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ABSTRACT

Direct stellarcollisionsbecomeanimportantcomponentof thedynamicsin extremeastro-
physicalenvironments.I explore thesituationswheresucheffectsmustbe taken into account
anddiscussthe physicalprocessesrelevant to collisional stellarsystems.I introducewidely
usedmodelingtechniques,Fokker-Planck,smoothparticlehydrodynamics,andfull dynamical
evolution models. The resultsof the modelingarepresented,including an analysisof which
physicalprocessesdominantethedynamicsanddifferencesin themodelresults.

1. Introduction

Thevastmajorityof stellarsystemsencounteredin theUniversemaybetreatedascollisionless,mean-
ing direct physicalcollisionsoccur very infrequentlyandsuchcollisionshave a negligible affect on the
overall dynamicsof thesystem.In suchsituations,starsmaybetreatedaspointlike particlesthatobey the
collisionlessBoltzmannequation(CBE). In a few extremeastrophysicalenvironments,directstellarcolli-
sionswill influencetheoverallbehavior, andit is thesesystemsthatI investigatein thispaper. Environments
in which largestellardensitiesarecombinedwith highvelocitydispersionscanleadto importantcollisional
effects,morequantitatively, therateof directstellarcollisionsis givenby

Γcoll
� 16

�
πnσr2��� 1 ��� v�

2σ
� 2 	 (1)

wheren is the numberdensityof stars,σ is the velocity dispersion,r� and v� are the individual star’s
radiusandescapevelocity, respectively (2). Onecaninvert this equationto determinethetypical timescale
for stellar collisions, tcoll 
 Γ � 1

coll . For a typical location in the disk of a spiral galaxy, this timescaleis
many ordersof magnitudelarger thana Hubbletime. For thecoresof denseglobular clustersandgalactic
nucleihowever, onemightexpectanon-negligible numberof directstellarcollisionsover thelifetime of the
system.Thecollision timescalesfor a globular clustercoreanda galacticnucleusareroughly, 1000and80
billion years,respectively. This is of order100 timestheageof a clusterand8 timestheageof a typical
nucleus,but whenoneconsidersthattheseobjectshaveupwardsof 100,000stars,evenfor a1%probability,
many starswill undergo directcollisions.

Thedynamicsof a systemcanbecomesignificantlyalteredwhencollisionsbecomeimportant,for ex-
ample,directcollisionscanleadto stellarmergerswhichcanalterstellarevolutionandleadto theformation
of new starswhengasliberatedduring an encountercoalesces.Nearcollisionscancausean increasein
gravitational relaxationandbinary formation,andcollisionsof massive starscanleadto the formationof
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compactobjects.Collisionsinvolving two starsarethemostcommonvariety, but in thecertainsituations,
binary-singleand/orbinary-binaryinteractionscanhavesignificantconsequences.In section2, I discussthe
physicalprocessesat work in stellarcollisions. Section3 dealswith modelingtechniquesusedto predict
thebehavior of suchsystemsandsection4 coverstheresultsof variousmodelsandtheir implicationfor the
evolution of thesystem.

2. Physical Processes and Dynamical Effects

Equation(1) describestherateatwhichdirectcollisionsoccurin astellarsystem.This ratedependson
thevelocitydispersionanddensity, whichleadsto differingbehavior in differentregions.Systemswith alow
velocitydispersiontendto coalescewith negligible masslosswhereaswhenthedispersionis comparableto
or greaterthanthestellarescapespeed(generallyduringlaterstagesof clusterevolution), starson grazing
incidencetrajectoriestendto disruptoneanother. Looking at themorecommoncasewhenthestarsmerge
directly, onewould like to know somethingaboutthecollisionproduct.Insightcanbegainedby lookingat
theKelvin-Helmholtztimescalefor contraction

tKH
� GM2

Lr� �� 30� M
M 


� 2 �Myr 	 (2)

In thelow velocitydispersionsituation,tKH is typically lessthantcoll , soamergerproductwill have time to
contractbackontothemainsequence(5). Additionally, theactualcoalescencephasewill tendto eraseany
memoryof thestar’s pre-collisionalevolution,suchthatit is ”reborn” afterthemerger.

Relaxationcausesaclusterto developacore/halostructurebecauseof differencesin thedispersionand
thedensityat agivenradiallocation.Therelaxationtimescaleis

trelax
� v3

RMS

4 � 3
2

�
0 � 5π � Gm

�
2n ln0 � 4N

(3)

whereN is thetotalnumberof stars.Equation(3) illustratesthedependenceondensityandvelocitydisper-
sion,andthesevaluesarequitedifferentin thecoreandhalodueto theequipartitionof energy whichcauses
moremassive starsto losekinetic energy andfall towardsthecore,while lessmassive starsincreasetheir
velocity andmove outward. It is this ”masssegregation” processthe initiatesthe core/halostructurein a
cluster, andleadsto thecorerelaxingonsmallertimescalesthanthehalo.For examplein atypicalglobular
cluster, trelax canvary by four to fiveordersof magnitudefrom thecoreto theouterregions(5).

Stellarevolution is anotherprocessthat mustbe accountedfor in modelsof collisional systems,as
all but the low massstarshave experiencedsignificantevolution over thetimescalesinvolved for collision
andrelaxationeffects. For example,if onebegins their simulationwith normal,hydrogenburning main
sequencestars,moremassive starswill evolve off of the main sequenceandproducestellarremnants(or
explode leaving no remnant)on timescalesmuch lessthan tcoll , suchthat the dynamicsof the remnants
becomessignificant.Mergersin thelow dispersioncasesdiscussedabovewill assisttheinitial massfunction
by building moremassive stars,in particular, in thecoreof aclusterwherecollisionsaremorefrequentand
high-massstars(m � 50 M 
 for presentpurposes)arereadily created(5; 4). For the highestmassstars,
evolutionarytracksbecomesomewhatuncertain,for example:1) in the60 – 80 M 
 massrange,thephase
of oxygenburning in the core is not entirely understood.Large coreswill collapseto form black holes,
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whereasintermediatecoreswill explodeleaving no remnant,andsmallercoresdo not possesthepotential
energy to explodeandgo throughaphaseof violentpulsationprior to collapseto a lessmassiveblackhole.
2) thereis ananalogin the80– 300M 
 rangeasstarswith m � 300M 
 collapseto form ablackhole,stars
with 120M 
�� m � 300M 
 tendto explodewithouta remnant,andstarswith 80M 
�� m � 120M 
 will
pulsateandcollapseto a lower masshole. It is clearthat the somewhat uncertainfateof high-massstars
formedin coreswill introduceuncertaintiesin themodeloutput.Thefinal considerationof stellarevolution
in thesedenseenvironmentshasto do with the role of gasliberatedfrom a stareitherasa consequence
of oneof the disruptive encountersdiscussedabove or a morenaturalendpointof stellarevolution, such
asa supernova explsion. Here,ejectedgasin our two testenvironmentshasa very differentbehavior. In
globularclusters,theejectaescapesbecauseit’svelocityis typically muchgreaterthantheescapevelocityof
thecluster. Galacticnucleiareconsiderablymoremassive,andasaconsequence,someappreciablefraction
of theejectawill coolandfall back,leadingto furtherstarformation(8; 6).

Binaryheatingcanaffect thedynamicsof thesystemwhennearor directcollisionsbecomeimportant.
Thisheatingoccursasastar(singleor binary)interactswith abinarysystem,andgainskineticenergy at the
expenseof thebinarysystem’s bindingenergy (thebinarysystembecomesmoretightly bound,but ETOT is
a constant,andthestargoesaway with a largerkinetic energy, increasingtheoverall ”temperature”of the
stellarsystem).Anothervariantof binaryheatingcanoccurin denseenvironmentswhenit is moreprobable
to find threestarsin thesamesmall volumeof space,at which point, two of thestarsmaybecomebound
andtheir loweredenergy is carriedoff by thethird in theform of kinetic energy. Binary heatingprocesses
cancontinueuntil their semi-majoraxisis equalto thesumof their radii, at whichpoint they would merge,
or until thebinarybecomessohardthatany furtherinteractionwould resultin it’s ejectionfrom thecluster
(the ”hardness”of a binarysystemis a measureof themagnitudeof its bindingenergy with respectto the
meankineticenergy in thecluster 
 mσ2). Theseheatingprocessesactasanenergy reservoir to thesystem
andduringlaterstagesof clusterevolution,maypossiblybeableto stabilizethecoreagainstcollapse(2).

Finally, to getanaccuratepictureof therelevantphysicalprocesses,onemustconsiderprocessesthat
arenegligible duringthemajority of thecluster’s life yet becomesignificantin thelaterstagesof corecol-
lapsewhenmassive starsandremnantsarecommonanddensitiesaremany ordersof magnitudesgreater
thanin theouterpartsof thecluster. Oneneedsto considertidal disruptionof starsby massive blackholes
thatmayhave grown or thecollisionsbetweenremainingmainsequencestarsandstellarremnants.Dissi-
pationof energy thoughgravitationalradiationduringremnant-remnantencountersmaybecomeimportant,
andcouldhave interestingobservationalconsequences(4).

3. Modeling Methods

Oneof theprimarygoalsof computationalastrophysicssincethebirth of moderncomputershasbeen
to accuratelymodelthe dynamicsof a large numberof bodies. Initial attemptsfocusedon predictingthe
trajectoriesof tensof stars(point-masses)moving in a sphericallysymmetricgravitationalpotential.In the
last30 years,thebulk of thework on clustersimulationshascomefrom Fokker-Plancktechniques(5; 2).
Thesetechniquesincludemany of thephysicalprocesseslistedabove for 104 – 105 starsandtreatindividual
collisionsusingsmoothparticlehydrodynamics(discussedbelow) (7; 8; 3). Recentincreasesin computing
power have allowed morecomputationallyexpensive approachessuchasmodelingthe entiresystem,not
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just thedirectcollisionsusinghydrodynamicaltechniques,anddirectlycalculatingtheorbitsof eachstarin
asystem(6).

3.1. Fokker-Planck

Fokker-Planck methodsare begun by assuminga distribution function for the starsin the system,
f ���r ���v � t � , wheretheposition,velocity, andtimevariablearerelatedby thetotalenergy

E � Φ � r� t ��� 1
2

v2 (4)

andΦ is the gravitational potential(noting that E andΦ aregreaterthanzero in this formulation). The
distribution function, f , is thenconstrainedto satisfythecollisionalBoltzmannequation

∂ f
∂t

���v � �∇ f
� �∇Φ

∂ f
∂ �v � Γ � f 	 (5)

whereΓ � f 	 is a term that accountsfor collisions in the system. To perform numericsimulationsof the
cluster, onerearrangesthecollisionalBoltzmannequationinto theform

∂ fi

∂t
� 1

p
∂q
∂t

∂ fi

∂E
� 1

p

∂ � miDE fi � DEE
∂ fi
∂E

�
∂E

�
M
�

S (6)

wherethe i subscriptdenotesthedistribution functionof ”test particles”with massmi. DE andDEE arethe
diffusioncoefficientsanddynamicalfriction coefficients,respectively. They containall of the information
aboutthedirectstellarcollisionsthata teststarmayexperienceaswell asthelessdirectscatteringoff of the
overall stellardistribution. M is thecombinationof sourceandsink termsdueto mergers,andS contains
thesourceandsink termsdueto stellarevolution. q and p arevariablesintroducedto make the rewritten
Boltzmannequationlessvisually taxingandcorrespondto

q � E � t � � 1
3

� Φ � E

0
r2 � 2Φ

�
2E

� 1� 5dr and p � E � t � � ∂q
∂E

(7)

respectively. An additionalterm,LT couldin principalbeincludedto accountfor thehigherorderphysical
effectsdiscussedabove thatbecomeimportantat LaterT imesin thecore’s evolution.

Equation(6) is thensolvedsimultaneouslywith thePoissonequation

∇2Φ � r � � �
4πG∑

i

ρi � r � (8)

andthesesolutionsareknown assolutionsto theFokker-Planckequation.Fokker-Planckmodelsneedinput
valuesfor f , Φ, and the massdensityρ. The mostcommonlyusedinput conditionsare taken from the
PlummerModel.

fi � E � ∝
NiR2R3 � 5
� GM

�
5 ;ρi � r � ∝ ρo

1�
1� � r

b � 2 � 2  5 ;Φ � r � ∝
GM�
r2 � b2

(9)
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3.2. Smooth Particle Hydrodynamics

Hydrodynamicaleffectsmustbetakeninto accountduringastellarencounter(eitherdirectcollisionor
nearmiss). Theseeffectsbecomemorepronouncedwhenoneor bothof theparticipatingstarsis a binary.
For example,binariesheatingthecoreof a globular clusterhave separationslessthana few astronomical
units (AU), anddirect,stellarcontactis likely in a binary-singlestarinteractionandnearlyunavoidablein
binary-binarycollisions(clearly, thepoint massapproximationis invalid for thecaseof two pairsof bound
starsconfinedwithin a few AU whentheir radii areeacha few percentof anAU) (3).

Smoothparticlehydrodynamicsassumesstarsarecomposedof gaseousfluid elements,representedas
”quasi-particles”(Figure1). To predicttheglobalproperties,thecontinuousvaluesareinterpolatedbetween
theparticles,or ”smoothed”,andtheselocalpropertiesobey theequationsof motionfor acompressiblefluid

∂ρ
∂t

� �∇ �!� ρ �v � � 0

∂ �v
∂t

���"�v � �∇ � �v � � 1
ρ
�∇P

� �∇Φ (10)

ρ
∂u
∂t

� ρ �"�v � �∇ �
u � P �∇ �#�v � �

Λ

whereP is the pressureof the fluid and Λ is an energy loss term. Solving theseequationsbasedon an
initial potential,Φ, andan equationof state,P, allow you to determinethe propertiesof the fluid, which
becomesinformation about the stellar systemin this application. Suchhydrodynamicalmodelsrequire
input parametersincluding thetotal numberof stars,themassandorbital eccentricityof each,andimpact
parametersof collisional elements.Binary systemsneedadditionalinputs for their semi-majoraxesand
orbital planes(8).

3.3. Recent Approaches

Fokker-Plancktechniqueshave beenthemostwidely usedmodelof stellarsystems,but they do have
limitations.Fokker-Planckcalculationsareonly solublein an”averaged”sense,meaningthattheresultsare
only meaningfulwhena large numberof bodiesis present(5; 6). More computingpower in recentyears
hasopenedthedoor to new approaches,suchasthefull dynamicalevolution of a discretenumberof stars,
keepingtrackof eachstar’s six-dimensionalcoordinates,�$�ri �%�vi

�
throughoutthesimulation.In thesemodels,

whentwo starspass”too close” to oneanother(spatialseparationd 
 r1 or r2), an independentalgorithm
declarestheeventacollisionandusesapre-calculatedsmoothparticlehydrodynamicalcollisionmodelap-
propriateto theincomingpropertiesof thecollisionelementsto determinethemergerproductor thechange
in their phasespacecoordinatesif thestarsdo not merge. Theseapproachesareapplicableto a wide range
of astrophysicalenvironmentsdueto theversatilityof theprogramin dealingwith differentpotentialsand
initial distributions.For example,directdynamicalevolution modelsareapplicableto smoothlydistributed
potentialsaswell aspotentialsdominatedby a singleobject(suchasa supermassive blackholeat thecen-
ter of an active galaxy). Thesetechniqueseven allow for the inclusionof GeneralRelativistic effectsthat
couldbecomeimportantin the inner portionsof galacticnuclei (6). Inputsinto thesemodelsincludesthe
totalnumberof stars,agravitationalpotential,initial stellarmassspectrum,andaninitial stellardistribution
function, f � E � L � Lz

�
.



– 6 –

Fig. 1.— Smoothedparticlehydrodynamicaltreatmentof a directstellarcollision.
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4. Results

In this section,I outline the resultsof the differentmodelingprocessesdescribedabove for various
physicalconditionsandinteractionscenarios.Resultsarepresentedfor theinteractionsbetweenindividual
binarystarsandtheir effect on theevolution of globular clusters.Additionally, Fokker-Planckcalculations
concerningtheevolution of starclustersin typical galacticnucleiandclustersof compactobjectsnearthe
centersof galaxiesarepresented.Finally, I examinethe resultsof more recentcalculationsof the inner
regionsof active galacticnucleiusinga full dynamicalevolution model.

Relaxationcausesa lossof kinetic energy in thecoreof a globular cluster, asdescribedin section2.
Without anadditionalsourceof energy, thecoreof a clustershouldcollapse,however binaryheatingmay
be able to convert enoughof the system’s gravitational potentialenergy into ”heat” to avert, or at least
postpone,corecollapse(2; 8). Of particularinterestrecentlyis theroleof binary-binaryinteractions,which,
incidentally, have long beensuspectedastheprimarysourceof runaway starsin thegalacticdisk (binary-
binaryinteractionsin openclusterscanleadto a high-velocity ejectionfrom thecluster)(1). Goodmanand
Hernquistpresentthepossibleoutcomesof binary-binaryinteractionsusingthe resultsof smoothparticle
hydrodynamicalmodels(3). Possiblescenariosinclude: a) all four starscoalesce,losing somegasfrom
the new stellar envelope. b) one of the binariesbecomesdisruptedby a closeencounterwhich excites
tidesbetweenthe membersof system. Thesetideseventually causeoneof the binariesto merge into a
new starwhile theotherbinarysystemsurvives. c) onememberof eachbinarysystemcollide andmerge,
exertingstronggravitational tourqueson theremainingtwo stars.Resultsfrom this point dependon initial
conditions,but the mostlikely outcomeis thatoneof the remainingtwo starsis disruptedenoughso that
it’s orbit decaysuntil it coalesceswith first mergerproduct,leaving anew binarysystemwith thethree-star
mergerproductandoneof theoriginal binarymembers(Figure2).

Theseresultsusingthe smoothparticlehydrodynamicscodewerecomparedagainstsimilar models
usingapoint-massapproximation,andit wasfoundthatuntil aphysicalcollision tookplace,thepointmass
approximationwasadequatein describingthebehavior. They concludethat thedissapative effectsareless
dramaticthanpreviously expected,andthat binary-binaryinteractionsseemto be incapableof providing
enoughkinetic energy to prevent core collapse,placing an upperlimit on the core heatingper collision
of roughly 5 m� (10 km/s)2. The authorsnote, however, that in a high densitycore, the high frequency
of mergerscoupledwith the tendency for the mostmassive starsto residethereshouldmake it possible
for massive starsto undergo multiple mergerson lessthannucleartimescales,therebyacceleratingstellar
evolution in thecoreandperhapsslowing thecollapse.
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Fig. 2.— Smoothparticle hydrodynamicalsimulationsof a binary-binaryinteraction(scenario”c)” de-
scribedabove).



– 9 –

4.1. Cluster of Stars: Fokker-Planck analysis

QuinlanandShapirohave studiedthebehavior of densestarclustersin galacticnucleiusingFokker-
Planckmethodsto determinetheeffectsthatdominantethedynamicsin suchsituations(5). They find the
masssegregation inducedby the starsattemptsto reachequipartition(as discussedabove) to be a large
effect, andin caseswherethemoremassive starscannotreachthermalequilibriumwith their lessmassive
neighbors,they tendto form a rapidly evolving, self-gravitating core. The lower masshalo starsact asa
reservoir to remove moreandmoreenergy from the high-massmembersof the core. The overall effect
they find from modelswith variousinitial conditionsis thatsimulationsbeginning with multi-massstellar
systemstendto evolve morerapidly thanmodelswith a singleinitial massthat form massive starsthrough
mergers. They alsofind that relaxationcanincite multiple mergers,leadingto the formationof starswith
massgreaterthan100 M 
 to be formed,andmasssegregationcausesthesestarsto sink to the centerof
the corebeforea significantincreasein the velocity dispersioncanoccur, favoring further collisionsand
producingintermediate-mass(102 – 103 M 
 ) blackholesat thecluster’s center.

Simulationswere run with a numberof physicalprocesses”turned off” to determinethe effects of
each,particularly, the role of starformationandthedependenceon initial density. In modelswithout star
formation,masslossdueto stellarevolutionwasassumedto beejectedfrom thecluster. Thesemodelsfind a
quickbuildupof massivestars(m � 100M 
 ) at thecoredueto collisions,with many neutronstarsforming
from theevolutionof 8 – 16M 
 stars(Figure3). Thesemodelsexperiencesomeproblemsanduncertainties,
asmasssegregationleadsto a smallnumberof themostmassive starsin thecore,andasdiscussedbefore,
Fokker-Planckmethodsaregenerallyvalid only for ”large N” systems.Other problemsencounteredby
thesemodelsare that ashigh massstarsareformedthroughmergers,eventually the lifetime of the stars
becomessignificantlyshorterthanthecollision time, which clearly leadsto anunphysicalparadoxof how
to continueto grow moremassive starsif the building blockshave disappeared.The authorsascribethis
problemasbeingdueto analgorithmin thecodethat resetstheageof a mergerproductto zerofollowing
a collision. Themainresultfrom modelswithout starformationincluded,however, is that thereis a strong
dependenceontheinitial densityof themodelused.In modelswith aninitial densityof threetimeslessthan
usedin theresultsdescribedabove,nostarswith amassgreaterthan30M 
 wereformedandcorecollapse
wasreversed.

Furthermodelsthat includedthe effectsof star formationwereperformed,and the deviations from
the modelswithout star formationexamined. New starsare formedout of the stellarevolution products
(ejectedgas),andin thecaseof high initial density, massive starsarestill formedandmasssegregationstill
dominantes(Figure4). In the caseof lower initial densitiesthough,the lossesfrom stellarevolution that
areretainedin thesemodelsallows corecollapseto continuebeyondthepoint whereit is haltedin models
without starformation. Giventhecorrectinitial conditions,it seemsthathigh massobjects(bothstarsand
remnants)andcorecollapseis thepreferredendpointof densestarclustersin galacticnuclei.

4.2. Cluster of Compact Objects: Fokker-Planck analysis

Oneseesthatit is feasibleto form massive compactobjectsin thecoreof clusters,andthenext stepis
to determinethedynamicsof sucha clusterof compactobjects.Thejump to a clusterof massive, compact
objectsis somewhatforcedaswesaw asmallnumberof objectsremainingin thecorenearcollapse,but by
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Fig. 3.— Fokker-Plancksimulationsof a stellarclusterin a galacticnucleuswithout continuedstarforma-
tion.

assumingthata substantialpopulationof suchobjectsexists in thecore,onemayapplya similar Fokker-
Planckanalysismodifiedby replacingthestellarcollisionswith collisionsbetweencompactobjects.Suchan
analysiswascarriedout againby QuinlanandShapiroasa follow-up to thepaperin which they determine
that massive objectsare readily grown in denseclustercores(4). The dominantphysicalprocessin a
clusterof neutronstarsandblack holesareinteractionswith binary starsasthis effectively increasesthe
collisional cross-sectionto somethinglike πa2, wherea is the semi-majoraxis of the binary, potentially
ordersof magnitudelargerthanthesinglestarcross-sectionof πr2

NS, which is verysmallfor typicalneutron
starradii. Binary systemswherebothmembersarecompactobjectsarealsointerestingbecausethey may
decaythroughtheemissionof gravitationalradiationandcoalesce.An environmentrich in compactobject
binariesshouldbethemostpromisingplaceto detectgravitationalradiationwith futurelaser-interferometric
observatories.

Masssegregation is againa dominantprocessas the neutronstarsand black holesmerge to form
moremassive objects.Evenwith theeffectsof masssegregation”turnedoff”, massive objectsform at the
centerpreferentiallybecauseof therelaxationargumentspresentedin section2,andcorecollapseprogresses
quickly (Figure5). If mergersareturnedoff in a givenmodel,but masssegregationis allowedto progress,
thehighestinitial massobjectsfall to thecenter, andeventhoughthey cannotmerge,abuild-up of themost
massive objectsoccursandthecorecollapsesquickly. AlthoughtheFokker-Planckmethodscannotfollow
corecollapseindefinitely, theauthorspostulatethatthetrendtowardsbuilding fewerandfewerobjectswith
higherandhighermasseswill continueuntil thecoreof theclusteris dominatedby acentral,supermassive
compactobject(blackhole).
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Fig. 4.— Fokker-Plancksimulationsof a stellar clusterin a galacticnucleuswith star formation and a
Salpeterbirthrate.

4.3. Other Environments: New Approaches

Using the recentadvancesin computingpower, it is possibleto modelmoreexotic astrophysicalen-
vironmentsand compareresultsof the more sophisticatedtechniqueswith traditional methods,suchas
Fokker-Planckanalysis.Rauchhasmodeledastellarpopulationorbitingacentral,massiveblackholeusing
techniquesthat follows thephase-spacepositionof eachstar, includingcollisions,disruptions,anddeflec-
tions throughoutthesimulation(6). He follows theorbitsusingthegeodesicequationsof theKerr metric,
andcancomparethe resultsto thenon-relativistic Keplerianpredictionsto determineif theremaybe any
effectsof generalrelativity thatcouldbeobserved nearthecenterof active galaxies.This situationdiffers
qualitatively from theenvironmentsconsideredabove in thatascollisionswill play a large role in thedy-
namics,but at thehighvelocitydispersionsaroundasupermassive blackhole,collisionswill bemorelikely
to destroy thestarsthanleadto mergers.

Modelsfor avarietyof initial conditionswereperformedandstellargasliberatedduringtheencounters
wasthe largestcollision product,andresultsshow that roughly half of this gaswill be ejectedfrom the
systemandhalf will eventuallybe accretedonto theblack hole. Similarly, of starswhoseorbits led them
closeenoughto thecentralobjectto becometidally disrupted,abouthalf of theliberatedmaterialfell onto
the black hole. Anotherprocessthat led to the eliminationof starsin thesesimulationswereencounters
with otherstarsthatled to largechangesin theangularmomentumof agivenorbit. Thesestarstendedto be
ejectedfrom thesystemor directly plungeinto theblackhole. It shouldbenotedhowever, thatwhile more
massperstarmaybe lost from starsplunginginto thehole,muchmoreradiative energy is releasedwhen
thestaris disruptedandtheblackholeaccretestheliberatedgas.

Resultsof thesesimulationsare practically indistinguishablefrom a non-relativistic treatmentof a
stellarpopulationorbiting a supermassive centralobject. This is not entirelyunexpectedastherelativistic
effectsbecomegreatestclosestto thehole (radiusof marginal stability 
 6 Rg for a Kerr blackhole),and
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Fig. 5.— Fokker-Plancksimulationsof a clusterof compactobjectsincluding effects of mergers,mass
segregation,andgravitationalradiation.

thestarsin themodelbecametidally disruptedbeforethey couldapproachtoo close(typical tidal radii in
thesemodelsfell betweena few tensandonehundredRg). Theseresultsarevery similar to the Fokker-
Planckresultswith onemajor difference:in thesesimulations,the coretendsto a constantdensityin the
steadystatelimit whereasFokker-Plancksimulationspredictan r � 1& 2 relationshipin the inner, collision
dominatedregion. The authorsuggeststhat this is most likely due to the approximationsmadein the
Fokker-Planckapproach,particularly the isotropy assumedin the densitydistribution (ie- all effectsat a
radiusr areaveragedtogether).

5. Closing

Direct stellarcollisionsarenegligible in the majority of astrophysicalenvironments.Denseconcen-
trationsof starssuchasthecoresof globular clustersandclustersin galacticnucleicanproducesituations
wheredirectstellarcollisionsandtheirmergerproductscanhaveasubstantialeffecton thedynamicsof the
system.In this paper, I reviewedtherelevantphysicsaffectingcollisionalstellarsystems,suchasmergers,
relaxation,stellarevolution,theformationof new stars,andbinaryheating.Numericalmodelingtechniques
werereviewed,traditionalFokker-Planckanalysisandmorerecentmethodssuchassmoothparticlehydro-
dynamicsanddirectdynamicalevolution models.Finally, resultsfrom thedifferentmodelswerepresented
andreflectedastrongdependenceon initial conditions.Thegeneraltrendwasthatcollisionshelped”grow”
massive starsandcompactobjectsandthat generally, corecollapsecould not be averted. As computing
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capability increasesin the future, our ability to directly follow the phase-spaceorbits of starswill allow
for trueN-bodysimulationswith propertreatmentof generalrelativistic effects.Theseresultscanbecom-
paredwith thefirst observationsof gravitationalradiationobtainedby thenew generationof interferometric
observatoriescomingonlinein thenext decade.
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