Jupiter may have had a head-
on collision with a massive
protoplanet
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Planet-forming disks start out as a mix of dust and gas, but
the gas doesn’t stick around for long. As the star at their
center ignites, the radiation it emits starts driving off the
gas, eventually leaving a disk with nothing but dust behind.
That creates a narrow window for the formation of gas giants,
which have to grow big enough to start sweeping in gas before
the star drives it all off.

Our current models suggest that the best way to do this is to
start with a large solid body, roughly 10 times the mass of
Earth. That’s big enough to draw in gas quickly and start a
runaway process by which the ever-increasing mass pulls in
more material from farther away in the disk. This would
suggest that, buried deep below the clouds and layers of
metallic hydrogen on Jupiter, there’s a solid core that would
dwarf the Earth if it were ever stripped of all the material
above it.

Among other things, the Juno mission was intended to test this
idea by studying the gravitational field of the giant planet.
But the data it has been sending back suggests something
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strange is going on inside Jupiter, with more heavy material
outside the immediate core area than we’'d expect. Now, an
international team of researchers is providing a possible
explanation: Jupiter’s core was shattered by a head-on
collision with a massive protoplanet.

What lies beneath

We obviously can’t directly image what’s going on inside
Jupiter. Instead, we have to figure out what'’s there based on
inferences made from the planet’s gravitational field. And
Juno was the first probe specifically designed to improve our
understanding of that gravitational field. While further data
is still coming in, a preliminary analysis suggests that one
explanation for what we’re seeing is that the planet has a
core that the new paper describes as “dilute.” Instead of the
heavier, solid material being concentrated at the core, some
of the heavier elements appear to be spread widely across the
planet’s interior, reaching up to about halfway to the
planet’s surface.

How that happened is not at all clear, given that we think the
only way for a planet like Jupiter to happen is to start with
a solid core. It’'s possible that further Juno data will
indicate that a diffuse core is unlikely. Alternatively, our
models of planet formation could be wrong. But the researchers
start with the premise that everything is correct and that
there’s something unexpected going on in Jupiter’s interior.

One option is that the metallic hydrogen layer of Jupiter has
gradually eroded the core, but we don’t know whether metallic
hydrogen is capable of that or how heavier elements would mix
in it. Instead, the authors consider the possibility that
Jupiter’s core was disrupted by a collision, much like the one
that formed the Earth-Moon system—although completely unlike
it in scale.

Collisions could be driven by Jupiter’s formation itself. A



10-Earth-mass core is only about 5% of Jupiter’s final mass,
and the runaway process that surrounded it with gas would have
enhanced its gravitational pull by a factor of 30 in less than
a million years. Any other bodies nearby could be drawn in to
a collision. And since Jupiter’s core is thought to have
formed via a series of collisions among smaller bodies,
there’s a reasonable chance there was something nearby that
could undergo a collision.

To test this idea, the researchers ran a large number of
simulations of the early Solar System, varying the precise
configuration of Jupiter and any nearby orbital bodies. They
found that in many of these simulations, the growth of Jupiter
caused anything nearby to cross orbits, frequently resulting
in collisions. Because of the immense pull of Jupiter, most of
the collisions ended up being head-on, sending the protoplanet
directly to the core of Jupiter.

Core shattering

They then turned to a different set of simulations, looking
into what happened to the core of Jupiter as a result. The
exact details depend on the size of what hits Jupiter and the
size of the giant planet at the time of the impact. The
simulation they ran in detail involves Jupiter being run into
by an eight-Earth-mass core surrounded by two Earth masses of
gas. Smaller objects, including Earth-sized protoplanets,
would disintegrate in the atmosphere before reaching the core.

Despite the staggering scale of this collision, it only adds a
small amount to the total energy delivered to Jupiter during
its formation. But it does change the energetics of the core
itself, which begins to oscillate. And convection starts
bringing the products of these oscillations higher up into the
planet’s envelope. Within a matter of a few days, Jupiter
settles into a state where its core is diffuse and extends
nearly half-way to the surface of the planet.



Enlarge / Snapshots of the collision simulation.

Shang-Fei Liu/Sun Yat-sen University

Of course, this event occurred over four billion years ago,
and it would have to have remained stable for the intervening
time to be detected by Juno. The researchers found that this
was possible if the internal temperature of Jupiter stabilized
at 30,000 Kelvin. Any hotter and convection becomes high
enough to eliminate the gradient between the core and its
surroundings, which stabilizes the presence of heavier
material above the core. Any cooler and convection isn’t
strong enough, and heavier material settles back into the
core.

Because most planets are thought to have been built by
multiple collisions among protoplanets and smaller bodies, the
authors think it’s worth exploring whether diffuse cores could
be a common feature of gas giants. There have been a number of
giant exoplanets that appear to have high metal content in
their atmospheres, which might be the product of similar
events.

There’s no obvious way to test these things at the moment, and
there’s still a chance that further data from Juno will
suggest alternate explanations. But if the idea holds up,
planetary scientists will undoubtedly start considering the
implications of these collisions and might come up with some
overt indication of the marks they leave on gas giants.
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