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We used the InfraRed Imaging Spectrometer (IR1S) on the Anglo-
Australian Telescope to monitor the July 1994 impacts of Comet
Shoemaker-Levy 9 with Jupiter. Spectral image cubes were ob-
tained for the impacts of fragments C, D, G, K, R, and W. These
data provide time sequences of spatially resolved spectra in K-band
(1.98 to 2.40 um), with a spectral resolution of 300 (./AA) and a
spatial sampling of 0.6 arcsec/pixel. Fast-rate 2.35-um filter pho-
tometry was used to monitor the impacts of fragments N and V. Our
imaging and spectral observations track the entire evolution of each
impact, from the time the fragment entered the jovian atmosphere,
until the impact site rotates into view. In this paper, we concentrate
on photometry and imaging results. We present photometrically
calibrated lightcurves for seven impacts, and an estimate of the
peak brightness for the V impact. Each event we observed, with
the exception of V, was first detected as a faint “precursor,” which
was followed 5-10 min later by a much brighter “main event.” Pre-
cursor flashes for fragments G and K were first recorded about 30
and 90 s before an impact event was detected by instruments on the
Galileo spacecraft. The precursor for the N impact was seen in our
data 4 s before detection by the Galileo SSI, but may have occurred
up to 30 s earlier due to gaps in our time sampling. The steady
initial brightening of the lightcurves for fragments G and K indi-
cates that these impacts may have been preceded by infalling dust.
A radiative transfer model was used to determine the minimum
vertical altitude at which the incoming meteor would have been

directly visible to ground-based observers. The results indicate that
the first precursor is most likely due to detection of impacting dust
from each fragment’s coma, rather than a bolide produced by the
fragment itself. The onset of the main event and the first detection
of high-temperature CO occur at times that are not a function of
impactor energy. However, the time to reach peak brightness in the
NIR lightcurves is a strong function of impactor energy, with lowest
to highest energy impactors (N to K) taking from 2 to 8 min to reach
peak flux after the onset of the main event. Very different peak im-
pact brightnesses were found when comparing fragments from the
main comet train with fragments with similar preimpact bright-
nesses that had been observed to travel displaced from the main
train. These differences indicate compositional or structural differ-
ences between these two families of fragments.  © 2001 Academic Press

Key Words: comets, SL9; Jupiter; impact processes; infrared ob-
servations; photometry.

1. INTRODUCTION

Between 15 and 22 July, 1994, more than 20 fragments
Comet Shoemaker—Levy 9 (SL9) collided with Jupiter. Thes
multiple collisions provided the first opportunity to observe
a major Solar System impact event with modern astronom
cal instruments. Although the impacts occurred on the far sic
of Jupiter, just beyond the morning limb, observations of th
event were made by almost every major ground-based telesco
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monitor this event we used the InfraRed Imaging Spectromet

366



AAT SL9 IMPACT OBSERVATIONS: LIGHTCURVES AND IMAGING 367

(IRIS) on the 3.9-m Anglo-Australian Telescope (AAT) ahal explosion and ensuing initial fireball were observed by th
Siding Spring Observatory, near Coonabarabran, Australia. TRalileo spacecraft, and thermal emission from the expandin
southern hemisphere site, and excellent observing conditignieme was observed at visible and near-infrared wavelengt
over 8 nights, allowed us to obtain data on the impacts of thg HST and ground-based telescopes once it had risen a s
comet fragments that had been labeled C, D, G, K, N, R, V, afidient distance above the jovian atmosphere. This expandir
W. This paper describes the observations and provides timicgpling plume phase was dubbed “the second precursor.” As t
and photometric lightcurves for the impact events. Discussipiume expanded and cooled, material rained back down or
of the fully calibrated spectral sequences, characteristics of thepiter, shocking the atmosphere and producing the brights
precursor spectra, and preliminary spectral modeling results, ai-all the observed phenomena at infrared wavelengths, the ¢
cluding identification of observed emitting species, can be fourdlled “main event,” or “splash.” As the impact site rotated ont
in Paper 2 (Meadowst al., 2001, in prep). the Earth-facing hemisphere, the impact debris appeared a
The SL9 fragments were all predicted to enter the atmosphémnight feature at near-infrared wavelengths, and a dark featt
of Jupiter near 45South latitude, about’®eyond the morning at most visible wavelengths.
limb of Jupiter (Chodas and Yeomans 1994 (e-mail predictions),
later published in Chodas and Yeomans 1996). Consequently the 2 OBSERVATIONS
impact points were not directly visible to Earth-based observers
(ground-based and HST). The viewing geometry was more fa-IRIS is a near-infrared camera/spectrometer with axt 228
vorable for theGalileo spacecraft, which was on its way toHgCdTe (NICMOSZ2) detector. It can be used for directimagin
Jupiter and able to image the impact sites directly. Althoughat wavelengths between 0.9 and 2.5, or for spatially re-
was not expected that ground-based and HST observers wadt’ed near-infrared slit spectroscopy of extended objects (s
be able to see any of the impact phenomena directly, the pro&iten et al. (1993) for a detailed description of the instrument)
mity of the impact points to the morning limb meantthat the fresfo monitor the SL9 impact events, IRIS was used primaril
impact sites would rotate into Earth view in less than 20 mias an imaging spectrometer, and was configured to provide sj
However, ultimately both ground-based observers and the H83lly resolved spectra with a spectral resolution pA i ~ 300,
saw phenomena prior to, during, and after the impacts. Timiagd a spatial sampling of.@/pixel. Time resolved K-band
and photometric information from various sources, includin@..98-2.4um) image cubes were recorded during the impact
direct observations of the impacts by tfalileo spacecraft, offragments C, D, G, K, R, and W. Some H-band (1.4—in8)
were combined to produce the following plausible scenario fonage cubes were also obtained during these impacts. Imagi
the timeline of the impacts (see Chapman (1996) for a mgpbotometry with a 2.34¢m filter was used to monitor the im-
detailed description). pacts of fragments N and V. We also acquired H- and K-ban
As a comet fragment’s coma and then its nucleus entered #pectral image cubes of the impact sites for up to 10 h each d
upper jovian atmosphere, the atmosphere was heated, prodiwging the week of the impacts.
ing a warm meteor trail. This trail was believed to be high in The spectralimage cubes were compiled by scanning the te
the atmosphere where it could be seen by ground-based nsaope across the jovian disk perpendicular to tHe>6Q” slit,
infrared observers. Initially the ground-based detection of thehile recording spectra at slit positions separated by 0.6 arcs
faint SL9 impact meteor activity produced a great deal of coithe slit was aligned with the jovian equator. The telescope wi
fusion amongst the planetary observing community, as grourmmtegrammed to scan from south to north, and then from north
based observers apparently “saw” the impact beyond the lingmuth across the jovian disk. Spatial information was recorde
beforeGalileo detected it from its superior vantage point abovalong both the slit length and drift direction, producing a 2
the impact site. It was initially thought that this meteor or boliddimensional image, while simultaneously recording a spectru
phenomenon was detected by ground-based observers but fwasach pixel in the image. These data can be organized to pi
not detected by th&alileo spacecraft because of the larger colduce a 3D cube with two spatial dimensions and one spectral ¢
lecting areas of ground-based telescopes and higher sensitivitension (Fig. 1). With a 1.5-s sampling time at each slit positior
from ground-based instrumentation (Ortehal. 1995, Martin a complete image of the jovian disk can be produced in abo
et al. 1995). However, Chapman argues that the single evawb minutes. For the majority of the impacts, this is our time
detected by th&alileo instruments contained this bolide eventesolution. However, a smaller scan distance was used to mo
as the first few seconds of the phenomenon (Chapman 1996).the impacts of fragments C and K. For these impacts only
Before its origin was known, this meteor activity was given themall region around the impact latitude was imaged, increasil
name “first precursor.” Once the fragment entered the jovian &te time resolution to approximately 30—40 s between scans. F
mosphere it reached a terminal altitude and exploded, sendihg impact of fragment K, this small area allowed higher tim
impact ejecta back up the incoming shock tube and out asrasolution to monitor a possible flash from the impact reflecte
expanding plume of hot gas and particulates. The upper pastEthe jovian satellite Europa, which was in Jupiter’'s shadow
of the bolide trail may have also exploded to produce the upgaut visible from Earth at the predicted time of the Kimpact. In a
portion of the fireball (Boslougkt al. 1994, 1995). The termi- attemptto avoid saturation of the detector during the impacts, t
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found in the processed data. Table | summarizes the observi
times and observing mode used for each day of observation, a
Fig. 2 shows images near peak brightness for each impact \
observed.

2.1. Data Reduction

All IRIS data were first corrected for the nonlinear respons:
of the HgCdTe detector to incident radiation. For the spectr:
imaging data, standard spectral reduction techniques were th
applied to each spectral plane of the datacubes to remove |
strument response. Flatfield observations of a uniform sour
illuminating a white patch of the telescope dome were used 1
correct for the spectral and spatial response of the detector. /£
ter flatfielding, bad pixels were removed by interpolation. Fo
spectral-imaging observations, distortions in the curvature ¢
the grism order were corrected with polynomial fits. The effec
of the apparent rotation of the slit along the spectrum was als
characterized and corrected. After completing these steps, t
instrumental artifacts in the data had been largely removed.

FIG. 1. Representation of an IRIS data cube. These data were taken afThe next processing step involved removing sky emissio
07:38 UT on 18 July during the G impact. Thyeaxis shows the orientation and transmission effects from the data. To correct for the unde

of the spectometer slit, which ran parallel to the jovian equator. Spectra wer - . .
dispersed orthogonal to the slit in tRedirection. The origin of thex axis is at Ty?ng emission from the Sky’ scan) (posmons in the datacube

1.98,um, and it increases toward 2.4n at the back of the cube. To acquire theWere found where the spectrometer slit was sampling only bac
spectral-imaging cube, the slit was scanned perpendicular to the jovian equgtt®und sky, thereby producing a set of 2D sky spectra ixyhe
inthet, or scan direction. Three imageg planes) extracted from the full cube at plane (see Fig. 1). Thesg planes were then averaged to form
2.0um (front), 2.2um (middle), and 2.3.:m (back) are shown for comparison. 5 Composite Sky frame, and subtracted from(;atblanes of the

Th h | licedxirt | f the pl ining th . :
e cube has also been slicedrto reveal one of the planes containing they . This step corrected for not only the spectral behavior
spectrum of the G impact main event, which can be seen as a bright streak on

the side of the cube. The top surface of the cube igyaplane that shows a the sky, but pixel-to-pixel bias variations on the detector in th
spectrum of Jupiter's northern latitudes and the adjacent sky. y (slit) direction. To account for the time-varying brightness of
the sky during the duration of the scan back and forth across tl
planet,xt planes were selected near the ends of the slit, whic
AAT mirror cover was partially closed for the brightest portiongontained only sky emission. An averageglane of the time-
of the impact events. This approach was largely successful, Bépendent sky brightness was produced, and subtracted frt
necessitated additional calibration steps to recover the absols#@hxt plane in the previouslyy plane sky-subtracted cube.
brightness of these events. After removal of sky emission, the effect on the observet
Due to the anticipated smaller size of the N and V fragmenispectrum due to wavelength-dependent sky transmission w
we used fast-rate photometry, rather than spectral imaging,rénoved. In preparation for this step, a wavelength scale in m
observe these impacts. For the N impact, we configured the in-
strument to take 100 successive imaging observations of 0.45 s
exposure time, before dumping the resultant image cube to disk,
a process which took approximately 25 s. The N data set there-
fore consists of successive observations of 45 s of fast-rate
photometry, interspersed with data gaps of 25 s. Just after th@yate  Startobs. End obs. Observing range
peak of the impact we experienced an instrument failure, butr) Quly)  (UT) (UT) Impact mode  (m) Airmass
regained data acquisition capabilities within four minutes.

TABLE I
Summary of AAT K-Band Observations

For the impact of fragment V, there was some concern that 16 9:25 1250 —  Drifiscan 2.0-24  —
the impact would be so small, and the phenomena so short-lived, - 440 11:10 ¢ Drftscan  20-24  1.10
. . e . . 17 11:10 13:45 D Driftscan 2.0-2.4 1.59
that it would be lost entirely if it occurred while an image cube ;g 550 13:45 G Driftscan  2.0-24  1.09
was being recorded to disk. Consequently, we configured IRIS in 19 5:45 13:20 K  Driftscan 2.0-2.4 1.24
the safer but less efficient repeat mode, where single exposures0 6:35 12:45 N Imaging 2.34 117
of 0.45 s were read out continuously, with a deadtime of 6 s 21 4:35 13:00 R Driftscan  2.0-2.4 133
between each exposure. We observed in this mode from 22 Julyég ifjg 1;’_28 \\/\// '[r)“r?f?s'ggn 22('3‘; A 11'%2

04:02:45 UT until 04:40:26 UT. Even though we detected no 4 815 12:50 _ Drftscan  2.0-24  —

impact phenomena in real time, the V impact event was later
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FIG.2. The AAT SL9 impact “Family Portrait,” providing morphological overview images taken near peak brightness for each impact observed at the
These images are not photometrically calibrated, and only rough relative brightnesses are shown in this diagram. Images for C, D, G, K, R, anch\8libegte be
from spectral mapping cubes in the wavelength range 2.32+h88vhereas the images from N and V were taken through a CO 4% filter (effective bandp
2.32-2.38um). In this wavelength range Jupiter appears dark due to strong absorption of sunlight by methane in its upper atmosphere. However, sca
sunlight by aerosols high in the atmosphere above the absorbing methane can be seen in the north and south polar regions. Each impact can bétseer
source at-45° latitude on the morning limb of the planet (the left-hand side in the images). Previous impacts leave large areas of scattering particulates a
methane and can be seen as bright oval to irregular sources across the jovian-disk latitude. These old impact sites persisted throughout and well beyor
the impact week, causing this latitude band to becomes more populated with these features with each successive impact.

crometers was derived from observations of arc lamps takiund in the total flux for the same star observed at differer
with the instrument in the observing configuration. This ar¢imes on the same night), and therefore could not be used 1
derived wavelength fit is added to tleaxis of the data. The spectrophotometry. Also, to avoid saturating at the peak of t
data were then divided by a wavelength-calibrated standard didghtest impacts, the mirror was actively stopped down ove
spectrum observed with the same optical configuration, andsawveral minutes of data-taking in a manner that made it diff
a similar zenith distance (altitude) to the data. The slope in thalt to reproduce while observing a standard star. Observatio
infrared spectrum introduced by the temperature of the standarere also taken starting in the early afternoon and continuir
star was modeled using a blackbody curve and removed from theough the night, with correspondingly large variations in sk
data. conditions. Consequently the standards were used principa
The fast-rate photometric imaging data for the impacts &r correcting for atmospheric transmission effects in the dat
fragments N and V were processed using standard near-infraasdlescribed in the previous section, and not for absolute pho
reduction techniques, including linearization, flatfielding, intemetric calibration.
polation of bad pixels, and sky-subtraction. Looking for alternate methods of absolute calibration, wi
investigated using Galilean satellites, polar haze, and imagil
photometric standard stars. The final calibration method cor
bined all three types of measurements. We used the photome
Absolute calibration of the SL9 spectral mapping cubes watandards and the jovian satellites as two independent mean:
challenging. Observations of spectrophotometric standard steadibrating the polar haze in samples of both the imaging and tl
were taken on the same nights as the data, with the same insspectral mapping data, and then used this pole calibration to c
ment configuration used to observe Jupiter, including witle ibrate the remaining data. A jovian pole was included in almo:
slit. However, as the slit was comparable in width to the seei@d of our imaging and spectroscopic data, and monitoring tr
profile (which was 1 FWHM on most nights, but deterioratedpolar brightness allowed us to correct for rapid and otherwis
episodically to as much as’ & WHM), it contained too little nonquantifiable changes in the effective aperture of the telescc
of the light from the standard star to produce consistent phghe mirror cover on the 3.9-m AAT was partially closed durinc
tometric measurements (variations of up to a factor of 3 wetige brightestimpact flashes to prevent saturation of the detectc

2.2. Calibration
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However, before the poles could be used to calibrate the obser- TABLE 11
vations, we had to accurately determine their brightness, and Photometric Errors for Drift Scan Observations
verify that it was stable and not altered appreciably by auro- of the Galilean Satellites
ral emission. This process is described in the following three UT date Satellite Std. dev. (%)
subsections.
. . o . 17 Jul Europa 15
2.2.1. Absolute calibration of the jovian polesTo provide 19 Jul Europa 8
an absolute calibration for the jovian poles, we used datataken on 19 Jul lo 5
21 July 1994. These data included spectral mapping cubes that 21 Jul Europa 23
contained both poles of Jupiter and the Galilean satellite lo, and g; ul lo 10
Jul Ganymede 5

also imaging data containing the south pole of Jupiter. An im-
age plane containing lo and both poles of Jupiter was extracted
from a spectral mapping cube in the wavelength range 2.32—

2.38um. This region was chosen to mimic the filter bandpagshserved simultaneously with the data is required. For the m
for the 2.34um CO imaging data. Using albedos derived fronyyity of the spectral mapping data, this source was best providk
Silland Clark (1982), and the World Meteorological Organizgsy the Galilean satellites. Although the satellities are not poir
tion solar spectrum (Wehrli 1986) we calculated the flux of Iggyrces, their angular size is sufficiently small (ranging fron
in this wavelength range to bed7x 10 **Wm~2um~*. Large 1 g for Io to 14" for Ganymede) that it is comparable to the
rectangular apertures thatincluded the entire haze-covered nggging disk. Performing aperture photometry on images of tt
and south polar regions were US?d to obtain vaIgesZafJ14 X Galilean satellites extracted from the spectral mapping cub
10-2Wm~2um~* for both poles in the spectral imaging datapoduced the standard deviations in measured counts showr
To check this value, we measured the polar brightness in Higle I1. This error is correlated with the seeing, being large
imaging data, which was calibrated using imaging photom&jp, nights of poorer seeing (21 July produced the largest medi
ric standards taken at the beginning of the observing run widBeing). However, when the satellite observations within a give
the 2.34pm narrowband (4% bandpass) filter. These standar,%ht are averaged, absolute fluxes derived for the same sat
were observed in a 19< 19" aperture that contained more thanjte ghserved on different nights showed a standard deviation
99% of the light from the star (HD129540, an A2V, Carter angloo, for Europa, which was observed on 17, 19, and 21 July.
Meadows 1995). Given the star's K (Z.an) magnitude, and measurements taken only on 17 and 19 July are considered, t

assuming negligible magnitude color difference for an A2V stgfiscrepancy falls to 3%. The standard deviation for lo, whicl
between 2.2 and 2.34m, the south pole in several frames ofy4s observed on 19 and 21 July, was 1%.

the N imaging data was found to have a brightness®#13 x - ]
10-2W m-2um-L. Consequently, a value of3+ 0.1 x 1012 2.2.3. The stability of polar haze measuremento estimate

W m~2 um~* was adopted for the brightness of each jovian pmg]e error introduced by using the large apertu.re measuremenf[
This independently derived calibration has subsequently bd8f Prightness of the polar haze as a calibration source, we fi

cross-checked using the jovian absolute reflectivity spectra pfo/Tected for airmass by plotting measurements of north po
vided in Chanoveet al. (1996). Our calibration for the bright- Prightness in the wavelength range 2.32 o 2.88(to approxi-
ness of the jovian south pole at 2.34n on UT 18 Jul agrees Mate the standard CO imaging filter) as a function of airmass. V

to within 5-10% of the Chanover-derived values, which is welyPically derived an extinction coefficient at K-band of approx-
within measurement errors. imately —0.10 mags/airmass. This is consistent with accepte

values for the extinction at this site (David Allen, private com-
2.2.2. Errors and uncertainties in calibration.The AAT ob- munication, 1993). For all five nights in which imaging spec-
servations of the SL9 impacts were taken under photometric carescopy was taken, this relationship was fit with a straight lin
ditions. However, using a narrow slit to spectrally image a pointith a typical standard deviation of 5% (21 July gave a standat
source (or an unresolved area associated with an impact evelatjiation of 7%). These results indicate that the intrinsic relativ
introduces errors that compromise photometric accuracy. As traiability of the pole on any given night is actually quite low
narrow slit is stepped across the object, variations in seeing p(6—7%) over this wavelength range.
duce a time-varying point-spread function (PSF) that changesAnother possible complication in using the polar haze mee
in both FWHM and spatial position. These changes makesitirements as a calibration source is the systematic enhancern
almost impossible to correctly sample the object’s PSF. This @it the polar haze intensity by impact-induced auroral activity
fect can be ameliorated by taking several scans back and fdBtfight impact-induced auroral emission, such as that seen
across the object to average the effects of the seeing. HoweVBEPC2 UV images (Clarket al. 1995) and at near-infrared
for the rapidly changing phenomena associated with the impaevelengths (McGregaat al. 1996), was fixed in a narrow lon-
events, this was not possible, as subsequent scans showed gitgle range, i.e., with a small spatial extent compared with th
different phenomena, and could not be averaged. To quantifigght polar haze region. This fixed-longitude auroral enhance
the error associated with this effect a nonvariable point soungeent would be expected to rotate with the planet, producin
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4
Phased Time

FIG.3. Plots of residual north pole counts (after removal of the straight-line fit to correct for airmass) as a fraction of total counts in the apertucéipas a f
of phased time (with 0:00 time set as 00:00 h 16 July 1994, and assuming a jovian rotation period of 9.925 h). No obvious enhancement of the obiserved
as a function of phased time (longitude) in this wavelength range is seen.

a brightness enhancement to the polar emission that varied witfThe final reduced and calibrated data for the impacts we
rotational phase. To search for this possible effect, we plottacchived in the Atmospheres Node of the Planetary Data Syst¢
north pole count residuals (after subtraction of the airmassifitApril 1998 (Meadowset al. 1998).

for each night) as a function of phased time. Points observed

at the same phased time have approximately the same Iorpg
tude on the planet. The results show no obvious enhancement
of the observed emission as a function of longitude in this 2.3.1. Spectral-imaging data.The accuracy ofthe lightcurve

wavelength range (Fig. 3), and appear to confirm that the pofgrotometry will depend not only on the absolute calibratio
brightness was sufficiently stable at these wavelengths to usedbithe data, but also on the measurement aperture size ¢
calibration. This apparent stability is probably due to significashape used to determine the integrated intensity of the imp:s
“dilution” of any spatially localized, narrow-line auroral en-events. A small circular aperture was used to measure the init
hancementwithin the large spatial and spectral (2.32to2038 stages of the impact phenomena, when the impact emission v
measurement aperture used here to determine the brightnegsodrit-like. This small measurement aperture minimized contan
the polar haze. ination of the measurement by background planetary emissi

Measurement of Lightcurves
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(which is a relatively small component at CO filter wavelengthspn with total flux from the polar haze, which is assumed not t
2.32-2.38:m), and by emission from nearby older impact siteg€hange throughout the impacts (cf. Section 2.2.3).
The latter effect is a much larger contaminant, and can varyFor the C, R, and W impacts, slightly smaller measuremer
as scattered light from companion impact sites flares into thpertures were used initially to avoid contamination from nearb
measurement aperture in poor seeing. The total emission frofd impact sites (A, G, and K, respectively), which were on ol
the impact was estimated by measuring the impact at or neaar the limb at the time of the impacts. Measurement apertur
its peak brightness to determine the fraction of the radiatiavith radii in the range ®-18" were used, and corrected t®3
observed in the small measurement aperture compared to ridigius apertures for C and R. A smalle@3radius aperture was
“total” emission in a much larger aperture. This “aperture coused for the W impact, which occured while the K impact site
rection” is determined near peak brightness so that contamimaas on the limb. For the C and R impacts, aperture correctiol
tion in the larger measurement aperture by scattered light framere used throughout the entire impact sequence, even when
nearby impact sites and the underlying planet will be a vegjte became resolved, as a larger aperture would have contair
small component of the impact emission, even in the far wingsntamination from the nearby older impact sites. As the V
ofthe PSF. Once determined from the brightest possible obsernvapact site rotated over the morning limb it became sufficientl
tions, the aperture correction was then applied to measuremesgparated from the older K impact site that it was possible to u:
made with a smaller aperture during the fainter stages of th&6” radius aperture after UT 8:18 (22 Jul).
impact.
However, a small circular aperture could not be used mu&p Y . . .
: . T an the six impacts observed with the spectral imaging tecl
after peak brightness. By that time, the observed emission be- =,
: . : . nigue, and were consequently more prone to contamination |
came extended as the impact site started to rotate into view oye . . ; . .
T the relatively bright scattered light from nearby impact sites. Th
the morning limb. A larger measurement aperture was therefore : . X
. : Notometrically reduced imaging data were further processe
used, to encompass most of the light from the extended impact .. . : 2
; . . - N 0 minimize scattered light within the measurement aperture k
site. However, in doing so, the possibility of contamination bg . )
C . . ) ubtracting a smoothed and averaged subset of the framesine
emission from the underlying planet and nearby impact sites was, . S .
. Cube (after carefully “removing” any impact phenomena fron
greatly increased. ; .
. . . these data) from each image in the data cube. A polygonal ap
The D, G, and K impacts did not occur close to a previoys . .
; : . ... 1jre was then used on these impact-site subtracted frames.
large impact site. For these impacts, measurements were initiall ; . Y . . "
. # . ; . : aperture is a B” x 1.4” rectangle, with the lower.@” x 0.4
made using a.8” (3 pixel) radius circular aperture, which was o . .
" : : removed to minimize residual scattered light from the nearb
corrected to a £2” (7 pixel) radius aperture based on measure- . . ) -
. . . mgact site entering the measurement aperture. Running simi
ments made near peak brightness for each impact. This aper{ur . . .
: . . measurements on an imaging photometric standard star, we |
correction typically added 15-20% to th&1measurement. For _. . : :
. ! : . ; timate that this aperture contains 60% of the light that would b
the D impact, the impact site was sufficiently small that it never

. ; ; : contained in a 2" radius circular aperture for a point source.
appeared resolved in ourimages, so all points onthe D Ilghtcurefe

: onsequently the measured values were scaled to be equival
are 18’ measurements corrected t@4radius apertures. For q y q

. o
G and K, the impact sites were resolved at approximately L{jl those measured through &4 circular aperture similar to

7:44 (18 July) and UT 10:36 (19 July) respectively. At peak 0> USed for the spectral-mapping lightcurves.
brightness at 7:46 UT (18 July) a slice taken tangent to the limb . .
through the G impact had a FWHM of@l/, comparable to thatn%'4' Timing Estimates and Accuracy

of a point source, but with a low-level “wing” to the south of the All timing for the lightcurves was based on timestamp in-
brightest part of the impact site. The total spatial extent of tfiermation recorded in the AAT data headers. The AAT timing
phenomena associated with the peak brightness of the G andt&ndard is a quartz clock that keeps UT to within a few millisec
impacts subtended approximatelyethd 66" respectively above onds. The VAX used to write the data and time stamp the heade
the 2.32-2.38:m background tangent to the jovian limb. Fronhas a clock that is not as accurate, but which is resynchronized
the time the impact sites for G and K were first resolvedd 3 the UT clock once per day. There is also a difference between t
radius aperture (G) and a4 radius aperture (K) were used torecorded start time and the real start time for data taking, but th
contain the majority of the light from the impact site as it rotatedifference is only on the order of a few milliseconds. The larges
into view, while avoiding contamination from the nearby southotential source of timing error is found in the time stamping o
polar haze. Poorer seeing on UT 18 July mandated a smatlee beginning and end of the IRIS exposure for each spectrz
aperture for the G impact to avoid scattered light from the ponaging datacube. This total time typically contains an extr:
lar haze, and typically there is 2-5% more light contained indas above the astronomical exposure, which has been identifi
4.2" radius aperture, compared with &3aperture. For both as a lag at the end of data-taking. This should not affect the tin
the G and K impacts, several points near the peak brightnestimates as long as the starttime is used as the reference time
of their main events have been corrected for changing effectivalculating specific times for each scan step. Taking all the abo
telescope mirror aperture during the observations by compdaetors into account, a conservative estimate would therefo

2.3.2.Imaging data. The NandV impacts were much fainter
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suggest that the timestamp information in the data headerdvisGregoret al. 1996, Nicholson 1996) suggests that this wa
accurate to at least 1 s. due primarily to our sparse time sampling for this impact.

For the V impact sequence, which was taken as individual The precursor phenomena for G and K, two of the largest SL
image frames, an average of the recorded start and end timeffagments, differ markedly from all other precursor phenom
the exposure was used. For the N impact sequence the diffama we observed by displaying an underlying steady increase
ence between the recorded start and end time was divided ibtaghtness on which discrete precursor events are superimpos
100 equal time segments for each of the 100 images within tBased on timing and intensity considerations, the precursors \
cube. observed for the impacts of C, D, and W are most likely to b

For the spectral imaging data, which has two spatiay] second precursors; i.e., these phenomena are produced no
and one temporalt) dimension, the lightcurve was measurethe incoming meteor trail, but are predominantly the signature «
first by extracting an image plane in tiiedimension for each of solid particles in the expanding impact fireball as it rises over tt
the observed datacubes. A centroiding program was then u$et of Jupiter, and into view by ground-based telescopes. Tt
to center on the impact phenomenon. The retumnpdsition precursor activity for G and K, however, probably also include
(which could have a fractional value) was multiplied by the scaneteor activity that precedes the fragment impact.
step exposure time (usually 1.5 s per scan step) and added to th&e observed the precursors for fragments C and K with sar
recorded start time (time= 0) for the entire cube to produce apling times ranging from-9 s to 1 min. Other precursor events

time for the impact phenomenon. (D, G, R, W) were observed with a 1- to 3-min sampling time
and in these cases, usually only a single point was recorded
3. RESULTS each precursor.
Our fragment C precursor lightcurve was similar to that rec
3.1. Timing and Lightcurves orded by Takeuchét al. (1995) at Okayama Observatory, and

McGregoret al. (1996) at the Australian National University's
.3-m telescope on Siding Spring Mountain. We first observe
n unambiguous signal at 7:11:54 UT. This flash continued

T - ) brighten for 45 s, reaching a peak in our data at 7:12:38 U
mimic the bandpass of the astronomical 2,8#%-CO filter used Observations from other observatories (ANU, Okayama) ir

for our N and Vimaging olbser_vations. Thig facilitates COMPAficate that the precursor continued to brighten, peaking ne
ison Qf ourspectral-mqpplng I|ghtguryes W'th our23aCO * 7.13.30 UT. Our next observation was taken at 7:15:26 U-
filter imaging observations, and similar imaging observatlorz()s_5 min after initial detection, by which time the precurso

from qther ob_servatorigs. The co fi_Iter imag"_‘g lightcurve quiad faded, dropping to preprecursor brightness levels. For t
'{?? N |m{)actr]!sr]shown(j|ntF|g;t. 3'.N0 I|g|;htt;:]urve IS ShOWT‘ for th?mpact, comparison of absolute brightness levels between t
: |mpt))ac » Whic W:S N eceh 'C/ only three succegswi M3Pree observatories is difficult, given the apparently differing
ing observations. However, the Vimage sequence Is Showngllltions of the A impact site present in the chosen measur

Fig. 6. ) o o ment apertures (the AAT data show a background of 0.08 .
We have determined significant timing events from the%ef.42 x 10~ Wm-2um1 at 7:11 UT, compared with 0.45 Jy

lightcurves, (e.g., detection of precursors and the main ev%étheANUandlZ « 10-13W m-2um~for Okayama). Atthe
and the time of pe.ak NIR brightness). Howgver, we havg USE8ak of brightness in the subsequent main event, when the sc
our spectral mapping data to also note the time that we first Bred light component would be negligible and a more accura

tected the onset of the sharp rise in intensity in our spectra ne anarison could be made, both the ANU and Okayama obs:

2.295m due to the appearance of the CO 2-0 band. ”I'“'Strat'VSitions were saturated. However, comparing values measure

spectra taken prior 1o and at the time of first CO detection f9?17:56 and 7:26:56 UT, the closest valid data points to the sat
impacts C and K are provided in Fig. 7. A detailed descriptiol% '

fthe AAT tral dat d its will b ided i b tion limits that are common to all three observatories, flux va
otthe spectral data and resuts will be providedn a SubSga ¢ agree to within 10%, implying that differences in the bright
quent paper (Meadowet al., 2001, in prep). The impact event

e i ~ "ness of the precursor event are probably due to different leve
t|m|n_gs for fragments c, D G, K, N R, V, and W InCIUdIngofjovian background radiation in the measurement aperture.
the time of first CO detection for all impacts for which we have | data. the D brecursor w bserved in a sinale obsen
spectra, are summarized in Table lll. _nodurdata, the L précursorwas observedin a single obse
' tion, peaking at 11:54:42 UT before vanishing in the subseque
3.1.1. Precursor phenomenaEach impact event was firstscan at 11:57:27 UT. Both AAT and ANU recorded 0.1 Jy fo
detected as an unresolved point source on the morning limbtloé peak flux of the D precursor. This was the faintest impa
Jupiter near 455 latitude. For the impacts of fragments C, Dthat we observed in spectral-imaging mode.
G, K, N, and W, the brightest infrared flash was preceded by aThe time evolution of the fragment G precursor event did nc
faint precursor event. We did not detect a distinct precursor felhow the brightening and fading behavior observed in the
the R impact, although comparison with data from the Kecknd D precursors, but rather showed a predominantly incree
ANU 2.3 m, and Palomar observatories (Graheihal. 1995, ing ramp of brightness up into the main event. Measured fluxe

Lightcurves for the impacts of C, D, G, K, R, and W are show.
in Fig. 4. These lightcurves are extracted from the spectrg]
mapping datacubes in the wavelength range 2.32—-2r880
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AAT D Lightcurve: 17 July

AAT C Lightcurve: 17 July
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FIG. 4. Calibrated lightcurves. Diagram showing the time evolution of the C, D, G, K, R, and W impact events extracted from the spectral mapping ct
the wavelength range 2.32—-2.8&. The flux at each point is measured within a fixed aperture, regardless of whether the impact event is visible in the fram
text for detailed discussion). The circled points indicate detector saturation. The dashed line indicates the accepted time of impact (Crmiasad9%@), the
dot-dash line indicates the time at which the impact center rotated onto the morning limb of Jupiter and the dot-dot-dash line shows the timesahwgaich th
center rotated into sunlight (the latter two times are calculated from the System Ill rotation rate and the meridian angle of the impacts fromCladude$ arfid
Yeomans, 1996. Note that the meridian angle of the limb as viewed from Earth iartbthe meridian angle of the terminator i$ 8Zhodas and Yeomans 1996)).

from the ANU and AAT agree to within 5% for this precur-Near-Infrared Mapping Spectrometer (NIMS) also detected &
sor. We first detected a point source at 07:32:55 UT at twiewent at 7:33:37 UT (Carlsast al. 1995) 5 s after the PPR de-
the brightness of the planet background. This “leader emissiaettion, and across a number of wavelengths from 0.7 to g3
preceded the first detection of this impact by @Galileo Pho- HST was also observing with an 889-nm filter at this time, an
topolarimeter Radiometer (PPR) by 37 s (detection by PPRlatween 7:33:16 to 7:33:46 UT they clearly saw bright pixels i
945 nm at 7:33:32 UT (Chapmaat al. 1995a)). TheGalileo the shadow of Jupiter.
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FIG.5. The Nimpact light curve at 2.8m. Each cross is the sum of four 0.45-s exposures. The time of the precursor is labeled, and the insetimage s
disk subtracted image of Jupiter with the precursor on the morning (left) limb. The dark and bright patterns on the disk of Jupiter in this imageraesédtadst
after subtraction of the south polar cap and several previous impact sites. The dotted line shows the accepted time of impact. The dot-dashdinienshia t
the impact center would have rotated onto the morning limb of Jupiter. The main event can be seen in the light curve between 380 and 500 s after.UT
The gap in the lightcurve after this time was due to an instrument failure. The triangular symbols near the bottom of the plot show the timing obiderfiedh o
by the Solid State Imager, on board fBelileo spacecraft. The intensity of ti@alileo SSI data is not to scale.

In the next AAT scan at 7:35:47 UT, close to three minutegursor source appears to be extended away from the planet,
after our first detection, the point source had rapidly increaseddppears point-like on the scans on either side of this observatic
~50 times its initial value. Between 7:35:16 to 7:35:32 UT HSHowever, this phenomenon could also be produced by scanni
also detected an increase in source intensity compared to tlagiross a rapidly brightening point source. ANU does indee
previous 889-nm observation. A slight increase in this brighthow a rapid brightening in a frame that spans this time, ar
ness by our next observatior2.5 min later at 7:38:16 UT pro- Okayama shows that the brightening peaks near 10:24:15 L
duced a sloping plateau in the lightcurve before the onset of tivkich is almost simultaneous with tiigalileo SSI flash detec-
main event, which occurred sometime between 07:38:16 and
07:41:12 UT. From 7:38:16 to 7:38:32 UT, HST (at 953 nm)

detected both the scattered light from the expanding plume, and TABLE 111

what appeared to be thermal radiation along the angle of entry of AAT Impact Timing

the comet fragment (or exit of the plume). By their next observa- )

tion at 7:41:16 UT, well into the upward slope of the main event _~ AccoPied  Precusor - Mamevent Rmax: Flux GO
: Ithpact ~ (UT) (um (UT) uT) Q) U

lightcurve for the AAT, the HST detected an even larger plume.
The K precursor showed a structure similar to the G phenom-< 07:10:50  07:11:39 07:16:45  07:24 175 7:24
ena. For K, a faint point source was first detected on the morning 11:52:30  11:54:46  11:57:27  12:03  3.23  12:06

; .99. ; : G 07:33:33 07:32:58 07:38:19 07:46 385 7:45
I|mbat10.22.38UT,aImosthOsbeforethe|mpactf|reballwasK 100417 1009942 103118 1038 466 10.36

seen by the Solid State Imager (SSI) on board3héleospace- 10:29-20 <10:29-14 10:35 1037 014 =
craft (SSI detection at 10:24:17 UT). The precursor’s intensityr ~ 05:34:57  05:34:00  05:42:22 0545 106(s) 547
increased by about a factor of 30 during the next 3 min (10:22:38/ 04:23:20  04:23:13 — 04:23  0.02 —

to 10:25:15 UT). The initial rapid rise in brightness slowed andW  08:06:00  08:06:56 ~ 08:12:20  08:15  60(s) 08:18
the observed point source increased in brightness by only a fac- ) ) ) : .
. . i~ . Note. All times given are in UT. The accepted times for impact are from

tor of 3.5 over the next 5 mm (until 10:30:39 UT)’.When it Wa%ompilations by Chodas and Yeomans (1996). The precursor time quoted h
overwhelmed by the main infrared flash. A similar 236 s the very first detection of a point source on the jovian limb, and not necessar
lightcurve was recorded by observers at ANU and Okayamaee precursor peak. Column four gives the time of first detection of the IR mai
The Okayama results have higher time resolution over a longgent, and column five gives the time of IR maximum from our data. The infrare
time span than the ANU and AAT results and show a distinéi‘,”)‘ ‘g"'“ef artehthe mean Va';’j it” ”t‘e ba’t‘dpat‘,ss ?et‘;‘fe” Z'SZ?W"E' Adr_‘ i
. i~ . . “(s)” denotes the presence of detector saturation for the peak value, and is lik
Short'l!ved flash at 1.0'24'00 UT that they associate with the “be an underestimate of the true peak flux. The final column shows the tir
try bolide (Takeuchiet al. 1995, Watanabet al. 1995). It is  that hot CO line emission first becomes distinct from the underlying continuur

interesting to note that in the AAT scan at 10:23:53 UT the pretour sampling resolution (Meadowsal. 2001, in prep).
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FIG. 6. V impact time sequence. Diagram showing the V impact flash at
2.3um. This series ofimages shows a section of the jovian disk thatis dominatedFIG. 7. Example spectra showing the onset of CO emission. These spe
by the south polar haze and several old impact sites. The display range on thesare taken from the calibrated spectral mapping data used to produce
images has been adjusted to maximize the visibility of faint features. Thelightcurves for the C and K impacts. All spectra show the range 2.0xth4
impact was first detected at 04:23:03 UT as several bright pixels off the morniagd high-temperature CO emission was considered to be detected when we |
limb of Jupiter (left on these images) at°4ktitude. By 4:23:13 UT, 10 s saw the sharp rise of the CO 2—-0 bandhead near 24885 he width and shape
later, the impact had brightened and was an unmistakeable point source orofitais feature suggest CO at temperatures in excess of 1000 K. The top pair
morning limb. It was seen fading at 4:23:23 UT and was undetextabllater, spectra show the C impact just prior to and at the time of first CO detection, ar
at 4:23:31 UT. the lower two spectra show the same sequence for the K impact.
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tion (10:24:17 UT). The ANU and Okayama also both observedirsor for N, then it would have peaked about 8-10 s before tl
a sharp brightening near 10:25:30 UT and a subsequent decli@ealileo flash, or 4-6 s before we detected it at the AAT. Fo
The peak of this feature was missed in our 10:25:15 UT obséhne other impacts observed by ba#alileo and ground-based
vation, and the ensuing decline was missed in our subsequiitscopes the time of the second precursor afteiGhieo
10:27:19 UT observation. Absolute flux values from all thredetection appears to be a function of distance from the limb
observatories agree very closely (within 10%) for the duratidhe impactor (Nicholson 1996). For the L and R impacts, whic
of the precursor phenomena (10:20-10:30 UT). In addition bwacket the N impact, the second precursor was detected appr
capturing the precursor phenomena for the K fragment impaitately 40 s after th&alileodetection. If the N impact behaved
by scanning across the jovian limb neaf #&itude, we had set in a similar way, then the second, fireball precursor would hav
the scan path up so that it would pass across the nearby sdiekn started at 10:30:00 UT, and would have decayed ove
lite, Europa, which was in Jupiter’s shadow at the time of the geriod of 2 min.
fragment impact. It had been hoped that Europa would reflectHowever, at that time we have a data gap until 10:30:28 U’
the K fragment impact as a faint flash. However, we detected after which the data are badly affected by variable seeing, whi
such flash from Europa in our data. caused scattered light from nearby old impact sites to flare in
After using the processing described in Section 2.3.2 to redube measurement aperture. The seeing is sufficiently poor tt
scattered light from nearby impact sites, the N impact was firstincellation of light from nearby impact sites is also difficult,
detected at 10:29:13 UT as a faint, but distinct, point source t@aving large residuals in the data. By the next data block, whic
the morning limb, which faded over the next 22 s. An image atarts at 10:31:41 UT, the seeing had improved but a decayi
the N precursor is shown in the upper left-hand corner of Fig. &econd precursor was not detected. In fact, nothing as cons
and Fig. 8 shows a detailed plot of the precursor lightcurve. Owently bright as the first precursor is seen until the start of th
initial detection of this precursor 8al s before th&alileo SSI  main event at 10:35:20 UT. However, it may have been th:
detection of a sharp rise in brightness at 10:29:17 UT (whic¢his smaller impact produced a bolide that was far brighter the
peakel 3 s later). The precursor we observed may have betlre subsequent fireball, which was certainly not the case for tl
present before 10:29:13 UT, as this was the first observatiompacts of larger fragments. However, like the AAT data, th
after a data gap that started at 10:28:48 UT. It is interesting Galileo SSI camera also detected a strong initial spike for the
note that we detected a small rise in intensity on an otherwieeent, which was attributed to the bolide flash in Jupiter’s strat
monotonically decreasing first precursor at the same time tlsgthere (Chapmaat al. 1995b), but the data showed little or
theGalileoSSI datarecorded their peak brightness for this evenio subsequent evidence for the fireball phase that followed t
Although the AAT rise cannot be ruled out as noise in the dataglide flash in the largerimpacts (e.g., K). They concluded, give
ifitis a real event it would imply that we saw the terminal everthat a main event was detected by ground-based observers, 1
for N either directly, or scattered off dust from a tail behind ththe N fireball was below the detection limit for the SSI.
N fragment. Given that the expanding fireball is linked physically to the
Models based on more extensively observed impageneration of the splash phase, it seems more likely that secc
(Chapman 1996) suggest that if this was indeed the first pprecursor brightness scales with the intensity of the subsequ
main event, and not necessarily with the intensity of the bolids
For the other small impacts we observed (C and D) the seco
AAT 2.34um N Precursor Detail precursor peak was fainter than the main event peak by a fac
' ' ' Joto of 30 to 90. If the N second precursor behaved in a similar wa
then we would have expected its second precursor to reacl
maximum peak of 5 x 10~**W m~?,m~1, which would have
J0.06 been undetectable in our data.
] The R precursor was not observed as a distinct event in o
] data, due to our coarse time sampling.

- Jo.02 The W precursor was detected in our data set as a single p
++++++* ] turbation at 8:06:55 UT superimposed on a gradually increa
‘ et e ing background as the old K impact site rotated into view ove
[ 2 SS1 (890 nm) J-0.02 the morning limb of Jupiter. With higher temporal resolution
—ax10714 M W s ) ] the ANU detected this precursor from 8:06 until 8:09 UT. At
Y seeonds ar 1oz up 8:06:16 UT HST first detected the W fragment impact as emi

sion in shadow at 555 nm. This image was taken within 0.5 s of

FIG.8. The Nimpact lightcurve at 2.8m seen in detail. Each cross is theS59-ana|i|eoSS| image that is believed to show the incominc
sum of three 0.45-s exposures. The time of the precursor is labeled. The do -

teq. .
line shows the accepted time of impact (UT 10:29:20). The triangular symb(g?gqlde (Chapmaret al. 1995a). Our observation 39 s later was

show the timing of the flash observed by the Solid State Imager, on board H?LE” clearly due to the expanding plume, and not the incomir
Gallileo spacecraft. The intensity of tt@alileo SSI data is not to scale. bolide.
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Comparison of the AAT and ANU measured fluxes for thislowever, a shoulder was observed for the K impact during th
second precursor are again complicated by the fraction oftie period by Okayama Observatory. For the impacts of R ar
impact site in the different measurement apertures used on ed¢hwve acquired K-band data throughout the entire impact ar
data set; nonetheless the difference between the backgrounddligknot record any obvious shoulder.
at 8:00 UT and the precursor value at 8:07 UT agrees to withinThe C impact main event was first detected in our data
10%. 7:15:56 UT. Over the next 8 min it increased in brightness by

The impact of fragment V was detected only as one faifdactor of~150to peak at 7:23:53 at 17.5 Jy§ 10-2W m2
flash, seen in three consecutive images. A sequence of five IRI®™! at 2.34,.m). This peak value agrees well with thed i
images taken around the time of the V main event are show®'Wm~2 um~! peak recorded at the IRTF (Ortcet al.
in Fig. 6. Our detection peaked at 04:23:13 UT in observd995). Both ANU and Okayama saturated at the peak. Hov
tions that were 0.45 s long and separated by 6 s. A similever, the ANU data appear to record a higher value for the pe:
flash was observed at Palomar at 4:23:09 UT (Weinberger 198430 Jy), although the AAT and ANU data agree well for mea:
private communication; Nicholson 1996), consistent with owurements taken well after the A impact site has cleared the lim
observations. The peak brightness of the flash, once scattefd next scan, taken at 7:26:56 UT, shows a 14 times decree
light from the nearby impact site was mitigated, was approxn intensity and the beginning of a broad shoulder that persis
mately 10 x 10-**Wm=2 um~1 (0.02 Jy), although this value until 7:35:20 UT. Between 7:35:20 and 7:46:54 UT the impac
is highly uncertain (without the scattered light correction, thgite appears to brighten by10% and then fade again. While
measured value is doubled). Either this flash could have beentthis change is probably within our measurement errors, there
main event for this impact, which would have been the brightestidence from ANU, Okayama, and IRTF that the C lightcurve
phenomena detectable for such a faint impact, or it could regaches a minimum near 7:35 UT and increases slightly aga
resent the first precursor (entry bolide) for this fragment. If th®imilar behavior was observed in our D impact data (see below
latter explanation is correct, then the fragment must have bdairt there are no ANU or Okayama data taken at this time th:
destroyed on entry without producing a significant main everttould corroborate this effect. In both instances, the impact si
The brightness of the detected event for V is comparable to thad rotated over the limb but was not yet in sunlight.
brightness of the first precursor detected for the N impact, whichThe D impact main event was first detected in our data as
was also an “off-train” fragment of estimated size similar to thaxtremely faint point source at 11:57:27 UT. By the next sca
of V. (12:00:26 UT) it had increased in brightness by nearly a factc

of 100. It peaked in our data in the next scan (12:03:03 UT) ¢

3.1.2. The main event.As observed in our data, and noted.23 Jy (or 177 x 10712Wm~2 um~? at 2.34,m). However,
by other observers (McGreget al. 1996), the main infrared comparisons with the higher time resolution data from ANL
flashes started approximately 5—-6 min after the accepted impiacticate that we missed the peak, which occurred between 12:
time, irrespective of the distance from the limb, or the energy ahd 12:03 UT. The measured flux values at 12:03:03 for ot
the impactor. Of the impacts that we observed, fragments K addta and the Okayama data agree within 2%. Okayama obtain
G produced the brightest infrared flashes and were presumatihgervations closer to the peak that indicate that the maximu
the most energetic impacts, followed by R, W, C, D, N, and D brightness was probably close to 3.8 Jy. This is also consi
Time measured from the beginning of the main event until pe&dnt with the ANU peak brightness, despite the fact that the
infrared brightness did appear to be a function of impactor edetector had entered its nonlinear response range. After pe
ergy, with the most energetic impacts, G and K, taking 7-8 mbrightness, the lightcurve decayed toa minimumat 12:09:17 U
to reach peak brightness, C, D, R, and W taking 4-5 min and taed a marked shoulder was observed between 12:09:27 &
lowest energy impactor, N, taking 2 min. In our AAT spectrall2:14:42 UT. For the next 10 min the slow, low amplitude
mapping data, the first detection of CO emission above theghtening and fading occurred as discussed in the previo
continuum occurs within 11-13 min of the accepted impact tingaragraph.
for all six impacts with spectroscopy. Because the CO appearsThe G impact main event started shortly after 7:38:16 U"
at a fixed time relative to impact, but the main event peaks a@td promptly saturated the detector. The AAT 3.9-m mirror wa
a time that is a function of impactor energy, the CO appearssabpped down to 1.9 m diameter at this time while we continue
a different time relative to the main event peak brightness fobserving. All subsequent data were unsaturated. The lightcur
differentimpacts. For the G and K events, CO was first detectezhched a peak of 385 Jy at 7:46:00 UT. The ANU 2.3 m als
prior to peak brightness. For C, D, R, and W it was detectedcorded a maximum at this time, although their detector was
after the peak of the main event, and so cannot be responsibienonlinear range and they measured close to 200 Jy. For a f
for the main event peak value at 2. 3. Between 6 and 10 min minutes after 7:47 UT our data were lost or corrupted on transfe
after main event peak brightness, the intensities stabilized ad we resumed acquisition at 7:53:11 UT atthe beginning of tt
increased slightly, forming a “shoulder” in the lightcurve. Promishoulder phase of the lightcurve. At this time the AAT mirror was
nent shoulders were observed for C, D, and G. At 6—-10 miaopened to the full 3.9-m diameter. The shoulder had decay:
after peak brightness for the K impact, we switched to H-bary 8:01 UT, although the impact site continued to fade slowl
observations and do not have K-band data for this time periadth time.
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The K impact main event started at 10:30:39 UT and IRI®as also saturating. The main event decreased rapidly in inte
saturated at 10:32 UT. We continued to acquire data but stopétg from 8:17:49 until 8:20:49 UT, at which point it decreasec
the primary mirror down from 3.9 to 2.4 m diameter. Aftemore gradually, but in a curved dropoff, unlike the plateau-lik
10:36 UT, all data were unsaturated. We reached a peak in behavior of a shoulder.
lightcurve at 10:37:45 UT with a brightness of 466 Jyb@x
1071°Wm=2 um at 2.34m). Comparison of the calibrated 4. DISCUSSION OF LIGHTCURVES
data from AAT, ANU, and Okayama for this main event shows
agreement to within 10% up until 10:32 UT, when a loss of Several authors have attributed the first distinct precursor
signal due to saturation becomes evident in the ANU data, #termal emission from the meteor trail or “bolide” produced a
though the AAT (nominally saturated) data and the Okayantiae fragment or its attendant coma entered the jovian atmosph
data continue in good agreement. However, by 10:36 UT tb@hapman 1996). By analogy it is probable that the leader emi
AAT is also clearly suffering from signal loss due to saturatiorsjon we observe for the larger impact fragments is a trail of du
recording 30% less signal than Okayama. By 10:36:30, the AAF smaller fragments that precede the main fragment into the
mirror was stopped down and the AAT and Okayama data agreesphere. If this material impacted the atmosphere beyond t
again to within 10%. One apparent discrepancy however, is thiatb, it could be seen directly by Earth-based observers only
ANU (albeit nonlinear) and the AAT both record a decrease this emission was produced at sufficiently high altitudes that tt
intensity between 10:38 and 10:39 UT, whereas Okayama stamgent points were above the effective jovian limb.
an apparent increase. By 10:43 UT the main event intensity ha§he minimum emission and tangent altitudes at most infrare
faded and the shoulder starts forming in the Okayama data.wdvelengths are determined by the optical depth of the absorbi
this point at the AAT we switched to acquiring H-band datagases in the jovian atmosphere (£NH3, and H). To estimate
so the shoulder is missing from our 2.3n lightcurve. We re- these altitudes we have ignored atmospheric refraction, whi
sumed acquiring K-band scans of the impact site at 10:50 Whould introduce very small changes in apparent direction
shortly before it rotated into sunlight. As in the case for G, ake emitted radiation at pressures below 100 mbar, and us
the K impact point rotates into sunlight, there is no appreciabdar line-by-line multiple-scattering model (Meadows and Cris
increase in the brightness of the impact site. 1996) to produce high-resolution spectra of the gas and aero:

The N impact main event was first detected at 10:35:20 Wktinction in the jovian atmosphere.
and it brightened rapidly, peaking in under 2 min to 0.14 Jy Results from this model indicate that even though the broa
(7.5 x 10¥Wm=2 um~t at 2.34m) at 10:37:06 UT. This band CH opacity near 2.2um (and 3.5.m) is consistent with a
was 33 x 10° fainter than the K impact. Shortly after the peakertical optical depth unity near the 1-mbar level, this opacity i
we experienced a temporary instrument failure but resumed nooncentrated in narrow spectral lines that are separated by bre
mal data taking at 10:42:06 UT, at which time the impact haggions that are much more transparent. If the bolide flash co
faded and there was no sign of an impact site. sisted primarily of continuum emission, as our spectroscopic r

The R impact main event was first detected in our data slts suggest (Meadovwesal.2001, in prep), this emission could
5:42:19, when ANU and Keck data indicate that the main evetnaverse much longer atmospheric paths at wavelengths witt
was already 2 min old. Our peak flux of 106 Jy is detectdtie far wings of the gas absorption lines where the gaseous :
at 5:45:21 UT. However, this value was taken within the norsorption is much weaker. We find that the pressure of vertic
linear regime of our detector, and is likely to be an underesptical depth unity in the far-wing regions between the stronge
timate. The telescope was stopped down to 2.3 m after takH, lines is below the 100-mbar level.
ing this measurement, so all subsequent points should not b&or a tangent path on the jovian limb, the airmass-4£.
affected by saturation. ANU and Keck also show a peak it wavelengths within the more transparent regions of the fe
measured radiation within seconds of our peak time, althouglings of the CH lines, a limb path encounters optical depths
ANU and Keck were also saturated at the peak. Although batlear unity at tangent point pressures near 10-20 mi20 km
ANU and AAT were saturated, they recorded a similar flux adbove the 1-bar level). Limb paths with larger tangent pressur
close to 110 Jy, which although undoubtedly an underestimag@counter much more absorption because the optical depth
is still 30% higher than the peak flux reported by Keck observelfse far wings of spectral lines increases roughly as the sque
(Grahamet al. 1995), which was reconstructed from saturateof pressure. In other words, at far-wing wavelengths where
data. After 5:51 UT there is slight evidence for a shoulder untimb path with a tangent altitude of 10 mbar encounters optic:
5:56 UT. depths near unity, a path with a tangent altitude of 20 mbar wi

The W impact main event was first detected in our data ahcounter path-integrated absorption optical depths near 4, ¢
8:12:20 UT, approximately 20 s after it was detected by ANUWransmittances near*, or <0.018.

Peak intensity of 60 Jy was observed at 8:15:25 UT. We sat-These results suggestthat ground-based observers can dire
urated on the next scan and stopped the AAT mirror down tietect bolides on the far side of the jovian limb at wavelengtt
2.0 m. Just prior to the peak, the ANU and AAT values are within strong CH bands only if the minimum tangent altitude
good agreement; however, at the peak we are clearly saturatddhe line-of-site path through the limb is greater tha®0 km

recording a value 40% lower than that recorded by ANU, whicibove the 1-bar level (Fig. 9). Hence, the bolide produced t
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Minimum Limb Earth Based NAVE significantly improved our chance of seeing this mete
é:‘i'"]dcnﬂf_ Observer activity directly from Earth.

sible Boliig g & This result alone strongly supports the theory put forward b

Chapman (1996) that the first precursor is dominated by mete

Bolide Not Opag SEB'*\\ showers generated by coma dust, rather than the bolide produc

Visible from Ea 4 by ';k[io(;“;’a‘ri”’"b*‘” by the fragment itself. However, in addition, our spectroscopi

y evidence of the first precursors for several of the impact

2[ fT“;llf;:r‘fi;('“:r"f;‘;Us ' P, S (Meadowset al. 20_01, in prep) c_IearIy sho_ws_ that this phe-

r, - minimum visible radius h, - minimum visible altitude nomenon was dominated by continuum emission from a sour:

8,- angle beyond terminator above tangent point that was not subject to the long atmospheric path length implie

, y . . by the minimum tangent altitude. Consequently, whatever we

W dilft'ﬁhicmﬁ ;‘I’_hgef':‘aamd'agram shows the derivation of the minimurm alt{rcpducing the emission during the first precursor stage mu
gment bolide would have been visible to ground-base . . L

observers. Optical depth unity within transparent regions betweeraGsbrp- ave been suff|C|entIy close to the limb that it did not suffer ¢
tion lines occurs near 90 km altitude (where the zero point of altitude is definBdgh degree of atmospheric absorption, further supporting tt
as the 1-bar level of the atmosphere). The opaque region of the atmosphetiele that the first precursor seen by ground-based observers v

lower altitudes and higher pressures is shown as the dark shaded region. T@éﬁerated by coma dust faIIing closer to the limb. and not by tr
visible to a ground-based observer, bolide 1, which occurred further beyoH%_gmem itself '

the limb, would have had to occur at a much higher altitude than bolide 2, so . . . “
that its tangent path to the observer did not intersect the opaque region. As apoma dust is also the most likely explanation for the “leade

specific example, the C fragment, which impacté8yond the limb, would €mission” seen prior to and several minutes after impact fc
have been visible at an altitude of 790 km or above, whereas the W fragmefite larger fragments. HST images of the Q2 fragment (Weaw!
o s oo el 5 ok s st s ey 1998) of estimated see comparabl fo thal of the G r
from the limb, but deeperinthe’atmosph;ere than bolide 1, would r?ot have bggr?r,agments’ shows an elongated tl‘a.lll of d.USt preceding ar
visible to a ground-based observer. trailing the Q2 fragment two days prior to impact that has :
spatial extent of tens of thousands of kilometers. The short
leading trail and longer following trail imply coma impact times
the C fragment, which enters the jovian atmosphérbegond of 3 min before fragment impact and up to 16 min after impac
the limb, could be observed directly if it were produced at agpnsistent with the observed leader emission, which was se
altitude of at least~790 km above the 1-bar level, where théo start 1.5 to 3.5 min before the impacts of fragments G and k
pressures are much less than 1 nanobar. Similarly, the bolidedod continue for at least 6 min after impact, before the sign:
the W fragment, which entered Beyond the limb, could be ob- was overwhelmed by the impact ejecta landing on the jovia
served directly only if it were produced at leas260 km above atmosphere.
the 1-bar level, at pressures near36ars. It is unlikely that ~ As seen in our lightcurves for C, D, G, K, N, R, and W,
significant emission could be produced at these low pressurasd noted by other observers (McGregbal. 1996, Nicholson
These considerations suggest that it would have been virtual§96) the main infrared flash started 5 to 7 min after impact it
impossible to observe the fragment meteor trails directly for angspective of impactor energy (e.g., N wa3300 times fainter
of the impacts, especially the earlierimpacts, which were furthivan K, but had a main event onset time within one minut
behind the limb. of K’s). The time to first detection of strong CO emitting at
However, the above calculations are for the fragment itsetémperatures above 1000 K was also relatively independent
which is surrounded by an extensive coma of dust. Although thepactor energy, occuring between 11 and 13 min after impa
comae became highly elongated along the Jupiter—SL9 directfon all impacts for which we had spectral information
just prior to impact (Weavest al. 1995) the comae could stillbe (C, D, G, K, R, and W). It is likely that these “fixed-time”
seen extending several thousand kilometers in diameter pergempactor energy-independent phenomena are dictated by t
dicular to the line of travel at visible wavelengths. In additiorflight time of the minimum vertical velocity required to produce
for older comets undergoing breakup, e.g., Comet Encke, tine phenomenon that we recognize as the main event (Zahi
infrared coma of larger particles far exceeds the extent of thestulates that this is the production of the organic materi
visible coma, as larger particles remain around the nucleus a®gn as the dark cresent ejecta in HST images; Zahnle 19
smaller particles are rapidly carried off into the Solar Systerilammelet al. 1995, 1996). Similarly the detection of CO at
so that the small particles only trace the most recent produemperatures above 1000 K occurs at a fixed time after in
tion (Reachet al. 2000). Since SL9 was also clearly undergopact, corresponding to the energy generated by material wi
ing breakup, it is likely that a significant fraction of the comahe minimum vertical velocity produced after 11-13 minutes o
extended beyond the visible extent seen in the HST picturdight time.
Consequently, this large coma could have produced a rain oHowever, unlike these two phenomena, the time to peak flu
small meteors much closer to the jovian limb than the fragmefindm the main event start is found to be a strong function of im
itself. Given the above optical depth calculations, this woulgactor energy, with times from lowest to highest energ
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impactors (N to K) taking from 2 to 8 min to reach peak flux
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ze

after the onset of the main event. 00-00F ‘ ek o
The brightness of the main event is a function of two mai e T
physical factors (as opposed to geometric viewing angle eﬁect’\ 100.00¢ i owQB -0 E
These factors are the temperature that the ejecta is shocked i ¥ -
impact, with hotter material producing correspondingly highe 8 10.00 , - °c 4
emission rates per amount of material, and the total amount 5 g 3
ejected material emitting. The peak brightness will corresporgﬂ *P
to the combination of the temperature of ejectaand the total bt~ *-°%¢ E
of ejecta landing. 3
For example, even though the ballistic model and some o 0.0 XN <
servational data suggest that the temperature of the ejecta sh ]
increases with time as we see material with a higher initial ve ool XY ‘ . B ‘
tical velocity land after a correspondingly longer flight time 1.0 1.5 2.0 2.5 3.0

Relative Diameters

(Zahnle 1996, Kimet al. 1999), the main event does not in-

creasg ”’.] brightness indefinitely ag the Femperature of the eJectdig. 10. Plotof peak brightness attained on impact at213vsthe preim-

steadily increases, but rather declines in brightness after a pgad relative diameters assigned by Weateal. (1995). The circular symbols

because correspondingly smaller amounts of this high vertic&hote fragments on the main train. Ringed circles show peak brightnesses

velocity material were produced in the impact. Fragment N, beere saturated, and so are likely to be lower than the actual value. The as

ing arelatively low-energy impactor, ejects material with a rangﬂ‘S denote off-train fragment impacts. The dashed line shows a simple cul
. .. . . €lationship. (cf. Fig. 6 of Nicholson (1996)).

of vertical velocities that is relatively low, and travels a corre-

spondingly short distance before impact with the atmosphere.

This ran f velocities, however, h mponen Vi : .
S range o elocities, however, has compone s apo c ?mpactwas some 30 times higher than that observed for the
main event threshold energy corresponding to a 6-min flight

time, and we see the main event start, but peak 2 min Iater{%?ad’ implying that D was far more massive than N (Fig. 10)

the bulk of the material impacts with the atmosphere after a rcF ée ar\ézrﬁttsal ':rior;?te :gghggzegeocrl:S;tg?r?gg]r%éﬁr; (t):atr:?f:
atively short flight time. Material does fall after this peak, an ar ger yp jecta p ) )
e . . : re-impact brightness would predict. If the relative sizes wer
with higher energies and correspondingly higher molecular €x- . C !
o ; indeed the same, the discrepancy in lightcurve peak brightne
citation temperatures, but the total amount of material that.is™ . - L
Phes compositional and/or density differences between the

falling is small, and the main event decreases in brightness. 0nd N fragments, with N being 30 times less dense than D.

the high-energy K impact however, the range of vertical Velog_hich was ascribed a preimpact brightness of 0.95 and a relati

ities for impact ejecta is large, exceeding that produced in e : .
N impact, so that after the onset of the main event emissi size of 0.97 (Weavest al. 1995), produced an impact lightcurve

. . . C{Rat was a some 190 times fainter than D, and 7 times faint
material continues to fall for many minutes. than N, implying an even smaller, or less dense fragment th:
It should also be noted that because of the time depende » IMplying ' g ‘

ce ) .
of the peak of the lightcurve at 2.34m based on impactort € N fragment. However, if the off-train fragments had mor
energy, and the fixed time to first detection of CO emitting

gust than the on-train fragments, then their observed intensiti
temperatures above 1000 K, the CO became promiaftat

may have been enhanced, producing an overestimate of th
peak brightness for C, D, R, and W, abefforepeak brightness mass relative to the on-train fragments (Weaateal. 1995).
for G and K. So although the CO emission was very strong
in the 2.34pm (CO!) filters used for the majority of lightcurve
measurements, the appearance of the CO emission was not solely
responsible for the peak in the 2.34n lightcurves. We have analyzed data obtained with the Anglo-Australia
Another interesting result of this multi-impact comparisofielescope of the C, D, G, K, N, R, V, and W impacts. Thes
study is the correlation between inferred impactor size, preimbservations spanned a wide range of impactor energies, w
pact, and the energy of the subsequent observed impact. Whilightnesses at 2.34m ranging from 466 Jy (K) to 0.02 Jy (V).
the majority of the impactors produced impacts consistent withle observed precursors for all impacts except V and R. The
their preimpact brightnesses and inferred size, N and V, two “affipact precursor was detected by other observatories, but w
train” fragments traveling away from the main train of the cometnissed at the AAT due to our sparse time sampling.
produced anomalously low-energy impacts when compared tdPrecursor phenomena for the extremes of impactor ener
their on-train counterparts. did not follow the “classical” first and second precursor patter
For example, D and N were given the same preimpact relatisemany of the medium-energy impacts observed at other o
intensity and size (1.0 relative intensity and 1.0 relative size feervatories. The precursor lightcurve for the high-energy G ar
both; Weaveet al.1995), and yet the peak flux measured for thK impacts was characterized by “leader emission,” a gradu

5. SUMMARY AND CONCLUSIONS
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brightening at wavelengths between 2.1 andui which pre- Planetary Atmospheres Program. J.B. gratefully acknowledges the support
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This phenomenon was possibly caused by the infall of dust gge_ Anglo-Australian Observatory and the AAT Time Allocation Committee
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fragment impact showed a first precursor, but the anticipat@ge-critical observations. In particular, we thank Dr. Stuart Lumsden, Steve Le
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