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Abstract

Protoplanetary disks are the birthplace of planets. Beforthese gaseous disks are
dispersed by the radiation from their host star they interacwith the planets that
form out of them. This interaction causes the planets to chaye their orbits and the
disk to be sculpted by the planets if these are su ciently masive. Transition disks
constitute a subset of the protoplanetary disks that featue an inner hole while
mass accretion onto the star is ongoing. While transition dcks with small inner
holes and low accretion rates have already been explained plyotoevaporation,
the origin of transition disks with large inner holes up to tas of astronomical units
wide and high mass accretion rates remains unclear.

In this thesis, | explain, using two-dimensional uid dynanics simulations, how
an outward migrating pair of planets can reproduce the chacteristics of transition
disks with large holes and high accretion rates.

In addition, | describe a newly-found phenomenon in the real of planet{disk
interaction. During the process which | call a migration jurp, a pair of giant
planets resonantly migrates outward which excites the eateicity of the planets
and creates a vortex in the outer disk. Through interaction #h the vortex, the
outer planet enters an accelerated phase of outward migrati allowing it to cover
tens of astronomical units in only a few thousand years, be&®it quickly migrates
back into the initial con guration with the inner planet.

Sparked by the prominence of the vortex in the migration jumpl studied the
properties of planet-induced large-scale vortices in piaplanetary disks and their
dependence on the thermal relaxation timescale and the léwd viscosity of the
disk. For the detection and analysis of vortices in simulatn data, | developed a
novel detection pipeline based on computer vision algoritts. The vortices tend to
live longest in disks with low viscosity and short thermal raxation timescale and
live shortest in disks with thermal relaxation timescalesamparable to the orbital
period.






Kurzfassung

Protoplanetare Scheiben sind die Geburtsstte von Planeten. Bevor diese Gas-
scheiben von der Strahlung ihres Zentralsterns zerstreuevden, interagieren sie mit
den Planeten, die aus ihnen entstehen. Diese Interaktiomhrt zu einer Vemnderung
der Planetenorbits, und falls die Planetenmassen hoch gensind, fhrt sie zu ei-
ner Formung der Scheibe selbst. Eine Untergruppe der protapletaren Scheiben
sind die Ubergangsscheiben, welche in Beobachtungen im Zentrum eiach auf-
weisen und gleichzeitig Massenakkretion auf den Zentradsh erlauben. Wahrend
die Ubergangsscheiben mit kleinen dchern und geringen Akkretionsraten bereits
durch Photoevaporation erkart werden kennen, bleibt die Herkunft von denjeni-
gen mit gro en Lechern bis zu einigen zehn astronomischen Einheiten und feoh
Akkretionsraten unklar.

In dieser Doktorarbeit erklare ich anhand von zweidimensionalen Stmungs-
dynamiksimulationen, wie ein nach au en migrierendes Platenpaar diebergangs-
scheiben mit gro en Lechern und hohen Akkretionsraten erldren kann.

Au erdem beschreibe ich ein neu entdecktes Bhomen im Bereich der Planet-
Scheiben Wechselwirkung. In dem Prozess, den ich Migratgsprung nenne, mi-
griert ein Planetenpaar in Resonanz nach au en, wodurch digxzentrizitaten der
Planeten ertoht werden und ein Wirbel in derau eren Scheibe entsteht. Durch die
Interaktion mit dem Wirbel beginnt der au ere Planet eine Phase von beschleunig-
ter, nach au en gerichteter Migration, wahrend welcher er mehrere zehn astronomi-
sche Einheiten in nur wenigen Tausend Jahren zucklegen kann, bevor er wieder
rasch in die urspeingliche Kon guration mit dem inneren Planeten zueickkehrt.

Inspiriert durch die prominente Rolle des Wirbels in den Migationsspringen
untersuchte ich die Eigenschaften von gro en Wirbeln, die voPlaneten erzeugt
werden, und deren Ablangigkeit von der thermischen Relaxationszeit und der Vis-
kositat der Scheibe. Zur Detektion und Analyse von Wirbeln in Simuteonsdaten
entwickelte ich ein neues Vorgehen basierend auf Bilderkemgsalgorithmen. Die
Wirbel leben am kngsten in Scheiben mit geringer Visko#t und kurzer thermi-
scher Relaxationszeit und leben amekzesten in Scheiben mit einer thermischen
Relaxationszeit, die mit der Umlaufperiode des Planeten v@eichbar ist.






1 Introduction

Countless civilizations have attributed gods of all di erat kinds to Nature's
various phenomena that govern our lives, to the elements atalthe celestial bodies.
In many cultures, the sun god takes the role of a king of godsihg associated with
consciousness itself, as is the case for Egyptian mythologith its sun god Ra and
his o spring, the god of the skyHorus whose two eyes are the sun and the moon.

Living in an age of never-ending technological marvels an@ving access to elec-
trical light at any time, the importance of the sun for daily ife might be less striking
to us than to our ancestors, but being in the presence of a vievf the night sky,
unimpeded by light pollution, is still one of the most awe-igapiring experiences pos-
sible. In the night sky, the colorful wanderers | the ancient Greek word plaretai
translates towanderers| are very prominent, being the brightest objects together
with our moon.

For many humans, curiosity accompanies awe and observingatithe planets are
large objects orbiting the sun, the next questions to ask aréow do these planets
form? And what about the moon and the sun? As it turns out, theseugstions are
intricately connected.

1.1 A brief story of planet formation

Stars are giant bodies of gas that are so massive that the giational attraction
they exert on themselves is enough to trigger and sustain rlear fusion in their
interiors. They form during the collapse of gaseous coresside a giant molecular
cloud, usually together with many other stars, which is re eted in the fact that
over half of the observed stars are in binary or multiple stasystems (O ner et al.
2022). Dierent stages of the collapse process are sketchadrig. 1.1. After the
rst 104{10° years, part of the collapsing cloud has accumulated into a @iostar,
not yet producing its radiated energy by nuclear fusion butycontraction heating.
At this stage, the protostar is still embedded in an opaque @lid.

Because the initial cloud is subject to internal di erentid motion, the cloud
generally has a non-zero angular momentum. Because of amguhomentum con-
servation, the cloud can only freely fall onto the star par#&l to the rotation axis.
In the plane perpendicular to the rotation axis, some mateal needs to stay at a
distance while orbiting the central protostar. In addition jets can emerge parallel
to the rotation axis, fueled by gravitational energy whichs released as the material
moves closer to the central star.

During an intermediate stage of the star formation processhich lasts several
10P{10° yr (Haisch et al. 2001) when the star is in th& Tauri phase (named after
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Figure 1.1: Sketch of the multiple stages of star formationdm a giant molecular
cloud to a planetary system. Credit: Ande Oliva, adapted fom Greene (2001).

a particular star in the Taurus constellation), a disk-likestructure exists around
the protostar which is the result of angular momentum conseation and which is
surrounded by a thin envelope. Most of the accretion (mass @onulation) onto
the star ensues through the disk at this stage | hence the nameccretion disk
It is in these disks where planets are formed | accordingly, hey are often called
protoplanetary disks (PPDs). The gas in a PPD is nally eithe accreted onto
the protostar or expelled from the disk by photoevaporatiomntil only small solid
objects and planets remain.

Akin to the interstellar medium (ISM) they emerge out of, it is asumed that
PPDs have a similar chemical composition with around 1% be&n m-sized dust
(Mathis et al. 1977). These dust particles are the fundameait building blocks for
terrestrial planets.

In the most widely accepted scenario, the core accretion segio, planets form by
the agglomeration of this m-sized dust into larger dust grains, which collide and
stick together to form meter-sized pebbles and boulders angally km-sized plan-
etesimals. Planetesimals are then able to gravitationallgttract additional solid
particles until they grow to terrestrial planets. The leftover small solid bodies
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and the fragments caused by the collision of larger objectacup as comets and
asteroids. The resulting bodies can be a discerning factor assessing solar system
formation theories by a comparison of the statistics of obsed bodies in the as-
teroid and Kuiper belt to predictions from models (Nesvorn/2018). While smaller
terrestrial planets are able to retain a small gaseous atnptere (the atmosphere
of the Earth accounts for 10 © of its total mass), larger rocky planets (with a
mass of 10{20 M, Mizuno 1980; lkoma et al. 2000) can accrete much more gas and
grow to become gas giants like Jupiter.

1.2 Accretion disks

A characteristic property of PPDs is that they are accretiordisks. Accretion rates
onto young T Tauri stars range from 10°{10 ‘M =yr with amedianat10 M =yr
(Hartmann et al. 1998). Disk masses around young stellar olsjs range from 104
to a few 10'M (Andrews & Williams 2005). Because of angular momentum
conservation, an accretion disk must facilitate angular mmoentum transport from
the inside out | otherwise, the disk material would stay at a xed orbit, analogous
to how planets stay on xed orbits if not perturbed. Accretiondisks can be thought
of as machines that transport angular momentum away and masswvards the star.

Therefore, an angular momentum transport mechanism is nesdl Viscosity, the
resistance to shear within the uid of the disk, is a suitablecandidate as can be
shown with simple 1D disk models (Lynden-Bell & Pringle 1974 However, the
molecular viscosity of the gas is much too small to sustain ¢hobserved mass ac-
cretion through the disk, and thus turbulence has been proped to be the driving
mechanism of angular momentum transport | resulting in an e ective turbulent
viscosity. This is a widely used assumption and encapsuldtén the -viscosity
model (Shakura & Sunyaev 1973) where the turbulence is paratarized as an
e ective viscosity through the viscous stress tensor. Durg the last decades, nu-
merous di erent types of turbulence and instabilities withthe ability to transport
angular momentum have been identi ed. The list includes thenagneto-rotational
instability (MRI, Balbus & Hawley 1990), the gravitational instability (Gammie
2001), and the vertical shear instability (VSI, Nelson et al. @L3). All these insta-
bilities occur under di erent sets of conditions which sontemes overlap, leading
to one instability attacking the structures formed by a prewus instability. The
e ciency of these instabilities and their turbulence in transporting angular mo-
mentum can usually not be evaluated analytically, and thusumerical simulations
have been performed to assess it. The angular momentum traost e ciency due
to instabilities ranges from =10 °{10 2 for the VSI (Nelson et al. 2013; Stoll &
Kley 2014; Flock et al. 2017; Barraza-Alfaro et al. 2021) and = 10 {10 2 for
the MRI (Hawley et al. 1995). These values are consistent withe mass accretion
rates observed for young stars (Hartmann et al. 1998).
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Figure 1.2: Left: Disk observations using high resolution ddo observations with

ALMA from the DSHARP survey (Andrews et al. 2018) revealing manyubstruc-

tures. Right: ALMA (Keppler et al. 2018) and near-IR observabns using the VLT

(insert on the right, Maller et al. 2018) of the unique PDS 7Gsystem in which two

giant planets were directly observed while still accretingnd being embedded in
their disk (Ha ert et al. 2019).

Contemporary observations are able to resolve the disk witlhe help of inter-
ferometry, either in radio wavelengths, e.g. with the Atacama Large Millimeter
Array (ALMA, see left and center panel Fig. 1.2), or in infrared wth the Very
Large Telescope (VLT, see right panel Fig. 1.2), in combinatiowith sophisticated
data analysis and interpretation techniques. Many of the solved disk observa-
tions show substructures in the disks (see Fig. 1.2) includjrholes, rings, arcs and
localized intensity maxima. The sizes of the resolved diskary from some tens to
some hundreds of au.

1.3 Transition disks

While an observed accretion rate indirectly hints at the extence of an accretion
around a young star, the existence of a disk can also be dirgcidenti ed by the

spectrum of emission due to thermal radiation from the m-sized to mm-sized dust
grains. As illustrated in the left panel of Fig. 1.3, the disk apears as a plateau in
the spectrum of the star-disk system at the Rayleigh end of éhstellar blackbody
spectrum, because the disk is considerably cooler than theltar surface, but with

a much larger surface area. Because the temperature in thesldimidplane usually
decreases outward, the disk spectrum is a superposition ofange of blackbody
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Figure 1.3: Schematic spectrum of a protostar and its disk fte from Dullemond

et al. 2007) and the observational spectrum of the transittodisk DM Tau (blue)

along with the stellar spectrum (dashed line) and the mediaspectral energy dis-
tribution (red dots) of PPDs in the Taurus star-forming regon (right, from Owen

2016).

spectra with di erent temperatures, emitted at di erent radii within the disk. As a
consequence, di erent parts of the spectrum can be assoe&dtwith di erent radii
in the disk (see the left panel of Fig. 1.3).

Observationally, PPDs were rst identi ed and distinguished from isolated stars
by their emission in the near- and mid-infrared. In additionto smooth disks and
isolated stars, there was a third class of observed objectsat were believed to be in
an intermediary state during which the stars lose their diskKenyon & Hartmann
1995). Owing to this hypothesized transitional state, thes objects were termed
transition disks (TDs).

Spectral observations of TDs reveal an even clearer way to ke this subclass
of disks. TDs lack emission in the near-infrared which regslin a valley in their
spectrum between the stellar and disk contributions (see ¢éhblue line in the right
panel in Fig. 1.3). Relying on the fact that the wavelength oftte emission is linked
to the distance from the star, this missing near-infrared erssion indicates that
TDs have holes in their dust distribution close to the star.

Owen (2016) classi ed TDs into two opposing categories. TDgth low millimeter-
uxes (mm- ux), small inner hole sizes ( 10au) and low accretion rates
(10*°{10 °M =yr) were classi ed as type I. TDs with high mm- uxes, large imer
hole sizes & 20au) and high accretion rates (1M =yr) were classi ed as type
.

Type | disks can mostly be explained by X-ray photoevaporatio(Owen 2016;
Picogna et al. 2019). Because photoevaporation is most eant close to the star,
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photoevaporative disk dispersal happens from the inside tout starts at the dis-
tance from the star, where thermal energy input from stellairradiation is su -
ciently high to overcome the gravitational attraction by the star.

Type Il disks appear as a paradox. They simultaneously havarfie inner holes
but show large accretion rates at the same time. Here, howeyarcaveat is impor-
tant. The observations, spectra and images, show dust emss As a consequence,
there might just be a hole in the dust distribution and the gaslisk might be con-
tinuous.

It is known from analytical theory (Goldreich & Tremaine 19D, 1980) that giant
planets in PPDs open gaps | a fact which was veri ed in hydrodynamics simula-
tions many times (e.g. Kley 1999; Crida et al. 2006; Kanagaved al. 2017). This
suggests a possible explanation of type Il disks in which astgm of giant planets
opens a large hole in the disk via gravitational interaction

1.4 Migration and gap opening

As outlined in Sect. 1.1, planets form in and out of accretionisks around young
stars. This means that there must be a time when both the plateand their parent
disk coexist. During this time, the planets and the disk inteact gravitationally and
exchange angular momentum. The change of the angular momemt of a planet
results in migration | a change in the distance to the host sta | as well as
changes in eccentricity and inclination, and precession thfe orbit. For typical disk
parameters and planet masses up to several Mhe planets lose angular momentum
which causes the planets to migrate closer to the star Ward 927); Kley & Nelson
(2012). See Sect. 2.3 for more details on planet migration.

Planets with su ciently large mass can push away material fom their orbit
and thus create a gap in the disk (e.g. Goldreich & Tremaine &0; Ward 1997,
Kanagawa et al. 2017), much like the planets in the solar sysh clear their orbits
from asteroids and how the moons around Saturn create the gam its rings. For
a PPD, this process is governed by a balance between the amguhomentum ux
carried by density waves launched close to the planet and tlegular momentum
ux of the viscous disk evolution that re lls the gap. Thus, the mass needed to
open a gap scales with the e ciency of the disk to open a planefor a relatively
cold disk with an aspect ratio ofh = 0:05 and a low viscosity . 10 4, this
planet mass can be as low as one Neptune masgeM 0:05M; 5 10°M
(Kanagawa et al. 2015). This gap opening capability was regiedly invoked to
explain rings in observations of PPDs, e.g. for the rst imag of a PPD produced
by ALMA (the disk around HL Tau, ALMA Partnership et al. 2015) or for the disks
in the DSHARP survey (Andrews et al. 2018, see also the left para Fig. 1.2 for
examples of rings).

For a special case of resonant migration of a pair of two giaptanets M, & 3M;),

10
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the overlapping gaps of both planets can reach widths that arcomparable to their
distance to the central star (Masset & Snellgrove 2001). Téiproperty is what
makes them ideal candidates for carving the gaps and holestype Il TDs (Owen
2016). The formation of a gap can also stop dust particles frodrifting inward
further than the outer gap edge. Just outside the outer gap edga radial pressure
maximum forms as a consequence of the gap opening. For thetdiges that are
observable by ALMA, this pressure maximum acts as a barrier, hmg the inward
drift of the dust particles (Weidenschilling 1977). This ceates a scenario in which
a planetary system carves a large gap that is visible as a larghner hole in dust
observations.

Coincidentally, the only system in which we observed plangtn their natal disk
that are actively accreting is one with such properties. Theisk around PDS 70
(see Fig. 1.2 for observations with ALMA and the VLT) features adrge inner hole
of around 40 au and two super-Jupiter-mass planets in a con gation compatible
with resonant outward migration (Maller et al. 2018; Keppkr et al. 2019; Bae et al.
2019; Rometsch et al. 2020, see also Sect. 4.3 for more detiout the modelling
of this system).

1.5 Vortices

One consequence of gap opening by embedded planets is thesipddy of the
emergence of vortices in the disk (Li et al. 2005; Val-Borrd al. 2007). Conditions
for their formation exist either during the planet formation process when a gap
is created for the rst time or during the dynamical interplay of multiple giant
planets.

Vortices and eddies are the fundamental building blocks oltbulence (Lyra
& Umurhan 2019) and can exist on a range of length scales in a givsystem.
Depending on the type of turbulence as characterized by theower law exponent
of its spectral energy density, turbulent energy is moveddm large scales to very
small scales, where the energy is dissipated into heat, oorfin small scales to large
scale, resulting in the formation of large-scale vortices.

In the context of PPDs, there are several ways, including itabilities, that enable
the growth or destruction of vortices. Growth can be sustaed by the Rossby-
wave instability (RWI, Lovelace et al. 1999), the subcriticabaroclinic instability
(SBI, Klahr & Bodenheimer 2003; Lesur & Papaloizou 2010), ®he zombie vortex
instability (ZVI, Marcus et al. 2015, 2016). The RWI can occurn PPDs at the
edge of a gap in the disk, which can either be opened by embeddéant planets (Li
et al. 2005; Val-Borro et al. 2007) or at viscosity transitins which are expected to
happen at the interface of a dead zone (Godon & Livio 1999). Mex decay can be
brought about by viscous spreading that attacks the vortex dundary and di uses
the vortex, or from within the vortex, e.g. by the elliptical instability (Lesur &

11
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Papaloizou 2009). Vortex properties, including their lifgme, not only depend on
viscosity, but also on the thermodynamic properties of theisk which in uence the
kinematic viscosity via the temperature in the prescription (Pierens & Lin 2018;
Tarczay-Nelez et al. 2020) or directly via vortensity genetion at the planetary
spiral arm shocks (Cimerman & Ra kov 2021).

There is a large number of substructures found in resolvedqgioplanetary disks
(Andrews 2020). Some of these observations include non-grmsnetric and lopsided
structures. Possible explanations range from dust trappad the Lagrange points
of gap-opening planets (Rodenkirch et al. 2021) to the preasze of vortices (Barge
& Sommeria 1995; Marel et al. 2013; Bae et al. 2016; Rerez dt 2018; Hammer
et al. 2019). Fig. 1.4 shows a collection of vortices as they erge in non-linear
uid dynamics simulations and as they appear in observatiaof PPDs.

The basic argument of employing vortices for the explanatioof non-axisymmetric
structures in disk observations is their tendency to accuntate dust (Barge & Som-
meria 1995; Tanga et al. 1996; Johansen et al. 2004). Dust peles follow pressure
gradients in the disk and as a result, they accumulate in theeater of a pressure
maximum. Anticyclonic vortices in PPDs correspond to pressa maxima (Lyra &
Umurhan 2019) and thus accumulate dust naturally. Because ALMimages the
dust content of PPDs close to the midplane (Andrews 2020), agdsided structure
in a disk is a plausible hint at the existence of a vortex.

12
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Figure 1.4: Vortices in PPD models and observations with laggscale asymmetries
in brightness interpreted as vortices. Left: a numerical id dynamics simulations
in which a vortex formed at a jump in density due to a viscositytransition (top,
Godon & Livio 1999) and due to a gap carved by a giant planet (timm, Val-Borro
et al. 2007). Center: the asymmetry in the IRS 48 disk obsemevith ALMA (Marel

et al. 2013) in dust continuum (top) and m-sized and mm-sized dust (bottom).
Right: the disk of HD 135344 in scattered light observation§op, Garu et al.
2013) and in dust continuum emission with ALMA (bottom, Rerez et al. 2014).
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1.6 Aims

Transition disks inhabit the space between smooth accretiodisks and planetary
systems. Planets have been invoked to explain their characistics based on their
ability to carve gaps into the disks (Rice et al. 2003; Quille et al. 2004; Calvet
et al. 2005) From previous numerical modeling of these dissth embedded plan-
ets, the expectation arises that they show various types ofilsstructures including
spirals (Ogilvie & Lubow 2002), rings (Ra kov 2002) and noraxisymmetric fea-
tures such as vortices (Val-Borro et al. 2007). Indeed, rdged disk observations
show a plethora of such substructures (Andrews et al. 2018).

This thesis aims to study the more concrete hypothesis proped by Owen (2016)
that type Il transition disks | those with large hole size, high accretion
rate and high mm-ux | can be explained by a system of embedded
planets using two-dimensional uid dynamics simulations. Along wih the attempt
of reproducing type Il TDs, the dynamical evolution of the erbhedded planetary
system is investigated.

The emergence of vortices during the interaction of disks tiembedded giant
planets (Val-Borro et al. 2007) and their importance in the bserved dynamical
e ects in the rst part of this thesis motivated a further inv estigation into the
properties of planet-induced vortices with a focus on the I® of radiative e ects
which have been demonstrated to be of vital importance for éhsimulation of disk-
planet systems (Ziampras et al. 2020; Miranda & Ra kov 2020)

For both investigations, the in uence of physical and numecal choices such as
the thermal relaxation timescale, the level of turbulencehe inclusion of self-gravity
and radiative processes, and the resolution are studied tapport the validity of
the results.

14



2 Theoretical background and
methods

This chapter describes the methods and theoretical backgnod used to answer
the astrophysical questions in this thesis. The chapter g¢¢ an overview of the uid
dynamics equations, a typical PPD model, the gravitationalnteraction between
planets and PPDs, and vortices. Additionally, the simulatia tool and a typical
simulation work ow are described.

2.1 Fluid dynamics

The theoretical basis for the description of many astrophysal systems is uid
dynamics (Shu 1992). On a conceptual level, uid dynamics nabe derived from
three types of conservation laws: conservation of mass, memum and energy. In
a mathematical formulation, the three conservation laws te the form (see, e.g.
Shu 1992)

%ﬁ r(4)=0; (2.1a)
@@ﬂt) +r (4 H)=r1r p+ R+r ; (2.1b)
@Cf;t) +r ("")= pr H+S; (2.1¢)

where is the mass densityd is the velocity, denotes the tensor product; is
the speci c internal energy,p is the pressurek is the acceleration due to external
forces, is the viscous stress tensor, an8 are radiative sources and sinks. The
inviscid form of Eqgs. (2.1) (with = 0) are also called the Euler equations.
The viscous stress tensor is de ned as (see, e.g. Shu 1992)
1 @u, @y i

i =2 — —rd + rd,; (2.2)

y 2 @x @x 3

wherei;j 2f 1;2;3g indicate the spatial directions, and are the shear and bulk
viscosity, respectively, and; is the Kronecker . In the case of PPDs, can usually
be neglected and one can write =  with the kinematic viscosity denoted by .

15
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Equations (2.1a) to (2.1c) are usually called the Navier{St@®s equations and
represent ve partial di erential equations (PDES), counting each component ot
separately plus the scalar continuity and energy equation¥et, a uid is described
by six quantities: , ", the three components ofy, and p. In order to solve the
system of PDEs, an additional relationship between the pregre and the other
guantities is needed. Such a relation that enables the salom of a system of PDEs
is usually called a closure relation and in the context of W dynamics, it is called
the equation of state (EOS). The EOS linkpto and" of the uid or, equivalently,
to and the temperatureT.

In the context of PPDs and astrophysics in general, the uidg often assumed to
be an ideal gas, which is justi ed by the very low volume denses involved (Shu
1992). The EOS then takes the form

p=—T ; (2.3)

with the gas constant R; = k g=my, the Boltzmann constant ks, the hydrogen mass
my, and the mean molecular weight in units of my.

There exists no closed solution to Egs. (2.1), so numericalethods are used to
solve them in a discretized way or approximations have to bdilized.

2.2 A simpli ed protoplanetary disk model

Even though the Navier{Stokes equations have no analyticabkition, approximate

solutions under various conditions can be achieved. Thiscséen presents common
assumptions which lead to the disk models which are commonlised to study
PPDs (for more details, see the review by Lodato 2008).

One suitable approximation for PPDs is that the disk is very hin, meaning
that their vertical extent, as measured by the vertical presure scale heighH, is
much smaller than the radiusr at each location in the disk. The aspect ratio,
h=H=r 1, is set by the balance between (thermal) pressure and grigvirom
the central object and the disk itself. Temperature and (as eonsequence) pressure
are increased by heating from viscous dissipation and stgllor cosmic irradiation
and lowered by emission from the surfaces of the disk (Huben92D). All these
processes depend on the particulars of the environment anaet microphysics and
chemistry of the disk which, e.g., determine the opacitiesnd thus in uence all
radiative processes.

As a rst consequence of the small aspect ratio, PPD models aoften treated
using the vertically integrated form of thepa uid dynamics eaations Egs. (2.1).
They are obtained by vertical integration ( , dz:::)in a cylindrical coordinate
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2.2 A simpli ed protoplanetary disk model

system {; ;z ) in which the disk coincides with thez = 0 plane:

@@f’ r(9=0; (2.43)
@@t:)+r (4 o)=r1r P+ K+r1 ; (2.4b)
@@"t) +r (""w)= Pr 4+ S; (2.4c)

where the density is replaced by the surface q?nsity = | dz, pressurep
is replaced by vertically integrated pressur® = i pdz, and the velocities are

restricted to the disk plane such thatu, = 0. External forcesk, the stress tensor
and energy source term$ change their meaning accordingly.

For these 2D disks, equilibrium solutions can be derived assing the disks to
be axially symmetric (e.g. Lynden-Bell & Pringle 1974). Fothis case, the surface
density and temperature can be expressed as power laws,

S

(R)= o "o (2.5)

and

P

TR)=To — (2.6)

o
with a reference radiusrg, a reference density , and a reference temperaturdy.
The sound speed and aspect ratio are then given lyy = co(r=ro)%2 and h =
ho(r=ro)(@9 =2, Choosing the exponents and q appropriately, the mass accretion
rate through the diskM- =3 is constant for an  viscosity model (Lynden-Bell
& Pringle 1974). For a PPD, typical order of magnitude estimis atro = 1au
are To = 100{1000K, hy = 0:03{0:1, and = 100{3000 g=cm* (Williams & Cieza
2011).

Simulating the radiative processes with the full radiativdransport equations is
prohibitively expensive, as it would require following alpossible paths of photons
within the disk. Alternatively, PPD models often assume thatthe disk is locally
isothermal, meaning it has a constant temperature on cylimatal shells around
the star and that it does not change with time. Then, Eq. (2.6)describes the
temperature in the disk for all times. This assumption can bgusti ed when the
disk cools through its surfaces on a timescale that is very @th compared to the
orbital period, which is expected for the outer parts of the idk at a distance of
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2 Theoretical background and methods

some tens to hundreds of astronomical units. In addition tohe bene t of reduced
complexity of the model, assuming a locally isothermal tengpature sidesteps the
need of solving the energy equation Eq. (2.4c) which reducétie computational

costs of numerical PPD models.

Recent studies have shown that the locally isothermal assption causes several
issues concerning the angular momentum deposition by theapktary spiral waves
(Ziampras et al. 2020; Miranda & Ra kov 2020). This can restiin the appearance
of unphysical pressure maxima in the disk, which can in uercthe dynamics of gas
and dust. The next simplest but still a more accurate treatmat of radiative e ects
is the so-called -cooling prescription (Gammie 2001), in which the temperate is
relaxed back to a background state according to

dar = T To

— = 2.7

dt relax ( )
with the relaxatiorbtimescale relax = = k Which depends on the Keplerian angu-
lar velocity ¢ = GM =r3. One major advantage of this treatment of radiative

processes is the possibility to utilize dimensionless usitAll complexity of the radi-
ation physics is incorporated within the single parameter, allowing the simulation
results to be scaled to di erent physical radii, as long as thlocal thermal cool-
ing and heating rates are compatible and no other choices dfiysical parameters
interfere.

In cases where simulations are compared to disk observasatirectly, the physi-
cal parameters such as the size of the disk, location of theapkts and the temper-
ature can be chosen to match the observational values. Thdmgating and cooling
can be treated explicitly by incorporating them into the sowce term S in the energy
equation Eq. (2.4c)

S = Quisc * Qirrad + Qcool (2.8)

where

1

Quisc = Z_Tr( ) (2.9)

is the viscous heating term. Irradiation from the star causea heating rate

. L dlogH 1
errad - Zm(l ) dlogr 1 hT (2.10)

whereL is the luminosity of the star, the disk albedo and ¢ is an e ective optical
depth taking into account the vertical structure of the disk(Hubeny 1990; Muller
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2.3 Planet{disk interaction

& Kley 2012). The radiative losses from both surfaces of thestt are modeled with

T4
Qcool =2 sp— (2.11)
e

with the Stefan-Boltzmann constant sg.

2.3 Planet{disk interaction

The process of planet migration can be studied using eithenalytical approxi-
mations in the form of linear theory, which by necessity focion the special case
of a small parameter, or by using numerical uid dynamics sinlations, which in-
corporate the full non-linear interaction with the downsi@ of limited resolution
and runtime constraints. The simulation strategy also posethe challenge of inter-
preting the results and linking patterns observed in them tanderlying physical
processes.

In numerical simulations, the gravitational torque exertd by the disk onto the
planet can be obtained by integrating the torque density ovehe whole volume
Z

T = dav ‘Fp GMp (‘F) * 'LP .

j#oRZiE R

(2.12)

where G is the gravitational constant,M, is the planet mass, ancr and +, are the

position vectors of a point in the disk and the planet, respégely. These simu-
lations include the full non-linear response of the disk tohe perturbation by the

planet, but they give no direct insight into which regions othe disk interact most

strongly with the planet. Insight can be gained to some degeeby evaluating the
torque density, the integrand in Eq. (2.12), using suitablepatial and time averages.
However, in systems with multiple planets with moderate to Igh eccentricities the
torque density can vary strongly in time, making the interpetation of the torque

density signi cantly more challenging.

Insight into the qualitative behavior of the interaction can be gained by analytical
calculations via an asymptotic expansion of the gravitatioal potential of the planet
in a small parameter, e.g. the eccentricity of the orbit (Galreich & Tremaine 1979,
1980; Lin & Papaloizou 1979; Artymowicz 1993; Ward 1997). Thesulting linear
reaction of the disk to the perturbation and the contributions to the torque onto
the planet which were identi ed by these authors are still te main concepts used
today.

To identify the regions that mainly contribute to the torque, consider the gravi-

19



2 Theoretical background and methods

tational potential of a planet on a circular orbit in a polar @ordinate system

GM, .
LS

(nrn;t)= (2.13)

Expressing the potential as a Fourier series yields (seeg.eGoldreich & Tremaine
1980)

xR
(rt)= m(r)cosm 1 pb) ; (2.14)

I=1 m=0

where , is the angular velocity of the planet, and and m are, respectively, the
indices for the radial and azimuthal decomposition. The p#&trn speed of each
component of the potential is ., = ,1=m.

The coe cients |, can be calculated which results in a dependence on the
eccentricity of the planete as |, / €& ™. This allows one to interpret the
Fourier series in terms of an asymptotic expansion. Assumirglow eccentricity of
the planet (e 1), all terms of € and higher can be neglected, which e ectively
selectsl to be equal tom orm 1 up to rst order.

Only at locations in the disk where the frequency of the respse of the disk
to perturbations, which is roughly the epicyclic frequency , matches the pattern
speed of the potential, the gravitational interaction can@sult in a signi cant torque
(Goldreich & Tremaine 1980). This resonance condition

)=m( ym (r); 2f 1,019 (2.15)

can be translated to resonance locations by assuming thafr)  ( r) k(r) to

yield

m + 2=3
I

Mem = Tp (2.16)
Approximating (r) ( r) overestimates the torque resulting from the feedback
of the disk onto the planet. Thus, the (r) itself has to be considered in calculat-
ing migration rates of planets (e.g. Ward 1997). = 0 corresponds to corotation
resonances, where the disk locally orbits with the same arlguvelocity as the per-
turbation. For | = m, which are the dominant modes in Eq. (2.14), this correspoad
to a corotation with the planet. = 1 are the so-called Lindblad resonances. The
resulting changes in the orbital elements as a result of thermques acting at these
resonances can be estimated analytically (Goldreich & Treame 1980). While
for | = m both corotation resonances and Lindblad resonance lead tagration,
higher-order modes with = m 1 either excite eccentricity (Lindblad) or damp it
(corotation). The torque at Lindblad resonances arises fno density waves that are
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2.3 Planet{disk interaction

launched at the resonance locations and that travel in a dicdon away from the
planet while carrying away angular momentum. The torque canbution from the
inner Lindblad resonances are positive while the outer (ually dominant) contribu-
tions are negative. This density wave then gets sheared adrivels into the outer
(inner) disk, where the disk orbits at a slower (faster) rateompared to the planet
which results in a spiral arm pattern that orbits with the sane angular velocity as
the planet.

The migration behavior in viscous disks described in the &tature and found
in non-linear numerical simulations can be divided into faucategories, which are
explained in the following paragraphs.

Solid bodies in the meter to kilometer range drift towards th star due to gas drag,
which is sometimes calledype 0 migration This process is very fast and bodies
can reach the star on the order of hundreds to thousands of yegWeidenschilling
1977). With larger object mass, gas drift becomes slower arat planetesimal-sized
objects with radii of 10 km and above the drift timescale beooes much larger than
the disk lifetime.

At higher masses, wave torques, corotation torques and therdseshoe drag be-
come dominant (rst introduced by Goldreich & Tremaine 1979 1980). Wave
torques are a result of the gravitational interaction of theplanet with the gas lo-
cated at the rst-order Lindblad resonances while corotatin torques result from
the interaction with the gas that is on horseshoe orbits araul the planet. This
so-calledtype 1 migration (Ward 1997) is sensitive to the properties of the disk such
as the radial gradient of surface density and temperaturesavell as the strength of
radiative di usion and viscosity. It can be very rapid with migration timescales on
the order of 10 years for larger planet masses because the wave torque scalith
the square of planet mass, which would result in all large piats being swallowed
by their host star if this was the only mode of migration. Becase the planet ex-
changes angular momentum with a region of the disk that coatb with the planet,
the angular momentum reservoir to be exchanged is limited. t&f the gas has
performed one horseshoe orbit, it can not again supply or talangular momentum
again. Thus, the migration speed of this type of migration geends on how e -
ciently the disk can supply new angular momentum to the horsboe region which
is mainly governed by the level of viscosity (for more detailsee Kley & Nelson
2012; Baruteau & Masset 2013; Paardekooper et al. 2022).

Higher-mass planets are capable of opening a gap in the diskg(eGoldreich &
Tremaine 1980; Kley 1999). The gap opening process is goestroy a balance
between the removal of gas by the wave torques exerted by thiaupet at the Lind-
blad resonances and the re lling of gas into the gap region byiscous accretion
and di usion or migration of the planet. Initially, a type 2 migration regime was
proposed in which the planet was locked inside such a gap witb material owing
through the gap and migration would only be possible togethavith the disk itself
on its viscous timescale (Ward 1997). Multiple non-linearumerical simulations
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2 Theoretical background and methods

have since shown that the planet can migrate independently the gap, recreating
it as it migrates (e.g. Darmann & Kley 2015). While still being the subject of
ongoing research, the updated type 2 migration is attributé to the wave torques
acting through the spiral arms which are present in the diskterior and exterior of
the planet. Qualitatively, the migration can be explained ¥ the interaction of the
spiral arms which are launched at the Lindblad resonance Withe inner and outer
disk (Goldreich & Tremaine 1979; Darmann & Kley 2017). The hlance of the re-
sulting inner and outer torques yields a torque onto the plaet which is net-negative
for most disk conditions, causing inward migration. Howevethe migration speeds
are much smaller compared to type 1 migration, explaining ipart why not all
giant planets migrated quickly into their host stars.

The nal case of viscous single planet migration isype 3 migration (Masset &
Papaloizou 2003; D'Angelo & Lubow 2008; Lin & Papaloizou 20},0wnhich is the
result of an asymmetry in the co-orbital and horseshoe regi® which arise due to
the migration of the planet. Because the process is depent@m the migration
speed itself it can result in runaway migration leading to amxponential behavior
of the semi-major axis which is either directed inward or outard, depending on the
initial direction of migration. In the case of inviscid disls, the migration landscape
can become even more complicated as additional e ects carcbeme dominant. For
an overview of these additional processes, see McNally et(@019).

When planets orbit at distances such that the ratio of their peods is a rational
number, they are said to be in resonance. Resonances are gpetynamical con-
gurations that can lead to increased stability of the systen (Murray & Dermott
2000). For two planets, 1 and 2, with semi-major axea;., and orbital periods
around the central starP;.,, the planets are in a mean motion resonance (MMR)
whenP,=P; = (p+ g)=pfor some integergp and g whereq s called the order of the
resonance.

Due to di erential migration speeds, planets can migrate ito a resonance. In
several resonances, planets can remain locked in the resw® e.g. in the 3:2 and
the 2:1 MMRs. Masset & Snellgrove (2001) observed an intetieg consequence
of the dynamical coupling of giant planets in MMR. As long as tl planets are
massive enough to clear a common gap and the inner planet ismmonassive than
the outer one, the migration direction can be reversed and ¢hpair of planets can
undergo a phase of resonant outward migration.

22



2.4 \ortices in disks

2.4 \ortices In disks

A vortex is a patch of uid revolving around a common center. Wrtices might
either be isolated in a laminar background ow or appear in a oititude. The
vorticity

f=r (2.17)

is the fundamental quantity for the characterization of votices. Depending on the
rotation direction of a vortex (in a certain de nition of the coordinate system), a
vortex might either raise or lower the vorticity compared toa laminar background
ow.

The temporal and spatial evolution of the vorticity can be ckulated starting
from the uid dynamics equations Egs. (2.1) to yield

@+,
@t

(ar)r=(+r)a +r H+ izr r p+r r—+k . (2.18)

The term Lr r p is called the baroclinic term. This term vanishes for a
barotropic ow for which pressure is only a function of dengy, i.e. p = p( ).
In the case that the external force is conservative, as it i®if gravity, the corre-
sponding termK vanishes as well. Becausedepends linearly on the shear viscosity

, the changes of vorticity due to viscous e ects can be expect to scale linearly
with viscosity.

In the context of thin disks, for which the vertically integrated equations are
often used, the vortensity

$= —= (2.19)

is a useful quantity, wherezis the unit vector in the vertical direction. Its evolution
equation can be derived starting with Eq. (2.18) and reads

@$ r r P 1 r 1
—+(Hr =— 24+ =1 — + =
Qi (818 3
In the case of an inviscid and barotropic ow subject to a comsvative force, the
terms on the right hand side vanish and is conserved along streamlines.

In mathematical terms, a vortex is a patch of constant vortiity that is di erent
from a background ow (e.g. a homogenous velocity eld or a tating disk). There
are exact solutions to the Euler equations (Egs. (2.1) witha viscosity) in the form
of elliptical vortices (Kida 1981). Even in the case of disksrbiting a central object,
analytical vortex solutions exist (Goodman et al. 1987). Téy also have an elliptical

oK (2.20)
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shape, but this time in ther -plane of cylindrical or polar coordinates.

From the analytical solutions for vortices in disks, it folbws that the density
peak is expected to follow a Gaussian bell shape elongatedading to the vortex
aspect ratio (Lin & Pierens 2018, see their Sect. 3.1 for a gbexplanation). In
cylindrical coordinates, the density peak then follows

|

(r ro)? ( 0’ (z 20)2.
r;z)= ex 2.21
( ) p €XP 22 2 2 2 2 ( )
wherery, o, and zy are the coordinates of the vortex center,,, , , are the

spread of the Bell curve in each direction, and, is the peak density. For a vertically
integrated 2D disk model, the last term in the exponential fuction is dropped and

is replaced by . In Rometsch et al. (2021), | used the fact thavortices are
patches of constant vorticity | even though the edges are smared out by viscosity
and numerical di usion and the inside of a vortex might chang due to instabilities
(Lesur & Papaloizou 2009) | and the functional form of the dersity peak to detect
and characterize vortices.

2.5 Numerical simulations

The simulation program | used in this thesis is a continuatio of the FARGO
code, initially developed by Masset (2000). The code is basepon a second-order
upwind scheme rst introduced in Stone & Norman (1992), meang it is accurate
up to second order in space and up to rst order in time. Mass€¢R000) expanded
the scheme with thefast advection of rotating gaseous objectdgorithm (FARGO),
which uses the axisymmetry present in the ow of accretion dgks to allow for the
use of a much larger timestep which signi cantly reduces cquuatational costs.

Figure 2.1 shows a owchart of the typical simulation work ow At rst, the
simulations are initialized with equilibrium pro les of unperturbed disks. Then,
simulations are allowed to adjust to the perturbations by tle embedded planets
over an equilibration time Teq. During this time, the mass of the planet is grad-
ually increased in order to avoid unnecessary shocks. To alanphysically fast
migration, the planets are kept on xed orbits by ignoring the gravitational force
from the disk onto the planets until a gap has formed. After thesimulation has
reached a quasi-steady state, the current state of the systecan be taken as the
physical initial condition of the model and the planets aregleased and free to mi-
grate. It then continues for the timeTs,, which might either be dynamically chosen
according to some criterion, e.g. until the planets migrateto a certain point, or
predetermined due to theoretical considerations.

During the execution of the simulations, the state of the sysm, i.e. the main
quantities , , and 4, are regularly saved to permanent storage in order to be
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Figure 2.1: Visualization of the simulation procedure. Adapté from Rometsch
et al. (2020).

able to analyze the simulations at a later point in time or to estart them after
the allocated runtime expired when run on a compute clusterAdditionally, many
quantities that are derived from the basic system variablesre monitored, usually
at a much higher frequency compared to the frequency of fullipputs, which require
much more storage space. These monitored quantities might bverages or sums of
the system variables, such as the total mass of the disk or thegerage temperature,
or more complex variables like the time-averaged mass ux @ss a simulation
boundary, which can not be reconstructed from the primitivequantities due to
the longer time interval between full snapshots. In additio, the properties of the
planets and their orbits are usually also saved at the high tuut frequency.
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3 Publications

This chapter introduces my publications written in the conéxt of this thesis by
describing the methodological approach and outlining my awand the contributions
of my co-authors. The two publications are:

1. Rometsch et al. (2020): (paper 1)
T. Rometsch, P. J. Rodenkirch, W. Kley, and C. P. Dullemond
Migration jumps of planets in transition disks
Astronomy & Astrophysics, 643, A87, November 2020

2. Rometsch et al. (2021): (paper 2)
T. Rometsch, A. Ziampras, W. Kley, W. Bethune
Survival of planet-induced vortices in 2D disks
Astronomy & Astrophysics, 656, A150, December 2021

At the end of this document, publications 1 and 2 are repringin the versions
published in the journal Astronomy & Astrophysics. They are rproduced with
permission from Astronomy & Astrophysics© ESO.

Paper 1 assesses the proposition that type Il TDs can be exjlad by a system
of embedded planets. Simulations of disks with pairs of endiged giant planets
are performed to study the emerging structures in the diskad the accretion rate
across the common gap and onto the planets. A parameter study conducted
by varying the mass and initial location of the planets and ta disk mass, and
di erent numerical and physical choices are considered. FRhermore, synthetic
observations of the simulated systems are produced to compahe appearance
to real disks. Finally, models resembling the PDS 70 system | &PD with two
accreting embedded planets | are used to assess the state ofigration in this
system.

This publication was created in collaboration with Peter Rdenkirch (PR), Prof.
Dr. Wilhelm Kley (WK), and Prof. Dr. Cornelis Dullemond (CP). Al | the simu-
lations and analysis of the results were performed by me. Mas the manuscript
was written by myself with two exceptions. The introductionand summary were
partly provided by WK and the synthetic observations and the sction describing
them were produced by PR.

In paper 2, the lifetime of properties of vortices that are eated by the growth
of giant planets is revisited with improved treatment of radhtive processes while
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varying the viscosity parameter and conducting a detailedesolution study. Simu-
lations are conducted with two simulation codes using di eant numerical schemes,
FARG@nd PLUTQIn order to fortify the validity of the numerical results.

The paper was written in collaboration with Alexandros Ziampas (AZ), Prof.
Dr. Wilhelm Kley (WK), and Dr. William Bethune (WB). The majorit y of models
were simulated with both simulation codes. AZ conducted thBLUTGimulations
and the FARGGimulations were done by myself. Analysis of the simulationsas
done in collaboration with AZ. In order to extract vortex properties out of the sim-
ulation output, | developed a new methodology that enablesutomatic detection
and analysis of vortices. This framework is available as Rython library under
https://github.com/rometsch/vortector . AZ and | contributed to all parts of
the paper while WK and WB mainly provided feedback and WK contrilnted a few
passages throughout the paper. AZ wrote most of the methodglpsection, the ap-
pendix about numerical convergence, and the discussionsoab in-plane radiation
transport and the di erences between the two codes. The resif the paper, i.e.,
the introduction, the results sections, the remaining distssions and the summary
were mostly written by myself.
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4 Results

This chapter summarizes the most important results from theublications pre-
sented in Chapter 3 and adds some additional ndings. Its stes with the study
of the dynamical evolution of embedded planetary systems @rthe reproduction
of the observable characteristics of type Il TDs by the model This is followed by
the description of the newly discovered phenomenon of migien jumps and nally,
the study of planet-induced vortices and their propertiessipresented. The results
are discussed later in Chapter 5.

4.1 Planetary systems can shape type Il
transition disks

Paper 1 studied the evolution of a system of two planets in theange of 3 to 9
Jupiter masses (M) which were embedded in a disk. The system was simulated in
two dimensions (see Sect. 2.2) in the {plane using the FARG@ode. Planets were
treated as point masses with a smoothed potential and werel@ated to interact
gravitationally with the disk and each other. They were alsallowed to accrete
mass from their surroundings. The disk was treated as a visgas which was
assumed to be either locally isothermal or to follow the idéayas law with the
inclusion of viscous heating, irradiation from the star, ath radiative cooling o the
disk surfaces (see Sect. 2.2).

Two di erent behaviors were observed for the migration of th pair of embedded
planets. While for any ratio of planet masses tested the platseengaged in a 2:1
resonance, more massive outer planets caused the planetsmigrate inward. For
a more massive inner planet, the migration was reversed andretted outward
(mass ratios of 2:1 and 3:1 were tested). This is in line witthe results of previous
numerical studies which found outward migration for a pair bplanets in MMR
(Masset & Snellgrove 2001; Peplnski et al. 2008; Crida et.a2009). In addition to
smooth inward and outward migration, a new migration phenoenon was observed
for which the outer planet can migrate very quickly, leavinghe common gap, only
to return to the MMR with the inner planet shortly after. This phenomenon is
presented in Sect. 4.2.

To be able to compare the numerical results to observation§ BDs, the accretion
rate onto the central star M-, which is one of the characteristic observables of
TDs, was monitored throughout the simulations. For outwardmigration, M. was
signi cantly higher compared to the inward migration, up to more than one order
of magnitude (see also Fig. 9 in paper 1 for an illustrative ergle). The increase
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Figure 4.1: Mass ow through the planetary gap and accretionates in dependence
of the migration direction. Top: semi-major axis of the two fanetsa;., and the gap
location rgap = (a1 + @)=2 (smoothed over 0.52kyr). Bottom: mass ow through
the inner boundary Fi, (which is identi ed with M) and through the gap Fgap.
The data is taken from modelL in paper 1 (see Fig. 9 therein).

results from an exchange of angular momentum between the péds and the disk.
As they migrate outward, they gain angular momentum which muse supplied by
the disk material. In turn, the gas in the disk loses angular omentum which results
in some of the gas moving inward. This shoveling action of thanets demonstrates
that a wide common planetary gap is no barrier to gas accretio Mass accretion
in the simulated disk was as high as 1M =yr, an order of magnitude higher
than the viscous mass accretion rate of the unperturbed dissf 10 8M =yr.
The increase is only present during phases of outward migia and disappears for
inward migration. The mechanism is, therefore, able to pragte the mass accretion
characteristic of type Il TDs.

To support the argument that mass ow through the common plaatary gapFgap
is responsible for the increase in stellar mass accretibh,c, | calculated Fgy,, for
modelL (outer boundary at 502 au) from paper 1. In this model, the paiof planets
rst migrates outward via the Masset{Snellgrove mechanisrbefore they swap their
order, resulting in a con guration where the pair of planetsnigrates back inward.
Thus, the model shows the consequences of outward and inwang@jration for mass
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accretion onto the star.

Figure 4.1 shows the time evolution of the semi-major axis 0bth planetsa;., and
the gap locationr s, (top), and the mass ow through the inner boundaryF;, and
through the gapFgyq, (bottom). The gap location is de ned to ber g, = (a1 + a)=2
which is then averaged over a rolling window of 0.52 kyr to auwbstrong uctuations.
The mass ow through the gap,Fgq, is calculated by tracking the change of the
mass interior to rgsp, Miy, and the mass ow through the boundaries. Using the
conservation of mass, the ow through the gap then followsdm M;, + Fyap+ Fin =
0. The mass ow through the inner boundaryF;, is an output variable of the
simulations. The change of the mass of the inner disW;, is calculated from the
density eld in the simulation output data by summing up the mass interior tor g,
and using a rst-order time derivative. In paper 1, the mass ow through the inner
boundary was identi ed with the accretion onto the star, this, Mg =  Fin.

The top panel of Fig. 4.1 shows the change from outward to inndmigration at
t 300kyr as a consequence of the more massive planet movingtte butside of
the pair. During the time that planets are on xed orbits (until 64 kyr) and up to
around 100 kyr, the accretion rate drops as the inner disk ixereted away through
the inner boundary. At around 100 kyr the trend reverses, ahé planetary orbits
get more eccentric and more mass is transferred through them The bottom
panel of Fig. 4.1 illustrates the connection betweeRy,, and Mgc.. As more mass is
shoveled across the gap, accretion also rises. This is dughe increase in surface
density in the inner disk which is then accreted onto the star

By the process of outward migration, the outer planet can e#g reach tens of
astronomical units. Therefore, the common planetary gap naxtend out to similar
distances. Though not simulated in paper 1, dust can be exyed to stop close to
the outer gap edge. Just outside the outer gap, a radial pressumaximum exists,
which acts as a barrier for dust drift (Weidenschilling 1977 In the inner disk,
dust drift can continue unhindered while the dust accretiorfrom the outer disk is
stopped. This causes the inner disk to become devoid of gasashort timescale
(Marzari et al. 2019; Bae et al. 2019). Following this line airgument, the location
of the outer gap edge with its pressure maximum corresponds the distance from
the star inside of which nearly no dust is present in the diskigmore. This missing
dust in the inner parts of the disk would then show up as a largeole in continuum
dust emissions of these disks or as missing near-infraredk (see Fig. 10 of paper
1) which reproduced the second characteristic property oype Il TDs.

Figure 4.2 shows a combination of TD observations and selegtdisks from the
simulations in a Mg {rnoe diagram. It summarized the previous two results and
contextualizes the simulations in paper 1 by placing the dis from the models at
di erent times during their evolution in the same diagram asobservational data
from Ercolano & Pascucci (2017) and the parameter space whican be explained
by X-ray photoevaporation (Picogna et al. 2019). The orangghaded region encloses
the area of the parameter space which was explained by X-ray gibevaporation
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Figure 4.2: Mg {rnoe diagram showing observed TDs (gray hexagons), planetary
system models (colored data points as indicated in the legBnand the parameter
space explained by X-ray photoevaporation (orange shadedea). The observa-
tional data is reproduced based on Fig. 5 of Ercolano & Pascud@017). The
parameter space explained by X-ray photoevaporation is exirted from Fig. 10 in
Picogna et al. (2019). Planetary system models are taken fnopaper 1 (refer to
Table 1 therein for simulation parameters of the model namés the legend) where
the rpoe iIs assumed to be the location of the outer planet. For these mhels, data
points throughout the evolution of the system are shown rekiing in streaks of
data points. The 3P model is the one discussed in Sect. 4.2 and tRJUPmodel
is analogous to theM9-3model but with the planet initialized further in such that
the inner planet starts at 5.2 au.

models in Picogna et al. (2019) (see the center panel of Fig. flterein). The
mass accretion rateéMy,.. is calculated as the mass ow over the inner simulation
boundary and the hole size is taken to be the apastron distamdo the star of
the outer planet which is an approximation to the location othe outer gap edge.
Each simulation data point, represented by a semi-transpant colored circle, was
sampled from the respective simulation from paper 1, wheraeh sample is 0.24 kyr
apart from the last one. The dynamical evolution of the systa then creates the
colored streak as the system moves through the parameter spa Table 1 in paper
1 explains the meaning of the names in the legend, except ftet3P model which
has three embedded planets (see Sect. 4.2) and ®R&URnodel which has the inner
planet initialized at r = 5:2 au and the outer planet just outside 2:1 MMR.
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4.2 Migration jumps

Most simulation data points cluster in theryoe range between 36.4 au (the initial
location of the outer planet) and 140au, and betweeNl. = 10 3{10 "M =yr
which is above the viscous accretion rate of the unperturbetisk M,isc = 3 =
5 10 °M =yr at r = 2au. There are three apparent exceptions to this behav-
ior. The rstis the M3-9model (orange) in which the inner planet is less massive
than the outer planet, in which migration is directed inwardand the system moves
towards the lower left asrnoe decreases due to the inward migration andd
shrinks as the inner disk is accreted away. The same e ect hagns for theL. model
(brown), which nearly reaches the parameter space explathby X-ray photoevap-
oration. Model RJUPon the other side has an outward migrating pair of planets
that starts further in. It moves towards the lower right asryqe increases whiléM g,
decreases again as the disk is accreted away.

In summary, we see that outward migrating pairs of planets calead to an
increased mass accretion rate while reaching large distascto their host star at
the same time. Hence, this scenario can explain the two dynamgharacteristics of
type Il TDs, mass accretion rate and hole size.

4.2 Migration jumps

Aside from the explanation for type Il TDs, the parameter stug in paper 1 revealed
a new phenomenon which | called aigration jump. An example of a migration
jump for a system with a 9 M inner planet and 3 M outer planet is shown in
Fig. 4.3. From top to bottom, the panels show the semi-major & eccentricity,
and the 2:1 and 4:1 MMR angles for the inner and outer planet iorange and blue,
respectively. If an MMR angle is librating, the planets aren the respective MMR.
The migration jump is visible as the peak in the semi-major ax of the outer planet.

For models exhibiting outward migration via the Masset{Snkgrove mechanism,
a vortex formed in the outer disk. Due to mutual gravitationad interaction between
the planets, eccentricities build up before the migrationump, where especially
the eccentricity of the inner planet undergoes a steady inease. The eccentricity
and semi-major axis of the outer planet begin to uctuate suftantially before the
migration jump, which is a sign of interaction with a vortex.

Just before the migration jump, the inner planet loses ecceitity and thereby
increaseﬁ its angular momentum | the angular momentum of a @net is given by
L = M, a(l )| which is supplied by the outer planet. The outer planet
in turn decreases its angular momentum by gaining eccentitic This gain in ec-
centricity is su ciently large for the outer planet to come into contact with the
outer gap edge which gives the outer planet access to gas s @o-orbital region
and triggers a phase of type 3 rapid outward migration (see &e2.3). The planet
migrates several tens of au in only a few thousand years.

As a consequence of the type 3 migration, the eccentricity dii¢ outer planet is
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Figure 4.3: Migration jumps as seen in the time evolution of bital elements of

a system with two massive embedded planets. From top to botitg the panels

show the semi-major axis, eccentricity, and the 2:1 MMR resant angles for the

inner and outer planet in orange and blue, respectively. Thgure shows the M9-3

simulation (9 M; inner and 3M; outer planet) from paper 1 (see Fig. 4 therein)
over its full duration.

dampened down by about an order of magnitude. Rapid outwardigration stops,
roughly after the planet passed the radial extent of the voex. For some cases,
this stopping location coincides with another MMR (4:1 withthe inner planet in
the example case), but no direct link between the stopping dation and MMR
locations could be established in general. After spendingveeal thousand years at
the stopping location, the planet then quickly migrated bak inward into 2:1 MMR
with the inner planet over a span of, again, only several to ts of thousands of
years.

The process can then repeat, given that the disk is large ergiuto accommodate
the outward movement. Inspired by the relative quickness anthe back and forth
movement | called this phenomenon anigration jump.

From the set of simulations carried out in paper 1, three coitibns for the
occurrence of migration jumps can be extracted:

1. the embedded planets must be gas giants that open a commapg
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Figure 4.4: Migration jump in a system of three embedded giamtianets (9, 3, and
1M; from inside out). From top to bottom, the panels show the sermajor axis,

eccentricity, and MMR resonant angles. The mean motion argg are for a 2:1
MMR for the inner pair (orange) and a 5:3 MMR for the outer pair(green). At

26 kyr, the planets are released from the initial xed orbits

2. the inner planet must be more massive than the outer one tadilitate reso-
nant outward migration, and

3. the disk must be massive enough such that the outward midian rate is
high enough to cause vortex formation and the triggering ofype Il rapid
migration.

To test the robustness of the phenomenon, analogous simudets with pairs
of embedded planets were carried out while varying the che& of physical and
numerical parameters. The variations include

A

resolutions higher and lower by a factor o? 2 in each direction,

" dierent equations of state including locally isothermal vith a ared and
non- ared disk, and ideal gas with radiative cooling, visags heating, and
irradiation,

" di erent domain sizes withr 2 [2:08,520] au,
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" the inclusion of planetary accretion,

" out ow, re ective, and viscous damping inner boundary coniions with and
without a wave-damping zone, and

" the inclusion of self-gravity.

Migration jumps appeared in all of the tested combinationssalong as the three
conditions mentioned above were ful lled.

As an extension to paper 1, | checked for the existence of migoa jumps in
systems with three embedded planets by modifying the duciaM9-3 model by
adding a third planet. Figure 4.4 shows the results of a simudlan with a chain of
three planets with masses of 9, 3, and 1jMrom the inside out. The gure shows,
from top to bottom, the semi-major axis and eccentricity forall three planets and
two MMR angles. For the inner and middle planets, the 2:1 MMR ragle is shown
in orange and for the middle and outer planets, the 5:3 MMR aihg is shown in
green.

The inner two planets were again initialized close to 2:1 MMRnd the outer
planet was initialized further out at 130au. If the planet isinitialized further in,
the outer planet pair can enter into 2:1 MMR earlier than the mner pair resulting
in a situation in which the inner planet is left behind and theouter pair migrates
outward, which e ectively results in a two-planet case agai

A migration jump is observed for the outer planet at around 13kyr. In the case
of three planets, the situation is slightly di erent compaed to the explanations
above. The inner two planets are in 2:1 MMR and the outer plate are in 5:3
MMR before and after the migration jump, which is shown by thdibration of the
respective 2:1 and 5:3 MMR angles in the bottom panel of Fig.44. Additionally,
there is not one large-scale vortex developing in the outersé but multiple small
vortices and the eccentricity of the outer planet just befa the jump is smaller.
Nonetheless, this result demonstrates that the Masset{Shglove e ect also works
for a resonant chain of 3 planets and that migration jumps atshappen in such a
con guration.
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Figure 4.5: Simulated ALMA observations at 855m of the disk in modelM9-3in
paper 1 with a beam size of 33 30 mas where the disk is assumed to be face-on
located at 100 pc distance. The panels show the disk prior (acb), during (c and

d), and after (e and f) the migration jump. The location of thestar is indicated
by the  symbol, the location of the planets and the size of their Hillgheres are
shown with white circles and the instantaneous planetary bits are marked with
dotted lines. Taken from paper 1.

4.3 A bridge between models and reality

With the advent of high-resolution disk observations with ALMA (ALMA Partner-
ship et al. 2015), substructures inside of PPDs became aibke by observational
means. This means that direct links between the structure ahodel disks and
observations can be made.

To simulate how the model disks would appear in ALMA observains, the two-
dimensional models were rst expanded to three-dimensiohanodels by assuming
the disks to be in hydrostatic equilibrium at every point in e disk and then ex-
panding the vertically integrated surface densities to vame densities. Additionally,
it was assumed that the dust is distributed with a constant dst-to-gas ratio of 1%
throughout the disk and that the dust size distribution folbws an MRN distribution
(the number density of dust particles with sizea scales asi(a) / a *°). Then, the
dust temperatures due to irradiation from the central star ad thermal emission
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were simulated using the Monte-Carlo radiative transfer e RADMC3ZDullemond

et al. 2012). Finally, an ALMA observation at 855 m for the disk located face-
on at a distance of 100 pc was simulated using tl@ASApackage (McMullin et al.

2007), making use of the best capabilities of the ALMA obsertay.

Figure 4.5 shows simulated observations from the ducidfi9-3model from paper
1 prior (panels a and b), during (panels b and c) and after therst migration jump.
The location of the star is indicated by the cross in the centeof the panels, the
instantaneous orbits of the planets are shown with dotted wte lines and their
location is shown with white circles which also show the siz¥ the corresponding
planet's Hill sphere. Prominent features include a lopsidestructure due to the
vortex (panel b) where the planet is close to the outer gap eegvoids behind the
planet during the migration jump (panels ¢ and d), and mateal inside of the gap
region (panel e and f). These features can be regarded as ols#onal tracers of
strong dynamic interactions of planets with their host disk.

To make the link between models and reality stronger, a modefas tuned to the
PDS 70 system (which has observational parameters compaéhwith the scenario
studied in the models in paper 1) and the observability of a myration jump was
assessed for this case. To this date, PDS 70 is the only systa@nwhich planets were
observed embedded in a PPD while still accreting (Ha ert et al2019). Located
at a distance of 11313 0:52pc (Gaia Collaboration et al. 2018), PDS 70a is a
0:76 0:02M star (Maller et al. 2018) and the two giant planets are locatd at a
distance of 206 1:2au and 345 2au (Keppler etal. 2018, 2019; Ha ertet al. 2019)
with masses estimated to be between 5{14jvand 4{12 M, (Ha ert et al. 2019).
The results of the PDS 70 models indicate that the mass of itssi is too low for a
migration jump to occur, but if it were su ciently high, it wo uld be observable as
an arc-like feature intruding into the gap region in very hig-resolution observations
(see Fig. 12 in paper 1).
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Figure 4.6: Typical life track of a vortex formed at the outer gp edge caused by
a growing giant planet. In each panel, the planet is locatedta =0 and r = 0O,
outside of the panel towards the bottom center. The left coman shows the surface
density and the right column shows the vortensity, each noraiized by the initial
pro le. Vortices correspond to bright spots in both quantiies. The horizontal
dashed lines mark the nal location of the vortex. From top tobottom, the rows
show the emergence of multiple small vortices due to the RWIhé merging of the
small vortices into one large-scale vortex and its subseaquedecay. Taken from

paper 2.
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4.4 \ortices

Substructures such as gaps and rings are inevitable in thegsence of embedded
giant planets. Additionally to these axis-symmetric disk shistructures, lopsided
substructures frequently appear due to the interaction ofite planets with the disk.
Large-scale vortices play an important role in the migratio jump phenomenon
and are also expected to be detectable in observations due their property of
accumulating dust particles (Marel et al. 2013; Bae et al. 20).

In paper 2, planet-induced vortices in PPDs were studied by @ans of two-
dimensional uid dynamics simulations using theFARG@nd PLUTQodes, thus
employing two di erent numerical schemes. The gas was assedto be an ideal
gas with radiative processes being parameterized by theformalism and viscosity
following the model. A focus was put on vortices emerging at the outer edgé o
the gap created by a single Jupiter mass planet, treated as amaccreting point
mass, which was arti cially grown over a timescale of 100 o000 planetary orbits.

The typical life track of a vortex in the simulations is visudized in Fig. 4.6.
It shows the region of the disk just outside the planet for dierent stages during
its lifetime. The left and right columns show the normalizedsurface density and
vortensity, respectively. Vortices are visible as brightgts on either side. The
bright streak on the left side of each panel is the planetarypsal arm. The life
track begins with the embedded planet carving a gap in the disas its mass is
increased over 100 or 1000 orbits. The gap edge steepens a&s ghp becomes
deeper triggering the RWI (Lovelace et al. 1999). Multiple sall vortices form (top
row) which successively merge (second row) into one largexe vortex (center row)
over less than the planetary growth time.

Figure 4.7 shows an overview of the vortex lifetimes as a fumm of the cooling
timescale parameter (see Sect. 2.2) where results from simulations at 8 cps and
16 cps are shown on the left and right, respectively. The visgs is encoded with
color and the symbol shape refers to the simulation code. VYex lifetime increases
for decreasing , which is the expected behavior (Godon & Livio 1999; Val-Boo
et al. 2007; Ataiee et al. 2013; Fu et al. 2014; Realy & Vorgbv 2017). While
vortices decay nearly immediately for = 10 3, they live for up to 1000 orbits for

=10 “ and up to several thousand orbits for even lower. In simulations with
self-gravity, the initial vortices did not merge into one lage vortex but remained as
two to three separate smaller vortices which then decayedstar leading to reduced
lifetimes. This consistent with earlier studies (Lovelac& Hohlfeld 2013; Zhu &
Baruteau 2016; Rea@ly & Vorobyov 2017; Pierens & Lin 2018).

In contrast to previous numerical studies, increasing thelgnet growth timescale
from 100 to 1000 planetary orbits only extended the vortex fomation process (Ham-
mer et al. 2017). After the vortex has fully formed, the decayrpcess is nearly
identical for both planet growth timescales (see also Fig. @ paper 2).
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Figure 4.7: Vortex lifetime as a function of the -parameter for di erent choices
of . The left and right panels show lifetimes for resolutions & cps and 16 cps,
respectively. Circles indicatePLUTQesults, crosses and triangles indicatetBARGO
results without and with the inclusion of self-gravity, repectively, and hexagons
indicate an average betwee®LUT@nd FARG@esults. Lines are added as visual
guides to highlight trends. Note the increase of lifetime wit , the decrease of
lifetime for the inclusion of self-gravity, and the long-ied vortices for =0:01 and
low at 16 cps. Taken from paper 2.

The dependence of vortex lifetime on the cooling parameter in the presence
of a planet is one of the new results of the study. For = 10 3 and 10 4, the
lifetime decreases with increasing whereas for lower the shortest lifetimes are
observed for = 1. While there is a discrepancy between the results of the two
simulation codes in the lower resolution 8 cps simulationthe results agree well with
a resolution of 16 cps. For the higher resolution case with 10 °, vortex lifetimes
are around 2000 orbits for = 1, slightly higher for =100, but signi cantly higher
for =0:01 with lifetimes exceeding 10000 orbits. The excess infifee indicates
that vortex evolution happens in a separate, long-lived rémge for = 0:01 with

10 °, which is only resolved at higher resolutions.

In models with a long-lived vortex, the vortex was observedtmigrate outward
towards a second pressure bump (Paardekooper et al. 2010heTsecond pressure
dump is a result of the vortex spiral arms transporting angar momentum. Be-
tween the migrated vortex and the planet, additional shortived vortices formed in
some cases. One such example is illustrated in Fig. 4.8 whittows a 16 cp$ARGO
model with =10 ®and =0:01 as analyzed by thevortector tool.

In summary, the results in paper 2 show that the lifetime and qperties of
vortices are sensitive to the thermodynamics of the disk, #wiscosity, the inclusion
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Figure 4.8: A long-lived vortex that has migrated outward anda secondary short-
lived vortex to its left in the FARG@odel with =10 8 = 0:01, and 16 cps
resolution at time t = 7150o0rbits. The left and right panels shows vortensity
and surface density, respectively, normalized by the vals®f the initial conditions.

The two vortices which are detected by thevortector tool are marked by the
ellipses indicating the full width at half maximum of the Gawsian ts of vortensity

(blue) and surface density (green). To the sides of the heaaip panels, radial (top)

and azimuthal (right) cuts through the main vortex (marked ly the crosshair) are
shown. Reproduction of Fig. B.2 in paper 2.

of self-gravity, and choices concerning the numerics of tkenulations. Special care
has to be taken in the simulations of large-scale vortices tesolve the physics, as
seen by the dependence of vortex lifetime on resolution. Waes are strongest and
live longest for low viscosity, short cooling timescales drlow disk masses due to
the weaker e ects of self-gravity.
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This chapter discusses the results presented in Chapter 4dgprovides an outlook
on the di erent topics. The sections cover the explanationfdype Il TDs, migration
jumps and the complex interactions of multi-planet systemdarge-scale vortices,
and the comparison of models to observations.

5.1 Explaning transition disks

Two of the three characteristics of type Il TDs as de ned by Own (2016) were
shown to be explained by a system of embedded planets in pagder the wide
hole sizes of tens of astronomical units and the large acaoet rates. Fig. 4.2
shows that the outward migration scenario can explain the tge rnoe and high
Mgcc quadrant of the parameter space of observed TDs, extendintggtregion already
explained by X-ray photoevaporation (Picogna et al. 2019). fe third characteristic
property, the mm-brightness, is still missing in the explaation. At this stage of
the models, however, the mm-brightness of the disks can nog lbeliably assessed
because it depends on too many unknowns, such as the dust dizition and the
dust properties and opacities, all of which were not addre=s$ in the models and
leave room for improvements in many directions.

The models in paper 1 were not tuned to reproduce the largesbogsible area of
the parameter space, but the parameters were simply an estite to achieve a mass
accretion rate of the order of 108 M =yr. The area of parameter space covered by
the dynamical evolution of the embedded planetary system iserefore remarkable.
The fact that no ne-tuning is required can be taken as an indiation that the
outward migration scenario is indeed a viable option to exain type Il disks.

From the tendency ofMg.. to decrease over time in the planetary scenario with
a viscous disk model, it can be expected that more of the parater space below
Macc = 10 @M =yr can be explained by simply evolving the models for a longer
time. Viscous mass accretion scales Wi = 3 (Lynden-Bell & Pringle 1974),
and therefore two additional possibilities to loweiM,.. are using lower values or
using models with lower initial disk masses. However, the lita of these basic
scaling arguments are not yet known. One natural question ihis context is, how
much of the parameter space can actually be explained by vamg the parameters
of the planet models and where the limits of this scenario lie

A possible improvement to this study is the inclusion of dugparticles of microm-
eter to centimeter sizes in the simulations in a similar waysadone by Marzari et al.
(2019) and additionally monitoring the accretion rates ofdids across the common
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planetary gap, as well as the accretion of solids onto the plets and onto the star.
The version of theFARG@ode used in this thesis is already equipped with a mod-
ule for the evolution of small solid particles. This would ned to be extended by a
model of dust di usion, otherwise, all dust particles with aStokes number close to
unity would end up in pressure maxima such as vortices, hagmo restoring force
that moves them away from the pressure maxima after they dtéd there. Smaller
dust particles are well coupled to the gas and trace its densdistribution and are
not susceptible to the pressure gradients to such a large deg and even larger par-
ticles are decoupled from the gas enough and practically ueated by dust traps.
The availability of information about the distribution of millimeter-sized dust in
the disks would also improve the predictive power of synthietobservations because
those presented rely on the assumption that the millimetesized dust is distributed
exactly like the gas is distributed. However, in a more reatis model, the dust is
actually ltered at the outer gap edge and accumulates in voices (Marzari et al.
2019). Additionally, having access to the dust distributionrwould allow for an in-
formed measurement of the mm-brightness of the model disk&ldressing the third
characteristic property in the Owen (2016) TD classi catio.

5.2 The complex dance of disk and planets

Migration jumps are presented in Sect. 4.2. They are a compies phenomenon
where the dynamical gravitational interaction between thelanets and the interac-
tion with a vortex in a disk lead to emergent behavior. To my kowledge, paper 1
contains the rst description of this process. However, thelggnomenon previously
appeared unmentioned in the literature, e.g. in Fig. 7b of Cmaetla et al. (2020).
With the range of physical and numerical choices that were tesl, one can
be con dent that the migration jumps are not a numerical artfact but indeed a
physical feature of the model. Further study of this phenomrm®n could go in several
directions. The local conditions in the disk during the migation jump need to be
investigated in more detail as the study in paper 1 left someaugstions unanswered.
Why does the planet stop at a speci ¢ location, and why is it soetimes a resonance
location with the inner planet? What determines the migratio speed back into
resonance? What role does the vortex play in determining thegrocesses?
Reproducing the phenomenon with another code thaRARG@ould further evi-
dence that the phenomenon is indeed physical. Following tipeiblication, | tested
an equivalent setup with theFARGO3i0de (Bentez-Llambay & Masset 2016) which
also showed a migration jump. Howevef-rARGO3B based on the sam&@EUS2D
(Stone & Norman 1992) scheme, so additional simulations with code such as
PLUT@Mignone et al. 2007) with a di erent underlying scheme woudl be helpful.
The three-planet con guration introduces a much wider conguration space con-
cerning the initial conditions. Which combination of planetmasses enables outward
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migration in a resonant chain via the Masset{Snellgrove e&? With up to how
many planets does the Masset{Snellgrove e ect work? Do thelgmets need to
decrease in mass with radius outward for the chain to remairtable?

Repeating the experiment in three dimensions could even ther fortify the phe-
nomenon. In three dimensions, especially the phase of fastivward migration is
of interest because it is mainly determined by the ow aroundhe planet and the
interaction with the vortex. Both the ow of gas around the planet (e.g. Szubgyi
et al. 2014; Teague et al. 2019) and vortices (e.g. Lesur & Rdpizou 2009) can
show di erent behavior in three dimensions.

Another open question is where the outward migration stops. his question was
already studied previously to some extent (Crida et al. 200%but only for very high
viscosity where the stopping location is determined by theigk's ability to close the
gap of the outer, less massive planet. In one of the simulat®in paper 2, the outer
planet migrated out to a distance of 133 au after 226 kyr. Theeached distance can
be expected to be a balance between initial disk size, migiat rates, and the disk
dispersion timescale. All three were not varied in this studyso including a model
to properly account for disk size by using a disk with an expemtial cuto at the
outside, varying the disk mass to achieve di erent migratio rates, and accounting
for disk dispersal (e.g. via an exponentially decreasing ssgsimilar to the models
in Bae et al. 2019), would provide a more controlled environent. Learning more
about the stopping location of outward migrating chains of anets might reveal
more about this possible formation route for directly obseed systems such as
HR 8799 which is in a 8:4:2:1 con guration (Marois et al. 2010G@dziewski &
Migaszewski 2014) where the outer planet is located at aradi70 au (Wang et al.
2018).

5.3 Simulating large-scale vortices in PPDs

Previous studies either manually identi ed vortices, cerdred the vortex around the
coordinate center in sheering sheet simulations (Lesur & paloizou 2009; Lin &
Pierens 2018; Tarczay-Nelez et al. 2020; Fung & Ono 2021) agad techniques such
as taking extremes or averages of vorticity or surface detysin some restricted re-
gion in order to describe the vortex (Godon & Livio 1999; Les &in 2015; Hammer
et al. 2017). To reduce the error introduced by the manual dettion of vortices,
| developed a novel method based on the elliptical shape ofrtemsity and surface
density iso-value lines and their detection with a computevision algorithm, which
can be expected to work in a wide range of systems and condiigo This allows
for the detection of any number of vortices in arbitrary locaons in the simulation
domain which enables the study of processes like vortex magon. Additionally,
the vortices are characterized based on 2D Gaussian ts to @éhsurface density
which allows for detailed statistics about size, strengthral internal structure. The
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process is implemented in the Python tooVortector which is freely available to
the community.

Paper 2 shows the importance of the thermal relaxation timeale parameterized
in the formalism for the lifetime of vortices that emerge at the edgof a planet-
opened gap. This con rms earlier results that found a deperdce of vortex lifetime
on in shearing sheet simulations of a vortex forming at the edg#f a viscosity
transition. They found that vortex lifetime is smaller whenincreasing from the
locally isothermal regime ( ! 0) towards of the order of 1 (Tarczay-Nelez et al.
2020) and a minimum in vortex lifetime for intermediate vales of (Fung & Ono
2021).

Tarczay-Nelez et al. (2020) argued that the shorter lifetiras are due to higher
temperatures which increase viscosity as/ ¢/ T, and thus viscous dissipation
should be enhanced accordingly. Although temperatures weind to be higher in
the models with =100, the increase in the vortex region was usually lower tha
10%. Given that viscous dissipation is expected to scalediarly with viscosity (see
Eq. (2.20)), this can not be the explanation for the two di eent regimes found in
paper 2 which are separated by at least one order of magnitude

The remaining term in Eq. (2.20) is the baroclinic term. Fung& Ono (2021)
recently proposed an explanation of the variation of the ktime with based on a
multipole structure of the baroclinic term centered on the ortex and the elliptical
motion of gas around the vortex. Contrary to this, the simuldons with planets in
paper 2 show a dipolar structure of the baroclinic term whicks to be expected for
a density maximum and a radial temperature gradient.

However, the baroclinic term is signi cantly impacted by thepresence of the
planetary spiral arm (see Fig. 10 in paper 2). Vortensity genation at the spiral
arm shock (Kevlahan 1997; Lin & Papaloizou 2010; Cimerman &akov 2021)
might play an important role. The question of how thermal redxation, and there-
fore radiative processes, a ect vortex lifetime seems noetyanswered and further
investigations will be necessary.

The numerical viscosity in the simulations of paper 2 was ggad to be of the or-
der of =10 6 for 16 cps and in the range =10 8{10 ° for 8 cps. Simulations of
vortices at 16 cps should therefore be conducted with 10 © to have a controlled
numerical experiment, otherwise, numerical di usion can @minate processes such
as the dissipation of vortices. Alternatively, the simulatbns can be performed at
higher resolution with the cost of higher runtime (for an exaple of this strategy,
see McNally et al. 2019). The runtime of a smooth disk simulath without tur-
bulence can be expected to scale cubically with linear regtibn | one power for
the increased number of cells in both directions and one pawer the stricter time
step criterion because of the shrunken minimum cell size | with sets a practical
limit on the resolution that can be used, given that the 16 cpsimulations in paper
2 ran for around one month on the University of Tubingen's loal HPC cluster with
the number of processors chosen for optimal scaling for theren system.
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5.4 Towards comparing models and observations

The simulations presented in paper 2 were performed in twordensions. How-
ever, there are important 3D e ects such as the elliptical istability (Lesur & Pa-
paloizou 2009) that attack vortices and can lead to faster day and shorter life-
times. At the same time, the SBI could sustain the vortices tlough its vertical
modes (Klahr & Bodenheimer 2003; Lesur & Papaloizou 2010) cithe VSI might
lead to either vortex growth or decay (Flock et al. 2020). It isherefore important
to investigate the dependence of vortex properties on using 3D simulations. To
estimate the impact of 3D e ects on vortex properties for thenodels in paper 2,
| conducted one 8 cps 3D simulation usinfARGO3Bentez-Llambay & Masset
2016) which took four months to simulate on four NVIDIA K80 GPUs b reach
a simulation time of 7000 orbits after which the vortex dispiated. Given that the
resolution requirements to observe the long-lived vortexegime was 16 cps, an anal-
ogous 3D simulation to reproduce this e ect can be expected take of the order
of years (over 5 years with the same number of GPUs by estimagjrihe runtime
increase with an additional factor of 2 for all three spatiatlirections and an addi-
tional factor of 2 for the decreased timestep) which praciadly rules out a parameter
study. To solve this problem, the simulation grid in paper 2 &n be used to guide
the selection of two or three promising models.

5.4 Towards comparing models and observations

The consequences of migration jumps for the substructure thie disk were assessed
in paper 1 by simulating the dust continuum emission of the ndel disks and the
observation with ALMA relying on the assumption of constant dst-to-gas ratio
and the MRN dust size distribution. The appearance of the disand the visible
substructure was dependent on the phase of the migration jymnin which the system
was, demonstrating that a single disk can appear with a di emt substructure
depending on the dynamical state of the embedded planetaryssem. Previous
studies with an outward migrating pair of planets and the inlusion of dust dynamics
have already shown that e ects such as dust trapping and ltation at the outer
gap edge are important for the dust distribution Bae et al. (@19); Marzari et al.
(2019). Therefore, one important improvement to the modelsresented in paper 1
and paper 2 is the inclusion of proper dust treatment.

Based on the simulation results, the long-lived regime for! 0 especially, and
the expected values of to decrease radially outward in PPDs (Ziampras et al.
2020), vortices should be expected to be observed primarity the outer parts of
disks. However, there are already observations hinting at #eces in the inner region
of disks, e.g. in the inner 0.3 au of the disk of HD 163296 (Vargd al. 2021).

Testing these predictions made by the numerical experimentequires a careful
comparison between models and observations for each indival example where
one disk is simulated (see, e.g. the models of PDS 70), butalsn a statistical
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basis where the properties of whole populations need to baidied. This requires
the conception of suitable parameter studies and the selemt of observed systems
to be reproduced.

One prominent example of an individual observed disk is PD®/which displays
multiple physical e ects important for planet formation, eg. dust size Itration
(Bae et al. 2019), and most prominently the existence of two assive embedded
planets (Keppler et al. 2018; Muller et al. 2018; Ha ert et al 2019). During my
work on this thesis, | used both strategies, reproducing theharacteristic properties
of type Il TDs on one hand and trying to model PDS 70 on the othehand.
Both attempts will prot from a proper dust treatment to close the gap between
numerical models and observations.
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6 Summary

The goal of this thesis was to study the hypothesis that typel ltransition disks
| protoplanetary disks with large inner holes or wide gaps ard high mass accretion
rates onto the central star | can be explained by an embeddedystem of planets.

Using two-dimensional uid dynamics simulations, | was ablea show that an
outward migrating pair of giant planets can explain large pas of the previously
unexplained parameter space in the stellar mass accretios. ¥nner hole size domain
(see Sec. 4.1).

During this investigation, | discovered and described a neV dynamical phe-
nomenon in the realm of planet{disk interactions called amigration jump (see
Sec. 4.2). During resonant outward migration of a giant paiof planets, the outer
planet can suddenly speed up its migration exponentially @nshoot out by several
tens of astronomical units in only some thousands of yearsefore migrating back
into resonance with the inner planet. This process is a resuf the excitation of
eccentricities of the planets, the excitation of a vortex ithe outer disk just outside
the outer gap edge, and the interaction of the outer planet i the vortex.

In addition to the dynamical analysis, synthetic ALMA obserations of the sim-
ulated systems were produced in order to predict the obseti@nal features of
migration jumps (see Sec. 4.3). Due to the similarity betweethe model systems in
which migration jumps were found in the simulations and theeal protoplanetary
disk and planet system PDS 70, models geared towards this teys were analyzed
to answer the question of whether migration jumps might hapgn in PDS 70. This
scenario turns out to be unlikely because the surface denysih the disk of PDS 70
is lower than that required for a migration jump.

Sparked by the role of the vortex in migration jumps, an invegation into large-
scale vortices in protoplanetary disks was performed to idéfy the role of the
timescale of thermal cooling in the disk on the lifetime of vtices (see Sec. 4.4).
Two-dimensional uid dynamics simulations with two di erent simulation tools
were performed for each set of parameters scanning the parder space of thermal
cooling timescale and viscosity. Vortices were strongestdlived longest for low vis-
cosities and low cooling timescales while they lived shostefor cooling timescales
comparable to the orbital period, largely consistent with gevious studies. For
the detection of vortices in uid dynamics simulations of P®s, a novel framework
calledvortector was developed. This framework is based on computer visioged
rithms and implemented in the Python programming languageral made available
to the astrophysics community.
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ABSTRACT

Context. Transition discs form a special class of protoplanetary discs that are characterised by a de ciency of disc material close to
the star. In a subgroup, inner holes in these discs can stretch out to a few tens of au while there is still mass accretion onto the central
star observed at the same time.

Aims. We analyse the proposition that this type of wide transition disc is generated by the interaction of the disc with a system of
embedded planets.

Methods. We performed two-dimensional hydrodynamics simulations of a at disc. Different equations of state were used including
locally isothermal models and more realistic cases that consider viscous heating, radiative cooling, and stellar heating. Two massive
planets (with masses of between three and nine Jupiter masses) were embedded in the disc and their dynamical evolution due to disc—
planet interaction was followed for over 100 000 yr. The simulations account for mass accretion onto the star and planets. We included
models with parameters reminiscent of the system PDS 70. To assess the observability of features in our models we performed synthetic
ALMA observations.

Results. For systems with a more massive inner planet, there are phases where both planets migrate outward engaged in a 2:1 mean
motion resonance via the Masset-Snellgrove mechanism. In suf ciently massive discs, the resulting formation of a vortex and the
interaction with it can trigger rapid outward migration of the outer planet where its distance can increase by tens of au in a few
thousand years. After another few thousand years, the outer planet rapidly migrates back inwards into resonance with the inner planet.
We call this emerging composite phenomenon a migration jump. Outward migration and the migration jumps are accompanied by
a high mass accretion rate onto the star. The synthetic images reveal numerous substructures depending on the type of dynamical
behaviour.

Conclusions. Our results suggest that the outward migration of two embedded planets is a prime candidate for the explanation of
the observed high stellar mass accretion rate in wide transition discs. The models for PDS 70 indicate it is not currently undergoing a
migration jump but might very well be in a phase of outward migration.

Key words. accretion, accretion disks — protoplanetary disks — planet—disk interactions — hydrodynamics — methods: numerical

1. Introduction mm uxes, small inner holes. (10au), and low accretion rates
onto the stars (10 1© 10 °M yr 1), and mm-bright discs with

Observationally, transition discs are characterised by a lack |gfge mm uxes, large holess0au), and high accretion rates
ux in the micrometre (near- to mid-infrared) range as seen in10 8 M yr 1 (Owen & Clarke 201pto which we refer here as
the spectral energy distributions (SEDs) of young stars. This URpe | and Type Il discs, respectively.
de cit is typically associated with “missing” dust and with tem- ~ While photoevaporation is certainly at work in some systems
peratures of 200-1000 KCalvet et al. 2002DAlessio et al. (Type | TDs), it is believed that it can only operate for systems
2009 corresponding to the inner regions of accretion discwith a suf ciently low mass accretion rate belo® M yr *
Despite this lack of dust, there are still signatures of gas accend is otherwise quenched by the accretion @w(en & Clarke
tion in several systems with large inner (dust) holes that are a f@@12. At the same time the persistence of gas accretion within
tens of astronomical units (au) in width (see dzgpaillat et al. the inner (dust) holes is taken as an additional indication that
2019. other mechanisms should operate that create these japsia

The observational properties of transitional discs (TDst al. 2014. The very likely mechanism for this second class
and previous modelling attempts have been reviewe®Wwegn of TDs is related to the growth of planets in the discs, because
(2016 and here we mention only the main aspects relevant young planets embedded in their nascent discs will not only open
this paper. The origin of the inner disc clearing is primarilya gap in the gas disc but will create an even stronger depletion
attributed to three different processes: photoevaporation fravhthe dust near the planetary orbRgardekooper & Mellema
the inside out through high-energy radiation from the centraD04.
young protostar (e.gShu et al. 1993Alexander et al. 2006 Consequently, it was suggested early on that the presence
magnetically driven disc winds (e.gRodenkirch et al. 2090 of a massive (Jupiter-sized) planet might be responsible for the
or embedded massive companions that carve deep gaps ap creationVarniére et al. 2006Rice et al. 200§ but at the
the disc (e.gVarniere et al. 2006 Additionally, TDs appear same time it has been reported that the gap created by a sin-
to come in two avours, millimetre(mm)-faint discs with low gle embedded planet is signi cantly narrower than suggested by
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observations of transition discs. Given the problems with a simide gap was the creation of a large eccentric cavity by a mas-
gle planet and the photoevaporation models, it has been proposee planet of about 2.81;,, While this is in principle a possible
that the main observational features can be created by the prenario for sculpting transition discs, as shown alsler
ence of a system of (three to four) massive planets. Following tésKley (2013, the direct observation of a second planet ruled
line of thought,Zhu et al.(2011) andDodson-Robinson & Salyk out this scenario for PDS 70. Consequently, two-planet simula-
(2011) performed numerical simulations and argue that TDs ations were presented that show that a system engaged in a 2:1
in fact signposts of young multi-planet systems. In this scenari®lMR can in fact be stable for several million yeaBag et al.
the embedded planets act as a “barrier” for the gas ow througt919.
the disc, allowing some gas to enter the inner region, causing the In this paper we study the evolution of planets embedded
observed accretional features near the star, while the dust is it protoplanetary discs using two-dimensional hydrodynamical
tered out at the pressure maximum just beyond the outer edgesimfiulations. Our simulations include planet migration and mass
the gap and cannot enter the inner disc regions. Following ttascretion and either assume a locally isothermal equation of state
line of thought, theoretical models with embedded planets andincorporate stellar heating and radiative cooling from the disc.
dust in discs have been constructed to match the observed sfédds work extends an earlier studyi@ller & Kley 2013) where
tral energy distributions at sub-millimetre wavelengttie Juan only one planet was considered, which remained on a xed orbit
Ovelar et al. 2013Pinilla et al. 2015. around the star and was not allowed to migrate through the disc.
New ALMA observations focusing on CO-rotational linesFirst, we present generic models to demonstrate our new ndings
have allowed the gas content to be determined in the inner d@mtthe occurrence of migration jumps. We then present our study
region in more detail. These results show that the inner disc gafsthe system PDS 70. For both cases, we generate synthetic
depleted by factors of abodt? (van der Marel et al. 20)50r images and discuss the observability of the features.
even by a factor o10* with gas holes about a factor 2-3 smaller  In Sect.2, we introduce our numerical model. In Segtwe
than the dust gapv4n der Marel et al. 20)6which is taken present the evolution of the planetary system in our humerical
as another example of massive planets in dists 2019. The simulations and describe migration jumps in detail. In Séct.
conclusion that all or the majority of Type Il TDs are shaped bye generate synthetic images of a disc in our simulations and
massive planets was questionediiyng & Dawson(2016 who identify possible observational features. Secbasa case study
argue that there may not be enough giant planets to explain @llhow migration jumps apply to the PDS 70 system. We discuss
the observed Type Il TDs; see alSumming et al(2008 for our ndings in Sect6 and give a summary in Seat.
the occurrence rate of massive planets at larger separations. The
solution to this problem is either that current numerical mogz-g Modellin
els of planet—disc interactions are too inef cient at gap openi 9
compared to what is seen in nature, or that Type Il TDs are intrifiy this section we describe the physical and numerical setup used
sically rare objects rather than being common and short-lived iasour simulations. To give an overview of the cases investigated,
is probably the case for their Type | counterparts. Consideringble 1 lists all models and summarises their most important
that the arguments @ong & Dawson(2019 are based on ana- parameters. Speci ¢ models are referred to usirghart label
lytical approximations of gap widths and sizes that are based @rnsans serif font.
isothermal disc models, it may well be that the theoretical mod-
els have not reached the degree of sophistication necessary {0
produce reliable results. -
Recent evidence in favour of the planet-based origin &%e model an accretion disc around a young protostar solving the
Type Il TDs came through the direct detection of embeddedio-dimensional (2Dy ) viscous hydrodynamical equations
planets in such systems. For the T Cha system, the presenbeained by averaging over the vertical direction. Most of our
of a planet was suggested based on observations ib-tend models assume a locally isothermal equation of state T(r)
(Huélamo et al. 2001which were later supported by ALMA is constant over time). For selected modéiRR, PDS70 IRR,
observations indicating a gap in the disc ranging from 18DS70 IRR M/5) we solve the energy equation and include
and 28au compatible with &:2M;,, planet Hendler et al. heating by irradiation from the star (analogougtampras et al.
2018. However, direct con rmation is still pending. A point-like 2020, viscous heating, and radiative cooling, using an averaged
source was detected in theband in the transition disc systemopacity. All the details of the used set of equations are stated in
MWC 758 at a deprojected distance of about 20 au from théiller & Kley (2012 2013. Here, we do not solve for radiative
star Reggiani et al. 2008 directly hinting at the presence of antransport within the plane of the disc.
embedded planet. However, the clearest evidence comes from theFor the systems investigated here, the locally isothermal
PDS 70 system. A rst point like object was detected in the neaassumption and the inclusion of the radiative effects yield
infrared at a projected distance of 22 au, which was attributedmparable results as the test in Apperlighows.
to a planet (PDS 70b) orbiting within a gap that stretches from Viscosity is parameterised with the viscosity model
about 17-54 au in siz&eppler et al. 2018 The large gap size in (Shakura & Sunyaev 19¥8sing a value = 10 3. The kinematic
PDS 70 suggested a second companion which was detected Vastosity is then = ¢sH with the sound speec! and the verti-
year Haffert et al. 2019 The authors con rmed the earlier H cal pressure scale height of the discTogether with the choices
detection of PDS 70b and found a second point-likeddurce for andH=r (as given below) this value of corresponds to a
near the outer edge of the gap. This Eimission is taken as evi- viscous mass accretion raifysc=3 =53 10°M yr lat
dence for ongoing accretion onto two proto-planetaffert etal. 2 au for the initial pro le (see also panel 2 of Fit)).

2019. In addition, the spatial separation of the two planets indi- The host star mass i =1M . There are two planets
cates that they are close to a 2:1 mean motion resonance (MM&nbedded in the disc. The inner planet (1) is initially located at
With respect to PDS 70, a few simulations of embedded plaar = 4 a,,,= 20:8 au with a mass oM; = 3-9 My, and the outer
ets have been performed. The rst studylley et al. 2019 planet (2) is initially located &, = 7 ay,p= 36:4au with a mass

considered only one planet and a possible explanation of theM, = 1-9M;,, These models are labelled withk-1 wherek/|

Physical setup
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Table 1. Model parameters and outcome of the simulations.

Label Bound® Res® M;©@ M,© f,,, @ Migration®  Jumpg®  Eventg? Fig.
M9-3, A0.O0 (e} 9 3 % X Q)
M6-2 (@] 6 2 % X

M3-1 (@] 3 1 % X

M9-4.5 (e} 9 4.5 % X DS 3
M6-3 (@] 6 3 % X

M6-6 (@] 6 6 &

M3-9 (@] 3 9 &

M2-6 (@] 2 6 &

M3-1.5 (@] 3 1.5 &

M9-3 HR (@] 1/2 9 3 % X Al
M9-3 DR (@] 2 9 3 % X Al
M9-3 M/10 (@] 9 3 1/10 %

IRR (@] 9 3 % X B.1,B.2
FLARE (@] 9 3 % X B.1,B.2
A0.0001 O 9 3 104 % X 7,8
A0.001 (e} 9 3 103 % X 7,8
A0.01 (@] 9 3 102 % X DS 7,8
AO0.1 O 9 3 101! % X 7,8
L O 1/2 9 3 % & X S 9
L M/2 O 1/2 9 3 1/2 % X

L M/10 O 1/2 9 3 1/10 %

VB \Y 9 3 % X E

VB5 V5 9 3 % X E

WD O+WD 1/2 9 3 % X E

WDR R+WD 1/2 9 3 % X E

VB-P \V 9 3 % X

VB5-P V5 9 3 % X

WD-P O+WD 1/2 9 3 % X

WDR-P R+WD 1/2 9 3 % X

SG V5 9 3 % & X S

SG IRR V5 9 3 % & X DS, S

PDS70 ISO O 9 3 % X 11
PDS70 IRR (e} 9 3 % X 11
PDS70 IRR M/5 O 9 3 1/5 % 11

Notes. If a eld is empty in the Res,f.c, OF column, the values are the same as for the reference mé@d. @For the inner boundary,

the following choices are possible: O means an out ow boundary, R a closed re ective boundary, V a viscous boundary, V5 a viscous boundal
with ve times viscous speed, and +WD indicates an additional wave damping zone close to the inner boundary, ge¢f@entore detail.

®The factor refers to the 2D resolution compared toM®3 case (Sec®.2). ©@Planet masses in units 8y, @Surface density in units of the
reference density, (see Eq. 1)). @Direction of migration wheréo and& indicate outward and inward migration, respectivélyx, if at least

one migration jump happened in the simulati@iAdditional events of interest, where S indicates a single orbit swap, DS a double orbit swap, and
E stands for planet ejectioff! The standard modéll9-3 is used in Figs3, 4, 5, 6, 8, A.1, B.1, B.2, 6 andC.1

is the mass of the inner/outer planetMuy,, respectively. The 2.2. Simulation code

exact combinations of masses can be found in Tableor all . ) )
combinations of planet masses, a large deep gap can be expetf®l hydrodynamics equations are solved on a 2D polar grid
in the disc. (usingr  coordinates). Radially, the domain ranges fraio8-

To simplify the simulations, self-gravity of the disc is208au covered by 602 cells that are logarithmically spaced.
neglected in most of them. For the initial conditions of our starfzimuthally, the grid is uniformly spaced frofd to 2 with
dard modeM9-3 the ToomreQ parameter is above 3 at 100 auB21 cells.
and above 8 close to the location of the planet. Thus, self-gravity We use a custom version of the FARGO colfagset 2000
should not play a dominant role in the system considered. Thigich was also used biyllller & Kley (2013 in an earlier ver-
assumption is veri ed by two additional models with self-gravitysion, and is further developed and maintained by our group at the
included. The corresponding models are described in 8e&t.  University of TbingenN-body calculations are performed with
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Fig. 2. Flow chart illustrating the equilibration and simulation phase.
The disc properties are initialised according to the power laws in

0 T T
0151 Egs. () and @). During the equilibration process (taking 26 kyr, equiva-
010 1 lent to 274 orbits at the initial location of the inner planet) where the disc
* begins to “feel” the planets, the density pro le changes signi cantly; see
0.05 1 the rst panel of Fig.1 for the difference, where the equilibrated pro le

is shown as the dashed blue line.

0.00 T T
10t 102
r [au]
) » . ) ) PDS 70 system with a 0.88 star. Their disc is lighter, as might
Fig. 1. Initial conditions for the disc around tHeM star used in our be expected for an older system due to disc dispersal, and has
simulations (blue). These are compared to the initial conditions of ﬂl18Wer temperatures in the inner parts of the disc due ,to lower
disc inBae et al.(2019 (green) in which the PDS70 syste®&5M . . . o
star) was modelled. For context, the surface density of the minimuﬁ\e”ar Il_.l_mlno_SIIy. The rst panel also dlsplay_$r) after the ni-
tial equilibration phase as the dashed blue line. The locations of

mass solar nebula (MMSNayashi 198}is plotted in orange. Physical . .
initial conditions after the equilibration phase (see Ripatt=26kyr the planets are marked by the dotted vertical lines and the red

are shown for model19-3 as a dashed blue line. The pandism top and cyan circles in the top panel.
to bottom show the radial pro le of the: surface density, viscous mass These power-law initial conditions do not take into account
accretion rate Mgsc=3  with =10 3), temperature, and aspectthe presence of embedded planets. To obtain more physical ini-
ratio. The initial location of the planets are marked by the vertical, dofia] conditions which are consistent with two massive embedded
ted “n-es which Span over all panels and are indicated by the red mnetS’ we insert the p|anets by ramping up their masses over
cyan circles. 0:5 kyr while they are xed at their orbits for an initial equili-
bration time,Teq. During this time, theN-body system evolves
the 1AS15 integrator in REBOUNDREeiIn & Liu 2012 which is  without being subjected to the gravitational force of the disc
integrated into our version of FARGO. while the disc is exposed to the forces of tNebody system
and a common gap forms around the planets. To determipe
we analysed test simulations and checked for the time when the
density waves caused by the insertion of the planets left the com-
Initially, the surface density of the discis set to a power-law putational domain and the time after which the gap depth no
pro le of the form longer changed signi cantly. The second condition is ful lled
at a later time and yield$e,= 26 kyr which corresponds to 274
M= o r - 0= 461762 Q) orbits at the initial location of the inner planet. After this time,
au ' cm?’ the disc feedback onto star and planets is turned on which causes
) o them to migrate. The equilibration process is sketched by the
The aspect ratio of the disc is choserhas = 0:05throughout  ow chart in Fig. 2.
the disc, which is equivalent to choosing a temperature power
law of

2.3. Initial conditions

L g

2.4. Boundary conditions

r 1
T(r)=To au ¢ To=63286K: (2)  We employ an out ow boundary (O) condition at both radial
boundariesRmyin and Rnax. This is done to let the disc evolve

We checked this assumption by performing additional simulan its own, for example by allowing for an eccentric disc close to
tions using irradiated discs; see AppenBix the inner boundary which might be unphysically suppressed by

Both initial conditions are visualised in Fig. The top panel the use of a wave damping boundary, for example, that imposes
shows (r). The second panel from the top shows the viscows azimuthal symmetry close to the boundary. Additionally, this
mass accretion ratéMgsc=3 , at each radius in the disc choice of boundary condition allows density waves that are cre-
assuming =10 3. The panel below that, and the bottom panehted by the insertion of the planets to leave the computational
showT (r) and the resulting disc aspect ratidsr, respectively. domain.
To establish a context, we also show the initial conditions of a For our out ow boundary condition, only mass ow leaving
PDS 70 simulation byBae et al.(2019 hereafter B19) and the the domain is allowed. This is implemented by enforcing a van-
minimum mass solar nebula (MMSMayashi 198). Our disc ishing gradient of the energy density andand by setting the
has a lower than the MMSN in the inner 60au and is about radial velocity to zero at the boundary in cases where the velocity
ve times larger than the in B19, who model the 5.4 Myr old vector points into the domain and by setting its gradient to zero
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otherwise. This way, no mass can be generated. The azimuthal. Gravitational interactions

velocity is left unchanged. . L
In order to check the validity of these boundary conditionstar and planets are modelled as point masses. The gravitational

for our physical setup, we studied other options. This is importafi!! from the point masses onto the disc is implemented via their
because the open boundary condition leads to an unphysical d#gVitational potential, which is

in surface density close to the boundary, as can be seen in the top X M
panel of Fig.1. nN= G g—m— (6)
One alternative is to employ an additional wave damping L (N

(WD) zone (e Val-Borro et al. 2006betweenRyin and 2 Ryin
where and the velocities are exponentially damped to their iNkt locationr, and the indexn runs over all point masses with

tial values on a timescale of 5% of the orbital timescalRaf massed and P - -
X X . n position vectors,. The smoothing length is cho-
(modelsWD at half resolution). We combine this wave dampgg, o pe «m= 0:6H(r), with the local disc scale height(r), to

ing zone with the out ow boundary and with another common o5 oyimate the gravitational force in a 3D diddi(ler et al.
choice: a closed, re ective boundary. This re ective boundar

does not allow mass ow through the boundary which is imple-
mented by applying a zero gradient for energy density and
and by setting the radial velocities of the ghost cells to zero
the boundary and to the negative of the rst active cell's radi
velocity at the next ghost cell interface, thus re ecting momen-
tum at the boundary. A combination of a re ective boundary and X my rn I
a wave damping zone is used in mou¢DR. Fdisc.n= GMn (fn 12+ 2.0 T j;
An out ow boundary as used in our simulations might over- k An Tk smltn Tk
estimate the mass ow across the inner domain. In a real syst
the properties of the accretion process onto the star are likel
limit the mass ow at the inner disc edge. To test for the implica-
tion of this, we also employed a viscous internal boundary. F8r7. Implementation of planetary accretion
this, the velocities of the inner ghost cells are set to a multiple
the viscous speed:

The back reaction from the disc onto the point masses is

calculated by direct summation over all grid cells, which are
exed byk, and have massen, and positionsrk. The total

isc force acting on a point mass with indeis

@)

;\/r}/rbere smiS the same as used for the potential.

FH some simulations we include the possibility of mass accre-
tion onto the embedded planets. We use the prescription from
3 Durmann & Kley (2017 and remove a fraction of mass every
Vi) = Vuisc(fin) i Wisc(fin) = 5—; (3) time-step t from the hydrodynamical simulation in the vicin-
" ity of the planet. More mass is removed from close to the planet
with being kinematic viscosity. We used-= 1 (modelVB) and than from further away. No mass is removed beyond a distance of
=5 (modelVB5) which was found to yield a boundary compa0:5 Ry from the planet's location. For full details s€¢irmann
rable to simulations where the 2D grid is embedded in a largérKley (2017). The mass removed at each time-step follows the
1D domain Crida et al. 200y. This boundary is also used torelation
compare to similar models in the literature (eMgarzari et al.
2019. M = facc Micinity t (8)

where facc is a free parameter to control the ef ciency of the
accretion process. We use valuesfgf.= 10 4;10 3;10 ¢ and
Many simulations of planet—disc interactions use a grid centré@ 1 (modelsAfae with faee in decimal notation). Mass and

on the primary star. If there is only one gravitating object, thigngular momentum are conserved by adding the mass removed
is an inertial frame. However, with the addition of one or morérom the hydrodynamical simulation to the mass of the planet
planets, it is not an inertial system any more and the so-calledd adding an equivalent amount of angular momentum.

indirect term, which is the negative of the force acting on the star,

2.8. Additional models

2.5. Centre-of-mass frame

Find, star= Fdisc + Fplanets ; 4)

In order to test our model choices, we ran additional simulations
has to be applied to the bodies and the gas. For more massivth different parameters.
planets, this causes the disc to oscillate for as much as the starTo check the impact of a constant aspect ratio, we reran
oscillates around the centre of mass, which is undesirable frafe standard modeM9-3 with a aring aspect ratio of

a numerical point of view. For a full planetary system, we obtaiﬁ(r)zo.019 Tk al (model FLARE). This aring corresponds
: = .

an inertial system by choosing the centre of mass of\tHmdy . . . o S
system as the origin. The indirect term therefore vanishes exc%%tgud'sc dominated by irradiation arft= 0:05 is reached at

for the contribution from the disc, which reads . . . . .
X A resolution test was CB.I’I’IG% out by reducing or increasing

p 1 . the resolution by a factor of two (2 in each direction, models
nMy Mn 8gisc. ®) M9-3 HR andm9-3 DR). See AppendidA for the comparison.

To test the in uence of the domain size, half resolution models
for all N-body objects indexed by with massM,. To avoid any (same r=r asM9-3 HR) were done with a larger grid spanning
numerical drift of the centre of mass away from the origin, wéom 5:2 to 5200au (modeld., L M/2, L M/10). For the larger
shift the wholeN-body system at every hydrodynamical timedomain, density waves which are caused by the insertion of plan-
step such that the centre of mass coincides with the origin, seie take longer to leave the domain. Therefdrg,= 59kyr is
alsoThun & Kley (2018. chosen.

Aind., cOM=
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Some models were run with a lower surface density but oth-

80 - outer

erwise identical parameters to their sibling models. These are planet L\
indicated by theVl/N in their label and were initialised witNl 2% ,__.»/\//
times smaller surface density compared to Bjj(ihodelsM9-3 © 40 e
M/10, L M/2, L M/10 andPDS70 IRR M/5). 20 41—

To test the effect of the centre of mass frame, we repeated et

some models with a coordinate system centred on the primary

= 40 A
star. These are indicated by-R in their labels (model¥B-P, < %
VB5-P, WD-P, WDR-P). ol ]

Most of our models do not include self-gravity. To test the 03 1

outer

implications of self-gravity, we ran two additional models with L

self-gravity included. This was implemented in the same way as «

in Baruteau(2008, but with a modi ed smoothing length that 011

includes a dependence on radius in order to ful | Newton's third 00

law (Moldenhauer & Kley, in prep.). The two models are based %3 Jime " planet refease

planet

on modelVB5-P for runtime reasons because this model hasthe o2 -
largest time-step. Mode$G has only self-gravity enabled and
SG IRR additionally solves the energy equation and considers

irradiation like modelRR. 001 : ‘ ; ;
We also ran a set of models to simulate the PDS 70 system. _*] — "™ ff
The parameters and results are discussed separately irbSect. G | — Mo = A

I
821 — w39 -

P,

3. Results 0 20 40 60 80 100 120
tlkyr
In this section, we analyse the simulations listed in Tdbdth S _ o
respect to their dynamical evolution and accretion propertiggg. 3. Migration history for a selection of models described in Table
Each effect is described in a separate subsection. to highlight the different possible dynamical evolution of the embed-
Due to the large number of simulations performed, we do nggd planets. The panels shdvam top to bottomthe evolution of: the
visualise all of them. Instead, we used a representative selectf§i]!-Malor axisa, of the outer and inner planet, their eccentricities,
L S i . " and their period ratio. The release time of the planets is marked by
to highlight the various dynamical evolutions. Unless stated otﬁf

. . . . e vertical dotted line. Most prominent is the occurrence of fast out-
erwise, the features observed in those simulations that are g} migration (migration jump) for modeV19-3 (blue) between 60

displayed are very similar but might happen at a different poighd sokyr, and a double orbit swap at 110 kyr followed by a migra-
in time. tion jump for modelM9-4.5. At the time of the double orbit swap at
The simulation outcomes are described in the following set- 110kyr, e, = 0:38 and &,.= 0:58. They are cut out to increase the
tions and an overview can be found in TaldleThe different visibility of the rest of the data.
properties listed are: outward and inward migratiét 4nd& ,
Sect. 3.1), migration jumps (indicated by, Sect.3.2), sin-
gle/double orbit swaps (S/DS, Se@t3), and planet ejections
(E, Sect.3.6). Tablel also refers to the corresponding gures
which show the migration history of the respective simulation

locked in resonance, the planets then migrate in unison with
a direction that depends on whether the positive torque contri-
‘bution of the inner disc (inside the common gap) is larger in
Smagnitude than the negative torque contribution from the outer
disc (outside the common gap). As these torque contributions
3.1. Direction of migration o_Iepend on the resp(_ective planetary mass, the_direction of migra-
tion can vary. If the inner planet is more massive than the outer
In all simulations, the planets start to migrate after gravitglanet, the system can migrate outwards as found initially for the
tional feedback from the disc onto the planets is turned on. Aupiter—Saturn system biylasset & Snellgrovg2001). Indeed,
selection of migration tracks for simulations with different planfFig. 3 shows outward migration for tHd9-3 andM9-4.5 mod-
etary masses and mass ratios is shown in Eig-he selection els for which the inner planet is more massive than the outer one.
showcases the different possible behaviours of the systems. Conversely, the planets migrate inward for a more massive outer
For all combinations of planetary masses, the inner planetggnet as in modeM3-9. For equal-mass planetd6-6), the
migrating outward for the rstLlOkyr because it only feels the system still migrates inward, but with a lower migration rate.
positive torque contribution from the inner disc. There is no sub-
stantial contribution to the torque from the outer disc because
the large common gap opened by the two planets. Regions wh
the interaction of the disc would be strongeétafd 1997 are  Simulations in which the planet pair shows outward migra-
cleared by the outer planeBéndor et al. 2007 Vice versa, the tion occasionally exhibit an additional process, which we call
outer planet migrates inward for the r&0 kyr. After this time, a “migration jump”:
the planets are captured in a 2:1 MMR. We veri ed this by check- 1. the outer planet embarks on a rapid outward migration
ing the resonant angles foraninner MMRE=2 , 1 $12 covering tens of au in a time period of a few thousand years;
(Forgacs-Dajka et al. 20 8vhere = M + $ is the mean orbital 2. after reaching a maximum radius, it stays in this region for
longitude with the mean anomaly], and$ =! + isthelon- several thousand years, occasionally for up to tens of thousands
gitude of periapsis with the argument of periapsis,and the of years;
longitude of the ascending node, These angles are indeed 3. it migrates back inward, again on a short timescale, until

librating around zero (see Figwhere i% are displayed). Being it locks back into resonance with the inner planet.

grEe' Migration jumps
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momentum. The difference in angular momentum is deposited
onto the planet causing a positive torque. What follows is a phase
of type lll rapid outward migrationReplihski et al. 2008and the
outer planet moves out from 40 au at 65kyr to 72au at 70kyr,
covering 32au in only 5kyr. More complex structures can be

—— outer planet
inner planet

20 | seeninthe disc (see panel ¢ in Bywhich are the result of over-
o204 ‘ ‘ N i lapping spiral arms and the outer planet opening a gap. During
o5 this timee,,; relaxes back to low values.

o 2 R ¢) The fast outward migration stops at the location of the
0107 ™ ' } 4:1 MMR with the inner planet (see the third panel from the
0.05 m,,ll“ \ “OAW top in Fig.4 where the resonant angleéﬁ% are displayed). The
0.00 a : : : : : : . two planets remain in the 4:1 MMR for about 4 kyrtat 70kyr,

5] 1 : S where the outer planet remains aroutihu.

« : d) Afterwards the 4:1 resonance is broken and the outer
2o L planet migrates back inward by 22 au within 3.5 kyr.

J e) It ends up back in 2:1 MMR with the inner planet. The

inner planet migrates outwards during the jump since the posi-
tive torque from the inner disc is dominating over the negative
j contribution from the outside which is weakened due to the
common gap.
. Migration jumps occur in a variety of models but details such
as the distance or duration of speci c sub-processes vary from
- : model to model. The location where the jump stops is not nec-
0 40 50 60 70 80 90 100 essarily at the 4:1 period commensurability for all simulations,
thky] as can be seen for example in A&yl which also shows period
Fio. 4. Zoom-i iaration i . 4eV9-3 including th ratios close t04.5 and 5. In general, the location can be expected
Ig. #. £OOm-In on a migration jump in Mo Inciuding e +4 ha determined by the interplay BEbody dynamics (the res-

time leading up to and following the event. The panels shioam . .
top to bottom the evolution of: the semi-major axis of both planets,onances)' gas dynamics, and the rearrangement of gas density

their eccentricities, the 2:1 MMR angles=2 , ; $4,, and around the outer planet. Migration jumps only happen in the
41MMRangles, *1=4 , ; 3%, The vertical lines correspond models in which: migration is directed outward, a vortex forms

to the snapshots shown in Fi. outside the common gap, and the disc mass is suf ciently high.
From these observations we can decipher two criteria that
must be met for migration jumps to occur. First, the planet mass
Two examples of a migration jump can be seen in Bighis  ratio must be such that the pair of planets migrates outwards.
process can repeat itself multiple times (see Big). This can be the case when the inner planet is more massive than
Figure4 shows a zoom into one migration jump of our stanthe outer one. Second, the disc mass needs to be high enough
dardM9-3 model focussed on the time leading up to the evem facilitate suf ciently fast outward migration. This migration
and some time afterwards. It shows from top to bottom: the semgipeed is needed to allow for the formation of a signi cantly mas-
major axis of both planets, their eccentricities, the 2:1 MMRive vortex which in turn leads to large eccentricities of the outer
angles, and the 4:1 MMR angles. The MMR angle variablgsianet. These large eccentricities are needed for type Il rapid
correspond to an inner MMRFprgacs-Dajka et al. 2018The outward migration to be triggered. For insuf ciently high disc
two-dimensional surface density distribution of mot#9-3 is  masses, the system only migrates outward smoothly and no vor-
displayed in Fig5, where panels a—f show the disc prior, duringtex forms (see also the low-disc-mass results for m&ds70
and after the migration jump. The times of the individual snapRR M/5, Fig. 11).
shots are indicated in Fig.by the vertical lines. Panel a of Fi§.
shows the disc at that point in time vyhen disc feedback is turngdy it swaps
on and the planets are allowed to migrate.
In the following paragraphs we examine the migration jumn addition to migration jumps, some models show other features
process more closely by analysing the behaviour around the tiae well. For example, the planets in modi#9-4.5 swap their
of each of the six snapshots of modé9-3. orbits in close succession just before a migration jump (&t
a) Prior to the migration jump, both planets migrate outt10 kyr). The orbital eccentricities reach very high values during
ward in 2:1 MMR. During this time, the eccentricity of the inneithe swapping process, for examplg; = 0:58 in modelM9-4.5.
planet,en,, grows up to 0.15, while the eccentricity of the outeThe accreting modelA0.01, also experiences a double swap
planet,e,;, uctuates up to 0.125. The increase in eccentricityFig. 7 at 90 kyr). A model with different resolution, model L,
comes from the interaction of the planets with the vortex that #hows a single orbit swap (see F®). As a consequence, the
formed outside the common gap. Faint spiral arms are visibleimmer planet is less massive than the outer one and the migration
the common gap during this epoch (see panel b inFjig. direction changes from outward to inward. Just after the single
b) At 64 kyr, e, drops signi cantly whileey rises up to orbit swap, the outer, more massive planet undergoes a small
0.2 and the 2:1 MMR is broken. Due to its eccentric orbit, theigration jump (5 au). The models with self-gravity enabled also
outer planet comes close to the inner edge of the outer disc (skew orbit swaps. ModebG shows a single orbit swap follow-
panel b of Fig.5). This is close enough to suf ciently enhanceing two migration jumps and mod&G IRR shows a migration
the mass ow across the planet's orbit and produce co-orbitplmp followed by a double orbit swap and a subsequent sin-
torques. These torques are positive, because gas with higbler orbit swap. In each of our non-self-gravitating simulations
angular momentum ows inwards where it has a lower angulavhere an orbit swap (single or double) happens, a migration
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out ow boundary with an additional wave-damping zone, andre also include the time the structural changes last in the disc
the re ective boundary with an additional wave-damping zongsee panels e and f of Fig5.and 10), the synthetic observa-
We repeated all the affected models with the disc (hydrodiions might be applicable to systems in which we directly observe
namical simulation) centred on the primary star (modésP, embedded planets, such as PDS 70. These observations are, after
VB5-P, WD-P, andWDR-P). In the primary frame, no ejection all, just snapshots in time of the real system. With a disc lifetime
occurred during the simulation time which was chosen to be att the order of roughly 1 Myr, the migration jump timescale of
least 50 kyr longer than the time when the ejection happenedli@d kyr amounts to a signi cant fraction, that is, in the region of
the corresponding centre-of-mass model. 1%. Considering the ever-increasing number of detected (proto-
In all the models, the inner boundary is located at 2.08 gplanetary systems and the apparent richness in substructure
and the wave damping zone stretches from the inner bound#ngrein @Andrews et al. 2018 the following synthetic images
to 4.16 au. This comparison shows that the inner boundary canight provide an explanation for a subset of future disc obser-
be crucial for determining the fate of an embedded planetavations. Our synthetic images were produced by calculating the
system, even if planets are further out at around 50 au. thermal emission using RADMC3CD{llemond et al. 2012
All ejection occurred in models where the primary star washis emission was then postprocessed using the CASA pack-
moving with respect to the boundary. In the centre-of-masgie McMullin et al. 2007 to simulate the instrumental effects
frame, the primary moves up to 0.4 au, which is 20% of the inneroduced by ALMA. The resulting synthetic observations of the
boundary radius. This equivalently means that the boundaryNt9-3 model are shown in FiglO and can be directly compared
moving 0.4 au relative to the star. to the plots of surface density in Fi§. The simulation snapshots
The difference is not only a numerical artefact, but thare the same in the respective panels.
physical boundary condition is different for the models in the
centre-of-mass frame compared to the primary frame. Using thg Radiative transfer model
viscous boundary condition in the primary frame for example,
the radial speed ata xed radius from the star is set to the viscoliisorder to compute the thermal dust emission for the individ-
speed. This is a physically motivated choice. Since the hydroﬁ:I snapshots of thi9-3 model we convert the gas surface
namical grid is centred on the primary, this boundary conditio#ensity proles into a three-dimensional dust density model
can be implemented in a simple way by setting the velocity #thich serves as input for the radiative transfer calculations with
the inner boundary, which is at a constant distance from the sSBADMC3D. Please keep in mind that, in principle, dust follows
in all directions. Using the same implementation in a centre-dfs own dynamics and is only partially coupled to the gas. Our
mass frame, as we did in our models, the distance at which nthetic images are therefore only an approximation of what
radial velocity is set to the viscous speed is different dependiM@uld be the result of the actual dust distribution taking into
on the azimuthal direction and is even varying over time. Thugccount the proper gas—dust interaction. In the model we employ
the resulting boundary condition is physically different from theight dust species with a combined dust to gas mass ratio &f
case of the primary frame and is no longer physically plausibld_.he dust grain sizes are logarithmically evenly spaced, ranging
In all cases, except the zero-gradient boundary conditiéf®m 0:1 mto 1 mm. The number density size distribution of
case, the unphysical boundary condition leads to strong pertthe dust grains follows the MRN distributionfa) / a *°, where
bations close to the inner boundary, which at some point in tin@ds the grain size.
can no longer be resolved by the hydrodynamical simulations. Dust settling towards the midplane is considered following
In the resulting numerical instability, the perturbations growhe diffusion model oDubrulle et al.(1999 with dust vertical
unbound and destroy the disc and coincidently also eject theale height:

planets without any close encounter or instability in Mody r
system. = :
Ha + StH’ ©)
3.7. Final location of outward migration whereStis the local Stokes number,
Most models were run for a simulation time H20kyr. At this _ _ agq,
point in time, outward migration did not halt in any of the modSt= tsop K = 27 (10)

els. Some models were integrated for a longer time, such as

for example theM9-3 model in which the outer planet reachedvhere the grain densityy = 3:0gcm 3. We assume a Schmidt
133 au att = 226kyr. In this speci ¢ case, the outer gap edge isiumber of one. Furthermore, the aspect ratio is assumed to be
located at 162 au and the surface density of the outer disc is taoed with radius, that isH= scales agr=ro) where is the
orders of magnitude lower than that of the inner disc. As a resulring index. In all the synthetic images, a aring index of
the negative torque contribution from the outer disc becomes 0:25was chosen.

diminished and outward migration continues. Our models sug- For the extension in the polar direction, 32 cells are equally
gest that, in the scenario studied here, in the case of outwaghced in their angular extent betwegn = =2 0:3 resulting
migration of a pair of planets in a disc of suf ciently high massin a maximal spacial extent ai, =r sin( 0:3). The vertical
the nal location of the planet pair will be near the outer edge dfisc density pro le is assumed to be isothermal and the con-
the disc. version from the surface density to the local volume density is

calculated as follows:
|

4. Observabilit i

¥ ol = p—— erf 1 gim (11)
To evaluate the possibility whether or not the effects of migra- 2 Hg 2Hq
tion jumps could be observed in real systems we performed £ oz £ o2
synthetic observations. Though the timescale of the processes _H o P O P . (12)
discussed here is quite short, some tens of thousands of years if 2 d Z. z ’
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the previously unperturbed disc during rapid outward migratice period commensurability d®,,=Pin 4. During the16kyr
(Peplihski et al. 2008 duration of the migration jump, the inner planet travels out by
Just after the migration jump (panel e), multiple substrué&au, because the negative torque contribution from the outside
tures can be seen inside the orbits of the planets. This shows tkanissing. Due to the fast outward migration of the inner planet,
more than one of the features presented above can exist in a dvben the outer planet migrates back in from the jump, the loca-
at the same time. tion of the 2:1 MMR is much further out. When the system goes
back into 2:1 MMR, the outer planet is@®au from which point
outward migration continues.
The sibling simulation with a more realistic equation of
PDS70a is a54 1:0Myr-old K7-type star with a mass State and irradiation from the staPDS70 IRR) shows simi-
of 0:76 0:02M and luminosity outow L =0:35 0:09L lar, though less extreme effects. The outer planet travels out by
(Miller et al. 2018. It is at a distance 0£1343 0:52pc (Gaia 4au following the point at which the planets become locked
Collaboration 2018 Recently, it was found to host two giantinto resonance30kyr before the migration jump is about to
planets, PDS 70b and PDS 70c, which were observed via diré&ppen. The smaller migration jump moves the outer planet fur-
imaging. Their orbits are close to a 2:1 MMR with distanceter out by6-46au, where it has a period commensurability of
of abouta, =20:6 1:2au anda.=345 2au (Keppler et al. Pou=Pin  2:75. Again, the migration jump takes arou@@kyr,
2018 Haffert et al. 2019 The inner planet is believed to bebut the inner planet only migrates approximately 1 au during that
more massive than the outer one while their mass estimati#ge. Thus the location of 2:1 MMR for the outer planetis further
are still uncertain aM, =5 14Mjy, (Keppler et al. 201Band  in, at 44 au, to where it migrates back over a time-span of 6 kyr
Mc=4 12Mgyy, (Haffert et al. 2019 These masses were esti{instead of jumping back) until it locks into 2:1 MMR again. The
mated by comparing photometry of the sources to syntheifferent stopping location of the jump between model3S70
colours from planet evolution models. and PDS70 IRR does not seem to stem from a difference in
Recently,Bae et al (2019 showed that ALMA dust contin- aspect ratio. Indeed, the aspect ratio in mdeBIS70 IRR is
uum observations at 890n can be convincingly reproduced bynearly identical to the one in modéRR, which is displayed
a pair of outward migrating planets. These latter authors péf-Fig. B.2, and is close to 0.05 around 40 au, exactly as in the
formed 2D locally isothermal hydrodynamical simulations wittlocally isothermal model.
a temperature pro le obtained from radiative transfer calcula- Along with the migration jumps, both models with a higher
tions and using a stellar mass@85M and two planets close surface density show the formation of a vortex outside the gap
to 2:1 MMR with masses oM, = 10Myyp, and M¢ = 2:5 Myyp. already when the planets lock into 2:1 MMR. In tRBS70 IRR
They found the system to be stable for 1 Myr while smoothlinodel, the vortex survives the small migration jump and lives on
migrating outward. until the end of the simulation. In tH@DS70 ISO model, it lives
We ran additional simulations to model PDS 70 in order tgntil the migration jump when it is disrupted by the outer planet
test whether migration jumps could occur in that system. Trd does not form again during the simulation time.
PDS 70 models differ only slightly from our standakdo-3
setup, that is, the stellar mass is loweredvto=0:76M . One 52 synthetic images
PDS 70 simulation uses the locally isothermal equation of state
(PDS70 ISO), while a second and third one use the ideal equ&imilarly to the model outcomes presented in Settsand4.2,
tion of state with irradiation from the star, like thBR model the outcomes of the PDS 70 models are post-processed in order

above, with stellar luminosity. =0:35 0:09L (Miller et al. to allow a comparison to the observed system. A modi cation
2018. The rsttwo models use the standar¢t) pro le (PDS70  of the procedure was made regarding the temperature and radius
ISO, PDS70 IRR) and the last one has a ve-times-smaller of the central star which have been set to 3972 K and R26
(PDS70 IRR M/5). All three models were integrated fap0kr ~respectively Keppler et al. 2018 The mass of the inner disc was
and are included in Table. Our models have a higher surfacegeduced by a factor of0 ? instead of10 ° to keep some emis-
density compared to the onesBae et al(2019. At a distance of Sion from the inner disc which can be seen in the observation
40 au this amounts to= 11:6gcm 2 and = 2:4gcm 2 (PDS  (Keppler et al. 201p We additionally apply an inclination angle

70 IRR M/5) in our models compared to their 1gcm 2. of 51.7 degrees and a position angle of 156.7 degrees.
Figure 12 shows the synthetic observations of the model

PDS70 IRR (panels b and d) and the model with lower disc
mass PDS70 IRR M/5 (panels a and c), where the syn-
Figure 11 shows the dynamical outcome of the PDS 70 modelthetic observations are calculated using two different ALMA
The model with a lighter disdADS70 IRR M/5) shows no spe- antenna con gurations. The rst con guration (panels a and b) is
cial events. The inner planet migrates outward very slowly whilenchanged from the one in Seet.2 The second con guration
the outer planet migrates inward until the system is locked in{panels c and d) only uses the smaliéma.cycle5.5 antenna
2:1 MMR aroundt  80kyr (54kyr after planet release). The con guration which results in a larger beam size.
system then migrates slowly outward together, maintaining the Because the inner disc is more massive in gas, our assump-
2:1 resonance. The inner planet moves less thaau over the tion of a gas to dust ratio of 100 results in a very bright inner disc
remaining20kyr. for higher disc masses. For each con guration, the colour scale
Both models with high show one migration jump until the is chosen such that its maximum value is the maximum intensity
end of the simulation at00kyr. The outer planet rst migrates from the low-disc-mass models (panels a and c). This is done to
inward for approximately 10kyr until the planets lock in 2:1make the outer parts of the disc visible in both models on the
MMR. Rapid outward migration then starts in both cases leadirsgme colour scale.
up to a migration jump 30 kyr later. The low-mass disc at high resolution (panel a) shows a hole
InthePDS70 ISO case, the outer planet travels 10 au during the inner disc. This is due to the inner hole of the compu-
that time and a migration jump takes it out to nearly 70 au wittational domain. In the high-disc-mass case (panel b) this is no

5. Modelling of a real system: PDS 70

5.1. Dynamical results
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longer visible due to the selection of the maximum value for thef = 8:24gcm?2 at 40au which is in agreement with the
colour scale. For the smaller ALMA con guration with larger 1gcm ? at 40 au which has been used in models of PDS70
beam size (panels c and d), the hole is simply smeared out. pefore Keppler et al. 20182019. Another upper bound could be
There is a clear difference between the md@BIS70 IRR  obtained by verifying the non-existence of features due to grav-
M/5 with lower disc mass and smooth outward migration (pantational instability such as fragmentation which would require
els a and c) and mod@DS70 IRR with higher disc mass and even more massive discs. Our threshold is lower than this self-
a migration jump (panels b and d). The low-disc-mass modgtavity-induced upper bound because our discs havavaich
(panels a and c) qualitatively reproduces the dust continuygliower than the value required for fragmentation. The Toomre
observations presented ieppler et al.(2019 showing the Q parameter is larger than 1 at any location and time. The upper
dust ring at a large distance from the star and a clearly visith®und could likely be improved by performing a parameter study
and wide gap. Here, the location of the dust ring is closer ighich is out of the reach of this work.
compared to the observations. Given the age of PDS 70, nameb 1:0Myr, it cannot
For a higher disc mass, the ring becomes azimuthally asye ruled out that a migration jump happened at earlier times,
metric with the right side being pronounced due to the existeng@d that the system relaxed back into a quieter state as the disc
of a vortex. At lower resolution (panel d), only the brighter rightiispersed due to effects like photoevaporation or magnetically
side is visible. At higher resolution (panel b), additional suldriven disc winds Rodenkirch et al. 2020 Long-term simula-
structure is visible in the disc; for example the spur feature ffons including disc dispersal effects would be required to answer
visible to the right of the centre. Also clearly visible is an arc-likehis question.
feature in the gap in the bottom left quadrant. The arc is located In our synthetic images, we also observe the spur at the
closer to the centre of the gap and emerges because the spjtaér gap edge reported Bgppler et al(2018 2019 which has
arm of the inner planet is enhanced in density at that point §lready been reproduced using a similar model to dBae et al.
time. During the previous orbits, the outer planet came close 2019. Such a feature also appeared in our generic models (see
the outer gap edge on its eccentric orbit which results in a highgigy. 10 panels b, e, and f), suggesting that this kind of feature can
mass ow across its orbit. This higher mass ow across the orb'?]enerauy appear for an outward migrating pair of planets.
of the outer planet subsequently leads to higher densities in the
spiral arm of the inner planet. Therefore, the arc is a result of e, Synthetic observations and dust treatment
dynamic nature of the system with its high eccentricities. o
In Sect.4.2, we model dust emission by assuming a uniform
dust-to-gas mass ratio d0 2. Thus, we use gas dynamics as
6. Discussion a proxy for dust dynamics. As a result, effects like dust drift,
. . . L ) dust size ltration, and dust diffusion/eber et al. 2018 which
In this section, we discuss the implications of our ndings, pulre probably at play in a protoplanetary disc, are not considered.
them into context, and discuss their limitations. Results are dipa inclusion of a proper dust treatment might therefore change
cussed in reverse chronological order starting with our PDS appearance of some features in the synthetic images.

models (Sect6.1) and followed by the synthetic observations'  \gnetheless, similar features have been observed to also
(Sect.6.2), their implications (Sect6.3), and migration Jumps emerge when dust is handled properly. A dust ring growing in
(Sect.6.4). We then go on to discuss simulation aspects such &Se pecause of outward migration of a pair of massive planets
the role of the inner boundary condition (Se&t) and choices 55 reported bjarzari et al (2019 for a close-in (inside 10 au)
concerning the equation of state and self-gravity (S2§. We  jsiter_Saturn pair in a massive disg(0au) = 759 cm 2 ver-
c_qnclude by discussing the_ |mp||c_at|0ns of our ndings for trang, ¢ o(10ay 46gcm 2 here) and byBae et al.(2019 for a
sition d_|scs (Sec6.7) anq directly imaged systems of planets af,,4e| of the PDS 70 system witkD and 2:5 My, planets in a
large distances from their host stars (S&d). lighter disc ( o(10au) 9gcm 2). The latter study also found
the PDS 70 spur featur&éppler et al. 2019Bae et al. 201
6.1. PDS 70 supporting the idea that similar features also appear with proper
dust treatment. However, to judge how dust dynamics in uences

Our synthetic observations of the PDS 70 system show a dusé features found in our synthetic observations, simulations
ring at slightly smaller radii compared Keppler et al(2019. If  including dust treatment are needed. We plan to investigate this
we had simulated the system for a longer time, the pair of plangisa follow-up study.
would have migrated further out also pushing the location of the \We want to highlight that multiple distinct observational fea-
ring further out. This way the synthetic models could be netures can be created by the same planetary system at different
tuned to match the actual observations. points in time if the system exhibits suf ciently strong dynamic

In the case of PDS 70, our results suggest that no migreffects such as a migration jump. Except for the choice of planet
tion jump is happening in the system at this moment in timenass ratio, all presented observational features emerged for a
This is likely due to the disc mass being lower than needed fellsc with standard parameters without the need of ne-tuning.
migration jumps to happen, as the comparison between mod-
els PDS70 IRR and PDS70 IRR M/5 shows. Following this 6
line of thought, our results might be used to put an upper limit
on the disc mass. The disc mass must be lower than the dfe@ our PDS70 models (see Sed&), we observed non-
in modelPDS70 IRR, Mgisc= 0:048M , at the time when the axisymmetric features in the higher disc mass model. The higher
migration jump happens. We note that for simulations, the discrface density caused faster outward migration and thus a
mass depends on the extent of the domain and the numbleigher mass ow through the common gap. The rst effect was
quoted here refer to a disc with the inner and outer radius tife appearance of a vortex, visible as asymmetry in the intensity
our modelsri, = 2:08 auandr ;= 208 au Scaled with a power- distribution (Figs12b and d). The second effect was an arc-like
law pro le as in Eq. (), this corresponds to a surface densityeature in the gap region caused by an enhancement of density in

3. Observational signposts for dynamic effects

A87, page 15 oR0

75



Reprint: Migration jumps of planets in transition discs
A&A 643, A87 (2020)

the spiral arm of the inner planet. Together with the spur featutemparable to that of our mod#9-3 M/10 which also does
discussed above, if detected in real observations, these featureisshow a migration jump.

might hint at outward migration and enhanced mass ow through Migration jumps could have profound effects for planetary
the gap region. systems. During the jump, dust can be gravitationally scattered

Contrasting the smooth synthetic observations of our lovsy the planets which might be a way to redistribute dust trapped
mass PDS 70 model, or the modelBge et al (2019 in which in a pressure maximum and possibly even dust trapped in the
the planetary system undergoes smooth and slow outward migvartex. We plan to perform simulations with embedded dust to
tion, with our synthetic observations in Fig0, we can identify explore these hypotheses.
which features could be “signposts” for strong dynamical effects A jump might also have signi cant effects for the accretion
like migration jumps. We can identify these potential signposfsgrocess as shown in Se8ts. Mass accretion rates onto the plan-
as very eccentric holes or gaps, vortices, arc-shaped voids, metsscan be enhanced by two orders of magnitude by moving the
accumulations in Lagrangian points, and visible spiral arms. Tlater planet to regions outside the planet gap where the surface
latter two might be the easiest to discover in real observatiodensity is high. This in turn also increases the mass accretion
because they are located in the gap region where the surroundingo the inner planet. Together this might provide a mechanism
emission is weak. Indeed, similar features such as an arc insfjewhich massive planets can accrete mass more ef ciently by
a gap have already been observed, for example in the disctabping into mass reservoirs far away from their initial orbit.

HD 163296 (sella et al. 201 Fast outward migration of asingle  In our view, migration jumps are a composite phenomenon in
planet might lead to comparable observational signatures suctwdsich resonant outward migration via tMasset & Snellgrove
arc-shaped voids behind the plarfeeplinski et al. 2008 There- (2001 mechanism, the interaction of a planet with a vortex, and
fore, only the combination of one of the signposts listed abothRe subsequently triggered type Il rapid outward migration are
with a large gap will provide a strong indication for a migratiorcombined to give rise to an emerging effect.

jump.

Our simulations show that a higher disc mass facilitatebs
stronger planetary system dynamics. Thus, by pointing towardS'
strong dynamic effects, these signposts might indirectly hint aFdanet ejections occurred in models where an inner boundary
high gas mass. different from out ow was used in combination with a disc
centred in the centre of mass of thebody system due to a
numerical instability (SecB8.6). Our results suggest that if a vis-
cous boundary, a re ective boundary, or wave-damping zones
Migration jumps are introduced in Se@2 To our knowledge, are used, the hydrodynamical simulation should be centred on
we are the rst to name, describe, and analyse this dynamigak primary star. It might also be possible to adjust the bound-
process in detail. We observed migration jumps for different reary condition to follow the moving star in the other case, but we
olutions (AppendixA), for different choices of equation of statedid not implement this more complicated feature. Such a depen-
and treatments of the energy equation (Seeind AppendiXB), dence of the dynamical behaviour of planets on the treatment of
for different domain sizes (modelsandL M/2), independent of the inner boundary, which lies well inside the actual realm of
accretion onto the planet (Se8t5), for different choices of inner the planets, has been observed in other simulations of embedded
boundary conditions (modelB* and WD*), and for models planets, for example for the system GJ8@gida et al. 2008
with and without self-gravity (modelSG andSG IRR). These Cimerman et al. 20)8 The out ow boundary condition seems
tests reinforce our con dence that migration jumps are indeed@ give more freedom to the inner disc by allowing a moving
physical effect. inner disc edge. Indeed, this boundary condition is also a good

There is at least one example in the literature where migrehoice to simulate eccentric discs around binary stahsif &
tion jumps appeared in simulations. Figure 1Gifametla et al. Kley 2018.

(2020 shows two migration jumps in their modéb in which

a Jupiter—Saturn pair (mass ratio 3:1) is migrating outwards 6"6
3:2 MMR and experiences two small migration jumps between
5 and 8 au. This indicates that migration jumps can also happRacent studies have shown that radiative effects can play an
for other types of MMRs, at smaller radii, and for planet massé@sportant role for the spiral arm and gap structure in the case
down to a Jupiter—Saturn-sized pair. A natural question to asek low-mass planets where radiative effects cause signi cant
refers to why migration jumps were not found before, in studiehanges compared to a purely locally isothermal assumption
like Marzari et al.(2019 or Bae et al(2019, for example. (Ziampras et al. 2020 In our case, we see a qualitatively

For the case dflarzari et al (2019, we repeated similar sim- similar behaviour for locally isothermal simulations and simula-
ulations with different boundary conditions and the domain sizens considering radiative effects (see AppenBjx However,
from 0.5 to 15 au. We found smooth outward migration at similahe size of migration jumps and the rate of outward migra-
rates. In these simulations, the surface densitis about twice tion depend on the inclusion of radiative effects in our PDS 70
as high as in our mod@19-3. The non-appearance of a migrainodels (Sectll). The appearance of migration jumps for both
tion jump is likely due to the non-existence of a vortex in theseadiative and locally isothermal models hints at the dynamic
simulations. This is probably due to the smaller outer radius andture of the process. Migration jumps are likely dominated
the wave damping zone close to the outer boundary which pi®r resonaniN-body interactions pumping eccentricities and the
vents the formation of a vortex at the location where we wouldteraction with the vortex formed outside the gap.
expect it by scaling down the location from our simulations. For reasons of simplicity and runtime, we neglected self-
This suggests that vortices are important for the mechanismgyhvity in most of our simulations. Judging by the value of the
migration jumps. ToomreQ parameter which stays above 1 at all times, the disc is

In the case oBae et al(2019, the non-appearance of migra-not prone to fragmentation. However, other processes might be
tion jumps is very likely due to the lower value of which is slightly altered when self-gravity is taken into account. Firstly,

Planet ejections and internal boundary condition

6.4. Migration jumps

Equation of state and self-gravity
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self-gravity might play a role in the migration of massive planthough models based on the smooth outward resonant migra-
ets as is the case for low-mass planditaiee & Kley 202(. tion have been invoked to explain such systeRep(hski et al.
Secondly, in our simulations, the occurrence of migration jum@D08 Crida et al. 2009Kimmig et al. 202(. The advantage of
coincides with the existence of a vortex. When self-gravity isur migration jumps is the very short timescale on which they
considered, vortices will weaken and can stretch out even foccur and the large radial range covered.
low-mass discs as long as the Toory@arameter is lower than PDS 70 is one example, with the outer planet located at
50 orh Q. 5 (Lovelace & Hohlfeld 2013Regaly & Vorobyov 355 2au (Haffert et al. 2019 for which outward migration
2017 Zhu & Baruteau 2016 Both conditions are ful lled in the seems a promising scenario, as a comparison with our sim-
standardvi9-3 model withQ 6 andhQ 0:3 for the initial ulations shows. In our simulations, the outer planet reaches
pro le at the location of the vortex. distances from its host star of up to 133 au after 226 kyr, provid-
Models SG and SG IRR with self-gravity enabled indeed ing an explanation of how planets can reach such large distances
show that there is no disc fragmentation, but stretching of tfiem their host after being formed further inside. The actual pro-
vortex. Hence, our nding that migration jumps still occur withcess is likely a balance between speed of migration and dispersal
self-gravity considered is one more indication that they aw the disc, allowing for a range of nal locations.
indeed a physical phenomenon. HR 8799 is another famous example of a directly observed
planetary system that features a chain of four planets which
might be in 8:4:2:1 resonanc®lérois et al. 2010Gozdziewski
& Migaszewski 2013 There, the outer planet HR 8799 b is
In all our models, mass accretion onto the star, as measufedated around 70 auMang et al. 201B It is unclear whether
by the mass ow rate through the inner boundary, was higher not outward migration in resonance can also produce such an
(10 8 to 10 “M yr 1) than the viscous mass accretion rate dhtricate system, yet formation of the planets closer to the star
the unperturbed dis&@0 &M yr 1). The inner disc was build- followed by outward migration should be considered as a forma-
ing up mass over time in these models, showing higher surfaen scenario. More extended simulations with more planets are
densities compared to the initial pro le. We suspect that masgeded to elucidate this problem.
transfer through the gap is enhanced by the “shoveling” mecha-
nism (Sect3.5). As the outer planet comes close to the outer gap g
edge at apastron on its eccentric orbit, it scatters mass inwards.
Additionally, outward migration must necessarily enhance ma¥¢e studied the dynamical evolution of a system of two massive
ow through the gap. When the planets migrate outward, thgylanets (in a mass range of 3-M;,)) embedded in a proto-
gain angular momentum. Because angular momentum is cqhanetary disc using two-dimensional, viscous hydrodynamical
served, the angular momentum gained by the planets has tosbraulations carried out with the FARGO code. The planets were
extracted from the gas requiring that some gas has to move fron@ated as smoothed point masses that in some simulations were
outside the gap (outside the planetary orbits) to inside the gallowed to accrete mass which was added to their dynamical
(inside the planetary orbits) to supply the angular momentumass. For the disc, we assumed either a locally isothermal equa-
This mechanism of shovelling matter from outside in is after afion or a more realistic situation where we solved for an energy
the basic mechanism behind the Masset-Snellgrove mechanegpation that included viscous heating, radiative cooling, and
of outward migration, as the material crossing the joint gap #&ellar irradiation.
collected in the inner disc which generates the positive torque Concerning the migration of the planets, we found two dif-
to drive the planets outward@sset & Snellgrove 20010ur ferent basic behaviours depending on the mass order of the two
models serve to quantify this process in more detail. planets. In the case of a more massive outer planet, the planets
A particularly clear example of this mechanism is model migrate inward engaged in 2:1 MMR. For a more massive inner
for which we reported the dependency of mass accretion througllanet with mass ratios of 2:1 or 3:1, we nd outward migration
the gap on the direction of migration in Se8t5. There, mass of both planets, again engaged in a 2:1 MMR. As found before,
ow through the gap is present during both in- and outwarthis resonant migration process, originally describediasset
migration but is strongly enhanced for the outward case. Th8sSnellgrove(200]) for the Jupiter—Saturn system, can lead to a
means that the common gap formed by the planets is not @msonant outward migration in 2:1 MMR in the case of massive
impermeable barrier for mass accretion. Moddlustrates that planets Pepliski et al. 2008Crida et al. 2009
mass ow through the gap is possible for both directions of The new feature that we discovered is an occurrence of what
migration and that it can be enhanced by over one order wé call a “migration jump”. A migration jump is a composite
magnitude in the case of outward migration. phenomenon in which outward migration in resonance and inter-
The large gap in dust emission reported in Sedtand5 action with a vortex cause conditions such that type Il rapid
(see alsaMarzari et al. 2019Bae et al. 201ptogether with an outward migration is triggered. The outer (lighter) planet cov-
enhanced stellar mass accretion make outwardly migrating pagrs a large radial distance on a very short timescale, for example
of planets prime candidates for a consistent explanation of Tyfsrem 40 to 72 au in only 5000 yr; see Figj.The phase of outward
Il transition discs Qwen & Clarke 2012 which feature large migration is usually followed by a phase of inward migration
gaps or holes and high accretion rates at the same time. back into the initial resonant con guration. Migration jumps are
a generic, robust feature of our models. They occur for differ-
ent equations of state and accretion rates onto the planet, with or
without self-gravity, and for different resolutions, as long as the
There are several examples of giant planets observed at lasgeface density of the disc is suf ciently high.
distances from their host star. At such large distances, in situ In addition to the dynamical behaviour of the embedded
formation by gravitational instability is challengingl{u et al. planets, we monitored the mass accretion onto the central star,
2019. Assuming they formed further in, it is still challengingas this is a standard observable feature in transition ddegi
to explain how they moved outwards over long distances, ev@f16g. For our models we nd that during the smooth outward

6.7. Mass accretion and Type Il transition discs

ummary

6.8. Directly imaged planets at large distances
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migration phase of the resonantly locked planet pair the acci@ida, A., Sandor, Z., & Kley, W. 200#&A, 483, 325
tion rate is signi cantly higher than in the situation when thérida, A., Masset, F., & Morbidelli, A. 200%ypJ, 705, L148

: f f ming, A., Butler, R. P., Marcy, G. W., et al. 2008\SP, 120, 531
outer planet has a higher mass and the planets migrate inwaf; fessio, P.. Hartmann, L., Calvet, N., et al. 2008, 621, 461

During the outward migration phases the planetary system gafaSjan ovelar, M., Min, M., Dominik. C.. et al, 20¥8%A. 560, A111

angular momentum which is lost by the disc. As a consequen@eval-Borro, M., Edgar, R. G., Artymowicz, P., et al. 2008\RAS, 370, 529

the disc material moves inwards and is “shovelled” towards tt@dson-Robinson, S. E., & Salyk, C. 20HpJ, 738, 131

star by the pair of planets. This increases the mass ow rate or%“gdli-' s‘ D,\%"rsﬁ’”'GR& Zgﬁfﬁk' ?}5i97975 arus. 114. 237

,the star by more than one Order.Of magn[tudg, mUCh, higher th%’u Iemoﬁd,uc. P., i]ur'{asz, A, Pé)hl,l A, e{ al. 2612, Astrophysics Source Code
in the regular phases of smooth inward migration. This effect can| iprary [record ascl:1202.015 |

be even more enhanced during the short phase of a migratimmmann, C., & Kley, W. 2017A&A, 598, A80

Jump‘ see F|gs7 and 9. A combination of outward migration Espaillat, C., Muzerolle, J., Najita, J., et al. 20P4ptostars and Planets \dds.

and high stellar mass accretion, as found in our models, couldJ' Beuther, R. S. Klessen, C. P. Dullemond, & T. Henning (Tucson, AZ:
. . niversity of Arizona Press), 497
serve as a consistent explanation for the phenomenon of Ty acs-Dajka, E., Sandor, 7., & Erdi, B. 20M8NRAS, 477, 3383

I transition discs with large inner holes and nevertheless higaia Collaboration (Brown, A. G. A., et al.) 2018&A, 616, Al
stellar accretion rate©fwen & Clarke 201p Gozdziewski, K., & Migaszewski, C. 2014JNRAS, 440, 3140
Using the outcome of our hydrodynamical models, we ca'liaffertﬁ.séY-igBS‘;g“ A'TJH de %%e“ JS., et ?'-?8'*?;- Astron., 3, 749

culated synthetic images that show a surprising variety of noﬁgﬁjlserl: N. P, Pihriﬁg: P.,%Zécugg, |.,ugtpa{|'. 201BJRAS, 475, L62
axisymmetric features appearing over time in a single systepy, p. 2016Nature, 530, 169
see Fig.10. Depending on their dynamical state, a bright ringiuélamo, N., Lacour, S., Tuthill, P., et al. 20B&A, 528, L7
just beyond the planets was seen, followed by vortex structuré‘ﬁf;;ervAJ-SQ:I?O?ORWE;E v%gi'sErl]\%":t’ :lozomu 660, 140
and then additional structures in the main gap created by te pler, M., Be%isq}, M., Milller, A., et al. 2018\&A, 617, Ad4
planets. These initial images were based on a constant dustg@spier M., Teague, R., Bae, J., et al. 2048A, 625, A118
gas ratio and for more realistic cases the dust dynamics wihmig, C. N., Dullemond, C. P., & Kley, W. 202B\&A, 633, Ad
have to be followed simultaneously to the gas dynamics. Nekeller, J., Li, H., & Lin, D. N. C. 2003ApJ, 596, L91
ertheless, the initial models provide insight into the possib%ﬁ;"’r‘gebR-FV-%srtf‘ Eong ":- (éi 2?12%2‘;:55' é‘gifgg
Obse.rvatlonal effects generated by the pla_n(_ats. Inour study, ois,’C.: ZIL’JckerrhaH, B., koﬁépacky, Q. M.', Mal:intosh, B., & Barman, T.
also included models with parameters reminiscent of the systeno1o, Nature, 468, 1080
PDS 70, which contains two massive embedded planets. Fretazari, F.,, Baruteau, C., & Scholl, H. 2018&A, 514, L4
our synthetic images for this system we may conclude thatMgrzari, F., DAngelo, G., & Picogna, G. 2018, 157, 45
does not currently undergo a migration jump but might ver{fasset: F. 2000&AS, 14t 105

L . . ’ asset, F., & Snellgrove, M. 200MNRAS, 320, L55
well be in a phase of outward migration, compatible vBt&e ycmuliin, J. P., Waters, B., Schiebel, D.. Young, W., & Golap, K. 208%P
et al.(2019. The non-occurrence of the signposts of a migration conf. Ser., 376, 127
jump indicates a disc mass lower thbfysc < 0:048M for a Muley, D., Fung, J., & van der Marel, N. 2018pJ, 879, L2
disc extending out to 200 au which serves an independent up ,her' i w ﬁ-» g ﬁ:ey, w 58}%’?@' 228’ ﬁ41180
bound compatible with radiative transfer models reproducing thi o 1\ a” KIey(,a)\//’\I., & Moru, F. S012A8A, 541, A123
observations of the systerKgppler et al. 20182019. A more  wglier, A., Keppler, M., Henning, T., et al. 20188A, 617, L2
detailed comparison between simulations and observations vaillen, J. E. 2016PASA, 33, e005
have to consider dust embedded in the disc. From our mOd@Lﬁ;'eib E”egr( %'aﬁkegcm él.ljﬂgngzAOS@giGz’llz_geLE)
\.Ne can nally COF)C|L!d6 that Type I trapsmon QISCS Wlth Iargieplﬁski, A?, A’rtymo‘wicz, P, & Mellema, G.' 200i’B4INRAS, 387, 1063
inner holes but signi cant stellar accretion are indeed signpost§iia p., de Juan Ovelar, M., Ataiee, S., et al. 2048A, 573, A9
for highly dynamic embedded planetary systems. Regaly, Z., & Vorobyov, E. 2012VINRAS, 471, 2204
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ABSTRACT

Context. Several observations of protoplanetary disks reveal non-axisymmetric features, which are often interpreted as vortices.
Numerical modeling has repeatedly shown that gap-opening planets are capable of producing large and long-lasting vortices at their
outer gap edge, making massive planets popular candidates as the source of such features.

Aims. We explore the lifetime of vortices generated by Jupiter-sized planets as a function of the thermal relaxation timescale, the level
of turbulence, and the effect of disk self-gravity.

Methods. We conduct 2D numerical simulations using the hydrodynamics d@deg @ndFARGG@canning through several physical

and numerical parameters. Vortex properties are automatically extracted from thousands of simulation snapshots.

Results. We nd that vortices that spawn at the outer gap edge can survive for about 100-3000 planetary orbits, with the shortest life-
times occurring for moderately ef cient dissipation and cooling. However, we also observe a different regime of long-lasting vortices
with lifetimes of at least 15 000 orbits for very low viscosity and very short thermal relaxation timescales. Disk self-gravity signi cantly
shortens the lifetime of regular vortices but still allows long-lived ones to survive.

Conclusions. Our results suggest that the cooling timescale plays an important role in vortex formation and lifetime and that planet-
generated vortices should be observable at large distances from the star for typical thermal relaxation timescales and low turbulence
levels.

Key words. protoplanetary disks — planet-disk interactions — hydrodynamics — methods: numerical

1. Introduction Marcus et al. 20152016. Vortices are then susceptible to
viscous spreading as well as secondary instabilities such as
Planets are born and grow in accretion disks around young staf® elliptical instability [esur & Papaloizou 20Q9 which
This is supported by observations of protoplanets embeddedciuse vortex decay. The lifetime of vortices is therefore deter-
a disk of gas and dust captured during their growth phase (esgined by a competition between vortex-forming and -decaying
Keppler et al. 201B A protoplanet interacts with the disk aroundmechanisms.
it in every stage of its growtrjey & Nelson 2013, for example Aside from possibly causing observable features in the disks,
via exchange of angular momentum. This results in the laundjortices can also affect planet migration in a stochastic fash-
ing of spiral arms Qgilvie & Lubow 20032; if the planet is jon (Regély et al. 2013 Ataiee et al. 2014 McNally et al.
massive enough, the opening of a gap; and, in some cases,2b&9 and even cause temporary outward migratioega et al.
formation of multiple rings around the planet's orbRd kov  2021) for otherwise inwardly migrating planets. Understanding
2002). The number of spirals, gaps, and rings as well as theheir formation pathways and lifetimes is therefore critical to
contrast scales with the planet mass, such that Jupiter-sized péwe- modeling of planet migration using global, low-viscosity
ets can have a strong impact on their environment in the riggimulations.
conditions, possibly resulting in multiple ring-like and nonax- In previous numerical studies, vortex properties have been
isymmetric observable featureEhang & Zhu 2029 Miranda  found to depend on various physical processes such as turbulent
& Ra kov 20204d). This makes the planet—disk interaction sceviscosity and disk self-gravity. Lower viscosity allows vortices
nario a popular interpretation of such features in the numerouslive longer Godon & Livio 1999 De Val-Borro et al. 2007
high- delity ALMA observations. Ataiee et al. 2013Fu et al. 2014 Regaly et al. 20l)7whereas
One promising scenario to explain observational asymmihe inclusion of self-gravity tends to weaken vortices, shortening
tries is the existence of vortices because they naturally accuntioeir lifespan Lin & Papaloizou 2011 Zhu & Baruteau 2016
late dust at the pressure maxima in their center (seeMagel Regaly & Vorobyov 2017Pierens & Lin 2013
etal. 2013Bae et al. 2016Pérez et al. 20t8Hammer et al. 2019 In recent numerical studies, radiative effects have been dis-
Barge & Sommeria 1996 Among the various ways to form covered to have a signi cant impact on the gap-opening capabil-
vortices, the Rossby-wave instability (RWigvelace et al. 1999 ities of planets and therefore the structure of the gaps themselves
is particularly relevant in the vicinity of gaps. The RWI readily(Ziampras et al. 202Q0k0Miranda & Ra kov 20201, affecting
happens in 2D disks at the outer and inner edge of planet-opetrtieel development of the RWI and by extension vortices around
gaps (i et al. 2005 De Val-Borro et al. 200y Additional mech- their edge Tarczay-Nehéz et al. 200The aim of the present
anisms that could be relevant in this context are the subcriticstlidy is to investigate the role of radiative effects for proper-
baroclinic instability (SBI,Klahr & Bodenheimer 2003Lesur ties of vortices created by planets. More precisely, we explore
& Papaloizou 201p and the zombie-vortex instability (ZVI, how the thermal relaxation timescale of the gas affects the
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lifetime of vortices created during the growth of Jupiter-sizedhere = csH is the kinematic viscosity parametrized accord-
planets. ing to the -viscosity model ofShakura & Sunyae{1973. Here,

The impact of thermal relaxation on vortex formation and is a parameter that captures both radial angular momentum
lifetime was studied for nearly inviscid disks Hyes & Lin transport — that leads to accretion onto the star — and heat-
(2019, and recentlyFung & Ono(202]) ran 2D shearing box ing of the disk due to viscous friction. Numerical simulations
simulations of RWI-induced vortices. As their simulations didf (magneto)hydrodynamical instabilities such as the vertical
not include a planet, the RWI was triggered by an arti cial denshear instability (VSI,Nelson et al. 2018 or the magneto-
sity bump. These authors described a baroclinic effect that spiagational instability (MRI,Balbus & Hawley 199} have pro-
down vortices where the decay is fastest for thermal relaxatioided numerical estimates of, while observations of young
times of the order of a tenth of the vortex turnover time. stellar objects surrounded by disks have constrained these esti-

We ran a suite of global two-dimensional hydrodynamicsates Dullemond et al. 2018 To probe a wide range of diffu-
simulations with an embedded Jupiter-sized planet — which naten regimes from practically inviscid to moderately viscous, we
urally creates vortices in the disk — for different choices afhoose 2 10 8;10 5,10 4;10 3gfor our models.
turbulent viscosity and thermal relaxation timescales, among Viscous dissipation leads to the heating of the disk. An
other physical parameters. The results of these simulations ambedded planet can also deposit sighi cant amounts of ther-
then post-processed with our newly developed pipeline for tineal energy via the dissipation of spiral shocka(kov 2016,
detection and characterization of vortices. Ziampras et al. 2020aAs a cooling solution, we allow the disk

In Sect.2 we describe our physical model and numericab relax to a prescribed temperature proTe (see, Eq.%)) over
setup. We present a typical life track of a vortex in our models mrelaxation timescalgeiax= = « (Gammie 200}

Sect.3, report the dependence of vortex properties on physical The thermal relaxation term appears as an additional source
parameters in Sect, and present the case of long-lived vorticeterm to the energy equation
in Sect.5. We discuss and comment on our ndings in Sext.

Finally, Sect.7 contains a summary of our main results and OUD, o= CVT To K) a _ T TO; @)
conclusions. @ relax
2. Physics and numerics where ¢, = % is the heat capacity of the gas at constant

. volume. The parameter controls the relaxation timescale, as

work that we used in our simulations. We justify the a roximn\%-e" as the overall planet—disk interaction proceStirgnda &
. justify pp Ra kov 2020b); we choose the values 2 f0:01; 1, 100gwhich

e e, epond o very o moderat,and verysow relaaton
P 9 P P The gravity of the star and planet are included as a source

space. term in g. We work in a star-centered coordinate system and
embed a planet with madd,, at a positionr,. Thus, the source
term reads

We consider a thin disk of neutral, ideal gas with adiabatic_ P

index =7-5 and mean molecular weight=2:353 that is 9 9 * 9% T Gind

orbiting around a star with one solar mags =M . The two- _ GM» GM, GMpr Cd=r 1o (4)
dimensional, vertically integrated Navier-Stokes equations in a3 (R + 232 r3 p: B p:

polar coordinate systefn; gread

2.1. Hydrodynamics

The termgy,, gp, andging denote the acceleration due to the star,

—+ur = rou; (1a) the planet, and the indirect term which is a correction needed
@ because the star-centered frame is not an inertial frame. As we
@ are considering xed, nonmigrating planets, disk feedback on
@’ (urju=r p+t g+r (1b) the star and planet is neglected. The planets gravitational pull

(second term in the RHS of E4)] is smoothed using a Plum-
o B . mer potential with a smoothing length= 0:6H(r) that captures
tur(n)s= U+ Quisc + Qrelax (10)  the effect of the vertical structure of a more realistic 3D disk
) L (Mdiller et al. 2012 and prevents singularities near the location
whereu=(u;u ) and" are the velocity and speci c internal of the planet.
energy of the gas evaluated at the midplane, arwthe surface  For simplicity, we do not allow the planet to migrate. We
density. The vertically integrated pressyrés de ned through  chose to limit the degrees of freedom in our model to focus on
the ideal gas lap=( 1) "=Ry T=, with Ry being the gas the dynamics of the vortex and avoid complex and potentially
constantand the gas temperatuge. The jsothermal sound spegflaotic interplay between the vortex and the plahegg et al.
of the gas is then given bgiso= p== T= and relates 2021). For the same reason of simplicity, we neglect planetary
to the adiabatic sound speegdascsiso=Cs=' . For a disk in accretion in our models.
Keplerian motion and vertical hy(Hostatic equilibrium, we can

also writecgiso=H «, where = GM,=r3is the Keplerian 2.2. Numerics
orbital frequency at radiusandH is the pressure scale height . .
of the gas. We use two different codes f_or our numerical modé?SU'_rO

The viscous stress tensor(following Tassoul 197Bappears 4.2 (Mignone et al. 200) a nite-volume, energy-conserving,

in both the momentum Eql) and the dissipation function: shock-capturing code that treats transport by solving the Rie-
X mann problem across the interfaces of adjacent cells in both

- 2 . @) directions ¢, ) in an unsplit fashion; and our custoRARGO
2 = (Masset 200p version, FargoCPT (Rometsch et al. 2030

Q")
@

1
Qvisc:Z_Tr( 2): r2r+2 l? + 2+
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which uses a nite-difference, dimensionally split, second-ordd}.3 periods at the respective boundary. While the radial bound-
upwind method for gas advection. Both codes utilize the FARG&ry edges are closed, this minimizes the re ection of spiral
method (implemented intBLUTy Mignone et al. 201R in  waves back into the computational domain. The boundaries are
which orbital advection is essentially performed via the Keplgeriodic in the azimuthal direction.
rian rotation on top of which the code solves for the residual We then embed a Jupiter-sized plaridt, & 1M;=10 3M,)
velocity deviations, signi cantly relaxing time-step limitationsin most models, with some simulations instead containing a
and reducing numerical dissipation in the procédagset 2000  less massive planet dfl, = 0:5M;. To smoothly introduce the

The inherent differences between the two numerical schenm@anet into the disk, we typically allow the planet to grow over
make it worthwhile to carry out our simulations using botHl00 orbits at, using the formula byoe Val-Borro et al(2008.
codes, to verify the robustness of our results, and to test fohe importance of the growth timescale and planet mass are
numerical convergence. Namely, the strictly energy-conservidiscussed in Sect.
nature of PLUTCGand the necessity for arti cial viscosity to
stabilize FargoCPTare discussed in more detail in Se6t7, 2 3. Vortex detection
among others.

We use the gas vortensity

2.2.1. Grid setup r u 2

Our computational domain spans the full azimuthal extent ar$d: D (7)

a radial range of 2 [0:2;5:0]r,=[1:04;26:0] ay, with square ) _ ) ) o

cells logarithmically spaced so that the cell aspect ratio is prewherezis the unit vector in the vertical direction —as a proxy to
served. After carrying out a thorough investigation of the effecgietect and track the evolution of vortices over hundreds of snap-
of our numerical resolution of the recovery of both radial anghots for every model. As these vortices consist of anticyclonic
azimuthal features caused by the planet, we decided to eReotion, the center of a vortex corresponds to a local minimum
cute our simulations using a resolution of 8 and 16 cells p#t vorticity,! =(r u) 2 Because vortices tend to accumulate
scale height (hereafter “cps”) in both directioms (). Because Mass towards their center ands enhanced inside the vortex,
we use a constant aspect ratio together with a logarithmicalfye transition from the background ow to the vortex region is
spaced radial grid, the resolution in cps is constant throughditonger and the vortex is more easily identi ed in a magbof
the domain. than in the case df alone.

At this resolution, the two codes reach good convergence in More precisely, we use the gas vortensity normalized by
terms of the presence and contrast of features shaped by i background vortensity from the initial conditiorg=
planet and results agree between the codes. This translate§ to U«) 2= o. This eliminates the radial dependence of the
a ducial resolution of(N;; N ) = (528 1024)cells for 8 cps, or Keplerian velocity and the disk's surface density and ensures that
(1056 2048)cells for 16 cps. In addition, using the same resolupur vortex proxy quantity$=$ o, is of order unity everywhere in
tion in both directions in terms of cps ensures that the effects &fe disk except for the gap region due to its very low surface den-

numerical viscosity are isotropic (see Appendix sity. The quantityp=$ o usually varies betweend, for strongly
counter-rotating vortices, and 1 for the background ow.
2.2.2. Initial and boundary conditions We use our new Python moduMortector , which extracts

iso-vortensity contours using the computer vision library
Ourdisk is |n|t|a||y axisymmetric andin equilibrium inthe I'adiaJOpenC\(Bradski 200@ to detect vortex candidates and then ts
direction, such that the initial radial velocity pro le results in 3g 2D Gaussian to the vortensity and surface density data. The
constant accretion rate through the disk. The azimuthal velgoyyHM (or 2:355 ) of this Gaussian is used to de ne the radial
ity is close to the Keplerian pro le, with the correction dueand azimuthal extent of a vortex. Using this method, we also
to the radial pressure gradient. The initial surface density a@gltract information about the shape of the vortex, including its

temperature pro les are simple power laws such that radial and azimuthal extent and the mass it encloses. A more
I o [ detailed description can be found in Appen8ix
o(r)=222 gcm? r ;. To(r)=1207K r : 5) One drawback is that this automated process sometimes pro-
r p duces detection artifacts, as can be seen for example ir6Fig.

) . . . below (top panel, dashed orange line), such that the vortex size
with rp = 5:2 au This temperature pro le translates to a disk withgng therefore its mass) is overestimated near the end of its life-
a constant aspect ratigr) = H= = 0:05. While the general con- tjme as it blends into the disk background. While this effect is
sensus is that protoplanetary disks are ared (i.e., the aspect reﬁg}ﬂy counteracted by using a median Iter in time, we do not

increases with distance, see el@u/lemond 2000, we choose 10 manyally edit the output of théortector  on a model-by-model
use a constant aspect ratio because the behavior and lifetime gkis.

vortices depends on this quantitygmmer et al. 20291 Thus, In the following three sections, we present the results of our
we can isolate the dependence of vortices on the physical afighyulations. First, we present a typical example of vortex for-
numerical parameters in our suite of simulations. mation and evolution (Sec8). We then go on to describe the

The radial and azimuthal velocity componentstat0 are  gependence of vortices on physical parameters for the group of
then vortices with short and intermediate lifetimes (SeBt.Finally,
()= §_; UO=r « p 1 15 ©) long-lived and migrating vortices are presented (Sgjct.

2r

Near the boundaries, within the radial exten? [0:2;0:25] [
[4:2;5:0]rp, the surface density and velocity are both dampethe Jupiter-sized embedded planet opens a deep gap in all of
to their initial pro les (see Egs.5) and @)) using the method our simulations. Figurd shows maps of (left) and$ (right)

of De Val-Borro et al.(200§ over a damping timescale of normalized by their initial values at ve time-stamps during the
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wide exploration of the parameter space. It is entirely possibd®des and numerical choices supports the idea that the numerical
that various 3D effects can result in quantitative differences experiment is indeed a controlled one.

vortex properties. Three-dimensional vortices can be suscepti- Recent observations of molecular line broadening (e.g.,
ble to the elliptical instability l(esur & Papaloizou 20Q9vhich  Flaherty et al. 2018and numerical studies of VSI turbulence
would lower their lifetime. On the other hand, the vertical mode®.g.,Flock et al. 201y and planet—disk interaction (e.@hang

of the SBI could provide an additional channel to sustain the vaet al. 2018 point to low values. The requirement of a numeri-
tices, and vertical gas circulation due to the VSI might interfereal viscosity lower than the physical viscosity necessitates high
with vortex growth and decay{ock et al. 202]. resolution, which poses a challenge for simulations of vortices in

To estimate the impact of including full-3D effects, we rarprotoplanetary disks.
one 3D simulation wittFARGO3(Benitez-Llambay & Masset
2016 using a setup analogous to our 2D setup. We chesg , ) ) . )

=0 and a resolution of 8 cps in all three directions. The sinfi-6. Resolution and numerical viscosity
ulation assumed symmetry about the midplane and covered fQyfrex evolution in “inviscid” disks is often studied using very
scale heights in the vertical direction. Similar to our 2D modsigh_resolution grids to minimize the effects of numerical vis-
els, a large vortex formed at the outer gap edge and lived sity (Li et al. 2005 Paardekooper et al. 2Q1l0in & Papaloizou
7000 orbits. This illustrates that while there are differences, Iar%ll. Zhu & Baruteau 201gHammer et al. 20172021 McNally
vortices can survive in 3D disk simulations for a long time, evep; 5|’ 2019 Fung & Ono 202). While the resolution of 8 and 16
longer than in 2D for our example. We limited the 3D runs Qg5 per scale height is likely enough to resolve planet-generated
this one test bgcause its runtime at 8 cps resolution was clgsgy res such as the gap shape and spiral arms (see Apgandix
to 4 months with the simulation performed on four NVIDIAo umerical viscosity also needs to be low enough not to
K80 GPUs. interfere with vortex decay.

An estimation of the numerical viscosity, valid for rst-order
schemes, iSnum —th with a representative cell sizex and
the time-step t. For our choices of parameters and assuming
Sectiond.2illustrates that vortex lifetime is affected by the ther- t X this corresponds tonym 10 210 1. Clearly, we see
mal cooling timescale . The latter is expected to vary with supstantial changes in dynamics down to much lower values of
radius in a disk, with values of 1-10 at 5au, 0.1 d@0au, the prescribed . Because we employ a higher-order scheme,
and below 0.1-0.01 at50 au Ziampras et al. 202QbThus, we  this simple estimate is not applicable. To our knowledge, there
expect vortices to be in the short-lived regime close to the stgXists no formula to estimate the numerical viscosity for the
and in the long-lived regime far from the star. From Figve  higher-order schemes employed in this study, and so we attempt
can estimate the lifetime of vortices in disks with 10 *to  to estimate it by comparing the results of our simulations at
be between 500 and 3000 orbits for 1 and between 1000 and different values of .

15000 orbits for < 1for 10 . Assuming a solar-mass star,  |n general, we observe similar behavior between models with
this yields estimated lifetimes for a planet-induced vortex in the= 10 5 and10 ¢, in terms of both the behavior of vortices dur-
range of 6-30 kyr at 5au, 175-700 kyr at 50 au, and 1-15 Myr i@y their lifetime (size, mass, migration patterns) and the overall
100 au. On the basis of a simple lifetime-centered argument, gifstime itself (see Fig4). This is also true across both codes
results therefore suggest that planet-induced vortices are mgjat we used in this study, with the exception of the 8 cps models
likely to be observed at larger radii. for =100 We attribute the similarity to the numerical dif-

It should be noted that planet growth timescales of 100 amgsion inherent in the different advection schemes of the two
1000 planetary orbits are at the very low end of the spectrum gbdes and expect that this translates to an effectjygbetween
physically expected planet growth timésammer et al(20179 10 ® and 10 ° for our given choices of grid resolution. This
provided estimates for more realistic planet growth times of seiynplies that our experiments with=10 ¢ are most likely not
eral thousand to tens of thousands of orbits. It remains to B@ntrolled ones, and for this reason, we typically group models
seen whether the effects observed in this study still appear {9ith 10 ° together.
longer, more realistic planet-growth timescales. However, sim- Nevertheless, we still observe a different behavior for some
ulating the disks at the required resolution of at least 16 cpsodels with =10 ® when comparing them to those with
for longer planet-growth times along with the additional vortex = 10 3, such as the migration of the long-lived models pre-
evolution time is still computationally expensive. sented in Sects (see the different tracks afon(t) in Fig. 8),

most of which have a 16 cps resolution. This hints at a lower
] - ) o ) ] numerical diffusion for 16 cps of nm 10 ©. Because the
6.5. Using thg lifetime of vortices in simulations to explain numerical viscosity in the 8 cps models might interfere with
observations the prescribed 10 5, our 8 cps simulations might not be as

In the suite of simulations we carried out, the lifetime of vorticefustworthy as our higher resolution 16 cps, 10 ° runs.
in models with identical physical parameters varies signi cantly
with resolution. Thisswasethe case for low values of th_e viS(_:o%sj_ Effects of the different numerics of the two codes

parameter (=10 ;10 °). We argue that the numerical vis-
cosity of our simulation codes is comparable t@n . 105 We used two codesPUTCand FargoCPJ with fundamen-
This suggests that simulations with a prescribed viscosity tdlly different numerical properties. The fact that the two codes
the order of the numerical viscosity cannot be used as a cagree in terms of results (see the orange lines in &fgr one
trolled numerical experiment, at least as far as the occurrersteking example) is reassuring, but it is worth discussing their
and persistence of vortices is concerned. For prescribed viscalifferences nonetheless.
ties well above the estimated numerical viscosity (L0 4, 10 3 FargoCPTrequires an arti cial viscosity prescription to sta-
in our case), the consistency of vortex lifetimes between the thdize the upwind method near regions of strong compression

6.4. Observability of vortices at large radii
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such as shocks. This provides additional dissipation which cousbthermal assumption as an extreme, vortices live for a much
affect the evolution of vortices whenever they interact with thienger time and do not decay rapidly. Vortex lifetimes are consid-
spiral shocks induced by the planet. With the exception of tlegably longer in this regime, with a lower bound on the maximum
8 cps models for = 100, we found no signi cant differences in lifetime being 15 000 orbits (the model was terminated while the
vortex lifetimes between the two codes. The one case for whiebrtex was still alive due to runtime constraints). From our anal-
the codes disagreed might be a result of insuf cient resolutioysis, we suspect that the long lifetime for smalis connected
because the differences disappear for 16 cps. to the interaction of the vortex with the spiral arms, which are a
On the other hand?LUT® strictly energy-conserving nature source of vorticity. Details are left to future studies.
means that the evolved quantity in the energy equation is the Additionally, including the disk's self-gravity in our models
sum of kinetic and thermal energy. As kinetic energy dominith a Toomre parametdd 25 usually shortens the lifetime
nates over thermal in typical Keplerian ows (for our setuppf vortices and stops the small initial vortices from merging into
Exin=Ein Tzl =80), numerical errors in the calculation of totalone Iz_irge vortex._Ty_picaIIy, in our models, two smaller vortices
energy could affect the thermal energy budget of the disk duer@main after the initial gap opening process, which then decay
subtractive cancellation error. In order to check this effect, vi@ster compared to those in models where disk self-gravity is
reran our ducial model using thENTROPY_SWITapiton of not accounted for. This nding that self-gravity is detrimental
PLUTOwhich ensures entropy conservation outside of the vici@ vortex survival is in line with previous studiekdyvelace &
ity of shocks (which by de nition do not conserve entropy, butohlfeld 2013 Zhu & Baruteau 2016Regaly & Vorobyov 2017
are captured accurately by the Riemann solver). We nd that thjerens & Lin 2013
does not affect the life track of the generated vortex. Outward migration of the vortex is observed in some of the
Finally, we also reran the ducial model witRLUTQusing models with 1 and 1. In those cases, a second density
a third-order solver and parabolic reconstruction instead of t@nd thus pressure) bump forms outside of the vortex location,
standard second-order solver and linear reconstruction setup. {wards which the vortex then migrateBa@ardekooper et al.
nd no differences in vortex evolution or lifetime. On the basis 0£010. In some = 0:01 models, a small, short-lived, secondary
our tests and the agreement of the codes for high resolution, V@tex forms between the planet gap and the primary vortex.
conclude that the vortex dynamics and effects we observed in our Concerning the dependence of vortex lifetime on viscos-
simulations are not numerical artifacts but are indeed physicaity, we nd the expected behavior that this lifetime is shorter
for higher viscosity Godon & Livio 1999 De Val-Borro et al.
2007 Ataiee et al. 2013Fu et al. 2014 Regaly et al. 2017
7. Summary For the highest viscosity of = 10 3, practically no vortices are
observed. For =10 5 and10 ® we nd nearly identical results,
We studied vortices created by planets in protoplanetary disksggesting that the numerical viscosity in our models with a
using 2D viscous hydrodynamics simulations. The equatigasolution of 8 and 16 cells per scale height is of the order of
of state was assumed to follow an ideal gas, turbulence wagps. 10 5and 16cps 10 6,
included following the parametrization, and thermal processes Allowing the planet to grow over a longer time, 1000 instead
were considered by prescribing a thermal relaxation timesca£100 orbits, leads to longer vortex lifetimes in all the cases we
using the formalism. Our focus was on vortices exterior to theéested. This disagrees with the ndingstiédmmer et al(2017),
gap opened by the planet. In order to verify our results, we carho found reduced vortex lifetimes for longer planet-growth
ried out the simulations with both tHtRARG@ndPLUT@odes times. In our models, vortices take longer to form in the case
which use different numerical schemes. The planet was treatedbéghe more slowly growing planet. During their decay, however,
a nonaccreting point mass with a smoothed gravitational poteheir evolution is very similar, independent of planet introduction
tial and kept on a xed circular orbit. Properties of vortices weréime (see Fig6), which in total increases their lifetime. The fact
automatically extracted using our newly developéattector that vortex lifetime increases for longer planet-growth timescales
Python tool, which identi es and characterizes vortices. Vortegould be an indication that the effects presented in this study,
identi cation was performed by looking for elliptical shapes inincluding the long-lived vortex regime, are also applicable to
iso-vortensity lines in the- plane, and characterization wadonger, and arguably more realistic planet-growth timescales of
performed by tting a 2D Gaussian to the vortensity and surfacround 10 000 orbits.
density. Estimating vortex lifetime from our results, vortices are
Vortices form during the gap-opening process as the embezkpected to live much longer at larger distances away from
ded Jupiter-mass planet is introduced into the simulation. At thieeir host star. The increase in expected lifetime is rstly due
outer gap edge, multiple small vortices form that usually merge the longer orbital period at large radii, but also because the
into a single large vortex that lives, depending on parameteexpected values — the thermal relaxation timescale compared
between 200 and several thousand orbits. These vortices have @he orbital timescale — are much lower and vortices then
FWHM (as determined by the tted 2D Gaussian) of utér, likely belong to the long-lived regime (see Sesjt. From order-
(several au for a planet gt = 5:2au). The mass enclosed in thisof-magnitude calculations, we nd that large planet-induced
vortex area is up to one planetary mass (one Jupiter-mass in vortices exterior to the planet at 50-100 au might live for up
models) for our choice of disk mass. to several million years for low-viscosity disks ( 10 4).
Vortex lifetime depends on the thermal relaxation timescalgonsidering the sensitivity of instruments like ALMA at these
such that vortices live shortest for intermediate cooling timetistances from the star, this suggests that these vortices should be
( =1), a result also found byung & Ono (2021). We nd observable more easily than planet-induced vortices at smaller
two regimes for the lifetimes of vortices. A short-lived regimeadii.
with vortex lifetimes of up to 3000 orbits is observed for
slowly cooling disks ( 1), in which the vortices decay fasterA knowledgementsT.R. and W.K. acknowledge funding from the Deutsche
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Appendix C: Data table

The lifetimes and parameters of all models mentioned in Sécts.
and5 are listed in TableC.1

Table C.1.Lifetimes of vortices in the simulations.

code CpPS  imo? speciaP inFig.4 Ty © code CPS im0 ? speciaP inFig.4 Ty ©
fargo 0.01 10°% 16 100 X >8784 fargo 1 10° 8 1000 1279
pluto 0.01 106 16 e X 9548 falgo 1 10° 8 X 1179
fargo 0.01 10° 8 X 1679 falgo 1 105 8 sg X 289
plulo 0.01 106 8 X 2013 faago 1 105 8 1000 sg 509
fargo 0.01 105 32 >739 pluo 1 105 8 X 1136
fargo 0.01 10° 16 X 8774 puo 1 10° 8 1000 956
fargo 0.01 10° 16 sg >4567| |fargo 1 10* 16 X 709
pluto 0.01 10° 16 X >15100 puto 1 10* 16 X 757
pluto 0.01 10° 16 5762 faago 1 10% 8 X 659
pluto 0.01 10° 16 vort rem 1843 puo 1 104 8 X 607
fargo 0.01 10° 8 1000 3897 faago 1 10% 16 X 0
fargo 0.01 105 8 X 2288 puo 1 10°% 16 X 49
fargo 0.01 10° 8 7845 falgo 1 10°% 8 X 59
fargo 0.01 10° 8 sg X 1299 puo 1 10% 8 X 0
fargo 0.01 10° 8 1000 sg 1269 fargo 100 106 16 X 1729
pluto 0.01 10° 8 X 2611 pluto 100 10°% 16 X 2441
pluto 0.01 10° 8 1000 2691 fargo 100 106 8 X 3108
pluto 0.01 10° 8 10638 pluto 100 10°% 8 X 946
fargo 0.01 104 16 X 1129 fargo 100 10° 16 X 1888
pluto 0.01 104 16 X 1335 pluto 100 105 16 X 1943
fargo 0.01 104 8 X 979 fargo 100 105 8 1000 3048
pluto 0.01 10* 8 X 887 fargo 100 105 8 X 2708
fargo 0.01 10% 16 X 79 fargo 100 10° 8 sg X 589
pluto 0.01 10°% 16 X 0 fargo 100 105 8 1000 sg 499
fargo 0.01 10° 8 X 69 pluto 100 10° 8 X 857
plulo 0.01 10% 8 X 29 pluto 100 10° 8 1000 0
fargo 1 106 16 X 1309 fargo 100 104 16 X 699
pluo 1 10° 16 X 1694 pluto 100 104 16 X 797
faago 1 10° 8 X 1189 fargo 100 104 8 X 569
puto 1 10% 8 X 1106 pluto 100 104 8 X 478
falgo 1 10° 16 X 1359 fargo 100 10°% 16 X 0
falgo 1 10° 16 sg 649 pluto 100 10°% 16 X 0
pluo 1 10% 16 X 1445 fargo 100 10° 8 X 0
pluto 1 10° 16 art vort 916 pluto 100 10° 8 X 0

Notes. Models with a resolution of 8, 16, and 32 cps h&a8 1024 1056 2048 and2112 4096cells, respectively@Planet introduction
time. 100 orbits if empty® Special propertiy of the model. “sg” if self-gravity is included. “vort rem” and “art vort” refer to the models discussed
in Sect.6.1with the removed vortex and the arti cial vortex, respectivél.ifetime of the vortex in planetary orbits. “>” indicates that the vortex
still exists at the end of the simulation.
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