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ABSTRACT
We have carriedout anextensive setof two-dimensional,axisymmetric,purely-hydrodynamiccalculationsof

rotationalstellarcorecollapsewith a realistic,�nite-temperaturenuclearequationof stateandrealisticmassive
starprogenitormodels.For eachof thetotal numberof 72 differentsimulationswe performed,thegravitational
wave signaturewas extractedvia the quadrupoleformula in the slow-motion, weak-�eld approximation. We
investigatetheconsequencesof variationin the initial ratio of rotationalkinetic energy to gravitationalpotential
energy andin the initial degreeof differentialrotation. Furthermore,we includein our modelsuiteprogenitors
from recentevolutionarycalculationsthat take into accountthe effectsof rotation andmagnetictorques. For
eachmodel,we calculategravitational radiationwave forms,characteristicwave strainspectra,energy spectra,
�nal rotationalpro�les, andtotal radiatedenergy. In addition,wecompareourmodelsignalswith theanticipated
sensitivities of the1st-and2nd-generationLIGO detectorscomingon line. We �nd thatmostof our modelsare
detectableby LIGO from anywherein theMilk y Way.

Subjectheadings:supernovae:gravitationalradiation,stars:rotation

1. INTRODUCTION

The classicalconstraintson core-collapsesupernova theory
are nucleosyntheticyields, residueneutronstaror black hole
mass,explosionenergy, neutrinosignal,pulsar�elds, andpul-
sarkicks. Any viable theoryof supernova explosionsmustin
thelong run reproducethesedata.However, we arestill a long
wayfrom thissituationandmuchwork remainsbeforetheroles
of neutrinos,multi-dimensionalhydrodynamics,rotation,con-
vection,andmagnetic�elds in themechanismof core-collapse
supernovaearefully elucidated(BetheandWilson 1985;Her-
ant et al. 1994; Burrows, Hayes,andFryxell 1995; Fryer et
al. 1999;FryerandHeger2000;RamppandJanka2000,2002;
Liebendörferetal. 2001a,b;Burasetal. 2003;Thompson,Bur-
rows,andPinto2003;Akiyamaet al. 2003).

Thereis,however, anotherquitedramaticpotentialconstraint
on core-collapsesupernovae: their gravitational radiationsig-
natures.Massive stars(ZAMS mass>

� 8 M � ) developdegen-
eratecoresin the�nal stagesof nuclearburningandachievethe
Chandrasekharmass.Gravitationalcollapseensues,leadingto
dynamicalcompressionto nucleardensities,subsequentcore
bounce,and hydrodynamicalshockwave generation. These
phenomenainvolvelargemassesathighvelocities(� c=4) and

greataccelerations.Suchdynamics,if only slightly aspherical,
will leadto copiousgravitationalwaveemissionand,arguably,
to oneof the mostdistinctive featuresof core-collapsesuper-
novae.Thegravitationalwaveformsandassociatedspectrabear
thedirectstampof thehydrodynamicsandrotationof thecore
and speakvolumesabout internal supernova evolution. Fur-
thermore,they provide datathat complement(temporallyand
spectrally)thosefrom theneutrinopulse(whichalsooriginates
from thecore),enhancingthediagnosticpotentialof each.

As the current generationof gravitational wave detectors
comeson line, gravitational wave astronomymight soon be
ableto shedlight on thesupernovaphenomenon.Gravitational
wavescoupleso weakly to matterthat they propagatealmost
undistortedfrom their sourcein theultra-densecollapsingand
reboundingstellarcoreto detectorslikeLIGO (Gustafsonetal.
1999),VIRGO (Punturo2003),GEO600(Willk e et al. 2002),
andTAMA (Andoet al. 2001)onEarth.No otherphysicalsig-
nal, apartfrom neutrinos,cangive comparable“li ve” dynami-
cal dataof a star's death.However, thereis a majorcaveat: in
orderfor gravitationalwavesto beemittedthecollapsingcore
musthaveasizableandrapidlyvaryingasphericity, sincegrav-
itationalradiationis of quadrupolenature(Misner, Thorne,and
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Wheeler1973).

Fortunately, asastronomicalobservationshave shown, most
starsrotate(Fukuda1982; Heger et al. 2003). Rotationcan
result in large asphericityat and aroundbounceand, hence,
provideshopethattheemissionof gravitationalradiationfrom
stellarcorecollapsecanbesigni�cant. Furthermore,Rayleigh-
Taylor-like convectionin the protoneutronstar, the aspherical
emissionof neutrinosandpost-bouncetriaxial rotationalinsta-
bilities arealsopotentialsourcesof gravitationalradiation.To-
getherthesephenomena,with their characteristicspectraland
temporalsignatures,makecore-collapsesupernovaepromising
andinterestinggeneratorsof gravitationalradiation.

Early studiesof gravitational wave emissionfrom stellar
corecollapseusedeithersphericallysymmetricmodelsandap-
plied perturbationtechniquesto analyzethe gravitational ra-
diation (Turner and Wagoner1979; Seideland Moore 1987;
Seidel,Myra, andMoore1987)or appliedsemi-analyticmeth-
odsto theasphericalNewtoniancollapseof homogeneousand
inhomogeneous,uniformly-rotating,anddegenerateellipsoids
(Shapiro1977;SaenzandShapiro1978,1979,1981;Moncrief
1979; Ipser and Managan1984). Subsequentstudieswere
basedon 2-D Newtonian hydrodynamiccore-collapsecalcu-
lationswith rotationandvarioussimpletreatmentsof the mi-
crophysics.Müller andHillebrandt(1981)andMüller (1982)
performedalimited setof simulationswith a�nite-temperature
equationof state(EOS)usinginitial modelsfrom stellarevolu-
tion calculations,anddid not treat the neutrinophysics. Finn
andEvans(1990),BonazzolaandMarck (1993),Yamadaand
Sato(1995)andZwerger andMüller (1997)studiedthe grav-
itationalwave signaturefrom collapsingn = 3 polytropeswith
a simpli�ed equationof state,consistingof a polytropicanda
thermalpart. In all of theabove studies,rotationwasimposed
uponsphericallysymmetricinitial modelsby anarti�cial rota-
tion law. ZwergerandMüller (1997)performedthemostcom-
prehensive sweepthroughvaluesof the rotationparameter� ,
de�ned by

� =
Erot

jEgravj
; (1)

whereErot is thetotal rotationalkinetic energy andEgrav is the
total gravitationalenergy. They alsovariedthedegreeof initial
differential rotation and usedself-consistentinitial modelsin
rotationalequilibrium,calculatedusingthemethodof Eriguchi
and Müller (1985). Dimmelmeieret al. (2001a,b)extended
the aforementionedstudy to general-relativistic gravity in the
conformally-�at limit.

Mönchmeyer et al. (1991) accountedfor electroncapture
on protons and employed an approximateneutrino leakage
scheme. Their limited set of detailed2-D calculationsused
rotationallynon-equilibriuminitial modelsfrom stellarevolu-
tion calculationsanda�nite-temperatureEOS(Hillebrandtand
Wolff 1985).Usingasmoothparticlehydrodynamicscodewith
aneutrinodiffusionschemeandtheLattimer-SwestyEOS(Lat-
timerandSwesty1991),FryerandHeger(2000)performed2-D
rotatingcollapsesimulations.Fryer, Holz, andHughes (2002)
followedthis up by computingthecorrespondinggravitational
wave signature.

In a recentNewtonian study, Kotake, Yamada,and Sato
(2003)usedanEOSbasedon therelativistic mean�eld theory
(Shenetal. 1998).They tookelectroncaptureinto accountand
madeuseof aleakageschemefor simpli�ed neutrinotransport.

They performeda limited setof calculationsthatemployedre-
alistic15M � ZAMS progenitormodelsof Woosley andWeaver
(1995)ontowhich they imposedrotationby rotationlaws sim-
ilar to thoseof Mönchmeyeretal. (1991).

While mostof the above studieswereprimarily concerned
with thegravitationalwavesignaturesdueto corebounceitself,
othershave highlightedthegravitationalwave signaturesfrom
later stagesof supernova evolution anddueto otherphenom-
ena. Epstein(1978),Burrows andHayes(1996),andMüller
andJanka(1997)exploredthegravitationalwave signatureof
anisotropicneutrinoemission.Burrows andHayes(1996)and
Müller andJanka(1997)studiedasphericalconvective motion
behindtheshockandin theprotoneutronstar. Rampp,Müller,
andRuffert (1998),Brown (2001),Centrellaet al. (2001),and
Shibata,Karino andEriguchi (2002,2003)investigatedtriaxial
instabilitiesin thequickly spinningneutronstarremnant(New
2003).

In thispaper, wepresenttheresultsfrom our2-D axisymmet-
ric purely hydrodynamicalsimulationsof rotatingstellarcore
collapse,performedwith thecodeVULCAN/2D (Livne1993).
For this study, we usedthe11,15 and20 M � progenitormod-
elsof Woosley andWeaver (1995).We imposedrotationusing
thesameprescriptionsemployedbyZwergerandMüller (1997)
andDimmelmeier, Font, andMüller (2002b). In addition,we
usedthe recentrotating progenitormodelsof Heger, Langer,
andWoosley (2000)andHegeret al. (2003). The latterare1-
D calculationsthatemploy a prescriptionfor angularmomen-
tum transportandmassloss in the evolving massive star, but
do not include the back-reactionof centrifugaleffectson the
dynamicsaftercarbonburning. All of our calculations,except
for the comparisonstudiesto previous work, have madeuse
of theLattimer-SwestyEOSin tabular form (Thompson,Bur-
rows,andPinto2003),aswell asrealisticprogenitorstructures.
We have not includedany approximatetreatmentof electron
captureand neutrinotransportsince theseschemes(e.g., the
leakageschemeusedin Kotake, Yamada,andSato2003)only
crudelyapproximatefull neutrinotransport.

In §2, we review the progenitormodelsuitewe have relied
upon. Section3 summarizesthe initial model rotational law
thatwe usedto setmodelsinto rotation. In §4, we provide an
overview of our implementationof VULCAN/2D anddiscuss
thetwo differentequationsof state,realisticandpolytropic,that
wehaveused.Section4.3dealswith ourmethodfor theextrac-
tion of thegravitationalwavesignaturefrom thehydrodynamic
data. Section5 coversour calculationswith polytropic mod-
els andpolytropic equationsof state. Theseareprovidedand
comparedwith previouswork in orderto validatethemethods
and codeswe have employed. In §6, our resultswith more
realisticprogenitorsanda moredetailedequationof stateare
presentedand comparedwith thoseof previous studies. We
discussthehydrodynamicsof rotatingcollapse,thegeneration
of vortices, the dampingeffect of a stalledshockwave, and
the excitation of l = 2 pulsations,aswell as the signaturesof
thesehydrodynamicfeaturesin the gravitational wave pulse.
Importantly, we provide modelgravitationalwave spectraand
estimatethedetectabilityof thesesignalsin theLIGO detector
(Gustafsonetal. 1999).We verify thetwo majortypesof wave
forms andpost-bouncebehaviors originally identi�ed by Zw-
ergerandMüller (1997)thatdependuponthe initial rotational
energyandthedegreeof differentialrotation.Moreover, wede-
rivetheprogenitormodeldependenceof thegravitiationalwave
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signatures.In §7,wediscusstheangularvelocitypro�les asso-
ciatedwith a subsetof themodelswe havestudied,identifying
in particularthemaximumspinrateandthemagnitudeandpo-
sitionof themaximumrotationalshearthatresultfromcollapse.
Section8 providesbothacontext in which to discussthedetec-
tion of the gravitational wave signaturesof collapseandesti-
matesof their detectabilityin thegalaxy. In §9,we summarize
our conclusionsconcerningthe genericfeaturesof the gravi-
tationalwave signatureof core-collapsesupernovae. A major
goalof ourstudyis theilluminationof theimportanceof using
realisticprogenitorsandequationsof statewhenderiving and
analyzingthegravitationalwave formsandspectrafrom super-
novaexplosions.Signaltemplatesderivedusingpolytropesand
a polytropicEOScandeviatesigni�cantly from thoseobtained
usingmorerealisticassumptionsandstartingpoints.A further
goal of our study is the derivation of the systematicvariation
with thedegreeof initial rotationof asupernova'sgravitational
wave form andits spectrum.

2. PROGENITOR MODELS

Sincethisstudyis concernedwith thegravitationalwavesig-
naloriginatingfrom thehighly dynamicalasphericalbulk mass
motionsatcorecollapseandbounceanddoesnotaimattheso-
lution of the full supernova problem,it is sensibleto restrict
our simulationsto the modeling of the central rotating iron
core whosehydrodynamicalcollapseand bounceis believed
to yield thedominantcontributionto thegravitationalwaveen-
ergy emittedduring thesupernova phenomenon.A simpleap-
proachfor constructingprogenitordatausedin many previous
studiesis to approximatethe iron coreasan ultra-relativistic,
electron-degenerateChandrasekharcorewith a centraldensity
of 1010 g cm- 3 andanelectronnumberfraction(Ye) of 0.5.The
equationof statefor sucha core is then polytropic with a �
of 4/3 (n = 3) anda polytropic constantK given by eq. (10)
(ShapiroandTeukolsky 1983). We have madeuseof this ap-
proximationin conjunctionwith the hybrid equationof state
describedin §4.1to show thatour numericalmodelyields re-
sultsthatmatchthoseof ZwergerandMüller (1997).

However, natureis not this simpleanddetailedstellarevo-
lution calculations(Woosley, Heger, and Weaver 2002) have
shown that theiron coresof evolvedmassive starsarenot per-
fect polytropes. Rather, they have a complicatedthermody-
namicandcompositionalstructure. Fig. 1 depictsthe differ-
encesbetweenthe densitypro�les of progenitormodelsfrom
Woosley andWeaver (1995)andthedensitypro�le of thepoly-
trope usedby Zwerger and Müller (1997). In Fig. 2, we
show the pro�les of the electronfraction (Ye) of the Woosley
andWeaver (1995)progenitors,andcontrastthemwith the�at
Ye = 0:5 pro�le of theZwergerandMüller polytrope.

For our study we have used11, 15, and 20 M � presuper-
nova modelsfrom Woosley andWeaver (1995). As Figure1
demonstrates,the pre-collapsecoredensityandYe pro�les of
theWoosley andWeaver (1995)25and20M � modelsarevery
similar. Thetemperaturepro�les alsomatch.Thus,onewould
expectvery similar collapsedynamicsandgravitational wave
signatures.A testcalculationwith the25 M � progenitorbears
out this expectation(Table5).

3. ROTATION

Rotationis akey agentin thedevelopmentof asphericitydur-
ing corecollapseand,hence,for theemissionof gravitational
radiation. Dependingon the initial rotationrateandtheangu-
lar momentumdistribution,conservationof angularmomentum
mayleadto very rapidly rotatingcompactremnants,which are
unstableon secular, or evendynamical,timescales.In theap-
proximationof MacLaurinspheroids(incompressible,uniform
density, rigidly rotatingequilibriumcon�gurations),triaxial in-
stabilitiesmay grow if � � 0:14 and� � 0:27 for secularand
dynamicalinstabilities,respectively (Tassoul1978). Recently,
Centrellaet al. (2001)have shown thatmodelswith off-center
densitymaxima(i.e. with a toroidalstructure)canalreadybe-
comedynamicallyunstableatvaluesof � � 0:14. However, the
critical � s requiredfor eithersecularor dynamicalinstability
werederivedin thepastusingeitherconstant-densitymodelsor
verycompactcoreswhosedeviation from uniform densitywas
modest. Recently, Shibata,Karino andEriguchi (2003)have
shown that rotating polytropeswith centrally locateddensity
maximacan becomedynamicallyunstableeven for � on the
orderof 1% if they arestronglydifferentially rotating. In this
paper, we calculatethetotal � s for anentirerealisticiron core
with a largedynamicrangeof densities(� eightordersof mag-
nitude).Thisis notthe� for only theinner, moreuniform,core.
Theouterregionsof realisticiron coresdonotmovemuchdur-
ing thecrucialdynamicalphasesof theinnercoreimportantfor
theestimationof thegravitationalwavesignature.Importantly,
theactualcritical � snecessaryfor triaxial deformationhaveyet
to bedeterminedfor suchstructures.To our knowledge,all in-
vestigationsto dateof the growth of triaxial instabilitieshave
lackedeitherrealisticinitial modelsor sophisticatedequations
of state.Theselimitationsshouldbekeptin mindwhenassess-
ing previouswork.

The centrifugal forces connectedto rotation do not only
causeasphericity, but slow down the core collapseand may,
provided the con�guration has the right angularmomentum
distribution, stopthe collapsebeforenuclearmatterdensityis
reached(“subnuclearbounce”).A critical conditionfor thesta-
bilizing effect of rotationon (pseudo-)radialmodesof starsin
theNewtonianregimeis

� > � crit =
2
3

(2- 5� )
(1- 2� )

; (2)

where � is the effective adiabatic index that describesthe
changeof pressurealonga collapsetrajectoryof a givenmass
element:

� =
@lnP
@ln�

�
�
�
�
M

(3)

(Ledoux1945;Tohline1984;Mönchmeyeretal.1991).Hence,
for agivenprogenitorstructureandequationof statewith anef-
fectiveadiabaticindex � , thereis acritical valueof therotation
parameterabove which thecon�guration is stableagainstcol-
lapse:

� > � crit =
1
2

(4- 3� )
(5- 3� )

: (4)

It is known that massive starson the main sequencero-
tate rapidly, with typical equatorial rotational velocities of
� 200 km s- 1 (Fukuda1982). This is a signi�cant fraction
of their breakupvelocity. Unfortunately, since observations
of the stellar surfacetell us little about the angularmomen-
tum of the stellar interior (or its evolution), one has to rely
onparameterdependent,semi-phenomenologicalprescriptions
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to follow thesequantitiesnumerically. Heger, Langer, and
Woosley (2000)have built uponthe one-dimensionalcalcula-
tionsof Woosley andWeaver(1995)andincorporateaprescrip-
tion for angularmomentumtransport.We includein our pro-
genitormodelsuite their “rotating” 15 and20 M � progenitor
models.Hegeret al. (2003)have extendedthework of Heger
et al. (2002)by theinclusionof theeffectsof magnetictorques
onrotationalevolutionandprovidecorrespondingcoresfor 15,
20and25M � models.Table1 listsall thepresupernovamodels
we have employed in this study. Sincethe gravitational wave
signatureis sensitive to thedistribution of angularmomentum
throughouttheiron core,gravitationalwavesmayeventuallybe
usedto learnaboutthe interior rotationalstructureof massive
stars.

We haveusedtwo differentapproachesto includerotationin
ourcalculations.First,wefollow ZwergerandMüller (1997)in
forcing the one-dimensionalinitial modelsto rotatewith con-
stantangularvelocity on cylinders on our axisymmetricgrid
accordingto therotationlaw


 (r) = 
 0

�
1+

�
r
A

� 2� - 1

; (5)

where
 (r) is the angularvelocity, r is the distancefrom the
rotationaxis,and
 0 andA arefreeparametersthatdetermine
the rotationalspeed/energy of the model and the distribution
of angularmomentum. Large valuesof A lead to very rigid
rotation,smallvaluesto stronglydifferentialrotation. Our pa-
rameterstudiesareperformedover a rangeof � i andA, where
� i is the initial � of themodel. Thechoicesfor � i andA were
baseduponcurrentknowledgeof ironcorerotation,but exclude
stronglydifferentialrotation(Hegeretal. 2003;Heger,Langer,
andWoosley 2000). Note that therehasbeensomeconfusion
in the literatureconcerningthemeaningof r in eq. 5. Mönch-
meyer et al. (1991)andKotake, Yamada,andSato(2003) in-
terpretedr asradialdistancefrom theorigin, whereasZwerger
andMüller (1997)andDimmelmeier, Font,andMüller (2002b)
understoodit asdistancefrom therotationaxis. We follow the
latterde�nition of r asit accordswith thePoincaré-Wavretheo-
remwhichpredictsthatthespeci�c angularmomentumis con-
stanton cylindersfor degeneraterotatingobjects(for a review
seeTassoul1978).

We name our runs according to the following conven-
tion: [initial model name]A[in km]� i[in %]. For example,
s11A1000� 0.3 is a Woosley andWeaver (1995)11 M � model
with A=1000km andaninitial � i of 0.3%.

In contrastto Zwerger and Müller (1997), we do not use
rotationalequilibrium con�gurations,sincethesecanonly be
found consistentlyfor modelswith constantentropy and Ye
(Hachisu1986a). For direct comparisonswith Zwerger and
Müller (1997)we usedmodelswith small initial rotationrates
(� i) in which the initial deformationdueto rotationwould be
negligible. ZwergerandMüller (1997)founda maximumdif-
ferenceof 10%in thecentraldensitiesat bouncefor a strongly
rotating model evolved with andoneevolved without an ini-
tial rotationalequilibrium con�guration. Sincethe progenitor
modelswith � i

>
� 1% tendnot to collapse(� i > � crit , if noth-

ing arti�cial is doneto alter their structure),we have limited
our studyto modelswith � i � 1%. Hence,we expecttheerror
that is introducedby thenon-equilibriumrotationalcon�gura-
tion at theonsetof collapseto bevery small and,in theworst
case,to beon theorderof a few percent.In additionto this,we

point out thatZwergerandMüller (1997)arguethat theuseof
non-equilibriummodelsis justi�ed if thestellarcorecollapses
slowly enoughto allow for the adjustmentto the appropriate
angulardensitystrati�cation for its rateof rotation.This is cer-
tainly thecasefor ourmodels,whichall collapseonatimescale
on theorderof 100-500milliseconds(ms).

Secondly, wehavemadeuseof therecentpresupernovamod-
els of Heger, Langer, and Woosley (2000) and Heger et al.
(2003)that,thoughthey areintrinsicallyone-dimensional,take
into accounttheeffectsof centrifugalforcesonthestellarstruc-
turebeforecarbonburningends.Furthermore,redistributionof
angularmomentumandchemicalspeciesweremodeledusing
a set of prescriptionsand assumptionsfor mixing and trans-
port processes.In particular, all torqueswereassumedto lead
to rigid rotationon somephysicaltimescale(Fryer andHeger
2000). The “magnetic”modelsof Heger et al. (2003)assume
a magneticdynamoprocessthatgenerates�elds which inhibit
differentialrotationandleadto slowercorerotationatcollapse.

In Fig. 3, thepro�les for selectedmodelsof theinitial angu-
lar velocity versusradiusareshown. Note that thedifferences
dueto differentprogenitormassesarenegligiblecomparedwith
theorder-of-magnitudedifferencesintroducedby theinclusion
of magnetic-�eldeffectsduring stellarevolution. Oneshould
becautious,however, in acceptingtheseresultssinceresearch
onstellarevolutionwith rotationis still in its infancy.

4. NUMERICAL TECHNIQUES

4.1. Equationsof State

For all our calculationsinvolving realisticprogenitormod-
els we have madeuse of the equationof stateof Lattimer
and Swesty (1991) (the LSEOS). It is basedon the �nite-
temperatureliquid dropmodelof nucleidevelopedin Lattimer
et al. (1985). Our particular implementationis the one pre-
sentedin Thompson,Burrows, and Pinto (2003) that usesa
three-dimensionaltable in temperature(T), density (� ), and
Ye. At eachpoint in the tablethe speci�c internalenergy, the
pressure(P), theentropy perbaryon(s), andcompositionalin-
formationarestored. Using integer arithmeticto �nd nearest
neighborpoints for a given set of �; T;Ye, the needfor time-
consumingsearchalgorithmshasbeeneliminated.Given�; T
andYe, the codeperformsthreesix-point bivariant interpola-
tions in the T - � planesnearestto andbracketing the given
Ye point. A quadraticinterpolationis thenexecutedbetween
Ye pointsto obtainthedesiredthermodynamicquantity. Since
our hydrodynamicroutineupdatesspeci�c internalenergy, we
employ a Newton-Raphson/bisectionschemewhich iterateson
temperatureat a �x edinternalenergy until theroot is foundto
within apartin 108.

The LSEOSextendsdown to only � 5 � 106 g cm- 3 and
its validity in this densityregime is guaranteedonly for fairly
high temperatures,where the assumptionof nuclearstatisti-
cal equilibrium (NSE) still holds. For calculationsinvolving
lower densities,Thompson,Burrows, and Pinto (2003) have
coupledtheLSEOSto theHelmholtzEOS(TimmesandArnett
1999;TimmesandSwesty2000),whichcontainselectronsand
positronsat arbitrarydegeneracy andrelativity, photons,nuclei
andnucleonsasnon-relativistic idealgases,andCoulombcor-
rections.
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To facilitatethecomparisonof our resultswith thoseof Zw-
erger andMüller (1997)andDimmelmeier, Font, andMüller
(2002b),we have implementedthe “hybrid” equationof state
usedin thosestudiesof collapsing� = 4=3 (n = 3) polytropes
(Janka,Zwerger, andMönchmeyer1993).It consistsof apoly-
tropic partPp anda thermalcontributionPth

P = Pp +Pth : (6)
Thethermalpartaccountsfor thethermalpressureof thehigh-
entropy materialheatedby thebounceshockandis givenby

Pth = (� th - 1)uth ; (7)
where� th is setto 1.5. Thethermalenergy densityuth is given
by thetotal energy densityu throughtherelation

u = up +uth ; (8)
whereup is theenergy densityof thedegenerateelectrongas.

Thepolytropicpart
Pp = K� � (9)

re�ects thepressurecontributionsdueto thedegenerateandrel-
ativistic electronsand (in the regime of nucleardensity) the
repulsive actionof nuclearforces. The polytropic constantis
initially setto

K =
3
4

�
�
3

� 2=3

�hc
�

Ye

mB

� 4=3

= 1:2435� 1015Y4=3
e cgs; (10)

whereYe is the electronnumberfractionandtheotherquanti-
tieshavetheir usualmeaning(ShapiroandTeukolsky 1983).�
is chosento be 1.32 to initiate the collapseof the n = 3 poly-
trope.Ye is setto 0:5. To mimic thestiffeningof theequationof
stateat nucleardensity(setto � nuc = 2:0� 1014 g cm- 3), � is for
� � � nuc setto 2:5 andK is modi�ed by therequirementof con-
tinuity of thethermodynamicvariablesat � nuc (Janka,Zwerger,
andMönchmeyer1993).

4.2. Hydrodynamics- VULCAN/2D

Our simulationswere performedwith the Newtonian two-
dimensional�nite-v olume hydrodynamiccodeVULCAN/2D
developedby Eli Livne (Livne 1993). VULCAN/2D usesa
scalarvon Neumann-Richtmyerarti�cial viscosityschemefor
shock handling. The hydrodynamicequationsare solved in
the Lagrangianformulation and the hydrodynamicaldataare
remappedaftereachtimestepontoa�x edEuleriangrid. VUL-
CAN/2D can be run in implicit or explicit time integration
mode. Since we are dealing with supersonic�o ws, we use
VULCAN/2D in explicit mode.VULCAN/2D is second-order
accuratein time andspaceandhasbeenrigorouslytestedand
comparedwith one-dimensionalLagrangianandEulerianhy-
drodynamiccodes(Livne1993).

A featureof VULCAN/2D is its ability to dealwith arbitrar-
ily shapedgrids while using cylindrical coordinates.For the
problemof stellar collapsewe have chosena polar grid with
logarithmicspacingfor theregion outsidetheinner10 km and
aninnerCartesiangrid (seeFig. 4). In this way we circumvent
severetimestepconstraintsthatwouldbeimposedin theangu-
lar directionin the centralregion of a regularpolar grid. The
pricewe payfor this is the“horns” seenin Fig. 4 in thecentral
regionwhichareaconsequenceof thedemandfor continuityat
theboundarybetweenthecentralandtheoutergrid.

For our productionruns we use 412 radial and 91 angu-
lar zones(includingthecentralregion),encompassing1500to
3000km in radial extent (dependingon the initial model)and
coveringthe full 180degreesof thesymmetrydomain. In our
comparisonswith Zwerger andMüller (1997), this resolution
hasbeenshown to reproducetheir resultsto betterthan10%.

4.3. GravitationalWaveSignatureExtractionandWaveforms

We have calculatedthegravitationalwave �eld in theslow-
motion,weak-�eld quadrupoleapproximation(Misner, Thorne,
and Wheeler 1973). The dimensionlessgravitational wave
strainh is

hTT
i j (~D;t) =

2G
Dc4

•I-- TT
i j (t -

D
c

) ; (11)

whereD = j~Dj is the distancebetweenthe observer and the
sourceand

I-- TT
i j = Pi jkl (~N)

Z
d3x �

�
xkxl -

1
3

� i j xmxm
�

(12)

is the transverse-tracelesspart of the reducedCartesianmass-
quadrupoletensor. Pi jkl (~N) (with ~N = ~D=D) is the transverse-
traceless(TT) projectionoperatorontotheplaneorthogonalto
theoutgoingwavedirectionN andis of theform:

Pi jkl (~N) = (� ik - NiNk)(� j l - NjNl )

-
1
2

(� i j - NiNj )(� kl - NkNl ) : (13)

Direct applicationof eq. (11) (known in theliteratureasthe
“standardquadrupoleformula” (SQF))in anumerical�uid dy-
namicscalculationis problematic,sincenumericallytrouble-
somesecondtimederivativesof thequadrupolemomentarein-
volvedandthe momentarm emphasizescontributionsof low-
densitymaterialfar from the centralregions(Finn andEvans
1990).

Using the Euler equationsof inviscid hydrodynamics,Finn
andEvans(1990),NakamuraandOohara(1989),andBlanchet,
Damour, and Schäfer (1990) derived formulations of the
quadrupoleformula involving either only one time derivative
andeasier, moretractable,spatialderivativesor spatialderiva-
tives of the hydrodynamicobservablesexclusively. We use
theformulationof NakamuraandOohara(1989)andBlanchet,
Damour, andSchäfer(1990):

hTT
i j (~D;t) =

2G
Dc4 Pi jkl (~N) �

Z
d3x �

�
2vkvl - xk @l � - xl @k�

�
; (14)

where� is theNewtoniangravitationalpotential,� is themass-
density, andv thevelocity.

For our2-dimensionalaxisymmetriccalculations,it is useful
to rewrite the full gravitational radiation�eld in termsof the
“pure-spintensorharmonics”TE2;lm

i j andTB2;lm
i j (Thorne1980;

Mönchmeyeret al. 1991):

~hTT
i j (~D;t) =

1
D

1X

l=2

lX

m=- l

�
AE2

lm(t -
D
c

)TE2;lm
i j (� ; � ) +

AM2
lm (t -

D
c

)TM2;lm
i j (� ; � )

�
: (15)

Thecoef�cients AE2
lm andAM2

lm representthemassquadrupole
andthemass-currentquadrupolecontributions,respectively. In
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the quadrupoleapproximation,higher-orderas well as mass-
currentcontributionsareneglectedanddueto theassumptionof
axisymmetryonly onenon-vanishingtermremainsin eq. (15),
namelyAE2

20 . By comparingeq. (14)with thelowest-orderterm
of eq.(15),Mönchmeyeretal. (1991)write AE2

20 in termsof the
hydrodynamicvariables:

AE2
20 =

16� 3=2

p
15

G
c4

Z 1

- 1

Z 1

0
r2d� dr � � �

h
v2

r (3� 2 - 1)+v2
� (2- 3� 2) - v2

� - 6vrv� �
p

1- � 2

- r @r � (3� 2 - 1)+3@� � �
p

1- � 2
i

; (16)

where� = cos� andvr , v� , andv� arethe componentsof the
velocity vector in the r, � , and � directions. Furthermore,
@r = @=@r and@� = @=@� . Thecomponentsof theapproximate
gravitational wave �eld hTT are thengiven by (Thorne1980;
Mönchmeyeretal. 1991):

hTT
� � =

1
8

r
15
�

sin2 �
AE2

20

D
� h+ ; (17)

where� is the anglebetweenthe symmetryaxis andthe line
of sight of the observer. The only other nonzerocomponent
is hTT

�� = - hTT
� � = - h+. h� equalszero,due to the assumption

of axisymmetry. h+ andh� arethedimensionlesswave strains
correspondingto thetwo independentpolarizationsof thegrav-
itationalradiation�eld (Misner, Thorne,andWheeler1973).

Thetotalgravitationalenergy radiatedover time is givenby

EGW =
c3

32� G

Z 1

- 1

�
�
�
�
dAE2

20

dt

�
�
�
�

2

dt : (18)

As analternative to eqs.(16)and(17),we alsoimplemented
the “�rst momentof momentumdivergence”formula of Finn
andEvans(1990)(eq.38of their paper):

dI-- zz

dt
=

4�
3

Z 1

- 1
d�

Z 1

0
dr r3 � �

�
P2(� )vr +

1
2

@P2(� )
@�

v�

�
; (19)

whereP2(� ) is the secondLegendrepolynomial in � and I-- zz
is the zz-componentof the reducedmass-quadrupolemoment
tensor. Thegravitationalwavestrainis thenobtainedthrough

hTT
� � =

6G
Dc4 sin2 �

d2

dt2 I-- zz : (20)

4.3.1. EnergySpectra

Writing AE2
20 in eq. (18) in termsof theinverseFouriertrans-

form

AE2
20 (t) =

Z 1

- 1

~AE2
20 ( f )e- 2� i f tdt (21)

andafterseveralalgebraicsteps,we obtain:

dE( f )
d f

=
c3

G
(2� f )2

16�

�
�
�
�
~AE2

20 ( f )

�
�
�
�

2

(22)

in termsof theFouriertransform

~AE2
20( f ) =

Z 1

- 1
AE2

20 (t)e2� i f td f : (23)

Thetotalradiatedenergy is thenobtainedfrom theintegralover
theenergy spectrum

EGW =
Z 1

0

dE( f )
d f

d f ; (24)

whichshouldbeidenticalto theresultobtainedfrom eq.(18).

We have implementedeq. (22) usingtheFastFourierTrans-
form (FFT) technique(Presset al. 1992). Sincethewave am-
plitudeis calculatedat unequaltime intervalsdueto variations
in the time step,we �rst interpolatethe dataonto an evenly-
spacedtemporalgrid beforeapplyingtheFFT. Wehaveveri�ed
that thevalueof EGW obtainedusingeq. (18) is alwayswithin
a few percentof thatobtainedusingeq. (24).

5. METHOD VALIDATION - POLYTROPES

Table2 summarizestheresultsof our comparisonswith the
work of Zwerger and Müller (1997), who usedsimple n = 3
polytropesandthe hybrid EOSdiscussedin §4.1. Our results
matchthoseof ZwergerandMüller (1997)in densityatbounce
(� max), maximumgravitational wave amplitude(AE2

20 max) and
total gravitational wave energy (EGW), in most casesto bet-
ter than 10%. The largestdifferencein maximumdensityis
22% andis found in modelA500� 0.9 (Zwerger andMüller's
A3B3G2). However, Dimmelmeier, Font, andMüller (2002b)
performeda similar comparisonstudywith their codeandob-
tainedfor this modela densityat bouncemuchcloserto ours.
As to EGW, our modelsgenerallyyield largervaluesthanthose
of Zwerger and Müller (1997), since ours were evolved for
longerperiodsof timeafterbounce,thustrackingagreaterpart
of thepost-bounceasphericalmotionof thecompactremnant.

Using the publicly availabledataof the Newtonianrunsof
Dimmelmeier, Font,andMüller (2002b),we�nd thatourwave-
formsmatchperfectlyup to bounceandthenstartto exhibit a
slightshift in post-bouncemaxima,minimaandperiods.Weat-
tributethesedifferencesin partto thefactthatourarti�cial vis-
cosityschemefor hydrodynamicshockcaptureleadsto slightly
greaterarti�cial dampingthanthepiecewiseparabolicmethod
(PPM)usedin thecitedwork andto our simulationon thefull
180� domain.

6. RESULTS USING REALISTIC PROGENITOR MODELS

Collapsedynamicsof rotatingsupernovaprogenitorsis gov-
ernedby threemajor forces: gravity, pressuregradients,and
centrifugalforces.In thecanonicalmodelof non-rotatingcore
collapse,photo-dissociationof iron peaknuclei and electron
captureon nuclei and free protonsinitiate core collapse. As
corecollapseprogresses,analmosthomologously(v / r) col-
lapsingcentralregion, the inner core, forms, while the outer
corecollapsessupersonically. With increasingdensity, electron
captureratesgrow until a densityof about3 � 1012 g cm- 3 is
reached,at which time thematterbecomesopaqueto theelec-
tron captureneutrinoswhich arethentrappedin the core. As
nucleardensityis approached,nuclearrepulsiveforcesleadto a
suddenstiffeningof theequationof state,initiating thebounce
of theinnercoreandthesubsequentoutwardpropagationof the
bounceshock.

Whenrotation is included,centrifugalforcescounteracting
gravity' s pull changethe dynamicsof collapse. Depending
on the total amountof angularmomentumandits distribution
throughoutthe collapsingcore, the effects can be either mi-
nor, leadingonly to smalldeformation(oblateness)of thecore
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andbounceat slightly lower maximumdensitiesor - if there
is a greatamountof angularmomentum- major, resultingin
“�zzlers” with large deformationsandslower bouncesat sub-
nucleardensities(ShapiroandLightman1976;Tohline1984).
Mönchmeyeretal. (1991)giveadetaileddescriptionof thehy-
drodynamicsof rotationalcorecollapse.Sincethispaperis pri-
marily concernedwith thegravitationalwave signatureof core
collapse,in thefollowing we provideonly brief descriptionsof
themostsalientfeaturesof thehydrodynamics.

6.1. HydrodynamicalEvolutionand
GravitationalWaveSignature

We separateour modelsinto two types.TypeI encompasses
thosemodelsthat experiencecorebouncepredominantlydue
to thestiffeningof thenuclearequationof stateat or abovenu-
cleardensitiesand type II comprisesmodelsthat bouncedue
to centrifugalforces.We refer to thosemodelsthatexperience
signi�cant centrifugalforces,but still bounceat or closeto nu-
cleardensities,astypeI/II. Weshow thattypesI andII havedis-
tinctive andcharacteristicgravitationalwave signatures,while
the wave signatureof an type I/II exhibits a mixture of type I
andtype II features.ZwergerandMüller (1997)introduceda
similar classi�cationscheme.We, however, do not seethebe-
havior which they call typeIII sinceits occurenceis connected
with very low effective� sandextremelyrapidcollapsei,which
noneof our modelsshows.

We �rst presentthe systematicswith � i that we have found
for the s15model from Woosley andWeaver (1995)with the
parameterA of the rotation law (eq. 5) set to 1000km. 
 0
is adjustedto yield the wantedvalueof � i . Recall that our �
is calculatedfor the entireiron corewith its many decadesof
density, andnot just for the inneror homologouslycollapsing
region. In §6.2and§6.3we discussthedifferencesintroduced
by differentchoicesfor A andinitial model. Finally, in §6.4,
we presenttheresultswe obtainedfrom corecollapsecalcula-
tionswith therotatingprogenitormodelsfrom Heger,Langer,
andWoosley (2000)andHegeret al. (2003).

Type I : Models of type I rotateso slowly that centrifugal
forcesarenot ableto stopcollapsebeforenucleardensitiesare
reached.The centralregion of thestellarcoreplungesdeeply
into thepotentialwell andquickly andsigni�cantly overshoots
to supranucleardensitiesbeforeits infall velocitiesarereversed
on a timescaleof less than a millisecond by the solid-wall-
like actionof the repulsive nuclearforces. As in nonrotating
models,astrongshockformsat theboundarybetweenthesub-
sonicallycollapsinginnercoreandthesupersonicallyinfalling
outermantle.

Due to angular momentumconservation and, hence, the
growing in�uence of centrifugalforceswith increasingcom-
pactness,thecorebounceis notsphericallysymmetric,but hap-
pens�rst and most strongly at the poles. Hence,the strong
bounceshockis aspherical,propagatingfasteralongthepoles.

In typeI models,theinitial oblatenessof thecoreat bounce
becomesan oblate-prolate(l = 2) oscillation,accompaniedby
higher-order modes,in addition to the alreadypresentpost-
bounceradial “ringing” of the compactremnant.This is seen
in Fig. 5, whichshowstheinnermost200km by 200km of the
collapsedcoreof models15A1000� 0.2 (type I). Shortly after
bounceandafter the shockwave is launched,the coreoscil-
lateswildly in a superpositionof modesthat are dampedon

timescalesof milliseconds,sinceoscillation leadsto dissipa-
tion by theperiodicemissionof strongsoundwaves.As Fig. 5
indicates,the amplitudeof the l = 2 deformationhasdecayed
considerably13 msafterbounce,at which time predominantly
vorticalandincoherentmotionshaveemergedto dominate.

Figure6 portraysthe evolution of the maximumdensityof
the s15A1000model serieswith A=1000 km. Plotted with
a dashedline is the evolution of the maximum densityof a
nonrotatingmodel. Themodelswith � i=0.10%and� i=0.20%
bounceat or very closeto nucleardensityandexhibit type I
model behavior. The � i=0.30%model, however, thoughex-
periencingbounceat aboutnucleardensity, exhibits one cy-
cle of pronouncedlarge-scalecoherentradial expansionand
re-contraction,followedby a second,but weaker bounceafter
which the volumemodeis quickly dampeddueto the forma-
tion of a secondshockwave. We refer in the following to this
cycleof expansion,re-contractionandsecondarybounceasthe
“expansion-collapse-bouncecycle.” It marksthebeginningof
thetransitionfrom typeI to typeII behavior with increasing� i .

The evolution of the rotationparameter� = Erot=jEgravj, an
integral quantityanda globalmeasureof thesystem,is shown
in Fig. 7. For modelsthatshow cleantype I behavior, namely
thosewith � i lessthan0.30%,� (t) manifestsonly onenotable
post-bounceminimum,directly parallelingtheevolutionof the
maxmiumdensity. The �rst transitionmodel with � i=0.30%
reachesa � that is 30%higherat bounceandexhibits multiple
post-bounceminimaandmaximabeforereachingits �nal value
of 6.37%,thelargestin thes15A1000modelseries.

Wenow focusonthecharacteristicsof thegravitationalwave
signatureof a typeI modelandseehow thesignaturechanges
with increasing� i . In the quadrupoleapproximationthat we
madein §4.3, the amplitudeof the gravitational waves is di-
rectly connectedto the secondtime derivative of the reduced
mass-quadrupolemoment(I-- zz; eq. 12). Figures8a and 8b
show theevolutionof themaximumdensityandthequadrupole
gravitational wave amplitudefor timesshortly beforeandaf-
ter bounceof the typical type I modelss15A1000� 0.1 and
s15A1000� 0.2. From the way I-- zz evolves,we candivide the
evolution of thewave signalinto 3 phases(Mönchmeyeret al.
1991).

Phase1 (the“inf all phase”)coincideswith thehydrodynamic
collapsephase,and is marked by the acceleratedincrease(in
absolutevalue)of thequadrupolemomentasangularmomen-
tum conservation forces the collapsingcore to deviate more
andmorefrom sphericalsymmetry. Whenthecoreapproaches
bounce,the increaseof jI-- zzj decelerates(i.e., the wave signal
becomesnegative)andeventuallyis reversedinto adecreaseof
j I-- zzj, the smallercoresizecounteractingthe effect of the in-
creasingdensityon the quadrupolemoment. This marksthe
transitionto phase2 (the “bouncephase”). The wave signal
reachesits absoluteminimuma fractionof a millisecondafter
corebounceandthenincreases,reachingpositive valuesdur-
ing the�rst post-bouncelocal minimumof thecentraldensity.
As said, right beforeandduring corebounce,the increaseof
jI-- zzj startedin phase1 is dramaticallyreversed.Nevertheless,
the�rst time derivativeof I-- zz reachespositivevaluesfor only a
shortperiodandI-- zz itself remainsnegative throughouttheen-
tire evolution, increasingagainin absolutevalueafterbounce.
Finally, phase3 (the “ring-down phase”)is characterizedby
small amplitudeoscillationsof thewave signalthat re�ect the
corering-down occurringin typeI models.
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The threephasesthat we describedin the precedingpara-
graphareeasilydiscerniblein Figs. 8a and8b. As centrifu-
gal forcesbecomeincreasinglysigni�cant with larger � i , the
evolution of the maximumdensityandof the waveform itself
change.Figure8c,depictingmodels15A1000� 0.3,shows this
well. This modelundergoesonelargepost-bounceoscillation,
an “expansion-collapse-bouncecycle.” A second,lessstrong,
bounceoccursandis re�ectedin asecondpronouncedspike in
the waveform. Increasing� i to 0.40%changesthe dynamics
drasticallyto whatweclassifyastypeII behavior.

Type II : Modelsof typeII experiencebouncesatsubnuclear
densitiescausedby centrifugalforces. Whereascorebounce
dueto repulsive nuclearforcesresultsin an abruptreversalof
the quasi-homologouslycollapsinginner core on a timescale
of lessthan 1 ms, a bouncedue to the action of centrifugal
forcesoccurson longer timescalesand with smalleracceler-
ations. This canbeunderstoodfrom the fact that rotationacts
approximatelylikeagaswith a� of 5/3(Tassoul1978;Mönch-
meyeretal.1991).Fig. 6 depictstheevolutionof themaximum
densityof modelswith � is from 0.0%to 1.00%.For � i

>
� 0:4%,

themodelsexhibit typeII behavior.

With increasing� i , thedensityatbouncedecreases,themax-
ima becomemuchwider, andthe accelerationsgrow smaller.
The rotation-dominated,highly asphericalbounceof type II
modelshappensat largerradii andcreates,sinceit is muchless
abrupt,lessentropy andmuchweaker bounceshocksthan in
typeI models.After corebounce,thecoreexpandscoherently,
leadingto analmostorderof magnitudedrop in themaximum
density. This expansionis reversedwhengravitational forces
againbegin to dominateover pressuregradientsandcentrifu-
gal forces. In this way, the quickly spinningcoreundergoes
several dampedexpansion-collapse-bouncecyclesuntil it set-
tlesinto anequilibriumcon�guration. In fact,it actsmuchlike
a dampedharmonicoscillator with a Hamiltonianconsisting
of radialkinetic, rotational,internal,andgravitationalenergies
(Mönchmeyeret al. 1991).

Figures8d and 9a through9d depict the time evolution of
themaximumdensityandof thequadrupolegravitationalwave
amplitudefor the type II modelsof the s15A1000model se-
ries. For thesemodels,the “ring-down” signatureseenin type
I modelsis replacedby the signatureof coherentexpansion-
collapse-bouncecycles, manifestby wide peaksin the wave
signal. Model s15A1000� 0.4 (Fig. 8d) still shows shorterpe-
riod substructure,originatingfrom additionalnonsphericalpul-
sationmodes,but suchsubstructurefadesaway with larger � i .
Theabsolutevaluesof thegravitationalwave amplitudepeaks
aresmallerthanthoseof typeI models,sincedecelerationand
accelerationoccuroverlongertimescales.This is alsore�ected
in the longercharacteristicperiodsandin the lower character-
istic frequenciesof thegravitationalwavesignal.

Thegravitationalwave energy spectra(eq. 22) for a charac-
teristic subsetof the s15A1000modelsareshown in Fig. 10.
Sincethegravitationalwave luminositygoeswith theslopeof
thewaveform,mostof theenergy is radiatedfor all modelsin
thespike connectedto the�rst bounce.We associatethedom-
inantfrequenciesof thegravitationalwave energy spectrawith
this �rst spike of thewaveform. In Table4, we summarizethe
resultsfrom all our calculationsinvolving the s15 progenitor
model.Tables3, 5 and6 containthequantitativeresultsof cal-
culationsusingthes11ands20modelsof Woosley andWeaver
(1995)andthemodelsof Heger,Langer,andWoosley (2000)

andHegeretal. (2003).

Thespectrumof s15A1000� 0.2,which shows typeI behav-
ior, is dominatedby frequenciesbetween300 Hz and600 Hz
andpeaksat 460Hz. Most of thesmallerpeaksareconnected
to the �rst spike in thewaveformduringwhich 94%of theto-
tal gravitational wave energy of this model is radiated(Table
4). Thereis, however, a contribution by the radial and non-
radialring-downpulsationsthathavecharacteristicperiodsof 2
- 2.5msin thismodel,translatingto frequenciesof 400-500Hz.
Thepeakat700Hzandtheone-order-of-magnitude-suppressed
peakatabout1400Hz arehigherharmonicsof lowerfrequency
contributions,aswell ashigher frequency modesof the ring-
down oscillation. With increasing� i the spectrumshifts to
lower frequenciesand lower absolutevalues,peakingat 152
Hz (� i=0.40%),91Hz (� i=0.60%),and38Hz (� i=0.80%).Fur-
thermore,aprominentpeakatlow frequencies(in thisseriesbe-
ginningwith models15A1000� 0.4)canbedirectly associated
with the oscillation frequency of the post bounceexpansion-
collapse-bouncecyclesseenin typeII models.

As shown in Fig. 10, the energy spectraprovide an excel-
lent way to learnaboutoverall collapsedynamicsandclearly
exhibit the greatchangesbroughtaboutby even moderatero-
tation. We now summarizethe most importantoverall char-
acteristicsof the dynamicaltypes: Type I is characterizedby
bounceat supranucleardensitiesandexhibits a clearsubdivi-
sion into infall (1), bounce(2) andring-down phases(3). The
gravitationalwave energy spectraof typeI modelspeakabove
350 Hz and the integratedradiatedenergy achieves its maxi-
mum, reaching10- 8 M � c2 for the fastestrotatingmodel that
still bouncesatsupranucleardensity. Ontheotherhand,typeII
modelsbounceat subnucleardensitiesdueto the in�uence of
centrifugalforces,exhibit muchlonger timescales,andmani-
festseveralharmonicoscillator-likeexpansion-collapse-bounce
cycles.Theirspectrapeakat lowerfrequenciesandthetotalen-
ergiesradiatedare,for thefastestrotators,oneto two ordersof
magnitudesmallerthanthosefor typeI (seeTables3-6).

Wemustpointout thatthespeci�c valueof � i neededto pro-
ducea giventype(I or II) varieswith thedegreeof differential
rotation and (more strongly)with the effective � (§3), deter-
minedby theequationof statein combinationwith themicro-
physicalprocessesoccuringduringcollapse(e.g.electroncap-
ture, leadingto a lower effective � ). Moreover, themaximum
valueof � i neededto maintaintypeI behavior, dependson the
effective � througheq. (4). Note that the �nal � s achieved in
ourcalculationsareall below 10%.

Since we have not included radiative transfer, our results
shouldbe consideredpreliminary. Furthermore,the collapse
will dependon therotationlaw usedandongeneralrelativistic
effects. Hence,we cannotsay, thoughtheresultsof this study
suggest,thata � highenoughfor dynamicalor secularinstabil-
ity might notoccurduringrealisticstellarcorecollapse.

6.2. Variation with Degreeof DifferentialRotation

Wehaveperformedcalculationswith threedifferentvaluesof
theparameterA of therotationlaw describedin §3. To achieve
rigid rotationthroughouttheentirecore,wesetA to 50000km
in eq. 5 andto explore moderatedifferentialrotation,we use
A=1000 km andA=500 km. Figure3 shows a sampleof the
rotationlaws for differentvaluesof A.
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In Fig. 11, we presentresultsfrom our studyof the A de-
pendenceof the gravitationalwave signaturefor � i=0.5%and
thes15progenitor. Generally, asA is lowered,morerotational
energy is (for a �x ed � i) moved interior to A. Hence,the in-
�uence of rotationon thecollapsingcentralregionsis largerin
thosemodelswith smallerA andthe transitionfrom type I to
typeII behavior occursfor smaller� i . This is illustratedin Fig.
11cwheremodels15A50000� i0.5 still shows type I behavior,
eventhoughmodelss15A1000ands15A500have transitioned
to typeII. Thesameeffect is seenin Fig. 11a.Theenergy spec-
tra in Fig. 11bshow low-frequency peaksat thefrequenciesof
theexpansion-collapse-bouncecyclesfor modelss15A500and
s15A1000,while thespectrumof thes15A50000modelis still
typeI.

As indicated,for larger valuesof A, i.e. for a morerigidly
rotatingcon�guration,thevalueof � i mustbehigherfor typeII
behavior to occur. This shifts to highervaluesthe� is required
for maximumgravitationalwave amplitudesand�nal � s. This
A dependenceis genericandtranslatesinto correspondingbe-
havior for s11ands20progenitors(seeTables3, 4, and5).

6.3. Initial ModelComparisons

To investigatethe effect of changesin presupernova stellar
structureon thecollapsedynamicsand,ultimately, on thegrav-
itationalwave signature,we haveperformedcalculationsusing
thes11,s15ands20progenitormodelsof Woosley andWeaver
(1995)atgivenvaluesof A and� i . WechooseA=1000km and
� i=0.5%for ourprogenitormodelcomparisons.

Initially, the s11 and s15 modelsare quite similar in their
structures(see Figs. 1 and 2) and this similarity persists
throughouttheir evolution. The s20 model, however, has a
smaller initial centraldensity, a larger Ye, and a signi�cantly
larger iron core,encompassingabout1.7M � andreachingout
to 2200km (Table1).

Figure 12 displaysthe evolution of the maximumdensity
of modelss11A1000� 0.5,s15A1000� 0.5,ands20A1000� 0.5.
Thes15modelreachesthehighestdensitiesandbouncesdueto
centrifugalforces.After bounce,thes15coreexecutesthetyp-
ical dampedexpansion-collapse-bouncecycles,asdoesmodel
s11. However, models20,with a signi�cantly differentinitial
structure,reacheslower densitiesthanthes11ands15models
andexhibitsshorterperiodsin its post-bounceoscillations.Fur-
thermore,its post-bounceoscillationsaremorequickly damped
by theproximity of its stalledshock.A shockactslikeastrong
absorberof soundwaves. As a result, the characteristictime
for the purely hydrodynamicdampingof inner-core oscilla-
tions is roughly the round-tripsoundtravel time to the shock
radius. The larger this radius,the weaker the damping. The
2-dimensionalplots(Fig. 13) of thespeci�c entropy of model
s20A1000� 0.3revealsomeof thedynamicsof thes20models.
As in s11ands15modelswith rotation,theshockforms�rst at
thepolesandpropagatesout fasteralongtherotationaxisthan
at theequator. This is shown in thetransitionfrom Fig. 13ato
Fig. 13b, in which the axis ratio is almost2:1 and the shock
hasa prolateshape.Despitecentrifugalforces,Fig. 13cshows
thatmattercan�o w in at theequator. Thebounceshockstalls,
but still executesoscillationsin radius.We notethatequatorial
symmetryis clearly broken in Fig. 13d. This emphasizesthe
importanceof including all 180� in an axisymmetricsimula-
tion.

Figure 14 shows the waveforms of models s11A1000,
s15A1000,ands20A1000for � i=0.5%. Modelss11ands15
exhibit cleartype II behavior, with the variationin their wave
forms parallelingthat of their maximumdensities.The wave
form of thes20model,however, exhibitsdifferentbehavior; the
stallof its bounceshockandsubsequentaccumulationof outer-
core materialonto the compactremnantintroduceadditional
higher-frequency components.As Fig. 15 indicates,this is also
re�ectedin its gravitationalwave energy spectrum,which con-
tainsmorepowerat higherfrequencies.

Thebounceshockstallsin all our modelswith thes20pro-
genitor. For larger � i , standardtype II behavior is altered,
since the post-bounceexpansion-collapse-cyclesare strongly
dampedby thestalledshock.Wepointoutthatto datetheeffect
of a stalledshockuponthegravitationalwavessignaturefrom
rotatingstellarcollapsehasnotbeendiscussed.However, such
effectsmightbecommonfor core-collapsesupernovae,sincein
realisticmodelsenergy lossesdueto neutrinos- at leastinitially
- leadgenericallyto stalledbounceshocks.

6.4. TheHeger Models

We have chosenthe e15ande20modelsof Heger,Langer,
andWoosley (2000)andthem15b4,m20b4,andm25b4models
of Hegeretal. (2003)for ourstudyof progenitorsevolvedwith
rotationandmagnetic�elds (§3). Modelsfrom Heger,Langer,
andWoosley (2000)thatendwith theletter 'b' (with � i � 3%)
werenot used,sincethey undergo expansionandnot collapse
oncemappedonto our two-dimensionalgrid. We would have
hadto arti�cially forcethesemodelsto collapsebyalteringtheir
thermodynamicstructure. We have chosennot to do so and
postponethe investigationof the gravitational wave signature
from thesemodelsto future researchthatwill includedetailed
weakinteractionphysicsandneutrinotransport.

Thecollapse,bounce,andpost-bouncebehavior up to about
100msafterbounceof thee15model(� i = 0.645%)conforms
to typeII behavior. Figure16ashowstheevolutionof themax-
imumdensityandthegravitationalwaveformof modele15and
Fig. 16b shows the evolution of thesequantitiesfor model
s15A1000� 0.7. Even thoughthey experiencecorebounceat
thesamedensity, theperiodof thepost-bounceoscillationsof
modele15is signi�cantly shorterthan that of the s15model.
Sinceshorterperiodsmeangreateraccelerations,theindividual
peaksof thewaveform,associatedwith the�rst andsubsequent
bouncesof the e15 model, are greaterthan thoseof the s15
model.Thesameholdsfor theintegratedradiatedenergy.

As with the s20 model, the bounce shock of the e15
modelstalls,dampingthe type II-lik e post-bounceexpansion-
collapse-bouncecycles.Thisprocessintroduceshighfrequency
componentsinto thewaveformand,thus,into theenergy spec-
trumof thegravitationalwavesignal(Fig. 16d).Thee20model
hasa lower initial � i than e15 and similar total angularmo-
mentum. Hence,it reachesa larger densityat bounceandits
gravitationalwave energy spectrumpeaksat about193Hz (for
e15,it is 90 Hz). However, theoverall behavior is similar and
thebounceshockof thee20modelalsostalls.Thesubsequent
infall of matteronto the inner core is non-spherical(see,for
example,Fig. 13andTable6).

Themodelsm15b4,m20b4andm25b4have initial rotation
parameter� i = Erot=jEgravj between0.002%and0.005%.These
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valuesof � i are much smaller than the oneswe investigated
with the modelsof Woosley andWeaver (1995). The effects
of rotationon the m-modelsareminimal and,ascanbe seen
in Fig. 17 for modelsm15b4andm20b4(m25b4is similar),
the gravitational wave amplitudesfrom the bounceand ring-
down phasesareoneto two ordersof magnitudesmallerthan
thoseof any s11/s15/s20modelwith � i=0.1%(seeFig. 8). In
fact, as in the nonrotatingcasediscussedbelow (§6.5), most
of thegravitationalwave energy is beingemittedby aspherical
convective overturnafter bounce(Table6) andthespectraare
dominatedby the characteristicfrequenciesof the convective
motions(BurrowsandHayes1996;Müller andJanka1997).

6.5. NonrotatingModels

As calibration,we performedcalculationswithout rotation
with thes11,s15ands20progenitormodelsfrom Woosley and
Weaver (1995). Figure 18 shows the evolution of the maxi-
mum densityandthe gravitational wave amplitudefor a non-
rotating s15 model. The negative spike in the gravitational
wave amplitudeassociatedwith corebounceexhibitedby this
model is abouttwo ordersof magnitudeweaker than the one
seenfor modelswith slow rotation (Table 4). This is a con-
sequenceof the much smaller reducedmass-quadrupolemo-
ment of this nonrotatingmodel, not deformedby centrifugal
forces. Even thoughthe collapseproceedsspherically, its re-
ducedmass-quadrupolemomentis initially not exactly zero,
sincesmall perturbationsintroducedby thenumericalscheme
andby the mappingof the one-dimensionalprogenitormodel
ontothetwo-dimensionalcomputationalgrid give riseto some
initial asphericitywhichgrowsduringcollaps.

After corebounceconvective instability leadsto aspherical
bulk massmotion in the central regions, emitting small am-
plitude gravitational waveswith frequenciescorrespondingto
the characteristicturnover periods. Sincethis type of gravita-
tional wave emissionis not connectedto the dynamicalevent
of corebounce,it lastsfor a prolongedinterval, andcaneven-
tually radiatemoreenergy thanthedynamicaleventitself. The
characteristicfrequenciesof thegravitationalradiationfrom the
overturningmotionsrangefrom 225Hz to 960Hz.

7. EVOLUTION OF THE ROTATION RATE

The evolution of the rotation parameter� and the angular
velocity is of particular interest,since they are connectedto
still unansweredquestionsin core-collapsesupernovaephysics:
Whatis theperiodof newbornneutronstars?Canprotoneutron
starsbecomedynamicallyor secularilyunstableto triaxial ro-
tationalmodes?

Our study is Newtonian and lacks a full treatmentof the
microphysicsinvolved. Even thoughwe have includedreal-
istic presupernovamodelsanda realisticequationof state,we
cannotclaim to provide �nal answersto the above questions.
Moreover, our calculationshavebeendonein 2D, not 3D, and,
thus,arenot freeof symmetryconstraints.Generalrelativistic
gravity would leadto morecompactcon�gurationswith higher
� s. Hence,theresultspresentedin this sectionshouldbeseen
only as indicationsof the systematicbehavior of the rotation
rateevolution andof thechangesin thedistribution of angular
velocitywith totalangularmomentum.

A look atFig. 7 andat Tables3, 4, and5 disclosesthatthere
exists a maximumvalueof � at bouncefor a given progeni-
tor modelandvalueof A. Interestingly, themaximum� is not
reachedby the model with the maximum� i , but by a model
with someintermediatevalueof � i (in Fig. 7 this is 0.40%).�
at bounceis determinedby thesubtleinterplaybetweeninitial
angularmomentumdistribution, theequationof state,centrifu-
gal forcesand gravity. The “optimal” con�guration leadsto
the overall maximum� at bouncefor a given � i . Moreover,
themodelyielding themaximum�nal � is not necessarilythe
modelyielding themaximum� at bounce(seeFig. 7 andTa-
bles3-6).

Figure19 shows the �nal angularvelocity distribution ver-
susradiusat the equatorof the s15modelfor A=500 km and
A=50000km andfor a variety of � is. As with � , overall the
angularvelocity increaseswith increasing� i until a maximum
is reached.It subsequentlydecreaseswith the further increase
of � i . Both initial settingsof A lead to strongly differential
rotationin the centralregions,while the initially morerigidly
rotatingmodel(A=50000km, solid lines in Fig. 19) actually
yields larger post-bounceangularvelocity gradientsinside30
km. Its equatorialvelocitypro�le peaksoff centerfor moderate
� i at radii between6 and8 km. The initially more differen-
tially rotatingmodel(A=500km, dashedlinesin Fig. 19) leads
to the highestcentralvaluesof the angularvelocity while its
angularvelocitypro�le quickly dropsto low valuesandpracti-
cally rigid rotationfor � i � 0.3%.Model s15A500� 0.2results
in theshortestrotationperiodnearthecenter(� 1.5ms).Model
s15A50000� 0.5yields theshortestperiodof theA=50000km
model series(� 1.85 ms). The angularvelocity shearexte-
rior to the peakat 6-8 km exhibited by thesemodelshasalso
beenidenti�ed in theone-dimensionalstudyof Akiyamaet al.
(2003).Theseauthorsconsidersuchsheara possibledriver for
themagneto-rotationalinstability(MRI), whichcouldbeagen-
eratorof strongmagnetic�elds.

Noneof our modelsdevelopoff-centerdensitymaxima(i.e.
becometoroidal) which could leadto dynamicalgrowth of an
azimuthalm=1 modeat � >

� 14% as suggestedby Centrella
etal. (2001).Shibata,Karino,andEriguchi(2003)haveshown
that strongly differentially rotating polytropeswith centrally
peaked densitypro�les andEOS-� above � 4/3 canbecome
dynamicallyunstableto triaxial m=2deformations(barmodes)
for � on theorderof 1%. As seenin Fig. 19 anddiscussedin
the previous paragraph,our modelsexhibit strongdifferential
rotation inside the protoneutronstar. However, it is impossi-
ble to judgewhetherthey arestableor unstableto triaxial rota-
tional instabilitiesin context of Shibata,Karino, andEriguchi
(2003), sincetheseprotoneutronstarsdiffer greatly from the
simplepolytropic equilibrium modelsemployed in that study.
Three-dimensionalsimulationsemploying a �nite-temperature
EOSandrealisticpost-collapsemodelsareneededto address
this issueconclusively.

8. PROSPECTS FOR DETECTION

To assessthedetectabilityof thegravitationalwavesradiated
by our modelswe follow the discussionsin Abramovici et al.
(1992)andFlanaganandHughes(1998).Foragivenfrequency,
f , FlanaganandHughes(1998)de�ne thecharacteristicgravi-
tationalwavestrain
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hchar( f ) =

s
2
� 2

G
c3

1
D2

dE( f )
d f

; (25)

whereD is the distanceof the sourcefrom the detector(for
galacticsourceswe setthis equalto 10 kpc) anddE( f )=d f is
thespectralenergydensityof thegravitationalradiationde�ned
by eq. (22).

The matched-�lter signal-to-noiseratio for a sourcethat
emitsat optimalorientationandpolarizationis givenby

(SNRoptimal)2 =
Z

d(lnf )
hchar( f )2

hrms( f )2 (26)

with the (single) detectorrms noisestrain hrms being de�ned
asthesquareroot of frequency timesthedetectornoisepower
spectraldensity

hrms( f ) =
p

f S( f ) : (27)

For two observatories,averagingoverall anglesandbothpo-
larizations,andassuminga SNRof 5, thedetectorburstsensi-
tivity is consideredto behSB ' 11hrms (Abramovici etal. 1992;
Gustafsonet al. 1999).

Figure 20 shows the detectorhrms noisestrainsof the ini-
tial andadvancedLIGO designs(Gustafsonet al. 1999). The
solidsquaresmarkthepeaksof theoptimalcharacteristicstrain
hchar( fmax) for eachof ourmodelsat anassumeddistanceof 10
kpc. Themostimportantparametersgoverningthepositionof a
givenmodelin Fig. 20are� i andA. Generally, themodelswith
moderateinitial rotation(� i below 0.5%) peakat frequencies
well above the LIGO peaksensitivity (near100 Hz), but also
give the largestoverall gravitational wave amplitudes. With
increasing� i , the modelsshift towardslower frequenciesand
smalleramplitudes,but at D=10 kpc remainfor the mostpart
above theinitial LIGO sensitivity limit. Only for thestrongest
rotators,whichpeakat low frequencies,will detectabilityat 10
kpc by the initial LIGO interferometersbe problematic.For a
given� i , themodelspectrashift upwardsandto theright with
increasingA. Overall,our s20modelspeakat thelargesthchar.
Thepeaksof thes11ands15modelsarevery similar for slow
rotation,but thefastrotatings11modelspeakat lower frequen-
ciesandhigherstrainsthanthe correspondings15models. If
we wereto draw an imaginaryline throughthe �eld of points
on Fig. 20, we would �nd thatpeakhchar is very roughlypro-
portionalto fmax to the0.8power.

The modelsevolved without rotationaremarked with little
starsin Fig. 20. Modelsmarked with a diamondcorrespond
to rotatingprogenitorsfrom thestudiesof Heger,Langer,and
Woosley (2000)andHeger et al. (2003). The threemodelsat
higherfrequenciesbelow thesensitivity of the �rst-generation
(initial) LIGO are the three “magnetic” progenitorsthat ro-
tatevery slowly (� i < 0.01%). In sum,approximately80% of
our modelsarewithin theoptimalsensitivity limit of the �rst-
generationLIGO andabout10%shouldbedetectableevenus-
ing thehSB condition. Almost all of our modelsshouldbede-
tectablewith the2nd-generation(advanced)LIGO.

9. SUMMARY AND DISCUSSION

In thisparameterstudy, wehaveinvestigatedtheemissionof
gravitational radiationfrom rotationalstellarcorecollapseus-
ing Newtoniangravity, realistic initial models,anda realistic

equationof state.We haveperformedatotalof 72 simulations,
investigatingthedependenceuponthedegreeof differentialro-
tation, the initial ratio of rotationalenergy to gravitationalpo-
tential energy (� i), andprogenitor. For this, we employed the
11,15and20M � (s11,s15,s20)presupernovamodelsfrom the
stellarevolution studyof Woosley andWeaver (1995)andput
theminto rotationvia a rotationlaw that assumesrotationon
cylinders.In addition,we haveperformedsimulationswith the
progenitormodelsof Heger,Langer,andWoosley (2000)and
Hegeret al. (2003)thatincludea one-dimensionalprescription
for rotationalevolution. All of our modelsencompassthe full
180� of the symmetrydomain. Nothing arti�cial wasdoneto
initiatecollapse.

Our resultsindicatethattherearetwo typesof characteristic
behavior for the collapsedynamicsand the resultinggravita-
tional wave signature. Type I occursfor slow initial rotation
andis characterizedby corebounceat supranucleardensities.
The wave signalof a type I modelexhibits a sharpspike and
high frequency oscillationsasthecompactremnantringsdown
aftercorebounce.TypeI modelshave thelargestgravitational
wave amplitudes,their energy spectrapeakat the highestfre-
quenciesand they radiatethe largestamountof energy. On
the otherhand,type II modelsbounceat subnucleardensities
due to the in�uence of centrifugalforces. They exhibit sev-
eral dampedharmonicoscillator-like post-bounceexpansion-
collapse-bouncecycleswhoseperiodsgrow with increasing� i .
Thegravitationalwaveamplitudes,frequencies,andtotalener-
gies of type II modelsare smallerthan for thosethat exhibit
type I behavior. The frequency at which the coherentpost-
bounceoscillationsoccur is clearly discerniblein the energy
spectraof typeII models.Figure21 portraysthegravitational
waveenergy spectrumfor thes11A500sequenceat various� is
from 0.1% to 0.5%. This �gure is similar to Fig. 10 for the
s151000series.The systematicshift with increasing� i above
thetransition� i (� 0.25%)fromhigherfrequenciesandstrength
to lower valuesof both is clearly seen. Transitionalmodels
thatexhibit featuresof bothtypeI andtypeII behavior arealso
present.For a given initial model,we �nd that the transition
from type I to type II happensfor smaller� i if thecoreis ini-
tially more differentially rotating and for larger � i if its core
hasrigid initial rotation. The s11ands15progenitormodels
give very similar results,the s11modelgiving slightly larger
gravitational wave amplitudes,frequencies,andenergiesthan
the s15model for a given setof parameters.The s20model,
however, havingashallowerinitial densitydistribution,leadsto
differentpost-bouncebehavior, sinceits hydrodynamicbounce
shockstalls. Subsequentto stall, matter infalls aspherically
throughandonto the centralcore. This leadsto near-critical
dampingof the post-bounceoscillationsof the compactrem-
nantandintroduceshigh-frequency componentsinto thewave
form. Sincesophisticatedone-dimensionalstudiesthatinclude
weak interactionphysicsand neutrino transportindicate that
thebounceshockdoesindeedinitially stall (RamppandJanka
2002; Liebendörferet al. 2001a,b;Thompson,Burrows, and
Pinto2003),thedistinctive characterof thes20modelmay in
factbemoregenericthanthatof ours11ands15models.

The rotating progenitormodelse15 and e20 from Heger,
Langer,andWoosley (2000)behave similarly to their s15and
s20counterpartswith similar � is andAs. However, dueto dif-
ferencesin presupernovastructure,thebounceshockof thee15
model stalls, leadingto more infall into the centralcore and
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strongdampingof post-bounceoscillations. The sameis true
for thee20model.Hence,thegravitationalwavesignaturesfor
bothmodelsaresimilar to thosefor thes20models.Themod-
elsof Hegeret al. (2003)includetheeffectsof magnetic�elds
on the distribution of angularmomentum.This leadsto very
rigid rotationthroughoutthestarand,thus,to little angularmo-
mentumin theiron coreitself. Oursimulationsshow thatthese
extremely slowly rotating cores(� i < 0:005%) yield gravita-
tionalwaveamplitudesfrom corebouncethataretwo ordersof
magnitudesmallerthanfor the s11,s15ands20modelswith
thesmallest� i . Hence,thequantitative andqualitative behav-
ior of theseslowly rotatingmodelsis verysimilar to themodels
thatwereevolvedwithout any rotationat all.

Our modelsyield absolutevaluesof thedimensionlessmax-
imum gravitational wave strain in the interval 2.0 � 10- 23 �
hTT

max � 1.25� 10- 20 at a distanceof 10 kpc. Thetotal energy
radiated(EGW) lies in the range1.4 � 10- 11 M � c2 � EGW �
2.21 � 10- 8 M � c2 andthe energy spectrapeak(with the ex-
ceptionof very few models)in the frequency interval 20 Hz
<
� fpeak

<
� 600Hz. Furthermore,our hydrodynamicresultsin-

dicate(if thecanonicalcritical conditionsapply), thatnoneof
ourcollapsedcoreswill undergotriaxial rotationalinstabilities,
sincethe maximumratio of rotationalto gravitational energy
(� ) reachedis 9.16%at bounceand8.23%at the end of the
evolution. Both thesevaluesare below the putative critical
� for dynamical(� dyn ' 27%) or secular(� sec ' 14%) triax-
ial instability (in thesimpli�ed caseof a MacLaurinspheroid).
However, giventheextremedensitypro�les in realisticprogen-
itor cores,andthe canonicalbifurcationof the �o w into outer
supersonicand inner subsoniccollapse,the actualcritical � s
for triaxial deformationof realisticcoreshave yet to be deter-
mined. Recentstudiesby Centrellaet al. (2001)andShibata,
Karino, andEriguchi (2003)which employed polytropic neu-
tron starmodelssuggestthatdynamicalrotationalinstabilities
couldoccurat muchlower � . Theseresultshave to beveri�ed
in three-dimensionalsimulationsincludinga �nite-temperature
EOSandrealisticprotoneutronstarmodels.

Sinceincludingweak-interactionphysicsandneutrinotrans-
port will changethe overall evolution, our speci�c resultsfor
the � i dependenceshouldbe taken with care. However, the
qualitativebehavior andtrendswehaveidenti�ed shouldbero-
bust.

In comparisonwith thestudiesof ZwergerandMüller (1997)
(Newtonian gravity) and Dimmelmeier, Font, and Müller
(2002b)(relativistic gravity), who usedpolytropicprogenitors
andasimpli�ed equationof state,ourmodelsradiateonaverage
aboutanorderof magnitudelessenergy, exhibit a factorof 4 to
10 smallermaximumwave amplitudes,andpeakat lower fre-
quencies.ZwergerandMüller (1997)categorizedthecollapse,
bounceandpost-bouncebehavior of theirmodelsin threetypes
of which their typesI and II matchour typesI and II. How-
ever, we have not encounteredtheir type III behavior (“rapid
collapse”)in any of our calculations.

Aside from this study, therehave beenonly two major ef-
forts to calculatethe gravitational wave signatureof corecol-
lapsewith asophisticatedrealisticequationof stateandrealistic
progenitormodels.ThesewereMönchmeyeret al. (1991)and

the recentstudy by Kotake, Yamada,and Sato(2003). Both
studiesincludedelectroncaptureanda leakageschemefor ap-
proximatetreatmentof neutrinotransport,but calculatedonly
a very small set of modelsand usedonly one pre-supernova
progenitor. In accordwith our results,noneof themfoundZw-
ergerandMüller (1997)type III behavior. Their gravitational
wave amplitudesand total radiatedenergies are qualitatively
andquantitatively similar to ours.

To assessthe detectabilityof gravitationalwavesfrom core
collapse,we applied the methodproposedby Flanaganand
Hughes(1998). We �nd that at a distanceof 10 kpc, i.e. for
galacticdistances,the1st-generationLIGO, onceit hasreached
its designsensitivity level,will beableto detectmorethan80%
of our corecollapsemodelsunderoptimal conditionsandori-
entations.Assumingrandompolarizationsandanglesof inci-
dence,this reducesto 10%. AdvancedLIGO, however, should
beableto detectvirtually all modelsat galacticdistances.Fig-
ure 22 is similar to Fig. 20 in that it presentspeakhchar, but
it alsoincludestheactualhchar spectraof selectedmodels(eq.
25). Thesespectraarecomplementaryto theenergy spectraof
previous�gures, andserveto put theissuesof detectabilityin a
noisydetectorinto sharperrelief.

To conclude,we point out that even thoughthis study has
advancedour knowledgeof gravitationalwavesfrom corecol-
lapsea bit further, many important questionsremain unan-
swered. Detailedmicrophysicsandneutrinotransportareapt
to changethe dynamicsof collapse,bounceandpost-bounce
phases.Thecoherentpost-bounceoscillationsof typeII models
will mostlikely bestronglydampedby thestalledbounceshock
in simulationsthataccountfor neutrinoenergy losses.Further-
more,gravitationalradiationis to beexpectedfrom anisotropic
neutrinoemission(Burrows and Hayes1996), and neutrino-
drivenconvectionbehindthestalledshockandin theprotoneu-
tron star. Both sourcesare potentially signi�cant emittersof
gravitationalwaveenergy.

Thedetectionof gravitationalradiationfrom collapsesuper-
novaewould opena new window into theviolent dynamicsat
the core of the supernova and neutron-starbirth phenomena.
Furthermore,featuresseenin gravitational radiationmayhave
their counterpartsin the neutrinosignal. Seeinga correlation
in thesetwo disparatechannelscouldbreakthestudyof super-
novaewide open. As we have shown, measurementsof wave
frequency, wave form, and power can in principle reveal the
rotationalstructureof the massive starinterior that, thoughof
centralimportanceacrossabroadspectrumof astrophysics,has
to dateremainedalmostcompletelyoutof reach.
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TABLE 1

INITIAL MODEL DATA

ModelName Rc Mc ZAMS Mass ZAMS veq � i Reference
(108 cm) (M � ) (M � ) (km s- 1) (%)

n=3polytrope 1:55 1:46 ZwergerandMüller (1997)
s11WW 1:33 1:31 11 Woosley andWeaver (1995)
s15WW 1:16 1:28 15 Woosley andWeaver (1995)
s20WW 2:21 1:73 20 Woosley andWeaver (1995)
s25WW 2:28 1:78 25 Woosley andWeaver (1995)
e15 1:21 1:33 15 200 0.650 Heger,Langer,andWoosley (2000)
e20 2:19 1:68 20 200 0.420 Heger,Langer,andWoosley (2000)
m15b4 1:23 1:37 15 200 0.002 Hegeret al. (2003)
m20b4 1:53 1:49 20 200 0.003 Hegeret al. (2003)
m25b4 1:93 1:64 25 200 0.005 Hegeret al. (2003)

Note.— List of progenitormodelsusedin thispaper. Rc is theradiusof theiron core(determinedby thediscontinuityin Ye at the
outeredgeof theiron core),Mc is themassof thecore,veq theequatorialvelocityof themodelatZAMS, and� i is theinitial rotation
parameter. All progenitormodelsalreadyhave aninitial infall velocity pro�le whenthey aremappedontoour 2-dimensionalgrid.
Nothingarti�cial is doneto initiate collapse.

TABLE 2
RESULTS: POLYTROPES

Model � i J tb � t � b � b AE2
20 max hTT

max fmax EGW;b EGW; f

(%) (1049 (ms) (ms) (%) (1014 (cm) @ 10kpc (Hz) (10- 9 (10- 9

erg s) g cm- 3) (10- 21) M � c2) M � c2)

A50000� 0.25 0.25 1.273 66.78 83.22 4.03 3.52 -876.19 -7.76 540 14.50 18.28
A50000� 0.50 0.50 1.746 67.51 82.49 6.75 3.26 -1617.13 -14.31 453 41.43 56.31
A50000� 0.90 0.90 2.370 68.90 81.11 9.97 2.83 -2125.30 -18.81 460 49.24 57.08
A1000� 0.25 0.25 1.227 67.05 82.95 5.28 3.43 -1211.62 -10.72 467 25.85 36.04
A1000� 0.50 0.50 1.646 67.97 82.03 8.40 3.10 -2151.21 -19.04 693 65.61 71.57
A1000� 0.90 0.90 2.314 70.11 79.89 12.48 2.36 -1674.60 -14.82 313 17.71 19.58
A1000� 1.80 1.80 3.281 74.34 46.26 13.35 0.40 -800.78 -7.09 100 14.35 1.60
A500� 0.25 0.25 1.130 67.43 79.57 6.80 3.30 -1782.64 -15.78 509 50.22 64.22
A500� 0.90 0.90 2.177 71.81 78.19 13.58 1.19 -1317.80 -11.66 173 7.41 8.08
NONROT - - 65.96 84.04 - 3.78 -14.82 -0.01 500 - 0.01

Note. — Overview of core collapsesimulationsperformedwith the polytropic progenitormodel and the hybrid equationof
state(§4.1)for comparisonwith ZwergerandMüller (1997)andDimmelmeier, Font, andMüller (2002b). � i is the initial rotation
parameter, J is the total angularmomentum,andtb, � b and� b arethe time, centraldensity, androtationparameterat corebounce.
� t=t f -tb is the time eachcalculationwas carriedout beyond core bounce. jAE2

20 jmax and hmax are the absolutemaximumof the
gravitationalquadrupolewave amplitudeandthemaximumgravitationalwave strain,asde�ned in §4.3. fmax is thepeakfrequency
of the gravitational wave spectrum,EGW;b is the gravitational wave energy radiatedup to the �rst post-bounceminimum in the
maximumdensity, andEGW; f is thetotal energy radiatedin gravitationalwavesduringtheentiresimulation.
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TABLE 3

RESULTS: REALISTIC PROGENITOR MODEL S11WW

Model � i J � t � b � f � b AE2
20 max hTT

max fmax EGW;b EGW; f

(%) (1049 (ms) (%) (%) (1014 (cm) @ 10kpc (Hz) (10- 9 (10- 9

erg s) g cm- 3) (10- 21) M � c2) M � c2)

s11A500� 0.1 0.10 0.708 167 4.00 3.62 3.70 -958.99 -8.49 524 10.99 11.88
s11A500� 0.2 0.20 1.002 145 7.05 5.86 3.30 -1408.17 -12.46 402 19.15 22.11
s11A500� 0.25 0.25 1.097 135 7.87 6.43 3.10 -1203.06 -10.65 404 11.21 12.78
s11A500� 0.3 0.30 1.227 413 8.80 5.19 2.74 -661.27 -5.85 164 1.70 1.81
s11A500� 0.4 0.40 1.417 468 8.00 4.81 1.11 -419.65 -3.71 37 0.46 0.55
s11A500� 0.5 0.50 1.584 707 7.71 4.80 0.46 -325.27 -2.88 25 0.18 0.22

s11A1000� 0.1 0.10 0.803 179 3.33 3.03 3.73 -878.86 -7.78 430 8.96 10.04
s11A1000� 0.2 0.20 1.135 182 6.06 4.03 3.41 -1304.82 -11.55 470 14.10 15.53
s11A1000� 0.3 0.30 1.391 91 8.00 6.21 3.00 -861.14 -7.62 208 3.82 4.26
s11A1000� 0.4 0.40 1.606 304 7.98 4.77 2.06 -378.58 -3.35 150 0.35 0.42
s11A1000� 0.5 0.50 1.795 284 7.40 4.65 0.60 -301.88 -2.66 78 0.16 0.19
s11A1000� 0.6 0.60 1.967 503 7.15 4.49 0.28 -229.35 -2.02 38 0.06 0.07
s11A1000� 0.7 0.70 2.124 424 6.95 4.41 0.15 -183.83 -1.63 26 0.03 0.03
s11A1000� 0.8 0.80 2.271 510 6.66 4.38 0.09 -139.37 -1.23 44 0.01 0.02

s11A50000� 0.1 0.10 0.856 172 2.17 1.97 3.83 -582.09 -5.15 394 3.93 4.86
s11A50000� 0.2 0.20 1.211 156 3.88 3.32 3.64 -979.41 -8.67 416 9.03 9.72
s11A50000� 0.25 0.25 1.354 69 4.73 3.83 3.55 -1111.64 -9.84 409 10.00 10.57
s11A50000� 0.3 0.30 1.483 229 5.47 4.51 3.45 -1188.38 -10.52 420 10.11 10.61
s11A50000� 0.4 0.40 1.713 163 6.47 5.42 3.23 -1075.10 -9.52 344 6.20 6.48
s11A50000� 0.5 0.50 1.914 90 7.38 4.11 2.97 -613.39 -5.43 166 1.36 1.52
s11A50000� 0.6 0.60 2.097 249 7.34 4.30 2.37 -266.17 -2.36 99 0.16 0.19
s11A50000� 0.7 0.70 2.266 404 6.78 4.36 0.86 -238.21 -2.11 54 0.08 0.10

s11nonrot - - 88 - - 4.04 -26.09 -0.02 275 - 0.06

Note. — Numericalresultsof corecollapsesimulationsperformedwith theWoosley andWeaver (1995)s11progenitormodelin
conjunctionwith theLattimer-Swestyequationof state(LattimerandSwesty1991;§4.1).� i is theinitial rotationparameter, J is the
total angularmomentum,and� b and� b arethecentraldensityandrotationparameterat corebounce.� t = t f -tb is the time each
individual calculationwascarriedout beyondcorebounce.� f is the �nal rotationparameterfor thewholegrid. jAE2

20 jmax andhmax
aretheabsolutemaximumof thegravitationalquadrupolewaveamplitudeandthemaximumgravitationalwavestrain,asde�ned in
§4.3. fmax is thepeakfrequency of thegravitationalwave spectrum,EGW;b givesthegravitationalwave energy radiatedbeforethe
�rst post-bounceminimumin themaximumdensity, andEGW; f is the total energy radiatedin gravitationalwavesduring theentire
simulation.



16

TABLE 4

RESULTS: REALISTIC PROGENITOR MODEL S15WW

Model � i J � t � b � f � b AE2
20 max hTT

max fmax EGW;b EGW; f

(%) (1049 (ms) (%) (%) (1014 (cm) @ 10kpc (Hz) (10- 9 (10- 9

erg s) g cm- 3) (10- 21) M � c2) M � c2)

s15A500� 0.1 0.10 0.811 215 3.87 3.60 3.69 -862.97 -7.64 524 9.06 10.14
s15A500� 0.2 0.20 1.147 181 6.88 5.79 3.31 -1283.00 -11.36 469 16.76 17.88
s15A500� 0.25 0.25 1.257 151 7.83 6.55 3.12 -1205.50 -10.67 381 11.87 13.32
s15A500� 0.3 0.30 1.409 138 8.71 5.99 2.80 -758.40 -6.71 242 2.69 2.88
s15A500� 0.4 0.40 1.557 251 8.10 5.35 1.31 -426.44 -3.77 169 0.51 0.52
s15A500� 0.5 0.50 1.812 641 7.81 5.19 0.54 -343.78 -3.04 128 0.23 0.25
s15A500� 0.6 0.60 1.987 373 7.71 5.10 0.29 -278.79 -2.47 101 0.11 0.12
s15A500� 0.9 0.90 2.421 524 7.52 5.05 0.07 -171.30 -1.52 55 0.02 0.03
s15A500� 1.0 1.00 2.564 661 7.40 5.03 0.05 -138.20 -1.22 42 0.01 0.01

s15A1000� 0.1 0.10 0.958 90 3.15 2.63 3.75 -742.56 -6.57 431 6.56 7.90
s15A1000� 0.2 0.20 1.355 178 5.43 4.82 3.49 -1164.47 -10.31 461 12.32 13.10
s15A1000� 0.3 0.30 1.660 167 7.11 6.37 3.13 -1040.73 -9.21 317 7.10 7.58
s15A1000� 0.4 0.40 1.916 312 8.37 5.48 2.66 -491.54 -4.35 152 0.83 0.89
s15A1000� 0.5 0.50 2.142 208 7.67 5.22 1.08 -362.96 -3.21 106 0.27 0.29
s15A1000� 0.6 0.60 2.292 251 7.43 5.03 0.49 -293.17 -2.59 91 0.13 0.13
s15A1000� 0.7 0.70 2.535 313 7.29 4.80 0.26 -234.48 -2.08 64 0.06 0.07
s15A1000� 0.8 0.80 2.710 284 7.19 4.77 0.16 -190.31 -1.68 38 0.03 0.03
s15A1000� 0.9 0.90 2.633 437 7.11 4.74 0.10 -152.94 -1.35 31 0.02 0.02
s15A1000� 1.0 0.80 2.906 441 6.97 4.72 0.06 -124.39 -1.10 22 0.01 0.01

s15A50000� 0.1 0.10 1.081 207 1.40 1.41 3.90 -382.21 -3.38 396 1.65 2.16
s15A50000� 0.2 0.20 1.528 108 2.79 2.28 3.77 -654.29 -5.79 400 4.90 5.95
s15A50000� 0.5 0.50 2.416 243 5.49 4.94 3.41 -1034.23 -9.15 428 7.46 7.48
s15A50000� 1.0 1.00 3.417 494 7.42 4.65 2.16 -299.88 -2.65 71 0.18 0.20

s15nonrot - - 60 - - 4.04 -23.87 -0.02 337 - 0.02

Note.— SameasTable3 but for all simulationsusingtheWoosley andWeaver (1995)s15progenitormodelin conjunctionwith
theLattimer-Swestyequationof state.
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TABLE 5
RESULTS: REALISTIC PROGENITOR MODEL S20WW/S25WW

Model � i J � t � b � f � b AE2
20 max hTT

max fmax EGW;b EGW; f

(%) (1049 (ms) (%) (%) (1014 (cm) @ 10kpc (Hz) (10- 9 (10- 9

erg s) g cm- 3) (10- 21) M � c2) M � c2)

s20A500� 0.1 0.10 1.326 103 5.50 4.97 3.45 -1139.52 -10.09 594 16.03 19.03
s20A500� 0.2 0.20 1.882 142 8.96 7.64 2.78 -1077.88 -9.54 396 6.55 8.85
s20A500� 0.5 0.50 2.976 416 8.65 8.00 0.22 -355.85 -3.15 92 0.16 0.22

s25A500� 0.2 0.20 2.217 56 9.16 7.55 2.72 -1043.73 -9.24 453 5.90 8.07

s20A1000� 0.1 0.10 1.941 52 4.51 4.01 3.61 -954.61 -8.45 525 10.90 12.67
s20A1000� 0.2 0.20 2.745 94 7.71 7.00 3.14 -1247.85 -11.04 387 14.90 18.76
s20A1000� 0.3 0.30 3.304 146 9.12 7.52 2.44 -678.39 -6.00 73 1.43 1.74
s20A1000� 0.4 0.40 2.858 189 8.49 7.71 0.82 -536.00 -4.74 85 0.66 0.78
s20A1000� 0.5 0.50 3.984 113 8.37 7.45 0.36 -424.96 -3.76 97 0.30 0.33
s20A1000� 0.6 0.60 4.254 291 8.37 8.10 0.20 -345.78 -3.06 79 0.15 0.17
s20A1000� 0.7 0.70 4.549 290 8.31 8.17 0.12 -269.03 -2.38 66 0.07 0.08
s20A1000� 0.8 0.80 4.839 300 8.33 8.23 0.08 -220.16 -1.95 56 0.02 0.03
s20A1000� 0.9 0.90 5.040 282 8.32 8.15 0.05 -185.81 -1.64 47 0.02 0.03
s20A1000� 1.0 1.00 5.226 316 8.36 8.17 0.04 -154.43 -1.37 16 0.01 0.01

s20A50000� 0.1 0.10 1.950 40 1.53 1.26 3.89 -351.07 -3.11 409 1.25 1.79
s20A50000� 0.2 0.20 2.758 36 2.89 2.34 3.78 -619.26 -5.48 424 4.48 5.49
s20A50000� 0.5 0.50 4.361 230 5.88 5.96 3.39 -1175.30 -10.40 456 10.14 11.06
s20A50000� 1.0 1.00 6.168 303 8.38 7.02 2.36 -449.58 -3.98 102 0.61 0.68

s20nonrot - - 83 - - 4.08 -165.02 -1.46 472 - 1.07

Note. — SameasTable3, but for all simulationsusingtheWoosley andWeaver (1995)s20ands25progenitormodels.Thes25
run justi�es our assumptionin §2 thatthes20ands25progenitorsleadto similar results.Notethatfor thes25run a largergrid was
usedandtheevolution wasstoppedbeforethepost-bounceoscillationshadfaded.Hence,thedifferencesseenin the total angular
momentumandmaximumfrequency.

TABLE 6

RESULTS: HEGER MODELS

Model � i J � t � b � f � b AE2
20 max hTT

max fmax EGW;b EGW; f

(%) (1049 (ms) (%) (%) (1014 (cm) @ 10kpc (Hz) (10- 9 (10- 9

erg s) g cm- 3) (10- 21) M � c2) M � c2)

m15b4 0.0021 0.1345 30 0.087 0.082 4.14 -29.15 -0.26 590 0.004 0.014
m20b4 0.0032 0.3034 37 0.161 0.156 4.15 -52.46 -0.46 360 0.026 0.041
m25b4 0.0053 0.3561 94 0.324 0.36 4.14 -101.06 -0.89 960 0.110 0.550

e15 0.6454 3.392 311 8.82 7.49 0.27 -405.57 -3.59 90 0.235 0.275
e20 0.4176 3.442 294 8.52 7.87 0.55 -436.77 -3.87 193 0.465 0.631

Note.— SameasTable3, but for all simulationsusingtheHeger,Langer,andWoosley (2000)andHegeretal. (2003)progenitor
modelswith rotation. Model m25b4,evolvedlong enoughfor convective instability behindtheshockto grow, shows considerable
energy radiatedby thepost-bounceconvectivebulk massmotions.
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FIG. 1.— Massdensityasa functionof radiusof theWoosley andWeaver (1995)progenitormodelsandthen = 3 polytropicprogenitorof ZwergerandMüller
(1997).Notethegoodcorrespondencein thecentralregionsbetweenthelessmassive iron coresandthepolytrope,but thegeneraldisagreementat largerradii. The
polytropehasasharperedge.



19

FIG. 2.— ElectronnumberfractionYe asa functionof radiusfor theWoosley andWeaver (1995)progenitormodels.Thecentraliron corehasbeenneutronized
dueto electroncaptureduringcoresiliconburning(Weaver,Zimmerman,andWoosley 1978).For thepolytrope,Ye hasbeenassumedto be0.5(ZwergerandMüller
1997).Thediscontinuityin Ye exhibitedin theWoosley andWeaver modelsindicatestheapproximateboundarybetweenthecentraliron coreandthesurrounding
shells.
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FIG. 3.— Initial angularvelocity pro�les of the rotating15 (blue) and20 (green)M � progenitormodels(seeTable1 for modelparameters).The dottedred
pro�les weregeneratedwith therotationlaw of eq. (5) usingthecentral
 of modele15for 
 0. All realisticpresupernova modelsexhibit nearrigid rotationinside
' 1000km. Notethemuchsmallerangularvelocitiesexhibitedby modelsm15b4andm20b4,whichwereevolvedwith theinclusionof magnetic�elds.
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FIG. 4.— Centralregion of theVULCAN/2D computationalgrid. Shown in blackis theinner10km, wherethecapabilityof VULCAN/2D to work with arbitrary
grid con�gurationshasbeenusedto performasmoothtransitionfrom theouterradialgrid to aCartesiangrid in theinnermostregion.
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a
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c d

b

4 ms

5.2 ms 13 ms

FIG. 5.— 2-D plotsof thespeci�c entropy of theinner200� 200km2 of thes15A1000� 0.2modeldepictingthering-down epochof theevolution of this generic
type I model. Thecolor mapgoesfrom light red for high speci�c entropy (s=16 kB) to magentafor low entropy (s=0.7kB). The timesgiven in thetop left-hand
cornersarethesnapshottimesafterbounce.Velocityvectorsfor ther and� motions(not the� motionin theangulardirection)aresuperposed.As thecoreexecutes
successive radial andnon-radialpost-bounceoscillations,it generatesstrongsoundwaves(weakshockwaves)that areseenin panels(b) and(c) ascontoursof
velocity discontinuity. At the time of panel(a), theactualbounceshockhasalreadyleft the frame. Panel(d) shows the compactremnantat 13 ms after bounce
whenit hasalreadylost mostof its excesspulsationalenergy. Thevelocitiesat thattime aredominatedby incoherentvortical motions.(This �gure is availablein
high-qualityformatfrom http://www.ita.uni-heidelberg.de/̃cott/gwpaper .)
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FIG. 6.— Evolutionof themaximumdensityof thes15A1000modelseries,which rotatesalmostrigidly inside1000km, for differentinitial rotationparameters
� i . For comparision,thedashedline shows theevolutionof thecentraldensityof anonrotatingmodel.Themodelson thisgraphundergocorebouncebetween280
and500msafterthestartof theevolution. Thetime to bounceincreaseswith initial rotationratesincecentrifugalforces,actingasadditionalpressuresupport,slow
down collapse.All timesarerelative to thetimeof bounce(tb) for eachindividual model.Onecanclearlyseethetransitionin collapsedynamicsthattakesplacein
theinterval in � -spacebetween0.20%and0.40%which leadsfrom typeI to typeII behavior (seetext for details).
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FIG. 7.— Evolution of the ratio of rotationalto gravitational energy (rotationparameter� ) for thes15A1000modelseries.The zeroof the time axis is setto
thetime of bouncefor eachmodel.The� i=0.40%model,which is the�rst to bounceby centrifugalforces,reachesthemaximum� at bouncefor all models.The
� i=0.30%modelhasa smaller� at bouncebut shows, dueto thegreatercompactnessof its remnant,the largest�nal � . Themodelswith � i > 0.40%collapseso
slowly thatcentrifugalforcesareableto halt collapsebeforegreatercompressioncanleadto very large� s. Noneof our modelsexceedsa � of 10%.
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FIG. 8.— Maximumdensity(� max, black)andgravitationalwave amplitude(AE2
20 , red)asfunctionsof time for theWoosley andWeaver (1995)s15modeland

A = 1000km. For eachmodel, the zeroof the time axis is set to the time of corebounce(tb). a (upper left): � i=0.10%,bounceat supranucleardensitywith
negligible in�uence of centrifugalforces(type I). Note the subsequentring-down waveform, which is associatedwith both radial- andnon-radialmodesof the
compactremnant.b (upper right): � i=0.20%,similar to thepreviousmodel,but with greaterasphericityleadingto largeramplitudes.c (lower left): Transitional
modelwith � i=0.30%,which is beyond the � i for the largestgravitationalwave amplitudes.The typical oscillationperiodof thewaveformis signi�cantly larger
thanthoseof the previous modelsandthe hydrodynamicdataexhibit at leastoneadditionalcoherentlarge scaleexpansion-collapse-bounce cycle causedby the
growing in�uence of centrifugalforces. d (lower right): � i=0.40%. The hydrodynamicevolution andtheassociatedwaveformof this modelarealreadylargely
in�uencedby centrifugalforces.Thecoreexhibits subsequentmultiplecoherentbouncesthatarequasi-exponentiallydamped(typeII).
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FIG. 9.— Sameas Figure 8, but for highervaluesof � i . � max(t) (black) is the maximumdensityand AE2
20(t) (red) is the gravitational wave amplitudefor

s15A1000.a (upper left): This modelwith � i=0.50%undergoesa bounceat subnucleardensitywhencentrifugalforcesovercomegravitationalattraction.Note
thesigni�cantly largerdynamicaltimescalescomparedwith modelswith smaller� i . Panelsb, c and d: As � i increasesfrom 0.60%to 0.80%,bounceoccursmore
slowly andat progressinglylower densities.Thewaveformsaredominatedby thesubsequentexpansion-collapse-bounce cyclesof thequickly spinningdeformed
stellarcore(typeII).
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FIG. 10.— Energy spectraof thegravitationalradiationemittedfrom representative modelsof thes15A1000modelseries.Notetheshift of thespectrato lower
frequencieswith increasing� i andthe logarithmicscaleof theordinate.Thespectrahave beencut off at a frequency beyondwhich generichigh frequency noise
at constantmagnitudesetsin. The�rst pronouncedpeakin thespectraof themorestronglyrotatingmodelscanbeidenti�ed with thefrequency of theexpansion-
collapse-bouncecyclesexhibitedby thesemodels(type II). Thespectraof theslower rotatorspeakat thedominantfrequenciesof thepost-bounceringing of the
compactremnant.Thehigherharmonicsareclearlyseenin thesemodels.
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FIG. 11.— Comparisonbetweendifferentinitial distributionsof angularmomentumat�x ed� =0.50%for thes15modelfrom Woosley andWeaver(1995).Models
A50000,A1000,andA500 arenearlyrigidly rotatinginterior to 50000,1000,and500kilometers,respectively. a (upper left): Timeevolution of thegravitational
waveamplitudefor themodelss15A50000� 0.5,s15A1000� 0.5,ands15A500� 0.5. Thetimeaxisis relative to thetimeof bounceof thes15A1000� 0.5model.For
a givenmodelthetransitionfrom a bouncedominatedby nuclearrepulsive forcesto onein which centrifugalforcesplay a signi�cant role occursat progressively
lower � i with decreasingA. b (upper right): Energy spectraof the threemodels.Note thedistinctpeakof the rigidly rotatings15A50000� 0.5 model(green)at
about400Hz thatis directly associatedwith thepost-bounceringing of thecompactremnant,alsoseenin thewaveform.Thespectraof themodelswith smallerA
exhibit a local maximumat low frequenciesthatalsodirectly correspondto thefrequenciesof their post-bounceexpansion-collapse-bounce cycles.c (lower left):
Evolution of the maximumdensity. Model s15A50000� 0.5 still bouncesat supranucleardensities,while the two modelswith smallerA have alreadymadethe
transitionto type II behavior. d (lower right): Evolution of the rotationparameter� with the time given relative to the time of bounceof models15A1000� 0.5.
Themodelswith A=1000andA=500 have moreangularmomentumin their centralregionsand,hence,aremorestronglyin�uencedby centrifugalforces.For a
given� i , they alsoachieve larger�nal � s and� sat bounce.
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FIG. 12.— Inter-modelcomparisonbetweens11A1000,s15A1000ands20A1000for � i=0.50%of theevolution of thepeakdensity. Thetime is givenrelative to
thetime of bouncefor eachindividual model.Model s15reacheshighermaximumdensitiesandhastheshortestpost-bounceoscillationperiods.Models11,which
hasa similar initial densityandangularmomentumdistribution, reacheslower densitiesandhaslongerpost-bounceoscillationperiods. The s20A1000model,
however, with signi�cantly differentinitial density, angularmomentum,andcompositionalpro�les, bouncesfor thesameA and� i at even lower densities.It also
hasshorteroscillationperiodsthanthes11modelandis morequickly dampedby theproximity of its stalledshock.
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FIG. 13.— 2-D plotsof thespeci�c entropy for models20A1000� 0.3. Reddenoteshigh entropy (� 14 kB) anddarkbluedenoteslow entropy (� 0.9kB, seenin
thecompactremnant).Shown aretheinner1200� 1200km2 of thehydrodynamicgrid. As in Fig. 5, velocityvectorsaresuperposedandthetimesafterbounceare
givenin thetopleft of eachpanel.Sincethecoreis oblate,corebouncehappens�rst andatsmallerradii alongthepoles.After bounce,theshockis ableto propagate
muchfasteralongtherotationaxisthanin theequatorialregion. High entropy, jet-like structuresform alongtherotationaxis.This is seenin panel(a),whichshows
thecore19 msafterbounce.Thebounceshockhasalreadyreachedabout400km at thepolesand300km at theequator. Forty-two msafterbounce(panelb) the
axis ratio hasincreasedevenmoreandviolent vortical motionhassetin. At about68 msafterbounce(panelc), thebounceshockhasstalledandmostvelocities
point inward.Theshockrecedes.Panel(d) shows theshockedregion at theendof theevolution. Theshockhasrecededevenfurther. Interior to theshock,vortical
motionhasleadto thebreakingof equatorialsymmetry. (This �gure is availablein high-qualityformatfrom http://www.ita.uni-heidelberg.de/̃cott/gwpaper.)
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FIG. 14.— Comparisonof theevolutionof thegravitationalwave signalAE2
20(t) of modelss11,s15ands20for A=1000km and� i=0.50%.Thewaveformsre�ect

thedensityevolution seenin Fig. 12. For thes20signal,additionalhigh-frequency contributionsappearto becorrelatedwith thevortical motionsandaspherical
infall seenbehindits stalledshock.
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FIG. 15.— Comparisonof thegravitationalwave energy spectrafor s11,s15ands20models.Notethelinearscaleof theordinate.
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FIG. 16.— Comparisonof the e15model from Heger, Langer,andWoosley (2000)with the s15A1000� 0.7 model from Woosley andWeaver (1995). Both
modelshave similar initial � i (0.645%for thee15modelversus0.70%for thes15A1000� 0.7 model)andangularvelocity (
 ) pro�les but differ signi�cantly in
their total angularmomenta.This is dueto differencesin their initial densitypro�les. a (upper left) andb (upper right): Evolution of themaximumdensityand
thegravitationalwave amplitude,respectively, for modelse15ands15A1000� 0.7. Thewaveformof e15exhibtsadditionalhigh-frequency componentsabout100
msafterbouncethatwe associatedwith thesuddendampingof thepost-bounceexpansion-collapse-bounce cyclesby infalling matter. This is alsore�ected in the
evolution of themaximumdensity. c (lower left): Evolution of the rotationparameter� for thetwo models.The largerangularmomentumof modele15andits
speci�c distribution translateinto a larger �nal � . d (lower right): Energy spectrafor the two modelsunderconsideration.Thee15modelradiatessigni�cantly
moreenergy andhasdistinctlymore�ne spectralstructure.
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FIG. 17.— The15 and20 M � modelsfrom Hegeret al. (2003).a (upper left): Evolutionof themaximumdensity(black)andthegravitationalwave amplitude
(red) of the m15b4model. b (upper right): The samefor the m20b4model. Both modelsrotatevery slowly andrigidly andshow only small deviationsfrom
sphericalsymmetry. Hence,the gravitational wave amplitudesaresmall. c (lower left): This �gure depictsthe evolution of the rotationparameter� for these
models.Both modelsbouncedueto thestiffeningof theequationof stateat nucleardensity, with little contribution dueto centrifugalforces.Themodelwith the
greater� i , m20b4,reachesalarger�nal � . d (lower right): Energy spectra.Thespectrumof them20b4modelpeaksat lower frequenciesandcontainssigni�cantly
moreenergy (4 timesmore;seeTable6) thanthespecrumof them15b4model.This shows thesensitivity of thegravitationalwave signatureto smalldifferences
in theinitial rotationpro�le andstellarstructure.
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FIG. 18.— Evolution of the maximumdensity(black) andthe gravitational wave amplitude(red) of a s15modelevolved without rotation. The time is given
relative to the time of corebounce. Small scaleperturbations,introducedby the �nite-dif ferenceapproximationandpost-bounceconvective instability, leadto
continuousgravitationalwaveemissionwith amplitudesthatareoneto two ordersof magnitudesmallerthenthoseobservedfrom thecollapseof a rotatingmodel.



36

FIG. 19.— Angularvelocity pro�les in theequatorialregion at theendof theevolution of s15modelswith A=500km (dashed)andA=50000km (solid) andfor
� is of 0.10,0.20,0.50,and1.00%. Interestingly, the initially rigidly rotatingmodels(A=50000km) exhibit a moredifferentially rotatingcentralregion thanthe
initially moredifferentiallyrotatingmodelsdo. Thelocalpeakin theangularvelocityat � 6-8km andthestrong
 -gradientsassociatedwith it havebeenconsidered
possibledriversof themagneto-rotationalinstability (MRI) (Akiyamaetal. 2003).
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FIG. 20.— LIGO sensitivity plot. Plottedaretheoptimalroot-mean-squarenoisestrainamplitudeshrms=
p

f S( f ) of theinitial andadvancedLIGO interferometer
designs.Optimalmeansthatthegravitationalwavesareincidentatanoptimalangleandoptimalpolarizationfor detectionandthattherearecoincidentmeasurements
of gravitational wavesby multiple detectors.For gravitational wavesfrom burst sourcesincidentat randomtimesfrom a randomdirectionanda signal-to-noise
ratio (SNR)of 5, thermsnoiselevel hrms is approximatelya factorof 11above theoneplottedhere(Abramovici et al. 1992;FlanaganandHughes1998).Wehave
plottedsolid squaresat themaximaof thecharacteristicgravitationalwave strainspectrum(hchar( f ); §8) of our s11(green),s15(blue),ands20(orange)models
from Woosley andWeaver (1995)thatwerearti�cially put into rotation. Our nonrotatingmodelsaremarkedwith stars;diamondsstandfor modelsfrom Heger,
Langer,andWoosley (2000)andHeger et al. (2003). The distanceto Earthwassetto 10 kpc for all models. Most of our modelslie above the optimal design
sensitivity limit of LIGO I. Hence,theprospectsfor detectionaregood.Thosemodelsthatarenotdetectableby the1st-generationLIGO arethosethatrotatemost
slowly (theHegeret al. 2003models)andthosewhicharethefastestrotators.



38

FIG. 21.— SameasFig. 10,but for thes11A500sequenceandfor � is from 0.1%to 0.5%.
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FIG. 22.— SameasFig. 20,but with variousfull hchar spectra(usingeq.25)superposed.Thisplot makesclearthelargewidth of actualspectraandthedeviation
from evenquasi-periodicbehavior of rotatingcollapsewave signatures.


