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Abstract

A summaryof new 3-D numericalsimulationsof relativistic starsis presented,which
weredonewithin theNASA NeutronStarGrandChallengeproject. A numericalcode
thatevolvesboththehydrodynamicsandthespacetimeis usedto studypulsatingstars,
emissionof gravitational radiation,rotationandhydrodynamicalshocksin neutronstar
formation. We obtainthe first normalmodefrequenciesof rapidly rotatingrelativistic
stars. In a separatestudy, and evolving only the hydrodynamics,we find nonlinear
saturationof r-modesin rotatingstarsandpresentan explanationfor their maximum
dynamicalamplitude.

1 3-D Simulations of Single Relativistic Stars

Computationalgeneralrelativistic astrophysicsis an increasinglyimportantfield of re-
search. Its developmentis being driven by a numberof factors. Firstly, the large
amountof observationaldataby high-energy X-ray andγ-ray satellitessuchasChan-
dra, XMM andothers. Secondly, the new generationof gravitational wave detectors
comingonlinein thenext few years,andthirdly, therapidincreasein computingpower
throughmassively parallelsupercomputersandtheassociatedadvancein softwaretech-
nologies,which make large-scale,multi-dimensionalnumericalsimulationspossible.
Three-dimensional(3D) simulationsof generalrelativistic astrophysicaleventssuchas
stellargravitational collapseor collisionsof compactstarsandblack holesareneeded
to fully understandthe incomingwealthof observationsfrom high-energy astronomy
andgravitationalwaveastronomy. It is thusnot surprisingthatin recentyearshydrody-
namicalsimulationsof compactobjectsin numericalrelativity hasbecomethefocusof
severalresearchgroups(see[1] andreferencestherein).

Within theNASA NeutronStarGrandChallengeproject,a 3-D relativistic codehas
beendevelopedmainly by WashingtonUniversity, St. Louis andtheAlbert EinsteinIn-
stitute,Potsdamwith additionalcontributionsfrom Thessaloniki,Valencia,Triesteand
other groups[2, 4, 1]. The codehasthe capabilityof solving the coupledsetof the
Einsteinequationsandthe generalrelativistic hydrodynamicequations.The codehas
beenvalidatedin long-term,accuratesimulationsof the dynamicsof isolatedstarsin
stronggravitationalfields. Singlerelativistic starsareindeedexpectedastheend-point
of anumberof astrophysicalscenarios(suchasgravitationalcollapseandbinaryneutron
starmerging) andshouldprovide importantinformationaboutstrongfield physicsboth
throughelectromagneticandgravitational wave emissions.A numberof new numeri-
cal techniqueshave beenincorporatedin thepresentcodeleadingto a muchimproved
ability to simulaterelativistic stars.Thesetechniquesconcernboththeevolution of the
field equations,for which a new conformal-tracelessformulationof theEinsteinequa-
tionsis usedandtheevolutionof thehydrodynamicalvariables,for which theuseof the
“monotonizedcentraldifferencing”(MC) limiter hasprovidedus with the small error
growth-ratesnecessaryfor simulationsoverseveraldynamicaltimescales.
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Figure1: Shockformationin theoutercoremantle,duringthefirst bounceat equilibriumdensitiesof an
unstablestar, evolvedwith anidealfluid EOS.Thetop andbottompanelsshow theinternalenergy ε and
radialvelocityvx, respectively, atthreedifferenttimes:thehomologousinfall phase,theinnercorebounce
andtheoutwardsshockpropagation.Theoscillationsof theinnercorearedampedby shockheating.

Moreprecisely, wehavefocusedontheaccuracy of thecodeduringlong-termevolu-
tion of sphericalandrapidly rotatingstellarmodels.We alsoinvestigatedthenonlinear
dynamicsof stellarmodelsthatareunstableto thefundamentalradialmodeof pulsation.
Uponperturbation,theunstablemodelswill eithercollapseto a blackhole,or migrate
to a configurationin thestablebranchof equilibriumconfigurations.In thecaseof mi-
grationto thestablebranch,we areableto accuratelyfollow thenonlinearoscillations
thataccompany this processandthatcangive riseto strongshocks(Fig. 1). Theability
to simulatelargeamplitudeoscillationsis importantasweexpecta neutronstarformed
in a supernova core-collapseor in the accretion-inducedcollapseof a white dwarf to
oscillateviolently in its earlystagesof life.

Particularly importantfor their astrophysicalimplications,we studythe linear pul-
sationsof sphericaland rapidly rotating stars. The computedfrequenciesof radial,
quasi-radialandquadrupolaroscillationshave beencomparedwith the corresponding
frequenciesobtainedwith lower-dimensionalnumericalcodesor with alternative tech-
niquessuchas the Cowling approximation(in which the spacetimeis held fixed and
only the hydrodynamicalequationsare evolved) or relativistic perturbative methods.
The comparisonshows an excellent agreementconfirming the ability of the codeto
extractphysicallyrelevantinformationfrom tiny perturbations.Thesuccessfuldetermi-
nationof the eigenfrequenciesfor rapidly rotatingstarscomputedwith our code(Fig.
2) is noteworthy. Suchfrequencieshave not beenobtainedbefore,with the systemof
equationsstill beingtoo complicatedfor perturbative techniques.
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Figure2: Quasi-radialpulsationfrequenciesfor a sequenceof rotatingN � 1 polytropesanda number
of differentrotationrates. The frequenciesof the fundamentalmodeF (filled squares)andof the first
overtoneH1 (filled circles)arecomputedfrom coupled hydrodynamicalandspacetimeevolutions(solid
lines). The sequencesarealsocomparedwith the correspondingresultsobtainedfrom computationsin
therelativistic Cowling approximation.

2 Non-linear R-Modes in Relativistic Stars

Considerableeffort hasbeenspentin thelasttwo years,in determiningthepropertiesof
r-modesin rotatingcompactstars,sincethediscovery that thesemodesareunstableto
theemissionof gravitationalradiation(see[5] for a recentreview). This is motivatedby
thecurrentunderstandingthat ther-modeinstability mayhave several importantastro-
physicalconsequences:it providesanexplanationfor thespin-down of rapidly rotating
proto-neutronstarsto Crab-likespin-periodsandfor thespin-distributionof millisecond
pulsarsandaccretingneutronstars,while beingastrongsourceof detectablecontinuous
gravitational radiation[6, 7]. In addition,if r-modesinducedifferentialrotation,then
the interactionbetweenthemandthe magneticfield in neutronstarshasbeenusedto
explain onetypeof gamma-raybursts[8] andasa mechanismfor enhancingthestar’s
toroidalmagneticfield, whichcould,in turn, limit ther-modeamplitude[9].

Still, several importantuncertaintiesremain,the resolutionof which could signifi-
cantly modify the above conclusions.We have addressedsomeof theseuncertainties
[10]. Specifically, we performed3-D simulationsusingperturbeduniformly rotating
relativistic starsandevolving the relativistic hydrodynamicalequations.We find that
nonlinearsaturationsetsin whenther-modeamplitudehasexceededa few timesunity.
Shockwaveson thesurfaceof therapidly rotatingstarareseenduringsaturation(Fig.
3), asin [11]. Theappearenceof shockwavesdoesnot necessarilyimply that they are
theprimarycauseof saturation.Our simulationsapplyon a dynamicaltimescaleandit
cannotbeexcludedthatweakhydrodynamicalcouplingssaturatether-modeamplitude
onlongertimescales(but shorterthanthegrowth timescaledueto gravitationalradiation
reaction).Wehave furtherconfirmedtheexistenceof discreter-modesin isentropicrel-
ativistic starsandour resultsindicatethat thereexists indeeda kinematicaldifferential
rotation,which couldhave implicationson thecouplingof themagneticfield with the
r-modeoscillations.



Figure3: Shockwavesdevelopingon thesurfaceof a rapily rotatingrelativistic starwhenthesimulation
is startedwith aninitial r-modeamplitudeof a few timesunity.

Thesearethefirst simulationsof nonaxisymmetricoscillationmodesin rotatingrela-
tivistic stars(see[12] for arecentnewscoverageof thiswork) andfurtherdetailedstudy
will berequiredto arriveatfinal conclusionsregardingthenonlineardevelopmentof the
r-modeinstability.
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