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Abstract

A summaryof new 3-D numericalsimulationsof relatvistic starsis presentedyhich
weredonewithin the NASA NeutronStarGrandChallengeproject. A numericalcode
thatevolvesboththe hydrodynamicsandthe spacetimas usedto studypulsatingstars,
emissionof gravitationalradiation,rotationandhydrodynamicakhocksin neutronstar
formation. We obtainthe first normalmodefrequencief rapidly rotatingrelatvistic
stars. In a separatestudy and evolving only the hydrodynamicswe find nonlinear
saturationof r-modesin rotating starsand presentan explanationfor their maximum
dynamicalamplitude.

1 3-D Simulations of Single Relativistic Stars

Computationafeneralrelativistic astrophysicss anincreasinglyimportantfield of re-
search. Its developmentis being driven by a numberof factors. Firstly, the large
amountof obsenationaldataby high-enegy X-ray andy-ray satellitessuchas Chan-
dra, XMM and others. Secondly the new generationof gravitational wave detectors
comingonlinein the next few years,andthirdly, therapidincreasen computingpower
throughmassvely parallelsupercomputerandthe associate@dvancein softwaretech-
nologies,which make large-scale multi-dimensionalnumericalsimulationspossible.
Three-dimensional3D) simulationsof generalrelatiistic astrophysicaéventssuchas
stellargravitational collapseor collisionsof compactstarsandblack holesare needed
to fully understandhe incomingwealth of obsenationsfrom high-enegy astronomy
andgravitationalwave astronomy!lt is thusnot surprisingthatin recentyearshydrody-
namicalsimulationsof compacibjectsin numericalrelatvity hasbecomehe focusof
severalresearclgroups(see[1] andreferencesherein).

Within the NASA NeutronStarGrandChallengeproject,a 3-D relativistic codehas
beendevelopedmainly by WashingtornUniversity, St. Louis andthe Albert Einsteinin-
stitute, Potsdamwith additionalcontributionsfrom ThessalonikiValencia, Triesteand
othergroups|2, 4, 1]. The codehasthe capability of solving the coupledsetof the
Einsteinequationsandthe generalrelatvistic hydrodynamicequations.The codehas
beenvalidatedin long-term,accuratesimulationsof the dynamicsof isolatedstarsin
stronggravitationalfields. Singlerelatvistic starsareindeedexpectedasthe end-point
of anumberof astrophysicascenariogsuchasgravitationalcollapseandbinaryneutron
starmeiging) andshouldprovide importantinformationaboutstrongfield physicsboth
throughelectromagneti@and gravitational wave emissions.A numberof nev numeri-
cal techniquesave beenincorporatedn the presenicodeleadingto a muchimproved
ability to simulaterelatvistic stars.Thesetechniquesoncernboththe evolution of the
field equationsfor which a new conformal-tracelestormulationof the Einsteinequa-
tionsis usedandthe evolution of thehydrodynamicaVariablesfor which the useof the
“monotonizedcentraldifferencing”(MC) limiter hasprovided us with the small error
growth-ratesnecessaryor simulationsover severaldynamicaltimescales.



Core—Bounce Shock in Nonlinear Pulsations

during Neutron Star Formation
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Figurel: Shockformationin the outercoremantle,duringthefirst bounceat equilibriumdensitiesof an
unstablestar evolvedwith anidealfluid EOS.Thetop andbottompanelsshav theinternalenegy € and
radialvelocity vy, respectiely, atthreedifferenttimes:thehomologousnfall phasetheinnercorebounce
andthe outwardsshockpropagationThe oscillationsof theinner corearedampedoy shockheating.

More preciselywe have focusedontheaccuray of thecodeduringlong-termevolu-
tion of sphericalandrapidly rotatingstellarmodels.We alsoinvestigatedhe nonlinear
dynamicsf stellarmodelsthatareunstableo thefundamentatadialmodeof pulsation.
Upon perturbationthe unstablemodelswill eithercollapseto a black hole, or migrate
to a configurationin the stablebranchof equilibrium configurations.In the caseof mi-
grationto the stablebranch,we areableto accuratelyfollow the nonlinearoscillations
thataccompan this processandthatcangive riseto strongshocks(Fig. 1). The ability
to simulatelarge amplitudeoscillationsis importantaswe expecta neutronstarformed
in a supern@a core-collapseor in the accretion-induceaollapseof a white dwarf to
oscillateviolently in its early stageof life.

Particularly importantfor their astrophysicalmplications,we studythe linear pul-
sationsof sphericaland rapidly rotating stars. The computedfrequenciesof radial,
guasi-radialand quadrupolaroscillationshave beencomparedwith the corresponding
frequencieobtainedwith lower-dimensionahumericalcodesor with alternatve tech-
niquessuchasthe Cowling approximation(in which the spacetimds held fixed and
only the hydrodynamicalequationsare evolved) or relativistic perturbatve methods.
The comparisonshows an excellent agreementonfirming the ability of the codeto
extractphysicallyrelevantinformationfrom tiny perturbationsThe successfutietermi-
nation of the eigenfrequenciefor rapidly rotating starscomputedwith our code (Fig.
2) is noteworthy. Suchfrequencieave not beenobtainedbefore,with the systemof
equationsstill beingtoo complicatedor perturbatve techniques.
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Figure2: Quasi-radialpulsationfrequenciedor a sequencef rotatingN = 1 polytropesanda humber
of differentrotationrates. The frequencieof the fundamentaimodeF (filled squaresndof the first

overtoneH1 (filled circles)arecomputedirom coupled hydrodynamicahndspacetimeavolutions(solid

lines). The sequencearealsocomparedwith the correspondingesultsobtainedfrom computationsn

therelativistic Cowling approximation.

2 Non-linear R-Modesin Reativistic Stars

Considerableffort hasbeenspentin thelasttwo years,n determininghe propertiesof

r-modesin rotatingcompactstars,sincethe discovery thatthesemodesareunstableto

theemissionof gravitationalradiation(see[5] for arecentreview). Thisis motivatedby

the currentunderstandinghatthe r-modeinstability may have severalimportantastro-
physicalconsequencest providesan explanationfor the spin-davn of rapidly rotating

proto-neutrorstarsto Crab-like spin-periodsaindfor the spin-distritution of millisecond
pulsarsandaccretingneutronstars while beinga strongsourceof detectableontinuous
gravitational radiation[6, 7]. In addition,if r-modesinducedifferentialrotation,then

the interactionbetweenthemandthe magneticfield in neutronstarshasbeenusedto

explain onetype of gamma-raybursts[8] andasa mechanisnfor enhancinghe stars

toroidalmagnetidield, which could,in turn, limit ther-modeamplitude[9].

Still, severalimportantuncertaintiegemain,the resolutionof which could signifi-
cantly modify the above conclusions.We have addressedomeof theseuncertainties
[10]. Specifically we performed3-D simulationsusing perturbeduniformly rotating
relativistic starsand evolving the relatvistic hydrodynamicakquations.We find that
nonlinearsaturatiorsetsin whenther-modeamplitudehasexceeded few timesunity.
Shockwaveson the surfaceof the rapidly rotatingstarare seenduring saturation(Fig.
3), asin [11]. Theappearencef shockwavesdoesnot necessarilymply thatthey are
the primary causeof saturation.Our simulationsapply on a dynamicaltimescaleandit
cannotbe excludedthatweakhydrodynamicatouplingssaturateher-modeamplitude
onlongertimescalegbut shortetthanthegrowth timescaledueto gravitationalradiation
reaction).We have furtherconfirmedthe existenceof discreter-modesn isentropicrel-
ativistic starsandour resultsindicatethatthereexists indeeda kinematicaldifferential
rotation,which could have implicationson the coupling of the magneticfield with the
r-modeoscillations.
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Figure3: Shockwavesdevelopingon the surfaceof arapily rotatingrelatiistic starwhenthe simulation
is startedwith aninitial r-modeamplitudeof afew timesunity.

Thesearethefirst simulationsof nonaxisymmetrioscillationmodesn rotatingrela-
tivistic stars(se€g[12] for arecentnews coverageof thiswork) andfurtherdetailedstudy
will berequiredto arrive atfinal conclusiongegardingthe nonlineardevelopmenof the
r-modeinstability.
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