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The National Aeronautics and Space Administration (NASA) lnfrared Telescope Facility 
was used to investigate the collision of comet Shoemaker-Levy 9 with Jupiterfrom 12 July 
to 7 August 1994. Strong thermal infrared emission lasting several minutes was observed 
afterthe impacts of fragments C, G, and R. All impacts warmed the stratosphere and some 
the troposphere up to several degrees. The abundance of stratospheric ammonia in- 
creased by more than 50 times. Impact-related particles extended up to a level where the 
atmospheric pressure measured several millibars. The north polar near-infrared aurora 
brightened by nearly a factor of 5 a week after the impacts. 

M a n y  of the extraordinary events sur- 
rounding the impact of comet Shoemaker- 
Levy 9 with Jupiter were observed from the 
NASA Infrared Telescope Facility (IRTF) 
from 12 July to 7 August 1994 ( 1  ). Scien- 
tific goals included characterization of the 
cometary fragments under the influence of 
Jupiter's electromagnetic environment; 
measurement of the impact radiation; mea- 
surement of temperature, chemistry, and 
particulate properties at the impact sites 
and their time evolution; determination of 
changes in the ring system in the increased 
dust environment; and detection of various 
waves and oscillations ( 2 ) .  

Up to three instruments could be mount- 
ed simultaneously at the Cassegrain focus in 
a manner that allowed them to be ex- 
changed quickly, minimizing replacement 
requirements. The instruments chosen for 
the observing campaign were NSFCAM, a 

camera and low-resolution spectrometer for 
wavelengths of A = 1 to 5 p m  ( 3 ) ,  
CSHELL, a 1- to 5-pm high-resolution array 
spectrometer and imager (4), MIRAC2, a 2- 
to 21-pm array camera (5), and IRSHELL, a 
5- to 23-pm high-resolution array spectrom- 
eter (6). A t  the CoudC focus, the Goddard 
Infrared Heterodyne Spectrometer (IRHS) 
provided the highest spectral resolution in 
the 10- to 12-pm spectral region (A/AA = 
lo6) (7) .  

Fragments and Ring 

Fragments K, R, and Q1 were undetectable 
above the noise limit at 1.25 p m  a week 
before impact even though they had been 
detected at the IRTF the preceding January 
and May at the same wavelength with sim- 
ilar system sensitivity and noise. A week 
before impact, they were all just inside the 
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nominal edge of the jovian magnetosphere, 
some 70 jovian radii from the planet. If 
most of the 1.25-um radiation from the 
comet was contribhed by scattering from 
the dust in the tail, then this result is con- 
sistent with the absence of tails in  several 
fragments at 0.89 pm, as reported by Jewitt 
and Kalas (8). The cometary dust may have 
been removed by electrical charging in the 
magnetosphere, followed by dispersal driven 
by the Lorentz force produced as it crossed 
Jupiter's magnetic field or by disruption 
caused by electrostatic repulsion. Prelimi- 
nary analysis of observations made of Jupi- 
ter's ring at 2.26 p m  shows no change 
between May and August of 1994, ruling 
out any short-term input of dust to the rings 
or cometary dust-ring dust collisions. 

Impacts 

Table 1 summarizes the detections and non- 
detections of the impacts of fragments B, C, 
F, G, R, V, and W .  Before the impact of 
fragment C ,  we imaged 10, Europa, and the 
impact site simultaneously, but the bright- 
nesses of the two satellites remained con- 
stant to within 1.5%, with no convincing 
evidence for any reflection of impact radi- 
ation greater than 2 x 10-l7 W cm-* 
pm-',  which should have been orders of 
magnitude higher for Io than Europa as a 
result of their different scattering geome- 
tries. The impact-generated radiation from 
fragment C was visible near the remnant 
site of fraement A, whose imwact was one - 
jovian rotation period earlier (Fig. 1).  The  
light curve for the C impact shows signifi- 
cant structure on  time scales of about 1 min 
while rising to a peak brightness of approx- 
imately 1 X 10-l5 W cmp? pmp ' ,  some 
80% of the brightness of Io (Fig. 2). The  
brightness then fell exponentially to a con- 
stant level of 3% of the maximum. 

After the successful measurement of the 
C impact radiation at a single wavelength, 
we tried to measure subseauent imwacts at 
two wavelengths to characterize the evolu- 
tion of both temwerature and solid anele for " 
the emission source. W e  wanted to differ- 
entiate between continuum emission from 
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hot particles and possible line emission or 
reflected sunlight at 2.295 pm by compar- 
ing them with 4.79-p,m radiation, a wave- 
length at which Jupiter's atmosphere is 
transparent, and at which reflected sunlight 
is minimized. On  18 July, heavy fog kept us 
from opening the dome except between 
7:35 and 8:09 UT, during which time the 
4.78-pm signal became so bright that it 
saturated the detectors (Fig. 3). The bright 
emission at this wavelength suggests that 
continuum thermal emission made up a ma- 
jor component of the signal. 

The impact of fragment R was sequential- 
ly sampled at three thermal infrared wave- 
lengths (Table 1). The first unambiguous 
evidence for excess infrared radiation from 
the impact appeared in a 7.85-pm image 
taken at 5 :40:57 UT; the radiation reached 
a peak at each wavelength at about 5:44:30 
UT (Fig. 4). Flux calibration is incomplete, 
but provisional estimates for the peak excess 
fluxes are 9 x 10-15, 4 x 10-15, and 2 x 
10-l5 W cm-* pm-' at 7.85, 10.30, and 
12.20 pm, respectively. At 10.30 pm, excess 
fluxes were clearly sustained at 10% of the 
peak for at least 40 min after the initial 

detection. At 7.85 and 12.20 p,m, the excess 
flux seemed to decay to near preimpact val- 
ues within 30 min after the initial detection. 
although we saw clear evidence for the re- 
sidual impact sites at these wavelengths at 
later times. 

Thermal emission. rather than reflected 
sunlight, is most likely the dominant source 
of the infrared flux. To match the peak 
brightness of the R fragment signal at 10.30 
p,m, a unit-albedo Lambert disk reflecting 
sunlight would have to be larger than Jupi- 
ter. Because the signal from fragment C is 
80% as bright as that from 10, a high-albedo 
satellite at 2.248 p,m, an optically thick 
cloud of high-albedo particles about 3000 
km in diameter, the same size as 10, would be 
required to match the measured C fireball 
flux and would be as bright as 10 at visible 
wavelengths. Obviously, no such large-scale 
structure is seen in Earth-based images (9). 
The similarity of the gross structure of the C 
and R light curves, despite their large wave- 
length difference, also suggests that both 
have a similar thermal origin. If fragment C 
entered Jupiter's atmosphere at 7 : 13 : 5 1 1+- 
0:18 UT as seen from Earth (9), then the 

time delay between entry and the observed 
peak emission was 9 ? 3 min. If fragment R 
entered Jupiter's atmosphere at 5:34:30 UT 
(lo), then the time delay between entry and 
observed peak emission was 10 min. This 
delay is most likely a combination of the 
time required for the impact site and the 
upwelling fireball to rotate into direct view 
from the Earth, combined with the trajecto- 
ry time for the material that was raised up in 
the fireball to reenter and heat the upper 
atmosphere. 

Atmospheric Temperatures 

We measured the temperature field using 
techniques similar to those used in earlier 
work on Jupiter's global temperatures (1 l) ,  
choosing thermal infrared wavelengths 

Fig. 1. Images of Jupiter at 2.248 pm taken with NSFCAM on 17 July 1994 (UT). Times, to the nearest 
minute, are 7:15, 7:21, 7:27, and 7:34 UT, left to right. The north and south polar hazes are visible in 
each image, as is the particulate feature associated with the impact of fragment A. By 7:40 UT, the C 
fragrnent had nearly assumed its asymptotic appearance as a particulate feature merely reflecting 
sunlight from the atmosphere similar to and slightly fainter than the A fragrnent particulate feature. 

Table 1. Summary of impact observations. 

Frag- Instrument ment 
Wavelength 
(width) (pm) UT date and time Sample 

time (s) Weather and comments 

B MIRAC2 2.2 (0.2) 17 July 
2:36 to 3:07 

C NSFCAM 2.248 (0.022) 17 July 
6:53 to 7:15 

G* NSFCAM 2.295 (0.046) 
4.78 (0.24) 

R* MIRAC2 7.85 (0.16) 
10.30 (0.21) 
12.2 (0.24) 

V CSHELL - 
W NSFCAM - 

18 July 
0:25 to 0:53 

18 July 
7:35 to 8:09 

21 July 
5:08 to 6:20 

22 July 
22 July 

Clear; no obvious effect of impact 

Clear; lo, Europa, and jovian limb 
observed; Less than 1 to 5% 
change in satellite brightness 

Clear; detailed light cuwe of 
impact showing structure (Figs. 
1 and 2) 

Some clouds; no obvious effect of 
impact 

Some fog and clouds; some data, 
detector saturation (Fig. 3) 

Some clouds; detailed light curve 
at 3 wavelengths 
(Fig. 4) 

Clouds; no data 
Clouds; no data 

'For these observations, we cycled between filters sequentially: sample times shown represent times beween different 
filters. For the MlRAC2 R fragment observations, measurements were made more often at 7.85 pm after 5:55 UT. 

Fig. 3. Images of the G fragment impact fireball 
taken with NSFCAM in a filter at 4.78 2 0.1 1 pm 
(known as the narrow-band M filter) on 18 July 
1994 at (top) 7:39:45 and (bottom) 7:41: 41 UT. 
Only the southwestern limb of Jupiter is visible. 
The dramatic increase in the plume brightness is 
evident in these images. 
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dominated by the opacity of well-mixed 
gases. At 7.85 pm, where strong CH4 lines 
emit thermal radiation from the strato- 
sphere near 10-mbar pressure, the E impact 
site (Fig. 5) was as much as 1.5 K warmer 
than its surroundings and roughly 20,000 
km in diameter. The Q1 and R impact sites 
were 3 to 4 K warmer than their surround- 
ings within 10 hours of their impacts. The 
large extent of these warm areas offers cir- 
cumstantial evidence that warm varticles 
and gases deposited by the descending im- 
pact ejecta were responsible for their heat- 
ing. The absence of enhanced emission at 
nearby 8.57 pm makes it far more likely 
that the 7.85-pm emission arose from high- 
er kinetic temperatures rather than thermal 
emission from enhanced varticulate abun- 
dances, unless special spectral properties for 
the particles are invoked. By 21 July, the E 
impact site had cooled to less than 0.5 K 
warmer than its surroundings (Fig. 5). The 
L site, 2 K warmer than its surroundings on 
20 July, had cooled by -1 K 19 hours later. 
This time scale for cooling, on the order of 

2 days, is much shorter than radiative cool- 
ing by the ambient gases (1 2); it most likely 
implies increased thermal emission and sub- 
sequent radiative cooling by the elevated 
particle population at impact sites. 

Observations sensitive to trovosvheric 
A A 

temperatures at levels with pressures be- 
tween 150 and 400 mbar were made at 
13.0, 17.2, 17.8, and 20.8 pm, where the 
opacity of the atmosphere is dominated by 
molecular hydrogen. O n  21 July, the tro- 
pospheric temperatures at 150 and 400 
mbar, measured at 17.2 and 13.0 pm, re- 
spectively, were 4 and 1.3 K higher than 
their surroundings (Fig. 6). O n  the other 
hand, the E impact site, observed within 
13 hours of impact, showed a barely dis- 
cernible temperature increase. The pertur- 
bations in the 400-mbar temperature were 
rapidly convected away (Fig. 6), but the 
perturbation in the 150-mbar tkmperature 
of the L i m ~ a c t  site was still 1.5 to 2.5 K 
above the surrounding temperature 2 
weeks later. This is still shorter than the 
normal radiative decay time and implies 

Fig. 4. Images of the R fragment impact fireball taken with MIRAC2 on 21 July 1994 in three filters, 
centered on 5:42 UT. The observations were taken sequentially, 17 s apart, at wavelengths 7.85 pm (left), 
10.30 pm (center), and 12.20 pm (right). The images arestretched logarithmically to show Jupiter and the 
impact-related brightening at the same time. The impact radiation was not spatially resolved at this time. 

18 Jul l(pd 
146"W 

1 

Fig. 5. Images of Jupiter's thermal emission at 7.85 pm. The images, identified by the UT date and 
System I l l  longitude of the central meridian, were chosen to present nearly the same Earth-facing 
hemisphere to show the evolution of stratospheric temperatures at several impact sites over time. 
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either particulate-enhanced radiation or 
advection as the likely mechanisms for 
restoring temperatures. 

Atmospheric Chemistry 

One of the most notable discoveries was 
that of enhanced NH, gas in Jupiter's 
stratosphere over impact sites. Figure 7 
clearly shows a strong maximum signal over 
the L impact site from emission arising from 
the center of a strong NH, spectral line 
near 50- to 100-mbar total pressure and 
emission from a nearby continuum arising 
from 300-mbar pressure. The spectrum of a 
nearby nonimpact region (Fig. 8) can be 
modeled by the same temperature structure 
that was fit to this region in 1989 (13) and 
by a NH3 mixing ratio equivalent to 40% of 
the NH, saturated vapor pressure up 
through the temperature minimum (near - 100-mbar pressure). Above this, the NH, 
mixing ratio cannot exceed 2 parts per bil- 
lion (ppb) because of stratospheric photo- 
chemical destruction. However, at the frag- 
ment K impact site, the NH, emission fea- 
ture in Fig. 8 is matched by raising the NH3 
stratospheric mixing ratio to 80 ppb, a value 
close to the fully saturated mixing ratio at a 
temperature minimum of 111 K, close to 
the nonimpact site value. The radiance at 
the cusp between the NH3 absorption and 
emission can be matched either by raising 
the temperature minimum by 7 K or by 
adding a continuum emission, which could 
arise from stratospheric particulates. The 
other emission line in Fig. 8 at 907.74 cm-' 
arises from C2H4 with a stratospheric mix- 
ing ratio of 3 ppb. 

The IRHS also observed NH, injected 
into the stratosphere at the Q1 impact site, 
measuring a strong line at 892.1577 cm-' 
(Fig. 9). With temperature profiles that are 
constrained by the IRHS measurements of 
C2H, (14), implying a maximum tempera- 
ture of 180 K, the data can be fit by a 
uniform stratospheric NH, mixing ratio of 
10 ppb. For a stratospheric temperature pro- 
file 10 K warmer, the NH, mole fraction 
fitting the data would be about a factor of 5 
lower. These abundances are well below the 
saturation level for stratospheric tempera- 
tures. Measurements of the line shape and 
width show that the line emission originat- 
ed in the pressure regime of 1 to 30 mbar, 
implying that impact-enhanced NH, gas is 
distributed at least this high. Measurements 
centered 8' in longitude away from the Q1 
impact site yielded an upper limit of 2 ppb 
for the NH, mole fraction, with a precision 
of about 30%. 

Broader band images by MIRAC2 at 
10.74 pm showed enhanced NH, emission 
over nearly every impact site. The decay of 
this emission from 17 July to 6 August is 
consistent with the rate of photochemical 



destruction expected near 10 mbar, where 
photolysis alone should reduce the NH, 
abundance by a factor of at least 6 in about 
a week. 

Figure 10 shows a CSHELL spectrum 
with a weak CO line that is most probably 
the result of narrow C O  emission filling in 
the center of the broader C O  absorption 
line that is spectrally resolved. The pres- 
ence of C O  emission 10 davs after the im- 
pacts implies that it must be relatively high 
in the stratos~here. at bar or less. 
where the temperature may be warm 
enough (T 2280 K) to produce observable 
emission if CO was enhanced at the impact 
sites (15). Carbon monoxide is the reservoir 

for oxygen, normally rare in Jupiter's upper 
troposphere and stratosphere, and it is most 
likely distributed with a uniform mixing 
ratio of 1 ppb throughout the preimpact 
stratosphere. The impact of even a modest 
(1015 g) comet would have increased this 
small amount of C O  substantially, both di- 
rectly from CO in the comet itself and 
indirectly from any other oxygen-contain- 
ing material in the comet, such as H20,  
that is eventually converted to CO. This 
observation provides some evidence that 
the impacts provided some small strato- 
spheric enhancement of the ordinarily sta- 
ble CO molecule. 

Further analysis will be required to re- 

km (right), used to sound 
the 150- and 400-mbar 
levels, respectively. The 
images, identified by the 
UT date and System Ill 
longitude of the central 
meridian, were chosen to 
present nearly the same 
Earth-facing hemisphere 
to show the evolution of 
tropospheric tempera- 
tures at several impact 
sites over time. 

Fig. 7. IRSHELL spectral 
images of the impact lati- 
tudes. The images were 
created by scanning over 
the impact sites north and 
south by 6 arc sec with 
the 20-arc sec slit orient- 
ed parallel to the equator. 
The two panels are imag- 
es taken from dierent 
portions of the spectrum 
simultaneously. The up- 
per image was derived 
from the center of the 
v, P1(3) line of NH, at 908 
cm-'; the lower image 
was derived by averaging 
the radiance off the line 
center. Contours on the 
upper image are shown 
between radiances of 0.00 and 0.45 and on the lower image between 0.00 to 0.1 8 at intervals of 0.20 erg 
S-I cm-* ST-' (cm-')-l. The strong emission arises from impact site K. 

trieve upper limits for targeted but undetec- 
ted molecules. Such molecules include H 2 0  
and H,S, which might arise from the up- 
welling of tropospheric gas, and HCN, 
which might have been created as a part of 
impact shock chemistry. 

Atmospheric Particulates 

Atmospheric particulates and aurora were 
investigated with NSFCAM, which sam- 
pled 17 wavelengths, four of which are 
shown in Fig. 11. These images show par- 
ticulates at most impact sites, including im- 
ages in strong 3 .41-~m CH4 absorption, 
which is sensitive to sunlight reflected from - 
particles at pressures of 3 mbar or less. Be- 
fore the impacts, only emission from H3+ 
aurorae near the poles and a faint auroral 
glow over the rest of the planet were de- 
tectable at this wavelength. At  the shorter 
wavelengths where CH4 absorption is still 
present but weaker, the impact sites of frag- 
ments K, H, Q1, G, R, and L are many 
times brighter than the polar hazes and the 
Great Red Spot, indicating that particulates 
at impact sites at pressures of less than 
several millibars were more numerous or 
more reflective than particulates in the oth- 
er jovian features. On the other hand, there 
was no sign of the impact sites in the 1.60- 
Fm images, which are sensitive to the re- 
flectivities of the deepest clouds, implying 
that the difference in absorption optical 
depth between particles at the impact sites 
and the rest of the atmosphere is quite low 
in the near infrared, in contrast to the 
visible and near ultraviolet (9). 

The core brightnesses of the G, L, and 
Q1 features did not change more than our 
10% level of uncertainty, but the brightness 
of the H feature dimmed by 20%. An aero- 
sol model structure consisting of bright 
0.25-~rn particles uniformly distributed be- 
tween 1 and 200 mbar is consistent with 

~ . a o k . . ' . . . . ~ . . . . ~ . . . . ~ . ~  
907.5 908.0 908.5 909.0 

Wave numbem (cm-I) 

Fig. 8. IRSHELL spectra at the K impact site 
(upper curves) and 6 arc sec away (lower curves). 
This is another portion of the data set shown in 
Fig. 7. Observations are shown in solid and mod- 
els in dashed curves. The absorption feature at 
908.95 cm-' is attributed to absorption in Earth's 
atmosphere. 
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Wave number (cm-l) 

Fig. 9. (A) NH, emission line from the stratosphere of Jupiter at the site of the impact of fragment Q1 8.5 
days after impact (29 July 1994, 6:21 Ul-). Measurements were made by the IRHS at 0.00083-~m-~ 
spectral resolution. The spectrum has been smoothed and presented at an effective resolution of 
0.001 66 cm-l. The solid curve represents the best fit for a temperature profile off the impact site. (B) The 
same spectral region measured 8" off the Q1 impact site at 6:43 UT. 

these infrared brightnesses, as well as visible 
brightnesses observed by the Hubble Space 
Telescope (16). In the core of the G fea- 
ture, the model indicates particle column 
densities of (3.0 2 0.5) X lo8 ~ m - ~ ,  cor- 
responding to opacities of 2.4 + 0.4 at 0.89 
p,m and 0.085 + 0.015 at 2.14 p.m. The Q1 
and R im~ac t  sites are 30% and 50% dim- 
mer, respectively, than the G impact site at 
2.14 p,m, implying that their aerosol burden 
is proportionately smaller. 

To determine zonal wind speeds, we 
measured the drift of the relatively compact 
H and Q1 impact clouds between 28 July 
and 7 August over several altitudes; these 
measurements indicate a negative zonal ve- 
locity gradient with altitude (a decreasing 
vertical shear velocity) of - 1.5 + 0.8 m s- ' 
(scale height)-', consistent with the pre- 
diction from Voyager infrared data (17). 
Other features underwent considerable ex- 
pansion during the same period. For exam- 

Wave number (crn-') 

Fig. 10. Spectra of Jupiter made with CSHELL on 
2 August 1994. The spectral scale is approximate 
and the flux scale is arbitrary. The solid line shows 
a spectrum near the CO 1-0 R5 line with the slit 
centered along the impact latitude at 45"S, and 
the dashed-dotted curve shows a spectrum taken 
at 45"N. The dotted curve shows the ratio of the 
two spectra scaled upward by a factor of 1000. 

ple, the K impact particulates expanded in 
longitude at a rate of 6.14 ? 1.54 m s-'. 

Aurora 

The collision of comet Shoemaker-Levv 9 
with Jupiter had a profound effect on ;he 
planet's infrared H3+ auroral emissions, 
which have long been used to probe the 
jovian aurorae and ionosphere (1 8). Before 
the impacts and in images taken on 17 July 
about an hour after the C impact, the emis: 
sion of the northern and southern aurora 
were generally similar, with the south being 
slightly brighter. The northern auroral zone 
measured at 3.4 p,m had an intensity of 1.3 
x 10-l2 W m-2 p,m-', compared with the 
southern aurora at 0.8 x 10-l2 W m-2 
p,m-l. 

However, by the next measurements on 

27 July, the northern auroral zone appeared 
very much brighter than the south (Fig. 11). 
The northern emission had increased by a 
factor of nearly 4 to 4.7 x lo-'* W m-2 
p,m-', and the southern aurora was slightly 
dimmer than it was before impact. Thus, at 
its peak, the northern emission was six to 
seven times brighter than the southern 
emission. Over the next 10 days, the relative 
and absolute intensities returned to a more 
normal state. We estimate that dust from 
the impact latitudes could have migrated 
into the southern auroral region by 27 July, 
assuming wind speeds of 50 to 100 m s-'. 
We are investigating whether the subse- 
quent reduction in conductivity in the south 
could account for the reduction of 
H,+emission there while transferring energy 
to the northern aurora by means of field 
lines connected through the plasma current 
sheet 119). 

Before' the impacts, the north polar 
stratospheric hot spot, powered by thermal- 
ization of high-energy charged particles cas- 
cading down magnetic field lines, was locat- 
ed consistently at 60°N, 180°W in System 
I11 (20). However, it was not detected dur- 
ing the impacts. It was tentatively visible on 
28 July (Fig. 8) but disappeared again, re- 
turning on 6 Aurmst. If the dust associated " " 
with the cometary fragments was responsible 
for short-term modulations of the electto- 
magnetic environment, we conclude that 
the time scale associated with generating the 
polar hot spot is very short. 

Remaining Work 

Much remains to be done. The search for 
impact-related atmospheric waves may 
provide a unique probe of the structure 
and dynamics of the deep atmosphere. Ac- 

Fig. 11. Images of Jupiter taken 
with NSFCAM on 27 July 1994. 
The images are logarithmically 
stretched to show the greatest 
dynamic range. The images 
were taken near 8:28 UT when 
the central meridian was 228"W 
in System Ill. In this sequence of 
figures, the atmospheric gas- 
eous absorption increases 
monotonically with wavelength. 
Only the highest particulates re- 
flect sunlight in the 3.41 -prn im- 
age, which is otherwise domi- 
nated by H,+ aulora at the poles 
and afaint airglow over the plan- 
et as a whole. 
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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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