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29 Astro notes 2018/11/2 - Fri - planet formation

29.1 Exoplanet systems and Planet formation

Planets are thought to be formed by accretion/merger of small objects. This kind of
”bottom-up” planet formation scenario is quite different from the collapse and fragmenta-
tion model of star formation.

The bottom-up type model, however, makes specific predictions. It predicts a large num-
ber of small planetary bodies that are the ”leftovers” of the bottom-up process. The trunca-
tion of the process has to do with the lifetime of the protoplanetary disk, and so planet for-
mation can be stopped at different times, giving different leftovers in different star systems.
Predicted planet distrubition from Ida & Lin (2004, http://adsabs.harvard.edu/abs/2004ApJ...616..567I):

The dashed lines indicate the area of parameter space (high mass, short period) accessi-
ble to investigation with measurements of stellar radial velocity (i.e. the gravitation effect
on the parent star of the planet). This is hard to detect for small, low-mass planets, which
is the bulk of the distribution.

The Kepler satellite mission was designed to prove or disprove the bottom-up model
for planet formation by pushing detection limits down to low enough masses to measure
the predicted plethora of low-size, low-mass planets. This was done by using a different
method - transits of the planets across the star.

The distribution of planets found by Kepler shows the characteristic increase of plan-
etary bodies to small sizes. (Note the vertical scale here is now is size rather than mass,
but the two are somewhat related.)

http://adsabs.harvard.edu/abs/2004ApJ...616..567I
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Above figure from Batalha (2014PNAS..11112647B)
The actual main Kepler discover paper Borucki et al. (2011,

http://adsabs.harvard.edu/abs/2011ApJ...728..117B) (see figure 2) compares the number
distribution of planet candidate radii, and shows that it follows an approximate 1/R2 trend
(where R is the radius of the planetary body) of the type expected from the bottom-up
formation theory.

The Kepler result was not unexpected, but was critical to confirm in order to under-
stand how much like our own other planetary systems might be. In advance of the Kepler
mission, there were good reasons already to believe the bottom-up scenario. The metallicity
distribution of giant planets indicates that planets form from bottom-up.

Giant planets form when a growing planet becomes large enough to capture gas gravi-
tationally. Higher metallicity systems have more material to build planet cores out of, and
therefore a better chance at a core large enough to undergo core accretion stage.

Recall metallicity here means all material other than H and He, so it includes carbon
and oxygen, which can make water and hydrocarbon ices. The conventional notation for
metallicity is so-called “bracket notation”

[Fe/H] = log10

(
nFe/nH

nFe,�/nH,�

)
where n is the number density (typically in the photosphere). so zero is the same fraction
of Fe, and therefore other elements (other than H or He) as that in the Sun.

http://adsabs.harvard.edu/abs/2014PNAS..11112647B
http://adsabs.harvard.edu/abs/2011ApJ...728..117B
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This is from Fischer & Valenti (2005, http://adsabs.harvard.edu/abs/2005ApJ...622.1102F)
and is also discussed in our textbook because it was printed before 2011, when Kepler made
its measurements. This was the best indication of the bottom-up theory at the time.

29.2 Basics of theory of planet formation

Want to consider how a ”big body” can grow into a planet-sized body by accreting smaller
bodies from the protoplanetary disk. The basic assumption is that there is naturally a
distrubution of many small bodies and a few slightly larger ones that can start the formation
process.

Hill radius is radius at which a big body’s gravity is stronger than Sun’s tidal forces.
occurs when keplerian period for orbit of sun and orbit of body are similar√

a3

M�
=

√
R3

H

M

where M is the mass of the ”big body” that will grow and a is the distance from the sun.
This gives

RH =

(
M

M�

)1/3

a

or conventionally written

RH =
R

α

where

α =

(
ρ�
ρ

)1/3
R�

a

Where R is the radius of the big body. Note that ρ�/ρ is not too different from 1 because
both typical matter and the sun have an average density of about 1 g/cc. The latter factor

http://adsabs.harvard.edu/abs/2005ApJ...622.1102F
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R�/a is the angular size of the sun from an orbit of size a. From earth α ∼ 10−2 and from
the Kuiper Belt α ∼ 10−4. RH is thus bigger further from the sun.

Show Hill radius and comparison of hill to disk thickness: Goldreich, Lithwick, Sari (see
notes webpage)

Actual collision rates depend on density of particles in the disk (σ/m) and how their
velocity dispersion compares to R and RH .

There is a Trade-off: lower velocity dispersion, u in this paper, means more efficient
capture but from a smaller interval of orbits (this leads to smaller planets). Modeling seeks
to find right u and possible mechanisms to establish it. This can lead to different ”scenarios”
for any given outcome. For example Uranus and Neptune may have formed further inward
and migrated out, implying they formed more quickly than if they were farther out where
they are now, thus requiring different assuptions about velocity dispersion.

Also revisit predicted planet distrubition from
Ida & Lin (2004, http://adsabs.harvard.edu/abs/2004ApJ...616..567I)

Note that this gives M(t) and its dependence on various assumed parameters.

http://adsabs.harvard.edu/abs/2004ApJ...616..567I

	Astro notes 2018/11/2 - Fri - planet formation 
	Exoplanet systems and Planet formation
	Basics of theory of planet formation


