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ABSTRACT

Performing two-dimensional hydrodynamic simulationduding a detailed treatment of the equation of state of thbastplasma
and for the neutrino transport and interactions, we ingasti here the interplay betweerfdrent kinds of non-radial hydrodynamic
instabilities that can play a role during the postbounceetimm phase of collapsing stellar cores. The convectivdaraf instability,
which is driven by the negative entropy gradients causedslbgrimo heating or by variations in the shock strength ingi@nt phases
of shock expansion and contraction, can be identified gldgrthe development of typical Rayleigh-Taylor mushrooki@wever, in
those cases where the gas in the postshock region is rapliegid towards the gain radius, the growth of such a bugyiastability
can be suppressed. In this situation the shock and postéloackan nevertheless develop non-radial asymmetry withsaiilatory
growth in the amplitude. This phenomenon has been termaddstg (or spherical) accretion shock instability” (SASt)s shown
here that the SASI oscillations can trigger convectiveaibtity, and like the latter, they lead to an increase in tverage shock radius
and in the mass of the gain layer. Both hydrodynamic instagsilin combination stretch the advection time of mattereted through
the neutrino-heating layer and thus enhance the neutrie@guleposition in support of the neutrino-driven explagieechanism. A
rapidly contracting and more compact nascent neutronstas but to be favorable for explosions, because the acorktminosity
and neutrino heating are greater and the growth rate of ti& &igher. Moreover, we show that the oscillation peribthe SASI
observed in our simulations agrees with the one estimatetiéoadvective-acoustic cycle (AAC), in which perturbatare carried
by the accretion flow from the shock to the neutron star andspre waves close an amplifying global feedback loop. Aetarwf
other features in our models, as well afetiences in their behavior, can also be understood on the dfasie AAC hypothesis. The
interpretation of the SASI in our simulations as a purelyustic phenomenon, however, appeatidlilt.
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1. Introduction an explosion has been reported recently for a 2D calculatitn

. . ) _ an 112 My, progenitor ((Buras et al. 2006b). In earlier 2D sim-
Hydrodynamic instabilities play an important role in coregaiions, in which the angular size of the numerical grid was
collapse supernovae, because on the one hand they may-hsirained to less than 18@nd in simulations in which the
crucial for starting the explosion and on the other hang,,oximative description of the neutrino transport restin a
they may provide a possible explanation for the observess; onset of the explosion, convection was dominated therat
anisotropy of supernovae. There is a growing consensus t8af,|| angular scales of several ten degrées (Janka & Muller
the neutrino-driven explosion mechanism of core-collapse [19941996). However, in recent 2D calculation$ of Buraslet a
pernovae does not work in spherical symmetry for progefboogH b): Scheck etlal. (2004); Burrows etlal. (2006, 2007
itors more massive than about M. None of the recent [Scheck et 21/ (2006, henceforth Paper 1), a slower develapme
simulations with one-_d|menS|onaI (1D) .hydrodynamlcs and & the explosion and the use of a full 18@rid allowed for
state-of-the-art description of the neutrino tranSpoNelf&ps e formation of pronounced global (dipolar and quadrugola
an explosion/(Rampp & Janka 2002; Liebendorfer et al. 2000 des of asymmetry.
Liebendorfer et al. 2005; _Thompson et al. _2003;_Buraslet al.
2003/ 2006alb). However, multi-dimensionfibets were recog-  The anisotropy in these models is of particular interest,
nised to be helpful. In particular it was shown that conveas it might provide the explanation for two results from ob-
tion is able to develop below the stalled supernova shock agetvations: Firstly, spectropolarimetty (Wang et al. 2(#003;
that it can increase thefficiency of neutrino heating signifi-ILeonard et al. 2006, and references therein) revealed that-a
cantly (Herant et al. 1994; Burrows etlal. 1995; Janka & Mitll spherical ejecta distribution is a common feature of mamg<o
1995/ 1996). Current two-dimensional (2D) simulationsthtes collapse supernovae and is probably caused by the explosion
considerably closer to the explosion threshold than 1D risodenechanism itself, since the anisotropy increases if deleyer
(Buras et al. 2003, 20064a,b), and shock revival and the aisekrs of the ejecta are probed. In the case of Supernova 1987A
this non-spherical distribution of the ejecta can even bectly
Send gprint requests toH.-Th. Janka imaged with the Hubble Space Telescope (Wang et al.|2002).
Correspondence tdhj@mpa-garching.mpg.de Secondly, neutron stars move through interstellar spate wi
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velocities much higher than those of their progenitors.(e.drom a stationary flow solution. Furthermore, neither aistial
Cordes et al. 1993; Lyne & Lorimer 1994; Hansen & Phinnegescription of the equation of state of the gas nor thiects
1997 Arzoumanian et al. 2002; Zou et al. 2005; Chatterjex et of neutrinos were taken into account by Blondin etial. (2003)
2005; |Hobbs et al. 2005), in some cases with more thémproving on this,| Blondin & Mezzacappa (2006) adopted
1000 knys. It was suggested by Herant (1995) and demonstrated analytic neutrino cooling function_(Houck & Chevélier
with hydrodynamic simulations by Scheck et al. (2004, 2008092), and _Ohnishi et al. (2006) in addition took into acdoun
that neutron star velocities of this magnitude can reswlinfr neutrino heating and used the more realistic equation ¢ sta
strongly anisotropic (in the most extreme cases “one-Sided from|Shen et al. (1998). Both groups concur in that low-mode
dipole-dominated) explosions, in which the total lineamnam- instabilities develop also in these more refined simulatidine
tum of the ejecta must be balanced by a correspondingly highture of the instability mechanism is, however, still a terat
recoil momentum of the neutron star. of debate. Whilé_Ohnishi et al. (2006) consider the AAC as the
In multi-dimensional simulations convective motions lireacause of the low-mode oscillations, Blondin & Mezzacappa
the initial global sphericity and support the explosionlfaing (2006) argue that a fierent kind of instability, which is purely
the model closer to the explosion threshold) by transpgdool acoustic and does not involve advection, is at work in their
matter from the shock to the gain radius where neutrino hgatisimulations. Yet, the eigenmodes found in the latter sitia
is strongest and by allowing hot matter to rise and to inereawere also reproduced in a linear study of Foglizzo et al. {200
the pressure behind the stalled shock. However, it is natr clevho demonstrated that at least for higher harmonics tha-inst
whether convection can also be responsible for the devedapmbility is the consequence of an advective-acoustic cyciing
of low modes in the postshock accretion flow, as suggested (@007), finally, suggested the possibility that feedbadcpsses
Herant (1995) and Thompson (2000). The 1 pattern stud- of both kinds can occur andfiér in dependence of the ratio of
ied by Herant[(1995) was motivated by a perturbation anslyshe accretion shock radius to the inner boundary of the stwck
of volume-filling convection in a fluid sphere by Chandrasakhflow near the neutron star surface.
(1961), who found the dipolé & 1) mode to be the most unsta-  The work by Blondin & Mezzacappa (2006), Ohnishi €t al.
ble one. In fact, Woodward et al. (2003) and Kuhlen et al. 800(2006), and Foglizzo et al. (2007) shows that non-radial ISAS
demonstrated with three-dimensional simulations that thel  instability of the flow below a standing accretion shock ascu
mode dominates the convection in red-giant and main-seguealso when neutrinos (which could have a damping influenee) ar
stars! Blondin et al! (2003), however, investigating araiided taken into account. This is in agreement with a linear stgbil
setup in 2D hydrodynamic simulations, discovered that an adnalysis of the stationary accretion flow by Yamasaki & Yaenad
abatic accretion flow below a standing shock develops a nd2007), who included neutrino heating and cooling, and-stud
radial, oscillatory instability, which they termed “stdang accre- ied the influence of varied neutrino luminosities from thetpr
tion shock instability” or SASI, and which is dominated byth neutron star. They found that for relatively low neutrinoniu
I =1 orl = 2 modes. This suggests that the low-mode asymnmassities the growth of an oscillatory non-radial instapils fa-
tries found to develop in supernova cores in multi-dimemaio vored, with the most unstable spherical harmonic mode being
models may be caused by global instabilitie@etient from con- function of the luminosity, whereas for ficiently high neutrino
vection. Foglizzo et all (2006) performed a linear stapdihal- luminosity a non-oscillatory instability grows. They dtirted
ysis for a problem that resembles the stalled shock situdtio the former to the AAC and the latter to convection.
supernovae, taking into account the limited radial siz&éefton- All these studies concentrated on steady-state accretion
vectively unstable layer below the shock and the finite ativec flows, made radical approximations to the employed neutrino
of matter through this region. The latter process turnsmbaive physics, and considered idealized numerical setups withiap
a stabilising €ect and can hamper the growth of convection sigsoundary conditions chosen at the inner and outer radii ®f th
nificantly. In particular, the lowest modes are convecyjivah- considered volume. Because of these simplifications sumh st
stable only if the ratio of the convective growth timescale ties are not really able to assess the importance of tfiereint
the advection time through the unstable layer is small ehouginds of hydrodynamic instabilities for supernova expbosi.
Foglizzo et al. [(2006) estimate that this may not be the cashe growth rates of these instabilities depend on the ptigser
in general and support the suggestion that instabilitifemint of the flow, and are thus constant for stationary flows. In real
from convection may be responsible for the occurrence of lowupernovae, however, the flow changes continuously, becaus
order modes of asymmetry in the postshock accretion flow. the shock adapts to the varying mass accretion rate, themzut
The “advective-acoustic cycle”, in short AACheating below the shock changes, and the proto-neutroomtar
(Foglizzo & Tagger 2000; Foglizzo 2001, 2002), is a prongsintracts. Therefore the growth rates also vary, and a prigginbt
candidate for explaining such a (SASI) instability. It isbd on clear whether they will be high enough for a long enough time
the acoustic feedback produced by the advection of entrogy ao allow a growth of some instability to the nonlinear phase o
vorticity perturbations from the shock to the forming neutr a timescale comparable to the explosion timescale (whéeif it
star. By means of linear stability analysis, Galletti & Hagb can be influenced by the instability and is a priori also urvkmpo
(2005) showed that due to the AAC the flow in the stalled The aim of this work is therefore to go some steps further in
accretion shock phase of core-collapse supernovae ishl@stahe direction of realism and to abandon the assumption af-a st
with respect to non-radial perturbations, and that the ésgh tionary background flow. To this end we study here the growth
growth rates are found for the lowest degree modes (in pdatic of hydrodynamic instabilities in a “real” supernova core,,i
for thel = 1 mode). we follow in 2D simulations the post-bounce evolution of the
The situation studied byl Blondin etlal.l (2003) andhfalling core of a progenitor star as provided by stellao-ev
Galletti & Foglizzo (2005) was, however, strongly simplidution calculations, including a physical equation of stébr
fied compared to real supernovae. Blondinetal. (2008)e stellar plasma and a more detailed treatment of the neu-
observed the growth of non-radial perturbations in a flowino physics than employed in the previous works. The abnsi
between an accretion shock and an inner boundary, which vemed models were computed through the early phase of cellaps
located at a fixed radius. The boundary conditions were takentil shortly after bounce by using state-of-the-art mghbup
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neutrino transpori (Buras etlal. 2003, 2006a,b). In the-kimg metries seen to develop during the neutrino-heating phiatbe o
post-bounce simulations performed by us, we then used an aflled shock. There was no analysis which mechanism was ac-
proximative description of the neutrino transport based gray tive and why it had favorable conditions for growth.

(but non-equilibrium) integration of the neutrino numberda Inthe present work we return to these questions. In pasicul
energy equations along characteristics (for details ofrve- we aim here at exploring the following points:

trino treatment, see_Scheck etlal. 2006 [Paper 1]). Compiared _ i - .
supernova simulations with a state-of-the-art energyeddpnt — What is the timescale for a non-radial instability of the
description of the neutrino transport (in spherical symme- Stalled accretion shock (SASI) to develop in a supernova
try see, e.g.l Rampp & Janka 2002; Liebendorfer et ai. |2001; core? How is it influenced by neutrin@ects? _
Liebendorfer et al. 200%; Thompson et/al. 2003, and for imult = Can the instability be identified as consequence of an ampli-
group transport also in 2D, see, €.g., Buras bt al.[2003,pp6  [Ying advective-acoustic cycle, of a growing standing pres
the models presented here thus still employ significant sim- Suré wavel(Blondin & Mezzacappa 2006) or of something

plifications. Such an approximative neutrino treatment tnus €S€? L . .
therefore be expected to yield results that cafiediquanti- — What determines its growth rate? For which conditions does

tatively from those of more sophisticated transport scheme the instability grow faster than convection and which influ-
Nevertheless our approach is able to capture the qualita- €Ce may this have on the subsequent (nonlinear) evolution?
tive features of the better treatments. It is certainly gign — What is the relationship be:t)ween convection and the insta-
icantly more elaborate (and ‘realistic’) than the schemati \t;\lll;;[ytlr'] t?he nonlm_ziar phase : e of the SASI i th
neutrino source terms employed by Foglizzo etial. (2007) and . ta ]!5 etPOSSc; e suppolr Ive role Od (he v mthe ICOH-
Blondin & Mezzacappal (2006), and the local neutrino source ©Xt Of neutrino-driven explosions and In creating the low-
description (W_ithout transport) adopted|by thishi etzﬂl(?((i)_ n:OdE_ eliecga, gssr/]mnlzettry lld(ezrggléledﬁa(sj %al#]se l?f !tarlg(? Znoeougrgn
and|Yamasaki & Yamada (2007). We consider our approxima- St@r KICKS by >check etal. { ) and Scheck et al. ( )’
tion as good enough for a project that does notintend tokshtab |, rqer to address these questions we will first summarise
the viability of the neutrino-heating mechanism but Whisln- - yhe most important properties of convection and of the AAC in
terested_ mostly in study_lng fundz_;l_rr_lent_al aspects of thetrotv ¢ gain layer in Sedil] 2. This will serve us as basis for thex la
non-radial hydrodynamic instabilities in the environmensu-  gnaysis of our set of two-dimensional simulations. In S&ete
pernova cores including the influence that neutrino coaing | describe the computational methods and numericajse:
heating have in this context. N se for these simulations and will motivate our choice obpar

We made use of one more approximation that reduces g values for the considered models. We will present thersi

complexity of our simulations compared to full-scale sups® |54ion results in Sedfl4 and will discuss them in detail intSES
models, namely, we did not include the neutron star coredsut Bnd®. SectioRl?, finally, contains our conclusions.

placed it by a Lagrangian (i.e., comoving with the mattenein
grid boundary that contracts with time to smaller radii, mim

icking the shrinking of the cooling nascent neutron starthdé 2. Hydrodynamic instabilities
moving boundary the neutrino luminosities produced by #e n
tron star core were imposed as boundary conditions. This

the advantage that we could regulate the readiness of a mqged hydrostatic, inviscid atmosphere, regions with negagin-
to explode or not explode, depending on the size of the chgopy gradients (disregarding possibl&eets of composition
sen core luminosities and the speed of the boundary contrggadients) are convectively unstable for all waveleng8tsort

tion. The inner boundary of our computational grid is impeRyavelength perturbations grow fastest, with a local groxate
etrable for the infalling accretion flow, but the accretedtera wbuoy > 0 equal to the imaginary part of the complex Brunt-

settles into the surface layer of the forming neutron stam; s vajsala frequency:
ilar to what happens outside of the rigid core of the compact

remnant at the center of a supernova explosion. Thidflierént Ohuow = /—ag Clp 1)
from the various kinds of “outflow boundaries” employed ie th el v i

literaturd, althougH Blondin et al/ (2003) and Blondin & Sha i itati o i
(2007) reported about tests with severatetient prescriptionsmg:rr]iiatgraavn; 0is the local gravitational acceleration,is the
for the boundary treatment without finding any significaritin 3 ds
ence on the growth of the SASI. Our modeling approach there- C= (—) C =, (2)

fore follows Scheck et al. (2004) and Paper I, where indeed th S Jpy, dr

development of low-mode flow (with dominaht 1 andl = 2 whereS is the entropyP is the pressure, and is the total lepton
modes) between shock and neutron star was found. In these pignber per nucleon. Note th@t> 0 is the instability condition
vious papers we, however, did not attempt to identify thelmector Schwarzschild convection.

anism(s) that were causal for the observed phenomenonsind ju [Eoglizzo et al. [(2006) pointed out that in the stalled shock
mgntioned that convection and th(? acoustically-drivenACA  phase, the convective growth timescalg.ﬁoy in the unstable
driven SASI may yield an explanation for the large globalasy |ayer pelow the shock is of the same order as the timescale for

aadvection from the shock to the gain radius,

Had- Linear and nonlinear convective growth of perturbations

1 |Blondin et al. [(2003) used a “leaky boundary” @nd_Ohnishil =t

(2006) a “free outflow boundary”, both assuming non-zeraalack- R dr
locity at the grid boundary. In contrast, Blondin & Mezzapar{2006) ng = f — 3)
adopted a “hard reflecting boundary”. Although in this caseradial Vo Jry (N

velocity at the boundary is taken to be zero, there is stilba-pero ) ) . .

mass flux as the density near the boundary goes to infinitydiffer- WhereRy is the gain radiusRs the shock radius and the ra-
ence can be important for the spurious generation of acoigstilback dial velocity. Advection is stabilising because it givestpe

by vorticity perturbations. bations only a finite time to grow in the gain region, before
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they are advected into the stable layer below the gain radiusadius

Considering the local growth raten,e(r) given by Eq.[(1) in A ~T
a reference frame advected with the flow, the amplittidef

a small-wavelength perturbation may grow during its adeect Rs |
from the shock to the gain radius, at best by a factor gxp(

aac

Ogain = Oshock EXPY), (4)
where the quantity
_ (e dr g i
T T |

can be interpreted as the ratio of the advection timescale to
the average local growth timescale the perturbation ezpeeés,
Teonv = (wg&oy> (the latter quantity is implicitly defined by Eg|. 5). } : : ; .
Thus it would appear that in order to reach a given pertusbati >time
amplitude at the gain radius, a certain seed perturbatigriiamFig. 1. Schematic view of the advective-acoustic cycle between
tude of the matter crossing the shock would be necessary. the shock aRs (thick solid line) and the coupling radiu&.

However, a linear stability analysis reveals that the stati (thick dashed line), in the linear regime, shown for the case
ary accretion flow below the shock is globally unstable anghere the oscillation period of the shockd) equals the cycle
perturbations can grow frorarbitrarily small initial seeds, if duration,ra5. Flow lines carrying vorticity perturbations down-
suficient time is availablel (Foglizzo etlal. 2006). Accordingvards are drawn as solid lines, and the pressure feedback cor
to |[Foglizzo et al. [(2006) this is the case for a limited rangesponds to dotted lines with arrows. In the gray shaded area
[Imin> Imax] Of modes for whichy exceeds a critical valug, aroundR. the flow is decelerated strongly.

X >xo, Wwhere yo=3. (6)

Fory < xo the flow remains linearly stable, even though a nega:-2 The advective-acoustic cycle
tive entropy gradient is present.

The analysis of Foglizzo et'al, (2006) applies only for thé second hydrodynamic instability has recently been retsagh
linear phase of the instability, i.e. for small perturbatampli- to be of potential importance in the stalled shock phasend@io
tudes. However, it is possible that the situation has to e ccetal. (2003) noticed that the stalled accretion shock besam-
sidered as nonlinear right from the beginning, i.e. thatsbed stable to non-radial deformations even in the absence ant
perturbations grow to large amplitudes already duringrthgé gradients, a phenomenon termed SASI. It can be interpreted a
vection to the gain radius. In this context “large” can bermidi the result of an “advective-acoustic cycle” (in short AA@K
by considering the buoyant acceleration of the perturbatio ~ first discussed by Foglizzo & Tagger (2000) in the context of

For a small bubble, in which the densjtyis lower than the accretion onto black holes, and later studied for supembya
one of the surrounding mediumy,,, the convective growth dur- |Galletti & Foglizzo (2005) and Foglizzo etial. (2007) by mean
ing the advection to the gain radius may lead to an increatseof of linear stability analysis. The explanation of these lestdns
relative density deviatioi = |p — psurl/psurr (Which can be con- is based on the linear coupling between advected and acousti
sidered as the perturbation amplitude) as given by [Eq. (4. Tperturbations due to flow gradients.
bubble experiences a buoyant acceleratign 6 towards the Although this linear coupling occurs continuously through
shock, which is proportional to the local gravitational @leca- out the accretion flow from the shock to the neutron star sarfa
tion agray. The time integral of the buoyant acceleration becom&sme regions may contribute more than others to producesa pre
comparable to the advection velocity, when the perturbagin- sure feedback towards the shock and establish a globaldekdb
plitude reaches a critical value loop. The analysis of the linear phase of the instability éct$h
reveals the importance of a small region at a raéiuabove the

Serit = _(vDgain (7) neutron star surface, where the flow is strongly decelerdteel
<agrav>gain7'gdv feedback loop can be described schematically as followallsm
VD2 R perturbations of_the supernova shock cause entropy andityrt _
~ gain S L 0(1%), (8) fluctuations, which are advected downwards. When the flow is
Rs (@grav)gain Rg = Rs decelerated and compressed above the neutron star sulface,

where(|Vi)gain and(agrav)gain are the average values of the radighdvected perturbations trigger a pressure feedba(_:k. Tésspre
velocity and the gravitational acceleration in the gairelaye- feedback perturbs the shock, causing new vorticity andbpgtr
spectively. FoBgain > derit @ small-scale perturbation is able tgPerturbations. Instability corresponds to the amplifmabf per-
rise against the accretion flow. If the whole flow is perturtied turbations by a factoQaad > 1 through each cycle.
buoyant motions on small scaleet the situation globallyand ~ The durationrl,. of each cycle is a fundamental timescale.
could allow for the onset of convective overturn also onéarg It corresponds to the time needed for the advection of \alrtic
scales. Note that in contrast to the linear growth of theainist ~ perturbations from the shock to the coupling radies where
ity this process does not requjye> xo but it does require large the pressure feedback is generated, plus the time requiréeb
enough seed perturbations, pressure feedback to travel from this region back to thelshoc
The oscillatory exponential growth resulting from the AAC
. (9) can be described by a complex eigenfrequesicy wr + iw;
exply) satisfying the following equation:
A sufficient condition for the suppression of convection is there-
fore that neither Eq[{6) nor Eq.](9) are fulfilled. expliwth,) = Qaao (20)

Oshock >
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Table 1. Important quantities for the simulations discussed in plaiger.

Namé Lib be tib 6i Lve+179 tnI texp AMgain Eexp Mns Vns
[B/s] [km [s] [B/s] [s] [s] [Mo] [B] [Mo] [km/s]
WOOFA - 8.0 0.5 16y, 0.0 - - - - - -
WOOF 0.2 8.0 0.5 1Bv, 99.0 0.154 0.194 0.004 0.37 1.50 200
WO00 0.2 15.0 1.0 16 v, 51.7 0.346 - - - 163 -3
WO00S 0.2 15.0 4.0 16y, 29.6 - - - - - -
WO05S 74 150 4.0 fenys 38.3 - - - - - -
WO05V 7.4 150 10.0 X 1CQcnys 33.5 — - - - - -
W12F 29.7 105 0.25 Wy, 109.3 0.144 0.164 0.010 0.87 1.44 -558

WI12F-c 29.7 105 0.25 O(10?)yv, 1125 0.090 0.117 0.015 094 141 612

¥ The constant boundary luminosity is denoted.lpy R.fb is the asymptotic inner boundary radius (se€e[EdY. th3he contraction timescale of the
inner boundaryg; the amplitude of the initial velocity perturbations (whiakas chosen to be proportional to the local radial velogitin most
cases — see text for details),..s, is the luminosity of electron neutrinos and antineutrinba eadius of 500 km at 150 ms after the start of the
simulationsty the time at which the average lateral velocity in the gairetaxceeds ]?(I:m/s,AMgain the mass in the gain layer at the tirag,
when the explosion startg&,, the explosion energl,s the neutron star mass, amg the neutron star velocity as computed from momentum
conservation. The last three quantities are given=al s, for Model WOOF at = 750 ms, andey, is defined as the moment when the energy of the
matter in the gain layer with positive specific energy exsebd® erg. Model WOOFA is a hydrodynamic simulation without irgilug neutrino
effects. Only Models WOOF, W12F, and W12F-c developed exphesémd values for the corresponding explosion and neutaoipatameters are
given. The neutrino luminosities imposed at the inner bempére kept constant during a time= 1s. The energy unit 1 B 10°'erg is used
and all times are measured from the start of the simulatiert, + 0 s means 16 ms after core bounce.

where the real patb, is the oscillation frequency and the imag- The amplitude of perturbations in the AAC increases like
inary partw; is the growth rate of the AAC. Note that Ef. {10) ixp(wi t), with a growth ratev; deduced from Eq[{10):
a simplified form of Eq. (49) af Foglizzo (2002). For the salke o

simplicity, it neglects the marginal influence of the puratpus- IN(|Qaad)
tic cycle of pressure waves trapped between the shock and the Wi = — (12)
accretor. This hypothesis is motivated by the recent estioh Taac

the dlicienciesQaa0 Rac Of the advective-acoustic and of the ) o .

purely acoustic cycles, respectively, obtained by Foglizzal. COMparing Eqs[{5) anf(IL2) itis interesting to note that alsm
(2007) in a simpler set-up when the frequency is high enoaghqdvecthn tlmescale. suppresses the growth of entropwiriv
allow for a WKB approximation. According to their Figs. 8 andPonvection whereas it leads to higher growth rates for th€AA
9, the purely acoustic cycle is always statife.d < 1), whereas (neglecting the logarithmic dependence@xqg. Thus the AAC
the advective-acoustic cycle is unstahi@.4d > 1. According May operate under conditions which are not favourable far co
to Eq. [I0), the oscillation periothse = 27/w, of the AAC de- Vection and vice versa. Investigating this further is onehef
pends both on the duratiaf, of the cycle and on the phage 90&ls Of this work.

0f Qaag

f -
WrTaact ¢ = 20, (11) 3. Numerical setup and models

wheren is an integer labelling the fierent harmonics. In the |n order to investigate the importance of instabilitieselithe
particular flow studied by Foglizzo et'al. (2007), the ostiin  ones discussed in the previous section during the postdgoun
period of the fundamental mode is a good estimate of the dayolution of core-collapse supernovae, we performed @&seri
ration of the cycle €osc ~ 7h,9- This simple relationship is not of two-dimensional (2D) hydrodynamic simulations. Forsthi
obvious a priori. For example, @ascwere real and negative (i.e.,purpose we used the same numerical setup as in Paper I. We
¢ = ), the oscillation period would scale likesc ~ 275, (be-  employed the version of the hydrodynamics code that was de-
cause enhancing feedback requires a phase coherence betwggbed by Kifonidis et al.[(2003). It is based on the pieceawi

the amplifying mechanism and the shock oscillation). parabolic method (PPM) df Colella & Woodward (1984), as-
suming axisymmetry and adopting spherical coordinated.(

2 This discussion applies for the growth behavior of the ativec 1h€ calculations were performed on a polar grid that had typi
acoustic Cyc|e and of the pure|y acoustic Cyc|e inthe prme'ha pres- Ca”y 800 zones In rad|a| d|rect|0n a.nd 360 zones in |atel‘-a| d
sure feedback produced at the coupling radius and reachénghiock. rection (extending from polar angte= 0 to 6 = x). The lat-

The calculation ofR,; and Qa4 by [Foglizzo et al.[(2007) doasot as-  eral grid was equidistant while the radial grid had logamitt
sume a purely radial acoustic feedback but fully takes istmant the spacing with a ratio of radial zone size to radius that did not
azimuthally traveling sound waves as well as evanescesspre waves exceed 1%. For the neutrino number and energy transport we
(pseudosound), which do not propagate. Neverthelesscitrigntly a applied a gray, characteristics-based transport scheatavis

controversial issue whether the analysis| by Foglizzole(28l07) al- | ientl roxim he tran rt in the tran ren
lows one to draw conclusions on the kind of instability pregd by able to dficiently approximate the transport in the transparent

Blondin & Mezzacappa (2006) ahd Blondin & Shaw (2007), whecad and seml—trans_parent regimes up to optical dep_ths of deb@da
cate a growth mechanism driven by sound waves travelindysol¢he Only transport in the radlal Q|rectlon was takgn Into acctoput
angular direction. The possibility of understanding theeiepment of We allowed for lateral variations of the neutrino flux by soly
SASI modes in our hydrodynamic supernova simulations bycanst One-dimensional transport equations independently fodisd
tic cycle with non-radial sound wave propagation will bectissed in  crete polar angles of theé grid. A detailed description of the
Sect[5. transport method is given in Paper I.
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their Model s15). We started our runs at a time of 16 ms after
core bounce. In order to enable the growth of hydrodynamic in
stabilities we perturbed the initial model, unless notdetowise,

by adding random, zone-to-zone velocity perturbations o940
amplitude.

The neutron star core (i.e. typically the innermost M)
was not included in our simulations but was replaced by a con-
tracting inner boundary of the computational grid. Boudar
conditions were imposed there for the hydrodynamics and the
neutrino transport, and a point-mass potential of the exlaiere
was adopted to account for the gravitational influence &f iy
gion. Although the treatment of gravity is not of primaryeel
vance for the fundamental questions studied in this paper, w
mention here that the description of the gravitational ptiad
took into account the self-gravity of the gas on the grid vitith
two-dimensional distribution, as well as an approximatreat-
ment of general relativisticfiects (for details, see Paper I).

The inner grid boundary was placed at a Lagrangian shell
with enclosed mass dfl = 1.1 Mg, at which we imposed condi-
tions describing hydrostatic equilibrium. Its radius waswamed
to evolve according to

z [10” cm] - R,

Fig. 2. Entropy distribution of model WOOFA 30 ms and 190 ms o) 1+ (1-exp(t/t)) (Ry/R - 1)
after the start of the simulation. The initial entropy prefind
postshock entropy gradients caused by shock motions giee nivhere be is the final (asymptotic) boundary radiusg, is the
to weak convection. A low-amplitude= 1 oscillation develops. contraction timescale ar, ~ 65 km is the initial radius, which
(Color figures are available in the online version of our pape s given by the initial model. The neutrino luminositiesrfrdthe
neutron star core, which we imposed at the inner boundarg we
assumed to be constant during the first second after coreboun
This simple choice can be justified by the results of coréapsk
simulations with sophisticated neutrino transport (sgzeP§.

With this approach we parametrized the cooling and shrink-

. (13)

1055

— ing of the core of the nascent neutron star and its neutriris-em
?, ; sion, which all depend on the incompletely known propeies
— 10 the nuclear equation of state. fl@rent choices of the bound-
3 ary motion and strength of the neutrino emission allowedbus t
3 vary the properties of the supernova explosion and of theldev

oping hydrodynamic instabilities in the region betweentrau

star and stalled shock. It is very important to note that thg-s

nation radius of the stalled shock reacts sensitively ndt t;m

£ , , , , , ] the massinfall rate from the collapsing progenitor startarttie

00 0.1 02 03 04 05 06 rate of neu_trino heating in the gain layer, but also to t_hetrm:n

tion behavior of the neutron star. A faster contraction ligua

leads to a retraction of the shock, whereas a less rapidkshrin

ing of the neutron star allows the shock to expand and stagnat

Fig. 3. Mass-shell trajectories for model WOOFA. The spacingt a larger radius. This, of course, causes importafirginces

of the thin lines is M1 M. Green lines mark the mass shells abf the postshock flow and thustacts the growth of non-radial

which the composition of the progenitor changes. The regslinhydrodynamic instabilities.

are the minimum, average, and maximum shock radii, the black In some of the simulations discussed here, the rapid contrac

line marks the radius, at which the average density1$d@m®.  tion of the forming neutron star caused the density and sound

The diference between minimum and maximum shock radiusdpeed at the inner boundary to become so high that the hydrody

caused by bipolar shock oscillations (see Elg(&)color figure namic timestep was severely limited by the Courant-Frigdri

is available in the online version of our paper.) Lewy (CFL) condition. Moreover, when the optical depth iisth
region increased to more than several hundred, numeriob} pr
lems with our neutrino transport method occurred unlesg ver

3.1. Initial and boundary conditions fine radial zoning was chosen, making the timestep evenemall
In such cases we moved the inner grid boundary to a larger ra-

We used an initial model (the ‘W’ model from Paper I) that wadius and bigger enclosed mass (i.e., we increased the dxcise

obtained by evolving the 18, supernova progenitor s15s7bzheutron star core). Hereby we attempted to change the oentra

of Woosley & Weaver| (1995) through collapse and core bountien behavior of the nascent neutron star as little as pesdibe

until shock stagnation in a simulation with a detailed, gger new inner boundary was placed at a radRiswhere the opti-

dependent treatment of neutrino transport (Burasiet aB;2¥e cal depth for electron neutrinos was typically around 106ew

o

o
T
=
o
I O
<
>
1

time [s]
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doing this, the gravity-producing mass of the inner core ags
justed appropriately (see Arcones et al. 2006) and the kaoynd
neutrino luminosities were set to the values prese®jat the
time of the boundary shifting, thus making sure that the igrav
tational acceleration, the neutrino flux, and neutrino ingeand
cooling aboveR, followed a continuous evolution. The parame-
ters in Eq.[(IB) were adjusted from the old valﬁt‘?bsandeb to

new valuesﬁib andﬁfb, respectively, in the following way:

R, = Ry, x (Rb/Rb).
R = Ry X (Rb/R).- (14)

This simple rescaling had the consequence that during the su
sequent evolution small fierences of the contraction velocity 0.0
of the new inner boundary and therefore of the settling rautr
star appeared, which led also to minor changes of the decay of
the neutrino luminosities with time. Nevertheless, no gigant 10°F
impact on the simulations was observed, e.g., Model WOOF de- :
veloped an explosion at the same time, independent of whethe
or not the boundary was shifted according to our recipe.

Q
S

radius [cm]

o
CJ

10.05 T T T

Qo
S

radius [cm]

(@)
o

0.0 0.2 0.4 0.6
time [s]

Fig.5. Same as Fid.]3, but for Models W00 (upper panel) and
WOOF (lower panel). The blue line marks the position of thiaga
radius. Up tot ~ 300 ms Model WOO remains nearly spherical
and evolves like the corresponding one-dimensional sitiwuna
However, an initially very weak = 1 oscillation mode in the
10'E ' ' ' ] postshock flow grows in this phase and finally becomes non-
£ ] linear, causing strong shock oscillations. Yet, this mattets
I ] not explode. Although the shock expands transiently in asiqua
100k J periodic manner, the average shock radius decreases andtall
E E ter remains bound. In Model WOOF && 2 mode develops and

- ] starts to #&ect the shape of the shocktat 150 ms, much ear-
. o b . lier than in Model W0O. The oscillations become nonlinead a
107"k S, -~ i att = 194 ms (marked by a dotted vertical line) the model ex-
2 ; ] plodes.(Color figures are available in the online version of our
! PRy ] paper.)

6 gain/ 6 crit
N\

1072
0.0 0.1 0.2 0.3 0.4
time [s]

3.2. Model parameters

The characteristic parameters and some important quemtfi

- : : he eight models investigated here are listed in Table 1 nide:-
::hlg.ri.t:f)\(;;)l:}?(;:to(rg\?vee?g:ﬂg}?es(eueplgarﬂ?ﬁ?g; ,f?reﬁ/llcz)[g.e?s) Wldzﬁels d_lf_er concerning ;he included _phyS|cs, assumed boundary
¢, W12F, WOOF and WO0O. All lines end 10 ms before the noffonditions, and the initial perturbations used to seed they
linear phase begins at tinig, when the average lateral velocityof hydrodynamllc m_sfcabllmes. . .
in the gain layer exceeds 46m/s. At later timeg, anddg; can- The most S|mpI|f|eq case we consldereq, Mod.el WOOFA’ IS
not be measured reliably any longer. In all modglss yo ~ 3 & purely hydrodynamic simulation without including nentri
att < ty. Only in Model W12F-c the rati@gain/derit 9etS very effects. Thl§ choice foIIows.BIondlln etlal. (2003), who also ig-
close to unity beforé = t,, which means that only in this modelnored ’?e”t“”os- In comparison with the other ”.‘Ode's we com-
convection is able to set in faster than the SASI. puted, it allows us to study the influence of neutrino cooing

heatingl Blondin et all (2003) also placed an inner boundbay
fixed radius and applied outflow conditions there to allowdor
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steady-state accretion flow (alternatively, they als@tbstflect- pressed, and another case where the initial perturbatiens w
ing conditions with a cooling term to keep the shock at a steathrge enough so that convection could develop. For therlatte
radius). In contrast, in Model WOOFA accretion is enablethtey model, W12F-c, we used the same perturbations as for Models
retraction of the inner boundary of the computational gridich  W12-c and W18-c of Paper | with amplitudes of up to several
mimics the Lagrangian motion of a mass shell in a contractipgrcent and a spatial variation as given by the velocity diluct
neutron star. Another fierence from Blondin et al. (2003) is theations that had grown during a 2D core-collapse simulation o
fact that in our models the accretion rate shrinks whenlinfal a 15M,, star (Model s15r of Buras etial. 2003 and Buras et al.
matter from the less dense layers at increasingly largar re@006b).
reaches the shock. Thus the development of hydrodynamic in-
stabilities occurs in a situation that is generically neetisnary.

In five other simulations we included neutrinos and choge Results
boundary conditions such that the growth of convection was s . . A . . .
pressed. This allowed us to identify and study other ingtistsi " this section we will give an overview of the simulationués,
like the SASI more easily. The suppression of convectiorid:o%’hose interpretation will be given in more detail in Sectand
be achieved by prescribing vanishing or negligibly low clore ®*
minosities. In such cases only the luminosity produced betw
the inner boundary and the gain radius causes neutrino¥enes% A model without neutrinos
deposition in the gain layer. Therefore the neutrino heata:
mains weak, resulting in a shallow entropy gradient and coflthough Model WOOFA does not include neutrino heating,-con
sequently in a large growth timescale for convection. This i vective fluid motions develop in this case because a covadygti
plies that for low core luminosities the ratio of the adventi unstable region with a negative entropy gradient is preaéent
to the buoyancy timescalg, (Eq.[B), remains below the criti-  ~ 70 km already in the initial conditions of our simulations.
cal value and therefore in spite of a negative entropy gradielhis feature is a consequence of the decreasing shock #treng
in the neutrino heating region, the postshock layer remzons  before shock stagnation. Soon after we start model model run
vectively stable due to the rapid advection of the gas down WOOFA, buoyant bubbles form in the unstable region and ase t
the gain radius (see SeCf.2.1). The five simulations whése twards the shock (Fi@l 2). Convective action continues dyitie
is the case are Models WOOF, W00, WO00S, WO05S, and W03Nhole simulation because neutrino cooling, which could pam
These models dier in the prescribed contraction of the innegonvection, is disregarded, and because convectivelyablest
boundary. Models W00 and WOOF employ the “standard” ar&htropy gradients are created by shock motions that areedaus
“rapid” boundary contraction, respectively, of Paper lomder by variations of the preshock accretion rate and by bipdlack
to cover a wider range of advection timescales — which wifiscillations due to SASI modes (see SEcil 6.1). Howeven-wit
help us to gain deeper insight into the mechanism that calisesout neutrino heating the convective overturn does not becom
low-mode instability found in our simulations (see SEct5)ve  as strong and dynamical as in the simulations of Paper |, evher
performed three simulations with slower boundary contoact neutrino éfects were included. Also the bipolar shock oscilla-
namely Models W00S, WO05S, and W05V (Table 1). In the lagipns are rather weak (the shock deformation amplitude does
two models the core neutrino luminosity has a non-neglégibexceed 15%) and occur quasi-periodically with a period ef 20
(but still fairly low) value. The correspondingly enhanaeel- 50 ms (Fig[38).
trino heating leads to larger shock radii and thus longeeadv ~ These multi-dimensional processes do néct the over-
tion timescales. Models WOOF, W00, and WO0S were computell evolution of the model and the shock position as a fumctio
with our standard initial perturbations (0.1% random naise of time is almost identical to the one found in a correspogdin
the velocity). For Models W05S and WO5V &an= 1 velocity one-dimensional simulation. In spite of the contractiothefin-
perturbation was applied. This allowed us to suppress higde ner grid boundary, the shock expands slowly and continyousl
noise and to measure the oscillation period of the low-maoele i(Fig.[3). A transient faster expansion occurs @at150 ms, when
stability despite the low growth rates in these models. a composition interface of the progenitor star falls thiwtige

For Models W12F and W12F-c, finally, we adopted bounghock and the mass accretion rate drops abruptly. After @50 m
ary conditions that were guided by core-collapse simutstiowe stopped the simulation. At this time the shock had reaehed
with sophisticated multi-group neutrino transport. Thatcac- radius of 400 km.
tion of the inner boundary was chosen to match the motion of Although the shock expands slowly, this does not lead to an
the corresponding mass shell in such simulations for theesaaxplosion because without neutrino heating the specificggne
progenitor|(Buras et al. 2003). The boundary luminosity me i of the matter behind the shock remains negative. The shock ex
posed led to typical explosion energies of abot £#0g. Despite pansion takes place because matter piles up in the postsiock
the non-negligible core luminosity convection in these glsed gion and forms an extended atmosphere around the neutron sta
was suppressed because of the rapid boundary contractien. This slowly pushes the shock further out in response to the ad
latter caused the radius of the stalled shock to becomerratfustment of hydrostatic equilibrium by the accumulatiomafss
small, and consequently the accretion velocities in théshagk in the downstream region. Since in the absence of cooling pro
layer were very large. Therefore the advection timescals weesses the matter cannot lose its entropy, it is not abletto se
short and the parametgrdid not exceed the critical value oftle down onto the neutron star quickly. Therefore the bedravi
about 3. In such a situation the amplitude of the progenitor p of Model WOOFA is destinctively dierent from the situation
turbations can decide about whether convection sets int-(st@btained in supernova simulations with neutrino transpertl
ing in the nonlinear regime as discussed in Seci. 2.1) or nibtalso difers from the stationary flow that was considered by
Since the properties of the perturbations in the progesitorare [Blondin et al. [(2003). The postshock velocity in Model WOOFA
not well known, we decided to explore two cases, one (Modilmuch lower and the shock radius becomes larger.
W12F) with small initial perturbations (our standard 0.1%6 v Neutrino cooling is therefore essential to obtain a quasi-
locity perturbation) such that the growth of convection wap- steady state accretion flow when simulations are performed i
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Fig. 6. Lateral velocities (color coded; superimposed are theovedf the velocity field, which indicate the direction of thaw)

for Models W00 and WOOF. The white lines mark the shock, tlaelbdotted lines the gain radius. For both models we show the
situation at two times near= ty;, at which the oscillations are in opposite phases (i.e.itheg difer by half an oscillation period),
and at a third time, when the oscillations have run out of plfsse Sect. 6.1). In Model W00 &r 1 SASI mode develops, i.e., the
still nearly spherical shock moves back and forth alongzthris, whereas in Model WOOF &r= 2 SASI mode becomes dominant,
i.e., the shock oscillates between a prolate and an oblédedation. The postshock matter attains high lateral vietex; because
the radial preshock flow hits the shock at an oblique anglewthe shock is nonspherical or when its center is displacad the

grid center(Color figures are available in the online version of our pape

which the central neutron star is included (in our models it 4.2. Models with suppressed convection

partly excised and replaced by an impenetrable inner grichdo ) ] ]

ary). Only when neutrinos remove energy and reduce thegntrdn the models including neutrino transport the accretedenat
of the gas can the matter be integrated into the dense surfi&es energy and entropy by neutrino cooling and thus istable
layers of the compact object. The rapid flow of the gas froettle down onto the neutron star, following the contracti
the shock to the neutron star implies short advection tialesg the inner boundary. Comparing the mass shell trajectofitgeo
which are crucial for the growth of the SASI (see the discugeutrinoless Model WOOFA and of Model WOO (shown in Fiigs. 3
sion in Sec[Z12). Although the accretion flow that develo@dl3, respectively) this fierence becomes evident. Since the
in our supernova simulations is similar to the one assumed @¢creted matter does not pile up, also the shock turns amfind
Blondin et al. (2003) and_Ohnishi eflal. (2006), there ark stfer an initial expansion phase and recedes continuousipgiur
potentially important dferences. Because of the contraction ghe later evolution (except for a short, transient expanptuase
the neutron star and due to the density gradient in the colla@ t ~ 150 ms, which is initiated when a composition interface
ing star, the mass accretion rate varies (usually decrpasths Of the progenitor star crosses the shock). Due to the mikéscu
time and the accretion between shock and neutron star surfRg@undary luminosity the neutrino heating remains weak aed t
never becomes perfectly stationary. Our simulations aiflerd Parametely of Eq. (8) stays below the critical value (Fid. 4).
from those of Ohnishi et al._(2006) and Blondin & Mezzacapgaonsequently, there is no evidence of convection in the gain
(2006) by our more detailed treatment of the neutriffeats. layer and Model WOO evolves nearly spherically symmetiycal
Altogether this allows us to assess the questions how ndiatra in the first 300 ms.

hydrodynamic instabilities develop at more realistic mads- However, already several ten milliseconds after the start o
ditions for the supernova core than considered in previtugs s the simulation a lateral velocity component (which changjes
ies, and how such instabilities may influence the onset of thection with a period of about 30 ms) is observable in the flew b
supernova explosion. tween shock and neutron star surface. The amplitude df ¢his
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Fig. 7. Entropy distribution of Model WOO for several moments néarheginning of the nonlinear phase (the displayed times hav
a separation of half an oscillation period), and at1 s. Within each SASI oscillation cycle the postshock erigepary strongly
and steep, unstable entropy gradients develop in the me$t$low. Finally, the Rayleigh-Taylor growth timescale betes smaller
than the oscillation period and the characteristic mushretructures are able to grow. In the subsequent evolutieifoti-mode
oscillations saturate and the model does not develop aw&rpl.(Color figures are available in the online version of our pape

oscillation mode starts to increase continuously dftel00 ms reach their maximum amplitude. In the further evolutiorythe-

and grows by a factor of about two per period. However, tmome weaker and on average the shock radius decreasds)(Fig. 5
amplitude is not large enough tdfect the shape of the shockThe slow decay of activity is interrupted by several shods#s
beforet ~ 250 ms because the finite resolution of the numemf stronger shock expansion and bipolar oscillation, wioictur

cal grid prevents the shock from being pushed out by less thauasi-periodically every 50-100 ms. When we stop the simula
one radial zone and thus it remains perfectly sphericaldar | tion att = 1 s the shock has retreated to a radius of only 70 km
oscillation amplitudes (lateral variation is already bisiin the on average.

postshock flow, though). Models WO00S, W05S, and WOOV, in which a slowly con-

In the subsequent evolution the shock radius is initially sttracting neutron star was assumed, evolve qualitatively ve
slowly decreasing and the shock shape remains approxinathmilar to Model W00. However, with increasing contraction
spherical, but the shock surface moves back and forth almng timescale the oscillation period becomes longer (up to 10 m
axis of symmetry assumed in our two-dimensional simulatiorand the growth rate of the low-mode instability decreasds. A
The direction of the postshock flow changes periodically artdese models are dominated bylan1l SASI mode and none of
the flow transports matter between the southern and theararththem is able to explode.
hemispheres (Fifl 6). This situation is quite similar to ttiygo- Also Model WOOF with its rapidly contracting inner bound-
lar oscillations encountered in some models discusseddar®a ary evolves initially quite similar to Model W00 (Fid.] 5).
and also in full-scale supernova simulations with soptaséid However, all timescales are shorter: The oscillation amgé
neutrino transport (Buras etlal. 2006b). However, becaase cCstarts to grow already after 50 ms, the shock becomes non-
vection is absent, the flow pattern and the shape of the slteck gpherical at ~ 130 ms and convection sets intat: 160 ms.
much less structured in Model WOO. Furthermore, Fid.16 shows that in this model the2 mode (i.e.

At t ~ 360 ms the amplitude of the shock oscillations hasscillation between prolate and oblate states) is injtiallore
become very large, the shock radii at the pole®ediby up to strongly excited than the= 1 mode, which starts to dominate
50 km, whereas the average shock radius is only about 100 kanly just before the onset of the explosion.

In this phase the entropy behind the shock starts to vargglyo  In contrast to the models with slower boundary contrac-
with time and angle (Fid.17). Steep negative entropy grasienion, the continuous neutrino heating in Model WOOF is siron
(dS/dr = O(1ky/km)) develop and Rayleigh-Taylor instabilitiesenough to trigger an explosiontag, = 194 ms. This dference
start to grow at the boundaries between low- and high-eptrojg caused by the fact that the faster contraction leads tdtgra
matter. The postshock flow reaches lateral velocities ofrsév tional energy release (the accreted matter heats up by esmpr
10°cnys and supersonic downflows towards the neutron sigibn) and thus to higher neutrino luminosities (see Se¢fd®.2
form (see Secf 61 for a discussion of these processes)inWitfurther discussion). The anisotropic gas distributionseatiby

a few oscillation cycles the whole postshock flow becomeg vethe low-mode oscillations becomes frozen in when the shock
similar to the nonlinear convective overturn present aithget accelerates outward. The shock develops a prolate deforma-
of the explosion in those models of Paper | where the exptosigion and a single accretion funnel forms in the northern hemi
energy was rather low. sphere. Since the explosion attains a large-scale asywyyriedr

However, in contrast to these simulations of Paper I, Modahisotropic distribution of the ejecta exerts a strong iaéional
WO0O0 does not explode. At ~ 390 ms the bipolar oscillations force that causes an acceleration of the newly formed neutro
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Fig. 8. Entropy distribution of Models W12F-c (left column) and WA &ight column) for several times. Model W12F-c quickly
develops anisotropies because of the onset of convectlmereas in Model W12F convection is initially suppressedlamdmode
SASI oscillations become visible after about 100 ms. Afterse oscillations have grown to large amplitude and haverbey
trigger convection also in Model W12F, the two models exploda qualitatively very similar way, although the detaittdicture
and asymmetry of the postshock flow and supernova shock eadycUiterent.(Color figures are available in the online version

of our paper.)

star (see Paper | for details about this process and the prdseundary luminosity the energy of the explosion remainsemat

dure of evaluating (postprocessing) our simulations fer rig
sulting kick velocity of the neutron sfjrDue to the miniscule

3 Due to the fact that the neutron star core is replaced in oou-si
lations by an inner grid boundary and thus anchored at ttteognmter,
our conclusions on the neutron star kick velocities neectodnfirmed
by independent hydrodynamic models without such a numecima
straint/ Burrows et all (2005, 2007) seem to be unable todeme our
findings with their recent simulations, using a code setwa #lows
the neutron star to move and employing a strictly momentunsexy-
ing implementation of the gravitationaffects in the fluid equation of
motion. However, the numerical consequences of their neatrirent
of the gravity source term, and in particular the supposezbisority
compared to other (standard) treatments, must be demtatstrg de-
tailed numerical tests, which Burrows et al. (2006, 200A)ehso far
not presented. The exact reasons for the potentially giaateresults
are therefore unclear to us and may be manifold. We stronglyhe-
size here that the neutron star kicks reported by Scheck (2@06)
were calculated by two independent methods of postpratgssialy-
sis. First, making use of total linear momentum conseratioe neu-
tron star recoil was estimated from the negative value ofrtbemnentum
of all gas on the computational grid at the end of the simaifeti(note
that using an inner grid boundary at some radius0 leads to momen-
tum transfer to the excised inner core so that the gas in thelafion
domain does not retain zermomentum). Second, theftérent time-
dependent forces that can contribute to the neutron staleaation,

low (0.37 x 10°*erg at 750 ms after bounce, see Tdble 1, and
0.5 x 10 erg for the extrapolated value at 1's), but the neutron
star attains a fairly high kick velocitygs ~ 200 ks at 750 ms
post bounce and estimated 350/krfort = 1s).

4.3. Models with typical explosion energies

While the simulations discussed so far demonstrate clehey
existence of a non-radial instability that is not convectithey
were based on the assumption that the core neutrino lunigmsi
are negligibly small. In contrast, in W12F and W12F-c bound-
ary luminosities were assumed such that the explosion &Eserg
reached values close to those considered to be typical ef cor
collapse supernovae. An overview of the evolution theseetsod
can be obtained from Figurgs 8 dnd 9, where we show entropy
distributions at several times and the mass-shell plospe®
tively.

i.e., the gravitational force excerted by the anisotrdpyodistributed
matter around the neutron star as well as the momentum éraassoci-
ated with anisotropically accreted or outflowing gas of thatron star,
were added up and then integrated in time. Both of these aisipl
independent approaches led to estimates for the neutnokictaveloc-
ities in very nice agreement with each other.
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Fig. 10. Evolution of the explosion energy (thick) and the neu-
tron star velocity (thin) for Models W12F (solid) and W12F-c
(dotted).

Although the pre-explosion evolution and the explosion
timescales of the two models areffdrent, the models behave
quite similar after the explosion has set in. The convestiigc-
tures merge and downflows form at the interface between ex-
panding, neutrino-heated gas and the matter with loweopntr
just behind the shock. The number of downflows decreases with
time and fromt ~ 200 ms on a single downdraft dominates the

: 3 anisotropic gas distribution. Its positionfidirs in the two mod-
0.0 0.1 0.2 0.3 0.4 0.5 els, as does the shape of the shock, but the explosion esergie

radius [em]

time [s] and even the neutron star velocities grow nearly in the saaye w
aftert ~ 0.3 s and reach essentially the same values at the end of
our simulations (Fid._10).

Fig. 9. Upper panel:Same as Figl15, but for Model W12F.
After an initial phase, in which the model remains nearlyesph
ically symmetric, the SASI becomes strong enough to deforB) The linear phase of the instability: identification
the shock and to trigger convection. This model explodes at gf the AAC
t » 160 ms (marked by the vertical dotted line), after the oxygen
enriched silicon shell is has fallen through the shdotwer We now turn to a detailed investigation of the question which
panel: Mass-shell plot for Model W12F-c. Convective activphysical mechanism is responsible for the SASI that we have
ity starts to deform the shock in this modeltat 60ms, and seen in the models discussed in the previous section.
the explosion occurs already tat 120 ms, before the oxygen-
enriched silicon layer (whose inner boundary is indicatgthie
line labelled with “O in Si”) has fallen through the sho¢Kolor
figures are available in the online version of our paper.) In a number of studies (e.gl,__Galletti & Foglizzo 2005;
Burrows et al.| 2006 Ohnishi etlal. 2006; Scheck et al. 2006;
Foglizzo et all 2007; Yamasaki & Yamada 2007) the advective-
In Model W12F-c, in which large initial seed perturbationacoustic cycle was identified or invoked as the cause of the
were assumed (cf. Tallé 1), the first convective bubbles &irmSASI oscillations that were found in these studies to ocsur a
t ~ 60ms, and at ¥ 90 ms the whole gain layer has becomebserved by Blondin et all (2003). This interpretation is-cu
convective (see Fif] 8). From this time on the total enerdgién rently challenged by Blondin & Mezzacappa (2006), who ad-
gain layer rises continuously and alreadyt®f ~ 120ms the vocate as an explanation of the SASI modes a purely acous
first zones acquire positive total energy and the model eégdo tic process, which is driven by sound waves traveling salely
The initially weakly perturbed Model W12F behaveffeliently non-radial direction/(Blondin & Shaw 2007). Oneffiiulty of
in the first 200 ms. There is no sign of convection and for ttaeciding about the correct interpretation is due to the flaat
first 100 ms the shock radius evolves as in a corresponding ottee oscillation timescale of the SASI can either be undecsto
dimensional model. However, as in Model W00 a wéak 1 as the acoustic timescale along a well chosen transverke pat
oscillation mode is present in the postshock flow alreadpdye or the advection time down to a suitably chosen coupling ra-
times ¢ ~ 30 ms) and grows exponentially to large amplitudeslius. From the physics point of view, however, the foundatio
At aboutt, ~ 150 ms steep convectively unstable entropy graf the advective-acoustic mechanism are well documentssl (s
dients are generated behind the oscillating shock andmttto  the papers cited in Se€f. 2.2 and the references thereieypah
cycle periods a situation develops that strongly resembtedel the purely acoustic mechanism is still incompletely untberd
W12F-c at the onset of the explosion. Also Model W12F extamingl2007). In particular Blondin & Mezzacappa (2006) ar
plodes, though a bit later than Model W12F-ct at164 ms. gued that the existence of didirent gradient of the momentum

5.1. Motivation and method
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Fig. 11.Time evolution of the amplitude of the dominant sphef~ig. 12. Time evolution of the amplitude of the dominant spher-

ical harmonics mode of the pressure, normalized by the amptial harmonics mode of the quantif(r, t,6) of Eq. (I9), dis-

tude of thel = 0 mode, as function of radius for Models WO0Oplayed as function of radius for Models W00, WOOF and W12F.

WOOF and W12F. The solid lines are the minimum, average, aftle lines have the same meaning as in Eig. 11. As in the latter

maximum shock radius, the dotted line is the gain radius, tfigure, a zebra-like pattern becomes visible here alreagsrak

dashed line is the neutron star surface (defined as the docatien milliseconds after bounce a zebra-like, indicating thatter

where the density is #0g cn2), and the dash-dotted line markswith a nonvanishing lateral velocity component is advefteuh

the positionRy(t), of the largest velocity gradient. A low-modethe shock towards the neutron st@olor figures are available

oscillation develops in the postshock flow. A pronouncedsghain the online version of our paper.)

shift is visible at a radiuR,(t) that agrees well with the position

of the largest velocity gradient. The “noise” (short-warejth

sound waves) visible in the early phase after bounce is dausgposite conclusion, namely the stability of a stationdryck

by the shock propagation and is not related to the advectivg-an accretion disk.

acoustic cycle(Color figures are available in the online version  |ndependent of any timescale consideration, Foglizzolet al

of our paper.) (2007) were able to directly measure th@aencies of both
advective-acoustic and purely acoustic cycles using a WEB a
proximation, i.e. for perturbations whose wavelength isrsr
than the size of the flow gradients near the shock. For every un

flux on both sides of the shock is responsible for the instgbil stable eigenmode for which this quantitative estimate veess p

This argument, however, is so inconclusive that it was used bible, it showed the stability of the purely acoustic cyatd he

INobuta & Hanawal (1994, Fig. 10) in order to reach the exactiystability of the advective-acoustic one. The WKB appnoai
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10'0F should correspond to abrupt deceleration while smoothtgde
—_ E erated flows should be stable. Moreover, the amplificatiotofa
< 10°k Q during one oscillation is compared to the value measured in
g the simpler setups studied by Blondin & Mezzacappa (2006) an
— af Foglizzo et al.|(2007).
— 10°F
5% 107 _ 5.2. Extracting eigenfrequencies from the simulations
1%
I Fo In Fig.[12, advected perturbations are displayed by the iampl
—= 10%E || tudes of the largest modes of the spherical harmonics of a-qua
° E tity A(r, t, 6), which turns out to be particularly useful for a quan-
108 titative analysis of the SASI. It is defined as
0.00 0.05 0.10 0.15 0.20 9
ti Alt,r,0) = — — (V(t, r,0) sing) , 19
ime (t.1.6) = = = (Wt 1.6) sin6) (19)

Fig. 13. Oscillatory growth of the amplitudes; anda, of the with r~1A being the divergence of the lateral velocity compo-
| = 1, 2 spherical harmonics components of the quariftyt, §) nent, i.e.,A = rdiv(vy &), which scales with the size of the lat-
of Eq. (I9) at the gain radius of Model WOQRA color figure is eral velocity of the fluid motion. At the gain radius, its exjgan

available in the online version of our paper.) in spherical harmonic¥ m(0, ¢) is written as
tion is unfortunately unable to treat accurately the lowfest A(t, Ry(t),6) = Z a(t) Y060, 0), (20)
quency modes, whose wavelength is comparable to the raflius o 1=0

the shock. This argument in principle leaves room for alitve
explanations of the instability of the lowest frequency mad
This is why we do not discard the possibility of a purely acou : . :
tic, unstable cycle a priori, despite its unsatisfactospitetical __For ! > 0, the spherical harmonics déeients & of
foundation. this quantity are proportional to the ones of the shock dis-
The guantities and results shown in Fi§sl[11-16 in tfiacement (see Eoglizzo etial. 2006, Appendix F)AGOR, 6)
present paper are supposed to characterize the developfefPntains basically the same information a&&(t,6). As

the SASI in a time-dependent environment and to serve coRiondin & Mezzacappal (2006), we prefer to consider a local

parison of the SASI properties with the expectations ofegithdUantity A(t, Ry(t), 6) in the postshock layer here rather than the

; ; ; : hock displacemeriR = Ry(0) — (Rs)y (used in_Blondin et al.
an advective-acoustic or a purely acoustic process. Usprg-a SN0C e s s/0 \L
jection of perturbations on spherical harmonics, the time- e 2003 and Ohnishi et 51. 2006), becauses much less fiected

lution of the radial structure of the most unstable eigeneniad by noise A(t.) = 0 for a non-stationary spherical ﬂOW’. Whereas
visualized, and the oscillation frequeney and growth rates;  Rs(t) is varying) and allows one to measure the oscillation pe-
can be measured. The oscillation timescale is then comp)are(ﬁ'_Od and th? growth rate much more sensitively than_ ItIs pos-
some reference timescales associated with advection aud-acSiPe by usingRs. Tests showed that for our models, in which

tic waves. The acoustic timescales chosen for this congrarig€/atively large seed perturbations were imposed on tizglimg

arer™ computed along a radial path crossing the shock gitellar matter ahead of the shock,as defined in Eq.[(19)

ametsgrmgnd back, andf! . computed along the circumferenc ields a cleaner measure of the SASI even for very low am-
' ound P 9 litudes than the perturbed entropy or pressure consideyed

atthe shock radius (i.e., immediately behind the shockipogi Blondin & Mezzacappa (2006). As an example, the absolute val

where due to the assumption of axisymmetry amly: 0 has to
be considered.

R dr R dr 4Ry, ues of the Coﬁci_ents_al anda, are shown as functions of time
Toound = Zf PeY Zf v (15) for Model WOOF in Fig[IB.
Rp GV Ro CtV  GCsib For a given modé the oscillation periodsg can be deter-
dat 2mRsh (16) mined from the minima of (t)|, which occur at times = t“mmI
sound Csh whenn is a counter for the minima. The detection of the minima

works reliably only when the amplitude is large enough @rth
fore fails in the first 10—20 ms) and is also not feasible wram c
vective instabilities involve a broad range of frequendiethe
nonlinear phase. During one cycle of mddée corresponding
codficienta(t) becomes zero twice, therefore the cycle period
can be measured as

Following|Foglizzo et al.[(2007), the reference timescales-
sen for the advective-acoustic cycle are the advection

from the shock to the radiuRy of maximum deceleration, and
an estimate of the full cycle timescaté,. based on a radial ap-
proximation for simplicity:

Ren dr
TZdv = fR M 17) TOSC'(trr%in,l) = tmrh - trq;ir},r (21)
\V
v Ren dr R gr The evolution of the period of thHe= 1 modestosc1, €valuated
Taac = fR v fR i (18)  with Eq. (Z2), is displayed for three of our models in Figl 15.
Y Y

In order to measure the cycléieiency,Q, we use again the
The consistency of the advective-acoustic interpretagduor- — cogficientsa defined in Eq.[(20). We detect the positions of the
ther tested by comparing the timescale of deceleratigtur|1  maxima offa(t)l, which occur at times = t7_, (n now being
with the oscillation time of the instability. If velocity gdients the counter for the maxima): if the oscillations of mddare
are indeed responsible for the acoustic feedback, undilable dominated by thel{+ 1)-th harmonicja(t)| has 2k+ 1) maxima
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during one fundamental cycle periafl,, so the amplification 400F . . . .
perfundamentatycle can be measured as § 50 ms WI12F
kel £ 80 ms
w] (3 — 300F — — . 110 ms 3
Q) = exp[zfr(k+ 1)—'] ~ [ = @2 & b ia0ms .
Wr al(tmaxl = E A
This method fails, if several of the harmonics are excitethwi 5 200 _
similar strength. However, these phases can be identifidd an} :
typically one of the harmonics dominates clearly (mostlg th © 100 3
fundamental modek = 0). The dficiencies measured by using :
Eq. (22) are shown in Fi§g.17. :
0 F
5.3. Interpretation of the results . 0.4 di ?'1607 ] 0.8 1.0
radius cm
The projection of acoustic and advected perturbations bersp
ical harmonics reveals that the shock oscillations arecistsal 400€ ; ; , .
with coherent pressure fluctuations and with the downward ad i ! 1
. : . - [ —— 50 ms WOOF |
vection of perturbations produced at the shock. This aasoci o 80 ms J \ ]
tion is visible in all simulated cases, and is clearly illaséd ~ — 300F - — . 110 mg '3
by Figs[11 and12 for Models W00, WOOF, and W12F. NS F —— 140 mp -

The pattern of the pressure perturbations in Eig. 11 reveals—_
the presence of a particular radRswhere a phase shift occurs. = 200}
The dash-dotted line in these figures is defined as the r&gius QL £
where the velocity gradient of the unperturbed flow has alloca 3

extremum. This particular radius seems to have an important — 100
fluence on the properties and behavior of pressure pertansat :
in all studied cases the two radii coincide: ok
Rv ~R,. (23) 0.2
This striking coincidence might be interpreted as the cense
quence of a particularly fecient coupling between advected 100 i i i i - i
and acoustic perturbations in layers where the accretionifio [ 50 IWOOFA i]
. . — ms .
strongly decelerated. In order to test this hypothesis, axeh 80k 100 ms {! ]
compared the wavelengthr?/w, (w; was defined in the context F — — - 200 ms i/ I
of Eq.[10) of advected perturbations at radRisto the length & L .. I 1]
scaleld Inv/dr|~* of this deceleration zone. Arfficient coupling =, 60[ | ]
is expected if the flow velocity varies on scales shorter than — i I /M
wavelength of advected perturbations: QL 40 }' [
3 [ r I
-1 -1 o urd oo
M < @/ >  ToscR d_V (24) 20 x .Il'j \ 'D\-I\- I'/ ]
dr wr dr A ’ \
o £ ’I"\"X‘ ~:d
This hypothesis is confirmed by our simulations for Models 0 Lazzelesonir g vt TV, . .
W12F and WOOF in Figl_14. In the case of the neutrinoless 0.5 1.0 1.5 2.0 2.5 3.0
Model WOOFA, where only a very weak SASI mode develops, a radius [107 cm]

prominent deceleration peak is indeed absent. Thereferanth
terpretation ORy ywthm the framework of the AAC. as arffec- Fig. 14. Absolute values of the radial derivative of the radial
tive coupling radius between advected perturbations a0UsaC \g|ocity component as functions of radius for Models W12F,
tic feedback, i.e. WOOF, and WOOFA at several times. The gray-shaded area indi-
Re=Ry ~ R, (25)  cates the range of values %, during these times. In the mod-

is consistent with the results of our simulationfiigent cou- €ls including neutrinos a pronounced “deceleration peakht
pling of advective and acoustic perturbations requireslalae With a maximum value significantly higher thags, whereas
calized deceleration peak, in which case a strong SASI maale such a feature is absent in Model WOOFA.
be expected to develop. We would like to mention that the ex-
trema of the flow deceleration that are presentin our siraurat
with approximative neutrino transport are also found inudam
tions with more sophisticated energy-dependent neutranest  and Fig[I5). A systematic comparison between the measured
port and therefore seem to be generic features of the neutrigscillation timescale, the advection timescale, and theistic
cooled accretion flow. timescalesr and 7 is shown in Fig[Ib for six of our

It is interesting to compare the oscillation periag. mea- eight models. In all models except W12F, the advection time
sured for our models with the timescadg,. of the fundamental is very close to the oscillation period, whereas in Model W12
AAC mode, approximated by the advection tim}g, of the fluid e find 77, < 7os In the light of the perturbative analysis of

ady

moving from the shock t®y (tha. ~ Thec ~ Tog, Eqs[IF[IB, [Yamasaki & Yamada (2007), this finding can be interpreted as
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$ 20E Fig. 16. Advection timerzdv of the fluid moving from the shock
€ g to the radius of maximum deceleratid®;, and the two acoustic
= 10E timesﬂ%‘fmd (lower grey symbols) anﬂi'sacfund (upper grey sym-
; ; E bols), versus the oscillation periogs., for Models WOOF, WO0O,
oE , , ; , , ; E WO00S, W05S, W05V and W12F. The data used in this figure
0 20 40 60 80 100 120 140 are s_e_lected fr_om p_hases in Wh_lch the_oscn!atlons can laelgle
time [ms] identified and in which the flow is quasi-stationary (see [El).

While T'Sa(fund is clearly too long in all cases am@%ﬂnd_is too
short for all models except W00 and WOOF, the oscillation pe-

100k ' f,_.'_.‘___.'_;_ ' ' k riod is well approximated by?, for all models except W12F.
F wosv P — e The special role of Model W12F can be explained by tiieats
7 sob ] B of strong neutrino heating (see text).
£ L~
5 60 Yamasaki & Yamada (2007) measured the continuous transitio
? [/ of the eigenfrequency from the oscillatory SASI to the pyrel
o 40f growing ; = 0) convective instability when neutrino heating
.E I is increased. According to their work, the oscillation fueqcy
20 wy Of the SASI is sensitively decreased by tHeeet of buoy-
0 : ancy in the gain region, resulting in a significantly longscit

lation timescale (see Fig. 3 lin_ Yamasaki & Yamada 2007). This
0 100 200 300 400 500 600 700 agrees well with our results, comparing in particular Madel
time [ms] WOOF and W12F, whose prescribed contraction of the lower ra-
dial grid boundary is similar, but the latter model has a much
Fig. 15. Evolution of thel = 1 mode oscillation periodiss the 1&rger core (and higher total) neutrino luminosity (seel&D,
advection timer?, from the shock to the raditRy of strongest MUCh stronger neutrino heating, stronger buoyancy, an-the
deceleration, and the timg,,.for a radial advective-acoustic Cy_forg a larger value ofos; In contrast, the advection timescale.
cle. for Models W00 lel%cand WO5V. The advection ti is increased by convection to a lesser extent (see Fig. 4 in
' ; P ' Yamasaki & Yamada 2007), consistent with our finding of the
agrees with the oscillation time for Models W00 and WO5V. Irdata oints Y ) for Model W12F lying below the diago-
Model W12F, the oscillation period is longer than beff, and P 056 Tagy ying 9

v ) ) nal, dotted line in Fig._1l6. Theffect of buoyancy can be seenin
Taao Which can be explained by the consequences of strong Ngyis pressure evolution of Model W12F, shown in the lower plot
trino heat_mg (see text). T_he o(;scnlatlon period is also p_amd of Fig.[T1, where a phase shiftakes place in the vicinity of the
to the radial sound travel timé& _ through the shock cavity and gain radius (cf. Eq_11).
back, and the maximum lateral sound travel tirff§, just be- The dfect of buoyancy in Model W12F is also visible in
hind the shockr,scis close tm;%%ndfor Model WOO0, butis closer F_ig.[ﬂ showing the amplifica_ti_on fact@ for six of our eight
to 7 for Model WO5V. The vertical dotted lines enclose théimulated models . The amplification factor has modest galue

time intervals considered for the evaluations of Figs. 1é[Eh between 1 and 3 in most cases, whereas it is as high=as in

fth ino heating in Mod I\WlZIf—apid contraction of the nascent neutron star leads to & lacgretion
a consequence of the strong neutrino heating in Model \%. uminosity. Both contributions to the neutrino emissioniga a partic-

4 Note that in Model W12F a larger core neutrino luminosity was Ularly strong neutrino energy deposition in the gain layer.
sumed than in the other models (see Table 1). Moreover, gszpbed
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3 than the lower and upper bounds considered here, and because
3 3 of the remarkable correlation between the oscillation tamd

lQl

¥ we interpret Fig[_l6 as a clear support of our hypothesis

st g 19
_i/% that the SASI oscillations are a consequence of the AAC and
% not of a purely acoustic amplification process as suggested b

7ET radius of the standing accretion shock in these modelsggtar

6F WI12F & 3 than in the other cases and therefore the accretion velsciti
WOOF A 3 in the postshock layer are smaller. This enhances the giscre

5E woo 0O 3 ancy between the advection time and the radial sound cigpssin
: Wo0S X 3 ime i i i

time in these models. Given the lack of any better suggestion

4 F WOSS  + 3 for a unique definition of the timescale of the acoustic cycle
E wWos5v ¥ 3

3

2

(3 Blondin & Mezzacappd (2006).
0E

0.01 0.10  5.4. conclusions about the instability mechanism
oscillation period T [s]

The flow properties that are consistent with an advective-
Fig. 17.Cycle diciency,|Q|, as a function of the oscillation pe-acoustic cycle as the physical mechanism for the SASI are sum
riod, Tose for Models WOOF, W00, W00S, W05S, W05V andmnarized as follows:
W12F. The particularly high values for Model W12F can be ex-
plained as a consequence of strong neutrino heating in the g@ The acoustic structure of the unstable modes is stroogly
layer (see text). related with the structure of the velocity gradients (Eif), 1

(i) the deceleration region is more localized in unstabdev,

while smoothly decelerated flows are more stable [Flg.14),

Model W12F. This high value d@ can be understood as a direifi) the advection timery, is in good agreement with the oscil-
consequence of the small value of the oscillation frequengy lation period of the instability (Fidg.16),
see Eq.[(2R), because according to_Yamasaki & Yamada!(2QR¥)the typical dficienciesQ ~ 1-3 computed in Fig_17 are
stronger neutrino heating sensitively increasgs i.e. reduces consistent with those extrapolated from the WKB analysis
wy = 21/70se bUt hardly dects the growth ratey (cf. Fig. 2 in of the advective-acoustic cycle in Fig. 17[of Foglizzo et al.
Yamasaki & Yamada 2007), which appears in the numerator of (2007). Their dispersion smaller than unity is consisteitit w
the exponentin Eq{22). Model WOOF exhibits similar treafls  the expected marginaffect of the purely acoustic cycle.
TZdv < Tosc aNdQ-enhancement as Model W12F, however much
less strongly. Although in this model the rapid contractibthe In contrast, a purely acoustic interpretation would have to
inner grid boundary leads to a significant accretion lumityps consider the properties (i), (i), and (iii) as coincidescand the
only a very small neutrino flux from the excised inner core wafistribution of dficienciesQ remain uninterpreted. Although the
assumed and therefore the neutrino heating in the gain iayeoscillation period is consistent with an acoustic timesedbng a
less strong than in Model W12F. carefully chosen acoustic path, Hig] 16 indicates thatabdsis-

We wish to point out that our calculation of the amplificatiottic path should be close to radial for some models, and much
factor Q does not rely on any interpretation of the underlyingnore lateral in others. A theory of the purely acoustic ibsity
mechanism. Interestingly, however, the values betweendl amould have to explain this behavior.

3 are consistent with those measured_by Foglizzolet al. (2007 Without claiming that our present knowledge of the
Fig. 17) for a shock radiuRs, ~ 2Ry in a much simpler con- advective-acoustic theory is fully satisfactory in the qbex
text. From the point of view of the underlying mechanismsthe core-collapse context, its mechanism is understandatie tine
values forQ are consistent with numbers obtained by downwargghysics point of view and allows us to explain several fesgur
extrapolation of the ficiency|Qlwkg Of the advective-acoustic of the simulations, which would not be understood otherwise
cycle from the region of its validity at larger shock radils@

shown in Fig. 17 of Foglizzo et al. 2007). For each of the mgdel

depicted in Figl_Tl7, the amplitude of the spread of ampliitat 6. Interpretation of the nonlinear phase

factors can receive a natural explanation in the contexhef t ) o ) ) )
advective-acoustic mechansim: the contribution of theuatio !N the following we will discuss our simulations during them
cycle can be either constructive or destructive, depenaiingpe linear phase of the evolution in which the SASI cannot be con-
relative phase of the two cycles, which varies with time as t|§lder_ed as a small perturbation. In partlc_:ula_r, we v_v!II gealthe
size of the cavity evolves. This dispersion can be integarets relation betwe_en the_ _S_ASI and convective m_stablllty, al ae

a measure of thefiéciency of the acoustic cycle, which is conthe role these instabilities play for the explosion mecsarand
sistently smaller than unity. the resulting energy of the explosion.

The comparison of the oscillation periods with the acous-
tic timescales shows thatsc is similar to the radial acoustic
timescaler;%‘fmdonly in Models WOOF and WOO. It is longer by
up to 30% In the case of Model WO0S and by up to a factém models with low core neutrino luminosity convective geti
of about two in the case of Models W05S and W05V (Higs. 1i8/ does initially not occur because the correspondincginidity
and[16). For all models, the upper bound of the acoustic tinis,suppressed in the accretion flow of the neutrino-heatiperl
T'S"ﬁund is always larger thanysc by 20-50%. Note that the setupaccording to Eqs[{6) and@(8). The first large-scale nonatadi
of Models WO05S and W05V (with slow contraction of the inperturbations in the postshock flow of such models are thezef
ner grid boundary and non-negligible core neutrino lumities caused by SASI oscillations. Once large average lateratirel
and thus significant neutrino heating) was chosen suchltieat ties around 19cms™ or more are reached in the gain layer at

6.1. The SASI as trigger of convective overturn
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t > ty (cf. Table[l), however, also the smaller-scale mushroorttite postshock flow remains approximately radial. In the case
like structures that are typical of the onset of Rayleiggtdain-  strongly deformed shock, however, the postshock flow besome
stability start to grow. Within only a few more oscillatiogates, mainly non-radial because the lateral velocity reachegjaifsi
plumes of neutrino-heated matter and supersonic dowsdréft icant fraction of the preshock velocity (up to severaf adys,
low-entropy matter develop and violent convective overtets i.e. the lateral flow becomes supersonic). Fol anl mode, the
in very similar to what we found in the case of the models d&ighest negative lateral velocities are obtained when tioels
scribed in Paper |. There are twfects that are mainly respon-has its maximum displacement in the negativdirection, see
sible for the corresponding change of the flow characteseheFig.[G, upper left panel. A shell of matter with high negaiiae
are linked to the unsteady motion and the growing deformatieral velocity formed in this phase is advected towards the ne
of the shock, respectively. tron star, and half an oscillation period later the highextip
Firstly, in course of radial expansion and contraction plastive lateral velocities are generated right behind the klvdwen
the shock reaches velocities @{10°cm/s), which is a signif- the shock expands into positizedirection (Fig[6, middle left
icant fraction of the preshock velocity. Since the postkhart- panel). With increasing oscillation amplitude the shoattiva
tropy depends on the preshock velocity in the frame of thelsho— and consequently also the advection timescale and the cycl
such fast shock oscillations cause strong variations ofetihe period — begin to vary so strongly during one cycle that the
tropy in the downstream region. Rapid outward motion of theorthern and southern hemispheres run “out of phase” so that
shock produces high entropies in the postshock flow, wherdhe shock radii at the north polé & 0°) and at the south pole
phases in which the shock retreats lead to lower postshock éh = 180°) reach their maximum values not alternatingly any
tropies. Periodic shock expansion and contraction thudtesi®  more, but at almost the same time. In this case streams oématt
alternating layers with high and low entropies, which armeo with high positive and high negative lateral velocities egeesi-
pressed as the accreted matter is advected towards th@meuttultaneously near the north and south pole, respectivalys@
star. With increasing amplitude of the shock oscillatidreston- streams collide and one of them is deflected upwards, produci
vectively unstable entropy gradients between these laxas- a bump bounded by two “kinks” in the shock surface, while the
tually become so steep that the growth timescale of Rayeigither one is directed downwards, forming a supersonic down-
Taylor instabilities shrinks to about 1 ms, which is muchrshio flow (see Figlh, lower left panel and Fig. 8, middle right pane
than the advection timescale. Therefore non-radial peatiotns a phenomenon that we have also observed in the simulations
are able to grow quickly at the entropy interfaces and vesticof Paper | and that was also reported/by Burrows et al. (2006,
and mushroome-like structures begin to form (see[Hig. 7). 2007).

Large-amplitude SASI oscillations are thus able to trig-
ger nonlinear convective overturn even in models in whiah th

120¢ ' ' ' ] growth of buoyancy instabilities is initially suppressesthuse
o 100k ST 1 of unfavorable conditions in the accretion flow as discuseed
E E the context of Eqs[{6) anfl(8).
8o
n +
© AN 6.2. From SASI oscillations to explosions
= Why is Model WOOF able to develop an explosion while Model
g 40r W00 and the models with even slower boundary contraction
E L (W00S, W05S, WO05V) do not explode? Models W00 and WOOF
E 20: : differ in the assumed contraction of the nascent neutron star,
ot , , , , ] i.e. in the parameters describing their final inner boundary
; - o
0.0 0.1 0.2 0.3 0.4 0.5 d|fu§, R ; and the contraction timescalg,. A sma!ler value of
time [s] R}, implies that the matter accreted on the forming neutron star

sinks deeper into the gravitational potential and thus ryoag-
itational energy is released. The smaller valu¢p€auses this
release of energy to happen earlier. Most of the potential en
ergy that is converted to internal energyV-work is radiated

Fig. 18.Evolution of the sum of thee andve luminosities at the
neutrinosphere and at= 500 km for Models W00 and WOOF.

'I_'he luminosities decay with tim_e because the largest mass-ac away in the form of neutrinos. Consequently, the neutrimoiu
tion rates are present at early timés (0.2 s). Model WOOF has nosity that leads to heating in the gain layer is much higher a

the higher luminosity, because the neutron star contrastsff, early times in the case of Model WOOF (Figl 18).

ing free more gravitational energy. . S .
setting free more gravitational energy Yet, these high luminosities alone are naoffiient to start an

explosion. This is demonstrated by a one-dimensional simul

Secondly, also theftscenter displacement of the accretiorniion with the same boundary parameters as Model WOOF, which
shock by thel = 1 SASI mode and the shock deformatiorails to explode. It is well known that in the multi-dimensil
caused by > 2 modes play an important role when the ampliease convection leads to an enhancement of fhieiency of
tudes become large enough. The radial preshock flow hitssthe deutrino energy deposition in the gain layer, on the one hand
formed or displaced shock at an oblique angle. Since theiglo because non-radial convective motions stretch the timd @l
component tangential to the shock is not changed when the gasents can stay in the gain layer and are thus exposed to ef-
passes through the shock, in contrast to the normal componénient neutrino heating in the vicinity of the gain radius) o
which is strongly reduced, the flow is deflected and attainga s the other hand because high-entropy, neutrino-heatee nfett
stantial lateral velocity component, whose size and sigmmghs comes buoyant, expands quickly, and thus cools, which esduc
during the cycle period, see F[g. 6. As long as the cycle ampilhe energy loss by the reemission of neutrinos. The former of
tude is small, the lateral velocity components are alsolsaradl  these two #ects dfectively leads to an increase of the advec-
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E WOOF ] Fig. 19. Evolution of mass in the gain layer,
AMgain, advection timescaler,q, from the
3 3 shock to the gain radius, and neutrino heat-
ing rate integrated over the whole gain layer,
3 3 Qqain, for Models W00 and WOOF (solid
lines). The dotted lines are results from cor-
responding 1D simulations. When the SASI
becomes nonlineart ( 350 ms for WOO,
t ~ 150 ms for WOOF) and triggers convec-
tion (~30 ms later)raqy and AMgain begin to
grow. As a consequenc€ygai, increases sig-
nificantly compared to the 1D simulations. In
the case of Model WOOF the enhanced heat-
ing is strong enough to gravitationally unbind

Tadv [ms]
o

Tadv [ms]
o

5 5 the matter in the gain layer and to drive an
explosion. The advection timescale shows an

0 0 increase also in the 1D counterpart of Model

10k ] 6 WOOF att ~ 150 ms, because a composition

o o interface of the progenitor star falls through
> 0.8k >0 the shock at this time and the strong decrease
o o 4 of the mass accretion rate leads to a tran-
'Tb 0.6 EO sient expansion of the shock and of the gain
- ] ] 23 layer. Nevertheless the 1D model does not de-
— 0.4 — 2 velop an explosion because without the aid

5 0.2F ] 8 of multi-dimensional #ects neutrino heating

o 0.0 = 0 cannot become powerful enough. In Model
’ ) ) ) ! ) ! ’ ! ! ) WO0O the neutrino energy deposition rate is so

200 250 300 350 400 450 500 100 120 140 160 180 200 220 |low that even an increase by almost a factor

time [ms] time [ms] of two between 350 ms and 400 ms is not suf-
ficient for an explosion.

tion timescale of accreted matter from the shock to the gain igain layer does not become very broad and none of the matter
dius (see also Buras etal. 2006b), as a consequence of aichgets unbound. In both the Models W00 and WOOF the specific
mass in the gain layer becomes larger. The sdffieetecan also kinetic energy in the gain layer remains relatively smahliyo

be produced by large-amplitude SASI oscillations, becaush about 1 MeVnucleon, see Fif. 20).

non-radial motions expand the average shock radius, tus le  pjfrerent from| Blondin et al. (2003) we do not observe a
ing to smaller postshock velocities, and deflect the postehq:gntinuous increase of the kinetic energy associated aférdl

flow in non-radial direction, also leading to a longer adi®tt (yrbylent) motion of the matter behind the shock. In thir-s
time of accreted matter through the gain layer. ulations without neutrinoféects/ Blondin et al! (2003) observed

In Model WOOF we observe such a rise of the advectidhat the SASI oscillation can redistribute some of the deavi
timescale starting at ~ 150 ms (Fig[Ib) when the postshoclé'on‘_"‘l binding energy of the accreted matter from coheresd fl
flow becomes strongly non-radial, but violent convectiverey Motion to turbulent energy, in fact with Sicient eficiency to
turn has not yet set in (Figl 6, right middle panel). This @ase drive an expansion of the accretion shock. Since some ofithe t
of the advection time leads to a significant growth of the-int@uleént material had obtained positive total energy at theain
grated neutrino heating rate in the gain layer, fiec that be- their simulations, Blondin et al. (2003) concluded that $#eS|
comes even more pronounced when the convective activinsgal? their calculations was able to lead to an explosion. Weato n
strength { > 170 ms). Initially the total specific energy of mos€€® this kind of process going on in our simulations (in agree
of the matter in the gain region is in a narrow range arourgent with the results of Burrows et/al. 2006, 2007). The reaso
—11 MeV per nucleon, but the distribution of specific partie  fOr this discrepancy may be the inclusion of neutrino hegtin
ergies becomes broader by the influence of the large-ardplit@d cooling in our models. Itis possible that the energy yss
SASI and of convective overturn (Fig.120). Due to the large eR€Urino emission below the gain radius prevents tiieient
ergy deposition by neutrinos the mean value of the totalgnerconversion of gravitational binding energy to turbulenemy.
rises and ultimately some fraction of the matter in the gayet Another reason may be the use aférent conditions at the outer
acquires positive total energy and the explosion sets iso Al radial grid boundary in our models; while Blondin et al. (200
Model W00 we see enhanced neutrino heating (up to two tim@gSumed steady-state accretion and thus held the massarccre
higher than in the corresponding one-dimensional simmti "ate fixed with time, the stellar progenitor structure ergplbin
fromt ~ 350 ms on, caused by a combination of nonlinear SASH" Work leads to a continuous decrease of the mass accretion
motions and convective activity (Fig-119). However, duelte t rate at the shock. Therefore less total kmeUc energy.m:ﬂﬂa
low accretion rate at this late time the neutrino luminosity that can be converted to turbulent motions by the distorted a
thus the neutrino heating rate are much lower than in Modg€tion shock.

WOOF att ~ 200 ms. The total energy in the gain layer of Model In our simulations a growth of the turbulent kinetic energy
WO0O increases only temporarily by about 1 MeV per nucleon baf the matter in the gain layer is definitely not the reason for
then drops again soon and continues to decrease slowlyolatestarting the explosions. The corresponding lateral kineti-
(Fig.[20). The distribution of specific energies of mattetie ergy never exceeds a few *@rg in any of our models. This
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5[ . . . . . trino heating only in a simulation with high neutrino lumsity,
C W00 ] while lower-luminosity cases failed to explode.

6.3. The importance of the seed perturbations

|
U

The comparison of our results shows that explosions duhiag t
first second after core bounce do not only require the neutrin
luminosities to be large enough but also that the SASI and con
vection are able to reach the nonlinear phasicently quickly.

total Whether this is the case or not depends on their growth rates,
F — — - Kinetic ] which in turn depend on the properties of the postshock flow.
—20t ) ) ) ) 1 The latter are a complex function of the progenitor strustur
0.25 0.30 0.35 0.40 0.45 0.50 the neutron star contraction, and neutrino cooling andimgat

in the layer between neutron star and shock. Last but nat, leas

|
o

|
(6]

energy per nucleon [MeV]

time [s] also the size of the seed perturbations, i.e. the inhomatighe
present in the collapsing star, can play a role for the dgvelo
St ' ' ' ' ' ] ment and growth of non-radial hydrodynamic instabilitiée®a
i o ] core bounce.
Or T ] In our Models W12F and W12F-c (as well as in most of the

recent simulations with multi-energy group neutrino torsby
Buras et al. 2006¢&,b) the advection time through the gagrliay
so short and the growth rate of convective instabilities. fldn
that region so small that the timescale rgtiof Eq. (8) remains
below the critical thresholgg for a linear growth of globally
unstable modes, i.ey, < yo ~ 3 according to_Foglizzo et al.
(2006), see Eq[16) and also Fig. 3.in Buras et al. (2006b) Thi

_5:
-10F

=15 total

energy per nucleon [MeV]

[ — — - kinetic ] means that the fast advection of the flow from the shock to
-20 ' ' ' ' ' the gain radius suppresses the growth of convective modes ac
0.10 0.12 0.14 0.16 0.18 0.20 0.22 cording to linear stability analysis. However, as explédirie

time [s] Sect[Z.1, in this case buoyancy can nevertheless driveldubb
rise and convective instability in a nonlinear way if thetiei

Fig. 20. Average total (kinetic plus internal plus gravitationazaens'ty perturbations in matter falling through the shock are
energy per baryon (thick solid line) and kinetic energy pérge enough, i.es > dcit €Xp(-y) according to Eq.[{9), with
baryon (dashed line) versus time in the gain layer of Modelsit being typically of the order of some percent (seelEq. 8).
W00 and WOOF. The thin solid lines correspond to the energy The inhomogeneities in the matter upstream of the shock

interval that contains 90% of the mass of the gain layer. originate from seed perturbations in the progenitor star,
whose size and amplitude are not well known because three-

dimensional, long-time stellar evolution simulations foil-

sphere models until the onset of core collapse have not been
is well below the size of neutrino energy deposition and ef ttpossible so far (see, e.q., Bazan & Arnett 1998; Murphy et al.
energy needed for unbinding matter and triggering an eigatos 2004; Young et al. 2005; Meakin & Arngtt 2006, 2007a,b). With
Nevertheless, the non-radial flow associated with the SASIadurassumed initial inhomogeneities in the case of Model2WV1
certainly helpful, in combination with convection actyatiru- and W12F-c (see Tabld 1 and Séctl] 3.2), the perturbation am-
cial for making the neutrino-heating mechanism work. Thie fa plitudes remain below the critical valug;; in the former case,
ure of one-dimensional simulations with the same treatméntwhereas they become larger than this threshold value imttes |
the neutrino physics clearly demonstrates the importaficere  case (see Fi@l 4). Therefore, as visible in Eig. 8, the fagtesv-
radial fluid instabilities, convection and the SASI, for &sess ing non-radial instability on large scales is the SASI in Mbd
of the neutrino-driven explosion mechanism. These hydrody/12F, whereas it is convective overturnin Model W12F-c.yOnl
namic instabilities fiect the gas motion in the gain layer suclbecause of the growth of SASI modes does Model W12F also
that the advection timescale from the shock to the gain gadidevelop convective activity in the gain layer, which entesc
is effectively increased. This enhances tlfitceency of neutrino the dficiency of neutrino energy deposition and finally leads
energy deposition by allowing more matter to be exposeddo tto an explosion also in this case. The crucial role of these no
intense neutrino flux near the gain radius for a longer tinmeisT radial instabilities is demonstrated again by a correspmohe-
both convection and the SASI can be considered as “catalystimensional simulation that does not develop an explodion.
that facilitate neutrino-driven explosions rather thaimpealirect Model W12F the SASI is a key feature in the multi-dimensional
drivers or energy sources of the explosion. As a consequeneelution, because the development of convective modestis n
explosions in multi-dimensional simulations, i.e. evettmthe possible in the first place due to the low initial amplitudepef-
support by convective overturn and the SASI, still requive t turbations and the insiicient growth of these perturbations in
presence of strong enough neutrino heating. Our set of aimuhe advection flow from the shock to the gain radius.
tions clearly demonstrates that only in the case offa@ently Considering Models W12F and W12F-c, however, no notice-
large neutrino luminosity and thus only forfEadiently powerful able memory of the initial source of the low-mode asymmstrie
neutrino heating behind the shock, the models are able to @eretained during the long-time evolution. Although thelega
velop an explosion. This finding is in agreement with the ltasu postbounce evolution of these two models is clearfiedént and
oflOhnishi et al.|(2006), who also obtained an explosion hy nethe times of the onset of the explosiofffdr, the global parame-
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ters of the explosion become very similar (see Table 1).Héeit sion and contraction with growing amplitude due to the SASI
the explosion energy nor the neutron star mass and kickityelogroduce strong entropy variations in the postshock flowctvhi
are strongly ffected by the dferent explosion times, becausean then drive convective instability. Even when the neotri

the conditions in the infalling stellar core change only ender

heated layer is not unstable to convection in the first pltee,

timescales and the ejecta energy and neutron star recdd byterturbations caused by the SASI oscillations can thus e th
up over a much more extended period of time after the launchtdfyger of “secondary” convection.

the explosion (see Paper I). Since the anisotropies dechbng-

Our detailed analysis of the evolution of the SASI modes in

ically and in a very irregular way during the nonlinear phdlse our simulations, of their dependence on the model paras)eter
final ejecta morphology is the result of a stochastic proeess and of the cooperation between convection and the SASI in the
does not depend in a deterministic and characteristic ntamme nonlinear regime revealed the following facts:

the type of non-radial instability that has grown fastestradore
bounce. It therefore seems unlikely that observationamar
ters of supernova explosions are able to provide evidentieeof
initial trigger of the large-scale anisotropies that depeh the
early stages of the explosion. Future simulations with aender
tailed treatment of the neutrino transport (instead of qorax-
imative description) and without the use of the inner boupda

condition of the present models will have to show whether the

gravitational-wave and neutrino signals carry identifiger-
prints of this important aspect of supernova dynamics.

7. Summary and conclusions

We performed a set of two-dimensional hydrodynamic simu-

lations with approximative neutrino transport to inveatgthe
role of non-convective instabilities in supernova expbosi. As
initial data we used a postbounce model of aMibprogenitor

star, which had been evolved through core collapse and lgounc

in a computation with detailed, energy-dependent neutrarss-

port. For following the subsequent, long-time evolutidre heu- 2.

tron star core (above a neutrino optical depth of about 1G3) w
excised and replaced by a contracting Lagrangian innerdsoun

ary that was intended to mimic the behavior of the shrinking,

nascent neutron star. The models of our seded in the choice

of the neutrino luminosities assumed to be radiated by the ex
cised core, in the prescribed speed and final radius of the con

traction of the neutron star, and in the initial velocity foeba-
tions imposed on the 1D collapse model after bounce.

Our hydrodynamic simulations indeed provide evidence —

supporting previous linear analysis (Foglizzo et al. 2(B8)7;
Yamasaki & Yamada 2007) — that twoftérent hydrodynamic
instabilities, convection and the SASI (Blondin et al. 2NQR:-
cur at conditions present during the accretion phase otétied

shock in collapsing stellar cores and lead to large-scale; | 3.

mode asymmetries. These non-radial instabilities carrlglea
distinguished in the simulations by their growth behavio¥,
cation of development, and spatial structure. While cotivec
activity grows in a non-oscillatory way and its onset cande r
ognized from characteristic mushroom-type structuresapp
ing first in regions with steep negative entropy gradierits, t

1. When the SASI reaches large amplitudes and supersonic lat

eral velocities occur in the postshock flow, sheets with very
steep unstable entropy gradients are formed. As a conse-
quence, low-mode convective overturn grows in a highly
nonlinear way. Since the SASI and strong convective activ-
ity push the accretion shock to larger radii, they reduce the
infall velocity in the postshock layer. Moreover, the flow in
the neutrino-heating region develops large non-radialcrel

ity components and therefore the accreted matter staygin th
gain layer for a longer time. This increases the energy de-
position by neutrinos in this region and facilitates thelexp
sion. However, like convection the SASI does not guaran-
tee an explosion on the timescale considered in our simula-
tions (in agreement with the findings|of Burrows et al. 2006,
2007): the kinetic energy associated with the SASI remains
negligible for the explosion energetics. Therefor&isiently
strong neutrino heating and consequently ficiently large
neutrino luminosity are still necessary to obtain explosio

The growth rate (and amplification) and oscillation fre-
quency of the SASI depend sensitively on the advection time
from the shock to the coupling region and the structure of the
flow in this region. The latter, in turn, depends on the neutro
star contraction (which has a strong influence on the shock
radius), on the neutrino luminosities and the correspandin
heating and cooling, and on the mass accretion rate of the
stalled shock in the collapsing star. For a wide range of in-
vestigated conditions (changing the parameters of our mod-
els), we found the SASI being able to develop large ampli-
tudes on timescales relevant for the explosion. Therefme t
SASI turned out to create large-scale anisotropy also iescas
where convective activity was not able to set in in the first
place.

In our simulations we could clearly identify a faster cant

tion and a smaller radius of the excised core of the nascent
neutron star as helpful for an explosion. We therefore con-
clude that a softer high-density equation of state and géner
relativity, which both lead to a more compact neutron star,
are favorable for an explosion. This is so because on the one
hand the accretion luminosities of neutrinos become hjgher

SASI starts in an oscillatory manner, encompasses the whole correlated with stronger neutrino heating behind the extall
postshock layer, and leads to low-mode shock deformatidn an shock, and on the other hand the amplification of the SASI

displacement.

As discussed by Foglizzo etlal. (2006), the growth of convec-

tion is suppressed in the accretion flow because of the rapid i
fall of the matter from the shock to the gain radius, unletseei
neutrino heating is so strong and therefore the entropyigmad
becomes so steep that the advection-to-growth timesctte ra

(v of Eq.[8) exceeds the critical valyg ~ 3, or, alternatively, 4.

sufficiently large density perturbations in the accretion flofv (c
Eq.[9) cause buoyant bubbles rising in the infalling matérile
convective instability is damped by faster infall of acemat-
ter, the growth rate of the SAShcreaseswvhen the advection
timescale is shorter. Moreover, the quasi-periodic shoglae-

increases with enhanced neutrino heating. Since thelinitia
growth of convection is damped or suppressed by more rapid
infall, the presence of the SASI instability and its ability
trigger convection as a secondary phenomenon, play a cru-
cial role for the final success of the delayed neutrino-heati
mechanism.

The amplitude of the initial seed perturbations in théeqrs-

ing core of the progenitor star, which is not well constrdine
due to the nonexistence of fully consistent and long-euwblve
three-dimensional stellar evolution models, has an infleen
on the question whether convection or the SASI develop
more rapidly after core bounce. While this can determine
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