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CHAPTER 1

Numerical methodsfor the dynamical
evolution of Planetary Nebulae

Numericaltechniquedgor solvingthe Eulerequationf hydrodynamichiave beenunder
continuousdevelopmentfor the past fty years. Thesealgorithmscanaccuratelyhan-
dle steepgradientsand strongshocks,which are o w featuresfrequentlyoccurringin
astrophysicabbjects. Radiatve effectslik e ionization, heating,and cooling often play
a decisve role in the outcomeof the evolution of theseobjectsaswell. Therefore,nu-
merical simulationsof astrophysicalo ws shouldin generalinclude both radiationand
hydrodynamicsMoreover, if onewantsto studyrealisticsystemswvithout imposingary
symmetrythree-dimensionaimulationsarearequirementCurrentsupercomputeech-
nology, with machinesiow consistingof thousandef processorgterconnectedy afast
network, makes suchlarge-scale three-dimensionakadiationhydrodynamicakalcula-
tionsfeasible.

Oneof themary possibleastrophysicaapplicationsof theseechniquess thedynam-
ical evolution of PlanetaryNekulae (PNe). Theseobjectsrepresenthe nal phasesn
thelife of low to intermediatanassstars. During theselate stagef evolution, the star
losesmostof its massin a seriesof interactingstellarwinds, producinganextendedshell
of circumstellarmaterial. The hot centralcore of the starionizesthis material, which
radiatesin the opticalandbecomesbsenrableasa PN. Theinterplaybetweernthe suc-
cessveout ows,in combinatiorwith theradiatve processetakingplace,determineshe
morphologyof the PN.

Sinceit is thoughtthatall starsof low to intermediatemassgo throughthe PN phase,
understandingheir evolutionis of greatimportanceIn thisthesis,numericalsimulations
are presentedhat addresssomeof the outstandingissuesin PN research. Resultsof
a numericalmodel wherea fast stellarwind collides with a warpeddisk may explain
the obsened multipolarmorphologiesof some(proto-)PNe.Calculationghatfollow the
interactionof an ensembleof photoevaporatingknots provide cluesto the evolution of
suchsmallscalestructureobsenedin evolved PNelik e the Helix nehula.

In this introduction,aspectf the numericaltechniquesisedto carry out the three-
dimensionakalculationsare given, and somedetailsof the evolutionary phasesf PNe
arediscusse@swell. It closeswith asummaryof thethesis.
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1.1 Numerical method

To calculatethe hydrodynamicakvolution of astrophysicaluids numerically a compu-
tationalmeshis oftenemployed. Sucha meshdiscretizespacento cells,which, for the
caseof regularstructurednesheslie alongmeshlinesthatrun parallelto the co-ordinate
axesof thechosermgeometryIn a nite volumemethod the stateof the gasin thesecells
representghe averagestateof thetruedistribution. The hydrodynamicsolver calculates
the ux esthroughtheinterfacesetweerthecells,whichareusedto updatethe state.Us-
ing sucha procedureensureghatquantitiedik e massmomentumandenengy arebeing
consered.

The hydrodynamicssolver shouldrepresenshocksand contactdiscontinuitiescor
rectly, and several numericalmethodsthat cando so exist. One of theseis the method
introducedby Godunw (1959), which considersthe interactionbetweentwo adjacent
computationatellsasa Riemanrproblem,andis thereforeableto capturediscontinuities
within a few cells. Secondorderextensionso Godunw's method(e.g.Van Leer1979;
Colella& Woodward 1984;R0e1986;Eulderink& Mellemal995)accuratelyrepresent
smooth o w in regionsaway from thediscontinuitiesaswell.

Anotherway to attainhigh resolutionis provided by the techniqueof Adaptive Mesh
Re nement(AMR) (Bemger & Colella 1989; Berger & LeVequel998). The principle
behindthis methodis to increasdhe resolutionof the computationatiomainin thosere-
gionswhereit is neededwhile keepingall otherpartsat a lower resolution. Cellsin a
region of interestare agged for re nementusingsomewell choserre nementcriterion.
Thesecellsareclusterednto logically rectangulapatchedrom which a level of re ne-
mentwith higherspatialresolutionis constructedBy recursvely repeatinghis process,
re nementlevelsareaddedoneby one,ensuringa propernestingof the patches.

The techniqueof domaindecompositioris usedto parallelizethe AMR methodfor
distributedmemoryarchitecturesThecomputationatlomainis dividedinto sub-domains
which aredistributedovertheavailableprocessorsisingaspace- lling curve. This estab-
lishesa load-balancedlecompositiorof the computationatiomainthat minimizesinter-
processoicommunication(e.g. Deiterding2003). A layer of so called ‘ghostcells' is
implementedaroundeachpatchto connectthosepartsof the computationalomainthat
resideon different processonodes. Theseghostcells alsoturn eachpatchinto a self-
containecentity from the viewpoint of the hydrodynamicsolver.

To includethe effectsof radiationinto the calculationsthe ionizationstateandtem-
peratureof the gasneedto be determinede.g.Frank& Mellema1994a).If the optical
depthfrom the sourceto eachcomputationatell is known, the photoionizatiorandheat-
ing ratecanbe calculated.The amountof enegy lost throughradiative cooling needso
be computedaswell, for exampleby usinga collisionalequilibriumcoolingcurve. From
this, thetemperatur@andionizationfractionsarefound, resultingin anupdatedoressure
for eachcell, therebycouplingtheradiatve processeso thedynamics.

To calculatethe opticaldepth,raysneedto betracedfrom the sourceto eachcell. For
aparallelizedAMR codethisis non-triial, sincethe computationatlomainis distributed
over severalprocessorsMoreover, it is sub-dvidedinto a hierarchyof patchesrequiring
aradicalrethinkof the conceptf ray tracing. This thesispresentshe algorithmicdetails
of sucha methodfor ray tracing,whichis implementednto the publicly available AMR
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hydrodynamicpackagd-lash (Fryxell etal. 2000).

1.2 The dynamical evolution of Planetary Nebulae

Theevolutionofal 8M starconsistof severalphasesWhenit has nished burning

hydrogenin its core, it will move away from the main sequencean the Hertzsprung-
Russel(HR) diagramto becomearedgiant. Hydrogenburningproceedsn ashellaround
the contractingheliumcore,andin the HR diagramthe starevolvesalongthe RedGiant

Branch.

After heliumis ignited in the coreandis corvertedinto carbon,the core contracts
again. The staris now in its Asymptotic Giant Branch (AGB) phase,during which it
burnsheliumandhydrogenin shellsaroundthe degeneratearboncore. By this time the
sizeof the starhasincreasediramatically andthe gravitationalforce at the surfaceof its
cornvective envelopeis so small that the outerlayerscan easily escapeproviding ideal
circumstancefor the formationof a densestellarwind.

Massloss during the AGB phaseis thoughtto be driven by radiation pressureon
dustgrainsthatform in the cool outerlayersof the star Pulsationsn theseouterlayers
increasethe mechanicaknegy of the materialand createconditionsthat acceleratehe
growth of dustgrains. Collisionsbetweerthe dustgrainsandthe gascouplethe two, so
thatthe gasis draggedalongby the dust,leadingto masslossratesof 10 °M yr 1,
andterminalwind velocitiesof 10kms !. The AGB phaseendswhenthe amountof
materialin theervelopehasbeenreducedo approximatelyl0 2 10 2M .

The starnow entersthe PN phasewhich lastsfor about10®* 10 yr. Thetenuous
envelopecontractsandthe effective stellartemperaturéncreaseso  10* K at constant
luminosity. ThestellarUV photonggeneratealine drivenwind with arelatively low mass
lossrateof 10 8M yr 1, butwith velocitiesthatcanreach 1000kms ! andhigher
Whenthe massin the ervelopedropsbelov 10 ®* M , nuclearfusion stops,andthe
starcoolsdown to becomeawhite dwarf with amassof 0.4 1.0M .

Extensve descriptionsof stellarevolution and masslossduring the AGB phaseand
beyond canbe foundin reviews by Iben & Renzini(1983),Habing(1996),andWillson
(2000),0r in thetextbookby Lamers& Cassinelli(1999).

The evolutionarypicturesketchedabove naturallyleadsto the scenaricof interacting
stellarwinds (ISW) (Kwok et al. 1978). In the PN phasethe fast,tenuousstellarwind
runsinto thedenseslow materialleft behindduringthe AGB. Thisleadsto theformation
of anouter aswell asaninnershock,separatedy a contactdiscontinuity The sweptup
gascancoolradiatively resultingin athin, denseputwardsmoving shell. Duringtheearly
phasesf the interaction,whenthe wind velocity is still relatively low, the wind blown
bubbleis momentumdriven. Oncethe fastwind reachesighervelocities,a transition
to enegy driven o w occurs,anda hot bubbledevelops. High enegy photonsfrom the
hot centralstar (CS) ionize and heatthe environment,which coolsby recombiningand
emitting emissionline photons. This in uences the dynamicalevolution of the nelula
andshouldbe takeninto account.SeeKahn & Breitschwerd{1990)andBreitschwerdt
& Kahn(1990)for ananalyticalassessmemf the early phase®f theevolution of PNe.

Althoughobsenedpropertiesof sphericaPNecanbeexplainedby the ISW scenario,
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Figurel.1l: HST obsenationsof proto-PNetakenfrom Sahai& Trauger(1998). Shovn
are(left to right): M1-26,He2-138,andM4-18.

mary PNehave anelliptical or bipolarshape.This hasled to the generalizednteracting
stellarwinds (GISW) scenariowhich assumesn asphericablensitydistribution for the

slow AGB wind, with anincreasean densityfrom pole to equator(Kahn & West1985;
Balick 1987). Whenthe fastwind runsinto sucha toroidal distribution, a bipolar shape
emeges. Analytical (Icke 1988)and numericalwork (Soker & Livio 1989;Icke 1991;
Mellemaetal. 1991;Frank& Mellemal994a,bMellemal1995,1997)hasshavn thisto

be a very effective mechanismyhich may evenleadto the formationof jets (Icke et al.

1992;Mellema& Frank1997).

High resolutionHubble SpaceTelescop€HST) obsenationsof (proto-)PNehave re-
vealedmorphologieshat are dif cult to explain in the contet of the GISW scenario.
Especiallythe often occurringmultipolar, point-symmetrianorphology rst mentioned
by Schwarzetal. (1992),presents greatchallengeto the GISW scenarioandsomere-
searchersvenspealof “aparadigmlost' (Frank2000).Figurel.1shovs someexamples
of obsenedmultipolar (proto-)PNe.The nelulaepresentedn theseimagesclearly shov
thatsomeadditionalmechanisnis neededo explain their shapes.

Onesolutionthatmayresolethisissues to invokemagneticelds. Three-dimensional
numericalcalculationswvherethe magneticcollimation axis is misalignedwith the fast,
bipolarwind resultin point-symmetrienorphologiegGarca-Seyural997;Garca-Seyura
& Lopez2000). Alternatively, the occurrencef bipolar, rotating,episodicjets (BRETS)
(Livio & Pringle 1996, 1997; Cliffe et al. 1995) may explain someobsenations. See
Balick & Frank(2002)for areview of the variousshapingmechanismsor (proto-)PNe.

Another mechanisnthat producespoint-symmetricnehulae was proposedby Icke
(2003),who presentedwo-dimensionatalculationsof the interactionof a fast,tenuous
stellarwind with awarpedcircumstelladisk. Suchwarpingcanoccurthrougharadiation
driveninstability, inducedby the CS,which originatesn differencesn radiationpressure
onslightly tilted annuliatdifferentradii in thedisk (Iping & Pettersori990;Pringle1996;
Maloney etal. 1996,1998). Whenthe fastwind hits theinnerrim of sucha disk, a bow
shockdevelopswhich, if radiatve coolingis takeninto account,leadsto the formation
of a multipolar bubble. Although the two-dimensionatalculationsshav the underlying
principlesof theinteractionthree-dimensiondtydrodynamicakimulationsarerequired
to fully capturethe point-symmetryof the problem. Suchsimulationsare presentedn
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Figurel.2: Zoomingin onknotsin theHelix. Theknotontherightis designate®78-801
in the coordinatesystemof O'Dell & Burkert(1997).

thisthesis.

Apartfrom theirintriguing overallmorphologiesPNealsoshawv alargearrayof small
scalestructuresTheseangefrom fastlow-ionizationemissiorregions(FLIERS) (Balick
et al. 1998),to high densityneutralknots (O'Dell et al. 2002). Being the nearestPN,
suchknots are bestobsered in the Helix nelula (NGC 7293). Groundbasedimaging
revealedthattheHelix containmaumerousighdensityknots(Mealurnetal. 1992,1998),
andobsenationswith the HST providedafully resohedview (O'Dell & Handron1996;
O'Dell etal. 2004,2005).A sequencef successie zoomsof knotsin theHelix is shavn
in Figurel.2.

Thetotal numberof knotsis currentlyestimatedo lie around10; 000 (Meixneretal.
2005),which meansthey containa signi cant fraction of the total netular mass. Since
similar knots have beenobsenred in othernearbyPNe aswell (O'Dell et al. 2002), it
hasbeensuggestedhat they occurat somestagein all PNe. This would make them
animportantingredientof the materialthatis fed backinto the interstellarmedium,and
insightinto the processethatcreateandshapeheknotsis required.

From Figure 1.2 one can seethat the knots have limb brightenedcuspsof material
pointing towards,and extendedtails pointing away from the CS. This implies that the
ionizing radiationfrom the CSis currently photoevaporatingthe knots. Analytical and
numericalinvestigationsnto the hydrodynamicakvolution of a single photoezaporating
knot have beencarriedout (e.gBertoldi 1989;Le och & Lazaref 1994;Mellemaetal.
1998;O'Dell etal. 2005). However, sincealmostall knotsin the Helix occurin groups,
interactionamongthemis likely to take place,makingit desirableto studythe evolution
of anensembleof photoaraporatingknots. Resultsof three-dimensionatalculationsn-
volving theinteractionbetweertwo knotswerediscussedby Lim & Mellema(2003).1In
this thesis the extensionto simulationsthatfollow the evolution of a completeensemble
of photoeraporatingknotsis presented.

1.3 Thesissummary

This thesisconsistsof two parts. Part I: NumericalMethods(Chapters2, 3, and4) pro-
videsadescriptionof thenumericaltechniquesisedto carryoutthree-dimensionahdia-
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tion hydrodynamicasimulations.Part II: AstrophysicalApplications(Chapters$ and6)
presentswo suchsimulationsin the context of PlanetaryNelulae.

In Chapter2, algorithmicaspect®of the numericalmethodusedto carry out the sim-
ulationsarepresentedThe methodof AMR is discussediogethemith its parallelization
throughthetechniqueof domaindecompositionDetailsof the AMR packagdParamesh
asimplementedn the publicly availablehydrodynamicsodeFlash, aregiven. Flashis
usedfor all numericalAMR calculationgresentedh thisthesis.We continuewith aterse
descriptionof the PPM hydrodynamicsolver and nish with theimplementatiordetails
of theDoric code,usedto calculatethe contribution of radiatve processekbk e ionization,
heating,andcoolingto thedynamicalevolution of thegas.

In orderto calculatethis contribution, a valuefor the optical depthfrom the source
up to eachcell in the computationatlomainneedso be obtained.Chapter3 presentsa
novel methodfor ray tracing, called Hybrid Characteristics that cando so for a paral-
lelized three-dimensionadMR hierarchyof patches.In this approacharay is split into
independensections Eachprocessocalculateshelocal contributionto theopticaldepth
for thoseray sectionghatrun throughits partof the computationatlomain. Thesecon-
tributionsaremadeavailableto all processors a globalcommunicatioroperationafter
whichthey areinterpolatecandaccumulatedo arrive atthe desiredotal opticaldepthfor
eachcell.

The interpolationroutinesare designedo give the exact valuefor the optical depth
for the caseof a homogeneoudensitydistribution. Resultsof a testwith a 1=r? density
distribution shav thatthe methodcalculateghe optical depthwith errors< 0:5%in this
case.A shadav castingtestshavs thatthe Hybrid Characteristicenethodis capableof
producingshadaevs with very sharpboundariescomparabléo thoseobtainedwith along
characteristicenethod.

This chapteralsodiscussesst resultsof anapplicationof the methodto the photo-
evaporationof high densityclumps. In thesesimulations,dueto the effectivenesof the
AMR, thecomputationalomaincancontainthe sourceaswell astheclumps.lIt is found
thatthe interactionof the photoazaporation o ws leadsto a region of high density hav-
ing implicationsfor objectslike cometaryknotsin PNeandbinary protoplanetarydisks
(proplyds)in HII regions.

Extensve weakandstrongscalingtestsof the Hybrid Characteristicenethodarepre-
sentedin Chapter4. The performanceof the methodas a function of sourcelocation,
amountandlocationof re nement,numberof sourcesandmachinearchitecturas inves-
tigated. The calculationpartof the algorithmis foundto scalealmostperfectly for weak
aswell asstrongscaling. Due to the imbalancein the distribution of ray sectionsover
theprocessorgmherentin theapproacho ray tracingtakenby the Hybrid Characteristics
method almosthalf of the calculationtime is spentin synchronizationThe performance
of the methodis foundto be independentf the (relative) locationof the sourceandthe
re ned region, aswell asof the amountof re nement. The calculationtime scaledin-
earlywith thenumberof sourceswhereaghe synchronizatiortime averagesutto alow
value. Uponcomparisorof the calculationwith the communicatiortime, it is foundthat
themethodcanbeusedef ciently for atleast 100processorsnthe SGIAIltix system,
and 1000processor®n the IBM BlueGene/Lsystem. This concludesPart | of the
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thesis.

In Partll, astrophysicahpplicationf thedevelopednumericaimethodin thecontext
of the dynamicalevolution of PNearepresentedChapters considerghree-dimensional
simulationsof theformationof multipolar(proto-)PNe In thespirit of theGISW scenario,
the evolution of a fast, tenuousstellar out ow interactingwith a warpedcircumstellar
disk s calculated.The mechanisnfor inducingsucha warpeddisk is brie y discussed,
togetherwith an equationfor its precessiortime scale. This time scaleis comparedo
the dynamicaland cooling time scalesof the wind blown bubble. Settingthe physical
parameterfor the CS,wind, anddisk to valuesthatareappropriatdor the early stageof
PNeevolution, resultsin a parametespaceapplicableto this kind of objects.

Two-dimensionasimulationganvolving two differentapproximationgor theradiatve
cooling are presented.Oneinvolvesthe useof a collisional equilibrium cooling curve,
whereagheothersimply setstheadiabatiandex to alow value.Boththeseapproaches
leadto similar point-symmetrianorphologiesandfor thethree-dimensionadalculations
the computationallyfessexpensve techniqueof usingalow valuefor is applied.

SyntheticH imagesandposition-\elocity diagramsderivedfrom theresultingthree-
dimensionabatacubearepresentedUponcomparisorwith obsened (proto-)PNe se/-
eralgoodcandidateshatcanbe accommodately this modelarefound.

In Chapter6, the photoeraporationof multiple denseknotswith physicalparameters
applicableto knotsin theHelix netulaarestudied.The high enegy photonghatemanate
from the CS of this evolved PN induceanionizationfront at the knots,resultingin their
cusp-like appearance A summaryof obsened propertiesof knotsin the Helix is pre-
sentedandtheassumptionandapproximationghatwentinto the numericalsimulations
arecarefullymotivated. The calculationsusean approximatiorfor theradiative cooling,
andignorestellarevolution, the presencef a stellarwind, andthediffuseradiation eld.

Previous numericalstudiesof photoeraporatingknots found a dynamicalevolution
consistingof two phases. First the collapsephase,where most of the knot's material
is photoevaporatedoy the ionizing radiation. During this phasethe ionizationfront in-
ducesa shock,which getsfocusedtowardsthe symmetryaxis of the knot, resultingin a
small clump of shocled knot material. The collapsephaseis followed by the cometary
phasewheretheremainsof theshocledmaterialareacceleratethroughthe Oort-Spitzer
‘rocket effect’. Thesephasesare in concordancewith analytical resultsobtainedby
Bertoldi (1989)andBertoldi& McKee(1990).

However, for the physicalparametersippropriatdor the knotsin the Helix, the sim-
ulationsshow aratherdifferentsequencef events. First the knot is compressedby the
shock,andsince,for theseparametersthe shockvelocity is higherthanthe velocity of
theionizationfront, a thick layer of shocled gasdevelopsbetweerthe two fronts. This
makesthe shockfocusingalsolessserere,sothatthe partof the shockcloseto the axis
canoutrunthe partatthe edgeof theknot, leadingto a ‘ring' of increasediensity Once
the shockhasleft the backof the knot, an expansionwave is generatedvhich greatly
reducegshedensityinsidetheknot. Whenthis wave hits theionizationfront, anew shock
isinduced,acceleratingheknotfor asecondime.

The condition for which a thick layer of gasbetweenthe shockand the ionization
front candevelop,sothatanexpansionof the knotinsteadof a collapsecantake place,is
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derivedanalytically It is shavn thatthis is the sameconditionfound by Bertoldi (1989)
to discernbetweertwo regimesin his parametespaceof photoaaporatingclouds. This
meanghatthe expansionphasegoundin our simulationss in factquite commonfor this
type of processmakingthis animportanteffect.

Simulationsof a single photoeraporatingknot are comparedor two differentmeth-
ods: the Hybrid Characteristicsand the C2-Ray method,which is a newly developed
radiationhydrodynamicsodethatis explicitly photonconservingMellemaetal. 2005).
It is foundthatthe corventionalapproactfor incorporatingradiatve processesasis im-
plementedn for examplethe Hybrid Characteristicenethod canleadto deviationsin the
outcomeof valuesfor global propertiedik e the evaporationtime of the knots. Results
obtainedwith suchnon-conservingnethodsshouldthereforebeinterpretedwith care.

A seriesof three-dimensionasimulationsof the differentinteractionsthat cantake
placeamongtwo photoezaporatingknotsis presented.A mechanisnfor the ef cient
dispersionof knot materialinto the tail region of anotherknotis found. An overview is
givenof theevolution of global o w propertiedik e the neutralmasskinetic enegy, and
internalenepgy of the knots. SyntheticH imagesare usedto comparethe simulation
resultsto obsenationsof knotsin the Helix, explaining someof the obsened features
like wispy emissionbetweenthe knots,andthe existenceof dustandmoleculedike CO
andH in thetail regionsof theknots.

The chapter nishes with a calculationinvolving the photoeraporationof a whole
ensembleof knots, proving the effectivenessof the Hybrid Characteristicsnethodfor
carryingout large scale three-dimensionatadiationhydrodynamicasimulations.
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CHAPTER 2
3D radiation hydrodynamics

Numericalmethodgor high resolutionmulti-dimensionabstrophysicaluid o w simu-

lations are discussed.We give an outline of the techniqueof adaptve meshre nement

(AMR) andits parallelization,and presentdetailsof a particularAMR implementation
usedin theFlashcode.We brie y recapitulatehepieceavise-parabolienethodfor hydro-

dynamicsanddescribeheradiative processewe implementedisingthe Doric package.
A list of currentlyavailablepublic AMR hydrodynamicsodesds alsogiven.

11
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2.1 Intr oduction

The needfor high resolutionmulti-dimensionakstrophysicaluid o w simulationshas
led to the developmentof a variety of numericaltechniques.Especiallyfor the caseof

three-dimensionalalculationstherequirement®snmemoryandCPUspeedaredemand-
ing, andoften beyond currentsingleprocessomachines.Therefore,jn orderto perform
thistype of calculationspneneeddo resortto multi-processosupercomputerandtech-
niqueslike domaindecompositiorandadaptve meshre nement(AMR). Modernshock-
capturingsolversfor the hydrodynamicshouldbe appliedaswell.

In Section2.2 we discussthe speci cs of a particularlyef cient approachto AMR.
We alsodescribesomeof thedetailsof the AMR methodimplementedn theFlashcode,
which wasusedfor all the simulationspresentedn this thesis. Section2.3 givesa de-
scriptionof the piecavise-parabolianethod,a nite volume hydrodynamicssolver im-
plementedn Flash The evolution of PlanetaryNelulae, which are the astrophysical
applicationsof this thesis,alsorequirea properhandlingof radiative processes$ik e ion-
ization,heating,andcooling,whichis describedn Section2.4.In Section2.5we outline
someof the practicaldetailson how extensiongo the Flash code,lik e the radiative pro-
cessefustmentionedcanbemade.We nish thischaptemwith alist of publicly available
AMR hydrodynamicgodesn Section2.6.

2.2 Adaptive Mesh Re nement

Numericalmethoddor uid o w havein commonthatthey somehav needto discretize
space.To this enda computationameshconsistingof cellsis oftenused.Sucha meshis

de ned by a collectionof nodesandthe connecwity betweerthem. A meshcaneither
be structuredor unstructured.

For unstructuredneshesthe connectity needsto be speci ed for eachnode. An
exampleof anunstructureaneshis the Delaunaytriangulationwhereacell is de ned as
the simplex (triangles tetrahedrapf the dimensionalityof the mesh. Although unstruc-
tured mesheshave beensuccessfullyappliedin elds like aerodynamicge.g. Lohner
1987;Luo etal. 2000),they have notbeenvery popularfor calculatingastrophysicaluid

0 ws, notableexceptionsdbeingWhitehurst(1995)andXu (1997).Insteadfor astrophys-
ical applicationsthe mesh-lessparticle-basedhethodof smoothparticlehydrodynamics
(SPH)hasbecomewidely used(e.g.Monaghanl992;Springeletal. 2001).

For structuredmeshesthe connectvity is implicitly givenby the orderof the nodes.
Thegeometryof the meshcateyorizesthe differenttypesof structurednesh:a conformal
meshhasanarbitrarygeometrywhereasregularmeshhasmeshinesthatrun parallelto
the coordinateaxesof the chosergeometry(e.g. Cartesianpolar, spherical cylindrical).
Whenall cellsin aregularstructuredneshhave thesameshapeit is calledisotropic. For
theirsimplicity andeaseof implementationit is thesesotropicregularstructuredneshes
thatareusedmostoftenin mesh-basethethoddor astrophysicaluid o ws,andit is this
type of meshthatwe have usedthroughouthis thesis.
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2.2.1 High resolutionmeshes

Numericalmethoddor astrophysicaluid o w usingstructuredneshesrelimited in the
resolutionthey canobtain.Dependingontheapplication)imits aremainly setby memory
capacityand CPU speedof the machineusedto do the calculation.In orderto improve
onthis, anumberof differenttechniquesiasbeendeveloped.The principle behindthese
techniquess to increasaheresolutiononly in thoseregionsof the computationatiomain
whereit is neededwhile keepingall other partsof the domainat a lower resolution.
In astrophysicahpplications the regionsthat shouldbe resohed at high resolutionare
typically thoseregionswhereshocksand contactdiscontinuitiesoccurin the o w. This
implies thatthe methodneedsa mechanisnto determinewherethese o w featuresare
locatedin the computationadomain. Below we will describetwo approacheshat are
capableof attaininglocal high resolutionon a computationaiesh.

Moving meshes

Oneof thetechnigueghatimplementgheideaof locally increasinghe resolutionis the
socalled moving meshmethod'(e.g.Gnedin1995;Pen1998).For thismethod cellsare
allowedto changeshapeandpositionin orderto increasethe resolutionin certainparts
of thedomain. The changen shapeof the cellsis controlledby a conditionthattriesto
keeptheresolutionin massconstant.

Sincethe total numberof cells availableis x ed, thesemethodsare alsoknown as
‘penaltymethods'(Quirk 1991),becauseanincreasen resolutionin onepartof the do-
main mustleadto a decreasén resolutionin anotherpart. The factthat cells canhave
arbitraryshapesomplicateghe method;limits oncell distortionhave to be setto prevent
meshentanglemerd@indpresere accurayg, andthe o w solver need€o be morecomplec
thanonesthatcanbeusedwith anisotropicmesh.

Adaptivere nement for regular structured meshes

Anotherapproachto attaininghigh resolutionin numerical uid o w simulationsis to
adaptvely re ne certainpartsof the computationadomain. This meansthat cellsin a
region of interestare rst agged for re nementusing certaincriteria (for details,see
Section2.2.2). After this, cells of smallersize are addedto the agged regionsof the
meshby creatinga new level of re nement. By recursvely repeatinghis processlevels
areaddedoneby one,in principle leadingto anarbitraryhigh resolution. Since,during
asimulation,theregionsthatneedto bere ned arein generaimoving throughthe mesh,
there nementshouldchangeaccordinglyi.e. it shouldadaptto changesn the o w.

In orderto storethe newly createdcells, two differenttechniquesanbe used. One
approachknown as cell-basedAMR’, is to storeeachindividual cell in atree-like data
structure(seefor exampleFalle & Raga(1993); Ragaet al. (2000b);Lim & Mellema
(2003)).

An alternatve and more sophisticatedouteto adaptve re nementis to rst collect
newly createdmeshcellsinto a numberof patchesandto storethesepatchesn a data
tree. This technique referredto as block-structuredAMR’, or simply 'AMR’, wasin-
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Figure2.1: Exampleof a Morton (or Z) spacelling curve for block-structuredAMR.
Threepatchesandtwo levels of re nementare shavn. Using this curve andappropri-
ateworkloadcalculationsfor eachpatch,a load-balancediistribution of patchesamong
processonodescanbeachieved.

troducedby Berger& Oliger (1984). Sinceits conceptionnumerousmplementation®f
this methodhave followed, including versionsthat are parallelizedfor distributedmem-
ory machinege.g.Bemer& Colellal989;Quirk 1991;Neemari996;Berger& LeVeque
1998;MacNeiceetal. 2000;Pleva & Miller 2001;Keppengtal. 2002;Deiterding2003;
O'Sheaetal. 2004).

In Section2.2.2we give a moredetaileddescriptionof the differentstepsthat make
up a block-structuredAMR algorithm,but rst we brie y discussthe methodof paral-
lelization.

Domain decompositionfor AMR

In orderto parallelizean AMR algorithmfor distributedmemorymachinesatechnique
known as'domaindecomposition’is used. Like its namesuggeststhe computational
domainis divided into sub-domainswvhich are distributed over the available process-
ing nodes. To decidewhich part of the domainshouldbe on which node,a so called
space- lling curve is used. Sucha curve mapsthe distribution of cells onto a one-
dimensionakrray (seeFigure2.1). After identifying which partof the curve represents
which patchesand calculatinga measuregor the amountof work to be donefor each
patch,aload-balancedecompositiorof the computationaomainthat minimizesinter-
processocommunicationganbe establishedSeefor exampleDeiterding(2003)for an
implementatiorof sucha method.
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2.2.2 Block-Structured AMR

A numberof Ph.D.theseshasbeenwritten on the subjectof AMR (Bemer 1982; Quirk
1991;Neemaril996;Deiterding2003)andampledocumentatioris availablein theliter-
ature. Therefore,in this section,we summarizehe differentaspectof AMR, andrefer
theinterestedeaderfor moredetailsto theseworks.

The algorithmfor block-structuredAMR consistsof a numberof steps. First, cells
in the computationatlomainthatful Il certaincriteriaare agged for re nement. These
cellsarethenclusterednto logically rectangulapatchesusinga patternrecognitional-
gorithm. From thesepatchesa new level of re nementis createdwhich containscells
thataresmallerthanthe underlyingcoarsercellsby are nementfactorr. The statevec-
tor of thesenewly createdcellsis lled throughinterpolationfrom the coarselevel in a
procedurecalledprolongation.By recursvely addingre nementlevels,a propernesting
of patchesontainedn differentlevelsof re nementis ensured.

Around eachpatch,a layer of so called "ghost' cells (alsoreferredto as "‘guard' or
“"dummy’ cells) is allocated. Thesecells are usedto make eachpatcha self-contained
entity that, from the viewpoint of the uid o w solver, canbe integratedasif it wasa
singlemesh.Beforethe actualintegrationtakesplace,the statevectorsof the ghostcells
needto be lled, eitherby directly copying themfrom a neighboringpatch,or through
prolongationfrom cells at the coarsetevel belonv. Whenthe ghostcells of a patchare
locatedat a physicalboundaryof the computationaldomain,an appropriateboundary
conditionneedsto be set. For a parallelizedAMR algorithm, ghostcells are alsoused
to connectpartsof the decomposedomputationablomainthatareresidingon different
processonodes.

Besidesre nementin space,the AMR methodalso facilitatesre nementin time.
Sincecellsata coarsetevel arelargerthanthoseat morere ned levels,thecoarseitevel
canbeintegratedwith a largertime step. Whenthe algorithmcyclesthroughthere ne-
mentlevels, it appliesmoreandsmallertime stepsat ner levels,resultingin comparable
Courantnumberdor eachlevel.

In orderto ensureconseration, ux esatboundarie®f coarsercellsthatareakutting
cellsfrom a ner level needto be replacedn a ux-correction step. Furthermoreafter
a ner level hasbeenupdatedjts statevectorsare projectedontothe underlyingcoarser
cellsin aprocedurecalledrestriction.

The fact that structuredmesheswith differentgeometryare topologically identical
allowsre nementof all of thesemeshtypesthroughtheblock-structuredAMR approach.
Only thosestepsan thealgorithmthatinvolve thegeometryof themesh ik e prolongation,
restriction,and ux correctionneedadifferentimplementatiorfor eachgeometry

Figure 2.2 schematicallyshows the sequencef stepstaken by the AMR algorithm.
In thefollowing Sectionsmoredetailson theseindividual stepsarepresented.

Flaggingfor re nement

Beforeactualre nementtakesplace,cells needto be agged. To this end,appropriate
re nementcriterianeedto be applied. Dependingon the application thesecriteria often
needto be tunedso asto producethe requiredamountof re nementin the desiredoca-
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flag cells
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create patches
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transfer solution (copy/prolong)

'

set ghost cells (copy/prolong)
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calculate fluxes (solver)
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flux correction

'

update state

'

restrict solution

Figure2.2: Individual stepstakenby the AMR algorithm.

tionsof thecomputationatlomain.Thefollowing re nementcriteriaarecommonlyused:
re nementon thresholdderivative, truncationerror, or acombinationof these.

Re nementon thresholds usedwhenit is desirablehatregionswherethe statevec-
tor hasa particularvalue stayre ned throughoutthe simulation. Re nementusingthe
(density)gradientworks well for locatingdiscontinuitiesin the ow. Also, the second
derivative canbe usedasare nementcriterionto trackthesediscontinuitiegseeSection
2.2.3).

Bemer& Oliger (1984)promoteda re nementcriterionthatusesan estimatefor the
localtruncationerrorderivedusingRichardsorextrapolation.This criterionis de ned by
comparingthe solutionfor a certainre nementlevel whenintegratedfor two time steps

t, with the onefound whenintegratinga two timescoarsemmeshfor a time step2 t.
Althoughthis approachs strictly valid only in regionsof smooth o w, it alsogiveslarge
valuesfor the error estimatein regions wherediscontinuitiesoccur andwill therefore
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Figure2.3: On theleft, an exampleof cells agged for re nement(dark grey) at a dis-
continuity in the o w anda correspondingsingle layer of buffer cells (light grey) are
indicated.On theright, a possibleoutcomeof there nementproceduras shown.

re ne theseo w featuresaswell (Berger& Oliger 1984).

In mostimplementation®f AMR, aftercellshave been agged usingthere nement
criteria, one or more extra layersof so called "buffer' cells aroundthe already agged
cellsarealso agged (cf. Figure2.3). This ensureghatdiscontinuitiesin the ow are
never dere nedduring a simulation,which is one of the secretgo the succes®f AMR
(Quirk 1991).

Creating new patches

Whencellsfrom acertainlevel have been agged for re nement,they needo beclustered
into logically rectangulapatcheqFigure2.3). Oneway to createthesepatchess to use
a patternrecognitionmethod(Berger & Rigoutsosl992;Bell etal. 1994). This method
calculatesocalled signaturdists' alongeachcoordinatedirection. At placeswherethe
seconderivative of thesdists changesign,boundariebetweerpatchesrelocated.

Anothermethodis to startwith the minimal boundingbox of the agged cellsandto
recursvely bisectit, wheresubdvision takes placealongthe longestpatchside (Quirk
1991). Subdvisionis haltedwhentheratio of thenumberof agged cellsto the number
of total cellsin a patchis largerthansomechosenrevel of tolerancepr whena minimum
allowedpatchsizeis reached.

New patchesneedto be meiged with the existing AMR hierarchyand distributed
amongheavailableprocessingnodes Bothmethodgustdescribedesultin non-overlapping
patcheswhich is desirablesincethis simpli es the transferof solution procedurede-
scribedin the next section.
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Figure2.4: Patchescreatedduringtwo consecutie iterations.The statevectorof cellsin
overlappingregionscanbe copieddirectly, whereasvaluesfor cellsthatlie outsidethis
region of overlap(shavn in grey) needto be obtainedthroughprolongationfrom cells at
thecoarsetevel below.

Transfer of solution

When new patcheshave beencreated their statevectorsare setin a procedurecalled
“transferof solution'. This procedureshouldbe conserative andmonotonicitypreserv-
ing.

In generalthe newly createdpatchesoverlapwith the patchedrom the previousit-
eration, so valuesof statevectorsfor cells locatedin theseregions of overlap can be
copieddirectly (seeFigure2.4). Valuesfor statevectorsof cellsthatlie outsidetheregion
of overlapneedto be obtainedfrom the underlyingcoarsemgrid throughthe processof
prolongation.

Updating ghostcells

Eachpatchhasone or more layersof ghostcells allocatedaroundit. The numberof
layersdependson the size of the stencilrequiredby the uid o w solver (seeSection
2.3). Thislayeris implementedor a numberof reasonsit facilitatesa straightforward
implementatiorof thesolver, it providesameando setexternalboundaryconditionsand
it connectsub-domainshatarelocatedon differentprocessonodes.

After re nementhascompletedandbeforethe uid o w solweris called,the state
vectorsof the ghostcells of all patchesn existencein the AMR hierarchyshouldbe set
to their appropriatevalues.Dependingon thelocationof a patch,thesevaluesstemfrom
different sources(seeFigure 2.5). Valuesare copieddirectly from thoseneighboring
patcheghat are on the samere nementlevel asthe patchunderconsiderationandare
prolongedrom thosepatcheghatareon a coarsetevel of re nement.

Whena ghostcell lies at a boundaryof the domain,the appropriateconditionsare
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Figure2.5: Exampleof the procedureof ghostcell update.A singlelayer of ghostcells
is shavn. Someghostcells canbe copieddirectly (dark grey) from a neighboringpatch
atthe samere nementlevel, whereasothersneedto be prolongedfrom the coarsetevel
below (light grey). Ghostcells of the patchat the coarselevel are setthroughexternal
boundaryconditions.
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Figure 2.6: Illustration of the ux correctionprocedure.At coarse- neboundariesthe
ux esfor coarsecells (light grey) needto be replacedoy onescombinedfrom the ne

cells. After thecorrection statevectorvaluesfrom the ne level patchareusedto replace
thecoarsecell valueghatlie directlyunderneatlgdarkgrey) in aprocessalledrestriction.

applied. Examplesof boundaryconditionsare: in o w, out ow, re ective, periodic, or
hydrostaticconditions. Ghostcells thatlie at a boundarybetweensub-domainghat are
ondifferentprocessorare lled throughinter-processocommunicatiorprocedures.

Flux correction

After all ghostcellsare lled, the uid o w solveris calledfor eachpatch. For a nite-
volumescheme,ux esacros<sell facesarecalculatecandusedto updatethe statevector
in eachcell (Section2.3). Sucha schemds conserative by construction:.whatis added
to onecell mustbe taken from anothey andonly at ne-coarseboundariesa correction
needdo beapplied(seeFigure2.6).

At theseboundariesthe ux atthe coarseevel is replacedby the sumof the ux es
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Figure2.7: 2D exampleof re nementasemployed by Paramesh(left). Eachpatchcon-
sistsof 4x4 cells. Thecorrespondinguad-trealatastructureis shavn ontheright, where
eachdotindicatesa singlepatch.

from the ne level. Whenthe ux correctionstephas nished, all statevectorscanbe
updated. To retain a consistentsolution throughoutthe completeAMR hierarchy all
levelsneedto restricttheir solutionsto the coarsettevel belown (Figure?2.6).

2.2.3 AMR in Flash: Paramesh

In this sectionwe give somedetailsof the AMR packageParamesh(MacNeiceet al.
2000), asimplementedn the Flash code. We describethe differencesof approachto
AMR with theoneby Berger& Oliger (1984).

Insteadof usingrectangulapatcheshatmayhave arbitrarysizes Parameshemploys
patcheghatall have the samedimensions Re nementis implementedy subdviding a
patch(cf. Figure2.7),wheretheconnectity betweerpatchess storedin atree-typedata
structure(quad-treen 2D, oct-treein 3D).

Thereareanumberof advantageso thisapproachFirst,thereis no needfor a pattern
recognitionstep,sincecells areclusterednto patchedy default. Secondsincepatches
from differentre nementlevelsfully overlap,the proceduresf prolongationandrestric-
tion are particularly easyto implement. Furthermore domaindecompositiorandload
balancingbecomes straightforvardprocess.

Therearealsoa few dravbacks. Sinceeachpatchneedsa layer of ghostcells, and
since, for a typical simulation, a large numberof patchesis needed,Parameshhasa
largermemoryoverheadhantheapproactof Berger& Oliger (1984). Thislargenumber
of ghostcells also resultsin more time spentin communicatingtheir valuesbetween
processonodes.

Besidege nementin spacetheapproachof Bemger& Oliger (1984)alsoimplements
re nementin time. In Flash however, no re nementin time is applied. Instead,each
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level is integratedwith the samesmalltime step,dictatedby the Courantconditionon the
nest level. Naively, onemay expectthis to impair the performancef the methodsince
moretime stepsaretaken on the coarsetevelsthanarestrictly needed.However, since
thebulk of thecellsis locatedatthe nest level, thisis wheremostof thecomputingtime
is spent,sousinga singlesmalltime stepat all levels doesnot have a seriousmpacton
the overall performancef the calculation(seeDursi & Zingale2004,for anassessment
of thisissue).
As are nementcriterion, Flashusesa modi ed secondderiative (seeLdhner1987;

Flash User's GuideV2.5). This criterionemploys a smallconstanto be setby the user
which preventsre nementwhensmallripplesoccurin the o w.

2.3 Hydrodynamics

Many numericalmethodgor solving Euler's equationsof compressiblgasdynamicsx-
ist. In astrophysicabpplicationssteepgradients strongshocks,and contactdiscontinu-
ities oftenoccur soalgorithmsthatcanaccuratelydealwith thesgphenomenareof great
interest. For an extensve overview of the differentmethodswe refer the readerto the
textbooksby Laney (1998)andLeveque(2002).

Onepatrticularlysuccessfutlassof solvers,introducedby Godunw (1959),consid-
erstheinteractionbetweentwo adjacentomputationatellsasa Riemanrnproblem.This
approachastheadvantagehatshocksandcontactdiscontinuitiesarecapturecautomat-
ically. The constantveragestatein thecellssenesasinitial conditions,and ux esatthe
interfaceareobtainedusingan (approximateyolutionto the Riemannproblem.

Whenthevalueof the statein a cell is takento be the averageof thetruedistribution,
andwhen ux esacros<ell boundariesreusedto updatethe cells,onespeak®f a nite
volumemethod.Suchanapproactasthe importantpropertythatit explicitly conseres
massmomentumandeneqgy.

Secondorderextensiongo Goduna's rst ordermethodweredevelopedby several
authors(e.g.VanLeer 1979;Colella & Woodward 1984; Roe 1986),andthe following
sectiongivesatersedescriptionof oneof them.

2.3.1 The piecewise-paraboliomethod

For the purposeof completenesghis sectionbrie y recapitulateshedirectEulerianver-
sion of the piecavise-parabolianethod(PPM) asimplementedn Flash PPMwasused
for all 3D AMR simulationspresentedn this thesis. For mathematicatletailsone may
consultthe original papersby Colella& Woodward (1984)andColella & Glaz (1985),
andthedescriptiongivenin Fryxell etal. (2000)or the FlashUser's Guide(V2.5).

PPM solvesEuler's equationsn two steps.First, the value of the averagestatein a
cell is approximatedy a properlyconstrainegbarabolicfunction. In asecondstep,these
parabolaeareusedto constructheinitial statesor a Riemannproblem,which is solved
usinganiteratve method.

In the rst step,valuesfor the primitive variablesat the interfacebetweencomputa-
tional cellsareobtainedoy higherorderinterpolationof the averagestatein thecells. To
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this end,a cubicalpolynomialis chosensuchthat, whenintegratedover spacejt repro-
ducesthe averagestatein the cells. Using a slopelimiter, a resultinginterfacevalueis
restrictedo lie betweenthe averagevaluesof its neighboringcells. Theinterfacevalues
thusobtainedtogethemwith the averagestatein the cell, areusedto constructa parabola
which is also constrainedo have the averagevalue when integratedover the cell. A
specialalgorithmto detectcontactdiscontinuitiess usedto steeperthe massiensitypro-
le by applyingthe sameslopelimiter just mentionedwhereasa attening procedurds
usedin regionsnearshocksto preventoscillationsfrom developingin the o w. Also, a
monotonicityconstraintis appliedto ensurethat the parabolaonly acquiresvaluesthat
lie betweerthe correspondingnterfacestates.It is this constrainthatintroducegumps
betweennterfacevaluesof thedifferentparabolaegiving the methodits name.

Oncetheparaboliadistribution of the stateis known, it is usedto derive theinitial con-
ditionsfor the Riemannproblem.Characteristicaretracedbackin time from thecell in-
terfacesothatthe propercontribution by eachwave family to the statecanbedetermined.
Thesolutionto the Riemannproblem,for which therarefactionfanis approximatedy a
linearinterpolationbetweerthe headandthetail of this wave, is obtainedusinga secant
iterationscheme.

In spite of the attening procedurementionedabove, a small amountof additional,
multidimensionaldissipationneedsto be appliedin shocks. Apart from reducingpost-
shockoscillationsthis hastheadditionaladvantageof providing aweakcouplingbetween
cellsin differentcoordinatedirections.

2.4 Radiative processes

To properlymodelthe dynamicalevolution of PlanetaryNekulae,thein uence of radia-
tive processeshouldbe taken into account. This meansthat the effects of photo-and
collisionalionization,photoheatingandradiative cooling needto be calculated By trac-
ing rays from the stellar sourceto eachcell in the computationaldomain, the column
densityN (r ) atpositionr is obtained.The opticaldepthis thengivenby

(ry=a MH)N(r); (2.2)

with a (HI) thefrequeng dependenthydrogerabsorptiorcrosssectionwhichhasafunc-
tionalform

a=a, (=0 °+@ )=9°'; > o (2.2)

wherea , = 6:3 10 8cn?, = 1:34, ands = 2:99 (Osterbrockl989). A method
for tracingraysthrougha domaindecompose&MR hierarchyof patchess presentedn
Chapter3.

Oncetheopticaldepthupto eachcell faceis known, theionizationfractionsandtem-
peraturecanbe computed For thiswe usea simpli ed versionof the Doric routines(see
Mellema & Lundqvist2002; Frank & Mellema1994a). In the following sections,we
summarizeéheway in which theseroutinescalculatetheionization,heating,andcooling
rates(for moredetailsreferto Frank& Mellemal1994a).Althoughthe Doric packages
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capableof handlinga large numberof speciegH, He, C, N, O, andNe), we usehydro-
genasthe only gascomponenin orderto keepthe compleity of our simulationsto a
minimum,andwe will thereforedescribgustthis case.

2.4.1 lonization

Theionizationfractionsof hydrogenaregivenby

x(HI) = r;]((';')); x(HI1) = an(Hrlol); (2.3)
with
n(H) = n(HI) + n(HII) (2.4)
thetotal hydrogemumberdensity The electronnumberdensityfollows from
Ne = n(HI1) + n(C); (2.5)

wherethe numberdensityof carbonis includedto preventthe possibility of n = 0 by
assuminghatcarbonis alwaysatleastsinglyionizeddueto a background=UV eld.
For hydrogen,the numberof photoionizationger secondis given by (Osterbrock

1989) Zy,

Ap = h—a (HDh d ; (2.6)

0
with J the local meanintensity of the radiation eld and , the hydrogenionization
thresholdfrequeng.
The numberof collisionalionizationsperseconds calculatedusing

Ac = AC(HI)nep T exp( | (HI)=KT) (2.7)

with A¢(HI) = 5:84 10 cmPK 72, andl (HI) thehydrogerionizationpotential(Cox
1970).
For the on-the-spotapproximation the radiatve recombinatiorrateis given by (cf.
Osterbrock1989)
T 0:7
B = B(104K) 10 ; (2.8)
with g(10°K) = 259 10 ¥cm?s . Thetemperaturés determinedrom thepressure

using

p= (n(H) + n)KT: (2.9)
Therateequationfor the hydrogenionizationfractionis givenby
HID _HyA  xHIDNG 6 (2.10)

dt

with A = A,+ A thetotalnumberof photo-andcollisionalionizationspersecondWhen
oneassumeshatthe electrondensityis constantan analyticsolutionfor x(HI ) canbe
found, anditeratingfor ng givesthetime dependensolution(Schmidt-\6igt & Koppen
1987). SinceA; and g arebothtemperaturaependentthe changen temperaturelue
to heatingandcoolingneedgo berecalculatedor eachiterationstepaswell.
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2.4.2 Heating and cooling
The photoionizatiorheatingrateis givenby

4
s=nt) 2 La@nh o (2.11)

0

andfor the cooling ratewe usea collisional equilibrium cooling curve from Dalgarno&
McCray (1972) (more generalcomposition-dependemion-equilibriumcooling is avail-
ablein the Doric package)For calculatingthelocal meanintensityof the radiation eld
we usea blackbodyspectrumsowe have

Rs 22 h 3

43@)y= s £ N7
(r) iri expEr) 1

exp(  (r)): (2.12)

Here, Rs is the radius,and Ts is the effective temperatureof the source. The optical

depth at positionr follows from equation(2.1). Sinceevaluatingthe integrals for

the photoionizationand heatingrate [equationg2.6) and (2.11)] is too time consuming
to performfor every valueof , they arestoredin look-up tablesfor a rangeof optical

depthsandinterpolatedvhenneeded.

2.4.3 Coupling radiation and hydrodynamics

The hydrodynamicsandradiationcalculationsarecoupledthroughoperatorsplitting. To
avoid having to take time stepsthatarethe minimum of the hydrodynamicsionization,
andheating/coolingime scaleswe usethefactthatthe equationdor theionizationand
heating/coolingcanbeiteratedto corvergence Sincetheseareso called stiff' equations
(e.g.Pressetal. 1992),we useaspecialiterationschemegFrank& Mellemal994a).This
meanghatthe only restrictionon the time stepcomesfrom the hydrodynamicgi.e. the
Courantcondition). SeeFrank& Mellema(1994a)for an assessmerdf the validity of
thisapproach.

2.5 Extending Flash

Usinga publicly availablecoderequiresa speci ¢ approachespeciallywhenextensions
are addedto it. Thoroughtestsshouldbe performed,sincethe initial conditionsone
usesareoftendifferentfrom the onesthe codewasvalidatedfor. As with any code,one
shouldcomparehenumericalresultsto known analyticalsolutions.If thisis notpossible
oneneedso comparethe resultsto onesobtainedwith anothey similar numericalcode,
examplesof which aregivenin Sections.6and6.6.3.

Thepotentialbene tsof usinga publicly availablecodewill only payoff if extensions
canbeimplementedn a simplefashion.In the caseof Flashthisis particularlystraight-
forwardsinceit is well documente@ndhasahighly modulardesign(seetheFlashUser's
GuideV2.5). It implementsan interfacethatfacilitatesthe communicatiorbetweenthe
differentmodulesby accessinglobalvariableghroughspecialpurposedatabasealls. It
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alsopresentghe userwith a simplemechanisnfor introducingnew globalvariablesand
runtimeparameterst pre-compiletime, which aremadeavailablein the codeby special
sourcecodegeneratingscripts. Thesesetupscriptsalsocollectfor compilationonly those
modulesthatarerequiredby theuserfor aspeci ¢ run.

To compileFlashtwo additionallibrariesneedo beinstalled:onethatimplementghe
input/outputof data les, andonethat handlesthe communicatiorbetweenprocessors.
For the (parallel)i/o, onecanchosebetweeneitherHDF5' or netCDF. Inter-processor
communicatiors implementedisingthe MessagéPassinginterface (MPI).

2.6 Public codes

This sectionlists some AMR hydrodynamicscodesthat are currently publicly avail-
able.All thesecodesarethree-dimensionaparallelizedandimplementblock-structured
AMR:

AMROC! is a C++ AMR implementatiorbasedon DAGH®. AMROC usesthe F77
packageCLAWPACK® to solvethe uid equations.

Chombd is a C++ packagehatprovidesaninfrastructureor AMR calculations.

Enzd combinesAMR with anN-bodyalgorithm. It is writtenin F90andaimedat
cosmologicabpplications.

Flash’ is aF90generapurposeAMR codedevelopedfor simulatingthermonuclear
explosionsin compactstars.FlashusesParamesh? asits AMR library.

The\ersatileAdvectiorCode?! (VAC) is aF90packageaamgetedat multi-dimensional
magneto uidsimulationspf whichanAMR versionfor Cartesiargridsis available.

http://hdf.ncsa.uiuc.edu/HDF5/
2http://www.unidata.ucar.edu/software/n etcdf /
Shttp://mwww-  unix.mcs.anl.gov/mpi/
“http://amroc.sourceforge.net/

Shitp://www.caip.rutgers.edu/ parashar/DAGH/
Shttp://www.amath.washington.edu/ claw/
"http://seesar.lbl.gov/anag/chombo/
8http://cosmos.ucsd.edu/enzo/

Shttp://flash.uchicago.edu/
Onttp://ct.gsfc.nasa.gov/iparamesh/Users _manual/amr.html
Uhttp:/lwww.phys.uu.nl/ toth/






CHAPTER 3
Hybrid Characteristics

We have developeda three-dimensionaladiative transfermethoddesignedspeci cally
for usewith paralleladaptve meshre nement hydrodynamicscodes. This new algo-
rithm, which we call hybrid characteristicsintroducesa novel form of ray tracingthat
canneitherbe classi ed aslong, nor as shortcharacteristicshut which appliesthe un-
derlying principles,i.e. ef cient executionthroughinterpolationandparallelizability of
both. We presenta detaileddescriptionof the differentcomponentgonstitutingthe new
algorithm,with afocuson ray tracing,datainterpolation,andthe amountandpatternof
communicationWe alsoprovide a brief comparisorbetweerour methodandtwo other
recentlyproposedalgorithms thatsharesomefeatureswith ours.

Primaryapplicationf thehybridcharacteristicenethodareradiationhydrodynamics
problemsthat take into accountthe effects of photoionizationand heatingdueto point
source®f radiation. The methodis implementednto the hydrodynamicpackagd-lash
The ionization, heating,and cooling processesre modeledusing the Doric ionization
packagelUponcomparisorwith thelong characteristicenethodwe nd thatourmethod
calculateghe columndensitywith asimilarly highaccurag andproducesharpandwell
de ned shadevs. We demonstratéhe quality of the new algorithmin an application
to the photoeraporationof multiple overdenseclumps. We show that the interaction
of the photoeraporation o ws producedby theseclumpsresultsin the creationof an
optically thick region betweerthem. This structuremay explaintheappearancef binary
proplydsobsenedin HIl regionslike NGC 3603andthe Orion Nehula, andthe excess
emissionobsened in betweensomecometaryknotsin for examplethe Helix nehula.
This additionalstructureis alsoresponsiblgor the emegenceof extra shadavs which
becomeapparentvhenthehigh densityinteractionzonecools,recombinesandbecomes
optically thick. Theseshadevs mayin uence the evolution andsurvival time of clumps
thatlie fartheraway from thesource.

Thetestproblemsdemonstrat¢he feasibility of our methodfor performinghighres-
olution three-dimensionaladiationhydrodynamicsalculationsthat spana large range
of scales. Initial performanceestsshav that the ray tracing part of our methodtakes
lesstime to executethanother partsof the calculation(e.g. hydrodynamicsand adap-
tive meshre nement), andthat a high degreeof efciency is obtainedin parallel exe-
cution. Althoughthe hybrid characteristicenethodis developedfor problemsinvolving
photoionizationdueto point sourcesthe algorithmcanbe easilyadaptedo the caseof
moregenerakadiation elds.

E.-J.Rijkhorst,T. Pleva,A. Dubey, andG. Mellema
Submittedto Astronomy& Astrophysics
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3.1 Intr oduction

Currentmulti-dimensionaparalleladaptve meshre nement(AMR, seeBemer& Oliger
(1984); Berger & Colella (1989)) hydrodynamicsodes,include more and more phys-
ical processedike (self-) gravity, nuclearburning, and compositiondependenequa-
tions of state. Furthermore,a wealth of different solvers for relativistic or magneto-
hydrodynamicshave becomeavailable. Thesecodesarein generalimplementedasa
modularframework, facilitating a ratherstraightforward inclusion of new physicsmod-
ules,andare oftendistributedfreely for scienti ¢ use(Fryxell etal. 2000;O'Sheaet al.
2004;Norman2000).

Sinceastrophysicahpplicationsaremary timesdominatedy radiatve processest is
highly desirablehatradiative transferin someform is includedinto thesecodes.Efforts
to solve the full equationsof radiatve transfer(using the Eddingtontensorformalism
in combinationwith shortcharacteristicsseeStoneet al. 1992), or in the ux-limited
diffusionapproximationTurner& Stone2001;Whitehousek Bate2004),togethemwith
the hydrodynamicdhave beenmade,but it remainsa comple taskto createa parallel
algorithmwhich combinesradiative transferand hydrodynamicdor multi-dimensional
calculationghatrunsef ciently ontodaysmulti-processosupercomputer&.g.Hayes&
Norman2003).

For mary astrophysicahpplicationshowever, it is not necessaryo solve the full set
of radiatve transferequations;for thesespeci c casest is sufcient to just determine
the optical depthdue to absorptionalong a line of sight from the sourceto a certain
locationin the computationadomain. For the purposeof our applicationof ionization
calculationsthe opticaldepthis usedto determinehe photoionizatiorandheatingrates.
Whenthisis combinedwith detailedcalculationsof radiatve cooling, mary applications
comewithin reach suchastheevolution of planetarynelulae(Frank& Mellemal1994a),
photoezaporationof cosmologicamini-haloegShapiroet al. 2004),photoeraporationof
cometaryknots(Lim & Mellema2003),theevolution of proplyds(e.g.Richling & Yorke
2000),or evensimpli ed scenario®f explosionsof massve stargJanka& Mueller 1996),
to namejust a few.

In creatinga methodthatcombinegadiative transferandhydrodynamicspnein gen-
eral startswith an existing hydrodynamicscode and addsthe necessaryadiationpro-
cessedo it (e.g.Mellemaetal. 1998; Turner& Stone2001;WhitehouseX Bate 2004;
Heinemanretal. 2005;Liebendrferetal. 2005).In this chaptemwe describeheaddition
of anew radiative transferalgorithm,which we call hybrid characteristics to the parallel
3D AMR hydrodynamicgpackage-lash (Fryxell etal. 2000).

Most of the radiatve transfermethodsthat were successfullicombinedwith extant
hydrodynamicsodesapply someform of ray tracingto nd the optical depthat each
locationin thecomputationatlomain.Apartfrom raytracingonecouldalsousestatistical
methodgo nd the solutionto theradiative transferequationge.g.Maselli et al. 2003).
Yet anotherapproactcouldbe the useof FouriertransformgCen2002),or unstructured
grids(Ritzereld etal. 2004),to determingheradiation eld.

For a one-dimensionalhon-AMR, serialcode,ray tracingbecomes ratherstraight-
forward procedurevhich requiredittle secondhought.Equivalently, the caseof a plane
parallelradiation eld on a Cartesiangrid, or a single point-sourceat the centreof a
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sphericallysymmetricgrid, for which all raysrun parallelto a coordinateaxis, canbe
handledquite easily Althoughthiskind of implementatiorcanreadily be usedto studya
numberof interestingastrophysicabhenomenait is still highly desirableto have a code
thatcantreatthe moregeneralkaseof a point sourceof ionizing radiationon a 3D Carte-
siandomain. Suchmoregeneraimethodswerefor exampleimplementedoy Ragaet al.

(2000a);Richling & Yorke (2000);Lim & Mellema(2003),but noneof thesemethods
wasexplicitly parallelizedfor distributedmemorymachineghough.

Theaim of thiswork is to createa characteristics-baseddiatve transfermethodthat
canhandlemultiple sourcesof ionizing radiationin AMR enabledsimulationsto berun
ondistributedmemoryparallelmachinesFor this, aradicalrethink of the conceptof ray
tracingis necessarysince for thistypeof parallelAMR codesthecomputationatiomain
is notonly sub-dvidedinto a hierarchyof patchesput is alsodistributedover a number
of processorsThe rst choiceonethereforehasto make is which avour of ray tracing
onewantsto apply: eitherlong or shortcharacteristics Sincethesetwo methodshave
ratherdifferent propertieswhenit comesto ef ciency and parallelizability this choice
will determinghesucces®f the nal algorithm.

We areawareof anumberof othermethodshatusesomeform of adaptvity to solve
theradiatve transferequationsAbel & Wandelt(2002)designedh methodwheretheray
itself is adaptvely split into sub-raysput the underlyinggrid is still regular. Steinacler
etal. (2002)employedsecondorder nite differencingof thefull radiatve transferequa-
tionsonanoct-treeAMR grid, and,morerecently Juwela& Padoan2005)implementedh
ray tracingmethodfor cell-basedAMR. Jesseetal. (1998)presented radiatve transfer
methodfor patch-basedMR thatusesthe discreteordinatesapproach.However, none
of thesemethodgesultedn parallelalgorithmsusedin applicationgn which radiationis
coupledto hydrodynamics.

Effortsto createa parallel,two-dimensionalradiationhydrodynamicgodewerepre-
sentedby Hayes& Norman(2003),and, morerecently a three-dimensionaiethodby
Heinemanretal. (2005),whodevelopedaraytracingalgorithmfor decomposedomains.
However, noneof thesetwo methodusesAMR.

Our presentatiofeginswith Section3.2in which we describeour new method.This
methodcan not be classi ed as either short or long characteristicsbut doeshave the
desiredpropertiesnamelyhigh paralleland computationakf ciency, of its two prede-
cessors.We also compareour methodto two recentoneswhich sharesimilar features
with ours. Supplementabhysicscomponentsequiredby our primarytarget application
(gasionization,heating,andcooling) arepresentedn Section3.3, wherewe give a brief
descriptiorof theDoric routines(Mellema& Lundqvist2002,andreferencesherein).In
Section3.4we rst compareheaccurag with which our methodcalculatesolumnden-
sitiesto resultsobtainedwith a standardong characteristicapproach.Thenwe present
a pureradiationtransportproblemaimedat testingthe accurag of the ionization state
calculationsandshadev casting.This is followed by a coupledradiationhydrodynamics
calculationof photoevaporationo w. Section3.5 presentsomeinitial performancee-
sults. Discussionof possibleextensionsandfuture applicationsor our methodtogether
with the conclusionsaregivenin Section3.6.
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3.2 Characteristics basedradiati ve transfer

Whencalculatingthe effectsof ionizing radiationdueto a pointsourcetheradiation eld
is oftendominatedoy this source andonecansafelyignorecontribtutionsto theradiation
eld dueto the ambientgas. This meansthatthe radiatve transferequationsassumea
particularly simple form, sincewe cantake the total emissioncoefcient (andthereby
the sourcefunction) to be equalto zero. Furthermorewhenwe alsoignorethe effects
of scatteringthe solutionto theradiative transferequationdor the speci c intensityl at
locationr is givenby

I(r)=10)exp( (r)); (3.1)
andonly depend®ntheopticaldepth , whichis de ned by

(r)=aoN(r); (3.2)

with ag theabsorptiorcrosssectionandN thecolumndensityatr .

Oncethe optical depthis known at every locationin the computationalomain,one
canuseit to nd theionization, heating,andcooling rates,and calculatethe ionization
stateandtemperaturef thegas.Since for nite-v olumehydrodynamicgodesthecom-
putationaldomainis discretizednto cells,the opticaldepth,or, equialently, the column
densityfor a certaincell, is found by addingthe contributionsfrom all cellsthatlie be-
tweenthe sourceandthe destinationcell underconsideration.This canbe achieved by
castinga ray, or long characteristic from the sourceto the cell, accumulatingcontri-
butions to the total column densityalongthe way. In caseof an AMR hierarchy the
algorithm rst needsto identify the patchesand cells containedwithin the patcheghat
aretraversedby the ray, andthen calculatetheir local contributionsto the total column
density

Although the methodof long characteristicss very accurateijt is alsoratherinef -
cient,since thecloseracellis to thesourcethemorerayscutthrough(approximately}he
samepartof thecell, introducingalot of redundantalculationgseeFigure3.1a).A way
to eliminatethisredundang is to usethe socalledmethodof shortcharacteristics Here,
thetotal columndensityfor a certaincell is calculatedby interpolatingupwind valuesof
columndensitycalculatedn a previousstep,therebycreatingsomediffusion,but remov-
ing the redundantalculationsnherentin the long characteristicsnethod(Figure 3.1b).
For this to work, the appropriatanformationfrom upwind cells needso be availableat
all times,which meansoneneedgo sweepthe numericalgrid outwardsfrom the source.
This necessityf having to traversethegrid in a certainordermakesthis methodintrinsi-
cally serial,sincevaluesof columndensityin cellsnow dependn oneanother Thelong
characteristicenethoddoesnot suffer from this restriction,becausderecontributionsto
thetotal columndensityfrom cellscutby aray donotdependn columndensitiesn other
cells. Thereforethelong characteristicenethodis fully parallelizablesincecalculations
of contributionsto the columndensityalongeachray canbe performedindependently
For our methodwe combinethe desirablequalitiesof boththeseapproachesheideaof
interpolationis adoptedfrom the short characteristicsnethod,while parallelismis ob-
tainedfollowing principlesof thelong characteristicsnethod.
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Figure 3.1: Comparingthe long (a) and short(b) characteristicsnethod. For the long

characteristicenethod the closeronegetsto the source the morerayspassthrough(ap-

proximately)thesamepartof acell, resultingin alargenumberof redundantalculations.
Theshortcharacteristicenethoddoesnot suffer from this, sinceherecolumndensitiesare
interpolatedrom cellsthathave beendealtwith previously, soonly the contributionsto

the columndensityof the shortray sectionsthat passfrom cell to cell needto be com-
puted.

In what follows, we startwith a generaldescriptionof the algorithmusedto trace
rayson AMR hierarchies.We explain how the long characteristicenethodis exploited
to malke this a parallelalgorithm,and wherethe interpolationcomesin to increasethe
ef ciency of the calculation.

Althoughour algorithmis designedor threedimensionsmary featuresof its imple-
mentationcanbe explainedusingtwo-dimensionahnaloguesWheneer the generaliza-
tion from two to threedimensionis non-trivial, we will supplythefull, three-dimensional,
description.Sincethe algorithmis naturally subdvidedinto a numberof stepswe will
expandon theseseparately

3.2.1 Thedistrib uted computational domain

Considermcomputationatlomainthatis distributedoverN, processorgfor atwo-dimensional
example,seeFigure 3.2). Raysare tracedover thesedifferent sub-domainsand must
thereforebe split up into independentay sections Naturally, thesesectionsarein the
rst placede ned by the boundarieof eachprocessos sub-domainandin the second
placeby the boundarie®f the patchesontainedwithin thatsub-domain.
So rst eachprocessocalculatedor all thepatchest ownsthelocal columndensities
N . Thesdocal contritutionsarefoundby tracingray sectionghatoriginateatthepatch
faceghatarelocatedclosesto thesource andthatterminateatthecentref thecells(see
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processor0 processorl

Figure3.2: Two-dimensionaéxampleof anAMR hierarchydistributedovertwo different
processorsHere,eachpatchcontainsd 4 cells.

Figure3.3). Since nding thesecontributionsis alocal processthis partof thealgorithm
is fully parallel,and can be implementedusing eitherthe shortor long characteristics
method. Detailson how the ray tracingfor individual patcheds implementedaregiven
in Section3.2.2.Note howeverthat,beforeeachprocessocancalculatets N, it needs
to know the physicallocationof thesource sothis informationis madeavailable rst.
Sincein generalraystraversemore thanone processodomain,exchangeof infor-
mationhasto take placeat somepointin the algorithm. After this communicatiorstep
has nished, eachprocessoshouldhave availableall contributionsof columndensityto
the raysthat terminatein its domain. By interpolatingand accumulatingall thesecon-
tributionsfor all rays,one ultimately obtainsthe total columndensityfor eachcell (see
Section3.2.3for a more elaboratedescriptionof the communicatiorpatternsinvolved).
Detailson the procedureappliedto nd the patchescut by aray, andthe way in which
their contritutionsto the total columndensityare subsequentlgalculated are givenin
Section3.2.3andSection3.2.3,respectrely.

3.2.2 Raytracing asinglepatch

In this sectionwe will explain how the contribution to the total columndensityalonga
local ray sectionin a singlepatchcanbe calculatedseeFigure 3.3 andFigure3.7). As
explainedabove, eachpatchcanbedealtwith independentlywhich makesthis partof the
calculationfully parallel.
Thelocal columndensitycontributionsarecalculatedrom
X
N = X(HHn(H) s; (3.3)

cells
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Figure3.3: Two-dimensionakxampleof ray sectiondor a singlepatch.Local contritu-
tionsto the columndensityareindicatedby ray sectionghatterminateat cell centreqa),
whereascontributionsthat are to be communicatedetweenprocessorsand are subse-
guentlyusedin aninterpolationstep,terminateat cell cornerqdb). Thesourcdies outside
of the patchin thedirectionof the lower left corner

with x(HI) theionizationfraction of neutralhydrogenn(H) the hydrogennumberden-
sity, and s thephysicalpathlengththroughthecell.

Thesecontributionsarefoundby castingaray sectionfrom the facesof the patchthat
arelocatedclosesto thesourcetowardseachcell centre(seeFigure3.3). Columndensity
contritutionsby the cellsthatlie insidethe patchalongeachsectionarecalculatedusing
the “fastvoxel traversalalgorithm' from Amanatidest. Woo (1987)(for moredetailson
this traversalmethod,seeApp. 3.A). Besidegay sectionghatterminateat cell centres,
we alsoneedto calculatethe columndensitycontribution for ray sectionghatleadto cell
corners locatedat thosepatchfacesthat are farthestaway from the source(seeFigure
3.3). Thesearethe contritbutionsto the columndensitythat needto be communicated
(Section3.2.3),andinterpolated Section3.2.3)in subsequendtepsof thealgorithm.

Calculatingtheseray sectionsis similar to the methodof long characteristicsbut
sincethe numberof cells per patchis low relative to the effective resolutionof the full
computationablomain,this actuallydoesnot impair the performanceof the methodtoo
much(seeSection3.5for ananalyticalcomparisorof our methodwith theshortandlong
characteristicenefor aregulargrid).

We also consideredusing shortinsteadof long characteristic$o ray tracea single
patch(seeApp. 3.B for a descriptionof a possibleimplementation) However, although
the shortcharacteristicsnethodexecutespresumablymore ef cient thanthe long char
acteristicoone,the rst requiresinterpolation,whereaghe latter simply addsup column
densitycontributionsby individual cells. Whenthe numberof cells that needto betra-
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versedis relatively small, asis the casewhenray tracingthe single patchestheseextra
calculationamay renderthe shortcharacteristicenethodevenlessef cient thanthelong
characteristicene. Furthermorethe interpolationintroducesundesirabldiffusion. We
thereforedecidedto implementthe more accurateand straightforvard ray tracing ap-
proachof Amanatides Woo (1987).

3.2.3 Hybrid Characteristics

As was mentionedabove, in AMR hydrodynamicscodes,eachprocessoiowns a sub-
domainof thecomputationalolumewhichis coveredby a collectionof patchesIn order
to obtainthetotal columndensityfor a certainray thattraverseshesesub-domainsindi-
viduallocal contributionsby the patcheseedto be accumulatedThis canbeinterpreted
asapplyingthe methodof long characteristicsin this casenot to add up contritutions
from individual cells, but insteadto add up contritutions from individual patches. So
hereour algorithmdoesagainmake useof long characteristicdut now at the level of
patches.

Sinceeachprocessoknows the directionof its raysandthe co-ordinatesvherethey
terminatejt can nd the patchesutby theseraysandperformtherequiredcalculations.
For certain a voursof AMR, patchesrom differentre nementlevelsmay partially over-
lap. In suchcasespnewould have to make surethatonly partsof thepatcheshatcontain
valid data(i.e., the datafrom regionsresoled to the highestresolution)are considered
in the calculationof the columndensity Oneway to eliminatethe overlapis to apply a
procedurecalled grid homogenization'asdescribedy Kreylos etal. (2002).

For theoct-treetypeof AMR implementedn Flash, patchegrom differentre nement
levels do not overlap. Patchesare eitherfully coveredby still morere ned patchesor
otherwisecontainvalid data (the latter are the so-called’leaf patches'in terminology
of Flash). Therefore,a simple checkto seeif a patchis a 'leaf patch'is sufcient to
determinenhetheror notit shouldcontributeto thetotal columndensityalongtheray.

Oncethelist of patchedraversedby arayis known, we loop throughit, anddetermine
thelocal columndensitycontributedby eachpatchto thetotal columndensityfor theray.
Unlessthe ray terminatesn the patchunderconsiderationijt will in generalnot exit a
patchexactly atacell corner This meanghatwe needto interpolatethevaluesof column
densitycontritution N, obtainedearlier (usingeitherthe shortor long characteristics
methodasdescribedn Section3.2.2)atthatfaceof the patchwheretheray leavesit.

We would like to emphasizehat, althoughour methodmakesuseof someform of
long characteristicspowhee in the algorithmis a ray tracedon a cell-by-cell basisover
the full computationatlomain. To the contrary ray sectionsaretracedthroughthe cells
of eachpatchandit is thesdocal contritutionswhich arecombinedhroughinterpolation
by performinganotherray trace,thistime not over cellsbut over patchesasdescribedn
Section3.2.3.Thisis why we call our algorithmhybrid characteristics

Below, we rst explainhow thelocal columndensitycontritutions N, obtainedwith
oneof the methoddrom Section3.2.2,arecommunicatedetweerprocessorsThenwe
describehow thelist of patchedraversedby arayis constructedafterwhichwe shav the
way in whichthislist is usedto calculatethe contrikbutionsto thetotal columndensityN .
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Communicating local column density contributions

Since for aparallelAMR hydrodynamicgode thepatchesredistributedoveranumber
of processorscommunicationbetweenprocessorss inevitable at certainpointsin the
algorithm. In particular as soonasthe local contributionsto the columndensityhave
beencalculatedSection3.2.2),valuesof these N locatedatpatchfaceghatarefarthest
away from the sourcearecommunicatedetweerprocessorsin this way, eachprocessor
hasthe informationregardingthe facevaluesof local columndensityfrom all patches
in existence(i.e. the so called gather'operationis used).Apart from thesefacevalues,
all processorslso needinformation aboutthe location and size of eachpatchandits
re nementlevel in orderto determinedf a particularray cutsa patch.Thisinformationis
communicatedisingthe "gather'operationaswell.

The sizeof the messaget be communicate@ndthe memoryneededor storageof
thisinformationis givenby

Ptot Pmax S ; (3.4)

wherePy, is the total numberof processorspmax is the maximumnumberof patches
in existenceon ary processqgrandS is the requiredstoragespaceper patch. In three
dimensionssS shouldcontainthevaluesof N from thethreepatchfacedocatedfarthest
away from the source,aswell asthe location,size,andre nementlevel information of
eachpatch.

For aninitial testof the performanceof the algorithmasa whole,andof its commu-
nicationpatternsgn particular seeSection3.5.

Constructing the list of patchescut by a ray

A straightforvardapproacho constructinghelist of patchedraversedoy aray would be
to simply checkfor all patchesvhetheror notthey arecutby theray underconsideration.
Sincethiswould have to be donefor all rays,andsincethereareasmary raysasthereare
cells, this approachguickly becomesgprohibitively slow. We thereforedevelopeda new,
moreelaborateput muchfastermethodto nd thelist of patchesut by aray.

First, eachprocessocreatesa socalled patch-mappingwhich consistf aninteger
arrayrepresentinghe full computationalomainthatstorestheid (i.e. a uniqueinteger
identi er) of all patchesontainingvalid data.In Figure3.4we shav anexampleof such
amapping.Thesdocal patch-mappingrraysthenneedto be communicate@ndmerged
(usinga socalled reduce'communicatioroperation)afterwhich eachprocessohasthe
sameglobalpatch-mappingorrespondingo the full computationatiomain.

In orderto discernpatcheshatareondifferentprocessorsve usethefollowing coding
for the globalpatchid:

Pc = P. + P Pmax ; (3.5)
with pg theglobalpatchid, p. thelocal patchid, andP theprocessord.

We thentracetheray, againusingthe “fastvoxel traversalalgorithm' (Amanatides&
Woo (1987),seeApp. 3.A), but now to tracethroughthe global patcdh-mappingarray.
This resultsin thelist of patchescut by the ray, which is usedto accumulateheir local
contritutions, which were alreadycommunicatecearlier to arrive at the total column
density(asdescribedn Section3.2.3).
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Figure3.4: Two-dimensionakxampleof a "patch-mappingfor a computationalomain
thatis split overtwo differentprocessorsin thetop row thelocalids of thepatcheonthe
differentprocessorareshovn. The mappingof thesepatchids ontothe patch-mapping
arrayis shovn in the middle row. The bottomrow shaws the global patch-mappingfter
the local patch-mappingfave beencommunicated.Tracingthe depictedray resultsin
thepatchlist f 1; 4; 10, 13; 169. The patch-mappingntriesvisited duringtheray tracing
areshavnin grey.
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Figure 3.5: Two-dimensionalllustration of the linear interpolationschemeusedto ac-
cumulatelocal column density contritutions. Showvn are the ray sectionsusedin the
interpolation(seetext for furtherdetails).

Althoughthis approacho ray tracingcanbe a potentialbottle-neckin the algorithm,
oneneedso keBpin mind that the maximumnumberof patch-mappingntriesalonga
ray is givenby =~ 3C=c, with C? the total numberof cellsif the computationabomain
would befully re ned, andc® thenumberof cellsperpatch.

For a typical three-dimensionabct-treetype AMR simulationwith C = 512 and
c= 16,we nd amaximumamountof 55 patch-mappingntriesthatarecutby aray.
Notehoweverthatthisis anupperlimit. Thenumberof entriess drasticallysmallerwhen
thesourceanddestinatiorof therayarenotlocatedat oppositesidesof thedomain(which
will bethecasefor mostrays).Notealsothat,althoughwe haveto tracethroughthepatch-
mappingentries,the actualnumberof patcheghatendsup in thelist is stronglyreduced
dueto the adaptve natureof the discretization.In the examplegivenin Figure 3.4, the
numberof patch-mappingntriesvisited by theray is thirteen,but the numberof patches
thatendupin thelist is only ve. It is this latter numberwhich determineshow mary
interpolationsaareneededvhenaccumulatinghelocal columndensitycontributions.

Accumulating local column density contributions

Now thatwe have thelist of patchedraversedby aray (Section3.2.3)andthe valuesof
local columndensityat the patchfaceslocatedfarthestaway from the sourcehave been
madeavailableto all processorgSection3.2.3),we canproceedandcalculatethe local
contritutionsto thetotal columndensitythroughinterpolation.

The calculationsthat needto be performedfor a ray r traversinga patchp canbe
brokenupinto thefollowing steps(two-dimensionatase seeFigure3.5):

1 Findthelocatione wherer exits p.
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2 Usethisto nd thetwo cell cornersc; andc, thatareclosestto e andstoretheir
correspondindpcal columndensitycontritutions N; and No.

3 Calculatethe geometricapathlengthsof the ray sectionsthatterminatein c,, ¢,
ande, anddenotetheseby |4, |5, andle, respectiely.

4 Usethesepathlengthsto calculatethefollowing normalizednterpolationweights:
wy = jla lef=(la+ 12); we = jli lej=(I + 12) : (3.6)
5 Calculateghedesiredvalueof local columndensityate throughlinearinterpolation:

Ne=w; Ni+w, Nj: (3.7)

After all N, for eachpatchin thelist of patchesutby r arecalculatedye simply need
to sumthemto arrive atthetotal columndensityfor r:
X
N(r)= Ne(p) [p2 list(r)]: (3.8)
p

Theinterpolationweightsgivenabore wereconstructedisingthe conditions
Wyli+wolo =g and wy + w, = 1; (3.9

which, for the caseof a homogeneousdensitydistribution, resultsin the exact solution
for the columndensity(i.e., apartfrom a constantfactor the pathlengthitself). Other
weights,like onesderivedfrom the distancedetweerthe exit locationse, ¢;, andc,, can
alsobe used,but this leadsto  10%errorsfor raysthat entera patchcloseto a patch
corner(asis depictedby the exampleray sectionof Figure3.5).

In threedimensiongseeFigure3.6)it is not straightforvardto derive weightsthatare
ageneralizatiorof thetwo-dimensionabnesdescribedabore. We thereforegive a more
intuitive derivation of theseweights,usinga procedurevherewe apply the weightsfor
thetwo-dimensionatasetwice in succession:

1 Findthelocatione wherer exits p.

2 Usethisto nd thefour cell cornerscy, ¢,, ¢3, andc, thatareclosesto e andstore
theircorrespondindpcal columndensitycontributions Nj;, Ny, Ngz,and Ny.

3 Calculatethe geometricapathlengthsof the ray sectionsthatterminatein c,, ¢,
Cs, C4, ande anddenotetheseby |4, |, I3, 14, andle, respectrely. Also calculatethe
pathlengthds andlg of theray sectionghatterminatein cs andcg respectiely (see
Figure3.6).

4 Usethesepathlengthsto calculatethefollowing normalizednterpolationweights:

wy = jly dsj=(lg+ 12); wo=jlp Isj=(ly + 12) ;
Wz = jlg lej=(Iz+ l4); wa=jlz lej=(Iz+ l4); (3.10)
W5 = JlG lej:(|5+ |6), Wg = j|5 Iej=(|5 + |5) .
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Figure 3.6: Illustration of the interpolationscheman threedimensions.For clarity we
show outlinesof cells on patchfacesonly. In the left imagewe shov arayr thatexits
the patchat location e througha cell face, togetherwith the ray sectionsusedin the
interpolationthatterminateat the cornersof this cell face. Theimageon theright shavs
the cell facein more detail, wherewe indicatedthe cell cornersby 1, 2, 3, and4. In
additionto thesecell cornersyay sectionsusedin theinterpolationthatterminateat 5, 6,
7, and8 arealsoindicated(seetext for furtherdetails).

5 Calculatethe valuesof local columndensity Ns and Ng atcs andcg through
linearinterpolation:
N5 =W N1 + W N2 ;
Ne=w3 N3+ ws; Nj: (311)
6 Calculatethedesiredvalueof local columndensityat e throughlinearinterpolation
of Nsand Neg:

Ne=wWs N5+ wg Neg: (312)

Our choiceof usingthevaluesof local columndensityat cs andcg to arriveat  Ng is
arbitrary Instead,onemay alsousethe onesfrom ¢c; andcg (cf. Figure3.6)in the steps
describedabore.

Themaindif culty in nding aninterpolationschemédor thethree-dimensionatase
lies in the factthat we needto weigh with the lengthsof the ray sectionsto avoid the
errorswhichwill otherwiseoccurwhentheray underconsideratiorentersghepatchclose
to a patchcorner Sincein generalall thesepathlengthsaredifferentfrom oneanothey
this introducesquite a numberof independenvariablesinto the equations.So, although
thetwo-stepprocedurgustdescribeds notunique,it is simpleandfast,andit givesgood
resultsin practice.
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Figure 3.7: Summaryof stepstaken in the hybrid characteristicsnethod. On the left
we show ray sectionghatrepresentocal contritutionsto the columndensity(summary
step3), whereasray sectionsthat representvaluesof column densitythat needto be
communicatedare shavn at the centreimage (summarystep4). Note that only those
valueson patchfaceslocatedfarthestaway from the sourceneedto be communicated.
Ontheright we shav anexampleof theinterpolationof theseocal valuesfor a particular
destinationcell (summarystep6). Note that thereis no needto interpolatethe value
for the nal ray sectionin the destinationpatchsinceits value was alreadycalculated
previously (summarystep3).

3.2.4 Summary of the algorithm
Thestepstakenin thealgorithmcanbe summarizedisfollows (seeFigure3.7):

1 Eachprocessorchecksif its sub-domaincontainsthe source. The processothat
ownsthe sourcestorests patchandprocessord andmalkesit availableto all other
processorgbroadcast).Note that this id may changeduring a simulationdueto
changesn re nementandthe consequentedistritution of patchesamongproces-
sors.

2 Oneachprocessaqrcreatethe local patch-mappingandcommunicatdreduce)it so
thateachprocessoendsup with the global patch-mappingSection3.2.3).

3 Oneachprocessaqrcalculatdocal columndensitycontributions N for eachpatch
usingthe “fastvoxel traversalalgorithm' (Section3.2.2andFigure 3.7 left).

4 Communicatggather)all N valuesat patchfaceslocatedfarthestaway from
the source(Figure 3.7 centre). Also, the coordinatesandre nementlevels of all
patchesneedto be gathered. This communications donemostef ciently when
thisinformationis combinedn a singledatatype of sizeS (Section3.2.3).
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5 On eachprocessarconstructfor eachray thelist of patcheghat aretraversedby
thatray (Section3.2.3).

6 Oneachprocessqilinterpolateandaccumulatéhelocal contribtutions N fromthe
patcheghatarein thelist to arrive at thetotal columndensityN (cf. Section3.2.3
andFigure3.7right) .

3.2.5 Comparisonto other methods

To concludethis sectionwe compareour methodto two morerecentonesthateitheruse
someform of adaptvity to tracerays(Juwela& Padoan2005),or thatareparallelizedfor
distributedmemoryarchitecturegHeinemanret al. 2005). Unlike ours,thesemethods
areintendedto solve for the full radiation eld, andthereforeneedto employ multiple
setsof raysto samplethe angularparametespace.Dependingon the adoptedform of
the sourcefunction, (lambda-)iterationis to be performedaswell in orderto obtaina
converging solution.

Juwela& Padoan(2005)proposeda ray tracingmethodfor cell basedAMR intended
to be usedin calculationsof line emission. Their methodusessetsof parallel (in the
geometricakense)ong characteristicso nd theintensityat cell faces,which arethen
interpolatedto get the intensity at the cell centreusing a short characteristic. This is
repeatedor a numberof directionsafter which angleaveragedquantitiesare obtained.
This processs thenlambda-iteratedo getcornverging line intensities.

Sincetheirmethodre nes onacell-by-cellbasisandoursemploys patchestructured
in an oct-treehierarchythereis a one-to-onecorrespondencieetweenhe procedure®f
ray tracing usedin the two methods: their long characteristicxorrespondo our ray
tracing of the patch-mappingwhereasheir shortcharacteristicgorrespondo our ray
tracingof a singlepatch.

Morerecently Heinemanretal. (2005)developeda methodfor tracingraysthrougha
decomposedomputationaiomain(i.e. sub-domainghataredistributedover a number
of processors).To samplethe radiation eld, raysaretracedthat are eitherparallelor
diagonalto aregularpatch.As they mention,this meanghatthereis no needfor themto
interpolatelocal values. Furthermoresincetheir sourcefunction actsonly locally, their
IS no needto iteratethe solution.

As in ourapproachHeinemanretal. (2005) rst obtainall local contributions(which
they call “intrinsic’) andaddtheseup to arrive at the total solution. However, in contrast
to our method,the communicationpatternof Heinemannet al. (2005) is intrinsically
serial(i.e. processordiave to wait for oneanothey seetheir Figure1). In their caseof
a decomposedegular domain,the performancegpenaltydueto the serialnatureof their
algorithmis small,butin caseof anAMR typeof grid, theperformancevould beseverely
degraded. Heinemanret al. (2005) also considerthe specialcaseof periodicboundary
conditionswith raysrunningonly parallelalongacoordinateaxis. In suchasituation,the
boundaryaluesarebroadcastedandtheinter-processocommunications moreef cient
thanin theserialcase.

Althoughourmethods designedo studytheeffectsof ionizationdueto pointsources
of radiation,it canbe easilyadaptedto tracesetsof parallelraysinstead. Depending
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on the application,a prescriptionfor the sourcefunction and (lambda-)iteratiorwould
needto be implemented.This would make our methodsuitablefor solvingthe radiatve
transferequationn amoregeneralvay, similarto themethodgustdiscussedTheadded
adwantageof suchan approachis that our methodis highly paralleland coupledto an
AMR hydrodynamicgode.

3.3 lonization, heating, cooling

Whenthe columndensityfrom the sourceup to eachcell faceis known, the ionization
fractionsandtemperature&eanbe computed.For this we usea simpli ed versionof the
Doric routines(seeMellema& Lundqvist2002;Frank& Mellemal1994a),asdiscussed
in Section2.4.

Theseroutinescalculatethe photo-andcollisionalionization, the photoheatingand
theradiative coolingrate. Usingananalyticalsolutionto the rateequationfor the hydro-
genionizationfractions,the temperatureand ionization fractionsare found throughan
iterative process.Sinceevaluatingthe integralsfor the photoionizationand heatingrate
is too time consumingo performfor every valueof the optical depth,they arestoredin
look-uptablesandareinterpolatedvhenneeded.

Thehydrodynamicsindionizationcalculationsarecoupledthroughoperatorsplitting.
To avoid having to take time stepghataretheminimumof thehydrodynamicsionization,
andheating/coolingime scaleswe usethefactthatthe equationdor theionizationand
heating/coolingcan be iteratedto corvergence. This meansthat the only restrictionon
thetime stepcomesfrom the hydrodynamicgi.e. the Courantcondition).

3.4 Tests

In this sectionwe present numberof testsfor our new algorithm. First, we discusshe
accurag with which columndensitiesandionizationfractionsare calculated.We com-
parethe resultsobtainedwith the hybrid characteristicenethodto thosecalculatedusing
thelong characteristicene. Sincetheinterpolationschemeof our methodis designedo
givetheexactresultfor the columndensityin caseof ahomogeneoudensitydistribution
(Section3.2.3),we alsoconsiderits performancen caseof amoregeneraldensity eld.
We concludethis sectionby testingthe shadaev castingcapabilitiesof our methodand
applyit to a ‘real-world" applicationof photoe/aporating o ws. This last testdemon-
strateghe performancef out methodwhenusedin combinationwith hydrodynamics.

3.4.1 Column density

We performedwo-dimensionatalculationsvherewe placeda singlepoint sourceatthe

centreof a 1=r? densitydistribution, the resultof whichis shovn in Figure3.8. In order

to preventanunderresolhedsingularityat the locationof the source we useda constant
densityspherewith aradiusof 5 10** atthe sourceocation.
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Figure 3.8: Valuesof column densityfor the caseof a single point sourcein a two-

dimensionaldomainwith a 1=r? densitydistribution. Shovn are one-dimensionatuts
alongthey-directionthroughthe sourcelocatedat the centreof the domain(left panels)
andat 3=4 of thedomain(right panels).In thetop panelsthesolidline indicatesheresult
for thelong, whereaghe crossesndicatetheresultfor the hybrid characteristicsnethod.
Thebottompanelsshawv theratio (hybrid/long)of columndensityvalues.

The left panelof Figure 3.8 shavs the columndensitydistribution alongaliney =
const cutting throughthe exact location of the source. Sincefor this specialcaseno
interpolationis necessaryonly verysmalldifferencedetweerthetwo methodsarefound.
Thesedifferencesare due to uneven samplingof the 1=r? density distribution on the
adaptve mesh.Theerrorsincreaseonly slightly (< 0:5%) wheninterpolationis used,as
indicatedby theresultsobtainedalongthey = constline locatedat 3=4 of the horizontal
extentof thedomain(theright panelin Figure3.8).

3.4.2 Shadow casting

To testthe shadev castingcapabilitiesof our algorithm, we calculatethe columnden-
sity andionizationfractionsfor a homogeneousrvironmentcontaininghigherdensity
clumps,which are taken to be sphericaland neutral. The ionization stateis found by

iteratingthe ionizationfractionsover a periodequalto a few recombinatiortime scales,
while keepingthetemperaturex ed.

The computationablomainspansthe region (2:0; 1:0; 1:0)  10*® cm. The ambient
mediumhasa numberdensityne,, = 10° cm 2 andatemperaturd,, = 5000K. The
sourceof ionizing radiationis locatedat (x; y; z) = (0:0;0:5;0:5) 10 cm. It hasa
luminosityLs = 7000L andan effective temperaturél, = 50000K. The resulting
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Figure 3.9: Valuesof log,, of the HII ionizationfraction for the caseof a single point
sourcein an ervironmentwith a homogeneouslensity distribution containingneutral
clumpswith higherdensity Shavn areplotsof axy-cutthroughthe centreof thedomain
(left) anda xz-cutthroughthe centreof the bottomclump (right).

Stromgrenspherehasaradiusthatis larger( 3 10'® cm) thanthe physicalsizeof the
computationatlomain. Two identicalclumpsareplacedat a distanceof ~ 10'8 cm from
the source Eachclumphasa densityncymp = 10t cm 8, atemperaturd ¢ymp = 100K,
anda radiusr gymp = 4 10'% cm. We used6 levels of re nementwith patchesof 16
cells. Theeffective resolutionin thistestwas1024 512 cells.

The resultsof the shadev castingtestareshown in Figure3.9. As onecansee,our
hybrid characteristicenethodis capableof castingshadevs with very sharpboundaries,
indicatinga low numericaldiffusivity of the scheme.We notethatsincetheinitial con-
ditions do not containary densitygradient,columndensitiescalculatedin this testare
identicalto the onesonewould obtainusingalong characteristicsnethod.

3.4.3 Application: photoevaporating clumps

To illustrate that our hybrid radiatve transferalgorithm canbe usedef ciently in com-
binationwith hydrodynamicswe presenta rst 3D applicationof the evolution of over
denseclumpsbeing photoevaporated. We usethe parameterof the simulationsetup
describedn Section3.4.2asinitial conditionsand follow the dynamicalevolution for
4000yr. This simulationis similar to the onespresentedy Lim & Mellema(2003),
with this differencethatin our simulationboth the sourceandthe clumpsareinsidethe
computationatlomain,andthatour radiation eld is notapproximatedy parallelrays.

Thesecomputationsrerelevantto theshapingandevolution of cometaryknotswhich
areobseredin objectslike the Helix (NGC 7293),Eskimo(NGC 2392),andDumbbell
(M27) nelula. Anotherapplicationis theinteractionzonethatis obseredbetweerbinary
proplydsin HIl regionslike NGC 3603 (Brandneret al. 2000) and the Orion Nelula
(Grahametal. 2002).

Figure3.10shavs a sequencef snapshotef the densityandneutralhydrogenfrac-
tion at differenttimesduring the simulation. Oneseeghattheinteractionof the photoe-
vaporationo ws comingfrom the clumpsresultsin a zoneof higherdensitybetweerthe
clumps,which, aswasalreadyfound by Lim & Mellema(2003),canexplain the excess
emissionobsened betweensomecometaryknotsandbinary proplyds. This interaction
zonerecombinesbecome®ptically thick, andcastsa shadav. It is interestingo seethat
the zone,andthe shadaev region behindit, persisteven afterthe two clumpshave been
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Figure 3.10: Snapshot®f the evolution of the log,, of the massdensity (left) andthe
log,, of the HII ionization fraction (right) for the caseof a single point sourcein an
ernvironmentwith ahomogeneoudensitydistribution containingtwo neutralclumpswith
higherdensity The sourceis locatedat (0:0; 0:5; 0:5) 10 cm. Shown areplotsof xy-
cutsthroughthe centreof thedomainatt = Oyr (rst row), t = 792yr (secondrow),
t = 1584yr (thirdrow), t = 2377%r (fourthrow), t = 3169yr ( fth row), andt = 3961yr
(sixth row).
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fully evaporatedThis mechanisnior creatingextrashadevs mayin uence theevolution
andsurvival time of clumpsthatlie fartheraway from the star aneffectnottakeninto ac-
countin previous numericalstudies.We arecurrentlyinvestigatingfurtherinto this kind
of owsandwill presenbur ndings in aforthcomingpublication.

3.5 Performanceanalysis

We startthis sectionby comparingour hybrid characteristicsnethodto the moretradi-
tional long and shortcharacteristicsnethodsfor regular grids. In orderto do this, we
discerntwo typesof computations:rst we determinehow mary calculationsaareneeded
to arrive at the local contritution eachcell makesto the columndensityalongaray, and
secondwe look atthe numberof interpolationghe differentmethodshave to performto
computethetotal columndensityupto eachcell.

Considera computationalomainwith a resolutionof C2 cellsanda sourcelocated
atoneof the cornersof thedomain.For the cas%)f aregulargrid, the maximumnumber
of cellsalong characteristiavould encounters = 3C, and,sincewe assumehataray is
castto all cells,the numberof calculationsneededo provide the total columndensityis
therefore. C*.

For our hybrid characteristicsnethod which emplg/s an oct-tr&etype of AMR grid,
the maximumnumberof cells a local ray sectionencounterds = 3c, wherec® is the
numberof cellsin a singlepatch(cf. Section3.2.2). Soin this case for afully re ned
grid, the total numberof calculationswould amountto . cC3. But, sincein general
the domainwould be re ned by a factorr, with 0 r 1, this numberreducesto

r cC3. This meanghatwhenr c¢' 1, our methodneeds C?2 calculationgto arrive
atthelocal contributionsto the columndensityfor eachcell, which is of the sameorder
a shortcharacteristicsnethodwould needon a regular grid. However, the local values
of columndensitystill needto be communicatedandinterpolatedto arrive at the total
columndensityfor eachcell. Ontheotherhand,ashortcharacteristicenethodalsoneeds
to interpolatdocal valueswhenit sweepshroughthegrid, whereasalong characteristics
method althoughit executesafactorC morecalculationsdoesnot needto performary
interpolationsatall.

The numberof interpolationsto be performedby our methodis determinedby the
numberof patcheihatareencounteredvhenraygacingthroughthe patch-mappingcf.
Section3.2.3and3.2.3). This numberis at most  3C=g, since,for afully re ned grid,
thereare C=c patchesalong a coordinateaxis. For a grid thatis not fully re ned this
numberis againreducedby afactorr. A ray tracethroughthe patch-mappings to be
performedor everycell, which bringsthetotal numberof interpolationgo. r?(C=¢C?3,
whereonefactorof r comesfrom the numberof patchescut by a ray, whereaghe other
factorcomesfrom thetotal numberof cellsthatexist in the computationatomain.

A shortcharacteristicsnethodneedsto do an interpolationfor every cell, so, for a
regulargrid, thetotal numberof interpolationds C3. Thisimpliesthatwhenr?C=c' 1,
our methodneedgo computea similar numberof interpolationsasa shortcharacteristics
one. Note thatwe assumehatthe calculationsneededo do the interpolationsarecom-
parablein executionspeedfor the shortandhybrid characteristicenethodswhich may
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Figure3.11: Performancef the main component®f a radiationhydrodynamicsalcu-
lation (left), and performanceof the differentstepsin our hybrid characteristicenethod
(right). For this speci c test,the communicatiortakesasmuchtime astherestof thecal-
culationwhenusing64 processorsAs is explainedin thetext, for patcheswith a larger
numberof cells, this constraintmay becomdesssevere.

actuallynotbethecase.

As an example,atypical AMR calculationhasC = 512 ¢ = 16 (i.e. 6 levels of
re nement),andr = 0:25, whichresultsin rc = 4 andr2C=c= 2. This shovsthat,for a
singleprocessocalculationwith aproperchoiceof theratio C=candareasonablamount
of re nement, our hybrid characteristicsnethodis expectedto performequallywell as
a shortcharacteristicsnethodon a regular grid. It alsomeanghat, whenour methodis
usedin parallel, a betterperformancewill be obtainedwhenincreasingthe numberof
processors.

To investigatethis aspecin somemoredetail we have conducted preliminaryper
formanceanalysisusingthe photoeraporatingclumpstestcasedescribedn Section3.4.3
asthe underlyingphysicsproblem. We used5 levels of re nementirrespectvely of the
numberof processousedn thetestrun(i.e.,theproblemhada x edtotalwork). Calcula-
tionshave beenterminatedafterreachingl0%of thenominalsimulationtime. Otherwise
the simulationparametersvere identicalto thoseusedin the calculationspresentedn
Section3.4.3.

The resultsof our performancestudy are shavn in Figure 3.11, wherewe compare
the overall performanceof the hydrodynamicsAMR, and radiationcalculations. De-
tailedresultsfor theradiationpartarealsopresentedh Figure3.11,wherethetimingsfor
theindividual component®f our hybrid characteristicenethod(local ray trace,commu-
nication,accumulation/interpolatiomndionization)areshawn.

Performancelataobtainedfor our realistictestproblemindicatesthattheray tracing
partof the calculationtakeslesstime thaneitherthe hydrodynamicsr grid adaptation.
Furthermoreijt shavs that mostof the computationatime duringray tracingis spentin
interpolatingand accumulatinghe local contritutionsto the columndensity(i.e. step
6, Section3.2.4). Following the analyticalassessmemhadeabove, we concludethatin
orderto reducethe numberof interpolationgequiredduringcalculationoneshouldtry to
minimize the value of r2C=cratherthanr c whensettingup a simulation. This suggest
thatoneshouldusepatcheghatcontainarelatively large numberof cellscomparedo the
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effective resolutionof thecomputationatlomain,and,of course keepthe lling factorof
the nest AMR level ata minimum.

Figure3.11shaws performanceesultsfor the radiationmoduleincludingtheioniza-
tion packagefor our x edsizeproblem. As onecansee,the time requiredto calculate
thecolumndensitiess aboutthe sameasthetime neededo calculatetheionizationstate
of the gas. Furthermore both thesecalculationsare local and thereforeperform very
well. On the otherhand,we noticethatthe communicatiorpart of our algorithmdoes
not performperfectly This is somavhatexpectedsince,with the increasingnumberof
processorgheef ciency of ouralgorithmbecomesimited by theef ciency of theglobal
gatheroperation(usedto collectcolumndensitiesfrom patchfaces).Theresultsfor this
speci c testindicatethat communications likely to dominatethe runtime whenmore
than 64 processorgarticipatein the computations We expectthatthis limitation be-
comedessseverewhenlarger patchesareusedin the simulation.In this casethe costof
communicatiormay still belower than,for example,thetime neededo accumulateand
interpolatehe columndensities.To determinavhetherthisis indeedthe casemoreelab-
orateperformanceestsinvolving a larger numberof processorg¢of theorderof 1000
arerequired,andsuchtestsarecurrentlyundervay.

3.6 Conclusions

We describeda new radiative transferalgorithmfor parallelAMR hydrodynamicsodes,
calledhybrid characteristicsWe presentedietailsof severalaspect®f thealgorithm:ray
tracing,communicationandinterpolation.

Theray tracingis performedin two steps. First, local long characteristicare used
to calculatecolumn density contributions for eachpatch. A secondray traceis then
performedwherea so called patch-mappings usedto nd the patchesut by eachray.
Whenthe list of patchescut by a ray is known, interpolationof local column density
valuesis requiredto nd thetotal columndensityup to eachcell. For this,oneneedshe
valuesof local columndensitycontritution at patchfaces,which are communicatedo
all processorsThe coefcients usedin the interpolationare chosensuchthat the exact
solutionfor the columndensityis retrieved whenthereare no gradientsin the density
distribution.

For the casewherethe distribution is not constantout hasa 1=r? pro le we nd de-
viationsof theorderof  0:5% whencomparingour methodwith a long characteristics
one.This highaccurag with which columndensitiessaluesarecalculatedesultsin well
de ned andsharpshadaevs.

We shavedthatour methodcanbeusedef ciently for parallelradiationhydrodynam-
ics calculationsn threedimension®on AMR grids. We presentegbreliminaryresultsfor
our new methodin applicationto the problemof the photoeraporationof two over-dense
clumpsdueto the ionizationby a single sourceof radiation. The resultsof this simula-
tion offer a possibleexplanationfor the excessemissionobseredin betweencometary
knotsseenin for examplethe Helix Nelula, andthe interactionzoneobseredin binary
proplydsfoundin HIl regionslike NGC 3603andthe Orion Nekula. Thesesimulations
alsosuggesh possiblemechanisnfor the creationof extra shadavs by the high density
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interactionzoneforming betweerthe clumps. This additionalshadeving may in uence
the evolution andsurvival time of clumpsthatlie fartheraway from the source.We are
currently investigatingfurther into this kind of interactionsbetweenphoto&aporating
o ws, andtheir consequence®r the dynamics,andwill reportour ndings in a future
publication.

An initial performanceestshaved that our methodworks very well whenusedfor
calculationson a parallelmachine.For this speci ¢ test,the communicatiorpart of our
algorithmstartsto dominatethe calculationwhenmorethan 64 processorsre used.
However, we shavedanalyticallythata carefulchoiceof theratio of the numberof cells
perpatchto thetotal numberof cellsin thecomputationalomaincontrolstheamountof
communicatiorusedin the calculation.This analysiscanbe usedto optimizethe design
of our method. More in-depthperformanceandscalingstudiesare currentlyundervay;
usinglarge( 1000 numberof processorsandthesewill alsobeusedto furtheroptimize
the currentimplementation.

Becauseof the modularnatureof the Flash codeandthe Doric routines,additional
elementdik e more sophisticateaooling or multiple speciescaneasilybe added.Also,
multiple point sourcescan be handledby our method,andin principle moving sources
could be implemented. Furthermorejt shouldbe straightforvard to extendthe hybrid
characteristicsnethodso thatit canbe usedto solve for a more generalradiation eld,
with theaddedadwantagehatour methodis alreadyparallelizedandcoupledto anAMR
hydrodynamicsode.

Anotherpossibleapplicationfor our methodis the calculationof the propagatiorof
ionizationfrontsin a cosmologicalcontect. For thesecalculationsphotonconseration
Is animportantissue.Recently Mellemaet al. (2005)developeda methodfor following
R-typeionizationfrontsthatmay move morethanonecell pertime step,wherea special
formulation of the equationsensuregphotonconseration. Although the parallelnature
of our algorithmmay complicatethe implementatiorof suchan approachwe may still
bene t from theideaspresentedy Mellemaetal. (2005).

We intendto make our methodpublicly availablein afuture Flashrelease.
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Figure 3.12: Explanationof differentquantitiesusedin the fastvoxel traversalmethod.
Shawn is asinglepatchwith alocal long characteristicay section.

3.A Fastvoxeltraversal

Here we brie y discussthe “fast voxel traversalalgorithm' from Amanatides& Woo
(1987). We have usedthis algorithmtwice in our method,onceto ray tracethroughthe
cells ('voxels') of a single patch(local long characteristicsSection3.2.2),and onceto
ray tracethe patch-mappindhybrid characteristicsSection3.2.3). Theideabehindthe
algorithmis to keeptrack of threedifferentray parametersy, t,, andt,, onefor each
co-ordinatedirection,andto usetheseto determinehow to stepfrom cell to cell through
the patch,ensuringthatall cellscut by theray arevisited (seeFigure3.12). First, values
for the incrementsn ray parametet neededo stepfrom cell to cell in the x-, y-, and
z-direction,indicatedby ty, ty,and t,, respectiely, aredetermined:

tx = thax= X, ty = thax= Y 2= thax= Z; (3.13)

wheretax = P X2+ y2+ zZ?isthe nal ray paramete(i.e. thetotal pathlength
of theray). Next, theray parameters,, ty, andt, aresetto theirrespectre initial values,
indicatedby t}, t},, andt}, afterwhichaloopis enteredvherethe minimumof thesethree
valuesis determined.This givesthe co-ordinatedirectionin which the cell lies thatis to
bevisited next by theray. For example,if min (ty;t,;t,) = ty, thenext cell theray will

enterliesin thex-direction,andwe haveto incrementheray parametefor thex-direction
accordinglyi.e. ty = ty + ty. Weloop aslong asall ray parametersresmallerthan
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Figure3.13: Two examplesof shortcharacteristicsweepingsequencefor asinglepatch
that may occurin practice. For the illustration on the left, the sourceis locatedinside
the patchat the startingpoint of curve 1. In this casethefour spacelling curvesshowvn
shouldbe sweptin theorderindicated.For the patchontheright, thesources externalto
thepatch,andliesin thedirectionof thelower left corner sothereis only onecurve that
needdgo beswept.

the nal ray parametet,x. As aby-product.the algorithmproduceghe pathlengthof
theray sectionfor eachcell thatis crossedyhichis obtainedby subtractinghe previous
from thecurrentray parameter

3.B Raytracing asinglepatch: short characteristics

As an alternatve to the ‘fast voxel traversalalgorithm' for ray tracing a single patch
aspresentedn Section3.2.2,we herebrie y describethe shortcharacteristicsnethod,
which couldbe usedfor the samepurpose Sincethe methodof shortcharacteristicsises
interpolationfrom neighbouringcells, upwindvaluesneedto be availableat all times,so
cells needto be sweptin a certainorder This sweepingsequenceés determinedoy the
physicallocationof the patchrelative to the sourceposition(seeFigure3.13). Usingthe
known physicallocationof the source the geometricapathlengthof theray sectionthat
crosses cell is calculatedor every cell containedn the patch. The shortcharacteristics
methodthensweepghe patchin a directionaway from the source jnterpolatingupwind
columndensitycontributionsfor eachcell alongtheway.

For thetwo-dimensionatase Figure3.14illustrateswhich two cells,indicatedby c;
andc,, areusedin thisinterpolation.Simplelinearinterpolationweights

wi=1 d; w,=d (3.14)
couldbe usedto arrive at the columndensitycontritution at cell ¢, using
X
N. = wi Ni+ rn; (3.15)

i
with  N; the upwind valuesof columndensitythat needto be interpolatedd the nor-
malizeddistancerom ¢, to the locationwheretheray piercestheline connectinge; and
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Figure 3.14: lllustration of the interpolationschemefor a single cell usedin the short
characteristicenethodfor the 2D (left) and3D (right) case.

C;, r thephysicalpathlengthof the shortcharacteristicay section,andn the number
densityinsidethe cell crossedy this shortcharacteristic.

For thethree-dimensionalasetheray piercesacell face, sofour insteadof two quan-
tities needto be interpolated. The normalizedweightsare chosento correspondo the
partialareasof the cell facede ned by the cornersof this faceandthelocationat which
theray leavesthecell (cf. Figure3.14):

Wi = (1 dl)(l dz), Wy = d]_ (1 dg),
3.16
w3z = (1 dyp)dy; Wy = didy: ( )



CHAPTER 4
Scalingtests

We presentweakand strongscalingtestsfor the Hybrid Characteristicsnethodas pre-
sentedin Chapter3. This methodintroducesa novel approachto ray tracing for 3D,

massvely parallel, adaptve meshre nementhydrodynamicscodes. The effects of the
location of the source locationandamountof re nement, numberof sourcesand ma-
chinearchitectureontheperformancereinvestigatedTiming resultsfor thecalculation,
communicationandsynchronizatiorpartsof the algorithmare obtained.For the calcu-
lation partwe nd the methodto scalealmostperfectly for the caseof weak, aswell

asfor strongscaling. However, dueto the imbalancein the calculationtime inherentin

the approacho ray tracingof the Hybrid Characteristicsnethod,for the caseof a sin-
gle source almosthalf thetime is spentin synchronizationThedistribution of this time
over the differentprocessorstronglydependson the locationof the sourcein the com-
putationaldomain. We also nd that, whenthe amountof work per processors chosen
large enoughthe communicatiortime staysbelow the calculationtime. Furthermorethe
performanceof the methodis found to be to a greatextentindependenbf the relative
location of the sourceandre ned region, aswell as of the amountof re nement. As

expectedwe nd thatthe calculationpartof the methodscaledinearly with the number
of sourcesbut thatthe synchronizatiortime averagesoutto arelatively low valuein this
case.Testsfor differentarchitectureshav thatthe methodcanbe usedeffectively on at
least 100processor®na SGI Altix, and 1000processor®n anIBM BlueGene/L
systempringingmassvely parallelradiationhydrodynamicasimulationswithin reach.

53
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4.1 Intr oduction

An assessmemt theparallelperformancef theHybrid Characteristicenethodpresented
in Chapter3 is made. To this end,we performweakscalingtests,wherethe amountof
work perprocessors keptconstanivhenincreasinghe numberof processorsaswell as
strongscalingtests,wherethe total amountof work is keptconstantwhenincreasinghe
numberof processors.

Sincethe Hybrid Characteristicalgorithmconsistof two mainparts,i.e. calculation
andcommunicationtheseare looked into separately The preliminary performanceest
presentedn Chapter3 indicatethatfor a certainnumberof processorshetime spentin
communicatiorbecomesimilarto thetime spentin thecalculationpartof thealgorithm.
We showv however that this canto a large extent be avoided by carefully choosingthe
amountof work perprocessar

It is expectedthat the performanceof the methodchangeswith the location of the
sourcein the computationadomain. Processorshat own patchedocatedcloseto the
sourcehave lesscontributionsto addup thanprocessorshatown patchedocatedfurther
away from the source. Furthermorewhenthe sourceis locatedat the edgeof the do-
main, thisimbalancemay be greaterthanfor a sourcelocatedat the centre althoughthis
dependn how the patchesaredistributedamongprocessorsThereforea measurdor
thesynchronizatiortime duringwhich processorareidle is obtainedfor differentsource
locations.

It is alsoexpectedhatthe methodscaledinearly with the numberof sourcegpresent.
Wetestthis by increasinghenumberof sourceswhich arerandomlydistributedthrough-
outthe computationatlomain,while keepingall otherparametersonstant.

The amountby which the domainis re ned may in uence the performanceaswell.
This is testedby comparingtwo casedor which a smallanda large amountof the com-
putationaldomainis re ned.

Anotheraspecthatis of importancefor the performances the type of architecture
usedin thetests. To determinehow this choicein uencestheresults,we ran partof the
scalingtestsontwo differentarchitecturesa SGI Altix, andanIBM BlueGene/Lsystem.

As wasalreadymentionedthe communicatiorpart of the algorithmmay becomea
bottleneclatacertainnumberof processorsThedependencef thisaspecbnthenumber
of cellsperpatch,andthe choiceof architecturas examined.

We nish this chaptemwith recommendationsn how to optimizetheray tracingand
communicatioralgorithmsof the Hybrid Characteristicenethod.

4.2 Weakand strongscalingtests

In this sectionwe presentresultsfrom weakand strongscalingtestscarriedout for the
Hybrid Characteristicsnethod. All testsin this sectionwere performedon a SGI Altix
3700systemgonsistingof Intel Itanium?2 1.3 GHz CPUswith 2GB of memorypernode.
As wasmentionedabove, for a weakscalingtest,the amountof work per processor
shouldbekeptconstanfor anincreasinghumberof processorsi-or example for ahydro-
dynamicsalgorithm,wheretheamountof work percell is constantthis would meanthat
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Table4.1: Parametersisedin the scalingtestson SGI Altix.
Npe 2 4 8 16 32 64
P(c=8) |32 40 50 64 80 102
c(P=32| 8 10 12 16 20 26

oneshouldincreasehenumberof cellsby the sameamountwith which oneincreaseshe
numberof processors\ e.

However, for araytracingalgorithmlik e the Hybrid Characteristicenethod thework
perrayis notconstansinceit alsodepend®ntheextentof theray overthecomputational
domain.In the next sectionwe estimatehe impactof this aspectalthoughfor the actual
testswe simply scalethe numberof cellslinearly with the numberof processors.

4.2.1 Amount of work estimate

In Chapter3 it wasfound thataccumulatingandinterpolatingthe local columndensity
contritutions dominatesthe calculationpart of the method. It was alsofound that the
amounif work doesnotonly dependnthenumberof rays,but onthenumberof patches
alongeachray aswell, with thetotal numberof interpolationdor afully re ned domain
beingproportionalto (C=¢C?3. Here,C is the numberof cells alonga coordinateaxis
of the domain,andc is the numberof cellsalonga coordinateaxis containedn a single
patch. A weakscalingtestfor the calculationof columndensitiesshouldthereforefor-
mally satisfythecondition(C=¢C3/ N, insteadof C*/ Npe, Whichis normallyused
in this type of test.

In practicethis meansthatif oneincreasedNy. by a factor of f, one shouldalso
increas€ C=0 C? by thatsamefactor Since(C=¢C3=P (P c)3=P*c?, with P thenumber
of patchesalonga coordinateaxis,oneway of doingthisis toincreaseP # by afactorof f
while keepingc constant Anotheroptionis to increasec® by a factorf while keepingP
constant.Also, onecould combinethetwo: changeP # by afactorf, andc® by afactor
f ¢, with theconstrainthatf = fpf..

For the caseof a partially re ned domain,the condition for weak scalingchanges
to r?(C=0C3 / Npe, Wherer is the ratio betweenthe numberof cellsin leaf patches
divided by the maximumnumberof cells possibleat the highestre nementlevel, i.e.
O<r 1 (seealso Section3.5). For the testspresentedn this chapterwe keepthe
amountof re nement x edby forcingre nementin a certainregion of thecomputational
domain,while varyingc or P asafunctionof N .

4.2.2 Testdescription

Two typesof weak scalingtestsare setup, detailsof which arelisted in Table4.1. In
one series,c is beingvaried as N,&;s andP is kept x ed whenincreasingthe number
of processorsWe alsopresenta testwhereP is setproportionalto N[};s andc is kept
constant.Notethat,to stayin line with the procedurenormally followed for this type of
tests,we chosethe valuesfor c andP suchthatthe numberof cells per processostays
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Figure4.1: Schematiadepictionof the four differentsetupsusedfor the scalingtests.
Shawn are (left to right): sourceandre ned region (grey) at the centreof the domain,
sourceand the re ned region at a cornerof the domain, sourceand re ned region at
oppositesidesof thedomain,anda setupwith twice theamountof re nement.

(approximatelyxonstantalthoughthe estimatepresentedhn the previoussectionsuggest
thatwhenP is variedit shouldactuallybe doneproportionalto N 324.

Two differentsourcdocationsareusedn thetests:onewith thesourceatthecentreof
thedomain,andonewith the sourceata cornerof thedomain,wherethedomainis acube
with sidesof unit size. In boththesecasesthe re ned region is centredon the source.
Furthermoreatestwherethe sourceandthere ned region arelocatedatoppositecorners
of the domainis alsocarriedout. The differenttestsetupsare schematicallydepictedin
Figure4.1.

All calculationshave a x ed numberof six levels of re nement, including the base
level. Two differentvaluesfor theamountof re nementareused:r = 1=64andr = 1=8,
correspondingo a cubicalregion of thecomputationatlomainwith sidesof size1l=4 and
1=2, respectiely.

4.2.3 Weakscalingresults

Timing resultsfor the weak scalingtestswherec / N§§3 andP is kept constantare
shovnin Figure4.2. We rst discusghecasewherethesourceaswell asthere nement
arelocatedat the centreof the computationadlomain(Figure4.2, top row), in termsof
timing resultsobtainedfor the differentpartsof thealgorithm:

accumulate-interpola{solidline): approximatelyat curve. Thisis expectedsince
the numberof patches? alongaray is keptconstantfor anincreasingnumberof

processorandthetotal numberof raysis keptapproximatelyconstanby increas-
ing c. The error barsgetlarger with increasingnumberof processorslueto an
increasingmbalancen the numberof raysthatneedto bedealtwith perprocessar

local ray trace(dashedine): slightincrease.This is expectedsincethe numberof
operationdor local ray tracingof the patchesscalesasc*, whereaghe numberof
processorsnly increase®isNpe / €.

synchronizationtime (dashed-dottedine): increasesvhenthe imbalancein the
accumulate-interpolatgartsetsin ataroundl6 processors.
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Figure4.2: Weakscalingresultsfor testswherec/ Nps andP constant.Resultsfor a
singlesourceatthecentreg( rst row) andcorner(secondow) of thecomputationatiomain
areshown, aswell asresultswherethe sourceandre ned region arelocatedat opposite
corners(third row), anda testwith the sourceat the centrebut with twice the amount
of re nement (fourth row). The line typesrepresendifferent partsof the algorithm:
accumulate-interpolatgsolid), local ray trace(dashed)synchronizatior{dashed-dotted),
andcommunicatior(dotted),respectrely. Thesizeof theerrorbarss twice the standard
deviation determinedrom the differenttiming resultsobtainedacrossprocessors.The
valuesfor the testwherethe amountof re nementis doubled(r=1/8, bottomrow) have
beenscaledo theonewith aloweramountof re nement(r=1/64,top row).



58 Scalingtests

1000 ¢ T T T T E T T T g
g 100F E3 p ”/i'\‘\f/' 3
< Se g i e
8 i e .- J .

& 10 ¢ <+ d 4
F L
F centre 1
1 L L el L L PR Vv. PR |
1 10 1 10
nr of processors nr of processors

Figure4.3: Weakscalingresultsfor testswhereP / NSQS andc constant.Resultsfor
a testwith a single sourceat the centreof the computationadomainare shovn. The
line typesrepresentifferentpartsof the algorithm: accumulate-interpolatésolid), lo-
calray trace(dashed)synchronizatior{dashed-dottedgndcommunicatior{dotted),re-
spectvely. The sizeof the errorbargs twice the standarddeviation determinedrom the
differenttiming resultsobtainedacrosgprocessors.
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Figure 4.4: Weak scalingresultsfor an increasingnumberof sourcesfor c = 16 and
P = 32 All testsuse 16 processorswith sourcesdistributed randomly throughout
the computationaldomain. The line typesrepresendifferent parts of the algorithm:
accumulate-interpolatgolid), local ray trace(dashed)synchronizatiorf{dashed-dotted),
andcommunicatior(dotted),respectrely. Thesizeof theerrorbargs twice the standard
deviation determinedrom the differenttiming resultsobtainedacrossprocessors.

communication(dottedline): increasesubstantiallyfor an increasingnumberof
processorshut for 64 processorss still afactor 5 smallerthanthetime needed
by accumulate-interpolate.

We compardheseresultsto onesobtainedwith the sourceandre nementin thesame
(Figure4.2,secondow), andin oppositg(Figure4.2,third row) cornersof thedomain,as
well asto atestwheretheamountof re nementis doubled(Figure4.2,fourthrow). When
thesourcds locatedn acornerof thecomputationatiomain theimbalancen thenumber
of raysperprocessorsetsin immediatelywhichis evidentfrom the sizeof theerrorbars
of theaccumulate-interpolatgart,andfrom thelargervaluesfor the synchronizatiompart
of the algorithm over the whole rangeof processors.Sincethe adaptve meshneedsa
slightly lower numberof patchedo createthere ned region in the cornerof the domain
ascomparedo the numberof patchesneededvhenthere ned region lies at the centre
of thedomain,the valuesfor local ray traceandcommunicatiorareslightly lowerin the
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Figure4.5: Timing resultsfor individual processorfor theaccumulate-interpolatgolid)
and synchronizationdashed)partsof the algorithm. Shovn are calculationsinvolving
64 processorsvith the sourceat the centre(top panel)and corner(bottompanel)of the
computationatiomain.

formercase.

Comparingthe resultsof the testwith the sourceat the centreof the domainwith
r = 1=64 (Figure4.2,top row), to atestwherer = 1=8 (Figure4.2, bottomrow, scaled
values)we nd similar behaiour in all aspects.

The resultsof a weakscalingtestwith the sourceat the centrefor whichP / Npz°
andc is kept constantare shavn in Figure4.3. Sincethe numberof operationdor the
accumulate-interpolaggartof thealgorithmincreasessP #, butthenumberof processors
only increasesasN,. / P32, we expecta slightincline in the plot of this quantity We
also expectthe curwve for the local ray tracepart of the algorithmto be at, sincec is
kept constantfor the whole rangeof processorsn this test. Instead,the resultsshav a

at curwe for the accumulate-interpolat@nda slight declinefor the local ray tracepart
of the algorithm. To understandhis, we needto take a closerlook at the actualnumber
of patcheghe AMR algorithmgeneratesit levels belov the highestlevel of re nement
to accommodaté¢he centralre ned region. It turnsout thatthis numberis considerable
for low valuesof P (  64%of the total numberof patchedor P = 32), andbecomes
lessimportantasP increase¢ 7%for P = 102. Correctingfor this would changethe
timingsto the expectedvalues.

We alsotestthe performanceof the algorithmfor anincreasingnumberof sources,
distributedrandomlythroughoutthe domain. For this we usethe testfor whichc = 16
andP = 32 seeFigure4.4. As expectedwe nd thatthealgorithmscaledinearly with
thenumberof sourceswith the exceptionof the synchronizatiortime, which staysat an
approximatelyconstantandratherlow value. This is dueto the randomdistribution of
sourceswhich averagesout extremesn the synchronizatiorime.
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Figure4.6: Strongscalingtestresultswith c = 8, P = 32 andr = 1=64. Resultswhere
sourceandre ned regionarelocatedatthecentreof thecomputationatlomainareshown.
Theline typesrepresentifferentpartsof the algorithm: accumulate-interpolatgsolid),
local ray trace (dashed)synchronizationdashed-dotted)and communication(dotted),
respectrely. Thesizeof theerrorbargs twice the standardleviationdeterminedrom the
differenttiming resultsobtainedacrosgprocessors.

Table4.2: Parametersisedfor the scalingteston IBM BlueGene/L.
Npe 64 128 256 512 1024
cP=32| 8 10 12 16 20

We concludehis sectionwith timing resultsfor individual processor$or thetestwith
c= 26andP = 32for atotalof 64 processorgseeFigure4.5). We plot theresultsfor the
accumulate-interpolatandthe synchronizatiorpartsof the algorithm,for the casewith
thesourceatthecentre,andatthecornerof thecomputationatlomain.Figure4.5clearly
showvsthattheamountof work to bedonein accumulatingandinterpolatingandthetime
spentwaiting in synchronizationyariesconsiderablypetweenndividual processorsand
thatthedistribution of work stronglydepend®n the sourceocation.

4.2.4 Strongscalingresults

Strongscalingtestresultsfor c = 8 andP = 32 areshavn in Figure4.6. We nd a
lineardecreas#or thecalculationpartsof thealgorithm,anda uctuating synchronization
time. The latter is causedby the differentwaysin which the patchesget distributed
whenincreasingthe numberof processors.The communicatiortime getslarger when
increasinghe numberof processorsstill beingafactor 2 lower thanthetime spentin
accumulate-interpolat®er 64 processors.

4.3 Performancefor differ ent architectures

In this sectionwe comparethe resultsdescribedabove, which were obtainedon an SGI
Altix systemto resultsfrom apreliminarytestperformedonanIBM BlueGene/Lsystem.
This systemconsistoof PaverPC440700MHz CPUswith 512MB of memorypernode.
We repeatheweakscalingtestwherec is beingvariedasN 323 (for details,seeTable
4.2). The sourceandre nementarelocatedat the centreof the computationadomain,
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Figure 4.7: Weak scalingresultsfor a testwherec / N§§3 and P is constanton an
IBM BlueGene/Lsystem.Resultsfor a single sourceat the centreof the computational
domainareshown. Theline typesrepresendifferentpartsof thealgorithm:accumulate-
interpolate(solid), local ray trace (dashed),and communication(dotted), respectrely.
Timings resultsfor the synchronizatiorpart of the algorithm were not obtained. The
sizeof theerrorbards twice the standardieviation determinedrom the differenttiming
resultsobtainedacrosgrocessors.

with theamountof re nementsetto r = 1=64. WhencomparingTable4.1to Table4.2,
one canseethat we usethe samesequencdor ¢, while the numberof processorsvas
increasedy afactorof 32

Timing resultsfor this scalingtestareshovn in Figure4.7.We nd anapproximately
at curve for theaccumulate-interpolateart,anda slightincreasdor thelocal ray trace
part of the algorithm. The communicatiorpartis seento increasesubstantiallyfor an
increasinghumberof processorshut for 1024 processord is still afactor 2 smaller
thanthetime neededy accumulate-interpolate.

A directcomparisorbetweerresultsobtainedon SGIAltix andIBM BlueGene/Lcan
be madeby taking into accountthe increaseof the numberof processordy a factorof
32 Whenmultiplying the timing resultsof BlueGene/Lby this factor we nd thatthe
accumulate-interpolateartof thealgorithmis 2.7 timesfasteron SGI Altix thanon IBM
BlueGene/L. We cannot comparethe communicatiorpart of the algorithmin this way
sinceit is expectedo scalenon-linearlywith the numberof processors.

4.4 Discussionand conclusions

We have performedweakandstrongscalingtestsfor the Hybrid Characteristicenethod
for a numberof differentsetupswith varyinglocationof the sourceandre ned region,
amountof re nement,andnumberof sourcesThesetestswereperformedon a SGI Altix
andanIBM BlueGene/Lsystem.

The resultsof the weak scalingtestsshav that the calculationpart of the algorithm
is dominatedby the accumulate-interpolatpart, which displaysa at curwve for anin-
creasingnumberof processorsThe amountof time spentin this calculationpart of the
algorithmis to a greatextentindependenof therelative locationof thesourceandre ned
region. It alsodoesnot dependn theamountof re nement.

Becausdhe amountof work to be donevariesfrom ray to ray, time is spentin syn-
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chronizationbetweerprocessorskor 64 processoren SGI Altix, thisamountof timeis

almostequalto thetime spentin accumulate-interpolaté® moredetailedanalysisof this

aspecshawvsthatthedistribution of work acrosgrocessorsandthereforethetime spent
waiting, variesconsiderablyandthatthis distribution stronglydepend®nthelocationof

thesource.

Testsinvolving randomlydistributed sourcesshow thatthe algorithmscaledinearly
with the numberof sources.The synchronizatiortime however averagesout to a lower
valuethanin thecaseof a singlesource.

For theweakscalingteststhe communicatiortime increasesvith anincreasinghum-
berof processordhut is still afactor 5 below thetime spentin accumulate-interpolate
for 64 processoren SGI Altix. For the strongscalingtestthis factoris 2. This shaws
that,whenthereis a large enoughamountof work to be doneper processqrthe commu-
nicationtime canbekeptbelowv thetime spentin calculation.

A weakscalingtestwasalsoperformedonaniBM BlueGene/Lsystem Resultsshav
a similar behaiour for the calculationpart of the algorithmason the SGI Altix system.
For theaccumulate-interpolatgartof thealgorithmwe nd thelBM BlueGene/Lsystem
to beafactor 2:7 slowerthanthe SGI Altix system.However, for this test,the time
spentin communicatioris still afactor 2 lower thanthe time spentin calculationfor
1024 processorslueto the muchfasternetwork topology of BlueGene/L. We alsonote
thatif onewantsto run the sameapplicationwith the Hybrid Characteristicsnethod,
more processingiodesare neededn BlueGene/Lthanon SGI Altix dueto the limited
amountof memorypernodeavailableontheformersystem.

We now discusssomepossiblewaysto improving the Hybrid Characteristicalgo-
rithm. A wayto reducethe synchronizatiortime is to optimizethedistribution of patches
for the ray tracing. This however will inevitably impair other partsof the code, like
the hydrodynamicor ionization calculations. Furthermorewhenusingmorethanone
source the patcheswill have to beredistritutedfor eachsource which is not an option
consideringhe communicatioroverheadhis will bring.

In orderto reducehetime spenin communicationtheamountof datathatis commu-
nicatedbetweerprocessorshouldbe minimized. In the currentimplementationyalues
from all patchfacesarecommunicatedo all processorswhile in generalonly a subset
of theseare neededby the interpolationroutines. One complicationis that the number
of valuesto be communicatedariesfrom patchto patchsinceit dependson theway in
which a ray cutsthroughthe patcheson different processors.We expectan optimized
algorithmto reducethe amountof informationthatneedso be communicatedby at least
afactorof two.

To concludethetestspresentedor differentarchitectureshav thatthe Hybrid Char
acteristicsalgorithmscaleswell for atleast 100processoren SGI Altix, and 1000
processorsn BlueGene/Lbringingmassvely parallelradiationhydrodynamicasimula-
tionswithin reach.
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CHAPTER 5
Blowing up warpeddisksin 3D

The GeneralizednteractingStellar Winds model has beenvery successfuin explain-
ing obsened cylindrical andbipolar shapef planetarynehulae. However, mary nelu-
lae have a multipolar or point-symmetricshape.Previous two-dimensionatalculations
shawved that theseseeminglyenigmaticforms canbe reproducedy a two-wind model
in which the con ning disk is warped,asis expectedto occurin irradiateddisks. In this
chapterwe presenthe extensionto fully three-dimensionahdaptive Mesh Re nement
simulationsusing the publicly available hydrodynamicgpackageFlash We briey de-
scribethe mechanisneadingto a radiationdrivenwarpeddisk, andgive an equationfor
its shape. We derive time scalesrelatedto the disk and comparethemto the radiatve
coolingtime scaleof the gas,therebydeterminingthe relevant part of parametespace.
By comparingiwo-dimensionatalculationgncludingrealisticradiatve coolingthrough
acoolingcurve, with onesemploying alow valuefor theadiabatiandex , we show that
the latter, computationallylessexpensve approachis a valid approximatiorfor treating
coolingin our netulae. Theresultsof the fully three-dimensionalind-disk simulations
shav our mechanismo be capableof producinga plethoraof multipolar (andquadrupo-
lar) morphologieswhich canexplaintheobsenedshapeof anumberof (proto-)planetary
netulae.
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68 Blowing up warpeddisksin 3D

5.1 Intr oduction

In the nal phasesf stellarevolution, low massstars,suchasour Sun, rst swell up
andsheda densecool wind in the asymptoticgiantbranch(AGB) phase.This episode
is followed by a fast,tenuouswind thatis driven by the exposedstellarcore,which will
laterbecomea white dwarf. Surprisingly the planetarynelulae (PNe)resultingfrom this
expulsionphasearerarely spherical.More oftenthey shav a pronouncedipolarshape.
Balick (1987)proposedhat suchforms arisedueto aninteractionbetweera slow disk-
shapednner AGB nehula andthefast lastgasp'of the star Analytical (Icke 1988;Icke
etal. 1989)andnumerical(Soker & Livio 1989;Icke 1991;Mellemaet al. 1991)work
showved that this GeneralizednteractingStellar Winds mechanism(GISW) works very
well (seeSectionl.2 for moredetailson this mechanism)For anup-to-datereview, see
Balick & Frank(2002).

However, mary circumstellamelulae have a multipolar or point-symmetridi.e. an-
tisymmetric)shape(Schwarz 1993; Sahai& Trauger1998). Icke (2003) demonstrated
thattheseseeminglyenigmaticforms canbe reproducedy a two-wind modelin which
the con ning disk is warped Suchawarpis possibleeven arounda singlestat dueto
the combinedeffectsof irradiationandcooling (Pettersorl977;Iping & Pettersori990;
Pringle1996;Maloney etal. 1996).

Icke's computationswvere restrictedto a two-dimensionalbproof-of-principle. Here
we presenta rst seriesof fully three-dimensionahydrodynamiccomputationf such
a wind-disk interaction. For this we usethe publicly available hydrodynamicgpackage
Flash (Fryxell etal. 2000). We extendedthis massvely parallel,Adaptive MeshRe ne-
ment(AMR) codewith a radiatve cooling moduleandthe properinitial conditionsfor
our problem.

Evenwith thecurrentsupercomputer@ndAMR techniquesve canfollow theinterac-
tion betweerthestellarwind andthewarpeddisk atasufciently highresolutiononly for
the rst coupleof yearsof its evolution. Thisimpliesthatour modelsarestrictly speaking
only valid for the rst stagesof proto-PNformation. However, sinceit is believed that
PNeexpandin a self-similarfashion(lcke 1988),our modelsmay, althoughtentatvely,
beappliedto laterstagesf PN evolution aswell.

After anintroductionto point-symmetriehulae,we proceedy describinghemech-
anismbehindradiatively warpeddisks,andgive anequatiorfor its shape We thenderive
several time scalesrelatedto the disk, and comparetheseto a typical radiatve cooling
time scaleof the gas,thusproviding uswith thelimits of our parametespace.

In orderto checkthe applicability of using a low value for the adiabaticindex as
an approximationto radiatve cooling in our three-dimensionaluns, we comparetwo-
dimensionalsimulationsran with sucha low , to onesthat appliedthe cooling curve
module.

We thendigressbrie y to explainthe mechanisnbehindthe formationof multipolar
shellsin oursimulationsgmphasizingheimportanceof radiatve coolingandtheintrinsic
three-dimensionalatureof the problem.

Thereafterwe presensynthesizedd imagesandpositionvelocity diagramsof our
data,andcomparehesewith obsenationsof (proto-)PNe.
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5.2 Point-symmetric nebulae

Work on cylindrically symmetricnehulae shoved (Icke 1988,1991; Icke et al. 1992)
thatsharplycollimatedbipolar o ws area frequentandnaturalby-productof the GISW.

However, mary (proto-)PNehave a multipolaror point-symmetricshapgSchwarz 1993;
Sahai& Traugerl998;Guerreroet al. 1999; Sahail999; Su et al. 2003; Harmanet al.

2004). The nelulaethatareformedin thewind-diskinteractionwould naturallyacquire
the obsenred antisymmetryif the disk that con nes the fastwind is warped,insteadof

symmetricunderre ection aboutthe equatorialplane. Several mechanism$ave been
proposedor warpinganaccretiordisk. Themostinterestingonefor our purposesvokes
radiatveinstability (Pettersori977;Iping & Pettersori990;Pringle1996;Maloney etal.

1996).

Livio & Pringle (1996,1997) alreadyproposedhat the precessiorof warpeddisks
mightberesponsibldor point-symmetricielulae. They provedconclusvely thatthevari-
ousphysicalscaledor massaccretionJuminosityandprecessiomatchtheobsenations.
The productionof the netulaeproperthey attributedto anunspeci ed’jet' mechanism.

Another mechanismcapableof producingpoint-symmetricPNe was presentedoy
Garca-Segyura (1997) and Garéa-Se@yura & Lopez(2000). In their three-dimensional
magnetohydrodynamicahodels,the magneticcollimation axis is misalignedwith re-
spectto the bipolarwind, resultingin point-symmetrianorphologies.

Obsenationsof mary bipolar nelulae with "ansae’(e.g. NGC 3242, NGC 7009)
and FLIERS' (e.g. NGC 6751,NGC 7662)leave little doubtthatjets are occasionally
formedduringtheevolutionof someasphericaPNe,probablyin thelatepost-AGB phase,
beforethe fastwind hasswitchedon. But the nelulae presentedy Sahai& Trauger
(1998)do not seemto resemblesuchshapessery much. The lobesof point-symmetric
nekulae (Schwarz 1993; Sahai& Trauger1998)look asif they were producedalmost
simultaneously This is dif cult in the caseof a precessinget, which would make a
corkscrav-like netula of atype not readily apparenin post-AGB shells,althoughsome
objectsdo shaw featureghatarelik ely to be dueto precessioriSchwarz1993;Velazquez
etal. 2004).While leaving openthe possibilitythatjetsmayberesponsibldor additional
structuresasin the caseof the "ansae’,we shaw thatthe interactionbetweena warped
disk anda sphericallysymmetricwind sufces.

Our numericalmodelsof sucha wind-disk interactionare,dueto resolutionrestric-
tions,aimedatthe rst stage®f proto-PNevolution (seeSections.6andSectiorns.8). The
following parametersysedn thesimulationsareappropriatdor thiskind of objects(e.g.
Reyes-Ruiz& Lopez1999):centralstarluminosityL = 5 1C°L , ervironmentnumber
densityn, = 10° cm 2 andtemperaturd, = 500K, disknumberdensityny = 10’ cm 3
andtemperaturdly = 5K, andstellarwind masslossrateM,, = 1:7 10 °M yr !
andvelocityv,, = 200kms 1.

5.3 Radiation drivenwarping

Whenan accretiondisk is subjectto externaltorquesit may becomeunstableto warp-
ing (Bardeen& Pettersorl975; Pettersorl977; Papaloizou& Pringle1983)andwhen
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irradiatedby a sufciently luminouscentralstarevenaninitially at disk will warp (Ip-
ing & Pettersorl990;Pringle1996;Maloney etal. 1996,1998). This warp originatesin
differencesn radiationpressureon slightly tilted annuliat differentradii in the disk.

For warpingto beinduced.,it is essentiafor thediskto beoptically thick for boththe
stellarradiationand for its own cooling ux. Thelatterconditionis the mostrestrictive,
becausadisk thatis optically thin in theinfrareddustcontinuumwill notsufce. While
strictly speakingall we needis a warpeddisk, however this may be produced,we do
believe that the Petterson-Iping-Pringldisks are the mostplausible. This restrictsthe
antisymmetrimehlulaeto aspeci ¢ subclas®f post-AGB starswith high densityandlow
temperaturalisks aroundthem. Anotheraspectthat determinesvhetherthe disk gets
warpedis the luminosity of the centralstar which shouldbe sufciently high.

But, evenif the above conditionsfor warping are valid, it is still possiblethat the
interactionof the wind with the disk doesnot leadto a point-symmetricnelula, since
this furtherrequiresthatthe cooling time of the gasin the sweptup shellis shorterthan
the other dynamical,time scalesof the problem(seeSection5.4 and Section5.7). So,
only whenboththerequirementgor warpingandtime scalesaremet,a point-symmetric
nelulamayemepe.

Analytical considerationdead to expressiongor growth and precessiorratesand
morphologiesof the warp whereasnumericalcalculationsincluding the effects of self-
shadeving show that the non-linearevolution of the warp can producehighly distorted
shapeswith, in extremecases,an inverted, counterrotating inner disk region (Pringle
1997; Wijers & Pringle 1999). Applicationsof warpeddisk theory rangefrom active
galacticnuclei (e.g. Pringle 1997; Maloney et al. 1998)to X-ray binaries(Maloney &
Begelman1997;Wijers & Pringle 1999), protostellardisks (Armitage& Pringle 1997),
andPNe(Livio & Pringle1996,1997).Othermechanismshatproducewarpeddisksbe-
sidesthe radiatvely drivenonearethe wind driven (Quillen 2001)andthe magnetically
driveninstability (Lai 1999,2003).

5.3.1 Origin of the disk

As we will shav below, the requireddisksarequitesmall( 10 100AU) andarein
Keplerianrotationaroundthe star This meanghatthey areconceptuallysomevhatdif-
ferentfrom thecon ning structuresn “classic'GISW modelswhereaslowly expanding
AGB wind is responsibldor the asphericakhapeof the emepging PN. Herewe require
adenseaccretiondisk, whosepresenceluring the post-AGB phasewill imprint itself on
theshape®f youngPNe.

Thereareseveralwaysto form suchadisk. In a binary systema disk canbeformed
dueto a main-sequenceompaniorbeingout of equilibriumwhenemepging from acom-
mon envelope(CE) phasewith a primary AGB star This companionosesmostof the
masst accretedluringthe CE phasewnhich subsequentljormsadiskaroundtheprimary
(Soker& Livio 1994)andwhich,in thepost-AGB phasecangetradiatvely warpedwhen
illuminatedby the centralstar The accretiondisk may alsoform aroundthe companion
star(Soker & Rappapork000),or possiblybe circumbinary

Reyes-Ruiz& Lopez(1999)alsoinvestigated numberof processefor theformation
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————

Figure5.1: Exampleof awarpeddisk surface equation(5.2).

of accretiordisksin proto-PNehroughbinaryinteractions For thecasewvherealow mass

secondargetsdisruptedduringa dynamicallyunstablenassransfemrocessthey found

thatanaccretiondisk formswithin ~ 100yr thathasaradiusof 10AU anda massof
2 103M .

A mechanisnwhichworksfor singlestarsis apartialback o w from the stellarmass
loss.Soker (2001)shavedthatsomeof the materiallostby the (post-)AGB starmay o w
backto the star forming anaccretiondisk.

Whatever the mechanisnfor their formation, circumstellardisks aroundproto-PNe
(e.g.Miranda 1999; Kwok et al. 2000) and post-AGB starshave beenobsened. 1SO
spectrarevealthe presencef crystallinesilicates,which requirea densesrvironmentto
form (Molster et al. 1999,2002). Anomalousatmospheri@albundancepatternsfoundin
a numberof post-AGB stars,are mosteasilyunderstoodf gasanddustwere separated
while orbiting in an accretiondisk (Van Winckel et al. 1998,1999; Maaset al. 2003).
COline shapeslsoindicatethe presenc®f reserwirs of gasin Keplerianorbits (Jura&
Kahanel999;Bujarrabalet al. 2003). So, althoughthe mechanisnby which they form
is not fully understoodthereis mountingevidencefor the presenceof accretiondisks
aroundproto-PNeandpost-AGB stars.

5.3.2 Shapeof the disk

Following Pringle(1997),anexpressiorfor theradiusRi; beyondwhichthediskis un-
stableto radiationdrivenwarpingis foundfrom comparinghetime scalesf theviscous
andradiationtorquesjeadingto

Reit (2 A)?= 16 °GM L 2 M2, ; (5.1)

wherewe assumedh surfacedensity 4 = Mg =3 1) (e.g.Pringle1981). Here

»= 1 is the ratio of the azimuthalto the radial viscosity M is the massandL the
luminosity of the centralstar andMg. is thedisk's accretiornrate. For atypical PN with
a centralwhite dwarf with massof 0.6 M , theluminosityis 5 10°L , whichis
sufciently hightoinducearadiationdrivenwarp.
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In a Cartesiarcoordinatesystemthewarpeddisk surfaceis givenby (Pringle1996)

0 _ , 1
cos sin + sin cos cos
x(R; )= R@ cos cos + sin sin cos A ; (5.2)
sin  sin

with local disktilt angle (R; ), andorientationangleof theline of nodes (R; ). An
exampleof sucha surfaceis shovn in Figure5.1. R and arethe non-orthogonatadial
and azimuthalcoordinategespecitrely, pointing to the surfaceof the disk (cf. Pringle
1996). In our model calculationswe adoptthe caseof a steadyprecessinglisk with
no gl’Oﬁltﬂ andzerotorqueat the origin for which we have in the precessingramethat

= A Rand = sin = ,with theconstan®A de ned by equation(5.1)(Maloney etal.
1996). Theradiusat which thewarpeddisk returnsto the planeis calculatedrom setting
X3 = 0in equation(5.2). Thisleadsto R = (k =A)? (k = 0;1;2;:::) andsincethedisk
is unstableto warpingfor radii R > R, we take the outerdisk radiusto bery = 4R
(i.e.k = 4).

5.4 Time scales

As shown in Icke (2003), the mechanisnfor the formation of multipolar nelulae only
works if the gasis closeto isothermal,or in otherwords, stronglycooling. In orderto
establishthe partof parametespacewvherethe mechanisnmapplies,we needto compare
the cooling time scaleto threeothertime scalesrelatedto the disk: the precessiorand
growth time scalesf thewarp,andthe shockpassingime, wherethelatteris de ned as
thetime the expandingsweptup shelltakesto travel to the outerdisk radius.

In our simulationsve implementedheradiative coolingby interpolationfrom atatu-
latedcooling curve takenfrom Dalgarno& McCray (1972)(seeSection5.5). In orderto
calculateanestimateor the coolingtime scale we representhis curve by thefollowing,
pieceaviselinear, approximation:

= T (5.3)
with inergg s !. Wede netwotemperatureanges1®® 5 10*K,and5 10¢ 10

K, which we referto astemperaturgangeA andB, respectrely. The parameters ; and
i for theserangesaretakenas

A=25 10?%: z=133 10 %°: (5.4)
and
A=03 g= 05: (5.5)

From a similar derivation as the one given by Kahn (1976) [see also Koo & McKee
(1992)],for which thedetailsaregivenin Appendix5.A, we nd acoolingtime

3 xkegTd 7 vaa v
B TG R R P (56
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Figure5.2: Plot of t, tsp, tc.a, andteg asafunction of Mge.. We usedry = Rt to
calculatet,, andrqy = 4 Rgit to calculatetsy, tc.a, andtcg. Theverticalline indicates
the valueof Mg for which R¢it = 125AU. Theenvironmentdensitywassetto ne =

10° cm 3. SeeSection5.6 for the valuesof otherparameters.

where

1 3
Ci:— 2
i

sa ¢ xke2 (P (@Y 5 (67)
andwith x; thenumberof particlesperhydrogemucleuskg Boltzmannsconstant]s the
temperaturef the shocledgas,ny the numberdensityof hydrogeny, the shockspeed,
and . the pre-shoclkernvironmentdensity For a fully ionizedgasof cosmicabundances
we have

Ca=10 10 Cg =60 10 %*: (5.8)

We furtherassumehatthe wind blown bubbleis in the ‘'momentundrivensnovplow
phase'(e.g.Lamers& Cassinellil999),sothe sweptup shellis thin, andthe outershock
is approximatelyattheradius

! 1=4

3My Vi (122

= 5

; (5.9)
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with time t, masslossrate of the wind M,,, andterminalwind velocity v,,. The shock
velocity readily follows by taking the derivative, which leadsto an expressionfor the
coolingtime of the sweptup shellgivenby

SETCR

MLy Vi 33 )

tei = Ci o e til: (5.10)

As mentionedabove, threetime scalegelatedto the disk areof importance Firstthe
precessiorime scale

t, = 48 2cG2M 2L 437 (5.11)

(Maloney et al. 1996) wherewe assumedeplerianrotation. Secondhe time scalefor
theinitial growth of thewarpwhichis of thesameorderast,. Thethird time scaleis the
shockpassingime ts, which follows from settingr (ts,) = rq in equation(5.9)as

2 1=2
tsp= = e M, T2y, (5.12)

Whenwe useequation(5.1)for thecritical radiusasatypical disk radius,we nd that
thedifferenttimesscaleas

2 4pp 3 3
tp _ ML "My, ° ¢

1=2 1=2 1=2 2 dapgd 4
tSP — e vw M“L M‘acc

ti oM@ e M DL A DMAC D 4D
wherewe sett = tg, in equation(5.10)for the coolingtime scale.

We are quite limited in our choiceof M , L , v,,, and M,, sincevaluesfor these
parametersare constrainedoy stellar evolution and wind models(e.g. Pauldrachet al.
1988;Blocker 1995)but sincethe dependencef t,, ts,, andt. on Mg is sostrong,a
properchoiceof this latter parameteteadsto the desiredrelationbetweenthe different
time scalesHowever, sincethedisk'sradiusdepend®n M. aswell [equation(5.1)], we
cannottakeit too large, sincethatwould leadto anunrealisticsizefor the disk. We have
indicatedthis restrictionin Figure5.2which shovsaplot of t,,, ts, andt. asafunctionof
Mecc. For all simulationswe choseour parametersuchthatatall timest. < tg, < tp, SO
thatcoolingwill indeedbeimportantandthatwe cansafelyignorethedisk's precession.
SeeSection5.6 and Section5.8 for actualvaluesof the parametersve usedasinitial
conditionsfor our simulations.

5.5 Numerical implementation

We usedthe three-dimensionahydrodynamicpackageFlash (Fryxell et al. 2000) to
modeltheinteractionbetweera sphericawind andawarpeddisk. This parallelizedcode
implementsblock-structuredAMR initially developedby Berger & Oliger (1984) (see
alsoBemger& Colellal1989)anda PPMtypehydro-soher (Colella& Woodward1984).
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Besidesmplementingthe properinitial andboundaryconditionswe alsoaddedour
own coolingmoduleto the codein orderto modelradiative coolingusingacoolingcurve
(Dalgarno& McCray1972;Mellemaetal. 2002).This curve givestheenengy lossrateas
afunctionof temperaturdor alow densitygasin collisionalionizationequilibrium. The
radiatve lossesvereimplementedhroughoperatorsplitting andif thetime steprequired
by the hydrodynamicsvaslargerthanthe cooling time, the formerwassubdvidedinto
smallerstepswhencalculatingthe cooling.

Thetemperaturd, of theenvironmentwaskeptatits initial equilibriumvalueby in-
troducingaheatingtermwith alineardependengconthedensity asphoto-electriceating
would have. Thetemperaturd 4 of thedisk waschosersuchthatit wasin pressureequi-
librium with the ervironment. Furthermorewe madesureno grid cell could obtaina
temperaturdelov aminimumvalueof Ty.

To constructthe warpeddisk, equation(5.2) wascombinedwith a constant are an-
gle' 4, andapropervaluefor A. The outerdisk radiusry wastakento be largerthan
Rait (cf. equation(5.1)) andthedisk wasgivena constanhumberdensityny. Theenvi-
ronmentwasgivena constaninumberdensityn,. The sphericalwind wasimplemented
asaninterior boundaryconditionandgivena 1=r? densitypro le, outerradiusr,,, anda
constanwind velocity v,,. The pressuravascalculatedrom anequationof statewith a
constantdiabatiandex

Boththemoduleto constructheinitial conditionsaswell asthecoolingcurve module
areavailablefrom theauthorsuponrequest.

5.6 Two-dimensionalwind-disk simulations

To checkthe implementatiorof the wind-diskinteractionmodelinto the AMR codede-
scribedabove, we repeate@numberof thetwo-dimensionatalculationgreviously done
by Icke (2003). Sincein his simulationsa differentsolver (FCT/LCD) for the hydrody-
namicequationsvasused,andthe shapeof small scalestructuresn the outcomeof the
calculationsdependon turbulent processe# the gas,the two-dimensionatomparison
simulationsdid not agreein every single detail, but the overall point-symmetricmor-
phologiesfound,weresimilarin bothsimulations.

To seethe effects of morerealistic cooling, we also ran somesimulationswith the
coolingcurve moduleandanadiabatiandex = 5=3. At thestartof eachsimulation,the
coolingtimeis alreadysmallerthanthe hydrodynamicatime scale sothebubbleis in the
momentundrivenstagerom theoutset.Sincethe coolingscalewith thedensitysquared
andthedensityin thesweptup shellcanonly increasevith time, thecoolinggetsmoreef-
cient asthesimulationprogressesgndthebubbleremainanomentundriventhroughout
the entiresimulation. To sufciently resole the developingbow shockandinstabilities
in thesecalculationsrequireda fairly high (effective) resolutionof 2048 cells. All two-
dimensionakimulationsusedeithera small valuefor the adiabaticindex or the cooling
curve module bothresultingin momentundrivenshells.SeeTable5. 1 for informationon
theinitial parametersFor all two-dimensionakimulationswith coolingappliedthrough
thecoolingcurve modulewe usedthefollowing parametersMg.. = 1:5 10 M yr 1,
Vw = 200kms L, M =06M ,L =5 1C°L , 4= 1gcm ?,rq= 100AU, 4= 5,
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Figure5.3: Grey scaleplot of log,, of the density(gcm ) att = 9:0 yr for several
two-dimensionalind-disk simulationsusingeitherthe cooling curve module(left hand
side)or alow valueof gamma( = 1.1, topright; = 1:05, bottomright) to simulate
radiatve cooling. Parametergor initial densitiesandtemperaturesanbefoundin Table
5.1. Actual valuesof thedensityrangefrom 4.0 10 ?°to 1:25 10 *® (toprow) and
from3:2 10 *to7:9 10 '®gcm 2 (bottomrow). Thesizeof thedomainis 334AU?,
anda total of eightlevels of re nementwereusedresultingin an effective resolutionof
2048 cells.
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Table5.1: Parameterg$or the two- andthree-dimensionaluns.

Figure# 5.3(top-ranv) 5.3 (bottom-rav) 5.5

ne (cm 3) 10 1P 100

Te (K) 500 5000 500

ng (cm 3) 10 1¢° 10

Tq (K) 5 50 5

My, (M yr?) 1.7 10° 1.7 108 1:7 10 °
Reit (AU) 18 18 18

ty (yr) > 890 > 890 > 890

tsp (YI) 15 15 15

tea (Yr) 5:8 0:58 5:8

teg (Yr) 20 10° 20 10° 20 10°

and = 1. Forthecalculationof ts, weusedrq = 4 Reit © 72AU whichis of thesame
orderasthe value of 100 AU we usedin the simulations. Note that, for this parameter
choice,the Shakura-Suyaey parameter ' 1=(4Rgi Cs), obeys 1, asis required
(seee.g.Pringle1981). Also notethat,in the simulations the masdossrateof the wind
M., is a functionof ., suchthatatr = r,, thewind densityis setequalto the initial
environmentdensityi.e. My, = 12 vy, which rendersequation(5.12)independenbf

e (asisre ectedin theconstants, in Table5.1for differentvaluesof ng). Thediskmass
correspondingo thesenumberds quitemodestpnly 3:;5 10 M . Thisshavsthatthe
mechanisndoesnot requireexcessve conditionsto operate.

For therunsthatweredonewith thecoolingcurve modulewe nd that,apartfrom the
formationof the, by now familiar, point-symmetridobes,the outershell of sweptup gas
is muchthinnerandunstabledueto the effective cooling at higherdensities.It develops
into a numberof smallerlobesmeiging with one anotherasthe shell expands(Figure
5.3). Furthermorethe more effective the cooling, the moreelongatedhe lobescreated
by thebow shockbecome.

5.7 Mechanism

The mechanisnbehindthe formationof the multipolarlobesseenn the simulationds as
follows (seealsolcke 2003). As the centralwind impingeson theinnerrim of thedisk, a
three-dimensiondow shockdevelopsaroundt. Theopeningangleof theshockdepends
inverselyon the Mach numberof thewind. A two-dimensionatut perpendiculato the
planeof the disk (seeFigure 5.3 and Figure 5.5) shavs the developing bow shock, of
which onebranchies off into spacecreatingalobejutting outfrom the nelula, whereas
the otherslamsinto the concae sideof thedisk.

Dueto the cooling of the gas,the sweptup shellis highly compressedndtherefore
thin, andthe ram pressurdrom the wind directly drivesthe shell outwards,which are
necessaryngredientdor the bow shockto producethe lobes. Whenthe coolingis very
effective, the shell getsso thin thatit becomesunstable anddevelopsinto a numberof
smallerlobes. Ultimately, whenthe densityof the disk is not too high, the wind breaks
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Figure 5.4: Isosurficesfor a densityvalueof 10 ¥’ 10 6 gcm 2 correspondingo
the cutsshawvn in the bottomrow of Figure 5.5 for the three-dimensionatalculationat
t = 12yr. Thesizeof thedomainis 334AU.

throughthe concae partof thedisk, producinganotherpair of lobes(Figure5.3).

Sincethetrue bow shockis a three-dimensionaitructureandthe disk is warped,the
shapeof the disk seenin a two-dimensionakertical cut at differentazimuthalangles
changesuchthatthe concae side of the disk turnsinto the corvex sideandvice versa
for increasing .

As was pointedout above, the interactionbetweena sphericalwind and a warped
disk is point-symmetricby nature,and thusintrinsically three-dimensional.The two-
dimensionakalculationsshouldthereforebe regardedastrial calculationghat shav the
underlying principles of the interactionbut, due to the slab symmetryof thesetwo-
dimensionalsimulations,which doesnot correctly capturethe point-symmetryof the
problem,cannot be usedto derive arny obsenablemorphologiesor position-\elocity dia-
grams.So,to truly understandheemeging point-symmetricstructureof thisinteraction,
it is necessaryo carryoutfully three-dimensionaimulations.

5.8 Three-dimensionalwind-disk simulations

We ran wind-disk simulationsin threedimensionson a Cartesiargrid with an effective
resolutionof 512 usingsix levels of re nement. For our largestcalculationsve needed
approximately24 hourson 64 nodesof an SGI Origin 3800 system,whereeachnode
consistof a500MHz R14000CPUwith 1 GB of memory At theendof eachsimulation,
30%of thedomainis re ned to thehighestlevel, takingall thememoryavailable. This
meanghatif onewould like to follow the simulationfor a longerevolutionarytime by
usinga larger domain,and keepingthe same(effective) resolution,one shouldincrease
thenumberof nodesaccordingly
Sincewe found in our two-dimensionalcalculationsthat simulationswith cooling
appliedthrougha cooling curve did not resultin a qualitatvely differentmorphological
outcomecomparedto calculationswith a low value for the adiabaticindex, we opted
not to usethe cooling curve module during our three-dimensionasimulationsto save



Figure5.5: Grey scaleplots of log,, of thedensity(gcm %) att = Oyr,t = 3yr,t = 6yr,t = 9yr, andt = 12yr (right to left).
Actual valuesof thedensityrangefrom 3:0 10 ?*t01:0 10 ¢ gcm 2. Thesizeof thedomainis 334AU3. Shawn arecutsthrough
the centreof the datacubein the xy-plane(top), xz-plane(middle), andyz-plane(bottom). The plots for the yz-planeshow the grid
structuresuperimposewhereonly thethree nest levelsof re nementarevisible (coarsetevelsarefully re ned). The corresponding
isosurbcesareshavn in Figure5.4.
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on computingtime. Like in the two-dimensionakimulations,we useda disk radiusof
100AU, a wind velocity of 200kms ! and a computationadomainof 334AU3. See
Table5.1for asummaryof the simulationparameterandresultingtime scales.

5.8.1 Mor phology and kinematics

In Figure5.5we shav cutsthroughthecentreof thedatacubeatdifferenttimesduringthe
simulation.Oneseeghatthe point-symmetricstructureagainemeges,andthatthe bow
shockproduceanultiple lobes,asin the two-dimensionakimulations. To visualizethe
three-dimensionahapeof the sweptup shell, correspondingsosurbicesarealsoshovn
(Figure5.4).

Sinceit is thebow shockthatdrivestheshapingof thebubble,arny extrasmallscalein-
stabilitiesresultingfrom theextradegreeof freedomof our three-dimensionaimulations
areof relatively little importance However, onedifferencebetweernhetwo-dimensional
andthethree-dimensionalalculationss thewayin whichthesmallscaledlobescanmeige
alongthe surfaceof the sweptup shell, but this doesnot alter the global shapeof the
bubble. Also, the extra degreeof freedompreventsthe wind from breakingthroughthe
concae partof thedisk, in contrasto whatwasfoundfrom thetwo-dimensionasimula-
tions.

We derived synthesizedH imagesby projectingthe three-dimensionatiata cube
ontothe planeof the sky. We integratedthe densitysquaredalongthe line of sightand
usedthis asan estimatefor the emission. In Figure 5.6 we presentan overview of the
point-symmetricshapesve found. Varying the projectionangleproducesa plethoraof
morphologiesangingfrom clearly quadrupolaie.g. Figure5.6 ( ; ) = (000, 040)) to
multipolar(e.g.Figure5.6(120; 020)). We canalsochoseour projectionanglesuchthata
morebipolarlike shapeemepges,seee.g. Figure5.6 (160, 080), or evenanalmostround
shapgFigure5.6 (140, 120)).

In Figure5.7thekinematicdatain theform of position-\elocitydiagramss presented.
Thesediagramscorrespondo theH imagesof Figure5.6,where,for eachdiagram the
“slit' was positionedat the centreof the imageandranin the vertical direction. To be
representatie for currentobsenations,we corvolvedthe position-\elocity diagramswith
two-dimensionalGaussiansvith a FWHM of 10kms ! alongthe velocity axis, and a
FWHM of 0:°05 alongthe position axis (assuminga distanceof 1 kpc to the nehula).
Oneseedghatthe point-symmetryis alsoretainedin thesediagrams.We presentarger
versionsof threeof ourH imagesandtheir correspondingosition-\elocity diagramsn
Figure5.8.

5.8.2 Comparisonwith obsewations

Since,evenwith the currentstate-of-the-arsupercomputeandAMR techniquesywe can
follow the evolution of the expandingbubbleonly up to about1% (10%) of the physical
sizeof atypical PN (proto-PN),it is dif cult to make a quantitatve comparisorbetween
ourmodelsandtheobsenations.However, althoughour modelsarestrictly speakingnly
valid during this early development,we expectthe shapeimprinted on the wind blown
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Figure5.6: Grey scaleplots of the synthesizedd images(inverted;darker shadesep-
resenthigheremissionrates).Differentprojectionsof the three-dimensionalatacubeat
t = 12yr areshavn. Thesizeof eachboxis 334AU? andthelog,, of thedensitysquared
integratedalongtheline of sightis plotted. The anglesof rotation( ; ) for eachimage
areshown in the lower right corner with  and the usualsphericalcoordinateangles.
Thosepartsof thedisk thatwerenot yet sweptup by thewind are Itered out.
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Figure5.7: Grey scaleplots of the synthesizegbosition-\elocity diagramscorresponding
totheH imagesof Figure5.6. Velocity is plottedalongthe horizontalaxisandranges
from 33to+33 kms 1. Positionis plottedalongthe vertical axisandrangesfrom 0 to
334AU. Thegrey scalerepresentthelog,, of the ux, (inverted;darkershadesepresent
higheremissionrates). All diagramswere corvolved with a two-dimensionalGaussian
with a FWHM of 10kms ! alongthe velocity axis, anda FWHM of 0°°05 alongthe

positionaxis.
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Figure 5.8: Larger versionsof three synthesizedH imagesand their corresponding
position-\elocity diagrams(consultFigure 5.6 and Figure 5.7 for more detailson these
results).
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bubbleto persistinto later phasessince,dueto the 1=r? decreasén density(createdoy
anearlierAGB masdossphasepf the ervironmentat largerscaleg10* AU), the bubble
will expandin aself-similarfashion(lcke 1988).

Whetherthe shell remainsmomentumdrivenin the long termwhenit expandsinto
a 1=r? environmentdependson parameterdik e the velocity and massloss rate of the
evolving fastwind, andthe actualdensitydistribution in the surroundingmediumleft
behindby the earlierAGB phase For example,detailedradiationhydrodynamicatalcu-
lationsperformedby Mellema(1993),takinganevolving fastwind andionizationeffects
into account,shovedthatthereis a transitionfrom momentumto enegy driven o w at

1000yr. We thereforeexpectthe multipolar shapeof the bubbleacquiredin the early
stageghroughour mechanisnto persistfor atleastthislongaperiod. Thuswe mayalso,
althoughtentatvely, sincethe fastwind velocity is expectedto increasen time which
may alter the morphologyof the bubble,compareour resultsto moreevolved PNe. So,
if oneassumeshatthebubblewill expandself-similarly, it will have asizeof 10* AU
(foraPNof 10atadistanceof 1 kpc)att' 500yr, which arereasonablealuesfor
obsenedPNe.

When comparingour H imagesto obsenred objects,good candidateghat can be
accommodatedy our model are the quadrupolarPNe K3-24 (Manchadoet al. 1996)
andNGC 7026(Cuestaet al. 1996;Solf & Weinbeger1984),andthe proto-PNeM1-26
and M4-18 (Sahai& Trauger1998; de Marco & Crowther 1999). Although nehulae
ascompactasthosein our modelshave not yet beenobsened in sufcient detail, the
morphologicakimilarity with the moreevolvedobjectsjustmentionedsuggestshatthey
represenearly stagef these.

Obsened position-\elocity diagramsfor NGC 7026 are presentedn Cuestaet al.
(1996),togethemwith aratherad-hockinematicmodel. Uponcomparisorof our position-
velocitydiagramswith theobsenedoneswve nd qualitatively similarstructuresstrength-
eningthe validity of our model. For K3-24 andthetwo proto-PNementionedkinematic
dataareunfortunatelynot (yet) available. Anotherinterestingoropertyof obsenedpoint-
symmetricPNeis thatnotonly theimagery but alsothe position-\elocity diagramsshow
evidenceof point-symmetry(e.g.Guerrercetal. 1999;Harmanetal. 2004),like we nd
in our syntheticposition-\elocity diagrams.

5.9 Conclusions

We have presentedhree-dimensionaAMR simulationsfor the formationof multipolar
nehulae from the interactionof a fastsphericalstellarwind with a warpedcircumstel-
lar disk. Although two-dimensionakimulationsdemonstratéhe mechanisnbehindthe
creationof thesemultipolar bubbles,the point-symmetryof the problemrequiresa fully
three-dimensionateatment.

From a calculationof the differenttime scalesof the problem,we determinedthe
boundariesof our parameterspace. We found that, althoughstellar evolution models
limit the freedomof choicefor a numberof parametershe scalingof the time scaless
suchthatonecanalways nd apropersetof physicalparameters.

The in uence of morerealistic radiatve cooling usinga cooling curve was investi-
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gated,andit wasfound that, in orderto resole the bow shockthat generateshe pro-

truding point-symmetridobes, high resolutionsimulationswererequired. Furthermore,
the resultingmorphologiesof the wind blown bubblesfound in thesetwo-dimensional
simulationsusinga cooling curve did not differ qualitatvely from the onesfoundin the

simulationswheresimpli ed coolingwasappliedthroughthe useof alow valueof the

adiabaticindex. Therefore,we usedthe latter, computationallylessexpensve cooling

stratgy, for our three-dimensionauns.

Whenanalyzingtheresultsfrom thethree-dimensionalalculationsyve foundthatour
modelproducesa wide variety of morphologiesrangingfrom multipolarto quadrupolar
andbipolar All theseshapeswvere extractedfrom onesingle time frame of onesingle
calculationby systematicallhoosinganumberof differentprojectionangledor thedata
cube. BesideghesesyntheticH images,we madethe correspondingposition-\elocity
diagramswhich alsoclearly shav the point-symmetryof themodel.

By comparinga numberof obsened (proto-)PNewith thesemorphologicakndkine-
matic results,four compellingcasesverefound. Thesearethe quadrupolaiPNeK3-24
and NGC 7026, and the multipolar proto-PNeM1-26 and M4-18. Sincefor K3-24,
M1-26, and M4-18 kinematicdatais not available,we could not compareour position-
velocity diagramswith onesfor theseobjects,so,to furthertestandconstrainour model,
it would bevery interestingf this datacouldbe obtained.

The methodto arrive at the syntheticH imagespresentedn this chapterdoesnot
includetheeffectsthatabsorptiormayhave. Absorptioneffectsmaychangeheresulting
imagefor thoselinesof sightwherethesweptup shellbecome®ptically thick. In orderto
facilitatesuchamoredetailedcomparisonprojectionmodelsof radiatve solutionstaking
absorptioninto accountarecurrentlybeingcalculatedusinga newly developedray trace
algorithmespeciallysuitedfor the AMR datastructuresof the Flashcode(seeChapter
3). Furthermoresincethis chapterpresentonethree-dimensionalesultonly, it will be
of interestto runmoremodelswith differentwind-disk parameterso provide insightinto
thevariationin resultingmorphologies.
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5.A Derivation of the coolingtime

Startingwith a slightly moregeneralversionof equation(13) in a paperby Kahn(1976)
for therateof lossof enegy perunit mass

L= ;i 4% sT.' (ergg *s %) ; (5.13)

andfollowing a similar dervationasthe onegivenby Kahn,we nd acoolingtime

3 thBTsl i .

te; =
21 ) nu g

(5.14)

Expressinghe post-shockemperaturd's asa function of the shockspeedvs usingthe
Rankine-Hugoniojump conditions(e.g.Ostriker & McKee1988),we nd

_Vvi2( 1),

T (T (5.15)
andacoolingtime
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Using the derivative of equation(5.9) for the shockvelocity, the coolingtime scalebe-
comes IV

3MLy, Vi ’ 13 0

tei = Ci o e’ tiot: (5.18)

Usingequation(5.1) asatypical disk radius,andsettingt = tg,, we nd thatthecooling
time scalesas
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CHAPTER 6
3D simulations of knots in the Helix

We studythe photoeraporationof multiple denseneutralknotswith physicalparameters
applicableto obsened knotsin the Helix planetarynetula (NGC 7293). The ionizing
photonsfrom the centralstarof this nelula induceanionizationfront at the knot. This
resultsin ashockrunningthroughtheknot, whichis followedby theionizationfront. We
shaw thatfor theHelix knotsconditionsaresuchthattheionizationfront velocityis much
lowerthantheshockvelocity. Thisleadsto athick layerof shocled materialbetweerthe
two fronts, resultingin an expansionphaseoncethe shockhasleft the backof the knot.
We analytically derive a condition for which this expansionoccursand showv that this
is the sameconditionasusedby Bertoldi (1989)to discernbetweentwo regimesin the
evolution of photoeraporatingclouds. This shavs thatthe expansiorphaseve nd in our
numericalsimulationsis in fact quite commonfor this type of process.We proceedby
presentingBD radiationhydrodynamicatalculationsusingboth the parallelizedHybrid
Characteristicaswell asthe explicitly photonconservingC2-Ray method. After com-
paringthesetwo methodgor a simulationinvolving a single photoeaporatingknot, we
describehedifferentinteractionghatmayoccurbetweenwo of theseknots. We quantify
the evolution of global o w propertiedik e the neutralmasskinetic, andinternalenegy
of theknots,and nish with a simulationof the photoezaporatiornof awhole ensemblef
knots. We compareour resultsto obsenationsof knotsin the Helix usingsyntheticH
imagesgxplainingsomeof the obsenedfeaturesn thetail region of theseknots.

E.-J.RijkhorstandG. Mellema

to be submittedto Astronomy& Astrophysics
(Sectionb.5will besubmittedasa separaté.etter)
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6.1 Intr oduction

High resolutionobsenationsof the Helix (NGC 7293)planetarynekula (PN) shov tens
of thousand®f resolhed knots (O'Dell & Handron1996; Mealurn et al. 1998; O'Dell
etal. 2004;Meixneretal. 2005). Theseknotsareknown to be of high densityandhave
extendedtails pointing away from the centralstar (CS). Their numberrapidly increases
whenmoving radially outwards,towardstheionizationfront of the mainnetular compo-
nent,whichis thoughtto beathick disk (e.g.O'Dell 1998). The knotsareoptically thick
to theincidentionizing radiationcomingfrom the CS, which thereforeinducesa photo-
evaporation o w emeging from the headof the knot. The associated-typeionization
front drivesa shockinto the densematerialwhile slowly eatingits way throughthe knot,
andthe back-reactiorof the knot materialto this o w acceleratethe knotaway from the
source(Oort& Spitzerl955).

Becauseof limitationsin computationapower andalgorithmic constraintspnumeri-
calradiationhydrodynamicasimulationsof suchphotoeraporatingknotstraditionallyfo-
cusedncalculationsnvolving asingleknotonly (e.g.Le och & Lazaref 1994;Mellema
etal. 1998; Garca-Arredondoet al. 2001;Ragaet al. 2005; O'Dell et al. 2005). These
calculationsquantify propertieslike, for example,the emissionstructure velocity, and
evaporationtime of singleknots. However, in PNelik e the Helix, mostknotsoccurin
groupsandshaw clearsignsof interactionamongthem.

To systematicallystudy the evolution of sucha group of knots, three-dimensional
high-resolutiorradiationhydrodynamicatalculationsarea requirementFirst resultsof
suchsimulationswerepresentedby Lim & Mellema(2003),who studiedthe interaction
amongtwo photoeraporatingknots. Here,we take thesecalculationsonestepfurtherby
performingnumericalsimulationsnvolving anensemblef knots.

We startwith a summaryof the obseredpropertiesof the Helix knots,which give us
the physicalparameter$or our simulationsandbrie y discusghe existing scenariogor
theorigin of theknots(Section6.2).

Section6.3 summarizeshe numericalmethodsusedto run the simulations.We use
boththe newly developedphotonconservingC2-Ray method(Mellemaet al. 2005),and
theHybrid Characteristicemethodwhichwaspresentedh Chaptei3. Sincethesanethods
containdifferentimplementationgor the hydrodynamicsray tracingandcomputational
mesh,we run sometest problemsand comparethe resultsobtained. This sectionalso
addressethenumericalissuef spatialandtemporalconserationof photonsjmportant
for theoutcomeof the simulations.

Section6.4 describeghe assumptionsindapproximationghatwentinto the simula-
tions.

In Section6.5we analyzethe evolution of a singlephotoeraporatingknot. We shaw
thatthe conditionthatdetermineghethicknessof the layer of materialbetweertheion-
izationfront andthe precedingshockis importantfor the way in which theknot evolves.
We placethis conditionin the contet of the parametespacefor photoeraporatingknots
asintroducedby Bertoldi (1989),andshow thatthisis acommonandthereforeémportant
effect.

We continuewith a descriptionof a baselinecalculationinvolving a single knot in
Section6.6. Thevaluesof thephysicalparameterspecifyingthe Helix knotsaredifferent
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from the onesnormallyusedin this kind of simulations.This signi cantly alterstheway
in which aknot evolves,whichis discussedn detail.

Section6.7 presentsimulationsinvolving two knots,shaving the differenttypesof
interactionthatcanoccuramongthem,andthe impactthesehave on the evolution of the
knots.

In Section6.8theresultsfor the photoevaporationof anensemblef knotsaregiven,
which we discussandcompareo obsenationsof the Helix knotsin Section6.9.

Conclusionsaregivenin Section6.10.

6.2 Observedpropertiesof the Helix knots

To setthe stagefor the radiationhydrodynamicakimulationspresentedn this chapter
this sectiondiscusse®bsenred propertiesof the knotsin the Helix netula, andsomeof
the scenarioghatmayexplain their origin.

At adistanceof 213pc (Harrisetal. 1997),the Helix is the nearesPN. Its CShasan
extremelyhightemperaturef 123 000K (Bohlin etal. 1982),andaluminosityof 120L .
The massof the progenitorof the Helix nelulais thoughttobe 6:5M (Henryetal.
1999). Themainneklular components ageometricallythick disk, whichis ionizedupto a
radiusof 21F? andhasa symmetryaxisthatis tilted away from theline of sightby 23
(O'Dell etal. 2004). Embeddedn this disk, startingat a radiuswherethetransitionfrom
a highly ionized, Hell emitting centralregion, to a lower ionizationzoneemitting Hel
takesplace,tensof thousand®f denseknotsof ~ 1%in diameterareobsened (O'Dell
etal. 2004; Meixneret al. 2005). Theseknotsrapidly increaseén numberwhenmaoving
outwardsfrom the source towardstheionizationfront.

The side of a knot that facesthe staris ionizedand,dueto limb brightening,is ob-
senedasa cusp-like shapen H and[NII] images.Thecoreregion of theknotson the
otherhandis obsenred in absorptionagainstthe bright nelular backgrounddueto dust
extinction (Mealurn etal. 1992). This absorptiorincreasesvhenthe knot lies relatively
closeto the surfaceof the disk. Theamountof extinction obseredin [Olll] thusgivesa
lower limit for the massof the knots,whichis approximately 10 ®>M , andadensity
of 10° cm 3 (O'Dell & Handron1996;Meaturn et al. 1998). This assumes dustto
gasratioin theknotof  1=15Q similar to that of the generalinterstellarmedium. The
Helix is anoxygenrich PN, andarny dustemissions thereforeassumedo ariseprimarily
from silicates(Specket al. 2002). The densityof theionizedervironmentis of the order
of 50cm 3 (O'Dell & Handron1996).

CO obsenationsby Hugginset al. (2002) of one of the more prominentknotsin
theHelix [designated878-801in the coordinatesystemintroducedby O'Dell & Burkert
(1997)],shav amainpeakthatis associateavith the coreof theknot, anda secondoeak
locatedat the edgeof thetail region behindthe core,wherethetail itself shovs extended
(butwealer) COemissiomaswell. Theobsenedline width of this CO emissions slightly
broadert 0:8kms 1) in thetail regionthanfor theknotitself (  0:5kms 1) (Huggins
etal. 2002). The CO excitationtemperaturés 25K, andassuminga CO alundanceof
3 10 4, obsenationsof theCO ux giveamoleculamassof atleastl0 °M (Huggins
etal. 2002),consistentvith thevaluefoundfrom dustextinction. Velocity measurements
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obtainedfrom CO obsenationsof the knots give a kinematicage of the main nehular
componentof 5,000 10;,000yr dependingon the adoptedmodel (e.g. Young et al.
1999;0'Dell etal. 2004).

TheH, emissionof theknot 378-801is obseredasa limb-brighteneccuspto lie just
within the cuspobsenedin H +[NII], andis interpretedo be a thin photo-dissociation
region (Hugginset al. 2002). The tail of this particularlyknot alsoshovs enhanced,
emissionneartwo peaksin H +[NII] (Hugginsetal. 2002),which is thoughtto be due
to the remainsof a secondknot thatis partially shadeved from directstellarphotonsby
378-801(O'Dell etal. 2005).

A numberof scenarioshave beenproposedo explain the origin of the Helix knots
(for a summary seeO'Dell & Handron1996). One of the optionsis an instability at
the ionizationfront, for exampleas a Rayleigh-Tylor instability (Capriotti 1973),0r a
shadaeving instability dueto smallinhomogeneitiegn the interstellarmedium(Williams
1999). Another option is instabilitiesdue to successie stellar winds as describedby
Garca-Sayuraet al. (1996). The knotsmay alsooriginatefrom SiO maserspotsin the
atmospheref the red giant progenitor Dysonet al. (1989) consideredhis possibility
by studyingtheir survival during the successie masslossphase®f the CS. Finally, the
knots may also have a primordial origin (seeO'Dell & Handron1996, and references
therein). Sinceit is far from clearwhich of thesescenarioss responsibldor the origin
of the knots, we chosethe initial shapeof the knotsin our simulationsto be spherical,
althoughin reality thiswill probablynotbethecase.

This chaptefocusesontheknotsin theHelix sincethis nelula hasbeenobseredex-
tensvely, andmary physicalpropertiesf the knotsandthe netula areknown. However,
knotssimilar to the onesin the Helix have beenobseredin the nearbyPNeNGC 2392
(Eskimo),NGC 6720(Ring), NGC 6853(Dumbbell),andIC 4406aswell (O'Dell etal.
2002), showing this type of knotsto be a commonfeaturein PNe. This makesthem
animportantingredientof the materialthatis fed backinto the interstellarmedium,and
insightinto the processethatcreateandshapeheknotsis required.

6.3 Numerical methods

In this sectionwe brie y discusghetwo numericalmethodswve usefor the photoerapo-
rationsimulationspresentedn this chapter Thesearethe Hybrid Characteristicenethod
(Chapter3) asimplementedn the Flash code(Fryxell etal. 2000),andthe recentlyde-
velopedC?-Raymethod(Mellemaetal. 2005).

The maindifferencedetweenhesecodesarethe hydrodynamicsolver, the method
of ray tracing,andthe meshutilized. The Flash codeusesa PPM type hydrodynamics
solver (Colella& Woodward 1984)on an adaptve mesh,while the C2-Ray methodem-
ploys a Roetype solver (Roe1986)on a regular mesh(althoughthis methodis capable
of handlingAMR aswell). However, the maindifferencebetweerthe methoddiesin the
implementatiorof ray tracingandionizationroutines.

The Hybrid Characteristicenethodusesdistributedray tracingasdescribedn Chap-
ter 3, makingit afully parallelcode,whereaghe C?-Ray methodtracesraysusingshort
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characteristicsvhich is anintrinsically serialmethod. This hasimplicationsfor the im-
plementatiorof photonconseration,whichis discusseadhext.

The C?-Raymethodby Mellemaetal. (2005)represents novel approacHor numer
ically calculatingthe photo-ionizationand heatingrate on a discretizedcomputational
domainthatis explicitly photonconservinglt implementsspatialconserationby rewrit-
ing the hydrogenphoto-ionizatiorandheatingratein termsof the opticaldepth  to the
cell andthe opticaldepth overthecell.

Sinceduring a time step t the ionization fraction in a cell actually changespne
shouldcorrectfor this aswell. The usualsolutionis to take a larger numberof smaller
time stepsto approximatephotonconseration (Abel et al. 1999; Shapiroet al. 2004).
However, Mellemaet al. (2005)proposea differentsolutionto this problemof temporal
conserationof photonsby introducinga time averagedonizationfraction. Thisis used
to nd atime averagedpticaldepthfor thecell, therebylifting therestrictiononthetime
stepwith which the calculationhasto evolve. This time averagedoptical depthis also
usedto calculatetheionizationandheatingrates.

Another crucial aspectof the C2-Ray methodis that the order of the cells through
which theraysaretracedis important.Sincetheionizationandheatingratesin cellsthat
lie furtheraway from the sourcedependon theionizationfraction of cellsthatlie closer
to thesource pneshouldstartatthe sourceandtraceoutwardsto stayphotonconserving.
As alreadymentionedthisinterdependerncmakestheir, andary otherphotonconserving
methodthatemplgys sucha causaform of ray tracing,intrinsically serial.

As explainedin Chapter3, the Hybrid Characteristicsnethodtakes a differentap-
proachto ray tracing. Insteadof startingat the sourceandtracing outwards,the ray is
split up into sectionsaccordingto the distribution of the AMR patchesover the different
processors.Partial column densitiesalong thesesectionsare determinedby eachpro-
cessorafterwhich they arecommunicate@ndaccumulatedo arrive at the total column
densityfor eachcell. Throughthis processparallelizationof ray tracingfor distributed,
decomposedomputationalomainshecomegpossible.

Unfortunately this way of dealingwith columndensitiesmakesit dif cult to com-
bine the methodof Mellemaet al. (2005)with the Hybrid Characteristicsnethodin a
consistentvay. Since,for the Hybrid Characteristicenethod,columndensitiesare r st
determinedfor all cells, andionization fractionsare updatedafterwards (againfor all
cells), this meansthat for this methodphotonscanonly be consered spatially but not
temporally

In Section6.6.3we comparehe two methodgo quantify the errormadewhenusing
the Hybrid Characteristicdor the speci c caseof photoeaporationsimulationsof the
Helix knots.

6.4 Assumptionsand approximations

This sectiondiscusseghe assumptiongnd approximationsusedin our simulationsof
photoeraporatingknots. We startwith adescriptiorof theimplementatiorof theradiatve
cooling, followed by a discussionof the effects stellar evolution may have. Although
the compositionof the gasin our simulationsis hydrogenonly, we do accountfor the
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presenceof helium in an approximateway. We also brie y discussthe in uence the
diffuseradiation eld mayhave onthe outcomeof the simulations.

6.4.1 Radiative cooling

In PNethe main cooling processesreenegy lossthroughrecombinationgollisionally
excitedline radiation,andbremsstrahlungn oursimulationsyadiatve coolingis approx-
imatedby usingthe collisional equilibrium coolingcurve  from Dalgarno& McCray
(1972).Fromthis, thecoolingrateasa functionof temperaturdollows as

(T)=neny (T)  [ergem °s ']; (6.1)

The cooling curve wascalculatedoy assuminghatall ionizationsare collisional, which
is certainlynotthe casen the photoionizedegionsin our numericaimodels. Theway in
which we approximateadiatve coolingin our simulationsis quite crudein comparison
with simulationsperformedby for example Mellema et al. (1998), who employ non-
equilibriumcooling for alarge numberof ions. Furthermoreinsidethe knots,molecular
coolingmaybe of importanceaswell, which we negglectin our currentmodels.

6.4.2 Stellar evolution and stellar wind

The massof the centralstar of the Helix is estimatedto be  0:93M (Gorry et al.

1997). Togetherwith a kinematicageof the main nelular componenof  10;000yr

(e.g.Youngetal. 1999;O'Dell etal. 2004),shons thatthe centralstaris in a late phase
of its evolution for which the luminosity and effective temperaturelo not changemuch

(Blocker 1995)during the time spanof our simulationsof ~ 1500yr. Therefore,n our

models,we do not take the stellarevolution into account,but insteadkeepthe ionizing

stellar ux constanthroughoutthe simulation. Furthermore althoughin earlier stages
of the evolution of the Helix a stellarwind musthave beenpresentand probablyplayed
animportantrole in shapingthe knots(seeSection6.2), the currentevolved stateof the

Helix shavs no obsenationalevidencefor suchawind (Cerruti-Sola& Perinotto1985),

sowe do notincludeit here.

6.4.3 In uence of helium

Theknotsin the Helix areknown to lie just outsidethe centralnehular region thatshowvs
pronouncedHell radiation(O'Dell et al. 2004). This meansthat the spectrumof the
radiationthatarrivesattheknotsis softerthanthe stellarspectrumsinceall photonswith
enegiesabove 54.5eV wereusedto ionize He+to He++ (e.g.OsterbrockL989).
Althoughphotonsresultingfrom recombinationsrom He++to He+ have enoughen-
ergy to ionize Hl andshouldthereforebetakeninto accountwhencalculatingtheioniza-
tion fractionsin the He+ region surroundinghe centralHe++ core,we neglectthis effect
here.Insteadwe simply integratethe stellarspectrunupto afrequeng correspondingo
54.4eV, andourresultsfor theevaporatiortime givenbelow thereforerepresenanupper
limit. Thenumberof ionizing photonspersecondn thiscaseisS = 7.1 10%®s 1.
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Upon comparisorof simulationsrun with andwithout high enegy photonswe nd
thattheknotstakesabout10%longerto evaporaten the lattercase.

6.4.4 Diffuse eld

Our calculationdgnorethediffuse eld, which arisesmainly from therecombination®f

hydrogenwith a smallercontribution dueto heliumandthe scatteringof stellarphotons
by dustgrains. The diffuse eld may be of importancesinceit is expectedto (partly)

ionize the shadaev region behindthe knots. An assessmerntf this effect was madeby

Cantoet al. (1998),who, usingthe "on the spot' approximationfound that the diffuse
ux is 15%of thedirectstellar ux.

RecentlyRitzeneld (2005) shaved that, when one dropsthe “on the spot' approxi-
mation,the directstellar eld actuallydecreasem strengthin favour of the diffuse eld
whenmoving outwardsfrom the source Effectively, moreandmoredirectstellarphotons
get corverted'into diffusephotonsvhenmoving outwards sothatatsomeradiusr ¢4 the
diffuse eld startsto dominatethedirectstellar eld. Ritzereld (2005)alsoshovedthat
this effect only slightly diminishesfor a harddirect stellar spectrum. Furthermorethe
factthat,in the Helix' casethe knotsareembeddedn athick disk insteadof a sphere,
will slightly increasethe diffuse ux, but only nearthe surfaceof the disk (Ritzeneld,
priv. comm.).

For ahomogeneoudensitydistribution, whichwe assumehediskin whichtheknots
areembeddedo have, theradiusr ¢4 atwhich thediffuseradiation eld become®qualto
thedirectstellar eld is givenby Ritzeneld (2005)as

feq=Rs 1 2951 ' 0:88Rs; (6.2)

with Rg the Sttomgrenradius, g the hydrogenrecombinatiorcoefcient to all but the
groundstate,and ; thehydrogemrecombinatiorcoefcient to the groundstateonly.

Although the inclusion of ionization effectsdueto helium may slightly changethis
result, we usethis valuefor rq asan estimatefor the radiusat which the diffuse eld
startsto becomeimportant. So for the knotsin our simulations,which lie at  35%
of the Stromgrenradius,the diffuse eld canbe safelyignored,sinceat this radius,the
diffuse ux is. 10%of thedirectstellar ux whenwe assumea homogeneoudensity
distribution.

6.5 The expansionphaseof photoevaporating clouds

In this sectionwe describethe evolution of the photoevaporatiorof asinglecloud. Ana-
lytical (Bertoldi1989;Bertoldi& McKeel990)andnumericalLe och & Lazaref 1994;
Mellemaet al. 1998)work hasshavn thatthis evolution consistof two distinct phases:
the collapsephasewhereanionizationfronts eatsits way into the cloud, driving a shock

1This sectionusesthe term “cloud' insteadof “knot', sinceits resultsapply to moregeneralcaseshan
justto the Helix knots.
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Figure6.1: Schematiaepictionof the cloud. lonizing radiationis comingfrom theleft,

creatingan ionization front (thick solid line) and a shockfront (thin solid line). The
original extentof the cloudis indicatedby the dashectircle. Threedifferentregionscan
be discerned:region 0 containsunshocled, neutralcloud material. Region 1 contains
shocled, neutralcloud material. Region 2 is ionized and containsthe photoe/aporation
o w. A shadaev regionin which nodirectstellarphotonscanpenetrates indicatedby the
hashedegionto theright of the cloud.

which compresset, followedby the cometaryphaseduringwhichthecloudgetsaccel-
eratedthroughthe ‘rocket effect’ (Oort & Spitzer1955)while beingphotoeaporated.

Although elaboratedescriptionsof thesephaseshave beengiven before (Bertoldi
1989;Bertoldi & McKee1990;Le och & Lazaref 1994;Mellemaet al. 1998),the pa-
rameterswve usefor our simulationaretailoredto the Helix nelula, which signi cantly
alterstheway in which thecloudevolves.

6.5.1 Compressionphase

At the startof the evolution of the cloud it is assumedhatthe sourcehasjust switched
on. Itsionizing radiationheatsathin layerof gasatthehemispheref thecloudthatfaces
the sourcewhich stronglyraisesthethermalpressuren thatlayer, anda sphericakshock
is driveninto the cloud. This shockis followedby theionizationfront which eatsits way
into thecloud,ionizing it alongtheway (seeFigure6.1).

Previouscalculationsassumedhatthelayerof shocledgasbetweertheshockandthe
ionizationfront is thin (Bertoldi 1989),or, in otherwords,the ionizationfront's velocity
is only slightly smallerthantheshockvelocity. Thismeanghat,duringtheperiodof time
theshockneeddo travel all thewaythroughthe cloud,theionizationfront movesthrough
a signi cant partof the cloudaswell, shapingthe cloudinto its distinctive parabolic(or
cometary)Yorm.

The changeof shapeof theionizationfront from sphericalto parabolicalcauseghe
directionof o w to get focusedtowardsthe axis of symmetry to a region somevhere
beyond the initial centreposition of the cloud (cf. Bertoldi 1989; Le och & Lazaref
1994).By thetime theshockhastraveledall theway throughthecloud, mostof theinitial
masshasbeenphotoeaporatedandan over-pressuredgdensecore, containingtypically
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10%of the original massjs left.

In thecaseof moredensecloudsandalowerionization ux fromthesourcelikeisthe
casefor the knotsin the Helix nelula, the evolution duringtheinitial compressiomphase
proceeddglifferently Becauseof therelatively high densityof the cloud,in combination
with therelatively low ionizing ux of the source the velocity of the ionizationfront is
signi cantly lower thanthe shockvelocity. This meansthatthe shocled layer between
theionizationfront andthe shockis not thin. Onthe contrary;by thetime the shockhas
traveledall the way throughthe clump, only a smallfractionof =~ 20% of its original
masshasbeenphoto&aporated.

The fact that the ionizationfront doesnot closelyfollow the shockalso meansthat
thelatterdoesnot getdriventowardsthe axis of symmetry but insteadmovesalongit. In
thesecasest is thereforebetterto speakof acompressionatherthanof acollapsephase.

6.5.2 Shocked massafter compression

An analyticalestimateof the amountof shocled massM ; thatis left at the end of the
compressiorphaserelative to the initial massM o canbe calculated(seeMellemacet al.

1998)

& =1 F :

Mo NgVs
whereF isthe ux of ionizing photongeachingheionizationfront atthesymmetryaxis,
Ng is theinitial numberdensityof the cloud,andvs is the shockvelocity. In the caseof a
strongisothermakhock(e.g.Zel'Dovich & Raizerl967),

P 1=2
Vg=  — ; (6.4)
0
with P; the post-shockpressureand ( theinitial massdensityof thecloud.
Assuminghydrostaticequilibrium, and using the fact that the ionizationfront is of

D-critical type (Kahn 1954),the pressurealriving the shockis givenby

P, =2Fmc; ; (6.5)

(6.3)

withm ' 1:3my theaveragemassperatom.Usingequationg6.4)and(6.5)in (6.3),one
nds

M1 )
Mo 1 ; (6.6)
with the parameter de ned by
F 1=2
g
2C2no (6 )

The photon ux F dependson the numberof recombinationgaking placein the re-
gion betweenthe sourceandthe cloud,including the recombinationgaking placein the
photoezaporationo w, andcanbe approximatedy (e.g.Lopez-Marin etal. 2001)

4F coq ) ‘1 1=

F()' > 1 (6.8)
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Figure6.2: Schematidepictionof the evolution of the shapeof the shockandionization
front for the caseof athin (top row) anda thick (bottomrow) layerof shocled material
betweerthe shockandtheionizationfront. Time increase$rom left to right. Thedashed
circle shavstheinitial extentof the cloud,thethick line theionizationfront, andthethin

line the shock. The dashedine segmentsshowvn in theimageson theright representhe

ring-like structureof enhancediensitywherethe o w cornverges(seealsoFigure6.3).

with cs=(ro! ) and asde nedin Figure6.1. Here,c; is the soundspeedof the
ionizedmaterial,ro theinitial radiusof thecloud,! ' 0:1 aconstantwhich depend®n
the assumediensitypro le of the photoevaporationo w (e.g.Henng & Arthur 1998),
and g the hydrogenrecombinatiorcoefcient for recombinationgo all but the ground
level.

6.5.3 Shapeof the shock

As mentionedabove, the shapeof the shockduringthe compressiomphasds determined
by theevolving shapeof theionizationfront. Whenthelayerof shocledmaterialbetween
theionizationfront andthe shockis thin, the shockgetsfocusedtowardsthe symmetry
axis,whereador athick layerthisfocusingeffectis lesssevere.Figure6.2 schematically
showvsthetypical evolution for thetwo cases.

The shockvelocity of equation(6.4) dependson the photon ux of equation(6.8) at
theionizationfront throughequation(6.5) for the pressureSincethe ux is afunctionof
theangle , the shockvelocity alsodepend®n this angle. The shockvelocity decreases
with increasing , which meanghatthe sectionof the shockcloseto the symmetryaxis
outrunsthe sectionthatis closeto theedgeof thecloud. Thisleadsto agradualdistortion
of the shapeof theshockasshavn in Figure6.2, which at somepointbecomesosevere
thatit producesa kink. Cloud materialpassinghroughthe shockacquiresa velocity in
thedirectionof shockpropagationandthereforeaccumulates a'ring' behindthekink.
This effect is illustratedin more detail in Figure 6.3. From the numericalsimulations
presentedbelovn we nd thatthe densityin the 'ring' is a factor 2 higherthanthe
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Figure6.3: Detail of the distortedshapeof the shockfront (solid curvedline). After pas-
sageof thebentshock thecloudmaterialacquiresa velocity perpendiculato it (arrows),

which, behindthe kink, leadsto the accumulationof materialin a ring-like structure
(dashedine, correspondso thedashedine segmentsof Figure6.2).

densityatthe symmetryaxis.

6.5.4 Expansionand cometary phase

Thecompressiophaseendswhentheshockfront leavesthebacksideof thecloud. While
the shockwastraveling throughthe cloud, the high pressurdayerwascon ned on one
sideby theionizationfront andon theotherby theshock.Now thatthe shockhasleft the
cloud,this pressura@yetsrelease@ndararefaictionwave travelsfrom therearof thecloud
towardstheionizationfront, wherethe ring of high densityproducedn the compression
phaseactsasa channelthroughwhichthiswavetravels. Thisgreatlyreduceshedensity
of the cloud within the region containedby the ring, which expandsin a directionalong
the symmetryaxis,away from the source.Thethicker thelayerof high pressureanaterial
left attheendof thecompressiophasethemoreimportanttheexpansiorphasebecomes
for the nal stagesf theevolution of the cloud.

Whentherarefctionwave arrivesat theionizationfront, thedropin densitychanges
theconditionsatthefront from D-critical to M-type, anda secondshockis formedwhich
quickly travelsthroughtheremainsof thecloud,acceleratingt asecondime. This effect
waspredictedby Kahn(1954),andnoticedbeforein numericalsimulationsby Le och &
Lazaref (1994),whoidenti ed it asradialoscillations.

Whenthe oscillationshave beendampedthe cloud enterswhatis oftenreferredto as
the cometaryphase.During this phasethe cloudis acceleratedh its entiretydueto the
‘rocketeffect' (Oort& Spitzer1955),andcanreachaconsiderableelocity( 10kms 1)
beforeit is completelyphotoeraporated.
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The thicknessof the pressurizedayer betweertheionizationfront andthe shock,as
parametrizedy the factor of equation(6.7), determinedhe shapethe cloud acquires
duringthe expansionphase For athin layer(i.e. > 1=2), mostof the cloud materialis
evaporatedluringthe compressiomphaseandacompactcoreof shocledmaterialis left.
Whentheionizationfront movesfastenough shockstraveling inwardsfrom the sidesof
the cloud corverge on the symmetryaxis beforethe partof the shocktraveling alongthis
axis canleave therearsideof the cloud. Also, thering structurehardly getsa chanceo
develop,sincethe converging ionizationfront quickly destrgsit.

For cloudsthatdevelopathick layerof shoclkedgas(i.e. < 1=2), thering structure
hasenoughtime to grow. Also, in this case the shockdoesnot getfocusedontothe axis
andcantravel all theway throughthecloud,leadingto a signi cant expansioronceit has
left it. Apartfrom expandingin adirectionaway from the sourcethe cloudalsoexpands
laterally, andswellsup to a sizecomparabléo its initial dimensions.This increaseshe
surfaceareaexposedto the ionizing radiation,which accelerateshe destructionof the
cloud.

So,in summarythe evolution of the cloudis dominatedy the evolving shapeof the
ionizationfrontwhen > 1=2, andby theshapeof theshockwhen < 1=2.

6.5.5 Cloud parameter space

Bertoldi (1989) de nes a parametespacefor photoezaporatingcloudsspannedy two
dimensionlesparameters and , which,in our notation,aregivenby

BIoNo
; 6.9
- (6.9)
and -
Co NgCo

wherevgy  Vs(F = F ) istheinitial shockvelocity. Theparameter is ameasurdor the
initial columndensityof the cloud,whereas representshe dimensionlesnitial shock
velocity.

In Figure 6.4 we reproducethe parametespaceof Figure 1 from Bertoldi (1989).
Theregionswherephotoeraporatioreffectsareimportantareregion Il andlll, for which
conditionsin the cloudareinitially M-type. As explainedby Bertoldi (1989),for clouds
in region Il, a shockprecedeghe D-critical ionizationfront, andthe shockpropagates
fasterthroughthe cloud thanthe ionizationfront. The transitionfrom region |l to lll is
determinedy the condition

Vs= Cp; (6.11)

sofor cloudsin region lll, the shockvelocity would exceedc,. Sincethis is physically
not possible(cf. Bertoldi 1989),the conditionsin therecombiningohoto&aporationo w
will besuchthatthe shockvelocityis limited to c,.

Conditionsfor cloudsin region | are of weak D-type andthey are photoeaporated
only slowly, without the occurrenceof a shock. Conditionsfor cloudsin region IV are
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Figure6.4: Reproductiorof Figurel of Bertoldi (1989)shaving the parametespacefor
photoevaporatingcloudsin termsof the dimensionlesparameters and . For regions
II andlll, theionizationfront drivesa shockinto the cloud. The dashedine represent
= | 1 Circlesindicatethedifferentmodelsdiscussedby Bertoldi (1989),thetriangle
is themodelby Mellemaetal. (1998),andthe squaredenotesnodel1K of this chapter

R-type,andthey are zappedinstantaneouslyCloudsin regionV have suchalow initial
columndensitythata steadystatephotoeaporationo w cannot develop.
Bertoldi (1989)alsointroduceda photoeaporatiorparameter , de ned by

sF ro

c

= 2=2; (6.12)

andaparameteq, de ned by
qg F=F((@ 1): (6.13)

Throughtheseparameterswo regimesareidenti ed. Whenrecombinationgn the pho-
toevaporationo w arenotimportantonehas

q=1 foral <! % (6.14)



100 3D simulations of knots in the Helix

whereasvhenrecombination$n the photo&zaporationo w areimportantit follows that
g 1)' ! forall >1 1 (6.15)

where! ' 0:1 (cf. Bertoldi 1989, Sectionllic). Following Bertoldi (1989),we approxi-
mate(6.15)byq' (! )¥?, andusingequation(6.12)in equation(6.15)we nd

q' ( =2¥2  forall >1! (6.16)

Usingequation(6.13)onecanrewrite (6.10)as[seealsoequation(6.4) and(6.5)]

= Va2 6.17)
C
andusingcondition(6.11),we nd
=1 forall <! 1 (6.18)
and
(=2 forall >1 L (6.19)

Equation(6.18) togetherwith equation(6.19) representhe line dividing region Il from
regionlll in Figure6.4.

We now returnto theparameter asde ned by equation(6.7). Comparinghis equa-
tion to equation(6.10),we nd that

=2q%?: (6.20)
Socondition(6.11)togethemwith equation(6.17)gives
= 1=2; (6.21)

whichwasshavn above to representhetransitionfrom athick to athin layerof shocled
gasbetweertheionizationfront andthe shock.

In otherwords,the conditionthatdividesthe parametespaceof Figure6.4into region
Il andlll, is thesameconditionthatdeterminesvhetherathick or athin layerof shocled
gasdevelopsbetweertheionizationfront andthe shock. This meanghatall photoevap-
orating cloudsin region Il developa thick layer of shoked material andthereforeare
expectedo showv a strongexpansiorwhenthe shockleavesthebackof the cloud.

6.6 Evolution of a singleknot: baselinecalculations

In this sectionwe describea numericalmodelfor the photoaraporationof a singleknot
thatwe useasa baselinecalculationto which we compareour photoeraporationsimula-
tionsof multiple knotspresentedh subsequerdections All parametersierechosersuch
asto matchthe physicalconditionsobsenedin the Helix nelulaascloselyaspossible.
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Table6.1: Parametergor the singleknot (1K) baselinemodel.
Nefem °] Te[K] ngfem °] Ty [K]
50 10,000 5 10¢¢ 20

6.6.1 Initial conditions

Here,we describethe initial conditionsfor the baselinecalculationpresentedn Section
6.6.2below, which is performedwith the Hybrid Characteristicsnethod.A comparison
of this methodwith the photonconservingC?-Ray methodis presentedn Section6.6.3.

Sincethe mechanisnfrom which the knots originateis unknavn (cf. Section6.2),
we take the initial shapeof the knotsto be spherical,althoughit is likely thatin reality
theknotshave amorecomple initial shape For the samereasonve useahomogeneous
distribution for theinitial massdensityof the knot. Theknothasaradiusof 5 10 cm
andis locatedatadistanceof 5 10'” cm from the source.

In caseof the Helix, the sourcehasa luminosityof L = 120L andan effective
temperaturef T = 120 000K, with a black-bodyspectrunthatis cut off at54.4eV to
accounfor theeffectsof helium(seeSection6.4). Thisresultsin arateof S = 7:1 10%®
ionizing photonspersecond.

Simulationsperformedwith the Hybrid Characteristicsnethodusea computational
domainof size (56;4;4) 10'° cm, sothatit containsthe sourceaswell asthe knot.
Thebaselevel of the AMR hierarchyof patchesonsistsof a total of (224; 16; 16) cells,
andthreeadditionallevelsof re nementgiveit aneffective resolutionof (1792 128 128)
cells. For thesimulationsdonewith the C2-Raymethodwe employ aregulargrid contain-
ing (256, 128 128)cellsandaphysicalsizeof (8;4;4) 10'%cm, wheretheleft boundary
is locatedat a distance48  10'® cm from the source. Thesechoicesfor the resolution
resultin aknotthatis resohedby 32 cells.

Initial valuesfor the densityand temperatureof the knot and the ervironmentare
givenin Table6.1. The densityandtemperatureare chosensuchthat the knot andthe
ernvironmentareinitially in pressurequilibrium. To preventnumericalkcomplicationsthe
outer5% of theknotis givena linear slopeto ensurea moregradualtransitionbetween
theenvironmentandtheknot.

6.6.2 Singleknot simulations

In Figure6.5we illustratethe evolution of a singlephotoevaporatingknot for the caseof
model1K obtainedwith the Hybrid Characteristicsnethod.
The compressiorphaseof the knot, shavn on the left in Figure 6.5, endsat around
500yr whenthe shockleavesthe backof the knot. By this time, about20% of the
knot's materialhasevaporatedandthe shockhascompressethe materialby a factorof
3, leadingto adensityof 1.5 10° cm 2 andatemperaturef 650K alongthe
symmetryaxis, anda densityof 3 10° cm 3 andatemperatureof 250K atthe
outeredgeof the knot. At the endof the compressiorphase the knot hasa velocity of
3kms . Notethatthe valuesfor the densityandtemperatureare only indicative of
actualvaluesbecausef the approximatecooling andthe hydrogenonly compositionof
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Figure6.5: Evolution sequencef the compressiomphase(left) andthe expansionphase
(right) for a single knot. Shown are xy-cuts throughthe centreof the computational
domainof Schlieremplotsof thelog,, of thedensity In aSchliererplot, the rst derivative

of aquantityis plottedin orderto bring out steepgradientsn the o w. In theleft column,

timeincrease# equalintervalsfromt = 125yr (top)tot = 500yr (bottom).In theright

column,time increasesn equalintervalsfromt = 750yr (top)tot = 1500yr (bottom).

(Seetext for moredetails).

the gas. Also notethe evolution of the shapeof the shock,which is in accordanceavith
thedescriptionof Section6.5.

The expansionphaseis shovn on the right of Figure6.5. The expansionlowersthe
densityof theknotalongthesymmetryaxisto 5 10°cm 2at 1000yr. At thislate
stagein theevolution, approximately30%of theinitial knot materialhasevaporated.

6.6.3 Global o w propertiesand photon consewation

As mentionedabove, the evolution of a photoeraporatingknot consistf severalphases.
This sectiondiscussethesephasesn termsof someglobalpropertieof the o w, andthe
importanceof photonconserationfor the evolution of thesequantities.

In Figure6.6, we show the resultsof a comparisorbetweenthe C2-Ray methodby
Mellemaet al. (2005),which conseresphotonsspatiallyaswell astemporally andthe
Hybrid Characteristicsnethodwith spatialphotonconseration only. The top row of
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Figure6.6: Global o w propertief the 1K baselinecalculationasa functionof time for
boththe Hybrid Characteristicenethod(solid anddashedines),andthe C?-Ray method
(dashed-dottednddottedlines). The top panelshavs the neutralknot mass(solid and
dashed-dottetines),andthetotal neutralmass(dashedanddottedlines), with thediffer-
encebetweenthesetwo quantitiesplotted beneath.The bottompanelshaws the kinetic
(solidanddashed-dottetines)andinternal(dashedanddottedlines) enegy of theknots.
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Figure6.6 shaws the neutralknot massmy andthetotal neutralmassm,,; asa function
of time, beneatlwhich we shav the differencebetweernthesetwo quantitiesme,;, M.

Thelatterquantityis ameasurdor theamountof neutralmaterialin thephotoeraporation
o w andthe tail region. The bottomrow shows the kinetic andinternalenegy of the
neutralknot materialasafunctionof time. We usedathresholdof 10%of theinitial knot

densityto determinewhetheror not a cell containsknot material. All timesmentioned
below referto theresultsobtainedwith the C2-Raymethod.

As canbe seenfrom theseplots, thetwo methodsshowv the sameoverall evolutionary
behaiour, althoughthe Hybrid Characteristicsnethodclearly overestimateshe amount
of photo-heating.This resultsin afasterevolution of the knot, anda higherinternaland
kinetic enegy. We note that, besidesthe differencesn ray tracing, the two methods
alsoemploy differentsolversfor the hydrodynamicgseeSection6.3 for details),which
mayin uence theoutcomeof thesimulationsaswell. Theseresultsshow thatquantitatve
results(e.g.theevaporatiortime) obtainedrom calculationghatdonotconsere photons
shouldbeinterpretedwith care.

Duringthecompressiomphasewhichlastsuntilt ~ 700yr, thereis asteadydecrease
in my, whilemy,  m ' 0:03my(t = 0) staysapproximatelyconstant. This implies
thatthe decreasén neutralknot materialis mainly dueto the photoeraporationprocess,
andthatthe increaseof neutralmaterialthroughaccretionin thetail regionis negligible.
Thekinetic andinternalenegy of the neutralclumpmaterialbothshaov a steadyincrease
duringthecompressiomphase.

The transitionfrom the compressioro the expansionphaseatt  700yr is char
acterizedby a slightincreasean the masslossratefor my, andthusa steadyincreaseof
Myt  Mg. Thisis causedby the expansionwave thatrunsfrom the back of the knot
towardsthe sourceoncethe shockhasleft the knot. This transitionalsoformsthe onset
of the'rocket effect’ wherethe knot startsto acceleraten its entirety Thisshavsupin a
steepeincreasef thekinetic enegy, andaslight decreasef theinternalenepy.

Whenthe expansionwave arrivesat the headof theknotatt ~ 1200yr, thelowering
of the densityat the ionization front producesanothershock (seeSection6.5), which
acceleratetheknotasecondime. Thisis re ectedin afurthersteepening@f the slopeof
thekineticenegy plot. By thistime, theknothasdevelopeda centralregion of decreased
density

Att  2200yr,only 20%of theoriginal neutralmaterialis left, andthekineticand
internalenegy of the neutralknot materialstartto decreasasthe knot getscompletely
evaporated.

6.7 Two knots: specialcases

Before we presentphotoeraporationsimulationsof an ensembleof multiple knots, we
rst concentraten somespeci ¢ interactionsthat may occurwhenonly two knotsare
present.Details of the setupof thesemodelscanbe foundin Table6.2. The resultsof
thesecalculationswill helpusin identifying similar interactionsin simulationswherea
whole ensemblef knotsis beingphotoevaporatedimultaneously

We startwith a calculationwherethe photoezaporation o ws of two knotsthat lie
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Table6.2: Summaryof initial knot positions(in units of 10*> cm) usedfor the different
simulationsinvolving two knots. The size of the computationakdomainis (64; 4; 4)
10' cm. All knotsarelocatedat the centreof the domainin the z-direction. Parameters
for densityandtemperatur@arethe sameasthe onesusedfor model1K.
pos 2KIF 2KIF' 2KIK 2KSK
(X1;y1) (50.0,1.25) (50.0,1.25) (50.0,1.75) (50.0,1.75)
(X2:¥2) (50.0,2.75) (50.5,2.75) (51.0,2.25) (56.0,2.25)

at a similar distancefrom the sourceinteract. We then presenta simulationwhereone
knot partially obscuresnotherthatlies furtheraway from the source wherethe distance
betweenthe knotsis chosersuchthatthe two will interacthydrodynamicallyduringthe

expansionphase.We nish with a similar calculationbut now the knot thatis partially

shadavedlies at a greaterdistancefrom the otherknot, to ensureghatno directhydrody-
namicalinteractiontakesplaceamongthetwo knots. Apart from the latter setup,similar

calculationshave beendonebeforeby Lim & Mellema(2003). Like in the casefor a

singleknot, we discusgheresultsby identifying signaturesn theglobalpropertief the

o W.

6.7.1 2KIF: interacting o ws

Here,we studytheinteractionof photoezaporation o ws originatingfrom two knotslo-

catedatasimilardistancdrom thesource.Thedistancebetweertheknotsis chosersuch

that their photoevaporation o ws will interact,leadingto a region of enhancedlensity

betweerthe two knotswherethese o ws collide. Whenthe knotsarewell aligned,this

interactionzonecanbecomedenseenoughto recombineand,eventually may evencast

a shadev. However, for the physicalconditionsin the Helix, the recombinatiortime is
2500yr, whichis too long to make this a dynamicallyimportanteffect.

In Figure6.7 andFigure 6.8 we shaw the evolution of this interactionfor two cases:
for the rst model (2KIF), the knots are at an equaldistancefrom the source,and for
thesecondnodel(2KIF'), oneknotis locatedslightly furtheraway in orderto breakthe
symmetryof the problem. From theseimagesone seesthat, apartfrom the formation
of aninteractionregion betweerthe knots, the evolution proceedsoughly the sameas
in baselinemodel1K. Thisis alsore ected in the almostidenticalcurvesfor the global
propertief the o w asshowvn in Figure6.9.

6.7.2 2KIK: interacting knots

This sectiondescribeghe interactionof two photoezaporatingknots (model 2KIK). For
this setup,the distancebetweenthe knotswas chosensuchthat, oncethe knot that lies
closesto the sourcestartsto expandandaccelerateit will interactwith thesecondknot.
The resultsof this interactionare shavn in Figure 6.10. During the compression
phasetheknotsarestill fairly separatedandtheknotthatis partially shadevedis driven
into the shadev region of the knot thatlies closerto the source.Whenthe compression
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Figure6.7: Model 2KIF: 3D calculationsof the evolution of two knotsthatlie atthesame
distancefrom the source. Shavn are xy-cuts throughthe centreof the computational
domainof Schlierenplots of the log,, of the density(left) andsynthesizedd images
(right). Timeincreases equalintenalsfromt = 316yr (top)tot = 1580yr (bottom).



6.7 Two knots: specialcases 107

4.0x10'® : : : t 4.0x10'®
wxmm{ :— 3v0x10‘5{ }
z.oxm‘ﬁ—: :— z,ouo‘ﬁ—: :—
9.9xm‘5—: :— g,gxm“—: :—

0 : . . 0 T T T

4.8x10"7 5.0x10" 5.2x10"7 5.4x10"7 5.6x10"7 4.8x10"7 5.0x10" 5.2x10"7 5.4x10"7 5.6x10"7
4.0x10'® : : : t 4.0x10'®
wxmm{ :— 3v0x10‘5{ }
z.oxm‘ﬁ—: :— z,ouo‘ﬁ—: :—
9.9xm‘5—: :— g,gxm“—: :—

0 : . . 0 T T T

4.8x10"7 5.0x10" 5.2x10"7 5.4x10"7 5.6x10"7 4.8x10"7 5.0x10" 5.2x10"7 5.4x10"7 5.6x10"7
4.0x10" - - - r 4.0x10"
3.0xm‘5—: :— 3,0xm‘5—: :—
szxm‘s—: :— zvomu‘s{ }
gvgxm‘a{ :— 9v9x10‘5{ }

0 . . . 0 . . .

4.8x10"7 5.0x10"7 5.2x10"7 5.4x10"7 5.6x10"7 4.8x10"7 5.0x10"7 5.2x10"7 5.4x10"7 5.6x10"7
4.0x10'® : : : t 4.0x10'®
wxmm{ :— 3v0x10‘5{ }
z.oxm‘ﬁ—: :— z,ouo‘ﬁ—: :—
9.9xm‘5—: :— g,gxm“—: :—

0 : . . 0 T T T

4.8x10"7 5.0x10" 5.2x10"7 5.4x10"7 5.6x10"7 4.8x10"7 5.0x10" 5.2x10"7 5.4x10"7 5.6x10"7
4.0x10" - - - r 4.0x10"
3.0xm‘5—: :— 3,0xm‘5—: :—
szxm‘s—: :— zvomu‘s—: :—
esmu‘L: } 9v9x10‘5{ }

0 : . . o T T T

4.8x10"7 5.0x10"7 5.2x10"7 5.4x10"7 5.6x10"7 4.8x10"7 5.0x10"7 5.2x10"7 5.4x10"7 5.6x10"7

Figure6.8: Model 2KIF": 3D calculationsof the evolution of two knotsthatlie atapprox-
imately the samedistancefrom the source.Showvn arexy-cutsthroughthe centreof the
computationatiomainof Schliererplotsof thelog;, of thedensity(left) andsynthesized
H imagedright). Timeincreases equalintervalsfromt = 316yr (top)tot = 1580yr
(bottom).
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phasehas nished, the knotsmeige andarebeingacceleratecésa singleentity. As can
be seenfrom the evolution of the global propertiesof the o w shovn in Figure6.11,this
resultsin a slightly longerevaporationtime anda lower averagekinetic enepy for the
knots. Theinteractionalsoleadsto a slightly largeramountof neutralmaterialin thetail
region, asis evidentfrom thetop panelof Figure6.11.

6.7.3 2KSK: shadawing knots

The evolution of a knot thatis far enoughaway from arny otherknot to not interacthy-
drodynamicallyduring its lifetime may still be in uenced by the shadeving effect of
knotsthatlie closerto the source.This effectis investigatedn model2KSK, for which
two knotsarepositionedsuchthatonepartially obscureghe otherfrom the directstellar
photons,while the distancebetweenthe two is chosenlarge enoughto preventary di-
recthydrodynamicainteractionamongthem. Theresultsof this simulationareshown in
Figure6.12and6.13.

This sequencef imagesshaws thatonly the side of the knot thatis partially illumi-
natedby the sourcestartsto photo&aporate.The sidavaysout ow from the knot makes
thatit is drivenfurtherinto the shadav region, andthe knot materialacquiresatrans\erse
velocity. After the shockhaspassedll the way throughthe secondknot the increasen
pressuranakesthat the materialexpands.Since,in the tail region behindthe rst knot,
thereis noionizing radiationthatcaninducepressurdo counterthis expansionthis ma-
terial spreadghroughouta large part of this region. Any materialthat o ws out of the
shadaev region getsphotoevaporatedmmediately and the back reactionkeepsmost of
the materialcon ned. After the rst knotis fully evaporatedthe materialfrom the sec-
ondknotis exposedto the directradiationof the source andstartsto photoeaporateas
well.

The mechanisnjust describedprovidesan effective meandor dispersingknot mate-
rial throughouta large portionof space Sincein this modeltheknotsarechoserto beso
far apartthatno hydrodynamicalnteractiontakesplaceamongthem,the materialof the
secondknotthatis driveninto the shadav regionis not beingsweptup by the remainsof
the rst knotaswasthe casefor model2KIK. To the contrary:the materialof the second
knot spreadextensvely throughouthe shadev region.

Thisis alsore ectedin the evolution of global o w propertiesshavn in Figure6.14.
This gure shows that the amountof neutralmaterialthat getscon ned in the shadev
region increasegrastically andreachesa maximumvalueof  30%of theinitial mass
of theknot. The subsequenphotoeraporationof this materialduring the later phasef
the evolution shavs up assmallpeaksin thekineticandinternalenegy att *  1700yr.

6.8 Multiple knots

In this sectionwe presenta calculationinvolving the simultaneougphotoaraporationof
anensembleof 25 knots(model25K). Theseknotsaredistributedrandomlythroughout
theregion ([50; 56} [1; 7];[1;7]) 10 cm of acomputationatiomainof size(64; 8; 8)
10'® cm. This domainhasan effective resolutionof (2048,256,256}ells. The density
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Figure 6.10: Model 2KIK: 3D calculationof the evolution of two interactingknots.
Shawn are xy-cuts throughthe centreof the computationaldomainof Schlierenplots
of thelog,, of the density(left) andsynthesizedd images(right). Time increasesn
equalintervalsfromt = 316yr (top)tot = 1580yr (bottom).
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Figure6.11: Global o w propertiesasa function of time comparingthe 1K (solid and
dashedines) and 2KIK (dashed-dottednd dottedlines) models. The top panelshowns
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Figure6.12: Model 2KSK: 3D calculationof the evolution of two knots, whereoneis
partially obscuredrom directstellarradiationby another Shavn arexy-cutsthroughthe
centreof the computationalomainof Schlierenplots of the log,, of thedensity Time
increases equalintenvalsfromt = 316yr (top)tot = 2220yr (bottom).
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Figure 6.13: Model 2KSK: 3D calculationof the evolution of two knots,whereoneis
partially obscuredrom direct stellar radiationby another Shown are synthesizedH
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Figure6.14: Global o w propertiesasa function of time comparingthe 1K (solid and
dashedines) and 2KSK (dashed-dottednddottedlines) models. Thetop panelshavs
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dottedlines) enegy of the knots, wherefor model 2KSK valueshave beendivided by
two.



6.9 Discussionand comparisonto obsewations 115

of the knotsis selectedrandomlyfrom the range[2:5;7:5] 10* cm 3, andthe radius
is selectedfrom the range[3:75;6:25] 10™ cm. This givesa spacelling factor of
approximatel25(4 =3)(5=60)°' 0:06.

The resultsof this simulationareshaovn in Figure6.15and6.16. For this particular
setup,all threeinteractionsthat may occur betweentwo knots asdescribedn Section
6.7 actuallydo take place. Wispsof emissionseenin betweerknotsresultingfrom the
collision of their photoeraporationo ws (asin model2KIF") areclearlyseenin thesyn-
thesizedH images,whereaghe Schlierenplots shav the effects of obscuratiorfrom
directstellarphotondeadingto knot materialexpandinginto thetail regions(asin model
2KSK), anddirecthydrodynamicainteractionamongthe knots(asin model2KIK).

The in uence of all theseeffects togetheron the global propertiesof the ow are
showvn in Figure6.17. The averagephotoevaporationtime is increasedy afactor 1.5
ascomparedo modellK, andthe maximumamountof neutralmaterialin thetail regions
is approximately 20% of the initial massof the knots. Due to meiging of knotsand
theexpansiorof knot materialinto thetail regions,the averagetotal kinetic enegy of the
neutralknot materialis afactor 0:4 lower thanin the caseof model1K. The average
internalenepgy of the neutralknot materialon the otherhandis slightly higherthanin the
caseof modell1K, andis comparabld¢o the averagetotal kinetic enegy.

6.9 Discussionand comparisonto obsemwations

In thissectionwe compareheresultsof the3D simulationgo obsenationsof knotsin the
Helix nelula. Fromthe Schliererplots,shavn in for exampleFigure6.50f modellK, one
canseethat,assoonasthe expansionphasehasstarted the internalstructureof the knot
startsto deviate severelyfrom theinitial homogeneoustate.However, theappearancef
theknotin H still shavsalimb-brighteneccusplik e shapgseefor exampleFigure6.7).
Note thatthe structurein theH emissionin the synthesizedmagesasseenin the core
region of theknotwill in reality beinvisible dueto dustextinction.

The differencein appearancéetweeninternal structureand obsened shapecanbe
explainedby the thicknessof the layer of photoezaporatingmaterial streamingof the
knot, which keepsthe ionizationfront away from the knot's distortedshape.This means
that the knotsin the Helix may be in an evolved state,closeto, or even beyond, the
transitionfrom the compressioro the expansionphase.For example,a cut throughthe
[Olll] imageof knot 378-801(seeO'Dell et al. 2005, their Figure 11) shavs a gradual
decreasén extinction whenmoving from the coreof the knot into thetail region, which
couldbeinterpretedasevidencefor expansionof the knot.

Suchanevolvedstatefor the knotsmay alsobe requiredby the kinematicageof the
nekula. Whetherthe knotsarein an evolved stagealso dependson which mechanism
responsibldor theorigin of theknotsoneadhereso. However, theobseredhigh density
in the coreregion of the knotssuggesthey cannot have expandedoo muchyet, unless
they were of even higher densityin the past. Theseconsiderationstogetherwith the
evaporationtimes obtainedfrom our numericalsimulations,suggestan ageof at most

1000yr for theknots.

The 'wispy' emissionobsered in betweenmary of the knotsin the Helix canbe
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Figure6.17: Global o w propertiesasa function of time comparingthe 1K (solid and
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explainedby Model 2KIF("). This emissionis theninterpretedasresultingfrom the col-

liding photoevaporation o ws. As mentionedoy Lim & Mellema(e.g.2003),this same
mechanisntanexplaintheinteractionzoneobsenedin betweerntwo proplyds(e.g.Gra-

hametal. 2002;Brandneretal. 2000).For suchobjects this effectis expectedo beeven

moreprominentbecaus®f the recombinatiortime scale whichis shortcomparedo the

evolutionarytime scaleof proplyds.

The resultsof model2KSK supportghe assertiormadeby O'Dell et al. (2005)that
the peaksobsened at the edgeof the tail region of knot 378-801are the resultof (a)
partially shadevedknot(s),andcanalsoexplain the extendeddust(Meahurn etal. 1992)
and molecularemission(Hugginset al. 2002) obsened in the tail region of this knot.
The appearancef long tails obseredbehindproplydsin for examplethe CarinaNekula
(Smithetal. 2003),maybetheresultof this mechanisnaswell.

Model 25K of multiple photoevaporatingknots shavs that the mechanisnof model
2KIK cansigni cantly prolongthe survival of the knots. Also, the mechanisnof model
2KSK drasticallyincreaseghe amountof neutralmaterialin the tail regionsassociated
with theknots. Althoughthe mostprominentknotsin the Helix aresingle,thebulk of the
knotsoccurin closegroups(seefor exampletheH imagesin O'Dell etal. 2004,2005;
Meixneretal. 2005),sothesetwo mechanismsvill be of importanceor theamountand
densityof theneutralmaterialthateventuallysurvivesthe PN stageandgetsfed backinto
theinterstellarmedium.

6.10 Conclusions

We have shavn thatthe physicalconditionsin the Helix knotsaresuchthattheionization
front, inducedby the ionizing radiationfrom the centralstar hasa lower velocity than
theshockthatprecededt. Thisleadsto athick layerof shocked materialbetweerthese
two fronts, which, oncethe shockhasleft the back of the knot, startsto expand. We

analyticallyderived a conditionfor which suchan expansionphaseoccurs,andshoved

that this is the samecondition introducedby Bertoldi (1989) to discernbetweentwo

regimesfor photoevaporatingclouds. This impliesthat this expansionphaseis in facta
commonandthereforeimportantphasean the evolution of photoeraporatingclouds.

The3D radiationhydrodynamicasimulationgresentedh this chapteinvolving mul-
tiple knotsillustratethe differentinteractionghattake placeamongthis type of objects.
The interactionof the evaporation o ws leadsto enhance@missionin H , the collision
of oneknot with anothey partially shadeved, knot, resultsin a longerevaporationtime
andlower velocity of theknots,andthe partially shadeving of aknotthatliesfarenough
away from ary otherknot to preventhydrodynamicalnteractionleadsto the dispersion
of a large amountof the knot's materialinto the shadev region. Thesesimulationsthus
show thatcalculationgnvolving just oneknot areinsufcient in describingthe evolution
of mostof theknotspresenin the Helix nehula.
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Numerieke Nevels

Numeriele technielenvoor hetoplosservan de vemgelijkingenvan de gasdynamicaijn
gedurendele afgelopervijftig jaarsteedwerderontwikkeld. Met behulpvandezetech-
niekenkunnendeeffectenvanin astrofysisch@bjecterveelvoorkomendeverschijnselen
alsschokgolenenanderaliscontintiteitenaccuraaberelendworden.Andereprocessen
die eenbelangrijle rol spelenin de dynamischesvolutie van dezeobjectenzijn deioni-
satie,verhittingenkoelingvanhetgas.In numeriele modellenis hetdanook vanbelang
heteffectvandezestralingsprocesseamp deenegiebalansranhetgasmeete nemen.Om
hetmodelzo realistischmogelijk te makenis hetverdernoodzallijk datde simulaties
in drie dimensiesvordenuitgevoerd. Zulke drie-dimensionalstralingshydrodynamische
bereleningenzijn metde huidige standvan zakenin supercomputetechnologiebinnen
bereikgekomen.

Eénvande vele mogelijke (astrofysischejoepassingeman dezenumeriele technie-
kenis hetmodellerenvan de evolutie van PlanetaireNevels. Dezegaswrmige objecten
vertegenwoordigendelaatsteavolutiefasein hetlevenvansterrermeteenmassavanl 8
zonsmassa. Gedurendelezefaseverliestde sterhetgrootstedeelvanhaarmassan een
aantal,elkaaropeenolgende,sterrenwindenwaarbij eenuitgebreideschil van circum-
stellairmateriaalgevormdwordt. De hetekernvandesterioniseertenverhitdit materiaal
wat verwlgenskoelt endaardooroplicht. Het waagenomerobjectwordt eenPlanetaire
Nevel genoemdDe wisselverkingtusserde gasdynamischesnstralingsprocessereeft
eengrotevariéteitaanverschijningsermentot gevolg.

Omdatwordt aangenomedat alle sterrenmeteenmassavanl 8 zonsmassa'de
PlanetaireNevel fasedoorlopenjs hetvanbelanghundynamischesvolutie te begrijpen.
In dit proefschriftwordt eenaantalaspectevandezeevolutie metbehulpvannumeriele
modellennaderonderzocht.

Numerieke technieken

Voor het numeriekberelenenvan de evolutie van astrofysischeyasstromenvordt vaak
gebruik gemaaktvan eenrekenrooster Zo'n roosterdiscretiseerde ruimte in cellen,
waarbijelke cel eengemiddeldevandewerkelijke fysischetoestandranhetgasrepresen-
teert. Omdeevolutie vanhetgasin detijd te kunnenvolgen,wordt eenspeciaahiervoor
ontwikkeldetechniekgebruikt,waarbijde materie ux van cel tot cel wordt bepaald.De
ux wordt gebruiktom de nieuwetoestandvan het gasin de cel uit te rekenen. Deze
zogenaamde nite volume' benaderingzorgt ervoor dat globalegroothederals massa,
impulsenenegie behouderblijven. Eenanderbelangrijkaspecis datde gebruiktetech-
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128 Numerieke Nevels

niek schoklen enanderediscontintiteitenin hetgascorrectvolgt. Eenaantalmethoden
omdit te bewerkstelligenis beschikbaaVooralde methodevan Goduna (1959)is hier-
voor zeergeschiktgeblelen,omdatdezede discontintiteitendoormiddelvanslechtseen
paarcellenkanrepresentererHogereordeuitbreidingenop Godune's methodemaken
hetmogelijk datook de stromingspatronehuiten de gebiedenwaarde discontintiteiten
optredermetgrotenauwleurigheidzijn te volgen.

De zojuistbeschreenmethodeberelentde stromingvanhetgasoverhetgehelecom-
putationeledomeinmeteenzelfdehogenauwleurigheid.Echter voor veeltoepassingen
is dezenauwleurigheidslechtsnodig in eenbeperktdeelvan hetdomein,bijvoorbeeld
daarwaarschoklenoptredenOmrekentijd engeheugere besparenvordtdanook vaak
gebruikgemaaktivande techniekvan "‘Adaptve MeshRe nement' (AMR). Het principe
achterdezemethodes datderesolutiealleenin die gedeelterverhoogdwordt waarhet
nodigis, waarbijde restvan hetdomeinop eenlagereresolutiewordt uitgerelend. Met
behulpvan eenspeciaatriteriumwordende cellengevondendie voor ver jning in aan-
merkingkomen. Dezewordenverzameldn rechthoekiggevormdedeelgebiedeligrids)
door gebruikte maken van eenpatroonherk&nningsalgoritmeDoor dit procesrecursief
te herhalingwordende ver jningsniveauseénvoor éénopgebouwd.

Omde AMR methodeverwlgensop eenparallellesupercomputete kunnengebrui-
ken wordt zogenaamdedomain decomposition'toegepast. ledereprocessombeschikt
slechtsover eendeelvanhettotalecomputationelelomein,waarbijde subdomeinemet
elkaarverbondenwordendoor middelvan zogenaamdeghostcells'. Deze ghostcells'
zorgener ook voor datelk grid als eenlosstaandentiteit door de gasdynamicamethode
kanwordenbenaderd.Details van de hierboren beschreen technielen voor het nume-
riek berelenenvan de gasdynamicanet behulpvan eengeparallelliseerddMR code
staarbeschreenin hoofdstuk2.

Stelnudaterzichop eenbepaaldéocatiein hetcomputationelelomeineenstralings-
bron (datwil zeggeneenster)bevindt. Om de invioed vande stralingvan dezebronop
dedynamicameete nemenmoetendeionisatiggraadentemperatuuvanhetgasbepaald
worden.Hiertoeis hetnoodzaklijk lichtstralenvanuitde bronnaarelke celte volgenom
zodoendealeinvloedvandestralingop hetgaste kunnenberelenen.Dit wordtechterbe-
moeilijkt doordathetdomeinniet alleenverdeelds over verschillendgrocessorenmaar
ook is opgesplitsin grids metverschillendeafmetingenwat hetvolgenvandelichtstra-
len bemoeilijkt. In hetalgemeerzal eenlichtstraalover meerderesubdomeine®n grids
lopen,zodathetnoodzaklijk is de bereleningop te splitsen. In hoofdstuk3 wordt een
nieuw ontwikkelde methodebeschreen, genaamdHybrid Characteristics die dit mo-
gelijk maakt. Deze methodeis geémplementeerdn de publiekelijk beschikbareAMR
gasdynamicaodeFlash'.

Eenvoorbeeldvan hetopsplitservan lichtstralenten gevolge vande AMR structuur
van het computationeledomeinis te zienin Figuur 7.1. In eeneerstestapwordende
bijdragentengevolge vandelocalesectiesrande verschillenddichtstralenuitgerelend.
Verwlgenswordendezegecommuniceerdaaralle processorenyaarnaelke processor
beschiktoveralle informatievanalle localesectiesDoor delocalesectiede interpoleren
en verwlgensop te tellen, wordt de totale bijdragevan elke lichtstraalberelend. Het

http://flash.uchicago.edu/
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Figuur7.1: Voorbeeldvan hetopdelenvanlichtstralenten gevolge van AMR zoalstoe-
gepasin deHybrid Characteristicsmethode.

interpolatieschemas zodaniggekozendat, in hetgeval van eenhomogeneomgerings-
dichtheid,de exacteoplossinggevondenwordt.

Uitgebreideschalingstestenan de Hybrid Characteristicsmethodewordengepre-
senteerdn hoofdstuk4. Hierbij wordt gekeken naarde prestatievan de methodebij
eentoenemen@antalprocessorenOmdatde hoeveelheidgegevensdie gecommuniceerd
moetwordentussende processoremoeneemals functie van hunaantal,is er eenlimiet
aanhetaantalprocessoremvaanoor de methodenog ef ci éntte gebruilenis. De test-
resultatenatenzien dat de methode afhanlelijk van hettype supercomputeipraktisch
inzetbaaiis voortenminstel0O0 1000processoren.

De dynamischeevolutie van Planetaire Nevels

De late fasenin de evolutie vaneenstermeteenmassavanl 8 zonsmassa'worden
gekenmerktdoor massaerlies. Tijdenshetstadiumvan RodeReusis de sterzodanigin
afmetinggegroeiddat de zwaartekrachtn de buitenstelagenzeerzwak is. Stofdeeltjes
die zichin dezerelatiefkoelelagenkunnenvormenwordenversnelddoor stralingsdruk
geleverddoorde ster De stofdeeltjeslepenhetgasmee. Dit resulteerin eenstellaire
wind meteenmassserliesvanongeseer10 ° zonsmassa'perjaaren eensnelheidvan
ongeseerl0kilometerpersecondeHierdoorverliestde sterin eenperiodevanongeveer
100000jaarhetgrootstedeelvanhaarmassa.

Zodraer nog maareenkleine hoeveelheidmateriein de nabijheidvandekernvande
steraanwezigs, begint de PlanetairedNevel fase.De effectieve temperatuurvande kern
loopt op tot ongereer10000Kelvin, wat eentweedefasevan massaerliesinzet. Deze
nieuwestellairewind heeft,ten opzichtevan de voorgaandegenveellagermassaerlies
vanongeveerl0 & zonsmassa'perjaar en eenveel hogereuitstroomsnelheidan meer
dan1000kilometerperseconde.

Het hierborengeschetstbeeldleidt op eenvanzelfsprekndemaniernaarhetscena-
rio vande "InteractingStellarWinds' (ISW); gedurendele PlanetairéNevel fasebotstde
snellewind vanlagedichtheidmetdelangzamevind vanhogedichtheid,die is achtege-
blevenuit de RodeReusfasevandester Dezeinteractieresulteerin deformatievaneen
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Figuur7.2: Voorbeeldvaneendoorstralingsefectenvervormdecircumstellairedisk.

hetebel vangasmetdaaromheereendunneschil van hogedichtheid. De hoge-enggie
fotonenvandesterionisererenverhittendit gas,wat de dynamischevolutie benvloedt.
Het gasin de resulterendanevel koelt en wordt zichtbaarin het optischedeel van het
spectrunalseenPlanetairéNevel.

Alhoewel dewaagenomereigenschappevansferischePlanetairdNevelsmetbehulp
van het ISW-scenarioverklaardkunnenworden, zijn de meestePlanetaireNevels niet
exactrond, maarelliptisch of bipolair van vorm. Dit heeftgeleidtot eengeneralisatie
vanhetISW-scenarioHier wordtaangenomedathetmassaerliestijdensde RodeReus
fasenietsferischmaarasymmetrisclverloopt,waarbijdedichtheidin delangzamewind
toeneemwvan pool naarequator Als de snellewind verwlgensbotstmetzo'n toro'dale
mass&erdelingontstaakeenbipolairenevel. Dit modelis zeersuccesul geblelenin het
verklarenvandewaagenomereigenschappevanveelPlanetairedNevels.

HogeresolutieHubble SpaceTelescopevaarnemingewvan jonge PlanetaireNevels
latenechtermorfologiean zien die moeilijk te verklarenzijn in de context van hetgege-
neraliseerdéSW-scenario Met namede veelvoorkomendepunt-symmetrischef multi-
polairenevelsvormeneenuitdaging.

Eén manierwaarop punt-symmetriekan worden verkregen, voorgestelddoor Icke
(2003),is te veronderstelleatde verdelingvanmassan de omgeving vande sterpunt-
symmetrischvan aardis. Zo'n verdelingkan ontstaarals eencircumstellaireschijf van
gaswordtblootgesteldhandestralingvandester Hetverschilin stralingsdrukaanhetop-
pervlakvande schijf resulteerin eeninstabiliteitdie er voor zorgt datde schijf vervormt
(zie Figuur7.2).

In hoofdstuks wordennumeriele modellenvandeinteractievaneensnellewind met
zo'n venvwormdeschijf gepresenteerdTwee-dimensionalsimulatieslaten zien dat een
bogyschokzich rond de binnenrandvan de schijf vormt, wat eenmultipolaire nevel tot
gevolg heeft. Door de koelingstijJdschaainet de dynamischdijdschaalvan hetmodelte
vemelijken,kaneenbepaaldyebiedin de parameterruimtaang&ezenwordenwaaroor
dit modelgeldigis. De resultatervan dezebereleningenlatenzien dathet meenemen
vande effectenvan enegieverliesdoor koeling van essentieebelangzijn om dit model
te latenwerken. Door de punt-symmetri&zanhetprobleenzijn twee-dimensionalsimu-
latiesechtemiet voldoendeenis hetnoodzalklijk om drie-dimensionalsimulatiesuit te
voeren. De resultatervan dezebereleningenwordenomgezetin synthetischebsena-
ties. Door dezete vergelijkenmetwaagenomerPlanetaireNevels, zijn eenaantalgoede
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Figuur7.3: Detail vaneenHubbleSpaceTelescopavaarnemingzankleine schaalstruc-
turenin de Helix nevel. De centralester verantwoordelijk voor dezestructurenpevindt
zich (op schaallongereermiddenonderaardezepagina.

kandidatergevondenwaanande morfologiemetdit modelverklaardkanworden.

NaastdeintrigerendeglobaleverschijningsermenvanPlanetairéNevels,latenwaar
nemingerook structuurop kleinereschaakien. Het bestevoorbeeldchiervanis te vinden
in deHelix nevel. In dezemeesnabijgelegenPlanetairdNevel wordentienduizendewan
zulke kleine schaaktructurenwvaagenomer(zie Figuur7.3). Dezestructurerbestaaruit
eenkernvanhogedichtheid,met staarten'die van de centralestervandaargerichtzijn.
Het gedeeltevan de kern dat blootgesteldvordt aande ioniserendestralingvan de ster
wordt waagenomenals eenoplichtenderand van materiaal. Dit impliceertdat het ma-
teriaalin de kernendoor de stralingwordt geevaporeerdwaarbijeenionisatiefrontzich
langzaameenweg door de kern baant. Aangezienwaarnemingervan anderPlanetaire
Nevels soortgelijle kleine schaalstructureriaten zien, wordt aangenomedat ze op een
bepaaldnomentin de evolutie vanalle PlanetaireNevelsvoorkomen. Als dit zois, dan
zaleenaanzienlijle fractievande materiedie wordtteruggeoerdin hetinterstellaireme-
diumbestaaniit dezekernenvanhogedichtheid. Omdatde meestevandezestructurerin
groepenvoorkomen,zodatonderlingeinteractietusserde evaporatiestromenende hoge
dichtheidskernenplaatsvindtjs hetwenselijkom deevolutie vaneencompletegroepvan
dezestructurerte volgen.

In hoofdstuk6 wordt de dynamischeevolutie van zo'n groepmet behulpvan drie-
dimensionalenodellenbestudeerdEerderenumeriele enanalytischéereleningeraten
zien dat dezeevolutie bestaauit tweefasen:eencompressiefse,waarbij hetionisatie-
front eenschokinduceertgevolgd dooreen komeet-ase',waarde kernversneldwordt
doorhetzogenaamdeaocket effect' (Oort& Spitzer1955).De fysischeparametersoor
de kleine schaalstructurenin de Helix zijn echterenigszinsverschillendvan wat tot nu
toe werd aangenomenroor dit soortsimulaties. Dit heefttot gevolg dat de evolutie op
eenanderemanierverloopt. Doordatvoor dezeparametersle snelheidvan het schok-
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front hogeris dande snelheidvan hetionisatiefront kan zich eenrelatiefdikke laagvan
geschokimateriaaltussendezetwee frontenvormen. Het gevolg is dathetgas,aanhet
eindevan de compressiefse,bggint te expanderenwaardoorook de “komeet-ase' op
eenanderananierverloopt. Analytischebereleningenatenziendatde voorwaardevoor
het optredernvan dezeexpansieése,identiekis aande voorwaardedie eerderdoor Ber-
toldi (1989) afgeleidis voor het onderscheidenan tweeregimesin de foto-evaporatie
vandit soortkernenmethogedichtheid. Dit laat zien datde expansiefse,die in de nu-
merieke simulatieswordt gevonden,in werkelijkheid eenveel voorkomendverschijnsel
is. De simulatiestonenverderaandat,doordeinteractietusserde kernen,eengrootge-
deeltevanhetgeavaporeerdenateriaain destaartgebiedeterechtkomt, wateenlangere
evaporatietijdtot gevolg heeft.
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