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Auroral Signature of Comet
Shoemaker-Levy 9 in the
Jovian Magnetosphere

R. Prange, 1. M. Engle, J. T. Clarke, M. Dunlop,
G. E. Ballester, W. H. Ip, S. Maurice, J. Trauger

The electrodynamic interaction of the dust and gas comae of comet Shoemaker-Levy 9
with the jovian magnetosphere was unique and different from the atmospheric effects.
Early theoretical predictions of auroral-type processes on the comet magnetic field line
and advanced modeling of the time-varying morphology of these lines allowed dedicated
observations with the Hubble Space Telescope Wide Field Planetary Camera 2 and
resulted in the detection of a bright auroral spot. In that respect, this observation of the
surface signature of an externally triggered auroral process can be considered as a
"magnetospheric active experiment" on Jupiter.

Inside the jovian magnetosphere, the co-
mae of comet Shoemaker-Levy 9 acted as
ionized bodies that disturbed the electro-
dynamical equilibrium of the magneto-
sphere-ionosphere system. As a result, a
variety of plasma processes, depending on
the geometry of the field lines and the
characteristics of the comae (including
the dynamo effect resulting from the mo-
tion of charged dust through the ambient
plasma), were expected to trigger energet-
ic particle precipitation along field lines
into the jovian ionosphere (1). The ob-
servable signature of such precipitations is
auroral-type collisionally excited emis-
sions in the far ultraviolet (FUV) at the
magnetic footprints of the nuclei.

Several issues made the study of such
interactions different from other observa-
tions of the comet's collision. First, in
contrast with atmospheric effects, some

auroral signatures started long before the
impacts, and the magnetic footprints of
the fragments remained on the dayside,
even when the nuclei reached the night-
side (2). Second, the nature of magneto-

spheric effects was controlled by the relative
geometry of the comae and the local jovian
magnetic field (Fig. 1). Therefore, the ef-
fects were subject to the 10-hour rotation
period of Jupiter, and we had to consider the
comet path not in a fixed planetocentric
frame of reference but in the corotating
tilted magnetic frame of Jupiter (3). Third,
by chance, the comet path sampled a vari-
ety of magnetospheric regimes, going from
the day to the night sides, from dusk to
dawn, and because of the latitude of the
trajectory, near the polar cap boundary,
from closed to open magnetic field lines. As
an additional consequence, there were pe-
riods during which plasma interactions
could give rise to conjugate auroral signa-
tures in both hemispheres.

Auroral Features
Among the observations of the Hubble
Space Telescope (HST) FUV Imaging Pro-
gram (4), some were scheduled with the
assistance of the magnetic field models de-
scribed below. An unusual emission was
observed on 20 July 1994. Four images were
taken with the Wide Field Planetary Cam-
era 2 (WFPC2) between 14:10 and 14:47
UT, within 1 hour of the collision of frag-
ment P2 (5). The first two exposures (400
s) were taken with filters F160WB and
F130LP, which isolate the H2 Lyman bands.
The last two (300 s) were taken with the
Wood's filter F160WB only, providing the
H Lyman a, H2 Werner, and Lyman band
emission (4). The images did not reveal any

Sun 2Cr
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Fig. 1. Path of a fragment and its tail inside of the jovian magnetosphere (schematic) in the noon-midnight
meridian. In the magnetic frame of reference, the trajectory is a pseudohelix, crossing alternatively open
and closed field lines.
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UV emission along the dawn limb. This
does not contradict the theoretical predic-
tion in that fragment P2 proved to make an
impact much smaller than expected. By
contrast, a feature was discovered on the
polar cap: In all images, a similar auroral
oval encircles the south pole (Fig. 2), but in
one image (Fig. 2B), an additional bright
spot appears, apparently inside the oval
[there was a similar bright spot on the first
image of the sequence (4, 6)]. We could not
identify any magnetically conjugate spot in
the north.

More than 2 years of observations with
the HST's Faint Object Camera have giv-
en evidence that the morphology of the
jovian aurorae is globally stable (although
variable in intensity), with the brightest
emissions localized along narrow ovals
around the poles with, at times, a broad
transpolar emission (7). The bright spot
we discuss here is quite different from the
classical morphology: It is on the polar cap,
localized and modulated in brightness. For
this reason, we have ruled out any "normal"
mechanism (such as solar wind effects) that

_14:1:UI 'I_ :Z U~v _ _ .... v.
CIVII1111 CVIL 16* CMVL- 123

Fig. 2 Jupiter's south pole as seen in the last three FUV exposures from the HST WFPC2 or
1994, taken at (A) 14 :19, (B) 14:29, and (C) 14:41 UT. Note the bright spot in (B). A similar spot
observed at the same location on the first exposure of the series. The spot and the auroral
comparable in brightness (-250 and 500 kilorayleighs at maximum). The dark impact site of fra
is seen rotating on the disk.

Tlj 1.1 day

Magnetic axis toward the comet

-40'

Magnetic axis away from the comet

Tl 8 min

Magnetic axis toward the comet Magnetic axis away from the comet
(scale, x4)

-5 /1 -<v

-10: -40

Fig. 3. Two typical examples of magnetic field lines as modeled taking into account the s
interaction and the direction of the jovian magnetic axis. For each date, two extreme configuratic
magnetic axis toward and away from the comet) lead to radically different field lines. A comprehE
of such plots along the comet path was used to prepare the observations. The star indicates thE
of the comet. Solid lines are field lines; dotted lines, dashed lines, and dotted-dashed lines are th
and xy projections, respectively. Ti is the time until impact.

could already have produced similar fea-
tures, and we have assumed that it was
related to some interaction between the
comet train and the magnetosphere, trans-
mitted to the ionosphere by means of a
field-aligned current system.

The high latitude of the emission and
its apparent location in the early after-
noon hemisphere rules out any effect from
fragment P2. The later fragments, partic-
ularly the pair Q2-Q1, which immediately
followed P2, are good candidates for the
triggering of this unusual auroral spot. At
the time of the observations, Q2-Q1 was
about seven or eight jovian radii (7Ri to
8Rj) from the surface and 570 from the
jovian noon meridian direction in the af-
ternoon sector (8).

Modeling Jupiter's
Magnetosphere

To study the relation between auroral emis-
sion and the fragment-charged environ-
ment, we had to map the instantaneous
comet location down along magnetic field

n2Juy lines. We also had to characterize the na-
was also ture of the field lines. Unfortunately, there

ovalare does not yet exist any comprehensive model
of the jovian magnetosphere that is valid
from the magnetopause to the surface of the
planet, and we had to combine the capabil-
ities of two different models. The first is a

version of the 06 model (9), which allows
the magnetic footprint of any inner- to
middle-magnetosphere location to be calcu-

0 lated with a reasonably good accuracy, but
which does not take into account the ef-
fects of the solar wind interaction at the

>, outer boundary of the magnetosphere and is
Y therefore unable to account for the shape of

field lines far from the planet.
For the region far from the planet, we

developed a three-dimensional model of
the jovian magnetosphere that includes
the 10-hour modulated variation of the
magnetic axis. It superimposes the effects
of the solar wind contribution to the mag-
netic field, as modeled by an internal
source approximated by a planetary dipole,
and an axially symmetric current sheet

.80 (therefore, it is not suited for near-surface
simulations). It simultaneously calculates
the shape of the magnetopause and the
asymmetric deformation of the field asso-

_Y ciated with the current on this boundary
driven by the solar wind ( 10) [we estimate
that Shoemaker-Levy 9 crossed the mag-
netopause around 5ORJ (1 1), which corre-

sponds to a Voyager-type magnetosphere].
olar wind Any configuration of the jovian magnetic
)ns (north axis with the solar wind direction and the
,nsive set current sheet plane orientation can be
e location represented, so that this model is able to
leiryz, xz, follow the complex deformation of the

instantaneous magnetic field lines passing
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through any fragment of the comet as

Jupiter rotates and as the comet travels
across the magnetosphere (inwards, east-
wards, and ultimately toward the nightside)
(10). Figure 3 illustrates some of the major
changes that can occur within a few hours,
depending on the comet location: from day-
side closed field lines to nightside open ones

far from the planet (top) and from predawn
closed field lines sweeping the inner to
outer magnetosphere shortly before impact
(bottom). It emphasizes how critically the
nature of the field line depends on the
comet's instantaneous parameters.

Field Line of Fragment Q

Using an impact decimal date of 20.83 July
(12) (Q2 impacted 0.0056 day before this
average date; Q1 impacted 0.0062 day af-
ter), we traced the surface magnetic foot-
prints of the fragment as a function of time
in both hemispheres with the first model.
On the south polar projection (Fig. 4A),
the footprint spirals toward the magnetic
pole until 20.78 July (1.2 hours before im-
pact) and then escapes toward lower lati-
tude almost along a meridian to the impact
site. The fraction of this track during which
the bright spot was observed (20.57 to
20.62 July) is indicated on Fig. 2B as seen

from Earth. For comparison, we also plotted

Fig. 4. (A) Polar projection of the comet's south
magnetic footprint on the surface of Jupiter from
20 July 00:00 UT to impact time, created with a

version of the 06 model. The theoretical footprint
of the 30RJ auroral oval is overplotted. (B) South
footprints of Q1-Q2 and of the 30Rj oval during
the observations, as seen from Earth.

the theoretical footprint of the magnetic
shell 3ORJ associated with the classical au-

rora. It appears that the magnetic footprint
of fragments Q2 and Q1 was located on the
planet and, with respect to the auroral oval,
close to the bright spot observed at the
same date, in terms of latitude as well as in
terms of local time.

At the northern conjugate footprint,
the track vanished between 20.56 and
20.58 July (open field lines in the first
model) and reappeared at 20.81 July: Our
observations almost coincide with the
transition from closed to open field lines
(that is, the crossing of the polar cap

boundary). However, because the first
model does not properly describe high-
latitude field lines, which are controlled
by the relative geometry of the jovian
magnetic axis and the solar wind direc-
tion, we used the second model to infer
the nature of these field lines. Figure 5
shows the shape of the field line during
the observations (-7.5R1 from the surface,
140° between the comet and the magnetic
north pole longitudes). The field line has
its northern counterpart open in the tail.
This is an important clue to interpret that
no conjugate bright spot was observed in
the northern hemisphere.
We have interpreted the transient

bright spot as particle precipitation close
to the footprint of fragments still in the
magnetosphere, particularly of the pair
Q2-Q1. Even if they did not give rise to
the strongest impacts, these fragments
were surrounded by the brightest and larg-
est comae of the train (13): the motion of
such an extended and dense ionized dust
coma across the ambient magnetospheric
plasma was favorable to the development
of an intense current system flowing along
magnetic field lines and closing through
the fragment's conducting coma and the
jovian ionosphere [as predicted by various
investigators (1)1. If confirmed by further,
more detailed studies, this event could be
a unique example of a "magnetospheric
active experiment" (14) in the jovian

20.6 July

(yZ)

Fig. 5. Field line passing though fragments Q1 -Q2
during the observations (20.6 July; 5.75 hours
before impact).
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magnetosphere, in the sense used in stud-
ies of the Earth's magnetosphere for arti-
ficial injection of energetic particles or

waves along magnetic field lines (from
Earth's orbiting instrumentation) associat-
ed with the observation of ground signa-
tures at the conjugate north and south
surface footprints.
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The Fragment R Collision:
W. M. Keck Telescope
Observations of SL9

James R. Graham, Imke de Pater, J. Garrett Jernigan,
Michael C. Liu, Michael E. Brown

The W. M. Keck telescope was used to observe the impact of comet Shoemaker-Levy
9 (SL9) fragment R at a wavelength of 2.3 micrometers on 21 July 1994. The data showed
three outbursts. The first flash lasted about 40 seconds and was followed 1 minute after
its peak by a second flash that lasted about 3 minutes. A third, longer lasting flare began
6 minutes after the first flash and lasted for 10 minutes. At its maximum brightness, the
flare outshone Jupiter. The two short flashes are probably associated with the initial
meteor trail and the subsequent fireball, respectively. The bright flare occurred when the
impact site rotated into view. These data show that the explosion ejected material at least
1300 kilometers above the visible cloud tops. The luminosity of the impact site during the
long bright flare was probably maintained by the release of gravitational potential energy,
as this material fell back onto the lower atmosphere.

On 16 July 1994, the first fragment of
comet Shoemaker-Levy 9 (SL9), fragment
A, crashed into Jupiter, soon followed by
fragments B through W. The observations
presented here, which consist of a sequence
of infrared images every 7.7 s, show the
impact of fragment R and its immediate
consequences. The observed response of Ju-
piter's atmosphere constrains the impact
energetics and kinematics and provides a
direct test of impact theory.

The 10-m W. M. Keck telescope (1) at
Mauna Kea, Hawaii, was used to observe
the impact of SL9 fragment R. The data
were obtained with the facility near-infra-
red camera (2). The camera is equipped
with a Santa Barbara Research Corporation
InSb array (256 pixels by 256 pixels) and
has a pixel size of 0.15 arc sec. We observed
Jupiter with a narrow-band filter centered
at a wavelength of 2.3 jim (wavelength,
2.28 to 2.31 gim). The planet is very dark at
this wavelength, because sunlight is ab-
sorbed at 2.3 jim by CH4 above Jupiter's
cloud layers and only material at high alti-
tudes, such as the high-altitude haze layers
present above Jupiter's poles, stand out as
bright features.

The authors are in the Department of Astronomy, Camp-
bell Hall, University of California, Berkeley CA 94720,
USA. J. G. Jemigan is also in the Space Sciences Labo-
ratory, University of California, Berkeley.
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Image Sequences: Moviemaking

We used the light-gathering power of the
Keck telescope to obtain a record of the R
event with many frames per minute. Data
were taken in a movie mode, which yields
one frame every 7.743 s, each with a total
integration time of 4.347 s (3). The relative
time of each frame is determined with ref-
erence to the quartz-controlled clock in the
real-time system that controls the camera.

The 1o uncertainty in relative times is <10
ms. The real-time clock was synchronized
to the observatory WWV and Global Posi-
tioning Satellite clocks. The systematic er-

ror in the absolute time is <0.5 s.

Three movie sequences were obtained,
starting approximately 21 min before the
expected fragment R impact 105:29 univer-
sal time (UT) (4)]. The first sequence runs

from 05:08 to 05:18 UT, the second from
05:18 to 05:36 UT, and the third from
05:36 to 05:57 UT. There is a gap of a few
seconds between each movie. Another se-

quence could not be obtained because the
telescope was threatened by fog.

The movie shows two faint flashes on the
limb at a latitude of - -44° (Fig. 1, panels 2
through 5) followed by a dramatic bright
flare (Fig. 1, panels 7 and 8). The two flashes
appeared as bright points on the limb in
projection against the old G-D impact site

SCIENCE * VOL. 267 * 3 MARCH 1995

complex. The end of the movie recorded the
new R impact site rotating into view.

The first flash (Fig. 1, panel 2) was first
seen at 05:34:44.5 UT (Table 1). In the
next frame of the movie, the flash reached
its peak, after which it decayed. The first
flash was clearly visible only in five frames,
or for 40 s. The rise time of the flash was

15 s, and the decline was slower, with an
e folding time of -'30 s. One minute later, a
second flash occurred (Fig. 1, panel 4). This
flash was also caught on the rise, but its
decay was much slower with an e folding
time of "-180 s. Emission was visible for at
least 180 s (Fig. 1, panels 5 and 6), when a
third brightening occurred. There is some
evidence for a brief brightening at the end
of the second flash.

Almost immediately after the second
flash faded, at about the expected time for
the impact site to rotate into view (4), a new
feature appeared on the limb (Fig. 1, panel
7). The new R impact site soon outshone
the rest of the planet at this wavelength.
The bright flare reached its maximum inten-
sity (Fig. 1, panel 8) approximately 4 min
after it became visible. Ten minutes after its
first appearance, the intensity dropped to
the level of that of the old G-D impact sites.
As the bright flare faded and its emission
returned to a level comparable to that of the
G-D impact sites, a distinct change in the
morphology of the emission region occurred
(Fig. 1, panel 9). Up until this point the
region was unresolved, but in the final 10
min of the movie the impact site was clearly
resolved in a direction tangential to the limb
with a length of --2 arc sec. Thus, in an
interval of - 1000 s, the impact had influ-
enced a region of -7500 km. The lateral
extent appeared to increase slightly until the
final fading began. The D-G complex had
moved off the limb by this stage, and the
new impact site was clearly resolved from
previous impact sites.

Figure 2A shows the 2.3-jim light
curve of the R impact (5). The detector
began to saturate when the brightness at
2.3 jim exceeded a magnitude of 3.3
[equivalent to 30 janskys (Jy), a unit of
flux density, where 1 Jy = 10-23 erg s`
cm-2 Hz-1]. However, when the core of a
stellar image is saturated there are still
many unsaturated pixels in the wings of the
point spread function. Photometry was re-
covered from saturated images by extrapo-
lation of the flux measured in an unsatur-
ated annular aperture with the use of the
photometric curve of growth. We checked
the reliability of this procedure by measur-
ing the curve of growth before and after the
fragment R event to ensure that it had not
changed. Consequently, we can state with
confidence that the flickering at the peak of
the bright flare (Fig. 2A) is not an artifact.

The absolute scale of the photometry
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