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We present results from a new set of three-dimensional general-relativistic hydrodynamic simulations
of rotating iron core collapse. We assume octant symmetry and focus on axisymmetric collapse, bounce,
the early postbounce evolution, and the associated gravitational wave (GW) and neutrino signals. We
employ a finite-temperature nuclear equation of state, parametrized electron capture in the collapse phase,
and a multispecies neutrino leakage scheme after bounce. The latter captures the important effects of
deleptonization, neutrino cooling and heating and enables approximate predictions for the neutrino
luminosities in the early evolution after core bounce. We consider 12 — Mg and 40 — M presupernova
models and systematically study the effects of (i) rotation, (ii) progenitor structure, and (iii) postbounce
neutrino leakage on dynamics, GW, and neutrino signals. We demonstrate that the GW signal of rapidly
rotating core collapse is practically independent of progenitor mass and precollapse structure. Moreover,
we show that the effects of neutrino leakage on the GW signal are strong only in nonrotating or slowly
rotating models in which GW emission is not dominated by inner core dynamics. In rapidly rotating cores,
core bounce of the centrifugally deformed inner core excites the fundamental quadrupole pulsation mode
of the nascent protoneutron star. The ensuing global oscillations (f ~ 700-800 Hz) lead to pronounced
oscillations in the GW signal and correlated strong variations in the rising luminosities of antineutrino and
heavy-lepton neutrinos. We find these features in cores that collapse to protoneutron stars with spin
periods =< 2.5 ms and rotational energies sufficient to drive hyperenergetic core-collapse supernova
explosions. Hence, GW or neutrino observations of a core-collapse event could deliver strong evidence
for or against rapid core rotation. Joint GW + neutrino observations would allow one to make statements
with high confidence. Our estimates suggest that the GW signal should be detectable throughout the
Milky Way by advanced laser-interferometer GW observatories, but a water-Cherenkov neutrino detector
would have to be of near-megaton size to observe the variations in the early neutrino luminosities from a

core collapse event at 1 kpc.
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L. INTRODUCTION

The collapse of massive stars (8My = M =< 130M at
zero-age main-sequence [ZAMS]) proceeds in a generic
way: the electron-degenerate core separates into a homo-
logously collapsing inner core and a supersonically col-
lapsing outer core. At densities near nuclear, the nuclear
equation of state (EOS) stiffens, leading to core bounce
and the sudden reversal of the inner core’s infall velocity,
imparting kinetic energy onto the supernova shock. The
latter initially rapidly propagates outward into the still
infalling and sonically disconnected outer core, but soon,
weakened by the work afforded to the dissociation of heavy

*cott@tapir.caltech.edu

1550-7998/2012/86(2)/024026(29)

024026-1

PACS numbers: 04.25.D—, 04.30.Db, 04.30.Tv, 97.60.Bw

nuclei and by neutrino losses, succumbs to the outer core’s
ram pressure, stalls, and turns into an accretion shock.
The shock must be revived to drive an explosion and
produce a core-collapse supernova, leaving behind a neu-
tron star; otherwise the protoneutron star (PNS) quickly,
within ~0.5-3 s, accumulates sufficient mass to collapse
to a black hole [1,2].

The currently favored mechanism for shock revival (see,
e.g., [1,3-6]) relies on a combination of neutrino energy
deposition in the region behind the shock with multidimen-
sional convective- and advective-acoustic instabilities.
However, alternative mechanisms exist (e.g., [7,8]). In
particular, massive stars with rapid rotation in their core
may experience magnetorotational explosions in which
magnetic fields, amplified by rapid rotation (e.g., via the
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magnetorotational instability [9,10]), drive powerful bipo-
lar explosions [11-14]. Most massive stars are expected to
have slowly spinning cores [15,16], but of order 1% [17]
may have sufficient core angular momentum for a magne-
torotational explosion. This special group of rapidly spin-
ning massive stars has also been proposed as progenitors of
long gamma-ray bursts (GRBs) [17,18], since all currently
discussed long-GRB models require rapid rotation in com-
bination with a compact, hydrogen-poor stellar envelope to
produce the characteristic Type Ib/c supernova features
observed in GRB afterglows (e.g., [19]). Rapid rotation
could also play a key role in very energetic non-GRB core-
collapse supernovae (e.g., [20]) whose total energy output
may be enhanced by magnetar spindown via dipole radia-
tion [21,22] or by a magnetohydrodynamic (MHD) pro-
peller ejecting fallback material [23].

Probing the role of rotation at the heart of core-collapse
supernovae and long GRBs with electromagnetic waves is
difficult, since they only provide an image of optically thin
regions far away from the core. Much more direct infor-
mation is carried by neutrinos and gravitational waves.
Both are emitted inside the core where the deciding
dynamics occur and travel to observers on Earth essentially
unimpeded by intervening material. Neutrinos carry pri-
marily thermodynamic and structural information about
their source (e.g., [24-27]) while gravitational waves
(GWs), owing to their quadrupole nature, provide comple-
menting information on the multidimensional dynamics of
the core (e.g., [24,28-31]). The combined observation of
neutrinos and GWs from the next nearby core-collapse
event may place stringent constraints on rotation in the
core in particular and on core-collapse supernova physics
in general (see, e.g., [24,32-34] and references therein).
This, however, will require robust theoretical neutrino and
GW signal predictions to be contrasted with observations.

Reliable modeling of the GW signal of rotating core
collapse and bounce requires, in the ideal case, three-
dimensional (3D) general relativity, microphysical EOS,
progenitor data from stellar evolutionary calculations,
energy-dependent multispecies neutrino transport, and
MHD. Such complete models of stellar collapse still pose
a formidable technical and computational challenge, but
much progress in understanding the GW signature of core
collapse and the subsequent core-collapse supernova evo-
lution has been made in the past decade. We refer the
reader to recent overview articles by Kotake [31] and Ott
[28] for a comprehensive discussion of the range of poten-
tial GW emission processes in core-collapse supernovae
and focus in the following only on GW emission from
rotating core collapse, bounce, and the early postbounce
evolution.

Pioneering axisymmetric (2D) work on the GW signal of
rotating core collapse and bounce relied on Newtonian
gravity with [35-38] or without [39,40] the inclusion of
microphysical aspects such as a finite-temperature nuclear
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EOS and/or neutrino treatment. These studies identified
three types of GW signal morphologies: Type I signals
exhibit a prominent large negative spike associated with
the tremendous deceleration and re-expansion of the inner
core at bounce and a subsequent short ringdown feature
emitted as the core settles into its new equilibrium. Type 11
show multiple pronounced peaks correlated with repeated
large-scale postbounce contractions and re-expansions
(““‘multiple bounces’’) of extremely rapidly rotating inner
cores that experience bounce due to the centrifugal force.
Type III signals are associated with very small inner core
mass, leading to a low-amplitude bounce spike with typi-
cally a positive peak value.

Early 2D general-relativistic (GR) models also used
simplified microphysics [41,42], but more recent ones
[43—-45] employed microphysical EOS and deleptonization
during collapse (but not after bounce). The latter set of
studies showed that, due to a combination of deleptoniza-
tion during collapse (which reduces the inner core mass)
and general relativistic gravity, the GW signal of rotating
core collapse has a generic morphology corresponding to
the previously identified Type I signal shape. The multiple-
bounce Type II dynamics and GW signals do not occur,
while Type III signals may result from the accretion-
induced collapse of rapidly rotating massive O-Ne white
dwarfs [46]. These studies also demonstrated that the peak
signal amplitude and characteristic GW frequency are
determined primarily by the mass and angular momentum
of the inner core at bounce. Waveform details are expected to
depend on the nuclear EOS, progenitor core structure and
thermodynamics, angular momentum distribution in the
core, and deleptonization history during collapse [44,46,47].

MHD effects on the dynamics and GW signature of
rotating collapse and bounce have been considered by
[14,45,47-52]. While MHD can be crucial in driving an
explosion in the postbounce phase, these studies showed
that rotating collapse, bounce and the very early post-
bounce evolution (within < 20-25 ms of bounce) and the
associated GW signal are essentially unaffected by MHD
effects unless the precollapse magnetization is set to ex-
treme values = 10'2 G. Even in extreme cases, current
stellar evolutionary studies suggest B < 10° G [16,17].

3D core-collapse simulations were first attempted by
Bonazzola and Marck [53], who studied only the collapse
phase. The first set of studies investigating the GW signal
of bounce and postbounce evolution in 3D started from 2D
simulations of the collapse phase, relied on simplified
microphysics and were carried out in Newtonian [54] or
GR gravity [55]. They focused on extremely rapidly rotat-
ing configurations and found nonaxisymmetric dynamics
developing in models with ratios of rotational kinetic
energy to gravitational energy T/|W| = 27% (see, e.g.,
[56] for a review of rotational instabilities). More recent
3D simulations that started at the onset of collapse and
included microphysics and deleptonization before bounce
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[47,52,57,58] showed that the collapse phase proceeds
axisymmetrically even if the progenitor core is very rapidly
spinning. They also found the development of nonaxisym-
metric dynamics after bounce at low values of 7/|W| of
~5-13% via a dynamical rotational shear instability
[59,60].

Several 2D and 3D simulations of rapidly rotating core
collapse included neutrino cooling and deleptonization
in the postbounce phase via approximate leakage schemes
[14,36,37,47,48] or multigroup flux-limited neutrino
diffusion [13,15,61]. However, the effect of cooling/
deleptonization on the nonaxisymmetric postbounce dy-
namics and associated GW emission was investigated
only by Scheidegger et al. [47]. They found up to 10 times
stronger GW emission if deleptonization/cooling was in-
cluded. The influence of deleptonization and cooling on the
earlier essentially axisymmetric dynamics and GW emis-
sion has not been addressed to date. Furthermore, the neu-
trino signature of rapidly rotating core collapse has been
studied to date only on the basis of 1.5D (spherical symme-
try plus approximate rotation) [62] that cannot account for
the centrifugal deformation of the PNS and GW emission.

In this article, we present new results for the GW sig-
nature of rotating core collapse and first results on its early
postbounce neutrino signature obtained from multi-D
simulations. We study the dependence of collapse, bounce,
and early postbounce evolution, GW and neutrino signal on
precollapse rotation, progenitor structure and thermody-
namics, and on the inclusion of deleptonization, neutrino
cooling and heating in the early postbounce phase.

Our new results are based on a set of full GR simulations
with our ZELMANI core-collapse simulation package,
which is based on the open-source EINSTEIN TOOLKIT
[63,64] and includes deleptonization during collapse and
neutrino cooling, heating, and deleptonization after bounce
via a three-species energy-averaged neutrino leakage
scheme. Our simulations use the finite-temperature micro-
physical nuclear EOS of Lattimer and Swesty [65] with a
choice of the nuclear incompressibility K = 220 MeV,
which leads to cold neutron stars broadly consistent with
current theoretical and observational neutron star mass and
radius constraints (see, e.g., [66—68]).

We focus on the early postbounce evolution up to 25 ms
after bounce which has been shown to proceed essentially
axisymmetrically in rotating progenitors [47,52,57]. The
ZELMANI simulations are carried out in 3D, but only in an
octant of the 3D cube, using periodic (‘‘rotating” or
“qr/2-symmetry””) boundary conditions on the x — z and
y — z planes and a reflective boundary condition on the
x — y plane. This choice of ““octant-3D”’ is appropriate for
the collapse and essentially axisymmetric early postbounce
phases (see [47,57,58]), allows for the development of 3D
convective flows, but excludes the development of global
low-m-mode nonaxisymmetric rotational dynamics. The
latter could lead to strong elliptically polarized GW
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emission, possibly exceeding the linearly polarized signal
from core bounce in emitted energy [28,47,55,57].

We simulate core collapse and early postbounce
evolutions in a 12 — M, (at ZAMS) and in a 40 — Mg
(at ZAMS) presupernova stellar model, both drawn from
the single-star solar-metallicity stellar evolutionary calcu-
lations of Woosley and Heger [69]. For each model, we
carry out and compare results of six simulations, varying
the precollapse rotation rate from zero to very rapid rota-
tion. Every simulation is carried out once with postbounce
neutrino leakage and once without for comparison.
Rotation is set up by a rotation law that enforces near-
uniform angular velocity in the inner core, as motivated by
stellar evolutionary studies (e.g., [16]). In contrast to pre-
vious work that studied the progenitor dependence of
collapse dynamics and GW signal [15,38,44], we set up
our models to have approximately the same precollapse
inner core angular momentum distribution as a function of
enclosed mass coordinate,’ rather than the same precol-
lapse angular velocity or T/|W|, since the former is a
conserved quantity while the latter two are useful parame-
ters only when core structures (i.e., central density, com-
pactness) at the onset of collapse are very similar, which
generally is not the case and is certainly not the case for the
12 — M, and 40 — M, progenitors considered here.

Our simulations confirm previous results on the depen-
dence of the GW signal on precollapse rotation (e.g.,
[14,43,44,47]), but we identify the excitation of nonlinear
quadrupolar PNS pulsations at bounce in rapidly rotating
cores. These pulsations occur around 700-800 Hz, last for
many cycles and our simulations show that they are clearly
manifest in both the GW signal and the neutrino luminosities.

We demonstrate that the dynamical effects of neutrino
cooling and deleptonization and their impact on the GW
signal of bounce and the very early postbounce evolution are
tremendous at low rotation rates, but are strongly reduced
with increasing rotation. This lends credence to previous
work [14,43,44,47] that focused on the bounce and early
postbounce GW signal of rapidly rotating core collapse.

We furthermore show that different rapidly rotating
progenitors, if endowed with (approximately) the same
angular momentum distribution in their inner 0.5-1M,,
will lead to the same late collapse, bounce, and early
postbounce dynamics and associated GW signal, essen-
tially independent of their precollapse structures and
thermodynamics.

This paper is structured as follows: In Sec. II, we lay out
our computational methods, input physics and GW extrac-
tion technique. In Sec. III, we discuss our model set and
rotational setup. Section IV discusses our new result on
correlated GW and neutrino signals from rapidly rotating

'In or near spherical symmetry, any quantity can be expressed
as a function of radius r or enclosed baryonic mass M and the
two are related by dM(r) = 4mr?p(r)dr.
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collapse. We go into detail on the nature of the PNS pulsa-
tions, effects of neutrino leakage, and differences between
simulations using the 12 — Mg and the 40 — M, progenitor
model in Secs. VA, V B, and V C, respectively. Section V D
discusses the evolution of the rotation rate and prospects for
nonaxisymmetric rotational instabilities in our simulated
models. The detectability of the GW signals and of the
high-frequency variations of the neutrino luminosity are
assessed in Sec. V E. Finally, we summarize and conclude
in Sec. VL.

II. METHODS

We use the ZELMANI GR core-collapse simulation package
that is based on the open-source CACTUS COMPUTATIONAL
TOOLKIT [70,71], the open-source CARPET adaptive mesh
refinement driver, and the open-source EINSTEIN TOOLKIT
[64]. In the following, we describe the various parts of
ZELMANI that we use in this study.

A. Spacetime evolution and general-relativistic
hydrodynamics

We evolve the full Einstein equations in a 3 + 1 split
(a Cauchy initial boundary value problem), using the
BSSN formulation [72,73], a 1 + log slicing condition
[74] controlling the lapse function «, and a modified
I'-driver condition [75] for the coordinate shift vector B'.
The BSSN equations and the shift conditions are imple-
mented in the code MCLACHLAN [76], which is part of the
EINSTEIN TOOLKIT. The implementation makes use of
fourth-order accurate finite differencing and details are
given in [63,77].

For the evolution of the equations of GR hydrodynam-
ics, we use the EINSTEIN TOOLKIT GR hydrodynamics
code GRHYDRO [63], which implements the Valencia
flux-conservative form of GR hydrodynamics (e.g., [78])
in the standard finite-volume high-resolution shock captur-
ing approach. The equations are kept in semidiscrete form
and first-order (in time) Riemann problems are solved at
cell interfaces with the approximate Harten—-Lax—
van Leer—FEinfeldt (HLLE) solver [79] on the basis of states
reconstructed with the piecewise-parabolic method (PPM)
[80] algorithm. High accuracy in time and coupling with
the spacetime evolution is achieved via the Method of
Lines [81] and fourth-order Runge-Kutta time integration.
The time step is limited by the light crossing time and we
use a Courant-Friedrichs-Levy factor of 0.4.

In simulations employing hot nuclear matter in nuclear
statistical equilibrium, the electron fraction Y, is the only
compositional variable that must be tracked and the EOS is
a function of rest-mass density p, temperature 7 (or spe-
cific internal energy €), and Y,. GRHYDRO solves an addi-
tional equation to advect the conserved scalar ,/ypY, [58],
where v is the determinant of the 3-metric.

GRHYDRO has undergone a rigorous set of standard tests
[63]. A previous version of GRHYDRO has already been
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applied to stellar collapse with a finite-temperature nuclear
EOS [57,58] and we have verified that the version used
here reproduces previous results for the same set of input
physics.

B. Adaptive mesh refinement and grid setup

We employ the CARPET adaptive-mesh refinement
(AMR) driver [82] and perform our simulations in an
octant of a 3D Cartesian cube, using periodic boundary
conditions on two of the inner faces of the octant (imple-
menting a 77/2 rotational symmetry) and reflective bound-
ary conditions on the equatorial plane. This limits 3D
structure to spherical harmonic modes of even ¢ and m
that are multiples of 4, which is not a significant limitation
for the current study, since rotating core collapse and the
very early postbounce evolution are likely to proceed
nearly axisymmetrically [47,52,57].

CARPET implements Berger-Oliger-style AMR [83], where
the fine grids are aligned with coarse grids, refined by factors
of two. CARPET also implements subcycling in time, where
finer grids take two time steps for every coarse grid step. The
latter greatly improves efficiency, but also introduces signifi-
cant complexity into the time evolution method. The refined
regions can be chosen and modified arbitrarily.

In our baseline resolution, we employ eight levels of
AMR in a box-in-box grid hierarchy, refining central re-
gions where the highest resolution is required. The base-
grid outer boundary is at 3400 km and at the onset of
collapse, four levels of AMR (including the basegrid) are
active. During collapse, we dynamically add additional
finer levels, starting when the central density reaches
5% 10'9 gcm™3 and thereafter whenever the central den-
sity increases by a factor of 4. The finest refinement level
has a linear resolution of ~450 m and is set up to encom-
pass the PNS after bounce, while we dynamically adjust
the extent of the second-finest level (linear resolution
~900 m) to always fully enclose the shock and provide
constant high resolution for tracking the postshock flow. In
addition to the baseline resolution, we perform higher-
resolution simulations with ~370 m linear resolution on
the finest level for select models to test the resolution
dependence of our results.

C. Equation of state

We employ the tabulated finite-temperature nuclear
EOS by Lattimer and Swesty [65]. The Lattimer-Swesty
(LS) EOS is based on the compressible liquid-droplet
model. The transition from inhomogeneous to homogene-
ous nuclear matter is controlled by a Maxwell construction,
and the nucleon-nucleon interactions are expressed in
terms of a Skyrme model potential. The LS EOS comes
with a nuclear symmetry energy of 29.3 MeV and has
variants with an incompressibility of nuclear matter K
of 180 MeV, 220 MeV, 375 MeV. The variant with
K = 180 MeV yields a maximum cold neutron star mass
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below that of the currently most massive known neutron
star of (1.97 = 0.04)M,, [84] and thus has been ruled out.
We choose the variant with K = 220 MeV (LS220), since
it is the EOS that is in best agreement with current theo-
retical and observational neutron star mass and radius
constraints (e.g., [67,68]).

More details on the EOS table and on the implementa-
tion of the contribution of electrons, positrons, and pho-
tons, as well as other details of the construction of this EOS
table are described in O’ Connor and Ott [85]. Note that for
the LS220 EOS, the Tolman-Oppenheimer-Volkoff (TOV)
solution for a neutron star (NS) with 7 = 0.1 MeV in
neutrinoless B-equilibrium yields a maximum gravita-
tional (baryonic) NS mass of ~2.04Mg (~ 2.41My,).

We point out that, although the properties of the EOS at
supranuclear densities are poorly known and are model
dependent, they are expected to have only a quantitative,
but not a qualitative impact on rotating collapse, bounce,
the early postbounce phase and on the associated GW
signal [44]. Therefore, in this study, we limit the dimen-
sionality of the explored input parameter space by using a
single EOS.

D. Neutrino treatment

We employ the neutrino microphysics provided by the
open-source code GRID [2,85,86], which is available for
download from [87]. This includes a parametrized Y,(p)
deleptonization prescription proposed by Liebendorfer
[88] during the collapse phase, a neutrino leakage scheme
that approximates deleptonization, cooling, and heating in
the postbounce phase, and contributions to the pressure
from the presence of trapped neutrinos.

Liebendorfer’s parametrized Y,(p) deleptonization pre-
scription follows from the observation that the electron
fraction during the collapse phase predicted from
Boltzmann neutrino transport calculations is very well
approximated as a function of density and shows only
small variations with progenitor and EOS that have little
impact on the dynamics [44,88]. More details on this
scheme and the particular implementation we use can be
found in [58,85]. Following [88], we employ an analytic fit,
based on the Y,(p) profile previously used in [57,58],
which was originally obtained for a 20 — M progenitor
with the neutrino radiation-hydrodynamics transport code
and neutrino microphysics of [89]. Details on this fit are
available online [90]. We employ it for both our 12 — Mg
and 40 — M, progenitor models (see § III).

In the collapse phase of our simulations, we update the
electron fraction in each zone according to the Y, (p) profile
after each spacetime/hydro time step in an operator-split
manner. We follow the prescription laid out in [88] for
updating the specific entropy to account for thermalization
of neutrinos at intermediate densities and to enforce
constant entropy under Y, changes at densities above
2 X 10'? gcm™3, where we assume neutrinos to be trapped.
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During the later stages of the collapse phase and
throughout the postbounce phase, the trapped neutrinos
exert a stress on the surrounding material. The effect of
this neutrino stress on the hydrodynamics of core-collapse
supernovae naturally arises when coupling the evolution of
the neutrino fields to the matter; however, in our treatment
of neutrinos we must explicitly take this term into account.
At matter densities higher than the assumed trapping den-
sity, 2 X 10'2 gcm™3, we assume that the neutrinos behave
as a relativistic ideal Fermi gas and approximate the stress
based on the neutrino Fermi pressure gradient. The neu-
trino stress is then included as a source term in the GR
hydrodynamics equations at each time-integration substep
as detailed in [58] and the neutrino Fermi pressure is
included in the stress-energy tensor.

Following core bounce, which we define as the time at
which the entropy at the edge of the inner core reaches
3kgbaryon™!, the simple Y,(p) prescription becomes in-
accurate and cannot capture the effects of neutrino cooling,
deleptonization, and neutrino heating. Hence, we switch to
the leakage scheme of [85], which incorporates elements of
previous work by [91,92]. We consider three neutrino
species, v,, 7, and v, ={v,, 7, v,, 7.}. Neutrino pairs
of all species are made in thermal processes of which we
include electron-positron pair annihilation, plasmon decay
[92], and nucleon-nucleon bremsstrahlung [86]. In addi-
tion, charged-current processes lead to the emission of v, s
and 7, s.

The leakage scheme provides approximate energy and
number emission rates based on local thermodynamics and
an estimate of the energy-averaged optical depth 7, for
each neutrino species. The latter requires a nonlocal cal-
culation, which we implement in a ray-by-ray approach as
schematically depicted by Fig. 1 and compute

TV,»(r’ 91’ ¢m) = vV Yrrkvidrllrayl,zn! (1)

Runax
,
where ki, is the sum of the energy-averaged absorptive and
scattering opacities for each neutrino species and v, is the
rr component of the 3-metric. A second such integral is
computed with integrand x, = «, /€2, in which «, is
the sum of the energy-dependent absorption and scattering
opacities. It is divided by its energy-dependent term, the
square of the neutrino energy 6%,-- X, is needed for comput-
ing the neutrino energy and number loss rates following [91].

The ray-by-ray approach, pioneered by [93] for flux-
limited neutrino diffusion, has recently been employed in
modern 2D neutrino radiation-hydrodynamics calculations
(e.g., [3.4,24]) and in the 2D GR leakage scheme of [94]. It
works well in situations that are spherical at lowest order
like the one considered here. However, it is not appropriate
for globally asymmetric systems, such as accretion disks
around merged compact objects. In such situations it is
necessary to evaluate the optical depth by integrating rays
in various directions from each local emission region.
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FIG. 1 (color online). Illustration of the rays along which
calculations are performed for the neutrino leakage scheme.
Shown here are two layers of rays overlaid on a volumetric
visualization of a snapshot of the specific entropy distribution
taken in the postbounce phase of model s12WHO07j0. Light blue
corresponds to low entropy (0.6kgbaryon™!) and red corre-
sponds to high entropy (15kgbaryon™!).

In our simulations, we use 40 rays in latitude 6 and 20
azimuthal rays in ¢, covering [0, 7r/2] in both angles as
appropriate for the octant in which our simulations are
performed. The radial resolution of the rays is 500 m out
to 300 km and is logarithmically decreased further out. The
outer radius for the ray calculation is set to 3000 km. We
have studied variations in angular and radial resolution and
find that the choices given here yield converged results.

Our 3D neutrino leakage calculation proceeds as
follows: We interpolate density, temperature, Y,, and the
3-metric from the 3D Cartesian grid onto the leakage rays
and carry out a one-dimensional (1D) leakage calculation
as described in [85] along each ray and for each neutrino
species. This involves finding the optical depth 7, and the
quantity y,, and, for each zone of the rays interior to the
shock, computing the instantaneous number and energy
leakage rates to obtain an approximate ‘‘neutrino luminos-
ity”” and mean energy as a function of radius and angle for
each species.

The results of this calculation are then interpolated
back onto our 3D Cartesian grid, where we locally compute
the instantaneous number and energy leakage rates as
well as the number and energy absorption rates computed
on the basis of the interpolated approximate neutrino lu-
minosity coming radially from below. In this approxima-
tion, we must attenuate the absorption rates with a term
= exp(—7,,) to avoid incorrect spurious heating at high
optical depths [85].

All leakage calculations are carried out in operator-split
fashion after the spacetime/hydro update and are first order
in time, which we find to be sufficiently accurate given the
small spacetime/hydro time step size. Updates are applied

PHYSICAL REVIEW D 86, 024026 (2012)

to the fluid rest-frame quantities, ignoring velocity depen-
dence and other relativistic effects in consideration of the
general approximate nature of the leakage scheme. In the
highly dynamic first few milliseconds after bounce, we
carry out all leakage calculations at every time step.
Subsequently we switch to calculating the ray-by-ray
calculations only every eight fine-grid time steps (corre-
sponding to every 5 X 107 s) while continuing to evaluate
the local expressions at every time step.

We have tested our 3D leakage scheme against the
implementation in GR1D using a nonrotating model and
found excellent agreement in the emitted luminosities,
deleptonization, and cooling/heating rates in the early
postbounce phase. The leakage scheme in GRID itself has
been compared with full multienergy neutrino radiation-
hydrodynamics simulations and found to produce qualita-
tively robust results [2,85] with quantitative differences of
order ~20% across all transport variables.

E. Gravitational wave extraction and analysis

We employ the quadrupole formalism for extracting the
GW signal from our simulations. We neglect higher spatial
orders whose GW emission is suppressed by factors of ¢~ ¢,
a = 1 and GW emission by anisotropic neutrino emission
whose reliable prediction is not possible with the neutrino
leakage scheme employed here.

The quadrupole formalism estimates the GW signal
from the dynamical quadrupolar matter distribution alone.
It does not take into account nonlinear curvature effects
and is strictly valid only when the fields are weak C% % <1
and in slow motion v/c < 1.

Even though simple, comparison with curvature-based
methods has proven the quadrupole formalism to be suffi-
ciently accurate for the core-collapse scenario [77]. Most
notably, it yields waveforms which are in good agreement
(within a few percent) with those extracted at future null
infinity J* using the technique of Cauchy-characteristic
extraction (e.g., [95]). It must be noted, however, that the
quadrupole formalism breaks down in the context of black
hole formation [96], when the matter has fallen inside the
black hole and the GW signal is entirely due to (vacuum)
black hole ringdown. This is not the case in our present study.

We estimate the GW strain by

2 TT
e =% o[ Ena-p0]" @

where D is the distance to the source and
B 1
I] = fp(l, X)[)Cj.xk — g_xzf)\jk]d:")c (3)

is the reduced mass-quadrupole tensor and the superscript
TT denotes projection into the transverse-traceless gauge
(see, e.g., [97]). The mass quadrupole is not uniquely
defined in GR and the choice of density variable is ambig-
uous. Following previous work (e.g., [41,42,44,58]), we set
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p=JYWp= D, because (i) this is the conserved density
variable in our code, and (ii) ﬁd3x is the natural volume
element.

The reduced mass-quadrupole tensor can be computed
directly from the computed distribution D(z, x). Numerical
noise, introduced by the second time derivative of Eq. (3),
may limit the accuracy of the result. We can circumvent
this by making use of the continuity equation to obtain the
first time derivative of Eq. (3) without numerical differen-
tiation [98,99],

d

EIjk = [ D(t, x)[ﬁjxk + okx/ — %(x’ﬁ’)&f"]d%, 4)

where we follow [100] and employ physical velocity
components &' ={v,,7,, 0 } ={ [y v, /¥’ SV}
that are individually bound to v <c. ThlS assumes that
the 3-metric is nearly diagonal (which is the case in our
gauge; see [77]). Also note that we have switched to
contravariant variables in the integrand as these are the
ones present in the code. This is possible since in the weak-
field slow-motion approximation the placement of indices
is arbitrary.

The two dimensionless independent GW strain polar-
izations A, and h, incident on a detector located at
distance D and at angular coordinate (6, ¢) in source
coordinates are given by

1 & €
he —ihe =75 3 3 Ho Y0 (0, 4), (5)
=2m=

where (—2)Y,,, are the spin-weighted spherical harmonics
of weight —2 [101] and the H,,, are expansion coefficients,
which, in the quadrupole case, are related to the second
time derivative of the mass-quadrupole tensor by

wa_ 276G 1
H3" = F?O 2(Ixx+ly))> (6)

) 167w G
HIY = —~ (+1 +il,), (7

47 G
e = TS A~ 1y 7 20l ®)

The rotating core-collapse models considered in this
study stay almost perfectly axisymmetric in the collapse
and early postbounce phases. In axisymmetry about the z
axis, [, =1, = —1I_ and I, =1_=1,=0.hy van-
ishes and A becomes

G 13,
hy = D 2lzzsm 0. 9)
We will generally plot 4, D in units of centimeters when
displaying gravitational waveforms.
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The energy emitted in gravitational waves is given by

/ dil;Td

1 G . . . . , .
3G [ R T Bk 2 B B
(10)

In the special case of axisymmetry and in terms of
hy .= h,/sin’@, this becomes

= 2 < pe f°°dz<ih )2 an
WVIs6 T Jo T\ar o)
The spectral GW energy density is given by
dEgw 2 G 7.
= - < Q) 12
=5 el (12
so that
dE
f df =5 (13)

In the above, we have introduced the Fourier transform of
the mass-quadrupole tensor, I ;(f), and denoted it with a
tilde accent.

In axisymmetry, the spectral GW energy density is
related to h, , by

dEg‘\l,‘, _ 4 3
df 15G

When showing the spectral energy density, we will plot the
dimensionless characteristic strain [102],

23D df
which can be compared to the GW detector root-mean-

squared noise,
hems(f) = A fS(f), (16)

where 4/S(f) is the one-sided detector noise amplitude
spectral density in units of (Hz)~'/2. For making rough
statements about detectability, we use the single-detector
optimal-orientation signal-to-noise ratio, which is given by

—D*Q7fPlhy | (14)

(15)

(SNR)? = [ dIn ;hdf. (17)

hrmq
Note that we cut the calculation of integrals in the
Fourier domain at 3000 Hz to filter out numerical high-

frequency noise. Wherever we need 4/S(f), we employ the
projected broadband Advanced LIGO noise curve [the so-
called zero-detuning, high-power configuration (ZD-HP)],
available as file ZERO_DET_high_P.txt from [103].

For quantifying the difference between two gravitational
waveforms /() and h,(f), we introduce the mismatch
[104,105],
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Mmis = 1 - M, (18)

where M is the match, defined in terms of a maximization
over time of arrival 7, and GW phases ¢; of the two
waveforms as

M = max max max O[hy, h,], (19)

fhh &1 ¢

where O[h,, h,] is the overlap, given by
(hilhy)

O[hy, hy] = i) (20)
P TR, Y )
and where
_ o (OR)
<h1|h2>—4Ref0 ap iy 1)

is the noise-weighted inner product. A mismatch of
Mis = 0 indicates that the two given waveforms are
identical. Conversely, a mismatch of M, = 1 indicates
that both waveforms are completely different. For calcu-
lating M,;, we employ the PYGWDATAANALYSIS package
[106], which is part of the EINSTEIN TOOLKIT.

III. INITIAL MODELS AND SETUP

A. Progenitor structure

We perform our collapse simulations with 12 — M, and
40 — Mg (both at ZAMS) solar-metallicity presupernova
stellar models evolved and provided to us by Woosley and
Heger (2007) [69]. We refer to them as sI2WHO07 and
s40WHO7, respectively. Stellar winds lead to mass loss
and at the onset of core collapse, defined as the time
when the peak negative radial velocity exceeds
1000 kms™!, model s12WHO7 is a red supergiant with a
final mass of ~10.9M, and a radius of ~4.4 X 10'® cm
(~ 630Ry). s40WHO07 is a much more compact Wolf-
Rayet star and has a radius of ~8 X 10'! cm (~10R,) at
a final mass of ~15.3M,. Dynamically relevant during
collapse, though, are only the central regions and at the
precollapse stage, sI2ZWHO07’s central density, tempera-
ture, and entropy are ~1.2 X 10! gem™3, ~7 X 10° K,
and 0.67kgbaryon™!, respectively. Its iron core has an
approximate mass of 1.3M, and a radius of ~1200 km.
The spherical radius that encloses 1Mg is ~634 km.

Model s40WHO7’s central structure is quite different
at the precollapse stage. Its central density, temperature,
and entropy are ~2.2 X 10° gecm™3, ~8 X 10° K, and
1.08kgbaryon ™!, respectively. Its iron core has a mass of
~1.8My and an approximate radius of ~2200 km. The
spherical radius that encloses the innermost 1My of mate-
rial is ~945 km.

Picking these two thermodynamically and structurally
rather different models (cf. also Fig. 2) allows us to test if
the systematics in the collapse dynamics, GW and neutrino
signals that our simulations uncover are independent of
thermodynamical and structural differences at the precol-
lapse stage.
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FIG. 2 (color online). Precollapse structure of the 12 — M,
(black graphs) and 40 — M, (red graphs) progenitor models
taken from [69]. Shown in solid lines is the radial density profile
and dashed lines denote the radial entropy distribution as derived
from our EOS. Note that, as expected from stellar evolution
theory (e.g., [145]), the more massive progenitor has, at the onset
of collapse, a lower central density, a higher central entropy, and
a more extended core than its lower-mass counterpart.

We point out that both progenitor models considered
here do not have the observational characteristics associ-
ated with long-GRB progenitor stars, which are expected
to be rapidly spinning, low-metallicity, stripped-envelope
or chemically homogeneous stars (e.g., [17]). However,
stellar evolution theory has not yet converged on a robust
prediction for the core structure and rotational configura-
tion of long-GRB progenitors (see the discussion in [107]).
Since the electron-degenerate iron cores of our two pro-
genitor models have rather similar structure as many of the
proposed long-GRB progenitors of [17], the results found
for the current set of models are very likely to transfer to
these models.

B. Rotational setup

Both model s12WHO07 and model s40WHO7 were evolved
in a spherically symmetric stellar evolution code without
rotation [69]. While a limited set of presupernova models
with rotation is available (e.g., [16,17,108]), we choose to use
nonrotating models and impose precollapse rotation by hand
to study its effects during the collapse, bounce, and early
postbounce phases in a controlled fashion.

We are interested in variations of the dynamics and the
associated GW and neutrino signals that (1) arise from
changes in the precollapse rotational configuration and
(2) are a consequence of differences in the progenitor
structure and thermodynamics. In the following, we de-
scribe the rotational setup that allows us to differentiate
between the two.

According to the Poincaré-Wavre theorem (e.g., [109])
we expect the electron-degenerate iron cores [which are
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essentially barotropic, P = P(p)] to have constant specific
angular momentum j = Qw? on cylindrical shells of dis-
tance @ from the rotation axis. We impose rotation using
the rotation law [38,39]

@) = Qo 1+ (5) | (22)

where () i,ia is the initial central angular velocity and the
parameter A controls the cylindrical radius at which dif-
ferential rotation becomes significant. This rotation law
leads to constant specific angular momentum at @ >> A.

We first set up rotation for model s12WHO07 and choose
A = 634 km, which corresponds to the spherical radius
that encloses 1M, at the precollapse stage. This yields an
angular velocity profile that is consistent with results from
stellar evolution calculations that include rotation [16,108]
and ensures that the inner core is essentially uniformly
spinning. Homologous collapse will preserve its nearly
uniform rotation [15,107].

We vary the initial rotation rate by choosing the
initial central angular velocity (), from the set
{0,1,2,4,6,8} rads™!, which correspond to specific angu-
lar momenta j, at infinity ranging from O to
32X 10% cm?s™!.  We enumerate models as
s12WHO07jn, where n ranges from 0 to 5, corresponding
to the six choices of initial central angular velocity.

In order to isolate the influence of the progenitor star, we
must compare simulations using the s12WHO07 and
s40WHO7 progenitors that have identical or at least nearly
identical angular momentum distributions. Since angular
momentum is conserved per unit comoving mass, we
compute the specific angular momentum on the equator

TABLE 1.

PHYSICAL REVIEW D 86, 024026 (2012)

(on the equator, the spherical radius r is equal to the
cylindrical radius @) of a given rotating s12WHO07jn
model as a function of enclosed mass M(r = w). We
then take this specific angular momentum distribution
and map it in mass coordinate to the equator of the corre-
sponding s40WHO7jn model and enforce constant angular
velocity on cylinders Q(w) = j(M(r = @))/w?. With this
approach, the equatorial regions (where r = @) of both
models have identical specific angular momentum as a
function of enclosed mass. This mapping becomes, of
course, more approximate at regions away from the equa-
tor. In principle, it would be possible to introduce an exact
mapping j(M, 0) for enclosed mass at lateral angle 6, but
this would violate the constraint of constant specific angu-
lar momentum on cylindrical shells, which we intend to
adhere to in this study.

In Table I, we summarize key properties of our initial
configurations. Since model s40WHO07 is initially much
more extended than model s12WHO07 (see Fig. 2) it is
initially much more slowly spinning. The rotational setup
described in the above nevertheless yields integrated
s12WHO07 and s40WHO7 angular momenta of the inner-
most 0.5M, that agree within ~12% at a given jn. The
s40WHO07jn models have systematically slightly less total
angular momentum than their s12WHO07jn counterparts at
the same enclosed mass.

In addition to performing six simulations with varying
initial rotation for each progenitor, we also repeat each
simulation without neutrino leakage after core bounce. We
append “‘nl” to these models (denoting ‘“‘no leakage”) and
use them for comparison with our runs with leakage to
assess the impact of neutrino leakage on the postbounce

Key initial model parameters for our simulations using the s12WHO07 and s40WHO7 progenitors. Models using the former

progenitor are set up according to the rotation law specified in Eq. (22). Rotating s40WHO07 models are set up to have the same specific
angular momentum (in enclosed-mass coordinate) on the equator. Specific angular momentum is constant on cylindrical shells in both
sets of initial models. j,, is the specific angular momentum at infinity. ) ;ny is the initial central angular velocity. Jo spr, > Jo.e,
Jo7m,- and Jyy, are the total angular momenta within an enclosed-mass coordinate of (0.5, 0.6, 0.7, 1.0) M, respectively. T/|W linitiar 18
the initial ratio of rotational kinetic energy to gravitational energy as measured at a radius of 3400 km.

Joo Qinitial Josum, Jo.sm, Jom, Jim, T/1W linitiai

Model name  (10'9 em?>s™')  (rads™!) (10*¥® gecm?s™!)  (10"® gem?s™!)  (10¥ gem?s™))  (10*¥ gem?s71) (%)
s12WHO07;0 0.000 0 0.00 0.00 0.00 0.00 0
s12WHO07j1 0.404 1 0.35 0.49 0.65 1.31 0.018
s12WHO07;2 0.809 2 0.70 0.98 1.31 2.62 0.072
s12WHO07;3 1.620 4 1.40 1.96 2.62 5.25 0.289
s12WHO07j4 2.430 6 2.10 2.95 393 7.88 0.650
s12WHO07j5 3.240 8 2.80 3.93 5.23 10.51 1.150
s40WHO07;0 0.000 0.000 0.00 0.00 0.00 0.00 0
s40WHO07j1 0.404 0.453 0.31 0.43 0.58 1.16 0.010
s40WHO07;2 0.809 0.906 0.62 0.86 1.15 2.31 0.041
s40WHO07;3 1.620 1.810 1.23 1.73 2.30 4.62 0.165
s40WHO07j4 2.430 2.720 1.85 2.59 3.46 6.94 0.373
s40WHO07j5 3.240 3.620 2.46 3.45 4.62 9.25 0.656
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dynamics and the resulting GW signal. This allows us to
quantify the systematic error in the waveform predictions
of previous GR core collapse simulations without post-
bounce neutrino leakage (e.g., [44,46]).

C. Mapping and initial spacetime setup

We map the 1D progenitor models from 1D to 3D using
linear interpolation and set up rotation by imposing con-
stant angular velocity on cylindrical shells as discussed
in the previous Sec. III B. We keep the mass distribution
spherically symmetric when mapping and do not solve for
rotational equilibrium, since this can be found consistently
only for models with constant entropy and Y,. The error
introduced by not using models in rotational equilibrium is
small, since collapse proceeds initially slowly, the region in
sonic contact is large, and the core has sufficient time to
adjust to the appropriate angular density stratification be-
fore the dynamical phase of collapse is reached [38,39].

We set up the initial 3-metric and the lapse function
using the quasi-Newtonian spherically symmetric line ele-
ment [97]. The extrinsic curvature and shift are set to zero
on the initial slice. Since our precollapse configurations are
essentially Newtonian, this yields accurate results and the
2-norm of the initial Hamiltonian (momentum) constraint
violation is only of order 10710 (10~!1).

IV. RESULTS: CORRELATIONS BETWEEN CORE
DYNAMICS, GRAVITATIONAL WAVES, AND
NEUTRINO SIGNALS

Our focus in this section is on the primary and most
important new result of this study: the correlation of GW
and neutrino signals in the very early postbounce evolution
of rapidly rotating core-collapse supernovae. We use the
s12WHO07 model set with neutrino leakage as the basis of
our discussion and postpone a detailed quantitative analy-
sis of the effects of including neutrino leakage, differences
due to progenitor structure, and various other aspects of our
simulations to Sec. V.

Figure 3 depicts, for the s12WHO07 model set, the central
density (p.) evolution, the GW signal, and the total
approximate luminosities of the v,, 7,, and v, neutrinos
as predicted by our leakage scheme. The panels are ordered
according to the initial rotation rate of each model from left
to right and top to bottom. The times are given with respect
to the times of core bounce in each model, which corre-
sponds almost exactly to the time of the pronounced global
maximum in p. seen in the top subpanels of Fig. 3 in each
model.

Neutrino leakage is activated at core bounce and we plot
the resulting neutrino luminosities in the bottom subpanels
of Fig. 3. The leakage scheme captures the large neutroni-
zation burst in the v, luminosity (L,,e), which reaches its
peak within 5-8 ms of bounce. This burst sets in when the
shock breaks through the v, neutrinosphere (the location
where the optical depth 7, =~ 2/3) and electrons capture

PHYSICAL REVIEW D 86, 024026 (2012)

on protons freshly liberated from shock-dissociated heavy
nuclei, producing electron neutrinos. The typical, much
slower rise of the ¥, and v, luminosities (e.g., [89]) is
also present. The luminosities shown here are the instan-
taneous integral luminosities and we do not consider
neutrino oscillations. Due to the approximate and energy-
averaged nature of the leakage scheme, our quantitative
predictions for the L, should be taken with a grain of salt,
while their qualitative features are most likely robust
[2,85]. We focus our discussion on the qualitative aspects
of the neutrino signal.

The GW signals are shown in the center subpanels of
Fig. 3. They are the waveforms observed by an observer
located in the equatorial plane and their amplitudes have
been rescaled by source distance D and are given in units of
centimeters. In the nonrotating model s12WHO07;0, GW
emission is entirely due to prompt postbounce convection,
which is driven initially by the negative entropy gradient
that naturally develops behind the stalling shock, immedi-
ately after bounce. Prompt convection is seeded by pertur-
bations coming from numerical noise in our simulations,
which is, due to our Cartesian grid, of € = 4 (and even m)
character. Hence, prompt convection has initially € = 4
structure and becomes visible in quadrupole GWs only?
once £ = 2 components develop in its nonlinear phase.
GW emission sets in around 8 ms after bounce in model
s12WHO07j0, reaches peak amplitudes of ~17 cm (corre-
sponding to a dimensionless strain of ~5.5 X 1072? at
D = 10 kpc) and its GW spectral energy density peaks at
~800 Hz. The onset of GW emission and the waveform
characteristics sensitively depend on the shock dynamics,
the thermodynamics of the region behind the shock, and on
the distribution and magnitude of the seed perturbations
(i.e., numerical resolution in our case). Hence, the GW
signal observed for model s12WHO7;j0 is just one possible
realization and should not be taken as being representative
for prompt convection (see the discussion in [24,28]). The
neutrino emission in the nonrotating model shows the
global features generally seen in 1D (spherically symmet-
ric) simulations (e.g., [85,89]). Besides that the GW and
neutrino signals set in within milliseconds of each other,
there is no other obvious correlation between them in
model s12WHO7j0 (other key quantitative results are sum-
marized in Table II).

Rotation leads to a centrifugal flattening of the inner
core into oblate shape, which results in a prominent spike
in the GW signal at core bounce, when the inner core
experiences extreme acceleration, essentially reverting its
infall velocity on a time scale of @(1) ms. This bounce
spike is clearly visible, though dwarfed by the signal from
prompt convection, in the most slowly spinning model

2Accelerated ¢ = 4 dynamics will also emit GWs, but their
amplitudes are suppressed by c¢~2 compared to quadrupole
(€ = 2) waves [97].
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FIG. 3 (color online). Evolution of the central density (p., top subpanel), GW signal (k. D, rescaled by distance D) seen by an
equatorial observer (center subpanel), and v,, 7., v, neutrino luminosities L,, (bottom subpanel) from shortly before core bounce to
25 ms after bounce in the s12WHO07 models ordered according to their precollapse rotation rate (left to right, top to bottom). The L,,
are scaled to emphasize the very early postbounce phase. Also shown, in dashed lines, are the p,. evolutions and GW signals of the
simulations without neutrino leakage. For the j4 model, we also plot the GW signal as obtained from a simulation with 20% higher
resolution (HR). The effects of neutrino leakage on the dynamics and GW emission are strongest in nonrotating or slowly rotating
models (j{0-2}). Note the prominent correlated oscillations in p., GWs, and neutrino signals starting, at low amplitude, in the j3
model and becoming quite prominent in the j4 and j5 models.
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TABLE II. Summary of key simulation results for the s12WHO07j{0-5} and s40WHO07;j{0-5} model sets. #, is the time of core
bounce, defined as the time at which the entropy reaches 3kgbaryon™! at the edge of the inner core, pp,yp is the maximum density
reached, M, , is the mass of the inner core at the point of maximum compression, Ji., is the angular momentum contained in the inner
core, T/|Wl;., and T/|W|, are the ratios of rotational kinetic energy to gravitational energy at bounce and at 25 ms, respectively. The
rightmost five columns contain key GW-related quantities: |, | <D is the magnitude of the peak GW amplitude, Egy is the emitted
energy in GWSs, hgpamax 18 the peak value of the characteristic GW strain spectrum [Eq. (15)] and f pamax 18 its location, and the

optimal SNR in Advanced LIGO at 10 kpc is computed according to Eq. (17).

Optimal SNR

fy Pmax.b Micp Jicb T/|Wlen, T/IWI, Egw heharmax  Seharmax 10 aLIGO
Model (ms) (10 gem™3) (My) (108 gem?s™!) (%) (%) |hilpxlD (107°Mgc?) (10722)  (Hz) at 10 kpc
SI2WHO7j0  178.52 4.34 0.56 0.00 0.0 0.0 175 0.27 9.0 802 6.02
s12WHO07j0nl 0.0 82 0.04 3.8 871 3.07
sI2ZWHO7j1  179.60 433 0.57 0.44 0.4 0.4 255 0.51 12.2 730 12.10
sI2WHO07]1nl 0.3 156 0.17 9.4 738 6.61
SI2WHO7j2  182.93 428 0.57 0.91 1.6 13 60.3 1.58 28.5 750 15.37
s12WHO07j2nl 13 59.6 1.36 21.3 736 12.97
sI2ZWHO07j3 19840 4.04 0.59 1.82 5.1 4.9 209.6 20.08 75.0 716 40.75
s12WHO073nl 4.6 209.0 19.65 83.3 721 41.19
sI2WHO7j4  235.63 3.04 0.62 2.88 9.2 9.5 363.5 47.13 1216 787 66.22
sI2WHO07j4nl 89 3634 46.47 117.2 771 65.14
sI2ZWH07j5  383.36 3.00 0.66 442 13.6 13.8 346.3 23.03 86.1 754 73.42
sI2WHO07j5nl 12.4 3533 24.32 92.0 737 73.64
s40WHO7j0 41822 4.41 0.62 0.00 0.0 0.0 414 0.03 7.1 381 9.81
s40WHO07j0nl 0.0 16.8 0.07 3.8 711 4.74
s40WHO7j1  419.93 4.40 0.62 0.54 0.4 0.5 415 0.53 14.4 769 10.17
s40WHO7jInl 0.5 27.7 0.23 8.2 607 12.95
s40WHO7j2  425.22 4.32 0.62 1.06 1.4 18 67.9 1.64 26.4 711 1641
s40WHO7j2nl 1.7 67.2 1.60 23.0 677 16.15
s40WHO7j3 44823 4.10 0.67 2.34 50 6.2 2372 23.16 93.4 708 47.70
s40WHO7j3nl 6.2 2359 22.41 96.4 689 46.83
s40WHO07j4  495.68 3.65 0.68 3.38 8.9 11.6 367.0 45.94 131.9 766 75.35
s40WHO7j4nl 11.1 366.8 45.09 137.2 757 73.78
s40WHO07j5  591.19 3.00 0.72 4.89 12,6 14.7 402.8 30.20 87.3 743 86.24
s40WHO7j5nl 13.1 3834 26.07 85.7 716 85.12

s12WHO7j1. It starts out with an initial period Py = 27 s
and makes a protoneutron star with a spin period of
~10.2 ms and a ratio of rotational kinetic energy to gravi-
tational energy (T/|W|) of ~0.4%, which is a very small
rotation rate in the context of rotating core collapse.
Consequently, the overall collapse, bounce, and post-
bounce dynamics and the neutrino signals are very similar
to the nonrotating case. However, the onset of appreciable
GW emission already occurs robustly 5-8 ms before the
peak of the v, neutronization burst and = 20 ms before the
v, and v, luminosities grow to their postbounce steady-
state values.

Increasing precollapse core rotation results in a more
oblate inner core at bounce, which translates directly into a
more prominent bounce spike in the gravitational wave-
form. Model s12WHO07j2 starts out with a central precol-
lapse period of P, = 7 s and is spun up by collapse to a
postbounce period of ~5.2 ms and a modest T/|W| of
~1.3%. Its inner core dynamics, diagnosed by p., and its

neutrino luminosities are still very similar to the nonrotat-
ing case. Due to the increased oblateness of the inner core,
the GW signal now has a peak amplitude of ~60 cm
(corresponding to ~1.9 X 10721 at 10 kpc) and its
dEqgw/df peaks at ~750 Hz.

Model s12WHO07j3 starts out with P, = 77/2 s and
achieves a postbounce period of ~2.4 ms and T/|W| of
~4.6%. It is the first model in this sequence that is appre-
ciably affected by rotation: its maximum density at bounce
is reduced by ~10% due to the stabilizing centrifugal
force and its peak GW amplitude is a factor of ~3.5 greater
than in model s12WHO07j2. The maximum GW amplitude
reached is ~210 cm (~ 6.8 X 1072! at 10 kpc) and
dEgw/df peaks at ~716 Hz. On the neutrino side, the
rotationally deformed, less compact core, leads to a L,
maximum that is significantly broadened, but reaches a
lower maximum and settles at smaller postbounce values,
which is consistent with what was found by Ott et al. [25]
in 2D rotating core-collapse supernova simulations with
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more accurate neutrino transport. The GW signal exhibits a
number of pronounced postbounce oscillations due to pul-
sations of the PNS core whose radial components are
reflected in small variations of p.. The neutrino signals
also exhibit slight traces of oscillations, though without
clear correlation with p. and GW signal.

Model s12WHO07j4 (bottom left panel of Fig. 3) has a
central precollapse spin period P, = 77/3 s, a PNS spin
period of ~2 ms and an early postbounce T/|W| of
~8.9%. Its late collapse and bounce dynamics are affected
by rotation, lowering the peak density at bounce by ~20%
compared to the nonrotating value, but still not signifi-
cantly widening the bounce spike in the GW signal, which
peaks at an amplitude of ~364 cm (~1.2 X 10720 at
10 kpc). The spectral GW energy density dEgw/df peaks
at ~787 Hz. This upward shift from model s12WHO07;3 is
due to the more pronounced and higher-frequency early-
postbounce oscillations of the GW signal in this model.
These oscillations in the GW signal are also prominently
visible in its early-postbounce central density evolution.
This suggests that a PNS pulsation mode has been excited
and leads to global oscillations of the PNS core that persist
at appreciable amplitude for = 20 ms after bounce (see
Sec. VA for further analysis of the nature of this pulsation
mode). The periodic contraction and expansion of the PNS
core seen in model s12WHO07j4 has a significant impact on
the neutrino signal and leads to a characteristic modulation
that is strongest in the ¥, and v, luminosities and weaker in
the v, luminosity.

To check the sensitivity of our results to resolution, we
carry out another simulation of model s12WHO07j4 with
20% higher resolution (HR). We find that the HR and
standard-resolution GW signals (see Fig. 3) and all other
quantities match almost perfectly until ~10 ms after
bounce. At later times, the damping of the PNS pulsations
is slightly stronger in the lower-resolution calculation and
resolution-dependent convective dynamics starts to play a
role in the GW emission, thus leading to slight differences
between the HR and standard-resolution simulations.

In Fig. 4, we present spectrograms obtained via short-
time Fourier transforms of the central density (p.), GW
signal and v,, 7,, and v, luminosities for model
s12WHO07j4. To guide the eye, we also plot the time series
data for each spectrogram panel and add graphs of the
corresponding energy- and angle-averaged neutrinosphere
radii to the panels depicting neutrino luminosity data.
There is a clear correlation between dynamics (p.), GW
signal, and neutrino signal: their power spectra all exhibit
significant excess power at ~700-800 Hz between ~2 ms
and ~20 ms after bounce.

The 7, and v, neutrino luminosities exhibit variations of
order =< 20%. Their emission occurs primarily below or
near their neutrinospheres, so L; and L, _are particularly
sensitive to their respective neutrinosphere radii (R,,). As
demonstrated by Fig. 4, the variations in R, due to the
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FIG. 4 (color online). Spectrograms of the power spectral
densities computed via short-time Fourier transforms of the
central density evolution (top panel), GW signal (second panel),
L,, (third panel), L;, (fourth panel), and L, (bottom panel). In
each panel, the time-domain evolution of the respective quantity
is superposed with the scales set by the right ordinates. In the
panels showing neutrino luminosity data, we also provide graphs
of the time evolution of the corresponding energy- and angle-
averaged neutrinosphere radii. All quantities show significant
correlated excess power in their power spectral densities (PSDs)
around ~700-800 Hz. The correlation in the v, luminosity is
weak, since it is primarily sourced by electron capture outside
the v, neutrinosphere. The spectrograms are obtained by sliding
an 8-ms Hann window over the data with a 0.1 — ms time step.
The scales on which the time series data are shown have been
chosen to highlight the correlated multimessenger signal oscil-
lations.

oscillations of the PNS core are sizable and have relative
amplitudes of AR, /R, ~ 5%. They lead to a change of
the neutrino-emitting volume of the same order and tem-
porarily uncover regions of higher emissivity. This drives
the variations in the #, and v, luminosities. The v, lumi-
nosity, on the other hand, is due primarily to electron
capture on free protons occurring above the neutrino-
sphere. Hence, L, is less affected by changes of its neu-
trinosphere’s radius. Note that the neutrinospheres are
centrifugally deformed and since we are plotting their
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angle-averaged radii, we do not expect phase coherence
between the L, and R, curves shown in Fig. 4.

The bottom right panel of Fig. 3 shows p., h,D,and L,,
for model s12WHO07j5, our most rapidly spinning model.
Its precollapse central spin period is Py, = 7/4s, which
translates to an early postbounce spin period of ~1.5 ms
and a T/|W| of ~12.5%. The late collapse and bounce
phase of this model is strongly affected by rotation and
bounce occurs partially centrifugally at a central density of
~3 X 10" gcm™3. The strong influence of centrifugal
effects slows down the late collapse and bounce of the
inner core, which is reflected in the widening of the pro-
nounced bounce peaks in p. and in the GW signal. Model
s12WHO07j5’s inner core quadrupole deformation is signif-
icantly greater than that of s12WHO07j4’s inner core.
However, the rotationally slowed bounce dynamics
and the resulting smaller net acceleration of the inner
core leads to a peak GW amplitude of ~346 cm
(~1.17 X 10729 at 10 kpc), which is slightly smaller than
in model s12WHO07j4. Model s12WHO07j5’s GW spectral
energy density dEqgw/df has a broad peak at 754 Hz with a
FWHM of 60 Hz in the 720-780 Hz interval.

The central density evolution, GW signal, and neutrino
Iuminosities of model s12WHO07j5 show similar correlated
behavior as in the less rapidly spinning model s12WHO07j4:
the postbounce central density evolution exhibits quasi-
periodic oscillations that have appreciable amplitudes for
many cycles, indicative of a PNS pulsation mode that is
excited at core bounce and subsequently rings down. This
dynamics is imprinted on GW and neutrino signals, which
exhibit variations that correlate with the oscillations of the
central density.

The correlated oscillations in central density, GW signal,
and neutrino luminosities driven by rotationally excited
pulsations are strong indicators of rapid rotation (at both
precollapse and PNS stages) and the combined GW and
neutrino data from the next galactic core-collapse event
may thus allow one to constrain the rotation rate of its core.
Provided the next galactic core-collapse supernova occurs
sufficiently nearby, it will not only be possible to recon-
struct its complete two-polarization GW signal but also to
deduce detailed neutrino ‘“‘lightcurves” and spectra from
the events observed by neutrino detectors. Our present
energy-averaged neutrino leakage scheme is too crude to
make robust quantitative predictions on the expected neu-
trino signals. Qualitatively, however, we expect it to cor-
rectly capture the most important features and systematics.
This includes the strong oscillations in the early L; and
L, evolutions going along with the PNS oscillations, but
also the global trends with increasing rotation that one
notes from Fig. 3 for all L, . Universally, increasing rota-
tion leads to a decrease of L, and to a broadening of its
early-postbounce peak. This change is small for models
s12WHO07j0 to s12WHO07j2, but already significant in
model s12WHO07j3 and strong in models s12WHO07j4 and
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s12WHO07j5. The same systematics holds for the v, lumi-
nosities in our models. The ¥, luminosity, on the other
hand, exhibits an increase with rotation in the first
12-15 ms after bounce, which subsequently turns into a
decrease with rotation at later times. This behavior is
most likely due to the fact that the rotationally flattened
neutrinospheres allow for greater early emission of 7, from
small-radius polar regions at early times while the subse-
quent rise due to emission at greater radii is weaker in
rapidly spinning models, since rapid rotation leads to uni-
formly lower temperatures (and entropies) [15,25].

V. RESULTS: DETAILED DISCUSSION

A. Analysis of postbounce core oscillations

The spectrograms of central density, GW signal, and
neutrino luminosities of model s12WHO07j4 shown in
Fig. 4 all exhibit a strong long-lasting contribution at
f ~700-800 Hz. The extreme, quasidiscontinuous dy-
namics at core bounce inject power at a broad range of
frequencies of ~100— ~ 2000 Hz, but within 2-3 ms after
bounce the clear and persistent peak of the PSD at
~700-800 Hz emerges and lasts for = 20 ms.

The pulsation is clearly of global nature, has significant
amplitude out to = 60 km, and its oscillation period is of
the same order as the dynamical time, Zqy, ~ (pG)~'/2, of
this region, suggesting that a pulsational eigenmode of the
PNS has been excited. Moreover, we find a clear trend with
increasing rotation (as is apparent even from the time-
series data shown in Fig. 3). No oscillations are present
in nonrotating or slowly rotating models (jO, j1, j2), but the
moderately rapidly rotating j3 model and the rapid rotators
j4 and j5 all exhibit the prominent oscillation mode at
700-800 Hz. This trend is independent of the progenitor
model (see Sec. V C).

Rotation leads to a quadrupole deformation of the col-
lapsing and bouncing inner core and the close connection of
the appearance of the oscillation mode with rapid rotation
strongly suggests that a quadrupole eigenmode is excited.

In nonrotating or only slowly rotating models, bounce is
nearly spherical and most of the kinetic energy of the inner
core is transferred to the nearly spherical hydrodynamic
shock. In the case of rapid rotation, core bounce is nonuni-
form. In Fig. 5, we show colormaps of the specific entropy
in the meridional plane of model s12WHO07j4 at 0.25 ms
and 0.64 ms after the entropy has first reached 3k, /baryon,
which is our criterion for core bounce. Velocity vectors and
representative density isocontours are superposed. Due to
the centrifugal deformation of the inner core, bounce
occurs earlier and is stronger along the polar direction
than in the equatorial plane. When the inner core begins
to re-expand along the equatorial direction, it is already
contracting again at the poles. This large-scale nonuniform
dynamics acts as the initial perturbation exciting the pul-
sation of the newborn PNS.
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Colormaps of the specific entropy in the meridional plane of the rapidly rotating model s12WHO07j4. The

contour lines mark isocontours of rest-mass density at {10'%, 10'3,5 X 10'%,10'?} gcm™3 (in this order from the origin). Velocity
vectors are superposed and their length is saturated at 0.01c. The left panel shows a snapshot at 0.25 ms after bounce while the right
panel shows the situation at 0.64 ms. Due to rapid rotation and thus strong centrifugal support at low latitudes, bounce occurs earlier
and is stronger (leading to higher specific entropies) near the poles. As shown in the left panel, at 0.25 ms after bounce, the inner core is
re-expanding along the polar direction while most of the material near the equatorial plane is still falling in. At the slightly later time
shown in the right panel, matter along the rotation axis is receding, while the inner core is expanding on the equator. The flow pattern in
the inner core has strong quadrupolar features that excite the fundamental quadrupole oscillation mode.

Figure 5 also demonstrates that the velocity field of the
inner core is primarily of quadrupole character and similar
to the eigenfunction of the fundamental quadrupole mode
(typically denoted by 2f; c.f., Fig. 47 of [110]). This
perturbation should predominantly excite the fundamental
quadrupole mode of the star, which is then responsible for
the dominant power at ~700-800 Hz observed in our
rapidly spinning models (Fig. 4). To gain further confi-
dence in this conclusion, we study a time sequence of the
2D meridional velocity field of model s12WHO07j4. We
remove the contribution from all frequencies by applying
a bandpass filter on (800 = 75) Hz and analyze the result.
We find strong evidence for a velocity field akin to what
has been found for the 2f mode of nonrotating Newtonian
stars (e.g., [111]) and rotating relativistic stars in the
Cowling approximation [110,112]: (i) The radial velocity
v, does not exhibit any nodes in the PNS. (ii) |v,| « r in
the same region, but with lateral dependence due to the
oblate shape of the PNS. (iii) v, along the polar axis and in
the equatorial plane are out of phase by half a cycle. (iv)
vy o sin(26) in the PNS. All of these features together are
specific only to the fundamental quadrupole mode.

In Fig. 6 we show the time evolution of the filtered radial
velocity along polar and equatorial directions at 0.45 km
and 4 km from the origin. v, along polar and equatorial
directions at a given radius is out of phase by half a cycle,
as expected for a 2f oscillation. The variations in v, are of
order ~5% of the speed of light and, when compared with
the typical speed of sound in the PNS (~0.15 c), clearly
represent nonlinear pulsations. They are exponentially
damped, most likely by the emission of sound waves.

The oscillations exhibited by our rapidly rotating models
have manifestly nonlinear amplitudes and the excitation at
bounce, while being primarily quadrupolar, involves large
radial components and does not exactly match the eigen-
function of the pure 2f mode. This leads to the excitation of
a broad spectrum of other modes (see, e.g., [113]) as seen
in the spectrograms of Fig. 4. In the linear regime, the > f
mode does not modify the central density and should not
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FIG. 6 (color online). The time evolution of the radial velocity
of the PNS along polar and equatorial directions, bandpassed
around the frequency of the leading peak of its oscillation
spectrum, for model s12WHO7j4. The radial velocity along polar
and equatorial directions are out of phase by half a cycle at any
given radius in the PNS interior. Such behavior is also exhibited
by the 2f mode of a nonrotating Newtonian star.
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lead to the pronounced variations in the central density
observed in our models. We attribute the presence of these
variations to nonlinear driving of a quasiradial pulsation at
the same frequency as the 2f mode.

Finally, we note that the PNS oscillations in rapidly
rotating models observed and investigated here are present
also in the central density evolutions and GW signals in
many models of previous parameter studies of rotating iron
core collapse [38,39,41,44] and accretion-induced collapse
of massive white dwarfs [46]. However, only the latter
work made an effort to study these pulsations and first
pointed out that fundamental quadrupole mode is likely
to be the dominant mode of pulsation.

B. Leakage vs no leakage

All simulated models in this study are run twice: once
with postbounce neutrino leakage and once without. In the
collapse phase, the leakage and no-leakage (suffix “nl” in
the model identifier) simulations are identical. After
bounce, significant qualitative and quantitative differences
develop, which we discuss in the following to gain an
understanding of their relevance for early postbounce
dynamics and the associated GW signals. This will also
allow us to assess the error introduced by neglecting neu-
trino emission and deleptonization in the extensive pre-
vious parameter study of Dimmelmeier er al. [44]. We
focus our discussion on the s12WHO07j{0-5} model set.
The effects of neutrino leakage are identical in models
s40WHO7j{0-5}.

The hydrodynamic shock wave, launched at core
bounce, moves out in radius (and enclosed-mass coordi-
nate) and dissociates infalling iron-group nuclei of the
outer core into neutrons and protons. The degenerate elec-
trons in the region behind the shock rapidly capture onto
the liberated protons, dramatically decreasing Y, and lead-
ing to the characteristic neutronization v, burst when the
shock breaks out of the v, neutrinosphere. Nuclear disso-
ciation and neutrino losses reduce the pressure behind the
shock and decelerate its initially rapid expansion, eventu-
ally causing the shock to stall and turn into an accretion
shock within tens of milliseconds of bounce. When neu-
trino leakage is not included, the shock still does work to
break up heavy nuclei, but neutronization does not occur,
the pressure behind the shock stays higher and the shock
will stall at much larger radii. This is what we observe in
our simulations. In Fig. 7, we present the time evolution of
the shock position along the positive x axis for all models
of the sI2WHO07j{0-5} set. In models with neutrino leak-
age, the shock reaches 90-130 km at 25 ms after bounce,
while reaching 130-220 km in models run without neutrino
leakage. We also note from Fig. 7 that rapidly rotating
models tend to have larger equatorial shock radii (i.e.,
along the x axis in the figure) than their slowly and non-
rotating counterparts. This is consistent with what was
found by [15,25] and simply due to the rotational flattening
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FIG. 7 (color online). Shock position on the equator (along the
positive x axis) as a function of time after core bounce for the
s12WHO07j{0-5} model set. Models without neutrino leakage

“nl,” dashed lines) reach significantly larger shock radii, since
they are not, unlike the models that include neutrino leakage
(solid lines), affected by neutrino cooling and deleptonization.
The rapidly spinning models s12WHO07j4 and s12WHO07j5 show
an initial transient decrease in their equatorial shock radii. This is
due to shock formation occurring first at the pole while the
equatorial regions of the inner core are still contracting. Note
that the discrete shock radius data has been spline-interpolated to
produce this plot.

of rapidly spinning cores. The polar shock radii of rapidly
rotating models (not shown in Fig. 7) are correspondingly
lower.

The top panels of Fig. 8 show colormaps of the Y,
distribution in the meridional plane at 25 ms after core
bounce in the nonrotating model s12WHO07j0 with neutrino
leakage (left panel) and without (right panel). Fluid veloc-
ity vectors and isocontours of rest-mass density are super-
posed. In the simulation with neutrino leakage, the
characteristic Y, trough behind the shock and above the
PNS core has clearly developed. In the PNS, at densities of
= 5 X 10" gem™3, neutrinos are trapped and Y, is essen-
tially at its bounce value. It is only in this high-density
region (r = 20 km) where the simulations with and with-
out leakage agree in their Y, distribution and structure.
In the simulation with leakage, material is able to dele-
ptonize, cool, and sink onto the PNS core, which makes
it more extended, as shown by the 5 X 102> gcm ™3 and
10'2 gcm ™3 density isocontours that are at 3-5 km greater
radii than in the simulation without leakage. At the same
time, however, the overall region behind the shock is much
more compact in the simulation with neutrino leakage:
the 10'' gecm™3 isocontour and the shock, marked by
the 10'° gcm™3 isocontour, are at ~10-15 km smaller
radii.

The lower two panels of Fig. 8 show colormaps of the Y,
distribution at 25 ms after bounce in the meridional plane
of the rapidly spinning model s12WHO07j4 evolved with
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Colormaps of the electron fraction Y, in the meridional plane at 25 ms after bounce. The contour lines mark

isocontours of rest-mass density (in this order from the origin) at {104, 10'3, 5 X 10'2, 10'2, 10", 10'°} gcm 3. Velocity vectors are
superposed and their length is saturated at 0.0125¢ to prevent the high collapse velocities of the outer core outside of the shock from
cluttering the plot. The top panels show the nonrotating model s12WHO07j0 evolved with postbounce neutrino leakage (left panel) and
without (right panel). The bottom panels show the rapidly spinning model s12WHO07j4 also with (left panel) and without neutrino
leakage (right panel). The simulations with neutrino leakage show the characteristic depletion of Y, due to electron capture in the
region behind the shock. The shock is located at radii of ~110-120 km in the simulations with neutrino leakage, at ~125 km in the
jO model without leakage, and at ~160 km (~ 220 km) at the pole (equator) of the j4 model without leakage. In the PNS core,
neutrinos are trapped and Y, is at essentially its bounce value and only there the simulations with and without leakage yield the same Y,
and structure. The deleptonization and neutrino cooling in the runs with leakage significantly reduce the pressure behind the shock,

lead to much smaller shock radii, and allow more material to pile up on the outer PNS core.

(left panel) and without (right panel) neutrino leakage.
Comparing leakage and no-leakage results, we find the
same general trends discussed for the nonrotating model
in the above, but the differences are increased by rotation.
The shock in the simulation without leakage has left the
150 X 150 km region of the frame, while it sits tight at
small radii (~115 km at the equator and ~90 km at the
pole) in the simulation with neutrino leakage. As in the
nonrotating model, neutrino leakage allows material to
cool, deleptonize, and sink to smaller radii, leading to an
extended high-density region at the edge of the PNS core
also in model s12WHO07j4.

The top and center subpanels of each model panel
in Fig. 3 depict the postbounce central density evolution
and GW signal in each model, respectively. The results
obtained with neutrino leakage are shown in solid lines
while the no-leakage results are plotted as dashed curves.
Independent of rotation rate, the central density of models
run with neutrino leakage exhibits a secular upward trend
due to the contraction of the PNS core as more delepton-
ized material settles onto it. In the simulations without
leakage, material behind the shock cannot cool and dele-
ptonize and does not settle onto the PNS, whose post-
bounce central density stays practically constant.
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In the GW sector, the differences between simulations
with and without leakage vary strongly with increasing
rotation. In order to quantify the differences in the GW
signals extracted from simulations with and without neu-
trino leakage, we compute their mismatch as defined by
Eq. (18). The mismatch is O for identical waveforms and 1
if the waveforms have nothing in common. The mismatch
measure adopted here and discussed in Sec. II E weights
the Fourier-space representations of the waveforms (for a
source at 10 kpc) with alLIGO detector sensitivity and thus
emphasizes differences relevant to al.LIGO observations.
We note that variations in the waveforms due to different
wave extraction methods alone lead to mismatches of order
103-1072 [77]. However, if all waveforms are extracted
with the same technique, as is the case here, the mismatch
should be a meaningful quantity.

In the nonrotating model s12WHO07j0, the GW signal is
due exclusively to prompt convection. Prompt convection
and the associated GW signal are strongly modified by
deleptonization and neutrino cooling, which add lepton
gradients and reduce the physical extent of the convection
zone. This leads to a stronger, higher-frequency GW signal
from prompt convection in the model evolved with neu-
trino leakage. We compute (and record in Table III) a
mismatch of 0.51 between the GW signals from the leak-
age and no-leakage simulations. While this mismatch is
large, we point out that the GWs from prompt convection
seen in the simulations presented here are just example
realizations of GWs from prompt convection and are not
representative for the entire range of possible GW signals
from this process. Variations in progenitor core structure,
thermodynamics, and precollapse perturbations that seed
convection may lead to large qualitative and quantitative
variations in the GW signal from prompt convection (see,
e.g., the discussion in [28]) that could easily dwarf the
difference between the leakage and no-leakage variants
that we see in our models.

TABLE III.
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With increasing rotation, the overall GW signature
gradually becomes dominated by the dynamics of the
centrifugally flattened inner core, which turns into the
core of a nascent protoneutron star after bounce.
Neutrinos are trapped in the inner core and diffuse out on
much longer time scales than simulated here. Hence, the
parts of the GW signal due to inner core dynamics should
be nearly identical in leakage and no-leakage simulations.
This is what we find already in the slowly spinning model
s12WHO7j1 (top right panel of Fig. 4), whose GW signal is
dominated by the inner core in the first ~5 ms after
bounce. Evaluated at this time, the mismatch of leakage
and no-leakage GW signal is only of order 1073.
Subsequently, prompt convection takes over, leading to a
mismatch of 0.66 at the end of the simulation. With further
increasing rotation, the signal due to the inner core’s bounce
becomes globally dominant and the total (i.e., for the entire
waveform) mismatch decreases to 0.53 (s12WHO07;2), 0.13
(s12WHO07;3), 0.06 (s12WHO07j4), and 0.03 (s12WHO07;5).
Most of the mismatch is built up at times = 5 ms after
bounce, when the shock has broken out of all neutrino-
spheres and when the large GW signal due to inner core
dynamics has sufficiently died down for the aspherical flow
in the semitransparent region behind the shock to play an
appreciable role in the GW emission.

When considering the mismatch in the first 5 ms after
bounce only, we note somewhat different systematics. The
mismatch is large in the nonrotating model, small for the
slowly to moderately rapidly spinning models, and increases
again for the most rapidly spinning model s12WHO07j5 (the
same systematics holds for the s40WHO07j{0-5} models; see
Table IIT). We attribute this to the strong global rotational
deformation of the most rapidly spinning model. It leads to
shock formation, propagation, and strong neutrino emission
from polar regions milliseconds before the shock forms at the
equator. This results in an earlier onset of differences be-
tween leakage and no-leakage simulations.

Mismatch of GW signals of simulations with and without postbounce neutrino

leakage computed according to Eq. (18) for an event at 10 kpc. The mismatch is provided for the
signal up to 5 ms, 10 ms, and 25 ms after bounce.

Mismatch <10 ms Mismatch <25 ms

Model Mismatch <5 ms
s12WHO07j0nl/s12WHO07j0 3.7 %X 107!
s12WHO07j1nl/s12WHO07j1 1.3 X 1073
s12WHO07j2nl/s12WHO07;j2 1.6 X 1073
s12WHO07j3nl/s12WHO07;3 4.6 X 1074
s12WHO07j4nl/s12WHO07j4 1.3 x107*
s12WHO07j5nl/s12WHO07j5 1.0 X 1073
s40WHO07j0nl/s40WHO07j0 3.8 X 107!
s40WHO07j1nl/s40WHO07j1 3.6 X 1074
s40WHO07j2nl/s40WHO07;j2 3.2X 1074
s40WHO07j3nl/s40WHO07;3 9.9 X 1073
s40WHO07j4nl/s40WHO07j4 1.6 X 1074
s40WHO07j5nl/s40WHO07;5 23X%X1073

3.5% 107! 5.1 % 107!
5.2x 107! 6.6 X 107!
2.1 x 107! 5.3 % 107!
5.8 X 1072 1.3 x 107!
1.4 X 1072 5.9 %X 1072
2.4x%1073 2.8 X 1072
1.4 X 107! 3.9 X 107!
4.6 X 1072 5.8 x 107!
42 %1072 47 x 107!
6.3 X 1073 5.3 X 1072
4.0 x 1073 5.9 %X 1072
6.0 X 1073 2.4 % 1072
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C. Influence of progenitor structure

In the discussion up to now, we have relied exclusively
on our s12WHO07j{0-5} model set that uses the 12 — Mg
(at ZAMS) progenitor model of [69]. We turn now to
comparing these simulations with the s40WHO07j{0-5}
model set that uses the 40 — My (at ZAMS) progenitor
of the same study. As discussed in Sec. III B, we have
chosen a procedure for imposing rotation that leads to
approximately the same specific angular momentum as a
function of enclosed mass of inner core material for
s12WHO07 and s40WHO07 models of the same jn parameter.
In particular, our procedure ensures that at a given
rotational setup jn, the s40WHO7jn model will have
approximately the same or less, but never more angular
momentum than the s12WHO07jn model.

We first turn our attention to the nonrotating (j0) models.
Model s12WHO07j0 experiences bounce at 178.5 ms after
the start of the simulation, reaches a peak density of
4.3 X 10" gem™3, and has an inner core mass at bounce
(M) of ~0.56M. The core of the 40 — M, progenitor
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FIG. 9 (color online).
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of model s40WHO7;j0 starts to collapse at a central density
that is ~5.5 times lower than s12WHO07j0’s and, according
to the free-fall estimate, we expect its collapse time to
be ~2.3 times longer. Model s40WHO07 indeed reaches
core bounce at 418.2 ms, which is almost exactly what
our estimate predicts. The central density at bounce is
4.4 X 10" gecm™3. This is slightly higher than the value
of model s12WHO07j0 and we attribute this to model
s40WHO7j0’s greater M;.;, of ~0.62M,. The difference
in M., is due to s40WHO7j0’s higher initial core entropy
(see Sec. III A and [114]), since both models are using the
same Y,(p) prescription for deleptonization in the collapse
phase. In a full neutrino radiation-hydrodynamics simula-
tion, one would expect additional differences due to
progenitor-dependent variations in deleptonization [44].
In the top left panel of Fig. 9 we compare the late
collapse and early postbounce evolutions of the central
density and of the GW signal in models s12WHO07;0
and s40WHO07j0. Modulo minute deviations and despite
not insignificant differences in precollapse structure and
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Comparison of select models of the s12WHO07 model set (using the 12 — M, progenitor) with their s40WHO7

counterparts (using the 40-M, progenitor). Shown are the evolution of the GW signal seen by an equatorial observer (left ordinate) and
of the central rest-mass density (right ordinate). The GW signal 4 is rescaled by source distance D and plotted in units of centimeters,
the central rest-mass density p,. is given in units of 10! gcm™3, and the time is measured in milliseconds relative to the time of core
bounce in each model. The central density evolutions in all s12WHO07 and s40WHO07 models are extremely close to one another. The
GW signals of the nonrotating models (top left panel) differ significantly. However, with increasing rotation (from left to right, top to

bottom), the dominant parts of the GW signal grow very similar.
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TABLE IV. Mismatch of GW signals of simulations using the s12WHO07 and the s40WHO07
progenitor model computed according to Eq. (18) for an event at 10 kpc. The mismatch is
provided for the signals up to 5 ms, 10 ms, and 25 ms after bounce.

Model Mismatch <5 ms Mismatch <10 ms Mismatch <25 ms
s12WHO07j0/s40WHO07j0 4.1 x 107! 32X 107! 5.8 X 107!
s12WHO07j1/s40WHO07]1 1.9 X 1072 5.6 X 107! 6.9 X 107!
s12WHO07j2/s40WHO07j2 3.1 X 1072 2.4 %1071 6.5x 107!
s12WHO07j3/s40WH07}3 1.1 X 1072 8.8 X 1072 1.6 X 1071
s12WHO07j4/s40WHO07j4 1.9 X 1072 7.6 X 1072 2.0 X 107!
s12WHO07;5/s40WHO07j5 1.2 X 1072 1.7 X 1072 52X 1072

thermodynamics, the central density evolutions of the two
models practically lie on top of each other. The situation is
different for the GW signals. In both models, GW emission
is due to prompt convection, which is highly sensitive to
bounce dynamics, progenitor thermodynamics, and seed
perturbations and is generally of stochastic character (e.g.,
[24,28,115]). Hence, given the differences in inner core mass
and core thermodynamics, the large difference that we find in
the GW signals from prompt convection in these models is
not surprising. Using our mismatch measure [Eq. (18)] we
find a mismatch of 0.58 for the GW signals of models
s12WHO07j0 and s40WHO7j0 in the first 25 ms after bounce.
More data on their mismatch are summarized in Table IV
while key quantitative results are provided in Table II.

With increasing rotation, the dynamics of the centrifu-
gally deformed inner core begins to dominate the GW
signal and a prominent characteristic peak develops whose
shape and magnitude depends to very good approximation
only on mass and angular momentum of the inner core
[44,46]. This simplifies the signal and drives the GW
signals of the two model sets to congruence.

The top right panel and the two bottom panels of Fig. 9
compare s12WHO07 and s40WHO07 models with j2, j4, and
j5 rotational setup. Models with j1 and j3 are omitted for
clarity, but show no special behavior. The close qualitative
and quantitative agreement in the central density evolu-
tions found for the nonrotating case is unchanged by
rotation. On the other hand, the effect of rotation on the
differences between the GW signals is remarkable, in
particular when one focuses on the signal up to 5 ms after
bounce. Taking the signals up to this point and computing
the mismatch, we find 0.41 for the nonrotating models, and
0.019, 0.031, 0.011, 0.019, and 0.012 for j1, j2, j3, j4, and
j5, respectively. Thus even the slightest bit of rotation
already has a unifying effect and drives down the mismatch
to the percent level about which it hovers, affected primar-
ily by slight, but not negligible differences in the bounce
peak and in the first few postbounce oscillations. When
considering the entire GW signal out to the end of our
simulations at 25 ms after bounce, the mismatch is signifi-
cantly larger (see Table I'V), since the GW emission begins
to be significantly affected by prompt convection outside
the PNS core starting at 5-10 ms after bounce.

It is interesting to compare some of the key representa-
tive quantities summarized in Table II between the
s12WHO07j{0-5} and s40WHO07j{0-5} models. Rotation
leads to an increase of the inner core mass at bounce
(Micp; e.g., [44]). In the s12WHO7 model set, M.}, in-
creases from ~0.56M for jO to ~0.66M, for j5. The
s40WHO7 progenitor model’s higher-entropy inner core
is more massive, its mass is 0.62M¢ in jO and increases
to 0.72M¢ in j5. The s40WHO7j{1-5} models have less
angular momentum as a function of enclosed mass (see
Table 1), but their inner cores, due to their greater mass,
contain up to ~15% more angular momentum at bounce
(Jic.p) than the inner cores of the s12WHO07j{1-5} models.
These differences in M., and Ji., lead to quantitative
changes at the same or lower level in the maximum density
at bounce, the maximum GW signal amplitude, the peak of
the GW energy spectrum, and the values of 7/|W| obtained
at bounce: s40WHO7 models (i) undergo bounce at < 3%
greater central densities, (ii) reach maximum GW signal
amplitudes |/, | D that are < 15% greater, (iii) have
peaks of their dEgyw/df that are at < 5% smaller frequen-
cies, and (iv) assume maximum values of T/|W]| that are
=< 10% smaller than in their s12WHO7 counterparts. These
results are readily explained by considering that the inner
cores of the s40WHO7 models are slightly less compact
(very similar p. at greater M;., and J;.,) than their
s12WHO07 counterparts. The lower compactness leads to
a lower value of T/|W| (at fixed J, T « R™2 and |W| «
R~ 1), but to a greater quadrupole moment, varying at a just
slightly slower rate, resulting in a slightly higher |/ | . D.

In Fig. 10 we plot dEgw/df spectra comparing results
from s12WHO07 and s40WHO7 models with no rotation
(jO; top panel), moderate rotation (j2; center panel), and
rapid rotation (j5; bottom panel). As expected from the
large differences in the time domain seen in the top left
panel of Fig. 9, the spectral GW energy densities of models
s12WHO07j0 and s40WHO07j0 are quite distinct. Slow rota-
tion already leads to many common features and the spec-
tra of rapidly spinning models are nearly identical.

The correlations between dynamics, gravitational wave-
forms, and neutrino signals described in Sec. IV for the
s12WHO07j{0-5} model set also exist in very similar fash-
ion in the s40WHO07j{0-5} models. For the central density
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FIG. 10 (color online). Comparison of the spectral GW energy
densities [(dEgw/df; Eq. (14)] of select models using the
12 — M, and the 40 — M, progenitor at the same precollapse
rotation rate. Top panel: Nonrotating case (j0); the spectra vary
greatly. Center panel: Moderate rotation (j2); the spectra exhibit
many similar features. Bottom panel: Rapid rotation (j5); the
spectra are nearly identical.

evolution (a proxy for the core dynamics) and GW signal,
this is already apparent from the two rapidly rotating
cases shown in the bottom panels of Fig. 9 in which the
s40WHO7 models essentially mirror the evolution of their
s12WHO7 counterparts. Figure 11 compares the approxi-
mate v, (top panel), ¥,, and v, luminosity evolutions of jO
(black curves), j4 (magenta curves), and j5 (cyan curves)
variants of sI2WHO07 (solid lines) and s40WHO7 (dashed
lines). The characteristic oscillations that go along with the
quadrupole PNS pulsations seen in models s12WHO07j4/j5
also occur in their s40WHO07j4/j5 counterparts. While our
leakage scheme permits us to make only approximate
quantitative predictions, we do find interesting systematic
trends when comparing the neutrino luminosities of
s12WHO07 and s40WHO07 models. The rise times of the
v, luminosity are similar in both progenitors, but the peaks
are broader in the s40WHO07 models, most likely because
bounce is stronger, leading to somewhat larger shock radii
and more dissociated material for electrons to capture on at
early times. The 7, emission is primarily thermal at early
times and the v, emission is completely thermal; hence, for

PHYSICAL REVIEW D 86, 024026 (2012)
400 T T T

300

200

Ly, [Bs™1]

100

— s12WHO7j0
- - - S40WHO70
[ — s12WHOo7j4
- - - S4OWHO7j4

= s12WHO07j5

Ly, [Bs™1]

L, [Bs7!]

t — tbounce [Ms]

FIG. 11 (color online). Comparison of the approximate v, (top
panel), 7, (center panel), and v, (bottom) luminosities in models
s12WHO07;0, s12WHO07j4, s12WHO07;5 (all solid lines) with their
s40WHO07j0, s40WHO07j4, s40WHO7j5 counterparts (all dashed
lines). The vertical scales have been chosen to emphasize the
oscillations observed primarily in L; and L, of the rapidly
spinning j4 and j5 models. While quantitative aspects should be
regarded as approximate, one notes that the s40WHO7 models
have systematically larger early postbounce luminosities than
their s12WHO7 counterparts.

these neutrino species, the hotter cores of s40WHO07 mod-
els exhibit systematically higher luminosities than their
cooler s12WHO7 counterparts. We expect these more
qualitative than quantitative trends to carry over to future
full energy-dependent neutrino radiation-hydrodynamics
simulations, which will be needed for reliable quantitative
estimates.

D. Evolution of the rotation rate and
prospects for rotational instability

Rotating core collapse proceeds axisymmetrically even
in very rapidly spinning cores (see, e.g., [47,57,58]). After
bounce, nonaxisymmetric dynamics will naturally develop
as a consequence of convection in the region behind the
shock and above the PNS core. The latter, however, may
become rotationally unstable to the growth of nonaxisym-
metric modes that could lead to global deformation and
extended quasiperiodic elliptically polarized GW emission
[28,47,55,57] that could surpass the linearly polarized
emission from core bounce in total emitted energy. Such
nonaxisymmetric rotational instability has been identified
to come in three flavors:
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(a) At T/|W|=27%, a dynamical purely hydro-
dynamic instability will deform a spheroidal
self-gravitating fluid body into ellipsoidal (m = 2,
barlike) shape (e.g., [116]).

(b) At T/|W| = 14%, the same kind of deformation
may be driven by the presence of a dissipative
process (e.g., viscosity or GW backreaction
[117,118]). The growth time scale for this secular
instability is likely to be of order seconds or longer
[119,120].

(c) A dynamical shear instability may operate on the
free energy stored in differential rotation, leading to
nonaxisymmetric spiral modes that redistribute an-
gular momentum. This kind of instability is common
in accretion disks (e.g., [121] and references therein)
and has been shown to occur also in differentially
rotating neutron star models already at values of
T/|W| of order ~1% [59,122-125]. Hence, this
instability is commonly referred to as low-T/|W]|
instability. While the inner PNS core is likely to be
uniformly spinning, differential rotation naturally
develops in the outer core (e.g., [15,107]) and full
3D simulations [47,52,57] have found the instability
to occur in PNSs with a T/|W| in the range of
~5-13%. The detailed conditions necessary for its
development and its potential interaction with other
processes, €.g., the magnetorotational instability [9],
operating on differential rotation remain to be fully
explored (but see [60]).

The simulations presented in this paper are carried out
in an octant of the 3D cube, and thus do not allow the
development of the typically unstable m = {1, 2, 3} non-
axisymmetric modes. While we cannot track this low-order
nonaxisymmetric dynamics, it is still interesting to con-
sider the rotational configuration of our postbounce models
to assess the potential for development of nonaxisymmet-
ric rotation dynamics in the postbounce epoch. Previous
estimates have been based on 1.5D (spherical symmetry
plus angle-averaged rotation) GR simulations [2], 2D
Newtonian simulations with multigroup flux-limited diffu-
sion neutrino transport [15], or on 2D GR simulations that
did not include deleptonization and neutrino cooling after
bounce [44,46], so it is worthwhile to reconsider the ques-
tion at hand.

In Fig. 12, we show the evolution of T/|W| from shortly
before bounce to 25 ms after bounce for all rotating models
and for simulations with and without neutrino leakage.
As expected from the discussion in Sec. V C, the only
difference between models using the s12WHO07 and the
s40WHO7 progenitor is that the latter models reach slightly
lower peak and postbounce T/|W|.

All models reach their peak T/|W| at bounce and settle
at a ~10-30% lower early postbounce T/|W| (see Table 1T
for quantitative details). The T/|W| evolutions in initially
slowly to moderately rapidly rotating models (j1—j3) show
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FIG. 12 (color online). Rotation rate 7/|W| as a function of
time after bounce for the rotating models of the s12WHO07 (black
lines) and s40WHO7 (red lines) model sets. Results for simula-
tions with (solid lines) and without (dashed lines) neutrino
leakage are shown. s12WHO07 and s40WHO7 models show
qualitatively and quantitatively very similar 7/|W| evolutions.
s40WHO07 models, which are endowed with slightly less angular
momentum than their s12WHO7 counterparts, have slightly
lower T/|W| (see Tables I and II). In rapidly rotating models,
neutrino leakage leads to a more rapid contraction and spin-up
after bounce than predicted by models without leakage.
Nonaxisymmetric instability at low 7/|W| is likely to occur in
models with j3, j4, and j5 rotation. The j5 models may even
reach the threshold of 27% for the high-T/|W| dynamical
instability within a few hundred milliseconds of bounce.

little dependence on progenitor or neutrino leakage and
T/|W| remains almost constant in their postbounce evolu-
tions. This is different in the rapidly spinning j4 and j5
models. In simulations with neutrino leakage, accreting,
high-angular momentum material can efficiently cool,
deleptonize, settle, and add spin to the PNS. Hence, one
observes a significant postbounce increase of T/|W| from
its value immediately after bounce to the end of the simu-
lation. This is not the case in simulations without leakage
and T/|W| may even slightly decrease after bounce, since
only low-angular momentum from polar regions quickly
reaches small radii.

The models with precollapse rotation choices j3, j4, and
j5 have early postbounce T/|W| of ~4.5%, ~9%, and
~12.5%. Consistent with previous results [15,44,107],

024026-22



CORRELATED GRAVITATIONAL WAVE AND NEUTRINO ...

their PNS cores are approximately uniformly spinning, but
the angular velocity begins to fall off roughly proportional
to r~* with @ ~ 1.3-1.7 at radii = 10-20 km. Hence,
these models are likely to be subject to the low-T/|W]|
instability [44,47,52,57].

When linearly extrapolating the postbounce 7/|W|
growth in the j5 models under the simplifying assumption
that the angular momentum of the accreting material
is approximately constant in time, we find that a T/|W|
of 27%, the approximate threshold for the guaranteed
dynamical bar-mode instability, is reached at ~300 ms
after bounce. Even if accretion stops, cooling and contrac-
tion of the PNS to final NS form will likely lead to T/|W/|
in excess of the dynamical instability threshold in the j5, j4,
and even in the j3 models (see, e.g., the mapping of initial
core spin to final NS spin in [15]), unless angular momen-
tum is being redistributed or radiated by some other
mechanism, e.g., the low-T/|W| instability, the secular
instability, or MHD processes.

E. Notes on detectability
1. Gravitational waves

In the rightmost five columns of Table II, we summarize
key quantities describing the GW emission characteristics
of the simulated models: the peak of the GW signal am-
plitude time series (|h,|,.<D) as seen by an equatorial
observer rescaled by distance D, the emitted energy in
GWs (Egw), the peak value of the dimensionless character-
istic strain [(Acharmax (f); Eq. (14)] in frequency space and
at an equatorial observer location of 10 kpc, the frequency
Sfeharmax @t Which Acparmax is located, and the single-
detector Advanced LIGO optimal signal-to-noise ratio
(SNR) as calculated using Eq. (16) for a core collapse
event at 10 kpc, the fiducial galactic distance scale. Since
we are considering linearly polarized signals in &, for
nonoptimal orientation the SNR will scale o sin’#, where
6 is the angle between observer line of sight and the
rotation axis of the collapsing star.

In the following, we focus exclusively on the physically
more realistic models that include neutrino leakage.
Furthermore, as discussed in Sec. VC, the 12 — M, and
the 40 — M, progenitors lead to very similar GW emission
in the phases that we simulate and we do not discuss them
separately.

The peak GW signal amplitudes of our models lie in the
range 20 cm < |hy | D < 400 cm, which corresponds
to 7X 1072 < |hy|pax = 1.3 X 1072 at 10 kpc and is
fully consistent with the results of [44], who also focused
on the linearly polarized GW signal from core bounce and
early postbounce evolution, but did not include postbounce
neutrino leakage. The lowest peak amplitudes are reached
in nonrotating (jO) or slowly rotating (j1) models, in which
the emission is primarily due to prompt convection. The
highest amplitudes are emitted by the most rapidly spin-
ning models (j4 and j5). A further increase of precollapse
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rotation would not result in significantly higher peak am-
plitudes, since j5 models are already strongly affected by
centrifugal effects, which reduce the acceleration the inner
core is experiencing at bounce, and thus lead to lower
GW amplitudes when rotation begins to dominate the
dynamics.

The total energy emitted in GWs is in the range
2.7 X107 "Myc? < Egw = 4.7 X 107 8Myc?. Again the
nonrotating and slowly rotating models mark the lower
end of this range. The upper end is set by the j4 models,
since the j5S models, due to the strong influence of rotation,
have more slowly varying waveforms and lower Egw
[(Egw « [(dh/dt)*dt; Eq. (11)].

Comparing our model predictions with GW detector sen-
sitivity is done best in the frequency domain. In Fig. 13 we
contrast hgp,(f) spectra of our s12WHO07j{0-5} model set
with the projected noise levels in Advanced LIGO [in the
zero-detuning, high-power configuration [103]; (aLIGO
7ZD-HP)], KAGRA/LCGT [126], and Advanced Virgo
(AdV) in a potential wideband configuration [127]. Shown
are the one-sided detector noise amplitude spectral densities

VS(f) in units of Hz="/2 and hp,.f~"/? of our models [the
f~1/2 rescaling is introduced to conform to the units of

V/S(f)], assuming a source distance of 10 kpc. Ay, peaks
in a narrow frequency range of about 700-800 Hz for all
rotating models. Slowly spinning models typically have
their A, peak at the high end of this range and the frequen-
cies of their spectral peaks are influenced primarily by the
properties of the nuclear EOS (not studied in detail here; see
[44]). Very rapidly spinning models tend towards the lower
end and develop strong low-frequency components, which
almost reach the level of the peak around 750 Hz in model
s12WHO07j5.

— ' — aLicozD-HP — s12WHO70 — s12WHO7j3
N []-- KAGRA — s12WHO07j1 — s12WHO07j4
i) 10-21 AdV WB — SI2WHO72 — s12WHO7j5
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FIG. 13 (color online). Comparison of projected Advanced
LIGO broadband [zero-detuning, high-power (aLIGO ZD-HP)]
[103], KAGRA/LCGT [126], and potential Advanced Virgo
wideband (AdV WB) [127] sensitivity with the characteristic
GW amplitudes A, (f)f /2 of the s12WHO7j{0-5} model set
at a source location of 10 kpc.
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The hg,,. spectra of all models shown in Fig. 13 have
large portions that lie above the detector noise levels.
By integrating the ratio h2, (f)/(fS(f)) over frequency
[Eq. (17)] and using S(f) of Advanced LIGO in ZD-HP
mode [103], we arrive at single-detector optimal (i.e., most
optimistic) SNRs at an assumed distance of 10 kpc that
range from ~6 for the nonrotating model jO to ~73 for the
most rapidly rotating model j5S. While these numbers ap-
pear large and suggest that Advanced LIGO-class detectors
may be able to detect the emitted waveforms, we empha-
size their ‘“‘optimal” nature: a real astrophysical core-
collapse event is highly unlikely to be optimally oriented
and optimally located on the sky with respect to a detector
or a network of detectors on Earth (see, e.g., [128] for a
discussion of sky coverage for detector networks).
Furthermore, the noise in interferometric GW detectors is
typically non-Gaussian and nonstationary, and detection
may be further complicated by noise artifacts (“‘glitches”)
that were found in first-generation detectors (e.g., [129]).
These artifacts may be present also in the detectors of the
advanced generation considered here. The SNR of a real
signal above which one may be confident of a detection is
typically assumed to be = 8 for Gaussian noise and at least
two detectors observing the event in coincidence [130]. For
real noise even higher SNRs may be required and the exact
threshold will depend on the detector network, data quality,
and search methodology.

In addition to the general question of detectability, one
may ask: (1) Would advanced GW detectors be able to
observe the pronounced postbounce variations in the GW
signal of rapidly rotating models that are correlated with
variations in the neutrino luminosity? (2) Would advanced
GW detectors be sensitive to effects of neutrino leakage in
the very early postbounce phase out to 25 ms simulated for
our models? (3) Will advanced GW detectors be able to tell
the difference between rotating core collapseina 12 — Mg
and in a 40 — M progenitor with the same angular mo-
mentum distribution?

A fully reliable answer to these questions would require
a Bayesian model-selection/parameter-estimation ap-
proach as taken by [32,34]. The answer to (1) is most likely
“yes” for events taking place in the Milky Way, since the
GW signal of rapidly rotating models is so strong that the
entire waveform may be recovered for a galactic event.

For (2) and (3) we can attempt to give a heuristic answer
on the basis of the mismatches computed between wave-
forms and the general simulation results: The short answer
to both is likely “no.” The long answer is slightly more
involved: As we have demonstrated in Secs. VB and V C,
both neutrino leakage and differences in progenitor struc-
ture/thermodynamics have an effect primarily on convec-
tive/turbulent dynamics driving GW emission in the region
outside the PNS core that has stochastic character. So,
despite the sizable mismatches listed in Tables III and IV,
it will not be possible to make a case for telling
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12 — My /40 — M or leakage/no-leakage models apart
on the basis of the GW signal alone, since the shape (and
perhaps even the overall characteristics) of the parts of the
signal that differ are fundamentally unpredictable.

2. High-frequency variations in the neutrino luminosities

The dominant supernova neutrino reaction in water/
ice-Cherenkov detectors is electron antineutrino capture
on protons (e.g., [131]). We consider in our analysis the
current detectors Super-Kamiokande [132] and IceCube
[133], and the proposed future Hyper-Kamiokande
detector [134]. A core-collapse event anywhere in the
Milky Way is likely to be detected by these detectors
with high SNR [132,133,135]. In the rapidly spinning
protoneutron stars considered in this study, neutrino fluxes
and average energies will generally be higher along the
polar and lower along the equatorial direction as demon-
strated by [25], who employed fully angle-dependent neu-
trino transport. The leakage scheme employed in this study
does not allow us to make robust predictions of the flux
asymmetry and we thus neglect it in the following discus-
sion and leave its inclusion to future work.

Here we are interested in the question if the high-
frequency variations in the rising neutrino luminosity
seen in Fig. 3 are detectable. In consideration of the small-
ness of the effect, we pick a fiducial distance of 1 kpc for
our estimates. More rigorous analyses of the detectability
of time variations in the supernova neutrino signal, though
for lower frequencies than considered here, were pre-
sented, e.g., by Burrows et al. [136], Lund et al. [27] and
Brandt er al. [26]. For simplicity, we ignore neutrino
oscillations in this analysis, but note that they may play
an important role in the overall core-collapse supernova
neutrino signature (e.g., [137]). Regarding the early post-
bounce signals considered here, one would expect some
mixing of the ¥, signal with the #, signal [138]. However,
since we observe similar rotation-induced variations in the
v, signal (Fig. 3), we expect approximately the same
results for a mixed , signal.

In Fig. 14, we plot the early 7, signal for model
s12WHO07j5 and superpose the error bars for the statistical
error of the estimated recovered luminosity in Super-
Kamiokande, Hyper-Kamiokande, and IceCube for a
source distance of 1 kpc. The results are very similar for
model s12WHO07j4 and for the corresponding models using
the s40WHO7 progenitor.

For the electron antineutrino capture rate on protons in
water-Cherenkov detectors we obtain an estimate based on
[139,140],

oo(1 + 383) (E3 ) MskmxX,

4m2c*  (E;) m,

RSK/HK _ L,
v,
¢ drr

5 (23)
where 0y = 1.76 X 107% cm? is the reference weak-

interaction cross section, g4 = —1.254 is the axial cou-
pling constant, Mgk = 22.4 kT, Myx = 740 kT is the
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FIG. 14 (color online). Predicted neutrino signals and associ-
ated statistical error in Super-Kamiokande (SK, blue error bars),
Hyper-Kamiokande (HK, green error bars), and IceCube (IC, red
error bars) from model s12WHO7j5 at 1 kpc. The solid black line
is the 7, luminosity from our simulation. In the inset we show
only the HK and IC predicted signals and errors, zoomed in
between 8 and 11 ms. The error of the IC signal is small, but the
imposed bin width of 1.6384 ms averages out variations on time
scales smaller than this. If binned in 1.6384-ms bins, the Hyper-
Kamiokande SNR would be approximately half of the SNR in
IceCube.

fiducial water mass of Super-Kamiokande and Hyper-
Kamiokande, respectively, X, is the number fraction of
protons (for H,O, X, = 2/18), m,, is the proton mass, and
(E®)/{E) is the energy-averaged spectral factor. We take
T;, ~4 MeV and zero chemical potential as an approxi-
mation, giving (E?)/(E) ~ 16.4 MeV. With these numbers,
for Super-Kamiokande, R3® ~ 12000 s™'L;, 5,/r7 |, and
for Hyper-Kamiokande, RJ* ~ 400000 s™'L; s51/7] s
where L; s is the electron antineutrino luminosity in units
of 10°! ergs™! and ry i is the distance in kiloparsecs.

In Super/Hyper-Kamiokande, electron antineutrino
events are detected individually; therefore, if the signal
is strong enough, one can bin the events in temporal bins
of almost arbitrarily small width. To capture the rotation-
induced variations, we choose bin widths of 0.25 ms.
As seen in Fig. 14, within statistical errors, Super-
Kamiokande is insensitive to the variations, even at 1 kpc
for model s12WHO07j5. Hyper-Kamiokande, however, has
~33 times the sensitivity of Super-Kamiokande and would
be able to marginally detect our predicted oscillations if
the collapsing core was rapidly rotating and within 1 kpc.
Super-Kamiokande and Hyper-Kamiokande are sensitive
to the total electron antineutrino signal at 25 ms with an
estimated signal-to-noise ratio of 6 and 35, respectively, at
this distance.

For IceCube we use the rate prediction of [138]. The
expected event rate per 1.6384-ms timing sample in
IceCube from electron antineutrino interactions in the ice is
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L; 1 kpe\2(E}
RIpceCube — 1860( e11>< pC) < 15> bin,l (24)
¢ IBs r (Es)

where, following [138], we assume (E) = 15 MeV and
take the spectral factor (E*)/(E)* ~ 2; this gives R ~
2.3 X100 87 'Ly 51/7] yp- We estimate the errors based
on IceCube’s background root-mean-square scatter of
~47 events bin~! [138] and the square root of the expected
count rate. IceCube is very sensitive to the overall L; signal
of model s12WHO7j5 at a distance of 1 kpc (L; = 9.20 *
0.05 Bs™! at 24 ms after bounce). This is due to both the
large effective volume that IceCube covers, ~3.5 Mt or
~5 X Myx, and the current relatively large (compared to
our choice for Super- and Hyper-Kamiokande) 1.6384 ms
binning of the IceCube detector. Unfortunately, this large
bin width makes it impossible to resolve the short-period
(1.2-1.3 ms) variations in L; in IceCube, even if one
applied a subsampling method as proposed by [141]. We
also note that at close distances ( < 1-few kpc), detector
saturation due to the high event rate may prevent an accurate
determination of the neutrino luminosity [133].

VI. SUMMARY AND CONCLUSIONS

We have presented results from a new set of (octant) 3D
fully GR rotating core-collapse simulations. These simu-
lations are the first to be carried out with a microphysical
EOS, progenitor models from stellar evolution simulations,
a parametrized treatment of deleptonization during col-
lapse and deleptonization and neutrino cooling/heating in
the postbounce phase via an approximate neutrino leakage
scheme. Our simulations track collapse, bounce, and the
first 25 ms of the postbounce phase. We considered pre-
collapse rotation rates that lead to early postbounce PNS
spin periods as short as ~1.5 ms. Such rapid rotation is
not expected for garden-variety core-collapse supernovae
(e.g., [15,16]), but may be highly relevant for potentially
jet-driven explosions in the context of hyperenergetic
core-collapse supernovae and long gamma-ray bursts.
Our simulations are an extension of previous work by
Dimmelmeier et al. [44], who performed a large suite of
2D conformally flat GR rotating core-collapse simulations
with similar microphysics and progenitor models, but
neglected postbounce neutrino leakage.

The major new result of this study is the discovery
of a systematic correlation between high-frequency
(~700-800 Hz) variations in the GW signal and in the
luminosities of electron antineutrinos and heavy-lepton
neutrinos. These are induced by nonlinear global oscilla-
tions of the PNS that are excited at core bounce in rapidly
rotating cores. Detailed analysis of the nature of the rota-
tionally induced PNS oscillation indicates that the excited
mode is the fundamental quadrupole pulsation mode of the
PNS. We find that an inner core ratio of rotational kinetic
energy to gravitational energy (7/|W|) at bounce of = 5%
(corresponding to a PNS with spin period < 2.5 ms in our
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models) is required for the oscillations to be excited at
significant amplitudes. This requires an inner core angular
momentum = 2 X 10¥ gecm™3s™! at an inner core mass
of ~0.5-0.7M, at bounce and is independent of other
progenitor properties.

Thus, neutrinos and gravitational waves can both be
used to probe rapid rotation in core collapse and combined
can provide smoking-gun evidence for core rotation at the
level required to drive magnetorotational explosions in the
context of hyperenergetic core-collapse supernovae (e.g.,
[13,14]). However, while the GW signal is likely to be
detectable throughout the Milky Way by the advanced
generation of laser interferometer GW observatories, a
water-Cherenkov detector would have to be of the scale
of the planned Hyper-Kamiokande to observe the oscilla-
tions in the electron antineutrino luminosity at a source
distance of only 1 kpc. IceCube, on the other hand, would
in principle have the sensitivity to detect the oscillations at
distances of ~1-2 kpc, but lacks the necessary timing
resolution.

Each model simulation carried out in this study was run
once with and once without postbounce neutrino leakage.
Comparing the two cases, we find that deleptonization and
neutrino cooling/heating in the region behind the stalled
shock have a strong effect on the radius of the stalled
shock, on the convective dynamics in the region behind
the shock, and on the associated GW signal. The GW
signal from convective dynamics dominates the GW emis-
sion in nonrotating and slowly rotating cores, but its de-
tailed shape is impossible to predict exactly, due to its
inherently stochastic nature and its dependence on the
unknown magnitude and location of seed perturbations
and the detailed thermodynamics of the collapsed core.
In moderately rapidly and rapidly rotating models (with
T/|W| at bounce = 1.5%), the GW emission is dominated
by the dynamics of the inner core in which neutrinos are
trapped and leak out only on a diffusion time scale. The
overall GW signal of these models shows little sensitivity
to postbounce neutrino leakage, which lends credence to
the results of Dimmelmeier et al. [44], who neglected
postbounce leakage.

Investigating the dependence of rotating collapse
dynamics and GW signals on the progenitor star zero-age
main-sequence mass, we performed simulations with a
12— M, and a 40 — My presupernova model drawn
from [69]. For each progenitor model, we carried out six
simulations, varying the precollapse rotation from zero to
very rapid and setting up rotation in a way to ensure that
both progenitors were endowed with nearly the same an-
gular momentum as a function of enclosed mass.

The results of this progenitor comparison show that the
GW signal of rapidly rotating core collapse and the early
postbounce evolution is essentially independent of pro-
genitor structure and thermodynamics and is determined
primarily by the mass and angular momentum of the inner
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core at bounce. This finding is in contrast to previous work
in which progenitor dependence was studied, but in which
rotation was parametrized either by the precollapse central
angular velocity ()i a [44] or by choosing an initial
value of T/|W/|. Both Q_;a and initial 7/|W| are not
directly observable in nature and both lead to inner core
angular momentum that depends sensitively on how far the
inner regions of the presupernova models have already
collapsed when rotation is imposed at the time of mapping
from the stellar evolution code into the collapse code. This
introduces an essentially arbitrary factor in the rotational
setup and makes it impossible to infer the true precollapse
rotational configuration from GW (and neutrino) observa-
tions. In previous work, this systematic problem with
Q. initiar and initial 7/|W| as parameters for rotation was
not fully realized, which has lead to misinterpretations of
simulation results.

Two aspects of rotating core-collapse evolution not ad-
dressed in this study are the dependence of the dynamics
and resulting GW signal on the nuclear EOS and on the
degree of precollapse differential rotation. The dependence
on the former has been studied to some extent by [44,47],
who found quantitative, but not qualitative differences in
the emitted GW signals that may be recovered by GW
observations of a nearby event [32]. Since the frequency of
the fundamental quadrupole pulsation mode depends on
PNS structure, one would expect at least a slight variation
with EOS of the early-postbounce GW and neutrino signal
frequencies in rapidly spinning models. This is an interest-
ing possibility that should be considered in future work.
Strong differential rotation, though currently not deemed
likely in precollapse iron cores, could potentially lead to
significant qualitative differences that so far have been
explored only with simpler approaches [28,37,38,41].
Furthermore, for application of simulated GW signals in
advanced GW detector data analysis (e.g., [32,34]), exten-
sive fine-grained parameter studies with probably hundreds
of simulated models are necessary. The 12 new waveforms
resulting from this study, which we make available at
[142], are too few and too coarsely sample the parameter
space to provide useful guides for GW data analysis.

The work presented in this paper marks a sizable, though
incremental, step towards realistic 3D GR models of rotat-
ing core collapse and postbounce supernova evolution and
reliable predictions of GW and neutrino signals. It comple-
ments the recent groundbreaking study of Kuroda et al.
[143], who performed 3D GR simulations at modest reso-
lution to ~100 ms after bounce without symmetry con-
straints and with a single nonrotating progenitor, using
similar microphysical detail and neutrino approximations.

Since our focus here has been on the collapse and early
postbounce evolution during which 3D and MHD effects
are likely small [13,47,57], the most severe limitation of
our work is the reliance on parametrized deleptonization
during collapse and on the energy-averaged neutrino
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leakage scheme for deleptonization, cooling, and heating
after bounce. While we expect the qualitative features and
quantitative trends to be robust and hold when a more
accurate neutrino treatment is employed, the technical limi-
tations of our simulations must be taken into account when
considering the results of this study. In particular, the newly
identified correlation between GW signal and neutrino
luminosities in rapidly rotating cores must receive further
scrutiny, for example, by the 2D conformally flat GR
approach of Miiller et al. [3] that implements neutrino-
transport in a ray-by-ray two-moment approach with a
variable Eddington factor determined by a full solution of
the Boltzmann equation. This approach would allow one to
also extract the low-frequency GW signal due to anisotropic
neutrino emission, which is likely to be of sizable amplitude
due to the large rotationally induced flux anisotropy in
rotating models (e.g., [25,28]), but could not be considered
here due to the limitations of our leakage scheme.

Our future work in 3D GR will be directed towards
extending our simulations to full 3D and including
MHD to study 3D rotational instabilities and magnetic-
field-driven dynamics. We will also explore improved
treatments of neutrino transport that are computationally
efficient and scale to full 3D simulations, e.g., the
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Monte Carlo approach to neutrino transport laid out by
Abdikamalov et al. [144].
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