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�

email: � dirksen,kley � @tat.physik.uni-tuebingen.de

Abstract
We presentthe resultsof various3D simulationsof pro-
toplanetaryaccretiondiskswith anembeddedprotoplanet.
The protoplanetcausesdistortionsin the disk. In the case
of a 1 Jupitermassprotoplanetthe protoplanetwill have
openeda gapin thedisk andit will sendlargespiralwaves
throughthedisk. Thesenon-axisymmetricfeatureshave a
severeimpacton thedevelopmentof theprotoplanet,most
importantlyon the accretionrateandthe evolution of the
orbit. To studytheseeffectsweperformednumericalsimu-
lationsusingafinite differencescheme.Thishasbeendone
by many previous authors,but we includeda new degree
of freedominto thesimulations.In contrastto previous3D
simulationsthathavestudiedplanetarymigrationonafixed
circularorbits,wedonotassumetheorbit of theprotoplanet
is circular or even in the planeof the disk. Insteadwe in-
vestigatethe effect of eccentricandinclined orbits on the
disk, andtheeffect of thesedistortionson theevolution of
theplanetaryorbit.

Intr oduction
About 120 extrasolarplanetshave beendiscoveredin the
last 10 years. Their massesrangefrom aboutthe massof
Saturnupto 10Jupitermasses,andbecauseof thewaythey
arediscovered,theirorbitalperiodsarenolongerthanafew
years. Oneof the moststriking differenceswith our own
solarsystemis not their tight orbits,which may be dueto
an observationalbias,but that most of the planetsareon
eccentricorbits,ascanbeseenin Figure1.

Figure1: The distrib ution of eccentricitiesof
extrasolar planetsasa function of semimajor axis

There are several theorieson how theseeccentricorbits
arise.Gravitationalperturbancefrom passingstarsor com-
panionstarsmaycauseeccentricity(LaughlinandAdams,
1998),however this is unlikely to explain thelargequantity
of eccentricorbits.A possiblecausecouldbeplanet-planet
interaction,but given the lack of planetson circularorbits
this could hardly explain all the planets. Another theory
forms Jupitermassplanetsnot by accretionbut by gravi-
tational collapseof a disk instability (Boss,2000). Here
we study the effect a 3D disk hason the eccentricityand
inclinationof embeddedplanets.

PhysicalModel
We solve the Navier-Stokes equations using a three-
dimensionalfinite differenceschemebasedon the NIR-
VANA codeby Udo Ziegler with subsequentadaptations
by Kley andd’Angelo. We usean isothermalequation-of-
state,andtheplanetaryorbit is calculatedusinga ��� � order
Runge-Kuttasolver. Thesimulationsstartwith a disk with
constantsurfacedensityanda gap profile nearthe planet
ascalculatedby Artymowicz (1994).Theverticalprofile is
a Gaussianwith scaleheight �	��

����� ��� . The inner and
outerboundaryaremanagedusinga non-reflectingclosed
boundary. This is setupby choosinga rampfunction(with
value1 at the borderand0 at the inner edgeof the dam-
pingregion)thatslowly changesthedensityin theregionto
its original value. This setupavoids masslossat theopen
boundaryandon theotherhandit dampsreflectingwaves
thatwill in turn distort thepictureneartheplanetthatarise
from usingclosedboundaryconditions.

Simulation details
The calculationswereperformedon a 3-dimensionalgrid
in sphericalcoordinatesgrid with 108cellsin theradialdi-
rection � ��� ����
������ ��� , 24 cells in the vertical direction� ��������� �"!#�����$� and 300 cells in the angulardirection� ���%�'&��)(�*����$� .
The simulationswererun for several hundredorbits. Our
standardmodelstartswith a planeton a slightly eccentric
andinclinedorbit �,+	�-��� ����.0/1�2�3�$� . The modelincludes
a constantviscosity of 45�6!#�87�9 in dimensionlessunits,
which is equivalentto an : -viscosityof :;�)�=<>!#��7�? .
Theevolution of theorbital elementsover a periodof 400
orbitscanbeseenin Figure2.
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Figure2: Orbital elementsof the protoplanetasa
function of time.

Thereareseveralinterestingfeaturesin thisplot. First there
is thewell-known inwardmigrationof theplanet.Themea-
suredmigrationtime scaleCEDF�HGI�KJGL�F!M<N!#��9 yearscor-
respondsto thevaluefoundwith thesamemodelanda cir-
cular orbit, ascanbe found in d’Angelo andKley (2002).
Oneshouldnot expectthis effect to changemuchbecause,
ascanbeseenin Figure3a, thestructureof thedisk is si-
milar to the situationwithout inclination and/oreccentri-
city. The inclination is dampeddueto interactionwith the
disk asthe momentumis transferredfrom the planetonto
thedisk. This inducesa warp into thedisk ascanbeseen
in Figure4. In Figure4 thecenterof massof a verticalco-
lumn is plottedfor all valuesof 
 and & . As onecanseein
theplot: Theinnerpartof thedisk is locatedat �PO)Q���� and
theouterdisk at �R� Q���� . OnecanclearlyseetheLindblad
spiralsin thisplot: Boththeinnerandouterspiralstartnear
theplanetwhich is above thedisk,andthencrosstheplane
beforebeingintegratedin theoverall pattern.

Figure3: a. 2D slice � �S�)Q����$� of a disk with an
embeddedeccentricplanet. b. Vortices in an inviscid

calculation.

Theeccentricityis alsodamped.Unlesssomeextrafeatures
like vorticesare presentin the disk the interactionof the
protoplanetwith thedisk is causingtheorbit to circularize.
If therearevorticesin thedisk therecanbean increasein
the eccentricity. An exampleof suchvorticescanbe seen
in Figure3b,which is theresultof inviscidcalculations.

Figure4: Disk warping due to a protoplaneton an
orbit with an inclination of 5� . Red indicatesan

upward tilt, blue indicatesa downward tilt.

Becauseof thelargefreedomin globalparametersit is un-
known if this situationreflectstheconditionsin realproto-
planetarydisks.
Othersimulationswereperformedwith differentvaluesfor
theviscosity. It turnsout that theviscosityparameterper-
formsanimportantrole. If theviscosityis raisedby a fac-
tor of 10 this hasa dramaticeffect on the eccentricity. It
is no longerdamped,it even increases,ascanbe seenin
Figure5. Onecanalsoseethat the gap closesif the vis-
cosity increases(thecalculationsstartwith anemptygap).
Lubow andOgilvie (2001)suggestthat if the viscosity is
high enough,therewill be a resonancethat will pumpup
the inclination. The samemay be true for the eccentricity
but this is muchharderto checkanalytically, but onecan
clearlyseetheeffect in thesecalculations.
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Figure5: a.Thechangeof eccentricity over time due to
the effectof a larger viscosity. The viscosity 4 increases

fr om bottom to top. b. The effectof an increased
viscosityon the radial profile of the disk.

Conclusions
Theevolution of eccentricandinclinedorbitsis aninteres-
ting subjectthatneedsto bestudiedin muchgreaterdetailif
we wantto understandthenatureof theseJupiter-typepla-
netson eccentricorbits. Their abundanceis greatenough
to assumea generalprincipleis at work here.On theother
handwe have thenumericalsimulationsthatshow thatun-
dertheconditionsthatareconsideredstandardtheseorbital
featuresaredampedona timescalesimilar to themigration
timescale.This confirmsthatwe have still not founda way
to explain theseorbitswith theotherwisepromisingaccre-
ting planetmodel. Furtherparameterstudieswill have to
beperformedandsincethese3D calculationsarestill very
time consumingwe plan to performthesecalculationson
asfastamachineasis possible.

We would like to thank the EC Planets Network for
this opportunity to presentthis work. More information
about the network can be found at the network website:
http://www.usm.uni-muenchen.de/Planets.
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