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Earth radii 

Kepler-10b

Batalha et al. 11
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Magma ocean exoplanet = Early Earth?

permanent day
1800 ºK (2800 ºF)

permanent night
50 ºK (-370 ºF)

tidally locked





Traub 15

η⊕

Fraction of Sun-like stars with Earth-like planets on Earth-like orbits

10-20% (Bergsten+22)
cf. 6-22% (Petigura+13)

technically an
extrapolation

from Kepler data

“Eta Earth”



Milky Way Galaxy

Number of stars ~ 200 billion
and more planets

Rotation period at Sun’s location 
≈ 250 million yr

WE ARE HERE

~24000 light-years



The Milky Way Galaxy (actually)

MgAl2O4

Max Planck Institute for Chemistry



Stars form in

interstellar clouds


(~1-100 light-years in size)

Hubble Space Telescope



Stars form in

interstellar clouds


(~1-100 light-years in size)



~0.5 light-year





Circumstellar disks

~100 AU
(~10 light-hours)
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Atacama Large Millimeter Array

Andrews+18



Dong, Li, EC, Li 18
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CHONDRITIC METEORITES

0.1-1 mm igneous spheres
> 30% volume fraction
near-solar composition
4.562-4.567 Gyr old

Connelly+12
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Dynamics and Accretion of Planetesimals 19

dependence on the initial orbital separation of protoplanets is clearly shown. The
constants c1 and c2 are smaller and larger for the larger initial 〈e2〉1/2 and 2〈i2〉1/2

of protoplanets, respectively. With only a small initial 〈e2〉1/2 and 2〈i2〉1/2 the in-
stability timescale drastically shortens for large bini.

5.2. Giant impacts
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Fig. 12. Time evolution of the semimajor axes (solid lines) and pericenter and apocenter distances
(dotted lines) of planets (left). Snapshots of the system on the a-e plane at t = 0, 106, 107, 108,
and 2× 108 year (right). The size of circles is proportional to the physical size of planets.

After a protoplanet system becomes orbitally unstable the giant impact stage
of protoplanets begins. As this process is stochastic in nature, in order to clarify
it, it is necessary to quantify it statistically. Kokubo et al.,31) Kokubo and Ida,32)

and Kokubo and Genda33) investigated the basic dynamics of the giant impact stage
statistically with many N -body simulations.

Figure 12 shows an example where three terrestrial planets are formed from 16
protoplanets.31) In this run the giant impact stage lasts for about 7 × 107 years.
In the standard disk model, two Earth-sized planets typically form in the terrestrial
planet region. Kokubo et al.31) find that an important parameter of the initial
protoplanet system for the number and mass of final planets is the total mass of
protoplanets, Mtot. The effects of the surface density distribution of the disk are
unified using Mtot. In Figure 13, the average masses of the largest planet 〈M1〉
and the second-largest planet 〈M2〉 are plotted against Mtot for various models of
protoplanet systems with different surface densities and radial extent together with
their empirical fits. It is clearly shown that both 〈M1〉 and 〈M2〉 increase almost
linearly with Mtot and 〈M1〉 $ 0.5Mtot and 〈M2〉 $ 0.3Mtot. This result shows that
protoplanet accretion proceeds globally, in other words, over the whole terrestrial
planet region. Thus the large-scale radial mixing of material is expected.

The spin parameters of terrestrial planets are determined by the angular mo-
mentum brought by giant impacts.32) The spin angular velocity averaged in mass

1 Myr 100 Myr 10 Gyr

ROCKY PLANET FORMATION

“GIANT IMPACTS ERA”

Last (Moon-forming) giant impact @ 50 Myr

Kokubo & Ida 12

Barboni+17

Terrestrial planet formation

Giant impacts era

by giant impacts
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Formation of the Moon: the last giant impact

SwRI/Canup

Moon is 4.51 Gyr old
CAIs (oldest meteorites) are 4.56 Gyr old (“t=0”)

∴Moon-forming impact occurred
4.56 - 4.51 Gyr ≃ 0.05 Gyr ≃ 50 Myr after CAIs

Barboni+17



23


