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Lecture Overview
intro / planet-disk interaction evidence

basic notions of hydrodynamics and
physical model [equations]

hydrodynamic codes [coding - fargo]

Real life examples:

 planetary migration and gap opening!
 vorticity and adding dust!
 multiple planets!
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disk ~ 99% gas + 1% dust

fluid hydrodynamics 
regime

planets form in disks.. but do they interact?

what’s the evidence?



3.6 microns/NACO Lagrange et al. (2008)

field of view ~ 13 x 13 arcsec 

Evidence: disk’s observations
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Transition disk’s observations
In scattered light (optical, infrared):

Gas line emission, 
Dust continuum 

emission (sub-mm).  

HD142527 - ALMA view and artist impression

Casassus et al. 2013

The Astrophysical Journal Letters, 766:L1 (5pp), 2013 March 20 Quanz et al.

Figure 2. HD 100546 disk on different scales. In the HST/ACS image obtained in the F814W filter (left), the circumstellar disk around HD 100546 can be traced out
to a few hundred AU in scattered light (Ardila et al. 2007). The inner disk regions (∼1′′ in radius) are hidden behind the coronagraph or suffer from PSF subtraction
residuals. The polarization fraction image (left) obtained at the VLT in PDI mode in the H band (Quanz et al. 2011b) probes regions very close to the star, enabling the
detection of disk asymmetries not accessible with other imaging techniques. The position of the planet candidate is overlaid in the PDI image. North is up and east to
the left in both images.
(A color version of this figure is available in the online journal.)

number of objects in the apparent magnitude range 7 mag !
L ! 9 mag. This yielded ∼330 objects in a 2 deg2 patch on the
sky centered around HD 100546. This number translates into
a probability of having such a physically unrelated source in
a 1′′ × 1′′ field of view around the star of p = 1.3 × 10−5.
Furthermore, the fact that the L band emission appears to be
extended argues against a background object.

Disk feature. The observed L′ brightness and minimum
luminosity are difficult to explain with disk-internal processes
alone as the expected temperature in the disk mid-plane at the
location of the source is only ∼50 K (Mulders et al. 2011).
Furthermore, we are not aware of shock processes that act only
locally and might lead to the observed luminosity in a disk that
appears to be not very massive. If it was scattered light that
we see, one would expect that also in the NIR a maximum in
scattered light would be seen. Using the PDI images as tracer
for scattered light, we find a local minimum here as described
above.

Photospheric emission. If the observed point source flux arose
solely from the photosphere of a young object, the COND and
DUSTY models suggest masses between ∼15–20 MJupiter for
an age of 5–10 Myr (Baraffe et al. 2003; Chabrier et al. 2000).
Models with lower specific entropy in the initial conditions
for the formation process predict even higher masses (cf.
Spiegel & Burrows 2012). Classical binary formation via core
fragmentation or formation via disk instability when the disk
was still massive would be the preferred formation mechanisms
for an object of this mass. In this case the object formed roughly
coeval with the star and would have had time to significantly
alter the structure of the main disk, e.g., dynamically clearing a
large azimuthal gap, which has not been observed.

Ejected planet. Another massive planet is thought to be
orbiting in the inner disk gap (e.g., Acke & van den Ancker
2006; Bouwman et al. 2003) and we speculate that dynamical
interactions between multiple planets and the disk could have

led to an ejection event. The emission we see in the L′ images
would then be a combination of the planet’s intrinsic emission
plus extra luminosity from disk material being heated from the
planet moving through the disk. Assuming that the planet was
initially orbiting at 10 AU, its orbital period was ∼20 years,
yielding an orbital velocity of ∼3.1 AU yr−1 (∼14.7 km s−1).
If the ejection velocity is a few times that value it would have
taken the planet less than 20 years to reach its current location
and within less than 100 years it would be beyond the extent of
the observable disk. Given the age of the system, this timescale
is extremely small and observing the object exactly at the right
time is unlikely. Adding further complexity to this scenario, the
ejection must occur roughly in the plane of the disk to make a
link to the observed disk structures.

Forming planet. In our view the best explanation for the
observed morphology of both the disk and the emission source
is the detection of a planet during its formation process. The
luminosity of the object does not come from an isolated
photosphere, but rather the planet is still accreting material from
the disk. Young, forming gas giants with masses between one
and a few Jupiter masses are expected to have luminosities
between 10−4–10−2 L% during the first few hundred-thousand
years after gas runaway accretion sets in (Mordasini et al. 2012),
in agreement with our lower limit. Furthermore, an object in
this mass range is expected to affect the disk structure much
less and an azimuthal gap—if it exists—might be below our
detection limits in the PDI data. A narrow gap is hard to
see in an inclined disk. This scenario could also explain the
extended component of the emission detected here with some
disk material being heated in the accretion process similar
to the case of LkCa15 b (see Kraus & Ireland 2012 for
possible mechanisms to heat the surrounding material during
the accretion process). However, we acknowledge that from a
theoretical perspective the formation of a gas giant planet at this
location is not readily explainable using first principles. For core
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HD100546 HD142527

The Astrophysical Journal, 745:5 (12pp), 2012 January 20 Kraus & Ireland

Figure 3. Left: the transitional disk around LkCa 15, as seen at a wavelength of 850 µm (Andrews et al. 2011). All of the flux at this wavelength is emitted by cold
dust in the disk; the deficit in the center denotes an inner gap with radius of ∼55 AU. Right: an expanded view of the central part of the cleared region, showing a
composite of two reconstructed images (blue: K ′ or λ = 2.1 µm, from 2010 November; red: L′ or λ = 3.7 µm, from all epochs) for LkCa 15. The location of the
central star is also marked. Most of the L′ flux appears to come from two peaks that flank a central K ′ peak, so we model the system as a central star and three faint
point sources.

3.2. Orbital, Morphological, and Atmospheric Properties

The observed morphology of LkCa 15’s candidate companion
is more complicated than that of older directly imaged exoplan-
ets, which are seen as unresolved point sources (Marois et al.
2008; Kalas et al. 2008; Lagrange et al. 2009). The flux is mostly
concentrated in a single unresolved location at 2.1 µm, but it is
clearly extended at 3.7 µm. The most simple interpretation is
that the central source is therefore a newly formed exoplanet,
which emits significant flux at 2.1 µm due to either a warm
atmospheric temperature or accretion of hot material. The sur-
rounding 3.7 µm dominated emission would then trace extended
circumplanetary material, most likely as it is accreting down to
the planet, though perhaps as it accretes past the planet and onto
the inner disk (e.g., Dodson-Robinson & Salyk 2011). We can
extrapolate the orbital radii, absolute magnitudes, and colors of
these structures from our global fit of all observations (Table 2,
bottom section) using the apparent magnitudes, distance, and
age for LkCa 15 which we describe further in Appendix.

We converted the observed separation and P.A. for each
source into a deprojected orbital radius using the observed
disk geometry (i = 49◦, P.A. = 241◦; Andrews et al. 2011):
RNE = 20.1 ± 2.8 AU, RCEN = 15.9 ± 2.1 AU, RSW =
18.4 ± 2.6 AU. Model fits for disks typically vary by ∼5–10◦

between different observations and models of the same targets,
so we adopt a systematic uncertainty of ±5◦ in the inclination;
combined with the distance uncertainty of ±15 pc, the total
uncertainty in deprojected radii is ∼15%. Given deprojected
orbital radii of ∼16–20 AU, then the corresponding orbital
period and orbital motion around a solar-type star are ∼90 years
and ∼4 deg year−1. Our astrometric precision for the central
source (i.e., the proposed planet itself) is ∼1.◦5 (for its K ′

emission), so it is plausible that we could see orbital motion
at the 3σ level within the next 1–2 years. Orbit determinations
for other high-contrast companions (such as GJ 802 B; Ireland
et al. 2008) show that the astrometric errors predicted by NRM
are typically valid. The L′ astrometry for the SW source might
already be showing orbital motion, since the offset between
2009 and 2010 is almost entirely in the P.A. direction and has
a magnitude of 1.7σ . However, if the emission comes from

a spatially resolved region, then it could be subject to two
uncertainties. Since we are fitting a potentially resolved source
as a point source, model mismatch could cause systematic
astrometric errors. More seriously, if the emission comes from
an extended dusty structure, then the centroid of the emission
itself could change (with respect to that structure’s position)
over time. Even if the dust producing the L′ emission is orbiting
at a Keplerian velocity, the emission from different points in the
structure might wax or wane. A conservative estimate of orbital
motion should be based on at least several additional epochs,
in order to determine the residuals around its apparent orbital
velocity.

The observed contrasts can be converted into absolute
magnitudes using the observed photometry for LkCa 15 A
(Appendix) and the distance to Taurus–Auriga, 145 ± 15 pc
(Torres et al. 2009); the combined absolute magnitude and
color for all three components are ML′ = 6.8 ± 0.2 mag and
K ′ − L′ = 1.7 ± 0.2 mag. Young hot-start planets should have
SEDs similar to L dwarfs, so assuming an approximate tempera-
ture of 1500 K and appropriate bolometric corrections (Leggett
et al. 2002), then the corresponding bolometric luminosity is
Lbol = 2 × 10−3 L&, with an uncertainty of at least a factor of
2–3 (depending on the actual temperature).

Since the observed flux comes from spatially resolved struc-
tures and not a single point source, then the physical properties
of each component must be considered individually. If the flux
seen from the central source (near the K ′ peak) corresponds
to the planet, then its brightness and color (MK ′ = 9.1 ± 0.2;
K ′ −L′ = 0.98 ± 0.22) are more consistent with a photosphere
than with warm dust. For ages of 1 Myr or 5 Myr (bracketing
the 1σ limits on the age of LkCa 15), then this brightness would
naively be consistent with a mass of 6 MJup or 15 MJup accord-
ing to the “hot start” models (Chabrier et al. 2000). However,
if this planet is newly formed, then even the value for 1 Myr
might be an overestimate. Furthermore, the presence of signif-
icant circumplanetary material suggests that it is quite likely to
be accreting, and current planet formation models suggest that a
giant planet should intercept much of the disk mass that would
otherwise accrete onto the central star (Lubow & D’Angelo
2006; Machida et al. 2010), typically Ṁ = 10−7–10−9 M& yr−1
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The Astrophysical Journal Letters, 748:L22 (7pp), 2012 April 1 Muto et al.

Figure 2. Top: PI image of SAO 206462 in the north-up configuration with log-stretch color scales. The filled orange circles at the center indicate the mask size
(r = 0.′′15). The circles have r = 0.′′2, exterior to which the features are considered to be real. The right panel is central region’s close-up. Different color scales are
used to enhance the spirals labeled as “S1” and “S2.” The “Dip” may be due to depolarization. Bottom: PI profile along the red line in the top right panel. The arrow
indicates the location of S2. The position errors are not shown for visibility.

are found to have constant radii. After removing these points,
we have 27 (S1) and 56 (S2) points as representing samples of
non-axisymmetric spirals, with the opening angle of ∼15◦ for
both S1 and S2. We estimate that the uncertainty of the location
of the maxima is given by the FWHM of the PSF.

In order to fit the non-axisymmetric structures by
Equation (1), we fix α and β at 1.5 (Kepler rotation) and 0.4,
respectively, as in Lyo et al. (2011), while other parameters are
varied as (0.′′1 < rc < 0.′′9, 0 < θ0 < 2π, 0.05 < hc < 0.25).
Note that different values of β yield similar results. Since
it is difficult to fit S1 and S2 simultaneously, they are fitted
independently.

The “best-fit” parameters are (rc, θ0, hc) = (0.′′39, 204◦, 0.08)
for S1 (reduced χ2 = 0.52) and (rc, θ0, hc) = (0.′′9, 353◦, 0.24)
for S2 (reduced χ2 = 0.31). The spiral shapes with these
parameters are shown in Figure 4. However, the parameter
degeneracy is significant. Figure 5 shows the parameter space of
(rc, θ0) with 63.8% confidence level for hc = 0.1 and hc = 0.2.
Note that in Figure 5, the “best-fit” of (rc, θ0) is outside the
domain of confidence in some cases because hc is not the same
as the best-fit. Despite the parameter degeneracy, the values of
the aspect ratio which fit the shape of the spiral (hc ∼ 0.1) are

consistent with those obtained from the sub-mm map of the disk
(e.g., h = 0.096(r/100 AU)0.15; Andrews et al. 2011).

The spiral density wave theory predicts that the pattern speed
deviates from the local Kepler speed;

Ωpattern = 0.8
( rc

70 AU

)−3/2
(

M∗

1.7 M&

)1/2

(deg yr−1) (2)

is not necessarily equal to Ω(r). When rc = 0.′′5(∼ 70 AU), the
spiral will move ∼10◦ in a decade, corresponding to a movement
of 0.′′1. Considering the PSF scale of our observations and the
locations of the spirals, such deviations can be detectable over
a couple of decades. Moreover, if the two spirals have distinct
corotation radii, their relative locations change in time due to
the pattern speed difference. Such measurements will confirm
that the observed feature is really the density wave, providing
indisputable evidence of dynamical activity.

Note that it would be difficult to detect spirals in colder disks
(smaller hc), where spirals are more tightly wound, due to the
blurring by the PSF. The lower detectable limit of hc is typically
hc ∼ 0.01–0.03 for our set of parameters. The combination of
high angular resolution and warm temperatures allows the spiral
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How to model a protoplanetary disk

Mass, momentum and 
energy need to be 

conserved, etc

1- define the problem you want to tackle 

2- write down the equations / Physical Model

3- state your assumptions: geometry? thin? viscid? 
inviscid? 2D, 3D? 

4- write a code that can do it for you



⇢

✓
@~v

@t
+ (~v ·r)~v

◆
= �rp+ ⇢~f +r · �
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Disk physical model / 
Hydrodynamics Navier-Stokes

@⇢

@t
+r · (⇢~v) = 0

@(⇢✏)

@t
+r · (⇢✏~v) = �pr · ~v + ...

Mass conservation

Momentum conservation

Energy conservation

external forces: 
gravitation, Coriolis, 

centrifugal, etc. 

here we add heat generated 
by viscosity and heat lost by 

conduction!

viscosity!

Sir George Stokes, 
1st Baronet
Irish



Escuela de Formación Planetaria / 20 - 22 Marzo 2013 / MAD - Universidad de Chile

Disk physical model /
Gravity

Next we need to set boundary conditions and ADD A 
PLANET... but where? how?

in the momentum conservation equation. 

+ add the gravity of the central star
+ plus that of an embedded planet 
+ [optional] if the disk is massive enough, add self-gravity

�?(r) = �GM

r

Star’s potential

Plummer’s potential

�P (r) = � GMp
(r � rP )2 + a2

�disk(r) = �G

Z

disk

⇢(r0)

|r � r0|dr
0

Self-gravitating disk  potential
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Disk physical model /
viscosity

way of dissipating energy

alpha-disk prescription 
(Shakura & Sunyaev 1973)
based on subsonic turbulence

⌫ = ↵csH

Lindblad

Lindblad

 10 –1 10 –2 10 –3 10 – 4
–2.5
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Viscosity (α)

a b

low-mass planet
actually driven by MHD 

turbulence
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Disk physical model /
Basic calculation}

Reduce to 2D!

Z
dz

Set PHYSICAL MODEL and geometric grid

Solve it! with finite-differences with a time-explicit step solution

@⇢

@t
+r · (⇢~v) = 0

✓
@~v
@t

+ (~v ·r)~v
◆
= �rp+ ⇢ ~f@(⇢✏

)

@t
+r · (⇢✏~v

) =
�pr

· ~v +
...

+r · � +
(thermodynamics)

+GM

r
+ ...

(gravity)

p / ⇢T
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✓2D polar mesh hydrocode to represent a 
Keplerian disk
✓it uses alpha-disk prescription for viscosity 
✓self-gravity can be switched on
✓very fast (clever at choosing dt)
✓open source
✓parallelized (mpi and openmpi)
✓widely used and tested

- no 3D
- can’t evolve some parameters 
during a run (viscosity, H/r, ..) 
- one fluid only (no dust)
- planet accretion is simplified 

Code example: Fargo
developed by Frederic Masset et al. http://fargo.in2p3.fr

http://fargo.in2p3.fr/
http://fargo.in2p3.fr/
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Competing resonances make 
the outer disk elliptical

Notice the corotation zone

HD142527AA50CH06-Kley ARI 19 July 2012 12:30

Corotation region

–2 –1 0 1 2

x/rp

y/rp

–2
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0

1

2

0.63

0.81

1.04

1.31

1.62

Inner
disk

Outer
disk

1.96
a b

Circulating orbitCirculating orbitCirculating orbitCirculating orbit

Circulating orbitCirculating orbitCirculating orbit

Horseshoe orbit

Horseshoe orbitHorseshoe orbit

Horseshoe orbit

Figure 1
Disk surface density and flow structure for a planet with mass ratio q = 9 · 10−5 (30 M⊕ for a solar-mass star) embedded in a constant
surface density disk (normalized to unity). (a) The density structure 5 orbits after the planet’s insertion into the disk. Clearly visible are
the spiral arms launched by the planet, the inner leading and the outer trailing. (b) Topology of the flow field, where the streamlines
refer to the corotating frame. The disk is split into an inner disk with circulating streamlines (moving counterclockwise), a horseshoe-
shaped corotation region (within the thick black lines), and an outer disk of circulating material (moving clockwise). Courtesy P. Armitage.

Movie 1: Small-mass
planet in a disk. A
10-M⊕ planet orbiting
in a disk with aspect
ratio H/R = 0.05,
which it perturbs by
generating spiral
density waves.
Displayed is the
evolution of the
surface density
(http://bit.ly/
kleyvideo1)

sides. Because the effects of the outer and inner disk are comparable in magnitude, the speed
and direction of migration can depend delicately on the physical details of the disk. The torque
on the planet can be calculated approximately by looking at the angular momentum exchange of
individual particles passing by the planet: This is the so-called impulse approximation [for details
see Lin & Papaloizou (1979) and Lubow & Ida (2010)]. However, a full fluid dynamical approach
leads to deeper insight and to more reliable results. We follow this latter approach and present an
outline of how the torques are evaluated below.

2.1. Low-Mass Planets in Isothermal Disks
For low-mass embedded planets that induce only small perturbations in the disk, the angular
momentum exchange between disk and planet can be determined from a linear analysis of the
perturbed flow. The unperturbed disk is assumed to be axisymmetric, and in a state of Keplerian
rotation with angular velocity!(r) =

√
GM∗/r3 around the star, and with vanishing radial velocity.

For now, we consider a planet on a circular orbit. Its gravitational potential, ψp, is periodic in
azimuth and can be expanded in a Fourier series:

ψp(r,ϕ, t) ≡ −
Gmp

|%rp(t) − %r|
=

∞∑

m=0

ψm(r) cos{m[ϕ − ϕp(t)]}, (1)

where ϕp = !pt is the azimuth angle of the planet, moving with angular velocity !p. ψm(r)
denotes the potential coefficient for each azimuthal mode number m. Each potential compo-
nent rotates with pattern-speed !p. An explicit expression for ψm(r) is given, for example, by
Meyer-Vernet & Sicardy (1987). The above decomposition applies to a flat two-dimensional disk
and can be generalized for a planet on an eccentric orbit (see Section 2.5 below). The total torque
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Type I migration
low-mass planet
MP ⇠ 10MEarth

movie from Armitage’s annual review
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Type II migration
high-mass planet

MP (t0) ⇠ 30MEarth

MP (tf ) ⇠ 1MJup

movie from Armitage’s annual review

594 A. Crida et al. / Icarus 181 (2006) 587–604

Fig. 5. Sketch on the origin of the pressure torque. Here are drawn some stream-
lines, the width of which represents the mass carried by the corresponding
streamtube. At the gap edge, the pressure gradient gives a force. The distor-
tion of the streamlines at the wake leads to a large azimuthal component of this
force, which gives a torque.

on the trajectory H(θ), measured directly from the numerical
simulation. In Fig. 3 the thin line shows H(θ) − H(θ). This
function is zero for θ evolving from π down to ∼0, where the
wake is crossed. At the wake crossing, a small kick is observed.
Then, when θ evolves from the wake location to −π , the func-
tion H(θ) − H(θ) remains constant again. This confirms that
the trajectory is essentially governed by the three torques men-
tioned above.

The small difference between H and H (Fig. 3) could in
principle be due to the pseudo-viscous pressure introduced in
the simulation to avoid numerical instabilities (Lin and Pa-
paloizou, 1986a) but we have verified that the effect of the latter
is negligible. Thus, we conclude that it is a consequence of nu-
merical errors, introduced by the grid discretization at the shock
site. This numerical issue evidently prevents the three cumula-
tive torques from balancing out perfectly at θ = −π : indeed,
their sum is equal to H(−π) − H(−π) #= 0.

In order to explore the relative importance of viscosity and
pressure in different situations, we show in Fig. 6 the three
averaged torques as a function of r for two simulations, with
ν = 10−4.6 (top panel) and ν = 10−5.5 (bottom panel). In the
more viscous case, the pressure torque becomes relevant for
r < 1.2, i.e. at the edge of the gap. There, it substantially helps
the viscous torque in counterbalancing the gravity torque. This
explains why the gap observed in the simulation is narrower
than the one predicted by the theory considering only the grav-
ity and the viscous torques alone (see Fig. 1). In fact, if the
pressure torque were not present, all over the region r < 1.2 the
relative radial gradient of the surface density of the disk would
have needed to be much steeper, in order to enhance the viscous
torque up to the value of the gravity torque [see Eq. (4)]. This
would have given a wider and deeper gap profile.

It is interesting to compare the top panel of Fig. 6 with the
lower panel, which is plotted for a value of the viscosity that is

almost an order of magnitude smaller. First, we remark that the
gravity torque is somewhat smaller in the vicinity of the planet;
this is due to a (moderate) change of the shape of the stream-
lines, as discussed in last subsection. The viscous torque has
decreased much more than the gravity torque, but not propor-
tionally to the viscosity; this is because the profile of the gap
has changed and the relative radial gradient of the surface den-
sity is now steeper. The pressure torque has increased relative to
the gravity torque, and is now nonnegligible in the full region
r < 1.3. It is always larger in absolute value than the viscous
torque. Its radial profile looks very similar to that of the gravity
torque. In essence, it is the pressure torque that counterbalances
the action of the planet, with the viscosity only playing a minor
role. Thus there is a dramatic qualitative change, with respect
to the previous case, in how the torques balance out to settle the
equilibrium configuration.

The two cases discussed above convincingly show that the
disk equilibrium is set by the equation

(12)tg + tν + tP = 0.

When the viscosity fades, the role of pressure takes over in con-
trolling the gap opening process, limiting the gap width. This
means that, as viscosity decreases, a larger fraction of the grav-
ity torque is transported away by the pressure supported waves.
This phenomenon explains why the width of the gap increases
with decreasing viscosity in a much less pronounced way than
in Varnière et al.’s model, which does not include a pressure
torque.

The role of pressure in limiting the gap width may still ap-
pear surprising, but it can be understood with some physical
intuition. In an inertial environment, it is pressure—and not
viscosity—which makes a gas fill the void space. In a rotating
disk the situation is different, because a radial pressure gradi-
ent simply adds or subtracts a force to the gravitational force
exerted by the central star. This changes the angular velocity
of rotation of the gas, without causing any radial transport of
matter. Thus if the edges of the gap were circular, the pressure
could not play any role in limiting the gap opening. However,
as the gap edges are not circular, as shown in Fig. 5, the pres-
sure gradient is not entirely in the radial direction, and thus it
exerts a force with a nonnull azimuthal component. This gives
a net torque, and tends to fill the gap.

4. Gap profiles

In the last section, the pressure torque has been numerically
computed in different cases. It has been shown that, when the
disk is in equilibrium, the pressure, gravity and viscous torques
cancel out. This suggests that it should be possible to compute
a priori the shape of the gap by imposing that this equilibrium
(12) is respected. Indeed, the viscous and pressure torques de-
pend on the relative radial gradient of the azimuth-averaged
density, whereas the gravity torque has no direct dependence
on it. Therefore, on a given trajectory, there must be a value of
this gradient that corresponds to the exact equilibrium between
these three torques.

Gap opening process 
(Crida & Morbidelli 2006):

tg + t⌫ + tp = 0
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and at a position angle orthogonal to that expected from close-in high-
velocity material in Keplerian rotation. Very blueshifted emission
could reach out to 0.2 arcsec from the star (channel at 22.4 km s21

in Supplementary Fig. 2, taking into account the beam). A blueshifted
CO(3–2) high-velocity component can also be seen at the base of this
feature, near the star (at 22.1 km s21 in Supplementary Fig. 5).

The non-Keplerian HCO1 is probably not consistent with a central
outflow. Stellar outflows are not observed27 in disks with inner cavities
and no molecular envelopes (that is, transition disks). For an outflow
orientation, the low velocities measured by the lines imply that the
filaments in HD 142527 would stand still and hover above the star
(Supplementary Information, section 3). Even the blueshifted emis-
sion is slow by comparison with the escape velocity. A slow disk wind
(for example one photoevaporative or magnetically driven) can also be
excluded on the basis of the high collimation shown by the HCO1

emission. Indeed, the CO 4.67-mm emission seen in the inner disk26 is
purely Keplerian, it does not bear the signature of the disk winds seen
in other systems and its orientation is the same as that of the outer disk.
An orthogonal inner disk can be also be discounted, on dynamical
grounds (Supplementary Information, section 3).

It is natural to interpret the filaments as planet-induced gap-
crossing accretion flows, or ‘bridges’. Because the eastern side is the
far side, the blueshifted part of the eastern bridge is directed towards
the star and is a high-velocity termination of the accretion flow onto
the inner disk. These bridges are predicted by hydrodynamical simula-
tions when applied to planet-formation feedback in HD 142527 (ref. 7).
In these simulations, the bridges straddle the protoplanets responsible
for the dynamical clearing of the large gap in HD 142527. They are
close to Keplerian rotation in azimuth, but have radial velocity com-
ponents of>0.1 of the azimuthal components. In our data, we see that
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Figure 1 | ALMA observations of HD 142527, with a horseshoe dust
continuum surrounding a gap that still contains gas. We see diffuse CO gas
in Keplerian rotation (coded in Doppler-shifted colours), and filamentary
emission in HCO1, with non-Keplerian flows near the star (comparison
models illustrative of Keplerian rotation are shown in Supplementary
Information). The near-infrared emission abuts the inner rim of the horseshoe-
shaped outer disk. The star is at the origin of the coordinates. North is up and
east is to the left. a, Continuum at 345 GHz, with specific intensity units in
Janskys per beam. It is shown on an exponential scale (colour scale). A beam
ellipse is shown in the bottom right of b, and contours are drawn at 0.01, 0.1, 0.3,
0.5, 0.75 and 0.9 times the peak value. The noise level is 1s 5 0.5 mJy per beam.
b, CO(3–2) line intensity shown by white contours at fractions of 0.3, 0.5, 0.75
and 0.95 of the peak intensity value, 2.325 3 10220 W per beam. The underlying
red–green–blue image also shows CO(3–2) line intensity, but integrated in
three different velocity bands, whose velocity limits are indicated in the spectra
of Supplementary Fig. 8. c, Near-infrared image from Gemini that traces
reflected stellar light, shown on a linear scale. We applied a circular intensity
mask to the stellar glare, some of which immediately surrounds the mask. See

Supplementary Fig. 1 for an overlay with the continuum. d, HCO1(4–3) line
intensity shown by white contours at fractions of 0.1, 0.3, 0.5, 0.75 and
0.95 of the peak intensity value, 0.40 3 10220 W per beam, overlaid on a
red–green–blue image of HCO1 intensity summed in three different colour
bands (see Supplementary Fig. 8 for definitions). Insets show magnified views
of the central features that cross the dust gap. The cross indicates the star at the
origin, with a precision of 0.05 arcsec, and the arrows point at the filaments.
Inset to a: same as in a, with a narrow exponential scale highlighting the
gap-crossing filaments. These features appear to grow from the eastern and
western sides of the horseshoe. Contours are at 0.0015 and 0.005 Janskys per
beam. Inset to d: deconvolved models (Supplementary Information) of the
HCO1 emission (green) at velocities where the gap-crossing filaments are seen,
that is, from 3.2 to 4.3 km s21. Intensity maps for the blue and red velocity
ranges (see Supplementary Fig. 8 for definitions) are shown in contours, with
levels at 0.5 and 0.95 times the peak values. These red and blue contours are an
alternative way to present the intensity field shown in d, but deconvolved for
ease of visualization.
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Look at Pinilla et al. 2012 and 
her modeling of particle traps.

how do we get a horseshoe?
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34 Planetary Migration

Figure 2.10: Gap opening around a Jupiter-mass planet, on a fixed circular orbit at r = 1. From
top-left to bottom-right, the disc surface density is displayed at t = 10, 70, 110 and 250 orbits.
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and at a position angle orthogonal to that expected from close-in high-
velocity material in Keplerian rotation. Very blueshifted emission
could reach out to 0.2 arcsec from the star (channel at 22.4 km s21

in Supplementary Fig. 2, taking into account the beam). A blueshifted
CO(3–2) high-velocity component can also be seen at the base of this
feature, near the star (at 22.1 km s21 in Supplementary Fig. 5).

The non-Keplerian HCO1 is probably not consistent with a central
outflow. Stellar outflows are not observed27 in disks with inner cavities
and no molecular envelopes (that is, transition disks). For an outflow
orientation, the low velocities measured by the lines imply that the
filaments in HD 142527 would stand still and hover above the star
(Supplementary Information, section 3). Even the blueshifted emis-
sion is slow by comparison with the escape velocity. A slow disk wind
(for example one photoevaporative or magnetically driven) can also be
excluded on the basis of the high collimation shown by the HCO1

emission. Indeed, the CO 4.67-mm emission seen in the inner disk26 is
purely Keplerian, it does not bear the signature of the disk winds seen
in other systems and its orientation is the same as that of the outer disk.
An orthogonal inner disk can be also be discounted, on dynamical
grounds (Supplementary Information, section 3).

It is natural to interpret the filaments as planet-induced gap-
crossing accretion flows, or ‘bridges’. Because the eastern side is the
far side, the blueshifted part of the eastern bridge is directed towards
the star and is a high-velocity termination of the accretion flow onto
the inner disk. These bridges are predicted by hydrodynamical simula-
tions when applied to planet-formation feedback in HD 142527 (ref. 7).
In these simulations, the bridges straddle the protoplanets responsible
for the dynamical clearing of the large gap in HD 142527. They are
close to Keplerian rotation in azimuth, but have radial velocity com-
ponents of>0.1 of the azimuthal components. In our data, we see that
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Figure 1 | ALMA observations of HD 142527, with a horseshoe dust
continuum surrounding a gap that still contains gas. We see diffuse CO gas
in Keplerian rotation (coded in Doppler-shifted colours), and filamentary
emission in HCO1, with non-Keplerian flows near the star (comparison
models illustrative of Keplerian rotation are shown in Supplementary
Information). The near-infrared emission abuts the inner rim of the horseshoe-
shaped outer disk. The star is at the origin of the coordinates. North is up and
east is to the left. a, Continuum at 345 GHz, with specific intensity units in
Janskys per beam. It is shown on an exponential scale (colour scale). A beam
ellipse is shown in the bottom right of b, and contours are drawn at 0.01, 0.1, 0.3,
0.5, 0.75 and 0.9 times the peak value. The noise level is 1s 5 0.5 mJy per beam.
b, CO(3–2) line intensity shown by white contours at fractions of 0.3, 0.5, 0.75
and 0.95 of the peak intensity value, 2.325 3 10220 W per beam. The underlying
red–green–blue image also shows CO(3–2) line intensity, but integrated in
three different velocity bands, whose velocity limits are indicated in the spectra
of Supplementary Fig. 8. c, Near-infrared image from Gemini that traces
reflected stellar light, shown on a linear scale. We applied a circular intensity
mask to the stellar glare, some of which immediately surrounds the mask. See

Supplementary Fig. 1 for an overlay with the continuum. d, HCO1(4–3) line
intensity shown by white contours at fractions of 0.1, 0.3, 0.5, 0.75 and
0.95 of the peak intensity value, 0.40 3 10220 W per beam, overlaid on a
red–green–blue image of HCO1 intensity summed in three different colour
bands (see Supplementary Fig. 8 for definitions). Insets show magnified views
of the central features that cross the dust gap. The cross indicates the star at the
origin, with a precision of 0.05 arcsec, and the arrows point at the filaments.
Inset to a: same as in a, with a narrow exponential scale highlighting the
gap-crossing filaments. These features appear to grow from the eastern and
western sides of the horseshoe. Contours are at 0.0015 and 0.005 Janskys per
beam. Inset to d: deconvolved models (Supplementary Information) of the
HCO1 emission (green) at velocities where the gap-crossing filaments are seen,
that is, from 3.2 to 4.3 km s21. Intensity maps for the blue and red velocity
ranges (see Supplementary Fig. 8 for definitions) are shown in contours, with
levels at 0.5 and 0.95 times the peak values. These red and blue contours are an
alternative way to present the intensity field shown in d, but deconvolved for
ease of visualization.
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Multiple planets

Solar System has 
~8 planets... duh!

AA50CH06-Kley ARI 19 July 2012 12:30
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Figure 11
Density structure for two embedded planets engaged in a 2:1 resonance after 1,400 orbits of the inner planet.
The red lines indicate the Hill radius sizes of the two planets. The two planets orbit in a joint wide gap and
each of the planets feels only a one-sided disk, which helps to maintain the resonant condition.

recently in the system HD 45364, where two planets in 3:2 resonance have been discovered by
Correia et al. (2009). Fits to the data give semimajor axes a1 = 0.681 AU and a2 = 0.897 AU,
and eccentricities e1 = 0.168 and e2 = 0.097, respectively. Nonlinear hydrodynamic planet-disk
models have been constructed for this system by Rein, Papaloizou & Kley (2010). For suitable disk
parameters, the planets enter the 3:2 resonance through convergent migration. After the planets
reached their observed semimajor axis, a theoretical RV-curve was calculated. Surprisingly, even
though the simulated eccentricities (e1 = 0.036, e2 = 0.017) differ significantly from the data
fits, the theoretical model fits the observed data points as well as the published best-fit solution
(Rein, Papaloizou & Kley 2010). The pronounced dynamical differences between the two orbital
fits, which both match the existing data, can only be resolved with more observations. Hence,
HD 45364 serves as an excellent example of a system in which a greater quantity and quality of
data will constrain theoretical models of this interacting multiplanet system.

Another interesting observational aspect where convergent migration may have played an
important role is the high mean eccentricity of the observed extrasolar planets. As discussed
above, for single planets, the disk’s action will nearly always lead to damping of eccentricity (or
at best modest growth for Jovian masses). Strong eccentricity excitation will occur, however,
during convergent migration and resonant capture of two planets. In the end-phase of the planet
formation process the disk will slowly dissipate and the damping will be strongly reduced. This may
leave the resonant planetary system in an unstable configuration, triggering dynamical instabilities
(Adams & Laughlin 2003). Through the subsequent dynamical scattering between the planets,
their eccentricities can be pumped up to higher values. This scenario has been proposed to explain
the observed wide eccentricity distribution of extrasolar planets (Chatterjee et al. 2008, Jurić &
Tremaine 2008, Matsumura et al. 2010).

240 Kley · Nelson
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State of the art

something like Fargo plus..

+ multifluid
+ adaptive-mesh (refinement)
+ full 3D
+ more realistic MHD 
turbulence and radiative 
transfer
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Summary

Disk-planet interaction is a natural process operating when 
young planets are still embedded in the protoplanetary disk.
 
It’s intrinsically 3D.

Thanks to simulations we’ve been able to study migration and 
the possibility of outward migration (radiative disk)

Theoretical and computational developments are required 
to improve models of the planet formation environment, 
with particular emphasis on their structural evolution over 
time. Important ingredients are the disk’s self-gravity, 
irradiation from the central star, chemistry, and nonideal 
MHD processes.
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hydro codes

 AMRA code (Pawel Ciecielag & Tomasz 
Plewa) 
 FLASH code 
 NIRVANA code 
 RH2D code (Willy Kley, Tübingen) 
 RODEO code (Sijme-Jan Paardekoper & 
Garrelt Mellema, Leiden) 
 ParaSPH code (Christoph Schäfer & 
Roland Speith, Tübingen)

and many more..

http://www.usm.uni-muenchen.de/people/pci/projects/pdcomparison
http://www.usm.uni-muenchen.de/people/pci/projects/pdcomparison
http://flash.uchicago.edu/website/home/
http://flash.uchicago.edu/website/home/
http://nirvana-code.aip.de/index.html
http://nirvana-code.aip.de/index.html
http://www.tat.physik.uni-tuebingen.de/~kley/projects/euplanet/
http://www.tat.physik.uni-tuebingen.de/~kley/projects/euplanet/
http://www.strw.leidenuniv.nl/AstroHydro3D/garrelt_wiki/doku.php?id=planets
http://www.strw.leidenuniv.nl/AstroHydro3D/garrelt_wiki/doku.php?id=planets
http://www.tat.physik.uni-tuebingen.de/~schaefer/code_comparison.html
http://www.tat.physik.uni-tuebingen.de/~schaefer/code_comparison.html

