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POSSIBLE SCENARIOS RESULTING FROM THE GIANT IMPACT. A. G. W. 
Cameron and W Benz, Harvard-Smithsonian Center for Astrophysics. 

We have been carrying out a series of investigations of the largest collision that the Earth had during 
its accretionary history: that with the second most massive body available for its accumulation. We have 
wished to see what the characteristics of the collision must have been if one outcome of the collision would 
have been the formation of the Moon. Some time ago we found that we could get a prelunar accretion disk, 
formed with roughly a lunar mass of rock outside the Roche lobe and a comparable amount of material (all 
or nearly all rock) inside the Roche lobe, for an impact of a 0.12 & Impactor on a 0.88 Me Protoearth (ratio 
0.14) with v, = 0 and the present angular momentum of the Earth-Moon system in the collision (1,2,3). 

The calculations have been carried out using three-dimensional smooth particle hydrodynamics (SPH). 
In this method a mesh is not used, but rather the masses of the Protoearth and the Impactor are divided 
into a number of particles (3008 in each of the cases investigated here), which are extended in space (their 
shape is called their kernel), so that they overlap under normal conditions. Pressure and density are bulk 
properties of the medium obtained by averaging over the particles. The particles move in response to the 
forces exerted on them by gravity and by pressure gradients. The Protoearth and the Impactor have been 
modelled with iron cores and dunite mantles, and on the presumption that they would have been heated by 
their prior accumulation, we assumed that they were both initially isothermal with a temperature of 4,000 K 
This assumption also made it easy to see how much heating the various particles received in the collision. 

At the time of writing we have spent about 18 months carrying out a series of simulations of such 
collisions, attempting to explore parameter space. We have investigated mass ratios of 0.14, 0.16, and 0.25, 
mostly with v, = 0, and with a range of angular momenta in the collisions. So far we have several cases 
with v, = 5 W s e c  and two cases with v, = 7 W s e c .  

We know that the present angular momentum of the Earth-Moon system is smaller than that originally 
possessed by the system. At the present time the loss of angular momentum from the rotation of the Earth 
due to solar tides is about 0.3 of the rate of transfer of angular momentum from Earth rotation to the lunar 
orbit by lunar tides (4). This ratio is nonlinear and its backward extrapolation in time is uncertain, but 
the factor 1.3 is presumably too large for the ratio of the original to the present angular momentum of the 
system. However, since we have found that the outcome of a collision is sensitive to the relative geometry of 
the bodies in the collision, and since the Giant Impact may have occurred before accumulation was complete, 
a still larger value of the angular momentum in the collision with present masses may represent roughly the 
outcome of a collision of somewhat smaller bodies with the same geometry. The angular momentum of the 
system may also have been significantly influenced by subsequent collisions of the Earth with bodies which 
are smaller than the Impactor but still very massive. A further uncertainty lies in our procedure for modelling 
the colliding planetary bodies using equations of state for just iron and dunite, which could produce errors 
in their radii, hence altering the collision geometry for a given angular momentum (although we find little 
difference between the condensed matter radii of models of the Earth computed at 400 and 4000 K; both 
agree well with the present radius). But the fact that in SPH the particles are spread out in space may give the 
colliding planetary bodies effective radii somewhat different from their nominal radii. For all of these reasons, 
the range of angular momentum in our study lies from 1.1 to 1.9 times that of the current Earth-Moon system. 

The results of these simulations have produced additional possible outcomes of the Giant Impact which 
are the subject of the present discussion. 

The characteristics of the collisions fall into a recognizable pattern. First consider a collision taking 
place with an angular momentum near the lower end of the above range. In the collision itself the Impactor 
is destroyed by being drawn out into a long arc or bar. Its iron core lies within that part of the arc or bar 
closest to the Protoearth, so that all or nearly all of it falls out onto the mantle of the Protoearth. This iron 
falls through the mantle and wraps itself around the core of the Protoearth. The arc or bar is very effective in 
transfering angular momentum to the outermost rock within it; this rock can go into orbits at both large and 
small radial distances. Usually there is some rock beyond the Roche lobe, increasing to more than a Moon 
mass as the angular momentum in the collision increases. The material beyond the Roche lobe may undergo 
a small amount of clumping, with up to about a dozen particles in a clump (we are uncertain of the reality 
of any clumps with a very small number of particles). 

As the angular momentum in the collision increases, the deformation of the Impactor during and im- 
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mediately after the collision is reduced. The bar becomes much thicker at the end away from the site of 
the collision. The material in the near end of the bar, including some of the iron, is deposited into the Pro- 
toearth as before, but the middle of the bar thins out, and then the far end material pulls itself together into 
a semblance of a sphere as the material moves outside the Roche lobe, and deposition of material into the 
Protoearth ceases. The remnant of the Impactor, containing about three-quarters of the original body, then 
moves to an apogee and falls back toward the Protoearth. There then occurs a second impact on the Pro- 
toearth with a slightly reduced impact parameter. This impact resembles in a general way what happens in a 
lower angular momentum impact, with the Impactor fully drawn out and destroyed and with lots of material 
placed beyond the Roche lobe (there may be significant amounts of iron left in the disk that lies within the 
Roche lobe). Quite a lot of formation of clumps is likely to take place in the region beyond the Roche lobe, 
and some of these clumps may approach a Moon mass for the higher mass ratios of Impactor to Protoearth. 

With v, = 5 W s e c ,  the general characteristics of the collisions remain the same, but the higher kinetic 
energy in the collision heats the material in the bar to a higher temperature, so that it becomes considerably 
more spread out. This reduces the tendency to form small clusters beyond the Roche lobe, but it is still 
possible to form quite large ones. 

We have examined the motion of the centers of mass of the clumps that are formed beyond the Roche 
lobe. Most of these clumps move on orbits that take them to a perigee well inside the Roche lobe. We have 
run a few cases long enough to see what happens in such a case. The clumps whose perigee passage was 
observed had masses still quite small compared to a Moon mass, and they were tom apart and the particles 
within them became spread out in the form of a fan, some remaining within the Roche lobe and others going 
out to apogees beyond the Roche lobe. Some clumps may escape altogether. Sometimes a small number of 
clumps are formed with perigees beyond the Roche lobe; these clumps are often quite massive. 

As billiards players are well aware, small changes in the parameters of one collision can lead to large 
changes in the outcome of a second collision. Thus, rather than give a detailed description of the outcomes 
of our various runs, we prefer to characterize these results by three general scenarios: 
1. A relatively low angular momentum collision leads to the deposition of rock into a disk that extends 

throughout the Roche lobe and for some distance beyond, with no significant clumping of material 
beyond the Roche lobe. 

2. At a higher angular momentum a long bar of material may be formed extending beyond the Roche lobe; 
this bar will break up into several clumps. The majority of the clumps will fall through perigees within 
the Roche lobe and be broken up again, and most of the remaining clumps will escape from the system. 
The net outcome of this case is about the same as in the preceding case. 

3. For certain values of the angular momentum, the material near the end of the arc is not spread out but 
can pull itself together into a major clump in a stable orbit that may form a center of lunar accumulation. 
We have one case @Ell)  which lies close to the boundary between the single and double collision 

scenarios but only had a single collision. In this case self-gravity pulled an all-rock clump together at the 
outer end of the arc and prevented that part of the arc from spreading out. Nevertheless the inner part of the 
arc was effective in transferring much angular momentum to the large clump. The result was the formation 
of a clump with 32 particles (0.87 of a Moon mass) in a stable orbit with perigee at 3.3 Earth radii, above 
the Roche lobe. The apogee was 12.2 Earth radii. There were 30 rock particles which would after mutual 
collisions form a disk inside the Roche lobe, but 16 of these had initial orbits with apogees outside the Roche 
lobe where some of them are likely to collide with the large clump. 

A further but important complication added to these scenarios is that the material deposited in the 
Protoearth releases a great deal of energy, so that the abnosphere of the Protoearth becomes formed from 
gaseous rock decomposition products with a surface temperature in the vicinity of 16,000 K. This is likely to 
lead to a complete initial vaporization of the disk material within and outside the Roche lobe, although not 
necessarily of any massive clumps that formed promptly after the collision. 

Clumps that escape from the Earth-Moon system in the second scenario may have masses in the range 
0.1-0.2 of a Moon mass and be composed essentially completely of molten rock. 
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