
NBODY@ggGPUCCreadyCforCmillionzbodyCglobularC
clusterCsimulationCzCblackCholeCevolution

2irectC;zbodyCsimulationChelpCtoCobtainCaccurateCandCdetailedCinformationCaboutCtheCdynamicalCevolutionCofCstarCclusters(CTheyCenableCcomparisonsCwithCanalyticalCmodelsCandC
[okkerzPlanckCorC*ontez7arloCmethods(C;:O2Y4UUCisCtheCextensionCofCwellzknownC;:O2Y4Ccode(CQtIsCdesignedCforClargeCparticleCnumberCsimulationConCsupercomputers(CWeC
presentC;:O2Y4UU]PU,CanCoptimizedCversionCofC;:O2Y4UUCwithCimprovedChybridCparallelizationCmethodsC'*PQ,C]PU,COpen*PCandC&VXASS"W,CtoCaccelerateClargeCdirectC;z
bodyCsimulationCandCinCparticularCtoCsolveCtheCmillionzbodyCproblems(CWeCprovideCtheCfirstCresultsCofCblackCholeCevolutionCfromCECrealisticCglobularCclusterCsimulationsCwithCinitiallyC
aCmillionCparticles(

=ongCWang⋆,CRainerCSpurzem,CSverreC&arseth,C_eigoC;itadori,CPeterC:erczik,C*irekC]iersz,C*(:(;(C_ouwenhovenCandCThorstenC;aab

Abstract

NBODY@ggGPUyparallelizationystructure

TheCcostCofCdirectC;zbodyCsimulationCperC relaxationC timescaleCcanC
beCO';XVASAln';WCforCaChomogeneousCsystemCwithCEthCorderC~ermiteC
schemeCandCindividualCtimeCstepCbasedConC&arsethC'XKR)WCcriterionC
'*akinoC xC ~utC XKRRW(C Thus,C weC developedC hybridC parallelizedC
;:O2Y4UU]PUCwithC*PQ,C]PU,COpen*PCandC&VXASS"CtoCforCtheC
millionzbodyC systemC likeC globularC clusters(C TheC parallelizationC
structureCisCshownCbelow1

TheC oneC cycleC ofC integrationC canC beC separatedC toC threeC
hierarchicalCtimeCstepCblocks1
RegularCblock1C[ullCforceCcalculation
QrregularCblock1C[astCneighborCforceCcalculationC'&hmadCxC7ohenC
XKLSW
_ustaanheimoC xC StiefelC XK4)C '_SWC block1C &ccurateC treatmentC ofC
closeCencountersCandCbinaries

PureyMPIyvsxyHybridyMPIy)MPIygyGPUygyOpenMPygyAVXmSSEW

ThisC figureC comparesC theC performanceC betweenC ;:O2Y4UUC
withC onlyC *PQC parallelizationC andC ;:O2Y4UU]PUC withC hybridC
parallelizationCmethods(CTheCsimulationCincludesC/)4kCparticlesC
sampledC byC PlummerC 'XKXXWC sphereC andC _roupa,C ToutC xC
]ilmoreC XKKSC '_T]KSWC initialC massC functionC 'Q*[W(C TheC hybridC
*PQC testC usesC EC nodesC withC RC QntelC XeonC ")z/4)VC '/(VC ]~zWC
coresC andC oneC ;VQ2Q&C _/VmC ]PUC '/EK4C coresWC perC nodeC onC
O_eplerOC clusterC atC &RQ,C ~eidelbergC University(C TheC pureC *PQC
testCusesCtheCsameCconfigurationCofC7PU(C
y y yWeycanyseey theyGPUyprovidesysignificantyaccelerationsy
)00xWy ofy regulary )fullWy forcey calculationy andy AVXmSSEy
speedsy upy they irregulary )neighborWy forcey calculationy byy
factory ofy 0y andy OpenMPy reducey they datay movementy andy
communicationsybyyfactoryofy:3-5x
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Performance

:enchmarkC ofC differentC particleC numbersC andC nodeC numbers(C
PlummerC sphereC andC _roupaC '/VVXWC Q*[C areC used(C TheC dashedC
linesC showC theC idealC parallelC limitC withC zeroC communicationC cost(C
TheCscalingCappearsCpoor,CbutC theCscalingCwithCcomputingCcoresC isC
excellentCbecauseCtheC_/VXC]PUChasC/4RRCcoresCwhichCmeansCforC
X4CnodesCthereCwillCbeCR4VX4CcomputingCcoresCforCregularCforceCandC
potentialC energyC calculations(C ThereC areC alsoC S/VC 7PUC coresC foreC
irregularCforceCcalculation(

7omputingC timeC andC numberC ofC particlesC evolutionC forC aC realisticC
globularC clusterC modelC withC initiallyC K)V_C singleC starsC andC )VkC
binaries(CTheC timeCcostC isC largeC 'SVVVz4VVVCsWCatC theCearlyCstageC
dueC toC theC choiceC ofC unsuitableC _SC regularizationC andC timeC stepC
parameters(C &fterC ~/RVVC ;zbodyC timeC unit,C weC optimizeC theC
parametersCthenCtheCcomputingCtimeCreachCstableCstageC'~X)VVCsW(C

Downloads
Subversion1CsvnCcoChttp1AAsilkroad(bao(ac(cnAreposAbetanb4
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Blackyholeyinsideyclusterycore

Initialymodels

~ereC weC presentC theC :~C andC coreC
evolutionCofCfourC]7Csimulations(CTheC
topC twoC panelsC comparesC theC coreC
radiusC 'RcWC andC coreC massC '*cWC
evolutionC respectC toC theirC initialC
values(C ThereC isC aC clearC trendC thatC
coreC evolutionC timescaleC dependsC onC
theCconcentrationCofCclusters(
TheC middleC panelsC showC theC ratioC ofC
:~C massC insideC RcC overC *cC 'suffixC
OsbhOCisCsingleC:~,CObbhOCisCC:~CbinaryC
andCOdbhOC isC:~z:~C CbinaryW(CTheC*cC
willCbeCdominatedCbyC:~CwithinCXC]yrC
forCORLOCmodelsCandC/VVC*yrCforCORSOC
model,C althoughC theC numberC ofC :~C
insideCcoreC'seeCtheCbottomCpanelsWCisC
belowCV(X)C;c,CwhereC;cCisCnumberCofC
starsCinsideCcore(
[orC modelsC withC _roupaC '/VVXWC Q*[,C
theCcoreCexpandCinitiallyCprobablyCdueC
toC theCmoreCmassC lossC fromCmassiveC
starsC comparedC toC ORL__T]KSOC
model(

X(CRotationalC_ingCmodelCwithCWVH4CandCwVHV(RC'"inselCxC
Spurzem,CXKKKW
/(CRandomCpairingCfromCQ*[
S(C2istributionCfunctionCbasedConC_ouwenhovenCetCal(C
'/VVLW
E(CVelocityCdispersionCofCXzCdimensionC*axwellianC
distribution
GGCRh1ChalfCmassCradius
GGCbin(1Cbinary
GGCsemi(1CsemizmajorCaxisCdistribution
GGCecc(1CeccentricityCdistribution
GGCkick1CneutronCstarC';SWCorCblackCholeC':~WCkickCvelocity

Blackyholeynumber

TheseCthreeCfiguresCshowCtheCnumberCevolutionsCofCsingleC:~s,C:~CbinariesCandCdoubleC:~Cbinaries(CC2ueCtoCtheC
differentCQ*[CandCkickCvelocityCdistribution,CtheCnumbersCofC:~sCremainingCinCtheCclusterCareCveryCdifferentCforC
ORL__T]KSOCandCotherCthreeCmodels(CTheCnumberCofCformedC:~CbinariesCisCsignificantClargerCforCconcentratedC
clusterCORS_Q*[/VVXOCbeforeC/VVC*yr(CTheCrotationalCclusterCORL_ROTOCtendsCtoCcontainCmoreC:~CbinariesC
comparedCtoC;onzrotationalCclusters(CThereCareCalsoCseveralCdoubleC:~CbinariesCformedCwhichCmayCbeCtheC
progenitorsCofCgravitationalCwavesCinC]7s(
;oticeCforCORL__T]KSOCmodelCweCmadeCaCmistakeCthatCtheCkickCvelocitiesCofC:~sCwithCprogenitorsCcoreCmassCfromC
)(VCtoCL(4C*sunCwereClargerCthanCkickCmodelCfromC:elczynskiCetCal(C'/VV/W(CThus,CwithCcorrectedCkickCmodel,CthereC
shouldCbeCmoreC:~sCremainingCinCcluster(
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TheCpaperCofC;:O2Y4UU]PUC
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