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ABSTRACT

Direct stellarcollisionsbecomeanimportantcomponenbf the dynamicsin extremeastro-
physicalervironments.| explore the situationswheresucheffectsmustbe taken into account
anddiscussthe physicalprocesseselevant to collisional stellar systems.| introducewidely
usedmodelingtechnigueskokker-Planck,smoothparticlehydrodynamicsandfull dynamical
evolution models. The resultsof the modelingare presentedincluding an analysisof which
physicalprocessedominantehe dynamicsanddifferencesn themodelresults.

1. Introduction

Thevastmajority of stellarsystemsncountereth the Universemaybetreatedascollisionlessmean-
ing direct physicalcollisions occur very infrequentlyand such collisions have a neggligible affect on the
overall dynamicsof the system.In suchsituations starsmay be treatedaspointlike particlesthatobey the
collisionlessBoltzmannequation(CBE). In a few extremeastrophysicaénvironments direct stellarcolli-
sionswill influencetheoverallbehaior, andit is thesesystemahatl investigaten this paper Environments
in whichlargestellardensitiesarecombinedwith high velocity dispersionganleadto importantcollisional
effects,morequantitatvely, therateof directstellarcollisionsis givenby
) (1)
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wheren is the numberdensity of stars,o is the velocity dispersion,r, andyv, are the individual stars
radiusandescaperelocity, respecirely (2). Onecaninvertthis equationto determinethetypical timescale
for stellar collisions, tg) = I';O},. For a typical locationin the disk of a spiral galaxy this timescaleis
mary ordersof magnituddargerthana Hubbletime. For the coresof denseglohular clustersandgalactic
nucleihowever, onemightexpectanon-ngligible numberof directstellarcollisionsover thelifetime of the
system.Thecollision timescalegor a glohular clustercoreanda galacticnucleusareroughly 1000and80
billion years,respectiely. Thisis of order100timesthe ageof a clusterand8 timesthe ageof a typical
nucleushut whenoneconsiderghattheseobjectshave upwardsof 100,000stars gvenfor a 1% probability

mary starswill undego directcollisions.

Thedynamicsof a systemcanbecomesignificantlyalteredwhencollisionsbecomamportant,for ex-
ample directcollisionscanleadto stellarmeigerswhich canalterstellarevolution andleadto theformation
of new starswhengasliberatedduring an encountercoalesces.Near collisions can causean increasen
gravitational relaxationandbinary formation,and collisions of massie starscanleadto the formation of
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compactobjects. Collisionsinvolving two starsarethe mostcommonvariety, but in the certainsituations,
binary-singleand/orbinary-binaryinteractionscanhave significantconsequencesn section2, | discusghe
physicalprocesseat work in stellarcollisions. Section3 dealswith modelingtechniquesusedto predict
thebehaior of suchsystemsandsectiord coverstheresultsof variousmodelsandtheirimplicationfor the
evolution of the system.

2. Physical Processes and Dynamical Effects

Equation(1) describesherateatwhich directcollisionsoccurin astellarsystem.Thisratedepend®n
thevelocity dispersioranddensity whichleadsto differing behaior in differentregions. Systemswith alow
velocity dispersiortendto coalescavith nggligible masdosswhereaswhenthedispersions comparabléo
or greaterthanthe stellarescapespeedgenerallyduring later stagesof clusterevolution), starson grazing
incidencetrajectoriegendto disruptoneanother Looking at the morecommoncasewhenthe starsmeige
directly, onewould like to know somethingaboutthe collision product.Insightcanbe gainedby looking at
theKelvin-Helmholtztime scalefor contraction
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In thelow velocity dispersiorsituation,txy is typically lessthantgy, soamemgerproductwill have timeto
contractbackontothe mainsequencg5). Additionally, the actualcoalescencphasewill tendto eraseary
memoryof the stars pre-collisionalevolution, suchthatit is "reborn” afterthe meiger.

Relaxationcauses clusterto developacore/halcstructurebecausef differencesn thedispersiorand
thedensityat agivenradiallocation. Therelaxationtime scaleis

Vs
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whereN is thetotal numberof stars.Equation(3) illustratesthe dependencen densityandvelocity disper
sion,andthesevaluesarequitedifferentin thecoreandhalodueto theequipartitionof enegy which causes
moremassve starsto losekinetic enegy andfall towardsthe core,while lessmassve starsincreaseheir
velocity and move outward. It is this "masssegregation” procesghe initiatesthe core/halostructurein a
cluster andleadsto thecorerelaxingon smallertime scaleghanthehalo. For examplein atypical globular
cluster t;qax canvary by four to five ordersof magnitudefrom the coreto the outerregions(5).

Stellar evolution is anotherprocesshat must be accountedor in modelsof collisional systemsas
all but the low massstarshave experiencedsignificantevolution over the timescalesnvolved for collision
andrelaxationeffects. For example,if onebggins their simulationwith normal, hydrogenburning main
sequencestars,more massve starswill evolve off of the main sequencend producestellarremnantgor
explode leaving no remnant)on timescalesnuch lessthantgy, suchthat the dynamicsof the remnants
becomesignificant.Mergersin thelow dispersiorcasesliscusse@bove will assistheinitial massunction
by building moremassie stars,in particular in the coreof a clusterwherecollisionsaremorefrequentand
high-massstars(m > 50 Mg, for presentpurposesprereadily created(5; 4). For the highestmassstars,
evolutionarytracksbecomesomeavhatuncertain for example: 1) in the 60— 80 M, massrange the phase
of oxygenburning in the coreis not entirely understood.Large coreswill collapseto form black holes,
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whereasintermediatecoreswill explodeleaving no remnantandsmallercoresdo not possegshe potential
enegy to explodeandgo througha phaseof violent pulsationprior to collapseto alessmassve black hole.
2) thereis ananalogin the80—300Mg, rangeasstarswith m > 300M, collapseto form ablackhole,stars
with 120Ms < m < 300M, tendto explodewithoutaremnantandstarswith 80Mg < m < 120Mg, will
pulsateand collapseto a lower masshole. It is clearthatthe somavhat uncertainfate of high-massstars
formedin coreswill introduceuncertaintiesn the modeloutput. Thefinal consideratiorof stellarevolution
in thesedenseervironmentshasto do with the role of gasliberatedfrom a stareitherasa consequence
of one of the disruptive encountersliscussedbore or a more naturalendpointof stellarevolution, such
asa supernwga explsion. Here,ejectedgasin our two testervironmentshasa very differentbehaior. In
glokular clusterstheejectaescapebecausd’ s velocityis typically muchgreatethantheescapeelocity of
thecluster Galacticnucleiareconsiderablynoremassve, andasa consequencesomeappreciabldraction
of theejectawill coolandfall back,leadingto furtherstarformation(8; 6).

Binary heatingcanaffect the dynamicsof the systemwhennearor directcollisionsbecomemportant.
This heatingoccursasa star(singleor binary)interactswith abinarysystemandgainskinetic enegy atthe
expenseof the binary systems bindingenegy (the binary systembecomesnoretightly bound,but Eror is
a constantandthe stargoesaway with a larger kinetic enepgy, increasingthe overall "temperature’of the
stellarsystem).Anothervariantof binaryheatingcanoccurin densesrvironmentsvhenit is moreprobable
to find threestarsin the samesmall volume of space at which point, two of the starsmay becomebound
andtheir loweredenegy is carriedoff by thethird in theform of kinetic enegy. Binary heatingprocesses
cancontinueuntil their semi-majoraxisis equalto the sumof their radii, at which point they would meige,
or until the binarybecomeso hardthatary furtherinteractionwould resultin it's ejectionfrom the cluster
(the "hardness’of a binary systemis a measuref the magnitudeof its binding enegy with respecto the
mearkinetic enegy in thecluster~ mo?). Theseheatingprocesseactasanenegy reseroir to thesystem
andduring later stageof clusterevolution, may possiblybe ableto stabilizethe coreagainstcollapse(2).

Finally, to getanaccuratepictureof therelevant physicalprocessespnemustconsiderprocesseghat
arengjligible duringthe majority of the clusters life yet becomesignificantin the later stage<f corecol-
lapsewhenmassie starsandremnantsare commonanddensitiesare mary ordersof magnitudegreater
thanin the outerpartsof the cluster Oneneedgo considertidal disruptionof starsby massie blackholes
thatmay have grown or the collisionsbetweerremainingmain sequencetarsandstellarremnants Dissi-
pationof enegy thoughgravitational radiationduringremnant-remnargncountersnay becomemportant,
andcouldhave interestingobsenationalconsequenced).

3. Modding Methods

Oneof the primary goalsof computationahstrophysicsincethe birth of moderncomputershasbeen
to accuratelymodelthe dynamicsof a large numberof bodies. Initial attemptsfocusedon predictingthe
trajectoriesof tensof stars(point-massesinoving in a sphericallysymmetricgravitational potential.In the
last 30 years,the bulk of the work on clustersimulationshascomefrom Fokker-Plancktechniqueg5; 2).
Theseechnigquesncludemary of the physicalprocesselstedabove for 10* — 1P starsandtreatindividual
collisionsusingsmoothparticlehydrodynamicgdiscussedbelow) (7; 8; 3). Recenincreasesn computing
power have allowed more computationallyexpensve approachesuchasmodelingthe entire system,not
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justthedirectcollisionsusinghydrodynamicatechniquesanddirectly calculatingthe orbits of eachstarin
asystem(6).

3.1. Fokker-Planck

Fokker-Planck methodsare begun by assuminga distribution function for the starsin the system
f(T,V,t), wheretheposition,velocity, andtime variablearerelatedby thetotal enegy

1
E = cp(r,t)—év2 4)

and @ is the gravitational potential (noting that E and ® are greaterthanzeroin this formulation). The
distribution function, f, is thenconstrainedo satisfythe collisional Boltzmannequation

af of

— 4+v.0f —0o— = I[f 5
wherel[f] is a term that accountsfor collisionsin the system. To perform numericsimulationsof the
cluster onerearrangeshe collisional Boltzmannequationinto theform

0fi , 10q0fi _ 19(MDefi+Deet) |\ o ®)
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wherethei subscriptdenoteghedistribution function of "test particles”with massm;. Dg andDgg arethe
diffusion coeficientsanddynamicalfriction coeficients, respectrely. They containall of theinformation
aboutthedirectstellarcollisionsthatateststarmayexperienceaswell asthelessdirectscatteringoff of the
overall stellardistribution. M is the combinationof sourceandsink termsdueto memgers,and S contains

the sourceandsink termsdueto stellarevolution. g and p arevariablesintroducedto make the rewritten
Boltzmannequationessvisually taxingandcorrespondo

(Et) = /¢E (20— 2E) 5dr and p(E,1) = 7
g 3 P 9E

respectrely. An additionalterm,LT couldin principalbeincludedto accountor the higherorderphysical
effectsdiscusse@bove thatbecomamportantat LaterTimesin the cores evolution.

Equation(6) is thensolved simultaneouslyith the Poissorequation
D*0(r) = —41G Y pi(r) ®)
|

andthesesolutionsareknown assolutionsto the Fokker-Planckequation.FokkerPlanckmodelsneedinput
valuesfor f, ®, andthe massdensityp. The mostcommonlyusedinput conditionsare taken from the
PlummerModel.
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3.2.  Smooth Particle Hydrodynamics

Hydrodynamicakffectsmustbetakeninto accounduringa stellarencountefeitherdirectcollision or
nearmiss). Theseeffectsbecomemorepronouncedvhenoneor both of the participatingstarsis a binary
For example,binariesheatingthe coreof a globular clusterhave separationsessthana few astronomical
units (AU), anddirect, stellarcontactis likely in a binary-singlestarinteractionandnearlyunaoidablein
binary-binarycollisions(clearly the point massapproximationis invalid for the caseof two pairsof bound
starsconfinedwithin afew AU whentheir radii areeacha few percentof anAU) (3).

Smoothparticlehydrodynamicassumestarsarecomposef gaseoudluid elementsrepresenteds
"quasi-particles’(Figurel). To predicttheglobalpropertiesthecontinuoussaluesareinterpolatecbetween
theparticlesor "smoothed” andthesdocal propertiebey theequation®f motionfor acompressibléuid

op = B
E‘FD([DV) =0
ov - 1- -
5 H -0 = —BDP—DGJ (10)
Ju - -
pE+p(v-D)u+PD-v = —A

whereP is the pressureof the fluid and A is an enegy lossterm. Solving theseequationsbasedon an
initial potential,®, andan equationof state,P, allow you to determinethe propertiesof the fluid, which
becomednformation aboutthe stellar systemin this application. Suchhydrodynamicaimodelsrequire
input parameteréncluding the total numberof stars,the massandorbital eccentricityof each,andimpact
parameter®f collisional elements.Binary systemsneedadditionalinputs for their semi-majoraxes and
orbital planeg(8).

3.3. Recent Approaches

Fokker-Plancktechniqueiave beenthe mostwidely usedmodelof stellarsystemshut they do have
limitations. Fokker-Planckcalculationsareonly solublein an”averaged’sensemeaninghattheresultsare
only meaningfulwhena large numberof bodiesis present(5; 6). More computingpower in recentyears
hasopenedhe doorto new approachessuchasthefull dynamicalevolution of a discretenumberof stars,
keepingtrackof eachstars six-dimensionatoordinates(ri, Vi) throughouthesimulation.In thesemodels,
whentwo starspass’too close”to oneanother(spatialseparatiord = r1 or ry), anindependenalgorithm
declareghe eventacollision andusesa pre-calculatedmoothparticlehydrodynamicatollision modelap-
propriateto theincomingpropertiesof thecollision elementgo determinghe meigerproductor thechange
in their phasespacecoordinatesf the starsdo not meige. Theseapproacheareapplicableto awide range
of astrophysicakrvironmentsdueto the versatility of the programin dealingwith differentpotentialsand
initial distributions. For example,directdynamicalevolution modelsareapplicableto smoothlydistributed
potentialsaswell aspotentialsdominatedby a singleobject(suchasa supermasse black hole at the cen-
ter of an active galaxy). Thesetechniqueseven allow for theinclusionof GeneralRelatvistic effectsthat
could becomeimportantin the inner portionsof galacticnuclei (6). Inputsinto thesemodelsincludesthe
total numberof stars a gravitational potential,initial stellarmassspectrumandaninitial stellardistribution
function, f(E,L,L;).



Fig. 1.— Smoothedgarticlehydrodynamicatreatmenbf a directstellarcollision.
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4, Results

In this section,| outline the resultsof the differentmodelingprocesseslescribedabove for various
physicalconditionsandinteractionscenariosResultsare presentedor theinteractionshetweenindividual
binary starsandtheir effect on the evolution of globular clusters.Additionally, Fokker-Planckcalculations
concerninghe evolution of starclustersin typical galacticnuclei andclustersof compactobjectsnearthe
centersof galaxiesare presented.Finally, | examinethe resultsof more recentcalculationsof the inner
regionsof active galacticnucleiusinga full dynamicalevolution model.

Relaxationcausesa lossof kinetic enepgy in the core of a glohular cluster asdescribedn section2.
Without an additionalsourceof enegy, the core of a clustershouldcollapse howvever binary heatingmay
be ableto convert enoughof the systems gravitational potentialenegy into "heat” to avert, or at least
postponecorecollapsg(2; 8). Of particularinterestrecentlyis therole of binary-binaryinteractionswhich,
incidentally have long beensuspecte@sthe primary sourceof runavay starsin the galacticdisk (binary-
binaryinteractiongn openclusterscanleadto a high-\elocity ejectionfrom the cluster)(1). Goodmarand
Hernquistpresenthe possibleoutcomesof binary-binaryinteractionsusingthe resultsof smoothparticle
hydrodynamicaimodels(3). Possiblescenariosnclude: a) all four starscoalescelosing somegasfrom
the new stellar ervelope. b) one of the binariesbecomedisruptedby a close encountemwhich excites
tides betweenthe membersof system. Thesetides eventually causeone of the binariesto memge into a
new starwhile the otherbinary systemsurvives. ¢) onememberof eachbinary systemcollide andmeige,
exerting stronggravitational tourqueson the remainingtwo stars.Resultsfrom this point dependbn initial
conditions,but the mostlikely outcomeis that one of the remainingtwo starsis disruptedenoughso that
it's orbit decaysuntil it coalescesvith first meiger product,leaving a new binary systemwith thethree-star
meger productandoneof the original binarymembergFigure2).

Theseresultsusing the smoothparticle hydrodynamicsodewere comparedagainstsimilar models
usinga point-massapproximationandit wasfoundthatuntil a physicalcollisiontook place thepointmass
approximationwvasadequatén describingthe behaior. They concludethatthe dissapatie effectsareless
dramaticthan previously expected,andthat binary-binaryinteractionsseemto be incapableof providing
enoughkinetic enegy to prevent core collapse,placing an upperlimit on the core heatingper collision
of roughly 5 m,(10 km/s¥. The authorsnote, however, thatin a high densitycore, the high frequeng
of megerscoupledwith the tendeng for the most massve starsto residethereshouldmale it possible
for massie starsto undego multiple megerson lessthannucleartimescalestherebyacceleratingstellar
evolutionin thecoreandperhapssloving the collapse.



Fig. 2.— Smoothparticle hydrodynamicakimulationsof a binary-binaryinteraction(scenario’c)” de-
scribedabove).
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4.1. Cluster of Stars. Fokker-Planck analysis

Quinlanand Shapirohave studiedthe behaior of densestarclustersin galacticnuclei usingFokker
Planckmethodgo determinethe effectsthatdominantethe dynamicsin suchsituations(5). They find the
massseggregation inducedby the starsattemptsto reachequipartition(as discussedabore) to be a large
effect, andin casesvherethe moremassie starscannotreachthermalequilibriumwith their lessmassie
neighborsthey tendto form a rapidly evolving, self-gravitating core. The lower masshalo starsactasa
reservir to remove more and more enegy from the high-massmembersof the core. The overall effect
they find from modelswith variousinitial conditionsis that simulationsbeginning with multi-massstellar
systemdendto evolve morerapidly thanmodelswith a singleinitial massthatform massie starsthrough
meigers. They alsofind thatrelaxationcanincite multiple memgers,leadingto the formationof starswith
massgreaterthan 100 M, to be formed, and masssegregation causeghesestarsto sink to the centerof
the core beforea significantincreasen the velocity dispersioncan occur favoring further collisionsand
producingintermediate-masd ? — 10° M) blackholesatthe clusters center

Simulationswere run with a numberof physicalprocessesturned off” to determinethe effects of
each,particularly therole of starformationandthe dependencen initial density In modelswithout star
formation,masdossdueto stellarevolution wasassumedo be ejectedrom thecluster Thesemodelsfind a
quick buildup of massie stars(m > 100M,) atthe coredueto collisions,with mary neutronstarsforming
fromtheevolutionof 8 — 16 M, stars(Figure3). Thesemodelsexperiencesomeproblemsanduncertainties,
asmasssaregationleadsto a smallnumberof the mostmassve starsin the core,andasdiscussedefore,
Fokker-Planckmethodsare generallyvalid only for "large N” systems. Other problemsencounteredy
thesemodelsare that as high massstarsare formedthroughmegers, eventually the lifetime of the stars
becomesignificantlyshorterthanthe collision time, which clearly leadsto an unphysicalparadoxof how
to continueto grov more massie starsif the building blocks have disappearedThe authorsascribethis
problemasbeingdueto analgorithmin the codethatresetshe ageof a meger productto zerofollowing
acollision. The mainresultfrom modelswithout starformationincluded,however, is thatthereis a strong
dependencentheinitial densityof themodelused.In modelswith aninitial densityof threetimeslessthan
usedin theresultsdescribedabore, no starswith amassgreaterthan30 M, wereformedandcorecollapse
wasreversed.

Furthermodelsthat includedthe effects of starformationwere performed,andthe deviations from
the modelswithout star formation examined. New starsare formed out of the stellar evolution products
(ejectedgas),andin the caseof highinitial density massve starsarestill formedandmasssegregationstill
dominanteqgFigure4). In the caseof lower initial densitiesthough,the lossesfrom stellarevolution that
areretainedin thesemodelsallows corecollapseto continuebeyondthe point whereit is haltedin models
without starformation. Giventhe correctinitial conditions,it seemghathigh massobjects(both starsand
remnantspandcorecollapses the preferredendpointof densestarclustersin galacticnuclei.

4.2. Cluster of Compact Objects: Fokker-Planck analysis

Oneseeghatit is feasibleto form massie compactobjectsin the coreof clustersandthe next stepis
to determinghe dynamicsof sucha clusterof compactobjects.The jump to a clusterof massie, compact
objectsis somavhatforcedaswe sav a smallnumberof objectsremainingin the corenearcollapse put by
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Fig. 3.— Fokker-Plancksimulationsof a stellarclusterin a galacticnucleuswithout continuedstarforma-
tion.

assuminghat a substantiapopulationof suchobjectsexistsin the core,one may apply a similar Fokker-
Planckanalysismodifiedby replacingthestellarcollisionswith collisionsbetweercompacbbjects.Suchan
analysiswascarriedout againby QuinlanandShapiroasa follow-up to the paperin which they determine
that massie objectsare readily grovn in denseclustercores(4). The dominantphysicalprocessin a
clusterof neutronstarsandblack holesareinteractionswith binary starsasthis effectively increaseshe
collisional cross-sectiorto somethinglike Ta?, wherea is the semi-majoraxis of the binary potentially
ordersof magnituddargerthanthesinglestarcross-sectiof T[r,%,S, whichis very smallfor typical neutron
starradii. Binary systemsnvhereboth membersarecompactobjectsarealsointerestingbecause¢hey may
decaythroughthe emissionof gravitational radiationandcoalesceAn ervironmentrich in compactobject
binariesshouldbethemostpromisingplaceto detectgravitationalradiationwith futurelaserinterferometric
obsenratories.

Mass s@regation is againa dominantprocessas the neutronstarsand black holesmemge to form
moremassve objects. Evenwith the effectsof masssegregation”turned off”, massve objectsform at the
centempreferentiallybecausef therelaxationagumentpresentedh section2, andcorecollapseprogresses
quickly (Figureb). If memgersareturnedoff in agivenmodel,but masssegregationis allowedto progress,
the highestinitial massobjectsfall to the centey andeventhoughthey cannotmeige, a build-up of themost
massve objectsoccursandthe corecollapsesjuickly. Althoughthe Fokker-Planckmethodscannotfollow
corecollapseindefinitely theauthorspostulatehatthetrendtowardsbuilding fewer andfewer objectswith
higherandhighermassesvill continueuntil the coreof the clusteris dominatedoy a central,supermasse
compacibject(blackhole).
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Fig. 4.— FokkerPlancksimulationsof a stellar clusterin a galacticnucleuswith starformationand a
Salpetebirthrate.

4.3. Other Environments. New Approaches

Using the recentadvancesin computingpower, it is possibleto modelmore exotic astrophysicaén-
vironmentsand compareresultsof the more sophisticatedechniqueswith traditional methods,suchas
Fokker-Planckanalysis.Rauchhasmodeleda stellarpopulationorbiting a central,massve blackholeusing
techniqueghatfollows the phase-spacpositionof eachstar including collisions,disruptions,anddeflec-
tionsthroughouthe simulation(6). He follows the orbits usingthe geodesiequationf the Kerr metric,
andcancomparethe resultsto the non-relatvistic Keplerianpredictionsto determineif theremay be ary
effectsof generalrelativity thatcould be obsered nearthe centerof active galaxies.This situationdiffers
gualitatively from the ervironmentsconsideredabore in thatascollisionswill play a largerole in the dy-
namics but atthe high velocity dispersionsrounda supermasse blackhole, collisionswill bemorelikely
to destry the starsthanleadto memgers.

Modelsfor avarietyof initial conditionswereperformedandstellargasliberatedduringtheencounters
was the largestcollision product,and resultsshav that roughly half of this gaswill be ejectedfrom the
systemandhalf will eventuallybe accretedntothe black hole. Similarly, of starswhoseorbitsled them
closeenoughto the centralobjectto becometidally disrupted abouthalf of theliberatedmaterialfell onto
the black hole. Anotherprocesghat led to the eliminationof starsin thesesimulationswere encounters
with otherstarsthatledto large changesn theangulammomentunof a givenorbit. Thesestarstendedo be
ejectedirom the systemor directly plungeinto the blackhole. It shouldbe notedhowever, thatwhile more
massper starmay be lost from starsplunginginto the hole, muchmoreradiatve enegy is releasedvhen
thestaris disruptedandthe black hole accretesheliberatedgas.

Resultsof thesesimulationsare practically indistinguishablgfrom a non-relatvistic treatmentof a
stellarpopulationorbiting a supermasse centralobject. This is not entirely unexpectedasthe relatwistic
effectsbecomegreatestlosestto the hole (radiusof mamginal stability =~ 6 Ry for a Kerr black hole),and
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Fig. 5.— Fokker-Planck simulationsof a clusterof compactobjectsincluding effects of meigers, mass
sayregation,andgravitational radiation.

the starsin the modelbecametidally disruptedbeforethey could approachoo close(typical tidal radii in
thesemodelsfell betweena few tensandonehundredRy). Theseresultsare very similar to the Fokker-
Planckresultswith one major difference:in thesesimulations,the coretendsto a constantdensityin the
steadystatelimit whereas Fokker-Plancksimulationspredictanr—1 2 relationshipin the inner, collision
dominatedregion. The authorsuggestghat this is mostlikely due to the approximationsnadein the

FokkerPlanckapproachparticularly the isotropy assumedn the densitydistribution (ie- all effectsat a
radiusr areaveragedogether).

5. Closing

Direct stellarcollisionsare negligible in the majority of astrophysicakrvironments. Denseconcen-
trationsof starssuchasthe coresof glohular clustersandclustersin galacticnucleicanproducesituations
wheredirectstellarcollisionsandtheir meiger productscanhave a substantiakffect on thedynamicsof the
system.In this paper | reviewedtherelevant physicsaffecting collisional stellarsystemssuchasmeigers,
relaxation stellarevolution, the formationof new starsandbinaryheating.Numericalmodelingtechniques
werereviewed, traditionalFokker-Planckanalysisandmorerecentmethodssuchassmoothparticlehydro-
dynamicsanddirectdynamicalevolution models.Finally, resultsfrom the differentmodelswerepresented
andreflecteda strongdependenceninitial conditions.Thegenerakrendwasthatcollisionshelped'grow”
massve starsand compactobjectsandthat generally core collapsecould not be averted. As computing
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capabilityincreasesn the future, our ability to directly follow the phase-spacerbits of starswill allow

for true N-body simulationswith propertreatmenbof generakelatvistic effects. Theseresultscanbe com-
paredwith thefirst obserationsof gravitationalradiationobtainedby the new generatiorof interferometric
obseratoriescomingonlinein thenext decade.
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