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The most spectacular and energetic planetary event ever witnessed by humankind was the recent impact 
of hgments of Comet Shoemaker-Levy 9 (SL9) on Jupiter (16 to 21 July 1994). Fragment velocity (60 b-ms) was 
determined from orbit determination [I], however, fragment sizes and density were uncertain. Scotti and Melosh 121 
and Asphaug and Benz [3] , assumed material properties of SL9, to reproduce the orbital position of the line of 
fragments after the break-up and found the diametex of the progenitor was < 2 km (expected impact energy was - 8 
x 1G8 erg). HST images yielded 7.7 to 10 km for the progenitor body [4] or total impact energy (solid ice) of 4 to 
9 x ldO erg. These energies differ by -102. 

We find the height achieved by SL9 fragments impact-induced shock-heated gas "plume" rising up in the Jovian 
atmosphere is strongly dependent on impact energy from smoothed particle hydrodynamic (SPH) simulations [5,61. 
The plumes (Hammel et al. [7] ) from fragments A,G, E and W achieved heights of 3280 f 200,3250 f 100,2875 f 
100 and 2150 f 100 km. Here we used 0 km at the 1 bar datum. Interpolation of maximum plume heights usin the 

7 f SPH simulations (Fig. 1) yields fragment diameten , D (km) and impact energies E of E(ergs) = 9.42 x lo2 D , 
(Table I), fm solid ice impactors. HST photometry (Table 1) yielded larger SL 9 fragment diameters [4,81. 

The plume gas ejected above the stratosphere follows a -lo1 minute parabolic trajectory. Re-impact at 
a maximum radius of -4h from the ejection point, where h is the maximum plume height, yields a radii range of the 
ejecta of -12,000 km for the G impact. This agrees with the radius (10,000 - 14,000 km) for the ascent-shaped 
dark region observed after impact of fragment G [7]. Boslough et al. [9] have developed a detail model of this 
process. Using the A, G, E and W plume heights to scale Weaver's et al. [4] catalog and the G impact plume height 
to scale Sekanina's catalog [8] yields 4.72 f 0.32 and 3.2 f 0.5 km for the an (ice) progenitor diameter. 

Prior to the SL9 impact on Jupiter, it was believed that these impacts would exhume H20 from below it's 3 to 5 
bar pressure level cloud deck and possibly Hz0 from deeper in the planet. Both finite difference 19-11] and our [5, 
61 SPH calculations agree that -8 x 1028 erg impacts penetrate to pressures of -30 bar or depths of 170 km. The 
HST team detected radiation from species such as: CS, MgI, MgII, FeI and FeII [12]. Although, < 500 ppb, H20, 
was reported by HST and no water was detected at any ground-based observational site [13], the Kuiper Airborne 
Observatory Team, detected emission from H20 after the G and K impacts. The spatial distribution of gas within 
the plume from a 2 km fragment, some 2 minutes after impact, (Figure 2), indicates that, the plume has risen to an 
altitude of 900 km. The atmosphere originally below the expected water clouds has risen to only 270 km. Also, 
gaseous material along the trajectory of the 2 km comet fragment which contains most of the vaporized cometary 
material, had only risen to -300 km. Although, the lateral diameter of the plume is - ld km, the expected water 
cloud has expanded only - 300 km laterally. 

Infrared observations [14] indicate that the temperature of the impact site below several bar pressure levels did 
not h g e  appreciably after the impact, and hence, it is claimed that SL9 fragments may not have penetrated to 
these pressure levels. However, although the atmospheric plume radii exceed 2 x ld km, the lateral "plume stalk" 
within the troposphere expanded to less than 300 km even for the largest (2 km diameter) impactors. We infer that 
available telescopic resolution was inadequate to detect radiation from deeper constituents from within a (102 km) 
area, or the radiation from lofted water was blocked by the opacity of the stratospheric plume. The depths, d, at 
which various energy impactors deposit their peak energies, from the calculations of Takata et al. [6], MacLow and 
Zahnle [lo] and Zahnle and MacLow [ll], is given by d m )  = -2125 + 78.7 (loglo E(erg)) for E = 7.5 x lgg this 
equation yields a depth of 147 km. We conclude that penetration to the level -100 bar level occur upon impact 
of 2 km fragments of SL9 and that deep atmospheric gas and vaporized comemy debris exists within the lower 113 
of the impact induced plumes. It is possible that Jovian water remained deep inside the plumes, and thus was not 
visible to observers after plume cooling and subsequent collapse [9]. 

Using the magnitude-frequency relations of Shoemaker and Wolf [15] to obtain a flux [16] for extinct Jupiter 
family comets larger than the 4.72 km SL9 progenitor, yields a flux of Fjp 1: 2600 cometslyr. Jupiter's effective 
impact cross-section is given by 

A = A jd(l + (vest I v-)~) 
where A.d is the geometric area of the Jovian disc, Vex is the Jovian escape veloci ,57.2 Wsec,  and V, is the '? assumeddistant approach velocity. Using, V, of 10 Wsec,  yields Aj = 5.2 r 102 an2, some 34 times Ajd. The 
annual rate of short-period comet impacts on Jupiter is Fj = FjpAjlAjs where Ajs is the area of a sphere of J O V ~  
orbital radius. If SL9 was originally an extinct short-penod comet, the time between SL9-sized impacts on Jupiter is 
F~~~ = 1400 f 700 years. Recently, Chapman and Monison 1171 estimated a 1 x 1dO erg (2.5 x lo8 Mtons of 
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TNT) Cretaceous-Tertiary extinction energy impactor strikes the Earth at intervals of - 108 years. Finally, we note 
that a SL9-energy impactor on Jupiter is about 1 6  times more frequent than on Earth. 

Distance [km] 
Fi ure 1. Plume height obtained from SPH Figure 2. SPH calculated cross-section of lume expansion from 
cafculations compared to HST [7] impact of 2 lrm diameter fiagment (at 60 &) after 123 seconnds. 
observations. Three-dipensional SPH Large symbols indicate material along.bolide trajectory whlch 
calculations ive p l p e  height for im act of conpus corn-etary debris and symbols m&cate at whch levels these 
D = 0.4 and% km dmmefer at 60 dm on parhcles originated. 
Jupiter. 
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FrarrmeXID 
A 
C 
E 
F 
G 
H 
K 
L 

P 
S 
W 
Total, 11 

-ED- 
2.10L04 
1.65 
1.91iO.04 
1.91 
2.5 1 
2.05 
2.57 
2.57 
2.84 
2.24 
2.24 
2.05 
5.2M.10 

W Plume 
2.lW04 
1.43 
1.71 
1.66 
2.17 
1.77 
2.23 
2.23 
2.46 
1.94 
1.94 
1.77rfr0.03 
4.56kO.08 

fraPrnentS Pro- 
aenitor sue 

Weaver et al. -- 
2.5 
3 .0 
2.9 
3.8 
3.1 
3.9 
3.9 
4.3 
3.4 
3.4 
3.1 
7.7 

Average 4.72 f 0.32 km 

G ~ l u m e  
2.1M.04 
1.38 
1.65 
1.60 
2.OM0.20 
1.71 
2.15 
2.15 
2.37 
1.87 
1.87 
1.71 
_4.4M.06 

Table 1. Calculated diameter (km) of 11 lar est SL9 fragments. Diameters (km) in second column are from the pre- 
im n photometric data [4]. F ~ e n t ,  A 8, E and W diameters obtained from comparison of HST plume heights 
[7%d SPH simulations, and o er fiagment diameters are scaled from Weaver et al. [41. Bold entries inferred 
from Hammel et al. data. 


