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Abstract. We have performed two-dimensional simulations of core collapse supernovae that encompass shock revival by
neutrino heating, neutrino-driven convection, explosive nucleosynthesis, the growth of Rayleigh-Taylor instabilities, and the
propagation of newly formed metal clumps through the exploding star. A simulation of a type Il explosion iMa lii5e
supergiant progenitor is presented, that confirms our earlier type |l models and extends their validity to times as late as 5.5 hours
after core bounce. We also study a type Ib-like explosion, by simply removing the hydrogen envelope of the progenitor model.
This allows for a first comparison of type Il and type |b evolution. We present evidence that the hydrodynamics of core collapse
supernovae beyond shock revivaffdis markedly from the results of simulations that have followed the Rayleigh-Taylor mixing
starting from ad hoc energy deposition schemes to initiate the explosion. We find iron group elements to be synthesized in an
anisotropic, dense, low-entropy shell that expands with velocitiest 3000 km s* shortly after shock revival. The growth of
Rayleigh-Taylor instabilities at the & and (G-O)/He composition interfaces of the progenitor, seeded by the flow-structures
resulting from neutrino-driven convection, leads to a fragmentation of this shell into metal-rich “clumps”. This fragmentation
starts already-20s after core bounce and is complete within the first few minutes of the explosion. During this time the
clumps are slowed down by drag, and by the positive pressure gradient in the unstable layers. HoweveB0ats they
decouple from the flow and start to propagate ballistically and subsonically through the He core, with the maximum velocities
of metals remaining constant-a8500-5500 km s*. This early “clump decoupling” leads to significantly higiiéNi velocities

att = 300 s than in one-dimensional models of the explosion, demonstrating that multi-dimengiec which are at work

within the first minutes, and which have been neglected in previous studies (especially in those which dealt with the mixing
in type Il supernovae), are crucial. Despite comparably high initial maximum nickel velocities in both our type Il and our
type Ib-like model, we find that there are largéféeiiences in the final maximum nickel velocities between both cases. In the
“type Ib” model the maximum velocities of metals remain frozen ir-8600-5500 km s? for t > 300 s, while in the type Il

model they drop significantly for > 1500s. In the latter case, the massive hydrogen envelope of the progenitor forces the
supernova shock to slow down strongly, leaving behind a reverse shock and a dense helium shell (or “wall”) belgi the He
interface. After penetrating into this dense material the metal-rich clumps possess supersonic speeds, before they are slowed
down by drag forces te 1200 km s at a time of 20 000 s post-bounce. While, due to this deceleration, the maximum velocities

of iron-group elements in SN 1987 A cannot be reproduced in case of the considdvkdpt&genitor, the “type Ib” model

is in fairly good agreement with observed clump velocities and the amount of mixing inferred for type Ib supernovae. Thus it
appears promising for calculations of synthetic spectra and light curves. Furthermore, our simulations indicate that for type Ib
explosions the pattern of clump formation in the ejecta is correlated with the structure of the convective pattern prevailing
during the shock-revival phase. This might be used to deduce observational constraints for the dynamics during this early phase
of the evolution, and the role of neutrino heating in initiating the explosion.

Key words. hydrodynamics — instabilities — nuclear reactions, nucleosynthesis abundances — shock waves — stars: supernovae:
general

1. Introduction the Large Magellanic Cloud on February 23rd, 1987, has also

shattered the at that time widely shared belief that super-
The strong shock wave that has torn apart-6# 202 and /3 explosions are essentially spherically symmetric events.
in consequence has given rise to Supernova SN 1987 Atifle ayalanche of observational data obtained since then from
SN 1987 A has unambiguously demonstrated that the enve-
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the explosion. Fast clumps 8fNi and its decay products hadmeant that some simple form of energy deposition (by a pis-
formed in the innermost regions of the ejecta and propagated or “thermal bomb”) was used to generate a shock wave in
out to the outer layers of the hydrogen envelope (i.e. closeagrogenitor model. The subsequent propagation of the blast
the supernova’s photosphere) within owlstysafter core col- wave was followed in a one-dimensional simulation until the
lapse (compare e.g. Mitchell et al. 2001). For a bibliograptshock had reached the {O)/He or the H¢gH interface. Then,

of the observational evidence see the reviews of Hillebrandtt&e 1D model was mapped to a multi-dimensional grid, and
Hoflich (1989), Arnett et al. (1989a), McCray (1993), Nomotan assumed spectrum of seed perturbations was added to the
etal. (1994), Wooden (1997),Mér (1998), and the referencegadial velocity field in order to break the spherical symme-
therein. try of the problem and to trigger the growth of the instability.

Spherical symmetry is not only broken in the case dthe studies of Yamada & Sato (1990, 1991), Nagataki et al.
SN 1987 A. This is apparently a generic feature, as is indicatd®97, 1998), and the recent 3D calculations of Hungerford
by the spectra of a number of core collapse SNe that have beeal. (2003), who investigated th&ects of metal mixing on
observed for more than one decade. Significant mixing aKeray andy-ray spectra formation, fier from this universally
clumpiness of the ejecta were found for the type Il explosiomasiopted approach by making use of parameterized, aspherical
SN 1995V (Fassia et al. 1998), SN 1988 A (Spyromilio 199Fhock waves.
and SN 1993 J (Spyromilio 1994; Wang & Hu 1994; Woosley All Rayleigh-Taylor calculations, that have been carried out
et al. 1994). In case of type Ib supernovae the indicatiotts date for reproducing the mixing in SN 1987 A, share the
for mixing are even older. For instance, Filippenko & Sargesame problem: With at most 2000 krrtgheir maximunr®Ni
(1989) using [O 1] observations have found that the ejecta eélocities are significantly smaller than the observed values of
SN 1987 F were clumped. Even earlier, Harkness et al. (198B00-4000 km s*. Herant & Benz (1992) dubbed this problem
in constructing synthetic spectra encountered the first evidentte “nickel discrepancy”. They also speculated that it should
They had to overpopulate excited states of He | by factors difappear when the “premixing” of the ejecta during the phase
~10* relative to local thermodynamic equilibrium (LTE) con-of neutrino-driven convection is taken into account. On the
ditions in order to reproduce the characteristic strong He linether hand Nagataki et al. (1998) do not agree with Herant
of this supernova type. It was shown later by Lucy (1991) arddBenz. They claim that the nickel discrepancy is resolved if
Swartz et al. (1993) that the presence of the He | lines and the supernova shock is (mildly) aspherical. Similar conclusions
implied departures from LTE can be understood in terms of irhave been reached by Hungerford et al. (2003). While Nagataki
pact excitations and ionizations by nonthermal electrons. Tétal. as well as Hungerford et al. do not rule out neutrino emis-
latter are presumed to originate from Compton-scattering of thien from the neutron star as an explanation for the assumed
y-rays from®®Co decay and hence this hints toward significamisphericity of their shocks, Khokhlov et al. (1999), Wheeler
outward mixing of%6Co. Atrtificially mixed one-dimensional et al. (2002) and Wang et al. (2002) questioned the neutrino-
explosion models of type Ib progenitors indeed yield goattiven mechanism. Instead, they speculated on “jet-driven” ex-
fits to observed type Ib spectra and light curves (Woosley @osions, which might originate from magneto-hydrodynamic
Eastman 1997; Shigeyama et al. 1990). effects in connection with a rapidly rotating neutron star.

Such observations have stimulated theoretical and numeri- The above controversy demonstrates the need for models
cal work on hydrodynamic instabilities, which up to now hawhich link observable features at very large radii to the actual
been dichotomized into two distinct classes. On the one hagkergy source and the mechanism of the explosion. Without
multi-dimensional modelling of the explosion mechanism wasich models, interpretation of observational data requires cau-
attempted (Herant et al. 1992; Burrows & Fryxell 1993; Milletion. With the present work, which is the first in a series of
et al. 1993; Herant et al. 1994; Burrows et al. 1995; Jankagapers on non-spherical core collapse supernova evolution,
Muller 1996; Mezzacappa et al. 1998), mainly with the aimve attempt to provide this link for the standard paradigm of
to answer the question as to which extent convective insteeutrino-driven supernovae. We have performed the first one
bilities are helpful for generating neutrino-driven explosionand two-dimensional hydrodynamic calculations of type Il and
Therefore, these simulations have been constrained to the etybe Ib-like explosions of blue supergiant stars that reach from
shock propagation phase up to about one second after c2@ens up to 20000s (i.e. 5.5 hrs) after core bounce. Thus, we
bounce. follow the evolution well beyond the time of shock eruption

In contrast, hydrodynamic models of the late-time shodkom the stellar photosphere. Our models include a detailed
propagation and the associated formation of Rayleigh-Taytoeatment of shock revival by neutrinos, the accompanying con-
instabilities in the expanding mantle and envelope of the exection and nucleosynthesis and the growth of Rayleigh-Taylor
ploding star (Arnett et al. 1989b; Fryxell et al. 1991uN&r instabilities at the composition interfaces of the progenitor star
etal. 1991b,a,c; Hachisu etal. 1990, 1991, 1992, 1994; Yamadr shock passage. We employ high spatial resolution, which
& Sato 1990, 1991; Herant & Benz 1991; Herant & Benz 199% mandatory to follow the episodes of clump formation, mix-
Herant & Woosley 1994; Shigeyama et al. 1996; Iwamoto et #ilg, and clump propagation, by making use of adaptive mesh
1997; Nagataki et al. 1998; Kane et al. 2000) have ignored tieginement techniques. Preliminary results of this work, which
complications of the explosion mechanism. Due to considecvered the first five minutes in the evolution of a type Il su-
able computational diculties in resolving the relevant spapernova, were reported by Kifonidis et al. (2000).
tial and temporal scaleall of these latter investigations relied  This paper is organized as follows: we start with an ac-
on ad hoc procedures to initiate the explosion. This usualtpunt of the physical assumptions and numerical methods
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implemented in our computer codes in Sect. 2. We then derdrodynamic advection scheneudrA is described in length
scribe our stellar model in Sect. 3. Our boundary conditioirsPlewa & Miller (2001).
along with some technical details of our computational strategy Our goal is to study the main observational consequences
are discussed in Sect. 4. This is then followed in Sect. 5 withh hydrodynamic instabilities in dierent layers of a super-
our description of the early evolution up to 0.82 s after coreova. We do not attempt to compete with the contemporary,
bounce. To focus the discussion, we restrict ourselves to drnighly sophisticated modelling of neutrino-driven explosions
basic shock-revival model, from which we start all subsequgffir which an accurate treatment of neutrino transport is indis-
calculations. To illustrate its physics as clearly as possible, wensable). For our purpose, a simple neutrino light-bulb algo-
first present the one-dimensional case in Sect. 5.1 and thenrttien, as the one of IM96, has the advantage to save enormous
two-dimensional results in Sect. 5.2. In the same manner amounts of computer time as compared to detailled transport
discuss the subsequent evolution of a type Il supernova modeties (see Rampp & Janka 2002, and the references therein).
in Sect. 6. In Sect. 7, we consider the problem of a type ®mitting the core of the neutron star and replacing it by a
explosion by simply removing the hydrogen envelope of olnoundary condition, that parameterizes its contraction and the
progenitor. Section 8 finally contains our conclusions. radiated neutrino luminosities and spectra, we make use of the

freedom to vary the neutrino properties. Thus we are able to

control the explosion time scale and the final explosion energy
2. The codes in our simulations. By computing models withfidirent values

of the parameters, we can explore the physical possibilities as
There is as yet no numerical code that could satisfactorily hanconsequence of neutrino-driven explosions. The lotatts
dle all the computational fiiculties encountered in the mod-of neutrino heating and cooling by all relevant processes are
elling of core collapse supernovae over the time scales th@lated reasonably well with our light-bulb scheme. However,
we are interested in in this paper. Fortunately, however, such #ght-bulb description, of course, neglects all forms of back-
code is not mandatory for studying thfexts that are respon-reactions to the neutrino fluxes and spectra that result from
sible for the formation and propagation of the nickel clumpseutrino absorption in the heating layer behind the supernova
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 frofan of matter onto the neutron star. We have recently developed
a neutrino-hydrodynamic to a purely hydrodynamic proble@ gray, characteristics-based scheme for the neutrino transport
once the shock has been revived and launched successfullydat accounts for spectral and luminosity modifications due to
neutrino heating. A simulation of the long-time evolution okuch dfects. This new treatment is currently applied in new two
the ejecta can therefore be split into two parts. A neutrin@nd three-dimensional simulations. The calculations in this pa-
hydrodynamic calculation that encompasses the challengepef, however, were still performed with the light-bulb code.
modelling neutrino-driven explosions but does not require an The neutrino physics is combined with an enhanced
extremely high dynamical range of the spatial resolution, singersion of the PPM hydrodynamics scheme (see below) and
only the innermost stellar core needs to be resolved adequatgig. equation of state (EOS) of IM96. The baryonic component
In contrast, in the second, hydrodynamic part, the physics of tthis EOS consists of 4 nuclei (neutrons, protanfarticles
problem simplifies to the solution of the hydrodynamic equand a representative nucleus of the iron group) in nuclear
tions because (to a good approximation) the central neut&atistical equilibrium (NSE). These four species are also used
star influences the dynamics of the ejecta only via its grats compute the energy source terms resulting from nuclear
tational attraction and can otherwise be disregarded. It is thignsmutations. In addition to this small NSE “network”, but
part of the calculation, however, where a high spatial resolgithout feedback to the EOS and the hydrodynamics, we also
tion is essential in order to resolve the growth and expansionedfolve a 14 species nuclear reaction network to approximately
Rayleigh-Taylor instabilities. calculate the products of explosive nucleosynthesis, whose

The separation into two largely independent problenspatial distribution we wish to follow. The latter network

might not be appropriate, if one is interested in an accurate densists of the 13-nuclei from*He to°®Ni and an additional
termination of quantities that are influenced by the long-timeacer nucleus to which we channel the flow resulting from
hydrodynamic evolution of the layers near the neutron sténe reaction®’Fe(, y)*®Ni in case the electron fractiol,
Among these quantities are the yieldsreprocess elementsdrops below 0.490 anéNi ceases to be the dominant nu-
and the amount of fallback, which depend on the propertieleus synthesized in the iron group (e.g. Thielemann et al.
of the neutrino-driven wind as well as on the propagation 4096). In this way we can “mark” material that freezes out
reverse shocks through the inner ejecta. We will not addréssm NSE at conditions of neutron excess and distinguish it
these problems in the present work. Instead, we have devedm Ni whose yield would otherwise be overestimated.
oped two dfferent codes to solve each of the sub-tasks dEhe 14 species network is solved for temperatures between
scribed above: a modified version of the hydrodynamics cotlé® K and 8 x 10°K. Above 8 x 10°K, we assume that
of Janka & Miller (1996) (henceforth IM96) that includes neuauclei have been disintegrated daeparticles. Of course, the
trino efects, and the adaptive mesh refinement (AMR) codd species network is a simplification of the nucleosynthesis
AMRA, a FORTRAN implementation of the AMR algorithm ofprocesses in a supernova, since it neglects important isotopes
Berger & Colella (1989). Here we discuss only the most inand production channels of the considered nuclei. Moreover,
portant features of these codes and give some details of murour current code version the heating and composition
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changes due to explosive silicon, oxygen, neon, and carbon The neutrino-hydrodynamics code as welkhasmA, make
burning as described by the 14 species network are not takmse of theHERAKLES hydrodynamics solver, an implementa-
into account in the solution of the hydrodynamics, whiction of the direct Eulerian version of the Piecewise Parabolic
implies an approximation of the thermodynamical historylethod (PPM) of Colella & Woodward (1984HERAKLES

of the regions where nuclear burning occurs. However, thdginated from theROMETHEUS code of Fryxell et al. (1991).
hydrodynamic evolution should hardly befected in the Itincludes the entire functionality ®ROMETHEUS, but difers
simulations presented in this paper. This can be seen fbym its predecessor in the following aspects. The handling
estimating the energy release due to nuclear transmutationfimultifluid flows of Fryxell et al. (1991) is replaced by the
core-collapse supernovae three thermodynamic regimes cai€besistent Multifluid Advection scheme (CMA) of Plewa
distinguished. Below 4 x 10° K (the minimum temperature & Mller (1999). This allows for a significant reduction
required for explosive N€ burning; Thielemann et al. 1996)of numerical dffusion of nuclear species (to the level that
nuclear burning time scales are large compared to the hydso-characteristic for the PPM advection scheme) without
dynamic expansion time scale of the layers that contain thafering from errors in local mass conservation (see Plewa &
nuclear fuel, and no appreciable nucleosynthesis occurs. Fhrller 1999). Further improvements in reducing the numerical
temperatures.2 x 10° K < T < 5x 10° K the burning time diffusivity of the code are achieved by adopting the elaborate
scales are comparable to the expansion time scale, andgrecedure for the flattening of interpolated profiles for the
abundance and energy changes need to be followed by sol\ipgmitive) state variables that is suggested in the Appendix
a nuclear reaction network. Abovexa0® K NSE holds, i.e. the of Colella & Woodward (1984). Additionally, the algorithm
composition adjusts immediately to temperature and dendity the computation of the left and right input states for the
changes caused by the hydrodynamics. In our code, eneRigmann problem is revised. The versionHHRAKLES that
source terms due to explosive burning are not accounted i®rused as hydrodynamic solver in our AMR calculations
only in the second regime (in the NSE regime the ener@pas been further extended to achieve good computational
source term is obtained from the 4 species network). Hoerformance even on small grid patches. For this purpose a
the 15M; Woosley et al. (1988) progenitor that we employedew memory interface was written, that allows for optimal
(see Sect. 3), we estimated that thermonuclear burningpipelining of the one-dimensional hydrodynamic sweeps
layers with temperaturesPx 10° K < T < 5x 10° K releases that result from dimensional splitting in multi-dimensional
~5x 10% ergs. This energy is small compared to the explosiaalculations, while due attention is paid to optimal cache reuse.
energies of our models (abouBk 10°! ergs), and is therefore With this memory interface the code can makicgent use of
negligible with respect to the dynamics. This may not be truleoth superscalar as well as vector computer architectures.
however, in case of other (e.g. more massive) progenitors.

Gravity is taken into account in our neutrino- The most important modifications as compared to
hydrodynamics code by solving Poisson’s equation in tWeROMETHEUS (or other standard implementations of the PPM
spatial dimensions with the algorithm ofullér & Steinmetz scheme) are, however, the inclusion of new algorithms for the
(1995). To avoid the formation of transient shock oscillatioregtificial viscosity and for multi-dimensional shock detection,
in case general relativistic post collapse models are usedaésng with the addition of Einfeldt's HLLE Riemann solver
initial data (compare JM96), we add 1D (i.e. spherical) gene(&infeldt 1988). Following Quirk (1994, 1997) we use the
relativistic corrections to the 2D Newtonian gravitationgkinfeldt solver for zones inside strong grid-aligned shocks,
potential as in Keil et al. (1996) (see Rampp & Janka 2002 fathile we retain the (less flusive) Riemann solver of Colella
details of the implementation and compare also to van RipeiGlaz (1985) for all remaining grid cells. The latter changes
1979). These corrections are especially important in the eaalye necessary to eliminate the odd-even decoupling instabil-
phase of shock revival, since the deeper relativistic potentigl (Quirk 1994, 1997; Liou 2000), from which the original
well keeps the shock at significantly smaller radii than in theolella & Glaz solver sfiers (Kifonidis et al. 2000). This
Newtonian case. However, Newtonian gravity becomes anmerical failure shows up if a ficiently strong shock is
excellent approximation at large distances from the neutr@mearly) aligned with one of the coordinate directions of the
star. Therefore it can be used once the shock has emergad, and if, in addition, the flow is slightly perturbed. Many
from the iron core and propagates through the oxygen sh&iemann solvers allow these perturbations to grow without
This is also the time when we map our explosion models limit along the shock surface, thus triggering a strong rippling
follow the late evolution witlMRA. In the AMR calculations of the shock front and the post-shock state. In supernova sim-
Poisson’s equation is solved in one spatial dimension witttations, these perturbations strongly enhance the growth of
an angular average of the density. The equation of state thgdirodynamic instabilities, since their amplitudes can exceed
we employed for these simulations includes contributiotizose of the intentionally introduced seed perturbations by sev-
from non-relativistic, non-degenerate electrons, photoresal orders of magnitude. In case of neutrino-driven convection
electron-positron pairs (the formulae for pressure and enetbis leads to faster growth of convective instabilities and angu-
density due to pairs can be derived from information givdar wavelengths of convective bubbles which are significantly
by Witti et al. 1994) and the 14 nuclei (treated as Boltzmanarger than in a “clean” calculation. This is demonstrated in
gases) that are included in the reaction network of our neutrifi. 1 where we compare entropy plots of two simulations of
code. Separate continuity equations are solved for eachneltrino-driven convection that were conducted using spheri-
these nuclei in order to determine the mixing of the elementgal coordinates and the neutrino parameters given in Sect. 5.1.
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The first of these (Fig. 1la) was done with our originalable 1. Location of chemical interfaces in our progenitor model at
PROMETHEUS version and a resolution of 400180 zones and 20 ms after core bounce.
is affected by odd-even decoupling, while the second (Fig. 1b)

was obtained with the improved scheme implemented in Yedisc. F¢Si S/O  (C+OyHe HeH
HERAKLES Using 400x 192 zones. r [km] 260 1376 6043 29800 708000
M: [Ms] 1.25 1.32 1.50 1.68 4.20

Odd-even decoupling and the associated carbuncle phe-
nomenon (i.e. a local occurrence of odd-even decoupling _
for shocks that are only partly aligned with the grid; Quiré. Computational setup

1994, 1997; LeVeque 1998) have gone largely unnoticed j . . .
the astrophysics literature and have marred almost all mulzpl' Explosion models (hydrodynamic calculations

i ;
dimensional supernova simulations conducted to date on cylin- with neutrinos)

drical or spherical grids with hydrodynamic codes that amg set up a shock revival simulation we adopt spherical coordi-
based on Riemann solver type schemes (e.g. Kifonidis et @tes. We omit the innermost 0.848, of the core of the neu-
2000; Mezzacappa et al. 1998; Iwamoto et al. 1997; Jankarén star and replace it by the gravitational potential of a point
Muller 1996; Burrows et al. 1995; Hachisu et al. 1994; Burrowgass and an inner boundary which acts as a neutrino source.
& Fryxell 1993; Hachisu et al. 1992; Mler et al. 1991a). This boundary is placed at a radius al3x 10° cm, which

is somewhat below the electron neutrinosphere in Bruenn’s
model. The outer radial boundary is located at1.7x10° cm,
inside the G-O-core of the star. Our grid consists of 400 non-
equidistant radial zones that yield a maximum resolution of
. . L 1.2 km at the neutron star and 200 km at the outer grid bound-
As in JM96 and Kifonidis et al. (2000) the initial modely.y " oy two-dimensional models 192 angular zones are dis-
adopted for our study originated from the simulations (ﬁibuted uniformly between & 6 < x and axial symmetry is

Bruenn (1993), who fOIIQWGd core _collapse and boun?fssumed around the polar axis. Reflecting boundaries are im-
of the 15M¢ blue supergiant progenitor of Woosley et al

; ) _Egsed abt = 0 andd = r and a random initial seed perturbation
(1988). We have set up our shock revival calculations usiig, jqe to the velocity field on the entire grid with a modulus
his model WPE15 LS (180) at a time of 20ms after cor

b N B § 10°3 of the (radial) velocity of the post-collapse model. In
ounce. However, bruenn ® immediate upstream region of the accretion shock, this cor-

3. The stellar model

of Woosley et al. (1988) is no longer available. To follow the¢ 16 ocal sound speed, while further outward this value de-
late-time propagation of the shock in our subsequent AMRases with the decreasing infall velocities-t0-2.
calculations we thus had to reconstruct the outer envelope of | - order to mimic the contraction of the cooling and delep-

the Woosley et al. star. For this purpose we used a nebdgl5 tonizing proto-neutron star, the inner boundary is moved in-

blue superg|antmod_eI.(S. E. Woosley, ,pnvate commumcgﬂo\%rd during the computations, approximating the motion of
that was smoothly joined to Bruenn's datg by _ch_oosmg the corresponding mass shell in Bruenn’s calculations. This is
matching point at 8 x 10° cm (M, = 1‘94.M@)’ 1.e. within the_ .achieved by making use of the moving grid implemented in
He core. Table 1 summarizes the location of the COMPOSItG(), e (cf. IM96 for details). Free outflow is allowed for

interfaces and the initial position of th& discontinuity (that across the outer radial boundary. With this setup, the time-step

ge\fli\?es thelgggnd?r% of thel {ron“ck:]ort)e_;f:(il%rding o WOOSIFé(suIting from the Courant-Friedrichs-Lewy stability condition
caver ) of the resulting “hybri o progenitor. is typically of the order of a few 16 s in one-dimensional cal-

Except for the HH interface, the listed radii were taken from, o< and several 18s in two-dimensional simulations.

the post-collapse data of Bruenn (1993). Starting at 20 ms after core bounce the computations are con-

tinued until 820 ms post-bounce, when the explosion energy

Since the velocity of the supernova shock and the assdaas saturated and all nuclear reactions have frozen out.
ated growth of Rayleigh-Taylor instabilities are very sensitive
tq the Qensity profile, we have verified in.a number of oner 5 niodels for the Rayleigh-Taylor mixing
dimensional test calculations that the hybrid stellar model had .
. i (AMR calculations)

no adverse fects on shock propagation. In these calculations
we cut out the model’siron core and induced the explosion arBy performing test calculations we have found that, in order
ficially by depositing~10° ergs in the form of thermal energyto enable a sficiently detailed study of the growth of all
at the inner boundary of the silicon shell. This procedure erelevant Rayleigh-Taylor instabilities, a spatial resolution of
abled us to compare the hydrodynamic evolution of our hybrid < 107°R (with R being the stellar radius) is required for
model with induced explosions of newer SN 1987 A progerit least some fraction of the time that it takes the shock to
tor models computed by Woosley et al. (1997) (for which nerupt from the surface of the star. The above estimate holds
collapse calculations including neutrino transport were avaibr the case of a blue supergiant like S&° 202. In case of
able at the time we performed our simulations). Ndedtences a red supergiant an even smaller ratio/R would be neces-
pointing to numerical artifacts were found. sary. Without adaptive mesh refinement gmdh moving grid
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45 7.8 11.0 14.2 17.5 45 7.8 11.0 14.2 17.5

1 2 3 4 5 6 7 1 2 3 4 5 6 7
r [10° cm] r [10° cm]

Fig. 1. Entropy (in units ofkg per nucleon) in Model T310 at a time of 420 ms after core bounce. The white contour line encloses the regic
where the’®Ni mass fraction is=20%.a) Calculation performed with the origineRROMETHEUS code showing odd-even decoupling. Note the
deformation of the shocl) Calculation performed witRHERAKLES.

such calculations are currently unfeasible, especially in many extra seed perturbationAt radii where data from the ex-
than one spatial dimension. While this range of spatial scal@ssion models are not available, the structural information is
appears formidable, for explicit codes like PPM an even mategken from the progenitor model. The inner regions of an ex-
severe dficulty is posed by the vastly fliering time scales in- plosion model are cut out by placing the inner boundary of the
volved in the problem. Even if the inner boundary is placed f&MR base level grid at a radius of 46m, which is well in-
away from the neutron star, and the gravitational attraction sifle the neutrino-driven wind of the neutron star. This baryonic
the omitted stellar layers is taken into account by a point massass flow is therefore neglected in the subsequent evolution.
the resulting Courant time step is still too small to allow one tmstead we allowed for free outflow through the inner (as well
follow the evolution over hours. The small time step is caused the outer) boundary. This is certainly a gross simplification
by fallback, which leads to high sound speeds in the centfat the evolution of the innermost regions of the flow during
zones because matter that falls back toward the inner boundhey first minute of the explosion (but becomes more realistic
is compressed and heated. The only remedies to this problater when the neutrino wind is expected to cease). By ignoring
that we have found to be practical are either a coarsening of the neutrino wind one obtains early fallback of matter through
grid or a shift of the inner boundary with time towards largehe inner boundary. In addition, the evolution of the reverse
radii, where smaller temperatures are encountered. While #feck, which results from the slow-down of the main shock in
former is useful in 1D calculations, where the remaining gritie oxygen core, isfected. This reverse shock separates the
resolution that we achieved was still reasonable (see below)nd from the outer ejecta at times later thaB00 ms after

the latter proved to be the better choice for our two-dimensiorunce (compare Sect. 5). Without the pressure of the wind,
calculations. the reverse shock propagates inward and is (partially) reflected

In all of our AMR simulations we have adopted sphericéa}t_the inner bounplary because the latter is not pe_rfectly trans-
itting for numerical reasons. Although both the inward mo-

coordinates and a pre-chosen AMR grid hierarchy to whi .
we mapped the data of our explosion modslthout adding (ﬂ})n and reflection of the reverse shock are expected to happen
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once the wind weakens (with the reverse shock being reflectetlle 2. Computational setup for the 2D AMR calculation T310a.
at the steep density gradient near the neutron star “surfacésge Sect. 6.2). The initial and final times over which the inner and
our approximations do not allow to model these phenome®ider grid boundaries were held fixedratandroy, are denoted by
reliably in space and time. Except for resulting in these limita0dt, respectivelyAr is the (absolute) resolution aii" the number
tions (which are not relevant for studying clump formation an(a‘ e_qU|d|st§mt radial zones that would h_ave been required to cover the
propagation), the mapping from one code to the other Workg?t)'re star in order to achieve a resolutioraof Exponents are given
. . - In brackets.
very well and did not produce any noticeable artifacts.
For our 1D AMR calculation of Sect. 6.1, we employed ti[s]  t[s] rinlcm] roufcm] Ar[km] NE!
a grid h|erarchy with a base grid resollutlpn of 512 zones and 08(+0) 23(+0) 10(+8) 48(+9) 15(1) 2599933
7_Ievels of refmement. We use two crlterla to flag zones on a 23(+0) 80(+0) 17(+8) 14(+10) 4.641) 847804
given level for refinement. First, we estimate the Iocgl trun- 8.0(+0) 34(+1) 39(+8) 43(+10) 1.4¢2) 280568
cation error for the (mass) d_enS|ty, momentum denery, total 34(+1) 12(+2) 99(+8) 13(+11) 4.26:2) 93299
energy density, and the partial densities of nugh;, using 12(+2) 28(+2) 23(+9) 26(+11) 8.442) 46 650
Richardson extrapolation. Whenever the error for one of these2 8(+2) 65(+2) 39(+9) 52(+11) 1.7¢:3) 23282
e 5 3 ) . . . .
quantities is found to b.elor (or ler. in case of theX;), 65(+2) 15(+3) 68(+9) 10(+12) 3.4¢-3) 11634
we flag the_ correspond_lng zone for refinement. In_depe_ndent of 15(+3) 36(+3) 12(+10) 21(+12) 6.7¢:3) 5810
the t_runcatlon error estimate, we also flag zones in wh_lch den- 36(+3) 20(+4) 20(+10) 39(+12) 1.3¢-4) 3072
sity jumps>100% are encountered as compared to neighbour
ing zones. To refine betweenfidirent levels, we use factors

of 4 in resolution until level 5 is reached, where we switch e central remnant. This approach allows us to concentrate the
refinement factors of 2. With this scheme we achieve a magbmputational ffort in the post-shock and the Rayleigh-Taylor
mum resolution equivalent to 524 288 equidistant zones. Singgstable regions while avoiding overly restrictive Courant time
the outer boundary of the computational domain is kept at te&ps due to fallback. The timgsandt; over which the radial
stellar radius of @ x 10'?cm, this translates to an absolutgyrid boundaries are kept fixed are given in columns one and two
resolution of~75km. Using this setup, we measure speed-ip Table 2. The “zooming algorithm” allows us to temporally
factors (as compared to using a uniform grid) that are as largshieve a radial resolution @ff = 15km in the unstable lay-
as 10. Still, however, the small time step resulting from thers, that is equivalent to covering the entire star with fiece
high sound speed in the innermost zones leads to long compiy resolution oN" = 2 599 933 equidistant zones. Even with
ing times. We therefore remove the 7th level of the grid hiethis combination of mesh refinement, grid enlargement and in-
archy after 1870s of evolution and thereby reduce the maxer boundary movement, however, the computational load is
mum resolution to 149 km. This zoning is kept unt# 4770, still significant. The two-dimensional AMR calculation that we
when also level 6 is discarded and the rest of the evolutigfesent in Sect. 6, and which follows the evolution of the mix-
followed with a maximum resolution of 298 km. It should ang from 820 ms to 5.5 hrs after core bounce, requires nearly
noted that AMR allows one to introduce this coarsening in 2 10'° floating point operations (this number has to be multi-
rather straightforward fashion by manually resetting the refingtied by about a factor of 5 if no adaptive mesh is used).
ment flags returned from the error estimation and zone flagging Finally, we note that the choice of spherical coordinates
modules of the code. The grid can even be coarsened only|éxds to numerical artifacts along the symmetry axis of the
cally if required. Our 1D simulation is stoppedtat 8500s grid. The excessive outflows that we observe for 0 and
post bounce, 1700 s after the shock has emerged from the phe-r for the models in this paper are much weaker than those
tosphere. in Kifonidis et al. (2000). Nevertheless, in order to avoid spu-
For our 2D calculations we have adopted &eent ap- rious dfects, we have excluded a cone with an opening angle
proach, combining mesh refinement with a “zooming” algaf 15° around the polar axis for evaluating our simulations for
rithm for the radial coordinate. The AMR grid is chosen sudhe velocity distributions of nucleosynthesis products and the

that a base-level resolution of 4812 zones and four levels angle-averaged extent of the mixing of chemical elements.
of refinement with refinement factors of 4 in each dimension

are employed. This results in a maximum resolution on the )

finest level corresponding to 3072 equidistant zones in radris ' N€ first second

and 7_68 zones in angle._ Zone_s are flagge_d for _refinementg_;x_ Evolution in one dimension

applying the same criteria as in our one-dimensional calcula-

tion for each dimension. Adopting transmitting boundary coi? Table 3 we summarize the basic parameters of our one-
ditions in the radial and reflecting boundaries in the angular @imensional explosion, Model 0310, along with its two-
rection, our computational volume is initially set up to span tHémensional counterpart, Model T310, that will be discussed in
domain (1000< r/km < 48 000)x (0 < 6 < x). While the grid Sect. 5.2. As described in detail in JM96 the models are char-
boundaries iy direction are kept unchanged throughout th&cterized by the initial values of the electron and heavy lepton
calculation, the zooming algorithm successively enlarges theutrino luminosities (in units of Berg/s), L? ¢, andL) o,
radial extent of the grid according to Table 2, when the shoekd the energy loss (in units M,c?) and lepton loss parame-

is approaching the outer grid boundagy;. Wheneveritis time ters of the inner iron coré\e andAY,, respectively. The latter

to regrid, we also move the inner grid boundaiy, away from parameter constrains the luminosity of electron antineutrinos
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Table 3. Parameters of Models 0310 and T310. The (baryonic) mass of the innetM:@rg that has been excluded from the simulation, and
the final neutron star mask/,s, are given in solar masses. The initial and final radius of the inner @;@and R%e respectively, are given

in km, and its initial velocity of contractior,, in kms™. The initial neutrino luminosities of dierent flavoursL® .,, L% .., andL® , (see
also the main text), are given in units of°i@rg/s, and the energy loss of the inner cafe, in units of Moc?. The explosion energ¥exms:,

and the explosion time scalg,,, are given in 18 erg and in ms, respectively.

Model Resolution Mere Rye RGye Rye Log L2, L0, AV As Eexpsi  texp  Mns

0310 400 0.848 317 50 181 3.094 3.684 2613 0.0963 0.0688 1.59 702 1
T310 400x 192 0.848 31.7 50 18.1 3.094 3.684 2.613 0.0963 0.0688 1.77 629 1

while As determines the characteristic time scale for the decay 0-8 il
of the luminosities that we assume to follow the simple expo- il

nential law i
0.6

Ly = LYe™", (vi = ve, ve, vx) 1) [

wheret, is of the order of 700ms. The neutrino spectra aré ( ,

prescribed in the same way as in JM96. - “
Table 3 also lists the explosion time scalg, measured ‘

in ms and the explosion energy at the end of the shock-revival 0.2 \

simulation, Eexps1, in units of 16*erg (note that the binding |

energy of the envelope has not yet been subtracted from the B ‘ . ¥ . .

latter). We define these quantities as in JM96. The explosion 5 45 04 06 08 10 12 14

energy is given by the sum of the gravitational, kinetic and in- r [10° cm]

ternal energy of all zones of the grid where this sum of ener- _ _ _

gies is positive. The explosion time scale is defined as the tifi§- 2- Spacetime plot for the evolution of the logarithm of the den-

after the start of the simulation when the explosion energy eggy for our one-dimensional explosion, Model O310. The supernova
ceeds 1¢Ferg. shock is visible as the outermost discontinuity that extends diagonally

We adobt val fot 0 dLO _ that give rise t through the plot. Around 500 ms a reverse shock forms in the inner
€ adopt values Tot, ., andL, ., that give rise 1o en- ejecta that originates from the (hardly visible) slight deceleration of

ergetic explosions. This choice was motivated by the claim @ main shock in the oxygen core. The reverse shock separates the
Herant & Benz (1992) that premixing of tR€Ni (be it artifi-  gjecta from the neutrino-driven wind.

cial or due to neutrino-driven convection) in models with high
explosion energies of about210° ergs leads to a resolution
of the “nickel discrepancy problem”. In their simulations of
Rayleigh-Taylor instabilities in the stellar envelope, they olthe neutrino-driven wind, that is blownffathe surface of the
tained final maximun?®Ni velocities of up to 3000kni$ if neutron star for times later than200ms and that has also
they premixed th&®Ni in their 1D initial models out to mass been found in the calculations of Burrows et al. (1995) and
coordinates of b My above the FfSi interface (i.e. through- Janka & Miller (1996). Furthermore, a reverse shock is visi-
out 75% of the metal core of the progenitor model of Nomotale, that forms about 500 ms after core bounce (compare Fig. 2)
et al. 1988). when the main shock enters the oxygen core of the star and
With the parameters listed in Table 3, shock revival by nepropagates into layers with a somewhat flatter density gradi-
trino heating is almost instant in our simulations. The sho&nt, thereby decelerating slightly. Both shocks mark the bound-
shows neither long stagnation times nor phases of prograses of a dense region that contains most of the ejecta, while
sion and subsequent recession. Instead, it moves out of the reverse shock separates the ejecta from the neutrino-driven
iron core without noticeable delay. To illustrate matters, weind. Shortly after the supernova shock has crossed tf@&i Fe
show a spacetime plot of the evolution of the density with timaterface at 120 ms (at this time the latter has fallen in from
for Model 0310 in Fig. 2, from which one can infer a meaits initial radius ofr = 1.38 x 10°cm to 8x 10’ cm), a high-
shock velocity of about 19 000 km'safter 0.2 s. Additionally, density shell forms immediately behind the shock. It becomes
in Fig. 3 we depict the evolution of the most important hymore pronounced aftér= 500 ms when the shock has passed
drodynamic and thermodynamic quantities as a function of the SjO interface. The trajectory of the shell’s inner bound-
dius. The initial post-collapse profiles are plotted with thickry can be discerned in Fig. 2 in between the supernova and
lines, and the 3D interface can be discerned by the assodieverse shocks. This shell is one of the most interesting out-
ated entropy step at lagicm] = 8.8. One can easily recog-comes of our calculations. Three important physical processes
nize the transition of the accretion shock to an outward profake place in this part of the ejecta, whose mutual interaction
agating shock with high post-shock velocities, the rarefactitwas been neglected in previous attempts to model supernova ex-
generated by the explosion and the deleptonization and cpiesions. These processes &fhli-synthesis, neutrino-driven
traction of the outer layers of the proto-neutron star in reonvection, and the growth of Rayleigh-Taylor instabilities at
sponse to the contracting inner boundary. Figure 3 also shatws SfO interface of the progenitor's metal core. We address
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Fig. 3. Snapshots of the density, entropy, velocity and electron fraction distribution in Model 0310, 20 ms (heaviest line), 220 ms, 420 ms,

620 ms and 820 ms after core bounce.

the physical conditions for their occurrence in turn, focusintable 4. Final total elemental yields (i) for Models 0310 and

first on®®Ni-synthesis.
The left panels of Fig. 4 show the evolution of the den-

sity and temperature distribution for Model 0310 as a func-
tion of the enclosed (baryonic) mass. The inner edge of the
high-density shell is stationary at a mass coordinat®pfx

1.27 M. This mass shell marks the border between low and
high-Ye material in the expanding ejecta for timeg 120 ms
(right lower panel of Fig. 4), i.e. for the epoch ¥Ni forma-
tion. Since®®Ni synthesis requires temperatures in the range of
~(5-7)x 10°K and electron fraction¥, > 0.49, we can expect
that in Model O31®°Ni does not form in large amounts in re-
gions with mass coordinated.27 Mg, whereY, <« 0.49. This

is confirmed by Fig. 5, which shows the composition 820 ms

T310. Exponents are given in brackets.

4He 12C 160 ZONe 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) 4.5(-2) 6.1(-3)
ZSSi 3ZS 36Ar 40(:a 44Ti
0310 8.6(-2) 2.2(-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)
48Cr S2Fe 56N 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)

after bounce, when the post-shock temperature has alreawyde up ofv-particles,**Ti, 6Cr, and®?Fe, i.e. the products of
dropped below A x 10°K (compare Fig. 4) and nuclear re-a-rich freezeout in high-entropy (low-density) material.

Table 4 gives an overview of the nuclear yields for our ex-
indeed only found for R7M, < M; < 1.37M,, i.e. they are plosion models (not includingkects of eventual fallback). For

actions have frozen out. Larg&Ni mass fractionsx20%) are

confined to the dense shell. In total, 0M8 of 5®Ni are syn- a discussion of their accuracy regarding numeric&udion,
thesized in Model 0O310. Of these, 0.8, are produced by see Kifonidis et al. (2001), and Plewa &WMér (1999) who an-
shock-induced Si-burning in the presupernova’s silicon shallyzed the &ect in detail, especially for the caseTi. With

(whose inner boundary was initially located aB2M;). The

the spatial resolution used in the explosion models presented

remaining 0.0M, stem from the recombination of photo-n this paper, the bulk of*Ti is synthesized between about
disintegrated iron core matter with high electron fraction &0 ms and 700 ms after core bounce 291 M; < 1.36 Mg,
mass coordinates betweer2ZIM,; and 132 M. Between the in a layer where the abundance @fparticles decreases and
neutron star surface and the inner boundary of the dense sHé@a comes up (Fig. 5). However, if the spatial resolution is in-
i.e.for L14Me < M, < 1.27M,, 0.13M,, of material freezes creased, and thus numericafdsion at théHe/*°Ca boundary
out with Ye < 0.49. About 0.08 M, of this matter end up in is reduced, the width of the layer #Ti production via the re-
the neutronization tracer nucleus (denoted by X in Fig. 5). Thetion*°Ca(, y)**Ti is narrowed. This decreases t1&i yield
rest, which contains also a small contributior?®i, is mainly by up to a factor of 3 (Kifonidis et al. 2001).
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Fig. 4. Evolution of density, temperature, entropy and electron fraction as functions of the enclosed mass for Model 0310 beM@eenand
t = 820 ms post-bounce. The positions of thgJtand SIO interfaces, and thg, discontinuity (see text) are indicated by dotted vertical lines.

for M, < 1.27M,. However, given a highdr,, /L;, the oppo-

site may occur, withYe being increased in the neutrino-heated
layers to values up to and even above 0.5, as seen in recent cal-
culations including Boltzmann neutrino transport (Janka et al.

1 20083). If this were the case, the composition would be domi-
-1 nated by*®Ni also for 116 My, < M; < 1.27 M, while only

1 insignificant amounts of neutron-rich nuclei would be synthe-

1 sized in these layers. Hence, t&li yield might be increased

1 by afactor of up to about 2 compared to Model O310.

0.0F X *Ni 25 .

log X;

- Just interior to the dense shell (and f8li-rich zone in
Model 0310), we must expect substantial convective activity to
occur, because neutrino-matter interactions sustain a negative
1.20 1.30 1.40 1.50 1.60 entropy gradient in the neutrino-heated material throughout the
M, [Me] entire evolution up to 820ms. As Fig. 4 shows, the entropy
starts to rise steeply when one moves inward fro?7 M, and
reaches a maximum near the gain radius (and at times later than
0.5s at a position just downstream of the reverse shock). This
negative entropy gradient will give rise to convective motions
The yield of®Ni is much less sensitive to numerical dif_that, in contrast to the one-dimensional situation, will mix high-
ntropy, lowY,, matter from the deeper layers of the iron-core

fusion. However, it cannot be determined to much highgr

accuracy than that df*Ti because the contribution of the re_W|th lower-entropy, high¥,, material of the outermostiron core

gion with Yo < 0.49 to the®Ni production depends Sen_andt_h.e silicon sheII.We discuss the implications of this in more
sitively on the ratio of theve and ve luminosities, L, /Ly, detail in the next section.

and its evolution with time. This ratio, which determines the Finally, we wish to draw attention to the outer boundary of
electron fraction in regions close to the gain radius throudgihe dense shell. Figures 4 and 6 indicate that after about 500 ms
neutrino-matter interactions (Janka &UWEr 1996, and refer- this boundary coincides with the star's@iinterface. A pro-
ences therein), must be regarded as uncertain in calculatinnanced negative density gradient forms at this interface which
like ours, that do not use accurate neutrino transport. With tiseaccompanied by a positive pressure gradient (Fig. 6). Such a
parameters adopted for Model O310 we observeYhat 0.5 configuration is Rayleigh-Taylor unstable even in the absence

Fig. 5. Chemical composition of Model O310 versus masg at
820 ms. X denotes the neutronization tracer nucleus.
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6.0 ' : ' 1239 the post-shock temperatures stay abovel®® K. After com-

plete silicon burning has ceasedtat 270 ms, an anisotropic
nickel shell is left behind, while the spherical shock continues

[l
<)
T
o
)
D
<)

= 50F _:22_0‘2 moving ogtward (se_e Fig. 1). o S

g ] S The diferences in the spatial nickel distribution between

20 4.5 J215 5 Model T310 and its 1D analogue, Model 0310, are relatively
Q ] = small, however. This is caused by the high initial neutrino lumi-

3 a0f 421.0 » nosities and their rapid, exponential decline (Eq. (1)) adopted

] for our models. Both assumptions favour small explosion time
JR0.5 scales which prevents convective bubbles to merge to large-
ok . : . ] 20.0 scale structures, as in cases where the phase of convective over-
0.0 0.5 1.0 15 turn lasts for several turn-over times. Lowering the neutrino
r [10° cm] luminosities (and the explosion energies), we obtain stronger
convection that largely distorts the shock wave by developing
big bubbles of neutrino-heated material (see Janka &lléd”

Y, disc. si/0

Fig. 6. Density and pressure profiles of Model O310t at 820 ms.

The position of theY, discontinuity and of the B0 interface are indi- s )
cated by dotted vertical lines. Note the dense shelkaf.1x 10° cm, 1996; Kifonidis et al. 2000, 2001; and Janka et al. 2001 for

and the density and pressure gradients of opposite signsd5nd examples). A_dopting constant core luminosities in contrast to
1°cm<r < 1.35x 10° cm. the exponential law of Eq. (1), we can produce models that ex-
hibit the vigorous boiling behaviour reported by Burrows et al.
(1995). Such cases can finally develop global anisotropies,
of gravity (Chevalier 1976). Its rather close spatial proximity tshowing a dominance of th@ = 0, | = 1 mode of convec-
the convectively unstable layers at the inner edge of the defig@ (see Janka et al. 2003; Scheck et al., in preparation). As
shell is of decisive importance for the further evolution of thg consequence, convection can lead to huge deviations of the
models. spatial distribution of iron group nuclei from spherical sym-
metry, much stronger than those visible in Fig. 1. Convection
can also change the nucleosynthetic yields of iron group nuclei,
because it enhances neutronization by cycling higlmate-
Repeating the calculation of the one-dimensional model O3i8l from outer layers through the regions near the gain radius
in two dimensions we obtained Model T310 that develops cowhere the gas loses lepton number (Kifonidis et al. 2001; Janka
vective activity already 60ms after core bounce. Fingers efal. 2001). Due to our adopted andve luminosities the gas
buoyant, high-entropy material with. ~ 0.4, and an initial cannotregain high, values when it moves outward again. This
angular width of abouts-10° form quickly from the imposed leads to®®Ni yields that are about 6% smaller in Model T310
seed perturbations in the neutrino heated layer near the gairasieompared to the 1D case, Model 0310, while the final yield
dius and start to rise toward the shock into the surrounding ggfghe neutronization tracer shows the opposite behaviour and
of lower entropy. While doing so they acquire a mushroonis 15% larger in Model T310 than in Model O310. These ef-
capped shape and display a tendency to merge into bubliéess are comparatively small in Model T310, again mainly due
of about 10-20° lateral width (Fig. 1). Between the bubblesto the short explosion time scale of this model.
low-entropy material withYe ~ 0.498 sinks inward in tube-like ~ The distribution of the elements in velocity space is of sig-
flows. Compared to the one dimensional case, the convectificant importance for an understanding of the evolution of
rise of the high-entropy gas leads to a somewhat mfiigent the supernova beyond the first second. Since Models 0310 and
energy transport, and a reduced energy loss by the reemisgiB8a0 barely difer in this respect we discuss only the two-
of neutrinos from heated matter. Therefore Model T310 edimensional case. In Fig. 7 we plot as functions of the radial
ploded with an energy dEeyp = 1.77x 10°terg, which is 11% velocity o, and time, the fractions of the total mass %60,
higher than in Model 0310. The mean shock expansion veld€si, **Ti and *®Ni that are contained within the velocity in-
ity is, however, almost the same as in Model O310. tervals pr,v; + dy] with do, = 350kms?t. Att = 120ms,
While the shock propagates through the Si-rich layers of thden the shock is travelling through the outermost layers of
star, %Ni is synthesized in the high-density shell (Sect. 5.18e iron core, substantial amounts of material from the silicon
which is distorted at its base by the rising bubbles of higland oxygen shells are either still near hydrostatic equilibrium
entropy material. As in the one-dimensional case, freezeauffalling towards the shock. Consequently the peak and wings
of nuclear reactions in the deleptonized bubbles leads to highthe mass distributions of the respective elements have zero
abundances of the neutronization tracer and to smaller yiedd®l negative velocities. As the post-shock temperature begins
for nuclei produced by-rich freezeout. However, in betweerto drop below 7 10°K, reassembly ofr-particles to heavier
the bubbles, i.e. in the down-flows mentioned above, electrouclei starts in the immediate post-shock region and leads to
fractions are sfliciently high that®®Ni is synthesized. Hence, initially small abundances dfTi and °®Ni, the bulk of which
the inner boundary of thé®Ni shell possesses an asphericdlas velocities around810°kms™.
shape closely tracing the inner edge of the low-entropy (high- Only 100ms latert( = 220 ms) the explosion gains mo-
density) material in the convective region, while the oBtsli- mentum, and the shock propagates through the silicon shell and
boundary coincides with the (spherical) shock wave as longescounters substantially smaller maximum infall velocities of

5.2. Evolution in two dimensions
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Fig. 7. Fractional mass of éfierent elements contained within the velocity interug) + dv,] as a function of the radial velocity; in
Model T310. The resolution isvgl= 350 km s*.

only 3000 kmst. This leads to the cufbof the high velocity abundances. The location of this region coincides with the max-
wings of silicon and oxygen at3 x 10°kms™. Downstream imum of the®®Ni abundance (Fig. 5). Thus, the peaks of both
of the shock®Ni is synthesized as the dominant nucleus ialements are found at comparable velocitiek4x10*kms™;
regions of explosive silicon burning, while al$6Ti is built Fig. 7). We note again, however, that the spatial distribution
up in smaller amounts. The spatial neighborhood of these tand the yield of*Ti are severely fiected by numerical dif-
nuclei is reflected in their velocity distributions, which botlusion (Plewa & Miller 1999). The location of th&Ti peak
peak around B5 x 10*kms. However, in contrast t&8°Ni, att = 420ms (Fig. 7) might actually occur at much lower
some*Ti also forms bye-rich freezeout in the rising convec-velocities, if numerical dfusion (and thereb§*Ti synthesis
tive blobs that at this stage show the highest velocities on thiethe “He/*°Ca boundary) is substantially reduced. In this
grid. This causes the broad wing in the velocity distributiocase, the contribution from the slower, deeper layers of the
of #Tiup to 17 x 10*kms'%, while maximun™®Ni velocities ejecta, just downstream of the reverse shock, might dominate.
reach 155x 10*km s™t. The velocity distribution for the neu- Indeed this material causes the second, sm&Epeak near
tronization tracer shows a behaviour similaft®i. 1.0x 10°kmst att = 820 ms (lower right panel of Fig. 7).

At 420 ms the supernova’s explosion energy is still in- The velocities of the fastest regions that conf8Ni reach
creasing and has led to maximuiNi velocities as high as @ maximum of 17 x 10*kms™* aroundt = 620ms and de-
1.65x10*km s°L. Substantial amounts of silicon have also beeifease slightly to 85x 10*kms™ att = 820 ms. Itis obvious,
accelerated outward. A stratification of these elements in veldat thes€®Ni velocities are much larger than those observed
ity space is beginning to emerge because the positive veloditySN 1987 A and that some slow-down of this material must
gradient behind the shock (see Fig. 3) results in higher veloBRve taken place later. In fact, we will show in Sect. 6.2 that
ties in the post-shock region as compared to gas in the deepessive deceleration of this material during the subsequent
layers of the ejecta. Meanwhile, the neutrino-driven wind h&yolution is the main problem for an explanation of the ob-
begun to blow & material from the proto-neutron star surfacéerved®®Ni velocities in SN 1987 A.
with velocities in excess of.@ x 10*kms™ (Fig. 3). Traces Summarizing our one and two-dimensional results for the
of %4Ti in the wind, that has a composition dominateddy evolution within the first second, we note that a Rayleigh-
particles and neutron-rich nuclei, can be seen at these veldaylor unstable density inversion can form at th&8nterface
ities. The distribution of**Ti in velocity space is somewhatof a blue supergiant. The quickly expandidlyi is situated just
uncertain. We have noted in Sect. 5.1 that the bulk*®f is interior to this interface and is distributed anisotropically in an
synthesized at the boundary of layers with hfgte and*°Ca  inhomogeneous layer. This results in a seed perturbation for the
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Fig. 8. a) Evolution of the density in our one-dimensional type Il supernova simulation M8&0 (left). The dotted lines indicate the
positions of the $O, (C+O)/He and HeH interfaces 0.82 s after core bounbg Shock velocity as a function of shock radius in Mod@&10,
and radial dependence af® for our progenitor model (right). Note the deceleration of the shock after it has crossed-Q¥H€ interface at
log (r/cm) = 9.55 and the H& interface at logi(/cm) = 10.85. The increase of the shock velocity for loggm) > 12.2 is due to the steep
drop of the density in the atmosphere of the star.

Rayleigh-Taylor unstable regions. We will show in the followprogenitor model. When the shock wave crosses th&(He
ing sections that the magnitude of this perturbation figent interface at logr(/cm) = 9.55, 1.8s after bounce, its propa-
to induce significant outward mixing 6#Ni. gation speed is as high a0 000km s'. Thereafter, a rapid

decrease of the shock velocity can be seen, sintecreases,

i.e. the density profile in the He core fallf aith a more shal-
6. Beyond the first second: A type |l model low slope thanx r~3, The deceleration lasts until the blast wave
has reached the outer layers of the He core and enters a narrow
region of decreasingr® around log{/cm) = 10.7. This re-
Once the shock wave has been launched by neutrino hea@ig) is characterized by a rapid drop of the density just below
and the explosion energy has saturated, the further evolutibe H¢H interface (see Fig. 8a). Here the shock temporarily
of the supernova depends strongly on the density profile &ficelerates to about 9000 kntFig. 8b). Once it has passed
the progenitor star. According to the analytic blast wave sthe HgH interface around 80 s after core bounce, the evolution
lutions of Sedov (1959), the shock decelerates wheneveragsembles that after the crossing of the-@/He interface. A
encounters a density profile that fall§ avith a flatter slope gradual deceleration of the shock to 4000 khaccurs, until
thanor=2 (i.e. for increasingor®), while for density profiles the blast wave enters the atmosphere of the star and finally ac-
steeper thanr =2 (i.e. for decreasingr?) it accelerates. Since celerates to more than 20 000 km swhile propagating fi the
models of supernova progenitors (see e.g. Woosley & Weavetmerical grid.
1995) do not show a density structure that can be described by Every time the shock decelerates, it leaves behind a positive
a single power-law, an unsteady shock propagation results thagssure gradient which slows down the post-shock layers. The
in turn gives rise to Rayleigh-Taylor unstable pressure and d&fvocked material thus piles up and forms a high-density post-
sity gradients at the composition interfaces of the star. In thigRock shell. Note that layers which areffatiently far down-
section we follow shock propagation beyond the first secostteam of the shock may be out of sonic contact with it, i.e. on
with our AMR code in one spatial dimension to illustrate thegtie time scale of the supernova expansion these layers may not
effects. In order to obtain the closest possible approximationde reached by sound waves originating in the immediate post-
the energetics of the two-dimensional case, with which we wghock region. In this case, the only way in which information
compare our results in the following section, we start this 1€an be mediated to the deeper layers is through a supersonic
calculation from an angularly averaged version of our 2D ewave. Therefore their slow-down proceeds via a reverse shock,
plosion, Model T310, (instead of the one-dimensional modgat forms at the inner boundary of the high-density shell of de-
0310). We will henceforth refer to the one-dimensional resultglerated matter and starts to propagate inwards in mass. The
of this section as Modéi310. reverse shocks as well as the dense shells that form after the

Figure 8a displays the evolution of the density for thimain shock has passed the@i (C+O)/He and H¢H inter-

model. The locations of the &, (C+O)/He, and H¢H inter- faces, can be clearly seen in Fig. 8a in the density structures
faces at the start of the calculation (i.e. 0.82s after bounde) 0.82s, 20s and 1500s, respectively. It is also apparent that
are also indicated. In Fig. 8b we show the shock velocity agte density profiles for the latter two times show a striking sim-
function of shock radius for times later than about one secoitakity in the region that is bounded by the forward and the re-
after core bounce, along with the radial variatiopot for our  verse shocks.

6.1. One-dimensional evolution



634 K. Kifonidis et al.: Non-spherical core collapse supernovae. .

257 ' [ ' ' ' 20'_| ' ' ' 1 ' 16.5'_|
¥ & 116.07
I
19 E £ -05 155 B
o g ) E
18 © — L0 115.0 T,
= S log (p) {1458
Eﬂ —_ _1.5 | ] 14.0 Eﬂ
16 s i 1135
8 TU) 5 3
g 4
6 ~ 3 3 Vr
4 mg 2 Cq
o R[ t = 20 sec | 1 o LE t = 300 sec| |
L ] £ O0F —
> oF L] >
0 : : : : : : -1 : : : : :
1.0 — 10¢ _Jj b
*“He “He X *“He
08F X 285;1%0 . 0.8k 14
b 0.6 b b 0.6 b
04 Fapge %Nj ] 0.4 5Nj ]
02 . b 0.2 b
1
0.0 J < 2, 0.0 . | I ,
16 18 20 22 24 26 0.0 O. 1.0 1.5 20 25
r [10' cm] r [10" cm]

Fig. 9. Structure of ModelT310,a) 20's (left), ancb) 300 s after bounce (right). Shown are (from top) the density, pressure, velocity, sound
speed, and mass fractions as functions of radius. Note the unstable regions (shaded in grey) nar(BeChiHe and HgH composition
interfaces, where the density and pressure gradients have opposite sigrs380 s, the density gradient at the inner edge of the dense shell
that has formed below the ¢ interface is in the process of steepening into a reverse shock (compare also Fig. 8a). Note also the enorm
drop of the velocity in the layers that are enriched®iNi, from 6000 km s* at 20's to 1300 km'$ at 300s.

In a one-dimensional calculation, where hydrodynamic ilmstead of having the explosion energy artificially deposited in
stabilities are absent, dense shells, that have formed during #ae-stellar core).
lier phases of the evolution, are preserved provided the nu- In Fig. 10 we plot for diferent times the total, time-
merical difusivity of the employed hydrodynamic scheme istegrated growth rate
suficiently small. This is demonstrated by the left panel of t
Fig. 9 which shows some flow quantities 20 s after core bouncé. = exp(f o-dt’) , (2
Note that two high-density peaks are visible between the f 0
ward and reverse shock at that time. The inner is the one that the factor by which a (small) perturbation with an initial
formed at the O interface (Sect. 5.1). It contains mainly sili-amplitudeZ, would be magnified at timeaccording to linear
con and oxygen. The outer one has formed at thed}He in- perturbations theory. The growth rate of the instability,is
terface and contains carbon and oxygen. In the layers of thgaeen by
shells that are shaded in gray in Fig. 9, negative density and
positive pressure gradients exist. Thus, already at this early. /_ENLPM 3)
time, Rayleigh-Taylor instabilities may grow in these regions p or or’

hevalier 1976). This i nfirm ntitativel rform-

i(an Ziniargstgéility Sansacl:;sis (sgg q:g_utut:.l.rt e(ta );It_)ylg(;;t)); (e.g. Mller et al. 1991b), where we have assumed the fluid to

lwamoto et al. 1997, and the references therein; note that ggrincompressiblefor simplicity. Within only 20's after bounce,

calculations dfer from these previous simulations because V\Fge amplification factor grows to about™1 both unstable re-

start from a model that has a consistent explosion histo%'/ons’ which are separated by a narrow stable layerGavd.

oth growth rates are increasing until 300 s after bounce and
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Fig. 10. Logarithm of the total, time-integratelinear growth rate in the unstable layers near th&Sind (G-O)/He composition interfaces
of Model T310 at dfferent times. The linear growth rates increase with time and reach amplification fat¢@?swithin the first 300 s (i.e.
five minutes) of the explosion.

S ' o ' ' ] reach their maxima at this epoch, the growth rate at théiHe
14 51/05 §(C+°)/He He/H@ 7 interface still increases. It reaches about the same level as the
b ¥ growth rates at the two inner interfaces at 3000 s after core
: 9000 s bounce.
~ 1or oS This behaviour is opposite to that found in the calculations
X 83_ 1 of Miller et al. (1991b), where the instability initially grows
Wk 1 faster at the H&# interface and only after some time is sur-
S sk 1 passed by the growth at the {O)/He interface. It is very
1 likely, that this result of Miller et al. (1991b) is caused by the
4r : - fact that they started their stability analysis as well as their 2D
C |8 ] calculations 300s after core bounéeliable calculations of
2:_ M : ] the Rayleigh-Taylor growth, however, require consideration
Y Y H . ] ofthe very early moments of the explosidthile the results of

1 2 6 7 the linear stability analysis are certainly invalid quantitatively
once non-linear growth sets in, the above conclusion is substan-

Fig. 11. Logarithm of the total, time-integratetipear growth rate in  tiated by our two-dimensional calculations. Itis also supported

the unstable layers near the/Gj (C+O)He and HeH composition PY results of lwamoto et al. (1997) who found a similar be-

interfaces of ModeT310 at diferent times. Comparing the amplitudediaviour for the growth of the instability at the {©)/He and

of the growth rates at the & and (G-O)/He interfaces with those He/H interfaces of their 2D models for SN 1993 J.

given in Fig. 10 one can see that these have saturated after 300 s (inT K led | h for Ravleigh-Tavl
fact the curves for 300 s, 1600 s, and 3000 s are not visible individually 0 our knowledge, large growth rates for Rayleigh-Taylor

because they are identical within plotting accuracy). Note, howevéiStabilities at the $O interface of a massive star have never

that the rate for the instability at the Hreinterface is still increasing Peen reported before. We can only speculate about the reason

between 300 s and 3000s. for the absence of this unstable layer in previous simulations.
Either it was caused by the fact that the explosion was initiated
artificially by depositing energy in an ad hoc way, or it was

saturate thereafter. The right panel of Fig. 9 shows that atused by indticient numerical resolution, or by fiirences

t = 300s the metal core of the star has piled up to a higimthe structure of the progenitor stars that were employed in

density zone that includes the two unstable interfaces. At tiiiese studies. The latter is obviously the case for the simula-

time, the shock has already passed th¢HHiaterface and a tions of Arnett et al. (1989b), Fryxell et al. (1991) andiN&t

third unstable region has formed at the outer edge of the depsal. (1991b) who used a stellar model at the end of carbon

shell that the shock has left behind at the/Hlénterface. The burning for their calculations. Also a combination of the ef-

evolution of the growth rate in this region is shown in Fig. 1¥ects listed above is possible. High-resolution studies with our

At t = 300s itis much smaller than the rates for the instabilitieég/drodynamic code applied toftBrent progenitor models may

at the SIO and (G-O)/He interfaces. However, while the lattetbe required to clarify this issue. We stress this point because
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the two-dimensional models to be discussed in the next semamentum cannot be slowed down as strongly as their neigh-
tion demonstrated that the instability at th¢Chinterfacds the bouring matter so that they penetrate outward much farther.
most crucial ondor determining the subsequent evolution. This becomes evident in the plots fioe 100 s (Fig. 13a). The
cusps have already grown into separate fingers that start to rise
through the (GO)/He interface and impose a long-wavelength
perturbation onto these layers. Concurrently, the smallest scale
perturbations that are resolved on our grid have grown to small
mushrooms at the 8 interface and start to mR€Si outwards
In contrast to the one-dimensional case, in two (and three) spauile 10 is mixed inwards in between them. The growth of
tial dimensions the dense shells that form at the composition Rayleigh-Taylor fingers from the former dense Ni-“pockets”
terfaces can fragment into a set of smaller clumps that may ¢s important consequences for the interpretation of observa-
couple from the flow and move ballistically through the ejectéional data and will be addressed in more detail in Sect. 7.
Such a fragmentation actually occurs in our models due to the At t = 100s the supernova shock has already passed the
spatial proximity of the Rayleigh-Taylor unstable zones nebte/H interface. Furthermore, the reverse shock that had formed
the SjO and (G-O)/He interfaces and the convective layers. Tdue to the slow-down of the main shock in the He core starts
demonstrate thesdtects, we present a two-dimensional type fo propagate inward in radius. This reverse shock decelerates
supernova calculation that was started from the shock-revittaé innermost layers of the ejecta until it is reflected at the in-
model T310. In what follows we will refer to this simulationner boundary and moves outward again, compressing the in-
as Model T310a. To illustrate its hydrodynamic evolution weer metal core of the star (Figs. 13b and c). Five minutes after
show plots of the mass density and the partial densities of thmunce, the metal core itself is totally shredded by the instabil-
nuclei®O, 28Si and°Ni. ity. Showing a density contrast to the ambient material of up
Figure 12a displays the situation 4s after core bounde,a factor of 5, the fingers have grown into the typical mush-
when the supernova shock has already crossed th®)B8e room shape, which is caused by Kelvin-Helmholtz instabilities
interface of the star. The anisotropic structures that can be séeig. 13b). Almost the entire metal core has thereby been car-
in this figure are strikingly similar to those visible 420 ms afiied through a substantial fraction of the He core, while in turn
ter bounce (Fig. 1b). This indicates that the low-density (highelium-rich gas was mixed into the metal core in “pockets”
entropy) layers of the ejecta, that were heated by neutrinbsfween the fingers. These low-density helium tongues can
expand essentially self-similarly during the first few secondie discerned as the black regions around the blueish oxygen
of the explosion. However, outside of the high-entropy mushlumes in the abundance plots of Fig. 13. Note that there is
rooms, and exactly as in the one-dimensional case, mate@iggecond helium-rich region closer to the center of the mod-
of the Si and GO layers of the star piles up in two densels, interior to the red, green, and blue-colored zones. This re-
shells. Ten seconds after core bounce (Fig. 12b) also the higlen contains material that experienced a high-entropy freeze-
entropy gas is fiected, and the low-density mushrooms haweut of nuclear reactions, and thus shows high abundances of
been compressed to flat structures. Only 10 s later (Fig. 12c) thparticles and nuclei liké*Ti. In between thise-rich layer
compression has become so strong that the density distribuital the regions oNi dominance (the patches of dense mate-
no longer resembles the flow-structures of the shock revividl colored in red and pink in the abundance panel of Fig. 13;
phase. A second reverse shock has formed as a consequense®flso Fig. 9 for the one-dimensional case) one encounters
the deceleration of the main shock in the He core (Sect. 6.a%utron-rich nuclei. These nuclear species participate in the
It is visible as the dark discontinuity at = 1.6 x 101°cm mixing. The closer they are located to the unstable interfaces,
in Fig. 12c. The initial mushrooms have imprinted a stroritje stronger their spatial distribution ifected.
long-wavelength perturbation both on the dense shell behind At 1500 s after bounce, the flow in the mixing region has
the SjO interface and at the (€D)/He interface. Superposedbecome very complex because of the interaction of the instabil-
upon this perturbation, small-scale disturbances start to grifi@s at the former 3D and (G-O)/He interfaces and the action
along the entire $O interface where also about 10 cusps (n@f Kelvin-Helmholtz instabilities in the shear flows along the
counting the features near the symmetry axis) begin to devefmgers (Fig. 13c). During this phase, and depending on the spa-
that are located about 2@part. Interestingly, the positions oftial resolution, our simulations show a tendency for the edges
these cusps daot coincide with those of the former mush-of the fingers to fragmentinto smaller structures. This fragmen-
rooms that are located in the regiobstweerthe cusps. The tation appears to be more pronounced for models with small
cusps themselves seem to be pushed by the denser materiaktkglosion energies. In this case, the time-scale for the fingers
constituted the former down-flows between the mushroomstatcross the He core may increasdisiently to allow for sub-
is exactly in these dense regions, whefiii had formed dur- stantial growth of fluid-dynamic instabilities at the boundaries
ing the first 250 ms of the explosion. Although most of ¥ of the fingers.
is originally located in a layer just interior to the unstable zone While the central regions of the star are turned inside out, a
at the SIO interface (see Fig. 12a and compare also Fig. 9 fdense shell can be seen 1500 s after bounce just below the bor-
the one-dimensional model), the dense regions with their largiar between helium core and hydrogen envelope (Fig. 13c). Itis
this prominent shell that we also found in the one-dimensional
1 Movies from this simulation are available under calculation (Sect. 6.1) as a result of the deceleration of the
http://www.mpa-garching.mpg.de/~kok/MPG main shock in the hydrogen envelope. Note that like in the

6.2. Two-dimensional evolution

6.2.1. Clump formation and mixing
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Fig. 12.Logarithm of the density (top) and of the partial densities (bottom§@f(blue),?®Si (green), an@Ni (red) in Model T310a at selected

early epochs. Data values are coded according to the color bars given for each frame. In case of the partial densities, colors other than red, green
and blue (resulting from the superposition of these color channels) indicate mixing of the composition. From lefiattrghts,b) t = 10 s,

c)t = 20s. Note the change of the radial scale. The supernova shock is visible as the outermost circular discontinuity in the density plots.
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Fig. 13.Same as Fig. 1)t = 100 s (left),b) t = 300 s (middle)¢c) t = 1500 s (right). Note the change of the radial scale.
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one-dimensional case, the density gradient at the inner edgé¢hef supernova shock is almost perfectly spherically symmetric
the shell steepens into a reverse shock. In the one-dimensiavian it crosses the 4 interface, the evolution of these lay-
calculation, the layers of the metal core are well behind théss proceeds initially one-dimensionally. This turns out to be
reverse shock untit = 2600s. Only then has the reversérue evenin models where much more vigorous neutrino-driven
shock propagated ficiently deep inward in mass to reactconvection imposes noticeable asphericities on the shock dur-
the (G+O)/He interface (see also Kane et al. 2000 andllbt” ing its revival. Such asphericities, however, are smoothed out
et al. 1991b). In our two-dimensional simulation, however, tluring the subsequent propagation of the shock through the he-
fastest mushrooms already start to penetrate through the reviuse core. The only deviations from spherical symmetry that
shock at 1500s after bounce (Fig. 13c). This interaction pérturb the HAH interface in Model T310a are the waves that
the metal-enriched clumps with the reverse shock has not beea excited when the metal-enriched clumps hit the inner edge
pointed out in any previous study of Rayleigh-Taylor instabibf the dense shell below the interface at tintes 1500s.
ities in type Il supernova progenitors. It has important conselowever, these perturbations encounter only a moderately un-
guences for the velocity distribution of the elements becausstible HgH interface at these late times, in accordance with
leads to a strong deceleration of the clumps. We will addrebe linear stability analysis (Fig. 11) which shows that after
this issue in more detail below. For the moment we only note- 1500 s the integrated growth rate,increases only slightly.
that after penetrating through the reverse shock and enterirge mixing at the H&H interface is therefore rather weak. The
the high-density He-shell, the clumps move supersonically ratstability at this interface has apparently evolved into the non-
ative to the ambient medium. As a result they are dissipatindjizear regime byt ~ 10 000 s, showing a multitude of small and
large fraction of their kinetic energy in bow shocks and strorspmewhat bent fingers. However, these do not grow apprecia-
acoustic waves. The wave fronts can be seen in Figs. 14&hcup to 20000 s after bounce, when we stopped our 2D sim-
which show the interaction of the clumps with the shell ba#ation. At this time the flow near the interface expands nearly
tween 5000 s and 20 000 s after bounce. Figure 14 also suggssltisimilarly, i.e. the small fingers move with the same veloc-
that during this interaction the spatial distribution of the heavty as the medium between them. Note that the perturbations
elements inside the clumps is almost entirely homogenized.the H¢H interface that result from the accoustic waves are
This causes the light blue and whitish regions in the abundamnpéte diferent from those used to initiate the instability in all
plots (lower panels of Figs. 14a—c) due to the superpositionrevious studies. In the latter, seed perturbations of the order
the single colors that were assigned to thedéent elements. of 10% of the radial velocity were imposed on the entire star
The interaction with the reverse shock also leads to mixing about 300s after shock formation. With perturbations of this
ambient helium into the clumps, with the helium mass fractianagnitude it is indeed possible to obtain strong mixing at the
becoming comparable to that of the heavy elements. Befokg/H interface of our progenitor. We have found such extended
the clumps contained only small amounts of helium that wasixing in the late evolution of the hydrodynamic model dis-
admixed to them during the first300 s from the central zonecussed in Kifonidis et al. (2000), which ered strongly from
of a-rich freezeout by the development of the Rayleigh-Tayl@dd-even decoupling, and was therefore perturbed in the radial
instabilities. velocity by ~20% att = 300s. However, even in this model
To facilitate a comparison of Model T310a with onethe nickel was mixed out only to a mass coordinate.6fM
dimensional work, upon which most attempts to reproduce adifter 10 000 s.
servations of nucleosynthetic yields and their distribution are
based, we summarize the extent of mixing as a function of
the enclosed mass in Fig. 15. The left panel shows the d¥s2-2. Clump propagation and velocity distribution
tribution of the mass fractions for the original presupernova of nucleosynthetic products

model. At a time of 20000s after bounce (right panel), ele- _ )
ments like'®0 and?8Si, that made up the original metal cordn Fig. 16 we show for times from 4s until 20000s after

have been mixed almost homogeneously throughout the hpunce the logarithm of the fractional masses for several nu-
ner 34 M, along with the newly synthesiz&dNi. The only clei that are contained within the velocity interval, pr + duy]

nuclear species that are not mixed this far out in mass are @tfe@ function of the radial velocity. Obviously, there occurs a
neutronization tracer and. to an even lesser extéfit These Pulk deceleration of the material from velocities as large as

nuclei were synthesized in the innermost layers of the neutririgk4 000 km S_l at a time of 4s after bounce 6000 km st
heated ejecta very close to the collapsed core. after 50 s. This is caused by the enormous deceleration that the

Note that the mixing is confined to the former He core ghock and the post-shock material experience after the shock
the star (i.e. the inner.2M,). This can be understood fromhas entergd the He core. The deceleration and the associat.ed
Fig. 14: the dense He-shell, that forms just below thgHHe COmMpression also cause the clear tendenc_y of the_ mass dis-
interface, acts like an impenetrable wall for the metal clumjydoutions of the elements to narrow down in velocity space
and shields the hydrogen envelope from becoming enrichédg- 16)-
with heavy elements. This result may appear somewhat sur- Shortly before the shock crosses the+(@/He interface
prising because, as we have shown by the linear stability an@le. for times 1 < t < 2 s) the abundance maxima offéirent
ysis (Sect. 6.1), the HE interface of the Woosley et al. (1988)elements are well-separated in radius. Together with the post-
star is Rayleigh-Taylor unstable. However, since we did not irehock velocity gradient (Sect. 5.2) this results in maxima of the
pose any seed perturbations in our AMR simulations and sinedocity distributions of diferent nuclei that are well-separated
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Fig. 14.Same as Fig. 1) t = 5000 s (left),b) t = 10000 s (middle)¢) t = 20 000 s (right). Note the change of the radial scale. The circular
orangg¢black boundary in the upper right panel corresponds to the outer edge of the computational domain, which the supernova shock
crossed long before.
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Fig. 15. Evolution of the extent of mixing in Model T310a. Left: initial composition. Right: composition 20000 s after core bounce. The
neutronization tracer is denoted with “X”. Note that all heavy elements are confined to the helium core (i.e. to the inn2ivhpsf the star)
even as late as 20000 s after core bounce.

in velocity space. However, this separation disappears withinslowed down by this pressure gradient. Around 300s, how-
the first 50 s after bounce due to the strong compression: bger, the density contrast between the clumps and their envi-
ing squeezed into a very dense shelffatient nuclear speciesronment has grown substantially. In addition, at this time the
are getting very close in radius and thus they reflect the \&®und speed is about 1400 km én the layers of the He core
locities that are prevailing in this shell. The first nuclei to behrough which the clumps propagate, while the “background”
come dfected by the compression af©, 22Si and®Ni, since flow is expanding with~3000 km s'. Comparing this to the
these are located closest to the supernova shock. A narrow pelaknp velocity of 3500 kms we find that att = 300s the
forms in the velocity distribution of these elements alreadylumps move relative to the He core with about 500 ki ise.
between 4s and 10s after bounce (Fig. 16). Being centethdir motion relative to the backgroundssbsoni@and the drag
around 8500km3 att = 10s, the peak gradually recedes tthey experience is rather small. As a result, the clumps “de-
~3500kms?! att = 50 s. The maximum velocities 6fNi and couple” from the flow and start to move ballistically through
285 are larger than this value by about 1500kM svhile a the remaining part of the helium core, with the maximei
small fraction of'®0 is found at somewhat larger velocitiesyelocity remaining roughly constant for times between 300s
still. Elements that are located closer to the inner boundamd 1500s. At approximately the latter time the clumps pene-
of the computational domain (i.&%Ti and the neutronization trate through the reverse shock at the inner edge of the dense
tracer) show broader distributions in velocity space during tisbell that has formed below the Hteinterface. After entering
first ~10s of the explosion, until the strong compression alsbis shell they are strongly decelerated, and the maximum ve-
affects their spatial distribution and leads to a homogenizatitmeities of all elements drop t€1200kms* as is visible for a

of all profiles in Fig. 16 around 50 s after bounce. This homotme of 20000 s after core bounce in Fig. 16. These values are
enization is actually fortunate for a comparison of our resuksggnificantly smaller than those observed in SN 1987 A. Note
to observational data, since it makes the late-time velocity dikat prior to the interaction of the clumps with the shell, the
tributions of nuclei in our models fairly robust against uncenickel velocities of our modelare in accordancavith the ve-
tainties that fect the nucleosynthesis in the neutrino-heatdakities observed in SN 1987 A, i.e. a good match to the obser-
matter. In particular, the velocity profiles ¥Ni and of the neu- vations is prevented by the formation of the dense shell in the
tronization tracer nucleus are finally rather similar. Hence, it @iter He core of our models. Sever#lleets cause the strong
not very relevant for the velocity distributions of these nuclslow-down of the clumps in the shell. They can be discussed
that nucleosynthesis in the inner ejecta depends on unkndwrconsidering the expression for the drag force

details of the neutrino luminosities and spectra, which deter- 5

mine whetheP®Ni or mere neutron-rich nuclei are produced. Fo = coPe A, (4)

Up to a time of 300s, when the Rayleigh-Taylor insta-
bilities are still developing, the maximum velocity 6fNi whereA is the cross sectional area of a clurpgthe ambient
is steadily decreasing, dropping to values~8500kms?t. fluid density,v the velocity of the clumps relative to the ambi-
This maximum velocity is found in the mushroom caps dadnt fluid, andcp the drag cofficient. Since the clumps have to
the Rayleigh-Taylor fingers. In the early stages of their exigass through @everseshock they enter an environment with
tence these “clumps” have to propagate through a rather deasenallermean expansion velocity than in the layers upstream
medium. In addition they “feel” the positive pressure gradof the shock. Their velocity relative to the new background
ent in the unstable layers. Hence they are decelerated appeahereforehigherthan it was before they crossed the shock
ciably, but less than the expansion of the surrounding matterd amounts to ~ 1300kms? att = 1500s. In additiop is
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Fig. 16. Logarithm of the fractional mass offtirent elements that is contained within the velocity interwab{ + dv,] as a function of the
radial velocityo, in Model T310a at various epochs. The resolutionvs~ 130 km s*. Note the diferent scales for the radial velocity in the
left and right panels.

larger in the post-shock region. Botffects increase the dragincrease in ram pressure, the supersonic motion leads to a large
by increasing the ram pressupe®. The sound speed in therise of Fp, and hence to significant energy dissipation.
post-shock layers is rather small (890km)satt = 1500s. The interaction of the clumps with the reverse shock re-
Therefore, the clumps mowipersonicallythrough the dense sembles the well-studied problem of a (planar) shock inter-
medium, with Mach number8! ~ 1.5. The drag coficientcp  acting with an overdense, spherical, interstellar cloud that is
of a projectile increases steeply in the subsnipersonictran- in pressure equilibrium with its surroundings (see Klein et al.
sition (this is the well-known “sound barrier”). Thefect is 1994, and the references therein). In this case it has been showr
even more pronounced if the projectile’s shape is roundish ¢agt the interaction can be divided into four stages. In the first
in the case considered here) and not pointed. Together with giise, the blast wave strikes the cloud driving a shock into
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the cloud and a reflected shock into the (shocked) interclobd a potentially serious problem for obtaining high velocities
medium. The reflected shocks resulting from this phase corfer 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 phases
the entire dense helium shell in our simulation between 3000fsthe evolution are currently unknown.
and 20000 s after bounce (Sect. 6.2.1). In the second stage théActually there is no physical reason to expect an accel-
cloud is compressed into a pancake-like structure. Indicaticeration of matter (relative to the observer's frame) by the
of this phenomenon can be seen in Fig. 13c. The third stagstabilities. The pressure gradient in the Rayleigh-Taylor un-
is the reexpansion phase in which the cloud expands latera#iiable layers of the ejecta positive i.e. these layers arde-
This increases its cross secti@q,and thus hastens its decelereelerated In fact it is this deceleration that leads to the for-
ation (see Figs. 14a—c). In the fourth and final phase the clomdtion of Rayleigh-Taylor fingers: Since overdense parcels of
is destroyed by vorticity generation due to the developmentgds have a larger momentum than the neighbouring material,
Rayleigh-Taylor and Kelvin-Helmholtz instabilities at its surthey cannot be slowed down agieiently as the surrounding
face. We do not observe a complete disintegration of the metahtter and hence they start to move outward relative to their
clumps according to this last phase in our simulations. It is namnbient medium. During no time, however, the clumps are ac-
clear, whether this is due to numerical reasons, due to the feeterated with respect to the observer’s rest frame. The reason
that we might have simply stopped our simulations too eanyhy we obtain high*®Ni velocities in the early evolution of
for the instabilities to grow appreciably, or due tdfdiences our models is the fact that the nickel clumps decouple from the
in the physics of both problems. In our case the density cajeontinuously decelerated) background flow and subsequently
trast between a clump and the medium upstream as wellnagve ballistically through the ejecta. By decoupling from the
downstream of the reverse shock (the former quantity is a cdrackground, the clumps can nearly conserve their high initial
stant in Klein et al. 1994) is time-dependent, because the ovweslocity beyond the time of decoupling and thus move outward
all expansion decreases the densities. Furthermore, our revarsaass until they become comoving with the outer ejecta. It
shock has a Mach numbbt ~ 1 and is thus not very strong, inmust be noted, though, that these high inifi@\i velocities
contrast to the shocks studied by Klein et al. (1994), for whi@re only obtained if clump formation startsfBciently early,
M > 1. Inaddition, the mushroom caps of our Rayleigh-Taylare. within the first~10s after bounce, when the velocity in
fingers have typical radiigymp ~ 0.1Rs, With Rs being the ra- the ®Ni-rich layers is still high (compare Fig. 9a). If clump
dius of the reverse shock. Thus they do not satisfy the smifmation is delayed by a few 100, tA®i velocities have
clump criterion (eump < 0.01Ry) that Klein et al. (1994) as- already dropped to values1500kms? (Fig. 9b) and it be-
sumed for their study. Finally, our problem has a more comemes impossible to obtain high velocities by “clump decou-
plicated geometry and equation of state. Recent experimentplaig” during the subsequent evolution. This is the reason why
M ~ 1 shocks in air interacting with a cylindrical column ofearlier investigations of Rayleigh-Taylor mixing in type Il su-
high-density gas (Fishbine 2002; Zoldi 2002) indicate that theernovae, which started from one-dimensional models 300s
gas column is strongly ablated, developing significant vorticigfter bounce, obtained only I0%Ni velocities. The only ex-
at its edges. However, it is not entirely destroyed. ception were some of the SPH calculations of Herant & Benz
Klein et al. (1994) report that for the shock-cloud interag1992) which showed nickel velocities 63000kms?t. As
tion problem, about 120 zones per cloud radius are requirgtdted by the authors, this result is a direct consequence of
to reduce numerical viscosity in a second-order Godunov-tyge assumed premixing 6fNi throughout 75% of the metal
hydrodynamic scheme to the point that converged results canme of the 1D explosion model of a R@, progenitor, from
be obtained. With-20 zones per clump radius our resolution is/hich they started their 2D calculationstat 300s. In con-
much lower. Resolution studies are required in order to decittast to their approach, in which this (early) mixing was put in
whether our velocity distributions are numerically convergelly hand, we have attempted to perform consistent and contin-
The same holds for answering the question whether the clumymis high-resolution 2D simulations of the entire shock propa-
will get dispersed and mixed with the material of the “heliurgation through the star. Doing so, we find that even if one suc-
wall”, or whether they can survive as individual entities. Noteeeds to obtain high metal velocities during the first minutes
also that in the end 3D calculations will be required since tlué the explosion, there is no guarantee that these velocities will
drag codficient,cp, and the cross sectioA, in Eq. (4) depend remain high throughout the later evolution. As we discussed
on clump shape, which can lead to quantitativedences in earlier, a main obstacle to overcome is the interaction of the
three-dimensional as compared to our two-dimensional sirmetal clumps with the reverse shock below thg¢HHmterface,
lations. The Rayleigh-Taylor fingers that one finds in a twavhich dramatically reduces the nickel velocities in our simu-
dimensional calculation are comparable to genuine 3D “mudhtions. It is not clear to us why this nickel deceleration is not
rooms” only along the polar axis of the 2D grid. Along theresent in the models of Herant & Benz.
equator one actually obtains toroidal structures because of theHerant & Benz (1992) reported that the energy release due
assumption of axial symmetry (see Kane et al. 2000, and tioethe radioactive decay 6fNi and®¢Co is indficient to sig-
references therein). Judging from the 2D results of Klein et alficantly boost the nickel velocities over the first few months.
(1994) and the 3D calculations of Stone & Norman (1992) fétowever, further studies of thigfect, which should start from
the shock-cloud interaction problem, we have little doubt, howiodels like ours and use more accurate hydrodynamic schemes
ever, that independent of the dimensionality of the calculatiamd higher resolution than the calculations of Herant & Benz
the metals must slow down appreciably. We consider this {0992) are clearly required. At present, we have to conclude
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that high final clump velocities can only be obtained if the
clumps decouple diiciently early from the background flow, 1.0
and if the helium wall and the associated reverse shock do not

form. The latter requires that the main shock does not deceler- 5_ -15F

ate in the hydrogen envelope, i.e. the density gradient outside = ]

the He core has to be steeper than®. A situation where this > —20F ]
Q

might hold is the case of a type Ib supernova explosion. The
progenitors of type Ib supernovae are thought to be stripped He —R.5
cores that lack a thick hydrogen envelope. In this case the shock

) . -3.0

directly enters the tenuous atmosphere of the star once it leaves ]
the dense part of the He-rich layers. _1ok ]
_ s 5
7. Beyond the first second: A type Ib model? ; —-1.5¢ E
= 1
To confirm the &ect of a steeper density decline upon clump o —20F 3

propagation we have removed the outer envelope of our pro- S

genitor model and replaced it by power-law profiles for the -R5F
density and temperature of the form

-3.0

re ]

r = pe— ]
,0( ) Pcrn’ (5) —10F b
re =) ]

T(r) = Tcr—m, forr >re. (6) ; 15k ]
Hereinr. is the radius at which the original model was cut, ~ _20k ]
pc and T are the density and temperature at that radius, and E” ]

n = 4.25 andm = 1.32 are the adopted power-law indices for —25F
the density and temperature profiles, respectively. We have cho-
senre = 5.0x 10'%cm, i.e. we placed the cut still inside the He
core at a mass coordindt$ = 3.89 M., while the mass of the
new envelope amounted ta2IM,. Note that this simple setup
of a “type Ib progenitor” lacks internal consistency. It does n@ig. 17. Same as Fig. 16 but for Model T310b and times of 300s,
take into account that mass-loss due to winds (or binary inter4g00 s and 3000 s after bounce.
tion) will gradually alter the entire structure of the star during
its evolution and that the density profile at the onset of core
collapse obtained from a consistent stellar evolutionary cal@s 300s after bounce. This also indicates that the lower reso-
lation will therefore look diferent from our model. For this lution used in Model T310b has only smatfects on the over-
reason the calculations discussed below can only demonstaltglynamics. However, it suppresses smale-scale fragmenta-
effects in principle, and the simulations should be repeated withn due to Kelvin-Helmholtz instabilities which is visible in
generic type |b progenitors (e.g. Woosley et al. 1995) to dibig. 13c but notin Fig. 18. Significantftierences between both
cuss observationally relevant aspects in detail. In the contegses start to develop only for times later than 300s. As we
of the present work we refrained from doing so but wished &xpected, the formation of a reverse shock and an associated
start with our explosion model T310 as described in Sect. 5dgnse helium shell is absent in the outer core of Model T310b
and follow clump propagation in our truncated progenitor wittcompare Fig. 18 with Fig. 13c). Instead offfgsing from a
AMRA until 3000 s after bounce. At this epoch the expansiond@eceleration in such a dense environment the metal clumps
already self-similar, i.e. the clumps are “frozen in” and movean now expand freely into a tenuous medium, i.e. the veloc-
with the same velocity as the ambient medium. ity profiles of all chemical elements do not change any more
The simulation in this section, to which we will hencefortiafter 300s (Fig. 17). Maximum velocities of 3500 km sre
refer to as Model T310b, was performed with a maximum regbtained for?®Si, *®Ni, 44Ti, and for the neutronization tracer,
olution of 1536 x 384 zones. Otherwise we used the samyehile 1°0 expands with velocities as high as 5500k s
computational strategy as for Model T310a of Sect. 6.2. Not Figure 19 displays the extent of the mixing (averaged over
surprisingly, the evolution in Model T310b proceeded identangle) for this model at a time of 3000s. The newly synthe-
cally to the previous type Il supernova model, T310a, for thgéized nuclei are mixed throughout the inned ®l,, of the star.
first 50 s, i.e. the time it took the shock to reach the mass coorBigure 19 should be compared to the plots of “Model 4B” of
nate where we truncated the original progenitor and where Weosley & Eastman (1997), who computed synthetic spec-
density in the modified model now starts to decline steeply. Ittia from one-dimensional explosion models of 8 2, He
remarkable, however, that the velocity profiles for all chemicabre (originating from a My He star) and demonstrated that
elements show only minor filerences between Model T310bvery good agreement with observed spectra of SN 1984 L near
(Fig. 17) and Model T310a (compare Fig. 16) even as lameaximum light could be achieved. This was only the case,
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—20 _26 ’2“2 ’1“9 ’1“5 the radial expansion velocity at the time the shock crosses the

| e - ,
T I unstable interfaces in the meta! core. Our models demo_nStrate
] that such a degree of perturbation can be naturally obtained as
a result of neutrino-driven convection during the first second of
the explosion.

A most remarkable feature of Model T310b is the fact that
the number of Rayleigh-Taylor fingers at times 1500s is
correlated with (indeed it is essentially equal to) the number
of down-flows that developed in the convective layer of neu-
trino heating behind the shock (compare Fig. 18 to Fig. 1b).
This correlation, although initially present, is destroyed in
Model T310a, where the interaction of the clumps with the re-
verse shock and the dense helium shell results in a stronger
non-linear evolution with substantial vorticity generation and
mixing. As the structure of down-flows and neutrino-heated
bubbles characterizes the mode of the convective pattern that
prevails within the shock-revival phase, it carries important in-
formation about the mechanism that initiates the explosion. It
would be interesting if our finding is generic, and if it also
holds for cases where the pattern of neutrino-driven convec-
tion develops much larger modes than those obtained in our
simulations. At present, however, one must be cautious not to
overinterpret our result, which is based on a single 2D model.
A confirmation of the existence of a tight correlation between
the patterns of the early post-shock convection and the final in-
stabilities in the mantle of the exploding star will probably re-
quire well-resolved 3D calculations and parameter studies with
different explosion and progenitor models.

HHH\\‘HH\HH‘HHH\H‘H\HHH‘\HHHH‘HHHH\
1 2 3 4 5

r [10" em] 8. Conclusions

Fig. 18. Logarithm of the density in Model T310b at a time of 1500 $\Ve have presented a study of hydrodynamic instabilities in a
after bounce. type Il and a type Ib-like supernova model that has improved
upon earlier simulations by starting the explosion by means of
neutrino heating behind the stalled supernova shock and by
however, if they artificially mixec®Ni into the helium rich following the hydrodynamics of this explosion well beyond
layers assuming an exponential decline of #i mass frac- shock-breakout from the stellar photosphere. The consistency
tion, X(*®Ni), with the enclosed mass. The value X{**Ni) of the hydrodynamic evolution that was thereby achieved al-
decreased below 18 only at a mass coordinate 6f2M,. [ows for the following conclusions.
Different from Model 4B of Woosley & Eastman (1997) our
Model T310b (Fig. 19) shows a plateau-like distribution with— We find newly synthesize@Ni and the products of in-
high nickel mass fractions (Io¥(**Ni) ~ —1.0) up to the outer complete silicon and oxygen burning to be initially located
edge of the nickel-enriched core. The latter coincides with that in a high-density (low entropy) inhomogeneous shell that

of the Woosley & Eastman model. Whether this ishsient forms behind the outward sweeping shock within the first
to cause an adequately large flux of ionizipgphotons in the ~500 ms of the evolution. Depending on the explosion time
He envelope in case of our more massive stat k&, instead scale and the strength of the neutrino-driven convection this

of 2.3 M, for Woosley & Eastman’s “Model 4B”) can only  shellis either markedly or weakly deformed by rising, high-
be decided by calculating detailed spectra. Our purpose hereentropy bubbles of neutrino-heated matter. The angular ex-
is only to demonstrate that multi-dimensional hydrodynamic tent of these bubbles is larger for long explosion time scales
models, with a consistent treatment of the early phases of the (usually leading to smaller explosion energies of our pro-
explosion, can yield strong mixing of the metal and He core genitor) and large seed perturbations. Besides being formed
that is a prerequisite to produce a good match between calcu-by Si-burning®Ni is also produced in significant amounts
lated and observed spectra and light curves of type Ib super-in the neutrino-heated high-entropy bubbles if their neu-
novae (Shigeyama et al. 1990; Hachisu et al. 1994; Woosley & tronization is moderate. The latter is sensitive tothand
Eastman 1997). Hachisu et al. (1994) have shown that in order v, luminosities and spectra imposed at the inner boundary
to obtain a sfficient amount of mixing in multi-dimensional  in our simulations.

simulations with artificially triggered Rayleigh-Taylor instabil- — The outer boundary of th&¥Ni-rich shell is located close
ities, the amplitude of the seed perturbations must exceed 5% ofto the SjO composition interface where a negative density
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19.Same as Fig. 15, but for Model T310b. Left: initial composition. Right: composition 3000 s after core bounce.

and a positive pressure gradient exist. This state is unstalkchisu et al. (1994) and the SN 1993 J simulations of Iwamoto
to the Rayleigh-Taylor instability. et al. (1997) agree qualitatively with the evolution that we ob-
For an explosion energy aroun@ 10°* ergs,>Niis born serve for the first minutes of the explosion. Both of these stud-
with velocities<17 000 km s!. These velocities are muchies found, as we do, that Rayleigh-Taylor instabilities at the
larger than those typically observed for the metal clumg€+0)/He interface of the progenitor stars grow within minutes
in supernovae, and indicate that a substantial deceleratadter core collapse. However, they did not observe the instabil-
of this material must occur when it penetrates through tlitg at the SjO interface. Moreover, they had to assume large
overlying layers of the star. seed perturbations to induce the mixing, whereas in our case
Three Rayleigh-Taylor unstable regions develop in the ethe perturbations are a natural consequence of neutrino-driven
plosion of the 19V, progenitor model of Woosley et al.convection.

(1988): one atf the 31; mtt:]r_f?jce, a Seﬁond _onefat the  The crucial diference between our type Il model T310a and
(C+O)He interface and a third one at the Heinterface all other type Il supernova simulations (except for the work of

of the star. Iwamoto et al. 1997) is the fact that our metal core starts to

Seeded by the perturbations induced by neutrino-drivgn ;e nt within only about 20's after bounce, when the veloc-
convection, Rayleigh-Taylor mixing at the/8iinterface i iy the S6Nji.rich layers is still high (see Fig. 9a). This leads

i
sets in already about 20 s after core bounce and Ieadsg%n early decoupling of the clumps from the background flow
a fragmentation of thé®Ni-enriched shell with the forma- y ping P g ’

. i hat di Iso th interface f enabling the clumps to conserve the high velocity that the flow
:IhO:rtc))Utlngerst at distort also the {©)He interface far- possesses at early times. Not allowing for early clump forma-

. . ) ) tion and decoupling, as it has been done in nearly all previous
Within only aboutfive minutes after bo_unce the entire Metg], i dimensional simulations of type Il supernovae by starting
core of "‘[he WO?SIGV etal. (1988)_ szt?r s Sh[gdd?d' the calculations hundreds of seconds after core bounce from 1D
De.nse bullets” and clumps 6fNi, 2Si and*°O-rich ma- Jinitial models, has thefeect that the velocities of trRENi-rich

t_erlal decouple from the flow and start to propagate ba”'ﬁ‘;iyers have dropped to valugd500km s? at the start of the
tically through the stellar helium core. multi-dimensional calculation (Fig. 9b). It therefore becomes

During _this glhase, metal velocities as high  gg,,qgihle to obtain high velocities by the Rayleigh-Taylor in-
3500-5500kms: are observed, and the pattemn Ofi,pijities during the subsequent evolution.

the Rayleigh-Taylor structures carries information about

the geometry of the neutrino-driven convection from the In fact, the situation becomes even worse at later times.
shock-revival phase. We find that our Model T310a is initially successful in yield-

ing high %®Ni velocities: once thé®Ni clumps in this model

The dfects discussed above could not be seen in previous stbdve decoupled from the flow, they propagate ballistically and

ies

of Rayleigh-Taylor instabilities in core collapse supernovaabsonically through the helium core. Due to their subsonic

where the explosion was started by ad hoc energy depositination, they do not dissipate much of their kinetic energy
(using pistons or thermal bombs). Especially the Rititi ve- and the maximuni®Ni velocities remain high at 3500 km's

loci
the

ties, the strong mixing triggered at the/Giinterface, and However, this changes when the clumps reach the outer he-
very short growth time-scale of the instabilities at th®Si lium core and encounter the reverse shock and the dense

and (G+-O)/He interfaces (minutes as compared to hours) affeayleigh-Taylor unstable) “wall” that are left behind by the
in clear contrast to what has been reported in previous stunain shock below the HH interface. When the clumps pen-

ies,

especially in those which dealt with the mixing in type létrate through the reverse shock into this wall, 1500s after

supernovae. Of all earlier works, only the type Ib studies abre bounce, they are decelerated due to supersonic drag to
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velocities<1500km st. An interaction of the clumps with the limited numerical resolution and especially theffeliences
reverse shock is also present in data of previous type Il supbeetween two-dimensional versus three-dimensional hydrody-
nova simulations (Mller et al. 1991b,a). However, its impor-namics. The smaller drag that clumps experience in three di-
tance for clump propagation was not recognized because mensions (Kane et al. 2000) may lead to higher initial clump
. - . vFIocities after the fragmentation of the metal core and thus to
— due to the late phase when previous multi-dimensional cal- ; N,
! . a farther penetration of the clumps through the helium “wall”.
culations were started, clump formation at ther(@/He

interface was only aboutto set intat 2000, when the re- This might result in higher finat®Ni velocities than in two

. . : dimensions. An extension of our calculations to three dimen-
verse shock had propagatedimiently far inward in mass _. . o . .
L sions with a similar resolution as in the 2D case appears hardly
to reach this interface,

the initial clum - L f?asible in view of present computer resources. Further insight
B p velocities and the densities in the Sherlni ht, however, be gained by laser experiments (Robey et al
downstream of the reverse shock were low, leading t0 €551, ' ane et al. 2001; Drake et al. 2002; Klein et al. 2003,
_ g:]%nt?]%ngfndp%;;?}ﬂ:g;g;'ggg?j;'gg’was Hisient to and th_e references therein), .and hydrqdyqamic code validation
resolve the non-linear waves that characterize this imerex_perlments as those described by F'Shbm.e (.2002) gnd Zpld|
tion ?5002) before well-resolved 3D hydrodynamic simulations will
' become available.
A final difference between Model T310a and previous type | There has been much speculation about large-scale
supernova simulations is the fact that we do not obtain Strogﬁisotropies caused by jets in the explosion of SN 1987 A
mixing at the H¢H interface. Unless we add artificial perturba; hokhlov et al. 1999; Wheeler et al. 2002; Wang et al. 2002)
tions to these layers, as it was done in all previous studies, &P(e ST . ' : getal '
mixing remains very weak. This might indicate that neutrin?-owev.er’ convincing anq conS|stent.(MHD) calculaﬂon; of the
ormation and propagation of such jets and an associated ex-

driven convection is not able to provide perturbations that arg i : ;
. o osion have not yet been performed. It is unclear whether in
suficiently strong to cause the large-scale mixing that was db-

. . : . this scenario nickel velocities can be obtained that are in agree-
served in SN 1987 A. However, final conclusions regarding thr'r?ent with those observed in SN 1987 A. An initial anisotropy

point are not pos&blg before Rayleigh-Taylor S|mulat.|ons ha\é?the explosion, that might lead to high initial nickel velocities,
been performed which start from a globally aspherical situa- . )

. . . . . would have to work against the sanfeegts in the envelope that
tion, as seen in recent calculations of neutrino-driven explo-. . . : . . . . .

) ) . . we find to be important in our simulations. The interaction with
sions (Janka et al. 2003; Scheck et al., in preparation).

Taken together, thefiects revealed by our simulationsthe reverse shock and the den_se hellum shell might n(_)t_qnly
low down fast metal clumps, it might also reduce an initial

demonstrate that the evolution proceeds multi—dimensionaﬁxisotro of the eiecta. Judding from the experience gained
from the earliest moments. Convective instabilities during ﬂ%e Py J ' ging P 9

i rom our calculations, we doubt that the spatial resolution in
shock-revival phase cannot be neglected. They lead to V&lMulations of anisotropic explosions that have been performed
early growth of Rayleigh-Taylor instabilities and thus to hig P P P

initial clump velocities what in turn determines the characte? date (Nagataki et al. 1997, 1998; Khokhlov etal, 1999) was

. . . : uficient to study thesefkects reliably. The origin of the pro-
of the late-time hydrodynamic evolution. By starting from 1 . )
N ate deformation of the ejecta of SN 1987 A (Wang et al. 2002)
initial models hundreds of seconds after core bounce, all ear- .
o o . S must therefore be regarded to be unknown. In fact, there is cur-
lier investigations of Rayleigh-Taylor mixing in type Il super- ; . ) .
. : ; renrtly neither observational nor theoretical evidence that unam-
novae have therefore missed essential parts of the phy5|c%.o ; o :
the problem iguously demands the assumption of a “jet-driven” explosion.
' : . . . The deformation could as well be linked to an anisotropic ini-
Supernova 1987 A still remains an enigma, though. G|V<-E,-.n : . . .
. : iation of the explosion due to neutrino heating (Janka et al.
the (late) deceleration of the clumps below the/HHénter- . . ) o
: - 2003; Plewa et al., in preparation). On the other hand it might
face in Model T310a, we wonder whether the conflicting max; : X
: 56 (¢ S also be caused by stellar rotation as a result of a merger history
imum *°Ni velocities between our models and the observ%— the progenitor
tions point to deficiencies of the “standard” blue supergian[ prog '
progenitors, or to missing physics in our shock-revival simu- While clearly substantial work is required in case of
lations. There are indications that the progenitor of SN 19872N 1987 A, our “type Ib” Model T310b is in reasonably good
might have been the result of a merger of two smaller stargreement with observations of extragalactic type Ib super-
(Podsiadlowski 1992) and that therefore its structure might nodvae. Due to the absence of dense shell and reverse shock
be accounted for reliably by “standard” stellar evolutionafiprmation in the He core of this model, the metal-rich clumps
calculations. Numerical studies of such mergers have recerahe not decelerated once they start to propagate ballistically
been performed by Ivanova et al. (2002). Although their moddlsrough the ambient gas and the final metal velocities of
show density profiles in the hydrogen envelope that look sirB500-5500 km s* are stficiently high. In addition, the extent
ilar to the one of our progenitor (N. lvanova, private commuf the mixing in this model is comparable to what Woosley &
nication), it remains to be seen in future simulations whethEastman (1997) had to assume in their “Model 4B” to model
for these models the evolutionftéirs from what we have re-the spectrum of SN 1984 L. This result is very encouraging.
ported here. It indicates that the interaction of neutrino-driven convection
Sources of uncertainty in our calculations that mawith the Rayleigh-Taylor instabilities in the stellar mantle is
affect the velocities of chemical elements are the stélble to account for important aspects of the mixing dfedent
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