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Abstract. We have performed two-dimensional simulations of coreapsé supernovae that encompass shock revival by
neutrino heating, neutrino-driven convection, explosiveleosynthesis, the growth of Rayleigh-Taylor instéilei, and the
propagation of newly formed metal clumps through the exiplpdtar. A simulation of a Type Il explosion in a 15Nblue
supergiant progenitor is presented, that confirms ourezafipe 1l models and extends their validity to times as |l&& &
hours after core bounce. We also study a Type Ib-like expiodly simply removing the hydrogen envelope of the progenit
model. This allows for a first comparison of Type Il and Typelolution. We present evidence that the hydrodynamicsmef co
collapse supernovae beyond shock revivéileds markedly from the results of simulations that have a#ld the Rayleigh-
Taylor mixing starting from ad hoc energy deposition scheneeinitiate the explosion. We find iron group elements to be
synthesized in an anisotropic, dense, low-entropy shatlekpands with velocities of 17 000 ks shortly after shock revival.
The growth of Rayleigh-Taylor instabilities at the/@iand (G-O)/He composition interfaces of the progenitor, seeded by the
flow-structures resulting from neutrino-driven convegtiteads to a fragmentation of this shell into metal-richutops”. This
fragmentation starts already20 s after core bounce and is complete within the first few teimof the explosion. During this
time the clumps are slowed down by drag, and by the positiesgure gradient in the unstable layers. Howeverya300 s they
decouple from the flow and start to propagate ballisticatig aubsonically through the He core, with the maximum véilegi

of metals remaining constant-at3500- 5500 knjis. This early “clump decoupling” leads to significantly hégP®Ni velocities

att = 300 s than in one-dimensional models of the explosion, dstmating that multi-dimensionalfects which are at work
within the first minutes, and which have been neglected imipos studies (especially in those which dealt with the mxi

in Type Il supernovae), are crucial. Despite comparabhy higtial maximum nickel velocities in both our Type Il androu
Type Ib-like model, we find that there are largéfeiences in the final maximum nickel velocities between bages. In the
“Type Ib” model the maximum velocities of metals remain &azn at~ 3500- 5500 knjs fort > 300 s, while in the Type Il
model they drop significantly for > 1500s. In the latter case, the massive hydrogen envelogeegirogenitor forces the
supernova shock to slow down strongly, leaving behind arsevehock and a dense helium shell (or “wall”) below th¢HHe
interface. After penetrating into this dense material thegatrich clumps possess supersonic speeds, before theyoaved
down by drag forces te 1200 knjs at a time of 20 000 s post-bounce. While, due to this ded@ardhe maximum velocities

of iron-group elements in SN 1987 A cannot be reproduced se cd the considered 15Jvprogenitor, the “Type 1b” model

is in fairly good agreement with observed clump velocitied the amount of mixing inferred for Type Ib supernovae. Tihus
appears promising for calculations of synthetic spectchligint curves. Furthermore, our simulations indicate thafType Ib
explosions the structure of the convective pattern priempiluring the shock-revival phase is correlated with thieepa of
clump formation in the ejecta. This might be used to deduseational constraints for the dynamics during this ephlgse

of the evolution, and the role of neutrino heating in initigtthe explosion.
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shock waves — stars: supernovae

The strong shock wave that has torn apart-8& 202 and

in consequence has given rise to Supernova SN 1987 A in
the Large Magellanic Cloud on February 23rd, 1987, has also
shattered the at that time widely shared belief that supgrno
Send offprint requests to: K. Kifonidis explosions are essentially spherically symmetric everie
Correspondence to: kok@mpa-garching.mpg.de avalanche of observational data obtained since then from SN
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1987 A has unambiguously demonstrated that the envelopedha explosion mechanism. Due to considerable computdtiona
the progenitor star had substantially fragmented duriegetty  difficulties in resolving the relevant spatial and temporalescal
plosion. Fast clumps ¢PNi and its decay products had formedill of these latter investigations relied on ad hoc procedures
in the innermost regions of the ejecta and propagated obieto to initiate the explosion. This usually meant that some &mp
outer layers of the hydrogen envelope (i.e. close to thersupierm of energy deposition (by a piston or “thermal bomb”)
nova’s photosphere) within ontjays after core collapse (com-was used to generate a shock wave in a progenitor model.
pare e.gl_Mitchell et al. 2001). For a bibliography of the obFhe subsequent propagation of the blast wave was followed
servational evidence see the reviews of Hillebrandt & Htifli in a one-dimensional simulation until the shock had reached
(1989),| Arnett et &l.1(198Da), McCray (1993), Nomoto et athe (G+O)/He or the H¢H interface. Then, the 1D model
(1994), | Wooden|(1997), Milller (1998), and the referencess mapped to a multi-dimensional grid, and an assumed
therein. spectrum of seed perturbations was added to the radialityeloc

Spherical symmetry is not only broken in case of SHeld in order to break the spherical symmetry of the problem
1987 A. This is apparently a generic feature, as is indind to trigger the growth of the instability. The studies of
cated by the spectra of a number of core collapse SNe tiYamada & Salo (1990, 1991) ahd Nagataki étlal. (1897,11998)
have been observed for more than one decade. Significdifiiered somewhat from this universally adopted approach by
mixing and clumpiness of the ejecta were found for thmaking use of parameterized, aspherical shock waves.
Type 1l explosions SN 1995V| (Fassia el al. 1998), SN All Rayleigh-Taylor calculations, that have been carried
1988 A {Spyromilio! 1991) and SN 199311 (Spyromilio 1994yut to date for reproducing the mixing in SN 1987 A, share
Wang & Hui 11994 Woosley et al. 1994). In case of Type Ithe same problem: With at most 2000 jartheir maximum
supernovae the indications for mixing are even older. For i?PNi velocities are significantly smaller than the observeld va
stance|_Filippenko & Sargerit (1989) using [O I] observatiomes of 3500- 4000 kmjs.|Herant & Benz|(1992) dubbed this
have found that the ejecta of SN 1987 F were clumped. Everoblem the “nickel discrepancy”. They also speculated tha
earlier,lHarkness et lal. (1987) in constructing synthegtiecs it should disappear when the “premixing” of the ejecta dur-
tra encountered the first evidence. They had to overpopulatg the phase of neutrino-driven convection is taken into ac
excited states of He | by factors of 10* relative to local count. On the other harid Nagataki et al. (1998) do not agree
thermodynamic equilibrium (LTE) conditionsin ordertorep with |[Herant & Benz and claim that the nickel discrepancy is
duce the characteristic strong He lines of this superngve.tyresolved if the supernova shock is strongly asphericalal-e
It was shown later by Lucyl (1991) and Swartz et al. (1998)ost jet-like. While Nagataki et &l. do not rule out (anisgic)
that the presence of the He | lines and the implied departuresutrino emission from the neutron star as an explanation
from LTE can be understood in terms of impact excitations afal the assumed asphericity of their shocks, Khokhlov et al.
ionizations by nonthermal electrons. The latter are presuim(1999),|Wheeler et al.| (2002) and Wang et al. (2002) ques-
to originate from Compton-scattering of therays from®Co tioned the neutrino-driven mechanism. Instead, they dpteml
decay and hence this hints toward significant outward miximg jet-driven explosions, which might originate from matgne
of 6Co. Artificially mixed one-dimensional explosion modhydrodynamic &ects in connection with a rapidly rotating neu-
els of Type Ib progenitors indeed yield good fits to observerbn star.
Type Ib spectra and light curves (Woosley & Eastmhan 1997; The above controversy demonstrates the need for mod-
Shigeyama et al. 1990). els which link observable features at very large radii to the

Such observations have stimulated theoretical and numactual energy source and the mechanism of the explosion.
ical work on hydrodynamic instabilities, which up to nowwithout such models, interpretation of observational data
has been dichotomized into two distinct classes. On the apéres caution. With the present work, which is the first in
hand multi-dimensional modelling of the explosion meckani a series of papers on non-spherical core collapse supernova
was attempted_(Herant etlal. 1992; Burrows & Fryxell 199&yvolution, we attempt to provide this link for the standard
Miller et all 11993; | Herant et al._1994; Burrows el al. _199%aradigm of neutrino-driven supernovae. We have performed
Janka & Milller| 1996| Mezzacappa e! al. 1998), mainly withigh-resolution, one and two-dimensional hydrodynamie ca
the aim to answer the question as to which extent convectmdations of Type Il and Type Ib-like explosions of blue supe
instabilities are helpful for generating neutrino-drivexplo- giant stars that reach from 20ms up to 20000s (i.e. 5.5 hrs)
sions. Therefore, these simulations have been constraineafter core bounce. Thus, we follow the evolution well beyond
the early shock propagation phase up to about one secomd dfie time of shock eruption from the stellar photosphere. Our
core bounce. models include a detailed treatment of shock revival by meut

In contrast, hydrodynamic models of the late-time shocios, the accompanying convection and nucleosynthesidand t
propagation and the associated formation of Rayleighrowth of Rayleigh-Taylor instabilities at the compositim-
Taylor instabilities in the expanding mantle and enveloperfaces of the progenitor star after shock passage. Rnalign
of the exploding star L(Arnettetial. 1989h; Fryxell et akesults of this work, covering the first five minutes in the evo
1991; [Miiller et al. | 199110/a,ci_Hachisu et al. 1990, 199Mtion of a Type Il supernova, were reportediby Kifonidis ket a
1992, 11994;| Yamada & Sato_1990, 1891; Herant & Ber(2000).
1991; [Herant& Benz | 1992;| Herant & Woosley _1B94; This paper is organized as follows: We start with an ac-
Shigevama et all_1996; Iwamoto et al. 1997; Nagatakilet abunt of the physical assumptions and numerical methods im-
1998; | Kane et all_2000) have ignored the complications plemented in our computer codes in SEEt. 2. We then describe
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our stellar model in Seckl 3. Our boundary conditions along Our goal is to study the main observational consequences
with some technical details of our computational strategy aof hydrodynamic instabilities in tlierent layers of a super-
discussed in Sedil 4. This is then followed in SELt. 5 with onpva. We do not attempt to compete with the contemporary,
description of the early evolution up to 0.82 seconds afbee ¢ highly sophisticated modelling of neutrino-driven exjtos
bounce. To focus the discussion, we restrict ourselves & dfor which an accurate treatment of neutrino transportassin
basic shock-revival model, from which we start all subsedquepensable). For our purpose, a simple neutrino light-budjo-al
calculations. To illustrate its physics as clearly as gmesiwe rithm, as the one of IM96, has the advantage to save enormous
first present the one-dimensional case in $eck. 5.1 and leenamounts of computer time as compared to detailled transport
two-dimensional results in Se€f_b.2. In the same manner e@des (se2_ Rampp & Janka 2002, and the references therein).
discuss the subsequent evolution of a Type Il supernova mo@anitting the core of the neutron star and replacing it by a
in Sect[®. In Sec{]7, we consider the problem of a Type Houndary condition, that parameterizes its contractiahthe
explosion by simply removing the hydrogen envelope of owadiated neutrino luminosities and spectra, we make udeeof t
progenitor. Sectiofl 8 finally contains our conclusions. freedom to vary the neutrino properties. Thus we are able to
control the explosion time scale and the final explosiongner
in our simulations. By computing models withfidirent values
of the parameters, we can explore the physical possilsilége
There is as yet no numerical code that could satisfactoaty-h a consequence of neutrino-driven explosions. The lotatts
dle all the computational fliculties encountered in the mod-of neutrino heating and cooling by all relevant processes ar
elling of core collapse supernovae over the time scales tiraated reasonably well with our light-bulb scheme. Howeve
we are interested in in this paper. Fortunately, howeveh su a light-bulb description, of course, neglects all forms atk-
code is not mandatory for studying thifexts that are respon-reactions to the neutrino fluxes and spectra that result from
sible for the formation and propagation of the nickel clumpgeutrino absorption in the heating layer behind the superno
A crucial simplification arises from the fact that the physshock, and from neutrino emission associated with the accre
ical character of the explosion changes fundamentally fraion of matter onto the neutron star. We have recently dgezlio
a neutrino-hydrodynamic to a purely hydrodynamic problemgray, characteristics-based scheme for the neutrinspcah
once the shock has been revived and launched successfullyiat accounts for spectral and luminosity modifications ue
neutrino heating. A simulation of the long-time evolutioh osuch dfects. This new treatmentis currently applied in new two
the ejecta can therefore be split into two parts. A neutrinand three-dimensional simulations. The calculationsimph-
hydrodynamic calculation that encompasses the challesfgeper, however, were still performed with the light-bulb code
modelling neutrino-driven explosions but does not reqaine The neutrino physics is combined with an enhanced version
extremely high dynamical range of the spatial resolutiorges of the PPM hydrodynamics scheme (see below) and the equa-
only the innermost stellar core needs to be resolved adelguation of state (EOS) of JM96. The baryonic component of this
In contrast, in the second, hydrodynamic part, the phyditeeo EOS consists of 4 nuclei (neutrons, proto@garticles and a
problem simplifies to the solution of the hydrodynamic equaepresentative nucleus of the iron group) in nuclear sieis
tions because (to a good approximation) the central neatesn equilibrium (NSE). These four species are also used to com-
influences the dynamics of the ejecta only via its gravitetlo pute the energy source terms resulting from nuclear transmu
attraction and can otherwise be disregarded. It is thisgfdine tations. In addition to this small NSE “network”, but withtou
calculation, however, where a high spatial resolution seas feedback to the EOS and the hydrodynamics, we also evolve
tial in order to resolve the growth and expansion of Rayleigh 14 species nuclear reaction network to approximatelyealc
Taylor instabilities. late the products of explosive nucleosynthesis, whoseaadpat
The separation into two largely independent problenasstribution we wish to follow. The latter network consistk
might not be appropriate, if one is interested in an accutete the 13e-nuclei from*He to*®Ni and an additional tracer nu-
termination of quantities that are influenced by the lomgeti cleus to which we channel the flow resulting from the reac-
hydrodynamic evolution of the layers near the neutron stéion %?Fe(u, y)°®Ni in case the electron fractiovi drops below
Among these quantities are the yields of r-process eleme@t490 ancP®Ni ceases to be the dominant nucleus synthesized
and the amount of fallback, which depend on the propertigsthe iron group (e.g._Thielemann ef al. 1996). In this way
of the neutrino-driven wind as well as on the propagation efe can “mark” material that freezes out from NSE at condi-
reverse shocks through the inner ejecta. We will not addre&ms of neutron excess and distinguish it from i whose
these problems in the present work. Instead, we have dewééld would otherwise be overestimated. The 14 species net-
oped two diferent codes to solve each of the sub-tasks deerk is solved for temperatures betweerf Kéand 8x 10°K.
scribed above: A modified version of the hydrodynamics coddove 8x 10°K, we assume that nuclei have been disinte-
ofJanka & Milller (1996) (henceforth IM96) that includesne grated toa-particles. Of course, the 14 species network is a
trino effects, and the adaptive mesh refinement (AMR) codénplification of the nucleosynthesis processes in a suvern
AMRA, a FORTRAN implementation of the AMR algorithmsince it neglects important isotopes and production channe
of Berger & Colellal(1989). Here we discuss only the most inof the considered nuclei. Moreover, in our current code ver-
portant features of these codes and give some details ofyeur $ion the heating and composition changes due to explosive si
drodynamic advection scheme. AMRA is described in lengiton, oxygen, neon, and carbon burning as described by the
inPlewa & Milller (2001). 14 species network are not taken into account in the solution

2. The codes
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Fig. 1. Entropy (in units okg per nucleon) in Model T310 at a time of 420 ms after core boufiee white contour line encloses
the region where the®Ni mass fraction is> 20%. a) Calculation performed with the original PROMETHELt&®Ie showing
odd-even decoupling. Note the deformation of the shock.d@ation performed with HERAKLES.

of the hydrodynamics, which implies an approximation of thers with temperaturesx 10° K < T < 5 x 10° K releases
thermodynamical history of the regions where nuclear mgni~ 5x 10*° ergs. This energy is small compared to the explosion
occurs. However, the hydrodynamic evolution should hardinergies of our models (abouBk 10°* ergs), and is therefore
be dfected in the simulations presented in this paper. Thiggligible with respect to the dynamics. This may not be,true
can be seen by estimating the energy release due to nucleawever, in case of other (e.g. more massive) progenitors.
transmutations. In core-collapse supernovae three thiymo  Gravity is taken into account in our neutrino-
namic regimes can be distinguished. Below 2 10° K (the hydrodynamics code by solving Poisson’s equation in two
minimum temperature required for explosive/Beburning; spatial dimensions with the algorithm lof Miiller & Steinmet
Thielemann et al. 1996) nuclear burning time scales arela ). To avoid the formation of transient shock oscitiat
compared to the hydrodynamic expansion time scale of the lay case general relativistic post collapse models are used a
ers that contain the nuclear fuel, and no appreciable nggieo initial data (compare JM96), we add 1D (i.e. spherical) gahe
thesis occurs. For temperature$ 2 1° K < T < 5x 10° K relativistic corrections to the 2D Newtonian gravitatibna
the burning time scales are comparable to the expansion tiptential as in_Keil et al! (1996) (see_ Ramnn & Janka 2002 for
scale, and the abundance and energy changes need to begigthils of the implementation and compare alsb_to_Van Riper
lowed by solving a nuclear reaction network. Above 50° K [1979). These corrections are especially important in thy ea
NSE holds, i.e. the composition adjusts immediately to ®mp phase of shock revival, since the deeper relativistic gaen
ature and density changes caused by the hydrodynamics: Inwell keeps the shock at significantly smaller radii than ie th
code, energy source terms due to explosive burning are not®ewtonian case. However, Newtonian gravity becomes an
counted for only in the second regime (in the NSE regime tlegcellent approximation at large distances from the neutro
energy source term is obtained from the 4 species netwauk). ktar. Therefore it can be used once the shock has emerged from
the 15 M, Woosley et al.[(1988) progenitor that we employethe iron core and propagates through the oxygen shell. This
(see Secfl3), we estimated that thermonuclear burning/in I also the time when we map our explosion models to follow
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the late evolution with AMRA. In the AMR calculationsulations, these perturbations strongly enhance the grofvth
Poisson’s equation is solved in one spatial dimension wittydrodynamic instabilities, since their amplitudes canesd
an angular average of the density. The equation of state ttiaise of the intentionally introduced seed perturbatignsdy-
we employed for these simulations includes contributiomsal orders of magnitude. In case of neutrino-driven convec
from non-relativistic, non-degenerate electrons, phstoriion this leads to faster growth of convective instabititend
electron-positron pairs (the formulae for pressure andggneangular wavelengths of convective bubbles which are signif
density due to pairs can be derived from information giveoantly larger than in a “clean” calculation. This is demon-
by \Witti et al.|11994) and the 14 nuclei (treated as Boltzmarstrated in Fig[dl where we compare entropy plots of two sim-
gases) that are included in the reaction network of our ireutr ulations of neutrino-driven convection that were conddcets-
code. Separate continuity equations are solved for eachimaj spherical coordinates and the neutrino parameters give
these nuclei in order to determine the mixing of the elementSect[51L. The first of these (Fig. 1a) was done with our orig-
The neutrino-hydrodynamics code as well as AMRA, makeal PROMETHEUS version and a resolution of 40QL80
use of the HERAKLES hydrodynamics solver, an implementaenes and isféected by odd-even decoupling, while the second
tion of the direct Eulerian version of the Piecewise Parabo(Fig.[Ib) was obtained with the improved scheme implemented
Method (PPM) of Colella & Woodward (1984). HERAKLESin HERAKLES using 400« 192 zones.
originated from the PROMETHEUS code bOf Fryxelletal. Odd-even decoupling and the associated carbuncle
(1991). It includes the entire functionality of PROMETHEUSphenomenon (i.e. a local occurrence of odd-even decou-
but differs from its predecessor in the following aspects. Thating for shocks that are only partly aligned with the
handling of multifluid flows of Eryxell et all (1991) is repledt grid; IQuirk 11994,1 1997| LeVegue 1998) have gone largely
by the Consistent Multifluid Advection scheme (CMA) ofunnoticed in the astrophysics literature and have marred
Plewa & Milller {1990). This allows for a significant redwti almost all multi-dimensional supernova simulations con-
of numerical dffusion of nuclear species (to the level that iducted to date on cylindrical or spherical grids with hy-
characteristic for the PPM advection scheme) withodfesu drodynamic codes that are based on Riemann solver type
ing from errors in local mass conservation (see Plewa & ®fiillschemes (e.d. Kifonidis etldl. 2000; Mezzacappalet al.11998;
1999). Further improvements in reducing the numerical difs’amoto et al.| 1997;| _Janka & Milller_1996; _Burrows €t al.
fusivity of the code are achieved by adopting the elaboré89%; [Hachisuetal. | 1994;| Burrows & Fryxelll 1993;
procedure for the flattening of interpolated profiles for thidachisu et al. 1992; Miiller et ial. 1991a).
(primitive) state variables that is suggested in the Append
of IColella & Woodward 1(1984). Additionally, the algorithm
for the computation of the left and right input states for th%' The stellar model
Riemann problem is revised. The version of HERAKLES th#s in JM96 andl Kifonidis et al.| (2000) the initial model
is used as hydrodynamic solver in our AMR calculations haslopted for our study originated from the simulations of
been further extended to achieve good computational periBruenn [(1993), who followed core collapse and bounce of the
mance even on small grid patches. For this purpose a new mémM,, blue supergiant progenitor of Woosley et al. (1988). We
ory interface was written, that allows for optimal pipeligi have set up our shock revival calculations using his model
of the one-dimensional hydrodynamic sweeps that result fraVPE15 LS (180) at a time of 20ms after core bounce.
dimensional splitting in multi-dimensional calculatiomghile However, Bruenn’s data set extends only to layers within
due attention is paid to optimal cache reuse. With this mgmdhe stellar He core and the original progenitor model of
interface the code can mak#éieient use of both superscalar al\oosley et al.l(1988) is no longer available. To follow thteta
well as vector computer architectures. time propagation of the shock in our subsequent AMR calcu-
The most important modifications as compared {tations we thus had to reconstruct the outer envelope of the
PROMETHEUS (or other standard implementations of th&oosley et al. star. For this purpose we used a new 1 5Me
PPM scheme) are, however, the inclusion of new algorithraspergiant model (S. E. Woosley, private communicatioal th
for the artificial viscosity and for multi-dimensional shoge- was smoothly joined to Bruenn’s data by choosing a match-
tection, along with the addition of Einfeldt's HLLE Riemanring point at 84 x 10°cm (M, = 1.94 M,), i.e. within the He
solver [Einfeldt| 1988). Following Quirkl (1994, 1997) wecore. Tabl€ll summarizes the location of the compositiarint
use the_Einfeldt solver for zones inside strong grid-altyndaces and the initial position of th& discontinuity (that defines
shocks, while we retain the (lesditlisive) Riemann solver of the boundary of the iron core according to Woosley & Weaver
Colella & Glar [198b) for all remaining grid cells. The lattel1995) of the resulting “hybrid” 15 M progenitor. Except for
changes are necessary to eliminate the odd-even decouplinghe HeH interface, the listed radii were taken from the post-
stability (Quirki1994, 1997; Liou 2000), from which the drig collapse data of Bruehi (1993).
nallColella & Glaz solver diiers (Kifonidis et all 2000). This Since the velocity of the supernova shock and the associ-
numerical failure shows up if a fiiciently strong shock is ated growth of Rayleigh-Taylor instabilities are very stéwes
(nearly) aligned with one of the coordinate directions of thto the density profile, we have verified in a number of one-
grid, and if, in addition, the flow is slightly perturbed. Man dimensional test calculations that the hybrid stellar nhbde
Riemann solvers allow these perturbations to grow withonb adverse féects on shock propagation. In these calculations
limit along the shock surface, thus triggering a strongligp we cut out the model’s iron core and induced the explosian art
of the shock front and the post-shock state. In supernova siiially by depositing~ 10°* ergs in the form of thermal energy
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at the inner boundary of the silicon shell. This procedure efable 2. Computational setup for the 2D AMR calculation
abled us to compare the hydrodynamic evolution of our hybricB10a. (see Sedi_8.2). The initial and final times over which
model with induced explosions of newer SN 1987 A progethe inner and outer grid boundaries were held fixed,aand

itor models computed by Woaosley et al. (1997) (for which nig, are denoted by andt;, respectivelyAr is the (absolute)
collapse calculations including neutrino transport weraila resolution andN® the number of equidistant radial zones that
able at the time we performed our simulations). Ndedtences would have been required to cover the entire star in order to
pointing to numerical artifacts were found. achieve a resolution afr. Exponents are given in brackets.

Table 1. Location of chemical interfaces in our progenierBt(i [;1 23tz [81 r]i_no[(crg “2118 [(C”;% Alr5['(<“l]) 2599%?3
.8(+ + + .8(+ 56
model at 20 ms after core bounce. 23(+0) 80(+0) 17(+8) 14(+10) 4.6¢1) 847804

Y, disc. F¢SI SVO (C+O)/He HeH 80(+0) 34(+ 1) 39(+8) 43(+ 10) 146—2) 280568
Ay 560 1376 6043 29800 708000  34(D) 12(+2) 99(+8) 13(+11) 4.2¢:2) 93299
M, [M.] 1.25 132 150 1.68 4.20 12(+2) 28(+2) 23(+9) 26(+11) 8.4¢2) 46 650

28(+2) 65(+2) 39(+9) 52(+11) 1.7¢3) 23282
65(+2) 15(3) 68(+9) 10(+12) 3.4¢3) 11634
15(+3) 36(+3) 12(+10) 21(+12) 6.7¢:3) 5810
36(+3) 20(+4) 20(+10) 39(+12) 1.3¢-4) 3072

4. Computational setup
4.2. Models for the Rayleigh-Taylor mixing (AMR

4.1. Explosion models (hydrodynamic calculations calculations)

with neutrinos)
By performing test calculations we have found that, in order

To set up a shock revival simulation we adopt spherical deorgh enable a sficiently detailed study of the growth of all
nates. We omit the innermost 0.848 Mf the core of the neu- relevant Rayleigh-Taylor instabilities, a spatial resoln of
tron star and replace it by the gravitational potential obanp Ar < 10°°R (with R being the stellar radius) is required for
mass and an inner boundary which acts as a neutrino sougeleast some fraction of the time that it takes the shock to
This boundary is placed at a radius ofi8x 10° cm, which  erupt from the surface of the star. The above estimate holds
is somewhat below the electron neutrinosphere in Bruenmg the case of a blue supergiant like S&9° 202. In case of
model. The outer radial boundary is located at1.7x10°cm, 3 red supergiant an even smaller ratio/R would be neces-
inside the G-O-core of the star. Our grid consists of 400 nonsary. Without adaptive mesh refinement amch moving grid
equidistant radial zones that yield a maximum resolution gfich calculations are currently unfeasible, especialljare
1.2km at the neutron star and 200 km at the outer grid bounBHan one spatial dimension. While this range of spatialescal
ary. In our two-dimensional models 192 angular zones are dighpears formidable, for explicit codes like PPM an even more
tributed uniformly between & 6 < 7 and axial symmetry is severe diiculty is posed by the vastly filering time scales in-
assumed around the polar axis. Reflecting boundaries are {®tved in the problem. Even if the inner boundary is placed fa
posed ab = 0 and¢ = = and a random initial seed perturbatiomway from the neutron star, and the gravitational attraatib
is added to the velocity field on the entire grid with a moduluge omitted stellar layers is taken into account by a poirgsna
of 103 of the (radial) velocity of the post-collapse model. Ifhe resulting Courant time step is still too small to alloveda
the immediate upstream region of the accretion shock, this cfollow the evolution over hours. The small time step is cause
responds to velocity perturbations with a modulus &x 102 py fallback, which leads to high sound speeds in the central
of the local sound speed, while further outward this value dgones because matter that falls back toward the inner boynda
creases with the decreasing infall velocities-ta0-2. is compressed and heated. The only remedies to this problem

In order to mimic the contraction of the cooling and deleghat we have found to be practical are either a coarsenirfgeof t
tonizing proto-neutron star, the inner boundary is moved igrid or a shift of the inner boundary with time towards larger
ward during the computations, approximating the motion ¢#dii, where smaller temperatures are encountered. e t
the corresponding mass shell in Bruenn’s calculationss &hi former is useful in 1D calculations, where the remainingl gri
achieved by making use of the moving grid implemented hesolution that we achieved was still reasonable (see helow
our code (cf. IM96 for details). Free outflow is allowed fothe latter proved to be the better choice for our two-dimeamesi
across the outer radial boundary. With this setup, the 8tegp- calculations.
resulting from the Courant-Friedrichs-Lewy stability clition In all of our AMR simulations we have adopted spherical
is typically of the order of a few 10 s in one-dimensional cal- coordinates and a pre-chosen AMR grid hierarchy to which
culations, and several 1®s in two-dimensional simulations.we mapped the data of our explosion modgithout adding
Starting at 20 ms after core bounce the computations are cany extra seed perturbations. At radii where data from the ex-
tinued until 820 ms post-bounce, when the explosion enemglpsion models are not available, the structural infororats
has saturated and all nuclear reactions have frozen out. taken from the progenitor model. The inner regions of an ex-
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plosion model are cut out by placing the inner boundary of tl
AMR base level grid at a radius of 46m, which is well in-
side the neutrino-driven wind of the neutron star. This bary
mass flow is therefore neglected in the subsequent evoluti
Instead we allowed for free outflow through the inner (as we
as the outer) boundary. This is certainly a gross simplificat
for the evolution of the innermost regions of the flow durin
the first minute of the explosion (but becomes more realis
later when the neutrino wind is expected to cease). By igigori
the neutrino wind one obtains early fallback of matter tigtou
the inner boundary. In addition the evolution of the rever: NATIEA R IEE ) 5 ; :
shock, which results from the slow-down of the main shoc 00 02 04 08 08 10 12 14
in the oxygen core, isfiected. This reverse shock separates tl r [10¥ em]
wind from the outer ejecta at times later thar600 ms after
bounce (compare Sel 5). Without the pressure of the wirkg. 2. Spacetime plot for the evolution of the logarithm of the
the reverse shock propagates inward and is (partially)ateflie density for our one-dimensional explosion, Model O310. The
at the inner boundary because the latter is not perfecthstrasupernova shock is visible as the outermost discontinby t
mitting for numerical reasons. Although both the inward maxtends diagonally through the plot. Around 500 ms a reverse
tion and reflection of the reverse shock are expected to mapghock forms in the inner ejecta that originates from thedlyar
once the wind weakens (with the reverse shock being reflectasible) slight deceleration of the main shock in the oxygen
at the steep density gradient near the neutron star “stjfaceore. The reverse shock separates the ejecta from themeutri
our approximations do not allow to model these phenomeddven wind.
reliably in space and time. Except for resulting in thesatim
tions (which are not relevant for studying clump formationla
propagation), the mapping from one code to the other workpdst bounce, 1700 seconds after the shock has emerged from
very well and did not produce any noticeable artifacts. the photosphere.
For our 2D calculations we have adopted #&atent ap-

For our 1D AMR calculation of Seck_8.1, we employegroach, combining mesh refinement with a “zooming” algo-
a grid hierarchy with a base grid resolution of 512 zones anithm for the radial coordinate. The AMR grid is chosen such
7 levels of refinement. We use two criteria to flag zones ortlzat a base-level resolution of 4812 zones and four levels of
given level for refinement. First, we estimate the local trumefinement with refinement factors of 4 in each dimension are
cation error for the (mass) density, momentum density] toemployed. This results in a maximum resolution on the finest
energy density, and the partial densities of nug, using level corresponding to 3072 equidistant zones in radius and
Richardson extrapolation. Whenever the error for one afe¢he768 zones in angle. Zones are flagged for refinement by apply-
quantities is found to be 1072 (or > 1073 in case of thepX;), ing the same criteria as in our one-dimensional calculdtion
we flag the corresponding zone for refinement. Independenesich dimension. Adopting transmitting boundary condgion
the truncation error estimate, we also flag zones in which dehe radial and reflecting boundaries in the angular diractio
sity jumps> 100% are encountered as compared to neighboatr computational volume is initially set up to span the doma
ing zones. To refine betweenfidirent levels, we use factors(1000< r/km < 48 000)x (0 < 9 < «). While the grid bound-
of 4 in resolution until level 5 is reached, where we switch taries ing direction are kept unchanged throughout the calcu-
refinement factors of 2. With this scheme we achieve a maiation, the zooming algorithm successively enlarges tléla
mum resolution equivalent to 524 288 equidistant zonexeSirextent of the grid according to Talle 2, when the shock is ap-
the outer boundary of the computational domain is kept at theoaching the outer grid boundary,;. Whenever it is time to
stellar radius of 3 x 102 cm, this translates to an absoluteegrid, we also move the inner grid boundary, away from
resolution of~ 75 km. Using this setup, we measure speed-tipe central remnant. This approach allows us to concentrate
factors (as compared to using a uniform grid) that are alargpmputational #ort in the post-shock and the Rayleigh-Taylor
as 1G. still, however, the small time step resulting from thenstable regions while avoiding overly restrictive Coutame
high sound speed in the innermost zones leads to long comtps due to fallback. The timgsandt; over which the radial
ing times. We therefore remove the 7th level of the grid hiegrid boundaries are kept fixed are given in columns one and two
archy after 1870s of evolution and thereby reduce the magF Table[2. The “zooming algorithm” allows us to temporally
mum resolution to 149 km. This zoning is kept utt# 4770s, achieve a radial resolution @fr = 15km in the unstable lay-
when also level 6 is discarded and the rest of the evolutiers, that is equivalent to covering the entire star with diece
followed with a maximum resolution of 298 km. It should beive resolution oNE" = 2 599 933 equidistant zones. Even with
noted that AMR allows one to introduce this coarsening inthis combination of mesh refinement, grid enlargement and in
rather straightforward fashion by manually resetting #fene- ner boundary movement, however, the computational load is
ment flags returned from the error estimation and zone flaggistill significant. The two-dimensional AMR calculation thvee
modules of the code. The grid can even be coarsened onlypoesent in Seckl 6, and which follows the evolution of the-mix
cally if required. Our 1D simulation is stoppedtat 8500s ing from 820 ms to 5.5 hrs after core bounce, requires nearly
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Fig. 3. Snapshots of the density, entropy, velocity and electraction distribution in Model O310, 20 ms (heaviest line)) 21,
420ms, 620 ms and 820 ms after core bounce.

2 x 10 floating point operations (this number has to be multef the luminosities that we assume to follow the simple expo-
plied by about a factor of 5 if no adaptive mesh is used). nential law
Finally, we note that the choice of spherical coordinates

. ; s 0t =
leads to numerical artifacts along the symmetry axis of thes = Ly €77 (v = ve, ve, vx) (1)

grid. The excessive outflows that we observedor 0 and \ paret, s of the order of 700 ms. The neutrino spectra are
0 ~ n for the models in this paper are much weaker than thoﬁ?escribed in the same way as in JM96.

ir_1 Kifonidis et al. [2000). Nevertheless, in_order to av_qudJs Table[3 also lists the explosion time scalig,, measured
rious diects, we have excluded a cone with an opening angle.,q anq the explosion energy at the end of the shock-revival
of 15 arolund.the_ pollar axis for evaluating our simulations f%rimulation,Eexpsl, in units of 16 erg (note that the binding
the velocity distributions of nuc_IgosyntheS|s .productd tre energy of the envelope has not yet been subtracted from the
angle-averaged extent of the mixing of chemical elements. latter). We define these quantities as in JM96. The explosion
energy is given by the sum of the gravitational, kinetic amd i
ternal energy of all zones of the grid where this sum of emsrgi

5. The first second is positive. The explosion time scale is defined as the tirtex af

5.1. Evolution in one dimension the start of the simulation when the explosion energy exseed
10%8erg.
In Table[3 we summarize the basic parameters of our one- we adopt values for_(v)e 5, and |_(V)x 5, that give rise to en-

dimensional explosion, Model 0310, along with its twoergetic explosions. This choice was motivated by the cldim o
dimensional counterpart, Model T310, that will be discdsse |Herant & Benz (1992) that premixing of tHéNi (be it artifi-
Sect[5.P. As described in detail in JIM96 the models are chajal or due to neutrino-driven convection) in models wittthi
acterized by the initial values of the electron and heaviolep explosion energies of aboub210°! ergs leads to a resolution
neutrino luminosities (in units of Perg/s), LY ., andL ., of the “nickel discrepancy problem”. In their simulation o
and the energy loss (in units of J&?) and lepton loss parame-Rayleigh-Taylor instabilities in the stellar envelopegytob-
ters of the inner iron coréde andAY,, respectively. The latter tained final maximum®Ni velocities of up to 3000 kris if they
parameter constrains the luminosity of electron antirieosr premixed the®®Ni in their 1D initial models out to mass co-

while Ae determines the characteristic time scale for the decasgdinates of 15 M, above the F&Si interface (i.e. throughout
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Fig. 4. Evolution of density, temperature, entropy and electrantfon as functions of the enclosed mass for Model O310 letwe
t = 20ms and = 820ms post-bounce. The positions of thg¢Steand SIO interfaces, and th¥, discontinuity (see text) are
indicated by dotted vertical lines.

Table 3. Parameters of Models O310 and T310. The (baryonic) masseahtter coreMcqre, that has been excluded from the
simulation, and the final neutron star mabk,, are given in solar masses. The initial and final radius ofitther core R%, .
andR,, respectively, are given in km, and its initial velocity afraraction,R2,,, in knys. The initial neutrino luminosities
of different flavoursL? ., L2 ., andL? ., (see also the main text), are given in units of%rg/s, and the energy loss of the
inner core Ag, in units of M,c?. The explosion energ¥exps1, and the explosion time scalg,p, are given in 18t erg and in ms,

respectively.

Model Resolution Mere Riye Rioe Rooe Loy Los Lhg, AL As Eexpsi  texp Mhs
0310 400 0.848 31.7 50 18.1 3.094 3.684 2613 0.0963 0.068859 1.70 112

T310 400192 0848 31.7 50 181 3.094 3.684 2613 0.0963 0.0688 1.77 6D9

75% of the metal core of the progenitor model of Nomoto et dines, and the 3D interface can be discerned by the associ-
1988). ated entropy step at lag[cm] = 8.8. One can easily recog-
ize the transition of the accretion shock to an outward prop

With th ters listed in Tatfle 3, shock revival by nell**€. n ot h .
! e parameters listed in Talfle 3, shock revival by ne gating shock with high post-shock velocities, the raridac

trino heating is almost instant in our simulations. The #hol

shows neither long stagnation times nor phases of progrgg—n,ff‘rat%:c ?%/ the texpllosmn a?otlhthe detleptont|zat|ort\ an_d con-
sion and subsequent recession. Instead, it moves out of figgtion of the outer ayers ot the proto-neutron star in re-
iron core without noticeable delay. To illustrate mattexg sponse tq the cpntrac_tmg inner boundary. Fidllre 3 also show
show a spacetime plot of the evolution of the density Withetimthe neutrmo—dnven wind, that is blowrfiathe surface of the

for Model 0310 in Fig[R, from which one can infer a meaﬁeutron star for times later than 200ms and that has also
shock velocity of about 1’9 000 ki after 0.2s. Additionally een found in the calculations bf Burrows et al. (1995) and

in Fig.[@ we depict the evolution of the most important hyQanka& Miuller (1996). Furthermore, a reverse shock is- visi

drodynamic and thermodynamic quantities as a function-of Hﬁ thart] form; ab(l?]ut iOO ms aftﬁr core bounce (C(;mhparEIFig. 2d
dius. The initial post-collapse profiles are plotted witlickh when the main shock enters the oxygen core of the star an
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' o ' ' "] Table 4.Final elemental yields (in i) for Models 0310 and
T310. Exponents are given in brackets.

—f He 12C 160 20Ne 24Mg

] 0310 5.3¢0) 1.2(-1) 1.9(-1) 4.5(2) 5.9(-3)

] T310 5.3¢0) 1.2(-1) 1.9(-1) 45(-2) 6.1(-3)
ZBSi 328 36Ar 4OCa 44Ti

0310 8.6(-2) 22(-2) 6.2(-3) 6.2(-3) 4.6(-3)

T310 85(-2) 2.3(-2) 6.6(-3) 6.5(-3) 5.0(-3)

] BCr Fe  °Ni X

. 0310 3.6(-3) 3.7(-3) 8.0(-2) 8.7(2)

] T310 3.9(-3) 4.0(-3) 7.5(-2) 1.0(-1)

1.20 1.30 1.40 1.50 1.60
M, [Mo]

silicon shell (whose inner boundary was initially located a
Fig. 5. Chemical composition of Model 0310 versus mass &t32 Mc). The remaining 0.04 M stem from the recombina-
t = 820 ms. X denotes the neutronization tracer nucleus.  tion of photo-disintegrated iron core matter with high élen

fraction at mass coordinates betweeB7IM, and 132 M.

Between the neutron star surface and the inner boundargof th
propagates into layers with a somewhat flatter density gradense shell, i.e. for.14 My, < M, < 1.27 M,, 0.13 M, of mate-
ent, thereby decelerating slightly. Both shocks mark thenole rial freezes out withye < 0.49. About 0.087 M of this matter
aries of a dense region that contains most of the ejectagwléhd up in the neutronization tracer nucleus (denoted by X in
the reverse shock separates the ejecta from the neutrivendrFig.[H). The rest, which contains also a small contributiébn o
wind. Shortly after the supernova shock has crossed tff&i F€®Ni, is mainly made up of-particles*Ti, “8Cr, and®?Fe, i.e.
interface at 120ms (at this time the latter has fallen in frothe products ofr-rich freezeout in high-entropy (low-density)
its initial radius ofr = 1.38 x 10°cm to 8x 10’ cm), a high- material.
density shell forms immediately behind the shock. It become Table[2 gives an overview of the nuclear yields for our ex-
more pronounced aftér= 500 ms when the shock has passeslosion models (not including¥ects of eventual fallback). For
the SjO interface. The trajectory of the shell’s inner bounda discussion of their accuracy regarding numericéludion,
ary can be discerned in Fifl 2 in between the supernova ased: Kifonidis et 21/(2001), and Plewa & Miiller (1999) whe an
reverse shocks. This shell is one of the most interesting oalyzed the &ect in detail, especially for the casedTi. With
comes of our calculations. Three important physical preegsthe spatial resolution used in the explosion models present
take place in this part of the ejecta, whose mutual intevactiin this paper, the bulk of*Ti is synthesized between about
has been neglected in previous attempts to model superrovag®0 ms and 700 ms after core bounce.20k M, < 1.36 M,
plosions. These processes afHli-synthesis, neutrino-drivenin a layer where the abundance @fparticles decreases and
convection, and the growth of Rayleigh-Taylor instalttiat “°Ca comes up (Fidll5). However, if the spatial resolution s in
the SjO interface of the progenitor’'s metal core. We addresseased, and thus numericafdsion at théHe/*°Ca boundary
the physical conditions for their occurrence in turn, fangs is reduced, the width of the layer #fTi production via the re-
first on%®Ni-synthesis. action®°Ca(, y)*Ti is narrowed. This decreases tHi yield

The left panels of Figld4 show the evolution of the derby up to a factor of 3.(Kifonidis et &l. 2001).

sity and temperature distribution for Model 0310 as a func- The yield of°®Ni is much less sensitive to numerical dif-
tion of the enclosed (baryonic) mass. The inner edge of thesion. However, it cannot be determined to much higher ac-
high-density shell is stationary at a mass coordinat®lpf~ curacy than that of*Ti because the contribution of the region
1.27 M,. This mass shell marks the border between low amdth Ye < 0.49 to the>®Ni production depends sensitively on
high-Ye material in the expanding ejecta for times 120ms the ratio of theve andve luminosities L, /Ly, and its evolution
(right lower panel of FiglK), i.e. for the epoch ¥Ni forma- with time. This ratio, which determines the electron fraati
tion. Since®®Ni synthesis requires temperatures in the range regions close to the gain radius through neutrino-matter
of ~ (5-7) x 10°K and electron fraction¥, > 0.49, we teractions|(Janka & Miiller 1996, and references theraint
can expect that in Model O31%Ni does not form in large be regarded as uncertain in calculations like ours, thatado n
amounts in regions with mass coordinated.27 M., where use accurate neutrino transport. With the parameters adopt
Ye < 0.49. This is confirmed by Fidl 5, which shows the confor Model 0310 we observe that < 0.5 for M; < 1.27 M.
position 820 ms after bounce, when the post-shock temperatdowever, given a highel,,/L;, the opposite may occur, with
has already dropped belowl2x 10°K (compare Fig[4) and Y. being increased in the neutrino-heated layers to values up
nuclear reactions have frozen out. Lar§dli mass fractions to and even above 0.5, as seen in recent calculations ingjudi
(= 20%) are indeed only found for27 My < M; < 1.37M,, Boltzmann neutrino transpott_(Janka etlal. 2003). If thisewe
i.e. they are confined to the dense shell. In total, 0.983¥ the case, the composition would be dominated®i also for
6Ni are synthesized in Model 0310. Of these, 0.04&e 1.16M, < M, < 1.27 Mo, while only insignificant amounts
produced by shock-induced Si-burning in the presupersovaf neutron-rich nuclei would be synthesized in these layers
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v; in Model T310. The resolution iswl = 350 km s1.

]23.0 reaches a maximum near the gain radius (and at times later tha
0.5s at a position just downstream of the reverse shocky. Thi
negative entropy gradient will give rise to convective rons

& 50k E - O“E that, in contrast to the one-dimensional situation, wikkmigh-

E ] o entropy, lowY,, matter from the deeper layers of the iron-core
w0 45f J215 E, with lower-entropy, high¥e, material of the outermostiron core
< ] - and the silicon shell. We discuss the implications of thimore

3 40F J21.0 w detail in the next section.

] Finally, we wish to draw attention to the outer boundary of
205 the dense shell. FigurEk 4 did 6 indicate that after abouns00

[ Y, disc. Si/0 _ N ; .
sof . : 3 . 1200 this boundary coincides with the star'ySiinterface. A pro-
0.0 0.5 1.0 15 nounced negative density gradient forms at this interfduelw
r [10° cm] is accompanied by a positive pressure gradient [[Fig. 6)a Suc

configuration is Rayleigh-Taylor unstable even in the absen
of gravity (Chevalier 1976). Its rather close spatial proity to

.820 ms. The _pos_|t|on of th¥ dlscont!nwty and of the A0 the convectively unstable layers at the inner edge of thealen
interface are indicated by dotted vertical lines. Note thasg : A i
hell is of decisive importance for the further evolutiortioé

shell atr = 1.1x10°cm, and the density and pressure gradien?nsodels
of opposite signs for. 05x 10°cm < r < 1.35x 10°cm. '

Fig. 6. Density and pressure profiles of Model O310tat

o ) ) 5.2. Evolution in two dimensions
Hence, the’®Ni yield might be increased by a factor of up to

about 2 compared to Model O310. Repeating the calculation of the one-dimensional modeld031
Just interior to the dense shell (and fRa&li-rich zone in in two dimensions we obtained Model T310 that develops con-
Model 0310), we must expect substantial convective agtivit vective activity already 60 ms after core bounce. Fingers of
occur, because neutrino-matter interactions sustain atimeg buoyant, high-entropy material wittk, ~ 0.4, and an initial
entropy gradient in the neutrino-heated material througtitee angular width of about®- 10° form quickly from the imposed
entire evolution up to 820ms. As Fifll 4 shows, the entroged perturbations in the neutrino heated layer near thegai
starts to rise steeply when one moves inward frod7 M, and  dius and start to rise toward the shock into the surroundasg g
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of lower entropy. While doing so they acquire a mushroonthe opposite behaviour and is 15% larger in Model T310thanin
capped shape and display a tendency to merge into bubbleMofiel 0310. Theseffects are comparatively small in Model
about 10 - 20° lateral width (Fig[L). Between the bubblesT310, again mainly due to the short explosion time scaleisf th
low-entropy material withY, ~ 0.498 sinks inward in tube-like model.
flows. Compared to the one dimensional case, the convective The distribution of the elements in velocity space is of sig-
rise of the high-entropy gas leads to a somewhat mfficient nificant importance for an understanding of the evolution of
energy transport, and a reduced energy loss by the reemis$i® supernova beyond the first second. Since Models 0310 and
of neutrinos from heated matter. Therefore Model T310 eX310 barely difer in this respect we discuss only the two-
ploded with an energy dEexp = 1.77x 10°t erg, which is 11% dimensional case. In Fi§l 7 we plot as functions of the radial
higher than in Model 0310. The mean shock expansion velo@locity v, and time, the fractions of the total mass ‘60,
ity is, however, almost the same as in Model 0310. 285, 44Ti and °Ni that are contained within the velocity in-
While the shock propagates through the Si-rich layers of thervals [, v, + dv;] with dv, = 350kms®. Att = 120ms,
star,%6Ni is synthesized in the high-density shell (S&cCf] 5.1)vhen the shock is travelling through the outermost layers of
which is distorted at its base by the rising bubbles of higlthe iron core, substantial amounts of material from theili
entropy material. As in the one-dimensional case, freezeamd oxygen shells are either still near hydrostatic equuiib
of nuclear reactions in the deleptonized bubbles leadsgl hor falling towards the shock. Consequently the peak and sving
abundances of the neutronization tracer and to smalleds/iebf the mass distributions of the respective elements hane ze
for nuclei produced by-rich freezeout. However, in betweenand negative velocities. As the post-shock temperaturinbeg
the bubbles, i.e. in the down-flows mentioned above, elactrm drop below 7x 10°K, reassembly ofr-particles to heavier
fractions are sfficiently high that®®Ni is synthesized. Hence, nuclei starts in the immediate post-shock region and leads t
the inner boundary of thé®Ni shell possesses an asphericahitially small abundances dfTi and >®Ni, the bulk of which
shape closely tracing the inner edge of the low-entropyhthighas velocities around 8 10° knmy/s.
density) material in the convective region, while the ol Only 100 ms latert( = 220ms) the explosion gains mo-
boundary coincides with the (spherical) shock wave as Iengrmentum, and the shock propagates through the silicon stell a
the post-shock temperatures stay abovel®® K. After com- encounters substantially smaller maximum infall vel@sitof
plete silicon burning has ceasedtat 270 ms, an anisotropic only 3000kmis. This leads to the cufioof the high velocity
nickel shell is left behind, while the spherical shock conés wings of silicon and oxygen at3 x 10°kmy/s. Downstream
moving outward (see Fifl 1). of the shock®Ni is synthesized as the dominant nucleus in
The diferences in the spatial nickel distribution betweeregions of explosive silicon burning, while al$6Ti is built
Model T310 and its 1D analogue, Model 0310, are relap in smaller amounts. The spatial neighborhood of these two
tively small, however. This is caused by the high initial newnuclei is reflected in their velocity distributions, whicloth
trino luminosities and their rapid, exponential decling|(@) peak around B5 x 10*kmy/s. However, in contrast t&°Ni,
adopted for our models. Both assumptions favour small expkpme**Ti also forms bye-rich freezeout in the rising convec-
sion time scales which prevents convective bubbles to metye blobs that at this stage show the highest velocitieshen t
to large-scale structures, as in cases where the phase -of gia. This causes the broad wing in the velocity distribotid
vective overturn lasts for several turn-over times. Lowgri 4“Ti up to 17 x 10*kmy/s, while maximun?®Ni velocities reach
the neutrino luminosities (and the explosion energies)plre 1.55x10% kny/s. The velocity distribution for the neutronization
tain stronger convection that largely distorts the shockewatracer shows a behaviour similar4ri.
by developing big bubbles of neutrino-heated material (see At 420ms the supernova’s explosion energy is still in-
Janka & Miiller | 1996, Kifonidis et all_2000, Kifonidis efial.creasing and has led to maximuiiNi velocities as high as
2001, and Janka etlal. 2001 for examples). Adopting constar5 x 10* km/s. Substantial amounts of silicon have also been
core luminosities in contrast to the exponential law of ), ( accelerated outward. A stratification of these elementslioos
we can produce models that exhibit the vigorous boiling bty space is beginning to emerge because the positive wgloci
haviour reported by Burrows etlal. (1995). Such cases candiadient behind the shock (see Hify. 3) results in highercielo
nally develop global anisotropies, showing a dominancéef tties in the post-shock region as compared to gas in the deeper
m = 0,| = 1 mode of convection (see Janka et al. 2003; Plewayers of the ejecta. Meanwhile, the neutrino-driven wiag h
et al., in preparation). As a consequence, convection aah |degun to blow & material from the proto-neutron star surface
to huge deviations of the spatial distribution of iron graup  with velocities in excess of.Q x 10*kmys (Fig.[3). Traces
clei from spherical symmetry, much stronger than those visif **Ti in the wind, that has a composition dominated dy
ble in Fig.[d. Convection can also change the nucleosymthgtarticles and neutron-rich nuclei, can be seen at these-velo
yields of iron group nuclei, because it enhances neutrtiniza ities. The distribution of“Ti in velocity space is somewhat
by cycling highY, material from outer layers through the reuncertain. We have noted in Selci]5.1 that the bulkR*®f is
gions near the gain radius where the gas loses lepton numbgrthesized at the boundary of layers with hfgte and*°Ca
(Kifonidis et ali2001; Janka etlal. 2001). Due to our adopted abundances. The location of this region coincides with tag-m
andvye luminosities the gas cannot regain highvalues when imum of the>Ni abundance (Fid]5). Thus, the peaks of both
it moves outward again. This leadsiNi yields that are about elements are found at comparable velocitied @ x 10* knys;
6% smaller in Model T310 as compared to the 1D case, Mod&y. [d). We note again, however, that the spatial distrdouti
0310, while the final yield of the neutronization tracer seowand the yield of**Ti are severely fiected by numerical dif-
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Fig. 8. a) Evolution of the density in our one-dimensional Type Ipstnova simulation ModeT310 (left). The dotted lines
indicate the positions of the &), (C+O)/He and HeH interfaces 0.82s after core bounce. b) Shock velocity amation of
shock radius in ModeT310, and radial dependencegf for our progenitor model (right). Note the decelerationtw shock
after it has crossed the ¢©)/He interface at log(/cm) = 9.55 and the H&H interface at log(/cm) = 10.85. The increase of the
shock velocity for log(/cm) > 12.2 is due to the steep drop of the density in the atmospherecitér.

fusion [Plewa & Millldn 1999). The location of tHéTi peak of Sedov(1959), the shock decelerates whenever it enasunte
att = 420ms (Fig[lr) might actually occur at much lowea density profile that falls f6 with a flatter slope tharc r=3
velocities, if numerical dfusion (and thereb§“Ti synthesis (i.e. for increasingr?), while for density profiles steeper than
at the “He/*°Ca boundary) is substantially reduced. In this r=3 (i.e. for decreasingr?) it accelerates. Since models of
case, the contribution from the slower, deeper layers of thepernova progenitors (see €.g. Woosley & Weaveri1995) do
ejecta, just downstream of the reverse shock, might dominatot show a density structure that can be described by a sin-
Indeed this material causes the second, sm#iEmpeak near gle power-law, an unsteady shock propagation results that i
1.0 x 10*kmys att = 820 ms (lower right panel of Fig 7). turn gives rise to Rayleigh-Taylor unstable pressure amd de
The velocities of the fastest regions that conf&Mi reach sity gradients at the composition interfaces of the stathis
a maximum of 17 x 10* kmy/s around = 620 ms and decreasesection we follow shock propagation beyond the first second
slightly to 165 x 10*kmy/s att = 820ms. It is obvious, that with our AMR code in one spatial dimension to illustrate #hes
these®Ni velocities are much larger than those observed effects. In order to obtain the closest possible approximation
SN 1987 A and that some slow-down of this material must hate the energetics of the two-dimensional case, with which we
taken place later. In fact, we will show in Selci]6.2 that excewill compare our results in the following section, we stéitt
sive deceleration of this material during the subsequeot e D calculation from an angularly averaged version of our 2D
lution is the main problem for an explanation of the observexplosion, Model T310, (instead of the one-dimensional@od
%6Ni velocities in SN 1987 A. 0310). We will henceforth refer to the one-dimensional lssu
Summarizing our one and two-dimensional results for thw this section as Modér310.
evolution within the first second, we note that a Rayleigh-
Taylor unstable density inversion can form at th&8nterface
of a blue supergiant. The quickly expandili is situated just
interior to this interface and is distributed anisotrofiican an
inhomogeneous layer. This results in a seed perturbatiadhéo
Rayleigh-Taylor unstable regions. We will show in the fallo
ing sections that the magnitude of this perturbation ficent
to induce significant outward mixing 8#Ni.

Figure[@a displays the evolution of the density for this
model. The locations of the &, (C+O)/He, and H¢H inter-
faces at the start of the calculation (i.e. 0.82s after beunc
are also indicated. In Fifll 8b we show the shock velocity as a
function of shock radius for times later than about one sdcon
after core bounce, along with the radial variatiopof for our
progenitor model. When the shock wave crosses th&){He
interface at log(/cm) = 9.55, 1.8s after bounce, its propa-
gation speed is as high as 20 000 knfs. Thereafter, a rapid

6. Beyond the first second: A Type Il model decrease of the shock velocity can be seen, ginticreases,

i.e. the density profile in the He core fallf avith a more shal-

low slope thanx r=3. The deceleration lasts until the blast wave
Once the shock wave has been launched by neutrino heatiag reached the outer layers of the He core and enters a harrow
and the explosion energy has saturated, the further ewalutiegion of decreasingr® around logf/cm) = 10.7. This region

of the supernova depends strongly on the density profileeof tis characterized by a rapid drop of the density just below the
progenitor star. According to the analytic blast wave sohg He/H interface (see Fidl8a). Here the shock temporarily ac-

6.1. One-dimensional evolution
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Fig. 9. Structure of ModelT310, a) 20s (left), and b) 300s after bounce (right). Shoven(lom top) the density, pressure,
velocity, sound speed, and mass fractions as functionsdifisaNote the unstable regions (shaded in grey) near &, Si
(C+O)/He and HegH composition interfaces, where the density and presswaédignts have opposite signs. At 300s, the
density gradient at the inner edge of the dense shell thdbhagd below the H# interface is in the process of steepening into
areverse shock (compare also fily. 8a). Note also the enardrop of the velocity in the layers that are enriche@Mi, from
6000 kmis at 20 s to 1300kys at 300s.

celerates to about 9000 ken(Fig.[Bb). Once it has passed theelerated matter and starts to propagate inwards in mass. Th
He/H interface around 80 s after core bounce, the evolution meverse shocks as well as the dense shells that form after the
sembles that after the crossing of the+@)/He interface. A main shock has passed thg@i (C+O)/He and H¢H inter-
gradual deceleration of the shock to 400Q&mccurs, until faces, can be clearly seen in Hij. 8a in the density strusfare

the blast wave enters the atmosphere of the star and finally @82 s, 20 s and 1500, respectively. It is also apparentitbat
celerates to more than 20 000 fjsnwhile propagatingfd the density profiles for the latter two times show a striking $ami
numerical grid. ity in the region that is bounded by the forward and the revers

: . . _shocks.
Every time the shock decelerates, it leaves behind a pesitiv

pressure gradient which slows down the post-shock layées. T In a one-dimensional calculation, where hydrodynamic in-
shocked material thus piles up and forms a high-density postabilities are absent, dense shells, that have formedglasr-
shock shell. Note that layers which arefitiently far down- lier phases of the evolution, are preserved provided the nu-
stream of the shock may be out of sonic contact with it, i.e. anerical difusivity of the employed hydrodynamic scheme is
the time scale of the supernova expansion these layers ntaysufficiently small. This is demonstrated by the left panel of
be reached by sound waves originating in the immediate pdstg.[d which shows some flow quantities 20 s after core bounce.
shock region. In this case, the only way in which informatioNote that two high-density peaks are visible between the for
can be mediated to the deeper layers is through a supersevacd and reverse shock at that time. The inner is the one that
wave. Therefore their slow-down proceeds via a reversekshoformed at the 30 interface (SecEZ8 1). It contains mainly sil-
that forms at the inner boundary of the high-density shalleef icon and oxygen. The outer one has formed at the(§He
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Fig. 10.Logarithm of the total, time-integrateliipear growth rate in the unstable layers near th€©Sind (G-O)/He composition
interfaces of Model'310 at diferent times. The linear growth rates increase with time aadh amplification factors 10'2
within the first 300 seconds (i.e. five minutes) of the exosi

interface and contains carbon and oxygen. In the layerstbird unstable region has formed at the outer edge of theedens
these shells that are shaded in gray in Elg. 9, negative dshell that the shock has left behind at the/fiénterface. The
sity and positive pressure gradients exist. Thus, alreaithisa evolution of the growth rate in this region is shown in Figl 11
early time, Rayleigh-Taylor instabilities may grow in teeg- Att = 300s itis much smaller than the rates for the instabilities
gions [Chevali¢ir 1976). This is confirmed quantitativelypley- at the SIO and (G-O)/He interfaces. However, while the latter
forming a linear stability analysis (see €.g. Miller €18191b; reach their maxima at this epoch, the growth rate at th#iHe
Iwamoto et all 1997, and the references therein; note that aterface still increases. It reaches about the same leviiea
calculations dier from these previous simulations because vgowth rates at the two inner interfaces at 3000 seconds afte
start from a model that has a consistent explosion history, core bounce.

stead of having the explosion energy artificially deposited  This behaviour is opposite to that found in the calculations

the stellar core). of Miiller et al. [1991b), where the instability initiallyrgws
In Fig. 0 we plot for diferent times the total, time- faster at the H& interface and only after some time is sur-
integrated growth rate passed by the growth at the {O)/He interface. It is very
t likely, that this result of Miiller et al! (19911b) is causegithe
‘. exp( f adt’), (2) factthat they started their stability analysis as well &srtBD
%0 0 calculations 300s after core bouné®liable calculations of

i.e. the factor by which a (small) perturbation with an iiti the Rayleigh-Taylor growth, however, require consideration of
amplitudeZ, would be magnified at timeaccording to linear the very early moments of the explosion. While the results of
perturbations theory. The growth rate of the instability,is the linear stability analysis are certainly invalid quéattvely

given by once non-linear growth sets in, the above conclusion is sub-
stantiated by our two-dimensional calculations. It is asp-
PaInPalnp ported by results of Iwamoto etlal. (1997) who found a similar
TENTS o o (3)  behaviour for the growth of the instability at the{O)/He and

He/H interfaces of their 2D models for SN 1993 J.
(e.g..Milller et all 1991b), where we have assumed the fluid to To our knowledge, large growth rates for Rayleigh-Taylor
be incompressible for simplicity. Within only 20 s after me, instabilities at the 30 interface of a massive star have never
the amplification factor grows to about éth both unstable been reported before. We can only speculate about the reason
regions, which are separated by a narrow stable laye6ad.  for the absence of this unstable layer in previous simuiatio
Both growth rates are increasing until 300 seconds aftent®u Either it was caused by the fact that the explosion was ini-
and saturate thereafter. The right panel of Elg. 9 showsahatiated artificially by depositing energy in an ad hoc way, or
t = 300s the metal core of the star has piled up to a higli-was caused by ingficient numerical resolution, or by dif-
density zone that includes the two unstable interfaceshiat tferences in the structure of the progenitor stars that were e
time, the shock has already passed th¢HHaterface and a ployed in these studies. The latter is obviously the caséfor
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r i ; Figure[TI2a displays the situation 4s after core bounce,
14f Si/0 i(C+0)/He He/H

when the supernova shock has already crossed th®)Ele
interface of the star. The anisotropic structures that esselen
in this figure are strikingly similar to those visible 420 nfs a
ter bounce (Fidllb). This indicates that the low-densitgtth
entropy) layers of the ejecta, that were heated by neutrinos
expand essentially self-similarly during the first few sed®
of the explosion. However, outside of the high-entropy mush
rooms, and exactly as in the one-dimensional case, material
of the Si and GO layers of the star piles up in two dense
shells. Ten seconds after core bounce (E§. 12b) also ttre hig
entropy gas is fiected, and the low-density mushrooms have
been compressed to flat structures. Only 10 s later[[Hg.th2c)
compression has become so strong that the density distribut
no longer resembles the flow-structures of the shock revival
phase. A second reverse shock has formed as a consequence of
Fig. 11. Logarithm of the total, time-integratelipear growth the deceleration of the main shock in the He core ($edt. 6.1).
rate in the unstable layers near thgGsi (C+O)/He and It is visible as the dark discontinuity at = 1.6 x 10'°cm
He/H composition interfaces of Mod@1310 at diferent times. in Fig. [[2c. The initial mushrooms have imprinted a strong
Comparing the amplitudes of the growth rates at th®Sind long-wavelength perturbation both on the dense shell loehin
(C+O)/He interfaces with those given in Fig.J10 one can seke SjO interface and at the (@D)/He interface. Superposed
that these have saturated after 300 s (in fact the curve®@s,3 upon this perturbation, small-scale disturbances stagrdav
1600 s, and 3000 s are not visible individually because they @long the entire 3D interface where also about 10 cusps (not
identical within plotting accuracy). Note, however, tHa tate counting the features near the symmetry axis) begin to dpvel
for the instability at the H@ interface is still increasing be-that are located about 2@part. Interestingly, the positions of
tween 300s and 3000s. these cusps daot coincide with those of the former mush-
rooms that are located in the regioostween the cusps. The
cusps themselves seem to be pushed by the denser matdrial tha
simulations of_Arnett et all (1980H), Fryxell ef dl. (169Hda constituted the former down-flows between the mushrooms. It
Miiller et al. [1991b) who used a stellar model at the end isfexactly in these dense regions, whefi had formed dur-
carbon burning for their calculations. Also a combinatidn dng the first 250 ms of the explosion. Although most of rei
the efects listed above is possible. High-resolution studiels wis originally located in a layer just interior to the unsebne
our hydrodynamic code applied tofidirent progenitor models at the SIO interface (see Fig.12a and compare also[Hig. 9 for
may be required to clarify this issue. We stress this poirt bi&e one-dimensional model), the dense regions with thegjeta
cause the two-dimensional models to be discussed in the n@amentum cannot be slowed down as strongly as their neigh-
section demonstrated that the instability at th@©Shterfacds bouring matter so that they penetrate outward much farther.

the most crucial one for determining the subsequent evolution! his becomes evident in the plots for 100s (Fig[IBa). The
cusps have already grown into separate fingers that staseto r

through the (G O)/He interface and impose a long-wavelength
6.2. Two-dimensional evolution perturbation onto these layers. Concurrently, the sntaitzde
perturbations that are resolved on our grid have grown tdlsma
mushrooms at the 8 interface and start to m#€Si outwards

In contrast to the one-dimensional case, in two (and threiile '°O is mixed inwards in between them. The growth of
spatial dimensions the dense shells that form at the compddyleigh-Taylor fingers from the former dense Ni-“pockets”
tion interfaces can fragment into a set of smaller clumps tH3s important consequences for the interpretation of vaser
may decouple from the flow and move ballistically through tHéonal data and will be addressed in more detail in Séct. 7.
ejecta. Such a fragmentation actually occurs in our modedsd At t = 100s the supernova shock has already passed the
to the spatial proximity of the Rayleigh-Taylor unstablees He/H interface. Furthermore, the reverse shock that had formed
near the so and (G_O)/He interfaces and the convective |aydue to the slow-down of the main shock in the He core starts
ers. To demonstrate thesgezts, we present a two-dimensional0 Propagate inward in radius. This reverse shock deceferat
Type Il supernova calculation that was started from the lkhodhe innermost layers of the ejecta until it is reflected atithe
revival model T310. In what follows we will refer to this simu ner boundary and moves outward again, compressing the in-
lation as Model T310a. To illustrate its hydrodynamicevioln n€r metal core of the star (Figs]13b and c). Five minutes afte

we show plotd of the mass density and the partial densities ounce, the metal core itself is totally shredded by thealibt
the nucleitf0, 28Si and®6Ni. ity. Showing a density contrast to the ambient material of up

to a factor of 5, the fingers have grown into the typical mush-
1 Movies from this simulation are available undefoom shape, which is caused by Kelvin-Helmholtz instabili-
http://www.mpa-garching.mpg.de/~kok/MPG ties (Fig [IBb). Almost the entire metal core has therebyibee
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6.2.1. Clump formation and mixing
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Fig. 12.Logarithm of the density (top) and of the partial densitiest{om) of*60 (blue),?8Si (green), and®Ni (red) in Model
T310a at selected early epochs. Data values are coded amgtwdhe color bars given for each frame. In case of the aglarti
densities, colors other than red, green and blue (resulimg the superposition of these color channels) indicaténgiof the
composition. From left to right & = 4 s, b)t = 10s, c)t = 20s. Note the change of the radial scale. The supernova sfock

visible as the outermost circular discontinuity in the dignglots.
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Fig. 13.Same as Fig12. 4= 100s (left), b)t = 300s (middle), c} = 1500 s (right). Note the change of the radial scale.



K. Kifonidis et al.: Non-spherical Core Collapse Superr@mva 19

2 el L4 2k

— - —rem - w"__-'_':':':r ,] ¥ I..lll_lj?:?
. A S

o

L

e

e T
T
bam P Gapes Lo v ) L1 hnngl

=
E
"™

El
[
el El
r
g L3
A r'
PRy |

i e [

-

Fig. 14.Same as Fid.12. 4)= 5000s (left), bx = 10 000 s (middle), c) = 20 000 s (right). Note the change of the radial scale.
The circular orangblack boundary in the upper right panel corresponds to ther@dge of the computational domain, which
the supernova shock has crossed long before.
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carried through a substantial fraction of the He core, winile homogenized. This causes the light blue and whitish regions
turn helium-rich gas was mixed into the metal core in “pockn the abundance plots (lower panels of FIgd. 14a to c) due to
ets” between the fingers. These low-density helium tongaes ¢he superposition of the single colors that were assignékto
be discerned as the black regions around the blueish oxygkffierent elements. The interaction with the reverse shock also
plumes in the abundance plots of Higl 13. Note that therelémds to mixing of ambient helium into the clumps, with the he
a second helium-rich region closer to the center of the mddtm mass fraction becoming comparable to that of the heavy
els, interior to the red, green, and blue-colored zoness fighi elements. Before, the clumps contained only small amounts o
gion contains material that experienced a high-entropgzige helium that was admixed to them during the firs800 s from
out of nuclear reactions, and thus shows high abundanceshaf central zone at-rich freezeout by the development of the
a-particles and nuclei liké“Ti. In between thisz-rich layer Rayleigh-Taylor instabilities.
and the regions 0®Ni dominance (the patches of dense mate- To facilitate a comparison of Model T310a with one-
rial colored in red and pink in the abundance panel of [Eljj. 18imensional work, upon which most attempts to reproduce ob-
see also Fid19 for the one-dimensional case) one encountanwations of nucleosynthetic yields and their distributare
neutron-rich nuclei. These nuclear species participatthén based, we summarize the extent of mixing as a function of
mixing. The closer they are located to the unstable intedacthe enclosed mass in FigJ15. The left panel shows the dis-
the stronger their spatial distribution ifected. tribution of the mass fractions for the original presupemo

At 1500 seconds after bounce, the flow in the mixing renodel. At a time of 20000s after bounce (right panel), ele-
gion has become very complex because of the interactionnoénts likel®O and?Si, that made up the original metal core
the instabilities at the former & and (G-O)/He interfaces and have been mixed almost homogeneously throughout the inner
the action of Kelvin-Helmholtz instabilities in the sheaviis 3.4 M, along with the newly synthesize@Ni. The only nu-
along the fingers (Fid—_13c). During this phase, and deperdear species that are not mixed this far out in mass are the
ing on the spatial resolution, our simulations show a tengemeutronization tracer and, to an even lesser exténit, These
for the edges of the fingers to fragment into smaller str@stur nuclei were synthesized in the innermost layers of the imeutr
This fragmentation appears to be more pronounced for modet¢saited ejecta very close to the collapsed core.
with small explosion energies. In this case, the time-sfale Note that the mixing is confined to the former He core of
the fingers to cross the He core may increasBaently to al- the star (i.e. the inner.2Mg). This can be understood from
low for substantial growth of fluid-dynamic instabilitiesthe Fig.[I4: The dense He-shell, that forms just below th¢HHe
boundaries of the fingers. interface, acts like an impenetrable wall for the metal gdsm

While the central regions of the star are turned insidmd shields the hydrogen envelope from becoming enriched
out, a dense shell can be seen 1500s after bounce justveigh heavy elements. This result may appear somewhat sur-
low the border between helium core and hydrogen envelopgsing because, as we have shown by the linear stabilitly ana
(Fig.[D3c). It is this prominent shell that we also found ie thysis (Secf6]1), the Hid interface of the Woosley etlal. (1988)
one-dimensional calculation (SeEf6.1) as a result of the dtar is Rayleigh-Taylor unstable. However, since we didmet
celeration of the main shock in the hydrogen envelope. Ngiese any seed perturbations in our AMR simulations and since
that like in the one-dimensional case, the density gradiéntthe supernova shock is almost perfectly spherically synmimet
the inner edge of the shell steepens into a reverse shodke Inwhen it crosses the Hd interface, the evolution of these lay-
one-dimensional calculation, the layers of the metal coee @&rs proceeds initially one-dimensionally. This turns aubge
well behind this reverse shock unti= 2600s. Only then has true even in models where much more vigorous neutrino-drive
the reverse shock propagatedisiiently deep inward in mass convection imposes noticeable asphericities on the shock d
to reach the (€0)/He interface (see also Kane eflal. 2000 aridg its revival. Such asphericities, however, are smoothad
Muller et al.l1991b). In our two-dimensional simulatiomwr  during the subsequent propagation of the shock throughethe h
ever, the fastest mushrooms already start to penetrateghrolium core. The only deviations from spherical symmetry that
the reverse shock at 1500s after bounce (Ei§). 13c). This perturb the HAH interface in Model T310a are the waves that
teraction of the metal-enriched clumps with the reversekhaoare excited when the metal-enriched clumps hit the innee edg
has not been pointed out in any previous study of Rayleigbf the dense shell below the interface at tintes 1500s.
Taylor instabilities in Type Il supernova progenitors.#isim- However, these perturbations encounter only a moderately u
portant consequences for the velocity distribution of thee e stable HgH interface at these late times, in accordance with
ments because it leads to a strong deceleration of the clunthe linear stability analysis (Fig—IL1) which shows thaeaft
We will address this issue in more detail below. For the mo—~ 1500 s the integrated growth rate,increases only slightly.
ment we only note that after penetrating through the reverBke mixing at the H&H interface is therefore rather weak. The
shock and entering the high-density He-shell, the clumpgmanstability at this interface has apparently evolved it hon-
supersonically relative to the ambient medium. As arebelyt linear regime by ~ 10 000 s, showing a multitude of small and
are dissipating a large fraction of their kinetic energy awb somewhat bent fingers. However, these do not grow apprecia-
shocks and strong acoustic waves. The wave fronts can be dagrup to 20000 s after bounce, when we stopped our 2D sim-
in Figs.[T3a to ¢ which show the interaction of the clumps withlation. At this time the flow near the interface expands lyear
the shell between 5000s and 20000 s after bounce. Higliresgé#f-similarly, i.e. the small fingers move with the sameoeel
also suggests that during this interaction the spatiatidist ity as the medium between them. Note that the perturbations
tion of the heavy elements inside the clumps is almost dptiref the HgH interface that result from the accoustic waves are
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Fig. 15. Evolution of the extent of mixing in Model T310a. Left: Irdticomposition. Right: Composition 20000s after core
bounce. The neutronization tracer is denoted with “X”. Nibigt all heavy elements are confined to the helium core §.the
innermost £ M, of the star) even as late as 20 000 s after core bounce.

quite diferent from those used to initiate the instability in aklei to become fiected by the compression al®0, 28Si and
previous studies. In the latter, seed perturbations of tdero %6Ni, since these are located closest to the supernova shock. A
of 10% of the radial velocity were imposed on the entire staarrow peak forms in the velocity distribution of these ederns
about 300s after shock formation. With perturbations of thalready between 4 s and 10's after bounce [Elb. 16). Being cen-
magnitude it is indeed possible to obtain strong mixing at tilered around 8500 kfm att = 10 s, the peak gradually recedes
He/H interface of our progenitor. We have found such extendéal~ 3500knjs att = 50s. The maximum velocities GFNi
mixing in the late evolution of the hydrodynamic model disand?Si are larger than this value by about 150Q&nwhile a
cussed in Kifonidis et all (2000), whichered strongly from small fraction of*®0 is found at somewhat larger velocities,
odd-even decoupling, and was therefore perturbed in tHalradtill. Elements that are located closer to the inner boundar
velocity by ~ 20% att = 300s. However, even in this modelof the computational domain (i.&%Ti and the neutronization
the nickel was mixed out only to a mass coordinate .6fM,, tracer) show broader distributions in velocity space dythe

after 10000s. first ~ 10 s of the explosion, until the strong compression also
affects their spatial distribution and leads to a homogerunati

of all profiles in Fig[Ib around 50 s after bounce. This homog-
enization is actually fortunate for a comparison of our hssu

to observational data, since it makes the late-time velalig-

In Fig. I8 we show for times from 4s until 20000s aftetributions of nuclei in our models fairly robust against anc
bounce the logarithm of the fractional masses for several fi@inties that &ect the nucleosynthesis in the neutrino-heated
clei that are contained within the velocity intervay,[v; + dv;] matter. In particular, the velocity profiles ¥Ni and of the neu-
as a function of the radial velocity. Obviously, there oscar tronization tracer nucleus are finally rather similar. Heritis
bulk deceleration of the material from velocities as large &0t very relevant for the velocity distributions of theseclei
~ 14 000 knfs at a time of 4 s after bounce 05000 ks after that nucleosynthesis in the inner ejecta depends on unknown
50s. This is caused by the enormous deceleration that tioi shéetails of the neutrino luminosities and spectra, whictedet
and the post-shock material experience after the shockrhasf@ine whetheP®Ni or mere neutron-rich nuclei are produced.
tered the He core. The deceleration and the associated com-Up to a time of 300s, when the Rayleigh-Taylor insta-
pression also cause the clear tendency of the mass digiributbilities are still developing, the maximum velocity 6fNi
of the elements to narrow down in velocity space (Ei§. 16). is steadily decreasing, dropping to values-~of3500 kmjs.
Shortly before the shock crosses the+(@/He interface This maximum velocity is found in the mushroom caps of
(i.e. for times 1s< t < 2s) the abundance maxima of difthe Rayleigh-Taylor fingers. In the early stages of theisexi
ferent elements are well-separated in radius. Togethérthvt tence these “clumps” have to propagate through a ratheedens
post-shock velocity gradient (SeEL16.2) this results ixima medium. In addition they “feel” the positive pressure geadi
of the velocity distributions of dierent nuclei that are well- in the unstable layers. Hence they are decelerated apphgcia
separated in velocity space. However, this separatiorpdisaut less than the expansion of the surrounding matter iseslow
pears within the first 50 s after bounce due to the strong codewn by this pressure gradient. Around 300s, however, the
pression: Being squeezed into a very dense shdlierdnt nu- density contrast between the clumps and their environnmast h
clear species are getting very close in radius and thus #eygrown substantially. In addition, at this time the soundespe
flect the velocities that are prevailing in this shell. Thetfitu- is about 1400 kifs in the layers of the He core through which

6.2.2. Clump propagation and velocity distribution of
nucleosynthetic products
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Fig. 16. Logarithm of the fractional mass offterent elements that is contained within the velocity iraéfv;, v, + dv;] as a
function of the radial velocity, in Model T310a at various epochs. The resolutionvs=d 130 km s. Note the diferent scales
for the radial velocity in the left and right panels.

the clumps propagate, while the “background” flow is expanthe latter time the clumps penetrate through the reverseksho
ing with ~ 3000 knjs. Comparing this to the clump velocity ofat the inner edge of the dense shell that has formed below the
3500 kmis we find that at = 300 s the clumps move relative toHe/H interface. After entering this shell they are strongly de-
the He core with about 500 kisy i.e. their motion relative to the celerated, and the maximum velocities of all elements drop
background isubsonic and the drag they experience is rathéo ~ 1200knjs as is visible for a time of 20000s after core
small. As a result, the clumps “decouple” from the flow andounce in FiglZll6. These values are significantly smallen tha
start to move ballistically through the remaining part af tre- those observed in SN 1987 A. Note that prior to the interactio
lium core, with the maximur®Ni velocity remaining roughly of the clumps with the shell, the nickel velocities of our retsd
constant for times between 300 s and 1500 s. At approximatate in accordance with the velocities observed in SN 1987 A,
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i.e. a good match to the observations is prevented by the fdf-> 1. In addition, the mushroom caps of our Rayleigh-Taylor
mation of the dense shell in the outer He core of our modelmgers have typical radiicump ~ 0.1Rs, with Rs being the ra-
Several €ects cause the strong slow-down of the clumps in tlius of the reverse shock. Thus they do not satisfy the small
shell. They can be discussed by considering the expressiondlump criterion (cump < 0.01Rs) thatiKlein et al. [(1994) as-

the drag force sumed for their study. Finally, our problem has a more com-
5 plicated geometry and equation of state. Recent expergént
Fp = cD'LiA, (4) M ~ 1 shocks in air interacting with a cylindrical column of
2 high-density gas (Fishbine 2002; Zoldi 2002) indicate that

where A is the cross sectional area of a clumpthe ambi- gas column is strongly ablated, developing significantieiyt
ent fluid densityy the velocity of the clumps relative to theat its edges. However, it is not entirely destroyed.
ambient fluid, anccp the drag cofficient. Since the clumps  Klein et al. [1994) report that for the shock-cloud interac-
have to pass throughraverse shock they enter an environmention problem, about 120 zones per cloud radius are required
with a smaller mean expansion velocity than in the layers ito reduce numerical viscosity in a second-order Godunpe-ty
front of the shock. Their velocity relative to the new back- hydrodynamic scheme to the point that converged results can
ground is thereforgigher than it was before they crossed thée obtained. With- 20 zones per clump radius our resolution is
shock and amounts 0~ 1300 kmjs att = 1500s. In addition much lower. Resolution studies are required in order tod¥eci
p is larger in the post-shock region. Botffexts increase the whether our velocity distributions are numerically corgexd.
drag by increasing the ram presspr€. The sound speed in The same holds for answering the question whether the clumps
the post-shock layers is rather small (89Qk)ratt = 1500s. will get dispersed and mixed with the material of the “helium
Therefore, the clumps moaeipersonically through the dense wall”, or whether they can survive as individual entitietsl
medium, with Mach numbers! ~ 1.5. The drag coicient also that in the end 3D calculations will be required sinee th
cp of a projectile increases steeply in the substmuipersonic drag codicient,cp, and the cross sectioA, in Eq. [4) depend
transition (this is the well-known “sound barrier”). Thifect on clump shape, which can lead to quantitativedences in
is even more pronounced if the projectile’s shape is roimdigiree-dimensional as compared to our two-dimensional simu
(as in the case considered here) and not pointed. Togettter Mations. The Rayleigh-Taylor fingers that one finds in a two-
the increase in ram pressure, the supersonic motion leaals thmensional calculation are comparable to genuine 3D “mush
large rise ofFp, and hence to significant energy dissipation. rooms” only along the polar axis of the 2D grid. Along the
The interaction of the clumps with the reverse shock requator one actually obtains toroidal structures becatigeo
sembles the well-studied problem of a (planar) shock intexssumption of axial symmetry (see Kane et al. 2000, and the
acting with an overdense, spherical, interstellar clowt th references therein). Judging from the 2D resulis of Kleiallet
in pressure equilibrium with its surroundings ($ee Kleialet (1994) and the 3D calculations lof Stone & Norman (1992) for
1994, and the references therein). In this case it has beamshthe shock-cloud interaction problem, we have little dohbty-
that the interaction can be divided into four stages. In ttst fi ever, that independent of the dimensionality of the catouta
phase, the blast wave strikes the cloud driving a shock irttee metals must slow down appreciably. We consider this to
the cloud and a reflected shock into the (shocked) interclobd a potentially serious problem for obtaining high veliesit
medium. The reflected shocks resulting from this phase €orfer the metals in the H-envelopes of Type Il supernova models
spond to the bow-shocks that we observe and which pervdticient re-acceleration mechanisms operating at later ghase
the entire dense helium shell in our simulation between 3000f the evolution are currently unknown.
and 20000 s after bounce (Sdci._8.2.1). In the second stage th Herant & Benz 1(1992) reported that they obtained nickel
cloud is compressed into a pancake-like structure. Inidicat velocities of ~ 3000knjs in their SPH calculations, pro-
of this phenomenon can be seen in Fg 13c. The third stagded that they “premixed” th&Ni in their 1D initial mod-
is the reexpansion phase in which the cloud expands lateradlls throughout 75% of the metal core of their 2@ lrogeni-
This increases its cross sectigk,and thus hastens its deceltor. They stated that “if during the explosion itself, or gho
eration (see Figf_14a to c). In the fourth and final phase tthereafter, a first instability was present that alreadyrackd
cloud is destroyed by vorticity generation due to the dgwelosome nickel farther out in the ejecta [as compared to the 1D
ment of Rayleigh-Taylor and Kelvin-Helmholtz instab#ii at initial model], the later instabilities could carry thisfition to-
its surface. We do not observe a complete disintegratioheof ward still higher velocities”. From their text it remainsaiear
metal clumps according to this last phase in our simulatioteow the “carrying to higher velocities” is supposed to work.
It is not clear, whether this is due to numerical reasons tdueReading their paper one might actually gain the impress$iah t
the fact that we might have simply stopped our simulations tthe nickel can be accelerated by the Rayleigh-Taylor inistab
early for the instabilities to grow appreciably, or due tfel+ ties at the H&H interface. However, our models show that dur-
ences in the physics of both problems. In our case the densityg no phase of the evolution beyond the first few seconds, ma-
contrast between a clump and the medium upstream as weltexfal from the former metal core of the star is accelerafesl.
downstream of the reverse shock (the former quantity is a calo not see any signs of such dfeet even in models that were
stant inKlein et al. 1994) is time-dependent, because the owstrongly perturbed by odd-even decoupling (see Kifonitiedle
all expansion decreases the densities. Furthermore, wensee 2000) and therefore developed extensive Rayleigh-Tayior m
shock has a Mach numbbkt ~ 1 and is thus not very strong, ining at the HgH interface. Note that the latter models are even
contrast to the shocks studied by Klein €t al. (1994), forolhi extremely optimistic in allowing nuclei lik&€®Ni (which form
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in the innermost part of the ejecta) to participate in theingx
at the H¢H interface, since these nuclei were mixed very close

to the outer edge of the He core by the earlier instabiliaes] —10F

not just throughout the metal core as in the “premixed” medel=

of Herant & Benz|(1992). ;_ -15F
Actually there is no physical reason to expect an accele® _a0ok

ation of matter (relative to the observer’s frame) by theans §° '

bilities. The pressure gradient in the Rayleigh-Taylortahke —25F

layers ispositive, i.e. these layers adecelerated. Acceleration

is not the cause for the formation of Rayleigh-Taylor fingars -3.0

the unstable zones. The fingers form because overdense blobs
have a larger momentum than the neighbouring material and —1.0
thus cannot be slowed down as efficiently as the surrounding <

gas. Hence, the dense blobs start to move outward reIative@ -15p
their ambient medium, but during no time they are accelel®
ated with respect to the observer’s rest frame. It is the uleco ¥
pling from the background flow and the ballistic motion of the™
clumps which is the crucialféect that leads to higPfNi veloc-

ities in the early evolution of our models. By decouplingrfro -3.0
the background, the clumps can nearly conserve their \gloci

and kinetic energy beyond the time of decoupling. In orderto -1.0
obtain high®®Ni velocities the decoupling has to occurfisu 2
ciently early, when the velocity in th®Ni-rich layers is still > —1.5
high (compare Fid]9a). This in turn means that the growth
the Rayleigh-Taylor instabilities at the inner compogitinter-
faces needs to start within the first 10 s after bounce. If it
does so only a few 100s later, tPRNi velocities have already
dropped to values 1500knjs (Fig.[@b) and it becomes im- -3.0
possible to obtain high velocities by “clump decoupling’tdu

ing the subsequent evolution. This is the reason why eénlier
vestigations of Rayleigh-Taylor mixing in Type Il superaay . .
which started from one-dimensional models 300 s after beunE'd- 17- Same as Fid._16 but for Model T310b and times of
showed low?SNi velocities. However, high initial clump veloc- 300'S: 1500s and 3000 after bounce.

ities, although necessary, might not bdhsient to guarantee

that the velocities of metals will remain high throughoug th7. Beyond the first second: A Type Ib model?

later evolution. In fact, a main problem to overcome is the irJI_ firm the &ect of a st density decli |
teraction of the clumps with the reverse shock below thg-He 0 confirm the gect of a steeper density declineé upon clump
propagation we have removed the outer envelope of our pro-

interface, which dramatically reduces the nickel velesitin ) ) _
genitor model and replaced it by power-law profiles for the

our simulations. )
density and temperature of the form
Herant & Benz|(1992) found that the energy release due to

-20rF

2.5

-20F

log (

n
the radioactive decay 6fNi and*°Co is inficient to signif- p(r) = pcr_‘;, (5)
icantly boost the nickel velocities over the first few months r
However, further studies of thigfect, which should start from T(r) = Tcr—cm, forr > re. (6)

models like ours and use more accurate hydrodynamic schemes

and higher resolution than the calculationg of Herant & Bet#ereinr, is the radius at which the original model was cut,
(1992) are clearly required. At present, we have to concludgandT. are the density and temperature at that radius, and
that high final clump velocities can only be obtained if tha = 4.25 andm = 1.32 are the adopted power-law indices for
clumps decouple dficiently early from the background flow, the density and temperature profiles, respectively. We tlaoe
and if the helium wall and the associated reverse shock do sehr = 5.0 x 10'°cm, i.e. we placed the cut still inside the He
form. The latter requires that the main shock does not deceleore at a mass coordinat4 = 3.89 Mg, while the mass of the
ate in the hydrogen envelope, i.e. the density gradienidritsnew envelope amounted to2IM,,. Note that this simple setup
the He core has to be steeper tharr3. A situation where this of a “Type Ib progenitor” lacks internal consistency. It doet
might hold is the case of a Type Ib supernova explosion. Ttake into account that mass-loss due to winds (or binaryaote
progenitors of Type Ib supernovae are thought to be strippeéah) will gradually alter the entire structure of the staritg

He cores that lack a thick hydrogen envelope. In this case iteevolution and that the density profile at the onset of core
shock directly enters the tenuous atmosphere of the staribncollapse obtained from a consistent stellar evolutionatglc
leaves the dense part of the He-rich layers. lation will therefore look diferent from our model. For this
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used in Model T310b has only smalfects on the overall dy-
namics. However, it suppresses smale-scale fragmentiti®n
to Kelvin-Helmholtz instabilities which is visible in Fif[3c
but not in Fig[IB. Significant éfierences between both cases
start to develop only for times later than 300 s. As we expkcte
the formation of a reverse shock and an associated dense he-
lium shell is absent in the outer core of Model T310b (compare
Fig.[I8 to Fig[IBc). Instead of fering from a deceleration
in such a dense environment the metal clumps can now ex-
pand freely into a tenuous medium, i.e. the velocity profiles
of all chemical elements do not change any more after 300s
(Fig.[I1). Maximum velocities of 3500 kis are obtained for
283, 56Ni, 44Ti, and for the neutronization tracer, whiféO ex-
pands with velocities as high as 5500/m

Figure[I® displays the extent of the mixing (averaged over
angle) for this model at a time of 3000s. The newly synthe-
sized nuclei are mixed throughout the inned B, of the star.
Figure[I® should be compared to the plots of “Model 4B” of
Woosley & Eastman (1997), who computed synthetic spectra
from one-dimensional explosion models of 8 R, He core
(originating from a 4 M, He star) and demonstrated that very
good agreement with observed spectra of SN 1984 L near max-
imum light could be achieved. This was only the case, how-
ever, if they artificially mixed®Ni into the helium rich lay-
ers assuming an exponential decline of #iNi mass frac-
tion, X(°6Ni), with the enclosed mass. The value X%{°Ni)
decreased below 18 only at a mass coordinate &f 2 M,
Different from Model 4B of Woosley & Eastman (1997) our
Model T310b (Fig[ZIB) shows a plateau-like distributionhwit
high nickel mass fractions (I0g(**Ni) ~ -1.0) up to the
outer edge of the nickel-enriched core. The latter coircide
Fig. 18.Logarithm of the density in Model T310b at a time ofVith that of thelWoosley & Eastman model. Whether this is
1500's after bounce. suficient to cause an adequately large flux of ionizipg

photons in the He envelope in case of our more massive star
(5.1 Mg, instead of 23 M, for Woosley & Eastman’s “Model

reason the calculations discussed below can only demémstéB”) can only be decided by calculating detailed spectra. Ou
effects in principle, and the simulations should be repeattd wpurpose here is only to demonstrate that multi-dimensibyal
generic Type Ib progenitors (e.g._ Woosley elal. 1995) te didrodynamic models, with a consistent treatment of the early
cuss observationally relevant aspects in detail. In théesttin phases of the explosion, can yield strong mixing of the metal
of the present work we refrained from doing so but wished tnd He core that is a prerequisite to produce a good match
start with our explosion model T310 as described in $eck. Skitween calculated and observed spectra and light curves
and follow clump propagation in our truncated progenitahwi of Type Ib supernovae (Shigevama etial. 1990; Hachisu et al.
AMRA until 30005 after bounce. At this epoch the expansiatf94;|Woosley & Eastman 1997). Hachisu et al. (1994) have
is already self-similar, i.e. the clumps are “frozen in” andve shown that in order to obtain a ficient amount of mix-
with the same velocity as the ambient medium. ing in multi-dimensional simulations with artificially ggered

The simulation in this section, to which we will hencefortiRayleigh-Taylor instabilities, the amplitude of the seedtypr-
refer to as Model T310b, was performed with a maximum relBations must exceed 5% of the radial expansion velocityet th
olution of 1536x 384 zones. Otherwise we used the same cotime the shock crosses the unstable interfaces in the metal ¢
putational strategy as for Model T310a of S&ci] 6.2. Not sudur models demonstrate that such a degree of perturbation ca
prisingly, the evolution in Model T310b proceeded idertica be naturally obtained as a result of neutrino-driven cotiwac
to the previous Type Il supernova model, T310a, for the firduring the first second of the explosion.
50s, i.e. the time it took the shock to reach the mass coarlina A most remarkable feature of Model T310b is the fact that
where we truncated the original progenitor and where the deéhe number of Rayleigh-Taylor fingers at timeg 1500s is
sity in the modified model now starts to decline steeply. It iorrelated with (indeed it is essentially equal to) the nandf
remarkable, however, that the velocity profiles for all cieah down-flows that developed in the convective layer of neotrin
elements show only minor fierences between Model T310theating behind the shock (compare Higl 18 to Elg. 1b). This
(Fig.[I1) and Model T310a (compare Higl 16) even as late emrrelation, although initially present, is destroyed imdié!
300 s after bounce. This also indicates that the lower résolu T310a, where the interaction of the clumps with the reverse
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Fig. 19.Same as Fid.15, but for Model T310b. Left: Initial compasiti Right: Composition 3000 s after core bounce.

shock and the dense helium shell results in a stronger non-ing formed by Si-burning®Ni is also produced in signifi-
linear evolution with substantial vorticity generatiordamix- cant amounts in the neutrino-heated high-entropy bubbles
ing. As the structure of down-flows and neutrino-heated bub- if their neutronization is moderate. The latter is sensitiv
bles characterizes the mode of the convective pattern teat p  the v andve luminosities and spectra imposed at the inner
vails within the shock-revival phase, it carries importamnt boundary in our simulations.

formation about the mechanism that initiates the expladion — The outer boundary of th#¥Ni-rich shell is located close
would be interesting if our finding is generic, and if it also to the SIO composition interface where a negative density
holds for cases where the pattern of neutrino-driven convec and a positive pressure gradient exist. This state is ulestab
tion develops much larger modes than those obtained in our to the Rayleigh-Taylor instability.

simulations. At present, however, one must be cautiousmot - For an explosion energy aroundk 10°* ergs >®Ni is born
overinterpret our result, which is based on a single 2D model with velocities< 17 000 knis. These velocities are much
A confirmation of the existence of a tight correlation betwee larger than those typically observed for the metal clumps
the patterns of the early post-shock convection and theifinal  in supernovae, and indicate that a substantial decelaratio

stabilities in the mantle of the exploding star will probabé- of this material must occur when it penetrates through the
quire well-resolved 3D calculations and parameter studits overlying layers of the star.
different explosion and progenitor models. — Three Rayleigh-Taylor unstable regions develop in the ex-

plosion of the 15M progenitor model of Woosley etlal.
(1988): one at the 8D interface, a second one at the
(C+O)/He interface and a third one at the Heinterface

We have presented a study of hydrodynamic instabilities in a ©f the star. _ . _ _
Type Il and a Type Ib-like supernova model that has improved Seeded by the perturbations induced by neutrino-driven
upon earlier simulations by starting the explosion by mesins ~ convection, Rayleigh-Taylor mixing at the/Siinterface
neutrino heating behind the stalled supernova shock and by Sets in already about 20 seconds after core bounce and leads
following the hydrodynamics of this explosion well beyond  t0 @ fragmentation of thé’Ni-enriched shell with the for-
shock-breakout from the stellar photosphere. The comsigte ~ Mation of fingers that distort also the {O)/He interface

of the hydrodynamic evolution that was thereby achieved al- farther out.

8. Conclusions

lows for the following conclusions. — Within only about five minutes after bounce the entire metal
core of the Woosley et Al. (1988) star is shredded.
— We find newly synthesize®Ni and the products of in- — Dense “bullets” and clumps 8fNi, °Si and*°O-rich ma-

complete silicon and oxygen burning to be initially located ~t€rial decouple from the flow and start to propagate ballis-
in a high-density (low entropy) inhomogeneous shell that fically through the stellar helium core. _

forms behind the outward sweeping shock within the first- During this phase, metal velocities as high as 3500-
~ 500ms of the evolution. Depending on the explosion >500knis are observed, and the pattern of the Rayleigh-
time scale and the strength of the neutrino-driven convec- 1aylor structures carries information about the geometry
tion this shell is either markedly or weakly deformed by of the neutrino-driven convection from the shock-revival
rising, high-entropy bubbles of neutrino-heated mattee T~ Phase.

angular extent of these bubbles is larger for long explosion

time scales (usually leading to smaller explosion energi€he dfects discussed above could not be seen in previous
of our progenitor) and large seed perturbations. Besides Btudies of Rayleigh-Taylor instabilities in core collapsger-
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novae where the explosion was started by ad hoc energy de-the initial clump velocities and the densities in the shell
position (using pistons or thermal bombs). Especially tigg h downstream of the reverse shock were low, leading to less
%6Ni velocities, the strong mixing triggered at thgGiinter- pronounced fects during the interaction,

face, and the very short growth time-scale of the instabdlit — and the employed numerical resolution was fiisient to

at the SIO and (G-O)/He interfaces (minutes as compared to resolve the non-linear waves that characterize this intera
hours) are in clear contrast to what has been reported in pre-tion.

vious studies, especially in those which dealt with the rmxi

in Type Il supernovae. Of all earlier works, only the Type Ib Itis notentirely clear to us why Herant & Berlz (1992) have
studies of Hachisu et al. (1894) and the SN 1993 J simulatig?tained final maximum nickel velocities ef 3000 kns in

of lwamoto et al.[(1997) agree qualitatively with the evignt their “premixed models”. However, we think that their resul
that we observe for the first minutes of the explosion. Both 6&n be explained as a combination of the followirftpets.
these studies found, as we do, that Rayleigh-Taylor intiabi The 20 M, progenitor that they employed has a more extended
at the (G-O)/He interface of the progenitor stars grow withifnetal core than our 15 Mprogenitor. One-dimensional test
minutes after core collapse. However, they did not obsdree calculations that we have performed using a 20Mue su-
instability at the SIO interface. Moreover, they had to assumeergiant model.(\Woosley etlal. 1997) show that for explosion
large seed perturbations to induce the mixing, whereasiin pergies ot 2 x 10°*erg it is possible to obtain velocities of

case the perturbations are a natural consequence of reeutrf?00— 4000 ks for the outer metal core &t 300s. By pre-
driven convection. mixing the nickel into these layels, Herant & Behz (1992)éhav

gpparently started their 2D simulations with high initiadkel

The crucial dfference between our Type Il model T310 locities. That th locities did not d in ther |
and all other Type Il supernova simulations (except for the ocries. that these velocities did not decrease in a

work of llwamaoto et all 1997) is the fact that our metal cor%vOIUtiOn is probably due to the fact that they were not able t

starts to fragment within only about 20 s after bounce, when tresolve thr? |nkte_rrahc_:t|c_>n of the fraglinentlljrllg mfetaIS(I:Do|_r|e V\gm t
velocity in the®Ni-rich layers is still high (see Figl 9a). This/<VErS€ SNocK. ThisSis a veryticult problem for codes.

leads to an early decoupling of the clumps from the backgiou-tl_;he ngrang|an nature of SPH leads t.o a concentratmr_]_ of par-
les in the dense metal clumps, leaving very few partigies

flow, enabling the clumps to conserve the high velocity th f bient | densit t shock medi in fact th
the flow possesses at early times. Not allowing for early duntl e ambient lower-density post shock medium (in fact theee a

formation and decoupling, as it has been done in nearly el Iopardly any traces of the reverse shock visible in the figuves f

. - : ! . t = 400 minutes shown by Herant & Behz 1992). Given also
vious multi-dimensional simulations of Type |l supernotge th " ber of particl 25000) thal H 2B
starting the calculations hundreds of seconds after carad® € small numboer of par !C.eS”( ) that.tieran &nz
from 1D initial models, has thefiect that the velocities of the used in their calcu_latmns Itis not surprising that.theyldo_wt .
56Ni-rich layers have dropped to valugs 500 ks at the start see the deceleration of thg clu_mps during the interactigh wi
of the multi-dimensional calculation (FiQl 9b). It theredde- the reverse shock that we find in Model T310a.

comes impossible to obtain high velocities by the Rayleigh- A final differenc_e betyveen_ Model T310a and previous
Taylor instabilities during the subsequent evolution. Type Il supernova simulations is the fact that we do not ob-
tain strong mixing at the Hel interface. Unless we add artifi-

In fact, the situation becomes even worse at later times. \We perturbations to these layers, as it was done in allipeey

find that our Model T310a is initially successful in yieldingy ies, the mixing remains very weak. This might indicag t
high *°Ni velocities: Once th€Ni clumps in this model have e trino-driven convection is not able to provide perttidyes

decoupled from the flow, they propagate ballistically anb-Suy, ¢ 5re sfficiently strong to cause the large-scale mixing that

s_onically through _the_ helium core. Du_e t(_) th_eir subsonic M@y, ohserved in SN 1987 A. However, final conclusions regard-
tion, they do not dissipate much of their kinetic energy dred ting this point are not possible before Rayleigh-Taylor damu

Rkt il > oS
maximum>Ni velocities remain high at 3500 ki1 However, yjons have been performed which start from a globally aspher
this changes when the clumps reach the outer helium core situation, as seen in recent calculations of neutdrigen

encounter the reverse shock a_md the dense_(RaVIEigh'worexplosions (Janka etlal. 2003; Plewa et al., in preparation)
stable) “wall” that are left behind by the main shock below th Taken together, thefiects revealed by our simulations
He/H interface. When the clumps penetrate through the reve onstrate that the evolution proceeds multi-dimendipna

shock into this wall, 1500s after core bounce, they are dec]e? m the earliest moments. Convective instabilities dgitine

grated (_jue th hsuplersonic (.j[]a% 0 VeIOCitée?5?<Q kmls. An shock-revival phase cannot be neglected. They lead to very
Interaction of the clumps with the reverse shock Is alsoqies early growth of Rayleigh-Taylor instabilities and thus tighn

in data of previous Type Il supernova simulations (Multeai initial clump velocities what in turn determines the chaeac

19911.5). I_—|0wever, its importance for clump propagatios W8 the late-time hydrodynamic evolution. By starting from 1
not recognized because initial models hundreds of seconds after core bounce, dieea
investigations of Rayleigh-Taylor mixing in Type Il supexae
— due to the late phase when previous multi-dimensional chlve therefore missed essential parts of the physics oftie p
culations were started, clump formation at ther(@/He lem.
interface was only about to setintat 2000s, whenthere-  Supernova 1987 A still remains an enigma, though. Given
verse shock had propagatediaiently far inward in mass the (late) deceleration of the clumps below the/Hiénter-
to reach this interface, face in Model T310a, we wonder whether the conflicting max-
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imum 56Ni velocities between our models and the observaiso be caused by stellar rotation as a result of a mergerjist
tions point to deficiencies of the “standard” blue supergiaof the progenitor.

progenitors, or to missing physics in our shock-revivalisim  While clearly substantial work is required in case of
lations. There are indications that the progenitor of SN7188 SN 1987 A, our “Type Ib” Model T310b is in reasonably
might have been the result of a merger of two smaller stageod agreement with observations of extragalactic Type Ib
(Podsiadlowski 1992) and that therefore its structure tmghh supernovae. Due to the absence of dense shell and reverse
be accounted for reliably by “standard” stellar evolutigna shock formation in the He core of this model, the metal-rich
calculations. Numerical studies of such mergers have tgcerclumps are not decelerated once they start to propagate bal-
been performed by lvanova ef al. (2002). Although their motistically through the ambient gas and the final metal veloc-
els show density profiles in the hydrogen envelope that lodgles of 3500— 5500 knjs are sHiciently high. In addition,
similar to the one of our progenitor (N. Ivanova, private eonthe extent of the mixing in this model is comparable to what
munication), it remains to be seen in future simulationstivbe Woosley & Eastmari (1997) had to assume in their “Model 4B”
for these models the evolutionfiiérs from what we have re-to model the spectrum of SN 1984 L. This result is very en-
ported here. couraging. It indicates that the interaction of neutrimaeh
a?onvection with the Rayleigh-Taylor instabilities in thel&ar

Sources of uncertainty in our calculations that may af- : : .
. : .o _mantle is able to account for important aspects of the mix-
fect the velocities of chemical elements are the still lim-

ited numerical resolution and especially thdfeliences be- ing of different elements in Type Ib supernovae which are

tween two-dimensional versus three-dimensional hydradyn ;ndoev:/:r;;r:m spectral and light curve calculations for morarth

ics. The smaller drag that clumps experience in three dimen- . . .
sions [Kane et AL 2000) may lead to higher initial clump ve- Another interesting aspect of Model T310b is the fact that

locities after the fragmentation of the metal core and tlous t without the strong non-llnear |nt.er_act|.on ofthe clumpsh/_vhe
i L o reverse shock, perturbations originating from the shaskval
farther penetration of the clumps through the helium “wall

This might result in higher finaf®Ni velocities than in two phase are reflected in the final flow structures of the Rayleigh

dimensions. An extension of our calculations to three dime-rl;aylor instabilities. This may enable one to deduce infa

X . o . . bout the pattern of the neutrino-driven convection frorsesb
sions with a similar resolution as in the 2D case appeardyhard_ S : .
R .2 “vations of the distribution of metals in the ejecta of Type Ib
feasible in view of present computer resources. Furthégtins

. : . s|jpernovae. The possibility to obtain such a unique piece of
might, however, be gained by laser experiments (Robey et Sidence from ejecta properties is exciting. However, teefo
2001;|Kane et al._2001; Drake el al. 2D02; Klein et al. 1200§ J brop 9. .

: . —._Such conclusions can be drawn, our results need to be ascer-
and th_e references therein), _and hydrc_)dyn_amlc code Vm'datt ined by making use of a larger number of shock-revival simu
experiments as those described by Fishibine (2002) and Z?E:[!l

(2002) before well-resolved 3D hydrodynamic simulatiorils w lons with diferent properties and a greater range of (Type Ib
becor-ne available and Type Ic) progenitors. We believe that in the end very-well

resolved 3D simulations will be required to prove the existe

There has been much speculation about large-scafesuch a correlation. If confirmed it might provide us with a
anisotropies caused by jets in the explosion of SN 1987means to probe the physics linked to the explosion mechanism
(Khokhlov et all 1999; Wheeler etlal. 2002; Wang et al. 200ven for extragalactic supernovae.
However, convincing and consistent (MHD) calculationghef t Finally, we emphasize that clump deceleration due to the
formation and propagation of such jets and an associated imeraction with the reverse shock might be crucial for a cor
plosion have not yet been performed. It is unclear whethernect interpretation of observations of thefdrent supernova
this scenario nickel velocities can be obtained that argiaex types. It can cause fiiérent final metal clump velocities even
ment with those observed in SN 1987 A. An initial anisotropif the initiation of the explosion proceeds similarly infieir-
of the explosion, that might lead to high initial nickel veities, ent stars. The latter must actually be expected for the imeudtr
would have to work against the sanfieets in the envelope thatheating mechanism, because the post bounce models of super-
we find to be important in our simulations. The interactiothwi nova cores are rather similar, regardless of whether thigy or
the reverse shock and the dense helium shell might not omate from Type Il or Type Ib progenitors (Rampp et al., in
slow down fast metal clumps, it might also reduce an initigireparation). On the other hand, clump deceleration depend
anisotropy of the ejecta. Judging from the experience gainen the structure of the envelope of the progenitor and a se-
from our calculations, we doubt that the spatial resolution quence is conceivable where its importance varies with the
simulations of anisotropic explosions that have been peréd type of the supernova, being strongest in (some fractioh of?
to datel(Nagataki et Ell. 1997, 1998; Khokhlov et al. 1999) wagpe |l events and weaker or absent in Type Ib and Ic su-
sufficient to study thesefkects reliably. The origin of the pro- pernovae. Unfortunately, observational data of metal plum
late deformation of the ejecta of SN 1987IA (Wang et al. 2002¢locities are currently sparse and hence they do not allow
must therefore be regarded to be unknown. In fact, thereris cone to test this hypothesis. Photospheric velocities, aseth
rently neither observational nor theoretical evidence the published recently by Hamuy (2003), are not very helpful in
ambiguously demands the assumption of a “jet-driven” explthis respect because they only probe the outer, faster dxpan
sion. The deformation could as well be linked to an anisatropgng layers of the ejecta. To enlarge the data base recourse
initiation of the explosion due to neutrino heating (Jankale must be made to measurements of velocities in supernova rem-
2003; Plewa et al., in preparation). On the other hand it mighmants. Clumps moving with up te 6000 ks were, however,



K. Kifonidis et al.: Non-spherical Core Collapse Superr@mva 29

observed in Cas Al(vanden Bergh 1971; Thorstenser etkdyxell, B., Muller, E., & Arnett, W. D. 1991, ApJ, 367, 619
2001), which is probably the remnant of a Type Ib explddachisu, I., Matsuda, T., Nomoto, K. I., & Shigeyama, T. 1990
sion [Fesen & Becker 1991), and clump velocities of up to ApJ, 358, L57

~ 6000kms and~ 4000kmns were measured shortly after—. 1991, ApJ, 368, L27

the explosion in the Type Ib SN 1987IF _(Filippenko & Sargenrt-. 1992, ApJ, 390, 230

1989) and the Type llb SN 1993.J (Spyromllio 1994), respee-. 1994, A&AS, 104, 341

tively. All of these objects are assumed to be connected Hamuy, M. 2003, ApJ, 582, 905

progenitors with small or lacking hydrogen envelopes. Gn tiHarkness, R. P., Wheeler, J. C., Margon, B., et al. 1987, ApJ,
other hand_Aschenbéch (2002) and Aschenbach et al.{(1995317, 355

deduce low mean expansion velocities of about 200@Kor Herant, M. & Benz, W. 1991, ApJ, 370, L81

the clumps in the Vela supernova remnant (using their andderant, M. & Benz, W. 1992, ApJ, 387, 294

lar distance to the pulsar, the age of the latter and thertistaHerant, M., Benz, W., & Colgate, S. 1992, ApJ, 395, 642

of the remnant), that are in reasonably good agreement wktkrant, M., Benz, W., Hix, W. R., Fryer, C. L., & Colgate, S. A.
our Type Il Model T310a. In fact, the Vela clumps show Mach 1994, ApJ, 435, 339

cones and appear to move at present as slow &)0kms Herant, M. & Woosley, S. E. 1994, ApJ, 425, 814
(Aschenbach 2002; Aschenbach €l al. 1995), indicatingstinat Hillebrandt, W. & Hoflich, P. 1989, Rep. Prog. Phys., 52,142
personic drag plays an important role even in the superndvanova, N., Podsiadlowski, P., & Spruit, H. 2002, MNRAS,
remnant phase. 334,819
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