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Zusammenfassung

Diese Arbeit beschäftigt sichmit derMigration vonmassereichen Planetenmit einer Pla-
netenmasse von MP ≳ Ҕ.ҐMJupiter. Planetenmigration bezeichnet die Veränderung der
großen Halbachse des Orbits eines Planeten. Die Gravitationskräfte von durch den Pla-
neten verursachten Störungen in der Scheibe bewirken ein Drehmoment, welches den
Drehimpuls des Planeten verändert, wodurch sich dessen Orbit verkleinert oder vergrö-
ßert. Diesemassereichen Planeten öffnen dabei eine ringförmige Lücke in der Gasschei-
be. Diese bewirkt, dass die Drehmomente abnehmen und der Planet langsamermigriert.
Gleichzeitig hat die verringerte Dichte in der Nähe des Planeten Auswirkungen auf sein
Wachstum.

Im Rahmen dieser Arbeit und der eingebetteten Publikationen wurden numerische Si-
mulationen durchgeführt, um für verschiedene Parameter wie Dichte der Scheibe, Mas-
se des Planeten, Stärke der Viskosität und der Akkretionsrate das genaue Verhalten
zu untersuchen. Die Ergebnisse zeigen, dass sich Typ II Migration nicht so verhält wie
bisher verwendete einfache Modelle nahelegen. Die Migrationsrate hängt von den ge-
nauen Eigenschaften der Scheibe ab und entspricht nicht einfach der viskosen radialen
Strömungsgeschwindigkeit, die in diesenModellen sowohl unter- als auch überschritten
werden kann. Grund dafür ist, dass die Lücke in der Scheibe nicht geeignet ist die innere
von der äußeren Scheibe zu trennen, da Gas die Lücke in beide Richtungen passieren
kann. Dies ist auch für akkretierende Planeten unter bestimmten Umständen noch der
Fall.

Die Simulationen zeigen auch, dass die Migrationsrate und die Akkretionsrate des Pla-
netenmiteinander wechselwirken. Schnellermigrierende Planeten können, damehr Gas
die Lücke passierenmuss, schneller wachsen. Gleichzeitig sorgt Akkretion für eine tiefe-
re Lücke, wodurch die Drehmomente in der direkten Umgebung des Planeten reduziert
werden und die Migrationsrate sinkt.

Für Modelle, die Typ II Migration untersuchen sollen, ist also eine gleichzeitige Berück-
sichtigung beider Effekte notwendig. Unter geeigneten Bedingungen könnte so die Mi-
gration verlangsamt werden, um bestehende Probleme bei der Entstehung von Gasrie-
senplaneten zu lösen.
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Abstract

This thesis studies themigration of massive planets with massMP ≳ Ҕ.ҐMJupiter. Plane-
tary migration is a process that changes the semi-major axis of the planetary orbit. The
gravitational forces of disturbances in the disk density created by the planet result in a
torque changing the angular momentum of the planet and thus reducing or increasing
its distance to the star. Planets this massive also open an annular gap in the disk. Be-
cause of the gap the torques close to the planet are reduced resulting in a slowdown of
the migration. At the same time the reduced density due to the gap will have effects on
the growth of the planet.

For this work and the embedded publications numerical simulations were conducted
with different parameters as disk density, planet mass, strength of viscosity and accre-
tion rate in order to study themigrational behavior in detail. The results show that type II
migration is not working as the simple models used today suggest. The migration rate
depends on the exact properties of the disk and is not just the viscous radial speed of
the gas which can be slower or faster than the migration in this models. The reason is
that the gap is not able to separate the inner from the outer disk because gas can cross
the gap in both directions. Even though, accretion onto the planet will not prohibit gas
crossing the planet’s orbit.

Furthermore, the simulations show the migration and accretion rate depend mutually
on each other. Planets migrating faster can accrete more gas because more gas must
cross the gap. At the same time accretion leads to a deeper gap which then reduces
the torques from the region close to the planet and this way leads to slower migration.

Hence, to study type II migration in numerical models both migration and accretion
should be considered at the same time. Under certain circumstances this might slow
down migration and thus solve current problems of giant gas planet formation.
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1 Introduction

1.1 The Solar System

Planets are the biggest bodies in the Solar System apart from the Sun itself. The name
planet derives from the ancient Greek term for wandering star, because planets appear
like stars in the sky but move differently than stars do. The six inner planets Mercury,
Venus, Earth, Mars, Jupiter and Venus were already known to Babylonian astronomers
in the 7th century BC (Hunger et al. 1992), although of course Earth was not considered
to be the same kind of object as the other five planets. These planets were easy to
distinguish from the star background because they move in distinct shapes across the
sky and they are at least at certain times much brighter than most stars. Only after the
invention of the telescope it became possible to detect the other planets Uranus (W.
Herschel, 1781), Neptune (J. G. Galle, 1846) and Pluto (Tombaugh, 1930).

In recent years more objects similar to Pluto were found (Eris, Makemake, Haumea)
which caused debate whether Pluto should be called a planet. In 2006 the International
Astronomical Union (IAU) defined a new class of dwarf planets in which the mentioned
objects including Pluto are now classified. The IAU officially defined what is considered
to be a planet in the Solar System as follows (General Assembly of the IAU 2006):

A ”planet” is a celestial body that

(a) is in orbit around the Sun,

(b) has sufficient mass for its self-gravity to overcome rigid body forces so
that it assumes a hydrostatic equilibrium (nearly round) shape, and

(c) has cleared the neighborhood around its orbit.

Planets outside the Solar System instead must orbit a star or stellar remnant and in
addition must not be massive enough to cause thermonuclear fusion in their interior.

When Voyager 2 performed a fly-by at Neptune in August 1989 probes from Earth had
visited all Solar System planets and in July 2015 the New Horizons spacecraft took the
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1 Introduction

planet diameter mass semi-major axis orbital period inclination eccentricity
1000 km M⊕ au years °

Mercury 4.87 0.06 0.39 0.24 3.38 0.216
Venus 12.11 0.82 0.72 0.62 3.86 0.007
Earth 12.76 1.00 1.00 1.00 7.25 0.017
Mars 6.79 0.11 1.52 1.88 5.65 0.093
Jupiter 142.99 317.80 5.20 11.86 6.09 0.048
Saturn 120.53 95.20 9.54 29.46 5.51 0.054
Uranus 51.11 14.60 19.22 84.01 6.48 0.047
Neptune 49.53 17.20 30.06 164.80 6.43 0.009

Table 1.1: Orbital and physical properties of the planets in the Solar System.

first high resolution images of Pluto and its moon Charon. Probes landed on Venus and
Mars and entered the atmosphere of Jupiter. Due to these missions and the possibility
to observe the planets directly with telescopes from Earth and Earth orbit, we have a
good understanding of the planet’s orbits, their basic physical properties (radius, mass)
and the composition of their crust and/or atmosphere.

It is much more difficult to learn about the inner structure of these bodies. On Earth, we
can get information about the interior by seismic measurements but this is much more
complicated for the other planets because this is not possible from orbit. Some results
can be obtained from measuring the gravitational potential very accurately but this is
not easy in itself. All this knowledge is needed to understand how the planets in the
Solar System might have formed.

1.2 Protoplanetary disks

Protoplanetary disks are the astronomical objects in which planets and planetary sys-
tems form. They are a by-product of star formation which itself is a result of molecular
clouds collapsing under their own gravity. Most stars form in a giant molecular cloud
(GMC) which is a region with a typical diameter of ҐҔ pc and a mass of ɰҔҐM⊙. Typical
temperatures are T ∼ ҐҔK and the number densities range between n ∼ ɰ × ɰҔҒ to
Ҏ × ɰҔҒm−Ҏ but in dense cores, regions of around ɰҔM⊙ and characteristic diameters
of Ҕ.ɰ pc, temperatures can be even lower at around ɰҔK and densities higher by a factor
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1.2 Protoplanetary disks

of ɰҔҔ. The Jeans criterion defines the Jeans massMJ which the cloud massMC has to
exceed to overcome thermal pressure and to collapse,

MC > MJ ≃
(

ҐkT
GμmH

)Ҏ/ҍ( Ҏ
ҏπρҔ

)ɰ/ҍ
, (1.1)

where k is the Boltzmann constant, G the gravitational constant, μ the mean molecular
weight, mH the mass of the hydrogen atom, and T and ρҔ the temperature and density
of the cloud. For dense cores the Jeans criterion is fulfilled so that these regions may
collapse to form one or more new stars. Usually a dense core will form multiple proto-
stars which mutually interact and also might end up as binary or multiple star systems.
To explain the general process of planetary system formation we focus on one star and
assume interactions with this star occur only at great distances and they therefore do
not interfere with the gaseous disk around the star.

The gas in the collapsing region of the giant molecular cloud will have small random ve-
locities leading to a non-zero angular momentum. As the collapsing gas cloud shrinks
angular momentum is conserved and therefore the gas is beginning to rotate faster and
faster. The collapse can no longer be spherical but will form a flat rotating structure, a
disk. Only by transfer of angular momentum from the inner to the outer parts of the disk
the gas can be accreted onto the star. Because the transport of angular momentum
depends on the viscosity of the gas and accretion is coupled to this momentum trans-
port the accretion rate depends on the viscosity in the disk. Themost obvious source of
viscosity is molecular viscosity. The molecular viscosity of a typical hydrogen helium
mixture in a protoplanetary disk will be of the order νm ∼ ɰҔɦ cmҍs−ɰ (Armitage 2010,
p. 79). Because the released gravitational energy heats up the accreted gas it can be
observed as infrared excess of young stars with disks. From these observations, the
accretion rate of the disk as a function of the age of the star can be estimated as done
by Hartmann et al. (1998). They found the accretion rate to be in the range of ɰҔ−ғ to
ɰҔ−ɦM⊙/yr at the age of ɰMyr. With the gas surface density at ɰ au in a protoplanetary
disk able to form the Solar System being on the order of ɰҔҔҔg cm−ҍ (Hayashi 1981;
Desch 2007) and themolecular viscosity (see above) the estimate for the accretion rate
is

ṁ = ҍπrurΣ ≈ −ҎπνΣ ≈ −ҍ× ɰҔ−ɰҐM⊙/yr, (1.2)

where ur is the radial velocity of the gas, Σ the surface density and ν the viscosity. This
value is too small by at least 6 orders of magnitude. This means there must be other
sources of viscosity than only the molecular viscosity. To overcome this problem vis-
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cosity is parameterized in the form ν = αcsH where H is the disk scale height, cs is the
speed of sound and α a free parameter (Shakura & Sunyaev 1973). Simulations show
that this parameter is on the order of ɰҔ−Ҏ for protoplanetary disks. As physical sources
different hydrodynamical and magneto-hydrodynamical instabilities such as the mag-
netorotational instability (MRI) (Balbus & Hawley 1991) and the vertical shear instability
(VSI) (Nelson et al. 2013; Stoll & Kley 2014) are discussed.

By observing young stellar clusters and looking for the fraction of stars with disks the
typical lifetime of protoplanetary accretion disks can be estimated. Haisch et al. (2001)
found the typical lifetime of a disk to be τdisk ≈ ҍ.ҏMyr. This sets a limit for the time
available to form giant planets consisting mostly of gas as these planets must have
reached their final masses before the disk vanishes. There are multiple mechanisms
which can lead to disk dissipation. One factor is of course the accretion onto the central
star and to a much smaller extent the accretion by gas planets. As angular momentum
has to be transported outwards in the accretion process and angular momentum has to
be carried by somematerial a part of the gas is also lost to the interstellar medium. Late
protoplanetary disks which are in the phase of dissipation are called transition disks.
Observations show only very few transitions disks which means that disk dissipation
must be a very rapid process with time scales on the order of ɰҔ% of the disk lifetime
(Skrutskie et al. 1990; Cieza et al. 2007). Because accretion seems to be too slow to
achieve such short timescales a process called photoevaporation is discussed (Owen
et al. 2011). Photoevaporation creates disk winds carrying away gas from the disk and
which are driven by the X-ray and EUV luminosity of the young star.

1.3 Planet formation

1.3.1 Terrestrial planets

Terrestrial planets are also called rocky planets, because they mainly consist of solid
material like silicates and other heavy elements. The terrestrial planets in the Solar
System are the inner planetsMercury, Venus, Earth andMars. This type of planets are of
special interest for planetary science as it is thought that only these planets can provide
conditions for the genesis of extraterrestrial life.

Formation of planetary cores is a very complicated and still not completely understood
process and thus it is not possible to give a complete overview of the current models
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1.3 Planet formation

here. Therefore only a very brief overview is given here as a more complete picture can
be found in recent review papers (Raymond et al. 2014; Johansen et al. 2014).

Terrestrial planets must form from solid particles in the disk as silicates or ices. The
mass fraction of solids in a protoplanetary disk is thought to be on the order of ɰ%
(Hayashi 1981). Small dust particles are coupled to the gas but as the dust coagulates
to bigger aggregates it decouples. From the size of the particles the typical differential
velocities can be calculated (Weidenschilling & Cuzzi 1993). When the particles do no
longer move with the gas they are more likely to collide with each other which can lead
to growth. Until the objects reach a size of∼ ɰ km gravitation is not important but later it
can enhance the collision cross section. Subsequent collisions and impacts then form
planetesimals, objects bigger than ∼ ɰҔ km. The first planetesimals that reach even
larger diameters will sweep through the disk and collect smaller bodies and thus grow
to planetary mass. Because only few objects which reach high enoughmasses first can
grow this way this is called oligarchic growth.

1.3.2 Gas planets

There are two main hypotheses how giant gas planets form. A planet could form in the
disk by gravitational collapse just like a star forms in a molecular cloud which is called
gravitational instability (GI). The other idea is that a rocky planet forms first and as it
becomes massive enough it can start to accrete gas from the disk which is called core
accretion.

The conditions needed to form planets by gravitational instability can be found with the
Toomre criterion (Toomre 1964) which is needed for a gaseous disk to be stable against
axisymmetric perturbations,

Q =
csκ
πGΣ

> ɰ. (1.3)

In this expression κ is the epicyclic frequency, G is Newton’s gravitational constant and
Σ the surface density of the disk. The Jeans criterion is not applicable because a disk is
rotating and therefore shear forces must be considered. Obviously the Toomre param-
eter Q is a local quantity and has to be evaluated for every region of the disk. Where
Q < ɰ the disk can be unstable and form fragments if the disk is able to cool fast enough
because the release of gravitational energy causes the gas to heat up (Gammie 2001).
Therefore, the surface density must be high while the temperature is low to reduce the
speed of sound. The epicyclic frequency is, in case of Keplerian rotation, just the orbital
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1 Introduction

frequency which reduces with distance from the star. So planet formation by gravita-
tional instability can only happen far away from the central star at distances of more
than ґҔ− ɰҔҔ au (Matzner & Levin 2005; Rafikov 2009).

The othermodel to formgiant planets is based on the formation of rocky planetary cores
which start to accrete gas from the disk. This process is initially the same as in the
formation process of terrestrial planets. Around the core gas is bound in a hydrostatic
envelope extending out to the Bondi radius. The Bondi radius,

RB =
ҍGMP

cҍs
, (1.4)

gives the distance from the planet withmassMP at which the sound speed cs is equal to
the escape velocity ve =

√
ҍGM/r. The gravitational energy released by planetesimals

accreted by the planet must be transported through the envelope which becomes non-
isothermal. Its mass increases and when it dominates the planet’s mass the accretion
rate is no longer limited by the supply of planetesimals but gas can be accreted. Gas
accretion is limited by how fast the planet can cool away the excess heat from the gravi-
tational energy released in the process. This phase is called runaway accretion because
it is usually much faster than the initial growth. Considering the energy transfer inside
the envelope the critical core mass needed to enter the runaway accretion regime is
around ɰҔM⊕ (Mizuno 1980). It then takes only on the order of ɰҔҐ years for the planet
to reach its final mass.

Why and at which time accretion finally stops is still an open problem. One explanation
is that the disk dissolves, for example by photoevaporation (Shu et al. 1993), and thus
there is no more gas feeding the planet. Another idea is that the planet, as it becomes
more and more massive, starts to open a gap in the gas disk (Ward 1982) and this way
limits the amount of gas available for growth.

1.4 Exoplanets

The Solar System is just one single system of planets around one star. It cannot give any
insight what a typical planetary system might look like. However, the most important
way to couple theoretical models to reality is by comparing their outcome to observa-
tions. Hence it is necessary to observe planets orbiting other stars. Planets not orbit-
ing the Sun but other stars are called exoplanets. The first exoplanets detected (and
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Figure 1.1: All exoplanets known to the time grouped by detection method. (Data from
exoplanets.org, 8.11.16)

where the discovery was not later retracted) were three companions to the pulsar PSR
B1257+12 found by Wolszczan & Frail (1992). The first substellar companion detected
around a main sequence star was an object around HD 114762 by Latham et al. (1989).
With a minimum mass of ɰɰMJup it is probably not a planet but a Brown Dwarf. Then
in 1995 Mayor & Queloz found an exoplanet with a minimummass of Ҕ.ҏґMJup around
the Sun-like star 51 Pegasi. Since then more than 3000 exoplanets have been detected
during the years and the list gets longer every year.

1.4.1 Detection methods

In Fig. 1.1 the number of known planets is shown and coded by color are the methods
that were used for these discoveries. The first discoveriesweremade bymeasurements
of the star’s radial velocity.

By measuring the shifting of known absorption lines in stellar spectra the movement of
the star along the viewing axis can be measured with very high precision down to the
order of ɰm/s. Because the planet and the star are orbiting around their common center
ofmass the star ismoving away fromuswhen the planet ismoving in our direction. This
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Figure 1.2: Radial velocity method for planet detection. The planet (blue) and the star
(red) are orbiting their common center of mass.

is shown in Fig. 1.2. Unfortunately, we can only observe the velocity component along
the viewing axis so the effect is biggest in case we see the planet’s orbit edge on and
invisible in case of a face on alignment. This means, in case of a known stellar mass,
the amplitude does not give directly the mass MP of the planet but MP × sin i where i
is the inclination with respect to our direction of view. Only in case of a circular orbit
the radial velocity variation resembles a sine function, in case of an eccentric orbit it
becomes distorted. This way also the eccentricity can be measured.

Todaymost planets are detected by transits of the planet in front of its host star. Transits
can be measured by photometry, but high accuracy is necessary because for example
Jupiter transiting our Sun would only reduce the Sun’s luminosity by ɰ% and in case of
the Earth by only Ҕ.Ҕɰ%. The depth of the eclipse directly yields the ratio of the planet’s
radius to the star’s radius, but masses have to be determined by other methods like the
radial velocity asmentioned before. Because in these cases the inclination is known the
exact mass of the planet can be calculated. Combined with the radius even its mean
density can be calculated. This is of course very interesting as it gives indications to the
planet’s composition. Often the stars are too far away and therefore too dim for radial
velocitymeasurements being feasible and themasses can only be estimated bymodels
of planetary compositions and the resulting densities.
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1.4 Exoplanets

Most planets have been detected by the radial velocity or transit method, but a few dis-
coveries were made with different techniques. The naivest method is direct imaging
where the planet can be seen directly with telescopes. The main problem is that plan-
ets only emit in infrared wavelengths and that the central star is more luminous bymany
orders of magnitude. For planets only a few au apart from the star there is also the prob-
lem that the star overexposes the imaging sensor which makes direct imaging of close
planets impossible. The 9 planets in 6 planetary systems detected by direct imaging
are either giant planets with multiple Jupiter masses or very far (ɰɰҎ au for Fomalhaut b)
away from the star. In all but one case the distance from the Sun to the star is less than
ҏҔpc. With better telescopes like the European Extremely Large Telescope (EELT) with
its 30-meter mirror or the Thirty Meter Telescope (TMT) direct imaging might become
more viable and would allow not only for planet detection but also and more important
for spectroscopic analysis of the atmospheres. Measuring the composition of the at-
mosphere of an exoplanet is very interesting in order to search for life on other planets
but also to constrain planet formation models.

Another method is the detection by gravitational microlensing events. Microlensing oc-
curs when two stars are nearly perfectly aligned and the star closer to the observer is
orbited by a planet. The closer star alignswith the star further away due to its transverse
motion and because of gravitational lensing the far star appears much brighter, follow-
ing a distinctive brightness profile. If there is a planet orbiting the closer star and this
planet is aligned properly it may create a second small brightness peak. This means
that such a detection cannot be repeated and only the current distance to the host star
can be measured but not the other orbital properties. Other methods depend on timing
very precisely the beginning and/or the duration of eclipses of known planets. From
the deviations of the single planet model these transit timing variations allow to detect
additional planets in the same system.

1.4.2 Known exoplanets

In Fig. 1.3 all exoplanets known today are shown according to their semi-major axis and
their mass (or estimated mass). Some regions in this plot are very densely populated
and other regions are void of any planets. This can be because of two reasons: First,
there are just no (or very few) planets with that properties, or second, we are not able
to detect planets with these properties (yet). The so-called detection bias depends on
the detection method and general properties of the planet. Less massive planets are of
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Figure 1.3: Exoplanet population discovered today. Three different clusters can easily
be seen. The empty region to the lower right is mostly due to a detection
bias.

course harder to detect because the will have a smaller gravitational effect on the star
(radial velocity method) and only have weak eclipses (transit method) assuming low
mass planets are also small. Apart from limits in sensitivity of the used instruments
another important factor is observation time. To confirm a potential detection, it must
be observed for at least a full orbit which can lead to very long observation times for
planets with large separations form the orbited star. This leads to very few planets
found beyond Ґ au.

Because of that some planets cannot be detected as easy as others and vice versa
some kinds of exoplanets may be overrepresented in our current sample. The transit
method favors planets close to the star, because the range of inclinations which still
lead to an eclipse directly depends on the distance to the star. It also favors massive
and thus bigger planets, because the signal of the eclipse in the luminosity is stronger.
Hence, the upper left region in Fig. 1.3 is overpopulated. Planets with a mass of around
ɰMJup and a semi-major axis of less than Ҕ.ɰ au are called hot Jupiters. They are far
closer to their star thanMercury (Ҕ.Ҏғ au, see Tab. 1.1). Already for 51 Pegasi b, the first
hot Jupiter detected (Mayor & Queloz 1995), Lin et al. (1996) proposed it would have

20



1.5 Planet migration

had to migrate inward from initially much greater distances because it could not have
formed that close to the star. So even though hot Jupiters are not as common as Fig. 1.3
suggests they still delivered the interesting insight that planets have to migrate.

1.5 Planet migration

Planet migration is a mechanism that changes the semi-major axis of planets by the ex-
change of angular momentum with the protoplanetary disk. This transfer comes from
gravitational forces between the planet and non-axisymmetric regions in the disk. Usu-
ally planetary migration is divided into two regimes which are called type I and type II
migration. The first is important for planets with mass MP ≲ ҐҔM⊕ and the latter for
planets with mass MP ≳ ɰ

ҍMJup = ɰҐҒM⊕. There is an intermediate regime which is
called type IIImigration.

The following sections give a short overview on the different migration regimes. For
further reading it is recommended to have a look at reviews like Kley & Nelson (2012) or
Baruteau et al. (2014).

1.5.1 Type I migration

As the gas density in a protoplanetary disk decreases with the distance to the star usu-
ally also the pressure decreases. This pressure gradient acts as an additional outward
force on the gas leading to a sub-Keplerian rotation which means the gas is orbiting the
star slower than Kepler’s third law suggests. This pressure force does not act on solid
bodies and therefore planets (and other solid objects like dust, planetesimals, etc.) usu-
ally are moving faster than the surrounding gas. While small objects like dust will easily
couple to the gas flow by drag this is not true for objects with radii R of several hun-
dred kilometers or even more because Fdrag ∝ Rҍ butM ∝ RҎ and thus the acceleration
a = F/M ∝ R−ɰ. This means planets are not affected by classical gas drag.

As the planet is moving through the disk it is constantly overtaking gas in the outer disk
which will be redirected by the gravitational potential of the planet. Lin & Papaloizou
(1979) showedwith the impulse approximation that gas close to but outside the planets
orbit will gain angular momentum and the planet will lose angular momentum. This
angular momentum exchange results in spiral waves created by the planet as can be
seen in the left panel of Fig. 1.4. The same happens with opposite signs to the gas on
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Figure 1.4: Surface density of a ɰҔM⊕ = Ҕ.ҔҎMJup (left) and a ɰMJup planet (right) after
disk relaxation to equilibrium. The planet is at Ґ.ҍ au left of the central star.
The white disk in the center was not part of the computational domain.

a slightly smaller orbit than the planet. If both contributions do not exactly cancel out
this will lead to migration. Because there is no underlying physical process that would
ensure equal torques from the inner and the outer disk usually the inner or outer torques
dominate leading to outward or inward migration, respectively. As long as the planets
are not too massive, MP ≲ ҎҔM⊕, they can mostly be treated by linear analysis where
the torques scale as (Goldreich & Tremaine 1979; Tanaka et al. 2002)

ΓҔ =

(
MP
M∗

)ҍ(H
rP

)−ҍ
ΣPrҏPΩ

ҍ
P, (1.5)

where Ω is the orbital frequency and the index P denotes the value at the position of the
planet. The prefactor to this scaling then usually depends on local disk properties as the
density gradient and the temperature gradient. The migration timescale τmig = aP/ȧP
for type I migration of an Earth-like planet around a Solar-type star at ɰ au can be as
short as ɰҔҐ yr which is much shorter than the disk lifetime.

It is possible that in some regions in the disk and for some planetary masses type I
migration is inwards and outwards at other locations. The boundaries of these regions
are called zero-torque radii because the torque on the planet will vanish there (Bitsch &
Kley 2011). This effect could create stable locations at which bodies of similar masses
could accumulate.
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1.5 Planet migration

1.5.2 Type II migration

Ascanbe seen fromEq. 1.5 the torques scalewithqҍ, whereq = MP/M∗ is themass ratio
of the planet to the star, and therefore the migration rate increases as ȧP ∝ Γ/MP ∝ MP.
For very massive planets migration would become extremely fast as planetary masses
cover more than 3 orders of magnitude. This fast migration is prevented as planets
start to create a gap in the disk (see Fig. 1.4), an annular region around the planet’s
orbit where the gas density is reduced and because of the gap the migrational behavior
changes. This regime is called type II migration.

The basic principle why a gap forms is the gravitational transfer of angular momentum
in the sameway as in the case of type I migration. The angular momentum of the planet
is carried away in the spiral density waves and as these form shocks the angular mo-
mentum is deposited in the disk. Due to the much stronger forces created by a more
massive planet the viscosity in the disc is no longer able to dissipate the angular mo-
mentumdeposited in a small region and the gaswill be pushed away from the planet. To
form a gap that is wide enough to clear the Hill sphere with a radius of RH = (q/Ҏ)ɰ/Ҏ aP
Lin & Papaloizou (1993) formulated the viscous criterion

q ≳ ҏҔν
aҍPΩP

. (1.6)

In addition, it is necessary that the Hill radius exceeds the disk scale height because
otherwise the gap would be Rayleigh unstable (Lin & Papaloizou 1993). This leads to a
thermal criterion because the disk scale height is a measure for the temperature, H =

cS/Ω ∝ T. Both were included in the gap opening criterion of Crida et al. (2006),

ɰ ≳ Ҏ
ҏ
H
RH

+
ҐҔν

qaҍPΩP
, (1.7)

which must be fulfilled to form a gap with a relative depth ΣG/ΣҔ ≤ Ҕ.ɰ where ΣG is the
surface density in the gap and ΣҔ is the undisturbed surface density. For more massive
planets the relative surface density can be much lower and reach values below ɰҔ−Ҏ.
Due to the reduced density in the proximity to the planet the torques are reduced and
migration is slowed down.

In a simple picture of type II migration the planet is repelled by both the inner and the
outer gap edge because of the samemechanisms resulting in type I migration. This way
the planet is locked in the middle of the gap because the repelling force will increase in

23



1 Introduction

case the planet gets closer to one of the edges. If no gas can cross the gap the planet
cannot move independently from the gas and its movement is locked to the viscous
evolution of the disk (Lin & Papaloizou 1986). In a viscous gas disk the radial speed in
equilibrium is fixed by the angular momentum transport to

uviscr = −Ҏ
ҍ
ν
r
, (1.8)

and if the planet is locked in the gap it will migrate at the same rate as the gas, ȧP = uviscr .
As the planet becomes more massive, larger torques are required to move the planet.
Because the torques are generated by gravitational forces of the disk, these can no
longer be strong enough to move the planet if the disk massMD ≈ ҏπaҍPΣP is no longer
larger than the mass of the planet,MD ≲ MP. Because of that, type II migration is often
described as (Baruteau et al. 2014)

ȧP = uviscr /max (ɰ,MP/MD). (1.9)

For a Jupiter mass planet this means it would migrate from Ґau all the way to the star
within about ɰҔҐ yearswhich is still fast compared to the lifetime of the disk of∼ ҍ.ҐMyr.

1.5.3 Type III migration

Type III migration is also called runaway migration because it can become extremely
fast with migration timescales of ɰҔҔ orbits or even less. It can occur for planets which
are just starting to open a gap but are not yet massive enough to open a full gap.

If a planet is migrating radially inwards there will be gas close to the horseshoe region
which will only make a single U-turn which means after just one encounter with the
planet it will move from the inner to the outer disk. During the encounter the gas gains
angular momentum from the planet so there is a torque acting on the planet

ΓFlow = ҍπΣsȧPΩPaҎPxs, (1.10)

where xs is the half width of the separatrix, the streamline separating the inner or outer
disk from the horseshoe region, Σs is the surface density at the inner separatrix, aP is
the semi-major axis of the planet and therefore ȧP is the migration rate. The migration
rate in the torque formula means there is positive feedback which then can lead to a
runaway migration.
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1.6 Applications

To fully understand type III migration also the drag of the gas contained in the horse-
shoe region which strongly depends on the surface density in the annulus close to the
planetmust be taken into account. Without a gap starting to form, thismasswould slow
down the migration preventing the rapid migration. To make a difference of course the
mass of the gas no longer slowing down the migration must be on the order of the plan-
etary mass which can happen for massive disks and planets of Saturn-mass (Masset &
Papaloizou 2003).

1.6 Applications

Understanding the migration of planets is important for many reasons. In most cases
where planet migration is modeled there is only one planet in an otherwise empty disk.
As we know from observed exoplanets, most planets are part of a planetary system as
it is also the case for the Solar System. Because of different and in some cases very
long timescales (disk dissipation) and unknown initial conditions it is very challenging to
model the formation process of multiple planets at the same time. A way to overcome
this problem is by not simulating the whole system in detail but to put together a set of
simplified models for each subprocess. These subprocesses can often be simplified,
for example the disk evolution can be modeled as 1-dimensional diffusion coupled with
a process for disk dissipation. ThenPlanets are point-like objectswhich interactwith the
gas disk by prescriptions depending on the local state of the disk without considering
the underlying physical effects. With n-body integration many objects in the same disk
can be simulated. This allows to model the behavior of a planetary system from early
phases up to the final configuration. This method is called population synthesis and
is very powerful to get a picture of the whole process of planet formation. Because it
is computationally cheap it is feasible to simulate a large ensemble of systems with
slight variations and generate a statistical sample. By comparing this to observations
the underlying prescriptions can be tested. This is usually not possible for simulations
trying to model only one effect in detail.

Of course, for useful results population synthesis models depend crucially on accurate
prescriptions of the underlying physical processes. The migration of massive planets
is even more important, because the movement of giant planets shapes large regions
in the disk and can influence the orbits of dust, planetesimals and terrestrial planets.
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An example is our own Solar System. The Grand Tack scenario devised by Walsh et al.
(2011) is a possible formation scenario specifically developed for the Solar System to
explain some observational constrains. The most important points are the low mass
of Mars, the amount of water on the inner planets and the location and mass of the
asteroid belt between Mars and Jupiter. The idea is that Jupiter during its formation
migrated inwards to less than 2 au and thus truncated the inner disk. Then Saturn, mi-
grating faster because of its lower mass, catched up with Jupiter and was captured in
a 3:2 mean motion resonance. This is a very stable configuration and thus the planets
maintained this ratio of orbital periods. As both planets opened a gap in the disk and
they were so close together their gaps merged to a common gap enclosing both Jupiter
and Saturn. This common gap with the less massive planet on the outer orbit lead to
outward migration because the planets remained in resonance but torques from the in-
ner gap edge pushing the planets outwards are stronger than those from the outer edge
as they correspond to the mass of the planet creating this gap edge. When the planets
increased their semi-major axes the inner disk was left truncated and thus Mars could
not reach a mass comparable to Earth’s mass that would be expected at that location.
During the inward and the outward migration planetesimals from the inner and outer
disk were redistributed. Hence, the ice-rich planetesimals from the outer disk reached
the inner disk and could have brought water to the inner Solar System. Because the
large region between Mars and Jupiter was left void of larger bodies the asteroid belt
could form there. Because the asteroid belt’s combinedmass is only about Ґ×ɰҔ−ҏM⊕

it was not heavy enough to form another planet.

However, it is important to point out that the Grand Tack scenario is a complicated se-
quence of processes fine-tuned to match the outcome to the Solar System we observe
today. It is obvious that to model a very precise outcome the initial conditions must be
selected very carefully, but in general a model which was stable against small perturba-
tions of the initial conditions would be favorable.
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The simplemodel of type II migration described in section 1.5.2 unfortunately has some
problems. Most important, it is not clear yet why migration eventually stops and what
prevents the planets from falling into the star (Hasegawa & Ida 2013). Observations
show that gas planets tend to pile up at r ≳ ɰ au (Fig. 1.3) if hot Jupiters are disregarded
because of the detection bias favoring them. The discussed model of type II migration
has no inherent mechanism that would stop migration and result in the observed planet
distribution. The only way to considerably slow down type II migration is by reducing the
mass of the gas disk (see Eq. 1.9) or by reducing the viscosity in Eq. 1.8. As the infrared
excess of protoplanetary disks has beenmeasured this allows to estimate the accretion
rate through the disk onto the star and thus the viscosity is constrained. The disk den-
sity in late protoplanetary disk will decrease due to effects leading to disk dissipation.
However, a comparison of the important timescales, the disk lifetime of about ҍ.ҐMyr
and the type II migration timescale of about Ҕ.ɰMyr, indicates that very precise timing
of rapid disk dissipation and planet migration would be needed to reach the observed
planet population. Hence it is clear, that type II migration as it is currently understood
cannot be the full picture.

Already Edgar (2007) found that type II migration is not identical to the viscous inflow
rate and the work of Duffell et al. (2014) also showed type II migration behaves differ-
ently compared to the classical models. The work by Hasegawa & Ida (2013) discusses
among other effects how gas flow across the gap could prevent type II migration to
result in giant planets being lost by migration into the star. Together with the general
problem of type II migration mentioned above this was the motivation to further inves-
tigate how massive planets migrate after they formed a gap and how the radial flow of
gas depends on the migration rate.

There are only very few studies actually simulating giant planet migration and most nu-
merical models of type II migration did not capture all properties of the disk that are
essential. The radial inflow of gas due to the viscosity in the disk was usually not mod-
eled and because the naturalmigration rate of type IImigration is identical with the radial
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inflow speed a complete model should include this effect. Thus, the main objective for
this thesis was to create amore completemodel of massive planetmigration in the type
II regime and to analyze which are the important differences to the assumptions made
in classical type II migration theory. To do this the well tested code NIRVANA, originally
developed by Ziegler & Yorke (1997) and extended over the years by Gennaro D’Angelo
and Bertram Bitsch among others, was adopted. For the models in this project some
further improvements were needed. The most important part added was the ability to
model an equilibrium accretion disk with the correct radial gas speed as in Eq. 1.8 and
thus simulate a disk with an accretion flow through the disk and onto the star. This way
the disk model is much more realistic and it contains the important ingredients needed
for type II migration.

The first step was to model type II migration and analyze the migration rates for a wide
range of parameters and check these against the establishedmodel of type II migration.
As we found similar deviations as Edgar (2007) and Duffell et al. (2014) we wanted to
better understand where the actual migration differs from type II migration.

This meant to delve into three different questions:

• Is the gap really a separation for the inner and outer disk or can gas flow across?

• Is the migration driven by viscosity and where do the torques acting on the planet
originate?

• Does accretion onto the planet alter the migration?

The first question is very important as the separation of the disk is a fundamental as-
sumption for type II migration. If gas could flow across the gap (without it all being
accreted) the repelling force of the gap edged would not grow until the planet migrated
inwards with the same rate as the gas drifts. The second question aims at the strength
of the torques acting on the planet. If the torques are just a result of the inward gas drift
this should show in the torque density that relates to where the torques are generated.
This also includes to measure how the torque changes while the planet is migrating in
the disk as this could hint to whether the torques are adjusting to reach a certain mi-
gration rate. The last question is related to the first question because a possible flow
across the gap is very likely to be affected by the accretion of gas onto the planet. It is
also interesting to investigate whether the accretion itself, as it changes the properties
of the planet and the gap, could slow down the migration. Also, the question how fast
a planet inside a gap is able to grow might have important implications as a very heavy
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planet might exceed the local disk mass and migration could stop not because the disk
has dissipated but the planet has grown.

All these open questions have to be answered to reach a better understanding of the
migration of massive planets. Because massive planets are able to shape a planetary
system knowing their migrational behavior is indispensable to understand planet forma-
tion in general. Although giant gas planets are not considered to be able to harbor life
their effect on much smaller terrestrial planets might be fundamentally important.
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ABSTRACT

Aims. Massive planets that open a gap in the accretion disk are believed to migrate with exactly the viscous speed of the disk, a regime
termed type II migration. Population synthesis models indicate that standard type II migration is too rapid to be in agreement with
the observations. We study the migration of massive planets between 2 × 10−4 and 2 × 10−3 M�, corresponding to 0.2 to 2 Jupiter
masses MJ to estimate the migration rate in comparison to type II migration.
Methods. We follow the evolution of planets embedded in two-dimensional, locally isothermal disks with non-zero mass accretion,
which is explicitly modelled using suitable in- and outflow boundary conditions to ensure a specific accretion rate. After a certain
relaxation time we release the planet and measure its migration through the disk and the dependence on parameters, such as viscosity,
accretion rate, and planet mass. We study accreting and non-accretion planets.
Results. The inferred migration rate of the planet is determined entirely by the disk torques acting on it and is completely independent
of the viscous inflow velocity, so there is no classical type II migration regime. Depending on the local disk mass, the migration rate
can be faster or slower than type II migration. From the torques and the accretion rate profile in the disk we see that the gap formed by
the planet does not separate the inner from the outer disk as necessary for type II migration, rather gas crosses the gap or is accreted
onto the planet.

Key words. protoplanetary disks – planet-disk interactions

1. Introduction

The interaction of the growing protoplanet with the ambient disk
leads to a change in the orbital elements of the planet. The most
important for the overall evolution of the planet is the change
in semi-major axis, i.e. the migration of the planet. The topic of
planet-disk interaction and the orbital evolution of planets has
been covered in a few recent reviews (Kley & Nelson 2012;
Baruteau & Masset 2013; Baruteau et al. 2013), and here we
present only a brief summary of the relevant issues. Depending
on the mass of the planet, different regimes of migration are
distinguished. Most important are the two limiting regimes of
types I and II migration.

Type I migration occurs for low mass planets (with a mass
less than about 50 M⊕) that do not open a gap in the disk, and can
be treated in the linear regime. Here the total torque is given by
the effects of the spiral density waves (Lindblad torques) and
the corotation torques generated by the gas flow in the coor-
bital horseshoe region. In contrast to the Lindblad torque that
quite generally leads to inward migration (Ward 1997), the coro-
tation torque suffers from saturation effects making it strongly
dependent on on the magnitude of viscosity and thermal diffu-
sion. These can significantly alter the migration speed and may
even reverse the direction of the migration. Analytical formulae
to account for these effects have been presented by Paardekooper
et al. (2010) for adiabatic disks and Paardekooper et al. (2011)
for disks with thermal diffusion.

Type II migration occurs for massive planets with masses
comparable to MJ or larger. Because of angular momentum de-
position in the disk, those planets open an annular gap in the
protoplanetary disk at the location of the planet where the den-
sity is significantly reduced. In this case the migration speed is
slowed down from the linear rate because of the reduced mass

available near the planet. During the migration process the gap
created by the planet will have to move with the planet through
the disk. Hence, it is often assumed that in an equilibrium situ-
ation the gap moves exactly with the viscous accretion velocity
of the disk, and that the planet is locked in the middle of the
gap to maintain torque equilibrium (Ward 1982, 1997; Lin &
Papaloizou 1986).

Direct numerical simulations of planet-disk interaction typ-
ically place the planet in a non-accreting disk and keep the
planet at a fixed position to analyse the torque density dis-
tribution from which the migration speed can then be calcu-
lated, see Kley & Nelson (2012) for references. Calculations,
where gap-opening Jupiter-type planets were allowed to move
through the disk as given by the torques acting on them, have
been performed for isothermal disks by Nelson et al. (2000) for
two-dimensional (2D) simulations. They studied non-accreting
and accreting planets where mass from inside the planet’s
Roche lobe was added to the planet mass. Both cases lead to
similar results indicating that a massive planet could migrate
within 105 years from about 5 au all the way to the center. In full
3D radiative simulations even faster migration rates were found,
though only for planets with a maximum mass of about 0.6 MJ
(Bitsch & Kley 2010). Numerical calculations of migrating mas-
sive planets were carried out by Edgar (2007, 2008). Using a
constant kinematic viscosity he came to the result that there is
no constant migration rate as predicted for the type II regime. In
a related study Paardekooper (2014) analyzed the influence of
planetary motion on the type I migration regime. He found that
in non-isothermal disks the regime of outward migration can be
larger than that estimated for fixed planets.

The migration of massive planets in evolving disks has been
analysed by Crida & Morbidelli (2007) for 2D isothermal disks.
In their models, the planets were placed in a disk with an initial
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Gaussian profile that evolves under a constant kinematic viscos-
ity. Their results show that only planets that carve a deep gap
in the disk experience genuine type II migration and move with
the viscous speed of the disk. This is the case either for very
massive planets or low viscosity disks, with a Reynolds num-
ber larger than about 5 × 105. In the case of only partial cleared
gaps, i.e. for less massive planets and larger viscosity, they found
a reduced migration speed and in some cases even outwards mi-
gration, an effect due to the very effective action of the corotation
torques. In addition, because of the positive density slope at the
location of the planet in their simulations, the Lindblad torques
are strongly reduced, which strengthens the effect.

Following this global study there have been recent models of
planets embedded in disks with a given (constant) mass accre-
tion rate. Bitsch et al. (2014) focussed on the regime of earth-
mass planets in an irradiated accretion disk with a given Ṁ rate
to determine the regimes of inward and outward migration. They
modelled axisymmetric disks with vertical structure and used the
formula by Paardekooper et al. (2011) to determine the migra-
tion properties of the embedded planets. Fung et al. (2014) in-
vestigated the structure of gaps created by stationary planet in
an accreting disk, but they did not include planet migration. In
their 2D isothermal studies they showed that despite the pres-
ence of a massive, gap opening planet, which was not allowed
to accrete any material, the disks reached an equilibrium state
with a constant mass accretion rate. Obviously, in this configu-
ration the mass flow across the gap equals exactly the imposed
disk accretion rate, ṁ. The timescale of type II migration was
analysed with respect to the agreement with the orbital proper-
ties of the observed massive extrasolar planets by Hasegawa &
Ida (2013). They argued that standard type II migration is too
rapid and mechanisms need to be found to slow it down.

Recently, Duffell et al. (2014) looked at the migration of
planets in accretion disks using an alternative, different ap-
proach. Instead of moving the planet according to the disk
torques, they pulled a Jupiter mass planet through a zero ṁ non-
accreting disk, measured the torques acting on the planet, and
compared the resulting migration rate with the actual pull rate of
the planet. In this way they obtained possible equilibrium solu-
tions of the migration speed of a planet through a disk. In partic-
ular, they found that the possible equilibrium migration speed of
the planet is independent of the viscous speed and can be lower
and smaller than type II migration, depending on the local sur-
face density of the disk.

Hence, it appears that the issue of type II migration is
presently not resolved. Theoretically, it is clear that a planet can
only be moved by the disk torques acting on it. On the other
hand, disk material moves under the action of viscous torques
and its local inflow speed is directly proportional to the viscous
torque. If a planet migrated exactly in the type II regime, then
the disk torque and viscous torque should be equal. In this paper,
we make a new attempt at the problem of type II migration and
study the migration of planets in 2D isothermal disks with a con-
stant mass accretion rate. In a first step, we construct constant ṁ
disks with stationary planets of different masses and then, in a
second step, we move the planets according to the torques act-
ing on it, measure their migration rate, and compare it to the
type II migration rate.

Our setup is described in Sects. 2, and 3 we present our re-
sults for fixed planets in accreting disks. In Sect. 4 we move
the planets according to the torques acting on them, and com-
pare this in detail to type II migration in Sect. 5. The results are
discussed in the final Sect. 6.

Table 1. Parameter space used in our calculations.

α ṁ q

2 × 10−9

5 × 10−9

1 × 10−8

2 × 10−8 0.0002
0.001 5 × 10−8 0.0005
0.003 1 × 10−7 0.001
0.01 2 × 10−7 0.002

Notes. The highlighted values define our standard model. In the
standard-resolution (251 × 583) models only one parameter was var-
ied while the other two were constant. In the low-resolution models
(135 × 405) the whole parameter space with ṁ > 10−8 was covered.
The values of α and q = Mp/M� are dimensionless and ṁ is given
in M�/yr in the whole article.

2. Setup

To study the migration of planets in disks, we assume that the
disk is geometrically thin and simplify to a two-dimensional
(2D) approximation. The disk is assumed to be locally isother-
mal and driven by an α-type viscosity. In addition we model ex-
plicit mass accretion through the disk. For our calculations we
use the NIRVANA-code (Ziegler & Yorke 1997; Ziegler 1998) in a
2D setup. The star is located at the centre of a cylindrical coordi-
nate system, which covers a radial range of 1.56 to 15.6 au corre-
sponding to r = 0.3 . . . 3.0 in code units where the unit of length
is given by r0 = 5.2 au. In the following we will specify distances
in code units unless specified otherwise. In the azimuthal direc-
tion we cover a complete annulus from 0 to 2π. In our standard
resolution the domain is covered by 251 × 583 cells. The planet
is placed on a circular orbit at a distance of 5.2 au corresponding
to r = 1.0.

To speed up the initial relaxation we, first calculated the equi-
librium of the disk, without the planet, with a reduced resolu-
tion of (Nr,Nφ) = (101, 233). After 106 time steps, correspond-
ing to about 5000 orbits, these results were interpolated to our
standard-resolution grid. Then the model could adapt to this new
resolution for additional 105 time steps (about 290 orbits) be-
fore the planet was released. The planet then could move freely
in the disk, and change its semi-major axis and eccentricity.
In addition, we performed another set of similar calculations
with a lower resolution of (Nr,Nφ) = (135, 405) and extending
from r = 0.2 to 2.0. Both calculations give similar results, af-
ter 1000 orbits the positions of the planets differ by around 5%.

For our studies we varied the viscosity by changing the
α-parameter, the accretion rate (and thus the disk surface density,
see Eq. (4) below), and the planetary mass. The used parameter
space with the highlighted standard model, is shown in Table 1.
We limit our planet mass to a maximum of 2 MJup (or q = 0.002)
because for larger mp the outer disk becomes eccentric (Kley &
Dirksen 2006) and migration properties change (D’Angelo et al.
2006).

2.1. Initial and boundary conditions

The goal of this work was to set up a disk with a steady accre-
tion flow through the disk. Hence, matter has to be fed into the
domain at the other boundary of the disk (at rmax), transported
to the inner disk, leaving the domain at rmin. The local accretion
rate through a disk is given by

ṁ = −2πrΣur. (1)
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It depends on the surface density, Σ, and the radial velocity ur,
of the gas. In equilibrium for a constant ṁ the viscous accretion
velocity is given by

uvisc
r = −

3
2
ν

r
, (2)

where ν is the kinematic viscosity and r the radial distance to
the central star. This result can be obtained for stationary accre-
tion disks with constant accretion rate, derivations can be found
in textbooks such as Frank et al. (1992) or Armitage (2010). In
our case of an isothermal disk, we use the α-viscosity prescrip-
tion, ν = αcsH, (Shakura & Sunyaev 1973) with the disk scale
height H = hr, where the relative disk thickness is constant,
h = 0.05. With the isothermal sound speed, cs = HΩK, this can
be written as

uvisc
r = −

3
2
αcsH

r
= −

3
2
αh2rΩK, (3)

where ΩK =
√

GM∗/r3 is the Keplerian orbital frequency
with the stellar mass M∗ and the gravitational constant G. With
given ṁ and α this leads in equilibrium to the surface density

Σ =
1

3π
ṁ

αh2r2ΩK
=

ṁ

3παh2
√

GM
r−1/2 = Σ0r−1/2. (4)

From radial equilibrium (pressure gradient balanced by centrifu-
gal force and gravity) the angular velocity is given by

uφ =

√
1 −

h2

4
rΩK. (5)

Thus, for our initial conditions we use uvisc
r from Eq. (3), Σ from

Eq. (4) and uφ from Eq. (5), with prescribed values of ṁ, α and h.
At the outer boundary gas enters the computational domain

with uvisc
r , and Σ0 is fixed according to the chosen ṁ. For the stan-

dard model with α = 0.003 and ṁ = 10−7 M�/yr, the initial disk
density at r = 1 is Σ0 = 878 g cm−3. At the inner boundary only
the radial velocity is fixed according to Eq. (3), material then
flows out with the local density at rmin. The azimuthal velocity
uφ is held fixed, according to Eq. (5), at both the inner and the
outer boundary. In the azimuthal direction, we enforce periodic
boundaries. For the gravitational potential, we use ε-smoothing
with ε = 0.6H (Müller et al. 2012). To prevent density fluctu-
ations due to wave reflection at the radial boundaries the radial
and azimuthal velocity is damped towards its azimuthal mean
value near the boundaries on a timescale of τdamp ≈ Ω−1

K with
ΩK taken at the inner and outer boundaries.

2.2. Accretion onto the planet

To study the influence of mass accretion by the planet on the
migration speed, we performed additional simulations in the
two extreme cases of non-accreting planets and maximally ac-
creting planets. Both cases are of course unrealistic, but real-
ity lies somewhere in between. To model maximal accretion,
we implemented the accretion scheme devised by Kley (1999)
where at each time step the gas density inside the Roche Lobe
RR ≈ a(q/3)1/3 of the planet is reduced by a factor of 1 − fred∆t
with fred = 1/2. In our simulations, the mass removed in this
way is not added to the planet mass.
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Fig. 1. Surface density of a fixed-orbit, non-accreting planet calculation
for the standard model with (α,Mp/M∗, ṁ) = (0.003, 0.001, 10−7) after
2500 orbits. The planet is in the middle of a stable gap and the accu-
mulation of mass near the planet is clearly visible. The spiral arms are
damped at the inner and outer boundary so no reflections are seen.
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Fig. 2. Azimuthally averaged surface density for a non-accreting (solid
line) and an accreting (dashed line) planet with q = 0.001, for different
values of the viscosity parameter α. The black line indicates the initial
density profile at the beginning of the simulation. The red line corre-
sponds to the standard model.

3. The disk structure for fixed planets

Before starting the calculations with moving planets, we con-
structed equilibrium cases where the planets are not allowed to
move and remain at their initial locations. This allows us to es-
timate the size and depth of a gap as a function of planet mass
and the viscosity. The surface density of this calculation for the
standard model after 2500 orbits is shown in Fig. 1. There is a
very steady gap edge and stable spiral arms resulting from the
perturbation of the planet.

The azimuthally averaged surface density in the case of sta-
tionary planets is shown for different values of α (in Fig. 2) and q
(in Fig. 3). As expected, the gaps are deeper for lower viscosity
and higher planet mass. While a more massive planet causes a
much wider gap, decreasing the viscosity primarily deepens the
gap. In isothermal disks, for stationary planets, the surface den-
sity distribution is identical for different values of the accretion
rate, and hence ṁ has no influence on the gap profiles that are
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Fig. 3. Azimuthally averaged surface density for non-accreting (solid
line) and accreting (dashed line) planets and α = 0.003, for differ-
ent values of the planet mass. The red line corresponds to the standard
model.

therefore identical. The gap depth depends on the accretion onto
the planet. For non-accreting planets the gap has a clearly visi-
ble density bump at the position of the planet. If accretion onto
the planet is allowed, the bump disappears and the gap becomes
deeper because gas is accreted onto the planet and removed from
the simulations.

In the outer disk region, for r > 1.7, the surface density is in-
creased over the case without a planet and the amount increases
with planet mass. This is because the gas initially in the gap is
pushed to the inner and outer regions of the disk, because of an-
gular momentum transfer to the disk. Because, in the outer disk,
the gas cannot leave the computational domain the surface den-
sity must be increased, the effect being stronger for more mas-
sive planets with a deeper gap. Hence, there occurs a jump in the
surface density at the outer boundary. This is also clearly seen in
Fig. 4 where no logarithmic scale is used. This jump in Σ at rmax
has no influence on our results on the migration properties and it
disappears if larger rmax are used.

The evolution towards the equilibrium state is shown in
Fig. 4 where the radial dependence of the surface density and
local accretion rate, ṁ(r), are displayed at different times. The
migration rate is obtained by integrating the mass fluxes in the
advection routine of the code over the φ-direction yielding a ra-
dial profile of accretion. This ensures consistency with the nu-
merical calculations. In the bottom panel, it is clearly visible
that the equilibrium is not yet reached after 3600 orbits. This
is because the accretion rate is extremely sensitive to all kinds
of perturbations. The equilibrium viscous inflow speed is given
by ur/cs ≈ αh, which is about 10−4 for our standard model.
Hence even small pressure perturbations lead to large variations
in the radial velocity, compared to the viscous speed. Thus, al-
though the accretion rate profile is not flat, the changes in the
surface density after 2700 and 3600 orbits are very small, and
the gap is already fully developed. Obviously, in a steady-state
solution the gas must be able to cross the gap. The inner and
outer disk are connected and there is no significant pile up at the
outer gap edge or depletion at the inner gap edge.

3.1. The torque acting on the planet

To estimate the expected migration rate of planets in disks with
mass flow, we calculate the torques generated by the density per-
turbations in the disk as induced by the planet. In Fig. 5 we
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Fig. 4. Azimuthally averaged surface density profile (top) and the mi-
gration rate profile (bottom) in case of (α, q, ṁ) = (0.003, 0.001, 10−7)
as in Fig. 1. The planet is at r = 1.0. The profiles are taken at differ-
ent times after the beginning of the calculation. The black line indicates
the initial density profile at the beginning of the simulation before the
planet was added.
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Fig. 5. Normalized torques acting on planet with fixed orbits at the end
of the relaxation as a function of the planet mass. The data is taken from
the low-resolution calculations. For isothermal disks the normalized
torques are independent of the disk density.

display the obtained torques as a function of planet mass MP
for different value of the viscosity. Here, we used the standard
torque normalization (see e.g. Paardekooper et al. 2010)

Γ0 = −ΣpΩ2
Ka4

p

(q
h

)2
, (6)

where Σp is the unperturbed surface density at the location of the
planet and ap its semi-major axis. This definition of Γ0 takes the
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Fig. 6. Planet migration tracks for different model parameter. Starting from the standard model (in red) with (α, ṁ, q) = (0.003, 10−7, 0.001),
individual parameters have been varied while keeping two others fixed. We varied α (left panel), ṁ (middle panel), and q (right panel). The full
and dotted lines correspond to non-accreting and accreting planets, respectively.

linear results into account for low mass planets that are subject to
type I migration with Γ ∝ M2

p , massive planets open gaps in the
disk that reduce the torque, and a different scaling is expected.

To strengthen the point that these torques are measured for
fixed planets that are not allowed to migrate, we introduce the
correction factor fstill and write for the torque acting on the planet

Γ = fstill Γ0. (7)

As seen from Fig. 5, the total torque is indeed reduced for larger
planet masses. For small planet masses, a flattening is expected
as one approaches the type I regime. In our case, the planet
masses are still too high, but this effect becomes marginally vis-
ible for the higher viscosity models, as expected. On the other
hand, there is no visible dependence on variations in the disk
mass or the accretion rate (which are coupled here), because
in isothermal disks the disk mass is just a scaling factor that
depends linearly on the specified ṁ value.

4. Migrating planets

After having analysed the equilibrium state for fixed planets, we
release now the planets and evolve their orbital elements ac-
cording to the action of the disk. We measured the migration
tracks for many different parameters (see Table 1) for more than
1000 orbits for accreting and non-accreting planets. The migra-
tion tracks are shown in Fig. 6 for a variety of model parameters.
All planets migrate inwards at a rate that decreases with time. At
the beginning of the migration, shortly after the release of the
planet, there is a short phase of rapid inward migration that then
slows down. This transient phenomenon is caused by the un-
avoidable small mismatch of a disk structure with a stationary
planet in comparison to the evolving case.

In cases where MP . MD = ΣPa2
P, with ΣP being the undis-

turbed surface density at the position of the planet aP, there is
no slowing down, rather we observe very fast type III migration,
such as for q ≤ 0.0005 (yellow and blue curve) in the right panel
of Fig. 6. Type III migration sets in later for accreting planets.

4.1. Mass accretion onto the planet

Our implementation of the mass accretion onto the planet is very
simple, and, therefore, we only used this method to obtain an
idea what changes are expected in case of an accreting planet.
Because the algorithm takes away the gas near the planet at a
high rate, it serves as an upper limit of the possible accretion
onto the planet. We found that the general behaviour of accret-
ing planets is similar to the non-accreting cases. As seen in Fig. 6
accreting planets migrate more slowly in most cases. The reason
is the reduced density in the vicinity of the planet, which leads
to weaker torques. Although the contribution of the planet en-
velope inside 0.8 Hill-Radii is not considered when calculating
the torque (see Crida et al. 2008), the region affected by the ac-
cretion is much bigger and thus important for the torques. This
effect of accretion is similar to what has been seen in Nelson
et al. (2000) who added the accreted material to the dynamical
mass of the planet, however. This will lead to an even slower
migration of the planet due to the increased inertia.

4.2. Gap profiles during the evolution

The gap profile has an important impact on the migration of a
planet. Because the disk is depleted near the planet’s orbit, these
regions cannot contribute to the torques on the planet. In Fig. 7,
the change in global disk density is displayed for four differ-
ent snapshots during the evolution of the planet in our standard
model. At the inner edge of the gap, we observe a density pile up
that initially increases with the planet moving inwards closer to
the inner edge. But when the planet reaches r ≈ 0.7 at t = 530,
it decreases again because the gap approaches rmin, and at the
inner boundary an outflow condition with a given radial velocity
is enforced. At the outer gap edge we see the gas lagging behind
the movement of the gap. The gap moves ∆r = 0.3 in 530 orbits.
The viscous timescale τvisc = ∆r2/ν for the gas to cover this dis-
tance is about 2070 orbits. It is therefore obvious that the planet
and the gap move faster than the viscous speed of the gas, which
demonstrates that the gap must be dynamically created during
the planet’s inward motion. The inward motion of the planet and
the gap can only be maintained because gas can cross the gap
faster than the viscous timescale.
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Fig. 7. Global gap profiles at four different times during migration of
the planet for the standard model with q = 0.001 and ṁ = 10−7. The
black line indicates the unperturbed density profile without the planet.
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Fig. 8. Gap profiles for the standard model taken at different positions
of the planet in the disk during its migration path. The gap is rescaled
using the local disk scale height, H, at the position of the planet. The
curves correspond directly to those shown in Fig. 7.

To obtain a more detailed view on the local disk structure in
the gap region, we display in Fig. 8 the gap at different times
during the evolution of the planet in the disk. The gap does not
change significantly during the migration through the disk if the
width is rescaled with the local disk scale height H(ap) at the ac-
tual position of the planet. Farther away from the planet the sur-
face density varies because of the different positions in the disk.

In Fig. 9 the specific torques are displayed where we use the
normalization of D’Angelo & Lubow (2010),(

dΓ

dm

)
0

= q2h−4a2
PΩ2

P. (8)

The biggest contribution is generated within a 5H wide region
inside and outside the planet. Apart from the initial adjustment
of the gap to the moving planet (see Fig. 8) the specific torques
reach an equilibrium profile after 100 orbits. As expected from
very similar local gap profiles (in Fig. 8), the specific torques do
not depend strongly on the position of the planet in the disk. This
will be of importance later in explaining the overall migration
properties of the planets (see Sect. 5).

As shown in Fig. 10 the gaps, of course, depend on the vis-
cosity. For a fixed α-value, the gap structure near the planet does
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Fig. 9. Specific torques for the same model as in Fig. 8 at the same times
and respective positions.
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Fig. 10. Gaps of a q = 0.001 planet with different accretion rates 100 or-
bits after the release of its orbit. The gap is rescaled according to the
disk scale height at the position of the planet, which varies for different
values of α and ṁ. The gap profiles are taken from the low-resolution
calculations.

not change very much, even for different disk masses. Effects
farther away from the planet &4H are results from the different
positions in the disk as well as the movement of the gap through
the disk with different velocities (see Fig. 6). At the inner gap
edge the surface density is increased for the higher accretion
rates and at the outer gap edge for the smaller accretion rate.
This is because the inward migration rate of the planet is faster
for a denser disk (and thus a higher accretion rate, see Fig. 6)
and the gap edges cannot follow as fast as the planet moves. A
higher migration rate therefore leads to a stronger gap deforma-
tion. The gap depth depends on α in the same manner as for the
static planets in Fig. 2.

4.3. Flow across the gap

Above we have argued that the fast migration speed of the planet
implies that mass has to cross the gap. Now we analyse this pro-
cess in more detail. In Fig. 11 we display the local mass accretion
rate through the disk, ṁ(r), similar to Fig. 4, but now for a mi-
grating planet at different times after the release. At early times,
when the planet is moving inwards very fast, the gas is flowing
outwards instead of inwards. Even at later times, when the mi-
gration rate has slowed down, at the position of the planet the
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Fig. 11. Azimuthally averaged local accretion rate, ṁ(r), at different
times during the inward migration of the planet for the standard model
(q = 0.001, ṁ = 10−7, α = 0.003). The plot is similar to Fig. 4, which
has the same parameters, but now for moving planets. To compare the
accretion rate near the planet the position is rescaled to units of the disk
scale height at the position of the planet. The labels refer to the elapsed
time (in initial orbits) after the release of the planet.

direction of the gas flow is still reversed. This effect is caused
by the motion of the planet through the disk, which disturbs
the local disk structure and leads locally, at the location of the
planet, to a transfer of mass from the inner to the outer disk. The
mass transfer is positive because the planet moves faster than
the viscous accretion velocity uvisc

r . As shown above, the gap is
bound to move with the planet, but the planet does not drive
the disk structure as whole. In consequence, gas from the inner
disk, not able to move inwards faster than uvisc

r , has to move out-
wards, which means crossing the gap in outward direction. For a
planet moving more slowly than the viscous speed (for low disk
densities) the radial flow remains always negative.

If the disk were separated and gas could not cross the gap,
the inner disk would pile up and the region adjacent to the planet
in the outer disk would be depleted because the gas could not fol-
low the planet’s movement. The more massive inner disk would
then yield higher positive torques and slow down or even reverse
migration. Thus, seeing transport of the gas outwards is a clear
sign that the planet is not bound to the viscous accretion velocity
and moves independently.

5. Comparing to type II migration

After having obtained the migration track of planets in disks with
net mass flux we are now in a position to compare these to the
type II migration speed of a viscously driven disk.

In any case, the migration of a planet can only be driven
by the gravitational torques exerted on it by the disk material.
To prove this statement, we plot in Fig. 12 the evolution of
the planet’s semi-major as expected from the calculated total
torque, Γ, during its motion through the disk (coloured lines).
The migration track a(t) is obtained by integrating the formula

ȧ =
2Γ

MpaPΩK
· (9)

As seen in Fig. 12, the observed migration (black dashed lines)
agrees perfectly with the calculated migration tracks (coloured
lines) throughout the whole simulation. Hence, the migration is
indeed completely determined by the torques from the disk, as
physically expected.
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Fig. 12. Migration tracks of planets embedded in disks for different
planet masses, for given viscosity and disk accretion rate (α, ṁ) =
(0.003, 10−7). Coloured lines: theoretical tracks calculated by integrat-
ing the measured torques. The dashed black lines are the corresponding
observed migration tracks in the simulations.
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Fig. 13. Normalized torques acting on a Jupiter mass planet as a func-
tion of the local disk mass, with α = 0.003 and q = 0.001. Shown is
the evolution of the torques during the migration process, each track
starts at the rightmost point with the highest value of ΣPa2

P. The black
dots mark the point when the planet has reached aP = 0.7. During the
inward migration the local disk mass ΣPa2

P, where ΣP is the surface den-
sity in the undisturbed surface density profile at planet position ap, de-
creases. The models differ in their initial disk density Σ0 varied by the
disk accretion rate ṁ, where ΣS corresponds to ṁ = 10−7. The torques
are averaged over 50 orbits.

Having shown that the torques determine the migration of
the planet, we plot in Fig. 13 the normalized torques using the
same normalization, Γ0 as before in Fig. 5. Note that now the
normalization factor Γ0 is a function of the planet’s position, see
Eq. (6). In Fig. 13 the torques are displayed during the evolu-
tion of the planet. The initial location refers to the rightmost
points in the individual curves. They all start at the same height
Γ/Γ0 = 0.18 as given by the fixed planet resultis, see Fig. 5.
During the inward migration the value of Σpa2

p decreases. The
black dot in each curve corresponds to the time where the planet
has reached ap = 0.7.

Let us first compare the findings to the linear case, for small
mass planets that do not open gaps. 2D simulations yield the
following relation for the total Lindblad torque on planets (see
Tanaka et al. 2002; Paardekooper et al. 2010)

ΓL

Γ0
= 3.2 + 1.468 p, (10)
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Fig. 14. Slow down factor fmig depending on the disk density for differ-
ent planetary masses and viscosities. Here, the surface density is given
in units of ΣS, as defined in Fig. 13. The circles are results for α = 0.003
and the squares for α = 0.001.

where p is the exponent of the surface density profile, with
Σ(r) ∝ r−p, and so p = 0.5 in our case. This yields ΓL/Γ0 =
3.934. Expression (10) was derived for much less massive plan-
ets in the regime of type I migration and is not directly applicable
to our calculations. The idea is to compare the migration speed of
massive planets to the linear type I regime. As shown in Fig. 13
the torques are about 20 to 100 times smaller than the linear re-
sults, a consequence of the gap. Additionally, the results show
a clear dependence on the density of the disk. In the linear case
one would expect a constant ratio Γ/Γ0 for all disk densities.

This fact is not apparent overall, but after the disk and the
gap have adapted to the moving planet, the torques become con-
stant for each individual curve, i.e. for each disk density. This
implies that the normalized torques for a given planetary mass
and α-value are completely defined by the disk density alone.
Therefore, we introduce a slow down factor for migrating plan-
ets fmig, which gives the factor by which the torques acting on
the moving planet are smaller than those for the same planet
on a fixed orbit. Because for gap-opening planets the fixed-
orbit torques are again smaller by a factor fstill than the type I
torques Γ0 (see Fig. 5) we obtain the following expression for
the torque of a moving planet

Γ = fmig fstill Γ0. (11)

In Fig. 14 we show the slow down factor fmig for various param-
eters. For small disk densities the slow down factor decreases
with increasing disk density. For light planets with MP < MJ
this changes for Σ0/ΣS between 0.1 and 0.5 and the slow down
factor strongly increases to values much bigger than one, which
marks the onset of type III migration. For the highest disk den-
sities, the slow down factor for the lighter planets are in fact out
of the plot range and reach values up to fmig = 12. In case of
smaller viscosity fmig decreases, but for the same planetary mass
the overall structure seems to remain the same.

In Fig. 15 we compare the obtained migration speed to the
type II migration rate as given by the viscous inflow speed uvisc

r .
In the case of classical type II migration, the curves should be
independent from disk mass and identical to the viscous inflow
speed, apart from the adjustment in the beginning. However, the
results show a clear dependence with disk mass. Obviously, the
actual migration of a planet is not coupled to the viscous evolu-
tion in the disk, as also pointed out recently by Duffell et al.
(2014). Qualitatively, the relationship between disk mass and
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Fig. 15. Migration rate of a Jupiter mass planet normalized by the vis-
cous accretion velocity. Apart from the different y-axis the plot is simi-
lar to Fig. 13. The horizontal line corresponds to uvisc

r = 1. The dashed
line shows a fit of Duffell et al. (2014), but they used constant viscosity
equal to α = 0.01 at r = 5.2 au, so their fit is normalized with uvisc

r for
that α.

migration rate is similar to that found by Duffell et al. (2014)
found by different means (see dashed curve in Fig. 15). In our
case the inward migration is faster than theirs. For light disks
with ΣD = ΣPa2

P < 0.2MJ only, we find that migration becomes
smaller than the viscous speed. Here, it is important to note that
the viscous speed for our constant ṁ models scales directly as
uvisc

r ∝ apΩ the quantity that Duffell et al. (2014) used in their
plots.

From our results we obtained for moving planets that the
normalized torque Γ/Γ0 was constant during the evolution of a
planet (see Fig. 13). This implies that the torque reduction fac-
tors fmig and fstill do not depend on the local disk mass, and are
only functions of the planet mass and the disk viscosity. Using
Eq. (9) for the migration rate and the scaling for Γ0, we obtain
for each planet track

ȧ ∝ a3/2
P fslow ΣPMP, (12)

where fslow = fmig fstill. Using the relation uvisc
r ∝ r−1/2, as in-

ferred from Eq. (3) for constant H/r, one finds

ȧ
fslowuvisc

r MP
∝ a2

PΣP. (13)

This relation is plotted in Fig. 16 and indeed the data lie on a
straight line, for all the models with different ṁ. The data for
an accreting planet fall onto the same line. In case of different
viscosity there is a shift due to the change in fslow, but it follows
the same trend.

6. Summary and conclusions

We have studied the migration of massive planets in locally
isothermal disks with net mass flow, ṁ, through them. In our
initial step, keeping the planet at a fixed location, we showed
that despite the presence of the planet, the disk can nevertheless
transport the full ṁ through the disk and the gap. We analysed
the structure of the gap for different planet masses and viscosi-
ties. As expected, the depth of the gap increases with planet mass
and is reduced with increasing viscosity. Our gap structure and
depths for these models are in very good agreement with the
empiric formulae presented in Fung et al. (2014). Additionally,
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Fig. 16. Normalized migration rates of planets with different masses be-
tween 0.2 and 2 MJ. The migration rate is scaled with the slow down
factor and planet mass (see Eq. (13)). The slope of the black line is 1.
The dotted line corresponds to α = 0.001. Accreting planets are in-
distinguishable from the non-accreting planets and therefore not shown
here. Otherwise the plot is similar to Fig. 13.

the gap opening criterion by Crida et al. (2006) gives a suitable
condition if there is a considerable gap depth, ≈0.1 of the am-
bient density. For large planet mass the normalized torque on
the planet strongly decreases (see Fig. 5), in contrast to the lin-
ear rate where Γ/Γ0 has no dependence on planet mass. This is
a consequence of the increased gap width with a reduced mass
that can drive the planet.

Upon releasing the planet we find rapid inward migration,
often faster than the typical viscous inward drift of the disk ma-
terial. As expected, the planet moves exactly according to the
disk torques acting on it. A migration independent of the disk’s
drift speed implies that material can cross the gap region during
the migration process. We performed simulations without and
with mass accretion onto the planet where, in the latter case, the
accretion rate was near the maximum possible rate (Kley 1999).
As expected, because of the reduced mass in the vicinity of the
planet, the migration rate is reduced below the non-accreting
case, but only by about 25%. Our main result is summarized
in Fig. 15, which shows that the planet migration does not de-
pend on the viscous inflow speed of the disk material. For small
disk masses (MD/MJ < 0.2) only, a Jupiter mass planet moves
slower than the disk material. For higher disk masses (given by
higher ṁ in our calculations), values and subsequently larger sur-
face densities, Σ, the inward migration becomes faster as well.

An important result of our simulations is the finding that dur-
ing the migration of the planet the normalized torques remain
constant, a feature seen by Duffell et al. (2014). In principle, it
might be possible to extract approximate analytical relationships
for the slow down factors fmig and fstill, which would then be use-
ful to calculate theoretical migration tracks to be used, for exam-
ple, in population synthesis models. To do this, more elaborate
parameter studies will be necessary in the future.

Very qualitatively the shape of the curve is similar to that
found by Duffell et al. (2014) by a complementary method, but
we do not see signs of saturation. Our migration rate is typically
faster than theirs up to a factor of 2, but note that their results
have been obtained for a spatially constant viscosity, which im-
plies a spatially variable α-value. Because of their special tech-
nique of pulling the planet through the disk and measuring the
torque after reaching equilibrium, it is not know at which dis-
tance of the planet this occurs. Hence, the value of α is not

known and the curves cannot directly be compared to each other
as the torque depends on the value of α. Edgar (2007, 2008)
also used constant viscosity. He also finds that the migration
rate depends on the disk mass and the migration timescales are
comparable to those we found.

Our findings are also in agreement with those of Nelson et al.
(2000) who analysed the migration of a planet in a global disk
and constant kinematic viscosity. They inferred a timescale for
migration of a massive planet from its starting location at 5 au
to 2.5 au of about 2500 orbits, but did not compare this to the
viscous accretion rate.

For sufficiently low planetary mass, MP . MD, but with
MP still large enough to open a partial gap, the planets can en-
ter the very fast type III migration regime where the migration
timescale becomes very short, of the order of about 100 dy-
namical times. The conditions necessary for type III migration
(Masset & Papaloizou 2003) indicate that is may be relevant in
the early phases of planet formation with larger disk masses, or
in more massive self-gravitating disks.

For low disk masses MD/MJ < 0.2, the migration rate be-
comes lower than type II migration. These small disk masses
occur only during the end phases of the planet formation pro-
cess when the accretion rate has already reduced significantly.

In this work, we studied only 2D disks and found that disk
material can always cross the gap region as required by the mi-
gration speed of the planet. For massive, Jupiter type planets the
averaged gap profile is identical for 2D and 3D disks (Kley et al.
2001) and one may expect very similar mass flow rates across
the gap region, and hence similar migration accretion rates. The
additional assumption of locally isothermal disks is not very re-
strictive as well because for massive planets that do open signifi-
cant gaps, the dynamical behaviour is very similar to the isother-
mal case as has been shown by Bitsch & Kley (2010) for full
3D simulations of radiative and isothermal disks.

Nevertheless, it may be interesting to perform in the future
3D simulations of embedded, massive planets in radiative disks
and analyse their migration properties. Those simulations are
also important to understand better the mass growth of plan-
ets because the inclusion of the 3rd dimension may affect the
mass accretion onto the planet, while it only mildly affects the
migration.

Our results have consequence for population synthesis mod-
els in that a modification of the assumed type II migration speed
is required for the models, based on the torques acting on the
planets. Possibly, more elaborate models that cover a larger pa-
rameter space will allow the construction of suitable fit formu-
lae for the migration of massive planets in the future, but this is
beyond the scope of the present work.

Another point to consider is the angular momentum balance
of the planet. We have taken out mass from the planet’s Roche
lobe, but have not added this to the planet mass. In addition to the
mass, the angular momentum of this material, which is gained by
the planet, has to be considered. A fraction of this will change the
orbital angular momentum, which will influence the migration
of the planet. Future simulations need to consider this effect as
well.
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ABSTRACT

Context.
Aims. Most studies concerning the growth and evolution of massive planets focus either on their accretion or their migration only. In
this work we study both processes concurrently to investigate how they might mutually affect one another.
Methods. We modeled a two-dimensional disk with a steady accretion flow onto the central star and embedded a Jupiter mass planet
at 5.2 au. The disk is locally isothermal and viscosity is modeled using a constant α. The planet is held on a fixed orbit for a few
hundred orbits to allow the disk to adapt and carve a gap. After this period, the planet is released and free to move according to the
gravitational interaction with the gas disk. The mass accretion onto the planet is modeled by removing a fraction of gas from the inner
Hill sphere, and the removed mass and momentum can be added to the planet.
Results. Our results show that a fast migrating planet is able to accrete more gas than a slower migrating planet. Utilizing a tracer
fluid we analyzed the origin of the accreted gas originating predominantly from the inner disk for a fast migrating planet. In the case
of slower migration, the fraction of gas from the outer disk increases. We also found that even for very high accretion rates, in some
cases gas crosses the planetary gap from the inner to the outer disk. Our simulations show that the crossing of gas changes during the
migration process as the migration rate slows down. Therefore, classical type II migration where the planet migrates with the viscous
drift rate and no gas crosses the gap is no general process but may only occur for special parameters and at a certain time during the
orbital evolution of the planet.

Key words. planets and satellites: formation – planets and satellites: gaseous planets – protoplanetary disks – planet-disk interactions
– Accretion, accretion disks

1. Introduction

Mass accretion onto giant planets during their growth phase is a
delicate process depending on many aspects of the disk structure
and a variety of physical processes. One of these is the radial
migration of the planet. If the planet is migrating through the
disk, important parameters like density, temperature, and viscos-
ity change depending on the migration rate. This has implica-
tions on the gap opened by the planet and might eventually alter
accretion onto the planet. The simulations carried out for this pa-
per cover global aspects such as planetary gaps and migration in
order to study their influence on the accretion process.

The main driving force for the migration of massive planets
is the interaction with the surrounding protoplanetary disk. The
different migration regimes and the contributing physical effects
are discussed in several recent reviews on planet disk interac-
tions by Kley & Nelson (2012), Baruteau & Masset (2013), and
Baruteau et al. (2014). The general idea of type II migration was
devised by Ward (1982) and Lin & Papaloizou (1986) and states
that a planet massive enough (> 0.5 MJup) will open a gap in
the gas disk around the protostar. Under the assumption that the
gap follows the viscous evolution and moves inward with the
radial viscous speed, and because the gap edge creates torques
repelling the planet, it is locked in the middle of the gap and has
to follow the viscous disk evolution.

This picture has to be revised after recent findings showing
that a planet in a gap usually migrates at rates faster or slower
than the viscous rate (Edgar 2007; Morbidelli & Crida 2007;
Duffell et al. 2014; Dürmann & Kley 2015). This is important for

models of population synthesis because the role of type II migra-
tion is not yet clear (Hasegawa & Ida 2013). For classical type
II migration it is crucial to have a gap which separates the inner
from the outer disk because only in this case is the gap forced to
follow the viscous evolution of the gas. If gas can cross the gap
this means there are different channels of transportation for the
gas and the viscous speed of the gas does not need to coincide
with the migration rate of the planet. This cannot be modeled
separately from planet migration because for stationary planets
in equilibrium there will automatically be a gas flow across the
gap matching the disk accretion rate, something also found by
Fung et al. (2014). Also, for low-mass planets it has become
clear that to study migration, the analysis of static torques is not
sufficient. Recent work by Paardekooper (2014) and Pierens &
Raymond (2016) showed that dynamical torques resulting from
the migration must also be considered.

Giant planet accretion has been investigated by several
groups in various ways. One kind of research focuses on the
inner structure and the atmosphere of the growing planet (Pol-
lack et al. 1996; Hubickyj et al. 2005). They do not explicitly
model the protoplanetary disk around the planet but this way
they have a very high resolution of the interior of the planet and
its close surroundings. Another kind of simulation models the
whole disk and inserts the planet at some stage in its evolution.
See Lubow et al. (1999), for example. Because the whole disk,
in two-dimensions (2D) or even three-dimensions (3D), has to
be modeled, the limiting factor is the resolution in the vicinity
of the planet, which can be overcome to some degree by adap-
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tive mesh refinement or nested grids, as used by D’Angelo et al.
(2003).

In this paper we focus on the mutual effects of the gas ac-
cretion and giant planet migration. In particular, we investigate
where the accreted gas originates in the disk and study influence
of the gap. With respect to type II migration we analyze whether
gas can cross the gap and how this is affected by the mass accre-
tion rate onto the planet.

In Sect. 2 the numerical model we used is explained, and in
Sect. 3 we describe the method we used to model accretion. In
Sect. 4 we discuss the effect of varying the accretion rate and
how this affects the migration rate. The effects of different mod-
els of accretion are discussed in Sect. 5. In Sect. 6 we show re-
sults of where the accreted gas comes from and how it can move
through the gap. We discuss the results in Sect. 7

2. Model setup

To model the migration and accretion of embedded planets in
disks we use 2D locally isothermal models that are calculated
with the hydrodynamical code NIRVANA (Ziegler & Yorke
1997; Ziegler 1998). We use a setup that would, without a planet,
represent an accreting equilibrium disk including a mass flow
onto the central star with constant accretion rate ṁ. The initial
and boundary conditions are identical to our simulations in Dür-
mann & Kley (2015). Therefore, the disk surface density is given
by

Σ(r) =
ṁ

3παh2
√

GM�
r−1/2 = Σ0r−1/2, (1)

and the initial radial velocity is

ur = uvisc
r = −

3
2
αh2rΩK, (2)

where ΩK is the Keplerian orbital frequency and uvisc
r is the speed

of the radial viscous flow for an equilibrium disk with constant
ṁ. The outer boundary conditions are a forced inflow at a con-
stant ṁ with the initial radial velocity. At the inner boundary we
have a forced outflow with the initial radial velocity and zero
gradient for the density and energy density. The computational
domain covers the region between rmin = 0.3r0 and rmax = 3.0r0
with r0 = 5.2 au, and Σ0 = Σ(r0). At the inner boundary there
is a damping region between rmin and 1.25rmin where all compo-
nents of the velocity are damped to the azimuthal average with
increasing strength closer to the boundary. At the outer bound-
ary the damping region begins at 0.8rmax and there the τr,r ele-
ment of the stress tensor is increased for the radial velocity up-
date to suppress the viscous overstability (Kley et al. 1993). We
resolve the domain with 389 radial and 901 azimuthal equally
spaced grid cells. The planet is introduced on a circular orbit
at a0 = r0 = 5.2 au around a solar mass star. The viscosity is
given by the α-model with α = 0.003 and the disk scale height
is h = 0.05.

In the first 500 orbits, corresponding to approximately 6000
years, the planet is held on its initial circular orbit to allow the
disk time to adapt to the presence of a massive planet. During
this phase, the planet opens a gap in the disk as would happen
during a slow growth process in the disk. We do not reach full
equilibrium in this 6000 years but, because we are interested in
migration, the main goal is to make sure the disk is able to adapt
to the migrating planet without introducing strong artificial ef-
fects as a result of the sudden release. Another method we use to

Fig. 1. Section of the grid around a planet (red dot) and its Hill Ra-
dius RH shown as a red circle. The smaller dashed circles have radii of
RH/2 and RH/4. The accretion mechanism we use removes gas from the
lighter and darker shaded cells. In the darker shaded cells the accretion
fraction is increased by a factor of two. Because the planet is allowed to
move in the grid it is not centered in a cell or located on cell boundaries.

reduce the effects of the release of the planet is to slowly switch
on the disk torques acting on the planet over six orbits.

The torques generated within ft = 0.8RH are reduced apply-
ing a Fermi-like tapering function

ftaper(rcell) =
1

1 + exp
(
−

rcell− ft
0.1 ft

) , (3)

where rcell is the distance of the cell to the planet. The total
torque is then calculated by

Γtot =
∑
cells

ftaper(rcell)Γcell , (4)

where Γcell is the torque exerted by one grid cell on the planet.
This way gas which is already bound to the planet does not con-
tribute to the migration

3. Accretion method

To model the mass accretion onto the planet we rely on the
method already used in our previous work (Dürmann & Kley
2015), originally described by Kley (1999), but with some re-
finements. At each time-step the gas density in cells within half
of the Hill radius RH = aP (MP/3M∗)1/3 around the planet is re-
duced by a fraction facc∆tΩ where aP is the semimajor axis of
the planet, ∆t is the time step, Ω the Keplerian orbital frequency
at the initial planetary orbit, and the accretion fraction facc is a
free parameter. In addition, the accretion in the inner quarter of
the Hill radius is twice as high as in the outer quarter, as ex-
plained in Fig. 1. Tanigawa & Watanabe (2002) showed that the
accretion rate converges for a fixed facc if the accretion zone is
small enough, . 0.07RH, but as we are interested in modeling
different accretion rates and our method is not realistic anyhow,
we chose a larger region, which is beneficial for a smooth accre-
tion rate with a planet moving through the grid. The parameter,
facc, defines a depletion timescale, at which the affected cells
in the Hill sphere will be emptied if there is no flow of gas re-
filling them. From the accretion fraction the depletion timescale
can be calculated by τacc = ( faccΩ)−1 which gives the timescale
at which the inner part of the Hill sphere would be emptied as
ρ = ρ0 exp(−t/τacc) if it would not be refilled by surrounding
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Fig. 2. Accretion timescale for Jupiter-mass planets with different ac-
cretion fractions facc given as numbers close to the lines. For the first
6000 years the planets were on fixed orbits and their mass kept con-
stant, while already gas was removed in the vicinity of the planet. Then
the planets began to migrate and the gas removal was continued, but it
was not added to the mass of the planet. The models were calculated
with surface density Σ0 = 88 g/cm2 (red) and Σ0 = 880 g/cm2 (blue),
respectively.

gas. The mass removed this way is measured and either added to
planet mass or not, depending on the particular model. Increas-
ing the planet’s mass affects its dynamical mass as well as the
gravitational potential. In calculations where we include a tracer
gas it can be accreted the same way as the gas and the amount of
removed tracer is measured separately.

In addition to the mass accretion, we also take the possibility
of momentum accretion into account in our models. In the sim-
plest assumption, the specific linear and angular momentum of
the planet is not affected by the increased mass, thus the veloc-
ity of the planet in the disk is not modified by accretion. But the
accreted gas, depending on its position in the disk, may have a
relative velocity with respect to the planet and therefore this sim-
ple assumption does not hold necessarily. To account for this,
we measure the linear momentum of the removed gas in each
cell and can add its sum to the linear momentum of the planet
as we increase its mass. This way we avoid taking into account
the rotation (spin) of the planet around its own axis and ensure
conservation of linear momentum. Obviously the linear momen-
tum and the orbital angular momentum of the planet are strongly
coupled, so if the planet changes its linear momentum this way,
it will also change its orbital angular momentum around the star.

4. Accretion without growth

Our model of accretion depends on the choice of an appropri-
ate accretion fraction, facc, that cannot be derived from physi-
cal arguments in our simulations. To model these processes, one
would need a very high spatial grid resolution close to the planet
and additional physics such as thermodynamics, radiation trans-
port, opacities and even chemistry. This is not in the scope of this
work and for this reason we chose another approach. To find a
value of the accretion fraction that leads to accretion rates con-
sistent with previous work we performed a parameter study. We
place a Jupiter-mass planet in disks with two different surface
densities of 88 g cm−2 and 880 g cm−2 at 5.2 au corresponding
to ṁ = 10−8 and 10−7 M� yr−1, respectively. For the accretion
fractions, facc, we chose values between 10−2 and 3. We only re-
moved the gas in the vicinity of the planet from the simulation
but its mass was kept constant in this first series of models stud-

ied in this section. The effect of a mass change of the planet is
studied in the following section.

For our chosen accretion method a higher disk surface den-
sity should lead to a higher accretion rate onto the planet. In Fig.
2 we show the accretion timescale τ = mP/ṁP obtained in these
calculations. In case of low accretion fractions the accretion
timescales are directly proportional to the depletion timescale
τ ∝ τacc = ( faccΩ)−1, and the inverse of the disk surface density.
A factor of ten in the accretion fraction or the surface density
reduces the accretion timescale to 10 %, hence the blue and red
lines are offset initially by a factor of ten. For very high accre-
tion fractions this proportionality no longer holds due to the ac-
cretion timescale reaching a lower limit because in this case the
disk is not able to supply any more gas to the planet. Because
the amount of gas still depends on the disk mass for the different
surface densities, the accretion timescale limits are again approx-
imately a factor of ten apart. The lower limit of the timescale
is approximately 20 kyr for the low density disk and approxi-
mately 3 kyr for the high density disk, which is in agreement
with Lubow et al. (1999), D’Angelo et al. (2002) and Machida
et al. (2010).

The accretion timescale is not constant with time, but
changes during the different phases of the simulations. During
the first phase of the simulations where the planet is held on a
fixed circular orbit the accretion timescale gets larger, meaning
slower accretion. This can be explained by the introduction of
the planet into the undisturbed disk. The planet begins to carve a
gap and the density near the planet is reduced slowing down the
accretion until a new equilibrium is reached. After 6000 years
the planet is released and allowed to migrate which is the cause
of the small perturbations in all the curves at this time.

In this second phase the accretion timescale does not behave
as smoothly as before. This is best seen for the calculations with
higher disk density (blue lines) as there are visible valleys at
7.5, 12.5 and 16.5 kyr in Fig. 2, that move to slightly later times
for smaller accretion timescales. As the planets are migrating
with different rates, these valleys appear in all calculations when
the planets are at specific positions in the disk, which are aP =
0.88, 0.67 and 0.55 r0, as can be seen clearly in Fig. 3 where the
valleys appear as bumps. This also holds true for the simulations
with lower surface densities, where the migration is much slower
and only the valley at aP = 0.88 is visible at approximately 15.5
kyr. In Fig. 3, which shows the same models as Fig. 2, but for
the highest and lowest accretion fraction, the bump at aP = 0.67
is also visible.

To identify the origin of these variations we ran additional
simulations where we changed various parameters of the mod-
els. We found that the location of the bumps dependend on the
location of the inner boundary, that is, the value of rmin, but not
on the value of rmax. The position does not depend on the numer-
ical resolution and is independent of the initial position of the
planet. However, we found some dependence on the strength of
the damping at rmin because the damping changes the position
of the effective inner boundary felt by the planet. The position
of the bumps also depends on the boundary condition (open or
closed inner boundary) and on the sound speed in the disk. Here,
a higher disk aspect ration h shifts the bumps to smaller radii
and vice versa. This suggests that the features might be related
to sound wave reflections by the inner boundary and their in-
teraction with the migrating planet but future work is needed to
investigate this effect in detail. The increase of the accretion rate
is caused by an increased density in a region very close to the
planet (|r − rP| <∼ RH/2) while the global structure of the disk
is unchanged. This also explains why the bumps disappear for
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Fig. 3. Accretion rate for selected models from Fig. 2 (measured in
units of the local disk mass Mloc

D = a2
PΣ0a−1/2

P per kyr) as a function
of the planet’s distance. Only the highest and lowest accretion fractions
(numbers) are shown. The red and blue lines correspond to low and high
surface density.

higher accretion fractions. If the accretion is strong enough, no
build-up of gas close to the planet is possible. The variation of
the accretion timescale is in all cases a factor of approximately
two. At the moment we do not fully understand this effect, but
it does not influence the overall global evolution of the disk.
Our additional calculations show no significant variations in the
torques (and thus the migration rate) for different values of the
damping, the location of the inner boundary (within reasonable
limits) or the size of the damping region. The migration rates in
Fig. 4 show no correlation with the accretion rate in Fig. 3. As
we are mainly interested in comparing the migration behavior
of the planet at different accretion rates, the absolute values of
accretion may differ without invalidating our results.

The accretion rate depending on the planet’s position in the
disk is displayed in Fig. 3. The accretion rate is given in local
disk masses Mloc

D = Σ0a3/2
P per kyr to compare the accretion rate

of the different surface densities. The main difference remaining
is that the planet in the more massive disk (blue line) is migrating
much faster as can be seen in Fig. 4. The higher migration rate
of the planet leads to a higher accretion rate, because more gas
can be supplied to the Hill sphere. The accretion rates onto the
planet in the high accretion limit exceed the viscous accretion
rate of the disk onto the star by a factor of approximately five in
the beginning, reducing to a factor of two after 11000 years of
evolution. We already discussed the fact that planets do not mi-
grate at the equilibrium viscous speed but can be faster or slower
in Dürmann & Kley (2015).

Accreting planets migrate slower, as shown in Fig. 4. In case
of the high accretion rate limit ( facc = 3) it is slowed down by up
to 30 % compared to the slow accretion with facc = 0.01 (which
does not differ in migration rate from non-accreting simulations)
for both high and low surface density. In the models discussed in
this section the mass of the planet was not increased during the
migration. Therefore, the changes in the migration rate due to
different accretion rates are only an effect of the reduced surface
density because of the gas removal from the Hill sphere. The
lower density reduces the torques and as a result slows down the
migration and in a more massive disk this effect will be stronger
because more mass can be removed.
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Fig. 4. Migration rates of the simulations shown in Fig. 3. The black
dashed line is the radial viscous flow speed for an equilibrium disk with
constant ṁ (see Eq. 2), which is independent of the surface density.
The dots and diamonds mark those times in the evolution which are
discussed in section 6 and Fig. 13
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Fig. 5. Orbital evolution of an initially Jupiter-mass planet. In model R
the gas is only removed, but not added to the planet’s mass. In model
RA the gas is accreted and increases the planet’s mass and in RAM the
linear momentum of the accreted gas is also added to the planet. Model
N is for comparison, no gas is removed in the vicinity of the planet.
Model RA and RAM are very similar so they are plotted as dashed
lines.

5. Models with mass growth

In addition to the previous models, in order to understand the
influence of the planetary mass accretion on the migration of
massive planets we compared different methods of accretion. For
comparison reasons, in the first model we only removed the gas
near the planet and did not add it to the planet (model named R),
as in the models discussed in section 4. In the following run we
added it to the planet mass and kept the specific linear momen-
tum constant (RA) and in the last one we added it and also the
linear momentum of the removed gas to the planet (RAM). As
a reference, we also ran calculations where we did not even re-
move the gas from the simulation (N). To estimate the maximum
possible effect, we chose the accretion fraction facc = 3.0, which
is in the saturated upper limit of the accretion rate and the disk
surface density Σ0 = 880 g cm−2. In the first 6000 years (500 or-
bits) the planets are held on circular orbits and, while the gas is
already removed from the simulation, the mass is kept constant
at MP = MJup. Then the accretion is switched on (according to
the respective model) and the planets move according to their
interaction with the gas disk.
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Fig. 6. Removed gas for the different models considered in Fig. 5. Be-
fore the migration is switched on at 6000 years the planets do not in-
crease their mass and behave like model R in order to start the evolution
with 1 MJup. After the release, we reset the counter and in models RA
and RAM the mass is now increased according to the removed gas.
Again the line of model RA is shown as a dashed line to show model
RAM behind.
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Fig. 7. Surface density profile close to the planet for the different mod-
els discussed in Sec. 5 when the planet has reached ap = 0.75r0. The
distance to the planet is given in units of the local disk scaleheight. The
shaded region shows the radial extent of the Hill radius.

The evolution of the semimajor axis in the different models
is shown in Fig. 5. Directly after the release of the planets, the
disk has still to adapt to the now moving planet. This transition is
smoothed by gradually switching on the torques acting onto the
planet over six orbits. After a few 100 years the disk has adapted
to the moving planet, and the planet and the disk bear no history
of the migration to that point, which we tested by releasing the
planet from circular orbits with different initial radii.

In Fig. 6 we show the amount of gas removed in the vicinity
of the planet. During the first phase where the planet is on a fixed
circular orbit the accretion is very high in the beginning as the
slope is nearly vertical. At this time the planet begins to carve
a gap in the disk and the density in its vicinity is still high. As
soon as the gap develops, the slope decreases and the accretion
becomes slower. The mass of the planet is not increased until
the planet is free to migrate, but in Fig. 6 we show the amount
of removed gas up to that time. The higher amount of removed
gas for the models where the mass of the planet is increased is a
result of the higher mass of the planet. Since the Hill sphere is
growing with the planet’s mass, the accretion is enhanced in the
beginning, but as the gap is deepened it reduces the amount of
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Fig. 8. Torque profile close to the planet similar to Fig. 7. Note that the
excluded torques (see Eq. 3) are not shown in this graph. Torques inside
the shaded region are from outside the Hill sphere (e.g., the horseshoe
region).

material close to the planet and accretion is slowed down again.
After 25 kyr the planets reached a mass of 2.8 MJup (RA) and
3.4 MJup (R) which is in agreement with results by Nelson et al.
(2000).

The migration rates of the different models vary significantly.
Fastest is the migration without gas removal or accretion (model
N). We show the surface density close to the planet in Fig. 7
at times where the planets have reached ap = 0.75r0 (see Fig.
5). Because no gas is removed, the overall surface density is in-
creased compared to the model R and also gas accumulates close
to the planet. For models RA and RAM, due to the more massive
planet, the density in the gap is less than 10 % of that in model
R. Similarly, we show the radial torque profile in Fig. 8. Models
N and R significantly differ only within 5H of the planet, re-
sulting from the higher surface density. This means model R has
to migrate slower than model N. Models RA and RAM show
identical torques and differ from the other models because the
planet at this time has nearly tripled its mass and thus produces
stronger torques. Because the more massive planet at the same
time needs stronger torques to be moved, but these torques do
not increase as much because the gap becomes deeper, the net
effect is a slower migration.

The models RA and RAM are indistinguishable by eye in
all these calculations. When a planet is accreting gas it also has
to accrete momentum, otherwise the increased mass at constant
momentum would lead to a decreasing velocity, which of course
is unphysical. The main contribution to the accreted momentum
is the orbital momentum, which is very similar for the planet and
the gas because they are both nearly on Keplerian orbits. How-
ever, there are also deviations from this mean motion such as in-
or outflow, as in the horseshoe orbits. These deviations are cap-
tured by the momentum accretion in the RAM models while the
RA models handle only the mean motion. In Fig. 9 we show the
total torque acting on the planet (disk forces & accreted momen-
tum) as well as the torque resulting from accreted momentum
which is not orbital momentum. The contribution of the momen-
tum accretion to the total torque is less than 5 % at the beginning
and at later times very small (less than 0.5 %) and therefore neg-
ligible. Because we cannot resolve the circumplanetary disk, our
models do not consider the angular momentum of the removed
gas with reference to the planet to analyze its rotation.

During the evolution, the eccentricity of the planetary orbit
does not increase significantly and is below 0.006 at all times.
We also monitored the eccentricity of the disk which was well
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Fig. 9. Total disk torque in the RAM model from the disk (solid line)
and the accreted momentum (dashed line) acting on the planet, normal-
ized to its average. The line for the accreted momentum shows only the
deviations from the orbital momentum because the orbital momentum
does not influence the migration of the planet.

below 0.015 during the calculations. For all simulations shown
in this paper, the gap edges were steady and displayed no oscil-
lations or eccentricities.

6. Origin of accreted gas

To investigate the origin of the accreted gas, we implemented
a tracer fluid, which is advected with the gas in the simulation.
It can therefore be removed from the simulation as the accreted
gas and the total amount of removed tracer fluid is measured.
After 10000 years, when the disk had ample time to adapt to the
planet and its accretion and migration, we introduced the tracer
fluid. These times in the orbital evolution are marked in Fig. 4 by
round dots. The tracer has the same distribution as the gas, but
is only present inside the planet’s current orbit. By measuring
the accreted tracer and comparing it to the accreted gas we can
determine whether the accreted material comes from the area in-
side the planet’s orbit or from the area outside the planet’s orbit.
Because the planet is migrating during the simulation and there-
fore inner and outer parts of the disk are mixing and changing
with time, we restrict this kind of analysis to 1000 years after
the introduction of the tracer gas. To account for different mi-
gration rates, we used two different disk surface densities of 88
and 880 g cm−2 , and in both cases we considered accretion near
the high limit found in section 4 with facc = 3 and in the non
saturated case with facc = 0.01.

The ratio mtracer
acc /mgas

acc is shown in Fig. 10 where mgas
acc and

mtracer
acc are the amount of gas and tracer accreted by the planet

after the tracer introduction. The ratio is between 0.5 and 0.75
in the beginning but then increases. The initial increase is due
to the initial distribution which is not in equilibrium because of
the flow pattern in the gas, as is the case for horseshoe orbits. In
case of the more massive disk, which also implies a faster mi-
gration rate after only 300 years, more than 80 % of the accreted
material is originating from the inner disk. In the end, the ra-
tio for both accretion fractions is well above 90 %. Even for the
low disk density, and the, therefore, slower migrating planets,
the ratio is almost always above 60 %. The planets in simula-
tions with higher surface density are migrating much faster as
can be seen in Fig. 4. The planets in the simulations with higher
surface density both migrate approximately 0.03r0 while in case
of the lower surface density they move only 0.01r0 during the
1000 years with the tracer. Because they traveled much less than
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Fig. 10. Fraction of the accreted tracer to the accreted gas mtracer
acc /mgas

acc.
The different colors correspond to high and low accretion rates and high
and low disk density.

the gap width, they have not migrated far into the initially in-
ner disk. This means the planet is still at the edge of the tracer
fluid and the ratio of accreted tracer to gas is not only a result of
the planets migration deep into the region with the tracer fluid.
In case of the lower accretion rate more material comes from
the inner disk than for the higher accretion rate. To understand
this behavior, we analyzed the density distribution of the tracer
material in the vicinity of the planet.

In Fig. 11 the evolution of the tracer with time is shown for
the low surface density models in Fig. 10. While for the low ac-
cretion rate (upper row) gas crosses the gap and accumulates out-
side the planets orbit, in case of high accretion of the planet, the
tracer is only transported in the horseshoe region (lower row).
After 240 years the outermost horseshoe orbit is already com-
pletely populated with tracer material and with increasing time
it only becomes more homogeneous, while for the low accretion
rate the region containing tracer is increasing.

In Fig. 12 we show the surface density of the tracer zoomed
in to the vicinity of the planet 950 years after the tracer in the
inner disk was introduced. In addition to the models in Fig. 11
the calculations with high surface density are also shown. In the
models with low accretion in the top row a pile-up of gas at
the position of the planet is clearly visible, but in case of high
accretion it nearly completely vanishes. The tracer in all cases
shows the spiral structure generated by the planet into the outer
disk. The models in the right column have a higher surface den-
sity, thus the planets migrate faster, and because the migration is
faster than the viscous radial speed of the gas in all four mod-
els at this time (see Fig. 4), the material passes the gap from the
inner to the outer disk and accumulates outside the gap. In the
simulations with the lower surface density, the migration is still
faster than the radial viscous speed but slower compared to the
higher density models and hence the transport of material from
the inner to the outer disk is slowed down. Some transport of
material from the inner to the outer disk will of course occur in
any case, and even without migration because it is transported
through the horseshoe region as shown in Fig. 11. This mecha-
nism can also be seen in the lower left panel of Fig. 12 where
some gas has accumulated in horseshoe orbits and follows their
bending near the planet, but there is no pile up of gas outside
the horseshoe region. This means all the material from the inner
disk is accreted onto the planet and also explains why the ratio
of accreted tracer to gas in Fig. 10 for that case is reduced com-
pared to the lower accretion rate. The material from the inner
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Fig. 11. Tracer density at different times after the tracer was introduced in the simulation. Both rows show the low surface density (88 g cm−2) with
low accretion fraction facc = 0.01 in the upper and facc = 3.0 in the lower row. These models correspond to the low surface density models in Fig.
10.
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Fig. 12. Tracer fluid density near the planet 950 years after the tracer introduction to the inner disk. The four panels show the density distribution
for low (88 g cm−2) and high (880 g cm−2) disk density from left to right and low ( facc = 0.01) and high ( facc = 3) accretion rate from top to bottom.
The color map is the same as in Fig. 11.

disk alone is not enough to refill the Hill sphere so there has also
to be a flow of gas from the outer disk. The same happens, but to
a much lesser extent, for the higher disk density where the ratio
in the case of the higher accretion fraction is also decreased. This
can be better understood by looking at the disks local ṁ profile
shown in Fig. 13.

The ṁ measures the mass change in the disk by radial move-
ment of gas, therefore a negative ṁ(r) means mass from that an-
nulus in the disk is moving inwards, and vice versa with a pos-
itive ṁ(r). The ṁ = −10−8 M�/yr at the outer domain boundary
is a parameter of the simulation and corresponds to the speci-
fied value used in Eq. (1). It would also be the global ṁ of the
disk in equilibrium without a planet or a non-accreting planet
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Fig. 13. ṁ-profile of the disk (negative values mean inward transport)
for several models of the low density case and thus with prescribed
disk accretion rate −10−8 M�/yr (see. Eq. 1). The profiles are averaged
over 1000 years, because they are very sensitive to small disturbances.
The different colors correspond to the models with high (green) and
low (yellow) accretion fractions at early (t = 10 kyr) and late times
(t = 44 kyr) in the evolution. The times are marked with red dots and
diamonds in Fig. 4. The planets early in the evolution are migrating
much faster than the viscous speed, in the later models they migrate
slower than the viscous speed. The jumps at the planet position corre-
spond to the accretion onto the planet, which is therefore much higher
in the green lines.

on a fixed circular orbit. This was shown in Dürmann & Kley
(2015) (their Fig. 4), where one can see that reaching the equi-
librium takes very long even without the planet migrating. There
we also found the initial outward motion of the disk material in
outer parts of the disk as seen here in Fig. 13. These only disap-
peared after very long times (> 3600 orbits or 43 kyr) even for a
fixed, non-migrating planet, which is consistent with these fea-
tures disappearing for the late models in our new simulations as
presented here. For the models with high accretion rate (green)
there is a jump at the position of the planet, because the planet is
removing gas at that position. When ṁ is always negative close
to the planet (as in the late models) this means that, although the
planet is accreting and migrating, gas is crossing from the outer
disk to the inner disk, and vice versa for the early model with low
accretion (yellow), where the gas close to the planet is moving
outwards through the gap. Also clearly visible is that a fast mi-
grating planet can have a strong impact on the local value of ṁ in
the whole disk and even induce outward drift of the gas far away
from its position. The important part explaining the difference in
the fraction of accreted material from the inner disk depending
on the accretion rate can be seen immediately outside (right) of
the planets position. For both early and late times, the local ṁ
for the high accretion models is significantly lower than for the
low accretion models and negative meaning a gas flow directed
toward the planet. Because the planet wants to accrete more gas,
the Hill sphere has to refill, and although in most models gas
is crossing the gap inside out, the inward gas flow at the outer
gap edge is stronger, leading to a higher fraction of gas from the
outer disk.

6.1. Relation to type II migration

Our simulations show that gas can cross the gap carved by a gi-
ant planet and does so, for example, in cases where the planet
is migrating faster than the viscous radial speed. If the planet is
migrating inward faster than the disk, most material will origi-
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Fig. 14. Normalized surface density profiles for planets with low accre-
tion rate ( facc = 0.01) at different times during their orbital evolution.
The horizontal axis is normalized to the planet’s position and the disk
scale height. The black line corresponds to the surface density when the
planets are released.

nate from the inner disk. Only for high accretion rates and, at the
same time, sufficiently low disk surface densities, will the planet
be able to accrete all of the gas transported through the gap, as
seen in the lower left panel of Fig. 12. Only in these special cases
does the gap impose a barrier between the inner and outer gap
and the planet would be in the classical type II regime. Also in
these cases, however, the migration rate can differ from the clas-
sical type II migration rate because this is given by the global
equilibrium value, which can differ from the actual local value,
as for the example seen in Fig. 13.

It seems plausible that phases of type II regime can be
reached by a migrating planet for a wider range of surface densi-
ties and accretion rates, but only as a transient state. If the planet
is migrating inwards faster than uvisc

r and is accreting a consid-
erable amount of the gas crossing the gap inside out, the surface
density at the outer gap edge will be slightly reduced which is
shown in Fig. 14. Because the outer gap edge exerts a negative
torque leading to inward migration, a lower density in this re-
gion will slow down migration. But at the time when the mi-
gration rate equals uvisc

r the outer gap edge is still depleted and
the migration rate will continue to slow down. This means, al-
though the radial viscous speed is somehow a natural migration
rate, a massive gap opening planet will usually migrate faster
or slower if it did not happen to begin its evolution in already
perfect equilibrium. Due to the fact that, during the overall evo-
lution of planets, the migration transits from fast type I migration
or even faster type III migration, this perfect equilibrium seems
highly unlikely.

7. Conclusions

Our simulations show that the disk sets a limit on how much gas
can be supplied to the Hill sphere and thus can be accreted by
the planet. The upper limit of the accretion rate onto the planet
is higher than the accretion rate through the disk onto the star by
a factor of five or less , and reduces with time, which agrees with
findings of Kley (1999) and Tanigawa & Tanaka (2016).

We show that there are some reciprocal effects between ac-
cretion and migration. Migration is fastest in the unphysical case
where no gas is removed. In this case gas is accumulating near
the planet and generating large torques because of the small dis-
tance to the planet. Removal of gas close to the planet reduces
these torques and slows down the migration. When gas is re-
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moved and the planet increases its mass, the migration slows
down even more. Not only is the gas density close to the planet
reduced because of the removal of gas but also because the now
more massive planet creates a deeper gap. In addition, a growing
planet needs stronger torques to keep up its migration rate, but
the torque created in the gap region becomes smaller together
with the reduced density. Also, as a result of the deeper gap, the
accretion rate can drop below the accretion rate of a much lighter
planet, which does not increase its mass. We not only increased
the mass of the planet, but also measured the momentum of the
removed gas and added it to the planet. The simulation clearly
shows that this accreted momentum does not have a noticeable
effect on the migration of the planet, as the torque it generates is
always smaller by a factor of 100 compared to the disk torques
responsible for the migration.

The models with tracer particles to investigate the origin of
accreted material gave multiple interesting results. For a planet
migrating faster than the radial viscous speed (i.e., faster than
type II migration), most of the accreted gas originates from the
inner disk and this fraction increases when the planet is migrat-
ing faster. In this case it does not push the inner disk, but gas
crosses the gap from the inner to the outer disk. Only in cases
of high accretion rates and low enough surface densities is the
planet able to accrete all of this material. In cases where the
planet is migrating slower than the viscous speed gas crosses
the gap from the outer to the inner disk. In both cases gas is able
to cross the gap, so it is not separating the inner and the outer
disk. The rate at which gas crosses the gap is determined by the
migration rate of the planet. It can be, and often is, faster than
the radial viscous speed of the disk which is the local type II
migration rate in the disk.

When the planet is migrating at exactly the viscous speed,
and is therefore in the classical type II migration, this is only a
transient state during its orbital evolution. As we show in Fig.
4 the migration rate is higher in the beginning but then drops
and reaches the viscous drift rate. However, the migration rate is
dropping further and becomes even lower than the viscous speed.
Also, whether or not gas crosses the gap depends not only on the
model parameters but also on changes with time, as can be seen
in Fig. 13. The actual migration rate is defined by the state of
the disk on both sides of the gap whose evolution depends on a
local viscous timescale, which can be different from the global
viscous timescale.

To find the relations that describe the actual migration rate
for a given system, further work is needed. For the whole pic-
ture it is very important not to neglect the influences of accre-
tion and migration on one another. The former cannot be un-
derstood without a better understanding of the second, and vice
versa. The migration history, which results in varying accretion
rates during the evolution, and the origin of accreted material,
may be reflected in the planet’s composition, and allow a bet-
ter understanding of the late formation. This has to be studied in
population synthesis models, which include more detailed mod-
els of the mutual effects of migration and accretion. Analytical
models for planet growth such as Tanigawa & Ikoma (2007) that
do not include the planet migration, will underestimate the fi-
nal masses of planets because they do not account for the gas
crossing the gap and entering the Hill sphere. In agreement with
previous studies (Nelson et al. 2000) we find that masses of sev-
eral Jupiter masses can be reached if single massive planets are
allowed to migrate undisturbed through their disks.

Finally we note that in our simulations we modeled only 2D
locally isothermal disks. It will be worthwhile in the future to
extend these to full 3D.
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4 Results

During the work for this thesis two papers, referenced herein as P1 and P2, were pub-
lished. The first one, Migration of massive planets in accreting disks, was published in
January 2015 in the refereed journal Astronomy & Astrophysics. In the paper the migra-
tion rate of planets with different masses is simulated in isothermal disks with varying
density and viscosity and the torques acting on the planet are analyzed in detail. The
second paper, The accretion of migrating giant planets, was accepted for publication in
October 2016 and is currently in press also in Astronomy & Astrophysics. In this piece
the effect of gas accretion and the gas flow into and across the gap is studied.

In P1 we first studied the properties and shape of a gap with a planet on a fixed circu-
lar orbit and showed we could simulate a disk with a radial accretion flow prescribed
as a parameter of the model. We measured the torques of this configuration and later
compared it to the values of a migrating planet. This showed that it is necessary to ac-
tually model migration because the analysis of static torques is not sufficient and yields
different migration rates. It became clear that the disk must adapt to the effects of a
migrating planet and that both gap and torque change compared to the static model. As
soon as the disk has adapted the gap profile and the specific torques do not change and
do not depend on the position of the planet in the disk (see Fig. 8 and Fig. 9 in P1). This
implies that also the total torques, normalized by the known type I torque normalization
as in Eq. 1.5, acting on the planet have to become constant after the disk has adapted to
the planet migration (see Fig. 13 in P1). This is a strong argument against the classical
type II migration principle where the torques will always adjust themselves to keep the
planet aligned in the middle of the gap moving with the viscous radial speed uviscr .

According to Eq. 1.9 type II migration cannot be faster than the viscous radial speed and
is only slowed down if the planet mass exceeds the local disk mass. This contradicts
with the results in the first paper and was also found by Duffell et al. (2014) where the
migration can be faster or slower than the viscous evolution (see Fig. 15 in P1). To
investigate how this happens wemeasured how the disk material is transported radially
in and close to the gap. The local disk accretion rate profile of an inwardmigrating planet
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(see Fig. 11 in P1) clearly shows positive values meaning outward gas flow because the
planet is migrating faster than the viscous speed of the disk. We could not only show
that gas can cross the gap but also that even an outward flow is possible given the planet
is migrating inward faster than the viscous radial speed of the gas in the undisturbed
disk. Would no gas be able to cross the gap all the gas inside the planet’s orbit would
accumulate at the inner gap edge like snow pushed by a snowplough. This would then
create stronger torques pushing the planet back. A gas flow across the gap on the other
hand means type II migration is essentially not working as thought before.

In P2 we investigated in more detail the effects of planetary gas accretion on the migra-
tion. The method used to accrete gas from the disk allows for adjusting the accretion
rate with a parameter given as a model parameter. This method cannot model all physi-
cal aspects of accretion like gravitational heating and circumplanetary disks but allows
to easily adjust the accretion rate. This way we cannot determine the actual accretion
rate a planet would have but at least find an upper limit of the accretion rate (or a lower
limit to the accretion timescale). Apart from that we were able to analyze the effect
of accretion by increasing or decreasing the accretion rate in otherwise identical mod-
els. The simulations show that accretion, normalized to the disk density, is faster if the
planet migrates faster. The reason is, because gas can flow through the gap and more
gas flows through the gap if the planet is migrating faster, more gas is transported into
the Hill sphere where it can be accreted by the planet (see Figs. 3 and 4 in P2).

As an accreting planet constantly increases its mass, the disk adapts to the more and
moremassive planet which has the effect that the evolution of planets at different times
in their evolution can hardly be compared. Hence, up to this point we did not increase
the planet’smass, although gaswas removed, in order to not change toomany variables
at the same time. This is of course unphysical so we added models where the effect of
a growing planet could be analyzed. Apart from the gas accretion we also accounted for
the momentum of the accreted gas and considered its influence on the migration of the
planet. For example, if the specific momentum of the accreted gas was lower than that
of the planet thiswould increase the inwardmigration rate. Our computations show (see
Fig. 5 in P2) that in case of no gas removal at all the planet migrates the fastest followed
by the case where gas is only removed, but the planet does not grow. The migration
becomes slowest if the planet is allowed to grow but the momentum of the removed
gas is not important (see Fig. 9 in P2). The reason for the slowed down migration of
the accreting and growing models is that the gap becomes deeper because of the gas
removal and thus the torques are reduced compared to the model without gas removal
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(see Fig. 7 and Fig. 8 in P2). If in addition the planet becomes heavier this makes the
gaps even deeper and also a more massive planet needs stronger torques to migrate
at the same rate. Because the growing planet migrates slower and the gap becomes
deeper it will also have a reduced accretion rate and eventually will accrete gas much
slower than the less massive planet (see Fig. 6 in P2).

To further investigate the gas flow across the gap also for accreting planets we intro-
duced a tracer fluid into the simulation. The tracer replicates the density distribution on
the gas in the inner disk and is zero everywhere in the outer disk. Because the tracer
behaves the same way as the gas and can also be accreted by the planet this way we
were able to measure how the material from the inner and the outer disk mixes and
which fraction of the accreted gas originates in the inner and outer disk. The simula-
tions show that a planet migrating faster than the viscous drift rate will accrete most of
the gas from the inner disk as gas will cross the gap from the inner disk to the outer disk
(see Fig. 10 and Fig. 13 in P2). Also analyzed was whether gas not just flows into the
gap but crosses the gap and reaches the other side, although the planet is accreting. In
Fig. 12 of P2 tracer material accumulates outside the planets horseshoe region even for
the highest possible accretion rate. Only if at the same time the disk is not very dense
all gas can be accreted. It is important to note that we used the maximum accretion
rate that is possible and the accretion rate in more realistic models will be lower.

All the results presented in the publications summarized here show that the idea of type
II migration is not what happens when massive planets migrate. The actual process is
much more complicated with feedback effects of the migration itself and the accretion
onto the planet.
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5 Discussion

The results presented in this thesis shed a new light on type II migration. Massive plan-
ets fundamentally influence the formation process of all planets in an emerging plane-
tary system. Hence, the understanding of theirmigration should be considered to create
a complete model of planet formation. Although this work does not yield a fundamental
understanding how migration of massive planets work it has shown the classical idea
of type II migration is not valid and does not explain what is happening during migration.

It is clearly necessary to investigate the migration process further and in even more de-
tail than it could be done for this thesis. Our models were isothermal and 2-dimensional
and therefore could not resolve the accretion onto the planetwith the 3-dimensional flow
pattern in a circumplanetary disk and gravitational heating of the accreted gas. It would
be worthwhile to extend the simulations to full 3-dimensional radiative hydrodynamics
to include the thermodynamics of accretion and thus be able to further constrain how
fast accretion onto the planet happens. Another problem is the resolution of the region
close to the planet. NIRVANA supports nested grids with up to 10 layers of refinement
but as these nested grids are at fixed locations in the highest-level grid they cannot be
used to model a radially moving planet. Other codes can use adaptive mesh refinement
that increases the resolution of dynamically identified regions of interest and thuswould
allow to increase the local resolution. However, as the planet moves through the disk
the region which has to be refined constantly changes which limits the increase in res-
olution because constantly interpolation has to be used. A possible solution could be
a grid which is dynamically rescaled to the radial position of the planet as discussed in
the dissertation of Paardekooper et al. (2006, section 4.2). This method allows for the
planet to be stationary in the grid although it is able to migrate. Combined with nested
grids this could overcome the problems stated above with the additional benefit that
the computational domain could be smaller without the planet eventually reaching the
inner boundary as it moves along with the planet.

With new and better telescopes like ALMA (Atacama Large Millimeter/submillimeter
Array) it now becomes possible to observe the structure of protoplanetary disks. The
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well-known image of HL Tau shows clear axisymmetric features that immediately were
discussed as possible gaps of multiple forming giant planets among other theories. Al-
though it is not yet clear if the rings in the disk around HL Tau are signatures of forming
planets, it is highly interesting to have the possibility to observe planetary gaps as this
allows to validate planet formation theory not only with statistics of finished planetary
systems but by direct observations. Because ALMA is observing in millimeter and sub-
millimeter wavelengths unfortunately the gas is not visible. The images show only the
dust in the disk and it is difficult to reconstruct the gas distribution. However, the first
time being able to look at the evolution of protoplanetary disks, will with no doubt fuel
the interest in the planet-disk-interactions and themost important kind of these is planet
migration.

Other telescopes that will be able to help understanding planet formation are planned.
One of them is the JamesWebb Space Telescope (JWST), which is scheduled to launch
in 2018 for infrared wavelengths. The European Extremely Large Telescope (ELT) as
well as the Thirty Meter Telescope (TMT) will be used for infrared and optical observa-
tions starting service (scheduled) in 2024. Both can be used for direct imaging of exo-
planets around nearby stars and may allow for spectroscopy of planetary atmospheres.
The PLATO satellite mission (PLAnetary Transits and Oscillation of stars) of ESA will
continue the research of Kepler and CoRoT to detect undiscovered exoplanets and is
scheduled for launch in 2024. In contrast to Kepler, which observed a single far away
region of the Milky Way to have many stars in a single field of view, PLATO will focus
on stars closer to the sun. This will make spectroscopic follow-up observations possi-
ble with other telescopes to measure not only the radius of the planet by transits but
also the masses by radial velocity measurements and possibly also atmospheric prop-
erties by absorption spectroscopy of starlight traveling through the planet’s atmosphere.
Other spacecraft missions focusing on the detection, confirmation and further observa-
tion of exoplanets are the TESS (Transiting Exoplanet Survey Satellite) mission and the
CHEOPS (CHaracterising ExOPlanets Satellite) space telescope.

In the context that type II migration is considered to be too fast to replicate the observa-
tions with population synthesis models this work is promising as some of our models
were slower than the viscous drift rate. With already more than 20 citations for the first
publication we raised the awareness thatmigration of giant planets is a field of research
where still much work is to be done.
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