 
the H Lyman a line (H-Lya) (12). Inclu­
sion of the F130LP filter blocks the H-Lya 
emission and Werner bands: Such images 
were obtained in each observation to facil-

Table 1. WFPC2 FUV Images of Jupiter. Start time for first exposure, always at 17 s past the listed 
minute. Each observation consists of image pairs with filters F160BW and F160BW + F130LP in one 
HST orbit. Images with F160BW + F165LP were also obtained on 19 and 31 May 1994. CML are for 
midpoints of first and last exposure, lo orbital longitude, lo Orb. 

Date 

5/19/94* 
5/31/94 
5/31/94 
5/31/94 
7/17/94 
7/17/94 
7/18/94 
7/19/94 
7/20/94 . 

7/20/94 
7/21/94 
7/21/94 
7/22/94 
7/29/94t 
3/04/95t 
3/06/95t 
3/09/95t 
3/24/95t 
9/26/95t 

Start t 
(UT) 

15:41 
12:19 
13:53 
15:29 
09:06 
18:56 
13:55 
11:07 
14:10 

16:12 
08:09 
13:01 
09:54 
08:57 
23:10 
20:15 
17:25 
14:28 
09:35 

Exp. t 
(s) 

1500 X 2 
500, 600 X 2 
500, 600 X 2 
500, 600 X 2 
700 X 2 
400 X 2 
700, 800 
400 X 2 
400 X 2, 
300 X 2 
400 X 2 
400 X 2 
400 X 2 
400 X 2 
700 X 2 
600 X 2 
600 X 2 
700 X 2 
700 X 2 
500, 600 

CML 
(deg) 

199-247 
74-92 

131-149 
189-207 
192-204 
188-194 
158-170 
205-211 
106-111 
117-124 
176-182 
38-44 

215-221 
252-258 
192-205 

6-17 
201-212 
190-202 
182-193 
286-295 

lo Orb. 
(deg) 

27-37 
279-283 
292-296 
306-310 
104-107 
188-189 
341-343 
160-162 
29-30 
32-33 
47-48 

182-183 
223-224 
40-41 
16-18 

179-181 
201-203 

67-69 
214-217 
227-229 

Fig. 3 

H, K 

A 
D 
E 

G 
F 
J 

I 
L 
C 
B 

File name 

u2eq0202 
u2eq0103 
u2eq0106 
u2eq0109 
u2fi0e01 
u2fi0j01 
u2fi0s01 
u2fi0y01 
u2fi1501 
u2fi1503 
u2fi1701 
u2fi1b01 
u2fi1f01 
u2fi1p01 
u2fi7901 
u2fi0402 
u2fi0502 
u2fi0302 
u2fi0202 
u2fi0102 

*The first observation was 15 years to the day after the first IUE detection of Jupiter's aurora, and obtained with 2 x 
2 binning on the CCD. |WF3 used, all others WF4. For WF4 the image of Jupiter was positioned in the corner 
opposite the pyramid apex; for WF3 it was centered on the CCD with the partially rotated filter position F160BN15. 
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itate cosmic ray identification and to isolate 
the H-Lya emission from the difference of 
images. Locations on Jupiter in the FUV 
images have been determined by an edge 
finding algorithm (1 2) and by comparison 
with a simulated disk reflection model. For 
the F160BW images we estimate positional 
uncertainties on Jupiter of -300-km pro- 
jected area, comparable to the angular res- 
olution. Jupiter's rotation results in image 
smear of about 1" of rotation per 100-s 
exposure time, degrading the resolution.by 
the exposure length independently of the 
instrument resolution. 

The images sample Jupiter's upper atmo- 
sphere over altitudes from the stratosphere 
to the thermosphere. In the FUV imaging 
bandpass of 1150 to 2100 A, the altitude of 
line of sight optical depth unity ranges from 
50-km altitude (0.1 bar pressure) at 2100 A 
(determined by Hz Rayleigh scattering) t? 
300 to 400 km (1 to 10 pbar) below 1450 A 
(from increasingly strong CH4 photoabsorp- 
tion) (1 4). The diffuse disk emission is dom- 
inated by scattered solar continuum over 
1700 to 2100 A, which has been modeled 
and subtracted to obtain accurate photome- 
try of the aurora. Limb darkening has been 
modeled analytically using a Minnaert law 
formulation with empirical coefficients (1 5) 
for the F160BW bandpass. A mean latitudi- 
nal banding pattern has been derived from 
images taken on 31 May 1994 with filters 
F160BW + F165LP, which block the au- 
roral emissions. The conversion to absolute 
brightness is based on mean WFPCZ sensi- 
tivity curves allowing for degradation with 
time after decontamination cycles (1 6). 

Observed morphology of auroral emis- 
sions. Earlier HST images of Jupiter's 
northern aurora showed a main oval that 
appeared narrow at system 111 longitudes 
A > 180" and broader at A < 180". Little 
emission was detected from 270" to 110°, 
but variable small-scale features were seen 
along the oval with evidence for fainter 
emissions extending away from the oval 
(1 1, 17). With the higher WFPCZ sensitiv- 

ity (18) and repeated imaging, it is now 
possible to distinguish the main emission 
structures of Jupiter's auroras. Persistent fea- 
tures at both poles include: (i) main auroral 
ovals with a similar longitude and latitude 
distribution on different days, although 
with large intensity variations along the 
ovals, (ii) patchy and variable emissions 
poleward of the main ovals and brightest at 
A < 180°, sometimes connected to and 
sometimes separated from the main oval, 
and (iii) discrete emission from the foot of 
10's magnetic flux tube, always apparent 
when on the Earth-facing side of Jupiter. 
The emissions described in (ii) are seen 
more clearly in the north than in the south, 
and constitute a separate feature from the 
main oval spatially and in the sense that 
their brightness varies independently. 
Fainter emissions are often observed equa- 
torward of the main oval (Fig. l ) ,  but 
equatorward of the 10 footprint locations 
(Fig. 4) upper limits with filter F160BW 
are about 10 kR (1  kilorayleigh = lo9 
photons cmP2 s-' into 4 a  steradians). 
This is at times less than 0.1% of the main 
oval emission, indicating a rapid decrease 
in emission at lower latitudes. A reported 
detection of FUV emission from the IFT 
footprint (1  9) is inconsistent with the ob- 
served location and brightness of this fea- 
ture, while ground-based H3+ emission 
features attributed to the IFT footprint 
(20) appear consistent with the WFPCZ 
locations. 

The WFPCZ images at A > 180" are 
similar to earlier Faint Object Camera 
(FOC) images of the north aurora (1 7), 
while the WFPCZ reference oval (21) is at 
a lower latitude (A < 180"). The emissions 
at A < 180" are variable and near the 
diffuse emission poleward of the main oval. 
Due to their lower sensitivity, the FOC 
images might have detected the auroral 
emission poleward of the main oval without 
resolving distinct emission from the main 
oval. The WFPCZ ovals are also consistent 
with the auroral oval locations derived from 

Fig. 1. WFPC2 F160BW 1 
image of Jupiter on 24 
March 1995 showing 1 
three main features of 
auroral emission dis- 
cussed in text: The lo 
footprint emission ap- 1 
pears on the equator- 
ward right side of the 
main oval north and 
south. The result of 
modeling and subtract- 
ing the long wavelength 
disk component is 
shown on the right, re- 
vealing no detectable 
emission equatoward of the locus of observed lo footprint emissions. 

ground-based H3+ images (22). Compari- 
son of WFPCZ images with Voyager UVS 
observations of the equatorward extent of 
the northern aurora (23), shows that the 
WFPCZ ovals are similar near 180°, but 
near 0" longitude the UVS oval extends to 
much lower latitudes. The UVS may have 
detected fainter emissions than WFPCZ, 
being sensitive to emissions of a few hun- 
dred rayleighs. Emissions appearing above 
the limb (as seen by WFPCZ) might also 
have been assigned to the latitude of the 
apparent limb. The overall emission pattern 
co-rotates with Jupiter's magnetic field ex- 
cept the IFT "footprint," which always ap- 
pears close to the foot of 10's magnetic flux 
tube. The fixed nature of the IFT footprint 
is striking in the series of images on 3 1 May 
1994 covering 133" of jovian rotation (24), 
providing a detection of FUV emission from 
the IFT footprint and unambiguously iden- 
tifying this feature with 10. 

Fig. 2. Polar projections showing the "WFPC2" 
reference auroral ovals (asterisks) from March 
1995 overplotted with the locations of the 6 (outer) 
and 30 (inner) R, ovals in the 0, model with cur- 
rent sheet (solid lines) and the Voyager UVS oval 
(dashed). Top projection shows northern hemi- 
sphere and bottom projection shows southern 
hemisphere. The regions with few points are re- 
gions appearing near the limb and therefore more 
uncertain. "Plus" marks indicate the location of lo 
footprint emissions, with the lengths of the lines 
indicating positional uncertainties. 
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There is a high degree of variability in 
the auroral morphology (Fig. 3). Emissions 
are observed from both poles at all longi- 
tudes, indicating that at least part of the 
auroral "curtain" is always visible over the 
limb (25). The limb observing geometry 
precludes a unique determination of the 
spatial distribution, while the large slant 
path through the auroral curtain produces a 
brightness enhancement along the main 
oval. The emissions always extend clearly 
above the ~lanetarv limb. and modeled 
ovals with assumed base altitudes of 400 to 
700 km give good fits to the observed emis- 
sions. Part of the observed brightening from 
the far side of the main oval may be limb 
brightening from diffuse emission near the 
limit of detection inside the main oval. The 
diffuse emissions poleward of the oval range 
from near the limit of detection to as bright 
as 700 kR. An  estimate of the auroral color 
ratio (26) from a comparison of the 
F160BW and F160BW + F130LP images 
indicates that the IFT footprint has a sim- 
ilar color ratio to the main oval, while the 
diffuse emission is significantly brighter at 
shorter wavelengths, indicating softer parti- 
cles andlor emission at higher altitudes. For 
a typical (300 kR) and the brightest (3 MR) 
emissions observed along the main oval (as- 
suming 10% radiative efficiency), the local 
energy dissipation in Jupiter's atmosphere 
is 45 to 450 erg cmP2 s-'. Energy deposi- 
tion of this magnitude will ~roduce a local " 
supersonic expansion from Joule heating 
and likely runaway currents in the iono- 
sphere, with an auroral electrojet poten- 
tially stronger than on the Earth. The 
observed radiated power in the north in 
images with central meridian longitudes 
(CML) near 180" ranges over a few times 
loLL to 1012 W, with a corresponding in- 
put power about 10 times larger. As ex- 
pected (27), the auroral energy input dom- 
inates over the global, solar FUV input to 
Jupiter's thermosphere. 

Mapping auroral emission features into 

Jupiter's magnetosphere. The auroral emis- 
sion locations can constrain the magneto- 
spheric regions where precipitating charged 
particles originate, if the magnetic field can 
be accurately mapped (28). Since the main 
oval always appears poleward of the 10 foot- 
print emission, the main auroral processes 
must occur farther from Jupiter than 10's 
orbit without regard to any planetary mag- 
netic field model. This contradicts the Voy- 
ager era view (23) that the FUV aurora 
were associated with the 10 torus, and it is 
based on the simultaneous detection of the 
10 footprint and main oval. From the ob- 
served 4" to 6" latitude difference, we esti- 
mate that the main oval maps to equatorial 
regions greater than 12 jovian radii (RJ) 
from Jupiter. This is consistent with the 
outer half of the co-rotation portion of Ju- 
piter's middle magnetosphere, where there 
is a large magnetic distortion due to the 
co-rotating magnetodisc current. The local 
field is almost radial near the magnetodisc, 
making it difficult to map from the auroral 
zone to a unique equatorial distance. By 
contrast, the 10 footprint emissions origi- 
nate from an electric current tied to 10 at a 
known location, sufficiently close that the 
planetary field dominates over the current 
sheet. While the foomrint emission mav 
deviate from 10's instantaneous field line in 
longitude, no significant deviation in lati- 
tude is expected. The observed latitude dif- 
ferences are up to 6", within the 10" uncer- 
tainty in the 0, model (28), and the ob- 
served 10 footprint emissions can be used to 
more accurately map the field near Jupiter. 
The observed auroral ovals (Fig. 2) lie be- 
tween the modeled 6 R and 30 RJ (29) 
ovals in the north and poleward of the 30 RJ 
oval in the south. with some deviations 
from the model ovals at both poles. Much of 
this deviation is due to the uncertaintv in 
the 0, model of Jupiter's higher order Aag- 
netic moments. which dominate the field 
geometry near the planet. 

Jupiter's aurora are evidently unlike the 

pole was tilted toward the 
Earth for good viewing of the 
aurora with an intensity scale 
in kilorayleighs. Numbers indi- 
cate the longitude of the cen- 
tral meridian at the midpoint of 
each exposure. Auroral emis- 
sions appear at both poles in 
each image, although only one 
pole is shown here for brevity. 

i 
the main oval with respect to 
the reference ovals (dotted 
lines) and changes in the emis- 
sion within the oval. 

I Note the changing location of - 
I. 

Earth's aurora. The region of maximum 
likelihood of auroral emission on the Earth 
consists of a pattern which is fixed with 
respect to the solar wind direction, under 
which the planet rotates. This statistical 
auroral oval shifts with respect to the sur- 
face as the Earth rotates, and the auroral 
emission is enhanced on the night side 
where the statistical oval is broader than on 
the day side. By contrast, Jupiter's overall 
emission pattern (except the 10 footprint) 
rotates nearly fixed in magnetic longitude 
and latitude, while intensity changes and 
relative motions occur along each oval. 
This is seen in images covering 40% of a 
jovian rotation on 31 May 1994 (24), with 
bright emissions moving across the day and 
night sides in the north and south, as well 
as in 36 other images over 1% years (Fig. 
3). Jupiter's co-rotating auroral pattern is 
consistent with our expectation that the 
magnetosphere is energetically driven by 
the planet's rotation, in contrast with the 
Earth's extraction of power from the solar 
wind. 

The width of Jupiter's main oval varies 
with location and time (Fig. 3). For north- 
em images with CML near 180°, the mom- 
ing portion of the oval often appears nar- 
row, while the afternoon section appears 
broken in latitude and sometimes merges 
with the poleward emissions (17). The re- 
gion of broken emissions appears confined 
to A - 140" to 180" (the region of strongest 
northern magnetic field). The large number 
of observations with CML = 150" to 200" 
(chosen for optimal viewing of the northern 
aurora) presents a selection effect, since it 
places the A - 140" to 180" preferentially 
in the noon or afternoon sectors. Addition- 
al repeated images during a single Jupiter 
rotation will be needed to distinguish be- 
tween magnetic local time effects and lon- 
gitudinal asymmetries. In addition, the ob- 
served main oval emissions (Fig. 3, C and 
L) follow the WFPCZ reference ovals, 
whereas significant deviations from the ref- 
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erence ovals occur in other images taken at 
similar CML's. Most of these deviations 
occur over A - 10' to 180'. One unusual 
image (Fig. 3D), shows an incotnplete oval 
with dusk sector emissions coverine lati- " 
tudes tnapping from about 6 Rs to the dis- 
tant magnetosphere in a series of nearly 
parallel arcs. 

The broken main oval at titnes appears to 
merge with the diffuse emissions poleward of 
the oval. concentrated at A < 180". The 
poleward emissions run generally parallel to 
the main oval, at times resembling the 
Earth's "theta aurora" pattern of a linear 
feature acrQss the oval. By contrast, we have 
not observed Jupiter's diff~lse emission to 
connect opposite sides of the main oval, nor 
has it been observed to follow the local 
noon-midnight direction. We therefore ex- 
pect that it is produced by a different process 
than the Earth's theta aurora. Jupiter's pole- 
ward emissions inay connect to regions in 
the outer magnetosphere where the plasma 
flow is radially outward, and thereby repre- 
sent an Earth-like auroral process driven by 
magnetospheric convection, cotnpared with 
the main oval driven by partial co-rotation 
of the middle magnetosphere. Another pos- 
sibility is that they tnay be produced by an 
ionospheric current system in the polar cap 
driven by heating in the main oval. 

The images on 31 May 1994 show a 
rapidly changing auroral morphology as Ju- 
piter rotated, with an auroral storm develop- 
ing near the dawn limb (24), similar to out- 
bursts observed in the past (30). The repeat- 
ed appearance of bright storms near the 
dawn litnb suggests that there is also sotne 
local time de~endence of the auroral activi- 
ty. A likely factor in any local time changes 
in Jupiter's aurora would be the plasma flow 
pattern in Jupiter's middle tnagnetosphere 
(31 ). With an internal plasma source at 10, 
Jupiter's rapid rotation and the solar wind 
pressure combine to produce a net outward 
plasma flow in the afternoon and night sec- 
tors, changing to a compression and inward 
flow in the pre-dawn and morning sectors for 
the co-rotating plasma. Theories predict 
strong particle acceleration and partial co- 
rotation of plasma structures in the dawn 
sector 131 ). and the afternoon relaxation of . , ,  

the plastna might result in the more diff~~se 
and broken auroral structures. 

In those images showing north and 
south auroral ovals, there also appears to be 
a high degree of north and south tnagnetic 
svmmetrv in the etnissiotl features. Not 
knowing the structure of the current sheet, 
there is a large uncertainty in the magnetic 
field tracing of these features. However, 
features that appear conjugate between the 
north and south auroras appear consistent 
with the opposite ends of the same 30 Rs 
field lines within the uncertainty in the 0, 

model. We have seen no examples of bright 
features at one pole that do not have con- 
jugate features at the other pole. The ob- 
served conjugacy has itnplications for the 
nature of the process(es) by which charged 
particles are accelerated and scattered into 
the loss cone. For example, earlier sugges- 
tions (32) that ions and electrons drift in 
opposite directions (east or west) until en- 
tering the loss cone predicted bright aurora 
at s~ecific longitudes which differ between " 

the north and south, and this pattern has 
not been observed. 

The  10 flux tube "footprint" aurora. 10 
is electrically conducting by virtue of its 
ionosphere, with Jupiter's tnagnetic field 
and the co-rotating plastna torus sweeping 
past at a speed exceeding 10's orbital tnotion 
by 56 km s-'. Following early decametric 
observations, a continuous electric current 
linking Io with Jupiter's ionosphere was 
proposed, driven by Io acting as a unipolar 
inductor with a 400-kV potential (34) 
across its diameter radially away from Jupi- 
ter (3). The Voyager 1 spacecraft passed 
about 20,000 km south of Io, and found the 
local tnagnetic field and plasina flow dis- 
torted by a 3 X 10, A field-aligned current 
(33) along 10's magnetic flux tube. The 
existence of the plasma torus along 10's 
orbit itnolied that the field-aliened current - 
would be carried by Alfvkn waves propagat- 
ing at a speed detertnined by the local plas- 
tna density (34). The tneasured torus plasma 
density suggested that the Alfv6n waves 
carrying the current should return from JLI- 
piter's ionosphere after 10 had passed be- 
yond those magnetic field lines (34), so that 
the circuit would not maintain a direct 
current structure. The IFT "footprint" au- 
roral emission that we observe is oroduced 
by currents in and out of Jupiter's upper 
atmosphere. The integrated propagation 
time and path along the magnetic field 
between Io and Jupiter correspond to the 
emission leading the undisturbed magnetic 
footprint, since the co-rotation of the field 
exceeds 10's orbital motion, in the same 
direction as the deviation proposed in the 
direct current tnodel (3). Jupiter's rotation 
with an inclined and asymtnetric magnetic 
field causes the torus to tnove north and 
south with respect to 10, thereby varying 
the current path length through the torus 
with longitude (in the opposite sense north 
and south), and the field strength (and 
corresponding electric potential) at Io var- 
ies by 20% with longitude (34). These fac- 
tors suggest that we might observe varia- 
tions in the location and briehtness of the - 
IFT footprint aurora with sub-10 longitude. 

The centers of light of the footprint 
auroral emissions with respect to the instan- 
taneous undisturbed magnetic footprint of 
Io (28) (Fig. 4) indicate a trend toward the 

emission leading by 0 to lo0, with tnaxi- 
mutn lead angles for the southern emissions 
near 180" longitude (with 10 near the 
northern edge of the torus) and tninimutn 
near 0 to 50" loneitude 110 near the south- 
ern edge of the torus).   he lead angle tnight 
corres~ond to the travel delav determined 
by the integrated density of plasma along 
the current ~ a t h ,  also consistent with the 
northern lead angle being near zero at 180' 
longitude. Note, however, that the ob- - 
served footprint emission often deviates 
frotn the 0, model magnetic footprint by up 
to 6" in latitude and longitude. The leads in 
longitude (Fig. 4)  could sitnply reflect the 
inaccuracy of the field model. 

10's footprint emission has a central 
bright region with diffuse fainter emission 
extended in longitude (Fig. 5) .  This faint- 
er emission is near the sensitivity limit, 
suggesting that the emission may be more 
extended than observed. The inteerated " 
brightnesses over 0.5-arc sec areas range 
over a factor of 4, decreasing to a factor of - 
2 after correcting for an assumed cosine 
limb brightening for the optically thin 
etnission. Beyond the factor of 2 intrinsic 
variability, we find no systematic depen- 

System Ill longitude 

Fig. 4. (A) The observed locations of lo footprint 
emissions are given by plus signs (with pos~tional 
uncertainty indicated by length of lines) and 
compared with instantaneous magnetic field 
footprints (28) with diamonds for northern points 
and asterisks for southern points. (B) The differ- 
ence in longitude, given as a lead or lag in the 
co-rotation direction, from each observation is 
plotted with error bars indicating only the posi- 
tional uncertainty in the observed locations. The 
additional uncertainty in the magnetic field mod- 
el appears to be -6". These plots include only 
the observations where the lo footprint appeared 
sufficiently far from Jup~ter's limb that an accu- 
rate position could be determined. Units for all 
axes are given in degrees. 
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dence of the brightness with longitude, as 
expected for a varying flux tube current 
north to south and varying jovian iono- 
spheric conductivity with longitude. For 
the brightest emissions, an average of 120 
kR over a 0.5-arc sec area requires nearly 
10" W input power. This is a significant 
fraction of the total power in the circuit, 
estimated as a maximum of 1.2 x 1012 W 
for 3 x lo6 A current and a 400-kV 
potential across 10's diameter, implying a 
strong dissipation of the current in Jupi- 
ter's ionosphere. 

An extended emission was seen in July 
1994, extending several tens of degrees 
east and west (Fig. 3A). The extension is 
visible in part due to limb brightening and 
the foreshortened geometry near the limb, 
however in another observation with a 
similar geometry and longer exposure (Fig. 
3B) no such extension was observed. A 
similar extension of the IFT footprint H3+ 
emission with longitude has been reported 
for IR observations in July 1995 (36). The 
extension to decreasing longitude is con- 

sistent with reflecting Alfven wave prop- 
agation, for which there is independent 
evidence in the decametric radio emis- 
sions (37). The extension to greater lon- 
gitudes is presently unexplained. A re- 
markable aspect of the current loop be- 
tween 10 and Jupiter is the correspondence 
between the 60- to 120-kR auroral emis- 
sions from the footprint on Jupiter and the 
10-kR FUV emissions produced in 10's 
atmosphere. Taking into account the rel- 
ative areas of the emissions at 10 and 
Jupiter, the energy dissipated as FUV ra- 
diation is only about two times greater at 
Jupiter than in 10's airglow, with the larger 
area of emission at 10 compensating for 
the lower surface brightness. Caveats to 
this include the ~resentlv unknown con- 
tribution to 10's emission from impacting 
torus plasma, the relative efficiencies of 
emission production in the different atmo- 
spheres, and the role of field-aligned po- 
tentials. The general agreement of the 
dissipated energies, coupled with the fairly 
constant footprint brightness, provide sup- 

Fig. 5. Images backprojected to a view looking straight down on the lo footprint emissions (center of 
each frame) with distance in kilometers, showing the extended nature and changing morphology of 
the footprint emission. The longitude indicated in each frame corresponds to the sub-lo longitude 
during the exposure. Upper panels show the northern aurora and lower panels show the southern 
aurora. White error bars in each frame indicate the apparent motion of lo's magnetic flux tube during 
the exposure (calculated from the 0,field model). This motion is mainly due to the changing magnetic 
field geometry rather than lo's orbital motion. The more extended appearance in the upper images is 
largely due to greater longitudinal motion of the flux tube during those exposures. 
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porting evidence for dissipation of a rela- 
tively stable current system between the 
ionospheres of Jupiter and 10. Measure- 
ment of the magnetic field perturbation 
near 10 bv the Galileo magnetometer has " 
led to the suggestion that 10 has an intrin- 
sic magnetic field aligned parallel to Jupi- 
ter's field near 10 (39). This may be con- 
sistent with our observation that the 10 
footprint emission varies relatively little 
in brightness with time or sub-10 longi- 
tude. The local energy dissipation in Jupi- 
ter's atmosphere is 30 erg cm-2 s-' for a 
200-kR emission in the brightest pixel, 
which again will strongly disturb the local 
ionos~here and neutral atmos~here for a 
short time as the feature moves past. Fi- 
nallv. the foot~r in t  emissions are resolved , , 
in these images, extending in longitude 
and latitude beyond the smearing deter- 
mined by the changing magnetic mapping 
of 10 during each exposure (39). The mag- 
netic field outlining 10's diameter projects 
to a width of the order of 200 km at 
lupiter's atmosphere, while the emission 
full width at half maximum is roughly 
1000 to 2000 km after correction for rota- 
tional smearing (Fig. 5). 

REFERENCES AND NOTES 

1. B. F. Burke and K. L. Franklin, J. Geophys. Res. 60, 
213 (1955). 

2. E. K. Bigg, Nature 203, 1008 (1964). 
3. J. H. Piddington and J. F. Drake, ibid. 217, 935 

(1 968); P. ~ i d r e i c h  and D. Lynden-Bell, Astrophys. 
J. 156, 59 (1 969). 

4. A. L. Broadfoot et al. , Science 204, 979 (1 979). 
5. J. T. Clarke et a/., Astrophys. J. Lett 241, L179 

(1 980). 
6. T. E. Skinner et a/., Astrophys. J. 278,441 (1 984); T. 

A. Livengood et a/., lcarus 97, 26 (1992); W. M. 
Hanis et a/. , ibid., in press. 

7. T. Kostiuk et a/., Infrared Phys. 1, 431 (1 977); J. 
Caldwell, A. T. Tokunaga, F. C. Gillett, lcarus 44,667 
(1 980); P. Drossart et a/. , ibid. 66, 61 0 (1 986); J. 
Caldwell eta/. , ibid. 74, 331 (1 988). 

8. A. Metzger et a/., J. Geophys. Res. 88,7731 (1983); 
J. H. Waite eta/. , ibid. 99, 14799 (1 994). 

9. P. Drossart et al. , Nature 340,539 (1 989); L. Trafton, 
D. F. Lester, K. L. Thompson, Astrophys. J. Lett. 
343, L73 (1 989) 

10. S. J. Kim etal. , Nature 353,536 (1 991); R. Baron et 
a/. , ibid., p. 539. 

11. J. Caldwell eta/. , Science 257, 151 2 (1 992); V. Dols 
et a/. . Geoohvs. Res. Lett 19. 1803 11 992): J. C. 
~6ra;d, V. bds, F. Paresce, R. brangB:~. ~&phys. 
Res. 98, 18793 (1 993). 

12. J. T. Clarke eta/. , Science 267, 1 302 (1 995). 
13. J. T. Trauger et a/., Astrophys. J. Lett. 435, L3 (1 994); 

J. Hdtunan et a/., Pub. Astron. Soc. Pac. 107, 156 
(1 995); J. T. Clarke et a/., in Calibrating Hubble Space 
Telescope Post Servicing Mission, A. Koratkar and C. 
Leitheren, Eds. (Space Telescope Science Institute, 
Battimore, MD, 1995) pp. 322-333. 

14. The effective wavelength in the FUV images is esti- 
mated by convolving an IUE spectrum of Jupiter with 
the WFPC2 instrument response. 

15. R. A. West et a/. , Science 267, 1296 (1 995). 
16. Brightnesses are estimated in each bandpass us- 

ing average sensitivity values of 0.00057 and 
0.00050 electrons per second per WF pixel for 
1-kR emissions with F16OBW and F16OBW + 
F130LP, and a sensitivity degradation of 40% in 30 
days after each decontamination. 

17. J. C. Gerard, V. Dols, R. PrangB, F. Paresce, 



Planet Space SCI. 42, 905 (1994) D Grodent, V. 
Dols, J. C. Gerard, J. Geophys. Res. 101, 2163 
(1 996). 

18 Intensity traces across Jup~ter's polar reglons ~n 
closely spaced WFPC2 and FOC images In July 
1994 gve three tmes hgher senstivity to the auroral 
spectrum with WFPC2. The man oval also appeared 
narrower in the FOC Images due In part to the hgher 
threshold of detection 

19 S K Atreya, Y L. Yung, T. M. Donahue, E. S. 
Barker, Astrophys J. Lett 21 8, L83 (1 9771, A re- 
vsed flux caibrat~on [E S. Barker et al , Astrophys. 
J. 242, 383 (1980)l requlres the IFTfootprint emls- 
slon reported by Atreya et a/, to have been more 
than 1 MR (an order of magn~tude br~ghter than 
observed by HST WFPC2), and the aperture oca- 
tions at the three tlmes of detecton would not have 
Included the IFTfootpr~nt from the locus of po~nts n 
Fig. 2 The reported detections, if real, are Ikely to 
have been$m~sson from the man oval, whlch was 
not cons~dered. 

20 J E P. Connernev et al.. Science 262. 1035 11 993) 

son The lead angles derived from H,+ footpr~nt emls- 
sions (21) appear systematcally larger than those re- 
ported here, a difference that IS presently unresolved 

36. J E P Connerney et a1 , Bull Am Astron Soc. 27, 
1 147 (1 995). 

37 Y. Leblanc, G A. Duk, F. Bagenal, Astron. Astro- 
phys 290, 660 (1994). 

38. M. G. K~velson eta/, , Science 274, 396 (1996). 
39. The IFT footpr~nt moves In both latitude and ongi- 

tude over the course of each exposure, depending 
on the magnetic fled mappng over tme The est- 
mated smearing of the footprnt from the expected 
locatons in the 0, model at the beginnng and end of 
each exposure has been subtracted from the ob- 

served emlsson full w~dth at half maxmum to estl- 
mate the intrlnsc wdth. 

40 We acknowledge helpful conversations w~th J 
Belcher, M. K~velson, F. Bagenal, and F Crary. Th~s 
work IS based on observatons wth the NASAIESA 
Hubble Space Telescope, obta~ned at the Space 
Telescope Sc~ence nst~tute (STScl), whch is operat- 
ed by the AURA, lnc for NASA under contract NAS5- 
26555. The research was supported by contract JPL 
9591 22 from NASA's Jet Propus~on Laboratory and 
grant GO-5624.18-93A from the Space Telescope 
Scence Institute to the Un~versty of M~chgan 

3 July 1996, accepted 26 September 1996 

Time-Resolved Observations of Jupiter's 
Far-Ul traviolet Aurora 

, , 

21 WFPC2 reference ovals were created from Images 
showng complete ovals on 24 March 1995 (north) 

Gilda E. Ballester,* John T. Clarke, John T. Trauger, 
and 4 March 1995 (south). These are reference Walter M. Harris, Karl R. Stapelfeldt, David Crisp. 
ovals, not statistical or maxlmum l~kelhhood ovals, 
and were establshed as a bass for cornparson with Robin W. Evans, ~ r i c  B. Burgh,'christopher J. BU~;OWS, 
other linages 

22 P Drossart, R.  Prange, J.-P Mallard, lcarus 97, 10 
Stefano Casertano, John S. Gallagher Ill, Richard E. Griffiths, 

(1992); Y H Kim, S. J. Kim, J. A. Stuewe, J. Cald- J. Jeff Hester, John G. Hoessel, Jon A. Holtzman, John E. Krist, 
well, T M Herbst, ibid. 112, 326 (1994): J. E. P. 
Connerney, T Satoh, R L Baron, /bid. 122, 24 Vikki Meadows, Jeremy R. Mould, Raghvendra Sahai, 
(1 996) 

23. A. L Broadfoot, et a l ,  J. Geophys. Res. 86, 8259 
Paul A. Scowen, Alan M. Watson, James A. Westphal 

11981). 
24. G E.  alle ester et a/:, Science 274, 409 (1996) 
25. The wavelength dependent geometr~c dstort~on 

created a prlsm d~spers~on of the auroral spectrum, 
up to a few p~xels over the south pole, n all WF4 
Images. W~th a partially rotated f~lter on WF3 (ava~l- 
able after 29 July 1994) ths dsperson is negligible. 

26 The auroral color ratlo of H, emlssons (1557 to 
161 9 A) to (1 230 to 1300 A) lnd~cates the degree 
of CH, photoabsorpton (strong below 1450 a) and 
correspondng atmospher~c column above the au- 
rora emssions, defned by Y. L. Yung, G. R .  Glad- 
stone, K M Chang, J M. Ajello, and S. K. Srivas- 
tava [Astrophys. J. Lett. 254, L65 (1982)l 

27. J. T Clarke, J. Caldwel, T. Sk~nner, R .  Yele, NASA 
Spec. Pub. 494 (1 989) p. 21 1 

28 J. E P. Connerney, in Planetary Radio Emission Ill, 
H Rucker, M. L. Kaiser, S. J. Bauer, Eds. (Austran 
Academy of Sc~ence Press, V~enna, 1992), p. 13. 
0, magnetc field estmates Include Jup~ter's n t rn-  
sic field and a current sheet appropriate to 
the tlme of Voyager 1 encounter, derived from n 
s~tu measurements by the P~oneer and Voyager 
spacecraft 

29. Auroral ovals are quoted in unts of R referrinq to the 
d~stance at whch the field n e s  cross the projected 
equator. 

30. T. A L~vengood, H W. Moos, G. E. Ballester, R.  
Prange, /carus 97, 26 (1992); R. Prange et a/., J. 
Geophys Res. 98, 18779 (1 993); J. C. Gerard et al. , 
Science 266, 1675 (1 994). 

31. V M. Vasylunas, in Physics of the Jovian Magneto- 
sphere, A. J. Desser, Ed. (Cambrdge Univ. Press, 
Cambridge, 1983), p. 395; D. D. Barbosa, Planet. 
Space Sci. 35, 1 19 (1 987). 

32. R. Prange and M. Elkhamsi, J. Geophys. Res. 96, 
21371 (1991). 

33. M. H. Acuna, F. M. Neubauer, N. F. Ness, ibid. 86, 
8513 (1981). 

34. F. M. Neubauer, ibid. 85, 1171 (1980); J. W. Belcher, 
Science 238, 170 (1 987). 

35. The dentf~cation of emlssons wth lo's magnetic foot- 
print results from obselv~ng the emiss~ons followng 
lo's orbital moton, as w e  as ther detection near the 
IFT footpr~nt In -20 separate WFPC2 images. The 
s~ngle detect~on and three non-detections by FOC 
from July 1994, reported by R. Prange et a1 , Nature 
379, 323 (1996), do not by themselves ~dent~fy the 
feature with the IFT footprint, although when com- 
bined w~th the WFPC2 data and the lower FOC sen- 
s~tiv~ty ths appears lhkey to have been footpr~nt emis- 

Simultaneous imaging and spectroscopic observations of Jupiter's far-ultraviolet aurora 
covering half a jovian rotation were made on 31 May 1994. The Hubble Space Telescope 
Wide Field Planetary Camera 2 images revealed dramatic and rapidly changing auroral 
features, including discrete longitudinal structures along the auroral ovals, with variable 
contrast; a poleward offset in a north oval sector, showing equatorward motion near 
dusk; emissions polewards of the ovals, apparently co-rotating; and a bright event 
developing near the dawn limb. Viewing geometry effects explain the rotational intensity 
modulation observed by the International Ultraviolet Explorer, without intrinsic longitu- 
dinal asymmetries. 

T h e  first decade of studies of Jupiter's au- 
rora in far-ultraviolet (FUV) H Lyman a 
(H-Lya) and Hz emissiotls by the Voyager 
spacecraft ( I )  and the International Ultra- 
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violet Explorer (IUE) (2) emphasized the 
north aurora. These data were fitted by a 
low-latitude oval (reaching +60° latitude) 
mapping along the magnetic field lines out 
to the Io plasma torus at 6 jovian radii (R,), 
and with an enhanced emission region fixed 
around magnetic System I11 longitude A - 
180" to 210" contributing to the observed 
rotational modulation. This interpretation 
suggested jovian auroral processes quite dif- 
ferent than those on Earth, with longitudi- 
nal dependencies related to large asymme- 
tries in Jupiter's co-rotating surface magnet- 
ic field, and associated with the torus and 
the inner magnetosphere. These magneto- 
spheric regions are dominated by a co- 
rotating equatorial plasma sheet supplied by 
the torus and extending tens of jovian radii 
into the middle magnetosphere (3). Remote 
images of the FUV aurora obtained with the 
Faint Object Camera (FOC) (4) and the 
Wide Field Planetary Camera 2 (WFPC2) 
(5, 6) on the Hubble Space Telescope 
(HST) are now revealing a different pic- 
ture. They show high-latitude emissions 
mapping to the middle magnetosphere, 
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