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Abstract

We presentthe resultsof various3D simulationsof pro-
toplanetaryaccretiondiskswith an embeddegrotoplanet.
The protoplanetcausedistortionsin the disk. In the case
of a 1 Jupitermassprotoplanetthe protoplanetwill have
openedagapin thedisk andit will sendlarge spiralwaves
throughthe disk. Thesenon-axisymmetrideatureshave a
severeimpacton the developmentof the protoplanetmost
importantly on the accretionrate and the evolution of the
orbit. To studytheseeffectswe performedhumericalsimu-
lationsusinga finite differenceschemeThis hasbeendone
by mary previous authors,but we includeda nev degree
of freedominto the simulations.In contrastto previous 3D
simulationghathave studiedplanetarymigrationon afixed
circularorbits,wedonotassumeheorbit of theprotoplanet
is circularor evenin the planeof the disk. Insteadwe in-
vesticate the effect of eccentricandinclined orbits on the
disk, andthe effect of thesedistortionson the evolution of
the planetaryorbit.

Intr oduction

About 120 extrasolarplanetshave beendiscoseredin the
last 10 years. Their massesangefrom aboutthe massof
Saturnupto 10 Jupitermassesandbecaus®f thewaythey
arediscovered theirorbital periodsarenolongerthanafew
years. One of the moststriking differenceswith our own
solarsystemis not their tight orbits, which may be dueto
an obsenational bias, but that most of the planetsare on
eccentricorbits,ascanbe seenin Figurel.
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Figure 1: The distrib ution of eccentricitiesof
extrasolar planetsasa function of semimajor axis

There are several theorieson how theseeccentricorbits
arise.Gravitational perturbancdrom passingstarsor com-
panionstarsmay causeeccentricity(LaughlinandAdams,
1998),howeverthisis unlikely to explain thelarge quantity
of eccentricorbits. A possiblecausecouldbe planet-planet
interaction,but giventhe lack of planetson circular orbits
this could hardly explain all the planets. Anothertheory
forms Jupitermassplanetsnot by accretionbut by gravi-
tational collapseof a disk instability (Boss,2000). Here
we studythe effect a 3D disk hason the eccentricityand
inclinationof embeddegblanets.

Physical Model

We solve the Navier-Stokes equationsusing a three-
dimensionalfinite differenceschemebasedon the NIR-
VANA codeby Udo Ziegler with subsequenadaptations
by Kley andd’Angelo. We useanisothermalequation-of-
state,andthe planetaryorbit is calculatedusinga 4** order
Runge-Kuttasolver. The simulationsstartwith a disk with
constantsurfacedensityand a gap profile nearthe planet
ascalculatedby Artymowicz (1994). Thevertical profile is
a Gaussiarwith scaleheight H/r = 0.05. Theinnerand
outerboundaryare managedising a non-reflectingclosed
boundary Thisis setup by choosinga rampfunction (with
value 1 at the borderand 0 at the inner edgeof the dam-
pingregion)thatslowly changeshedensityin theregionto
its original value. This setupavoids masslossat the open
boundaryandon the otherhandit dampsreflectingwaves
thatwill in turn distortthe picturenearthe planetthatarise
from usingclosedboundaryconditions.

Simulation details

The calculationswere performedon a 3-dimensionagrid
in sphericalcoordinategrid with 108 cellsin theradialdi-
rection(0.4 < r < 2.5), 24 cellsin the vertical direction
(80° < # < 100°) and 300 cellsin the angulardirection
(0° < ¢ < 360°).

The simulationswererun for several hundredorbits. Our
standardmodelstartswith a planeton a slightly eccentric
andinclined orbit (e = 0.05,7 = 5°). Themodelincludes
a constantviscosity of v = 107° in dimensionlessunits,
which s equivalentto ana-viscosityof a = 5 x 1073,

The evolution of the orbital elementsover a period of 400
orbitscanbeseenin Figure2.
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Figure 2: Orbital elementsof the protoplanetasa
function of time.

Thereareseveralinterestingfeaturesn this plot. Firstthere
is thewell-known inwardmigrationof theplanet. Themea-
suredmigrationtime scalery, = a/a = 1 x 10° yearscor-
respondsgo the valuefoundwith the samemodelanda cir-
cular orbit, ascanbe foundin d’Angelo andKley (2002).
Oneshouldnot expectthis effect to changemuchbecause,
ascanbe seenin Figure 3a, the structureof the disk is si-
milar to the situationwithout inclination and/oreccentri-
city. Theinclinationis dampeddueto interactionwith the
disk asthe momentumis transferredrom the planetonto
the disk. This inducesa warpinto the disk ascanbe seen
in Figure4. In Figure4 the centerof massof a vertical co-
lumnis plottedfor all valuesof r and¢. As onecanseein
theplot: Theinnerpartof thediskis locatedatf > 90° and
theouterdiskatd < 90°. Onecanclearly seethe Lindblad
spiralsin this plot: Boththeinnerandouterspiralstartnear
theplanetwhichis above the disk, andthencrossthe plane
beforebeingintegratedin the overall pattern.

Figure 3: a. 2D slice (6 = 90°) of a disk with an
embeddedeccentricplanet. b. Vorticesin an inviscid
calculation.

Theeccentricityis alsodamped Unlesssomeextrafeatures
like vorticesare presentin the disk the interactionof the
protoplanewith thediskis causingthe orbit to circularize.
If therearevorticesin the disk therecanbe anincreasen
the eccentricity An exampleof suchvorticescanbe seen
in Figure3b, whichis theresultof inviscid calculations.

Figure 4: Disk warping dueto a protoplaneton an
orbit with aninclination of 5°. Red indicatesan
upward tilt, blue indicatesa downward tilt.

Becausef the large freedomin global parameterst is un-
known if this situationreflectsthe conditionsin realproto-
planetarydisks.

Othersimulationswereperformedwith differentvaluesfor
theviscosity. It turnsoutthatthe viscosityparameteper
formsanimportantrole. If theviscosityis raisedby a fac-
tor of 10 this hasa dramaticeffect on the eccentricity It
is no longerdamped,it evenincreasesascanbe seenin
Figure5. Onecanalsoseethatthe gap closesif the vis-
cosity increasegthe calculationsstartwith anemptygap).
Lubow and Ogilvie (2001) suggesthatif the viscosityis
high enough,therewill be a resonancehatwill pumpup
theinclination. The samemay be true for the eccentricity
but this is much harderto checkanalytically but one can
clearlyseethe effectin thesecalculations.
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Figure5: a.Thechangeof eccentricity over time due to
the effectof a larger viscosity The viscosityv increases
from bottom to top. b. The effectof an increased

viscosityon the radial profile of the disk.
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Conclusions

Theevolution of eccentricandinclined orbitsis aninteres-
ting subjecthatneedgo bestudiedin muchgreatedetailif
we wantto understandhe natureof theseJupitertype pla-
netson eccentricorbits. Their abundances greatenough
to assumea generalprincipleis at work here.On the other
handwe have the numericalsimulationsthatshow thatun-
dertheconditionsthatareconsideredtandardheseorbital
featuresaredampedbn atimescalesimilar to the migration
timescale This confirmsthatwe have still notfoundaway
to explain theseorbits with the otherwisepromisingaccre-
ting planetmodel. Furtherparametesstudieswill have to
be performedandsincethese3D calculationsarestill very
time consumingwe plan to performthesecalculationson
asfastamachineasis possible.

We would like to thank the EC Planets Network for
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