
It is easier to believe that Yankee professors would lie than that stones would fall from heaven.
                                                                                                                       Thomas Jefferson

Era Of Heavy Bombardment

Hi everyone! In this module we’re going to polish off the final two big features that we would like 
our theory of solar system formation to explain, which is how come there are asteroids and 
comets and then how do we explain the exceptions to the patterns?

Asteroids are the rocky leftover planetesimals of the inner solar system.  
Comets are the ice-rich leftover planetesimals of the outer solar system.

Inside the frost line, remember it’s rocks and metals. Stuff that didn't get incorporated into one of 
the planets between the orbits of Mars and Jupiter, or removed by the young Sun’s wind, are 
are the asteroids. The image above is a frame relatively long but cool movie, It's showing the 
discovery rate of asteroids over the past 35 years. The color coding here is that Earth crossers 
are colored red (danger, danger!), yellow if they are Earth approachers and green if they are 
safe. New discoveries are colored white (notice the clock in the lower left) and then turn to to 
their appropriate red/yellow/green color. Each pixel spans some 500,000 km so its not nearly as 
“crowded” as it looks. I hope you enjoy this animation. 



The icy planetesimals that roamed the space between Jupiter and Neptune couldn't grow to 
more than a few kilometers or so before being perturbed by the gravity of the Jovians. Those 
that avoided being swallowed up by Jupiter, Saturn, Uranus, Neptune got ejected in random 
directions at random speeds. This is what becomes the comets of the Oort cloud. These comets 
orbit well beyond Pluto and, in fact, probably about halfway to the nearest stars in this huge, 
spherical shell containing trillions of leftover remnants from the birth of the solar system. See the 
figure above. The Oort cloud comets. 

However, those icy lectovers that were beyond the orbit of Neptune were less likely to be eaten 
or cast off by gravitational encounters. And indeed, they remain in orbits going pretty much in 
the same direction that they always were. They could continue to slowly grow, to continue to 
accrete, up to about thousands of kilometers in size. These are the comets of of Kuiper belt. 
Pluto is one of the largest members of this trans-neptunian class, but it's not the only large one.
The image below shows the location of the Kuiper belt and Ooort cloud comets 

Credit: ESO

Credit: ESO



Our solar nebula theory thus explains why there are numerous asteroids and comets, why the 
two populations  have different compositions, and why comets reside in different reservoirs. 
Above is lovely image taken in the Arizona desert of an Oort cloud comet entering our solar 
system on a hyperbolic orbit  and getting close to the Sun.

Credit: NASA
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Intense bombardment

Mercury and Pluto have larger 
eccentricities and inclinations. 

Rotation axes of Uranus and 
Pluto are substantially tilted. 

Venus rotates backwards. 

Earth has a large moon.

Cratering of highlands

Formation of maria

Very light bombardment
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The fourth question of our solar system formation is how come there are exceptions to the 
patterns? This is currently hard to convincingly demonstrate for all cases, but most of the 
exceptions probably arose from collisions or close encounters with leftover planetesimals, 
especially during the “era of heavy bombardment “ that occurred early in the solar system's 
history. 

The plot above shows the crater impact history. Before the sun turns on, there’s many 
planetesimals. There's this violent period of consolidation, the era of heavy bombardment, 
where you go from tens of thousands of planetesimals down to the planets we know today. We 
see the remnants of that. This is why the Moon looks so cratered, why Mercury looks so 
cratered, because they are preserving the historical record of the era of great bombardment, as 
suggested by the illustration below.  After the first few 100,000 years or so it becomes relatively 
quiet, not zero. There are still impacts -- ask the dinosaurs -- of asteroids and comets on the 
inner planets. 

Credit: Wikipedia, 
Creative Commons



Our moon, for example, is probably the result of a giant impact between a Mars size 
planetesimal and a young Earth. This impact, as suggested by the illustration above, blasted 
material from Earth's outer layers into orbit. Hours later, Earth is completely molten and rotating 
very rapidly. Debris blown out from Earth’s outer layers is now in orbit. Some debris rains back 
down to Earth, some accretes to become the Moon as suggested by the illustration below.

Credit: NASA

Credit:American Museum of Natural History 



Less than a thousand years later, the Moon’s accretion is nearing its end and relatively little 
debris still remains in Earth’s orbit. The illustration below shows what that may have looked like.

There's quite a bit of evidence for the Earth and Moon being mother-daughter, as shown by the 
illustration below. In particular, the abundance of various isotopes and ratios of one isotopic 
abundance to another isotopic abundance, in the Moon and the Earth are quite similar, but quite 
different on Venus or Mars. The density of the Moon rock is about the same as Earth’s mantle. 
The moon is excessively dry, which one might expect if it was born from a giant impact and all of 
the water and other volatiles were boiled off. The moon either has no iron core or a weak iron 
core, quite different than any of the terrestrial planets. So there's lots of lines of evidence to 
suggest that the Moon is actually part of the Earth, derived from a giant impact. 

Credit: Ron Miller



That is not the only competing theory. For a while, the capture theory was popular, and held that 
the Moon formed somewhere else and was captured by the Earth. This is the interloper idea. 

Another theory held the Moon and Earth were formed together and they haven't really changed 
their position too much This is the sister idea. However, the weight of recent evidence suggests 
that mother-daughter theory — that the Moon came from the Earth — best fits the data.



So we've now come to the end of explaining the four major features that we wanted our theory 
of solar system formation to explain. Why is there so much order? How come there's two 
classes of planets? Why are there asteroids and comets? And how come there are exceptions 
to the general patterns? The image above captures, in picture form, the key steps in the 
transition from large diffuse cloud to a solar system.

A solar system was probably destined from the start, once you start collapsing a giant cloud. But 
our planets are probably the result of numerous random events that could have happened 
differently or not happened at all. We see this variation when we look at other solar systems. To 
date, we see similarities in these other solar systems with our solar system, but we don't see 
anything quite like our solar system.

Thanks. Bye bye.
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