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Formation of telluric planets and the origin of terrestrial water
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Abstract. Simulations of planet formation have failed to reproduce Mars’ small mass
(compared with Earth) for 20 years. Here I will present a solution to the Mars problem
that invokes large-scale migration of Jupiter and Saturn while they were still embedded in
the gaseous protoplanetary disk. Jupiter first migrated inward, then "tacked" and migrated
back outward when Saturn caught up to it and became trapped in resonance. If this tack
occurred when Jupiter was at 1.5 AU then the inner disk of rocky planetesimals and embryos is truncated and the masses and orbits of all four terrestrial planet are quantitatively
reproduced. As the giant planets migrate back outward they re-populate the asteroid belt
from two different source populations, matching the structure of the current belt. C-type
material is also scattered inward to the terrestrial planet-forming zone, delivering about
the right amount of water to Earth on 10-50 Myr timescales.

1 Introduction
2 The formation of terrestrial planets
As described in the Introduction, the final stages of terrestrial planet formation take place in the
presence of any giant planets that may have formed. In addition, it is during this phase that bodies are
large enough that during gravitational close encounters they can obtain large eccentricities. Thus, the
feeding zones of the terrestrial planets are determined during their final accretion. The composition
of each planet is simply a massweighted combination of the initial composition of all the material in
its feeding zone.
The inner Solar System is thought to have been too hot to allow water to condense [1], [2]. Thus,
it is widely thought that Earth’s local building blocks were dry and that water was "delivered" via
impacts from objects that condensed at cooler temperatures. Earth’s water is a chemical match to
carbonaceous chondrite meteorites (fragments of C-type asteroids) in terms of D/H and other isotopic
ratios [3], [4].
Simulations like the one illustrated in figure 2 above have the attractive feature of explaining the
origin of Earth’s water [6], [7], [5], [8]. In such simulations the feeding zones of the terrestrial planets
spread outward and widen in time such that a fraction of the Earth’s component mass originated in
the outer asteroid belt, beyond 3 AU. The material that originated in that cold location thus represents
the source of water on Earth in that model. This water-rich material slowly diffuses inward during
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Figure 1. Six snapshots in time from simulation 0, with 1885 initial particles. The size of each body corresponds
to its relative physical size (i.e., its mass M1/3M1/3), but is not to scale on the x axis. The color of each particle
represents its water content, and the dark inner circle represents the relative size of its iron core. There is a
Jupiter-mass planet at 5.5 AU on a circular orbit (not shown). From [5].

the late stages of accretion by multiple gravitational scattering events, and finds its way into the inner
Solar System.
It has been showed that the standard model of terrestrial planet formation cannot reproduce the Solar
System’s terrestrial planets [5], [9]. Rather, as shown in figure 2, simulations invariably form a
"Mars" that is far larger than the real one, and often strand Mars-sized embryos in the asteroid belt.
Note that in this context I refer to the "standard" model as one in which the giant planets were on or
near their current orbits at the time of terrestrial planet formation.
There are certain situations in which the standard model of terrestrial planet formation can
produce a small Mars. If, during accretion, Jupiter and Saturn were at their current orbital radii but
had modestly higher orbital eccentricities of 0.075-0.1 each, then the nu6 secular resonance located
at 2.1 AU would have been much stronger. This resonance acts to quickly pump the eccentricities
of nearby particles to such high values that they either interact with an embryo in the inner disk or
fall into the Sun [10]. In such a configuration the nu6 resonance can efficiently clear out a large
fraction of the mass in Mars’ nominal feeding zone and produce a small Mars [11], [9]. However, this
scenario is not consistent with the evolution of the Solar System because it requires that Jupiter and
Saturn reached their final orbital radii on a shorter timescale than Mars’ known accretion timescale of
3-5 Myr [12]. Migration and/or scattering among the ice giants is required to reproduce the observed
structure of the Kuiper belt [13], [14]. This migration cannot have dynamically occurred on such a
short timescale (e.g., [15]), and so we rule this scenario out.
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Figure 2. Mass vs orbital radius for the real terrestrial planets (black squares) and simulated ones (grey dots)
from the "standard model" described in the text. Although Earth and Venus are modestly-well reproduced, Mars
"analogs" are far too massive. From [9].

To develop a more consistent model, we needed to return to the orbital evolution of Jupiter and
Saturn at early times while they were still embedded in the gaseous protoplanetary disk. Alone in the
disk, Jupiter’s core should have grown, type 1 migrated towards a convergence zone, and started to
accrete gas from the disk. Once its mass reached a critical threshold it should have undergone rapid
gas accretion, cleared out a gap in the disk and type 2 migrated inward until the disk dissipated. But
Jupiter was not alone in the disk. Saturn’s presence changes the picture considerably at later times.
Since it is smaller and more distant, Saturn probably accreted more slowly than Jupiter. When Jupiter
became a gas giant and started migrating inward, Saturn was still a core slowly accreting gas. Saturn
should have followed the same basic evolution as Jupiter: accreted gas slowly, then undergone rapid
runaway gas accretion and type 2 migrated inward toward Jupiter. Simulations show that, when this
happens, Saturn actually migrates inward much faster than Jupiter because there is a small mass
window in which migration is especially fast, sometimes called type 3 [16]. The relevant mass range
is for planets at about the gap-clearing mass, located from ∼50-200 Earth masses.
Saturn type 3 migrated inward very quickly and became stabilized when it was trapped in
resonance with Jupiter. Hydrodynamical simulations consistently show that the two planets are
typically trapped in 3:2 mean motion resonance [17]. When in this configuration, a fascinating
hydrodynamical effect takes place whereby the two giant planets share a common gap that is deeper
in its inner parts (because Jupiter is more massive). Saturn is able to "push" gas across the gap onto
the inner disk, thereby decoupling the evolution of the planets from the inward viscous flow of the
disk. The gravitational back-reaction of the pushing of this gas inward essentially pushes the planets
outward [18]. Thus, instead of type 2 migrating inward as a single planet would, the Jupiter-Saturn
system naturally migrates outward [19], [20]. This has been confirmed with detailed hydrodynamical
calculations by several groups such as the one shown in figure 3.
To summarize, we have shown that Jupiter and Saturn’s orbits were not static after their
formation. While the gaseous disk was still present, their natural evolution was a twophased,
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Figure 3. A hydrodynamical simulation of Jupiter and Saturn embedded in the gaseous protoplanetary disk.
Jupiter and Saturn both migrate inward as they grow but once the appropriate conditions are met – they are
trapped in resonance with sufficiently large masses and a mass ratio between about 0.25-0.5 ([18]) – the planets
migrate outward to large orbital radius. From [21].

inward-then-outward migration [21]. The distance of inward migration was controlled by the speed
of Jupiter’s inward migration and the time lapsed between its formation and Saturn’s. The distance
of outward migration is determined by the lifetime of the disk; as the mass in gas waned the rate of
migration slowed and eventually stopped. Below a critical disk mass threshold (a few to 10% of the
minimal value) the likelihood of long-range outward migration is small [22]. The turnaround point is
completely unconstrained by this theory.
Let us return to terrestrial planet formation. Recall that the standard model – with static
orbits of Jupiter and Saturn – inevitably produces Mars analogs that are much too large. This
problem can be solved if the initial conditions for terrestrial accretion were much different than
those assumed in most simulations, i.e., a continuous disk of planetary embryos and planetesimals
extending from an inner edge (∼0.3-0.5 AU) out to Jupiter’s present-day orbit (e.g., [5], [9]). If,
instead of a continuous disk, the terrestrial planets formed from a narrow annulus of material
with an outer edge at about 1 AU then a small Mars forms naturally [23], [24]. In this context
Mars is an "edge effect", an embryo scattered out of the dense annulus into the sparselypopulated
ambient region. Mars’ growth was stunted simply by running out of building blocks once it left the
dense annulus. Likewise, in this model Mercury was scattered interior to the inner edge of the annulus.
The annulus model for terrestrial planet formation has the advantage of reproducing a lot of
characteristics of the terrestrial planets: masses, orbits, and formation timescales. And best of all,
it naturally forms a small Mars that is compatible with all observational constraints. However, the
idea is completely ad hoc and has no theoretical or observational backing. No sharp edge is thought
to have existed in the gas’ radial density distribution; small discontinuities likely existed due to
transition in viscosity regimes (e.g., [25]) but these are too narrow to explain Mars’ small size. What
if embryos only formed out to 1 AU but there were only planetesimals farther out? In that case the
embryo swarm would simply spread out due to "orbital repulsion" and occupy the entire available
realm [26]. What if planetesimals only formed out to 1 AU and there was only dust farther out? In
that case the planetesimal swarm would spread out to fill the available space, much like the previous
case [27].
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What if Jupiter were at 1.5 AU? In that case, any embryos or planetesimals exterior to ∼1 AU
would be dynamically ejected very quickly and there would indeed be the sharp edge needed to
reproduce Mars.

3 The "Grand Tack" model
In the context of the inward-then-outward migration of Jupiter and Saturn described above, there was
no constraint on the turnaround point, where Jupiter "tacked" (a sailing term for a change of direction
against the wind) and started migrating outward. What if that turnaround point was at 1.5 AU? This
idea represented the birth of the "Grand Tack" model.
In the Grand Tack model, Jupiter migrates across the asteroid belt twice. Given that Jupiter is
about 300,000 times more massive than the entire asteroid belt, how do we have an asteroid belt at
all? The answer is shown in figure 4. As Jupiter migrated inward, it both shepherded planetesimals
inward via its interior 2:1 and 3:2 resonances (by the mechanism described in Raymond et al 2006,
Science) and scattered planetesimals outward onto more distant eccentric orbits. About 10% of the
planetesimals initially interior to Jupiter survived on eccentric scattered orbits. Next, when Jupiter and
Saturn migrated back outward, they encountered both the scattered planetesimals (red in figure 4) and
local primitive planetesimals (light and dark blue in Fig 9). During the giant planets’ migration, any
planetesimal that crossed their path was scattered onto an eccentric orbit and in most cases ejected
from the Solar System. The process of ejection requires several close gravitational encounters and
many planetesimals spend time on orbits interior to Jupiter’s during this phase (although their orbits
still cross Jupiter’s of course). In the simplified gravitational problem the planetesimals must reencounter the giant planets until they are ejected. However, given that the giant planets are migrating
outward, a fraction of inwardscattered planetesimals are stranded as Jupiter migrates out of the way.
These planetesimals thus survive on scattered orbits interior to the giant planets, whose gravitational
influence diminishes as they become more and more separated from the asteroid belt. Although the
efficiency of this process is only ∼1%, it is entirely sufficient to populate the asteroid belt with several
times its current mass, which is needed given that the belt is later depleted by chaotic diffusion [29]
and by late heavy bombardment [30].
The Grand Tack also explains why the inner asteroid belt is dominated by generally igneous
S-types and the outer belt by more "primitive" C-types. As the giant planets migrated outward,
they encountered the planetesimals that had been scattered outward during inward migration (the
red dots) before the primordial outer planetesimals (the blue dots). After inward-scattering a
planetesimal’s final orbit is correlated with Jupiter’s orbit at the time of last scattering, since the
planetesimal’s orbit crossed Jupiter’s. Thus, the earliest-scattered bodies were implanted closer-in
than the later-scattered planetesimals. If we assume the initially inner planetesimals are S-types
and initially outer planetesimals are C-types, then the post-giant planet migration asteroid belt does
indeed contain a radial dichotomy very similar to the current-day belt, with S-types dominating the
inner belt and C-types the outer belt.
The Grand Tack model naturally reproduces the orbital and mass distribution of the terrestrial
planets. The model can also explain the origin of Earth’s water. In the standard model, Earth’s
feeding zone extended outward such that a fraction of its building blocks were water-rich [6], [7],
[8]. In the Grand Tack model the terrestrial planets form from a narrow annulus of embryos and
planetesimals that was sculpted by Jupiter. The terrestrial planets should be dry. However, this
annulus was contaminated during the giant planets’ outward migration. As can be seen in figure 4,
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Figure 4. A representative simulation of the Grand Tack model [28]. Here the black dots represent the giant
planets. Jupiter and Saturn follow the evolution described in the text. The red dots are planetesimals that originated interior to Jupiter’s orbit, the light blue dots planetesimals starting between the giant planets, and the dark
blue dots more distant planetesimals. The open circles are terrestrial embryos. After the giant planets’ two-phase
migration the whole inner Solar System is reproduced: the terrestrial planets’ masses and orbits and the mass,
mass distribution and radial dichotomy of the asteroid belt.

many planetesimals that were scattered inward by Jupiter "overshot" the asteroid belt and ended up
on orbits that entered the inner Solar System. Indeed, for every planetesimal that was trapped on a
stable orbit in the asteroid belt, 10-20 were scattered onto orbits with perihelion distances of 1-1.5
AU. These scattered C-type bodies were sufficient in number to deliver the requisite amount of water
to Earth (see figure 5). Compared with the standard model, a factor a few less water is delivered to
Earth, but still several times more than its current water budget [31]. And this water also matches
the chemical constraints because it is also delivered by C-types, although in this context by the same
parent population that was implanted into the asteroid belt as Ctypes.
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Figure 5. Water delivery to Earth analogs in the Grand Tack model (from O’Brien et al, in preparation). The plot
shows the fraction of wet (C-type) material accreted by each simulated Earth-like planet throughout its growth.

Jupiter and Saturn’s outward migration may also have stimulated a late phase of accretion of the
ice giants. figure 6 shows a simulation of the last phases of the Grand Tack model with Jupiter and
Saturn’s outward migration slowing down in a dissipating disk. Uranus and Neptune start as 5 Earth
mass cores embedded in a swarm of 100m planetesimals. The orbital compression caused by the
inward-migrating cores and the outward-migrating giant planets creates a very rapid phase of growth
and the ice giants reach nearly their final masses on a 100,000 year timescale. The growth itself
is catalyzed by close encounters between the ice giants, which scatter each other into pristine, very
dynamically cold rings of planetesimals that are efficiently accreted (Raymond et al, in preparation).
In the example from figure 6 the planetesimals were extremely small and thus any eccentricities
or inclinations were efficiently damped by gas drag with the disk [32]. The ice giants’ growth is much
more limited if the planetesimals were larger. However, the collisional cross-section of Earth-mass
or larger cores should naturally be enhanced if they had tenuous gaseous envelopes [33]. Depending
on the properties of the planet/disk and the size of the planetesimals, the effective accretion cross
section could be increased by a factor of a few to 100. When taking this effect into account the
size-dependence of ice giant accretion is removed. The current-day ice giants’ masses become
relatively easy to reproduce as long as the initial cores were at least 1 Earth mass in size and there
was sufficient mass in the planetesimal swarm.
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