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ORBITAL EVOLUTION OF THE VAPOR JET FROM A GIANT IMPACT. 
Ann M. Vickery and H. Jay Melosh, Lunar and Panetary Laboratory, University of Arizona, 
Tucson, AZ 85721 

It has recently been postulated that the Moon formed as the result of the collision between the 
Earth and a large (Mars-size) proto-planet [I]. Calculations have shown that a considerable 
amount of material, comprised mainly of vaporized Earth and impactor mantles, can be ejected as 
a very high speed jet [ 2 4 ] .  The amount of material and its speed depend on the impact 
parameter and the impact speed. It has been suggested that the adiabatic expansion of this vapor 
may give a component of velocity such that the material will go into orbit around the earth, and 
that the orbiting material would then accrete to form the Moon [2,5]. It has so far proved 
prohibitively expensive to run the 2-D and 3-D hydrocodes that model the actual collision out to 
long enough times to determine the ultimate fate of the ejected material. In this abstract, we 
report the results of some approximate solutions. 

In general, material ejected from a planetary surface is expected to either fall back to that 
surface or to escape completely, that is, to go into a closed orbit or a hyperbolic one. Since the 
ejection point is on the path of the closed orbit, the material wiU crash back into the parent planet 
(see figure 1). The only way to launch material into an orbit that does not intersect the planet is to 
give it a velocity change after ejection so that it is boosted into a higher orbit, that is, one whose 
periapsis (point of closest approach) is greater than the radius of the planet. 

We started with the latest time results of one sf Kipp and Melosh's [4] calculations for the 12 
km/s impact of a Mars-size proto-planet into the Earth, using Sandia National Laboratory's 
CSQII code. A vapor plume is ejected: the tip of the plume comprises very hot, very fast gas, 
which presumably goes into hyperbolic orbit. The neck of the plume comprises somewhat 
denser, cooler, slower gas, which may end up in orbit around the earth. We took a section 
through this neck, about midway between the surface of the earth and the tip of the plume, and 
determined temperature and density profiles (Figure 2). This information was used as initial 
conditions for the modelling of the expansion of the gas as a sphere using a 1-D explicit 
Lagrangian hydrocode developed by one of the authors [6]. The output from CSQII indicated 
that the material in the plume was very near the phase boundary, and our own calculations 
showed that the perfect gas equation of state gave a good approximation to these conditions. The 
gas was allowed to expand. for up to several hours. 

Orbital dynamic calculations to determine the fate of the ejecta were performed using the the 
results of the expansion calculations. The cloud was subdivided into segments. The position and 
velocity of each segment can be determined from the hydrocode results. The magnitude of the 
angular momentum is : 

h =  Irxvl 

and the specific energy is: r( v2/2) - (GMlr), 

where r is the radius vector between the center of the earth and the mass segment of the gas, v is 
the velocity of the gas, G is the gravitational constant, and M is the mass of the earth [7]. From 
these quantities, the eccentricity, the semi-major axis of the orbit , and the perigee may be 
determined. If the eccentricity (e) is greater than or equal to 1, the material escapes from the 
earth's gravitational field, and if e<l ,  the material goes into orbit. However, if the perigee (r,) is 
less than or equal to the radius of the earth (re), the material will crash back into the earth. If ri>re 
but less than the Roche limit (- 3re), the material will go into orbit but will not be able to accrete 
(cf. 5). Only for e< l  and rp> Roche limit will the material go into orbit and be able to accrete. 
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The results of the combined orbital evolution and gas expansion calculations is as follows: for 
our initial conditions (Kipp and Melosh's final conditions), 66% of the material is lost, 34% of 
the material crashes back to earth, and none of the material remains in orbit. After allowing the 
gas to expand for one hour, 77% of the material is lost, 14% remains in orbit above the Roche 
limit, 8% remains in orbit below the Roche limit and 1% crashes back to earth. The mass of that 
portion of the jetted plume that we treated with our calculations was 5 . 7 ~ 1 0 ~ ~  kg, 14% of which 
is ~ 6 x 1 0 ~ ~  kg, roughly one lunar mass. 

Therefore, although these calculations are approximate, they clearly indicate that the adiabatic 
expansion of the vapor jet is important to the ultimate orbital fate of the ejecta. In particular, they 
argue strongly for the plausibility of getting a sufficient mass of material into an appropriate orbit 
around the earth to account for the giant impact origin of the moon. 
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Figure la. Material ejected from the earth at point P goes into orbit but crashes back to earth at 
P' because the perigee of the orbit (rp) is less than the radius of the earth. 

lb. If the material ejected as in (a) as a gas has its velocity changed between P and P' by 
adiabatic expansion, it can be boosted into a higher orbit such that rp>re, and thus it 
will not return to the earth. If rp is greater than the Roche limit (-3re), the condensed 
material may accrete to form the moon. 

Figure 2. Sketch of vapor plume produced by giant impact. Material in stippled region has 
such a high velocity that it will go into hyperbolic orbit and be lost. Initial 
temperatures and densities for the present calculations were taken from a 
cross-section of the neck of the plume at a-a'. 
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