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ABSTRACT

With a numerical approach along the lines of Nordhaus et201¢) but a modified approximation of neu-
trino effects we explore the viability of the neutrino-heating metsia of core-collapse supernova explosions
in dependence on the spatial dimension of the model sinoulgtiOur results do not confirm the previous find-
ings. While we also observe that two-dimensional (2D) meeé&plode for a lower driving neutrino luminosity
than those in spherical symmetry (1D), we do not find that@siphs in 3D occur easier and earlier than in
2D. Moreover, we find that the average entropy of matter ingdie layer hardly depends on the dimension
and thus is not a good diagnostic quantity for the readiressplode. Instead, the mass, integrated entropy,
total neutrino-heating rate, and nonradial kinetic enéngie gain layer turn out to be higher for models that
are closer to explosion. Coherent, large-scale mass nsdi®typically associated with the standing accretion-
shock instability (SASI), whose low spherical-harmoniosdes have the highest growth rates, are observed
to be supportive for the explosion because they drive stetrogk expansion and thus enlarge the gain layer
including its mass and its integral values of entropy, neatenergy deposition, and nonradial kinetic energy.
While 2D models with better angular resolution explode idjemore easily, the opposite trend is seen in 3D.
We interpret this as a consequence of the turbulent enespada, which transports energy from small to large
spatial scales in 2D, thus fostering SASI activity, wheitbasenergy flow in 3D is in the opposite direction and
feeds fragmentation and vortex motions on smaller scalekjnmg the 3D evolution more similar to 1D when
finer grid resolution is used. More favorable conditionsdrplosions in 3D may therefore be tightly linked to
efficient growth of low-order SASI modes including nonaxisyntneeones.

Subject headings: supernovae: general — hydrodynamics — stars: interiors dtime

1. INTRODUCTION with a moderate amount of angular momentum in the progen-
Recent simulations in two dimensions (2D) with sophisti- itor sFar (e.g.mmmmmm&t al.
cated neutrino transport have demonstrated that the neutri 2009; Fernandez 2010), and thus could lead téerinces
driven mechanism, supported by hydrodynamic instaslitie 1" the hydrodynamic and thermodynamic conditions for the
toperation of the neutrino-heating mechanism. In particula

in the postshock layer, can yield supernova explosions a . ! .
P 4 y b b 3D flows might cause important changes of the dwell time of

least for some prog_en!.tor stars (1:5_.%)'6}'[1hdel\/le@§pcl)g§ison|goc_ postshock matter in the layer where neutrinos deposit gnerg
cur relatively late after bounce and tend to have fairly low }’i"cf?('ac:c';‘;%r]léc'naé l?t?i%%cfj?i\(/aglndIsnugpgt)r?(;cz;hmeevéﬁglrhlitgrr?rzgo?;e
energy, being “marginal” or only slightly above the “criti- X -

cal threshold” in this Sens 010) obtained aaspects of this were discussed by Murphy & Burfows 2008
similar explosion for a 181, progenitor in their axisym- and.Marek & Janka 2009). .

metric simulations. However, the Oak Ridge group has , ndeed, employingasimplified treatment of neutrifieets
found stronger and earlier explosions for a wider range of PY including local neutrino-cooling and heating terms for a

progenitors|(Bruenn et 41 2009), while in purely Newtonian chosen value of the neutrino luminosity and spectral temper
: ' ature instead of solving the computationally intense rieoitr

simulations with multi-dimensional neutrino filision (in- | 0) found iderabl :
cluding energy dependence but without energy-bin coupling transport. Nordhaus etall_(2010) found considerably easie
Burrows et al |.(TQ_86.._2QD7) could not see any success of the@nd earlier explosions in 3D than in 2D. In the context of
delayed neut%ino—driven mechanism. the concept of a critical value of the neutrino luminositgtth
While the reason for the discrepant results of these sim-(for @ given mass accretion rate onto the stalled supermnova
shock) has to be exceeded to obtain neutrino-driven explo-

ulations cannot be satisfactorily understood on the bdsis o0 >. - = 2
published results, the marginality of the 2D explosionsheft  31ONS melwmgga

Garching group and the lack of neutrino-driven explosions 129—0-1 ; - .

in the si?nglati(?ns by Burrows etlal. (2006, 2007) rari)ses the Pejcha & Thompson 2011), theg/ quantified the improvement

important question about the influence of the third spatial © 3P (elat|\|/e tOIZD by a |15—2hSA) rgductlo(;w ﬁf thgeDC”t'Cal lu-

dimension on the post-bounce evolution of collapsing stel- MiNOsity value. In particular, they observed that 3D pastsh

lar cores. Three-dimensional (3D) fluid dynamics with their CONVection leads to higher average entropies in the netrin
eating layer, thus improving the conditions for shockvabi

inverse turbulent energy cascade compared to the 2D Casg ianifi hi tth id h f
are likely to change the flow pattern on large scales as well9U€ 0 a significant stretching of the residence time of mat-
ter in the layer where it gains energy from neutrinos. Very

as small scales. They could have an influence on the ex- h .
istence and the growth rate of nonradial hydrodynamic in- "écently. Takiwaki et al.(2011) reported enhanced maximum
stabilities in the supernova core even in the absence of stel dWell times of a small fraction of the material in the gain

- : : : ion i 3D simulation compared to the 2D case of an
, e.g.. lwakami et &l. 20 regionin a . e 2D
lar rotation (see, e 08) but in partieul 11.2M, star, but could not unambiguously link thiffect to
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an easier explosion of the 3D model. In particular, their 3D nak-kinetic) fluid energy density. These equations are in-

simulation showed a shock expansion that was more delayedegrated in a conservative form (for which reason the en-

than in the 2D run, and the 3D conditions did not appear moreergy equation is solved for the total energy density) us-

favorable for an explosion with respect to a variety of quan- ing the explicit, finite-volume, higher-order Eulerian, it

tities like the net heating rate, the heating timescale er th fluid hydrodynamics code#8merueus (Fryxell et al. ILIl

profiles of maximum and minimum entropies. Milller et al.[1991alb). It is a direct implementation of the
In this paper we present a comparative investigation for Piecewise Parabolic Method (PPM)|of Colella & Woodward

11.2M, and 15M, progenitors in one, two, and three di- (1984) using the Riemann solver for real gases developed by

mensions along the lines of the study by Nordhaus et al. [Colella & Glaz (1985) and the directional splitting apprbac

(2010), varying the driving neutrino luminosities useding- of [Strang [(1968) to treat the multi-dimensional problem. In

dependent collapse simulations of the two stars. While ourorder to prevent odd-even couplirm94i we switch

results for spherically symmetric (1D) and 2D models basi- from the original PPM method to the HLLE solver of Einfeldt

cally confirm the dimension-dependenffdiences found by  (1988) in the vicinity of strong shocks. The advection of nu-

Murphy & Burrows (2008) and_Nordhaus etlal. (2010), our clear species is treated by the Consistent Multi-fluid Advec

calculations do neither exhibit a strict 1D-2D-3D hierarcif tion (CMA) scheme of Plewa & Muller (1999).

the average entropy in the gain layer, nor do they show any To facilitate comparison with_Nordhaus etlal. (2010) we

clear signs that 3Dfeects facilitate the development of the also employ the high-density equation of state (EoS) of

explosion better than nonradial motions in 2D. Attemptiog t m 19 8) and do not include general relativistie co

understand the reason for this puzzling finding we vary the rections. We use the monopole approximation of the Poisson

resolution of the spherical coordinate grid used for our 2D equation to treat Newtonian self-gravity.

and 3D simulations. The outcome of these studies reflects To make our extensive parameter study possible, we use the

the action of the energy flow within the turbulent energy cas- local source terms applied by Murphy & Burrows (2008) and

cade. The latter transports the driving energy provided bylNordhaus et al.| (2010) instead of detailed neutrino trartspo

neutrino heating and gravitational energy release in the ac (seel Janka 2001 for a derivation of these source terms). In

cretion flow from small to large scales in 2D and opposite this approach the neutrino heating and cooling r&ésnd

in 3D. Models in 2D show growing large-scale asymmetry Q; are given by

and quasi-periodic time variability and explode clearlgiea 5

with higher resolution, whereas in 3D better resolved mod- Q* =1.544. 1020( L. )( Ty, ) (4)

els are observed to become more similar to the 1D case and v 1052erg s1)\4 MeV

thus to be farther away from an explosion. This suggests that 2

the success of the neutrino-driven mechanism could beytight (100 km) (Y LY, ) g Ter erg

linked to the initiation of strong non-radial mass motions i r neee gs|’

the neutrino-heated postshock layer on the largest pessibl

scales, implying that the easier explosions of our 2D mod- Q; = 1.399. 1020( ) (Y LY, ) g Ter erg (5)

els with higher resolution are a consequence of more violent 2MeV neee gs|’

activity due to the standing accretion-shock instabil®AGSI; Th imati d don local it v th

Blondin et al/ 2003), whereas the better resolved 3D models, ese appﬁomma lons %peﬂ (()jr.‘ oca q]yan ' |hes, name yf

for the employed artificial setup of supernova-core condgi ensityp, the temperature, the distance from the center o

tend to reveal considerably reduced amplitudes of low-orde ':?e ?(taz;rr A ?;?detre ?r?lgroﬁgnt?]2rg;‘ggtrr(‘)unr?nbeertfrr.ggt'ldﬂqands.t
spherical-harmonics modes of nonradial deformationansith ' pectiv yt. g Tt b u II ) ;Jh mxlb It
behave more similar to the 1D case. . is a parameter and is assumed to be equal to the electron

The paper is structured as follows. In Sddt. 2 we briefly antineutrino luminosityty, = L,,. The neutrino temperature

: ; ; : : T,, is setto 4 MeV.
describe our numerics and implementation of neutrino surc e .
terms. In Secf]3 we give an overview of the simulations pre- 1€ €mployed source terms, EdS. (4) did (5), without the

sented in this paper. Our investigations of the dependeince O](‘jactczrse*’eg allrtehvailid fo_;_optically t['i.” re;gions O”'X{- h'.” r?r'
the critical luminosity on the spatial dimension will be pre t'erl 8 mt?\ € ef |r|an3| lon 10 neutrino rapf(l)ng ad Iglt'olp-
sented in SecEl4 and results of resolution studies in Bect. 5,ca, 9€PtNS, We 1o Q“Mhﬁus—e-t-bw ._(2010) and multiply
An interpretation of our findings will follow in Sedt] 6. Sec- the heating and cooling terms ky'™ to suppress them in the

tion[7 contains the summary and conclusions inner opaque core of the proto-neutron star. Here, the alptic
' depth for electron neutrinos and antineutrinos is defined as

2. NUMERICAL SETUP oo
We solve the equations of hydrodynamics reflecting the Tenr() =fr Kerr(1') dr” . (6)
conservation of mass, momentum, and energy, _ _ )
a The dfective opacitykes was derived by Janka (2001) and
dp given inlmw;.m%:
StV v =0, (1)
2
P TVe —1
Keg ~ 1.5-1077 - X, ( )( )cm )
aat +V-(V®V)+ VP = —pVO, ) "P\10°g cnr3 /|4 Mev
de whereX,p = %(Yn + Yp) accounts for composition averag-
i V-[(e+P)v]=—pv-VO+p(QF -Q;), (3) ing. In multi-dimensional simulations we evaluate the aadi
integration for the optical depthy independently for each
wherep is the mass density, the fluid velocity,® the grav- latitude 6 in 2D and each pair of latitudinal and azimuthal

itational potential,P the pressure, aneé the total (inter- angles ¢,¢) in 3D. Note that in_Murphy & Burrowsl (2008)
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the exponential suppression factor is absent in the heatidg
cooling terms (or was not mentioned), which otherwise agree
with ours, while no definition of thefBective optical depth
7o is given in[Nordhaus et al[ (2010). The facfof, + Yp)
in Egs. (@) and(5) is included In_Nordhaus ef al. (2010), but
not iniMurphy & Burrows|(2008) and Murphy etlal, (2009).

The time period from the onset of the collapse until 15ms
after bounce was tracked with the@drieTHeUs-VERTEX cOde
(Rampp & Janka 2002) in 1D including its detailed, multi-
group neutrino transport, all relevant neutrino reactiond a
“flashing treatment” for an approximative description of nu
clear burning during infall. This means that until 15 ms afte
bounce we describe neutrinfiects including the evolution of
the electron fractioiYe with high sophistication. At 15 ms af- 0.0 0.2 0.4
ter core bounce we switch to the simple neutrino heating and tob [S]
cooling terms and upon_mappir]g from 1D to 2D also impose Fic. 1.— Time evolution of the mass accretion rat(r) = 4zr2p(r) |v(r)|
(on the W.hOIe cpmputatlon_al grid) random zone-tc_)-zone Seedevalﬁafed at 500 km for the 11\, and the 19Vl progenitors in nonexpldd-
perturbations with an amplitude of 1% of the density to break jng models.
spherical symmetry.

Although during the subsequent evolution we apply the

heating and cooling expressions of Es. (4) ddd (5) follow-  This choice can be justified, but it is certainly not a perfect
ing [Nordhaus et al. [ (20110) and Murphy & Burrows (2008), approach because it may also excludfiees of importance
we refrain from adopting their treatment of ch_anies of the in real supernova cores, whose physical processes rebeire t
electron fractiore. Following a suggestion by Liebendodifer inclusion of neutrino transport for an accurate descriptié
(2005), they prescribedl, simply as a function of density, the energy and lepton-number evolution. One of the unde-
Ye(p), instead of solving a rate equation with source terms sired consequences of keepi¥gfixed in the accretion flow
for electron neutrino and antineutrino production andmest  after core bounce is an overestimation of the electron press
tion consistently with the expressions employed for neotri  in the gas settling onto the forming neutron star. In order to
heating and cooling._Liebendorfer (2005) found that such enforce more compression and thus to ensure close similar-
a parametrization, supplemented by a corresponding gntrop ity of our results to the 1D models studiedby Nordhaus ét al.
source term (and a neutrino pressure term in the equation o{2010) and Murphy & Burrows (2008), we have to enhance
motion), yields results in good agreement with 1D simula- the net cooling of the accreted matter by reducing tiiece
tions including neutrino transport during the collapsesgha  tive opacityxes by a factor of 2.7 compared to the value given
until the moment of bounce-shock formation. A univergal inMurphy et al.[(2009) and in Eq. (7). This reduction facsor i
p-relation, which serves as the basis of this approximatish a chosen such that our simulations reproduce the minimum val-
can be inferred for the infalling matter during the homolo- yes of the critical luminosity found to be necessary forgeig
gous collapse phase, however, applies neither for the evoluing explosions of the 181, progenitor (26- 10°2erg st) and

tion of the shocked accretion flow in the post-bounce phasef; ihe 11.2M, star (13- 102ergs?) in the 1D simulations

%W%utrino—heated glyas (see, e.g., Fig._n?].Q | ofMurphy & Burrows [2008). Without the reduction factor of
011). For example, a comparison with su-, - "o;r models turn out to explode too easily because of weak
pernova models with detailed neutrino transport shows that qqjing. We stress that any exponential suppression faétor
theYe-p-relation fitted to the homologous phase overestimatesy, o heating and cooling rates in EqS(4,5) is a pragmatic and
the deleptonization of the gas in most of the gain layer butun 54 hoc procedure to bridge the transition from the optically

derestimates the lepton loss of matter in the cooling lagér a i ¢4 the optically thick regime, where neutrino tranggsr
neutrinospheric region. Moreover, the question arisesthew 1 complicated. From transport theory neither the expo-

lepton evolution shall be treated in matter that reexpands a ,antial factor nor the exact definition of the optical depth o
thus moves from high to low density? Even more, the entropy . exponent can be rigorously derived.

source term introduced in Eq. (5) lof Liebenddrier (2005) is '\ o+ reference set of standard simulations, we employ 400
designed to specifically account for gas-entropy changes du o _equidistant radial zones, which are distributed froe t

to neutrino production by electron captures and SUbsequenEenter to an outer boundary at 9000km. The latter is suf-
energy transfers in (neutrino-electron) scatterings. @  fiiently far out to ensure that the gas there remains at rest
responding energy loss or gain rate of the medium throughy,,ringthe simulated evolution periods. The radial zones ar
the escape or capture of electron neutrinos with mean energy.posen such that the resolutian/r is typically better than
E,., which is given by6Q,,/t = E,, 6Ye/dt, is notincluded 304 i the interior of the neutron star and between less than
in the heating and cooling ter@y; andQ, of Egs. [A5) of 194 and 1.5% around the neutrinosphere and outside of the
the present work. Adding it as an extra term would imply par- e tron star. In the multi-dimensional models, we employ a
tial double-counting of the energy exchange via electrarné  o|ar grid with an angular resolution of 860 6- and 120¢-
trinos, and omitting it means to overestimate the entropy in 7ones) or better. For the high-resolution models of Sdct. 5
crease in infalling, deleptonizing matter and to undeneste e compute with 600 radial zones and in 2D with an angu-
entropy gains of decompressed gas with growfagdecause |4y resolution down to 05 in 3D down to 1.5. To avoid an

of tr;]e Igng .”Sdt of such incr)nsiséengée%, whose irrr11plicasion extremely restrictive Courant-Friedrich-Lewy (CFL) tigtep
are hard to judge or control, we decided to ign¥gg@&hanges ;o iti-dimensional simulations, we simulate the innereco

of the stellar medium in our simulations. above a density gf = 102 g/cm?® in spherical symmetry.

M [M o/s] @ 500km

0.6 0.8
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els). In Fig.[l the mass accretion rates of the M,2and
11.2Mg anp 15Mg RESUL;I—SAV?II;ESJ%ANDARD GRID OF 400 RADIAL 15 Mo progenltors_ a_lre dep|c_ted for -the .r]onexplodlng runs
JONES AND 3 DEGREES ANGULAR RESOLUTION. with the lowest driving neutrino luminosities. Because the
shock can be largely deformed in multi-dimensional simula-

1D 2D 3D tions and its outermost parts can extend beyond 500 km (and
Lye texe®  Mexp®  texp  Mexp  texp Mexp thus impede a clean determination of the mass accretion rate
(1CP%ergs) (ms) Mo/s) (ms) Mo/s) (ms) Mo/s) when its average radius just begins to exceed 400 km, we refer
to the functions plotted in Fil 1 for defining the mass accre-
11.2Mo tion rate at the time when the explosion sets in.
0.8 - - - - — -
09 - - - - 731 0.085 4. CRITICAL LUMINOSITY AS FUNCTION OF DIMENSION
1.0 - - 563  0.082 537 0.086 Based on steady-state solutions of neutrino-heated and
" - T 0 e ol -cooled accretion flows between the stalled shock and the
13 819 0082 307 0114 ' proto-neutron star surface, Burrows & Goshy (1993) identi-
1.4 499 0.088 241 0.126 232 0.130 fied a critical condition that can be considered to separate e
15 380 0100 232 0.130 ploding from nonexploding models. They found that for a
1.6 345 0106 203 0137 given value of the mass infall ratd onto the accretion shock
15M, steady-state solutions cannot exist when the neutrintirgea
55 — — — — — — rate in the gain layer is siiciently large, i.e., for neutrino
21 _ _ _ _ _ _ luminosities above a threshold valug. This result can be
2.2 - - 876 0.197 612 0.226 coined in terms of a critical conditioh, (M) expressing the
2.3 - - 428 0261 426 0.261 fact that either the driving luminosity has to beffaziently
2.4 B B 442 0259 high or the damping mass accretion rate_enough low for an
25 - - 283 0313 281 0.314 . . o,
26 710 0215 285 0.312 explosion to become possible. The critiddtL,-curve was
2.7 489 0.247 262 0.316 interpreted by Burrows & Goshy (1993) as a separating line
g-g ggg géﬁ ggg gggg 236 0.324 between the region above, where due to the non-existence
30 258 0318 236 0324 of steady-state accretion solutions explosions are eggéot
3.1 248 0.320 220 0.327 take place, from the region below, where neutrino energy in-

put behind the shock is infiicient to accelerate the stalled

2 Electron-neutrino luminosity. . ]
y shock outwards and thus to trigger an explosion.

b Time after bounce of onset of explosion. A™symbol indicates that the

model does not explode during the simulated period of elgsiut This_ interpretation qf the. stead_y—state results. was censis
¢ Mass accretion rate at onset of explosion. tent with hydrodynamical simulations of collapsing and ex-
3. INVESTIGATED PROGENITORS AND MODELS ploding stars in 1D and 2D hy Janka & Muller (1996). Per-

. forming a more extended parameter study than the latter,work

Our models are based on theMI5 progenitor star s15s7b2  [Murphy & Burrows (2008) explored the concept of a critical
of Woosley & Weaver|(1995) and an 1IMg, progenitor of  congition systematically with time-dependent hydrodyiram
Woosley et al.[(2002). The calculations for these progesiito cal models. They showed that a critical luminosity indeed
with our standard angular resolution 6f&e summarized in  separates explosion from accretion and confirmed that this
Tabldj- Th|S table IS arranged SUCh that hOI’IZOI’]tal rowse ha.V Value is |0wered byw30% When going from Spherical Sym_
the same driving luminosities for simulations performed in metry to two dimensions, at least when a fixed driving lumi-
different dimensions. Varying the prescribed driving luminos- nosity is adopted and feedbacfexts of the hydrodynamics
ity L, from run to run we present for each of the 1M2and  on the neutrino emission are ignored. Some #Bas includ-
15Me progenitors several 1D, 2D, and 3D simulations. All ing possible consequences of rotation were discussedebefor
of the 1D and 2D simulations cover at least 1s after bounce.on grounds of steady-state models i ada
The nonexploding 3D simulations with standard angular res- (2005, [2006), while_Jankd (2001) tried to include time-
olution of 3 degrees were not stopped until at least 600 ms af-gependent aspects of the shock-revival problem and took
ter bounce.. FOI‘_mOde|S with h|gher resolution the simutatio into account an accretion Component of the neutrino lumi-
times are given in _Tab 2. ) nosity in addition to the fixed core component. The influ-

In Table[1 the time of the onset of an explosion and the ence of such an accretion contribution was more recently
mass accretion rate at that time are I|§ted as Charaorberlstl also estimated by Pejcha & Thompsan (2011), who solved
quantities of the models. The beginning of the explosion the one-dimensional steady-state accretion problem leetwe
is defined as the moment of time when the shock reacheshe neutron star and the accretion shock along the lines of
an average radius of 400km (and does not return lateron)Byrrows & Goshly [(1993), but attempted to obtain a deeper
while nonexploding models are denoted by-d Symbol. In understanding of the critical condition by comprehensivel
multidimensional simulations the corresponding shocki-pos  analysing the structure of the accretion layer and of the lim
tion is defined as the surface average over all angular direciting steady-state solution in dependence of the stelladio
tions,(Rs) = 4—1” SﬂdQ Rs(Q2). The lowest driving luminosity  tions. They found that the critical value for the neutrinmliu
yielding an explosion for a given value of the mass accretion nosity is linked to an “antesonic condition” in which theicat
rate is termed the critical luminosity (Burrows & Goshy 1893 of the adiabatic sound speed to the local escape velocingin t
Murphy & Burrows 2008). We determine the mass accretion postshock layer reaches a critical value above which steady
rate M(r) = 4nr2p(r) |v(r)| at the time of the onset of the ex- state solutions of neutrino-heated accretion flows canaot b
plosion just exterior to the shock, i.e. at a radius of 500 km, obtained.| Nordhaus et all_(2010) generalized the investiga
where the infalling envelope is spherical (except for thalém  tion of[Murphy & Burrows5 (2008) to include 3D models and
seed perturbations imposed on the multi-dimensional mod-found another reduction of the threshold luminosity forlexp
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Fic. 2.— Critical curves for the electron-neutrino luminosfty,.) versus mass accretion ratel) (left plot) and versus explosion tirtgyy (right plot) for
simulations in 1D (black), 2D (blue), and 3D (red) with stardiresolution. The accretion rate is measureed just @utdithe shock at the timiy, when the
explosion sets in. The results of the 1M2 models are represented by plus symbols and those of tig, IBodels by diamonds. All models were computed
with standard resolution.

1000F 16
[ 1.4

] tioned works. None of the mentioned systematic studies by
1 steady-state or hydrodynamic models was able to include ad-
equately the complexity of the feedback between hydrody-

800 namics and neutrino transport physics. In particular, nafne
these studies could yield the proof that the non-existerce o
g 6001 a steady-state accretion solution for a given combination o
= - mass accretion rate and neutrino luminosity is equivalent t
@ [ the onset of an explosion. The latter requires the persisten
~ 400 of sufficiently strong energy input by neutrino heating for a
[ sufiently long period of time. This is especially important
200l becausk Pejcha & Thompson (2011) showed that the total en-
I ergy in the gain layer is still negative even in the case of the
[ limiting accretion solution that corresponds to the caitilu-
O minosity. Within the framework of simplified modeling se-
1000 tups, however, the question cannot be answered whether such
I a persistent energy input can be maintained in the environ-
- ment of the supernova core.
8001 Following the previous investigations by
— i {(2008) and[_Nordhaus etlal.[(2D10)
g 600 we performed hydrodynamical simulations that track the
= [ post-bounce evolution of collapsing stars foffelient, fixed
4 values of the driving neutrino luminosity. Since the mass

400} accretion rate decreases with time according to the density
profile that is characteristic of the initial structure ofeth
progenitor core (see Fidl] 1 for the 11.2 andM5 stars
considered in this work), each model run probes the critical

value of Mey, at which the explosion becomes possible for

200}

5 the chosen value of, = L, = L;,. The collection of
0.0 0. O‘4t b [S]O'e 0.8 1.0 value pairs Mexp L,,) defines a critical curvé, (M). These
P are shown for our 1D, 2D, and 3D studies with standard
Fie. 3.— Time evolution of the average shock radius as functidhepost- resolution for both progenitor stars in the left panel of. Eg

bounce timetyy, for simulations in one (thin dashed lines), two (thin solid - ]
lines), and thp;ee dimensions (thick lines). The shock mosis defined as and in the case of the 18, star can be d|reCt|y compared

the surface average over all angular directions. The toplmows results with _Fig. 1 of[Nordhaus et dl.| (2010). .TatiE 1 lists, as a
for the 11.2M, progenitor and the bottom panel for the 5 progenitor, all function of the chosehve, the corresponding times, when

obtained with our standard resolution. fierent electron-neutrino luminosi- ; ;
ties (labelled in the plots in units of ¥erg s1) are displayed by dierent the onset of the explosion takes place and the mass accretion

colors. rate has the value d¥le.,. The post-bounce evolution of a
_ collapsing star proceeds from high to low mass accretian rat
sion by 15-25% compared to the 2D case. (Fig.[D), i.e., from right to left on the horizontal axis ofeth

Despite the basic agreement of the outcome of these investiteft panel of Figl2. WherM reaches the critical value for
gations it should be kept in mind that it is not ultimatelyale  the givenL,,, the model develops an explosion. The right
whether the simple concept of a critical threshold conditio panel of Fig[2 visualizes the functional relations between
separating explosions from failures (and the dependerfces oneutrino luminosities.,, and the explosion times,, for both
this threshold on dimension and rotation for example) holds progenitors and for the simulations witHfgirent dimensions.
beyond the highly idealized setups considered in the men-
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At first glance Fig[R reproduces basic trends that are vis- 15+ i
ible in Figs. 17 of Murphy & Burrows| (2008) and in Fig. 1
of[Nordhaus et al.[ (2010). For example, the critical luminos
ity increases for higher mass accretion rate and the vatues f
spherically symmetric models are clearly higher than those
for 2D simulations. However, a closer inspection reveals in
teresting diferences compared to the previous works.

¢ In general the slopes of our critical, (M)-relations
appear to be considerably steeper and in the case of
the 15M, star they exhibit a very steep rise above
M ~ 0.31Myst. This means that explosions for
higher mass accretion rates are much harder to obtain
and therefore the tested driving luminosities in our sim-
ulations do not lead to explosions earlier than about
200 ms after bounce, independent of whether the mod-
eling is performed in 1D, 2D or 3D. In contrast, the
critical curves given by Nordhaus etlal. (2010) show a
moderately steep increase over the whole ran%]e of plot-
ted mass accretion rates between abouM), $* and
more than 0.3/, s 1.

<s> [kg/baryon]

e Nonradial flows in the 2D case, by which the residence
time of accreted matter in the gain layer could be ex-
tended or more matter could be kept in the gain re-
gion, reduce the critical luminosities by at mesit5%
of the 1D-values for the 1Bl, star and<25% for
the 11.2M, model, which is a somewhat smaller dif-

ference than found by Murphy & Burroivs (2008) and
Nordhaus et al.| (2010).

e Mostimportant, however, is the fact that we cannot con-
firm the observation by Nordhaus etlal. (2010) that 3D
provides considerably more favorable conditions for an
explosion than 2D. Our critical curves for the 2D and
3D cases nearly lie on top of each other. There are
minor improvements of the explosion conditions in 3D
visible in both panels of Fi§.]2 and the numbers of Ta-
ble[d, e.g., a 10% reduction of the smallest valué of
for which an explosion can be obtained for the 12
star, a~260ms earlier explosion for the lowest lumi-
nosity driving the 19V, explosion (22 - 10°%2ergs™?),
and a tendency of slightly faster 3D explosions for all

<s> [kg/baryon]

<s> [kg/baryon]

tested luminosities (see FIg. 3 and Tdhle 1). All of these ol . . .

more optimistic 3D features, however, will disappear 0.0 0.2 0.4 0.6 0.8 1.0
for simulations with higher resolution as we will see in tob [S]

Sect[5.

Fic. 4.— Time evolution of the mass-weighted average entrofiiengain

; i ; region for one-dimensional (thin dotted lines), two-dirsiemal (thin solid
Before we discuss the ongin of thefiiirences between lines), and three-dimensional (thick lines) simulatiorithwdifferent angular

our results and those of Murphy & Burrows (2008) and resoiutions (corresponding tofiérent colors). The top panel displays the
Nordhaus et al.[ (2010) we would like to remark that the kinks 11 2m,, results for an electron-neutrino luminositylof, = 1.0-1052erg s,

and even nonmonotonic parts of the curves shown in[Eig_ 2the middle panel shows the M, runs for an electron-neutrino luminosity

in particular for the multi-dimensional cases are conrgcte of L. =21-10°?ergs™, and the bottom panel the M, models forL,, =

to our definition of the explosion time as being the moment 2~F2)H;g:gff% s nltmTuf:)% strong C:'ﬁg::gg gigtr?;saﬁ?ni gpgﬁ?%;m terminates
when thﬁ meahn S?\OClT( :jadflus ex.cee.dsl 400 kmh. E]S.peCIa.”y 'rg growing mass of coo’Ier (low-entropy) gas is added into Hie fyer after
cases where the shock deformation is large (which is an issu@eing swept up by the expanding and accelerating shock wave.

mainly in some of the 2D simulations) this definition is asso-

ciated with significant uncertainty in the determinatiortte  of arbitrariness if detailed neutrino transport is not irtetd

exact explosion timéx, and therefore also of the correspond-  in the modeling (cf. the discussion in Sddt. 2). The fact that

ing mass accretion ratdeyp. Murphy & Burrows (2008) found fairly good overall agree-
A more detailed analysis, which we will report of below, ment between their critical relatiohs(M) and those obtained

reveals that the exact values of the critical luminosities a by Burrows & Goshy|[(1993) is likely to be linked to a basi-

well as the detailed slope of the critical curves seem to de-cally similar treatment of the neutrindfects.

pend strongly on the employed description of neutrino ef- The steep rise of our critical curves for mass accretiorsrate

fects, whose implementation is subject to a significanteegr larger than~0.31M, s™* in the case of the 1Bl, progeni-
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Fic. 5.— Scatter-plots of the entropy structure as functionaolius for simulations of the 11M progenitor with an electron-neutrino luminosity bf, =
1.0- 10°%ergs? at 400 ms (left) and 600 ms (right) after core bounce. The wd dorrespond to the 2D results, black ones to 3D, the lighe line is the
entropy profile of the 1D simulation, and the dark-blue angegrcurves are mass-weighted angular averages of the 2DDantbdels, respectively. Both
multi-dimensional simulations were performed with an dagresolution of two degrees and both yield explosions-&&0 ms p.b. in 2D and570 ms p.b. in
3D; see Tablgl2). Note thatftiérent from Fig[#, unshocked material at a given radius isiderl when computing angular averages. The dispersiontafmn
values in the unshocked flow of 2D and 3D simulations is a aqunece of the imposed density-seed perturbations (cf.[Eeathich grow in the supersonical

infall regime (se€ Buras etlal._2006b).
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Fic. 6.— Scatter-plots of the entropy structure as functionaofius for simulations of the 18 progenitor with an electron-neutrino luminosity bf, =
2.1-102ergs? at 350 ms (left) and 700 ms (right) after core bounce. The red dorrespond to the 2D results, black ones to 3D, the ligh tine is the
entropy profile of the 1D simulation, and the dark-blue anelegrcurves are mass-weighted angular averages of the 2DDantb@els, respectively. Both
multi-dimensional simulations were performed with an daguesolution of 1.5 degrees. While the 2D model developsxtosion setting in~720 ms after
bounce, the 3D model does not produce an explosion (ThbNd} that diferent from Figl#, unshocked material at a given radius isitterd when computing
angular averages. The dispersion of entropy values in thkagked flow of 2D and 3D simulations is a consequence of thesed density-seed perturbations
(cf. Sect[2), which grow in the supersonical infall regirsed Buras et &l. 2006b).
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tor is a very prominent dierence compared to the results ric case accreted matter moves through the gain region on the
by 3 08),and shortest, radial paths, nonradial motions can increastntiee
Nordhaus et al.[(2010) even in the 1D case, In order to clarify that shock-accreted plasma can stay in the gain layer and ab-
the reason for this tlierence, we performed 1D simulationsin sorb energy from neutrinos. This can raise the mean entropy,

which the neutrino treatment is copied from Nordhaus et al.

internal energy, and pressure in the postshock region arsd th

(2010) as closely as possible (i.e., the reduction factor of supportthe revival of the stalled supernova shock. Thisisee

2.7 in the exponent o ™ is not applied and deleptoniza-
tion is taken into account by using™a(p) relation, but not
the corresponding entropy changes propos .
[2005). These runs reveal that the steep rise oflg(M)-

orf

to happen in the simulations by Nordhaus et al._(2010), who

found that turbulent mass motions in 3D can even improve the
conditions for the neutrino-heating mechanism compared to
the 2D case. A crude interpretation of thistdience can be

curves is caused by a much stronger increase of the neutrinogiven by means of random-walk arguments, considering the

cooling rate with higher values &l with our neutrino treat-
ment. The corresponding energy losses inhibit explosions f
low values of the driving luminosity. The stronger coolirgg i
linked mainly to our reduction of theffiective optical depth
7o, Which we had to apply in order to reconcile the mass
accretion rates and explosion times with the lowest driving
luminosities for which_Murphy & Burrows (2008) obtained
explosions for the 11.2 and M, stars (cf. Sec]2). For
example, in the case of the M, progenitor a driving lu-
minosity of L,, = 3.1 10°%rgs? triggers an explosion at
texp & 250Ms p.b. anMey, ~ 0.32Mg st (Table[1 and
Fig.[2), whereas with an implementation of neutrirfteets
closer to that of Nordhaus et al._(20dahe explosion sets
in at texp ¥ 120mMs p.b. andVey, » 0.8Mgst. Shortly

mass motions in convective and turbulent structures f@is-di
sive process in the gain lay 08). The
question, however, is whether thifect is a robust 2D-3D
difference and whether it is the crucial key to successful ex-
plosions by the neutrino-heating mechanism.

Our results at least raise doubts. Figure 4 displays the time
evolution of the mean entropy in the gain layer for 11.2 and
a 15M, models computed with driving luminosities near the
minimum value for which we obtained explosions. While the
11.2M, model explodes with a luminosity ofd: 10°%erg s*
for all tested resolutions in more than one dimension despit
minimal differences between the valuessft)) compared to
the 1D counterpart, the 18 progenitor develops an explo-
sion for the chosen luminosity of - 10°2erg s only in the

before this moment (at 75 ms after bounce) the total energycase of higher-resolution 2D runs (this will be further dis-

loss by neutrino cooling is about 10 times lower with the
scheme of Nordhaus et al. (2010) than with our neutrino im-
plementation. The latter yields an integrated energy lats r
of ~9-10°2erg s and significant cooling even at densities be-
tween 1682 and 133 g cnT?, where thé Nordhaus et al. (2010)

treatment shows essentially no cooling. Neither the magni-

tude of the total neutrino energy loss rate nor the regiomef e
ergy extraction with our modeling approach are implausible
and in disagreement with detailed transport simulatiorrs du

cussed in Seck]5). These successful cases, however, do not
stick out by especially high values ¢(t)). On the contrary,

they even have lower mean entropies than the unsuccessful
3D models! Itis obvious that Fig] 4 does not exhibit the clear
1D-2D-3D hierarchy visible in Fig. 5 of tHe Nordhaus ef al.
(2010) paper, which was found there to closely correlath wit
the explosion behavior of their models. Instead, théedi
ences between simulations in theffdient dimensions are
fairly small, and even two-dimensional flows, which unques-

ing a stage when the mass accretion rate still exceeds beyontionably allow for explosions also when none happen in 1D,
1M, s (cf., e.g., Fig. 20 in Buras etlal. 2006a). In contrast, do not appear more promising than the 1D case in terms of
thdﬁﬂh@u—g_s_ejjl[g(z_ﬂlm treatment appears to massively unthe average entropy of the matter in the gain By8imilarly,

derestimate the neutrino energy extraction from the aiceret
flow during this time.

3D models possess slightly (insignificantly?) higher valoe
(s(t)) but do not show a clear tendency of easier explosions,

These findings demonstrate that the results of the criticalin particular not the better resolved simulations (see.&ct

L,.(M)-relation in 1D can be quantitatively as well as qualita-
tively different with diferent approximations of neutrino heat-
ing and in particular of neutrino cooling. Moreover, thiseg
reason for concern that theffifirences of the critical explosion
conditions for 2D and 3D simulations see tal

The radial entropy structures of 1D, 2D, and 3D runs for
both progenitors, shown in Fidd. 5 ddd 6 once before an explo-
sion begins and another time around the onset of an explosion
in at least one of the runs, demonstrate that low-entropeacc
tion downdrafts and high-entropy rising plumes of neutrino

(2010) might have been connected to their treatment of theheated plasma lead to large local variations of the entrepy p
neutrino physics, in particular also because the decrefase obaryon of the matter in the gain layer (scatter regions in the

the critical luminosity from 2D to 3D thay found was only

plots). However, the mass-weighted angular averages of the

15-25%, which is a relatively modest change (much smallerentropies reveal much smallefigirences between the 1D and

than the 1D-2D dierence) and thus could easily be overruled
by other éfects. Our results for 2D and 3D simulations with
a different implementation of neutrino sources confirm this
concern.

2D cases than visible in Fig. 4 of the Nordhaus et al. (2010)
paper and in Fig. 13 of Murphy & Burrows (2008), and ex-

hibit no obvious signs of more advantageous explosion con-
ditions in the 3D cases compared to 2D. The noticeable dif-

In the[Nordhaus et dl[ (2010) paper the average entropy offerences in the radial profiles seem to be ffisient to cause

the matter in the gain regiors(t)), was considered to be a
suitable diagnostic quantity that reflects the cruciéiedenes

of 1D, 2D, and 3D simulations concerning their relevance for
the supernova dynamics. While in the spherically symmet-

1 Since precise information on, e.g., the source-term impteation and
low-density EoS used dl._(2010) is not aMailad us, we
prefer to interpret the general trends in comparisons ofwoulations rather
than attempting to exactly reproduce results in the pubtidherature.

major diferences in the mean entropies computed by addi-
tional radial averaging (see FIg. 4).
How can this discrepancy compared [to_Nordhaus et al.

2\We stress that our basic findings are independent of the egdiow the
gain radius of the multi-dimensional models is determined, whether the
evaluation is performed with an angularly averaged gaiiusagr a direction-
dependent gain radius. The outer boundary of the integratidume is de-
fined by the shock position, which usually forms a non-sma¢rsurface in
the multi-dimensional case.
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TABLE 2
MULTIDIMENSIONAL MODELS WITH DIFFERENT RESOLUTION.

Mas& DimP LS Angular N te®  tsim'
(Mo) (10°%2 ergs) Resolution (ms) (ms)
11.2 2D 0.8 3 400 - 1017
11.2 2D 0.8 2 400 - 979
11.2 3D 0.8 3° 400 - 915
11.2 3D 0.8 2° 400 - 758
11.2 2D 0.9 3 400 - 1006
11.2 2D 0.9 2 400 - 985
11.2 3D 0.9 3° 400 731 954
11.2 3D 0.9 2° 400 - 819
11.2 2D 1.0 3 400 563 1053
11.2 2D 1.0 2 400 527 1053
11.2 3D 1.0 3° 400 537 684
11.2 3D 1.0 2° 400 572 761

15 2D 2.0 3 400 - 1016
15 2D 2.0 2 400 - 829
15 2D 2.0 1.8 400 - 1016
15 2D 2.0 g 400 - 1016
15 3D 2.0 3° 400 - 723
15 3D 2.0 2° 400 - 524
15 2D 2.1 3 400 - 1016
15 2D 2.1 2 400 - 829
15 2D 2.1 1.8 400 719 1016
15 2D 2.1 b 400 575 1016
15 2D 2.1 0.8 400 657 1016
15 3D 2.1 3° 400 - 767
15 3D 2.1 2° 400 - 815
15 3D 2.1 15° 400 - eas
15 2D 2.2 3 400 876 1016
15 2D 2.2 2 400 557 825
15 2D 2.2 1.5 400 556 1016
15 2D 2.2 g 400 424 1016
15 2D 2.2 0.8 400 365 1016
15 3D 2.2 3° 400 612 932
15 3D 2.2 2° 400 - 925
15 2D 2.1 3 600 858 980
15 2D 2.1 2 600 810 1002
15 2D 2.1 1.8 600 657 1016
15 3D 2.1 2° 600 - 875
15 2D 2.2 3 600 482 1016
15 2D 2.2 2 600 544 1016
15 2D 2.2 1.5 600 487 973
15 3D 2.2 3° 600 540 895

@ Progenitor model.

b Dimensionality.

¢ Electron-neutrino luminosity.

d Number of radial zones.

€ Time of onset of explosion.

f Simulation time.

(2010) an

s (2008) be explained, and how
can one understand the fact that 2feets play a supportive
role for neutrino-driven explosions? We will return to thes
questions in Sedt] 6, but before we shall present the resiults

simulations with varied resolution in the following sectio

5. MODELS WITH HIGHER RESOLUTION

In order to test whether our results for the multi-
dimensional models depend on the agreeably modetate-3
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Fic. 7.— Evolution of the average shock radius as a functiomeé tfin sec-
onds after bounce) for one-dimensional (dashed lines}diwmnsional (thin
solid lines), and three-dimensional (thick solid linegnsiations employ-
ing different angular resolutions (color coding). The top panelldis the

11.2M,, model for an electron-neutrino luminosity bf, = 1.0-10°%ergs™,
the middle panel shows the M, star for an electron-neutrino luminos-

ity of L,, = 21-10°%2ergs, and the bottom panel the A&, results for
Ly, =22-10%ergs™.

progenitors in our standard runs. The results are listedin T
ble[@. They indicate a very interesting trend: 2D models with
finer angular zoning tend to explode more readily, whereas
better angular resolution in 3D simulations turns out toehav
the opposite fect.

In the case of the 1112, progenitor, for example, the 3D
explosion found to set in at about 730 ms p.b. with an angular

gular resolution used in the standard runs, we performed azone size of 3for L,, = 0.9- 10°2ergs™ cannot be repro-

large set of simulations with finer grid spacing especially i

duced with an angle binning of 2Moreover, a luminosity of

the angular directions, but also in radial direction. Fasth L, = 1.0-10°?ergs? leads to an explosion of the 3D model
purpose we concentrated on cases around the minimum valat~540 ms after bounce with &3yrid, but~35 ms later when

ues of the driving luminosity that triggered explosions oftb

2° are used. The corresponding 2D models show the inverse
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Fic. 8.— Evolution of the standard deviation for the shock asplig as
a function of post-bounce time for two-dimensional (thidicgdines) and
three-dimensional (thick solid lines) simulations emjahgydifferent angular
resolutions (color coding). As in Fifi] 7 the top panel digpléhe exploding
11.2Mg, models for an electron-neutrino luminositylaf, = 1.0-10°%erg s'*.
The middle panel contains the results for theM5 star with an electron-
neutrino luminosity ofL,, = 2.1 - 10°2ergs?, where 2D runs with higher
resolution lead to explosions while 3D runs do not. The otfanel shows
the 15M, case forl,, = 2.2- 10°2ergs™. It is remarkable that the 3D run
with 2° angular resolution does not explode whereas the one witle &g
of 3° explodes earlier than its 2D counterpart and develops alaegg shock
deformation at the time the explosion sets in.

trend as visible in the top panel of Fig. 7.

erage shock trajectory are much less pronounced. A measure
of the degree of shock asphericity, irrespective of the-rela
tive weights of diferent spherical harmonics components, is
the standard deviation of the shock radius definedrby=

\/4—17r $dQ[Rs(3) - (Rs)]2. The standard deviations corre-

sponding to the average shock radii of Hiyy. 7 are plotted in
Fig.[8, which confirms the mentionedfdirence between 2D
and 3D runs.

In spite of this 2D-3D dierence of the shock aspheric-
ity, an inspection of cross-sectional snapshots of our tgest
solved simulations of the 11M, progenitor with an electron-
neutrino luminosity ofL,, = 1.0 - 10°?ergs? reveals that
the sizes of the convective plumes and the structure of the
neutrino-heated postshock layer are fairly similar in tie 2
and 3D cases before explosion (which in both models de-
velops shortly after 500 ms): In Figl 9 it isficult to judge
by eye inspection whether the displayed simulation was con-
ducted in 2D (left half-panels) or 3D (right half-panelsyea
after the explosions have takeff the global deformation of
the shock in both cases is not fundamentalljedent in the
sense that low-order spherical harmonics modes (dipotar an
quadrupolar components) determine the global asymmetry of
the shock surface and in particular of the distribution afide
drafts and expanding bubbles in the gain region (see[Tig. 9,
lower right panel, and Fif. 10). At a closer inspection one ca
notice some secondaryftirences in the morphology of the
convective and downflow features. Despite the same angu-
lar resolution the images of Fids. 9 dnd 10 reveal more small
structures in the 3D case compared to the 2D data, which ap-
pear more coherent, smoother, and less fragmented into finer
substructures and filaments. We will refer to this obseovati
in Sect[®.

Our 15M,, runs with varied resolution confirm the trends
seen for the 11.RA, progenitor. For a neutrino luminosity
of L,, = 2.1- 10°%erg s, for which neither 2D nor 3D sim-
ulations with standard resolution produce an explosion, we
find that 2D models with angular binning of .6r better do
explode, whereas explosions in 3D cannot be obtained with
angular zones in the range from 1. 3* (Fig.[d, middle
panel; Tabld2). The 2D simulations exhibit violent SASI
sloshing motions and the quasi-periodic appearance oé larg
shock asymmetries (Fifl 8, middle panel), and the 2D model
with 1.5 angular zoning explodes with a huge prolate defor-
mation (Fig.[I1). A similar behavior is seen for the NI§
runs withL,, = 2.2- 10°2ergs®: While all 2D models com-
puted with angular zone sizes between°Gbd 3 explode,
we observe an explosion for the 3D calculation withbBit
none for the case with°zangular binning (Tablgl2 and Fig. 7,
bottom panel). It is highly interesting that the &se, where
the explosion occurs more readily in 3D than in 2D, is as-
sociated with a large asphericity of the supernova shock at
the time the 3D run begins to develop the successful blast
(Fig.[8, bottom panel). Note again that the structures of the
higher-resolved 3D model in Fig111 reveal finer details and
fragmentation into smaller filaments than the correspandin
2D simulation, despite both having the same zone sizes in the

Note that the average shock radii plotted in Elg. 7 as well angular directions.

as Fig[B exhibit alternating periods of increase and dserea

The data listed in Tablgl 2 contain the clear message that

in particular in 2D simulations. Such features are a conse-2D models with better angular resolution usually develop ex
quence of the strong sloshing motions of the accretion shockplosions earlier in contrast to 3D runs, which explode later
and of the associated time-dependent, large global shock denot at all when the angular zoning is finer. There are a few

formations, which are typical of violent activity by the SAS

In 3D the corresponding wiggles and local maxima of the av-

2D exceptions to the general trend, which are eitlkacéed
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Fic. 9.— Snapshots of the evolution of the 112 model with an electron-neutrino luminosity bf, = 1.0- 10°2ergs* and 2 angular resolution at post-
bounce times aff,, = 300, 350, 400, and 600 ms (from top left to bottom right). Toleccoding represents the entropy per nucleon of the sidi@ma. The left
half of each panel displays the entropy distribution for a(@kisymmetric) simulation, the right half shows the stauetin a meridional cut of the corresponding
3D simulation. Both models explode after roughly 550 msrdftaunce (see FifLl 7, top panel, and Tdfile 2). Note that thetates of low-entropy downdrafts
and high-entropy plumes in the neutrino-heating regionratteer similar for both cases, despite considerably lagfe®! sloshing motions of the shock and
postshock layer in 2D. When the explosion has set in, the 2Beiexhibits an apparent prolate deformation whose dewstop is supported by the symmetry
axis defining a preferred direction of the 2D system. Whike 3D explosion does not appear to be as strongly distortepdafiicular the shock surface looks

more spherical), the postshock flow in this case also desedgmronounced hemispheric (dipolar) asymmetry, which eamare clearly seen in the upper and
lower right panels of Fid. 0.

by the dificulty to exactly determine the onset of the blast in of a surprise because Sato et al. (2009) have pointed out the
cases with highly deformed shock, or which could be stochas-importance of the radial zoning close to the neutron star and
tic outliers associcated with the chaotic processes lgatdin  around the supernova shock in order to accurately captare th
the explosion. It is possible that the symmetry axis of the 2D entropy and vorticity production at the shock and to detaemi
geometry has an influence on such a non-standard behaviogrowth times and oscillation frequencies of the SASI. The la
because of itsféect to redirect converging flows outwards or ter is unquestionably an essential ingredient for the sscoé
inwards and thus to have a positive feedback on the violencethe neutrino-driven mechanism in our 2D runs and it may as
of the SASI activity. well be a crucial component for the mechanism to work in 3D.
Improved radial resolution for fixed angular grid also turns  Finally, we remark that prior to our present work Scheck
out to have a healthy influence on the possibility of an ex- (2007) has already performed resolution studies with aelarg
plosion. 2D runs with 600 instead of 400 radial zones may set of 2D simulations, in which he varied the lateral zone
develop an explosion even when the lower resolution casesvidth between 0.5and 4. In addition, he conducted three
show none (see the 1, results forL,, = 2.1- 10°?ergs? 3D simulations with angular bin sizes of 2-4However, in-
in Table[2) or they can explode significantly earlier thanirthe stead of the highly simplified heating and cooling descrip-
less well resolved counterparts (compare thé5esults for ~ tion used by us he employed the much more sophisticated
L, = 2.2-10°2ergs’ in Tablel2). The only 3D model in the ~approximation for grey neutrino transport described iradet
set that is useful for the present discussion, M5un with in IScheck et l.[(2006). This approximation included, e.g.,
L, = 2.2-10°%ergs? and 3 angular resolution, supports the feedback of accretion on the neutrino emission pragerti
our findings in 2D. We conclude that good radial resolution is @1d on the corresponding energy and lepton number trans-
very important for reliable results, in particular when the ~ Port by neutrinos and antineutrinos of all flavors, as wetas
plosion is “marginal”. This conclusion may not be too much More elaborate description of neutrino-matter interaxtim
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700 ms = 700 ms

2000 km
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Fie. 10.—Upper row: Quasi-three-dimensional visualization of the 1.2 simulations in 2D (upper left panel) and 3D (upper right panéth an electron-
neutrino luminosity ofL,, = 1.0 - 10°?ergs ™ and an angular resolution of 2comparing the structure at 700 ms p.b., roughly 150 ms #fteonset of the
explosions. Since the explosion started slightly earlithe 2D model (see the upper panel of Elg. 7 and Table 2) thekshanore extended in the left image.
While in this case the shock possesses a much stronger difeftarmation component than in 3D (cf. Fid. 9, lower righheB, the distribution of accretion
funnels and plumes of neutrino-heated matter exhibits dadpmaric asymmetry in both cases. Because of the axisymmoktine 2D geometry this concerns the
hemispheres above and below thg-plane in the upper left plot, whereas the virtual equats iih the plane connecting the upper left and lower rightesrnf
the top right image and the lower left and upper right coreéthe bottom right picture. Note that the jet-like axis featin the upper left figure is a consequence
of the symmetry constraints of the 2D setup, which redirestglmoving towards the polar grid axis. Such artifacts doogour in the 3D simulation despite the
use of a polar coordinate grid there, th@mwer row: Ray-tracing and volume-rendering images of the three-d@iomal explosion of the 11, progenitor for
the same simulation and time displayed in the upper righgendhe left lower panel visualizes the outer boundarieb@buoyant bubbles of neutrino-heated
gas and the outward driven shock, which can be recognizedhaardy transparent, enveloping surface. The visualinatises the fact that both are entropy
discontinuities in the flow. The infalling matter in the pnesk region appears asfliise, nebular cloud. The right lower panel displays theimtestructure by
the entropy per nucleon of the plasma (red, yellow, greght blue, dark blue correspond to decreasing values) wittén/olume formed by the high-entropy
bubbles, whose surface is cut open by removing a wide coegfttte observer. Note the clear dipolar anisotropy witbreger explosion towards the north-west
direction and more accretion at the south-east side of thetste.

detailed dependence of the thermodynamical state of the ste and thus also more energetically than the low-resolutios.ru

lar plasmal_Scheck (2007) was not interested in a systematidVithin the tested range of angular resolutions Schieck (P007
exploration of the critical explosion condition, but hispact did not observe any significantftkrences between his 3D
was focussed on investigating the possibility of hydrodygita ~ models. This, however, may just be a consequence of the fact
pulsar kicks by successful asymmetric explosions. Despitethat the models were clearly above the threshold conditions
the grave dierences of the neutrino treatments and numer-for an explosion and did not linger along the borderline be-
ical setups, the results obtained by Scheck (2007) are comiween blast and failure.

patible with our present findings: 2D simulations with highe

resolution turned out to yield explosions significantlyliear 6. INTERPRETATION AND DISCUSSION
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Fic. 11.— Snapshots of the post-bounce evolution of th1d5nodel with an electron-neutrino luminosity bf, = 2.1- 10°?ergs?* and angular resolution
of 1.5 attyp =250, 350, 550, and 700 ms. The color coding represents thepgrper nucleon of the stellar gas. The left half of each painews the entropy
distribution for a 2D simulation, and the right half dispdag meridional cut from the corresponding 3D model. Whilezberun with the given resolution leads

to a highly prolate explosion, the 3D calculation does nat iena successful blast (see Hig. 7, middle panel, and TablBl@g that the convective plumes are
considerably smaller and more fine-structured in the 3D kifiaun.

In this section we discuss the meaning of our results in com- It is by no means obvious thag(t)) should increase in the
parison to previous studies and present an interpretdt@n t gain layer in the multi-dimensional case. While neutrine en
could explain the main trends found in our multi-dimensiona ergy deposition naturally leads to a rise of the entropy ef th
simulations with varied resolution. heated gas, the averaging process over the volume of the gain

6.1. \Variation with dimension layer also encompasses the downdrafts carrying cool matter

) _ from the postshock region towards the gain radius and the
In Sects[# anfl5 we have reported that our simulations doneutron star. These downdrafts are much denser, they are

not support the central finding by Nordhaus et al. (2010) thathardly heated by neutrinos because of their extremely rapid
the tendency to explode is a monotonically increasing func-infall, and they can contain more mass than the surrounding,
tion of dimension. While we confirm more favorable explo- dilute bubbles that are inflated by the expanding, neutrino-
sion conditionsin 2D than in 1D, we do not observe thatin 3D heated plasma. It is therefore not clear that the spatiaé§ma

considerably lower driving luminosities are needed forasu  weighted) averages(t)) grows in multi-dimensions compared
cess of the neutrino-driven mechanism than in 2D. Moreover,to 1D runs.

we cannot confirm the finding by Nordhaus et al. (2010) that Moreover, it is not even clear that convective overturn i th
the mass-weighted average of the entropy per nucleon in theyain layer must lead to an average entropy of the neutrino-
gain region(s(t)), is a quantity that is suitable as an indicator heated gas itself that is higher than in 1D simulations. Dif-
of the proximity of models to an explosion and thus can serve ferent from the 1D case high-entropy matter becomes buoy-
as an explanation of flerences between 1D, 2D, and 3D sim- ant and begins to float in the multi-dimensional environment
ulations. In particular, our 3D models turned out to have Thus the heated gas is quickly carried away from the vicinity
slightly higher mean entropies than corresponding 2D casesof the gain radius, where neutrino-energy deposition isimax
(Fig.[4) without developing better explosion condition®isl  mal, to larger radii. Such dynamics of the gas can well limit
raises the question why our models, and multi-dimensionalthe amount of energy and entropy that is stored in individual
simulations in general, have produced successful expiesio chunks of matter. Little, if any of the gas is subject to mul-

by Ejhel neultrirIO-heating mechanism when corresponding 1Dtiple overturn cycles bringing the gas close to the gainugdi
models fail?
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Fig. 12.— Time evolution of the mass in the gain region (in sesoaiter
bounce) for simulations in 1D (thin dotted line), 2D (thididdines), and 3D

(thick lines). The multi-dimensional models are displayedall employed Fic. 13.— Analogous to Fig—2, but for the time evolution of tbéat net
angular resolutions depicted byfidirent colors. The top panel shows the rate of neutrino heating in the gain region.
results for the 11.®1, star with an electron-neutrino luminosity &f, =
1.0- 10°%erg s, the middle panel the results for the ¥, runs withL,, = Our results imply that the dominanffect that makes the
21-10ergs™, and the bottom panel the M, models forL,, = 22-  mylti-dimensional case more favorable for an explosiomtha
10°2ergs™. The diferent cases are the same as in fiis. Tand 8. spherical symmetry is associated with an inflation of the
shock radius and postshock layer, driven by the buoyant rise
more than once as suggested by the “convective engine” pic-and expansion of the plumes of neutrino-heated plasma. In
ture of(Herant et al[ (1994) but questioned[by Burrows et al. course of the postshock volume becoming more extended, the
(1995). Instead, the majority of the heated gas either edpan  integrated masblgai, in the heating layer increases compared
to larger distances, pushing shock expansion, or, in thagldis  to the 1D case. This can be seen in [Fig. 12, which displays
vantageous case, is swept back below the gain radius (e.g. byhe mass in the gain layer as function of post-bounce time for
large-amplitude sloshing motions of the shock), wheresé®  the 11.2 and 18, runs with the dferent neutrino luminosi-
its energy again byfciently reradiating neutrinls ties and resolutions already shown in F[gs. 7[@nd 8. While the
mass-averaged entrops) in the gain region hardly changes,

3 The real multi-dimensional situation is even more comptida The the integral value of the entropMgain(S), clearly increases
mentioned violent sloshing motions of the shock can causmgtshock-

heating of the postshock matter as discussed in detail becRatt al.[(2008), Wlth. models Coml.n.g closer to explosmn. This dependgnce IS
Blondin etal. [(2003), andl Blondin & Mezzacabpia_(2006b)stmot only  particularly well visible when 2D and 3D models withfiir-
massively &ecting the postshock flow but also providing an additional en  ent resolutions are compared with each other.

tropy source besides neutrino-energy deposition. The longer dwell times of matter in the gain layer of
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the mass accretion rate through the gain layer is equal to

D
o

the mass infall rateM ahead of the shock, where it is de-
sob termined by the core structure of the progenitor star. Since
5 Tadv ¥ Mgain/M (cf.[Marek & Janka 2009) a larger value of
5 Tadv COrrelates with a higher maddgain.  Accordingly, the
w 40 total net heating rat®gy., and thus the heatingffeciency
= € = Qgain/(Ly, + Ls,) = Qgain/(2L,) of the gas residing in the
> 30¢ gain layer is also higher for models that develop an expfosio
5 (see FiglIB and Murphy & Burro¥us 2008).
S 20 A larger mass in the gain layer and higher total net energy
deposition rate are therefore better indicators of the iptox
10 ity of our models to explosion than the mean entropy of the
; gas in this region, which does not exhibit the 1D-2D-3D hi-
o): erarchy with dimension found previously by Nordhaus €t al.
(2010). As discussed in Setll 4 the main reason for this
150 discrepancy are most probably theffdient treatments of
I neutrino lepton number losses and our consequential recal-
= ibration of the energy source terms. This leads to signifi-
o cantly higher energy drain from the cooling layer in our sim-
® 100l ulations. While this hypothesis is supported by tests that
= I we conducted in 1D, we cannot be absolutely certain that
P no other &ects play a role for the discrepancies between
) our results and those bf Nordhaus et al. (2010), because de-
c . . .
@ 5o tailed cross-comparisons are not available and our kn@eled
of the details of the implementation of neutrinffeets by
I [Nordhaus et al. [(2010) may be incomplete. Other potential
I reasons for dferences may be connected to the hydrodynam-
0} ics scheme (®meTHEUS With a higher-order Godunov solver
and directional splitting vs. Gtro with unsplit methodology,
i Almaren et al. 2010), the employed grid (polar coordinates
200¢ vs. structured grid with adaptive refinement by a nested hi-
= erarchy of rectangular grids), potentially —though notyer
T 1ol likely— the use of a 1D core above #@ cnm? in our simula-
© i tions, or diferences in the exact structure and properties of the
= infall region upstream of the stalled shock as a consequence
§ 100k of different treatments of the collapse phase until 15ms af-
o - ter core bounce (due to full neutrino transport plus a nuclea
o burning approximation in the 8merHEUS-VERTEX code Vs.
50 the simple deleptonization scheme_of Liebend&rfer 2005) o
[ Wy .,-;-, - of different seeding of nonradial hydrodynamic instabilities
i R e T (in our case by imposed, small random seed perturbations of
0 ey ' ' ' the density), or linked to dierences of the low-density EoS
0.0 0.2 0.4 0.6 0.8 1.0 outside of the application regime of the Shen ét 998)
tob [S] EoS.
Fic. 14.— Kinetic energies of angular mass motions in the gajerlas Despite these uncertainties about the exact cause of the

functions of time after bounce for the 11V, runs with an electron-neutrino  differences, whose ultimate elimination will require system-
luminosity Og-ge = li0-10526r9§1 (top panel) and t;g 18lo 1uns with atic and time-consuming studies, our results, as they are,
L,, = 21-107ergs~ (middle panel) and.,, = 2.2- 10°“ergs~ (bottom . 2. _
panel). Thin solid lines correspond to the lateral kinetiergy of 2D mod- Sen.d a clear message: The O‘Jtcome of t.he 1D ZD.SD com
els, while for 3D simulations (thick lines) the lateral, mzithal, and total ~ Parison and thefeects of the third dimension advertised by
kinetic energies are represented by dotted, dashed, aiodisel styles, re- [Nordhaus et al.| (2010) “as a key to the neutrino mechanism
spectively. Both angular directions contribute essdgtidually to the total of core-collapse supernova explosions" are not at all robus
kinetic energy of nonradial motions in the 3D case. As in Aig4$8,[12, e :
and[I3, diferent colors depict dfierent angular resolutions. It is visible that re.su“s' '”-Ste"?‘d’ the e.XaCt slop_e of th.e Cr!tlcal.eXplo.sm
for models closer to a success of the neutrino-driven meésimathe angu- dition L,(M), its location, and its shift with dimension, as
lar kinetic energy exhibits larger temporal variations andoverall trend of well as the existence of a 1D-2D-3D hierarchy of the mass-
increase as the onset of the explosion is approached. averaged entropy in the gain layer seem to depend sengitivel
on subtle details of the neutrino treatment or other nuraéric
2D simulations observed by Murphy & Burrows (2008), aspects of the simulations.
which correspond to the advection timeg,, evaluated by Resolution d d
Buras et al.[(2006b) arid Marek & Jahka (2009) (though dif- 6.2. Resolution dependence
ferent ways of calculation have been considered, in particu Let us now turn to the second, highly interesting question
lar for the multi-dimensional case), are a manifestaticat th in connection with our set of models, namely to the resolu-
a growing mass accumulates in the postshock region to getion dependence of our results. Our set of simulations per-
energy-loaded by neutrino absorption and to finally drivee th formed with diferent angular binnings reveals that quantities
successful supernova blast. In near-steady-state consliti that turned out to diagnose healthy conditions for an explo-
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sion, i.e. the growth of the average shock radius, the degree
shock deformation, or the mass and total heating in the gain
layer (but not the mass-averaged entropy of the matter in the
gain region), show a clear dependence on the angular zoning
(see Figd 118,12, andl13 in contrast to Eig. 4). In partigula
2D models with better angular resolution exhibit more favor
able conditions and explode more readily (in agreement with
results obtained bly Scheétk 2007 with a more sophisticated
treatment of neutrino transport than the simple heating and
cooling source terms applied in our investigation), wherea
3D models obey the opposite behavior. What does the reso-
lution dependence of our simulations tell us about the mech-
anism leading to explosions in our models? And how can we
understand the puzzling finding that 2D and 3D runs follow
opposite trends when the angular resolution is refined?

We interpret this as a manifestation of two aspects or facts:

(1) The success of our models, at least in the neighborhood
of the explosion threshold, is fostered mainly by large-

e Exploding models in 2D as well as in 3D exhibit large

shock deformation at the time of explosion (although
the relative asphericitys/Rs of the shock surface is
somewhat smaller in 3D than in 2D; see F[gs. 7[@nd 8).

More fine structure on small spatial scales, which can
be seen in 3D models computed with higher resolution
in Figs.[Q£11L, does not imply improved conditions for
an explosion.

Exploding 2D models armot connected with the high-
est mean entropies in the gain region (Elg. 4). This fuels
doubts in a random-walk picture where turbulent vortex
motions on small scales enlarge the residence time of
matter in the gain layer (Murphy & Burrows 2008) and
thus could allow for more energy absorption of such
mass elements from neutrinos. If thifext occurred,

it does not concern a major fraction of the mass in the
gain region.

scale mass flows as associated with strong SASI activ-
ity, but not by enhanced fragmentation of structures and
vortex motions on small spatial scales.

e We observe that higher radial resolution seems to im-
prove the conditions for explosions, which is in agree-
ment with results of Sato etlal. (2009), who found that
good radial resolution is essential to accurately repro-
duce SASI growth rates and frequencies in hydrody-
namical simulations.

(2) Our resolution study reflects the consequences of the
turbulent energy cascade, which redistributes energy
fed into the flow by external sources in opposite direc-
tions in 2D and 3D: While in 3D the turbulent energy
flow goes from large to small scales, it pumps energy
from small to large spatial scales in 2D.

Point (2) is the only plausible argument we can give for
explaining the opposite response to higher angular résalut
that we discovered in our 2D and 3D simulations. The se-

Point (1) is supported by the kinetic energies of nonradial quence of 2D runs with gradually reduced lateral zone sizes
mass motions in the gain layer of the 2D and 3D models plot- reflects the growing violence of large-scale flows by higher
ted in FigZI&. From this picture it is obvious that in the case fluctuation amplitudes of the kinetic energy in the gain faye
of successful models the angular kinetic energy is highar an (Fig.[14) and larger temporal variations of the average lshoc
shows an overall trend of growth in time until the blast has radius and shock deformation (Fig$[7, 8). In contrast, more
taken df. Moreover, the spiky maxima and minima of quasi- €nergy on small spatial scales in the 3D case manifest$ itsel
periodic variations, which are indicative of the presente o DY a progressing fragmentation of the flow, leading to a grow-
low-order SASI modes, are significantly larger for explagin N9 richness of vortex structures and finer filaments in tise ca
models. This does not only hold for 2D models, whose lateral ©f 3D models with smaller angle bins (Fig$[9+-11). As a con-
kinetic energies exhibit variation amplitudes of seve@d4l ~ sequence, 3D models with higher angular resolution become
and part|a||y up to everR50% of the time_averaged value. It more similar to the 1D Ca_Se In various quan““es that we con-
is also true for 3D models, although in this case the ampli- Sidered as explosion indicators, see, e.g., sl [.18,1®2, a
tudes are generally smaller and the nonradial kinetic gnerg 3 .
is split essentially equally into lateral and azimuthaltcitu- . Both the powerful coherent mass motions of the SASI layer
tions. When comparing successful runs in 2D with those in N 2D and the vivid activity in small vortex structures in the
3D, our studies suggest that in both cases the shock exaibits 3D environment are fed by two external sources which sup-
growing degree of asphericity (expressed by the standard dePly the postshock layer with an inflow of fresh energy: (i)
viation of the shock deformation plotted in Fig. 8) when the gravitational potential energy that is released by theinant
explosion is approached, and the kinetic energy of nonradia 0Us stream of matter falling through the accretion shock and
mass motions reaches roughly the same magnitudel{Big. 14)§||)_er]ergy deposition by neutrinos. The energy stored & th
at least for models near the explosion threshold. luid is then redistributed towards small or large scales ac-
Actually a variety of observations can be interpreted as sup cording to the turbulent cascades characteristic of twak an
port of the hypothesis that flows on the largest possibleescal three-dimensional environments. _
rather than on small scales play a crucial role for the sicces _ In view of the opposite directions of the energy cascades in

of the neutrino-heating mechanism in our simulations: 2D and 3D, the trends seen in our simulations strongly sug-
gest that nonradial kinetic energy available on large scale

e The strength of low-mode SASI activity in 2D models not on small scales, assists the development of an explosion
as indicated by growing fluctuations of the angular ki- by the neutrino-heating mechanism. This explains why 2D
netic energy and of the shock deformation (FIgS. 14, models with higher angular resolution tend to explode earli
[8) increases with higher resolution in clear correlation and thus at higher values of the mass-accretion rate than les
with an earlier onset of the explosion (Fig. 7). Stronger resolved models. On the other hand, the energy “drain” by
SASI activity obviously facilitates explosions, which is  vortex motions on ever smaller scales —with the same reser-
visible by a growing average shock radius as well as voir of pumping energy per unit mass being available from
larger mass and higher total heating rate in the gainaccretion and neutrino heating— disfavors explosions tn be
layer. ter resolved 3D models.
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We therefore conclude that the key to the mechanism of
core-collapse supernova explosions seems intrinsicaltly a
tightly linked to the question how much kinetic energy of
the matter in the gain region can be accumulated in nonra-
dial fluid motions on the largest possible scales, i.e., & th
lowest-order spherical harmonics modes of nonradial hydro
dynamic instabilities. The predominant growth of such flows
is typical of SASI activity, whose lowest-order sphericath
monics modes possess the highest growth rates (Blondin et al
2003;[Blondin & Mezzacaprb; Foglizzo éetlal. 20086,
2007; Ohnishi et al. 2006). Strong SASI motions drive shock
expansion, increase the gain layer and its mass content, al-
low a larger fraction of the accreted matter to stay in the
gain layer and be exposed tffieient neutrino heating, and
thus aid the development of an explosion (Schecklét al.l 2008:
Marek & Janka 2009). However, our models do not show a
systematic trend of higher average entropies of the matter i
the gain layer for models closer to explosion. Instead, we fin
that such models have larger mass, larger nonradial kinetic
energy, larger total neutrino-heating rate, and largex -
tropy in the gain layer.

7. SUMMARY AND CONCLUSIONS

We have performed a systematic study of the post-bounce
evolution of supernova cores of 11.2 andM5 and their ex-
plosion by the neutrino-heating mechanism in 1D, 2D, and
3D, employing simple neutrino cooling and heating terms
with varied values of the driving luminosity. We conceptu-
ally followed previous studies dy Murphy & Burrows (2008)
and Nordhaus et all (2010), but did not apply the delepteniza
tion treatment that they adopted from Liebenddrfer (2005)
who introduced it for an approximative description of neu-
trino losses during the infall phase until core bounce. We ar
gued (Secf12) that this approximation —with or without the
source term proposed I drler (2005) to account for
entropy generation in neutrino-electron scatterings—sahmg
provide a suitable treatment of the evolution of the elettro
abundance after core bounce. Therefore we did not consider
changes of the net electron fractidh of the stellar plasma
at times later than 15 ms after bounce, up to which the col-
lapse was followed with theR8merHEUS-VERTEX COde includ-
ing full neutrino transport. While ignorings changes subse-
quently is certainly not a good approximation, it is not reece
sarily more unrealistic than describing the lepton-nunever
lution during the accretion phase of the stalled shock by the
scheme Olfl?m 05). As a consequence, we had to
replace an exponential facter™, which was introduced in
an ad hoc way by Murphy etal. (2009) and Nordhaus ét al.
(2010) to damp the neutrino source terms at high optical
depthsrer, by €7/27 in order to reproduce the minimum
luminosity found to yield explosions in the 1D simulations b

m) and Nordhaus etlal. (2010). This
modification led to enhanced neutrino losses in the cooling
layer, which were better compatible with total energy loss
rates found in simulations with detailed neutrino trangpor
e.g., inBuras et all (2006a), and is (most probably) the main
cause of the dierences we discussed in Séét. 4.

Our results and conclusions can be briefly summarized as
follows:

1. We cannot reproduce the exact slopes and relative loca-
tions of the critical curves, (M) of 1D, 2D, and 3D

simulations found by Nordhaus etlal. (2010). While

our results confirm the well-known fact that explosions

in 2D occur for a lower driving luminosity., than in
1D when the mass accretion rdtkis fixed, we cannot
discover any significant further reduction when we go
from 2D to 3D.

. We cannot confirm that the mass-averaged entropy of

the matter in the gain regioKs), is a good diagnostic
guantity for the proximity to an explosion. As we ar-
gued in Sec{_6l1, it is neither clear nor necessary that
(s) is higher for cases where explosions are obtained
more readily. Our successful 2D models do not exhibit
larger mean entropies than the corresponding 1D cases,
which fail to explode. Instead, we observed that the to-
tal mass, total entropy, total neutrino-heating rate, and
the nonradial kinetic energy in the gain layer are higher
in cases that develop an explosion.

. We conclude that the tendency for an explosion as

a monotonically increasing function of dimension as
well as the 1D-2D-3D hierarchy ofs(t)) found by
[Nordhaus et al. [(2010) are not robust results. They
seem to be sensitive to subtleffdrences of the ap-
proximations of neutrinoféects (angbr to other dffer-
ences in the numerical treatments of the models). It
is therefore unclear how far studies with radical sim-
plifications of the neutrino physics (without detailed
energy and lepton-number source terms and transport;
no feedback between accretion and neutrino proper-
ties) can yield results that are finally conclusive for the
explosion-triggering processes in real supernova cores.

. Increasing the angular resolution we observed a clear

tendency of 2D models to explode earlier, in agree-
ment with previous results by Scheck (2007), who em-
ployed a more sophisticated treatment of neutrino ef-
fects based on the transport approximation described
in [Scheck et al.[ (2006). In contrast, 3D models show
the opposite trend and in a variety of quantities and
aspects become more similar to their 1D counterparts.
The easier explosion of the 2D models is connected to
an enhanced violence of large-scale mass motions in
the postshock region due to SASI activity, whereas 3D
models with better angular resolution appear to develop
less strength in low-order SASI modes.

. We interpret this finding as a consequence of the op-

posite turbulent energy cascades in 2D and 3D. In 2D
the energy continuously pumped into the gain layer by
neutrino heating and the release of gravitational binding
energy flows from small to large scales and thus helps
to power coherent mass motions on the largest possible
spatial scales. In contrast, in 3D this energy seems to
instigate flow vorticity and fragmentation of structures
on small scales.

. We also conclude from our resolution studies that the

presence of violent mass motions connected to low-
order SASI modes is favorable for an explosion (in
agreement with arguments given by Marek & Janka
2009 and Scheck etlal, 2008). This is supported by the
fact that 2D and 3D models that are closer to explosion
show signs of growing power in large-scale mass mo-
tions (signalled by growing fluctuations of the kinetic
energy of nonradial velocity components) and in partic-
ular develop significant shock deformation and global
ejecta asymmetries when the explosion sets in.
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7. We found that increased radial resolution improves the Finally, our resolution study suggests that the action ef th
conditions for explosions, enabling explosions or let- turbulent cascade in 3D extracts energy from coherentdarge
ting them occur earlier in simulations in 2D as well as scale modes of fluid motion and instead fuels fragmentation
(inone simulated case) 3D environments. This, too, canand enhanced vortex flows on small spatial scales. At least
be understood by a better tracking of the growth of the in our 3D models with better grid zoning the appearance of
SASI activity, which requires ghiciently good numeri-  finer structures in the postshock flow was connected with a
cal resolution as pointed out thoog). tendency of damping the development of explosions. While

a finally convincing proof of such a negative feedback may

The lack of ise inf i the physics | require much better resolved simulations than we presently
€ lack ol very precise information on the physiCs - ¢4p 4rord to conduct (in order to minimize numerical dissipa-
gredients and their exact implementation, e.g., detaithef

freat t of i " low-density EoS. and tion on small scales), this result implies that good resotut
reatment ot neutrino source terms, low-density £05, anél pr —considerably higher than recently used|by Takiwaki et al.

genitor data when mapped into the simulation and seededm), whose 3D simulation had only 32 azimuthal zones

wn?hsg)alll g\fndom pelr_tltjrt;atlor?sa a(sj well as a r:/anety of (corresponding to a cell size of 1135~ is indispensable to
methodical di€rences like the nydrodynamics schéme, nu- clarify the 3D dfects on the explosion mechanism. More-

merical grid, and the use of a 1D core at high densities or o “ o\ yesylt points to an interesting direction. Is iSpo
not, prevent us from presenting a rigorous proof that could gipe' yhat the success of the neutrino-driven mechanism in
causally link the discrepancies between our results argktho 3D is tightly coupled to the presence of violent SASI activ-
of etal.[(2010) to one or more well understood rea-j ' copnection that was found before —and is confirmed by
sons. We think that the nagging uncertainties in this cdntex o "resent study— to foster explosions in 2D? If so, what
demand a future, involved, collaborative code-comparison;s e ey to instigate such violent SASI motions of the su-
project. This will also require considerable amounts of eom pernova core in three dimensions? Will they occur with a

putelr ttlme ft(;]r furthe(rj;%D simulations, ;n particular V\/tl;t]fgt:ll _ better (more realistic) treatment of the neutrino transpod
resofution, thus néeding moré computer resources thaf aval correspondingly altered conditions in the heating and-cool

ab[I)e to .L:S ftc;]( thg ?_e_scnbedhprOJect. " ¢ than9 lavers andin the contracting core of the proto-neutron
espite this denciency, nowever, our results suggest Nalgs 5 oy gre they associated with stellar rotation, whienev
the diferences of 3D compared to 2D simulations observed

; with a slow rate can initiate the faster growth of spiral (non
byiNordhaus et al. (2010) are unlikely to be a robust outcome isymmetric) SASI modes (Blondin S?Mezzacaﬂ%a 2&)06a'
but seem to depend on relevant aspects of the modeling (Mosy- -2 oo+ e Foalizzd 20 g Iwakami etlal. 2009: Fernéhdez'
pro?%bléth? n?utrrl]n(_) plhyS|cs ?Ut potentially, and not final 2010)? Or is strong SASI activity in the supernova core trig-
excluded, also technical aspects). gered by large-scale inhomogeneities in the three-dirneasi

We therefore conclude that the influence of 3feets on )})rogenitorstaﬂ_(Am_e_tl_&_M_e_ainln_ZQfll), which could provide
the supernova mechanism is presently not clear. We strongl a more @icient seed for SASI growth than the random cell-

emphasize, however, that the fact that our results do net cor,_ce|| small-amplitude perturbations employed in ouriaw
roborate improved explosion conditions in 3D compared to tions? Should the presence of large-amplitude SASI mass mo-

g.?tg?grt‘ﬁgbse UZ?r?OaZ aen a}g%”é?f&ggﬁ;gﬁtgrd;:%tffg]'.nortions indeed turn out to be the key to the neutrino mechanism
ti upernova explosi ! INOTiy 3D, it would mean that neutrino-driven explosions are not

importance. We just think that in the context of the neutrino only a generically multi-dimensional phenomenon, but one

driven mechanism the relevance and exact role of 3D fluid ¢ s generically associated with dominant low-order emd
dynamics are not understood yet. We therefore have the opin-

. . of asymmetry and deformation from the very beginning.
ion that the results obtained by Nordhaus etal. (2010) do not™\yjje this paper raises many more questions than it is able
{CUSt('jfy their cllalrrés that ?EiD hy(jfrohdynam|q§ers thﬁ key to ah'l to answer, it definitely makes clear that our understandfng o
“E amﬁnta un err]stan Ing of the neutlr]lQo mec aT'ST WNI€4he supernova physics in the third dimension is still in sy
other physics In the supernova core, like general relgitivit ¢,y “A virgin territory with distant horizons lies aftbaf
or the properties of the nuclear EOS, are only of secondaryus and awaits to be explored
. . A plored.
importance. Though this may well be right, such statements
at the present time are premature and not supported by solid
facts and results. We are grateful to Lorenz Hiidepohl for his valuable input
Our study, however, raises further important questions.to different aspects of the reported project and thank Elena
How far can our understanding be developed on grounds ofErastova and Markus Rampp (Max-Planck-Rechenzentrum
modeling approaches that employ radical simplifications of Garching) for their help in the visualization of our 3D data.
the neutrino physics? Which aspects of the complex inter-HTJ would like to thank Rodrigo Fernandez and Chris-
play between dierent components of the problem are linked tian Ott for stimulating and informative discussions. This
to the essence of how the explosion is triggered by the combi-work was supported by the Deutsche Forschungsgemein-
nation of neutrino energy supply and nonradial hydrodymami schaft through Sonderforschungsbergithansregio 27 “Neu-
instabilities? Examples for such mutually dependent compo trinos and Beyond”, Sonderforschungsbergicansregio 7
nents are the neutrino transport and hydrodynamics, the neu“Gravitational-Wave Astronomy”, and the Cluster of Excel-
tron star core evolution and fluid motions around the neutronlence EXC 153 “Origin and Structure of the Universe”. The
star, or the mass flux from the accretion shock to the decelercomputations were performed on the Juropa cluster at the
ation layer (both being the coupling regions for the adweeti  John von Neumann Institute for Computing (NIC) in Jilich,
acoustic cycle that is thought to be responsible for the SASI partially through a DECI-6 grant of the DEISA initiative, on
growth; e.g.[ Scheck etldl. 2008) and the conditions in thethe IBM p690 at Cineca in Italy through a DECI-5 grant of the
neutrino heating and cooling layers. Much more work needs DEISA initiative, and on the IBM p690 at the Rechenzentrum
to be done to find the answers of these questions. Garching.
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