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PHYSICAL PROPERTIES OF COMET SHOEMAKER-LEVY 9: ORIGIN AND PRO- 
GENITOR SIZE: Toshiko Takata *l and Thomas J. Ahrens *2: *1 Geological Survey of Japan, 
Tsukuba 305, JAPAN, +2 Caltech, Pasadena CA 91125 

Fragments of comet Shoemaker-Levy 9 (SL9) impacted Jupiter in July 1994. Numerical 
simulations of the impact and the evolution of the resulting plume using Smoothed Particle 
Hydrodynamics (SPH) method [1,2,3] show that: (1) an icy fragment of D = 2 Ism can reach 
the 200 bar pressure level and most of the energy is released at around the 35 bar pressure 
level, (2) the plume produced by the impact can reach an altitude of - 3000 km at - 10 
minutes after the impact, (3) the plume contains Jovian tropospheric gas of some 40 times 
the initial mass of the fragment, and (4) the temperature of the atmospheric gas increases 
more than - lo4 K in a few tens of seconds and the plume tem erature is more than 2000 K 
at t > l o2  seconds. Therefore, the f is t  flash of the impact an the radiation of the growing 
plume can be observed from the earth. 

d' 
The event was successfully observed. We compare the observational data with SPH 

simulations to investigate the nature of SL9 fragments such as the progenitor size and the 
origin of the parent bod . 

The time-variable p I' ume height of a fragment, G, observed by Hubble Space Telescope 
(HST) [4] is compared with the plume heights calculated from SPH simulations to investigate 
the explosion process (fig. 1). In an inhomogeneous atmosphere, the shock wave front is 
accelerated to infinite velocity, as it propagates in the direction of decreasing gas density ("the 
gas expansion " phase in fig. 1) [5]. However, the gravitational force of Jupiter prevents the 
atmospheric gas from escaping from the planet and the motion of the atmospheric gas (the 
plume) is driven by the gravity ("the gravity-driven motion" phase). During this phase, the 
plume reaches its highest point, and then experiences free-fall. Since the thermal energy is 
still being pumped up from the impact site, the contraction of the plume reaches a steady 
state with constant downward velocity at about 15 minutes after the impact ("equilibrium 
contraction" phase). Then the downward velocity of the plume is 2 & 0.5 km/s at 15 - 25 
minutes after the impact. 

Maximum plume heights of fragments A, E, G, and W, are 3300, > 3000, 3300, and 2200 
km, respectively [4]. Results of SPH simulations show that the maximum plume heights 
originated from the impact of 2 km and 400 m fragments are 3300 km and 500 m. SPH 
results are scaled to apply to observational lume heights of four fra ments. Resultin 
impact energies for fragments A, E, G, and #, are approximately 8, > !$, 8, and 3. x 10 25 
erg, and corresponding sizes of fragments are 2, > 1.8, 2, and 1.5 km, assuming the density 
of 1 g/cm3. By applying the catalog of the size distribution of fragments [6], the progenitor 
size of SL9 is estimated as - 4 & 0.5 km. It corresponds to the total impact energy of - 7 
x erg. This agrees with observational results conducted by Jewitt et al. [7] prior to the 
event. 

Next, the chemical composition of the plume is examined. The plume consists of the 
Jovian atmospheric gas and vaporized cometary materials. The mass ratio of the atmospheric 
gas from the Jovian troposphere relative to the cometary material is - 40 in the case of an 
impact of a 2 km sized fragment [I]. The origin of SL9 is not well-known as to whether it was 

rimitive material, such as a comet or a chondrite-type asteroid, or a differentiated 
materia a very f , such as non-chondritic type-asteroids. Therefore mixing ratios of several possible 
minor constituents of SL9 are considered to estimate the total mass of minor consituents in 
the plume before reactions start (table 1). The observed mass of constituents are; (1) H20 
of - 1015 g and H20/CH4 ratio of - lo3 [8], (2) CO of 5x 1013 g [9] - - 1016 g [lo], and 
(3) Si, Fe, and Mg ions of - los g [ll], for impacts of relatively large size- fragments. The 
amount of CO is explained only by the cometary origin from table 1. The une uilibrium 
reaction in the environment of shock-heating ur es the oxidation of carbon,. and 80 can be 
produced from the atmos heric CH4. However 4 able 1 shows that the mixin ratio of H20 B is smaller than that of C$ in the plume except for cases of cometary or C1-c ondrite-type 
origin. Therefore it is implausible to explain the high H20/CH4 ratio by asteroids composed 
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of differentiated materials even in the case of deep penetration models, such as, our SPH 
simulations, as far as the water mixing ratio of [12, 131 are applied. If the mixing ratio of 
Hz0 in the troposphere is as high as Carlson et al. [14], asteroids of differentiated materials 
can become a candidate, too. 

In conclusion, the plume evolution can be ex lained by three different phases of "gas 
expansion", "gravity driven motion", and "equili ! rium contraction". The progenitor slze 
of SL9 is estimated as - 4 & 0.5 km from the comparison of SPH simulations with HST 
observations. Our candidate for the ori in of SL9 is rirnitive material, such as a C-ty e 
asteroid or a comet, in order to explain t e chemical a undance in the plume, assuming t e 
atmospheric model of Atreya [8]. 
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Figure 1. Comparison of plume heights 
obtained from SPH calculations with HST 
observational results 141. SPH calculations 
are for the cornetary fragment with diam- 8 
eters of 2 km (A) and 400 m (0). Here, * 
0 km-height represents the 1 bar pressure 
level. Open symbols represent the results 
of SPH numerical simulations and filled sym- o 
bols represent the maximum height ex t rap  
olated from SPA simulations. Dotted lines 3 
represent (1) the motion driven by the grav- Ch 

ity force and (2) the contraction with the 
constant downward velocity of 2 km/s. * 
and solid line indicate HST observations of 0 500 1000 1500 
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fragment G as a function of time [4]. 
Time [seconds] 

species 
(Atomspheric origin'') 

H 2 0  (2E+15) 
CH4 (3E+15) 
NH3 (2E+14) 
H2S (8E+13) 
CO (2E+09) 
S i02  ( - ) 
MgO ( - ) 
FeO( - ) 
F e (  - ) 
N i (  - ) 
FeS(  - ) 
c (  - ) 

Table 1. Mass (in grams) of minor species in the plume produced by a large fragment (- 2 km in size) 
before their reaction. The first column shows minor species and the amount of the atmospheric constituents 
contributing to  the plume. From the second column, the mass of minor species in the plume is calculated 
in cases of 5 possible cometary origins, such as a comet and asteroids whose properties are similar to  C2- 
chondrite, achondrite, stony-iron meteorite, and iron meteorite. The value includes contributions from both 
the atmosphere and the SL9 body. * l  [12]; *2 Halley comet (Jessberger and Kissel, 1991); *3 C2-chondrite 
(Wiik, 1956); *4 eucrite, *5 Pallasite, *6 Kamacite (from Onuma, 1978). 

Achondrite 
*4 

2E+15 
3E+15 
2E+14 
8E+13 
2E+09 
2E+15 
3E+14 
7E+14 

1E+13 

C ~ m e t * ~  

4E+15 
3E+15 
2E+14 
2E+14 
1E+15 
5E+14 
2E+14 
2E+14 

Stony-Iron 
meteorite15 
2E+15 
3E+15 
2E+14 
8E+13 
2E+09 
8E+14 
1E+15 
2E+14 
2E+15 
8E+13 

C2- 
C h ~ n d r i t e * ~  
3E+15 
3E+15 
2E+14 
8E+13 
2E+09 
1E+15 
8E+14 
9E+14 

3E+14 
1E+14 

Iron 
rne t e~ r i t e*~  
2E+15 
3E+15 
2E+14 
8E+13 
2E+09 

4E+15 
3E+14 


