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In this work we present the gravitational wave signals from sophisticated three-dimensional
supernova core collapse simulations of three progenitors, of 11.2, 20 and 27 solar masses. In
the two most massive models large scale shock deformationw develops. This is reflected in the
gravitational wavesignals as a strong emission component below ~ 250 Hz.

1 Introduction

Exactly how a core-collapse supernova comes about is still shrouded in mystery. The prevailing
theory is the delayed neutrino explosion mechanism!: A shock wave form when the contracting
iron core reaches nuclear densities and the equation of state stiffens. This halts the collapse and
infalling stellar matter bounces off the proto-neutron star(PNS). As the shock wave propagates
outwards, through the dense stellar matter, it looses energy and stalls after some hundreds of
kilometres. The energy needed to revive the shock wave, ensuring a successful explosions, is
thought to be provided by neutrinos streaming out of the PNS. Neutrinos captured in post-
shock matter deposit energy. After ~ 100 milliseconds(ms) neutrino heating can be sufficient to
revive the shock and successfully launch the supernova. Hydrodynamical instabilities operating
behind the stalled shock front have been found to be crucial for the success of this scenario,
in particular large scale convection in the neutrino heated post-shock region and the standing
accretion shock instability(SASI). See for example Ott? for a review of the history of the subject.

Presently we are withnessing the emergence of exploding stars in 3D modelling. Melson
et al3 present a successful 3D simulation of a neutrino driven supernova explosion, for a 9.6
Mgprogenitor. Observations of a supernova core could compliment the theoretical work and
provide much needed insight about the explosion mechanism. Unfortunately in the electromag-
netic regime the core is quite literally shrouded by the surrounding stellar material. Gravitational
waves(GW) and neutrinos, however, propagate unhindered trough the outer layers of the star
and can provide us with direct observations of the core. Here we present the GW arising of
the three first 3D core-collapse simulations with sophisticated neutrino physics. The two most
massive progenitors(27 and 20 Mg) develop SASI activity, while the third and least massive
star(11.2 M) show now signs of SASI activity.

2 Numerical set-up

Our analysis is based on 3D simulations of three solar metallicity progenitors with masses 27Mg),
20M ¢ and 11.2Mg. These models have been evolved until the onset of iron core collapse®°. Then
the 3D core collapses were simulatioed with PROMETHEUS-VERTEX, a hydro code including



the neutrino transport module VERTEX. PROMETHEUS ¢ implements a dimensionally split
piecewise parabolic method 7 and VERTEX is a “ray-by-ray-plus” neutrino transport module.
VERTEXS solves the neutrino momentum, energy and Boltzmann equations based on a variable
Eddington-factor technique. The equation of state is that of Lattimer & Swesty® with a nuclear
incompressibility K = 220 MeV. We use an initial grid resolution of 400x88x176 grid cells in r,
6 and ¢, respectively. During the simulations grid adjustments were made to maintain sufficient
resolution around the PNS surface.

3 Gravitational wave extraction

In order to extract the GW signal from the hydrodynamical simulations a post-processing step
is necessary. A concise description of the formalism used to determine the GW signal arising
from matter flow is given below 1°.

When expressing the gravitational radiation as a multi-pole expansion one finds that the
leading term is given by the quadrupole, this is a consequence of mass and momentum conser-
vation. In the transverse traceless(TT) gauge the gravitational quadrupole radiation tensor, at
a distance D from the source, is given by,

1
BT (X,t) = 5 [Arer + Ayex]. (1)
Here ex and e, are the unit linear-polarization tensor given by

eL=egRey—eyQ ey, (2)

ex =egRey+ ey ey (3)

eg and ey are the unit polarization vectors in spherical coordinates. Ay and A, are the two
independent wave amplitudes of the TT gauge, given in the slow-motion limit by

Ay = Qoo — Qo (4)

Ax = 2Q9¢. (5)

Here @ is second time derivative of the symmetric trace-free(STF) mass quadrupole tensor .
In Cartesian coordinates this quantity can be written as,

Qij =STF I:c%/d3.’t (Ui’l)j — zl('?](I)) . (6)

Here G is Newtons gravitational constant, c the speed of light, v; and z; refer to the Cartesian
velocity and position (i = 1,2, 3), respectively. The gravitational potential, ®, refers to the grav-
itational potential with post-Newtonian corrections taken into account. The advantage of this
form is that the second-order time derivatives are transformed in to first-order spatial deriva-
tives, thus circumventing problems associated with the numerical evaluation of second-order
time derivatives. Using standard coordinate transformations, between Cartesian and spherical
coordinates, we find

Qoqs = (sz - Qu) cos 0 sin ¢ cos ¢
+ Q12 cos 8 (cos? ¢ — sin® ¢)
+ O135in6sin ¢ — Qoz sinfcos §, (7)



Qo = Q115in® ¢ + Qa2 cos® ¢ — 2Q125in ¢ cos ¢ (8)
and
Qoe = (Qu cos? ¢+ Qgg sin? b+ 2@12 sin ¢ cos ¢> cos2 6

+ Q33 5in% 6 — 2 (ng cos ¢ + Qogsin ¢) sinf cos 6. 9)
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Figure 1 - GW amplitudes as seen by an observer at the pole, normalized by the distance to the source. Left,
middle and right panel: 27, 20 and 11.2 M. The top and bottom row represents the cross and plus polarized
amplitudes, respectivly. Vertical lines indicate periodes with SASI activity.

Amplitudes for GW generated by asymmetric mass motions are shown in Figure 1. For each
progenitor we show two panels representing the cross and plus polarization. The waveforms are
in general characterised by an initial quiescent phase, which is followed by a rather stochastic
phase with amplitudes of a few cm. Besides from the fact that we see slightly stronger amplitudes
in the 27 and 20 Mgmodels there is little apparent difference in the waveforms, between the
models with and without SASI activity. In order to dissect the signal further we apply the
standard Short-time Fourier transform(STFT) to our waveforms. We calculate the STFT for
the cross and plus polarization separately before adding them together. Using a time window
of 50 ms and shift it 5 ms forward in time each iteration, the resulting spectrograms are shown
in Figure 2. Inspecting the spectrograms it is clear that the 11.2 Mgmodel stands out, lacking
the strong emission below 250 Hz seen in the two SASI models. One can also clearly see that
this signal component varies greatly between the 20 and 27 Mgmodel. In the former we see
a broad and noisy emission component, while we see a clean and narrow emission band in the
signal from the more massive progenitor. Common to both models is the fact that the low
frequency emission is strongest during the SASI episodes and that the signal is weak after the
SASI has died out. A second component of the signal has frequencies above 350 Hz. While this
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Figure 2 — Normalized spectrogram, summed over the two polarization modes (|F(ht)I* + |F(hx)|?). From left
to right: the 27, 20 and 11.2 Mg model. Colours in log scale. All plots have been normalized by the same factor.
Vertical lines indicate periodes with SASI activity.



component is present in all models, it varies strongly from model to model. The 20 Mgmodel
initially emits in a broad frequency range. As time passes the model slowly develops a narrow
emission band. In contrast the more massive 27 Mgmodel radiates high frequency GWs in a
thin strip. Similarly the 11.2 Mgprogenitor produces a narrow high frequency emission band.
In all three models the peak-frequency of this component increases linearly with time.
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