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ABSTRACT

Time-dependent and direction-dependent neutrino andtgtanal-wave (GW) signatures are presented for a sereétdimensional
(3D) hydrodynamic models of parametrized, neutrino-drigepernova explosions of non-rotating 15 andv0stars. We employ
an approximate treatment of neutrino transport based oayagpectral description and a ray-by-ray treatment of rulittiensional
effects. Due to the excision of the high-density core of thegrautron star and the use of an axis-free (Yin-Yang or "ebadl™)
overset grid, the models can be followed from the post-bewucretion phase through the onset of the explosion inte than one
second of the early cooling evolution of the PNS without isipg any symmetry restrictions and covering a full sphefd/ &d
neutrino emission exhibit the generic time-dependenufeatalready known from 2D (axi-symmetric) models. Violeah-radial
hydrodynamic mass motions in the accretion layer and th&graction with the outer layers of the proto-neutron stgether with
anisotropic neutrino emission give rise to a GW signal witlaenplitude of~ 5 — 20 cm in the frequency range of 100-500 Hz. The
GW emission from mass motions usually reaches a maximunréé#ie explosion sets in. After the onset of the explosiorGki¢
signal exhibits a low-frequency modulation, in some cas=idbing a quasi-monotonic growth, associated with thespaherical
expansion of the explosion shock wave and the large-scaeteopy of the escaping neutrino flow. Variations of the saggadrupole
moment due to convective activity inside the nascent nauitar contribute a high-frequency component to the GW siguidng
the post-explosion phase. The GW signals exhibit stronabiity between the two polarizations, fiirent explosion simulations
and diferent observer directions, and besides common basic ésatiar not possess any template character. The neutrinci@miss
properties (fluxes andfiective spectral temperatures) show fluctuations over th&ore star surface on spatial and temporal scales
that reflect the dferent types of non-spherical mass motions in the superraregi®.,post-shock overturn flows and proto-neutron
star convection. However, because very prominent, quarsdgtic sloshing motions of the shock due to the standingetion-shock
instability are absent and the emission frotfiatient surface areas facing an observer adds up incohetéetiypodulation amplitudes
of the measurable neutrino luminosities and mean energgesignificantly smaller than predicted by 2D simulations.
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1. Introduction associated with thefkects of magnetic fields (for a recent re-
view seeg.g./0tt (2009), and references therein). While signif-
The electromagnetic signature of core collapse superno@se icant rotational deformation and dynamically relevant metiz
been exploited comprehensively and thoroughly by cousitlefields require particular progenitors which possess sore-(c
observations during the past decades, providing howevgr ogiderable) amount of rotational and magnetic energy or whic
indirect information about the explosion mechanism. Theéap must rotate fast and fierentially (additional dterential rotation
now only recorded neutrino signal of a core collapse sup@najevelops during collapse) to amplify an initially weak matia
(SN1987A) confirmed the idea that the collapse of the core ofiald, all other processes are genuinely operative in any cok
massive star to neutron star densities provides the negessa |apse supernova.
ergy for the explosion.(Baade & Zwicky 1934). As gravitatbn ~ Obviously, an adequate modeling of thesfieets and
waves (GW), the only other mean to probe the supernova engi accurate prediction of the GW signal ultimately requires
besides neutrinos, are still to be d.etected, supernova |m9dethree dimensional (3D) hydrodynamic simulations covering
are preparing for such a prospective measurement by predigk collapse, bounce, and post-bounce evolution (at least)
ing the gravitational wave signature of core collapse supere ntj| a successful launch of the explosion and including a
with ever increasing realism (for reviews, seg.\Kotake etal. proper treatment of neutrino transport and the relevantanic
(2006); O1t (2009); Fryer & New (2011)) physics. However, most studies of the past thirty years were
According the Einstein’s theory of general relativity (GReither concerned with the collapse and bounce signal only
gravitational waves will be generated by any mass-enegyidi (Muller 11982; | Finn & Evans 1990;_Monchmeyer et al. 1991;
bution whose quadrupole (or higher) moment varies noralige Yamada & Sato 1994 Zwerger & Muller _1997; Rampp et al.
with time. In core collapse supernovae this criterion idssat|1998; | Dimmelmeier et al. 2001, 2002; Kotake et al. 2003;
fied by time-dependent rotational flattening particulanyidg |Shibata | 2003;| _Shibata & Sekiguchi_2004; Ott et al. 2004,
collapse and bounce, prompt post-shock convection, ndiadra/Cerda-Duran et &l. 2005; Saijo 2005; Shibata & Sekiguch§200
flow inside the proto-neutron star and in the neutrino-rebhte¢ [Kotake et al.. 2006; Dimmelmeier et/al. 2007; Ott etlal. 2007;
bubble, the activity of the standing accretion shock insitgb Dimmelmeier et al. 2008), or were restricted to axisymngetri
(SASI), asymmetric emission of neutrinos, and by asymmetri(2D) models [(Muller et al. 2004; Ott etlal. 2006; Kotake et al


http://arxiv.org/abs/1106.6301v1

E. Miller et al.: Parametrized 3D models of neutrino-dnigeipernova explosions

2007; [Marek et al. 2009; Murphy etlal. 2009; Yakunin et aflow and anisotropic neutrino emission, we discuss the imeutr
2010). Several authors also investigated the influence g@f m&mission of these 3D models as well, and particularly addres
netic fields on the GW signal during the collapse and early-pogs multidimensional properties, some of which have prasip
bounce evolution assuming axisymmetry (Kotake et al. 200deen investigated in 2D by Janka & Monchmeyer (1989a,b),
Yamada & Sawdi 2004; Kotake et al. 2005; Obergaulinger|et @lit et al. (2008), Kotake et al. (2009a), Marek & Janka (2009)
20064,b) and no symmetry restriction at all (Scheideggal etMarek et al.|(2009), and Brandt et al. (2011).
2008, |12010). The GW signal due to aspherical neutrino Based on 2D simulations of rotational core collapse
emission was first studied by Epsiein (1978), and sub&nka & Monchmeykr (19894a,b) pointed out that the enerty ou
quently byl Burrows & Hayes (1996); Miller & Janka (1997)put in neutrinos seen by an observer may vary as much as a
and|Kotake et al. (2007, 2009alb, 2011), where the investigactor of 3 with his inclination angle relative to the rotati
tions by Miller & Janka (1997), and Kotake et al. (2009b, P01 axis, while for the neutrino energy much smaller angulaiavar
considered also 30.e.,non-axisymmetric models. tions are to be expected. Marek et al. (2009)land Marek & Janka
Concerning 3D post-bounce models, the topic of the stu¢®009) found that neutrino luminosities and mean enerdies/s
presented here, Miller & Janka (1997) were the first to asalyquasi-periodic time variability in their 2D simulations nbn-
the GW signature of 3D non-radial flow and anisotropic neuetating and slowly rotating 181, progenitors covering up to
trino emission from prompt post-bounce convection in theeou ~700 ms past bounce. Caused by the expansion and contraction
layers of a proto-neutron star during the first 30 msec afier ©f the shock in the course of SASI oscillations, the levelhaf t
pernova shock formation. Because of smaller convectiwestr fluctuations is$50% for the luminosities and roughly 1 MeV
tures and slower overturn velocities, the GW wave ampliudéor the mean neutrino energies. The luminosity fluctuatiarnes
of their 3D models are more than a factor of 10 smaller th@wmewhat bigger for. andv, than for heavy-lepton neutrinos.
those of the corresponding 2D ones, and the wave amplituddse neutrino quantities also depend on polar angle as a conse
associated with anisotropic neutrino emission are a faifté® quence of the preference of the SASI motions along the symme-
larger than those due to non-radial gas flow. Fryer (2004) atvgt axis of the 2D models. Additional short-wavelength sgdat
Fryer et al.|[(2004) presented gravitational wave signaigiobd variations of the average radiated energies and of the ineutr
from 3D core collapse simulations which extend up to 150 ms#uaxes are caused by local downdrafts of accreted mattes.i$hi
past bounce and were performed with a Newtonian Smoothadaccordance with the findings of Muller & Janka (1997), who
Particle Hydrodynamics code coupled to a three-flavor grayferred from a post-processing analysis of the neutringsem
flux-limited diffusion neutrino transport scheme. GW emissiosion anisotropy that features in the GW signal of their 2D mod
occurs due to matter asymmetries arising from perturbatiogls of convection in the hot-bubble region are well coresdat
caused by precollapse convection, core rotation, and logdem with structures in the neutrino signal. The features are@ated
convection in the explosion engine itself, and due to amgdt¢  with sinking and rising lumps of matter and with temporalivar
neutrino emission. _Kotake etlal. (2009b) simulated 3D mochtions of aspherical accretion flows towards the protonoeut
up models that mimic neutrino driven explosions aided by trstar.| Kotake et al! (2009a) computed neutrino anisotropits
SASI, and computed the GW signal resulting from anisotropé&ray-tracing scheme by post-processing their 2D SASI nsodel
neutrino emission by means of a ray-tracing method in a poand derived analytical expressions for evaluating GW dgjioa
processing step. They pointed out that the gravitationalewa neutrinos in 3D models, too. A generalization of these esqpre
forms of 3D models vary much more stochastically than thésesions will be presented below. Brandt et al. (2011) perfatme
axisymmetric ones,e.,in 3D the GW signals do not possess ang2D multi-group, multi-angle neutrino transport simulaisofor
template character. However, when considering rotating-mdoth a non-rotating and rapidly rotating B}, model extending
els|Kotake et al.[(2011) argue that the GW waveforms regultir 400 ms beyond bounce. Their simulations predict that the neu
from neutrino emission exhibit a common feature, which itasutrino radiation fields vary much less with angle than the eratt
from an excess of neutrino emission along the spin axis duegwoantities in the region of net neutrino heating as mostrirenst
the growth of spiral SASI modes. Scheidegger et al. (2008) siare emitted from deeper radiative regions and as the newdnn
ulated the collapse of two rotating and magnetized core®in &rgy density combines the specific intensities as integneds
until several 10 msec past bounce applying a parametrized-de sources at many angles and depths. The rapidly rotatingImode
tonization scheme (Liebendorfer 2005) that is a good approexhibits strong, flavor-dependent asymmetries in both peak
mation until a few milliseconds past bounce. Scheideggatl ettrino flux and light curves, the peak flux and decline rate hgvi
(2010) extended their study by systematically investigathe pole-equator ratios3 and<2, respectively. Brandt et al. (2011)
effects of the equation of state, the initial rotation rate, both also provide estimates of the detectability of neutrinotflae
the initial magnetic field strength and configuration on th& G tions in IceCube and Super-Kamiokande as previously done by
signature. They also simulated three representative reaahtl [Lund et al. [(2010) on the basis of the Marek etial. (2009) non-
~ 200 msec of post-bounce accretion (no development of exptotating models.
sions) incorporating a treatment for neutrino transposedaon a The paper is organized as follows: in Section2 we discuss
partial implementation of the isotropicftlision source approx- the numerical methods, the input physics, and the propesfie
imation (Liebendorfer et al. 2009). the progenitor models and the set of 3D simulations we have
In the following we present the GW analysis of a set adnalyzed. Section 3 contains a description of the formaligm
parametrized 3D models of neutrino-powered supernova eised to extract the observable neutrino signal of our 3D iispde
plosions covering the evolution from core bounce until.4s and a discussion of some of its properties relevant for thie co
later, where the high-density inner core of the proto-raustar responding GW signal. In Section 4 we give the formalism nec-
(PNS) is excised and replaced by a time-dependent boundasgary to calculate the GW signature of 3D non-radial flow and
condition and a central point mass. The neutrino transportanisotropic neutrino emission, and discuss the GW sigaatfir
treated by an approximate solver based on a ray-by-ray trethe investigated 3D models. Finally, in Section 5 we sumpeari
ment of the multi-dimensionalfiects (Scheck et al. 2006). Asour results and discuss shortcomings and possible imjolicat
we analyze the GW signal arising from both non-radial mass$ our study.
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2. Model setup Table 1. Some properties of the analyzed 3D models including
. . the mass of the progenitor stisllbs, the mass of the neutron star
2.1. Code and computational grid Mys, the time of explosiott,,, and the explosion enerdgg,, at

) the timet; after bounce when we stopped the simulation. Note
The 3D supernova models we have analyzed for their neutrigat 1 B= 1 bethe= 1052 erg.

and GW signature have been simulated with the explicit finite

volume, Eulerian, multi-fluid hydrodynamics codeoMeraEUS Vi Vi i E T

[ i p a7 . . Model PS NS exp exp f
(Fryxell et al. 1991; Muller et al. 199La,b). This code grates Mo] [Mo] [ms] [B] Is]
the multidimensional hydrodynamic equations using theetim W15-2 15 1.37 248 1.13 1.3
sional splitting method of Strang (1968), the piecewisapalic Wi15-4 15 138 272 0.94 1.3
method ol Collela & Woodward (1934), and a Riemann solver L15-2 15 151 381 174 1.4
for real gases proposed by Colella & Glaz (1985). Inside grid L15-3 15 162 477 084 14
cells with strong grid-aligned shocks fluxes computed from t N20-2 20 128 265 312 13

Riemann solver are replaced by the AUSMIuxes of|Liou

(1996) in order to prevent odd-even decoupling (Quirk 1994)

Nuclear species are advected using the Consistent Multi-flu
Advection (CMA) scheme of Plewa & Muller (1999). 23 Models

The simulation code employs an axis-free overlapping “Yin-
Yang” grid (Kageyama & Sato 2004) in spherical polar coofe have analyzed a set of 3D simulatiohs (Wongwathanarat
dinates, which was recently implemented inteferneus, for  [2011; Wongwathanarat et/al. 2010b, 2011) based on twd15
spatial discretization (Wongwathanarat et al. 2010a). Yime progenitor models (W15 and L15), and a 4@ progen-
Yang grid relaxes the CFL-timestep condition and avoids nigor model (N20). The W15 model is obtained from the
merical artifacts near the polar axis. The grid consistO0(@x non-rotating 19V, progenitor s15s7b2 of Woosley & Weaver
47() x 137@) x 2 cells corresponding to an angular resolutio(fL995), the L15 model from a star evolved by Limongi €t al.
of 2° and covering the full # solid angle. The radial grid has(2000), and the N20 model from a SN 1987A progenitor of
an equidistant spacing of 0.03km from the inner grid boupdédghigeyama & Nomoto[ (1990). The progenitor models were
outtor = 80 km (models W15 and N20; see Table 1) or 115kmvolved through collapse to 15ms after bounce with the
(model L15; see Table 1), respectively. Beyond this radiesé- Promerueus-VerTEx code in one dimension (A.Marek and
dial grid is logarithmically spaced. The outer radial grislind- R, Buras, private communication) providing the initial netsi
ary Rop is at 18000 km, which is sficiently far out to preventthe for the 3D simulations. To break the spherical symmetry ef th
supernova shock from leaving the computational domaimduriinitial models, random seed perturbations of 0.1% ampéitack
the simulated epoch. imposed on the radial velocity) field at the beginning of the

A central region, the dense inner core of the proto-neutr@® Simulations. Explosions are initiated by neutrino hegtat
star (PNS) ap = 10'2-13gcnr3, is excised from the compu- @ rate that depends on suitable values of the neutrino lisiino
tational domain and replaced by an inner time-dependent fgs imposed at the lower boundary chosen such that theedesir
dial boundary condition and a point mass at the coordinate oralue of the explosion energy is obtained. The evolutiomis f
gin. Hydrostatic equilibrium is assumed at the inner ragiad lowed until 1.3s after bounce for the W15 and N20 progenitor
boundaryR, which is thus a Lagrangian (co-moving) positioninodels, while the L15 models are simulated until 1.4s post-
while a free outflow boundary condition is employed at theeoutbounce. The GW analysis presented below comprises five mod-
radial grid boundary (for more details, see Wongwathaha®ls (see Table 1), where models W15-2 and W15#&donly by

(2011) and Wongwathanarat et al. (2010a)). the initial seed perturbations. The explosion energigg, given
- ) in Table 1 are instantaneous values at the end of the sirontati

(t = t;), adding up the total energies (kinetidnternal+ gravi-
2.2. Input physics tational) in all zones where the sum of these energies isip@si

The explosion timeteyy, is defined as the time when this sum
Self-gravity is fully taken into account by solving Pois®0n exceeds a value of #®erg, roughly corresponding to the time
equation in integral form using an expansion into sphehiea&l \hen the average shock radius is 400 to 500 km (see, however,
monics as in Muller & Steinmetz (1995). The monopole term @ejcha & Thompsor (2011) for an alternative definition of the
the potential is corrected for general relativistiteets as de- time of the onset of the explosion).
scribed in_Scheck et al. (2006) and Arcones etlal. (2007). The
cooling of the PNS is prescribed by neutrino emission prioger
(luminosities and mean neutrino energies) as boundaryitomd
at the inner radial grid boundary (for details, see Scheek et 3, Neutrino signal
(2006)). The contraction of the PNS is mimicked by a radial gr
movement. “Ray-by-ray” neutrino transport and neutrinatter The non-radial motions caused by the SASI and convection in
interactions are approximated as in Scheck et al. (200&@digk the neutrino-heated hot-bubble as well as by convectiadéns
integration of the one-dimensional (spherical), grey 4pomt the proto-neutron star (driven by Ledoux unstable leptadigr
equation for all angular grid directions, ¢) independently. This ents) give rise to a time-dependent, anisotropic emisdioeo-
approach allows for angular variations of the neutrino fluxetrinos of all flavors, and thus to the emission of gravitation
The tabulated equation of state (EoS) of Janka & Muller 6)99waves [(Epstein 1978; Burrows & Hayes 1996; Muller & Janka
is used to describe the stellar fluid. It includes arbityadiégen- 11997; | Kotake et all 2007, 2009a,b), as discussed in [Sect. 4.
erate and arbitrarily relativistic electrons and posigigghotons, We have analyzed this emission for the 3D models discussed
and four predefined nuclear species (nyjand a representativeabove (see Se€f.2.3), particularly addressing its muitahi-
Fe-group nucleus) in nuclear statistical equilibrium. sional properties.
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Fig. 1. Sketch illustrating the various quantities involved when

deriving the observable luminosity of a radiating sourchose Fig.2. Sketch illustrating the various quantities involved when

visible surface is shaded in blue. deriving the observable luminosity for the particular casa
radiating sphere, whose visible hemisphere is shaded &.blu

3.1. Formalism

. L o _direction-dependence of the intensityis described by the di-
To deriveobservable luminositiesf an emitting source we con rection angley only (see FigI)i.e., o = lo(Ro,,1), and that

sider an observer located at large distabc&om that source the flux direction is diven by Accordinalv. we obtain
(see Fig.l). According to definition the flux measured by thleﬂI 9 Yia. .,

observer is given by the fol_lowing integral over the openimg Fo(Ros 1)

gle subtended by the emitting surface (not necessarily ergph lo(Ro, 7, 1) = —or

3
1+ COS)/) , (4)
at the position of the observer:

2

whereF, is the flux density normal to the emitting surface el-
F(D,t) = 9§dwy|(D, w,t), (1) ement d\. This expression corresponds to the limb-darkening
law Ig(cosy)/I1g(1) = (2/5)(1+ 3/2 x cosy) that can be derived
n grounds of the Eddington approximation (se@.,, Mihalas
978), page 61). Sindg > 0, Eq.[3) is strictly valid only when
sy > —2/3, which holds for the whole visible surface, where
the integration is performed for8 cosy < 1.
Inserting Eq.[(#) into Eq{3) we find for the observable neu-
trino luminosity the expression

wherey is the cosine of the angle between the direction of the r
diation and the line of sight (between the observer and thiece
of the source)p denotes the radiation direction at the observe
location (defined by a pair of angles), and & the solid angle
element around the radiation directian We note that here and
in the following we suppress the dependence of the inteosity
the neutrino energy and assume that energy-integrateditiesin 3
are considered (the outlined formalism, however, is vdid éor Lo(t) =2 f dA cosy Fo(Ro, t) (1 + = COSy) . (5
an energy-dependent treatment). The integration avat the vis.surf. 2
obs_e_rver’s location can be substituted by an integraticm the We further define anbservable mean neutrino enemgcording
emitting surface of the source, because the radiationsitieis
constant along rayge.,
Iryee ©o() = 20
1(D. ,) = Io(Ro. wo. 1) 2) el
where
for any ray arriving at the observer from the source (and zero Fo(Ro.) 3
otherwise), wherdR, denotes the position of a surface element _ o(Ro, 3
of the emitting surface in the source frame amgithe direction Lao(®) =2 Ls.surf. dA cosy €(Ro, 1) (1 T3 Cosy) 0
of the radiation field at that position towards the obseNete ) ) )
that we ignore in EqL{2) the trivialfiect that the time for 1o IS the observablee.utrmo number fluxvith e_bemg the mean
relative to the time fot is subject to a retardation. energy of the neutrino energy spectrum radiated from pRint
For a distant observéd > max|R,|} holds,i.e.,the value of Our 3D radiation hydrodynamics code computes the time-
w is very close to one for the whole emitting surface. DenotirfdePendenheutrino energy flux densitfo(Ro, t), andneutrino
the solid angle subtended by a surface element of the egittiiimber flux densityF, o(Ro, t), through a sphere of radii =
surface by @, we have @ = dA, /D2, where &\, = cosydA |Roldependingonangular positiéh= (¢, ¢), but actually stores
is the projected area of this surface element perpenditutae  the related quantities
line of sight, wheny is the angle between the normal unit vec-

(6)

tor na of the emitting surface elemenfAdand the line of sight AQ.1) = 4R Fo(Q.1), (®)
(see Fig.1L). Hence, we obtain for the observable lumindBiy g
expression A(Q,1)
An(Q,1) = ———= = RS Fo(Q
n( ) t) E(Q, t) 7TR(2) n,O( H t) ’ (9)

- 2 - " . .
Lo(t) = 4xD°F (D, 1) = 4”[. dA cosy lo(Ro, w0, 1) . (3)  pecause these quantities are constant in the free-strgammin
vis.surf. . . .
gion. Note that due to the ray-by-ray transport approxiorati
Assuming that theneutrino intensity § is axisymmetric used in our simulations both the neutrino energy flux and the
around the normal vectama at all pointsR, implies that the neutrino number flux are purely radial.
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Fig. 3. Snapshots of models W15-4 (left) and L15-3 (right) illustrg the four phases characterizing the evolution of our 3D
models (see text for details). Each snapshot shows twocasfaf constant entropy marking the position of the shoclkewgrwey)
and depicting the growth of non-radial structures (gré@niBhe time and linear scale are indicated for each snapshot
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Using Egs.[(B) and{9), and the fact thak & R2dQ with

dQ = singdgdg for the special case of an emitting sphere of quasi-spherical shock expansion phase
radiusR, (see FiglR), we can rewrite the general expression fo shock formation and shock expansion
the observable neutrino luminosity given in Ed. (5) in therio pre-explosion phase
growth of post-shock convection
1 3 and of the SASI
Lo() = o jv‘is.hem dQ cosy A(€.1) (1 * 2 COS)/) (10) post-explosion accretion phase

shock revival, shock acceleration,

and that of the observable neutrino number flux given in[Bq. (7 ongoing mass accretion

in the form post-accretion phase

end of mass accretion,
onset of a nearly spherical

1 3
Lno(t) = — f . dQ cosy An(£2,1) (1+ 3 COS)’) . (11) neutrino-driven wind
vis.hem

where in both cases the integration is performed over thblgis

hemisphere. P |
For the evaluation of the gravitational wave amplitude in 10°F ! l ! S
Sect[4.I.P we will also need the quantity E G
. | -
- | ‘ A e
dA(Q,t = 2
-j%Qzamﬁ% (12) e Lo 7
50tk L : E
and the corresponding angle-integrated quantity 4 : : ‘ : ]
. 4 i
dA(Q,t) 1 LS i
At) = dQ © - dQA(,1). (13) L } i W15-4
surf. surf. ; | | I
W O I 1 | 1 I 1 1 1 1
For the later discussion of the results we finally define the 00 02 04 06 08 1.0 1.2 1.4
surface-averaged neutrino flux density t [sec]
1 1 d&()
Fo)(®) = — dQ Fo(Q, 1) = — 14
Fo0= 5§ darien= S0 @)
where §
a&(t) 95 dA(Q,1) ~
_— = dQ = A t 15 ®
dt surf. dQ () ( ) @)
(@]
is the total energy loss rate at timidrom the supernova core o
<

to all directions, which (because of the flux variations oer
sphere) is no directly observable quantity.

We have also analyzed the evolution of the neutrino flux
asymmetry by calculating the angular pseudo-power sp@ctru
of the neutrino energy flux variation

A(Q, 1) — A(t)

oar(Q,1) = AD ,

(16) Fig.4. Shock radius (top) and total€.,summed over all flavors)
energy loss rate due to neutrinos (bottom) as functionsoé ti

- - 'or model W15-4. In the upper panel, the black curve shows the
whereA(%2, ) andA(t) are defined in EQ<.I8) and(13), respecf pgle-averaged mean shock radius, the blue (red) curve give

H\éil)gf;/r:(egp%e i%d;pﬁgwggli%erﬁigunr}:: Icif%:\;/iggtgy the decompoﬁm maximum (minimum) shock radius, and the vertical dashed
’ line marks the time of the onset of the explosion as defined in
Sect[Z.B. In the lower panel, the blue and red curves show the
Am(t) = 9§dQ AR, )Y, (), (17) time evolution ofAmax(Q,t) and Anin(€2, t), the maximum and
minimum value ofA(Q, t) (Eq[8) on a sphere of 500 km radius,
. . . ._respectively. The black line gives the corresponding serfa
where Y, (Q) is the respective (complex conjugate) spherlca eeaged vgluﬁ(t) (EqlI3). Nc?te that the Iumingsities ?mposed

im .
harmonics. For our mode analysis we actually used the pseu fthe inner radial grid boundary are kept constant durieditht
second and later are assumed to decayttiké.

power codicientsCy = |Aggl?, and

(18) 3.2. Results

1 m=l
_ 2 2
Ci=5— [|A|o| + sz:l|A|m|
The evolution of our models can be divided into four distinct
for | > 0, respectively. phases (FigEl 8] 4).
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' ' ' ' ' ' ' (1) The first phase, thquasi-spherical shock-expansion phase
10°k L15-3 4 (Fig.3, top row), lasts from shock formation shortly after
. = ] core bounce to 80- 150 msec, when convection sets in.
= ] During this phase the shock rapidly propagates out to a ra-
7 : dius of~ 200 km, where its expansion comes to a halt.
‘ 7 1 (2) The second phase, the hydrodynamically vigorque-
/4 explosion phasecomprises the growth of post-shock con-
] vection and of the standing accretion shock instabilitySBA
‘r ] (Fig.[3, second row from top).
|
|

Ren [cm]

(3) Thepost-explosion accretion phabegins when energy de-
position byv-heating in the post-shock layers become#su
ciently strong, and the total energy in the post-shock megio
ultimately becomes positive (see SEci] 2.3 for a definition)
During this phase the shock accelerates outward while gas is
still accreted onto the PNS. This process is commonly called
"shock revival” (Fig[3, third row from top).

Non-radial instabilities during the latter two stages @aus
considerable temporal and angular fluctuations of the neu-
trino energy flux density as illustrated in Figk.[4 - 6. Beside
the evolution of the shock radius, the figures show the
surface-averaged neutrino light curiét), i.e.,the total en-
ergy loss due to neutrinos versus time (EEgs[1IB, 15), togethe
with the time evolution of the maximum and minimum val-
ues ofA(Q, t) (Eq. [8); the numerical evaluation is performed
on an arbitrarily chosen sphere of 500 km radius). Distinct
and large-amplitude spikes Knax(Q, t) are visible for sev-
eral 100 msec and reflect violent post-shock convectionr, pos
sible SASI activity, and anisotropic accretion fluctuatief

ter the onset of the explosion. We have marked the explosion
time teyp (See Section 213, and Table 1) by a vertical dashed
line in Figs[4 an@l5. The post-explosion accretion phags las

' ' ' ' ' — until ~500 msec (models W15-4 and N20-2)-0700 msec

10°F N20-2 = . (model L15-3) depending on the progenitor.

: = ] (4) During thepost-accretion phasehe fourth and final phase
] characterizing the evolution of our models (fFig. 3, bottom
1 row), gas infall to the proto-neutron star has come to an end

/ and the newly formed neutron star looses mass at a low rate

108k v 4 in a nearly spherical neutrino-driven wind. We find consider
: / ] ably less temporal variability and a smaller level of angula

/ ] variation € 10%) of the neutrino emission during this fourth

7 1 phase (Fig§l4[:16).

! 1 While in model L15-3 the amplitudes of the neutrino emis-

sion fluctuations decrease continuously, the other two mod-

els exhibit growing temporal emission variations (thouph a

A [100 B/sec]

Rsh [Cm]
AN

t2 T4 smaller level than the earlier variability) during a lateage
(notice the decreagacrease iM\ max— Amin in Figs[4 andb),
. . which might be considered as a fifth evolutionary phase. This
N20_2 ] phase is associated with growing convective activity below

] the neutrinosphere. This PNS convection develops more or
. less strongly in the dierent models depending on the loca-

1 tion of the convectively unstable region relative to theeinn
radial boundary of our computational domain.

We have evaluated the time evolution of the neutrino energy
flux asymmetry by producing#maps that show the relative an-

A [100 B/sec]

g

WM\ 1 gular variationAF,/ (F,) of the total {.e.,sum of all neutrino
R ] flavors) neutrino energy flux density across a sphere (ndazathl

to the surface-averaged flux density; Ed. 14). Several sruaps
: : : : : S of this evolution are shown for model W15-4 in Hig. 6. The evo-
co 0z 04 06 08 1.0 1.2 1.4 lution of the typical angular scales of the fluctuations feed

t [sec] by the pseudo-power spectrogram of the electron neutrino en

ergy flux variation (E4._16) in Fif]7, top panels, which gite t

Fig.5. Same as Fif]4 but for models L15-3 (uppermost two pagolor-coded pseudo-power diieient distribution normalized to
els) and N20-2 (lowermost two panels), respectively. the maximum value versus time. The variation of the pseudo-
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170 msec power codicients with angular mode number is shown in Elg. 8
at selected times of 200ms (blue), 400 ms (red), and 1000 ms
(black).

During the quasi-spherical shock expansion phase the level
of angular fluctuations df is small € 10°?), while the fluctua-
tion amplitudes of the total neutrino energy flux densityctea
level of several 10% during the hydrodynamically vigoroes-s
ond phase and the post-explosion accretion phase, wheve a fe
distinct regions or even single spots with an angular sizE0bf
to 20° dominate the emission (F[d. 6, panels 2 and 3). The mode
numbeil of the dominant angular perturbation scale is of no rel-
evance during the first phase, as the maximum pseudo-power co
efficientC"™ (see EJ1B) is tiny 10°° (Fig.[d, middle panels),
i.e.,the dominatind = 2 andl = 4 modes visible in the upper
panels of Fid.l7 only reflect tiny angular perturbations imigd
presumably by the computational grid. When neutrino heatin
eventually causes significant non-radial flow during theosedc
and third phase€;" rises sharply to a level of 10~ (Fig.[,
middle panels), and the relative angular variations of tee-e
tron neutrino flux density grow to the several ten percergllev
(Fig.[d, bottom panels). The latter quantity gives the maxim
minus the minimum flux density on the sphere divided by the
angle-averaged flux density in percent. Compared totdked
neutrino emission in Figsl 41 6, the temporal and angular var
ations in diferent directions are even more pronounced when
considering the energy flux of the electron neutrinos ortebec
anti-neutrinos alone (Fifgl 7), where angular variations eg-
ceed 100% in all models during the pre-explosion and acoreti
phases, and peak values are close to 200% during short episod
(Fig.[q, lower panels).

During the vigorous pre-explosion phase including the post
AF/<F> 62,6 % explosion accretion stage, electron neutrinos and arttines
dominate the angular flux variations, while muon and taunieut
nos (accounting for roughly 50% of the total luminosity) doth
essentially isotropic emission in all directions. The masf
this finding is the fact that almost exclusivelyandv, are pro-
duced by €icient charged-current reactions in the accretion re-
gion perturbed by non-radial fluid flows. The spectrogranhef t
two phases is characterized by initially very small-scalgudar
variations withl 2 12, which are associated with the onset of
the Rayleigh-Taylor overturn activity, and which merge tm<

S8 ) = tinuously larger angular structures that corresporididl . . .4
dé/dt 96 B/s — AF/<F> 45 % modes towards the end of the accretion period.4t-0 0.6 s
1300 msec : (depending on the model). This evolution is accompanied by a
: . steady decrease @"® to a level of~ 10°° and a reduction
of the electron neutrino flux density variations from values|
beyond 100% to a level of 10%, only (see Fidl7, left panels).

When neutrino-energy deposition in the post-shock lay-
ers becomes shiciently strong and the explosion is eventually
launched at about 250 to 500 msec (depending on the model;
Table 1), subsequent radial shock expansion rapidly dshés
the activity of the SASI and freezes post-shock convection.
Single, longer lasting downdrafts of accretion flows areeiss
ated with isolated hot spots, where the variations of thed ftutx

Fig.6. Neutrino flux asymmetry at 170msec, 200mseglensity can reach peak amplitudes up-to70 % (Fig[®, panel
342msec, 600msec, and 1.3sec (from top to bottom), @_ When accretion has gnded, the amplitude of the angular va
spectively. The 4-maps show the relative angular variatiordtions of the total neutrino energy flux reduces to a level of a
AF,/ (Fo) of the total {.e.,sum of all neutrino flavors) neutrino few percent (Fig&l4.15), and the angular pattern of the eamiss
energy flux density over a sphere (normalized to its angutara Pecomes more uniform over the sphere consisting of mang spot
age) for model W15-4. The maximum value is given in the lowa¥ith an angular size of 30° (Fig.[g, panel 4).

right corner of each panel. Regions of higher emission asash  In the early post-accretion phase of model W15-4,90<

in bright yellow, while orange, red, green, and blue colodii t < 0.8s, the spectrogram indicates the presence of small-

cate successively less emission. The total energy lossiuateo amplitude C"™ < 107%), small-angular sizel (z 10) pertur-
neutrinos is given in the lower left corner. bations in the electron neutrino energy flux caused by some lo

d&/dt 105 B/s
200 msec

AF/<F> 146 %

d&/dt 105 B/s
342 msec

AF/<F> 13,3 %

d&/dt 105 B/s
600 msec

.
—_— )

d&/dt 63 B/s AF/<F> 7.2 %
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4 ' E
E W15-4 3 »
1 OF E S
o E g
i Ik
O Lk E a
'y ;
0 ‘ E 2
0 5 10 15
l w
0.2 0.4 0.6 0.8 1.0 1.2 1.4
4F . - time [s]
L15=3 Fig. 9. Evolution of the non-radial specific kinetic energy ¢
1 3 3 E V3)/2 volume averaged over the computational domain inside
= 5 3 3 the neutrinosphere for models W15-4 (solid), L15-3 (daghed
~N T and N20-2 (dashed-dotted), respectively.
O L E
: 10 3
0 ‘ ‘ ‘ 1 there only remains non-radial gas flow in the outer layers of
0 5 10 15 the proto-neutron star. Ledoux convge(_:tior) in the prototieu
! star thus may eventually become visitile,,its presence in the
inner parts of the computational domain may become domi-
nant in observable signals. This happens in models W15-4 and
4 , A N20-2, where the level of the non-radial specific kinetic en-
N20—?2 ergy (2 + vj)/z, volume averaged over the computational do-
. 3E 3 main, inside the neutrinosphere shows a steep rise(a8s
o f x0.2 and~ 0.9s, respectively (Figl 9). These non-radial flows that de-
2 E velop in models W15-4 and N20-2 at late times also become
\N E E manifest in all discussed quantiti@smnax(€2, t), Amin(2, t), C®,
S E E the dominant lowl-modes (25 | < 4), and relative angu-
g lar flux-density variations. In contrast, no sudfeet is present
0 : : E in model L15-3 (see Figl9), where we find a steady decrease
0 5 10 15 of Amax(Q,1) — Amin(Q2, 1), higherl-modes [ 2 10), smaller

C"®, and lower flux-density variation amplitudes than in models
W15-4 and N20-2 (see Fids.[4, 5, ddd 7).
Fig. 8. Pseudo-power cdigcientsC"® of the electron-neutrino Simulations with fully self-consistent treatment of the N
flux density as functions of angular mode numbat 200 ms interior show the presence of convection inside the PNS,
(blue), 400ms (red), and 1000 ms (black) for models W15i&.,below the neutrinosphere (see Keil etial (1996); Buraslet al.
(top), L15-3 (middle), and N20-3 (bottom), respectively. (2006);/ Dessart et al. (2006)) more or less from the early-pos
bounce phase on. With the use of our inner radial grid boyndar
excising the inner parts of the PNS, and imposing neutrino lu
amplitude turbulent flow in and below the neutrinospheric reninosities at this boundary, convective activity is trigegtonly
gion. When strong convection inside the PNS is encountened fvhen the neutrino energy (or lepton number) inflow into the la
t 2 0.8s the spectrogram drastically changes, being domina&d close to the grid boundary is faster than neutrino tramsp
by angular modes with = 4, but still withC™ ~ 107*. The can carry away this energy (or lepton number). Then convec-
electron neutrino flux density variations rise somewhatlavel tively unstable gradients develop and convective flowsrbegi
of 10% to 20%, and become manifest in the total energy losarry the energy and lepton-number outwards. Whether &ps h
rate, too (Fig$.4.15). pens or not depends on the boundary luminosities as well as on
Model N20-2 exhibits quite a similar behavior as modehe location of the grid boundary within the density and temp
W15-4 except for the appearance of even lar§jer 8) angular ature profiles of the PNS layers below the neutrinospherat Th
structures clearly recognizable in the pseudo-power spg@m location determines thefeciency of the neutrino transport and
between 1.0s and 1.2 s (FigsLY, 8). Thi§ais from the behav- varies with the stellar progenitor, whose mass-infall ceeides
ior of model L15-3, where the amplitudes and angular size®f tabout how much mass accumulates in the near-surface layers o
energy flux density variations remain small and even deer@as the PNS outside the inner grid boundary. The relative streng
the post-explosion phase (FigkLb, 7). of the artificially imposed inflow of neutrino energy and lept
The reason for the fluctuation behavior of the neutrino emisumber compared to thdfiency of the neutrino transport on
sion during the vigorous pre-explosion and post-explosion the grid, both sensitive to the location and contractiomefdrid
cretion phases has been discussed, but what causes the Ispandary on the one hand and the chosen values of the boundary
tial and temporal variations during the post-accretionsgffeAs luminosities on the other, therefore decides about wheereyh
the explosion is well on its way then, neither post-shock-coand how strongly convective activity develops below thetrieu
vection nor the SASI nor accretion can be responsible. Henocesphere.

l
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Fig. 7. Pseudo-power spectrogram of the electron-neutrino erfergylensity (top row) for models W15-4 (left), L15-3 (middile
and N20-2 (right), respectively. The panels in the middie show the corresponding maximum pseudo-poweffaoentC"*® as a

function of time, and the panels in the lower row give thetreéeangular variation of the electron neutrino flux dengaximum

minus minimum flux density on the sphere divided by the argleraged flux density in percent) with time.

As the position of and the conditions imposed at the inn@rAgain one can recognize thefiéirent evolution stages, and
boundary can thus influence the neutrino emission progeitie in particular the post-shock convection and SASI phasendur
particular during the post-accretion phase, our respeatiodel which the quantityL(E)2 exhibits rapid small-amplitude vari-
predictions must be considered with care. While they do hot ations for all three models. The level of the variations iga f
low to make any definite statements concerning the neutigao spercent (Fid._10), and thus considerably smaller than thtteo
nal of a particular progenitor model due to the neglecteatire angular fluctuation amplitudes of the flux density, whichcress
ment of the inner parts of the proto-neutron star, the mauls almost 100% for the total neutrino flux density (Fib. 6) and al
ertheless show that convective flows below the neutrinagphenost 200% for the electron neutrino and electron antineatri
are likely to imprint themselves on the neutrino emissiorg a flux densities (Fid.l7, lower panels). However, as the fluxsitgn
hence also on the GW signal of core collapse supernovaevériations are due to a few individual hot spots coveriny am-
measurement of these signals may actually provide songhinsigular areas of size (r/9)?, the observable fluctuations (bf
in the conditions inside proto-neutron stars. and(E)o) are smaller by a factor of roughly(9)?/(2x) ~ 1/50.

Some of such activity is also present at late times in the twd-m

As the neutrino energy flux density varies in our models botis W15-4 and N20-2, where Ledoux convection develops in the
with latitude and longitude, the observable neutrino lursity simulated outer parts of the proto-neutron star (see disous
Lo(t) is obtained by an integral over the hemisphere visible above).

an observer (E§.10). In Fig.110 we show for one chosen view- .
ing direction the observable electron neutrino and elecartti- From the results presented above we conclude that the sig-

neutrino luminosities for the three models W15-4, L15-3j arf1@lS carry clear information about the postshock hydrodyna
N20-2, respectively. The results for other directions loeky 2ctivity, and about the duration and decay of the accretn p
similar with all characteristic features being indepertdgthe f10d- Also composition-shell interfaces present in thegertor
observer position. We provide these quantities in additiothe star can have an imprint. In model_ Wi15-4 the transition frbmt
total neutrino energy loss rate (EGs 13 15: Eigs. 4&nd gy—c_:(_)re to the Si-shell manifests itself in fast drops Of|tf!lHI-

as their temporal evolutions are the ones expected to be m@asities ofve andve at~ 150 msec, when the mass accretion rate
surable in the IceCube and Super-Kamiokande detectorseThgecreases steeply at the time the interface between therée-c
detectors (mainly fore) will be sensitive to a combination of @nd the Si-shell of the 18I, progenitor falls through the shock.
the observable neutrino luminosity and the observable mean

neutrino energyE),. Thus, we also provide in Fig.JL0 the time

evolution of the observable mean neutrino energy and of the

combinationLo(E)3, which (roughly) enters the IceCube detec- 1 Note that our transport approximation only provides lursities
tion rate of Cherenkov photons originating from the dominaand mean energies, but not the higher moments of the eneegjrsm
inverse beta decay reaction+ p — n+ e* (Lund et all 2010). (see Seci3]1).

10
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5o iECtron neutrinos 5o —Slectron anti-neutrinos quadrupole radiation tensoh'™, in the transverse traceless
gauge in the following tensorial form
prye N20-2 ]
1
aof ] hTT(X,t) = = (A.e; + Ace) (19)
% s (seege.g.,Misner et al.[(1993))R denotes the distance between
0 1 the observer and the source, and the unit linear-polaviz &tin-
A wisa~ 3 | sorsare given by
20 . . . . 20 . . . . & =88 -606&, (20)
0.0 0.2 O.étl[secC]).B 0.8 1.0 0.0 0.2 OA?[SEC(])AB 0.8 1.0 e>< = ee ® e¢ + e¢ ® ee s (21)

with e ande, being the unit polarization vectors thand ¢-
direction of a spherical coordinate system, andenoting the
tensor product.

The wave amplitudes, and A represent the only two in-
dependent modes of polarization in the TT gauge (Misnerlet al
1993). In the slow-motion limit, they are obtained from lin-
ear combinations of the second time derivatives (evaluated
retarded time, and denoted by a double dot accent) of the
components of the transverse traceless mass quadrupste ten

e L (Misner et all 1993)
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 .. .
t [sec] t[sec] A = Q@e - Q¢¢ s (22)
Ax = 2Qp - (23)

N20-2 We computed the latter using a post-Newtonian approach
1  whereby the numerically troublesome second order timevaeri

tives of the mass quadrupole tensor components are trans-

L15-3 {1 formed into much better tractable spatial derivativesldvghg

Nakamura & Oohara (1939) and Blanchet, Damour & Schafer

(1990) the second time derivatives read in a Cartesian ootho

mal basis (the spatial indicéandj run from 1 to 3)
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Fig.10. Observable luminosity., (top row), obs_ervabée MeanyhereG is Newton's gravitational constantthe speed of light
energyE), (middle row), and normalized quantity(E); (bot- i yacyum, b the efective Newtonian gravitational poten-
tom row) of electron neutrinos (left column) and electrofi-an 5 including the general relativistic “case A” corregiiof the
neutrinos (right column) as a function of time for three of %Ynonopole term due fo Marek et al. (2006he mass-density;
models. Although we only present the results for one paeicu e cartesian velocity components, ahdhe partial derivative
observer direction here, the global behavior and chargtiter ith respect to the coordinaiéof a Cartesian basis.
are very similar for all viewing directions. We note that the integrand in EG.{24) has compact support
and is known to the (2nd order) accuracy level of the numerica
o ] scheme employed in the hydrodynamics code. It can easily be
4. Gravitational wave signature shown that evaluating the integral of EQ.J(24) by an intégrat
Non-radial mass motions due to gravity waves in the neérc_:heme (of at least 2nd order) is by one order of accuracy supe

surface layers of the PNS, which are caused by the SAlgr to twice applying numerical time-flerentiation methods to

and convection in the post-shock region as well as by Convg,uadrup_qle data given at discrete points of time (Finn & Evan

tive activity inside the proto-neutron star (Murphy et/ad0®); 1990; Mo_n_chmeyer el ':ll'. 1991). .

Marek et al 2009) (driven by Ledoux unstable lepton or gntro , EXPloiting the coordinate transformation between the or-
gradients) result into a time-dependent, aspherical tjestsat- thonormal Cartesian basisand the orthonormal basis in spher-

g , L g .~ ical coordinate{"(with X € [r, 6, ¢]), the wave amplitudes.,
ification which produces gravitational radiation. The atrigpic Ica : :
emission of neutrinos associated with the non-radial masgs 2704« (E0s.[22) & [23)) are obtained from the following sec-

: - ; d time derivatives of the spherical components of the mass
(see Seck]3) contributes to the gravitational wave sigoal We on : - - ,
computed and analyzed the signature of this gravitaticadibr quadrupole tensor (Qohara eflal. 1997; Scheidegge'iet@) 20

tion for the 3D models discussed in Séct] 2.3. 17T = ('IXT cog ¢ + 11T sir? ¢ + 211 sing Cos¢) coL o

+1y, si 6 — 2 (IIZT cosg + Iy, sinq)) sindcosd, (25)

lgg = lix SIP ¢ + 15,7 cos ¢ — 211 sing cosg, (26)
11T = (11T = 11T) cosdsing cosp + 1T cosd (cog

If a source is of genuine three-dimensional nature, as tés t % ( w XX) $COSP+ Ly ( ¢

case for our models, it is common to express the gravitationa — sir? ¢) + Iy, singsing — Iy, sing cosg, (27)

4.1. Formalism

4.1.1. Non-radial mass flow

11
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where we used the abbreviation

=Q'T. (28)

ITT
ij = ¥ij

Choosing¢g = 0 one obtains the polarization modes (set
e.g.|Misner et al.|(1993))

A= Iy (29)

A =213, (30)

forg =0, and

A= 17T (31)

A = _2|;ZT, (32) Fig.11. Relation between the source coordinate system

(X,y,Z) and the observer coordinate systegy(z). Changing
for 6 = /2, respectively. These expressions were alreaflpm the observer system to the source system involves a rota
discussed in earlier investigations concerned with thdéuava tion by an angler about thez -axis to an intermediate coordinate
tion of the gravitational wave signature of 3D core collapssystem &*,y*, Z°), followed by a rotation by an angBabout the
supernova models_(Miller & Janka 1997; Fryer etlal. 200¢:-axis (which thus is also thgaxis).
Scheidegger et al. 2008, 2010).

The total energy radiated in the form of gravitational waves
due to nonspherical mass flow is given in the quadrupole apprénd
imation by (seee.g.Misner et al.[(1993))

t Y
hy(t) = 2 f dt'f dQ’ (1 + cosh) sin 2p dA(Y,T) , (37)
3 2 ‘R 0 I aqy
c dirr 1 TT
Bw == | D || -300 D 0| d _ o
5G Jo 47|t 374 respectively. Here Al(Q’,t")/dQ’ is given by Eq.[(IR) and de-
R notes the_total neutrinp energy radiated at tthper unit of time
= — dt [([XET - |'y§T 24 (13T —1,1Ty? (33) into a solid angle @’ in direction ¢’, ¢’). Except for position
15G dependent factors the gravitational wave amplitudes anplgi

. . . . . a function of this quantity provided by the ray-by-ray trpog
+(ly T =1, +6 ((|x§T (g2 + (" 2)] . approximation (nc()]te thaiyir?MUIIer & \)]/anka (1y99¥) W):a upse@.i th
) symbolL, instead ofA).
with I,'T = 41, [T/at, and the corresponding GW spectral energy  The angular integration,@ = —d(cos#’) d¢’, in Egs.[36)
density is given by (where denotes the frequency) and [3T) extends over all angl@s and ¢’ in the coordinate
frame of the sourcex(,y’, Z) that we identify with the (arbitrar-

dEm 2c® o2 TTT TR 4 (7T _TT7P 34 ily chosen) spherical polar coordinate frame to which theérby
dy ﬁ( V) [' o =y [ T =T (34) dynamic results were mapped from the Yin-Yang grid employed
T =TTI2 SO R Sy p— ) in the simulations. For the evaluation of the polarisaticrdes
+iy " =137+ 6 (“xy |+ L+ 1y )] - we used the (asymptotic) values ok, t)/dQ extracted at a
radius of 500 km from our 3D models.
where - The angle® andg in Egs.[(36) and(37) are measured in the
]:]TT(V) = f IiTjT(t) e it g (35) observer framex,y, ), while the neutrino luminosity is mea-
—o0 sured in the source frame((y’,Z). To allow for an arbitrary

orientation of the observer relative to the source, we thinz
two viewing anglesy € [-x, +n] and 3 € [0, n] (see FiglIlL).
The coordinates measured in the observer frame are theedela
4.1.2. Anisotropic neutrino emission to the coordinates in the source frame by the following cord

. o . . .. hate transformations
To determine the gravitational wave signal associated thi¢h

is the Fourier transform dﬂ T().

anisotropic emission of neutrinos, we follow Muller & J@nk x* = x cosa + Y sina, (38)
(1997) and use Eq. (16) of Epstein (1978) in the limit of a dig» _ ./«
tant sourceR — oo, together with the approximation that th(y = —X'sina +y'cosa, (39)
gravitational wave signal measured by an observer at tilae zZ =17, (40)
caused only by radiation emitted at tiie= t — R/c. Hence, we
taket — t’ = const= R/c, i.e.,we assume that only the neutrino
pulse itself causes a gravitational wave signal, whereasone x = x* cosg -z sing, (41)
effects, which prevail after the pulse has passed the obsareer,y -y (42)
disregarded. .

With these simplifications, the dimensionless gravitaionZ = X Sin8 +Z CosB. (43)

wave amplitudes of the two polarisation modes are givenen tK}Vith these coordinate transformations and the relations
transverse-traceless gauge for an observer located dbachR

along thez-axis of the observer frame by Muller & Janka (1997 = r singcosg, (44)
2G (. / dA(Q, 1) y = rsingsing, (45)
h+(t) = FRﬁ dt \f;ﬂ o (1+ COS@) COSZ{)T (36) 7 = rcosd (46)
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between Cartesian coordinatesy, z) and spherical polar coor- Note that for axisymmetric sourcég = 0.
dinates ¥, 6, ¢), we obtain In general, the total enerdycw(t) radiated to infinity by a

; _ / . o _ source in form of gravitational waves until timtds given by
Sinfcosp = (Cos¢’ cosa + sing’sina) sing’ coss (see,e.g.Misner et al. [(1993); Greek indices run from 0 to 3,

cosd’ sing, (47)  and repeated indices are summed over)
singsing = (sing’ cosa — cos¢’ sina) sing’, (48) .
cosd = (cos¢’ cosa + Sing’ sine) sing’ sing + Ecw(t) = f dt’f T, Nr2dQY, (60)
cost’ cosB. (49) 0 s

These expressions relate the angular coordinates in tieg\@s where the angular integration is performed over a two-spher
frame @, ¢) to those in the source fram& (¢’). For the special spatial infinitySZ, andn = (0, 1,0, 0) is a unit spacelike vector
casex = 0 they were already presented by Kotake el al. (2009&).polar coordinategct, r, 6, ¢} normal toS?2,. Denoting by. . . )

Using Eq.[(49) and the equalities an average over several wavelengths, the gravitationa¢-wa
_ 2xy energy-momentum tensat,, is given in transverse-traceless

sin2p = ———, (50)  gauge by

X2 +y S

2 _\2 = h'Y (6,h27)) . 61
cos = —§2+§2 (51) = 394G <(6" o) (0 TT)> (61)

Thus, Eq. can be rewritten as

derived from Eqs[{44) to[[(46), the two polarization modes RECY)
(Egs[36 an@37) are given by

c3 t )
Eow(®) = 55— fo dt’ fs 2 r2dQ (@i )@h)) . (62)

2G
hs(t, a/,ﬂ) = FR\]; d'[//\('[/) (Is(t/,a’,ﬂ), (52)
where we have used the facts thgf = 0, hiT = 0, and

where Se (+, x) andA(t) is the angular integral of the neutrino T T . ) S R
energy radiated at timeper unit of time given in Eqs{13) and€ drhy = —aihy ' for radially outgoing gravitational radiation.

@s). Evaluating the double sum in EG.{62) and using the relations
1 A1) hi = —hys = hoandhi] = hil = h (see,e.g.Misner et al.
as(t,a,B) = —= f dQ’ Ws(Q', a, f) ———=, (53) (1993)), we finally find
A(t) A aqy

are anisotropy parameters, which provide a quantitativesone _ c? C 2 2 2

of the time-dependent anisotropy of the emission in botarpol Eow(t) = 167rGf0 dt fsz r2dQ ((3h,)? + (@ihs)?) - (63)
ization modes. Note that the evaluation of the anisotropgpa N

etera(t) defined in Eq. (29) of Miller & Janka (1997), which  Inserting the expressions for andh, given in Eq.[(52) into
should not be confused with the observer anglatroduced in Eq. (63) we obtain for the enerdg (t) radiated in form of grav-

Fig.[11, does neither involve a dependence on observersangigtional waves until time due to anisotropic neutrino emission
(a, B) nor on the polarization mode.

The angular weight functions appearing in the above expres- G to 20 2,
sion for the anisotropy parameters are given by En(t) = s ﬁ dt j;” dQ,p [|+(t s, f) + I (t ’“’ﬂ)] (64)
V) _ Ds(g/, ¢/’ a, IB) . o
Ws(0',¢",a,B) = NOb.ap) (54)  with dQ,; = singdsda and
where Is(t, @, B) = A(t) as(t, @, 8) . (65)

D, = [1+ (cos¢’ cosa + sing’ sina) sing’ sing + cosd’

. . . The corresponding spectral energy density is given by
cosB] {[(cos¢’ cosa + sing’ sina) sind’ cosB —

cos? sing]® - sir @ (sing’ cose — cose’ sina)z} ,(55) dEn - G ||”(,,)|2 , (66)
Dy = [1+ (cos¢’ cosa + sing’ sina) sing’ singB + cosd’ d - 2ne
cosB] 2[(cos¢’ cosa + sing’ sina) sind’ cosB — wherel(v) is the Fourier transform of
cost’ sing] siné¢’ (sing’ cosa — cosg’ sina) , (56) 12
N = [(cosg’ cosa + sing’ sina) sing’ cosB — cosy’ I(t) = {f dQys [Ii(t, a, B) + I2(t, a,ﬁ)]} . (67)
sinB]? + sir? ¢ (sing’ cosa — cosy’ sina)? . (57) o

Choosinge = 0 andg = x/2 the observer is located in the ~FOr completeness we also provide an expression for the to-
equatorial plane of the sourcies(,perpendicular to the source’stal energy radiated in form of gravitational waves until éitn
Z-axis) at the azimuthal positio¢ = 0. In that case one ob- I-€.,due to anisotropic mass floand neutrino emission. It is
tains simpler expressions for the angular functions (sse aPbtained by inserting the total GW amplitudes.,the sum of

Kotake et al.|(2009a)) the amplitudes given by EqE.{19) afdl(52) into Eq] (63), Whic
\ . , leads to
Wi, = (cog @ —sird/ sir ¢) ———0 SO (5 s , ,
cog ¢ + sir’ ¢’ sirf ¢’ c ) 2G °G
i Eow = dt' | dQ|[ L+ GA, | + | S+ aA |
W,le = —2cos sing’ sing’ 1+ sing’ cos¢ (59) 167G Jo 4r ct c
o cog ¢ +sir g sinf ¢’ (68)
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Fig. 12. The four panels show the gravitational wave amplitudes)(éoj spectrograms of&gy/dv (bottom; normalized to the
absolute maximum) arising from non-spherical mass flow ofl@e®W15-2 (top left), W15-4 (top right), L15-2 (bottom [gfand
L15-3 (bottom right), respectively. Blue curves give thepditnde A, at the pole (solid) and the equator (dotted), while red cuirve
show the other independent mode of polariza#grfrom the same directions.

4.2. Results Lateron, sizable g-mode activity is instigated in the oldgers

of the proto-neutron star by convective overturn and the ISAS

Although an obsferver can only measure t_he total gravitatiorburing the hydrodynamically vigorous pre-explosion phasel
wave amplitudej.e.,that due to the combinedfect of non- , the impact of anisotropic accretion flows during the subse
radial flow and anisotropic neutrino emission, we will fir&s-d ,ant post-explosion accretion phZOOﬂ T

cuss the GW signal of non-radial mass flow only, because it 1g11,0de activity is the cause of GW signmoog

flects the various phases of the post-bounce evolution@remwmgmmﬂmﬂlo) whose maximum am-

introduced in the discussion of the neutrino signal above.  pjitdes are of the order of a few centimeters centered aroun
Until post-shock convection and the SASI are eventually mggrg.

ture at around 150 msec, the GW signal is very small [Elgl4L2).

The GW frequency distribution possesses a very broad max-
2 Note that our models, because of the excised inner regioheof imum in the range of 100 Hz to 500 Hz, and the frequency corre-

PNS, are not able to follow the GW emission due to prompt phsek  sponding to this maximum slowly increases with time (Eig). 12

convection (see Marek etlal. (2009)). Partially already during the post-explosion accretionsghaut
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Fig. 13. Gravitational wave amplitudé€®h’ T (blue) andRh " (red) due to anisotropic mass flow and neutrino emission as@ibn
of time for models W15-4 (left), L15-3 (middle), and N20-3gfnt) , respectively. The solid curves show the amplitudesah
observer located above the north pale£ 8 = 0; see Fig. Il1) of the source, while the other curves give thelitudes at the

equator & = 0,8 = n/2).
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Fig. 14. Asymmetry parameters of the neutrino emission (Eq.b3) as a function of time for gledV15-4 (left), L15-3 (middle),
and N20-2 (right), respectively. The panels in the uppersbawea, (blue) andwy (red) for a particular observer direction, while
the panels in the lower row give for both parameters the masirand minimum values in all directions.

latest when the shock wave starts rapidly propagating gelarquency at maximum power continues to increase. The latter ef
radii between- 0.4 sec and 0.7 sec (see Figsl 4 apH 5), the GWect was also observed in the 2D models of Murphy et al. (2009)
amplitudes start to grow by about a factor of ten until approxAt late times, the GW signal of the W15 models clearly signi-
mately asymptoting at 0.9 sec in the case of the models basefies the convective activity inside the proto-neutron dtaotigh
on the progenitor W15, and atl sec in the case of models basedmall amplitude, high frequency fluctuations around thergsy
on the progenitor L15, respectively (Figl12). This growtihe totically roughly constant mean GW amplitudes, while nohsuc
amplitude is associated with the anisotropic expansiorhef tfluctuations are present in the case of the L15 models (see dis
shock wave and a positiireegative wave amplitude indicates acussion of the neutrino signal above). This model discrepan
prolatgoblate explosion, respectively (Murphy etlal. 2009). s also evident from the energy spectrograms, which do é-ib

_ ) ~ pronounced broad maximum (betweer850 Hz and- 550 Hz)
~ While the GW amplitudes grow the GW energy distribuatt > 0.8 sec in the case of the W15 models, but none for the L15
tion dEy,/dv becomes much narrower and dimmer, and the fre-
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Fig.15. Energy emitted in form of gravitational waves due t¢< 1%) compared to that emitted by matter due to the slow varia-
anisotropic mass flow (top panel) and due to anisotropiaimeut tion of the GW neutrino amplitude with timee., its time deriva-
emission (bottom panel) as a function of time for models W15tive is much smaller than that of the GW matter amplitude. For

(solid), L15-3 (dashed), and N20-2 (dash-dotted), redgadgt  this reason we also abstained from evaluating the totalggner
radiated in form of GW (E.88). It dliers little from that due to

anisotropic matter flow alone (Hg.l33), because the mixed ter

ones. Further note that until the end of the simulations the fin Eq. (68), resulting from the square of the sum of the matter
guency of the maximum ofl/dv has increased from aroundand neutrino parts, contribut&s10% to the total radiated GW
100 Hz to almost 500 Hz for the former models (due to the inergy, and the pure neutrino tesnl %. Figureé_1b also shows
creasing speeds of mass motions in the postshock regione ti that the (small) contribution of anisotropic neutrino esios to

< 0.5 sec and because of the increased compactness of the prite-adiated GW energy is enhanced at late times when proto-
neutron star at times 0.6 sec, respectively). neutron star convection occurs below the neutrinospheriejs

The behavior of the total (matter plus neutrinos) GW amplihe case for models W15-4 and in particular N20-2.
tudes is significantly dierent from that of the flow-only GW The variation of the total GW amplitudes with observer an-
amplitudes for models which exhibit PNS convection belogle is illustrated in Fid. 16 for model W15-4 at 1.3 sec (whies t
the neutrinospherég.,for the models based on the progenitorsimulation was stopped). Both the amplitude variationsthed
W15 and N20. Particularly at late times, anisotropic neatri typical angular size of the speckled GW emission are sirfiliar
emission causes a continuing growth of the GW amplitudes (iall other simulated models. The model-independent levéhef
stead of a saturation) in these models, while this is not #se c amplitude variations is also supported by Fig. 13 when compa
for the L15 models (see Fig.113, and compare with[Eiy. 12). Threg various amplitudes at any given (late) time.
latter behavior is also reflected in the time evolution ofabgm- The (normalized) amplitude spectrograms of the total grav-
metry parametets (Eq[53) of the neutrino emission (Figl14).itational wave amplitudes (é( » + Rh, »)/dv; Figs[1T and18)
The asymmetry parameter is practically zero in model L15-3 #lustrate two model-independent findings. Firstly, dgrthe hy-
late times, while it remains, after having temporarily grote drodynamically vigorous pre-explosion and post-explosic-
values beyond about 0.4 - 0.5%, at the level-dd.3 % until the cretion phases (2 5t < 0.5 - 0.7 sec) the spectra of all models
end of the simulations in models W15-4 and N20-2. are characterized by some power at low frequenciesQ0 Hz)

The final GW amplitudes are up to a factor of two to threand a broad power maximum at frequencie200 Hz and an-
larger when taking the contribution of anisotropic newirimis- other weak one at 800Hz. The latter broad maximum at
sion into account, but the amount of energy radiated in tha fo high frequency is more pronounced in the models based on the
of GWs is only insignificantly changed, being practicallyneo W15 and N20 progenitors and in the cross polarization GW
stant for all simulated models after the onset of the explosimode. Secondly, during the post-accretion phase Q.7 sec)
(see FigIb). The GW energy radiated by neutrinos is sm#ile spectra of all models are dominated by a low frequency
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(< 40 Hz) contribution peaked towards the lower end of the speaxis-free overset grid (the Yin-Yang grid) in sphericalgrato-
trogram. In the models where PNS convection occurs below thedinates, which considerably eases the CFL time stepiagestr
neutrinosphere (models W15 and N20) we also find a doubten and avoids axis artifacts. A central region, the denseii
peaked high frequency contribution decreagimgeasing from core of the proto-neutron star, was excised from the computa
~ 700Hz (400Hz) at ~ 0.8 sec, and eventually merging intotional domain and replaced by an inner, time-dependenakadi
a single power maximum at 500 Hz att ~ 1.2 sec. Again this boundary condition and a gravitating point mass at the deord
contribution is more pronounced for the cross polariza@W nate origin. Explosions in the models were initiated by riaot

mode. heating at a rate that depends on suitably chosen value® of th
The spectra of the total GW amplitudes are dominated Imgutrino luminosities imposed at the inner radial boundary
the contribution due to non-isotropic neutrino emissiotoat The neutrino emission properties (fluxes anffeetive

(< 100 Hz) frequencies (Figs.117 and 18). At higher frequencigpectral temperatures) of our 3D models exhibit the generic
(> 100 Hz) the spectra of model W15-4 show two pronounceiihe-dependent features already known from 2D (axisym-
maxima (at 100 - 200 Hz and 660800 Hz, respectively) at all metric) models €.g.Buras et al. [(2006); Scheck et &l. (2006);
times. These maxima are also present in model L15-3 at tinidarek et al. [(2009); Brandt etlal. (2011)) showing fluctuasio
< 0.7 s, the high-frequency one being, however, much less pmver the neutron star surface orffdirent spatial and temporal
nounced. The lower maximum (at 160200 Hz) results from scales. We find that non-radial mass motions caused by thé SAS
g-mode activity in the PNS surface instigated by non-ratbal and convection in the neutrino-heated hot-bubble regiomedls
(SASI, accretion) in the post-shock region urtiD.5 - 0.7 sec. as by PNS convection below the neutrinosphere give rise to a
At later times PNS convection is responsible for the peak b#me-dependent, anisotropic emission of neutrinos, agrly
tween 300 and 500Hz. We have proposed this explanation @f-electron neutrinos and anti-neutrinos, and thus alsdéo t
ready for the corresponding maxima present in the GW energmission of gravitational waves. We have analyzed this €mis
spectrograms arising from non-spherical mass flow [Eig. 12Jon, particularly addressing its anisotropy and tempueaasia-
and discussed why the frequencies of these maxima incretisa. We also derived apparent neutrino luminosities foohn
with time. The source of the high-frequency maximum (600server located at a large distance from the source. Becauge v
800Hz) is unclear, but a further detailed analysis shows(tha prominent, quasi-periodic sloshing motions of the shook tiu
the maximum is solely due to non-radial gas flow,,it is not the standing accretion-shock instability as visible in 2Ds
connected to neutrinos, (i) it does not result from stdbgers lations are absent and the emission froffiedtent surface areas
below the neutrino sphere but from close to or slightly abve facing an observer adds up incoherently, the modulatiorliamp
and (iii) does not depend on the position of the observer. tudes of the measurable neutrino luminosities and meageser

Note that the high-frequency maximum present in the ampére significantly smaller than predicted by 2D models (foréb
tude spectrograms is strongly suppressed in the corresmpndults see Marek et al. (2009); Brandt et al. (2011)).
energy spectrograms (Fig.12), as the latter involve tharggli  The post-bounce evolution of our models can be divided into
time derivatives of the amplitudes. Thus, the already laagje four distinct phases (Figl 4). The first phase, go@si-spherical
of the low and high-frequency maxima in the amplitude sgectrshock-expansion phadasts from shock formation shortly after
grams (about two orders of magnitude) translates into an eusbre bounce to 88 150 msec, when convection sets in. The sec-
larger ratio for the energy spectrogram maxima renderigg tbnd phase, the hydrodynamically vigorqurs-explosion phase
high-frequency maximum practically invisible. comprises the growth of post-shock convection and of thedsta
ing accretion shock instability (SASI). Theost-explosion ac-
cretion phasebegins when energy deposition lyheating in
the post-shock layers becomesiguiently strong so that the to-
Based on a set of three-dimensional (3D) parametrizedineutr tal energy in the post-shock region ultimately becomestpesi
driven supernova explosion models of non-rotating 15 am2lring this phase the shock accelerates outward while ggifl is
20M,, stars, employing a neutrino transport description withccreted onto the PNS. This process is commonly called ¥tshoc
a gray spectral treatment and a ray-by-ray approximation feivival’. The duration of the latter two phases depends en th
multi-dimensional &ects (the scheme is applicable in the regimgrogenitor. During th@ost-accretion phase¢he fourth and final
outside the dense neutron star coire,,around and outside phase characterizing the evolution of our models, aceretias
the neutrinosphere), we evaluated both the time-deperasheht and the proto-neutron star develops a nearly sphericatineut
direction-dependent neutrino and gravitational-wavession of  driven wind.
these models. To this end we presented the formalism negessa During the quasi-spherical shock expansion phase shdxtly a
to compute both the observable neutrino and gravitatiomakw ter bounce the level of temporal and angular fluctuationief t
signals for a genuinely three-dimensional source. For the n neutrino emission is smalk(1072). In contrast, the fluctuation
trino signal we presented formulas that allow one to estirttag  amplitudes reach a level of several 10% of the average values
apparent luminosity when the local flux density on a radgtirduring the hydrodynamically vigorous pre-explosion phase
surface is known and the intensity can be assumed to be axisyhe post-explosion accretion phase, where a few distimngiy
metric around the direction perpendicular to the radiaing time-variable regions or even short-lived single spotfait an-
face. For the gravitational-wave analysis we extended &md ggular size of 10to 20° are responsible for the brightest emission
eralized previous studies, where the source was eithemegsu maxima. As the outward shock expansion is well on its way in
to be axisymmetric or where the formulas for the signals dba 3Xhe post-explosion accretion phase, still existing acmnatown-
source were only given for special observer directions. drafts can be responsible for similar fluctuations in thetrieo

Our models followed the evolution from shortly after coremission, though the number of corresponding hot spots de-
bounce up to more than one second into the early cooling ewreases with diminishing accretion. When accretion hagend
lution of the PNS without imposing any symmetry restricionand the post-accretion phase has started, directionaticars
and covering a full sphere. The extension over such a relgtivcan be caused by the occurrence of Ledoux convection in the
long evolution time in 3D was possible through the usage of auter layers of the proto-neutron star, which we indeed viese

5. Discussion and Conclusions
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Fig.17. Normalized (to the absolute maximum) amplitude spectnograf the total gravitational wave amplitud&s + Rh, (left
panels) andh. + Rh (right panels) at the pole for model W15-4. The lower panktssthe spectrograms in the frequency range
5Hz to 100 Hz, and the upper ones in the frequency range 100 Hkkiz.

frequency [Hz]
frequency [Hz]

0.2 0.4 0.6 0.8 1 12 -6

L15-3: A_+PRh, (at pole) Heed]

02 04
L15-3: A +Rh,_(at pole)

100 T — T T T T 0
80 1 4
60 +

40

frequency [Hz]
frequency [Hz]

20

02 04 0.6 0.8 1 1.2
t [sec] t [sec]

0.4 06 08 1 1.2

Fig. 18. Same as Fi§. 17, but for model L15-3.

in models based on two of our three progenitors (see also tfakunin et all 2010) due to less coherent mass motions and neu
discussion of the influence of the inner radial boundary ¢ondrino emission. Note in this respect that the GW quadrupamie a
tion below). The temporal and angular variations of the siois  plitudes which are usually quoted for 2D modeA§3) have to be
in different directions are even more pronounced when cons,iﬂmtip"ed by a geometric factor si® v15/x/8 (which is equal
ering the energy flux of the electron neutrinos or electrdit anto ~ 0.27 forg = 90°). Violent, non-radial hydrodynamic mass
neutrinos alone (instead of the emission in all neutrinaoflsl  motions in the accretion layer and their interaction with tluter
In that case the angular variations of local flux densities thyers of the proto_neutron star give rise to a GW signa| \&ith
exceeq 100% in_aII models during the pre-explosion and pogimplitude of~ 2 — 4 cm in the frequency range ef100 Hz to
explosion accretion phases, and the peak values can betolose 400 Hz, while anisotropic neutrino emission is responsible
200% during short episodes. The total energy loss ratesiine 3 superimposed low-frequency evolution of the wave amyitu
nos and the observable luminosities as surface-integeatad- which thus can grow to maximal values of-120 cm. Variations
tities, however, are much smoother in time during all phasest the mass-quadrupole moment due to convective activsigén
showing fluctuation amplitudes of at most several percent.  the nascent neutron star contribute a high-frequency coergto
The gravitational wave emission also exhibits the gener(800- 600 Hz) to the GW signal during the post-accretion phase.
time-dependent features already known from 2D (axisymméthe GW signals exhibit strong variability between the twéapo
ric) models, but the 3D wave amplitudes are considerakiBations, diferent explosion simulations andfidirent observer
smaller (by a factor of 2 3) than those predicted by 2D mod-directions, and besides common basic features do not msses

els (Muller et al/ 2004; Marek et . 2009; Murphy etlal. 200%ny template character.
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