
Covered Ideas

• Solar system observations

• diversity in object types: giants, terrestrial, moons, KBOs, asteroids

• Exoplanet observations

• Observational techniques, various observational biases

• Orbital dynamics

• Basic equations, resonances, stability, evolution in mass losing star, etc. 
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Covered Ideas (Continued)

• Planet formation

• Protoplanetary disks

• Passive

• Steady state acretion

• Core accretion scenario

• GI model
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Covered Ideas (Continued)

• Planet formation

• Core accretion scenario

• Dust (μm) -> rocks (cm - m)

• collisional growth, problem of the radial drift speed

• Rocks (cm-m) -> planetesimals (1-10 km)

• Goldreich-Ward mechanism

• Gravitational instability- Toomre criteria

• Streaming instability

• Turbulance

• Planetesimals -> rocky planets/planetary cores

• Collisional growth 

• strength-dominated vs gravity-dominated

• isolation mass, coagulation equation (mass-spectra)

• Gas giant formation

• Accretion of atmosphere
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Covered Ideas (Continued)

• After planet formation

• Migration

• Type 1

• Impulse approximation picture based on Lin & Papaloizou (1979)

• Gravity torques, dependence on Σ-profile, T-profile, magnetic field

• Lindblad and coorbital resonances

• Type II

• Tidal torques after gap opening

• Slower than Type I

• Type III

• Runaway coorbital migration due to asymmetries in coorbital 
region
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Planet-Planet Scattering
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Planet-Planet Scattering
Eccentric Giants
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Planet-Planet Scattering
High Inclination

388 Amaury H. M. J. Triaud

Figure 3. The R-M effect for WASP-15b and WASP-17b and residuals as appearing in Triaud
et al. 2010. Circles are HARPS observations, triangles are CORALIE observations.

Figure 4. Sky-projected spin/orbit angle β against Teff . This plot is an update from that
presented in Winn et al. (2010). Filled symbols show secured measurements. Open symbols are
numbers likely to change dramatically due to low signal-to-noise detections or other issues. Little
dots within symbols show as of yet unpublished measurements.

Winn et al. (2010) showed that when the spin/orbit angle β (called λ in their paper)
is plotted agains the star’s Teff , a structure appears in the data. Aligned planets around
hot stars are rare. Since that paper was published, a number of measurements have been
made. An update of that plot is presented in Figure 4. With almost twice more data
than when originally proposed, the pattern is essentially confirmed.

In addition to the planets that were discovered with WASP, we started characterising
the orbits of single line F+M and G+M eclipsing binaries. We have now close to 50 well-
sampled orbits. On 15 of those, we have also measured the Rossiter-McLaughlin effect
using the CORALIE spectrograph, mounted on the Swiss 1.2 m Euler telescope at La

Triaud et al. 2011
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Chatterjee et al. 2008

Planet-Planet Scattering
Instability Timescale
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Chatterjee et al. 2008

Planet-Planet Scattering
Evolution
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Chatterjee et al. 2008

Planet-Planet Scattering
Eccentricity
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Chatterjee et al. 2008

Planet-Planet Scattering
Eccentricity
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Chatterjee et al. 2008

Planet-Planet Scattering
Pericenter Distance
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Chatterjee et al. 2008

Planet-Planet Scattering
Inclinations
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Planet-Planet Scattering
Inclinations

Chatterjee et al. 2008
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Planet-Planetesimal Scattering
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Planet-Planetesimal Scattering
Analytical Expectations

• Planet scatters planetesimal

• da/a ~ dm/mp   (Can you show this assuming conservation of angular 
momentum?)

• For order one change the total mass in planetesimals needs to be ~ 
planet mass

• Much larger change is expected in the planetesimal disk and 
planetesimal orbits

• Compared to planet-planet scattering changes are slow and less 
violent

• Empirical evidence in the Solar system that this has occured at 
some point. 
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Planet-Planetesimal Scattering
Nice Model 2

• Giant planets were close to each other 

• Overlapping gaps

• Trapped in some resonance (3:2) leads to 
excited eccentricity

• Late instability in the planetesimal disk due 
to this eccentricity

• Late heavy bombardment

• Outward migration due to Jupiter-Saturn 
mass ratio

Morbidelli & Crida 2007
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Nice Model 2
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• Overlapping gaps
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mass ratio

162 A. Morbidelli, A. Crida / Icarus 191 (2007) 158–171

Fig. 4. The dash-dotted curve shows the initial density profile of the disk,
adopted in all simulations. The solid curves show the density profile corre-
sponding to the moment when the planets are released, at 1 and 1.4, respec-
tively, for Jupiter and Saturn. Different gray levels refer to different aspect
ratios, as labeled. The viscosity is independent of radius and equal to 10−5.5

in all cases.

faster if the disk is thinner, as found in Masset and Snellgrove
(2001). However, for thicker disks, the evolution changes qual-
itatively. If the aspect ratio is 5%, we find a quasi-stationary
solution. After locking in the 2:3 MMR, both Jupiter and Saturn
essentially do not migrate any more. Actually, Jupiter moves
outward by only 1.5% in 2000 orbits. To our knowledge, this
is the first quasi-stationary solution ever found for a system of
giant planets in a fully evolving disk. If the disk thickness is
increased to 6%, both planets migrate inward, even after be-
ing captured into the 2:3 MMR. This migration is very slow,
compared to that of an isolated Jupiter in the same disk. This
sequence of behaviors relative to aspect ratio also suggests that,
in a flaring disk, the planets might migrate until they find a po-
sition in the disk with the ‘good’ local aspect ratio that allows
them not to migrate any more.

The reason of this parametric dependence of the evolution
on H/r is quite clear if one looks at the gas density profile
at the moment when the planets are released (Fig. 4). As ex-
plained in Crida et al. (2006), the disk aspect ratio governs the
width and the depth of the gaps opened by the planets. There-
fore, if H/r is large, there is more gas at the location of Saturn
(i.e. just outside Jupiter’s orbit) than in the case where H/r is
small. Consistently, there is slightly less gas inside of Jupiter’s
orbit (for r < 0.7), because less material has been removed
from the common gap formed by the two planets. As Masset
and Snellgrove (2001) correctly pointed out, the direction of
migration of Jupiter depends on the balance of the torques that
the planet receives respectively from the disk inside its orbit
(which pushes the planet outward) and from the disk outside its
orbit (which pushes the planet inward). In the case of an iso-
lated planet, the torque from the outer disk is typically stronger,
so that the planet migrates toward the Sun. But in this case, be-
cause the presence of Saturn depletes partially the outer disk,
this torque is weakened. Obviously, it is weakened more if the
gap at Saturn’s position is deeper, namely if the disk aspect ra-

tio is smaller, as visible in Fig. 4. Thus, if the aspect ratio is
small enough, the torque received by Jupiter from the inner disk
dominates that from the outer disk, and the planet migrates out-
ward, feeling a net positive torque. Indeed, this is what we see
happening in Fig. 3.

The direction of migration of Jupiter determines the subse-
quent evolution of both planets, once they are locked in reso-
nance. The planets have to move in parallel to preserve the res-
onant configuration. Therefore there is a competition between
the net positive torque received by Jupiter and the net negative
torque received by Saturn from the disk. Because these torques
are monotonic functions of the planets’ masses, and Jupiter is
3 times heavier than Saturn, in general the positive torque re-
ceived by Jupiter dominates and the two planets move outward.
In the case with H/r = 5%, however, the net torque felt by
Jupiter is close to zero, due to the specific density profile of
the disk, and can be effectively canceled out by Saturn’s torque.
Thus, a non-migrating evolution is achieved after the planets
lock in resonance.

For completeness and sake of clarity, in the remaining part
of this sub-section we elaborate on some considerations already
reported in Section 2.4 of Masset and Snellgrove (2001). The
principle of Type II migration is that, once a planet opens a gap,
it positions itself inside the gap in order to balance the torques
received from the inner and the outer parts of the disk. Then,
locked into this equilibrium position, it is forced to follow the
slow, global viscous evolution of the disk (Lin and Papaloizou,
1986), the latter described by the equations in Lynden-Bell and
Pringle (1974). One could expect that the Jupiter–Saturn sys-
tem should evolve in the same way. The outer migration of the
pair of planets should approach Saturn to the outer edge of its
gap, until Saturn feels a stronger torque that counterbalances
the one received by Jupiter. In this situation the outward mi-
gration should stop, and the two planets should start to evolve
towards the Sun, together with the disk. This, apparently, does
not happen. For the disk parameters that we explore in this
work, Saturn is not massive enough to open a clean gap (see
Fig. 4). Thus, the conditions for a proper Type II migration are
never fulfilled (see Crida and Morbidelli, 2007, for a discussion
on Type II migration). If Saturn’s radial migration is not the
same as the natural radial motion of the gas, new material flows
into its gap. However, the gaps of Jupiter and Saturn overlap, so
that material flowing from the outer disk into the coorbital re-
gion of Saturn, after experiencing half of a horse-shoe trajectory
relative to Saturn, can also perform half of a horse-shoe trajec-
tory relative to Jupiter. The net result is a flow of matter from
the outer part of the disk, through the Jupiter–Saturn common
gap, into the inner part of the disk. To illustrate this process,
Fig. 6 shows the surface density profile of the disk in the sim-
ulation with H/r = 3%, at various times. Notice how, in first
approximation, the Jupiter–Saturn gap simply ‘shifts’ through
the disk. As the planets move outward, the disk is rebuilt inside
the orbit of Jupiter and the surface density at the bottom of the
gap increases as well. Both features are diagnostic of a mass
flow through the planets system. In fact, in the code of Crida
et al. (2007) that we use, the boundary conditions cannot act
as a source of mass. Thus, an increase of the surface density in

Morbidelli & Crida 2007
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Planet-Planetesimal Scattering
Grand Tack model (Walsh et al. 2011)
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