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”NebulaHypothesis”

�4giantplanets:�����ofangularmomentum,�����of
mass

�Kant(1755)explaineddistributionsby”nebulahypothesis”

�Starandplanetsformedconcurrently

�Centrifugally-supportedflatteneddisk

�Pressure-supportedcenter
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”NebulaHypothesis”

�Theoreticalmodelsandobservationssupportbasicidea

�Startwithcollapseofrotatingmolecularcloud

�Showangularmomentumtransferoutwardby
turbulentviscosity

�Massandangularmomentumseparateviaaccretion
ontoprotostar

�Modelsgivereasonableconditionsofnebulaefrom
whichsystemsform
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GiantPlanetInteriors
�Knowledgeofgiantplanetformationfrom2sources

1.Numericalmodels

2.Constraintsfromplanetinteriors

�Basicstructure

�Densecore

�Surroundingenvelope(H,He,somemetals)

�Fluxemitted�fluxreceivedfromSun(exceptUranus)

�Inner���few�����K�envelopesarefluid

�Mostlyconvective(magneticfieldimpliesthistoo)

�ProbablytrueforUranusalso
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GiantPlanetInteriors
�UranusandNeptunestructure

�”Rock”core:mixtureincluding

��

Fe

�”Ice”layer:H�0,CH�,NH�

�HandHeenvelope,enrichedwithmetals

�Uranusmorecentrallycondensed

�JupiterandSaturnstructure

�Iceorrockcore

�Innerenvelope:metallicHandHe

�Outerenvelope:H�,He

�C/HratiosteadilyincreasesfromJupitertoNeptune
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FormationofPlanetesimals
�Rotatingmolecularcloudhastoomuchangular

momentumtocollapsetoastar

�Materialformsarotationally-supporteddisk

�Diskandstarhavesamecomposition

�Particlescombineinelasticallyandsettletodisk

�Negativepressuregradient�gasrotatesat
sub-Keplerianvelocity

�Smallparticlesrotatewithgas

�LargeparticlesrotateatKeplerianvelocity

�Medium-sizedparticlesrotateatintermediaterate
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FormationofPlanetesimals
�Gascreatesheadwindforrelativelylargeparticles

�Removesangularmomentum�inwarddrift

�Smallerparticlesdriftless:weakheadwind

�Largerparticlesdriftless:greatermass/surfacearea
ratio

�Orbitaldecaytimescanbeshort

�����yearsformeter-sizedparticlesat�AUfromSun

�Largeradialvelocities�frequentcollisions

�Particlesmaygrowquicklyandexperienceonly
smallradialdrift

�Particlesmaybelostfromdisk
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FormationofPlanetesimals

�Particlesofsize��kmarerelatively“safe”fromradial
drift

�Growthtokilometer-sizedobjectsfromgravitational
instabilitiesoraccretion.

�Planetesimalsreasonablysafefromlossuntilsome
growintoplanetary-sizedobjects
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GrowthofPlanets

�PlanetesimalKeplerianorbitsperturbedbygravitational
interactionsandphysicalcollisions

�Leadstoplanetesimalaccretion(orfragmentation)

�Gravitationalencountersraiserandomvelocitiesto
escapespeed

�If����������	
���,planetaryembryosgrowrapidly

�Sizedistributionbecomesskewed

�Accretesmostplanetesimalsingravitationalreach,
thenends
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GrowthofPlanets

�Eccentricitiesofembryosininnersolarsystem
exacerbatedbygravitationalperturbations

�Collisionofembryos�terrestrialplanets

�timescaleinoutersolarsystem�lifetimeofdisk

�Unlesseccentricitiesaredamped,embryoswilleject
eachotherfromorbit

��runawaygrowth�migration�outerplanetscould
becomemassiveenoughtoaccretealotofgas
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GasAccumulationTheory
�Keyprobleminplanetformation:disksonlyweakly

self-gravitating

�Supportedonlybycentrifugalforceandpressure
gradient

�AnyobjectwithdensitybelowRochelimitistornapart

�nebuladensities�Rochedensities

�Needtocompressmass�withintidalradius��,
where�� ����� � ���	
�
�� �,� �orbitaldistance

�Needlocalself-gravityenhancement

�diskinstability

�nucleatedinstability(largedensecore)
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GasAccumulationTheory

�Diskinstabilitymayleadtostrongdensityperturbation

�However,mostpreplanetarynebulaearestable

�Diskswithlowmass

�Diskswithhighmass:transferofdiskmasstoprotostar

�Moderatemassdiskmaydevelopinstability

�Perturbations�clumps

�Clumpcouldbecomeprotoplanetifstable
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GasAccumulationTheory

�Issueofdiskinstability:formationofcore

�metalspresentonlyinitiallycollectincore

�metalsaddedlatercollectinenvelope

�Modelssomewhatinconsistentwithsolarsystem

�Saturnwouldhavelittleornocore

�JupiterwouldhavebiggercorethanSaturn

�Bothwouldbemetal-poor

�Diskinstabilitiesmaybepossibleinotherscenarios
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GasAccumulationTheory
�Nucleatedinstability:accretionontosolidcore

�ModelfromPollacketal.(1996):concurrentaccretionof
solidsandgas

�3Majorcomponentsofmodelcalculations

1.3bodyaccretionrate(star,protoplanet,
planetesimal)

2.Stellarevolutioncodeforplanet’sgaseousenvelope
3.Gasaccretionrate

�Gasandplanetesimalaccretionratescalculated
self-consistently
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GasAccumulationTheory
�AssumptionsofPollackmodel

1.Planetissphericallysymmetric

2.Quasihydrostatic

3.Opacitycalculatedforsolarabundances

4.Equationofstateofenvelopeisforasolarmixture

5.Nocompetingprotoplanets

6.Planetesimalswell-mixedaroundprotoplanet

�Assumptionsnotnecessarilyvalid

�Nobetterassumptionsexist

�Neededforreasonablenumericalmodel
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GasAccumulationTheory
�Calculationparametersinmodel

�FitpropertiesofJovianplanets

�Fittoobservationsofdisksaroundyoungstars

�3mainphasesofaccretionofJupiterandSaturn

1.Planetesimalaccretionraterapidlyincreasesdueto
runawayaccretion,thendecreasesduetodepletion

2.Bothsolidandgasratesaresmallandconstant

3.Runawaygasaccretionwhen�	��������	

�Evolutionarytimescaledeterminedbyphase2

�AccretionofUranusandNeptuneendedinphase2
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GasAccumulationTheory
�Hydrostaticmodelsassumesubsonicgasaccretionwith

littleenergydissipation

�Needtocheckifhydrostaticequilibriumholds

�Firstcalculation:envelopepulsatesaftershort
contractionphase

�Resultedinmasslossfromenvelopetonebula
(pulsationdrivenwind)

�Afterlargefractionofenvelopeejected,pulsations
end

�equilibriumstatesimilartoUranusandNeptune
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FormationofExtrasolarPlanets

�����extrasolarplanetsdiscovered

�Allgiantgasplanets������� �

�Someorbitveryclosetostar(selectioneffect)

�Somehaveveryeccentricorbit(closeencounterwith
otherplanets)

�Findingschallengepriortheoreticalmodels

�Giantplanetsformfartherfromstar

�Loweccentricity
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FormationofExtrasolarPlanets

�UpdatedPollacketal.codecanproduceplanetscloser
tostars

�Newbutphysicallyreasonableparameters

�Doesnotapplyforplanetsveryclosetostars

�Previousmodelsassumednomigration

�Planetsmayhaveformedelsewhereandmoved
inward

�Disk-inducedinwardmigration

�Gravitationalencounters
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Summary
�Planetstructureandcompositionconstrainformation

theories

�Molecularcloudcollapsebegetsstarandpreplanetary
disk

�Planetsprobablygrowbyoneoftwomechanisms

1.Diskinstability

2.nucleatedinstability

�Extrasolarplaneteccentricitiesandproximitiestostars
challengeformationtheories

�Nucleatedinstabilitypossibleformationplanetsforboth
giantplanetsinoursolarsystemandothers


