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Theevolutionof stellarcollision remnants

Principal Investigator: Dr. OnnoPols(SterrenkundigInstituutUtrecht)

2. Summary

We intendto develop a consistentnumericalframework for modelingstellarcollisions,andto further
evolvethesecollisionproductswith arobuststellarevolutioncode.Collisionsbetweenstarsarecommon
in densestarclusters,wherethey canresult in blue stragglersandvery massive stars. Thesemerger
productsareimportanttracersof thedynamicalprocessesinsidedenseclusters.

We requestfinancialsupportfor two PhDstudents:onewill work on thehydrodynamicsof stellar
collisionsandtheotheronthestellarevolutionof collisionremnants.Thework will resultin two routines
that will be implementedin existing N-body solvers to study the dynamicalevolution of densestar
clusters.

3. Classification

Astronomy

Sub-classification: Hydrodynamics– Stellardynamics– Stars:evolution – Globular clusters– Open
clustersandassociations– Methods:N-bodysimulations– Methods:numerical

4. Compositionof the research team

1. Dr. OnnoR. Pols(P-I)
AstronomicalInstitute,UtrechtUniversity
expertise:stellarevolution

2. Dr. SimonF. PortegiesZwart (Co-I)
AstronomicalInstituteandComputationalScienceSection,Universityof Amsterdam
expertise:stellardynamics

3. Dr. JamesC. Lombardi
Dept.of PhysicsandAstronomy, VassarCollege,Poughkeepsie,New York, USA
expertise:stellarhydrodynamics

4. Dr. Alison Sills
McMasterUniversity, Hamilton,Ontario,Canada
expertise:stellarevolution andhydrodynamics

5. Prof. Dr. NorbertLanger
AstronomicalInstitute,UtrechtUniversity
expertise:stellarevolution androtation

6. Prof. Dr. FrankW. M. Verbunt (promotor)
AstronomicalInstitute,UtrechtUniversity
expertise:openandglobular clusters

7. Prof. Dr. EdwardP. J.vandenHeuvel (promotor)
AstronomicalInstitute,Universityof Amsterdam
expertise:compactobjects

8. N.N. (Ph.D.studentto beappointed)
AstronomicalInstitute,UtrechtUniversity
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9. N.N. (Ph.D.studentto beappointed)
AstronomicalInstitute,Universityof Amsterdam

5. Research school

NederlandseOnderzoeksschoolVoorAstronomie(NOVA)

6. Description of the proposedresearch

The importance of stellar collisionsand mergers

In densestellarenvironments,suchasglobular clustersandthedensecoresof youngclusters,closeen-
countersbetweenstarsarevery frequentandmany starscollide andmerge. This hasbeendemonstrated
in severalN-bodysimulations(e.g.PortegiesZwartetal. 1999;Hurley etal. 2001).Closestellarencoun-
terscangive rise to a varietyof exotic objectssuchasX-ray binaries,millisecondpulsars,cataclysmic
variablesandcontactbinaries. Furthermore,stellarmergerscanproducenon-canonicalstarslike blue
stragglersand,in veryyoungclusters,starsof mass� 100M � . ObservatorieslikeHSTandChandra are
now providing awealthof observationaldataof suchobjectsin theheartof thedensestclusters.

Bluestragglers(BS)arestarslocatedalongtheextensionof themainsequence,above andblueward
of theturnoff point in theclustercolor-magnitudediagram(CMD). They arevery commonin old open
clusterslikeM67, aswell asin globularclusters.Spectroscopicobservationsconfirmthatbluestragglers
are indeedmoremassive than turnoff stars(Sharaet al. 1997)and in somecaseseven moremassive
thantwice theturnoff mass(theso-calledsuper-BS). A well-known super-BS is F81in M67, which has
a massof � 3M � (Leonard1996)comparedto the turnoff massof 1.3M � , andthey have alsobeen
identifiedin thecoresof globular clusterslike NGC6397(Sepinsky et al. 2000). Evidently, morethan
two starsmusthave beeninvolved in theformationof asuper-BS. This clearlypointsin thedirectionof
dynamicallyinduced,multiple collisionsastheorigin.

Exceptin thecoresof thedensestclusters(Hills & Day 1976)andin galacticnuclei(Freitag2000),
directcollisionsbetweensinglestarsarerare. However, indirectcollisionsby meansof resonantinter-
actionsinvolving binary starsarefrequenteven in lower-densityclusters(Leonard1989). The rateat
which starscollide andmerge dependsdirectly on clusterpropertieslike density, velocity dispersion,
massesandbinary fraction. Mergersthemselveschangetheseproperties,andtherebyaffect theoverall
dynamicsof thecluster. This resultsin anintricateinterplaybetweenindividual stellarinteractionsand
the clusterevolution as a whole. Sincemerger productsstandout observationally, they canserve as
importantdiagnosticsof thedynamicalprocessestakingplaceinsidethecluster.

In the densestglobular clustersred giantsarestronglydepletedrelative to horizontalbranchstars.
This is impossibleto understandpurely from stellarevolution, but thedynamicalhistoryof thecluster
providesanexplanationvia collisionsinvolving giantsin closebinaries(Beer& Davies,2003).A related
problemis the morphologyof the vertical horizontalbranchin old globular clusters(Sandage1990),
which is thoughtto betheresultof strongdynamicalactivity.

Apart from blue stragglers,we expecta populationof their post-mainsequenceremnants.These
maybeobservableas“yellow” stragglers,asin M67 (Landsmanet al. 1997),or arehiddenin thegiant
branch.They maybe identifiableby abnormalsurfaceabundancesor rapid rotation,if not by their un-
usualpositionin aclusterCMD. Oneof thebrightestgiantsin theold openclusterNGC188is a rapidly
rotatingFK Comae-typestaranda bright X-ray source(Belloni et al. 1998)Otherobjectswhich may
have hadanorigin in stellarmergersarethesuper-massive Pistolstar(Figeretal. 1998),thepeculiarbi-
nariesι Orionis(Bagnuoloetal. 2001)andOW Gem(Griffin & Duquennoy 1993)andtheextraordinary
supernova 1987A(Podsiadlowski etal. 1990)
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In order to interpretthe observationswe needto understandthe detailsof the merger process,in
particular:whatkind of remnantsareproduced,andhow do they evolve oncethey areformed. Under-
standingtheir evolution is essentialfor two reasons.Firstly, themerging processitself takesplaceon a
veryshort,dynamicaltimescale,sowecanonly observetheevolvedmergerremnants.Secondly, N-body
simulationshave shown thatmerger remnants,which areamongthemostmassive objectsin a cluster,
aremorelikely to undergo furthercollisionsthanotherstars.This canleadto runaway mergers.

Hurley et al. (2001)modeledthe blue stragglerpopulationof an old openclusterlike M67. They
foundthatabouthalf of thebluestragglersresultfrom normalbinaryevolution (conservative masstrans-
fer, or themergerof a closeprimordialbinary). Theotherhalf formedasa resultof single-binaryand
binary-binaryinteractions,causingtwo of theparticipatingstarsto collide. An importantresultwasthat
many bluestragglers(about10percent)formedwith morethantwice theturn-off massof thecluster, as
a resultof multiplecollisions.In onecase,astarwith six timestheturn-off masswasformed,asa result
of four successive collisions,two of thesewith otherbluestragglers.

PortegiesZwart et al. (1999)simulatedyoung,densestarclusterslike R136,thecentralstarcluster
in the 30Doradusregion of the LMC. They found stellarcollision arevery commonin the centerof
this cluster. Themostremarkableresultwasthatthesamestarparticipatedin severalcollisionsin close
succession,leadingto arunawaymerger. In oneof theirmodelsthemostmassivestarexperiencedabout
a dozencollisionswith other, lower massstarsuntil it reacheda total massof morethan180M � . This
super-massive bluestragglerfinally collapsedinto ablackhole.

Many unusuallybright X-ray point sourceshave beendiscoveredusing Chandra in the irregular
galaxyM82 (Matsumotoet al. 2001), the “Antennae”system(NGC 4038/4039;Fabbianoet al. 2001)
andothergalaxies.ThebrightestX-ray sourcein M82 hasa luminosityof 9 � 1040ergs� 1, which cor-
respondsto the Eddingtonluminosity of a � 600M � compactobject. The variability of the source
(Matsumotoetal. 2001)andits high luminosityindicatethatit maybea singleintermediate-massblack
hole (IMBH) with a massof at least600M � . An optical follow-up in the infrared revealeda young
(

�
� 10Myr) starclusterwith anestimatedmassof a few 106 M � at a positionconsistentwith theX-ray

locationof theIMBH (Matsumotoet al. 2001).
A possibleexplanationfor the formation of an IMBH was recentlyproposedby Portegies Zwart

& McMillan (2002). They found thatstarclusterswith initial half-massrelaxationtimes
�
� 20Myr are

dominatedby stellarcollisions,thefirst collisionsoccurringat or nearthepoint of corecollapse.The
majorityof collisionsoccurwith thesamestar, resultingin therunawaygrowth of asupermassive object.
This objectcangrow up to � 0� 1% of themassof theentirestarclusterandcouldmanifestitself asan
intermediate-massblackhole(IMBH).

Thereis now a generalconsensusthatcollisions,includingmultiple collisions,arecommonin star
clusters. With the seminalwork of Sills et al. (1997,2001) it becameclear that a collision between
two main-sequencestarscanindeedleadto a blue straggler, even thoughthe remnantsgenerallyhave
too muchangularmomentumandit is not yet clearhow the excessangularmomentumis lost. What
happensuponsubsequentcollisionsis muchlessclear, andwhethertheseindeedleadto theformationof
super-bluestragglershasnot beenexploredwith detailedmodels.Thereareseveralstepsin thisprocess
that requirea betterunderstandingof theunderlyingphysics.At themomenttheonly clearconceptin
theformationof massive starsvia acollisionalrunaway is thatthestarswill berotatingvery rapidly.

Massive starslive rathershortandat theendof their nuclearburninglifetime they collapseto black
holes. Thedetailsof how to get from a massive starto a black holearefar from understood(Fryer &
Warren2002),especiallywhentheprogenitoris rapidly rotating.Ontheotherhandthereareindications
from observed gamma-raybursts(GRB) that massive rapidly rotatingstarsdo collapseto black holes.
Price et al (2002)concludefrom the multicolour excessin the afterglow, the nearinfrared and radio
observation of GRB 011121that its progenitorwasmostlikely a rapidly rotating

�
� 150M � star. The

GRBandsupernova couldhave occurredin adensestarcluster, in whichcasethehighmassstarmaybe
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theresultof acollisionrunaway(GRB011121occurredatz � 0� 36,toodistantto identify astarcluster).
Our currentlack of detailedunderstandingof stellarcollision remnantsandtheir evolution is oneof

the main hurdlestoward interpretingthe observationsmentionedabove, andtoward understandingthe
evolution of starclustersasa whole. This wastheconsensusat two recentworkshopsof theMODEST
collaboration1. Theaimof thisprojectis to improve thissituationby developinganumericalframework
for modelingstellarcollisionsandtheevolution of collision remnants.

How do stellar merger remnantsevolve?

In all N-body simulationsof star clustersdoneso far, the modelingof merging stars(either through
binary evolution processesor as a result of collisions) wasvery crude. It is assumedthat when two
starshit, they simply stick together. After merging, the remnantis assumedto behave andevolve like
a normalsinglestarof thecombinedmass,with a correctionto the remaininglifetime for theeffect of
alreadyburnt hydrogen.Thelifetime (andtherebytheobservablenumberof suchobjects)andposition
in theCMD stronglydependon thisassumption,severelyhamperingacomparisonwith observations.

The reasonfor the crudenessof currentmodelsis that virtually no detailedresultsareavailableof
how mergedstarsdo behave andevolve. Only for a limited numberof masscombinations,evolution
statesandimpactparametershave detailedhydrodynamicalcomputationsof stellarcollisionsbeenat-
tempted.Stellarevolutioncalculationsof collision remnantsareevensparser. However, thefew existing
calculationshave led to importantinsights.

Hydrodynamicalsimulationsof stellarcollisionsbetweenmain-sequencestarshave beenperformed
by Benz& Hills (1987)andmorerecentlyby Lombardietal. (1995,1996)andSills etal. (2001).These
calculationshave shown that thestructureandchemicalcompositionof a collision productcanbevery
differentfrom thatof ordinarysinglestars.Thestructureandcompositionprofile dependon themasses
andevolutionarystateof theoriginalstars,aswell asontheimpactparameterandrelativevelocity. Since
thesecanvary enormouslyin astarcluster, we expectanenormousvarietyof mergedobjects.

Thesesimulationshave alsodemonstratedthat the collision remnantsarestrongly out of thermal
equilibriumand,exceptin theveryrarecasesof head-oncollisions,arerotatingveryrapidly. Theamount
of angularmomentumis so large that thestarcannotcontractto thermalequilibriumwithout shedding
a large fraction of its angularmomentum.The starmustdo so without losinga correspondinglylarge
fractionof its massin orderto becomeidentifiableasabluestraggler. Themechanismby whichangular
momentumis drainedis not yet understood;possiblyit is dueto magneticlocking of thestarto a disk
(Königl 1991)formedaftersomemassis lost at theequator.

Theevolution of stellarmergerremnantshashardlybeenstudied.Only a few detailedevolutioncal-
culationshavebeenperformed(Sills etal. 1997,2001)for collisionsinvolving low-massmain-sequence
stars.Whatthesecalculationshave shown is thatthefurtherevolutioncanbequitedifferentfrom thatof
acanonicalstarof thesamemass.This is partly theresultof thedifferentstructureandchemicalcompo-
sitionof thestar, andpartly theresultof its rapidrotation.Suchrapidrotationcancausesignificantextra
mixing in a merger remnant,shifting its positionin theCMD andprolongingits lifetime. Becausethe
mixing is notcomplete,however, theevolutioncannotsimplybeapproximatedby thatof ahomogeneous
star. Thecalculationsby Sills et al. demonstratethat theevolution of a merger remnantis sensitive not
just to the total mass,but alsoto theevolution statesof theoriginal starsbeforecollision, aswell asto
thecollision impactparameter.

1MODESTis aloosecollaborationof peopleinterestedin MOdelingDEnseSTellarsystems,particularlythoseinterestedin
developinga framework in which all relevantphysics(stellardynamics,stellarevolution andhydrodynamicsandtheinterplay
betweenthethree)canbemodeledtogetherin onesimulation.Seethetwo review articlesby Hut et al. (2003)andSills at al.
(2003)or visit theMODESTwebsiteathttp://www.manybody.org/modest.html. ThesecondMODESTworkshop
washeldin December2002in Amsterdamwith supportfrom NWO andNOVA.
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Whatwe needin orderto make progressin understandingtheimpactof stellarmergerson theevo-
lution of densestellarsystems,is a reliablemodelfor theevolution of mergedstarsfor arbitrarymasses,
evolutionstatesandcollision impactparameters.In otherwords,weneedanalgorithmthat(1) computes
the structureandchemicalcompositionof an arbitrarymerger remnant,and (2) evolves suchobjects
further to the endof their nuclearandthermalevolution. Our ultimategoal is to be ableto evolve an
entirestarcluster, includingstellarandbinaryevolution, with realisticmodelingof stellarmergersand
(multiple) collisions. Given the enormousvariety of collision parametersthat is expected,we needto
performbothcalculations(1) and(2) on thefly, simultaneouslywith thestellardynamics.We intendto
addressbothproblemsin concertby applyingfor two PhDstudents.

A first steptowardachieving (1) hasalreadybeenmadeon thebasisof hydrodynamicalcalculations
for collisionsbetweenlow-massmain-sequencestars(Lombardietal. 1995,1996,Sills etal. 2001).For
therelatively low-velocity collisionsexpectedin openandglobular clusters,thestructureandchemical
compositionof a merger remnantaredeterminedby “entropy sorting”: thehighestentropy materialof
both starssinksto the center, while low-entropy gasendsup in the outerlayers. This hasallowed the
constructionof a simplified algorithm that yields the structureand compositionof a merger product
within afractionof thetimeit takesto doafull-scalehydrodynamicalsimulation(Lombardietal. 2002).
This entropy-sorting algorithmis efficient andcaneasilybe implementedinto stellardynamicscodes
(e.g.anN-bodycodeor aMonte-Carloalgorithm).

Suchhydrodynamicalcalculationshave not beenperformedin a systematicway for collisions in-
volving othertypesof star: eithermassive main-sequencestars,or moreevolved stars(sub-giants,gi-
ants,compactstars).Althoughgiantsarelessabundantthanmain-sequencestars,their cross-sectionis
proportionallylargerandabout20 percentof thecollisionsin anopenstarclusterareexpectedto occur
involving giants(PortegiesZwartetal. 1997).In orderto evolveanentirestarclustertakinginto account
thedetailsof (multiple) collisions,we mustunderstandthemerger remnantsof suchcollisionsaswell.
We aim to achieve this by performingSPHcalculationsof collisionsinvolving massive main-sequence
stars,aswell asevolvedstars,allowing usto generalizeandextendtheentropy-sortingalgorithm. This
will betheresearchtopicof thefirst PhDstudent.Theevolutionof mergerremnantshasto becalculated
usinga detailedstellarevolution code,giventheenormousvarietyof remnantstructuresthatwe expect.
Thiswill betheresearchtopic of thesecondPhDstudent.

Research method

The projectrequiresthe developmentof two codes,togetherwith interfacesfor implementationinto a
stellardynamicscode. Theseinterfacesshouldbegeneral,so that thecodescanbeusedtogetherwith
any dynamicalcode(be it an N-body code,a Monte-Carlocode,or somehybrid). This is the aim of
the MODEST collaboration,to which we wish to adhereclosely. For our specificpurposes,we will
implementthe codesinto the starlab2 softwareenvironment(PortegiesZwart et al. 1998),which
encompassesahigh-precisiondirectN-bodyintegrator.

Hydrodynamicsof stellarmergers Weneedto know thestructureandcompositionprofileof themerged
objectbeforewe canevolve it further. Concretely, what is requiredby thestellarevolution codearethe
profilesof entropy andof themassfractionsof the relevant isotopes,asa functionof masscoordinate.
Theseprofilescanbeprovidedby hydrodynamicscalculationsof stellarmergers,e.g.smoothparticlehy-
drodynamics(SPH;Lombardietal. 1996).However, eachof thesecalculationsis very time-consuming.
A very usefultool hasbeendevelopedby Lombardiet al. (2002)which utilizesthefactthat in theSPH
modelsthe differentpartsof the colliding stararesortedby specificentropy. To this is addedthe rel-
atively smallcontribution of shockheating.This determinesboth theentropy andcompositionprofiles

2seehttp://www.manybody.org/starlab.html



NWO OPEN COMPETITION RESEARCH PROPOSAL 6

of themerger product. This entropy-sortingalgorithm,alsocalledMake-Me-A-Star(MMAS)3, is much
fasterandmoreefficient thanfull-scalehydrodynamicscalculations,at little costof accuracy.

Sofar thisMMAS algorithmis only availablefor low-massmainsequencestarsup to 0.8M � . This is
basicallydueto thelack of a full-scalehydrodynamicscalculationsfor higher-massstars,aswell asfor
moreevolvedstars,againstwhichtheMMAS algorithmhasto betestedandcalibrated.For this reasonwe
askfor onePhDposition,whosetaskwill be to performSPHcalculations,for a large varietyof stellar
masses,evolution statesandimpactparameters.Thesecalculationswill be the basisfor an extended
MMAS algorithm,whichwill becalibratedagainsttheresultsof thedetailedmodels.Wewill usetheSPH
codedevelopedby Dr. J.Lombardi,who is theworld experton thesetypeof calculationsandwho will
bestronglyinvolvedin thispartof theproject.Wehave averygoodcandidatefor thisposition,a former
undergraduatestudentof Dr. Lombardi. He alreadyhasexperiencein usingtheSPHcodefor this kind
of calculations.

ThesameSPHcodewill beusedto studythe resultof multiple collisions. After having calibrated
MMAS for a largerparameterspacewe intendto continuethecalibrationprocessfor multiple collisions.
Theultimategoalof this partof theprojectis to constructanumericalroutinewhich takestwo arbitrary
starsasinput andproducesa reliablemergerremnantof thesetwo stars.Theoutputshouldbein sucha
form thatastellarevolution codecancontinuetheevolution of thestarafterthemultiple collision.

Evolution of merger products We requirea stellar evolution codethat can evolve any productof a
stellarmergeror collision. Becausewe wantto implementthecodeinto anN-bodyenvironment,it has
to be very robust. The codeshouldbe ableto run throughall stellarevolution phaseswithout human
intervention. Furthermoreit shouldbe able to handleany input model, regardlessof whetherit is in
thermalequilibriumor not.

Currentlyavailable codesare inadequatebecausethey cannothandlestartingmodelsthat areout
of thermalequilibrium, andthey arenot robust enough.Thereforewe askfor a secondPhD position,
who will develop the requiredcodeby modifying an existing stellarevolution codeandapply it to the
evolution of merger remnants. In Utrecht, therearecurrently two stellar evolution experts(Dr. Pols
andProf. Langer)and two independentstellarevolution codes. Thereforewe feel that Utrecht is the
idealplaceto conductthis research.Dr. A. Sills, who is the leadingexpert on theevolution of merger
remnants,hasalsoofferedto beavailablefor consultation.

As thestartingpoint we proposeto usetheEggletonstellarevolution code(Eggleton1971,1972),
which hasbeenupdated,modified,testedandusedextensively by theP-I, OnnoPols(Polset al. 1995,
1998). This codeis alreadyquite robust under’normal’ circumstances,i.e. whenevolving singlestars,
andeven certaintypesof binary star. It doesbreakdown at certainpredictablepoints,e.g. at thecore
heliumflashin low-massstars,andtheonsetof thermalpulseson theasymptoticgiantbranch(AGB).
Breakdown attheHeflashcanquiteeasilybecircumventedby constructingazero-agehorizontalbranch
modelwith thesamechemicalcomposition.We intendto modeltheAGB phaseusinga rapidsynthetic
evolution algorithm ratherthan with a full-scale evolution code,becausethe latter will be too time-
consumingeven if it canbe maderobust. Sucha syntheticalgorithmis currentlybeingdevelopedin
collaborationwith Dr. C. Tout andco-workersat theInstituteof Astronomyin Cambridge(Izzardet al.
2003). Part of theprojectwill consistof recognizingsuchanticipatedbreakdowns,andautomatingthe
transitionssothattheevolution codecanrunwithout humanintervention.

For the non-canonicalstarsthat we needto model,several additionalissuesneedto be addressed.
First, a modificationis requiredso that the codecanstartwith an input model that is not in thermal
equilibrium(TE). At themomentthis is not possible,but it canbeachievedby a procedureof forcing a
smoothtransitionin smallstepsbetweenanexistingTE modelandtheaimed-fornon-TEmodel.

3seehttp://faculty.vassar.edu/lombardi/mmas/



NWO OPEN COMPETITION RESEARCH PROPOSAL 7

Second,the codeshouldbe able to model the effect of rapid rotation. As discussedabove, the
mergerremnantgenerallyhasto losea largeamountof angularmomentumbeforeit canrelaxto thermal
equilibrium. Failing a detailedphysicalmodel,we will initially adoptan ad-hocprocedureto remove
angularmomentumbasedon the disk-locking hypothesis. The effect of rapid rotation, in particular
rotationally inducedmixing, on the evolution hasbeenshown to be important(Sills et al. 2001)and
shouldthereforebeincluded.Theevolutioncodeof N. Langer, alsoavailablein Utrecht,alreadyincludes
theseeffects(Hegeretal. 2000).Thisallows usto combinetechniquesfrom thatcodeinto ourevolution
code,aswell asto testour codeagainstthemoresophisticated(but time-consuming)Langercode.

Finally, the non-canonicalstellarmodelswe expect to result from mergersmay causethe codeto
breakdown at lesspredictablepointsin theevolution thanmentionedabove. At thisstage,very little can
besaidaboutwhatwe mayexpectin this regard.

Starclustersimulations Theaboveeffortswill resultin two codes:anextendedMMAS routinefor deter-
mining thestructureof mergerproducts,andanEVOL routineto computetheir furtherevolution. Both
will be implementedinto starlab. The routinesshouldbe easilyportableto otherN-body solvers,
suchas the Barnes& Hut (1986) treealgorithm,a Monte-CarloN-body integrator (Giersz& Heggie
1994)or aFokker-Planckcode(Takahashi1997)

If time allows, thestudentswill performN-bodysimulationswhich includetheir newly developed
techniques.PortegiesZwart& McMillan (2002)demonstratedthatin clustersof singlestars,stellarcol-
lision startto dominatetheevolution if theinitial relaxationtime is

�
� 20Myr. An independentcollision

channelis addedif the modelsstartwith primordial binaries. Starclusterswith a few thousandstars
arelarge enoughto guaranteemany interestingcollisionsto occur. TheseN-body simulationscanbe
easilyperformedonaPC.Themaingoalof thesesimulationwill bethecharacterizationof thecollision
productsin openstarclusters,suchasHyadesandPraesepe.In this context we notethat a wealthof
observationaldataon openclustersis fastbecomingavailable,for instancefrom theWIYN survey (e.g.
Sarajediniet al. 1999),with whichwecancompareour results.

Relation to running research programs

The researchproposedin this project fits in very well with the work on stellar and binary evolution
alreadyconductedin Utrechtby PolsandLanger. It alsocloselyrelatesto the work of Verbunt, who
hasa long-standingexpertisein optical and X-ray observationsof denseopenand globular clusters,
includingbluestragglers(e.g.vandenBerg et al. 2001). His input will be invaluablewhenit comesto
anobservationalinterpretationof ourwork.

Theproposedresearchfills in an importantgapin the researchcurrentlyconductedin Amsterdam.
The teamof Portegies Zwart works on the evolution of densestar clustersand on the formation of
intermediatemassblackholes. Our lack of understandingstellarcollisionsandhow collision products
continuetheir evolution hasbecomea major uncertaintyin the dynamicalmodels. The consequences
canbefar reachingasour theoreticalknowledgehingesin parton theselargenumericalsimulations.

Relation to research in other places

We intendto collaboratecloselywith Dr. J. Lombardi(VassarCollege, USA). He is an expert on the
hydrodynamicsof stellar collisions,andour work builds on his earlierwork on the MMAS algorithm.
Also thework of Dr. M. Freitag(ARI, Heidelberg, Germany) andDr. F. Rasio(NorthwesternUniversity,
USA) areof importancefor the proposedproject. Freitaghasworked on collisionsnearthe Galactic
centerandon possibleformationscenariosfor intermediatemassandsupermassive black holes,while
Rasio’s groupmainly concentrateson globular clusters.At this moment,theonly otherpersoninvolved
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in evolutionarycalculationsof collision productsis Dr. A. Sills (McMasterUniversity, Canada),who is
theworld leadingexperton thissubject.Shewill becloselycollaboratingwith uson this topic.

This work will be conductedin closecollaborationwith thestarlab team,which includesProf.
P. Hut (IAS, USA), Prof. J. Makino (Tokyo, Japan),Prof. S. McMillan (Drexel, USA) and Dr. S.
PortegiesZwart). Our work on modelingdensestarclustersis closelyrelatedto that of Dr. J. Hurley
andM. Shara(AMNH, New York) andDr. S.Aarseth(Cambridge,UK). Thoughindependentfrom the
starlab team,bothgroupscollaboratelooselyin theMODESTcontext. Weexpectto exchangeresults
and,whenfunctional,ourmerger-remnantevolutionalgorithmsto allow avalidationof our resultsusing
independentlydevelopedsoftware.

7. Work programme

IdeallybothPhDstudentswouldstartat thesamesemester. In their first yearbothwill madethemselves
familiar with the dynamicalenvironmentin which stellar collisions are important,which are: 1) the
evolution of closebinariesand2) thedynamicalevolution of densestarclusters.

Stellar collision student: University of Amsterdam In thefirst yearthestudentstartsspecializing
in the hydrodynamicsof stellarcollisionsandadjustDr. J. Lombardi’s SPHcode. This will be done
in collaborationwith Lombardi. The studentswill in that periodvisit Vassarcollege for an extended
period. In thesecondyearSPHcalculationsof a rangeof initial stellarmasses,impactparametersand
evolutionarystageswill beperformedandtheMMAS algorithmtestedandcalibrated.Thestellarevolution
student(seebelow) canthenalreadystartusingtheseasinput for themodelscalculations.In the third
yearthestudentwill extendtheMMAS algorithmandperformSPHmodelsfor multiplecollisions.In the
fourthyearthework will beroundedoff andthethesisis written.

Stellar evolution student: Utr echtUniversity In thefirst yearthestudentwill familiarizehim/her-
self with the existing stellar evolution code,and begin modifying the codeto allow non-TE starting
models(assuppliedby the alreadyexisting MMAS routine). Continuinginto the secondyear, further
modificationswill bemadeto automatethecircumventionof anticipatedbreakdownsat theheliumflash
andthetransitionto asyntheticevolutionalgorithmatthestartof theAGB.By theendof thesecondyear,
weaimto haveareasonablyrobuststellarevolutioncodethatcanhandlestellarmergerproductssupplied
by theextendedMMAS routine(seeabove),asyet without rotation.Theresultsof evolution calculations
for mergerproductscanserveasinputfor multiplecollisionSPHcalculationsfor theAmsterdamstudent.
In thethirdyearrotationwill beimplementedin thestellarevolutioncode,andany unforeseenbreakdown
situationswill bedealtwith. Thefourthyearis for finishingthework andwriting thethesis.

Dr. OnnoPolswill directly supervisetheUtrechtstudent,while Dr. PortegiesZwart will supervise
theAmsterdamstudent.They areresponsiblefor therespectivestudents’researchtrainingandeducation.
Profs.Langer, Verbunt andvan denHeuvel areexpectedto play a minor role in thedaily supervision,
but areavailablefor frequentconsultation.Both the stellarevolution groupin Utrecht(including Pols
andLanger)andthestellardynamicsgroupin Amsterdam(includingPortegiesZwart) arevery interac-
tive andhold weeklygroupmeetings,so that thereis ampleopportunityfor feedbackwith othergroup
members.We alsoplan to have regular joint meetingsof the two groups,alternatively in Utrechtand
Amsterdam.

8. Expecteduseof instrumentation

Detailedstellarevolution andhydrodynamicalcalculationsarenot particularlycomputationallyinten-
sive; mostof thework canbeconductedon a fastPC.In thecasethemorecomputerpower is required
we will turn to the University of AmsterdamBeowulf clusterandeventuallyto TERAS at SARA (see
http://www.sara.nl).
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10. Requestedbudget

item cost( )

OiO 1 135.762
Benchfee 4.538
OiO 2 135.762
Benchfee 4.538
Computers 6.000
Work visit (2 � 3 months,Vassar, USA) 10.000
Work visit (2 � 3 months,McMaster, Canada) 10.000

Totalcostestimate: 306.600

Computers Even thoughthe calculationsto be performeddo not requireimmediatesupercomputer
access,a fastPCwill berequiredfor eachstudent.Weestimatethecostof aPCwith thefastestavailable
processorat thetime of purchase,includingsufficient memoryanddisk storage,at 3.000each.

Work visits We anticipatetwo 3-monthvisits for eachof the studentsto eitherVassarCollege (Dr.
J. Lombardi)or to McMasterUniversity (Dr. A. Sills). At theselocationsthestudentswill familiarize
themselves with the local expertiseon hydrodynamicalsimulationsand stellar evolution of collision
remnants,andtheintefacebetweenthetwo. Thecostof eachvisit, includingair travel andlocalexpenses
for 3 months,is estimatedat 5.000.

Wealsoconsiderconferenceparticipationessentialfor eachof thestudents,aboutonceayear. In the
context of theMODESTcollaboration,2 or 3-dayworkshopsareorganizedabouttwiceeachyear. These
areveryimportantplatformsto presentanddiscussourresults,andweanticipatethateachworkshopwill
beattendedby oneof thestudentsin turn. The 4.538benchfeeshouldbereservedfor this.


