
curate photometric and geometric calibra- 
tion and intercomparisbn of the atmo- 
spheric experiment results will provide the 
strongest possible constraints on  atmo- 
spheric properties, even for regions of the 
planet not affected by the impacts. Col- 
laborations with other observers will also 
fill in spectral, spatial, and temporal gaps 
in coverage. These data will be used to 
refine models of the jovian system, partic- 
ularly the atmosphere, and will be used to 
support the interpretation of observations 
made by the Galileo mission at Jupiter. 
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The Hubble Space Telescope 
(HST) Observing Campaign on 

Comet Shoemaker-Levy 9 
H. A. Weaver,* M. F. A'Hearn, C. Arpigny, D. C. Boice, 

* P. D. Feldman, S. M. Larson, P. Lamy, D. H. Levy, 
B. G. Marsden, K. J. Meech, K. S. Noll, J. V. Scotti, Z. Sekanina, 

C. S. Shoemaker, E. M. Shoemaker, T. E. Smith, S. A. Stern, 
A. D. Storrs, J. T. Trauger, D. K. Yeomans, B. Zellner 

The Hubble Space Telescope made systematic observations of the split comet PIShoe- 
maker-Levy 9 (SL9) (P designates a periodic comet) starting in July 1993 and continuing 
through mid-July 1994 when the fragments plunged into Jupiter's atmosphere. Decon- 
volutions of Wide Field Planetary Camera images indicate that the diameters of some 
fragments may have been as large as -2 to 4 kilometers, assuming a geometric albedo 
of 4 percent, but significantly smaller values (that is, <1 kilometer) cannot be ruled out. 
Most of theTragments (or nuclei) were embedded in circularly symmetric inner comaefrom 
July.1993 until late June 1994, implying that there was continuous, but weak, cometary 
activity. At least a few nuclei fragmented into separate, condensed objects well after the 
breakup of the SL9 parent body, which argues against the hypothesis that the SL9 
fragments were swarms of debris with no dominant, central bodies. Spectroscopic ob- 
servations taken on 14 July 1994 showed an outburst in magnesium ion emission that was 
followed closely by a threefold increase in continuum emission, which may have been 
caused by the electrostatic charging and subsequent explosion of dust as the comet 
passed from interplanetary space into the jovian magnetosphere. No OH emission was 
detected, but the derived upper limit on the H,O production rate of molecules per 
second does not necessarily imply that the object was water-poor. 

T h e  Hubble Space Telescope (HST) first 
observed the periodic comet SL9 on 1 July 
1993 (1). After the successful HST servic- 
ing mission in December 1993, the HST 
began observing SL9 again in January 1994 
and monitored the comet until its impact 
into Jupiter in mid-July (Table 1). 

Because of the large spatial extent of SL9 
in 1994 and the relatively small fields of 
view of the HST cameras, the only time 
that the HST observed the entire "train" of 
fragments during 1994 was on 17 May. Fig- 
ure 1 shows the composite SL9 image cre- 
ated from some images taken on this date 
with the Wide Field Planetary Camera 2 
(WFPC2) (2) and identifies the fragments 

with their letter labels. Fragment A was the 
first to impact Jupiter (on 16 July 1994) and 
nucleus W was the last (on 22 July 1994). 
The apparent separation of fragments A 
and W increased by a factor of -5 (from 70 
to 360 arc sec) between the time of the first 
HST images taken on 1 July, 1993 and the 
ones taken on  17 May 1994. 

Although a total of 39 orbits of HST 
observing time was devoted to imaging of 
the comet (3), this was not nearly enough 
to provide detailed temporal coverage on all 
the fragments. W e  focused our attention on 
three different portions of SL9: the regions 
around the complex of fragments P and Q, 
the S fragment, and the G fragment. All of 
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Fig. 1. A mosaic of comet SL9 compiled from six separate images taken with regions nearthe brighterfragments are strongly saturated in this figure in order 
the HST WFPC2 in wide-field mode on 17 May 1994. Each fragment is labeled to improve the visibility of the fainter fragments. The compass gives the 
with its letter designation. The apparent separation of A and W was -360 arc directions of celestial north (N) and celestial east (E). The scale bar indicates 
sec, corresponding to a projected distance at SL9 of 1.15 x lo6 km. The arc seconds. 

the latter fields contained bright fragments. 
The P-Q and S regions showed particularly 
interesting morphologies, whereas the G 
region appeared to be a good example of a 
relatively isolated bright fragment. 

Image Analysis 

Figure 2 shows the temporal evolution of 
the P-Q complex during the entire period of 
the HST observations. Fragments Q1 and 
4 2  clearly seem to have split off from a 
common parent. An analysis of their orbits 
indicates that the breakup occurred during 
April 1993 (4). 

Several other fragments also showed 
signs of splitting well after the tidal disrup- 
tion of the SL9 parent body in July 1992. 
The image of P2 was clearly elongated on 
24 January 1994 and had two distinct com- 
ponents by 30 March 1994 (Fig. 2). A small 
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companion to the G fragment was observed 
in ground-based (5) and HST observations 
in May 1994 (Fig. 1). Such fragmentation 
events can be explained quite naturally as 
the splitting of single, coherent bodies that 
are located near the centers of each of the 
comae in SL9. It seems implausible that a 
swarm of debris (or a "traveling sandbank," 
to use the terminology from the classical 
literature on comets) would break up into 
separate discrete clumps. Clearly, these SL9 
nuclei were very fragile, which is consistent 
with other observations of cometary nuclei. 

As shown in Figs. 2 and 3, the comae 
were nearly circular within -2000 km of 
each fragment until about 2 weeks before 
impact with Jupiter, at which time the co- 
mae became highly elongated approximate- 
ly along the direction of motion. This ac- 
celerated stretching near the time of impact 
was ~resumablv due to the acceleration 
deep in the jovian gravitational field, but 
we have not attempted to model the coma 
shape in detail. Despite this stretching, the 

brightness of the cores remained strongly 
peaked spatially with no evidence for cata- 
strophic fragmentation through the final 
observations, the latest of which were taken 
-10 hours before impact (6). 

The inner comae remained circular even 
as the SL9 train length increased by a factor 
of -10. If the circularly symmetric inner 
comae were composed of large dust particles 
that were essentially unaffected by solar 
radiation pressure and, thus, were in orbits 
similar to those of their parent nuclei (1 ), 
we would expect these comae to be 
stretched along the direction of the train in 
a manner similar to that observed for the 
train itself, but such a tendency was not 
observed. A spherical cloud of large parti- 
cles could possibly maintain its symmetry 
over long periods if the dust velocities were 
very small (on the order of -5 cm s-' or 
smaller) and isotropic relative to the parent 
nucleus (7). 

Another possible explanation for the cir- 
cular coma is that each fragment was pro- 

Table 1. Log of HST observations of SL9. Orbit refers to the natural accounting unit that is often used for 
HST observing time. The HST orbital period is -96 min, but the Earth occults the target for -42 min each 
orbit. Thus, the target has avisibility window of -54 min during each orbit, of which -24 min is devoted 
to spacecraft and instrument overhead. A total of 39 HST orbits were used for WFPC imaging of SL9 and 
78 images were obtained. A total of six HST orbits were devoted to Faint Object Spectrograph (FOS) 
spectroscopy of SL9 with total exposure time of 171 min. The geocentric distance is the Earth-SL9 
distance in astronomical units (AU). The sun-SL9 distance was -5.4 AU for the entire period of HST 
observations. The phase angle is the Earth-SL9-sun angle. UT, universal time. 
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ducing dust continuously like a typical corn- 
et (8). The inner coma brighmess profile is 
approximately inversely proportional to the 
projected distance from the fragment (Fig. 
3), a brighmess profile expected for steady- 
state dust ~roduction. Usine conventional " 
assumptions for the dust properties (9), we 
calculated that a dust production rate of -5 
kg s-' is needed to match the observed 
spatial profile near the brighter fragments, 
which is -1/10 the rate derived for 
P/Schwassmann-Wachmann 1 at a helio- 
centric distance of 5.8 astronomical units 
(AU) (10) and comparable to the rate de- 
rived for P/Halley at a heliocentric distance 
of 4.8 AU pre-perihelion (1 1 ). 

The momentum impulse from this dust 
production on the sunlit hemispheres of the 
fragments might cause significant nongravi- 
tational orbital perturbations for small bod- 

ies (that is, those having a mass of a 1014 g), 
perhaps explaining (12) why some of the 
fragments in SL9 were significantly dis- 
placed from the "train." However, we have 
successfully modeled the relative separa- 
tions of Q1 and Q2 without using these 
nongravitational perturbations and are in- 
vestigating whether splitting events could 
account for the positions of the other off- 
train fragments. 

Sizes of the Nuclei 

Because the energy deposited into Jupiter's 
atmosphere by the SL9 fragments was pro- 
portional to the cube of their size, putting 
constraints on the latter was the most im- 
portant goal of our program. We performed 
detailed analyses of the spatial brightness 
distributions near most of the fragments to 

- 
24 Jan 94 

30 Mar 94 

'pa- P~ 

"2b 
( 

Q 

17 May 94 

determine how much of the core brightness 
might be due to an unresolved fragment and 
how much was due to the coma. Only the 
highest resolution images (those taken by 
WFPC2 in planetary mode) were used for 
these analyses. 

The resolution of the WFPC2 in plane- 
tary mode was -250 km at SL9, too large to 
resolve the fragments, but we had hoped to 
find clear evidence for an unresolved source 
(that is, a feature whose light distribution 
was indistinguishable from the point spread 
function of the camera) on  to^ of a well- 
defined coma brightness distribution. Un- 
fortunately, this was not the case, as Fig. 3 
shows. The steep inner coma brightness 
distribution cannot be fit adequately by a 
single power law profile; the coma must 
contribute a significant fraction of the light 
observed in the brightest pixel, but a deter- 

Fig. 2. An eight-frame mosaic showing the temporal evolution of the P-Q 
complex in SL9. All images have been resampled to the observational condi- 
tions of the 30 March 1994 image; each frame has a width of -90,000 km and 
a height of -30,000 km. All of the images were taken with the WFPC2 in 
planetary mode, except that the 1 July 1993 image was taken with WFPCI in 
planetary mode and the 17 May 1994 image was taken with WFPC2 in wide- 
field mode. Between January 1994 and March 1994 fragment P2 clearly 
became resolvable as two separate objects, indicating that a fragmentation 
event occurred sometime earlier. From the relative motions of Q1 and Q2, we 

2a 

24 Jun 94 

estimated that these two fragments split from each ,.. .;r in April 1993. The 
inner comae around the brighter fragments remained circularly symmetric until 
-2 weeks before impact into Jupiter, at which time the comae became highly 
elongated along the Jupiter-SL9 direction. The coma around fragment PI was 
flatter than the comae around the brighter fragments, and this object became 
undetectable after its coma dissipated. Similarly P2b also disappeared. The 
brightening near the bottom of the 24 June 1994 image is due to a bright star 
whose effect was not completely removed by our processing. The brightening 
to the left of the 20 July 1994 image is due to scattered light from Jupiter. 
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mination of that fraction requires assump- 
tions about the coma profile in  the unre- 
solved region. 

Applying a n  iterative deconvolution 
techniaue, which assumes that the coma . , 

becomes completely flat in  a 3 x 3 pixel 
region centered on  the brightest pixel ( I ) ,  
we found that the brighter fragments have 
maximum effective diameters of -2 to  4 
km, assuming a geometric albedo of 4%. If 
the p-' power law (p is the projected dis- 
tance from the fragment) of the observed 
outer coma tailward profiles (compare with 
Fig. 3 )  is extended inward to the peak pixel, 
and if this extension is assumed t o  give the 
actual coma contribution at  the peak pixel, 
the derived fragment diameter is reduced to 
-70% of the value derived from the flat- 
coma deconvolution (for example, the di- 
ameter for fragment G would be -3 km - 
instead of 4 km). If a similar extrapolation is 
done by using a p-1.33 power law, which 
gives a good fit to  the circularly symmetric 
region, the coma contribution at  the peak 
pixel actually exceeds the observed value. 
The  noise in the observed intensity at  the 
peak pixel corresponds to  an equivalent 
diameter of -1 to 2 km, so that it would be 
very easy to hide a n  object of this size 
within the comae of SL9. 

A more sophisticated deconvolution 
technique, in which the nucleus (fragment) 
is modeled as a auasi-Gaussian and the 
coma brightness is modeled as either a qua- 
si-Gaussian or a oower law distribution. and 
allowing the nukeus and coma light distri- 

butions to  be nonconcentric, was applied to 
the 1994 data ( 1  3). This analysis suggests 
that (i) the larger fragments have diameters 
of -4 km assuming a geometric albedo of 
4% and (ii) the fit is generally improved by 
adding a few companion fragments, whose 
diameters are also relatively large (-1 to 2 
km). Attempts to fit the images by using 
only a coma brightness distribution gener- 
ally produced significantly poorer residuals 
than fits that used both a coma and a 
relatively large fragment. 

Both of the deconvolution technioues 
depend o n  assumptions about the coma 
brightness distribution, but as Fig. 3 illus- 
trates, any extrapolation into the unre- 
solved region is suspect. W e  conclude only 
that the larger fragments may have been a 
few kilometers in diameter, but that smaller 
values cannot be ruled out. The  finding 
that there are multiple large fragments near 
the centers of each coma must be consid- 
ered tentative. 

T h e  relative intensities for all of the 
SL9 fragments from the May 1994 obser- 
vations are listed in Table 2. alone with - 
the relative diameters and impact energies 
of the fragments delivered to Jupiter, as- 
suming that the diameter of the  fragment 
is proportional to the square root of the 
intensity and that  the energy is propor- 
tional to  the cube of the diameter. Obser- 
vations by the HST of the plumes and 
impact sites o n  Jupiter (14) indicate at  
least a gross correlation between the rela- 
tive brightness of a fragment before impact 

Fig. 3. Azimuthally av- 
eraged spatial bright- 
ness profiles are shown loo 

for one of the well-iso- 
lated fragments (GI) 
observed on 25 Janu- 
ary 1994, The profiles 
for most of the other 
fragments are similar. 2 l o  

4 
The data in two 90" - Q quadrants, whose cen- 
tral axes are approxi- g 
mately perpendicular to - 
the line connecting the I 

fragments, were used 
to construct the pro- 
files. For one of the pro- 
files (+) the points are 
on the tailward side of 
the line connecting the o, 
fragments, and for the 

Distance from fragment (arc sec) 
other profile (x) the 
points are on the opposite side. A constant background level, the estimated residual sky signal, was 
subtracted from all plxel ~ntensitles. The error bars (not shown) on the observed profiles are approximately 
the same size as the plotting symbols for points within -2 arc sec of the fragment and become slightly 
larger wlth increasing distance from the fragment. At the time of these observations, 1 arc sec projected 
to 3920 km at SL9. Also plotted are radial surface brightness profiles for various power-law brightness 
distributions (where p IS the projected distance from the fragment). The observed SL9 profiles cannot be 
fit by a single power law over the entire range of distances covered. A model point spread function (PSF) 
computed for the position of the fragment, and whose intensity corresponds to the upper limit on the 
fragment magnitude, IS also shown (0). ADU, analog-to-digital unit. See the text for further discussion. 
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and the magnitude of the impact phenom- 
ena, but there are several noteworthy ex- 
ceptions. Fragment A produced much big- 
ger ejecta features o n  Jupiter than its 
brightness indicated it would, whereas the 
Q fragments did the opposite. Generally, 
the  off-train fragments produced smaller 
ejecta patterns than their brightness 
would predict. It  seems plausible that  the 
off-train fragments were inherently more 
fragile than the on-train fragments, if the 
former were the  result of fragmentation 
after the  breakup of the SL9 parent body, 
but the strength of the impacting body 
might not be very important in  determin- 
ing the magnitude of the impact phenom- 
ena. If the off-train fragments had rela- 
tively more dust (for example, because 
they were "younger"), that might explain 
why use of their observed intensities sys- 
tematically overestimates their masses rel- 
ative to  the on-train fragments. 

Color of the Inner Coma 

During January 1994 we took images 
through two different filters (F702W and 

Table 2. Relative intensity, size, and energy ratios 
for SL9. The letter designation for each fragment 
is given first followed by the number designation in 
parentheses. The intensities (Int) are relative val- 
ues for each fragment as measured in a 3 X 3 
pixel box centered on the brightest pixel from the 
17 May 1994 HST images. The relative sizes can 
be translated into approximate upper limits for the 
diameters (in kilometers) by multiplying by 1.4. 
Impact class refers to designations given to the 
impact sites by Hammel et a/, (14). Those impact 
sites having the most spectacular visual appear- 
ance are in class 1, whereas sites that could not 
be detected in the HST images fell into class 4. 
See Hammel et a/. (14) for further details. KE, 
kinetic energy. 

ID Int Size KE Rank I m p a c t  class 

A(21) 1.0 1.0 1.0 17 2a 
B (20) 1.5 1.2 1.8 14* 3 
C(19) 2.2 1.5 3.2 12 2a 
D(18) 1.0 1.0 1.0 16 3 
E (17) 4.2 2.0 8.6 8 2a 
F(16) 2.3 1.5 3.5 I I *  4 
G2 (15b) 0.33 0.58 0.19 21* 4 
GI (15a) 8.2 2.9 24 2 1 
H(14) 4.9 2.2 11 5 2a 
K(12) 7.3 2.7 20 3 1 
L (11) 6.1 2.5 15 4 1 
N (9) 1.0 1.0 1.0 15* 3 
P2(8b) 1.8 1.4 2.5 13* 4 
PI (8a) 0.38 0.61 0.23 '20* 4 
Q2 (7b) 4.8 2.2 10 6* 3 
Q1 (7a) 8.6 2.9 25 1 2b 
R (6) 3.3 1.8 5.9 9 2b 
S (5) 4.3 2.1 9.1 7 2c 
T (4) 0.21 0.46 0.099 22* 4 
U (3) 0.42 0.65 0.28 19* 4 
V (2) 0.95 0.97 0.92 18* 4 
W (1) 3.0 1.7 5.1 10 2c 

*These are the off-train fragments. 
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F555W) of fragments F, G, and H to mea- 
sure the color of the dust in the part of the 
coma that is inaccessible from other tele- 
scopes. Color was obtained as the ratio of 
the spatial brightness profiles for each filter. 
In all cases, this brightness ratio (F702W/ 
F555W) was between 1.5 and 2, and there 
was no  obvious systematic variation as a 
function of nucleocentric distance from the 
peak pixel out to  -1.5 arc sec from the 
peak. We  also performed circular aperture 
photometry (summing the flux in apertures 
of various radii) and transformed the de- 
rived magnitudes into standard Landolt- - 
Cousins V and R magnitudes for compari- 
son with color data obtained by one of us 
(K.J.M.) with the University of Hawaii 
2.2-m telescope on Mauna Kea in mid- 
January 1994. The HST data yield V - R = 

0.40 with an  uncertainty (due primarily to 
the uncertainty in transforming the magni- 
tudes as measured by the HST to the stan- 
dard svstem) of -0.15 for each of the three 
fragments. o u r  ground-based data give V - 
R = 0.419 ? 0.072, 0.445 ? 0.029, and 
0.458 2 0.034 for the F, G ,  and H frag- 
ments, respectively, with the use of an  ap- 
erture of radius 0.8 arc sec. The sun has V - 
R = 0.35 (15), so the dust in the inner 
coma of SL9 is slightly redder than solar 
color, which is typical of cometary dust 
(16). Our V - R colors are also consistent 
with those derived from ground-based ob- 
servations by Cochran et al. (1 7), who point 
out that the SL9 V - R and B - V colors 
are inconsistent with the colors observed 
for Pholus (an outer solar system body that 

Fig. 4. Temporal evolution of 
t$e Mg+ emission near 2800 
A and the continuum emission 
i~ the range of 3050 to 3250 
A. For the first 2-min exposure 
at the beginning of the second 
orbit the Mg+ emission was 
very strong; this emission was 
essentially undetectable at 
other times. The emission 
cannot be telluric (that is, it 
must be associated with SL9) 
for the following reasons: (i)  if 
the telluric emission were this 
strong it would have been 
seen in many other HST ob- 
servations, but it is not; (i i )  
there was also a dramatic 

Continuum 
l 5 O I - = -  

seems to be unique in its colors) and for 
type B, F, D, P, R, V, and A asteroids, but 
are consistent with the colors of the more 
common type C and S asteroids. 

Spectroscopy 

Spectroscopy of SL9 was performed on 
three different occasions (Table 1) with the 
Faint Object Spectrograph (FOS). W e  were 
primarily searching for the hydroxyl radical 
(OH) ,  which has been established as a trac- 
er of water ( H 2 0 )  ice in comets and is the 
strongest emission in cometary spectra ob- 
served at heliocentric distances near 1 AU. 
W e  did not detect any ecission in the O H  
[0,0] band near 3090 A ( the strongest 
band in the A2C-X211 svstem), either in the , , 

first two observations, centered near frag- 
ment Q1, or in the last observation, of the 
G I .  fragment. From the model described 
earlier ( I ) ,  the derived upper limits (30, 
where a is the standard deviation) on the 
H 2 0  production rates are -1 x loz7 to 2 x 
loz7 molecules per second (=  3 to 6 kg 
s-l). Averaging all of the data together 
reduces the upper limit slightly to a number 
similar to  the upper limit derived from 
ground-based observations of O H  11 8) .  " ~, 

This null result does not necessarily 
mean that SL9 was derived from an  asteroid 
(that is, a relatively ice-poor object). A t  
SL9's heliocentric distance (-5.4 A U )  an  
isothermal blackbody would have a temper- 
ature of - 120 K, at which temperature the 
sublimation rate of H 2 0  would be many 
orders of magnitude below our sensitivity 

change in the continuum, indi- 12.0 12.5 13.0 13.5 14.0 
cating that something was UT JUIY 14 (hours) 

happening at SL9; and (i i i )  the 
Mgf doublet was partially resolved into two separate lines, which would not be seen for a telluric emission 
filling the aperture. Shortly after the appearance ang disappearance of the Mg+ emission, the continuum 
becaye significantly reddened; the level near 31 00 A rose by at least a factor of 3, whereas the level below 
2600 A showed li8le change. These spectral outbursts may be associated with SL9': penetration of the 
jovian magnetopause. The spectra covered the wavelength range of 2222 to 3277 A, and the effective 
aperture size was 3.7 arc sec (parallel to dispersion) by 1.2 arc sec (perpendicular to dispersion), which 
projected to 13,700 km by 4430 km at SL9. The error bars are 2 I a. The continuum emission was multiplied 
by 100 for clarity. The rayleigh (R) is a unit of column brightness that is commonly used in planetary 
astronomy and is 4~ times the specific intensity (I R = 1 O6 photons cmW2 ss'). UT, universal time. 

limit. For a nonrotating nucleus, or one 
whose rotation axis is pointing near the sun, 
the subsolar temperature can approach 
- 170 K, and the sublimation rate averaged 
over the entire surface of the object is 
-1015 molecules per centimeter squared per 
second. In this case, one nonrotating nucle- 
us having a diameter of -5 to 6 km, and 
completely coated with ice, would produce 
H 2 0  at a rate equal to our upper limit. 
Thus, detectable amounts of O H  would 
have been produced by means of sublima- 
tion from the remaining fragments only if 
they were very large and had a special ro- 
tational configuration. 

Because small icy grains are likely to be 
much warmer than a blackbody at the same 
heliocentric distance (due to their inabilitv 
to radiate at long wavelengths efficiently), 
significant H 2 0  production might also 
come from the grains near SL9. A total 
mass of icy grains in our field of view of 
-lo9 g is required to produce enough O H  
to be detected with HST (1 9). O n  the basis 
of our imaging observations of the dust, the 
estimated dust mass in the FOS field of view 
was -4 X lo8 g, indicating that it was not 
unreasonable to search for OH. 

Although O H  was nqt detected, strong 
Mg+ emission at 2800 A was observed at 
fragment G during an outburst on 14 July 
1994 (Fig. 4). Approximately 18 min after 
the Mg+ outburst, the continuum spectrum 
also changed dramatically, increasing by 
more than a factor of 3 at long wavelengths 

c 7  - 
over an 8-min period, and then relaxing 
back to the auiescent level less than 20 min 
after the stait of the outburst. A t  shorter 
wavelengths the changes were less pro- 
nounced (that is, the continuum became 
redder during the outburst). 

If the Mg+ was created by means of ion 
sputtering of dust, then one would also ex- 
pect H 2 0  to be produced if the dust was 
coated with ice (20). The  two lines in the 
Mg+ doublet are partially resolved in the 
HST spectrum, indicating that the emission 
was strongly peaked within a spatial region 
of -1000 km. Because O H  is not produced 
directly from the sputtering, it would be 
created during the subsequent photalysis of 
H 2 0  and, consequently, would have a very 
broad spatial distribution. The O H  emission 
would then perhaps be too diffuse to be 
detectable. We  also note that neutral Mg 
was not detected, although resonance tran- 
sition of neutral Mg was in our bandpass. 
Maybe the mechanism responsible for the 
outburst preferentially produces ionized spe- 
cies, offering another possible explanation 
why neutral O H  was not detected. (The 
strong ultraviolet band of O H t  was outside 
of our bandpass.) 

The  Mgt and continuum outbursts 
might have been due to the charging and 
subsequent bursting of small grains as the 
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comet penetrated into Jupiter's magneto- 
sphere (21). A t  the time of these observa- 
tions the comet was 3.8 X lo6 km awav 
from Jupiter, close to the magnetopause 
(22) .  The electrostatic ~o t en t i a l  on the sur- . , 

face of a dust grain due to electron bom- 
bardment is ~ r o ~ o r t i o n a l  to the electron 

A 

temperature of the surrounding plasma, 
which increases by a factor of 100 in passing 
from interplanetary space into the jovian 
magnetosphere. If the grains are small 
enough and relatively fluffy, the self-repul- 
sion of the surface charges will exceed the 
tensile strength and tear apart the grains. 
Dessler and Hill (21) estimated that co- 
metary grains as large as 1 mm might suffer 
disruption in the jovian magnetosphere. 

Other typical cometary emissions lying 
within our bandpass include those from CS 
and CO,+, but neither was observed. The 
parents of these species (that is, the ices in 
the nucleus from which the species are de- 
rived) are thought to be CS, and CO,, both 
of which are much more volatile than H 2 0 .  
Thus, one might expect outgassing from 
these species even at 5 AU, if their subli- 
mation temperatures in the comet (where 
there is a mixture of various ices) were 
similar to those in the pure state. Again, 
however, the many uncertainties involved 
in estimating the sublimation behavior of " 

cometary ices in SL9 preclude the use of our 
null result to  lace meaningful limits on the " 

size or nature of SL9. 

Summary 

The HST investigations do not provide de- 
finitive answers regarding the nature of 
SL9. No  "typical" cometary emissions were 
observed spectroscopically, but due to sen- 
sitivity limitations, these results do not rule 
out the possibility that SL9 had a cometary 
composition. Perhaps the best evidence 
that SL9 was a comet was the existence of a 
persistent, circularly symmetric coma 
around each fragment, possibly indicating 
continuous dust production. However, the 
distinction between comets and asteroids is 
not always cl,ear, especially for objects that 
formed in the trans-jovian region of the 
solar nebula. For such objects, including 
members of the outer portions of the aster- 
oid belt, the volatile mass fraction may be 
intermediate between those of the more 
familiar examples of comets and asteroids, 
thus rendering futile any attempt to force 
SL9 into a specific category. 

The question of the fragment sizes is also 
unresolved. Deconvolution analyses of the 
HST images suggest that the larger frag- 
ments of SL9 could have been as big as -3 
to 4 km in diameter, but significantly small- 
er values are also possible. Some of the 
fragments clearly continued to break up 
well after the tidal disruption of the parent 

body, further emphasizing the fragile nature 
of SL9. These disruptions indicate that a 
single, relatively large, solid body was at the 
center of each coma, as opposed to a swarm 
of thousands of much smaller obiects. De- 
spite the low tensile strengths of the frag- 
ments, most of the large ones appear to 
have maintained their structural integrity 
up until -10 hours before their entry into 
Jupiter's atmosphere, at which time there 
were no  more HST observations. 
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HST Imaging of Atmospheric 
Phenomena Created by the lmpact 

of Comet Shoemaker-Levy 9 
H. B. Hammel, R. F. Beebe, A. P. Ingersoll, G. S. Orton, 

J. R. Mills, A. A. Simon, P. Chodas, J. T. Clarke, E. De Jong, 
T. E. Dowling, J. Harrington, L. F. Huber, E. Karkoschka, 

C. M. Santori, A. Toigo, D. Yeomans, R. A. West 

In the methane absorption band, impact 
debris was brighter than the normal iovian - 
clouds, suggesting that it was at a relative- 
ly high altitude, above most of the meth- 
ane gas. A t  other wavelengths, the impact 
debris appeared darker than the normal 
jovian clouds. W e  discuss here the asym- 
metric ejecta; waves are discussed in more 
detail below. 

Ballistic ejecta pattern. The outer edge of 
the crescent formed by impact G (the G 
impact crescent) is 13,000 km from the ring 
center (which presumably marks the point 
of maximum energy release). The speed of 
the ejecta must have been at least 17 km 
sP1, assuming ballistic particles launched at 
an  elevation angle of 45" (the predicted 
elevation angle of both the bolide and the 
ejected plume). The crescent shape of the 
ejecta suggests that the range of elevation 
angles is small. Assuming this range was 
centered around 45", the vertical comDo- 
nent of the velocity is slightly greater than 
12 km s-'. A t  this speed, particles will 
travel for 17 min before returning to their 
initial ejection level, during which time 
they will rise to a height of 3200 km. The 
latter is close to the maximum height of the 
G plume determined from HST images, and 
this time is consistent with observed plume 
durations (Figs. 2 and 3)  (Table 3). A t  any 
other elevation angle, the required velocity 
would be higher; for example, material 

Hubble Space Telescope (HST) images reveal major atinospheric changes created by the 
collision of comet Shoemaker-Levy 9 with Jupiter. Plumes rose to 3000 kilometers with 
ejection velocities on the order of 10 kilometers secondP'; some plumes were visible in 
the shadow of Jupiter before rising into sunlight. During some impacts, the incoming 
bolide may have been detected. lmpact times were on average about 8 minutes later than 
predicted. Atmospheric waves were seen with a wave front speed of 454 1 20 meters 
second-'. The HST images reveal impact site evolution and record the overall change in 
Jupiter's appearance as a result of the bombardment. 

ejected straight up at the same velocity of 
17 km s-' would reach 6400 km (higher 

T h e  collision of comet Shoemaker-Levy 9 
with Jupiter provided an unprecedented op- 
portunity to study the reaction of a thick 
planetary atmosphere to a rapid deposition 
of energy. Predictions ranged from no ob- 
servable effects (1) to major atmospheric 
disturbances, including explosive plumes (2, 
3) and atmospheric waves (4, 5). Our atmo- 
spheric imaging program received 39 Hubble 
Space Telescope (HST) orbits to use the 
Wide Field and Planetary Camera 2 
(WFPC2) for observations of dynamical ef- 
fects in lu~iter 's  atmos~here from the event. 
We  schedhed most of ;he orbits for the week 
of impacts, reserving six orbits for pre-impact 
characterization and nine orbits for observa- 
tions of post-impact evolution. We  selected 
a set of key filters (Table 1)  and cycled 

through them as often as possible (6, 7). To  
our delight,-many effects on Jupiter's atmo- 
sphere were detectable with HST. 

lmpact Sites 

We detected impact sites for 15 fragments; 
five fragments left no  discernible distur- 
bance. Figure 1 shows a series of projections 
of several fresh (less than 3 hours old) im- 
pact sites as they would appear to an  ob- 
server directly overhead. Table 2 gives our 
measurements of latitudes and longitudes of 
the detected sites, along with the predicted 
impact times and locations (8). From the 
observed longitudes, we inferred impact 
times. W e  also classified each impact site by 
its apparent size in the first image after 
impact; these classes agree roughly with 
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. " 
than observed). The material is not highly 
collimated in azimuth: the crescent extends 
at least 180" around the impact site. 

The azimuth of the svmmetrv axis of the 
ejecta pattern indicates'how lokg the ma- 
terial was in flight, because the planet ro- 
tated during that time. The fragments en- 
tered the atmosphere at an  elevation angle 
of 45", with the azimuth angle 16" counter- 
clockwise from south; models of oblique 
impacts (3) predict the ejection of material 
back along this same trajectory. To  a good 
approximation, the vertical component of 
the rotation vector tells us how far the 
nlanet rotated while the material was in 
flight. The rotation increases the ai-imuth 
angle by Rtsin+, where R is the angular 
velocity of the planet, t is the time of flight, 
and 4 is the planetocentric latitude. For t = 
17 min, corresponding to a height of 3200 
km, the rotation angle is 7", giving a total 
azimuth angle from south of 23". However, 
the observed azimuth is 35" 2 5", implying 
that the material was in flight for 45 min: 'z 

this conclusion holds also for the material 
near the impact point, because the azimuth 
of the small triangle is at least 35". Ejected 
material may slide along the top of the 
atmosphere following its oblique high-speed 
reentry. If friction with the underlying layer 
is low, the rotation is the same as if the 
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