View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by Crossref

Supernova Explosions and the Birth of Neutron Stars
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Abstract. We report here on recent progress in understanding the batiditions of neutron stars and the way how
supernovae explode. More sophisticated numerical modeis led to the discovery of new phenomena in the supernoea cor
for example a generic hydrodynamic instability of the saagrsupernova shock against low-mode nonradial deformatio
the excitation of gravity-wave activity in the surface amdecof the nascent neutron star. Both can have supportiveaiside
influence on the inauguration of the explosion, the formeirbgroving the conditions for energy deposition by neutrino
heating in the postshock gas, the latter by supplying theldping blast with a flux of acoustic power that adds to thegne
transfer by neutrinos. While recent two-dimensional medeiggest that the neutrino-driven mechanism may be viable f
stars from~8M, to at least 181, acoustic energy input has been advocated as an alterifatiegtrino heating fails.
Magnetohydrodynamic effects constitute another way @gai explosions in connection with the collapse of suffidien
rapidly rotating stellar cores, perhaps linked to the baftlmagnetars. The global explosion asymmetries seen irettent
simulations offer an explanation of even the highest meakskick velocities of young neutron stars.
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INTRODUCTION A better understanding of the explosion mechanism of
core-collapse supernovae is not only important for inter-
Improved numerical tools and the increasing powerpreting the observable properties of the blast, for pre-
of modern supercomputers have brought considerabldicting gravitational-wave and neutrino signals, and for
progress in modeling stellar core collapse in the pastletermining the conditions of nucleosynthesis processes
years. It is possible now to simulate the complex phys-that occur during the explosion. Itis also and in particular
ical processes in the deep interior of supernovae with unessential for establishing the link between the progenitor
precedented sophistication and detailedness. stars and their compact remnants, thus answering ques-
It has become clear meanwhile that the explosions ofions like that of the mass distribution of neutron stars
massive stars are a generically multi-dimensional pheand of the stellar mass limit for black hole formation,
nomenon. This insight was fostered by the fact thatwhich may happen either directly during the core col-
spherically symmetric (1D) simulations, which becamelapse or by later massive fallback when the disrupted star
available with a fully energy dependent solution of the does not become completely unbound during the explo-
Boltzmann transport problem for the neutrinos only re-sion. So far, estimates for such scenarios have been made
cently (seel[1] for an overview and comparison of differ- only on the basis of still rather crude self-consistent ex-
ent numerical approaches) confirmed and solidified oldeplosion simulations [6] or by invoking assumptions about
1D results of the 1980’s and 1990’s, namely that explothe mass cut and energy in models with piston-driven ar-
sions in the 1D models could not be obtained, neither bytificial explosions (e.g.,[7]).
the prompt bounce-shock nor by the delayed neutrino-
heating mechanism, at least not for progenitor stars of
more than 10/, and on a timescale of roughly one sec- BRIEF HISTORICAL EXCURSION
ond after core bouncel[2] 3| 4, 5]. Moreover, the lat-
est generation of multi-dimensional simulations has proDue to the huge gravitational binding energy liberated
vided evidence for a variety of routes that can lead to exin neutrinos, which carry away hundred times more en-
plosions when nonradial phenomena are accounted foergy than needed for the explosion, these particles have
These routes seem to depend on the properties and conditng been speculated to be the driving agent of the stel-
tions in the progenitor stars like their mass and structuréar explosion. Colgate and White [8] in a seminal paper
and the amount of angular momentum in their core. in 1966 not only proposed gravitational binding energy
In the following we will briefly review these recent de- to be the primary energy source of core-collapse super-
velopments in the multi-dimensional modeling of stellar novae, but also that the intense flux of escaping neutri-
core collapse and explosion, and we will critically dis- nos transfers the energy from the imploding core to the
cuss the status of the present simulations. ejected stellar mantle. Nearly twenty years later, Bethe
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and Wilson [9] were the first who described in detail provements. However, a rigorous solution of the Boltz-
the way how this might happen, interpeting thereby themann transport equation is still much too time consum-
physics that played a role in hydrodynamic simulationsing to be applied in full-scale simulations. Even in axi-
performed by Wilson. They concluded that electron neu-ally symmetric (2D) models the transport poses a five-
trino and antineutrino absorptions on the free neutronslimensional problem (see, e.d., [20]), in three dimen-
and protons that are abundantly present in the shocksional hydrodynamic simulations it would constitute a
dissociated matter behind the stalled accretion shock itime-dependent six-dimensional problem.
the supernova core, are the primary agents of the energy All active groups therefore still have to accept some
transfer. simplifications and nevertheless the neutrino transport
These pioneering computer simulations of the so-module dominates the computing time for supernova
called delayed neutrino-driven explosion mechanisnsimulations by far. The approximations taken by dif-
were still conducted in spherical symmetry. The mech-ferent groups differ significantly. While the Tucson-
anism turned out to be successful only when the neuderusalem collaboration employs a 2D flux-limited dif-
tron star was assumed to become a more luminous neddsion scheme and treats the neutrino energy groups un-
trino source by mixing instabilities accelerating the en-coupled (an approach that is known from 1D simulations
ergy transport out of its dense interior. The thus enhancetb be unable to capture important physics), thus gaining
neutrino emission led to stronger neutrino heating in thea modest amount of straightforward parallelism for their
overlying layers of the exploding star. Theoretical stadie computations (e.g., [21, 22,123], the transport treatment
and multi-dimensional computer models, however, sug-of the Garching group accounts for the full energy depen-
gest that convection and mixing instabilities inside thedence of the problem and solves on each angular (lateral)
neutron star do not have the necessary big effect (see, e.pin of the 2D grid a full one-dimensional transport prob-
[10,I3,11] 12]). Instead, the first multi-dimensional sim- lem by iterating the moment equations of neutrino num-
ulations, which became available only in the mid 1990’s,ber, energy, and momentum with a variable Eddington
demonstrated that the neutrino-heated layer around thiactor for the closure that is obtained from the solution of
forming neutron star is unstable to vigorous convectivea model Boltzmann equation. Moreover, neutrino pres-
overturn [13/ 14| 15,6, 16, 17]. This can raise the ef-sure gradients and advection in the lateral direction are
ficiency of the neutrino energy deposition and thus carincluded in this so-called “ray-by-ray plus” approxima-
have a supportive effect on the supernova explosion. Th&on [24,/25]. While this approach assumes that the neu-
first such two-dimensional (i.e. axisymmetric) and three-trino flux components in lateral direction are zero (i.e.,
dimensional simulations, however, suffered from a sethe neutrino intensity is taken to be symmetric around
vere drawback: the physics of the neutrino transport andhe radial direction), it allows one to properly treat the
of neutrino-matter interactions, which is essential ferdi gradual transition of neutrinos from diffusion at the high
cussing the power input to the explosion, is so complexdensities in the neutron star interior to free streaming in
that it could be treated only in a grossly simplified way. the much more dilute stellar layers far outside of the neu-
In the best models at that time this was done by the sotron star. This approach has also the big advantage of be-
called “grey diffusion approximation”. This means that ing a direct generalization of the 1D case and therefore
the energy-dependence of the neutrino interactions (thi enables a detailed, well constrained comparison of 1D
cross sections of the most important neutrino processesnd 2D simulations.
typically scale with the squared neutrino energy) was In the following we will summarize the essentials of
ignored and replaced by a “grey” (spectrally averagedyecent two-dimensional studies that have made use of the
description. Moreover, the spatial propagation was apmentioned improvements in the neutrino transport, and
proximated by assuming that neutrinos diffuse throughwhich have thus contributed to a better understanding of
the dense neutron star medium until they decouple anthe question how the collapse of stellar cores could be re-
stream away from a chosen position, usually from a layerersed to an explosion. The basic requirement for this to
somewhat outside of the “neutrinosphere”, close to théhappen is that some energy reservoir that takes up grav-
surface of the compact remnant. The historical developitational binding energy released during stellar core col-
ment of these theoretical studies of the supernova expldapse can be effectively tapped and transferred to matter
sion mechanism is resumed in a recent review [18]. that can get expelled in the explosion. This can happen
by neutrinos in the context of the neutrino-heating mech-
anism, but it can also be achieved by magnetic fields in
RECENT RESULTS magnetohydrodynamic (MHD) explosions. Or it may oc-
cur, as recently proposed [21, 22], through sound waves
Only in the past years the neutrino treatment in multi-created by violently turbulent gas motions around the im-
dimensional hydrodynamic and magnetohydrodynamigact sites of accretion downflows on the neutron star sur-
(MHD) models of supernovae has seen significant imface, or even by large-amplitude g-mode pulsations of
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FIGURE 1. Snaphots showing the gas entropy (left half of panels) aaelictron-to-nucleon ratio (right half of panels) for the
explosion of anv9M, star with an O-Ne-Mg core. The plots correspond (from topttebottom right) to times of 0.097, 0.144, and
0.262 seconds after the launch of the supernova shock fnohthe& onset of neutron star formation at the moment of covadm
Note the different radial and color scales of the four parigige to the rapid expansion of the shock and of the shockerated
ejecta into the extremely dilute layers surrounding the ©Nig core, the convective pattern freezes out quickly amginisea nearly
self-similar expansion. The characteristic wavelengttooivective structures is roughly 30—45 degrees (corretipgrio dominant
spherical harmonics modes lof= 4,5) and there is no strong contribution of dipolar and qupdlar asymmetries.
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nos of the electron flavor deposit roughly 10% of their
energy in the so-called gain layer between the gain ra-
dius and the stalled supernova shock. Detailed and accu-
rate numerical models are indispensable to determine the
exact efficiency of this energy transfer.

Results obtained by the Garching group for progeni-
tor stars between 9 and 15 solar masses confirm the vi-
ability of the neutrino-heating mechanism for triggering
supernova explosions. However, the inauguration of the
] explosion happens in a different way than expected from
] previous models and the blast properties turn out to dif-
0 =0 fer significantly from older calculations with more sim-

plified neutrino physics.
FIGURE 2. Radii of the supernova shock as functions of Supernova progenitors with less than aboutML0
time for one- and two-dimensional simulations (red andlolac clearly vary in their structure and explosion behavior
””esvl\’le?p‘t?ﬁﬁ;’ter?) of the_texplosign Ct’tf] azstt)ar_ Witlh t(_)-Ne-Mg from more massive stars. The former class of stars de-
core. Note tha € progenitor used in the simulation was a
8.8M model with gn grtificially constructed low-density He- vglops a core Com_posed of oxygen, neon, an_d magne-
shell atp < 103gcm 3 [19], while the 1D simulation was per-  SIUM not of iron, Wlth an extremely steep density gradi-
formed with a recently updated progenitor structure in whic €t at its surface. This allows the supernova shock front,
H-envelope with a much lower density and steeper density dewhich is launched at the moment when the neutron star
cline was added around the O-Ne-Mg core (K. Nomoto, privatebegins to form at the center of the collapsing stellar core,
commL.Jnication).. This e).(plains the stronger acceleratidth® g expand continuously as it propagates into rapidly di-
shock in the region outside of about 1100km. luting infalling material. Behind the shock the velocities
are initially negative, so that no prompt explosion oc-

. . curs. But then neutrino heating deposits the energy that
the neutron star core, leading to acoustically powered exyqers the ensuing blast. Convective overturn develops
plosions. in the neutrino-heated layer behind the outgoing shock

and imprints inhomogeneities on the ejecta, in entropy

) ) ) as well as composition (Fifi] 1). But because of the rapid
Neutrino-driven explosions acceleration of the supernova shock and of the postshock

layer (Fig.[2), the pattern of Rayleigh-Taylor structures

Neutrinos extract energy from the huge reservoir offreezes out quickly (when the expansion timescale be-
degeneracy and thermal energy that is built up inside&comes shorter than the overturn timescale) and the inho-
of the nascent neutron star during stellar core collapsemogeneous shell behind the shock begins an essentially
These neutrinos diffuse out of the dense interior and beself-similar expansion. The short convective phase leads
fore streaming off to low-density regions, mostly neutri- to large-scale explosion asymmetries, however, without
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FIGURE 3. Snapshots of the gas entropy for the explosion of a star WlitPM,;, at times 0.14, 0.20, and 0.28 seconds after the
launch of the supernova shock at core bounce (top left tototight). The explosion develops a large bipolar asymnadthough

the star is not rotating. Note the different radial and gmtrecales of the four panels. The first two plots show restdis Ref. [3],

the last one is from a recent continuation of the same simonléd later times.

ing the stagnant shock farther out and thus to establish

1200 more favorable conditions for neutrino heating.

1000 3 Instead, another kind of nonradial hydrodynamic in-
_ stability, the so-called standing accretion shock ingtabi
g 8oor ] ity (“SASI”; [28]), which can grow efficiently even when
S eook 1 convection stays weak [29,/30,/27], obtains decisive in-
B ] fluence on the shock evolution. With highest growth rates

400 ] of the dipole and quadrupole modes|[31], it leads to vi-
olent bipolar sloshing motions of the shock. This drives

200 the shock front to larger radii and thus reduces the ac-
0 , , ] cretion velocities in the postshock layer. The oblique-
0 100 200 300 ness of the shock surface relative to the infalling stellar

time [ms] core material deflects the accretion flow and stretches its
path through the layer of neutrino heating. Moreover, the
tion of the supernova shock front as functions of time for theSASI also causes secondary convection due to steep en-

explosion of the 11.®1, model displayed in Fid.]3. Note the tropy gradients produced in the postshock layer by the

clear signature of several large-amplitude bipolar shazklo ~ guasi-periodic expansion and contraction phases of the
lations due to the standing accretion shock instability $§A  shock. The influence of the SASI thus improves the con-

before the blast takes off with an extreme 3:1 deformation.  ditions for efficient energy deposition by neutrinos, be-
cause the gas accreted through the stalled shock can stay
longer in the heating layer and is therefore able to absorb
global dipolar or quadrupolar deformation (Fig. 1). more energy from the intense neutrino flux radiated by
Evolved stars above roughly M), produce iron cores the nascent neutron Sstar [27].
with a much more shallow density decline outside. Run-  The presence of strong SASI oscillations is visible in
ning into this denser material damps the initial expan-simulations for an 11.R1., star (for details, se€l[3]) and
sion of the shock. Moreover, severe energy losses angy a 15M,, star (details in Ref/[32]). The SASI turns
the high mass infall rates cause the shock to even stall &yt to be crucial for the explosion in both cases (Fiys. 3—
a relatively small radius of only about 100km. Becausgg). Different from the~9M,, star, where convection im-
of the small shock Stagnation radius, the infall veloci- poses a high_mode asymmetry pattern on the ejecta (See
ties of the collapsing stellar core ahead and behind th@ig.l]]),the preferred growth of the dipole and quadrupole
shock are very large. Different from previous calcula- (I = 1,2;m=0in terms of an expansion of the character-
tions with simple grey neutrino diffusion, our more so- istic flow properties in spherical harmonics) modes of the
phisticated models show that convection is strongly SUPSAS| leads to a large global anisotropy of the beginning
pressed in the rapldly |nfa”|ng matter behind the ShOCk.Supernova blast in the more massive progenitors_
Neutrino heating is not powerful enough to allow high-  oyr simulations have thus demonstrated the decisive
entropy matter to become buoyant against the accretiopyle of the standing accretion shock instability in com-
flow (seel[26, 27]). Convective overturn behind the shockpination with neutrino heating for initiating neutrino-
therefore cannot become sufficiently strong to help pUShpowered supernovae. The explosion may set in with a

FIGURE 4. Maximum, average, and minimum radial posi-
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FIGURE 5. Left: Shock positions near the north pole and near the south pdisesons of time for a 1M, star that evolves
towards the onset of an explosion>a600ms after core bounce. The gas entropy is color coded. Bhashows many cycles of
quasi-periodic bipolar shock oscillations due to the stama@ccretion shock instability (SASIRight: Gas entropy distribution
for the 19Vl star at the onset of the explosion at a time of 0.61s after cmul large north-south asymmetry signals a strong
contribution from the dipole mode. The white line marks tlaéngadius as lower boundary of the neutrino-heating re¢fath
plots are from|[32]).

g.’;:‘fBLEt L Est!{natetd exp{ﬁséTMpSroperties for could the 1D and 2D calculations be carried on for a suf-
tfierent progentor stars wi Madkrog ficiently long time to see the explosion energy asymptote.

Mprog  texpl’ Macd  Eexpl™ Mnsb? For the other two models the explosion energy is built up
Mo]  [mg Mg] B] [Mg] during a possibly long-lasting phase of anisotropic ac-
9 120 00l1-002 02-03 136 cretion am_j si_multane_ous e>_<pansion of n_euf[rino—h_eated
112 220 002-004 03-06 1.30 matter, which is a manifestation of the multi-dimensional
15 620 005-006 ~10 155 nature of the explosion [34, 22,|23,/12]. The explosion
energy can then be roughly estimated from (for details,
* Time of onset of explosion, determined as the moment see [32])
when the total energy in the gain layer, integrated over ; Eapr ~ E Tace ~ M (1)
the mass elements with positive specific total energy, eXp v tacc accev
fxﬂi‘eds 1f@ef9 ed. neutrino-heated. and then eiected whereE, is the net (i.e., heating minus cooling) neutrino
ass or accreted, neutrino-neated, an en ejecte .
matt&r accounting for the explosion energy estimate of energy transfer rate to accreted and eJeCted gas,
Eq. (1) : .
** Explosion energy estimated according to Eg. (1) in Ey ~ {Macc€y ~ 2 % 10'51 @7 (2)
1B = 1bethe= 10°terg S

* Baryonic mass of the neutron star at the onset of the : . .
expk,gion whenMgaec~ 0.2Mg/s is the mass accretion rate through

the shock when the explosion begins in the 11.2 and
15Mq models,{ ~ 0.5 is the fraction of the accreted
significant delay after the neutron star begins to formdas that gets ejected again after being heated by neutri-
(similar results, however with Newtonian gravity instead N0S.€v ~ 10MeV/nucleon~ 10198“91_/9 is the average
of a relativistic gravitational potential were recently re SPecific energy deposited by neutrinos in the gas, and
ported in Ref.[[33]). For the most massive of the threeMacc = {MaccTacc is the accreted and subsequently ex-

investigated stars this happens about 0.6 seconds latdtelled gas mass. Accretion can continue until the post-
This is not only much later than expected from previousShOCk matter is accelerated to escape velocity by the out-

simulations, but also constitutes a major computationaf®ing shock, which leads t0 an estimate of the accretion

challenge for our 2D modeling with sophisticated multi- iMe @STacc ~ 0.55Mns1.5Vgg, WhenMnsy 5 is the neu-

energy-group neutrino transport, for which reason our seton star mass normalized to Ma andvshg is the shock

of computed cases is still constrained to only three provelocity in units of 18cm/s (see |[32]).

genitors. The non-monotonic behavior of the initial neutron star
Table[l summarizes the prediced explosion and rem(baryonic) mass is linked to the core size of the progen-

nant properties for these three progenitors. Only in thétors and the surrounding density structure, because the
case of the rapidly developing blast of thé@M, star latter determines the delay of the explosion and the dura-

tion of the accretion phase after bounce.
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FIGURE 6. Upper panelsTwo snapshots of the entropy distribution at 0.25s and Ifi@s@ounce for one of the simulations in
Ref. [34]. The anisotropic ejecta distribution leads to atren star kick as explained in the tekbwer panelsNeutron star recoil
velocity (left) and acceleration (right) as functions @hé after bounce for the simulation shown in the upper two fgaii@e solid
curves are the result deduced directly from the hydrodyoaimulation, the dashed curve in the left plot and the loaghed curve
in the right plot are from an independent post-processiradyais of all accelerating effects on the neutron star.riigwut that the
gravitational pull of the anisotropic ejecta is the main &t of the neutron star acceleratiort at 0.5s (dotted curve in the right
panel) and dominates anisotropic accretion and outflowspessbkure forces (short-dashed, dash-dotted, and daspieddbtted,
respectively, in the right panel) by far. Anisotropic néutremission has usually a small influence (difference bemsolid and

dotted lines in the left panel).

Explosion asymmetries and pulsar kicks smoothness and broadness of the lightcurve peak [35].
Big explosion asymmetries can therefore not be inter-

One of the consequences of this SASI-supportegreted as a signature of MHD-driven (“jet-driven”) ex-
neutrino-driven mechanism is a global asymmetry of theplosions.
accelerating shock front and of the ejected gas even in the Scheck et al.[[34], performing a large set of 2D sim-
absence of rotation (or with only very little rotation) in ulations for neutrino-driven explosions with an approx-
the stellar core. When the dipole and quadrupole modesnative description of the neutrino transport and using
are very strong, the onset of the explosion can resemblthe neutrino luminosities from the contracting and cool-
even a bipolar jet-like blast with a sizable pole-to-equato ing neutron star as a parametric boundary condition,
deformation (see Figkl 3 ahdl 4). showed that such large explosion asymmetries can leave

A strongly deformed shock wave triggers mixing the compact remnant with recoil velocities sufficiently
instabilities (Rayleigh-Taylor as well as Richtmyer- large to explain the measured eigenvelocities of young
Meshkov) at the interfaces of the different compositionpulsars. In cases where a dipolar asymmetry became
shells of the exploding star after the passage of the outdominant and the explosion developed more strength
going shock wave. This was shown to lead to large-scalén one hemisphere than in the other, typical kick ve-
mixing of the chemical elements between the deep indocities around 500km/s were found, with peak values
terior and the outer stellar layers during the explosiongven above 1000km/s, whereas in cases where the higher
explaining self-consistently a variety of properties ob-modes were stronger than the 1 asymmetry, the veloc-
served in well-monitored supernovae like the famous Suities stayed fairly modest, usually below about 200km/s
pernova 1987A, for example the high nickel velocities, (see Fig. 20 in.[34]).
the inhomogeneous and clumpy distribution of the met- The pulsar recoil is caused by the asymmetry which
als, and the spreading of hydrogen over a wide rangéhe SASI distorted explosion develops on the long run,
of velocities that had to be invoked for explaining thei.e. over a timescale of many seconds. During the on-



set of the explosion, even until the shock reaches ara | I RETI0 t = 0.558 sec
dius of some 1000km, the pulsar kick usually does not —
grow to large values, which indicates that the ejecta have °
not obtained a high momentum asymmetry until then. 2
In Fig.[8, which displays one of the cases computed in ¢
Ref. [34], the left panels show that the neutron star is es- €
sentially not accelerated until 250 ms after bounce wher
the maximum shock radius in this simulation is beyond
1500km, and even at 400ms post bounce the neutrol.
star has attained a velocity of less than 100km/s. Only
later the acceleration grows and leads to a recoil veloc-?
ity that asymptotes much after one second post bounce.©
The reason for such a long-lasting neutron star propul-2
sion can neither be anisotropic accretion nor anisotropic g
mass ejection in the neutrino-driven wind. The former )
ceases at about 0.5s p.b., while the neutrino wind is es- ) ——
sentially spherically symmetric, corresponding to a neu- i - o )
trino emission that is nearly isotropic and thus also pro- radius [10° cm]
duces only a very small effect on the neutron star kick
velocity (see left lower panel of Fifi] 6). —_
A careful analysis of all effects that can transfer mo- §
mentum between the surrounding gas and the compacmg
remnant, i.e., gas outflow and accetion, anisotropic pres-«
sure, neutrino emission, and gravitational forces, shows$ ' y
that mostly the last mediate the speed-up of the neu- ﬂ &
tron star att > 0.4s, whereas before that time all indi- " i o, .
vidual forces are large but nearly balanced (see lower radius [10° cm]
right panel of Fig[b and for details, Ref. [34]). The ex-
p|osion asymmetries’ which are the cause of the gra\/iF!GURE 7 Snapshots of density, absolute value of the ra-
tational momentum transfer to the neutron star, develof§'& velocity, and entropy per nucleon (from top to bottorn) a

| duall hen th " d . hock ~0.56 s after supernova shock formation in one of the expfosio
only gradually when the outward moving ShOCK €nCOM-g;mations of a 18, studied in Ref.[[34]. The anisotropic

passes more and more matter from the progenitor stagensity distribution of the ejecta is visible in the uppeotpl
Since the shock was launched highly aspherically as a rawith mushroom-like Rayleigh-Taylor structures reachiogvd

sult of the SASI motions, the gas swept up by the shockowards the neutron star at the grid center. The middle panel
may not experience the same acceleration everywhere. $hows the absolute values of the radial velocity, whichakse
the shock is weaker in a certain direction or is 0b”questrong sonic activity due to the impact of the downflows on

to the radius vector. the swebt up gas is less stronalv a the neutron star surface, and the lower plot demonstratgs th
! ptupg 9ly aGhe outgoing sound waves do not dissipate their energy effi-

celerated. This slower gas begins to lag behind the ejectgently in the rapidly expanding neutrino-heated gas sottfea
expanding in other directions. It is funneled into dense entropies of these ejecta are hardly affected.

downward-reaching, low-entropy filaments with the typ-

ical mushroom-like Rayleigh-Taylor caps (these are vis-

ible in the right upper panel of Figl 6). The gravitational Alternative explosion mechanisms

attraction of such massive gas pockets, which are closer

to the neutron star than the ejecta in other directions, ex- Recently, Burrows et al. [211, 22] came up with the sug-
certs an anisotropic pull on the compact remnant. Regestion that supernovae might be energized by a strong
versely, this pull decelerates the still expanding gass thuflux of acoustic power originating from the neutron star.
transferring some of the ejecta momentum to the neutroim their 2D simulations they found that the compact rem-
star. In the extreme case, the gas may be gravitationalljant is instigated to large-amplitude bipolar oscillasipn
captured and may fall back to be accreted by the neutron—= 1 core gravity modes, by the anisotropic accretion
star. The acceleration ceases and the neutron star SpG@ﬂgas_ The pulsating compact remnant sends pressure
asymptotes, when the inhomogeneous ejecta reach larggaves into its environment, which carry a sizable energy
and larger radii and the anisotropic gravitational forcesflux and can even steepen into shocks, thus dissipating
diminish. As a consequence of this acceleration, the newheir energy in the surrounding medium and raising the

tron star motion is predicted to be opposite to the mairentropy there. The ringing neutron star acts as a trans-
momentum of the matter ejected in the supernova blast.

log,o{density) [g/cm’]

A velocity

velocity [10° cm/s]
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A entropy Se

&>
entropy [kg/nuc]



distance from the neutron star in Fifgs. 7 &hd 8. Fgp

of order unity our estimate agrees with values quoted in
Burrows et al. [[22], which might account for a sizable
contribution to the energy of the developing explosion.
In our simulations, we indeed see that the perturbations
can reach such amplitudes, in particular when the down-
flow becomes unstable and the perturbations it gener-
ates in and around the neutron star surface layer grow.
Outside of these transient periods, howepéfp is usu-

ally significantly smaller. Moreover, the net neutrino en-

FIGURE 8. Close-up of the neutron star vicinity for two €'Y deposition rates, integrated over the volume of the

post-bounce times (0.375s and 0.895s p.b.) in a simulatior@ain layer, in all of our simulations are typically several
like the one shown in Fig]7. The color coding represents thel(Plerg/s (see Edl2), so that the energy input to the ex-
absolute value of the radial velocity as in the middle parfiel o plosions in our models is clearly dominated by neutrinos.
Fhe latter figure. The.sonic activity by waves emerging fromn t Magnetohydrodynamically driven explosions have at-
impact of the accretion flow on the neutron star surface can bgp o q renewed and increasing interest over the past
particularly well seen in this quantiy. years for a number of reasons One reason is the discovery
of magnetars, which is taken as an indication that at least
ducer that converts some part of the gravitational bind-in some fraction of all cases very strong surfacg magnetic
ing energy released by the accreted gas into sonic poweE.e I(_js c{a;]n be glers_eratehd n ”?“”‘;]r.‘ sr;[ars, possibly aIre?d_y
The radiated sound was found to be the crucial supply uring e evolution phases in which a supernova explo

of the developing explosion with energy and momentumsion is triggered. Another reason is the established link of

: : . . at least some long-duration gamma-ray bursts with very
and thus triggers acoustically driven explosions. energetic and highly aymmetric hypernova explosions of
While this appears as an interesting alternative to initi- 9 ghly ay yp P

ate the explosion if neutrino heating fails, the question ispresumgbly ra}pldly rotating massive stars. And a thlr(_j
feason is the interpretation of asymmetries observed in

how the acoustic energy input compares to neutrino heasu ernova explosions and supernova remnants as conse-
ing. Burrows et al..[21] reported that in their simulations P po ang SUperno )
uences and relics of jet-like eruptions or as hints to the

the acoustic energy flux dominates the neutrino energg.ection of hiahlv collimated material
deposition later than several 100ms after bounce. Al®) gnly o
: Independent of how magnetic fields transfer energy
though we do not observe the laiige 1 core g-modesin . ;
go the explosion, e.g., by hoop stresses, magnetic pres-

the neutron star seen by them at late post-bounce timeshre or viscous dissipation of energy, the initial magneti
and on the basis of our present simulations we can ne'f'ieldé in the stellar cgre must havgyk')een am Iifiegndur-
ther judge nor exclude this possibility, also in our models. P

—in the full-scale supernova calculations fo8—15M., ing the collapse either by magnetic field wrapping or the

stars as well as in the parametric explosions— we CaIgnagnetorotatlonal instability. Thus they tap the free en-

clearly identify the presence of strong turbulence in the=T9Y that can be stored in the highly differential rotation

neutron star surface layer. The gas there is stirred by th%}fe?] tiﬂ\nzgr?s::s:lr?r gg;%;{?f;sco_pﬁiz Sﬁi;;ig?UIaLgnvS_'
violentimpact of accretion downflows, thus creating vig- 9 : 9y

. . - 0
orous sonic activity around the neutron star (Figs. 7 ang e 1S typically a rather small fraction (of order 10%)

[8). Very approximately, we can estimate the outgoingOf the total rotation energy, i.e.,
flux of sonic energy (making the assumptions of spher- 1ms\ 2
ical symmetry and negligible energy dissipation in the E[®® < Ejq ~ 2 x 10°2ergMns15R2g6 <—> , (4)

flow) as [36] Phs
N 2 where R, denotes the neutron star radius in &
Esound ~ 4mr?pvics ~ 4mr? <&> pcd and P,s is the neutron star spin period. A millisecond
P neutron star typically requires the pre-collapse stellar
0 erg /p'\? core to rotate with a period d®n ~ Phs(Rini/Rng)? ~
~ 5x 107 == p) 3 10 s(Pns/1ms). This is significantly faster than predicted

by current evolution models for rotating stars, in which
wherev is the fluid velocity in the sound waves; is the  the enhanced angular momentum loss due to angular mo-
sound speed, angl /p denotes the amplitude of the rip- mentum transport by magnetic field effects is taken into
ples on the background densitycaused by the sound account|[42]. At the onset of core collapse, the stellar
waves. The numerical value in the last expression turngores are estimated to have spin period®gf> 100s
out to be fairly independent of radius and time at some(i.e., Qj, < 0.05rad/s). This will lead to neutron stars



with P,s > 10ms, which is much too slow for rotation to ACKNOWLEDGMENTS

be an energy reservoir of MHD-driven supernovae. Such

a conclusion was also reached on the basis of detailed/e thank K. Nomoto, A. Heger and S. Woosley for
simulations in Refs. [38, 23]. Nevertheless, the MHD providing us with their progenitor data and are indebted
mechansim may still need to be invoked for explainingto R. Buras, K. Kifonidis, E. Miller, and M. Rampp
the enormous energy output of long-duration gammafor fruitful collaborations. This project was supported
ray bursts and associated hypernova explosions, whichy the Deutsche Forschungsgemeinschaft through
would imply that these events are linked to rare caseshe Transregional Collaborative Research Centers
where massive stars have achieved to retain a large aisFB/TR 27 “Neutrinos and Beyond” and SFB/TR 7
gular momentum at the time when they end their lives agGravitational Wave Astronomy”, and the Cluster of
collapsarsi[43]. Excellence “Origin and Structure of the Universe”
(http://www.universe—-cluster.de). The
computations were only possible because of computer
time on the IBM p690 of the John von Neumann In-
stitute for Computing (NIC) in Julich, on the national
We have reviewed a variety of recent findings that shedsupercomputer NEC SX-8 at the High Performance
new light on the processes that cause the explosions étomputing Center Stuttgart (HLRS) under grant number
massive stars and play a role during the birth of neutrorSuperN/12758, on the IBM p690 of the Computer Center
stars. All recent 2D simulations that were performed withGarching (RZG), on the sgi Altix 4700 of the Leibniz-

a full 180 degree grid agree that the standing accretioiRechenzentrum (LRZ) in Munich, and on the sgi Altix
shock becomes unstable to low-mode, nonradial defor3700 of the MPI for Astrophysics. We also acknowledge
mation. This SASI phenomenon plays a very importantsupport by AstroGrid-D, a project funded by the German
role in the supernova core. It was not only found to in- Federal Ministry of Education and Research (BMBF) as
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duce a large asymmetry of the developing blast but alsgart of the D-Grid initiative.

to facilitate neutrino-driven explosions by stretching th
time accreted matter can stay in the gain layer and can be
exposed to neutrino heating. Moreover, the SASI was ob-
served to excite large-amplitude core g-modes in the neu-
tron star, whose sonic damping could contribute to or bel.
essential for powering the explosion. The asymmetries
imprinted on the explosion by the SASI may lateron lead
to neutron star kicks and might explain the observed ve-"
locities of young pulsars. In three dimensions the: 0
modes of the SASI can also have an influence on the spis.
of the forming neutron star [44].

Despite the general agreement about the importancé
of the SASI, the physical mechanism behind this phe—5
nomenon is still a matter of vivid debate (seel[27] and™
references therein) and the present calculations differ irg
many conclusions. Partly this is may be so because of.
the significantly different numerical approaches taken,
e.g., regarding the hydrodynamics and neutrino trans8:
port, the computational grid, the description of gravity,
and the employed equation of state and neutrino interac-'

tions. Some of the current discrepancies and controveryg

sies, however, will find an explanation when more sim-

ulations become available and comparisons are madél.

Ultimately, however, most of the processes and conse-

guences mentioned above will have to be addressed b’yz

3D models, which are currently still out of reach becaus
of the enormous computational demands of the energy-
dependent neutrino transport.
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