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ABSTRACT

We have carriedout an extensie setof two-dimensionalaxisymmetric purely-hydrodymmiccalculationsof
rotationalstellarcore collapsewith arealistic, nite-temperaturenuclearequationof stateandrealisticmassie
starprogenitormodels.For eachof thetotal numberof 72 differentsimulationswe performedthe gravitational
wave signaturewas extractedvia the quadrupoleformulain the slov-motion, weak- eld approximation. We
investigatethe consequencesf variationin theinitial ratio of rotationalkinetic enegy to gravitational potential
enegy andin theinitial degreeof differentialrotation. Furthermorewe includein our modelsuite progenitors
from recentevolutionary calculationsthat take into accountthe effects of rotation and magnetictorques. For
eachmodel,we calculategravitational radiationwave forms, characteristiavave strainspectragnegy spectra,

nal rotationalpro les, andtotal radiatedenegy. In addition,we compareour modelsignalswith theanticipated
sensitvities of the 1st-and2nd-generatiollGO detectorscomingonline. We nd thatmostof our modelsare

detectabldy LIGO from arnywherein the Milk y Way.

Subjectheadings:superneae:gravitationalradiation,stars:rotation

1. INTRODUCTION

The classicalconstraintson core-collapsesuperneatheory
are nucleosynthetigields, residueneutronstar or black hole
mass explosionenegy, neutrinosignal,pulsar elds, andpul-
sarkicks. Any viable theoryof supern@a explosionsmustin
thelong runreproducehesedata.However, we arestill along
way from this situationandmuchwork remainseforetheroles
of neutrinos multi-dimensionahydrodynamicsrotation,con-
vection,andmagneticelds in themechanisnof core-collapse
superneaearefully elucidatedBetheandWilson 1985;Her-
antet al. 1994; Burrows, Hayes,and Fryxell 1995; Fryer et
al. 1999;FryerandHeger2000; RamppandJanka2000,2002;
Liebendorferetal. 2001a,bBurasetal. 2003; ThompsonBur-
rows, andPinto2003;Akiyamaetal. 2003).

Thereis, however, anotheiquitedramatigpotentialconstraint
on core-collapsesuperneae: their gravitational radiationsig-
natures.Massve stars(ZAMS mass> 8 M ) developdegen-
eratecoresin the nal stage®f nuclearburningandachiesethe
Chandrasekhanass.Gravitational collapseensuesleadingto
dynamicalcompressiorto nucleardensities,subsequentore
bounce,and hydrodynamicalshock wave generation. These
phenomen#volve large massest high velocities( c¢c=4) and

greataccelerationsSuchdynamicsjf only slightly aspherical,
will leadto copiousgravitationalwave emissionand,arguably
to one of the mostdistinctive featuresof core-collapsesuper
novae.Thegravitationalwaveformsandassociatedpectrabear
thedirectstampof the hydrodynamicsandrotationof the core
and speakvolumesaboutinternal supernea evolution. Fur-
thermore they provide datathat complemenitemporallyand
spectrally)thosefrom the neutrinopulse(which alsooriginates
from the core),enhancinghe diagnostigpotentialof each.

As the current generationof gravitational wave detectors
comeson line, gravitational wave astronomymight soon be
ableto shedlight onthe supern@a phenomenonGravitational
waves coupleso weakly to matterthat they propagatealmost
undistortedrom their sourcein the ultra-densecollapsingand
reboundingstellarcoreto detectordike LIGO (Gustafsoretal.
1999),VIRGO (Punturo2003),GEO600(Willk e etal. 2002),
andTAMA (Andoetal. 2001)on Earth.No otherphysicalsig-
nal, apartfrom neutrinos cangive comparabléli ve” dynami-
cal dataof a star’s death.However, thereis a majorcaveat:in
orderfor gravitational wavesto be emittedthe collapsingcore
musthave a sizableandrapidly varyingasphericitysincegrav-
itationalradiationis of quadrupolenature(Misner, Thorne,and
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Wheelerl973).

Fortunately asastronomicabbsenationshave shovn, most
starsrotate (Fukuda1982; Heger et al. 2003). Rotationcan
resultin large asphericityat and aroundbounceand, hence,
provideshopethatthe emissionof gravitationalradiationfrom
stellarcorecollapsecanbesigni cant. FurthermoreRayleigh-
Taylor-like corvectionin the protoneutrorstar the aspherical
emissionof neutrinosandpost-bounceriaxial rotationalinsta-
bilities arealsopotentialsourcef gravitationalradiation.To-
getherthesephenomenawith their characteristicspectraland
temporalsignaturesmake core-collapsesupern@aepromising
andinterestinggeneratoref gravitationalradiation.

Early studiesof gravitational wave emissionfrom stellar
corecollapseusedeithersphericallysymmetricmodelsandap-
plied perturbationtechniquesto analyzethe gravitational ra-
diation (Turner and Wagoner1979; Seideland Moore 1987;
Seidel,Myra, andMoore 1987)or appliedsemi-analytianeth-
odsto the asphericaNewtoniancollapseof homogeneouand
inhomogeneousgyniformly-rotating,and degenerateellipsoids
(Shapiro1977; Saenzand Shapiro1978,1979,1981Moncrief
1979; Ipser and Managan1984). Subsequenstudieswere
basedon 2-D Newtonian hydrodynamiccore-collapsecalcu-
lations with rotationand varioussimple treatmentf the mi-
crophysics.Miuller andHillebrandt(1981)andMdller (1982)
performedalimited setof simulationswith a nite-temperature
equationof state(EOS)usinginitial modelsfrom stellarevolu-
tion calculationsanddid not treatthe neutrinophysics. Finn
andEvans(1990), Bonazzolaand Marck (1993), Yamadaand
Sato(1995)and Zwerger and Miller (1997) studiedthe grav-
itational wave signaturefrom collapsingn = 3 polytropeswith
asimpli ed equationof state,consistingof a polytropicanda
thermalpart. In all of the above studies rotationwasimposed
uponsphericallysymmetricinitial modelsby anarti cial rota-
tion law. ZwergerandMuiller (1997)performedthe mostcom-
prehensie sweepthroughvaluesof the rotation parameter ,
de ned by

_ Erot .

" jEgrad ’

whereE,« is the total rotationalkinetic enegy andEgyay is the
total gravitationalenegy. They alsovariedthe degreeof initial
differential rotation and usedself-consistentnitial modelsin
rotationalequilibrium,calculatedusingthe methodof Eriguchi
and Mdller (1985). Dimmelmeieret al. (2001a,b)extended
the aforementionedtudy to general-relatiistic gravity in the
conformally- at limit.
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Moénchmeyer et al. (1991) accountedfor electroncapture
on protons and employed an approximateneutrino leakage
scheme. Their limited set of detailed2-D calculationsused
rotationally non-equilibriuminitial modelsfrom stellar evolu-
tion calculationsanda nite-temperatureEOS(Hillebrandtand
Wolff 1985).Usingasmoothparticlehydrodynamicgodewith
aneutrinodiffusionschemendthe Lattimer SwestyEOS(Lat-
timerandSwesty1991),FryerandHeger(2000)performed2-D
rotatingcollapsesimulations.Fryer, Holz, andHughes (2002)
followedthis up by computingthe correspondingyravitational
wave signature.

In a recentNewtonian study Kotake, Yamada,and Sato
(2003)usedan EOSbasedn therelatiistic mean eld theory
(Sheretal. 1998).They tookelectroncapturento accountand
madeuseof aleakageschemdor simpli ed neutrinotransport.

They performeda limited setof calculationghatemployedre-
alistic15M ZAMS progenitormodelsof Woosley andWeaver
(1995)ontowhichthey imposedrotationby rotationlaws sim-
ilar to thoseof Monchmeyeretal. (1991).

While mostof the above studieswere primarily concerned
with thegravitationalwave signaturesiueto corebouncdtself,
othershave highlightedthe gravitational wave signaturesrom
later stagesof supernea evolution anddueto otherphenom-
ena. Epstein(1978), Burrows and Hayes(1996), and Miller
andJanka(1997)exploredthe gravitational wave signatureof
anisotropicneutrinoemission.Burrows andHayes(1996)and
Miiller andJanka(1997)studiedasphericatornvective motion
behindthe shockandin the protoneutrorstar Rampp,Miller,
andRuffert (1998),Brown (2001),Centrellaet al. (2001),and
ShibataKarino and Eriguchi (2002,2003)nvestigatedriaxial
instabilitiesin the quickly spinningneutronstarremnantNew
2003).

In thispaperwe presentheresultsfrom our 2-D axisymmet-
ric purely hydrodynamicakimulationsof rotating stellarcore
collapse performedwith thecodeVULCAN/2D (Livne 1993).
For this study we usedthe11,15and20M progenitormod-
elsof Woosley andWeaver (1995). We imposedrotationusing
thesameprescriptionemployedby ZwergerandMiuller (1997)
and Dimmelmeier Font, andMuller (2002b). In addition,we
usedthe recentrotating progenitormodelsof Heger, Langer,
andWoosley (2000)andHegeret al. (2003). The latterare 1-
D calculationghatemploy a prescriptionfor angularmomen-
tum transportand masslossin the evolving massve star but
do not include the back-reactiorof centrifugaleffects on the
dynamicsafter carbonburning. All of our calculationsgxcept
for the comparisonstudiesto previous work, have madeuse
of the LattimerSwestyEOSin takular form (ThompsonBur-
rows,andPinto2003),aswell asrealisticprogenitorstructures.
We have not includedary approximatetreatmentof electron
captureand neutrinotransportsince theseschemeqe.g., the
leakageschemausedin Kotake, Yamadaand Sato2003)only
crudelyapproximatdull neutrinotransport.

In 82, we review the progenitormodelsuite we have relied
upon. Section3 summarizeghe initial modelrotationallaw
thatwe usedto setmodelsinto rotation. In 84, we provide an
overview of our implementatiorof VULCAN/2D anddiscuss
thetwo differentequation®f staterealisticandpolytropic,that
we have used.Sectiond.3dealswith our methodfor theextrac-
tion of the gravitationalwave signaturdrom the hydrodynamic
data. Section5 coversour calculationswith polytropic mod-
els and polytropic equationsof state. Theseare provided and
comparedvith previouswork in orderto validatethe methods
and codeswe have employed. In 86, our resultswith more
realistic progenitorsand a more detailedequationof stateare
presentecand comparedwith thoseof previous studies. We
discusgthe hydrodynamicof rotatingcollapse the generation
of vortices, the dampingeffect of a stalled shockwave, and
the excitation of | = 2 pulsations,aswell asthe signaturesof
thesehydrodynamicfeaturesin the gravitational wave pulse.
Importantly we provide modelgravitational wave spectraand
estimatethe detectabilityof thesesignalsin the LIGO detector
(Gustafsoretal. 1999).We verify the two majortypesof wave
forms and post-bouncébehaiors originally identi ed by Zw-
ergerandMuiller (1997)thatdependupontheinitial rotational
enepgy andthedegreeof differentialrotation. Moreover, we de-
rivetheprogenitormodeldependencef thegravitiationalwave



signaturesin 87, we discusgheangularvelocity pro les asso-
ciatedwith a subsebf the modelswe have studied,identifying
in particularthe maximumspinrateandthe magnitudeandpo-
sition of themaximunmrotationalsheathatresultfrom collapse.
Section8 providesbotha context in which to discusghedetec-
tion of the gravitational wave signaturesof collapseand esti-
matesof their detectabilityin the galaxy In 89, we summarize
our conclusionsconcerningthe genericfeaturesof the gravi-
tationalwave signatureof core-collapsesupern@ae. A major
goalof our studyis theillumination of theimportanceof using
realistic progenitorsand equationsof statewhenderiving and
analyzingthe gravitationalwave formsandspectrarom super
novaexplosions.Signaltemplatesierivedusingpolytropesand
apolytropicEOScandeviate signi cantly from thoseobtained
usingmorerealisticassumptionandstartingpoints. A further
goal of our studyis the derivation of the systematicvariation
with the degreeof initial rotationof asupernea's gravitational
wave form andits spectrum.

2. PROGENITOR MODELS

Sincethis studyis concerneavith the gravitationalwave sig-
nal originatingfrom the highly dynamicalasphericabulk mass
motionsat corecollapseandbounceanddoesnotaimatthe so-
lution of the full supern@a problem,it is sensibleto restrict
our simulationsto the modeling of the centralrotating iron
core whosehydrodynamicalollapseand bounceis believed
to yield thedominantcontributionto the gravitationalwave en-
ergy emittedduring the supern@a phenomenonA simpleap-
proachfor constructingorogenitordatausedin mary previous
studiesis to approximatethe iron core asan ultra-relatvistic,
electron-dgenerateChandrasekharorewith a centraldensity
of 10'° g cnr 3 andanelectronnumberfraction(Ye) of 0.5. The
equationof statefor sucha coreis then polytropic with a
of 4/3 (n = 3) anda polytropic constantk given by eq. (10)
(Shapiroand Teukolsky 1983). We have madeuseof this ap-
proximationin conjunctionwith the hybrid equationof state
describedn 84.1to shaw thatour numericalmodelyieldsre-
sultsthatmatchthoseof ZwergerandMiller (1997).

However, natureis not this simple and detailedstellar evo-
lution calculations(Woosley, Heger, and Wearer 2002) have
shavn thattheiron coresof evolved massve starsarenot per
fect polytropes. Rather they have a complicatedthermody-
namic and compositionalstructure. Fig. 1 depictsthe differ-
encesbetweenthe densitypro les of progenitormodelsfrom
Woosley andWeaver (1995)andthedensitypro le of thepoly-
trope usedby Zwerger and Miller (1997). In Fig. 2, we
shawv the pro les of the electronfraction (Yg) of the Woosley
andWeaver (1995)progenitorsandcontrasthemwith the at
Y. = 0:5 pro le of theZwergerandMdiller polytrope.

For our study we have used11, 15, and20 M presuper
nova modelsfrom Woosley and Wearer (1995). As Figure 1
demonstrateshe pre-collapsecore densityand Ye pro les of
theWoosley andWeaver (1995)25and20M  modelsarevery
similar. Thetemperaturgro les alsomatch. Thus,onewould
expectvery similar collapsedynamicsand gravitational wave
signaturesA testcalculationwith the25M progenitorbears
outthis expectation(Table5).

3. ROTATION

3

Rotationis akey agentin thedevelopmenbf asphericitydur-
ing corecollapseand,hence for the emissionof gravitational
radiation. Dependingon theinitial rotationrateandthe angu-
lar momentundistribution, conserationof angulamomentum
may leadto very rapidly rotatingcompactremnantsyhich are
unstableon seculay or even dynamical timescales.In the ap-
proximationof MacLaurinspheroidgincompressibleyniform
density rigidly rotatingequilibriumcon gurations),triaxial in-
stabilitiesmay grow if 0:14 and 0:27 for secularand
dynamicalinstabilities,respectiely (Tassoull978). Recently
Centrellaet al. (2001)have shavn thatmodelswith off-center
densitymaxima(i.e. with a toroidal structure)canalreadybe-
comedynamicallyunstableat valuesof 0:14. However, the
critical s requiredfor either secularor dynamicalinstability
werederivedin thepastusingeitherconstant-densitynodelsor
very compactcoreswhosedeviation from uniform densitywas
modest. Recently Shibata,Karino and Eriguchi (2003) have
shown that rotating polytropeswith centrally locateddensity
maximacan becomedynamicallyunstableeven for  on the
orderof 1% if they arestronglydifferentiallyrotating. In this
paper we calculatethetotal sfor anentirerealisticiron core
with alargedynamicrangeof densitieq eightordersof mag-
nitude). Thisis notthe for only theinner, moreuniform, core.
Theouterregionsof realisticiron coresdo notmove muchdur-
ing the crucialdynamicalphase®f theinnercoreimportantfor
the estimationof the gravitationalwave signature Importantly,
theactualcritical snecessarfor triaxial deformatiorhaveyet
to be determinedor suchstructures.To our knowledge all in-
vestigationgo dateof the growth of triaxial instabilitieshave
lacked eitherrealisticinitial modelsor sophisticategquations
of state.Thesdimitationsshouldbekeptin mind whenassess-
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"“subnucleabounce”).A critical conditionfor thesta-
bilizing effect of rotationon (pseudo-yadialmodesof starsin
the Newtonianregimeis

- _2(2-5),
cnt—3(1_2 )u (2)
where is the effective adiabaticindex that describesthe

changeof pressurealonga collapsetrajectoryof a givenmass
element:
_@nP

&, ©)

(Ledoux1945;Tohline1984;Monchmeyeretal. 1991).Hence,
for agivenprogenitorstructureandequatiorof statewith anef-
fectiveadiabatiandex , thereis acritical valueof therotation
parameteabove which the con gurationis stableagainstcol-
lapse:

o _1(4-3),
Crlt_§(5_3 )

(4)

It is known that massie starson the main sequenceo-
tate rapidly, with typical equatorial rotational velocities of

200 km s! (Fukuda1982). This is a signi cant fraction
of their breakupvelocity. Unfortunately since obsenations
of the stellar surfacetell us little aboutthe angularmomen-
tum of the stellar interior (or its evolution), one hasto rely
on parametedependentsemi-phenomenologicakescriptions



4

to follow thesequantitiesnumerically Heger, Langer, and

Woosley (2000) have built uponthe one-dimensionatalcula-
tionsof Woosley andWeaver (1995)andincorporatea prescrip-
tion for angularmomentumtransport. We includein our pro-

genitor model suite their “rotating” 15 and20 M progenitor
models. Heger et al. (2003) have extendedthe work of Heger

etal. (2002)by theinclusionof the effectsof magneticdorques
onrotationalevolution andprovide correspondingoresfor 15,

20and25M models.Tablel listsall thepresupernegamodels
we have employedin this study Sincethe gravitational wave

signaturds sensitve to the distribution of angularmomentum
throughoutheiron core,gravitationalwavesmayeventuallybe

usedto learnaboutthe interior rotationalstructureof massie

stars.

We have usedtwo differentapproacheso includerotationin
our calculations First,we follow ZwergerandMiiller (1997)in
forcing the one-dimensionainitial modelsto rotatewith con-
stantangularvelocity on cylinders on our axisymmetricgrid
accordingto therotationlaw

r
(N= o 1+ A ; (5)
where (r) is the angularvelocity, r is the distancefrom the
rotationaxis,and ¢ andA arefree parametershatdetermine
the rotationalspeed/engy of the model and the distribution
of angularmomentum. Large valuesof A leadto very rigid
rotation,smallvaluesto stronglydifferentialrotation. Our pa-
rameterstudiesareperformedover arangeof ; andA, where
i istheinitial of the model. Thechoicesfor ; andA were
basediponcurrentknowledgeof iron corerotation,but exclude
stronglydifferentialrotation(Hegeretal. 2003;Heger,Langer,
andWoosley 2000). Note that therehasbeensomeconfusion
in the literatureconcerninghe meaningof r in eq. 5. Ménch-
meyer et al. (1991) andKotake, Yamadaand Sato(2003)in-
terpreted asradialdistancefrom theorigin, whereasZzwerger
andMdiller (1997)andDimmelmeier Font,andMiller (2002b)
understoodt asdistancefrom the rotationaxis. We follow the
latterde nition of r asit accordswith thePoincaré-Vevre theo-
remwhich predictsthatthe speci ¢ angularmomenturris con-
stanton cylindersfor degenerateotatingobjects(for a review
seeTassoull978).

We name our runs accordingto the following corven-
tion; [initial model name]A[in km] i[in %]. For example,
s11A1000 0.3is aWooslegy andWeaver (1995)11 M  model
with A=1000km andaninitial ; of 0.3%.

In contrastto Zwerger and Miller (1997), we do not use
rotationalequilibrium con gurations, sincethesecanonly be
found consistentlyfor modelswith constantentropy and Y,
(Hachisu1986a). For direct comparisonswith Zwerger and
Muller (1997)we usedmodelswith smallinitial rotationrates
( i) in which theinitial deformationdueto rotationwould be
negligible. ZwergerandMuller (1997)found a maximumdif-
ferenceof 10%in the centraldensitiesat bouncefor a strongly
rotating model evolved with and one evolved without an ini-
tial rotationalequilibrium con guration. Sincethe progenitor
modelswith ; > 1% tendnotto collapse( i > i, if noth-
ing arti cial is doneto alter their structure),we have limited
our studyto modelswith ;  1%. Hence we expecttheerror
thatis introducedby the non-equilibriumrotationalcon gura-
tion at the onsetof collapseto be very smalland,in the worst
caseto beontheorderof afew percent.In additionto this, we

point out thatZwergerandMdiller (1997)arguethatthe useof
non-equilibriummodelsis justi ed if the stellarcorecollapses
slowly enoughto allow for the adjustmento the appropriate
angulardensitystrati cation for its rateof rotation. Thisis cer
tainly thecasefor ourmodelswhichall collapseonatimescale
ontheorderof 100-500milliseconds(ms).

Secondlywe have madeuseof therecentpresuperngamod-
els of Heger, Langer, and Woosley (2000) and Heger et al.
(2003)that,thoughthey areintrinsically one-dimensionatake
into accountheeffectsof centrifugalforcesonthestellarstruc-
turebeforecarbonburningends.Furthermoreredistritution of
angularmomentumand chemicalspeciesvere modeledusing
a set of prescriptionsand assumptiongor mixing and trans-
port processeslin particular all torqueswereassumedo lead
to rigid rotationon somephysicaltimescale(Fryer and Heger
2000). The “magnetic” modelsof Heger et al. (2003)assume
a magneticdynamoprocesghat generateselds which inhibit
differentialrotationandleadto slower corerotationat collapse.

In Fig. 3, the pro les for selectednodelsof theinitial angu-
lar velocity versusradiusareshovn. Note thatthe differences
dueto differentprogenitormassesrenegligible comparedvith
the orderof-magnitudedifferencesntroducedby theinclusion
of magnetic- eld effectsduring stellar evolution. One should
be cautious however, in acceptingheseresultssinceresearch
on stellarevolution with rotationis still in its infangy.

4. NUMERICAL TECHNIQUES
4.1. Equationsof State

For all our calculationsinvolving realistic progenitormod-
els we have made use of the equationof stateof Lattimer
and Swesty (1991) (the LSEQS). It is basedon the nite-
temperaturdiquid drop modelof nucleidevelopedin Lattimer
et al. (1985). Our particularimplementationis the one pre-
sentedin Thompson,Burrows, and Pinto (2003) that usesa
three-dimensionatable in temperaturgT), density( ), and
Ye. At eachpointin thetablethe speci c internalenegy, the
pressurdP), the entropy perbaryon(s), andcompositionalin-
formationare stored. Using integer arithmeticto nd nearest
neighborpointsfor a givensetof ; T;Ye, the needfor time-
consumingsearchalgorithmshasbeeneliminated. Given ; T
andYe, the codeperformsthree six-point bivariantinterpola-
tionsin the T - planesnearesto and braclketing the given
Ye point. A quadraticinterpolationis then executedbetween
Y. pointsto obtainthe desiredthermodynamiguantity Since
our hydrodynamiaoutineupdatesspeci c internalenegy, we
employ a Newton-Raphson/bisectiosthemewhich iterateson
temperaturata x edinternalenegy until therootis foundto
within apartin 108

The LSEOSextendsdown to only 5 10° g cnv® and
its validity in this densityregime is guaranteeanly for fairly
high temperatureswhere the assumptionof nuclear statisti-
cal equilibrium (NSE) still holds. For calculationsinvolving
lower densities,Thompson,Burrows, and Pinto (2003) have
coupledthe LSEOSto theHelmholtzEOS(TimmesandArnett
1999; Timmesand Swesty2000),which containselectronsand
positronsat arbitrarydegeneray andrelativity, photonsnuclei
andnucleonsasnon-relatvistic idealgasesand Coulombcor-
rections.



To facilitatethe comparisorof our resultswith thoseof Zw-
erger and Muller (1997) and Dimmelmeier Font, and Miiller
(2002b),we have implementedhe “hybrid” equationof state
usedin thosestudiesof collapsing =4=3 (n = 3) polytropes
(JankaZwerger, andMonchmeyer 1993). 1t consistf a poly-
tropic partP, andathermalcontribution Py,

P=Py+Pn: (6)
Thethermalpartaccountdor thethermalpressuref the high-
entropy materialheatedoy the bounceshockandis givenby

Pin=( th- 1)Un; (1)
where , is setto 1.5. Thethermalenegy densityuy, is given
by thetotal enegy densityu throughtherelation

U= Up+Uth; (8)
whereu,, is theenegy densityof the degeneratelectrongas.

Thepolytropicpart

Po=K 9)
re ectsthepressureontributionsdueto thedegenerateandrel-
ativistic electronsand (in the regime of nucleardensity)the
repulsize actionof nuclearforces. The polytropic constantis
initially setto

3 2=3 Y,

4=3
K=7 3 he e 712435 10*°Ys=cgs;  (10)

whereY, is the electronnumberfraction andthe otherquanti-
tieshave their usualmeaning(Shapiroand Teukolsky 1983).
is chosento be 1.32to initiate the collapseof the n = 3 poly-
trope.Ye is setto 0:5. To mimic thestiffeningof theequatiorof
stateat nucleardensity(setto ,c=2:0 10" gcm3), isfor
nuc Setto 2:5 andK is modi ed by therequiremenbf con-
tinuity of thethermodynamiwariablesat . (JankaZwerger,
andMénchmeyer 1993).

4.2. Hydrodynamics VULCAN/2D

Our simulationswere performedwith the Newtonian two-
dimensional nite-v olume hydrodynamiccode VULCAN/2D
developedby Eli Livne (Livne 1993). VULCAN/2D usesa
scalarvon Neumann-Richtmyearti cial viscosity scheméor
shock handling. The hydrodynamicequationsare solved in
the Lagrangianformulation and the hydrodynamicaldataare
remappeaftereachtime stepontoa x edEuleriangrid. VUL-
CAN/2D can be run in implicit or explicit time integration
mode. Sincewe are dealingwith supersonico ws, we use
VULCAN/2D in explicit mode.VULCAN/2D is second-order
accuraten time andspaceandhasbeenrigorouslytestedand
comparedwith one-dimensionalagrangianand Eulerianhy-
drodynamiccodes(Livne 1993).

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 outsidetheinner 10 km and
aninner Cartesiargrid (seeFig. 4). In this way we circumvent
severetime stepconstraintghatwould beimposedn theangu-
lar directionin the centralregion of a regular polar grid. The
pricewe payfor thisis the“horns” seenin Fig. 4 in thecentral
regionwhich areaconsequencef thedemandor continuityat
theboundarybetweerthe centralandthe outergrid.

For our productionruns we use 412 radial and 91 angu-
lar zones(includingthe centralregion), encompassin@500to
3000km in radial extent (dependingon the initial model)and
coveringthe full 180 degreesof the symmetrydomain. In our
comparisonaith Zwerger and Muller (1997), this resolution
hasbeenshavn to reproduceheir resultsto betterthan10%.

5
4.3. GravitationalWave Signatue Extractionand Waveforms

We have calculatedthe gravitationalwave eld in the slow-
motion,weak- eld quadrupolepproximatior(Misner, Thorne,
and Wheeler1973). The dimensionlesgravitational wave
strainhis

hiT (Dit) = * - —) (11)

where D = jDj is the distancebetweenthe obsener and the
sourceand
z

1
HIT=RWN)  d® xq- 2 i xnx™ (12)

3

is the trans\erse-tracelesgart of the reducedCartesiarmass-
quadrupoleensor B j(N) (with N = D=D) is the trans\erse-
tracelesgTT) projectionoperatorontothe planeorthogonalo
the outgoingwave directionN andis of theform:

Rik(N) = (k- NiNQ( ji- NjNp)
- %( ij= NiN)( k- NN (13)

Direct applicationof eq. (11) (known in theliteratureasthe
“standardquadrupoldormula” (SQF))in anumerical uid dy-
namicscalculationis problematic,since numericallytrouble-
somesecondime derivativesof thequadrupolenomentarein-
volved andthe momentarm emphasizesontributionsof low-
densitymaterialfar from the centralregions (Finn and Evans
1990).

Using the Euler equationsof inviscid hydrodynamicsFinn
andEvans(1990),NakamuraandOoharg(1989),andBlanchet,
Damour and Schafer (1990) derived formulations of the
quadrupoleformula involving either only onetime derivative
andeasiey moretractable spatialderivativesor spatialderiva-
tives of the hydrodynamicobsenablesexclusively. We use
theformulationof NakamuraandOohara1989)andBlanchet,
Damour andSchafen(1990):

G

hiTT(D t) |]k| (N)

d®x 2vkv'—xk@ -X@ ; (14)

where istheNewtoniangravitationalpotential, isthemass-

density andv thevelocity.

For our 2-dimensionabxisymmetriccalculationsit is useful
to rewrite the full gravitational radiation eld in termsof the
“pure-spintensorharmonics"'l'lJE2Im and'l'i'fz;Im (Thorne1980;
Monchmeyeretal. 1991):

T 1% X
My G =5

1=2 me=- 1

AR DITE( )+
AR T ) ¢ as)

Thecoefcients AE2 andAM? representhe massquadrupole
andthemass-currenuadrupolecontritutions,respectiely. In
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the quadrupoleapproximation higherorderas well as mass-
currentcontributionsareneglectedanddueto theassumptiorof

axisymmetryonly onenon-vanishingtermremainsin eq. (15),

namelyAS2. By comparingeq. (14) with thelowest-ordeterm
of eq. (15), Monchmeyeretal. (1991)write A5Z in termsof the
hydrodynamiovariables:

zz

16 6™ 1
ASS = p— r’d dr
20 15 C4 1o

h
V(3 2 DH@-3 )V buy 1- 2
I
-r@ (3 %-1)+3@

P 1- 2, (16)
where =cos andv;, v, andv arethe component®f the
velocity vectorin ther, , and directions. Furthermore,
@= @@ and@ = @@. Thecomponent®f theapproximate
gravitational wave eld h'" arethengiven by (Thorne 1980;
Ménchmeeretal. 1991):

r

=l Bge A0
D
where is the anglebetweenthe symmetryaxis andthe line

of sight of the obsener. The only other nonzerocomponent
ish™ =-hTT =-h,. h equalszero,dueto the assumption
of axisymmetry h, andh arethe dimensionlessvave strains
correspondingo thetwo independenpolarizationsof thegrav-
itationalradiation eld (Misner, Thorne,andWheelerl973).

h. 17)

Thetotal gravitationalenegy radiatedovertime s givenby
C3 Z 1 dAEg 2
32G ., dt

Ecw = dt: (18)

As analternatve to egs.(16) and(17), we alsoimplemented
the® rst momentof momentumdivergence”formula of Finn
andEvans(1990)(eq. 38 of their paper):

z z
dt,, 4 1 1

— 3
@ - 3 _1d . drr
Pa( )Vr"'%@é@( )v ; (19)

whereP,( ) is the secondLegendrepolynomialin  and# ,;
is the zz-componenof the reducedmass-quadrupolnoment
tensor Thegravitationalwave strainis thenobtainedthrough

2
hTT:%sinz @,

a2z . (20)

4.3.1. Enegy Specta

Writing A3 in eq. (18) in termsof theinverseFouriertrans-
form Z,

A= Ag(fe? Mdt (21)
-1
andafterseveralalgebraicstepswe obtain:
dE(f) _c3 (2 f)? 2
SUPLAE A @22)
in termsof the Fouriertraﬂsform
1
5= ARS(t)e? 'Mdf: (23)
-1

Thetotalradiatedenepy is thenobtainedrom theintegral over
theenegy spectrum 7
b dE(f)
Eow = Tdf ; (24)
0
which shouldbeidenticalto theresultobtainedfrom eq.(18).

We have implementedkq. (22) usingthe FastFourier Trans-
form (FFT) technique(Presset al. 1992). Sincethe wave am-
plitudeis calculatedat unequatime intervalsdueto variations
in the time step,we rst interpolatethe dataonto an evenly-
spacedemporalgrid beforeapplyingthe FFT. We have veri ed
thatthe valueof Eqw obtainedusingeq. (18) is alwayswithin
afew percentof thatobtainedusingeq. (24).

5. METHOD VALIDATION - POLY TROPES

Table2 summarizeshe resultsof our comparisonsvith the
work of Zwerger and Miller (1997), who usedsimplen =3
polytropesandthe hybrid EOSdiscussedn §4.1. Our results
matchthoseof ZwergerandMdller (1997)in densityatbounce
( may, Maximum gravitational wave amplitude (A53 ma) and
total gravitational wave enegy (Egw), in most casesto bet-
ter than 10%. The largestdifferencein maximumadensityis
22% andis foundin model A500 0.9 (ZwergerandMdiller's
A3B3G2). However, Dimmelmeier Font, andMduller (2002b)
performeda similar comparisorstudywith their codeandob-
tainedfor this modela densityat bouncemuchcloserto ours.
As to Egw, our modelsgenerallyyield largervaluesthanthose
of Zwerger and Muller (1997), since ours were evolved for
longerperiodsof time afterbouncethustrackinga greatempart
of the post-bounceasphericamotionof thecompactremnant.

Using the publicly available dataof the Newtonian runs of
Dimmelmeier Font,andMuller (2002b)we nd thatourwave-
forms matchperfectlyup to bounceandthenstartto exhibit a
slightshiftin post-bouncenaxima,minimaandperiods.We at-
tributethesedifferencesn partto thefactthatour arti cial vis-
cosityschemdor hydrodynamishockcapturdeadsto slightly
greaterarti cial dampingthanthe pieceavise parabolicmethod
(PPM)usedin the cited work andto our simulationon the full
180 domain.

6. RESULTS USING REALISTIC PROGENITOR MODELS

Collapsedynamicsof rotatingsupern@aprogenitords gov-
ernedby threemajor forces: gravity, pressuregradients,and
centrifugalforces.In the canonicaimodelof non-rotatingcore
collapse,photo-dissociatiorof iron peaknuclei and electron
captureon nuclei and free protonsinitiate core collapse. As
corecollapseprogressesan almosthomologously(v/ r) col-
lapsing centralregion, the inner core, forms, while the outer
corecollapsesupersonicallyWith increasingdensity electron
captureratesgrow until a densityof about3 102 gcm 3 is
reachedat which time the matterbecome®paqueto the elec-
tron captureneutrinoswhich arethentrappedin the core. As
nucleardensityis approachedjuclearrepulsveforcesleadto a
sudderstiffening of the equationof state,initiating the bounce
of theinnercoreandthesubsequendutwardpropagatiorof the
bounceshock.

Whenrotationis 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(oblatenesspf the core



and bounceat slightly lower maximumdensitiesor - if there
is a greatamountof angularmomentum- major, resultingin

“zzlers” with large deformationsand slower bouncesat sub-
nucleardensitiegShapiroandLightman1976; Tohline 1984).
Ménchmeyeretal. (1991)give adetaileddescriptiorof the hy-
drodynamicf rotationalcorecollapse.Sincethis paperis pri-

marily concernedwith the gravitationalwave signatureof core
collapsejn thefollowing we provide only brief descriptionf

the mostsalientfeaturesof the hydrodynamics.

6.1. HydrodynamicaEvolutionand
GravitationalWave Signatue

We separat@ur modelsinto two types.Typel encompasses
thosemodelsthat experiencecore bouncepredominantlydue
to the stiffening of the nuclearequationof stateat or above nu-
cleardensitiesandtype Il comprisesmodelsthat bouncedue
to centrifugalforces. We referto thosemodelsthat experience
signi cant centrifugalforces,but still bounceat or closeto nu-
cleardensitiesastypel/ll. We show thattypesl andll havedis-
tinctive and characteristigravitational wave signaturesyhile
the wave signatureof antype I/ll exhibits a mixture of typel
andtypell features.ZwergerandMuller (1997)introduceda
similar classi cationscheme We, however, do not seethe be-
havior whichthey call typelll sinceits occurencés connected
with verylow effective sandextremelyrapidcollapseiwhich
noneof our modelsshows.

We rst presenthe systematicwith ; thatwe have found
for the s15modelfrom Woosley and Wearer (1995) with the
parameterA of the rotationlaw (eq. 5) setto 1000km. ¢
is adjustedto yield the wantedvalueof ;. Recallthatour
is calculatedfor the entireiron corewith its mary decade®f
density andnot just for the inner or homologouslycollapsing
region. In 86.2and86.3we discusshe differencesntroduced
by differentchoicesfor A andinitial model. Finally, in §6.4,
we presenthe resultswe obtainedfrom corecollapsecalcula-
tionswith the rotating progenitormodelsfrom Heger, Langer,
andWoosley (2000)andHegeretal. (2003).

Type |I: Models of type | rotateso slowly that centrifugal
forcesarenot ableto stopcollapsebeforenucleardensitiesare
reached.The centralregion of the stellarcore plungesdeeply
into the potentialwell andquickly andsigni cantly overshoots
to supranucleadensitiesbeforeits infall velocitiesarereversed
on a timescaleof lessthan a millisecond by the solid-wall-
like action of the repulsive nuclearforces. As in nonrotating
models a strongshockformsat the boundarybetweerthe sub-
sonicallycollapsinginnercoreandthe supersonicallynfalling
outermantle.

Due to angularmomentumconseration and, hence, the
growing in uence of centrifugalforceswith increasingcom-
pactnesshecorebouncds notsphericallysymmetric but hap-
pens rst and most strongly at the poles. Hence,the strong
bounceshockis asphericalpropagatindasteralongthe poles.

In type |l models,theinitial oblatenessf the coreat bounce
becomesan oblate-prolatel = 2) oscillation,accompaniedy
higherorder modes,in addition to the already presentpost-
bounceradial “ringing” of the compactremnant. This is seen
in Fig. 5, which shavs theinnermos200km by 200km of the
collapsedcore of models15A1000 0.2 (type I). Shortly after
bounceand after the shockwave is launched the core oscil-
lateswildly in a superpositiorof modesthat are dampedon
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timescalesof milliseconds,since oscillation leadsto dissipa-
tion by the periodicemissionof strongsoundwaves. As Fig. 5
indicates,the amplitudeof the | = 2 deformationhasdecayed
considerablyl3 msafterbounce atwhich time predominantly
vorticalandincoherentnotionshave emegedto dominate.

Figure 6 portraysthe evolution of the maximumdensityof
the s15A1000model serieswith A=1000 km. Plotted with
a dashedline is the evolution of the maximum density of a
nonrotatingmodel. The modelswith ;=0.10%and ;=0.20%
bounceat or very closeto nucleardensity and exhibit type |
model behaior. The {=0.30% model, hawever, though ex-
periencingbounceat aboutnucleardensity exhibits one cy-
cle of pronouncedarge-scalecoherentradial expansionand
re-contractionfollowed by a second put wealer bounceafter
which the volume modeis quickly dampeddueto the forma-
tion of a secondshockwave. We referin the following to this
cycle of expansionfe-contractiorandsecondarypounceasthe
“expansion-collapse-bowecycle’ It marksthe beginning of
thetransitionfrom typel to typell behaior with increasing ;.

The evolution of the rotationparameter = E;q=jEgraj, an
integral quantityanda global measureof the system s shavn
in Fig. 7. For modelsthatshav cleantype | behaior, namely
thosewith ; lessthan0.30%, (t) manifestsonly onenotable
post-bounceninimum,directly parallelingthe evolution of the
maxmiumdensity The rst transitionmodelwith =0.30%
reachesa thatis 30% higherat bounceandexhibits multiple
post-bounceninimaandmaximabeforereachingts nal value
of 6.37%,thelargestin thes15A1000modelseries.

We now focusonthecharacteristicsf thegravitationalwave
signatureof atype | modelandseehow the signaturechanges
with increasing . In the quadrupoleapproximationthat we
madein 84.3, the amplitudeof the gravitational wavesis di-
rectly connectedo the secondtime derivative of the reduced
mass-quadrupolenoment(t ,; eq. 12). Figures8a and 8b
shav theevolution of themaximumdensityandthe quadrupole
gravitational wave amplitudefor times shortly beforeand af-
ter bounceof the typical type | modelss15A1000 0.1 and
s15A1000 0.2. Fromthe way 1 ;; evolves,we candivide the
evolution of the wave signalinto 3 phasegMonchmeyer et al.
1991).

Phasdl (the“inf all phase”)coincideswith thehydrodynamic
collapsephase,andis marked by the acceleratedncrease(in
absolutevalue)of the quadrupolemomentasangularmomen-
tum consenration forcesthe collapsingcore to deviate more
andmorefrom sphericakymmetry Whenthe coreapproaches
bounce the increaseof jt ;4 decelerategi.e., the wave signal
becomesgyative) andeventuallyis reversednto adecreasef
j42z4, the smallercore size counteractinghe effect of the in-
creasingdensityon the quadrupolemoment. This marksthe
transitionto phase2 (the “bouncephase”). The wave signal
reachests absoluteminimum a fraction of a millisecondafter
core bounceandthenincreasesreachingpositive valuesdur-
ing the rst post-bouncéocal minimum of the centraldensity
As said, right beforeand during core bounce the increaseof
it z4 startedin phasel is dramaticallyreversed. Nevertheless,
the rst time dervative of + ,, reachegpositive valuesfor only a
shortperiodandt ,; itself remainsnegative throughoutthe en-
tire evolution, increasingagainin absolutevalueafter bounce.
Finally, phase3 (the “ring-down phase”)is characterizedy
smallamplitudeoscillationsof the wave signalthatre ect the
corering-down occurringin type | models.



The three phaseghat we describedin the precedingpara-
graphareeasily discerniblein Figs. 8aand8b. As centrifu-
gal forcesbecomeincreasinglysigni cant with larger ;, the
evolution of the maximumdensityand of the waveform itself
change Figure8c, depictingmodels15A1000 0.3,shows this
well. This modelundegoesonelarge post-bouncescillation,
an “expansion-collapse-bounaycle’ A second)essstrong,
bounceoccursandis re ectedin asecondoronouncedpike in
the waveform. Increasing ; to 0.40%changeghe dynamics
drasticallyto whatwe classifyastype Il behaior.

Typell : Modelsof typell experiencebouncesatsubnuclear
densitiescausedby centrifugalforces. Whereascore bounce
dueto repulsive nuclearforcesresultsin an abruptreversalof
the quasi-homologouslyollapsinginner core on a timescale
of lessthan 1 ms, a bouncedue to the action of centrifugal
forcesoccurson longer timescalesand with smalleracceler
ations. This canbe understoodrom the factthat rotationacts
approximatelhfikeagaswith a of 5/3(Tassoull978;Moénch-
meyeretal. 1991).Fig. 6 depictstheevolutionof themaximum
densityof modelswith jsfrom 0.0%to 1.00%.For ;>0:4%,
the modelsexhibit typell behaior.

With increasing i, thedensityatbouncedecreaseshemax-
ima becomemuchwider, andthe accelerationgrow smaller
The rotation-dominatedhighly asphericalbounceof type Il
modelshappenstlargerradii andcreatessinceit is muchless
abrupt,lessentropy and muchwealer bounceshocksthanin
type | models.After corebouncethe coreexpandscoherently
leadingto analmostorderof magnitudedropin the maximum
density This expansionis reversedwhen gravitational forces
againbegin to dominateover pressuregradientsand centrifu-
gal forces. In this way, the quickly spinningcore undegoes
several dampedexpansion-collapse-bounayclesuntil it set-
tlesinto anequilibriumcon guration. In fact,it actsmuchlike
a dampedharmonicoscillator with a Hamiltonian consisting
of radialkinetic, rotational,internal,andgravitational enepgies
(Mdnchmeyeretal. 1991).

Figures8d and 9a through9d depictthe time evolution of
themaximumdensityandof the quadrupoleyravitationalwave
amplitudefor the type Il modelsof the s15A1000model se-
ries. For thesemodels,the “ring-down” signatureseenin type
I modelsis replacedby the signatureof coherentexpansion-
collapse-bounceycles, manifestby wide peaksin the wave
signal. Model s15A1000 0.4 (Fig. 8d) still shows shorterpe-
riod substructuregriginatingfrom additionalnonsphericapul-
sationmodes but suchsubstructurdadesaway with larger ;.
The absolutevaluesof the gravitational wave amplitudepeaks
aresmallerthanthoseof type | models,sincedeceleratiorand
acceleratioroccuroverlongertimescalesThisis alsore ected
in thelongercharacteristiperiodsandin the lower character
istic frequencie®f the gravitationalwave signal.

The gravitationalwave enegy spectraleq. 22) for a charac-
teristic subsewf the s15A1000modelsare shovn in Fig. 10.
Sincethe gravitational wave luminosity goeswith the slopeof
the waveform, mostof the enepy is radiatedfor all modelsin
the spike connectedo the rst bounce.We associatehe dom-
inantfrequencie®f the gravitationalwave enegy spectrawith
this rst spike of thewaveform. In Table4, we summarizehe
resultsfrom all our calculationsinvolving the s15 progenitor
model. Tables3, 5 and6 containthe quantitatie resultsof cal-
culationsusingthes11lands20modelsof Woosley andWeaver
(1995)andthe modelsof Heger, Langer,and Woosley (2000)

andHegeretal. (2003).

The spectrunof s15A1000 0.2,which shavs type | beha-
ior, is dominatedby frequenciedetween300 Hz and 600 Hz
andpeaksat 460Hz. Most of the smallerpeaksareconnected
to the rst spike in the waveform during which 94% of theto-
tal gravitational wave enegy of this modelis radiated(Table
4). Thereis, however, a contribution by the radial and non-
radialring-down pulsationghathave characteristiperiodsof 2
- 2.5msin thismodel,translatingo frequencie®f 400-500Hz.
Thepeakat 700Hz andtheone-ordefof-magnitud-supressed
peakataboutl400Hz arehigherharmonicof lowerfrequengy
contritutions, aswell as higherfrequeny modesof the ring-
down oscillation. With increasing ; the spectrumshifts to
lower frequenciesand lower absolutevalues,peakingat 152
Hz ( {=0.40%),91Hz ( {=0.60%),and38Hz( ;=0.80%).Fur-
thermoreaprominentpeakatlow frequenciegin thisseriede-
ginningwith models15A1000 0.4) canbedirectly associated
with the oscillation frequeng of the post bounceexpansion-
collapse-bounceyclesseenin typell models.

As shawn in Fig. 10, the enegy spectraprovide an excel-
lent way to learnaboutoverall collapsedynamicsandclearly
exhibit the greatchangesroughtaboutby even moderatero-
tation. We now summarizethe mostimportantoverall char
acteristicsof the dynamicaltypes: Type| is characterizedby
bounceat supranucleadensitiesand exhibits a clear subdvi-
sioninto infall (1), bounce(2) andring-down phaseg3). The
gravitationalwave enegy spectraof type | modelspeakabove
350 Hz andthe integratedradiatedenegy achievesits maxi-
mum, reachingl0 8 M ¢? for the fastestrotatingmodel that
still bouncestsupranucleatlensity Ontheotherhand typell
modelsbounceat subnucleadensitiesdueto the in uence of
centrifugalforces, exhibit muchlongertimescalesand mani-
festseveralharmonicoscillatorlik e expansion-collapse-boupec
cycles.Theirspectrepeakatlowerfrequenciesandthetotal en-
ergiesradiatedare,for thefastestotators,oneto two ordersof
magnitudesmallerthanthosefor typel (seeTables3-6).

We mustpointoutthatthespeci ¢ valueof ; neededo pro-
duceagiventype(l or ) varieswith the degreeof differential
rotation and (more strongly) with the effective  (83), deter
minedby the equationof statein combinationwith the micro-
physicalprocessesccuringduring collapse(e.g. electroncap-
ture, leadingto a lower effective ). Moreover, the maximum
valueof ; neededo maintaintypel behaior, dependsnthe
effective througheq. (4). Notethatthe nal sachievedin
our calculationsareall belov 10%.

Since we have not included radiatve transfer our results
shouldbe consideredoreliminary Furthermore the collapse
will dependontherotationlaw usedandon generarelatistic
effects. Hence,we cannotsay thoughthe resultsof this study
suggestthata highenoughfor dynamicalor seculaiinstabil-
ity might notoccurduringrealisticstellarcorecollapse.

6.2. Variation with Degreeof Differential Rotation

We haveperformedcalculationswith threedifferentvaluesof
theparameteA of therotationlaw describedn §3. To achiese
rigid rotationthroughoutheentirecore,we setA to 50000km
in eq. 5 andto explore moderatedifferential rotation, we use
A=1000km and A=500 km. Figure 3 shavs a sampleof the
rotationlaws for differentvaluesof A.



In Fig. 11, we presentresultsfrom our study of the A de-
pendencef the gravitational wave signaturefor {=0.5%and
thesl5progenitor Generally asA is lowered,morerotational
enepgy is (for a x ed ;) movedinterior to A. Hence,the in-
uence of rotationon the collapsingcentralregionsis largerin
thosemodelswith smallerA andthe transitionfrom type| to
typell behaior occursfor smaller ;. Thisis illustratedin Fig.
11cwheremodels15A50000;0.5 still shavs type | behavior,
eventhoughmodelss15A1000ands15A500have transitioned
totypell. Thesameeffectis seenn Fig. 11a.Theenegy spec-
train Fig. 11bshow low-frequeny peaksat the frequencieof
the expansion-collapse-bowecyclesfor modelss15A500and
s15A1000while the spectrunof the s15A50000modelis still

typel.

As indicated,for larger valuesof A, i.e. for a morerigidly
rotatingcon guration,thevalueof ; mustbehigherfor typell
behavior to occur This shiftsto highervaluesthe jsrequired
for maximumgravitationalwave amplitudesand nal  s. This
A dependenceés genericandtranslatesnto correspondingpe-
havior for s11ands20progenitorgseeTables3, 4, and5).

6.3. Initial ModelComparisons

To investigatethe effect of changedn presupernea stellar
structureonthecollapsedynamicsand,ultimately, onthegrav-
itationalwave signaturewe have performedcalculationsusing
thes11,s15ands20progenitormodelsof Woosley andWeaver
(1995)at givenvaluesof A and ;. We chooseA=1000km and

i=0.5%for our progenitormodelcomparisons.

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, hasa
smallerinitial centraldensity a larger Ye, and a signi cantly
largeriron core,encompassingboutl.7M andreachingout
to 2200km (Tablel).

Figure 12 displaysthe evolution of the maximum density
of modelss11A1000 0.5,s15A1000 0.5,ands20A1000 0.5.
Thesl5modelreacheshehighestdensitiesandbounceglueto
centrifugalforces.After bouncethesl5coreexecutegshetyp-
ical dampedexpansion-collapse-bowe cycles,asdoesmodel
s11. However, models20,with a signi cantly differentinitial
structure reachedower densitiegshanthesl1lands15models
andexhibits shorterperiodsin its post-bouncescillations.Fur-
thermorejts post-bouncescillationsaremorequickly damped
by the proximity of its stalledshock.A shockactslike astrong
absorberof soundwaves. As a result, the characteristidime
for the purely hydrodynamicdampingof innercore oscilla-
tions is roughly the round-trip soundtravel time to the shock
radius. The larger this radius,the wealer the damping. The
2-dimensionaplots (Fig. 13) of the speci ¢ entrogy of model
s20A1000 0.3revealsomeof thedynamicsof thes20models.
As in sllands15modelswith rotation,theshockforms rst at
the polesandpropagatesut fasteralongthe rotationaxisthan
attheequator Thisis shovn in thetransitionfrom Fig. 13ato
Fig. 13b, in which the axisratio is almost2:1 andthe shock
hasa prolateshape Despitecentrifugalforces,Fig. 13cshovs
thatmattercan o w in atthe equator The bounceshockstalls,
but still executesscillationsin radius.We notethatequatorial
symmetryis clearly brokenin Fig. 13d. This emphasizeshe
importanceof including all 180 in an axisymmetricsimula-
tion.
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Figure 14 shows the waveforms of models s11A1000,
s15A1000,and s20A1000for ;=0.5%. Modelssllandsl15
exhibit cleartype Il behaior, with the variationin their wave
forms parallelingthat of their maximumdensities. The wave
form of thes20model,however, exhibits differentbehavior; the
stall of its bounceshockandsubsequerdccumulatiorof outer
core material onto the compactremnantintroduce additional
higherfrequeng componentsAs Fig. 15indicatesthisis also
re ectedin its gravitationalwave enegy spectrumwhich con-
tainsmorepower at higherfrequencies.

The bounceshockstallsin all our modelswith the s20pro-
genitor For larger ;, standardtype Il behaior is altered,
since the post-bounceexpansion-collapseyeles are strongly
dampedy thestalledshock.We pointoutthatto datetheeffect
of a stalledshockuponthe gravitational waves signaturefrom
rotatingstellarcollapsehasnot beendiscussedHowever, such
effectsmightbecommonfor core-collapssuperneae,sincein
realisticmodelsenegy losseglueto neutrinos atleastinitially
- leadgenericallyto stalledbounceshocks.

6.4. TheHeger Models

We have chosenthe e15ande20modelsof Heger, Langer,
andWoosley (2000)andthem15b4,m20b4,andm25b4models
of Hegeretal. (2003)for our studyof progenitorsvolvedwith
rotationandmagneticelds (83). Modelsfrom Heger,Langer,
andWooslegy (2000)thatendwith theletter'b' (with |  3%)
werenot used,sincethey undego expansionandnot collapse
oncemappedonto our two-dimensionabrid. We would have
hadto arti cially forcethesemodelgo collapseby alteringtheir
thermodynamicstructure. We have chosennot to do so and
postponethe investigationof the gravitational wave signature
from thesemodelsto future researctthatwill includedetailed
weakinteractionphysicsandneutrinotransport.

The collapse pounce andpost-bouncdehaior up to about
100msafterbounceof theel5model( ; = 0.645%)conforms
to typell behaior. Figurel6ashavstheevolution of themax-
imumdensityandthegravitationalwaveformof modele15and
Fig. 16b shaws the evolution of thesequantitiesfor model
s15A1000 0.7. Eventhoughthey experiencecore bounceat
the samedensity the period of the post-bouncescillationsof
modelel5is signi cantly shorterthanthat of the s15model.
Sinceshorteperiodsmeangreateraccelerationgheindividual
peaksof thewaveform,associateavith the rst andsubsequent
bouncesof the e15 model, are greaterthan thoseof the s15
model. The sameholdsfor theintegratedradiatedeneny.

As with the s20 model, the bounce shock of the el5
modelstalls,dampingthe type lI-lik e post-bouncexpansion-
collapse-bounceycles. Thisprocessntroducesighfrequeny
componenténto thewaveformand,thus,into the enegy spec-
trumof thegravitationalwave signal(Fig. 16d). Thee20model
hasa lower initial ; thanel5and similar total angularmo-
mentum. Hence,it reachesa larger densityat bounceandits
gravitationalwave enepgy spectrunpeaksat about193Hz (for
el5,it is 90 Hz). However, the overall behaior is similar and
the bounceshockof the e20modelalsostalls. The subsequent
infall of matteronto the inner coreis non-sphericalsee,for
example,Fig. 13andTable6).

The modelsm15b4,m20b4andm25b4have initial rotation
parameter ; = E;q=Egravj betweerD.002%and0.005%.These
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valuesof ; are muchsmallerthanthe oneswe investigated
with the modelsof Woosley and Weaver (1995). The effects
of rotation on the m-modelsare minimal and, as canbe seen
in Fig. 17 for modelsm15b4and m20b4(m25b4is similar),
the gravitational wave amplitudesfrom the bounceand ring-
down phasesareoneto two ordersof magnitudesmallerthan
thoseof ary s11/s15/s2@nodelwith {=0.1%(seeFig. 8). In
fact, asin the nonrotatingcasediscussedelow (86.5), most
of the gravitationalwave enengy is beingemittedby aspherical
corvective overturnafter bounce(Table 6) andthe spectraare
dominatedby the characteristidrequencief the corvective
motions(Burrows andHayes1996;Miiller andJankal997).

6.5. NonmwtatingModels

As calibration,we performedcalculationswithout rotation
with thes11,s15ands20progenitormodelsfrom Woosley and
Weaver (1995). Figure 18 shaws the evolution of the maxi-
mum densityandthe gravitational wave amplitudefor a non-
rotating s15 model. The negative spike in the gravitational
wave amplitudeassociatedvith core bounceexhibited by this
modelis abouttwo ordersof magnitudewealer thanthe one
seenfor modelswith slow rotation (Table 4). This is a con-
sequencef the much smallerreducedmass-quadrupoleno-
ment of this nonrotatingmodel, not deformedby centrifugal
forces. Eventhoughthe collapseproceedsspherically its re-
ducedmass-quadrupolenomentis initially not exactly zero,
sincesmall perturbationsntroducedby the numericalscheme
and by the mappingof the one-dimensiongbrogenitormodel
ontothe two-dimensionatomputationagrid give riseto some
initial asphericitywhich grows duringcollaps.

After core bouncecorvective instability leadsto aspherical
bulk massmotion in the centralregions, emitting small am-
plitude gravitational waves with frequenciesorrespondingo
the characteristidurnover periods. Sincethis type of gravita-
tional wave emissionis not connectedo the dynamicalevent
of corebounceiit lastsfor a prolongedinterval, andcaneven-
tually radiatemoreenegy thanthe dynamicaleventitself. The
characteristifrequencie®f thegravitationalradiationfrom the
overturningmotionsrangefrom 225Hz to 960Hz.

7. EVOLUTION OF THE ROTATION RATE

The evolution of the rotation parameter and the angular
velocity is of particularinterest,sincethey are connectedo
still unanswereduestionsn core-collapssupern@aephysics:
Whatis the periodof nevbornneutronstars?Canprotoneutron
starshecomedynamicallyor secularilyunstableto triaxial ro-
tationalmodes?

Our study is Newtonian and lacks a full treatmentof the
microphysicsinvolved. Eventhoughwe have includedreal-
istic presupernea modelsanda realisticequationof state,we
cannotclaim to provide nal answergo the abose questions.
Moreover, our calculationshave beendonein 2D, not 3D, and,
thus,arenot free of symmetryconstraints.Generalrelativistic
gravity would leadto morecompacicon gurationswith higher

s. Hence theresultspresentedn this sectionshouldbe seen
only asindicationsof the systematichehaior of the rotation
rate evolution andof the changesn the distribution of angular
velocity with total angularmomentum.

A look atFig. 7 andat Tables3, 4, and5 discloseghatthere
exists a maximumvalueof  at bouncefor a given progeni-
tor modelandvalueof A. Interestingly the maximum is not
reachedby the modelwith the maximum ;, but by a model
with someintermediatevalueof ; (in Fig. 7 thisis 0.40%).
atbounceis determinedy the subtleinterplaybetweerninitial
angularmomentundistribution, the equationof state centrifu-
gal forcesand gravity. The “optimal” con guration leadsto
the overall maximum at bouncefor a given ;. Moreover,
the modelyielding the maximum nal  is not necessarilfthe
modelyielding the maximum at bounce(seeFig. 7 andTa-
bles3-6).

Figure 19 shaws the nal angularvelocity distribution ver
susradiusat the equatorof the s15modelfor A=500 km and
A=50000km andfor avarietyof ;s. Aswith , overall the
angularvelocity increasesvith increasing ; until a maximum
is reached.It subsequentlgecreasewith the furtherincrease
of ;. Bothinitial settingsof A leadto strongly differential
rotationin the centralregions,while theinitially morerigidly
rotatingmodel (A=50000km, solid linesin Fig. 19) actually
yields larger post-bounceangularvelocity gradientsinside 30
km. Its equatorialelocity pro le peakff centerfor moderate

i at radii between6 and8 km. The initially more differen-
tially rotatingmodel(A=500km, dashedinesin Fig. 19) leads
to the highestcentralvaluesof the angularvelocity while its
angularvelocity pro le quickly dropsto low valuesandpracti-
cally rigid rotationfor ;  0.3%.Model s15A500 0.2results
in theshortestotationperiodnearthecenter{ 1.5ms). Model
s15A50000 0.5yields the shortesperiodof the A=50000km
model series( 1.85ms). The angularvelocity shearexte-
rior to the peakat 6-8 km exhibited by thesemodelshasalso
beenidenti ed in the one-dimensionadtudyof Akiyamaetal.
(2003). Theseauthorsconsidersuchsheatra possibledriver for
themagneto-rotationahstability (MRI), which couldbeagen-
eratorof strongmagneticelds.

Noneof our modelsdevelop off-centerdensitymaximafi.e.
becometoroidal) which could leadto dynamicalgrowth of an
azimuthalm=1 modeat > 14% as suggestedy Centrella
etal. (2001).ShibataKarino,andEriguchi(2003)have shavn
that strongly differentially rotating polytropeswith centrally
pealed densitypro les andEOS- above  4/3 canbecome
dynamicallyunstableo triaxial m=2 deformationgbarmodes)
for ontheorderof 1%. As seenin Fig. 19 anddiscussedn
the previous paragraphpur modelsexhibit strongdifferential
rotationinside the protoneutronstar However, it is impossi-
ble to judgewhetherthey arestableor unstableo triaxial rota-
tional instabilitiesin contet of Shibata,Karino, and Eriguchi
(2003), sincetheseprotoneutronstarsdiffer greatly from the
simple polytropic equilibrium modelsemployedin that study
Three-dimensionadimulationsemploying a nite-temperature
EOSandrealistic post-collapsenodelsare neededo address
thisissueconclusvely.

8. PROSPECTS FOR DETECTION

To assesthedetectabilityof the gravitationalwavesradiated
by our modelswe follow the discussionsn Abramovici et al.
(1992)andFlanagarandHugheq1998).For agivenfrequeng,
f, FlanagarandHughes(1998)de ne the characteristigravi-
tationalwave strain
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whereD is the distanceof the sourcefrom the detector(for
galacticsourceswe setthis equalto 10 kpc) anddE(f)=df is
thespectraknegy densityof thegravitationalradiationde ned
by eq. (22).

The matched- lter signal-to-noiseratio for a sourcethat
emitsat optimal orientationandpolarizationis givenby

VA 2
(NRona)? = d(nf) {2200

with the (single) detectorrms noisestrain hyms being de ned
asthe squareroot of frequeng timesthe detectomoisepower
spectraddensity

(26)

e F) = T(T): 27)

For two obsenatories averagingoverall anglesandbothpo-
larizations,andassuminga SNR of 5, the detectorburstsensi-
tivity is consideredo behsg' 11h,ms (Abramovici etal. 1992;
Gustafsoretal. 1999).

Figure 20 shaws the detectorh, s noise strainsof the ini-
tial andadvancedLIGO designs(Gustafsoret al. 1999). The
solid squaresnarkthe peaksof theoptimalcharacterististrain
Nehar( fmax) for eachof our modelsatanassumedlistanceof 10
kpc. Themostimportantparametergoverningthepositionof a
givenmodelin Fig. 20are ; andA. Generallythemodelswith
moderateinitial rotation( ; belowv 0.5%) peakat frequencies
well above the LIGO peaksensitvity (near100 Hz), but also
give the largestoverall gravitational wave amplitudes. With
increasing ;, the modelsshift towardslower frequenciesand
smalleramplitudesbut at D=10 kpc remainfor the mostpart
above theinitial LIGO sensitvity limit. Only for the strongest
rotators which peakat low frequencieswill detectabilityat 10
kpc by theinitial LIGO interferometerde problematic.For a
given ;, themodelspectrashift upwardsandto the right with
increasingA. Overall, our s20modelspeakat the largesthehar.
The peaksof the sl1andsl15modelsarevery similar for slow
rotation,but thefastrotatingsl1modelspeakatlower frequen-
ciesandhigherstrainsthanthe corresponding15models. If
we wereto draw animaginaryline throughthe eld of points
on Fig. 20, we would nd thatpeakhgyr is very roughly pro-
portionalto fnaxto the 0.8 power.

The modelsevolved without rotation are marked with little
starsin Fig. 20. Models marked with a diamondcorrespond
to rotating progenitorsfrom the studiesof Heger, Langer,and
Woosley (2000)and Heger et al. (2003). The threemodelsat
higherfrequencieselow the sensitvity of the rst-generation
(initial) LIGO are the three “magnetic” progenitorsthat ro-
tatevery slowly ( j < 0.01%). In sum,approximately80% of
our modelsarewithin the optimal sensitvity limit of the rst-
generatiorLIGO andabout10%shouldbe detectablevenus-
ing the hsg condition. Almost all of our modelsshouldbe de-
tectablewith the 2nd-generatioadvanced)LIGO.

9. SUMMARY AND DISCUSSION

In this parametestudy we have investigatedhe emissionof
gravitational radiationfrom rotationalstellar core collapseus-
ing Newtoniangravity, realisticinitial models,and a realistic
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equatiornof state.We have performedatotal of 72 simulations,
investigatinghedependencaponthedegreeof differentialro-
tation, theinitial ratio of rotationalenegy to gravitational po-
tentialenegy ( i), andprogenitor For this, we employedthe
11,15and20M (s11,s15,s20)presuperngamodelsfromthe
stellarevolution study of Woosley andWeaver (1995)and put
theminto rotationvia a rotationlaw that assumesotationon
cylinders. In addition,we have performedsimulationswith the
progenitormodelsof Heger, Langer,and Woosley (2000)and
Hegeretal. (2003)thatincludea one-dimensiongbrescription
for rotationalevolution. All of our modelsencompasshefull
180 of the symmetrydomain. Nothing arti cial wasdoneto
initiate collapse.

Our resultsindicatethattherearetwo typesof characteristic
behaior for the collapsedynamicsand the resultinggravita-
tional wave signature. Type | occursfor slow initial rotation
andis characterizedby core bounceat supranucleadensities.
The wave signalof a type | modelexhibits a sharpspike and
high frequeng oscillationsasthe compactremnantingsdown
aftercorebounce.Typel modelshave the largestgravitational
wave amplitudestheir enegy spectrapeakat the highestfre-
quenciesand they radiatethe largestamountof enegy. On
the otherhand,type Il modelsbounceat subnucleadensities
dueto the in uence of centrifugalforces. They exhibit sev-
eral dampedharmonicoscillatorlike post-bouncexpansion-
collapse-bounceycleswhoseperiodsgrow with increasing ;.
Thegravitationalwave amplitudesfrequenciesandtotal ener
gies of type Il modelsare smallerthanfor thosethat exhibit
type | behaior. The frequeng at which the coherentpost-
bounceoscillationsoccuris clearly discerniblein the enegy
spectreof typell models. Figure21 portraysthe gravitational
wave enegy spectrunfor thes11A500sequencatvarious ;s
from 0.1%to 0.5%. This gure is similar to Fig. 10 for the
s$151000series. The systematicshift with increasing ; above
thetransition ; ( 0.25%)from higherfrequenciesndstrength
to lower valuesof both is clearly seen. Transitionalmodels
thatexhibit featuresof bothtypel andtypell behaior arealso
present. For a giveninitial model,we nd thatthe transition
from typel to typell happendor smaller ; if the coreis ini-
tially more differentially rotating andfor larger ; if its core
hasrigid initial rotation. The s11ands15progenitormodels
give very similar results,the s11 modelgiving slightly larger
gravitational wave amplitudes frequenciesand enegiesthan
the s15modelfor a given setof parameters.The s20 model,
however, having ashalloverinitial densitydistribution,leadsto
differentpost-bouncéehavior, sinceits hydrodynamidounce
shockstalls. Subsequento stall, matterinfalls aspherically
throughand onto the centralcore. This leadsto nearcritical
dampingof the post-bouncenscillationsof the compactrem-
nantandintroduceshigh-frequeng componentsnto the wave
form. Sincesophisticate@ne-dimensionadtudiesthatinclude
weak interactionphysicsand neutrino transportindicate that
the bounceshockdoesindeedinitially stall (RamppandJanka
2002; Liebendorferet al. 2001a,b;Thompson,Burrows, and
Pinto 2003),the distinctive characteof the s20modelmayin
factbemoregenericthanthatof oursllandsl15models.

The rotating progenitormodelsel5 and e20 from Heger,
Langer,andWoosley (2000) behare similarly to their s15and
s20counterpartsvith similar ;sandAs. However, dueto dif-
ferencesn presuperneastructurethebounceshockof theel5
model stalls, leadingto moreinfall into the centralcore and
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strongdampingof post-bouncescillations. The sameis true
for thee20model.Hence the gravitationalwave signaturegor

both modelsaresimilar to thosefor the s20models. The mod-
elsof Hegeretal. (2003)includethe effectsof magnetic elds

on the distribution of angularmomentum. This leadsto very
rigid rotationthroughouthestarand,thus,to little angularmo-
mentumin theiron coreitself. Our simulationsshow thatthese
extremely slowly rotating cores( i < 0:005%) yield gravita-

tionalwave amplitudesrom corebouncethataretwo ordersof

magnitudesmallerthanfor the s11,s15ands20 modelswith

the smallest ;. Hencethe quantitatve and qualitative beha-

ior of theseslowly rotatingmodelsis very similarto themodels
thatwereevolvedwithoutary rotationatall.

Our modelsyield absolutevaluesof the dimensionlessnax-
imum gravitational wave strainin the interval 2.0 1023
hl, 1.25 1020 atadistanceof 10 kpc. Thetotal enegy
radiated(Egy) liesin therangel.4 10'M ¢ Egw
221 108 M c? andthe enegy spectrapeak(with the ex-
ceptionof very few models)in the frequeng interval 20 Hz
< fpeak < 600Hz. Furthermorepur hydrodynamiaesultsin-
dicate(if the canonicalcritical conditionsapply), that noneof
our collapsedcoreswill undegotriaxial rotationalinstabilities,
sincethe maximumratio of rotationalto gravitational enegy
() reacheds 9.16%at bounceand 8.23% at the end of the
evolution. Both thesevaluesare below the putative critical

for dynamical( gyn' 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) and Shibata,
Karino, and Eriguchi (2003) which employed polytropic neu-
tron starmodelssuggesthat dynamicalrotationalinstabilities
couldoccuratmuchlower . Theseresultshave to beveri ed
in three-dimensionaimulationsncludinga nite-temperature
EOSandrealisticprotoneutrorstarmodels.

Sinceincludingweak-interactiorphysicsandneutrinotrans-
port will changethe overall evolution, our speci ¢ resultsfor
the ; dependencshouldbe taken with care. However, the
qualitatve behaior andtrendswe haveidenti ed shouldbero-
bust.

In comparisorwith thestudiesof ZwergerandMuller (1997)
(Newtonian gravity) and Dimmelmeier Font, and Miuller
(2002b)(relativistic gravity), who usedpolytropic progenitors
andasimpli ed equatiorof state ourmodelsradiateonaverage
aboutanorderof magnituddessenengy, exhibit afactorof 4 to
10 smallermaximumwave amplitudesandpeakat lower fre-
quenciesZwergerandMiiller (1997)cateyorizedthe collapse,
bounceandpost-bouncdehaior of theirmodelsin threetypes
of which their types| and Il matchour types| andIl. How-
ever, we have not encounteredheir type Ill behaior (“rapid
collapse™)in ary of our calculations.

Aside from this study there have beenonly two major ef-
forts to calculatethe gravitational wave signatureof core col-
lapsewith asophisticatedealisticequatiorof stateandrealistic
progenitormodels. Thesewere Ménchmeyeretal. (1991)and

the recentstudy by Kotake, Yamada,and Sato(2003). Both
studiesincludedelectroncaptureanda leakageschemeor ap-
proximatetreatmentof neutrinotransport,but calculatedonly
a very small set of modelsand usedonly one pre-supernea
progenitor In accordwith our results,noneof themfound Zw-
ergerandMuller (1997)typelll behaior. Their gravitational
wave amplitudesand total radiatedenegies are qualitatively
andquantitatvely similar to ours.

To assesshe detectabilityof gravitational wavesfrom core
collapse,we applied the method proposedby Flanaganand
Hughes(1998). We nd thatat a distanceof 10 kpc, i.e. for
galacticdistancesthe1st-generatioh GO, onceit hasreached
its designsensitvity level, will beableto detectmorethan80%
of our corecollapsemodelsunderoptimal conditionsand ori-
entations.Assumingrandompolarizationsand anglesof inci-
dencethis reducego 10%. AdvancedLIGO, however, should
beableto detectvirtually all modelsat galacticdistancesFig-
ure 22 is similar to Fig. 20in thatit presentgpeakhuqr, but
it alsoincludesthe actualhg,r Spectreof selectednodels(eq.
25). Thesespectraarecomplementaryo the enegy spectraof
previous gures, andseneto puttheissuesof detectabilityin a
noisydetectorinto sharperrelief.

To conclude,we point out that even thoughthis study has
adwancedour knowledgeof gravitationalwavesfrom corecol-
lapsea bit further, mary important questionsremain unan-
swered. Detailedmicrophysicsand neutrinotransportare apt
to changethe dynamicsof collapse,bounceand post-bounce
phasesThecoherenpost-bouncescillationsof typell models
will mostlikely bestronglydampedy thestalledbounceshock
in simulationghataccountfor neutrinoenegy losses Further
more,gravitationalradiationis to be expectedfrom anisotropic
neutrino emission(Burrows and Hayes 1996), and neutrino-
drivencorvectionbehindthe stalledshockandin the protoneu-
tron star Both sourcesare potentially sighi cant emittersof
gravitationalwave enepy.

The detectionof gravitationalradiationfrom collapsesuper
novaewould opena newv window into the violent dynamicsat
the core of the supern@a and neutron-stabirth phenomena.
Furthermorefeaturesseenin gravitationalradiationmay have
their counterpartsn the neutrinosignal. Seeinga correlation
in thesetwo disparatechannelsould breakthe studyof super
novaewide open. As we have shovn, measurementsf wave
frequeng, wave form, and power canin principle reveal the
rotationalstructureof the massve starinterior that, thoughof
centralimportanceacrossabroadspectrunof astrophysicshas
to dateremainedalmostcompletelyout of reach.
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TABLE 1
INITIAL MODEL DATA

Model Name R: Mc ZAMS Mass ZAMS vgq i Reference

(WFcm) M) M) (kmsh (%)
n=3 polytrope 155 146 ZwergerandMiller (1997)
s11WwW 1:33 131 11 Woosley andWeaver (1995)
s15WwW 116 1:28 15 Woosley andWeaver (1995)
s20WwW 221 173 20 Wooslegy andWeaver (1995)
s25WwW 2:28 178 25 Wooslegy andWeaver (1995)
el5 1:21  1:33 15 200 0.650 Heger,Langer,andWoosley (2000)
e20 219 1.68 20 200 0.420 Heger,Langer,andWoosley (2000)
m15b4 1.23 1:37 15 200 0.002 Hegeretal. (2003)
m20b4 1:53 149 20 200 0.003 Hegeretal. (2003)
m25b4 193 164 25 200 0.005 Hegeretal. (2003)

Note.— List of progenitomodelsusedin this paper R; is theradiusof theiron core(determinedy thediscontinuityin Y, atthe
outeredgeof theiron core),M. is themassof the core,veq the equatorialvelocity of themodelatZAMS, and ; is theinitial rotation
parameterAll progenitormodelsalreadyhave aninitial infall velocity pro le whenthey aremappedonto our 2-dimensionadrid.
Nothingarti cial is doneto initiate collapse.

TABLE 2
RESULTS: POLYTROPES

Model [ J th t b b ASZ max himax fmax  Eowp  Eowt
(%) (10 (ms) (ms) (%) (10* (cm) @10kpc (Hz) (10° (10°
ergs) gcni3) (10°2h M ) M &
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 8249 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 8295 528 343 -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 1248 236 -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 7957 680 3.30 -1782.64 -15.78 509 50.22 64.22
A500 0.90 090 2177 7181 78.19 1358 119 -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(84.1)for comparisorwith ZwergerandMdiller (1997)and Dimmelmeier Font, andMuller (2002b). ; is theinitial rotation
parameterJ is the total angularmomentumandt,, , and p arethetime, centraldensity androtationparameteat corebounce.

t=t¢-tp is the time eachcalculationwas carried out beyond core bounce. jAS2jmax and hmax are the absolutemaximumof the
gravitational quadrupolevave amplitudeandthe maximumgravitationalwave strain,asde ned in 84.3. fax is the peakfrequeng
of the gravitational wave spectrum,Egwy is the gravitational wave enepgy radiatedup to the rst post-bounceminimum in the
maximumdensity andEgy  is thetotal enegy radiatedn gravitationalwavesduringthe entiresimulation.
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TABLE 3
RESULTS: REALISTIC PROGENITOR MODEL S11WW

Model i J t b f b Agg max h-rl]—']-ar\x fmax EGW;b EGW;f
(%) (10° (ms) (%) (%) (104 (cm) @10kpc (Hz) (10°  (10°
erg s) gcmd) (102h M & M &
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 7.05 586 3.30
s11A500 0.25 0.25 1.097 135 7.87 6.43 3.10

1408.17 -12.46 402  19.15 22.11
1203.06 -10.65 404 1121 12.78

s11A500 0.3 0.30 1.227 413 8.80 5.19 274 -661.27 -5.85 164 1.70 1.81
s11A500 0.4 0.40 1.417 468 8.00 481 1.11 -419.65 -3.71 37 0.46 0.55
s11A500 0.5 050 1584 707 7.71 480 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 0.3 030 1391 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 0.5 050 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 7.15 449 0.28 -229.35 -2.02 38 0.06 0.07
s11A1000 0.7 0.70 2.124 424 6.95 441 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
s11A500000.1 0.10 0.856 172 2.17 197 3.83 -582.09 -5.15 394 3.93 4.86
s11A500000.2 0.20 1.211 156 3.88 3.32 3.64 -979.41 -8.67 416 9.03 9.72
s11A500000.25 0.25 1354 69 4.73 3.83 355 -1111.64 -9.84 409  10.00 10.57
s11A500000.3 0.30 1.483 229 547 451 345 -1188.38 -10.52 420 10.11 10.61
s11A500000.4 0.40 1.713 163 6.47 542 3.23 -1075.10 -0.52 344 6.20 6.48
s11A500000.5 0.50 1914 90 7.38 4.11 297 -613.39 -5.43 166 1.36 1.52
s11A500000.6 0.60 2.097 249 7.34 430 2.37 -266.17 -2.36 99 0.16 0.19
s11A500000.7 0.70 2.266 404 6.78 4.36 0.86 -238.21 -2.11 54 0.08 0.10
sllnonrot - - 88 - - 4.04 -26.09 -0.02 275 - 0.06

Note.— Numericalresultsof corecollapsesimulationsperformedwith the Woosley andWearer (1995)s11progenitormodelin
conjunctionwith the LattimerSwestyequationof state(LattimerandSwesty1991;84.1). ; is theinitial rotationparameterJis the
total angularmomentumand , and , arethe centraldensityandrotationparameteat corebounce. t = ts-t, is thetime each
individual calculationwas carriedout beyond corebounce. ¢ is the nal rotationparametefor the whole grid. jASZjmax andhmax
arethe absolutanaximumof the gravitationalquadrupolevave amplitudeandthe maximumgravitationalwave strain,asde nedin
84.3. fmax is the peakfrequeng of the gravitational wave spectrumEgw:p givesthe gravitational wave enegy radiatedbeforethe
rst post-bounceminimumin the maximumdensity andEgy ¢ is the total enegy radiatedin gravitationalwavesduringthe entire
simulation.
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TABLE 4
RESULTS: REALISTIC PROGENITOR MODEL S15WW

Model i J t b f b A% max h-rl]—']-ar\x fmax EGW;b EGW;f
(%) (10° (ms) (%) (%) (104 (cm) @10kpc (Hz) (10°  (10°
erny's) gen3) (102h M &) M &
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 6.88 579 3.31 -1283.00 -11.36 469  16.76 17.88
s15A5000.25 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 8.71 599 280 -758.40 -6.71 242 2.69 2.88

s15A500 0.4 040 1557 251 8.10 535 131 -426.44 -3.77 169 0.51 0.52
s15A500 0.5 050 1812 641 7.81 519 0.54 -343.78 -3.04 128 0.23 0.25
s15A500 0.6 0.60 1987 373 7.71 510 0.29 -278.79 -2.47 101 0.11 0.12
s15A500 0.9 090 2421 524 752 505 0.07 -171.30 -1.52 55 0.02 0.03
s15A500 1.0 1.00 2564 661 7.40 5.03 0.05 -138.20 -1.22 42 0.01 0.01
s15A10000.1 0.10 0.958 90 3.15 2.63 3.75 -742.56 -6.57 431 6.56 7.90
s15A10000.2 0.20 1.355 178 5.43 4.82 3.49 -1164.47 -10.31 461  12.32 13.10
s15A10000.3 0.30 1.660 167 7.11 6.37 3.13 -1040.73 -9.21 317 7.10 7.58
s15A10000.4 0.40 1916 312 837 548 2.66 -491.54 -4.35 152 0.83 0.89
s15A10000.5 0.50 2.142 208 7.67 5.22 1.08 -362.96 -3.21 106 0.27 0.29
s15A10000.6 0.60 2.292 251 7.43 5.03 0.49 -293.17 -2.59 91 0.13 0.13
s15A10000.7 0.70 2.535 313 7.29 480 0.26 -234.48 -2.08 64 0.06 0.07
s15A10000.8 0.80 2.710 284 7.19 4.77 0.16 -190.31 -1.68 38 0.03 0.03
s15A10000.9 0.90 2.633 437 7.11 4.74 0.10 -152.94 -1.35 31 0.02 0.02
s15A10001.0 0.80 2.906 441 6.97 4.72 0.06 -124.39 -1.10 22 0.01 0.01
s15A500000.1 0.10 1.081 207 140 141 3.90 -382.21 -3.38 396 1.65 2.16
s15A500000.2 0.20 1.528 108 2.79 228 3.77 -654.29 -5.79 400 4.90 5.95
s15A500000.5 0.50 2.416 243 5.49 494 341 -1034.23 -0.15 428 7.46 7.48
s15A500001.0 1.00 3.417 494 7.42 465 2.16 -299.88 -2.65 71 0.18 0.20
sl5nonrot - - 60 - - 4.04 -23.87 -0.02 337 - 0.02

Note.— SameasTable3 but for all simulationsusingthe Woosley andWeaver (1995)s15progenitormodelin conjunctionwith
the LattimerSwestyequationof state.
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TABLE S
RESULTS: REALISTIC PROGENITOR MODEL S20WW/s25WW

Model i J t b f b AB2 max h'T, fmax  Eowp Ecw:t
%) (10° (ms) (%) (%) (10% cm) @10kpc (Hz) (10° (109
ernys) gen3) (102h M ) M &
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 52 451 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
s20A10000.6 0.60 4.254 291 8.37 8.10 0.20 -345.78 -3.06 79 0.15 0.17
s20A10000.7 0.70 4549 290 8.31 8.17 0.12 -269.03 -2.38 66 0.07 0.08
s20A10000.8 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
s20A500000.1 0.10 1.950 40 153 1.26 3.89 -351.07 -3.11 409 1.25 1.79
s20A500000.2 0.20 2.758 36 2.89 2.34 3.78 -619.26 -5.48 424 4.48 5.49
s20A500000.5 050 4.361 230 5.88 5.96 3.39 -1175.30 -10.40 456 10.14 11.06
s20A500001.0 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. — SameasTable 3, but for all simulationsusingthe Woosley andWeaver (1995)s20ands25progenitormodels. The s25
runjusti es ourassumptionn 82 thatthe s20ands25progenitordeadto similar results.Notethatfor thes25run alargergrid was
usedandthe evolution was stoppedbeforethe post-bouncescillationshadfaded. Hence the differenceseenin the total angular
momentumandmaximumfrequeng.

TABLE 6
RESULTS: HEGER MODELS

Model i J t b f b Agg max h-rl;qu fmax EGW;b EGW;f
(%)  (10® (ms) (%) (%) (10% (cm) @10kpc (Hz) (10°  (10°
erg s) gcm ) (102Y M 2 M &
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 0324 036 4.14 -101.06 -0.89 960 0.110 0.550
el5 0.6454 3392 311 8.82 7.49 0.27 -405.57 -3.59 90 0.235 0.275
e20 0.4176 3.442 294 852 7.87 0.55 -436.77 -3.87 193 0.465 0.631

Note.— SameasTable3, but for all simulationsusingthe Heger,Langer,andWoosley (2000)andHegeretal. (2003)progenitor
modelswith rotation. Model m25b4,evolvedlong enoughfor corvective instability behindthe shockto grow, shawvs considerable
enegy radiatedby the post-bounceonvective bulk massmotions.
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FIG. 1.— Massdensityasa function of radiusof the Woosle/ andWeaver (1995)progenitormodelsandthe n = 3 polytropic progenitorof ZwergerandMiiller
(1997).Notethegoodcorrespondenca the centralregionsbetweerthelessmassve iron coresandthe polytrope but the generadisagreemerdt largerradii. The
polytropehasa sharperedge.
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FI1G. 2.— ElectronnumberfractionYe asa functionof radiusfor the Woosley andWeaver (1995)progenitormmodels. The centraliron corehasbeenneutronized
dueto electroncaptureduringcoresilicon burning(Weaver, ZimmermanandWoosley 1978).For thepolytrope,Ye hasbeenassumedo be 0.5 (ZwergerandMuller
1997). The discontinuityin Ye exhibitedin the Woosley andWeaver modelsindicatesthe approximatéboundarybetweerthe centraliron coreandthe surrounding
shells.
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FiG. 3.— Initial angularvelocity pro les of the rotating15 (blue) and 20 (green)M progenitormodels(seeTable 1 for model parameters) The dottedred
pro les weregeneratedvith therotationlaw of eq. (5) usingthecentral of modelel5for . All realisticpresupernea modelsexhibit nearrigid rotationinside
1000km. Notethe muchsmallerangularvelocitiesexhibited by modelsm15b4andm20b4,which wereevolved with theinclusionof magneticelds.
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FiG. 4.— Centralregion of the VULCAN/2D computationagrid. Shawn in blackis theinner10km, wherethe capabilityof VULCAN/2D to work with arbitrary

grid con gurationshasbeenusedto performasmoothtransitionfrom the outerradialgrid to a Cartesiargrid in theinnermostregion.
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5.2ms 13 ms

FiG. 5.— 2-D plotsof the speci ¢ entrofy of theinner200 200km? of thes15A1000 0.2 modeldepictingthering-dovn epochof the evolution of this generic
type | model. The color mapgoesfrom light redfor high speci c entrofy (s=16 kg) to magent&or low entrofy (s=0.7kg). Thetimesgivenin thetop left-hand
cornersarethesnapshotimesafterbounce Velocity vectorsfor ther and motions(notthe motionin theangulardirection)aresuperposedAs thecoreexecutes
successie radial and non-radialpost-bouncescillations,it generatestrongsoundwaves (weakshockwaves)that are seenin panels(b) and(c) ascontoursof
velocity discontinuity At thetime of panel(a), the actualbounceshockhasalreadyleft the frame. Panel(d) shavs the compactremnantat 13 ms after bounce
whenit hasalreadylost mostof its excesspulsationalenegy. Thevelocitiesat thattime aredominatedby incoherentortical motions. (This gure is availablein
high-qualityformatfrom http://wwwita.uni-heidellerg.de7 cott/gwpape .)
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FIG. 6.— Evolution of the maximumdensityof the s15A1000modelserieswhich rotatesalmostrigidly inside 1000km, for differentinitial rotationparameters

i. For comparisionthe dashedine shavs the evolution of the centraldensityof a nonrotatingmodel. The modelson this graphundego corebouncebetweer280
and500msafterthestartof theevolution. Thetime to bounceincreasesvith initial rotationratesincecentrifugalforces,actingasadditionalpressuresupport slov
down collapse All timesarerelative to thetime of bounce(t,) for eachindividual model. Onecanclearly seethetransitionin collapsedynamicshattakesplacein
theintenal in -spacebetweerD.20%and0.40%which leadsfrom typel to typell behaior (seetext for details).
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FIG. 7.— Evolution of theratio of rotationalto gravitational enegy (rotationparameter ) for the s15A1000modelseries. The zeroof thetime axisis setto
thetime of bouncefor eachmodel. The {=0.40%model,whichis the rst to bounceby centrifugalforces,reacheshemaximum atbouncefor all models.The

i=0.30%modelhasa smaller atbouncebut shavs, dueto the greatercompactnessf its remnantthelargest nal . Themodelswith ; > 0.40%collapseso
slowly thatcentrifugalforcesareableto halt collapsebeforegreatercompressiorcanleadto very large  s. Noneof our modelsexceedsa  of 10%.
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FiG. 8.— Maximumdensity( max black)andgravitational wave amplitude(AE2, red) asfunctionsof time for the Woosly andWearer (1995)s15modeland
A = 1000km. For eachmodel,the zeroof the time axisis setto the time of corebounce(ty). a (upper left): {=0.10%,bounceat supranucleadensitywith
nayligible in uence of centrifugalforces(type I). Note the subsequenting-davn waveform, which is associatedvith both radial- and non-radialmodesof the
compactremnant.b (upper right): {=0.20%,similar to the previous model,but with greaterasphericityleadingto largeramplitudes.c (lower left): Transitional
modelwith ;=0.30%,whichis beyondthe ; for the largestgravitational wave amplitudes.The typical oscillationperiodof the waveformis signi cantly larger
thanthoseof the previous modelsandthe hydrodynamiadataexhibit at leastone additionalcoherentarge scaleexpansion-collapse-bouacycle causedy the
growing in uence of centrifugalforces. d (lower right): ;=0.40%. The hydrodynamicevolution andthe associatedvaveform of this modelarealreadylargely
in uenced by centrifugalforces.The coreexhibits subsequernnultiple coherenbounceghatarequasi-&ponentiallydampedtypell).
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FiIG. 9.— SameasFigure 8, but for highervaluesof ;. maxt) (black)is the maximumdensityand Agg(t) (red) is the gravitational wave amplitudefor

s15A1000.a (upper left): This modelwith {=0.50%undegoesa bounceat subnucleadensitywhencentrifugalforcesovercomegravitational attraction. Note
thesigni cantly largerdynamicaltimescalecomparedvith modelswith smaller ;. Panelsb, cand d: As ; increase$rom 0.60%to 0.80%,bounceoccursmore

slowly andat progressingljlower densities.The waveformsaredominatedby the subsequergxpansion-collapse-bouacyclesof the quickly spinningdeformed
stellarcore(typell).
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FiG. 10.— Enegy spectreof the gravitational radiationemittedfrom representate modelsof the s15A1000modelseries.Note the shift of the spectrao lower
frequenciesith increasing i andthelogarithmicscaleof the ordinate. The spectrahave beencut off atafrequeng beyond which generichigh frequeng noise
at constanmagnitudesetsin. The rst pronouncedeakin the spectraof the morestronglyrotatingmodelscanbeidenti ed with the frequeng of the expansion-
collapse-bounceyclesexhibited by thesemodels(type Il). The spectreof the slowver rotatorspeakat the dominantfrequencieof the post-bounceinging of the
compactemnant.The higherharmonicsareclearlyseenin thesemodels.
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FI1G. 11.— Comparisorbetweerdifferentinitial distributionsof angulaTmomentumat x ed =0.50%for thes15modelfrom Woosley andWeaver (1995).Models
A50000,A1000,andA500 arenearlyrigidly rotatinginterior to 50000,1000,and500kilometers respectiely. a (upper left): Time evolution of the gravitational
wave amplitudefor themodelss15A50000 0.5,515A1000 0.5,ands15A500 0.5. Thetime axisis relative to thetime of bounceof thes15A1000 0.5model.For
a givenmodelthetransitionfrom a bouncedominatedby nuclearrepulsve forcesto onein which centrifugalforcesplay a signi cant role occursat progressiely
lower ; with decreasindd. b (upper right): Enegy spectraof the threemodels. Note the distinct peakof the rigidly rotatings15A50000 0.5 model(green)at
about400Hz thatis directly associateavith the post-bounceinging of the compactremnantalsoseenin thewaveform. The spectraof themodelswith smallerA
exhibit alocal maximumatlow frequencieghatalsodirectly correspondo the frequencie®f their post-bouncexpansion-collapse-bouacycles. c (lower left):
Evolution of the maximumdensity Model s15A50000 0.5 still bouncesat supranucleadensitieswhile the two modelswith smallerA have alreadymadethe
transitionto type |l behaior. d (lower right): Evolution of therotationparameter with thetime givenrelative to the time of bounceof models15A1000 0.5.
The modelswith A=1000and A=500 have moreangularmomenturin their centralregionsand,hencearemorestronglyin uenced by centrifugalforces. For a
given i, they alsoachieve larger nal sand satbounce.
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FI1G. 12.— Intermodelcomparisorbetweers11A1000515A1000ands20A1000for  {=0.50%of the evolution of the peakdensity Thetime is givenrelative to
thetime of bouncefor eachindividual model. Model s15reachesiighermaximumdensitiesandhasthe shortespost-bouncescillationperiods.Model s11,which
hasa similar initial densityand angularmomentumdistribution, reachedower densitiesand haslonger post-bouncescillation periods. The s20A1000model,
however, with signi cantly differentinitial density angularmomentumandcompositionabro les, bouncedor thesameA and ; atevenlower densities.It also
hasshorteroscillationperiodsthanthe s11modelandis morequickly dampedby the proximity of its stalledshock.
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Fi1G. 13.— 2-D plotsof the speci ¢ entrojy for models20A1000 0.3. Reddenoteshigh entropy ( 14 kg) anddarkblue denotedow entropy ( 0.9kg, seenin
the compactemnant).Shavn aretheinner1200 1200km? of the hydrodynamiayrid. As in Fig. 5, velocity vectorsaresuperposedndthetimesafterbounceare
givenin thetopleft of eachpanel.Sincethecoreis oblate,corebouncehappensrst andatsmallerradii alongthepoles.After bouncetheshockis ableto propagate
muchfasteralongtherotationaxisthanin the equatoriategion. High entropy, jet-like structuregorm alongtherotationaxis. Thisis seenin panel(a), which shavs
the core19 msafter bounce.The bounceshockhasalreadyreachedabout400 km at the polesand300km at the equator Forty-two msafterbounce(panelb) the
axisratio hasincreasedven more andviolent vortical motion hassetin. At about68 ms after bounce(panelc), the bounceshockhasstalledand mostvelocities
pointinward. The shockrecedesPanel(d) shavs the shocled region atthe endof the evolution. The shockhasrecededavenfurther Interiorto the shock,vortical
motion hasleadto the breakingof equatoriasymmetry (This gure is availablein high-qualityformatfrom http://wwwita.uni-heidelbry.de7catt/gwpaper.)
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FIG. 14.— Comparisorof the evolution of the gravitationalwave signaIAgg(t) of modelss11,s15ands20for A=1000km and {=0.50%.Thewaveformsre ect
the densityevolution seenin Fig. 12. For the s20signal,additionalhigh-frequeng contributionsappeato be correlatedwith the vortical motionsandaspherical
infall seerbehindits stalledshock.
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FI1G. 15.— Comparisorof thegravitationalwave enegy spectraor s11,s15ands20models.Notethelinearscaleof the ordinate.
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FIG. 16.— Comparisorof the e15modelfrom Heger, Langer,and Woosley (2000) with the s15A1000 0.7 model from Woosle/ and Weaver (1995). Both

modelshave similar initial

i (0.645%for the el5modelversus0.70%for the s15A1000 0.7 model)andangularvelocity ( ) pro les but differ signi cantly in

their total angularmomenta.This is dueto differencesn theirinitial densitypro les. a (upper left) andb (upper right): Evolution of the maximumdensityand
the gravitational wave amplitude respectiely, for modelse15ands15A1000 0.7. Thewaveform of el5exhibts additionalhigh-frequeng componentsbout100
ms afterbouncethatwe associatedavith the sudderdampingof the post-bouncexpansion-collapse-boua cyclesby infalling matter This is alsore ectedin the
evolution of the maximumdensity c (lower left): Evolution of the rotationparameter for thetwo models. The larger angularmomentumof modelel5andits

speci c distribution translateinto a larger nal

moreenegy andhasdistinctly more ne spectrakstructure.

. d (lower right): Enegy spectrafor the two modelsunderconsideration.The e15modelradiatessigni cantly
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FIG. 17.— Thel5and20M modelsfrom Hegeretal. (2003). a (upper left): Evolution of the maximumdensity(black) andthe gravitational wave amplitude
(red) of the m15b4model. b (upper right): The samefor the m20b4model. Both modelsrotatevery slowly andrigidly andshav only small deviations from
sphericalsymmetry Hence,the gravitational wave amplitudesare small. c (lower left): This gure depictsthe evolution of the rotation parameter for these
models.Both modelsbouncedueto the stiffening of the equationof stateat nucleardensity with little contritution dueto centrifugalforces. The modelwith the
greater j, m20b4 reacheslarger nal . d (lower right): Enegy spectraThespectrunof them20b4modelpeaksatlower frequenciesndcontainssigni cantly
moreenegy (4 timesmore;seeTable6) thanthe specrunof the m15b4model. This shawvs the sensitvity of the gravitational wave signatureto small differences
in theinitial rotationpro le andstellarstructure.
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FI1G. 18.— Evolution of the maximumdensity (black) andthe gravitational wave amplitude(red) of a s15modelevolved without rotation. Thetime is given
relatve to the time of core bounce. Small scaleperturbationsjntroducedby the nite-dif ferenceapproximationand post-bouncecorvective instability, leadto
continuougyravitationalwave emissiorwith amplitudeghatareoneto two ordersof magnitudesmallerthenthoseobsered from the collapseof arotatingmodel.
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FIG. 19.— Angularvelocity pro les in theequatoriakegion at the endof the evolution of s15modelswith A=500 km (dashedjpnd A=50000km (solid) andfor
isof 0.10,0.20,0.50,and 1.00%. Interestingly the initially rigidly rotatingmodels(A=50000km) exhibit a moredifferentially rotating centralregion thanthe
initially moredifferentiallyrotatingmodelsdo. Thelocal peakin theangularvelocityat 6-8km andthestrong -gradientsassociateavith it have beenconsidered

possibledriversof the magneto-rotationahstability (MRI) (Akiyamaetal. 2003).



37

10-20
3

N 102 -

T C

g [

g i
E

= i

10-22 |-

1 1 1 1 1 1 1 1 l 1 1 1 1 1 1 11 l
10 100 1000

f (Hz)

FiG. 20.— LIGO sensitvity plot. Plottedarethe optimalroot-mean-squaneoisestrainamplitudeshyms = P ) of theinitial andadvancedLIGO interferometer
designs Optimalmeanghatthegravitationalwavesareincidentatanoptimalangleandoptimalpolarizationfor detectiorandthattherearecoincidentmeasurements
of gravitational wavesby multiple detectors.For gravitational waves from burst sourcesncidentat randomtimesfrom a randomdirectionand a signal-to-noise
ratio (SNR)of 5, thermsnoiselevel hyms is approximatelya factorof 11 above the oneplottedhere(Abramavici etal. 1992;FlanagarandHughes1998). We have
plottedsolid squaresat the maximaof the characteristigravitational wave strainspectrum(hgha(f); 88) of our s11(green),s15(blue),ands20(orange)models
from Woosley andWeaver (1995)thatwerearti cially putinto rotation. Our nonrotatingmodelsare marked with stars;diamondsstandfor modelsfrom Heger,
Langer,and Woosle/ (2000)and Heger et al. (2003). The distanceto Earthwassetto 10 kpc for all models. Most of our modelslie abare the optimal design
sensitvity limit of LIGO I. Hence the prospectsor detectionaregood. Thosemodelsthatarenot detectabléy the 1st-generatiohlGO arethosethatrotatemost
slowly (theHegeretal. 2003models)andthosewhich arethefastestotators.
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FI1G. 22.— SameasFig. 20, but with variousfull hgar sSpectrgusingeq. 25) superposedThis plot makesclearthelargewidth of actualspectreandthedeviation
from evenquasi-periodidehaior of rotatingcollapsewave signatures.



