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ABSTRACT

We present two-dimensional (axisymmetric) neutrino-lbggnamic simulations of the long-time accretion phase @& ®J progen-
itor star after core bounce and before the launch of a supamexplosion, when non-radial hydrodynamic instabilitiks convection
occur in diferent regions of the collapsing stellar core and the stgndatretion shock instability (SASI) leads to large-anuolé
oscillations of the stalled shock with a period of tens oflisglconds. Our simulations are performed with tlk@NRTHEUS-VERTEX
code, which includes a multi-flavor, energy-dependentrsutransport scheme and employs dfeetive relativistic gravitational
potential. Testing the influence of afftand a soft equation of state for hot neutron star matter, wetfiat the non-radial mass
motions in the supernova core impose a time variability @rtbutrino and gravitational-wave signals with larger amgés as well
as higher frequencies in the case of a more compact nascetnomestar. After the prompt shock-breakout burst of etacimeu-
trinos, a more compact accreting remnant produces highdrine luminosities and larger mean neutrino energies. diiservable
neutrino emission in the SASI sloshing direction exhibite@dulation of several ten percent in the luminosities amdiizd 1 MeV
in the mean energies with most power at typical SASI fregigsnbetween roughly 20 and 100 Hz. The modulation is caused by
quasi-periodic variations of the mass accretion rate ofriagtron star in each hemisphere. At times later th&A—-100 ms after
bounce the gravitational-wave amplitude is dominated leygiowing low-frequency<200 Hz) signal associated with anisotropic
neutrino emission. A high-frequency wave signal resultsnfinonradial gas flows in the outer layers of the anisotrdigie&creting
neutron star. Right after bounce such nonradial mass nstoour due to prompt post-shock convection in both consileases
and contribute mostly to the early wave production arour@lH0. Later they are instigated by the SASI and by convectigrtarn
that vigorously stir the neutrino-heating and cooling layand also by convective activity developing below thetrieosphere. The
gravitational-wave power then peaks at about 300-800 Hmexted to changes of the mass quadrupole moment on a times$ca
milliseconds. Distinctively higher spectral frequenc@gginate from the more compact and more rapidly contrgctiautron star.
Both the neutrino and gravitational-wave emission theeefmrry information that is characteristic of the propestof the nuclear
equation of state in the hot remnant.
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1. Introduction ties like convection that deform and stir the condensindraén

) o _ ) compact remnant of the explosion.
Neutrinos and gravitational waves are the most direct piatlen

probes of the processes tha occur deep nsice of « dyng s [ o PLLATSLof election neuos,fr xape sgna
accompanying or causing the initiation of the stellar esjun. P

Neutrinos were already detected in connection with Supmnothe shock heating of matter in this region. The neutrino emis

SN 1987A (Bionta et al. 1987, Hirata et al. 1987, Alexeyey o1 &fter core bounce is a sensitive probe of the mass antret
al. 1988), although With.poor étatistics so that thé extoachf L€ ON the forming neutron star and thus of the density struc
information for constraining the explosion mechanism was nture of the infalling layers of the dying star (e.g., Lieberidr

possible. The simultaneous measurement of signals of joéist :L ale'cfeo(?f(; sB#gsvsuet :é' azcr)r?(?rz).o-rrlhet?ssgﬁgtdgfntg;eoe};akt)r?elzor?w;sss
remains a very realistic hope for the next Galactic supeanov pect P . P
accretion rate of the forming neutron star. A soft superaaicl

Capturing neutrinos and gravitational waves from the sanagation of state will lead to a more compact and hotter rem-
source has the advantage of providing to a large extent CORnt, radiating higher neutrino luminosities and more getic
plementary insight into the conditions of the stellar cakthile  outrinos (e.g., Janka et al. 2005, Marek 2007). And a plassib
neutrino signals reflect the density structure and thermadhyc phase transition to non-nucleonic matter in the neutrancste
conditions in the high-density plasma of the collapsing@d 3y impose characteristic features like a second neuttngt b
forming neutron star, gravitational waves carry cruciima- (sagert et al. 2008) o, if triggering the collapse to a blagle,
tion about the _dynaml_cs and nonradial motions of_ the_ stellﬁ{ay cause an abrupt termination of the neutrino emissia, (e.
matter, €.g. of its rotational state or of hydrodynamicabst-  gyrrows 1988; Keil & Janka 1995; Sumiyoshi et al. 2006, 2007;

Fischer et al. 2008).

Send  offprint  requests to:  H.-Th. Janka, e-mail: Theoretical work on the gravitational-wave signals froel-st
thj@mpa-garching.mpg.de lar core collapse and explosion has a long history of suaedgs
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refined numerical models. In particular the infall and bainScheck et al. 2004, 2006, 2008; Ohnishi et al. 2006, Foglizzo
phases, which are theoretically relatively well underdtparts et al. 2007; Yamasaki & Foglizzo 2008). This SASI activity is
of the evolution, have received a lot of interest, becausmag found to reach the nonlinear regime at roughly 100 ms after co
and characteristic signature could make them a promisimgeo bounce and to grow in amplitude over possibly hundreds of mil
of a detectable gravitational-wave burst (for a revievelilktro- liseconds (Scheck et al. 2008; Marek & Janka 2007; Burrows
duction to the subject and a nearly complete list of puhilicest, et al. 2006, 2007a). It does not only act as seed of powerful
see Dimmelmeier et al. 2008). For this to be the case, the ceexondary convection but can also provide crucial aid fer th
of the progenitor star must develop dfstiently large deforma- neutrino-heating mechanism by pushing the accretion stmck
tion during its infall, and for that it must rotate enoughichp  larger radii and by thus stretching the time accreted matiex-
This, however, does not seem to be compatible with predistioposed to neutrino heating in the gain layer (Buras et al. B)06
from the latest generation of stellar evolution modelsi@rtast Scheck et al. 2008, Marek & Janka 2007, Murphy & Burrows
majority of massive stars, which are expected to have lost m@008). Moreover, the SASI is found to play the driving force
of their angular momentum before collapse (Heger, Woosley,of the g-modes pulsations of the neutron star core that a&e th
Spruit 2005). Only in rare, very special cases, possiblpant essential ingredient of the acoustic mechanism.
ing for the few tenths of a percent of all stellar core colegpps  Observational signatures of the presence of the SASI would
that produce gamma-ray bursts, such stars seem to be ablth&vefore be extremely important for our understandinga¥ h
retain a high angular momentum in their core and to thus pnmassive stars begin their explosion. Supernova asymre atnig
duce relativistic jets and highly asymmetric and extremaly pulsar kicks are one, yet not unambiguous observational hin
ergetic, probably magnetohydrodynamically driven exiplos Neutrinos and gravitational waves, which originate diseftom
(for a recent review, see e.g. Woosley & Bloom 2006). If thighe region where the blast is initiated, however, may rertten
hypothetical connection was true, the core bounce phase doely way to obtain direct information. It is therefore a high
not really dter grand perspectives for the measurement of granelevant question to ask whether any characteristic strestare
itational waves. imprinted on the neutrino and gravitational-wave emisdign

In contrast, only relatively little work has so far been sperthe SASI activity in the supernova core. In contrast to coave
on determining the wave signals from the post-bounce dawiut tion, which exhibits the fastest growth for the higlfemodes
of a supernova, although these signals are likely to carry irfsee Foglizzo et al. 2006), the SASI is expected to possess th
portant information about the still incompletely undemstex- largest growth rates for the dipolar and quadrupolar deferm
plosion mechanism and the associated core dynamics. Milletions (corresponding t6 = 1, 2; Blondin & Mezzacappa 2006;
Janka (1997) and later Muller et al. (2004) on the basisgpfisi Foglizzo et al. 2007; Yamasaki & Foglizzo 2008; Foglizzo 200
icantly improved numerical models, showed that in the cdse 2002). Even in the fully nonlinear situation the geometrgl an
delayed, neutrino-driven explosions convective overhghind motion of the shock and post-shock layer are found to be gov-
the stalled shock as well as convection inside the nascettame erned by these lowest modes.
star can account for sizable gravitational-wave signatsciv We present here an analysis of the neutrino and gravitdtiona
should be detectable with a high probability from a Galastic wave signals that are calculated on the basis of the two-
pernova when the Advanced Laser Interferometer Gravitatio dimensional post-bounce and pre-explosion simulations of
Wave Observatory (LIGO 1) is running (see also Fryer et al5M, star recently published by Marek & Janka (2007). We
2002, 2004). constrain ourselves to two nonrotating models, which aliswo

While the delayed neutrino-heating mechanism relies on tHiscuss the dierences that can be expected from#iatid a soft
support by strong nonradial hydrodynamic instabilitiethiare- nuclear equation of state (results of the correspondingirtiD-s
gion of neutrino-energy deposition, magnetohydrodynamwic lations can also be found in Marek & Janka 2007). We find that
plosions, if linked to rapid rotation, are expected to depekla- the SASI sloshing of the shock and the associated quasigieri
tively soon after core bounce and thus to occur faster than thass motions lead to a time-modulation of the neutrino éoniss
growth of the mentioned nonradial instabilities. They thp t and to gravitational-wave amplitudes whose size and clerac
reservoir of diferential rotation in a collapsing stellar environistic frequency depend on the compactness of the protaareut
ment and therefore require rapidly spinning cores (seeddugr star during the first half of a second after core bounce. Thoug
et al. 2007b, Thompson et al. 2005). Thus they are good cdhe SASI contributions to the power spectra are superintbose
didates for sizable gravitational-wave pulses from the mioim by a significant high-frequency “noise” due to convectivetilus
of core bounce (e.g., Kotake et al. 2006, Ott et al. 2004). Th&ons, at least the combination of measurements shoulé thak
newly proposed acoustic explosion mechanism, in whictelargoossible to identify the SASI activity in the supernova core
amplitude core gravity-mode oscillations of the neutram sbn- Our paper is organized as follows. In Selct. 2 we will
vert accretion power to pressure and shock waves that feed liefly outline the main numerical and physics ingredierits o
supernova shock with acoustic energy (Burrows et al. 2008Jr simulations, and the basic features of the two simuiatio
2007a), is predicted to be associated with enormous and vig compare. In Sedt] 3 we discuss our results with respect to
characteristic gravitational-wave activity due to the faeviodic the SASI dfects on the shock motion, neutrino emission, and
movement of roughly a solar mass of dense matter at late tingggvitational-wave signal, and in Selct. 4 we will summacze
(~1 second) after core bounce (Ott et al. 2006). findings and draw conclusions.

In the present paper our focus is on an analysis of the fea-
tures in th_e neutrino and gr_avitational-wave signals t_h'nyhnn 2. Code, input, models
provide evidence for the action of the so-called standingeac
tion shock instability (SASI), which has been shown to lead fThe 2D simulations discussed in this paper were performéd wi
low-¢ mode (in terms of an expansion in spherical harmonitise RromETHEUS-VERTEX COde, whose numerical aspects and the
with order¢), large-amplitude nonradial shock deformation aniinplemented microphysics were described by Rampp & Janka
violent sloshing motions of the stalled supernova shoc&ifBin  (2002) and Buras et al. (2006a), and the publications quated
et al. 2003; Blondin & Mezzacappa 2007; Bruenn et al. 2006ose papers. The detailed list of ingredients was alsoigedv
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by Marek & Janka (2007), where the simulations were alreatipunce (see Janka et al. 2005, Marek 2007). We considerfthe so
introduced as Models M15LS-2D and M15HW-2D and comi-attimer & Swesty EoS on the one hand and th# Blillebrandt
pared with other cases in a larger set of calculations. Wethe& Wolff EoS on the other as two cases that roughly span the
fore repeat only a few essential aspects of immediate netevarange of extreme possibilities for baryonic matter around a
here and refer the reader to Sect. 2 of the Marek & Janka (20@bpve nuclear saturation density near core bounce andyshort
paper for more complete information. afterwards.
The hydrodynamics module of the code is based on a con-
servative and explicit Eulerian implementation of a Godunog Results
type scheme with higher order spatial and temporal accuracy
It solves the nonrelativistic equations of motions for tkalar In the following we will compare our two simulations for tlees
fluid, whose self-gravity is described by arffective relativistic equations of state in detail, focussing on the observableats
potential” for an approximative treatment of general iglat Whose properties depend on the asymmetries due to hydrody-
tic gravity (see Marek et al. 2006; the discussed simulationamic instabilities in the supernova core after bounce.
were performed with the potential of Case A from this work).
The neutrino transport, which is coupled to the hydrodymmls,'_l' Hydrodynamic instabilities and shock motion
part via lepton number, energy, and momentum source tesms, i
computed with our “ray-by-ray plus scheme” (see Buras et @asically one can discriminate three regions and episodes
2006a). It accounts for the full neutrino-energy dependesfc of nonradial hydrodynamic instability in the stellar core a
the transport but treats its dependence on the directidreaféu- ter bounce: (i) prompt post-shock convection (Epstein 1979
trino momentum in an approximative way, which is numericallBurrows & Fryxell 1993, Janka & Mller 1996, Miller & Janka
less demanding and moréieient than a full multi-dimensional 1997, Swesty & Myra 2005), (ii) convection inside the nascen
version of the transport. Recent multi-angle simulationtio- neutron star, i.e. below the neutrinosphere of the electeurtri-
dimensional situations (Ott et al. 2008) — though done at thes (Burrows 1987, Keil et al. 1996, Buras et al. 2006b, Déssa
expense of a sophisticated description of the energy deperd et al. 2006), and (iii) convective overturn in the neutrimeating
— show that a detailed angular treatment produces consilyerdayer between the gain radius and the stalled supernov&shoc
less lateral smearing of the outward directed radiatiod tiehn (Herant et al. 1994; Burrows et al. 1995; Janka & Mller 1,996
flux-limited diffusion. We suspect that our ray-by-ray descrigFryer & Warren 2002, 2004) as well as SASI activity (Blondin
tion compares much better with multi-angle results than-flugt al. 2003, Blondin & Mezzacappa 2006, Ohnishi et al. 2006,
limited diffusion does. Scheck et al. 2008). These regions can be identified for doth 2
The progenitor star used for our simulations was modgimulations in FiglIL.
s15s7b2 from Woosley & Weaver (1995), which is a standard Region (i) arises when the newly formed supernova shock
nonrotating 19V, star widely used for supernova simulationspropagates outward through the infalling stellar iron core
We employed two dferent nuclear equations of state (EoS)nd experiences massive energy losses by nuclear photo-
for our studies: (1) a soft version of the Lattimer & Swestdisintegrations. This weakens the shock so that it leaves be
(1991) EoS (“L&S Eo0S”) with an incompressibility modulushind a layer with negative entropy gradient (before it emcou
of bulk nuclear matter of 180 MeV and a symmetry energy péers infalling material with even lower densities and tfiere
rameter of 29.3MeV, and (2) the considerablyfeti EoS of produces rising gas entropies again in spite of its furtleset
Hillebrandt & Wolff (1985; “H&W Eo0S”; see also Hillebrandt et eration). In addition, &, minimum is established near an en-
al. 1984), whose parameter values are 263 MeV and 32.9 Me\gsed mass of roughly, when a large number of newly pro-
respectiveliid. The former leads to a radius of about 12 kntluced electron neutrinos begins to stream away from theineut
for cold neutron stars with a “typical” (gravitational) nsaef nosphere in a luminous shock-breakout burst. The electaon f
1.4M,, whereas this radius is roughly 14 km in the second cag®n forms a trough around the radial position where the khoc
Although the Hillebrandt & WdF EoS is based on a largelymakes the transition from the neutrino-opaque to the rmastri
different modeling approach for inhomogeneous nucleon mignsparent regime (Figl 2). The electron fraction de@®és-
ter than the more recent EoS of Shen et al. (1998) — it is bas&drds this minimum, because electron-capture neutrincepes
on a Hartree-Fock calculation in contrast to the relafivistean more slowly from regions with higher densities, and because
field description of the latter — both EoSs yield rather samie- the conversion of electrons to neutrinos proceeds morelyslow
sults in 1D simulations with respect to the shock formatioimp at lower densities. In both simulations the negative eytgra-
and the evolution of shock radius and neutron star radigs afdient overlaps partly with the negativg gradient.
The layer where both the entropy and thegradients are

1 Note that below a certain density, which is typically choseme Negative is found to be Ledoux unstable (marked by the grey
10t g ent? after core bounce, we replace the high-density EoSs by ®artical bars in Figll2). This region lies between the firstalo
ideal-gas equation of state with electrons, positronsigts and amix- maximum and the following local minimum of the entropy pro-
ture of classical, nonrelativistic Boltzmann gases forleans, alpha file. It contains considerably more mass in the model conmpute
particles, and 14 kinds of heavier nuclei (see Marek & Jard@/Zor  with the H&W EoS, where it is bounded by the mass coordi-
more information). o _ _ o nates of 0.631, and 0.79M,. At larger enclosed masses, the

? In order to save computer time, in particular during the satian  entropy rises slowly out of its local minimum. In contrasttiie

phase right after core bounce when the timesteps are coestri@ very L&S case the boundaries are at 0MQ and 0.7IM,, and the
small values, the model with the H&W EoS was performed with th. . : !
assumption of equatorial symmetry until 125.3ms post beumly increase of the entropy in the overlying shells is much steep

afterwards it was continued with a full 18@rid. Tests showed that this In the H&W_mOdel Fhe th'Ck.er layer in mass corresponds also
had no important influence on the results, neither for théutiem of the {0 @ much wider radial domain at a larger distance from the ste
shock radius, nor for the growth and development of hydradyio in-  lar center. Because of higher growth rates the convectivétgc
stabilities. In particular, we did not find any qualitativiéfdrence of the Sets in more immediately after the shock passage and ldberon
SASI modes, also for odd values &fat later times (see Marek 2007). comes stronger and encompasses a larger fraction of theer stel
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Fig. 1. Regions of mass motions due to hydrodynamic instabilitiethé supernova core. The plots show color coded the lateral
velocity (top) and the radial velocitytipttom) in the equatorial plane of the polar grid as functions oftgmsince time and radius
for the 2D simulation with the L&S EoSdft) and for the simulation with the H&W EoSight). The displayed range of velocity
values is limited to+2 x 10°cm st. The white dashed lines mark (with decreasing radius) thations of densities 16, 102,
and 16“g cnt3. Prompt post-shock convection is strongest & 15 km beforet ~ 30 ms after core bounce, proto-neutron star
convection occurs later ats 30 km andp > 10*2g cnt3, and SASI and convective activity behind the shock are lasibr X 30—

40 km.
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Fig. 2. Entropy (black) and electron fraction (red) profiles (thetfgd values correspond to ¥0Y,) as functions of enclosed mass
at 10 ms after core bounce in spherically symmetric couattspf the two 2D simulations discussed in this paper. Tohelsls the
entropy jump near 1.M;. The vertical grey bars indicate the mass regions that areetbively unstable according to the Ledoux
criterion.

core. This can be seentat 30 ms after bounce in Fifl 1, wherenized better in the two lower panels of Fig. 1). Now, however,

the right panels for the H&W simulation in comparison to theegion (i) is being formed. Neutrino transport begins tduee

left panels show significantly more violent convective duer. the electron fraction deeper inside the nascent neutronfsta

While the L&S model develops visible mass motions betweamnsequence of this the lower boundary ofth&rough and thus

~15km and~40 km, the H&W model shows stronger activity athe negativeY, gradient moves gradually inward. At the same

radii of 15km< r < 80km. time the energy losses by neutrinos reduce the level of the en
After some 10 ms the profiles of entropy and electron fralOPY plateau as ~ Sks/nucleon such that the plateau becomes

tion are flattened and with the disappearance of the driinggf Wider and its inner edge also moves inward. These changes of
the convective activity begins to calm down (this can be gecothe entropy and lepton number profiles in combination lead to
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Fig. 3. Four representative snapshots from the 2D simulation wighLi&S E0S at post-bounce times of 247 nap(left), 255 ms
(topright), 322 ms bottom|eft), and 375 mstfottomright). The left panel of each figure shows color-coded the entdigiyibution,
the right panel the radial velocity component with white avtdtish hues denoting matter at or near rest; black arrovisarright
panel indicate the direction of the velocity field in the pskbck region (arrows were plotted only in regions whereahsolute
values of the velocities were less thanZ® cm s1). The vertical axis is the symmetry axis of the 2D simulatibine plots visualize

the accretion funnels and expansion flows in the SASI layérth®e chosen color maps are unable to resolve the convesttale
inside the nascent neutron star.

the establishment (and maintenance) of a convectively ungain radius and the stagnant supernova shock. The neutrino-
stable layer inside the proto-neutron star. About 50-60fns &eating region is unstable to convection, and the presehce o
ter bounce, following a short, intermediate period of lietat convective motions produces vorticity and entropy pewdtidns
quiescence, both of our 2D models indeed show the reappdhsat feed back into the advective-acoustic cycle that isichn
ance of vivid overturn activity at densities above!d@cnt® ered as an explanation of the SASI phenomenon (see Foglizzo
(Fig.[D). The convective transport of lepton number andognytr 2001, 2002; Foglizzo et al. 2007). Thus the onset of convec-
supports and enhances the mentioned structural changeatsotion may lead to an amplification of the SASI growth. On the
a long-lasting zone with convective mixing develops (comepaother hand, the violent shock oscillations that are charastic
our Fig.[d with Figs. 9 and 10 of Dessart et al. 2006). This zomd the fully developed SASI produce large entropy variaiom
encompasses a growing mass region within the broadefingthe downstream region. These act as seeds for secondalceonv
trough. tion (Scheck et al. 2008) and have been found to aid the meutri

. heating mechanism for powering supernova explosions (&che
Gt al. 2008, Marek & Janka 2007; see also Murphy & Burrows
: 4C€5908). In the nonlinear regime convective and SASI actisity
the nascent neutron star, where the neutrinospheres alhin inseparably coupled, and a higreonvective mode pattern oc-

nos are located. First signs of lofvnode, low-amplitude SASI Cﬁ{f superimposed on the lofmode SASI deformations of the
C

sloshing can be seen here already some 10 ms after bouncegyyfi contour and of the post-shock region (for snapshess, s
about 100 ms after bounce this activity strengthens sigmiflg Fig.[3 and Marek & Janka 2007, Scheck et al. 2008) '
because at this time neutrino energy deposition in the gaigr| ' ' ' '

has begun to build up a negative entropy gradient between the
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Fig. 4. Left: Maximum shock radii (solid lines) and proto-neutron staliirédashed lines) as functions of post-bounce time for the
2D simulations with dferent nuclear equations of state. The neutron star raddetermined as the locations where the rest-mass
density is equal to £ g cnT3. Right: Shock contours at the fligrent post-bounce times listed in the figure. The vertical akthe

plot is the symmetry axis of the simulation.

Although both simulations show the same basic features and In Fig.[H, left panels, we plot the time-evolution of the am-
evolutionary stages, the fiiérences in details are interestingplitudesAs o, Azo, andAgp, of the decomposition of the angle-
As mentioned above, the H&W model develops more vigodependent shock radil(6, t) into spherical harmonics:
ous prompt post-shock convection in a region with largeranas

and wider radial extension. In contrast, the SASI actiuityhis RS 0
model is appreciably less strong than that in the calcuiatiioh Ry(0.1) = Z Aco(t)P¢(cost) . @)
the L&S EoS until roughly 350 ms after bounce. This can be seen =0

in Fig.[4, where the maximum shock radius of the L&S case egnerem = 0 because of the axial symmetry of our models and
hibits significantly bigger SASI amplitudes and corr(_aspngty PY(cosp) are the Legendre polynomiBlsFigure® confirms our
the shock contours show more extreme nonspherical deformyascription above: the amplitudes for the L&S run are tylpica
tion (right panel of Figl}). These ffierences grow during the 5_3 times larger than those of the H&W simulation. Only near
nonlinear phase of the SASI b_etvv_eemSO and 350 ms until at the end of the computed evolution ¢at 350 ms p.b.)A.o and
t 2 350 ms p.b. the SASI sloshing in the H&W model also gaing, ; of both models reach very similar values. This is not so for
more power and the maximum shock radii of both simulationg, ; 'which exhibits oscillatory behavior on top of a clear slope
become more similar again. to positive values in both simulations, signaling a trend rafwv-
ing prolate deformation of the shock. Until the end of the eom
putational runs, however, this deformation remains caarsioly
more pronounced in the case of the model with the L&S EoS.
The right panels of Fid.]5 provide the Fourier transforms of
the time-dependent mode amplitudes. One can see a broad peak

We suspect that the more compact proto-neutron star for ll‘ﬂféhe Fourier spectra between aboqt 10and rough_ly 100 Mz, fo
§0fter L&S EoS leads to conditions _that favor_strong SASiwact ;)r\avp?l?[l?geaes;ﬁﬁa?tgiﬁgn(je;[g\rlgrtd?aggggrg;iugt?ﬁi:etﬁgﬁa
ity, pos_S|ny because of the moréieient neutrino heating (and ency of 2060 Hz for the L&S’run and a smoother peak at 30—
more VIgorous post_-sho_c_k convection) as a (_:onsequenceeof% Hz with a secondary one around 65 Hz for the H&W model
higher neutrino luminosities and harder neutrino spebtiaadre h ; y tf ; d30-50 H d 76
radiated from a more compact and hotter nascent neutron ﬁéﬁ—fz ﬁ’thS)OThozirﬁaY;?iz)?]S rgﬂzt:ncgiisaégggs ~ broad T:gﬂrier -
(see Figs 6 and 7 and Sdct.]3.2). Another possible exptana ; ’ -0 OO
in the context of the advective-acoustic cycle scenario by mb?dngane:gvrﬁéogg\l/\??::Szé W'Il'tr?e?g ;gdr:ga:'eogl Ofc?eg??:l(()rarl;
d;ffelrjent amrp]) I|f:cai[(|or]1 factgrsﬁof pe_rtu:l:_)au_orr]]s n thf‘ two mocf::\tion of the SASI oscillation p;eriod with the cogr/\pactnefss o}
els. Due to the lack of good theoretical insight into the lvédra . .
of the SAS.I.in the fully nonlinear regime, we do not see awa h%zssgfcrg rﬁgtrm:q ;t?areortxvelzthsltihi t?vehria?wee}rr?:je;ui g;é“egt?h
how to facilitate deeper understanding by further analyzis ptfor, maybe, ghtly hig quency
both suggested explanations, however, one might expedintha 5 : :

. : . Note that we have renormalized our amplitudegs compared to
the H&W S|mulat!on at late post-bounce times, when the pro.tgw codficientsa, used by Kotake et al. (2007) in order to directly dis-
neutron star radius has contracted (Fiy. 4) and the neutripgyy in Fig[B the radius variations associated with tiedént spherical
heating timescale has decreased (see Fig. 6 in Marek & JaRk@nonics components. The ¢beient Ay is identical with the angu-
2007), the conqmonsfor violent SASI activity have thedency |ar average of the shock radiugo(t) = (R(t)) = (4)2 [dR(6, 1),
to improve. This would be consistent with our observed ghowtvhose values and evolution are similar to those of theé maxirsiock
of the SASI amplitudes near the end of this simulation. radius plotted in Fid.J4.
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Fig.5. Left: Amplitudes for the decomposition of the angle-dependesitipm of the shock frontis(6, t), into spherical harmonic
functions for the 2D simulation with the L&S EoS (black linesd with the H&W EoS (red lines). Shown are the contribwgioh
the modes for{, m) = (1, 0) (top), (2 0) (middle), and (30) (bottom). The underlying trend of growing amplitudes tloe| = 2
mode towards the end of our simulations signals an incrgasinl persistent prolate deformation of the shock. Notedheng
the first 125.3 ms after core bounce, when the shock defaomaéistill relatively small, the simulation with the H&W Eofas
performed only with a 90wedge from the pole to the equator, and we can therefore plgttbe amplitudes with evefifor this
equatorially symmetric phasBight: The Fourier transforms of the time-dependent mode amp@gud

main¢ = 1 peak in the L&S run. Because of the time-dependeappearance of well localized and very prominent peaks in the
structure of the accretor and of the whole post-shock retifien spectrum might not be expected. In addition, shock wobbling



8 Marek et al.: Equation-of-state dependent supernova Isigna

associated with convective mass motions produces a baokdrodiusr that is large enough such that the luminosity is conserved
of short-wavelength “noise” at frequences up to roughly B@0 at greater radial distances (for the numerical evaluatiernave
(Fig.[3). Accordingly, in particular the amplitudes for higr¢ chosenr = 400 km). In contrast, for the right panels of this figure
values show power nearly evenly distributed over a wide @angie have integrated the neutrino emission over the wholéhnort
of frequencies. The Fourier transforms 1o, Azo, andAsp ern hemisphere and then rescaled the result to the full epher
plotted in Fig[$ nevertheless confirm the stronger SASwactii.e.,
ity in the simulation with the L&S EoS: only for a few, narrow

frequency windows the Fourier amplitudes of the H&W modal, ,(t) = 2r2f dQF,(r,6,1) (3)
become larger than those of the L&S run. hemisphere

In the following two sections we will turn to an analysis No/2
of the consequences of the described nonradial hydrodynami = 4nr? Z(cosej,l — Cost))F,(r, 0;_1,1), (4)
instabilities, in particular also of the SASI, for obserleabig- =1 ’

nals from the supernova core. One question of interest will

b . . . .
whether the dferences caused by the use offsit soft neutron Where the second line exploits axial symmetry and the sum is
star equations of state manifest themselves in some diggnc Performed over the angular zones of one hemisphere. Theform
features of the signals. approach means that one assumes that an observer at arpositio

near the polar axis receives the radiation emitted only foom
pole-near lateral zone (in our treatment this means thatehe
3.2. Neutrino emission ceived radiation flux has the properties calculated in dxacte
angular grid bin or angular “ray”), whereas the second etana

The luminosities for neutrinos and antineutrinos of all dless implies the assumption that each unit of area on the hemisphe

and for both 2D simulations, compared to the results of theeeo oriented towards the observer contributes to the obsexvabl

sponding 1D models, are given as functions of post-bounte ti . ;v \vith a weight defined by the (radial) flux calculated
in Fig.[8 (muon and tau neutrinos and their antiparticlesctvh for the corresponding angular bin (‘ray”) of the polar gri i

‘t’;’]e s?n:etlrrr:es ?r(]enclne \_/vmzt.are t;eatedl 'g.thg sallrtne Wa}ggn%ur ray-by-ray transport treatment. This assumption wdngd

h eeap c_)|: ?or?vr\lleuterinli)rz)m'lqﬁlelﬁjsmc;nggiﬁelg dli\g &%é’é’&g ac-e correct, of course, if a spherical source were radiatinépuamily
Vy-lepton : piay and isotropically in all directions, but in general the sud parts

tally not defined as the total rate of energy loss of the super oriented with smaller angles to the observer direction riiounte

core through neutrinos radiated in all directions. Instdhély o songly. For a sphere with a sharp radiating surface (i
representthe Isotropic equwalentIum|n05|t|es.|nfebyan ob- contrast to a radially extended neutrino-decoupling lpyeat
?r%xetrhgt dri(raesétirc?rllag:‘/(tahfao t:érséiliggfcﬁger}iglngér}?omr emits neutrinos with a (locally) isotropic intensity towaran

P ) Yobserver at great distance on the axis of symmetry of thecepur

distance above the north pole (i.e., gravitational redsigjfis : : :
; ! Eq. (3) would contain a factor (2 cgsin the integrarfd If the
taken into account). The results for an observer above I]tm“sointensity was a function of the latitudinal angleof the stellar

pole look qualitatively and quantitatively very similardafead grid, for example, this factor would enhance the relativetde

to the same conclusions. butions of surface parts that are closer to the observealec

One of the goals of the present work is an analysis of UMz ;1 44 rkening the importance of the observer-near resa
nosity fluctuations that are associated with modulationthef the radiating neutrinosphere is further enhanced

ma:jss accre:_lon ratetof the ?ﬁscentt Stﬁr dkule to SA?! (;]sxgrti;atl Not solving the full multi-angle problem of neutrino trans-
and convective overturn in the post-shock layer, whic 0 port in the 2D geometry but using our ray-by-ray transport ap

very vigorous and create nonstationary conditions at lst- o008 SO Sllow us to exact] o
. y compute the digecti
bour_lce times (see SeE:B'l. and Aigs. 4land 5). Strong Shoc‘%@pendence of the neutrino intensity radiated from theerdsc
traction leads to a transient increase of the gas flow towthels neutron star. The ray-by-ray treatment essentially insptfee
netf[:ron startand to ihe cotmpresfsmn ?nd er}[har:ceﬁ coolihg of {,stryction of a 1D transport solution in every lateral bin
matter near the neutron star surface. In contrast, shodosign computational polar grid, assuming a spherically sytrime

has the oppositefiect because it causes a deceleration of ﬂfFansport problem for the stellar conditions that are preae

![r;]fall Orrl ter:/enhou“liva_lfg accrelzlerlfmon of mate,:'alt tnat Itsh aﬁd his angular bin. Therefore the ray-by-ray approach teadst
rough the shock. Thus ShOCK expansion Sretches INEMINE o o stimate the directional smearing of luminosity feadithat

matter remains in the gain layer and does not cool by neutri : o .
. ult from local and time-dependent emission increaséén t
emission (Marek & Janka 2007, Scheck et al. 2008, Murphy mi-transparent accretion layer near the neutron stéacsur

Burrows 200.8)' quresponding quasi-periodicfluqtuat'm)‘rthe Such features are, for example, caused by the SASI and convec
neutrino luminosities, strongest for electron neutrinoand an- tion modulated mass inflow and must be expected to be more

tineutrinosve (which are more abundantly produced in the Iayeﬂrominent in the plots showing the measurable luminosity
of freshly accreted, hot matter near the neutron star seyfeaan .o (<o this quantity is the isotropic equivalent lumi =

be Te?r? |r|1 "’f‘y panells c}fl'::.@g" h tructed the isot sulting from neutrino emission occurring in one angulad dpin
n the left panels of Fid.J6 we have constructed the iso rOpﬂgee left panels of Fifl6). In contrast, spatially localieffects

equivalent luminosities from the neutrino radiation leavihe i ghow up only with significant damping in the luminosity

steII:;r core in one angular grid bin near the north pole of the '\ here neutrinos coming from the whole hemisphere facing

mesh, 1.€., the observer are added up with equal weighting (right paofels

Loa(9: 1.1) = 47r2F(r. 0. 1.t 2 Fig.[8). We consider these two evaluated cases as the extrema
G e @) that define the theoretical limits of the true result. We sasp

for F,(r, 6}, 1, t) being the energy-integrated neutrino energy fluXs te tactor cog accounts for the projection of the surface elements

in the rest frame at the cell-centered (pole-near) latitad&an- on the radiating sphere perpendicular to the line conngstinirce and
gle 0j,1 of the polar grid of the simulation, at tinteand a ra- observer.
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Fig. 6. Isotropic equivalent luminosities of electron neutrintigpj, electron antineutrinos (middle), and one kind of lyelapton
neutrinos ¢, v,, v-, Or v¢; bottom) versus time after core bounce as measurable fatandiobserver located along the polar axis
of the 2D spherical coordinate grid (solid lines). The dadiees display the radiated luminosities of the corresmgdpherically
symmetric (1D) simulations. The evaluation was performedradius of 400 km (from there the remaining gravitatioedkhifting

to infinity is negligible) and the results are given for an @tver at rest relative to the stellar center. While the leftimn shows
the (isotropic equivalent) luminosities computed from filue that is radiated away in an angular grid bin very closehriorth
pole, the right column displays the emitted (isotropic gglgént) luminosities when the neutrino fluxes are integrateer the whole
northern hemisphere of the grid (see EQE. (2) ahd (4), réspbg.

thatL, ; yields the better approximation of the real situation, bute also provide., , for a pessimistic estimate of the magnitude
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Fig. 7. Mean energies of radiated neutrinos as functions of posttb®time for our 1D simulationggp) and 2D modelsrtiddie
andbottom) with both equations of state (the left panels are for the IRBSS, the right ones for the H&W E0S). The displayed data
are defined as ratios of the energy flux to the number flux amggpond to the luminosities plotted with dashed and saliekliin
Fig.[8. The panels in the middle show results for a lateral goine near the north polar axis, the bottom panels provildtecthat
are averaged over the whole northern hemisphere of the datigmal grid. In all cases the evaluation has been perfdrimé¢he
laboratory frame at a distance of 400 km from the stellareent

of the luminosity fluctuations. It is important to note thia¢éto- of the mass accretion rate by roughly a factor of two when the

tal energy loss of the supernova core in neutrinos (or one ssteep density decline at the interface between the silibetl s

of neutrinos), which is usually defined as neutrino lumitsiand the oxygen-enriched Si layer falls through the stallextk

and computed by integrating the neutrino flux over all observ(see Appendices A and B of Buras et al. 2006b). This happens

directions, shows SASI induced variability only on a much rdetween 160 ms and 180 ms and leads to the pronounced de-

duced level (see the corresponding plots in the Marek & Jan&aease of the luminosities of all neutrinos and antineogiat

2007 paper). This can be understood from the fact that thd SABound this time.

fluptuationsinthe northern and squthern hemispheres_axaeph In Figs.[6 and7 we see arffect already mentioned in

shifted by roughly half a SASI period so that the emission MaXect 37| namely that the proto-neutron star in the sirauat

ima on one side fill the emission minima on the other. The cofy, the softer L&S EoS is more compact and hotter and there-

bined signal is therefore much smoother than the neutrino fli e radiates higher luminosities and significantly highean

that can be received by an observer in any chosen direction. gnergies of all kinds of neutrinos and antineutrinos (thame
The modulations of the apparent luminosity due to SASI antbutrino energies are defined here as the ratio of the enepgy fl

convective variations of the neutron star accretion rate@&?D to the number flux). This holds for 1D as well as 2D models.

simulations are superimposed on the general luminositluevoBesides the quasi-periodic fluctuations, the 2D resultsbéxh

tion that is characteristic of the employed progenitor. Staese the characteristic efierences compared to the 1D case that were

modulations add another feature on top of tifieas that dis- discussed before in much detail by Buras et al. (2006b):@onv

criminate 1D from 2D results and models based on the usetok transport below the neutrinospheres leads to an aetete

the L&S EoS from those with the H&W Eo0S. The Mg, stel- loss of lepton number and energy, which manifests itselhen t

lar model used in the present simulations shows a distirag drone hand in a slightly enhanced electron neutrino flux nedat
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the electron antineutrino flux, and on the other hand in fiigniof the polar grid axis with alternating periods of shock itifia
cantly increased muon and tau neutrino luminosities coetbarand contraction lead to successive phases of gas expamgion a
to the 1D results. Theseftiérences are visible in both the polamass accumulation on the one hand, and gas compression on the
luminosities,L,, 1, as well as in the hemispherically integratedther, in particular around the north and south poles of e n
data,L,, », of Fig.[8. On the other hand, the convective neutranon star (compare Figsl 3 ahH 6).
star is less compact than its 1D counterpart, for which measo At first sight this argument seems in conflict with the obser-
the mean energies of the radiated neutrinos are slightlycesti vation that the accretion funnels in the sequence of snagsiio
in the 2D simulations (compare the upper two panels of [Hig.Flg.[3, in particular the most prominent and persistent dhas
with the bottom ones). This phenomenon is particularlyrgiro carry most mass, reach down to the neutron star typicaliyte-i
for the L&S E0S, in which case the more compact neutron starediate latitudinal angles, i.e., around the equatot;tkt!fluc-
structure seems to react more sensitively to the redisimibof tuations of the neutrino emission are highest close to tiespo
lepton number and entropy associated with the convectie ac\We understand this as a consequence of the following tws.fact
ity in its interior. Firstly, because of the extremely large infall velocitieddittle
An interesting €ect is the crossing of the mean energieseutrino loss occurs within the downdrafts. Instead, mbtt®
of electron antineutrinos and heavy-lepton neutrines X be- binding energy is radiated when the accreted gas spreadisdiro
coming larger thae,, )) that occurs in five of the six panels ofthe neutron star and begins to settle onto the neutron star su
Fig.[d at about 200 ms after bounce, but whazmnot be ob- face (for a discussion of this aspect, see also Scheck €1@t,)2
served until this post-bounce time for other energy momentecondly, due to the SASI sloshing of the whole accretioarlay
for example it is absent in the case of the rms energies of tmeich of the gas accreted through the shock is redirected alte
energy spectra. These rms energies are ordered in the standatingly towards the north pole or the south pole. There #ee g
way at all times, with heavy-lepton neutringsbeing more en- is decelerated near the grid (and sloshing) axis and dedlscte
ergetic on average than, and the latter being more energetithat its duration of stay is longest in the polar regions. Ghe
than ve: (6.)ms < (&dms S (&6)ms (this was pointed out that is sucked to a pole at an enhanced rate during the SASI hal
already by Marek & Janka 2007). The energy crossing themycle of shock expansion is compressed there during the next
fore is a consequence of a subtl@elience in the spectral shapehalf-cycle of shock contraction. This is the reason why nadst
of ve andyy. A close inspection of our results reveals that thithe losses of accretion energy happen around the polesieFutu
effect is connected with the modification of the radiated nethree-dimensional (3D) simulations with neutrino trarspall
trino fluxes in the accretion layer around a successivelyemdrave to show whether this behavior is a consequence of the as-
compact, contracting proto-neutron star. In contrastéontiean sumption of axial symmetry or whether a simildfegt can also
energies at a radius of 400 km, i.e. far outside of the nemtribe found in connection with the SASI in three dimensions.
source (see Fidll 7), the corresponding data at a fixed desfsity Concerning the possibility of measuring the SASI (and con-
10 g cn2 always follow the relatiode;,) < (e, ). This holds vection) induced luminosity variations by the detectiomefi-
for our 1D results and for the time-dependent unidirecti@sa trinos from a future Galactic supernova it is important taeno
well as (hemi)spherically averaged 2D results with bothaequthat the strong compressional heating of accreted gasgltivén
tions of state; only during short phases of a strong increiseSASI half-cycles with shock contraction does not only bdbst
the accretion rate can the mean energy of electron antinestr neutrino emission at the poles but also leads to the praztucti
exceed the one of heavy-lepton neutrinos. Similarly, dmme of more energetic neutrinos. Therefore the variations efbu-
around the poles of the 2D models also causes the polar rmsteimo luminosities correlate and are in phase with modoregi
ergies ofve andvy to converge, whereas the laterally averagesf the mean neutrino energies (see in particular the polarida
values are always well separated, in agreement with tharierFigs[8 and17). While (for the polar emission) the luminosiify
chy of the rms energies found in the corresponding 1D simulierences between maxima and minima can be several 10% up to
tions. about 50% of the values in low-emission episodes and the mean
This points to the importance of accretion for an explan&nergies show variations up to roughly 1 MeV or 10%, the ebser
tion of the phenomenon. While heavy-lepton neutrinos afre Matlonally relevant energy moment (approximately scalikg
diated mostly from their neutrino-energysphere and eepeg L (€) 2) fluctuates with an amplitude of typicaly50% and peaks
a “spectral filter fect” in being down-graded in energy spacep to nearly 100% of the values in the minima. The fluctuations
by neutrino-nucleon and neutrino-electron collisions whié-  are similarly strong fowe andve, which are both abundantly
fusing through the cooler, outer layers of the neutron $targ  created in the accretion layer, and somewhat reduced foyhea
detailed discussion, see fRelt 2001 and Keil et al. 2003), elec-lepton neutrinos, whose emission is more indirecffeeted by
tron neutrinos and antineutrinos are still abundantly poedl in  the perturbations of their decoupling region near the ewstar
the accretion layer by charged-currentreactions of edastand surface, e.g. through the surface gravity modes causedéby th
positrons with protons and neutrons. As the post-bounce tifSASI activity and through changes of the density structume a
advances, the average energies of muon and tau neutrings goptical depth associated with the mass motions in the SASI re
slowly because the neutrinospheric temperature incréashe gion.
shrinking neutron star. This increase is stronger for thiel %S In Fig.[8 we provide the Fourier spectra of the neutrino lu-
EoS than for the i H&W EoS (see Fig[l7). In contrast, theminosities displayed in Fif] 6; the left panels belong toghkar
ve andve created in the semitransparent accretion layer escdpminosities, the right panels to the hemispherically aged
with mean energies that rise relatively faster, becauspribi®- ones. The 2D simulations exhibit a broad peak between about
neutron star becomes more compact and the gravitational bi20 Hz and roughly 400 Hz with a clear power excess compared
ing energy release during the accretion process leads te mir 1D results. Instead of the expected monotonic decline the
extreme heating of the infalling and compressed gas. This ré&ourier transforms of the 1D luminosities possess a flatIshou
soning also explains why the polar-near data in Eig. 7 shew tter at frequencies betwee®0 Hz and~100 Hz. This feature is
effect slightly more clearly than the hemispherically avethge a consequence of low-amplitude numerical noise produced by
sults: the SASI sloshing motions of the shock along the timac the transport scheme, which is so small that it is physidaly
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Fig. 8. Fourier amplitudes of the time-dependent neutrino lunitiessshown in Figlh (the leftight column there corresponds to
the leffright column in the present figure). In order to reduce thelle¥ background noise, the evaluation was performed fot-pos
bounce time¢ > 100 ms, for which the SASI modulation is clearly visible iretheutrino luminosities, and the signals were split
in 17 overlapping segments of 128 ms, advanced in steps o51UIne Fourier spectra of the 1D models show a weak contoibuti
from low-amplitude numerical fluctuations of the transpesults.

significant for the simulations. As expected from the timelev result with the H&W EoS by a factor of 2-5 for all kinds of
tion of the shock radii and corresponding luminosity vaoias, neutrinos. The flat local maxima in th&5-80 Hz range, whose
which both are larger in the case of the L&S run, the Fouriéscation roughly agrees with the peak of the Fourier amgétu
spectra of the 2D simulation with the L&S EoS dominate thef the¢ = 1 shock oscillation mode (Fi§l 5) and also shows the
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tendency of slightly higher frequencies for the L&S case,saar- upper panels for the signals from aspherical matter flow,iand
perimposed by a high-frequency component that originates f the lower panels for those from anisotropic neutrino eraissi
the faster convective modulations of the accretion flow aa@tn ~ The matter signal consists of a superposition of quasi-
trino emission. periodic variations on timescales ranging from a few to sgve
ten milliseconds. Two phases of enhanced activity can limedis
guished. The first one occurs within tens of millisecondsraft
core bounce and is followed by a more quiescent episodedefor
Nonradial mass motions in the three regions of hydrodynan#idong-lasting period with an overall trend of growing arydies
instabilities as well as anisotropic neutrino emissionsamerces begins. The transient, early phase of strong gravitatiamale
of gravitational-wave signals from stellar core-collagsents emission is a consequence of the prompt post-shock coowvecti
(e.g., Milller et al. 2004 and references therein). We widllgse (cf. Sect[3.1l) and exhibits larger amplitudes, slightiyttar fre-
our data for EoS-specific properties of these signals now.  quencies (spectral peak at about 100 Hz instead/6fHz), and
The (quadrupole) gravitational-wave amplitudes, energiyore power in our simulation with the §gr H&W EoS (see
spectra, and spectrograms resulting from anisotropic mass Fig.[10). The reason for thesefigirences is the fact that the re-
tion can be computed for axisymmetric models as describgi@n of prompt convection involves more mass and extends to
in Muller & Janka (1997; Egs. (10)—(12)), using the Einsteilarger radii in the H&W case (Fig§] 1 andl 2), where also the
quadrupole formula in the numerically convenient form dedi  growth rates of the instability are larger and the mass metio
by Blanchet et al. (1990), and by standard FFT techniquégcome more violent and faster. The prominent peaks of the
Assuming an observer that is located at an aAglith respectto Fourier spectra in Fig. 10 correspond to a clearly dominat f
the symmetry axis of the source, the dimensionless gravitalt quency that can be identified in the wave train during the first
wave amplitudda(t) is related to the quadrupole wave amplitude-80 ms after bounce.
AS3 (measured in units of cm), the lowest-order non-vanishing The later phase of intense gravitational-wave production i
term of a multipole expansion of the radiation field into pureassociated with the development of convective overturn and
spin tensor harmonics (see Eq. (9) of Muller 1997), aceaydilarge-amplitude SASI oscillations in the post-shock lsagwell
to as mass flows and convective activity in the proto-neutran st
£ Accordingly, the wave amplitudes ik 100 ms show variabil-
h = :—L\/Esinzeﬁ 5) ity with different frequencies. It is interesting to note that the
8V n R’ enveloping curves of the wave amplitudes at this time follow

. . . _roughly the evolution of the maximum shock radii in Fg. 4.
whereR is the distance to the source. In the following we WI|[|-hiS means that more active phases and stronger gravihtion

always assume i = 1, i.e., the observer is positioned in thgyaye emission correlate with larger shock radii. The nonra-
equatorial plane of the polar grid. The wave amplitudes @ue dja| gas motions in the post-shock region contribute mastly
f[he anisotropic neutrino emission are obtained with thmi_ﬂr .the power radiated at frequencies up to about 200 Hz in accor-
ism given in Muller & Janka (1997; Egs. (28)~(31)), which igance with the SASI Fourier spectra shown in Flg. 5. The main
based on the work of Epstein (1978). According to these refaay of the matter gravitational-wave spectrum at 300-600 H
erences, the dimensionless gravitational-wave amplitoidine (H&W EoS) and 600-800 Hz (L&S EoS) as well as most of
radiated energy in neutrinos can be written as convolutfidhe o |ower “background” abové ~ 200 Hz, however, originates
time-dependent neutrino luminosity(t) of the supernova core g,m changes of the mass-quadrupole momentin deeper sgion
and the emission anisotropy(t), namely at densities between't@ cn3 and 133 g cni 3, where

G more mass is involved than in the post-shock layer. The main
hT = —— f dt’ L, (t") e, (1) (6) source of this signal are gravity modes and gas flows instijat

c*R Jo by the violent impact of accretion funnels in the surface lay
ers of the nascent neutron star, which perturbs regionsrat de
sities up top ~ 10*?gcnT3. A substantial part of the emission
also comes from the convective zone inside the neutron star a

3.3. Gravitational waves

(the quadrupole wave amplitua%g for neutrinos then results
from inversion of Eq.[()), with

1 dL,(Q, 1) p > 102 gcnT3. The importance of the interaction of the SASI
a,(t) = Lo f dQ¥(6.¢) — 5 - (7) and accretion flows with the proto-neutron star surface @n b
v 4 . .
concluded from a closer inspection of the upper left panel of

where d_,(Q,t)/dQ is the neutrino energy radiated at tiger  Fig.[d in comparison with Fig]1. The gravitational-wave dmp
unit of time and per unit of solid angle into directio@dand tudes of the L&S run at > 100 ms p.b. are significantly larger
dQ = —dcosdg defines the solid angle element in the polahan those of the H&W model until near the end of our sim-
coordinate system of the source. The angle-dependenidanctulations. Only then the amplifying SASI and accretion &ttiv
¥(0, ¢) is given in Eq. (27) of Muller & Janka (1997). For thebegins to &ect shells ap ~ 10*2g cnt3 also in the H&W case,
case of an axially symmetric source, Kotake et al. (2007yddr while earlier the involved regions in this model possesartye
a compact expression (see their Eq. (8) and note tha¥pfol- lower densities.
lowing the notation of Muller & Janka 1997, is thd), which The maximum values of the dimensionless gravitational-
is visualized as a function of the polar anglie their Fig. 1. For wave strainh(t) for the matter signal are of the order of sev-
the further discussion it is important to note tNahas positive eral 1022 for a source at a distance of 10 kpc, and the dominant
values in the polar cap regions betwees 0 andd = 60° and peak may be marginally observable with LIGO | in the case of a
betweery = 12C¢° andd = 18C, but adopts negative values inGalactic supernova (for a detailed discussion of measurease
the equatorial belt for 60< § < 120°. The combined polar capspects, see Milller et al. 2004). While the spectral peakgbty
and the equatorial belt have equally large surface areas. higher if the nuclear EoS is soft and the proto-neutron starem

The quadrupole wave amplitudagg of our two 2D models compact, the sfier H&W EoS leads to somewhat lower peak
and the corresponding Fourier spectra are shown il Fig.tBein frequencies and thus to a shifting of the main emission close
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Fig.9. Gravitational-wave quadrupole amplituda% as functions of post-bounce timeff) and corresponding Fourier spectra
(right) associated with mass motion®if) and anisotropic neutrino/{ + ve plus all heavy lepton neutrinos and antineutrinos)
emission pottom) for a distant observer in the equatorial plane of the aximgtnic source. Note that despite the trend to a prolate
shock deformation at late post-bounce times (see[Fig. 3 lamdeft panels of Fid.]5) the neutrino amplitude developsatieg
values, suggesting that the signal is not determined by argorhpolar neutrino emission in this case. The promineakpef the
matter signals at Fourier frequencies around 500 Hz and Z0f=dpectively, are caused by mass motions in the prottrorestar
surface at densities between'1gcnr3 and 163 g cnt3.

to the region of highest sensitivity of the LIGO instrumdhts  ulations. This behavior depends strongly on the particerais-
therefore not clear that a soft EoS is more favorable for ameson asymmetry that develops within the nascent neutroasth
surement of such gravitational-wave signals. in its accretion layer. Muller et al. (2004) found long-jpetvari-

Significantly larger amplitudes are generated by th%tiolnS _betw.eenl p(.JSitine ang 1n]§gative Viluﬁsz fg ex;rrqm(;afrf
aisoropic nedtingamisson,Nowever mostpoer f . 410500 STUELen oo L1, str 1 it o ) o
{Jonirg)toolzthz:graﬁ\g;[a%[(r)]nall-wavel sf|gnal c?rr}e[':s_t ge%m- tar (cf. their Fig. 5), and they obtained a positive grdidtsal-
ow z (Fig[®). The lower left panel of Figl 9 shows neg? L
e anplideswin e contous v of g S e o 1 ol
values and superimposed high-frequency modulations : .
2D simulations discussed in this paper. The negative vahes Ia'gtenigl,vlaccretlng neutron star at t?e ﬁeptg_r of3a cofigpso-
dicate a time-dependent quadrupole moment that is detemif@ting 15Mo supernova progenitor (cf. their Fig. 3).
by an excess of neutrino emission from regions near the equa-
torial plane, a fact that can be concluded easily from thie la)
tudinal variation of the functio®¥’(6) in the angular integral of
the anisotropy parametey(t) of Eqg. (). This function become

This diversity of possible behaviors is in conflict with résu
btained by Kotake et al. (2007), who reported almost mamoto
ically rising, positive wave amplitudes for all of their 2Draila-

g X OMES+ions of SASI unstable accretion shocks in collapsing supex
negative in the equatorial belt betweert @md 120, see Fig. 1 5105 They explained their finding by the particular préiper

of Kotake etal. (2007). of the SASI and the corresponding post-shock accretion fiow i

A continuous decrease of the neutrino gravitational-wawveodels that are constrained by the assumption of axial symme

amplitude to negative values is no common feature of all 2B si try. In this case the SASI oscillations must occur along thiap
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10.000™ T T In the upper left panel of Fi§. 11 we display the time evolu-
i matter signal ]

tion of the neutrino gravitational-wave amplitude for thisdel.
Different from Fig[ P we have performed the evaluation now not
only at a radius of 400 km, where the neutrino luminosity has
reached its asymptotic level, but also at the (time-depeatf)de
radius where the density has a value ottigcnT?, i.e. in the
vicinity of the electron neutrinosphere and thus below e
tion layer where neutrino cooling still enhances the outgot
andve fluxes. The upper right panel of Fig.]11 contains the cor-
responding parametews(t) of the neutrino emission anisotropy,
which exhibit rapid variations between positive and negatal-
ues on timescales of milliseconds*d0 ms and growing am-
I plitudes at later times. Both upper panels show an evenarlear

0.001 L. e e long-time trend to negative gravitational-wave amplitsider

10 100 1000 the neutrino luminosity leaving the neutrinospheric laygt)

f [Hz] measured at &g cnv attains positive values only during the
very short time intervals when the high-frequency modalai
reach their largest amplitudes, while this parameter atiasa

Fig. 10. Fourier spectra of the gravitational wave quadrupole argf 400 km enters the positive side for significantly more nume
plitudes of the mass motions caused by prompt post-shock cgfis and longer time intervals, althouﬁudt’av(t’) < 0 for all

vection during the first 100 ms after core bounce (see upfier g, o5 4t hoth locations. Correspondingly, the gravitatlemave

panel of FigL®). amplitude atp = 10*gcnT3 is even more negative than the
one atr = 400km, and their dierence (green line in the up-

_ _ _ per left panel of Figi_11) suggests that the amplitude aasedti
grid axis, and Kotake et al. (2007) argued that the influerice @jith the neutrino emission in the accretion layer is positnd
this on the accretion flow makes the neutrino emission bised reduces the neutrinospheric emission asymmetry. Thissé®m
wards the regions around the symmetry axis (see also[SBEt. 3nean that the final emission anisotropy of the neutrinostisrele
thus leading to positive and growing wave amplitudes. mined already by the flux that leaks out from the neutrinosphe

Why do we come to dierent conclusions about the neutringegion and in which the equatorial region has obtained #flig
emission asymmetry than Kotake et al. (2007) in spite of ofx excess. Below we will see, however, that this intergieta
apparent agreement about the role of the SASI fonthand s not completely correct and the true situation is more com-
ve production in the accretion layer? In the first place one musfex. A comparion of the diierent lines in the upper left panel
note that the modeling approach taken by Kotake et al. (20@f)Fig.[11 also reveals that the fluctuations of the radiatsa n
is fundamentally dierent from ours. Besides many otheffeii- trino gravitational-wave signal with a period of 10—20 m®{f
ences, they, for example, did not simulate the collapse ®fi@s  quency~50-100 Hz) originate from the accretion layer and are
progenitor model but started from a steady-state solutfcmo therefore connected to the SASI and convective activityhi t

accretion shock with a mass accretion rate Mcls™; they ex-  post-shock region and its influence on the neutrino-coaiorge
cised the neutron star interior at a constant radius chasémea as described in Se¢i_3.2.

inner boundary of the computational grid, where they assime

a fixed density of 18 gcnT3; and they kept the fairly high

mass accretion rate and the accretor mass constant dufing&.1. Neutrino emission anisotropy

of the simulation (time-independent boundary conditiontha

outer grid boundary), using a spherically symmetric Newann In order to obtain deeper insight into the origin of the nimatr

gravitational potential and ignoring self-gravity of theatter emission anisotropy, we have calculated the cumulative dbs

in the accretion flow. Moreover and very important in the corenergy in neutrinos (i.e., the time- and surface-integraieu-

text of the present discussion of gravitational-wave digaa- trino flux) once for the polar cap regions and another timétfer

sociated with anisotropic neutrino emission, they did mdves equatorial belt, again at= 400 km and ap = 10'*gcnr3. The

the energy-dependent, multi-flavor neutrino transporbfenm results are shown in the lower left panel of Higl 11. The small

but employed a light-bulb description with prescribed, dim differencesE. — E, between equatorial and polar neutrino en-

independent neutrino luminosities and spectra from theerds ergy losses, scaled by a factor of 10, are plotted with dadted

neutron star and local source rates for lepton number arrdendines. Again we see that at large distances as well as near the

due to neutrino reactions in the accretion flow. neutrinospheres the equatorial emission exceeds slititalpo-
Based on the possibilities available to us for comparisdar one during the whole evolution after 40 ms post bounce,

we cannot make a reasonable judgement whether any, andrnifl this excess is reduced by the neutrino production that oc

so, which of these simplifications are causal for the disamép curs in the cooling layer outside of a density oftigcnr3.

gravitational-wave results obtained by us and by Kotakd.et &eparating the analysis for theffédrent neutrino kinds, it be-

(2007). However, we strongly suspect that the approacheof thomes obvious that only the andve luminosities grow in the

latter work is too simplistic for reliably estimating the msion cooling layer above the neutrinospheres, and that thesei-neu

asymmetry of neutrinos that is responsible for the graweitat- nos are more abundantly produced in the polar regions where t

wave generation. This conclusion is supported by a closl-andoss of accretion energy mainly occurs, as discussed in[S&ct

sis of our neutrino transport data and the insight they yiigid For electron neutrinos the emission in the accretion lagar n

the formation of the neutrino emission asymmetry. Figure lte poles is so strong that their polar energy loss at large di

provides the corresponding information for our 2D simulati tances can become bigger than the equatorial one. In cgntras

with the L&S EoS. the flux of heavy-lepton neutrinos, which are radiated frown t

1.000}

0.100}

0.010

__ L&S-Eo0S
_ H&W-Eo0S

amplitude of FFT of signal
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Fig. 11. Quantities that are relevant for the gravitational-wagmal associated with the anisotropic neutrino emissionuin2d
model using the L&S EoSlop left: Gravitational-wave amplitudes as functions of time afterecbounce. The black curve was
obtained by considering the neutrino radiation at a largeadice from the source (identical with the correspondimgyiln the lower
left panel of Fig[®, where, as in Fidd. 6 dnd 7, the evaluatias performed in the laboratory frame at a radius of 400 kg T
red line shows the wave amplitude computed from the neulnminosities that leave the neutrinospheric region (nathaphere
where the density is 1&g cnT3). The green line displays theftirence between the black and red curdep.right: Anisotropy
parametet, of the neutrino emission as function of post-bounce time ddior coding of the curves is the same as in the previous
plot. Bottom|eft: Energy radiated in all neutrinos through the “polar capoegf (Ep) and through the “equatorial beltEg; see text

for details), and the dlierence of these results (scaled by a factor of 10), intedjfeden the beginning of the 2D simulation shortly
after bounce until the timgy, on the horizontal axis. As in the two panels before, the cotaling of the curves corresponds to the
two different locations where this analysis was perforniattom right: Total energy radiated in neutrinos through the “polar cap
regions” Ep), through the “equatorial belt'Hg), difference of both scaled by a factor of 20, and sum of bifh)(as functions of
radius. The time integration was performed from the begigwif the 2D simulation shortly after bounce until the endhef inodel
run at about 400 ms after bounce.

neutrinospheric region with a persistent surplus of theagayial  contribute very small amplitudes with the same signs (sek th

energy loss, gets a bit reduced in the accretion and po#tshéd. 3).

layers betweep = 10**gcnt® andr = 400 km, whereby their  \what is the reason that slightly (2—3%) more energy is ra-

equatorial emission excess grows to roughly twice the vadize  giated from the neutrinospheric layer near the equator tiean

the neutrinospheres. Their asymmetry determines the finiale the poles? We find that the emergence of this asymmetry coin-

sion asymmetry, because they contribute the major p&%) cides with the development of the stable convective shsitl

of the total neutrino energy loss (in fact, the pole-equa8ym- he neutron star. This might suggest that convective tramsp

metries ofve andve at large distances have opposite signs anghar the equatorial plane is slightly moreetive than in the

nearly cancel each other). These findings are in clear atintra po|ar regions. We have no satisfactory explanation for phis-

tion to the results obtained by Kotake et al. (2007), who regb omenon, because one would expect convection to operate sim

that the neutrino gravitational-wave signals in their medeere jjarly in all directions and not to produce a global asymmetr

dominated by the.e emission and the other neutrinos did onlyyn angular scales much larger than the size of the (nonstatio
ary) convective cells. This, however, is a statement thabis
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rect in three dimensions but might not hold for convectiothim els described in the Muller et al. (2004) paper, and, lasnbu
2D environment of our simulations. Here convective plunes aleast, they are suggested by the fact that the qualiity E, in
downflows are toroidal features because of the axial synymetthe lower right panel of Fid. 11 is a quantity with large rddia
and the polar grid has a preferred direction along the pofist a variations in both positive and negative directions. Itasher
We suspect — without having performed a detailed analysis #nlikely that such a complex radial behavior can be generic f
that the operation of convective overturn with cells of sach models in two dimensions so that in all cases and at all tilmes t
toroidal structure near and along the polar axis might lghtdli same #ects are recovered that ultimately determine the emis-
different from the in- and outflows near the equatorial plane wiiion asymmetry in our models, namely (i) a delicate almost-
fluid motions perpendicular to the axis. If this were indeleel t cancellation of the combined asymmetry af and ve due to
origin of the neutrino emission asymmetry, it would implyea s the production and absorption processes of these neutirinos
rious warning that the computation of such anisotropiesfoer the neutrino-cooling and heating regions, and (ii) a finahdo
timating gravitational-wave signals (and also pulsar &ibksed nance of the anisotropy of the radiated muon and tau nestaso
on the recoil associated with anisotropic neutrino emigsie- a consequence of their asymmetric transport through thé sem
quires 3D modeling, because in 2D the discussBgtts may be transparent accretion layer, in which the total heavyedepteu-
just a consequence of the symmetry constraints. trino luminosity hardly changes but the equator-to-polmas
But is this fishy directional asymmetry really responsibleetry grows.
for our prediction of the neutrino gravitational-wave sadfh Our analysis therefore reveals that the gravitationalewvav
Fortunately, it is not! To see this, we have evaluated our redlts for neutrinos depend on physicdfeets that are either
sults in yet another way. In the lower right panel of figl 11 weot included or treated in a much simplified manner in previ-
display the cumulative — i.e. time-integrated from the begi ous works. It further reveals that a reliable and quantidyi
ning until the end of our 2D simulation — neutrino energy losgieaningful computation of the tiny neutrino emission asygnm
(again summed up for neutrinos and antineutrinos of all fgvo try is extremely dificult and does not only require a full transport
as a function of radius for the polar, equatorial, and totaise treatment and good numerical resolution in all relevanioresg
sion. The fourth (blue) curve represents théedence E. — E;)  but ultimately must be done on the basis of 3D models.
between equatorial and polar terms, scaled by a factor of 20.
Consistent with what we discussed above there is an excess i
of the equatorial losses until about 45 km. This radius encof SUmmary and conclusions

passes well the convection zone inside of the nascent MeUlQe have presented results of two stellar core-collapselaimu
star during the whole post-bounce evolution of the 2D modg s performed with the ®meTHEUs-VERTEX COde for a non-
with L&? E°§3(F'9D) and is larger than the location wherg,iating 15M,, progenitor star in axial symmetry. One of these
p = 10*gcnt? for post-bounce times 2 170 ms (left panel mogels was computed with a soft version of the Lattimer &
of Fig.[d). At greater radii when one enters t_he accretion a@%esty (1991) nuclear equation of state, and the other otie wi
SASI layers, however, the polar energy loss first dominages Bne stifer Hillebrandt & Wolf (1985) EoS, which produces a
fore _the equatorlal_ one wins againrak 100 km. After a local significantly less compact proto-neutron star. For theseilsi-
maximum at a radius slightly larger than 100 km the equaier-tijons we have compared the neutrino and gravitational-wiaye
pole asymmetry settles to its final value. This radial vaofais 515 petween core bounce and 400 ms later. In particular we we
found to be qualitatively very similar for all kinds of newios,  yterested in signal features that may yield informatioowtithe
although with diferent values of the local maxima and minimaction of the standing accretion shock instability (SASI}fie
and of the final, asymptotic level at large radii. _supernova core during the long phase of post-bounce asoreti
From the lower right panel of Fig. 11 we learn that the emighat precedes the onset of the supernova explosion in @htec

sion anisotropy carried by the outgoing neutrinos is notdsg@l  mylti-dimensional calculations of stellar core collapse.
near the neutrinospheres and preserved outside, but inis cO  oyr main results can be summarized as follows:

pletely determined by the accretion region behind the super
shock and the SASI and convective inhomogeneities in this (&) In both simulations we found that the weakened bounce
gion. The final emission anisotropy just by chance gets dimse  shock produces a negative entropy gradient that partly-over

the value near the neutrinospheres. Moreover, the separate laps with the negative lepton number gradient left behind by
ysis for the diferent kinds of neutrinos reveals that it is the muon the escaping shock breakout burst of electron neutrindgs. Th
and tau neutrinos that govern the final anisotropy of theatadi region is Ledoux unstable and develops prompt post-shock
energy flux. In the two models presented here the energyedarri  convection, which leads to an early burst of gravitational-
away by these neutrinos in the equatorial belt is slightigéa wave emission lasting several ten milliseconds after core

than the one escaping from the polar cap areas. This as well asbounce. Its frequency spectrum shows a prominent peak
the total asymmetry, however, is likely to be a time- and nhode  around 70-100 Hz.

dependentresult and to depend strongly on the detailectsteu (2) A later, long-lasting phase of strong gravitationakea

of the inhomogeneities that evolve behind the deformedeaccr emission with a long-time trend of growing wave amplitudes
tion shock. It could also depend on other model aspectshige t  sets in at = 100 ms after bounce. It is produced by nonra-
value of the mass accretion rate, the direction-dependagt s  dial mass motions and anisotropic neutrino emission tteat ar
nation radius of the shock, or the relative sizes of the fliofes  caused by convective overturn inside the proto-neutran sta
the diferent neutrinos. Such conjectures are not only supported and in the neutrino-heating layer behind the stalled shock,
by the H&W model in comparison to the L&S run: the neutrino  and in particular by vigorous sloshing of the accretion &oc

gravitational-wave amplitude of the latter model exhilaitsig- due to the development of lokimode SASI activity. The
nificantly clearer trend of a monotonic decrease to negatile wave train for the matter signal consists of a superposifon
ues, while in the H&W case one can see long phases where thequasi-periodic variations on timescales from a few mitlise
amplitude or its time derivative become positive (FFig. MeTe onds to several ten milliseconds. The spectra of the dom-

conjectures are also in agreement with the results of otleekm  inant¢ = 1,2 SASI modes peak between about 20 and
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roughly 100 Hz, and the gravitational-wave emission alstarry such information, for example the prompt flash of ettt
shows significant power at frequencies up~@00 Hz. The neutrinos as a signature of the shock breakout from the ineutr
most prominent maxima of the gravitational-wave spectrapsphere, or a possible second neutrino burst or abrupirtarm
however, are located at higher frequencies of 300—800 Han of the neutrino emission, which are expected if the reut
and originate mainly from the outer layers of the neutron statar collapses to a more compact object or a black hole. A de-
where rapid gas flows are triggered by the supersonic impaettion of the predicted characteristic, quasi-periodigation

and deceleration of accretion funnels. in the neutrino event rate from a Galactic supernova wouid co

(3) The high-frequency peak of the gravitational-wave spefirm the action of the SASI in the supernova core and would thus
trum and less clearly also the secondary maximum ngamovide extremely valuable support of our present undedsia
the SASI frequency exhibit a dependence on the compaot-the core-collapse physics: the SASI is discussed aslgessi
ness of the nascent neutron star and thus on the propmigin of global supernova asymmetries and pulsar kicksand
ties of the high-density EoS: the more compact neutr@npotentially crucial agent on the route to the explosion.
star leads to more powerful shock oscillations and signifi- Moreover, nonradial mass motions like convection and the
cantly larger gravitational-wave amplitudes earlieriafere SASI in the supernova core after bounce produce gravitation
bounce. Also the characteristic frequencies of the fowwave emission with significant intensity. We found that trevev
SASI modes and of the gravitational-wave signal are highgpectrum exhibits a broad hump between about 20 and 200 Hz
While the main peak of the wave spectrum is located at 30@nd a main maximum with clearly more power at considerably
600 Hz for the sffer EoS, it can be found at 600—800 Hz fohigher frequencies, It is associated with SASI and acanetie
the softer EoS with the more compact remnant. duced gas flows in the neutron star surface layers, where much

(4) The more compact neutron star also radiates neutrinis winore mass is involved than in the fairly dilute post-shock re
higher luminosities and larger mean energies. Anisotrogjfon. Both the primary and the secondary maximum of the spec-
neutrino emission produces a low-frequency component®fim are sensitive to the structure of the neutron starelarg
the gravitational-wave signal & < 100-200 Hz with an gravitational-wave amplitudes and correspondingly higipec-
amplitude that dominates the matter signal by up to a fagal maxima as well as higher frequencies are obtained with a
tor of two. The emission anisotropy is mostly established gofter equation of state and more compact remnant. The rela-
the cooling and heating regions of the accretion layer datsitive variation of the neutrino luminosities does not apgeare
of the neutrinospheres and is determined by the anisotropary sensitive to the nuclear equation of state, and a cleSr E
transport of muon and tau neutrinos through this layer, whiclependent dierence of the modulation frequencies is also not
leads to a slightly larger flux of muon and tau neutrinos neaisible, but the absolute values of the luminosities andmesra
the equatorial plane of the polar grid, i.e., perpendictdar ergies of the neutrinos radiated by the more compact and hot-
the direction of the SASI oscillations of the supernova &hocter, accreting proto-neutron star in our simulations are2006
Despite the stronger emission af andve from the accre- larger.
tion layer in the polar regions (i.e. in the direction of the Anisotropic neutrino emission is also an important soufce o
SASI shock expansion and contraction), the gravitationgjravitational waves with amplitudes that can dominate tlag-m
wave amplitude associated with the anisotropic energy logs signal. The corresponding spectrum possesses most powe
in neutrinos exhibits a nearly monotonic trend to negativg frequencies below 100-200 Hz. The emission anisotropy is
values. function with rapid short-time variability (with periodd mil-

(5) The neutrino luminosities and mean energies, in pddiculiseconds t6210 ms) and with an overlying, nearly monotonic
the ones that can be received by an observer in the polar (#ng-time trend to slightly stronger emission from equitior
thus SAS]I) direction, show a quasi-periodic time variapili regions, i.e., perpendicular to the direction of the SASIckh
with an amplitude of several ten percent (up to about 50%pcillations. This trend decides about the sign of the ivetr
of the minimum values for the luminosities and of roughlgravitational-wave amplitude. A detailed analysis of ouwdn
1MeV (up to 10%) for the mean energies. The luminosityls reveals that it is the result of complex transport phy/sic
fluctuations are correlated and in phase with the energy var which the neutrinospheric flux, which has a small pole-to-
ations and are somewhat larger ferandv, than for heavy- equator anisotropy, is modified strongly in the inhomogeseo
lepton neutrinos. They originate from alternating phades environment of the accretion layer around the forming reutr
gas accumulation and compression in the accretion layersiar. The pole-to-equator asymmetry changes with radies sk
particular around the poles, caused by the expansion afifles in both directions and the contributions frog ve, and
contraction of the shock in the course of the SASI osciheavy-lepton neutrinos partly cancel each other. A redslena
lations. The frequency spectra of the neutrino luminasitigletermination of these transport asymmetries, which isniyt
show most power between about 20 and 200 Hz and sigriiiportant for gravitational-wave calculations but alsofalsar
icant power in a decaying tail up to about 400 Hz as a coRick estimates based on neutrino recoil, requires detaiats-
sequence of emission variability associated with fastet; ¢ port calculations. Even our sophisticated ray-by-ray apph
vective modulations of the accretion flow between supernogay not be sfiicient for accurate predictions of measurable ef-
shock and nascent neutron star. Since SASI and convecfigéts, but a full multi-angle treatment of the transport niay
activity occur inseparably in the gain layer and stir thelcoonecessary.
ing layer below, power is found to be distributed over a wide we have made nofort in this paper to evaluate our results
range of frequencies in the Fourier spectra of the luminosir the detectability of the predictedfects. This will be sub-
ties. ject of future work. However, it is clear that any reliablésatpt

in this direction will ultimately have to be based on resiritsn
The SASI induced temporal modulations of the luminositigbree-dimensional models. The growth of SASI modes with-non
and mean energies are features by which neutrinos can prowdnishing azimuthal ordenwas shown to be of potential impor-
direct evidence of the dynamical processes that occur isuhe tance, and the presence of such nonaxisymmetric asymmetrie
pernova core. Only few other cases are known where neutrirgag have a big influence on the structure and the dynamics of
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the accretion layer (Blondin & Mezzacappa 2007, Yamasaki Kotake, K., Ohnishi, N., & Yamada, S. 2007, ApJ, 655, 406
Foglizzo 2008, Iwakami et al. 2008). It is likely that als@eth Lattimer, J.M. & Swesty, F.D. 1991, Nucl. Phys. A535, 331 _
emission asymmetries and time modulations of the emitigd shebendorfer, M., Mezzacappa, A., Messer, O.E.B., Ma:Pinedo, G., Hix.,

W.R., & Thielemann, F.-K. 2003, Nucl. Phys., A719, 144c

nals exhibit significant dierences compared to 2D models, if ek A 2007 PhD Thesis. Technische Universitat Miamc
particular because in 3D the SASI axis is not forced to col@ci mMarek, A. & Janka, H.-Th. 2007, ApJ, submittéd; arXiv:072%2
with an axis of symmetry and with the axis of the numericadgri Marek, A., Dimmelmeier, H., Janka, H.-Th., Muller, E., & Bs, R. 2006, A&A,
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