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Theevolution of stellarcollision remnants
Principal Investigator: Dr. OnnoPols(Sterrenkundidnstituut Utrecht)

2. Summary

We intendto develop a consistennumericalframevork for modelingstellar collisions, andto further
evolve thesecollision productswith arobuststellarevolution code.Collisionsbetweerstarsarecommon
in densestar clusters,wherethey canresultin blue stragglersand very massie stars. Thesememger
productsareimportanttracersof the dynamicalprocessemsidedenseclusters.

We requesffinancial supportfor two PhD students:onewill work on the hydrodynamicsof stellar
collisionsandtheotheronthestellarevolution of collisionremnantsThework 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-body simulations— Methods:numerical

4. Composition of the reseach team

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

2. Dr. SimonF. PortaggiesZwart (Co-I)
Astronomicallnstituteand ComputationaScienceSection,University of Amsterdam
expertise:stellardynamics

3. Dr. Jame<C. Lombardi
Dept.of PhysicsandAstronomy VassaiCollege, PoughleepsieNew York, USA
expertise:stellarhydrodynamics

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

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

6. Prof. Dr. FrankW. M. Vertunt (promotor)
Astronomicallnstitute,UtrechtUniversity
expertise:openandglobular clusters

7. Prof. Dr. EdwardP. J.vandenHeuwel (promotor)
Astronomicallnstitute,University of Amsterdam
expertise:compactbjects

8. N.N. (Ph.D.studento beappointed)
Astronomicallnstitute,UtrechtUniversity
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9. N.N. (Ph.D.studentto beappointed)
Astronomicallnstitute,University of Amsterdam

5. Reseach school

Nederlands®nderzoeksscho®ioor Astronomie(NOVA)

6. Description of the proposedreseach
The importance of stellar collisionsand mergers

In densestellarervironments suchasglohular clustersandthe densecoresof youngclusters closeen-
counterdetweerstarsarevery frequentandmary starscollide andmeige. This hasbeendemonstrated
in severalN-bodysimulationge.g.PorteggiesZwartetal. 1999;Hurley etal. 2001). Closestellarencoun-
terscangive rise to a variety of exotic objectssuchas X-ray binaries,millisecondpulsars cataclysmic
variablesand contactbinaries. Furthermore stellarmemgerscan producenon-canonicabtarslik e blue
stragglersand,in veryyoungclustersstarsof mass> 100M,. Obsenatoriesike HSTandChanda are
now providing awealthof obserationaldataof suchobjectsin the heartof thedensestlusters.

Blue stragglerdBS) arestarslocatedalongthe extensionof the main sequenceabove andbluevard
of theturnof pointin the clustercolormagnitudediagram(CMD). They arevery commonin old open
clusterdike M67, aswell asin glohbular clusters.Spectroscopiobserationsconfirmthatbluestragglers
are indeedmore massie thanturnoff stars(Sharaet al. 1997)andin somecaseseven more massve
thantwicetheturnof mass(the so-calledsuperBS). A well-known supefBS is F81in M67, which has
amassof ~ 3M., (Leonard1996) comparedo the turnof massof 1.3M, andthey have alsobeen
identifiedin the coresof glohular clusterslike NGC6397 (Sepinsk etal. 2000). Evidently morethan
two starsmusthave beeninvolvedin theformationof a supefBS. This clearly pointsin thedirectionof
dynamicallyinduced multiple collisionsastheorigin.

Exceptin the coresof the densestlusters(Hills & Day 1976)andin galacticnuclei(Freitag2000),
directcollisionsbetweersingle starsarerare. However, indirect collisionsby meansof resonaninter
actionsinvolving binary starsare frequenteven in lower-densityclusters(Leonard1989). The rate at
which starscollide and meige dependdirectly on clusterpropertieslike density velocity dispersion,
masses&ndbinary fraction. Mergersthemseles changehesepropertiesandtherebyaffect the overall
dynamicsof the cluster Thisresultsin anintricateinterplaybetweerindividual stellarinteractionsand
the clusterevolution as a whole. Sincemeger productsstandout obserationally they cansene as
importantdiagnosticof thedynamicalprocessetaking placeinsidethe cluster

In the densesylobular clustersred giantsare strongly depletedrelative to horizontalbranchstars.
This is impossibleto understangurely from stellarevolution, but the dynamicalhistory of the cluster
providesanexplanationvia collisionsinvolving giantsin closebinaries(Beer& Davies,2003).A related
problemis the morphologyof the vertical horizontalbranchin old glohular clusters(Sandagel990),
whichis thoughtto betheresultof strongdynamicalactiity.

Apart from blue stragglerswe expecta populationof their post-mainsequencegemnants. These
may be obsenableas“yellow” stragglersasin M67 (Landsmaretal. 1997),or arehiddenin the giant
branch.They may be identifiableby abnormalsurfaceabundance®r rapid rotation,if not by their un-
usualpositionin aclusterCMD. Oneof thebrightestgiantsin theold openclusterNGC188is arapidly
rotating FK Comae-typestarand a bright X-ray source(Belloni et al. 1998) Otherobjectswhich may
have hadanorigin in stellarmeigersarethe supermassie Pistolstar(Figeretal. 1998),the peculiarbi-
nariest Orionis(Bagnuoloetal. 2001)andOW Gem(Griffin & Duquenng 1993)andtheextraordinary
supernga 1987A (Podsiadlavski etal. 1990)
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In orderto interpretthe obserationswe needto understandhe detailsof the meiger processjn
particular: whatkind of remnantsare producedandhow do they evolve oncethey areformed. Under
standingtheir evolution is essentiafor two reasonsFirstly, the meiging processtself takesplaceon a
very short,dynamicatimescalesowe canonly obsere theevolvedmeigerremnantsSecondlyN-body
simulationshave shavn that meiger remnantswhich areamongthe mostmassie objectsin a cluster
aremorelikely to undego furthercollisionsthanotherstars.This canleadto runavay megers.

Hurley et al. (2001) modeledthe blue stragglerpopulationof an old openclusterlike M67. They
foundthatabouthalf of the blue stragglersesultfrom normalbinaryevolution (conserative masdrans-
fer, or the memger of a closeprimordial binary). The otherhalf formedasa resultof single-binaryand
binary-binaryinteractionscausingwo of the participatingstarsto collide. An importantresultwasthat
mary bluestragglergabout10 percent)formedwith morethantwice theturn-of massof the cluster as
aresultof multiple collisions.In onecaseastarwith six timestheturn-of masswasformed,asaresult
of four successie collisions,two of thesewith otherbluestragglers.

PorteggiesZwart et al. (1999)simulatedyoung,densestarclusterslike R136,the centralstarcluster
in the 30Doradusregion of the LMC. They found stellar collision are very commonin the centerof
this cluster The mostremarkablaesultwasthatthe samestarparticipatedn several collisionsin close
successioneadingto arunavay meger. In oneof their modelsthe mostmassie starexperiencedabout
adozencollisionswith other lower massstarsuntil it reachech total massof morethan180Mg,. This
supermassie blue straggleffinally collapsednto ablackhole.

Many unusuallybright X-ray point sourceshave beendiscoreredusing Chanda in the irregular
galaxyM82 (Matsumotoet al. 2001), the “Antennae”system(NGC 4038/4039;Fabbiancet al. 2001)
andothergalaxies.The brightestX-ray sourcein M82 hasa luminosity of 9 x 10*%mgs~1, which cor-
responddo the Eddingtonluminosity of a ~ 600M., compactobject. The variability of the source
(Matsumoteetal. 2001)andits high luminosityindicatethatit maybe a singleintermediate-madslack
hole (IMBH) with a massof at least600M,. An optical follow-up in the infrared revealeda young
(< 10Myr) starclusterwith anestimatednassof afew 10° M, ata positionconsistentith the X-ray
locationof theIMBH (Matsumotoetal. 2001).

A possibleexplanationfor the formation of an IMBH wasrecently proposedby Portayies Zwart
& McMillan (2002). They found thatstarclusterswith initial half-massrelaxationtimes < 20Myr are
dominatedby stellarcollisions, the first collisionsoccurringat or nearthe point of corecollapse.The
majority of collisionsoccurwith thesamestar resultingin therunavay growth of asupermasse object.
This objectcangrow up to ~ 0.1% of the massof the entirestarclusterand could manifestitself asan
intermediate-madslackhole (IMBH).

Thereis now a generalconsensushat collisions,including multiple collisions,arecommonin star
clusters. With the seminalwork of Sills et al. (1997,2001) it becameclearthat a collision between
two main-sequencstarscanindeedleadto a blue straggler even thoughthe remnantggenerallyhave
too muchangularmomentumandit is not yet clearhow the excessangularmomentumis lost. What
happensiponsubsequentollisionsis muchlessclear andwhethertheseéndeedeadto theformationof
superblue stragglershasnot beenexploredwith detailedmodels.Thereareseveral stepsin this process
thatrequirea betterunderstandingf the underlyingphysics. At the momentthe only clearconceptin
theformationof massie starsvia a collisionalrunavay is thatthe starswill berotatingvery rapidly:.

Massise starslive rathershortandat the endof their nuclearburning lifetime they collapseto black
holes. The detailsof how to getfrom a massie starto a black hole arefar from understoodFryer &
Warren2002),especiallywhenthe progenitoris rapidly rotating. On the otherhandthereareindications
from obsered gamma-raybursts(GRB) that massie rapidly rotating starsdo collapseto black holes.
Price et al (2002) concludefrom the multicolour excessin the afteglow, the nearinfrared and radio
obseration of GRB 011121thatits progenitorwasmostlikely a rapidly rotating 2 150M, star The
GRB andsupernga couldhave occurredn adensestarcluster in which casethe high massstarmaybe
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theresultof acollisionrunavay (GRB011121occurredatz= 0.36, too distantto identify astarcluster).

Our currentlack of detailedunderstandin@f stellarcollision remnantsandtheir evolution is oneof
the main hurdlestoward interpretingthe obsenationsmentionedaborve, andtoward understandinghe
evolution of starclustersasawhole. This wasthe consensusat two recentworkshopsf the MODEST
collaboratiof. Theaim of this projectis to improve this situationby developinga numericatframenork
for modelingstellarcollisionsandthe evolution of collision remnants.

How do stellar merger remnantsevolve?

In all N-body simulationsof star clustersdoneso far, the modelingof meging stars(eitherthrough
binary evolution processe®r as a resultof collisions)wasvery crude. It is assumedhat when two
starshit, they simply stick together After memging, the remnantis assumedo behae andevolve like
a normalsinglestarof the combinedmasswith a correctionto the remaininglifetime for the effect of
alreadyburnt hydrogen.The lifetime (andtherebythe obserable numberof suchobjects)andposition
in the CMD stronglydependon this assumptionseverely hamperinga comparisorwith obsenations.

Thereasonfor the crudenes®f currentmodelsis that virtually no detailedresultsare available of
how meiged starsdo behae andevolve. Only for a limited numberof masscombinations gvolution
statesandimpactparameterfiave detailedhydrodynamicatomputationof stellar collisionsbeenat-
tempted.Stellarevolution calculationof collision remnantsareevensparserHowever, thefew existing
calculationshave led to importantinsights.

Hydrodynamicakimulationsof stellarcollisionsbetweermain-sequencstarshave beenperformed
by Benz& Hills (1987)andmorerecentlyby Lombardietal. (1995,1996)andSills etal. (2001). These
calculationshave shavn thatthe structureand chemicalcompositionof a collision productcanbevery
differentfrom thatof ordinarysinglestars.The structureandcompositionprofile dependon the masses
andevolutionarystateof theoriginal stars aswell asontheimpactparameteandrelative velocity. Since
thesecanvary enormouslyin a starcluster we expectanenormousariety of meigedobjects.

Thesesimulationshave also demonstratedhat the collision remnantsare strongly out of thermal
equilibriumand,exceptin theveryrarecase®f head-orcollisions,arerotatingveryrapidly. Theamount
of angularmomentumis so large thatthe starcannotcontractto thermalequilibrium without shedding
a large fraction of its angularmomentum.The starmustdo so without losing a correspondinglyarge
fractionof its massn orderto becomedentifiableasablue straggler The mechanisnby which angular
momentumis drainedis not yet understoodpossiblyit is dueto magneticlocking of the starto a disk
(Konigl 1991)formedaftersomemasss lost atthe equator

Theevolution of stellarmemgerremnantdashardly beenstudied.Only a few detailedevolution cal-
culationshave beenperformedSills etal. 1997,2001)for collisionsinvolving low-massmnain-sequence
stars.Whatthesecalculationshave shavn is thatthefurtherevolution canbe quite differentfrom that of
acanonicaktarof thesamemass.Thisis partly theresultof thedifferentstructureandchemicalcompo-
sition of thestar andpartly theresultof its rapidrotation. Suchrapidrotationcancausesignificantextra
mixing in a memger remnant,shifting its positionin the CMD andprolongingits lifetime. Becausehe
mixing is notcomplete however, theevolution cannotsimply beapproximatedby thatof ahomogeneous
star The calculationsby Sills et al. demonstratehatthe evolution of a meiger remnantis sensitve not
just to the total mass but alsoto the evolution statesof the original starsbeforecollision, aswell asto
thecollision impactparameter

IMODESTis aloosecollaboratiorof peopleinterestedn MOdelingDEnseSTellar systemsparticularlythoseinterestedn
developinga framework in which all relevantphysics(stellardynamics stellarevolution andhydrodynamicsndthe interplay
betweernthethree)canbe modeledtogetherin onesimulation. Seethe two review articlesby Hut etal. (2003)andSills atal.
(2003)or visit theMODESTwebsiteatht t p: / / www. manybody. or g/ nodest . ht m . ThesecondMODEST workshop
washeldin Decembef002in Amsterdanmwith supportfrom NWO andNOVA.
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Whatwe needin orderto make progressn understandinghe impactof stellarmemgerson the evo-
lution of densestellarsystemsis areliablemodelfor the evolution of megedstarsfor arbitrarymasses,
evolution statesandcollisionimpactparametersin otherwords,we needanalgorithmthat(1) computes
the structureand chemicalcompositionof an arbitrary meiger remnant,and (2) evolves suchobjects
furtherto the end of their nuclearandthermalevolution. Our ultimate goalis to be ableto evolve an
entirestarcluster including stellarandbinary evolution, with realisticmodelingof stellarmemgersand
(multiple) collisions. Giventhe enormousvariety of collision parametershatis expected,we needto
performboth calculationg1) and(2) on thefly, simultaneouslyith the stellardynamics.We intendto
addres$othproblemsin concertby applyingfor two PhD students.

A first steptowardachieving (1) hasalreadybeenmadeon the basisof hydrodynamicatalculations
for collisionsbetweenow-massmain-sequencstars(Lombardietal. 1995,1996,Sills etal. 2001). For
therelatively low-velocity collisionsexpectedin openandglohular clusters the structureandchemical
compositionof a melger remnantaredeterminedby “entropy sorting”: the highestentrofy materialof
both starssinksto the center while low-entrofy gasendsup in the outerlayers. This hasallowed the
constructionof a simplified algorithm that yields the structureand compositionof a meger product
within afractionof thetime it takesto do afull-scalehydrodynamicasimulation(Lombardietal. 2002).
This entropy-sorting algorithmis efficient and can easily be implementednto stellardynamicscodes
(e.g.anN-bodycodeor a Monte-Carloalgorithm).

Suchhydrodynamicakalculationshave not beenperformedin a systematiovay for collisionsin-
volving othertypesof star: eithermassie main-sequencstars,or more evolved stars(sub-giantsgi-
ants,compactstars).Although giantsarelessalundantthanmain-sequencstars,their cross-sectiotis
proportionallylargerandabout20 percentof thecollisionsin anopenstarclusterareexpectedo occur
involving giants(PortagiesZwartetal. 1997).In orderto evolve anentirestarclustertakinginto account
the detailsof (multiple) collisions,we mustunderstandhe meiger remnantf suchcollisionsaswell.
We aim to achieve this by performingSPH calculationsof collisionsinvolving massve main-sequence
stars,aswell asevolved stars,allowing usto generalizeandextendthe entrogy-sortingalgorithm. This
will betheresearchiopic of thefirst PhDstudent.Theevolution of megerremnantshasto be calculated
usinga detailedstellarevolution code,giventhe enormousvariety of remnantstructureghatwe expect.
Thiswill betheresearchopic of the secondPhD student.

Reseach method

The projectrequiresthe developmentof two codes,togetherwith interfacesfor implementatiorinto a
stellardynamicscode. Theseinterfacesshouldbe general,so thatthe codescanbe usedtogetherwith
ary 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 specificpurposeswe will
implementthe codesinto the st ar | ab? software ervironment (Portayies Zwart et al. 1998), which
encompasseshigh-precisiordirect N-bodyintegrator

Hydrodynamic®f stellarmeigers  Weneedto know thestructureandcompositiorprofile of themeged
objectbeforewe canevolve it further Concretelywhatis requiredby the stellarevolution codearethe
profilesof entrofy andof the massfractionsof therelevantisotopesasa function of masscoordinate.
Theseprofilescanbeprovidedby hydrodynamicgalculationf stellarmeigers,e.g.smoothparticlehy-
drodynamic{SPH;Lombardietal. 1996). However, eachof thesecalculationds very time-consuming.
A very usefultool hasbeendevelopedby Lombardietal. (2002)which utilizesthe factthatin the SPH
modelsthe different partsof the colliding starare sortedby specificentrogy. To this is addedthe rel-
atively small contritution of shockheating. This determinesoththe entropy andcompositionprofiles

2seeht t p: / / www. manybody. or g/ st ar | ab. ht m
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of the meger product. This entrogy-sorting algorithm, also called Make-Me-A-Star(MVAS)?, is much
fasterandmoreefficient thanfull-scalehydrodynamicgalculationsat little costof accurag.

Sofarthis MMAS algorithmis only availablefor low-massmainsequencstarsupto 0.8M.. Thisis
basicallydueto the lack of a full-scalehydrodynamicsalculationgfor highermassstars,aswell asfor
moreevolvedstars againswhichthe MVAS algorithmhasto betestedandcalibrated For thisreasorwe
askfor onePhD position,whosetaskwill beto performSPHcalculationsfor a large variety of stellar
massesevolution statesand impact parameters.Thesecalculationswill be the basisfor an extended
MVAS algorithm,whichwill becalibratedagainstheresultsof thedetailedmodels.We will usethe SPH
codedevelopedby Dr. J.Lombardi,whois theworld experton thesetype of calculationsandwho will
bestronglyinvolvedin this partof the project. We have a very goodcandidatdor this position,aformer
undegraduatestudentof Dr. Lombardi. He alreadyhasexperiencen usingthe SPHcodefor this kind
of calculations.

The sameSPHcodewill be usedto studythe resultof multiple collisions. After having calibrated
MVAS for a larger parametespacewe intendto continuethe calibrationprocesdor multiple collisions.
Theultimategoal of this partof the projectis to constructa numericalroutinewhich takestwo arbitrary
starsasinputandproducesareliablemeiger remnantof thesetwo stars. The outputshouldbein sucha
form thata stellarevolution codecancontinuethe evolution of the starafterthe multiple collision.

Evolution of memger products We requirea stellar evolution codethat can evolve ary productof a
stellarmeger or collision. Becauseave wantto implementthe codeinto an N-body ervironment,it has
to be very robust. The codeshouldbe ableto run throughall stellarevolution phaseswvithout human
intervention. Furthermoreit shouldbe ableto handleary input model, regardlessof whetherit is in
thermalequilibriumor not.

Currently available codesare inadequatédecausdhey cannothandlestartingmodelsthat are out
of thermalequilibrium, andthey are not robust enough. Thereforewe askfor a secondPhD position,
who will develop the requiredcodeby modifying an existing stellarevolution codeandapplyit to the
evolution of mewger remnants. In Utrecht, thereare currently two stellar evolution experts(Dr. Pols
and Prof. Langer)andtwo independenstellar evolution codes. Thereforewe feel that Utrechtis the
ideal placeto conductthis research.Dr. A. Sills, who is the leadingexpert on the evolution of meiger
remnantshasalsoofferedto be availablefor consultation.

As the startingpoint we proposeto usethe Eggletonstellarevolution code(Eggleton1971,1972),
which hasbeenupdatedmodified, testedand usedextensiely by the P-I, OnnoPols(Polsetal. 1995,
1998). This codeis alreadyquite robustunder’'normal’ circumstances,e. whenevolving singlestars,
andeven certaintypesof binary star It doesbreakdown at certainpredictablepoints,e.g. at the core
heliumflashin low-massstars,andthe onsetof thermalpulseson the asymptoticgiant branch(AGB).
Breakdaevn atthe He flashcanquite easilybe circumwentedby constructinga zero-agenorizontalbranch
modelwith the samechemicalcomposition.We intendto modelthe AGB phaseusinga rapid synthetic
evolution algorithm ratherthan with a full-scale evolution code, becausehe latter will be too time-
consumingevenif it canbe maderobust. Sucha syntheticalgorithmis currently being developedin
collaborationwith Dr. C. Toutandco-workersat the Instituteof Astronomyin Cambridge(lzzardetal.
2003). Part of the projectwill consistof recognizingsuchanticipatedoreakdavns, andautomatinghe
transitionssothatthe evolution codecanrun without humanintervention.

For the non-canonicaktarsthat we needto model, several additionalissuesneedto be addressed.
First, a modificationis requiredso that the codecan startwith an input modelthatis not in thermal
equilibrium (TE). At the momentthis is not possible but it canbe achieved by a procedureof forcing a
smoothtransitionin smallstepshetweeranexisting TE modelandtheaimed-fornon-TEmodel.

Sseehttp://facul ty. vassar. edu/ | onbar di / mmas/
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Second,the code should be able to modelthe effect of rapid rotation. As discussedabore, the
meigerremnangenerallyhasto losealarge amountof angulamTmmomentuntbeforeit 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 hasbeenshavn to be important(Sills et al. 2001) and
shouldthereforebeincluded.Theevolution codeof N. Langer alsoavailablein Utrecht,alreadyincludes
theseeffects(Hegeretal. 2000). This allows usto combinetechniquegrom thatcodeinto our evolution
code,aswell asto testour codeagainsthe moresophisticatedqbut time-consuming)l.angercode.

Finally, the non-canonicaktellar modelswe expectto resultfrom megersmay causethe codeto
breakdown atlesspredictablgpointsin the evolutionthanmentionedabore. At this stage yvery little can
be saidaboutwhatwe mayexpectin this regard.

Starclustersimulations Theabove effortswill resultin two codes:anextendedVVAS routinefor deter
mining the structureof meiger products,andan EVCL routineto computetheir further evolution. Both
will beimplementednto st ar | ab. The routinesshouldbe easily portableto other N-body solers,
suchasthe Barnes& Hut (1986)tree algorithm, a Monte-CarloN-body integrator (Giersz& Heggie
1994)or a Fokker-Planckcode(Takahashil997)

If time allows, the studentawill performN-body simulationswhich includetheir newly developed
techniquesPortagiesZwart& McMillan (2002)demonstratethatin clustersof singlestars stellarcol-
lision startto dominatethe evolution if theinitial relaxationtime is < 20Myr. An independentollision
channelis addedif the modelsstartwith primordial binaries. Star clusterswith a few thousandstars
arelarge enoughto guaranteemary interestingcollisionsto occur TheseN-body simulationscanbe
easilyperformedona PC. Themaingoalof thesesimulationwill bethecharacterizationf thecollision
productsin openstarclusters,suchasHyadesand Praesepeln this context we notethat a wealth of
obserationaldataon openclustersis fastbecomingavailable,for instancefrom the WIYN suney (e.g.
Sarajedinietal. 1999),with which we cancompareour results.

Relation to running reseach programs

The researchproposedn this projectfits in very well with the work on stellar and binary evolution
alreadyconductedn Utrechtby PolsandLanger It alsocloselyrelatesto the work of Vertunt, who
hasa long-standingexpertisein optical and X-ray obserations of denseopenand globular clusters,
including blue stragglerge.g.vandenBerg et al. 2001). His input will beinvaluablewhenit comesto
anobsenationalinterpretatiorof our work.

The proposedesearcHills in animportantgapin the researctcurrentlyconductedn Amsterdam.
The teamof Portayies Zwart works on the evolution of densestar clustersand on the formation of
intermediatemassblack holes. Our lack of understandingtellarcollisionsandhow collision products
continuetheir evolution hasbecomea major uncertaintyin the dynamicalmodels. The consequences
canbefarreachingasourtheoreticaknowledgehingesin partonthesdarge numericalsimulations.

Relation to reseach in other places

We intendto collaboratecloselywith Dr. J. Lombardi(VassarCollege, USA). He is an experton the
hydrodynamicsof stellar collisions, and our work builds on his earlierwork on the MVIAS algorithm.
Also thework of Dr. M. Freitag(ARI, Heidelbeg, Germaly) andDr. F. Rasio(NorthwesteriJniversity
USA) are of importancefor the proposedproject. Freitaghasworked on collisions nearthe Galactic
centerandon possibleformationscenariogor intermediatenassand supermasse black holes,while
Rasios groupmainly concentratesn globular clusters.At this moment the only otherpersoninvolved
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in evolutionarycalculationof collision productsis Dr. A. Sills (McMasterUniversity Canada)whois
theworld leadingexperton this subject.Shewill becloselycollaboratingwith uson thistopic.

This work will be conductedn closecollaborationwith the st ar | ab team,which includesProf.
P. Hut (IAS, USA), Prof. J. Makino (Tokyo, Japan),Prof. S. McMillan (Drexel, USA) andDr. S.
Porteggies Zwart). Our work on modelingdensestar clustersis closelyrelatedto that of Dr. J. Hurley
andM. Shara(AMNH, New York) andDr. S. Aarseth(CambridgeUK). Thoughindependentrom the
st ar | ab team bothgroupscollaboratdooselyin theMODEST context. We expectto exchangeesults
and,whenfunctional,our megerremnantevolution algorithmsto allow avalidationof our resultsusing
independentlyevelopedsoftware.

7. Work programme

Ideally bothPhD studentsvould startat the samesemestenn their first yearbothwill madethemseles
familiar with the dynamicalervironmentin which stellar collisions are important,which are: 1) the
evolution of closebinariesand?2) the dynamicalevolution of densestarclusters.

Stellar collision student: University of Amsterdam In thefirst yearthe studenttartsspecializing
in the hydrodynamicf stellarcollisionsandadjustDr. J. Lombardis SPHcode. This will be done
in collaborationwith Lombardi. The studentswill in that periodvisit Vassarcollege for an extended
period. In the secondyear SPHcalculationsof a rangeof initial stellarmassesimpactparameterand
evolutionarystagewill beperformedandthe MVAS algorithmtestedandcalibrated.Thestellarevolution
student(seebelown) canthenalreadystartusingtheseasinput for the modelscalculations.In the third
yearthestudenwill extendthe MVAS algorithmandperformSPHmodelsfor multiple collisions. In the
fourthyearthework will beroundedoff andthethesisis written.

Stellar evolution student: UtrechtUniversity In thefirst yearthestudenwill familiarizehim/her-
self with the existing stellar evolution code, and begin modifying the codeto allow non-TE starting
models(as suppliedby the alreadyexisting MVAS routine). Continuinginto the secondyear further
modificationswill bemadeto automatehe circumentionof anticipatedbreakdavns atthe heliumflash
andthetransitionto asyntheticavolution algorithmatthestartof the AGB. By theendof thesecond/ear
weaimto have areasonablyohuststellarevolution codethatcanhandlestellarmeigerproductssupplied
by the extendedMVAAS routine(seeabaove), asyet without rotation. Theresultsof evolution calculations
for megerproductscansene asinputfor multiple collision SPHcalculationgor the Amsterdarnstudent.
In thethird yearrotationwill beimplementedn thestellarevolutioncode,andary unforeseeibreakdan
situationswill be dealtwith. Thefourth yearis for finishingthework andwriting thethesis.

Dr. OnnoPolswill directly supervisehe Utrechtstudentwhile Dr. PortegiesZwart will supervise
theAmsterdanstudent.They areresponsibldor therespectie studentstesearchrainingandeducation.
Profs.Langer Vertunt andvan denHeuwel are expectedto play a minor role in the daily supervision,
but are availablefor frequentconsultation.Both the stellarevolution groupin Utrecht(including Pols
andLanger)andthe stellardynamicsgroupin Amsterdam(including PortegiesZwart) arevery interac-
tive andhold weekly group meetings so thatthereis ampleopportunityfor feedbackwith othergroup
members.We alsoplanto have regular joint meetingsof the two groups,alternatvely in Utrechtand
Amsterdam.

8. Expecteduseof instrumentation

Detailedstellarevolution and hydrodynamicakalculationsare not particularly computationallyinten-
sive; mostof thework canbe conductedn a fastPC. In the casethe morecomputempower is required
we will turnto the University of AmsterdamBeowulf clusterandeventuallyto TERAS at SARA (see
http://ww. sara. nl).
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10. Requestedbudget

item cost(€)

001 135.762
Benchfee 4.538
0i02 135.762
Benchfee 4.538
Computers 6.000
Work visit (2 x 3 months VassarUSA) 10.000
Work visit (2 x 3 months McMaster Canada) 10.000
Total costestimate: 306.600

Computers Eventhoughthe calculationsto be performeddo not requireimmediatesupercomputer
accessafastPCwill berequiredfor eachstudentWe estimatehe costof a PCwith thefastestvailable
processoat thetime of purchaseincluding sufiicient memoryanddisk storageat<€ 3.000each.

Work visits We anticipatetwo 3-monthvisits for eachof the studentgo eitherVassarCollege (Dr.
J. Lombardi)or to McMasterUniversity (Dr. A. Sills). At theselocationsthe studentswill familiarize
themseles with the local expertiseon hydrodynamicakimulationsand stellar evolution of collision
remnantsandtheintefacebetweerthetwo. Thecostof eachvisit, includingair travel andlocal expenses
for 3 months,is estimatecat € 5.000.

We alsoconsiderconferencearticipationessentiafor eachof thestudentsaboutonceayear In the
contet of theMODEST collaboration2 or 3-dayworkshopsareorganizedabouttwice eachyear These
areveryimportantplatformsto presentinddiscussour results andwe anticipatehateachworkshopwill
be attendedy oneof the studentsn turn. The€ 4.538benchfeeshouldbereseredfor this.



