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We present gravitational wave emission predictions based on three core collapse supernova
simulations corresponding to three different progenitor masses. The masses span a large range, between
9.6 and 25M 4, are all initially nonrotating, and are of two metallicities: zero and solar. We compute both
the temporal evolution of the gravitational wave strains for both the plus and the cross polarizations, as
well as their spectral decomposition and characteristic strains. The temporal evolution of our zero
metallicity 9.6M, progenitor model is distinct from the temporal evolution of our solar metallicity 15M g,
progenitor model and our zero metallicity 25M progenitor model. In the former case, the high-
frequency gravitational wave emission is largely confined to a brief time period ~75 ms after bounce,
whereas in the latter two cases high-frequency emission does not commence until ~125 ms after bounce
or later. The excitation mechanisms of the high-frequency emission in all three cases correspond to proto-
neutron star convection and accretion onto the proto-neutron star from the convective gain layer above it,
with the former playing the dominant role for most of the evolution. The low-frequency emission in all
three models exhibits very similar behavior. At frequencies below ~250 Hz, gravitational waves are
emitted by neutrino-driven convection and the standing accretion shock instability (SASI). This emission
extends throughout the simulations when a gain region is present. In all three models, explosion is
observed at ~125, ~500, and ~250 ms after bounce in the 9.6, 15, and 25M progenitor models,
respectively. At these times, the low-frequency gravitational wave emission is joined by very low-
frequency emission, below ~10 Hz. These very low-frequency episodes are the result of explosion and
begin at the above designated explosion times in each of our models. Our characteristic strains tell us
that, in principle, all three gravitational wave signals would be detectable by current-generation detectors
for a supernova at a distance of 10 kpc. However, our 9.6M progenitor model is a significantly weaker
source of gravitational waves, with strain amplitudes approximately 5—10 times less than in our other two
models. The characteristic strain for this model tells us that such a supernova would be detectable only
within a much more narrow frequency range around the maximum sensitivity of today’s detectors.
Finally, in our 9.6M , progenitor model, we see very high-frequency gravitational radiation, extending up
to ~2000 Hz. This feature results from the interaction of shock- and deleptonization-induced convection
with perturbations introduced in the progenitor by nuclear burning during core collapse. While unique to
the 9.6M , progenitor model analyzed here, this very high-frequency emission may, in fact, be a generic
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feature of the predictions for the gravitational wave emission from all core collapse supernova models
when simulations are performed with three-dimensional progenitors.

DOI: 10.1103/PhysRevD.107.043008

I. INTRODUCTION

The anticipation of a Galactic core collapse supernova
and its multimessenger detection in photons, neutrinos, and
gravitational waves is driving, in part, the development of
three-dimensional supernova models and methods to ana-
lyze supernova gravitational wave data. Results from three-
dimensional supernova models have now been published
by a number of groups [1-33]. The prediction and analysis
of gravitational wave emission in these models has fol-
lowed [5,8,10,16-18,22,23,26-28,31,33-40]. These stud-
ies have opened a window onto a rich and complex
gravitational wave phenomenology.

Core collapse supernova gravitational wave emission
prediction has two main thrusts. First among these is
detection. Second among these is the extraction of infor-
mation about the explosion and its remnant proto-neutron
star, given a detection. The full taxonomy of core collapse
supernova explosions presents a challenge for both thrusts.
There are at least two possible explosion mechanisms:
neutrino-driven explosions and magnetohydrodynamically-
driven explosions, which give rise to different explosion
dynamics on different time scales. The two categories of
explosions stem from the two categories of stellar progeni-
tors in nature, slowly and rapidly rotating massive stars,
with rapidly rotating progenitors providing the rotational
energy necessary to ramp up and organize the magnetic fields
such that the outflows may be generated largely by magneto-
hydrodynamic forces, not neutrino heating. And within each
category of progenitor, the further distinguishing character-
istics of mass and metallicity can also lead to different
explosion dynamics and time scales. We can expect an
imprint of these differences on the gravitational wave
emission. The variety of emission characteristics is arguably
not “templatable,” though within a class of core collapse
supernova explosions—e.g., those arising from more mas-
sive slowly rotating progenitors that are neutrino driven—
there are certainly common characteristics. Given we will
begin the studies presented here with a broad range of
progenitor masses, at least within the context of one of the
explosion mechanisms listed above—neutrino-driven explo-
sions—we will see examples of the different gravitational
wave emission characteristics we can anticipate in a future
detection.

Of course, the use of a core collapse supernova gravi-
tational wave detection to cull information about the
explosion and remnant proto-neutron star will be possible
only if we derive a clear understanding of the physical
origins of the gravitational wave emission in such an event.
As we will hope to demonstrate, this, in turn, will require

that we develop an ability to compute the gravitational
wave emission from separate regions in the postbounce
stellar core—specifically, from regions below the super-
nova shock wave, including regions between the proto-
neutron star surface and the shock and within the proto-
neutron star itself. We hope to show that indirect determi-
nations of the origins of low- and high-frequency gravita-
tional wave emission may lead to the wrong or, at the very
least, incomplete conclusions.

Kuroda, Kotake, and Takiwaki [5] conclude that the high-
frequency emission in their model is the result of g-mode
oscillations of the proto-neutron star “surface,” though they
do not discuss how they define this surface. They reach this
conclusion based on the fact their peak emission frequency
tracks the fit proposed by Miiller, Janka, and Marek [41],
which is based on the assumption that the emission corre-
sponds to excitations of g-modes in the Ledoux stable region
within the proto-neutron star, though this is not necessarily a
surface region (see Andresen et al. [34] and Mezzacappa
et al. [36]). The models we show here, which exhibit similar
fits yet also exhibit significant high-frequency emission from
both Ledoux stable and Ledoux unstable regions, will
demonstrate that the increase in the peak frequency of the
high-frequency emission in accord with the Miiller et al.
proposed fit is not alone sufficient to delineate all of the major
sources of high-frequency gravitational wave emission in the
models. It should also be noted that the definition of the
proto-neutron star surface varies across groups, some using
p=1x10" gecm™ to define it, others using p = 1x
10'% gem™3, still others using some other criterion. This
is an important issue that requires further discussion,
particularly as it pertains to efforts to ascertain information
about the “proto-neutron star” through gravitational wave
detection. Finally, Kuroda, Kotake, and Takiwaki use spatial
decomposition, as we do here, in tracking the origin of the
low-frequency emission in their model. They track the origin
to a deep layer in the proto-neutron star, between 10 and
20 km, and attribute the cause to convection- and standing
accretion shock instability (SASI)-modulated accretion
flows penetrating deep within the star—i.e., they conclude
that the low-frequency emission stems from the proto-
neutron star itself, not from the postshock region where
these modulated accretion flows originate. In the models we
show here, the latter region dominates the low-frequency
emission, although there is also evidence of some low-
frequency emission emanating from the proto-neutron star
due to excitation from accretion, as discussed above.

Andresen et al. [34] conclude that the high-frequency
gravitational wave emission in their models results from
a combination of Ledoux convection in the convective
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unstable layer within the proto-neutron star and convective
overshoot into the convectively stable layer above it, with
the emission from the latter being primary. They reached
this conclusion by spatially dividing the region below the
shock in their models into three layers. The deepest layer
includes the convective and convective overshoot layer.
Above it is the proto-neutron star surface layer, with the
surface in their analysis defined by p = 1 x 10!° gem™,
above which is the layer between the proto-neutron star
surface and the shock. Given this spatial decomposition,
and taking care regarding issues arising at the boundaries
between these regions, which was emphasized again more
recently by Eggenberger Andersen et al. [42] and which we
will discuss in detail in our analysis later, they computed
the square of the Fourier amplitudes of the gravitational
wave amplitudes in each of the three regions and, from this,
determined that the deepest layer dominates. They found
this surprising—i.e., such a conclusion was reached only
through an attempt to spatially decompose the gravitational
wave emission. Note further, the conclusion that the
convective overshoot sublayer of the deepest layer in the
Andresen et al. analysis dominates the high-frequency
gravitational wave emission was based on how well the
peak frequency in their models tracked the Miiller et al. fit,
which assumes g-mode emission. That is, Andresen et al.
did not compute the gravitational wave emission from the
convective sublayer and the convective overshoot sublayer,
both contained within their deepest layer, individually. In
the models we present here, we compute the gravitational
wave emission from these sublayers individually. In our
models, the peak frequency evolution is described well by
the Miiller et al. fit, at densities consistent with the deep
gravitational wave emission, yet we find significant gravi-
tational wave emission from both the convective and
convective overshoot regions. Discerning this was possible
only through a sufficiently refined spatial decomposition of
the gravitational wave emission in the proto-neutron star.
Moving now to the low-frequency signal, using the same
spatial analysis, Andresen et al. conclude that the low-
frequency gravitational wave emission emanates from all
three layers but predominantly from their two deepest layers
within it, excited by convection- and SASI-modulated
accretion onto it. The accretion flows in their models
penetrate deeply into the proto-neutron star. Moreover, their
conclusions are the same for their exploding and nonexplod-
ing models. It is here where the greatest differences lie
between what we find (see Mezzacappa et al. [36] and the
results presented here) and what Andresen et al. find in their
first study. In all of our models, all of which explode, the low-
frequency emission stems largely from the gain region itself.
Having said that, the later study by Andresen et al. [43],
focused on the impact of rotation on core collapse supernova
gravitational wave emission, concluded the opposite for their
fastest rotating model, due to the presence of a strong spiral
SASI and a quicker drop in the mass accretion rate onto the

proto-neutron star. This suggests that the predominant origin
of the low-frequency gravitational wave emission depends
on the details of the postbounce explosion dynamics and that
one conclusion cannot be drawn for all models.

Powell and Miiller [16] attribute the high-frequency
emission in their models to excitations of proto-neutron
star g-modes by matter accreting onto the proto-neutron star
surface, tracked in their study by density contours at p =
1 x 10" gem™ and p = 1 x 10'? gecm™, from the region
between the proto-neutron star surface and the shock. Their
conclusion is based on the fact that the peak in the high-
frequency emission in their models occurs just prior to
shock revival and declines afterward (e.g., see their Figs. 7
and 8). Yet, the high-frequency emission persists for the
duration of their runs, especially for model He3.5. A spatial
decomposition of the gravitational wave emission can shed
some light here. High-frequency emission can be excited
simultaneously from within the proto-neutron star through,
for example, sustained Ledoux convection due to continued
core deleptonization after bounce, and from above, due to
convection- and SASI-modulated penetrating accretion
flows onto the proto-neutron star surface. We will discuss
a model here where clearly both excitation mechanisms
occur simultaneously but where there is a transition to
excitation from Ledoux convection after shock revival, with
a corresponding decline, though not as pronounced of a
decline as that reported by Powell and Miiller, in the high-
frequency gravitational wave emission. In this model, we
also see a transition from a broader-band emission prior to
explosion, due to the stochastic nature of the accretion onto
the proto-neutron star surface, to a narrower-band emission
after explosion, characteristic of excitation by Ledoux
convection. Thus, a decline in the high-frequency emission
is not alone sufficient to rule out excitation of this emission
from deep within the proto-neutron star by Ledoux
convection.

Radice et al. [17] observe initial high-frequency emis-
sion due to prompt convection in the proto-neutron star in
all of their models. However, they attribute the high-
frequency emission after this initial convective period to
the excitation of g-modes in the proto-neutron star by
convection- and SASI-modulated accretion onto it from the
postshock region. They conclude this based on two con-
siderations: (1) In one of their models (their 9M 5 model)
proto-neutron star convection remains ‘“vigorous,” but the
gravitational wave luminosity drops off precipitously after
~300 ms (the model is run for 800 ms). (2) They find a
close correlation between the total amount of turbulent
energy accreted onto the proto-neutron star and the total
energy radiated in gravitational waves, across the broad
range of models considered: 9 to 60M . In this paper, we
present an example of continued high-frequency gravita-
tional wave emission from the proto-neutron star after the
onset of explosion and a decline in the gravitational wave
emission from the proto-neutron star surface regions, as
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well as deeper regions, resulting from accretion. The evo-
lution of the high-frequency emission in our example, whose
startis well correlated with the onset of Ledoux convection in
the proto-neutron star, and whose continuance long after
explosion is initiated and accretion is reduced and whose
amplitude is not significantly affected by either, points
instead to excitation by Ledoux convection.

Powell and Miiller [22] observe prompt convection in all
of their models, including one model (their 18M, model)
with rotation. This is followed by high-frequency emission
attributed to the excitation of f- and g-modes in the proto-
neutron star. For the nonrotating models, the peak frequency
evolution is in good agreement with the predictions of the
Miiller et al. fit. The authors do not discuss the excitation
mechanisms responsible for the high-frequency emissions in
their models, though, at least in their nonrotating models, the
evolution of the peak frequencies suggests that one mecha-
nism is the excitation of the convectively stable region in the
proto-neutron stars in these models. Whether excitation
results from convective overshoot deep within the proto-
neutron star or from convection- and SASI-modulated
accretion onto it is not considered. In two of the three
models we present here, we will show that the convectively
unstable as well as the convective overshoot regions both
contribute significantly to the high-frequency gravitational
wave emission, while at the same time our peak frequencies
evolve according to the Miiller er al. fit, albeit at a density
~10'? gcm™3, not at the density we use to define the proto-
neutron star surface (10'" gcm™). As discussed above, the
evolution of the peak frequency alone is insufficient to
identify all significant contributions to the high-frequency
emission.

Pajkos et al. [27] report on gravitational emission from
prompt convection in the proto-neutron star, as well as on
high-frequency emission, through the first several hundred
milliseconds after bounce, which they attribute to emission
excited by stochastic accretion onto the proto-neutron star
from the postshock region above it. In their study, the focus
is on the impact of rotation. They did not perform a study of
the origin of the high-frequency emission in their models.
The analyses we present here point to the necessity of
attempts to further explore the origins of the high-frequency
emission due to the redundancy in the ways it can be excited
and, most important, to the fact that excitation mechanisms
internal to the proto-neutron star may dominate over
excitations external to it in producing such emissions.

Pan et al. [26] report on high-frequency gravitational
wave emission in their model, with rising peak frequency,
which is seen by all groups, but do not discuss what they
attribute to be its origins. “They also report on low-
frequency gravitational wave emission in their model
and, citing the conclusions drawn by others (discussed
above), attribute it to convection- and SASI-modulated-
accretion—induced low-frequency excitations of the proto-
neutron star.

Focusing on their nonrotating model, Shibagaki et al.
[28] report on gravitational wave emission due to prompt
convection and then go on to focus on the low-frequency
SASI-modulated emission in their models—particularly
due to the spiral SASI modes.

Finally, Nakamura et al. [31] arrived at the very
interesting conclusion that the low-frequency gravitational
wave emission in their model seems to be associated with
convective overturn in the deep convectively unstable
region of the proto-neutron star. They report no significant
SASI activity in their model.

To summarize: (1) Gravitational wave emission due to
prompt convection has been reported in multiple studies,
which, to begin with, demonstrates that the excitation
mechanisms for gravitational wave emission from the
proto-neutron star are not all external to it. (2) Indirect
evidence of the excitation of g-modes within the proto-
neutron star as the primary driver of high-frequency
emission from it, the most compelling of which is the
evolution of the peak frequency (at least in nonrotating
models), is not sufficient to rule out other significant
drivers—e.g., Ledoux convection. An accurate assessment
of the origins of the gravitational wave emission from
the proto-neutron star—specifically, the high-frequency
emission—requires a spatial decomposition of the signal
sufficiently fine to capture all of the potential excitation
mechanisms. (3) Low-frequency gravitational wave emis-
sion from neutrino-driven convection and the SASI ema-
nates from both the proto-neutron star, as a result of
convection- and SASI-modulated accretion onto it, and
the gain region itself, as a result of convective- and SASI-
modulated flows there. The dominance of one mode of
excitation over the other depends on the details of the
explosion dynamics. Recently, the possibility that low-
frequency emission could be associated with deep proto-
neutron star convection was added to the list. Thus, in this
case too we can expect both internal and external excita-
tions of gravitational waves in this part of the spectrum, as
we go from model to model.

It is with all of this in mind we now endeavor to
understand the gravitational wave emission and its origins
in the three-dimensional models presented here.

II. MODELS AND METHODS

A. Core collapse supernova models

The three-dimensional core collapse supernova simula-
tions used for this study are part of the D-series of
simulations performed with the CHIMERA code [44], which
will be presented in detail elsewhere [45,46]. CHIMERA
utilizes multigroup flux-limited diffusion neutrino transport
in the ray-by-ray approximation, Newtonian self-gravity
with a monopole correction to account for the effects
of general relativity, Newtonian hydrodynamics, and a
nuclear reaction network. Neutrino—matter interactions
in CHIMERA include electron capture on protons and nuclei,
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the latter using the Langanke—Martinez-Pinedo—Sampaio—
Hix (LMSH) capture rates, electron—positron annihilation,
and nucleon—nucleon bremsstrahlung, along with their
inverse weak interactions. The included scattering processes
are coherent isoenergetic scattering on nuclei, as well as
neutrino—electron (large-energy transfer) and neutrino—
nucleon (small-energy transfer) scattering. The equation of
state for densities above 10'' gcm™ is that of Lattimer
and Swesty [47] with a bulk incompressibility of
K =220 MeV. At lower densities the equation of state is
an enhanced version of that of Cooperstein [48], used in
conjunction with an active nuclear network [49] at lower
temperatures. Of particular note here, all three simulations
analyzed were performed using a Yin-Yang grid with angular
resolution equivalent to one degree in € and ¢. Complete
details of the CHIMERA code and improvements that were
made to the code to perform the D-series simulations, relative
to the C-series simulations [2], are given in [44].

The simulations used for this study were all initiated
from nonrotating progenitors covering a range of mass and
metallicity. The lightest progenitor used was a 9.6M
model of zero metallicity (A. Heger, private communica-
tion) evolved as a low-mass extension of the Heger and
Woosley [50] set. CHIMERA simulation D9.6-sn160-3D was
computed with a 160-species nuclear network and
540 radial zones [45]. The other two progenitors are the
15M solar-metallicity progenitor from Woosley and
Heger [51] used in our previous study [36] and a 25M
zero-metallicity progenitor from Heger and Woosley [50].
The corresponding CHIMERA simulations, D15-3D and
D25-3D, were computed with an alpha network and
720 radial zones [46]. Given that all of the simulations
considered in this study were computed in 3D, we will
shorten the CHIMERA designations to D9.6, D15, and D25.

B. Gravitational wave extraction methods

We employ the quadrupole approximation for extracting
the gravitational wave signals from the mass motions. We
begin with the lowest multipole (quadrupole) moment of
the transverse-traceless gravitational wave strain [52],

Gl1 2 dzl /4
IT _ 2m 2m
hij =—- E X t2 <l——> A (1)

where i and j run over r, 8, and ¢ and where lz]m are the
tensor spherical harmonics given by

0 0 0
%}m = ar2 O W2m sz ’ (2)
0 X,, —W,,sin’0

with

d [0
XZm = 2% <% — cot 9) YZm(e’ ¢)’ (3)

and

? 0 1 &
W,, = |——cotl — ————1Y,,.(0,0). (4
2m (agz co 00 Sillz ea¢2> 2m( ¢) ( )

The normalization, a, is determined by
/ dQ(f lm)ab (f }k/m/)cd}’aCVbd =r 4511’5mm’v (5)

where a, b, c,d = 0, ¢, and y,, is the 2-sphere metric

{1 0 } (©)
Tab =10 sin20]"
— _ 1
Forl =2 a= W
The mass quadrupole is
163
2m — #/Tooyﬁmrzdv (7)

In Eq. (7), dV = r*sin@drdfde¢, and 7, is simply the
rest-mass density p for the weak fields assumed here. We
define the gravitational wave amplitude

G &1,
A =g ®)
or
dN,,,
Ay, =—"", 9
2m dt ( )
where
Gdl,
=——", 10
A dr (10)
Combining Egs. (7) and (10), we obtain
161/32G d
Nyy = —c7—— [ pY3,77dV
2= 5 dt/p 2"
16\372G [ dp
=——"— [ =Y; r’dv. 11
15C4 /at 2mrd ( )

The continuity equation can be used to eliminate the time
derivative in Eq. (11) in an effort to minimize the numerical
noise associated with computing the second time derivative
of 1,,, numerically, by reducing the calculation in advance
to computing the first time derivative of N,,, numerically,
which gives [53]
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27 7 b
sz:—16\/§fG/ dgo’/ d&’/ dr'r?

0
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09
16V/37zG (2= ka
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where
161/ 372G
AN,, = — V"7 f”

/ dg/ / d9'Ys5,, sin 9 (rypy v, = rapavh),
(13)

and where we integrate over the source coordinates r/,
and ¢'. r, and r, are the inner and outer radial boundaries,
respectively, of the region for which we are calculating the
strain. For a whole-star calculation, r, = 0 and r;, = o0. In
this case, the surface term, which is the last term in Eq. (12),
vanishes because r, =0 and p, =0. Eggenberger
Andersen et al. [42] emphasized the fact that the surface
term cannot be neglected for r, and r, nonzero and finite.
In this analysis, we will compute A,,, in three ways, by
evaluating numerically (1) the second time derivative of
I5,,, (2) the first time derivative of N,,,, and (3) the first
time derivative of N,,,. We will compare results obtained
with all three methods in Sec. III and discuss the limitations
of all of them. Given these limitations, we use method
(3) throughout this paper to guide our analysis, but we do so
in light of its limitations, and use it accordingly.

Finally, we compute the gravitational wave strains for
both polarizations, which are related to /] by

hTT
hy =-%, (14)

r

hHTq{
=7 15
% sin 0 (15)

The total luminosity emitted in gravitational waves is given

by [54]
2
>, (16)

where the () indicate averaging over several wave cycles.
To compute the spectral signatures, we must relate the
gravitational wave luminosity to its spectrum, using
Parseval’s Theorem:

dE_ & 1 X /|dAs,
dt — G32rx &= \| dt

[ Twpai= [ Treenpar an)

Here, X(2zf) is the Fourier transform of x(¢). The total
energy emitted in gravitational waves is

/+oodE

E = t=

e dt
A (2 2

Z / Ao (2)2d (18)

|A2m |2dt

32G

1 67rG

where the overdot now represents the time derivative. The
time derivative of A,,, in Eq. (18) can be eliminated using
the standard property of Fourier transforms—i.e.,

A (2212 = (2212 Ag (22 f) P (19)

Inserting Eq. (19) in Eq. (18) and taking the derivative
with respect to frequency gives

dE ¢
df 167G

(2nf)? Z Aol (20)

The stochastic nature of gravitational wave signals from
core collapse supernovae prompts the use of short-time
Fourier transform (STFT) techniques to determine A,,, [55]:

STFT{A,,,(1)}(z.f) = /_ ooAzm(t)H(t—T)e_iz”-f‘dt, (21)

where H (¢ — 7) is our window function, which we choose to
be a square window function for the purposes of best
delineating both the low- and high-frequency components
in our heat maps. (We also choose not to use any smoothing
function in our heat maps, for the same reason.) In our
analysis, we set the window width to 8.2, 13.2, and 8.2 ms for
D9.6, D15, and D25, respectively. The sampling interval of
our data is 0.2 ms and, within the resolution of the individual
time steps in our run, which are ~0.1 ps, is uniform
throughout the evolution of all three models considered
here. Finally, we relate dE/df to the characteristic gravita-
tional wave strain, defined by [56]

2 2G(1 +2)* dE

char(f) = T[2C3D2(Z) d_f [(1 + Z)f]’ (22)
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where z is the source’s redshift. Here we assume z = 0, as
for a Galactic supernova, and D(0) = D = 10 kpc. Then
Eq. (22) becomes

2G dE
Repar (f) = \| 2ED2 df (23)

III. RESULTS

A. Defining gravitational wave source boundaries

To begin our analysis, we first map out the region below
the supernova shock wave in each of our models. Plots of the
evolution of these regions as a function of time are shown in
Fig. 1. The postshock region in each model divides into five
regions from which gravitational waves are emitted. It is
necessary to separate the discussion of D9.6 from D15 and
D25 for reasons that will become clear. Beginning with D15
and D25, region 1, the deepest region of the five, corresponds
to the region of the core that is Ledoux convective. Its
boundaries are defined by the contours at which the con-
vective mass flux is 5% of its peak value. (This was also true
in Mezzacappa et al. [36], though incorrectly stated there as
where the convective velocity, not the convective mass flux,
is 5% of its peak value.) Region 2 is bounded from above by
the 10'?g/cm? density contour. Region 3 is bounded from
below and from above by the 10'> g/cm® and 10'' g/cm?
density contours, respectively, the latter of which we take to
define the proto-neutron star surface in our models. Region 4
corresponds to the net-neutrino-cooling layer between the
proto-neutron star surface and the gain radius, and region 5
corresponds to the gain layer. Superimposed on all three
regional plots is the Brunt-Viisild frequency below the
proto-neutron star surface, with values indicated by the
color bars.

For all three of our models, region 1 is not well defined
until ~50 ms after bounce. Given that the gravitational
wave emission for D9.6 occurs largely within an ~75 ms
window of bounce, this presents a challenge and requires
that we instead, in this case, define our innermost regions 1
and 2 by the constant-density contours at 10'* gcm™ and
103 gem™3, with the inner (outer) boundary of region 1
defined by the 10" gcm™ (10" gecm™) contour. For
D9.6, region 4 is also not well defined for postbounce
times greater than ~300 ms, nor is the gain radius. Outside
of these exceptions, all five regions are well characterized
during the time periods in which the dominant gravitational
wave emission occurs.

B. Gravitational wave strains

In Fig. 2, we plot the gravitational wave strains, for both
polarizations, as a function of postbounce time and for all
three progenitors. Comparing the strain evolution across
the three models, D9.6 is obviously distinct from the other
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120 - Rgnin J 104
PZIOHYIZ'IS‘M g cm73
10°
5 102
«» 0
=]
3 -102
©
—
103
10*
- - N n 5
100 200 300 400 10
postbounce time (ms)
140, ‘ ‘ ‘ 10°
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120 - Rgam i 104
p=10"112 g cm
10°
§ 102
«» 0
=
3 -102
©
—
10°
10*
T T e T T 10°
100 200 300 400 500 600 700
postbounce time (ms)
160 ‘ ‘ 10°
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140+ — R . 10*
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120+
10°
~ 100F
g 10 ,
= 10
o 80 0
= 2
-.g 10
= 60
10%
40
10*
10°
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FIG. 1. Boundaries of regions 1 (R1) through 5 (RS5) for D9.6,

D15, and D25, respectively, together with a color map of the
proto-neutron star Brunt—Viisild frequency (in Hz).

two, which correspond to more massive progenitors. In the
former case, with the exception of an offset that occurs late
in the simulation, the gravitational wave signal is largely
confined to a very brief period of time after bounce of
~75 ms, whereas the gravitational wave emission in D15
and D25 is largely emitted after ~125 ms.
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FIG. 2. Gravitational wave strains for D9.6, D15, and D25, respectively.

The very early postbounce gravitational wave emission
for D9.6 arises largely from two distinct episodes of
convection within the proto-neutron star, both short-lived.
To highlight this convection, Fig. 4 shows the entropy per
baryon in two-dimensional slices along the xy-plane, at
four different times. The first convective episode, an
episode of prompt Ledoux convection, begins at 4 ms
after bounce and remains confined to the inner 40 km of the
star—i.e., to regions 1 and 2 (see Fig. 4, upper left). This
episode of convection dissipates quickly and is largely
complete after 20 ms (see Fig. 4, upper right). At 9 ms after
bounce, the first convective episode is joined by a second,
confined to a region above 40 km—i.e., to region 3 (also
see Fig. 4, upper right). These episodes correlate well with
the evolution of the strain amplitude for the plus polari-
zation, detailed in Fig. 3 over the first 75 ms after bounce.
For example, one can see the slight delay of the rise of the
strain amplitude in region 3, relative to the rise in the
amplitudes in regions 1 and 2, resulting from the slight
delay of the onset of the second convective episode relative
to the first. From Fig. 3, we can also see that the largest
strains in this model are produced within the first 20 ms
postbounce. Neutrino-driven convection, which develops

later, when a sustained gain region is established, is shown
in the lower panels of Fig. 4, at two different times, early
and late in its development. At these later times, the central
region seems quiescent in these entropy plots. However,

0.6 ‘ ‘ ‘ ‘ ‘ ‘ ‘
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FIG. 3. Gravitational wave strains, Dh, (cm), by region for
D9.6, during the first 75 ms postbounce.
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FIG. 4. Entropy per baryon cross sections in the xy-plane at select times postbounce in D9.6.

Fig. 5, a two-dimensional slice along the xy-plane of the
electron fraction, reveals that proto-neutron star convection
continues, driven by the continued deleptonization.

For D15 and D25, the early evolution is relatively quiet
with regard to gravitational wave emission. In these models,
emission begins in earnest at ~125 ms after bounce. They
exhibit the behavior delineated in [36]: The dominant high-
frequency gravitational wave emission begins after the
formation of the Ledoux convective region (region 1) deep
within the proto-neutron star and the subsequent generation
of gravitational waves from Ledoux convection and con-
vective overshoot into the Ledoux stable region above
(region 2). This is joined by low-frequency gravitational
wave emission below ~250 Hz resulting from neutrino-
driven convection in the gain region (region 5) and the SASI.

In all three models, explosion is exhibited by the offset of
the strains above and below zero (depending on the viewing
angle) at late times in the models. It is accompanied by very
low-frequency gravitational wave emission below ~10 Hz.
This occurs at ~150 ms, ~500 ms, and ~250 ms for D9.6,
D15, and D25, respectively. Note, the time to the offset is
not a monotonic function of the progenitor mass, reflecting
the fact that the time to explosion is a function of the
detailed structure of the progenitor, which cannot be
captured by a single parameter. When viewed along the
z-axis, in all three cases the positive offset in the amplitude
of the plus polarization indicates that the explosion takes
on a prolate shape. For an x-axis view and for the same
polarization, the sign of the offset reverses in all three
cases, indicative of the fact that the explosion takes on a
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quasispherical shape when viewed along this direction. The
two views together provide a three-dimensional picture of
the explosion’s morphology, for all three models.

Figure 6 gives the breakdown by region of the total strain
for the plus polarization and all three models. For D9.6,
significant (relative to the total amplitude) gravitational
wave emission emanates from multiple regions all the way
up to the gain radius, dominated by emission from the
innermost three regions. (Regions 1 and 2 here are
delineated with an asterisk to indicate they have been
defined by density contours, not convective activity.)
Instead, for D15 and D25, gravitational wave emission
emanates largely from a more restricted radial region deep
within the proto-neutron star, regions 1 and 2. (This
remains true when the other two methods for the regional
strain decomposition are used.) High-frequency gravita-
tional wave emission is the result of Ledoux convection in
region 1 and convective overshoot into the Ledoux con-
vectively stable region above it, region 2. This is consistent
with what was found in the analysis of the gravitational wave
emission in our first three-dimensional model [36].
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-4 ! ‘ | ‘ !

200 400 600
postbounce time (ms)

R3 0: .I"nvl‘nvuﬂ oA
-4r ‘ |

41 T I
R 4 of
-4

8,
R 5 0f
-8k

8
Total Op
-8

C ‘ !
100 200

! ‘ !
300 400

postbounce time (ms)

FIG. 6. Gravitational wave strains, Dh, (cm), by region for D9.6, D15, and D25, respectively.
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FIG. 7. The angle-averaged, minimum, and maximum shock
trajectories as a function of postbounce time for each of our three
models.

In all three cases, low-frequency gravitational wave
emission, including the gravitational wave strain offset,
emanates from region 5, just below the shock. This part of
the gravitational wave emission spectrum is the result of
neutrino-driven convection, the SASI, and explosion.

The hydrodynamical evolution corresponding to the
strain evolution discussed above is shown in Figs. 7
through 11. Figure 7 shows three-shock trajectories across
each of our three models as a function of time after bounce:
the angle-averaged shock trajectory and the minimum and
maximum shock trajectories over 4z of solid angle. For
D9.6, the minimum and maximum shock radii track the
angle-averaged shock radii closely, which is indicative of a
quasispherical explosion. Significant deviations between
the angle-averaged shock trajectory and the minimum and
maximum shock trajectories are seen in both D15 and D25,
indicating that in these two cases the explosions are highly
nonspherical. For D15, Fig. 8 shows the development and
evolution of sustained Ledoux convection deep within the
proto-neutron star using electron fraction slices beginning
at 125 ms after bounce and continuing through 700 ms of
postbounce evolution. Figure 9 shows the evolution of
sustained proto-neutron star Ledoux convection for D25. In
both cases, it is evident the convection is confined to a
region within the innermost 20 km of the core, in agreement
with the identification in Fig. 1 of region 1 (R1), for both
models. Near the end of our runs for both D15 and D25,
Figs. 10 and 11 show the global nature of the explosion
giving rise to the gravitational wave memory. Two viewing
angles are provided—an x-axis view and a z-axis view. The
global shape of the explosion in both cases and from both
viewing angles is well correlated with the development of
gravitational wave memory in the two cases, with a more
spherical global shape (x-axis view in both cases) giving
rise to little or no memory and a more prolate shape (z-axis

view in both cases) giving rise to nontrivial deviations of
the strains from zero.

C. Heat maps

The “heat maps,” Figs. 12-14, plot h,(z,f)=
STFT{h, }(z,f), computed as in Eq. (21), for each of the
five regions discussed above, across all three of our models.
As in the case of the evolution of the gravitational wave
strains, the distinct nature of the gravitational wave emission
from D9.6 relative to D15 and D25 is also evident here.

In the case of D9.6, the heat map is particularly
informative, especially after the first 20 ms postbounce,
when the gravitational wave strain amplitudes are greatly
reduced:

(1) The early stochastic gravitational wave emission,
from regions 1 through 5 and extending up to very
high frequencies of ~2000 Hz, is seeded initially by
two episodes of convection in the proto-neutron star,
one in regions 1 and 2 and the other in region 3, in
conjunction with perturbations introduced through-
out the core by nuclear burning during collapse.
These perturbations lead to far more stochastic
gravitational wave emission than would be caused
by convection alone in an otherwise initially spherical
medium (as in D15 and D25). While the gravitational
wave strains are greatly reduced after only 20 ms
postbounce, low-amplitude, high-frequency emission
persists, visible here until ~75 ms postbounce, and
continuing for the duration of the run as the proto-
neutron star continues to convect—the result of
continued deleptonization by neutrino diffusion
(see Fig. 5).

(2) At ~125 ms after bounce, regions 4 and 5 give rise
to stochastic gravitational wave emission up to
frequencies ~1200 Hz, as the explosion powers
up and neutrino-driven convection and SASI activity
increase.

(3) There is low-frequency gravitational wave emission
at frequencies below ~250 Hz, which fundamentally
changes character at ~300 ms after bounce. At this
point, the gain region is replaced by a neutrino-
driven wind (see Fig. 1), indicative of the fact we are
in a postexplosion epoch, and emission from neu-
trino-driven convection and the SASI ceases. After
300 ms, the only (very) low-frequency emission is
the result of explosion itself. Evidence of the SASI
presents itself after 100 ms postbounce, at frequen-
cies of ~100 Hz, twice the frequency of the £ = 1
SASI modes (see the discussion of Fig. 18). Other
SASI modes—e.g., the £ = 2 mode—also contrib-
ute to the emission during this time. Overall, the
SASI emission exhibits some intermittency prior to
~300 ms after bounce, with two periods lasting of
~150 ms separated by a period of little gravitational
wave emission of ~50 ms.
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D15 and D25 exhibit the features documented in [36].
For D15, the heat map reveals there is very little gravita-
tional wave emission, at any frequency, until ~125 ms,
after which the emission is characterized by two primary
features: (1) high-frequency emission above ~500 Hz, with
peak frequency increasing with time and (2) low-frequency
emission below ~250 Hz with multiple peak frequencies,
each corresponding to an important time period in the
model. The high-frequency feature corresponds to gravi-
tational wave emission largely from Ledoux convection
and convective overshoot, in regions 1 and 2 of the proto-
neutron star, respectively. As the proto-neutron star con-
tracts with postbounce time, the peak frequency of the

Y-Axis

[4 20 40
X-Axis

Slices of electron fraction at 125, 200, and 700 ms after bounce, for D15.

gravitational wave emission from these regions increases.
The low-frequency emission leads off with peak emission
between ~40 Hz and ~80 Hz. This is consistent with
strong SASI activity from the £ =1 SASI modes. (See
the plots of /. (f) shown in Fig. 19 and the associated
discussion.) SASI activity associated with multiple of its
modes persists throughout the majority of our run.
Contributions to the low-frequency emission from neu-
trino-driven convection are also present throughout. As the
explosion powers up, the low-frequency emission becomes
increasingly stochastic, as can be seen at a postbounce time
of ~400 ms. The heat map for D25 is similar in most
respects to the heat map for D15, with the exception that the
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FIG. 10. Slices of entropy at 700 ms after bounce, for two viewing angles and D15.

high-frequency emission remains more stochastic through-
out our run as the result of the different and more significant
mass accretion history in this model. At low frequencies,
the emission is initiated between 100 and 150 ms post-
bounce and is consistent with emission associated with
convective and £ = 2 SASI activity, with peak frequency
below ~60 Hz. (Again, see the plots of /. (f) shown in
Fig. 19 and the associated discussion.) This initial phase of
low-frequency emission is followed by emission between
150 and 200 ms postbounce, at frequencies between

~60 Hz and ~125 Hz, consistent with SASI activity from
its £ = 1 modes, which becomes more stochastic as the
explosion powers up prior to the explosion time of ~250 ms.
SASI and convective activity then continue postexplosion,
becoming increasingly stochastic, until ~400 ms.

While the above discussion captures the primary features
of the gravitational wave emission, there is further infor-
mation contained within the heat maps that should be
mined. For example, looking at the heat map for region 2 of
D15, we see a notable decrease in the high-frequency
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emission after the onset of explosion at ~500 ms, whereas
region 1 is less impacted. This demonstrates that, while the
high-frequency emission in this model is dominated by
convection and convective overshoot in regions 1 and 2,
some of the high-frequency emission prior to explosion is
excited from above, by accretion funnels impinging on the
surface regions of the proto-neutron star. This also explains
why the high-frequency emission is more stochastic in the
case of D25, given its different and more significant accretion
history.

In all three models, explosion is represented by the very
low-frequency emission below ~10 Hz, beginning at
~150 ms, ~500 ms, and ~250 ms after bounce for D9.6,
D15, and D25, respectively. This correlates well with the
development of the offsets in the strain amplitudes them-
selves, shown in Figs. 2 and 6, another marker of explosion.

D. Peak frequency evolution

Miiller et al. [41] derived a formula relating the peak
frequency of (high-frequency) gravitational wave emission
to, among other things, the mass and radius of the proto-
neutron star:

r-1 <1

Here, M, R, c,, and I are the proto-neutron star mass,
proto-neutron star radius, sound speed, and adiabatic index,
respectively. In the weak-field limit, we can write the
spacetime metric as

1GM 1
-~ 27 R% ¢

GM\ 32
7, -oy

Rc? (24)
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Slices of entropy at 450 ms after bounce, for two viewing angles and D25.

2GM
dr 1
) * ( * Rc?

ds*=—(1-
g ( Rc?

+ r?(d6? + sin® Od¢?).

2GM> e
(25)

With this in mind, we can express f, in terms of M, R, and
the lapse function a defined as

GM
to get
1 GM 1
Ir=gage g VIl @7)

I' can be determined by inverting the definition of the sound
speed:

(28)

To find f, at any instant of time during the course
of our simulation, we evaluate the right-hand side of
Eq. (27) along three different constant-density contours
at p = 10'1213 gcm=3. The input to Eq. (27) is obtained
by computing an angular average of the relevant quantities
over a radial shell.

From Fig. 15, it is obvious the evolution of the peak
frequency of the high-frequency component of our heat
maps does not, in any of our three models, agree well with
the evolution of the peak frequency as given by Eq. (27)
evaluated along the p = 10" gem™ contour, which we
have defined to be our proto-neutron star surface.
Moreover, for D9.6, the peak frequency evolution as seen

043008-14



CORE COLLAPSE SUPERNOVA GRAVITATIONAL WAVE ... PHYS. REV. D 107, 043008 (2023)

D9.6 Z-axis Total D9.6 Z-axis Region 1

50
-0.5
N N
I 1500 85 I 1500
> >
o o
[~ [= -1
[ [}
3 3
o o
o o
w L 4-15
-2
500
-2.5
¥ 0 -3
50 100 150 200 250 300 350 400 450 50 100 150 200 250 300 350 400 450
postbounce time (ms) postbounce time (ms)
1 2500 1
D9.6 Z-axis Region 2 D9.6 Z-axis Region 3
0.5 0.5
2000
0 50
— 4-0.5 ~ 4-0.5
N N
£ 1500 £ 1500
> >
2 1 2 1
9] e 9] :
3 =3
o o
[ [
o | <
w 15 u =15
2 -2
- 2.5 25
0 3 3
50 100 150 200 250 300 350 400 450 50 100 150 200 250 300 350 400 450
postbounce time (ms) postbounce time (ms)
1
D9.6 Z-axis Region 4 D9.6 Z-axis Region 5
0.5
50
= I~ 4-0.5
< p
> >
o o
= [t -1
[ [}
3 =3
o o
(5 (4
o <
w w 15
-2
2.5

- 3
50 100 150 200 250 300 350 400 450 50 100 150 200 250 300 350 400 450

postbounce time (ms) postbounce time (ms)

FIG. 12. Heat maps for regions 1 through 5 for D9.6. The plots are of the quantity /_ (z, f) as a function of postbounce time window z
and frequency. The color map gives the value (in cm s) of In(|Dh_(z, f)|) for a particular window and frequency. Note, we do not

: __ SquareWindowWidth . .
normalize our results to the length of the array N = ~SamplingFrequency * which for D9.6 is 66.

043008-15



ANTHONY MEZZACAPPA et al.

PHYS. REV. D 107, 043008 (2023)

D15 Z-axis Total

35
83
125
T 1500
>
< 2
Q
3
o
o
w 15
1
05
0 0
100 200 300 400 500 600 700
postbounce time (ms)
4
D15 Z-axis Region 2
35
3
12.5
5150[)
>
2 2
[
3 |
g |
= 1000 |
w 15
1
0.5
0 - 0
100 200 300 400 500 600 700
postbounce time (ms)
2500 4
D15 Z-axis Region 4
3.5
2000
3
— 25
N
T 1500
>
2 2
[
3 |
g |
= 1000
w 15
1
500
0.5

100 200 300 400 500 600 700
postbounce time (ms)

(Hz)

Frequency

(Hz)

Frequency

Frequency (Hz)

2500

D15 Z-axis Region 1

35
2000
3
12.5
1500
2
1000
15
1
500
0.5
] 0
100 200 300 400 500 600 700
postbounce time (ms)
2500 4
D15 Z-axis Region 3
3.5
2000
3
25
1500
2
1000
15
1
500
0.5
] 0
100 200 300 400 500 600 700
postbounce time (ms)
2500 4
D15 Z-axis Region 5
35
2000
3
25
1500
2
1000
15
1
500
0.5

100 200 300 400 500 600 700
postbounce time (ms)

FIG. 13. Heat maps for regions 1 through 5 for D15. As in Fig. 12, the color map gives the value (in cm s) of In(|DA_(z, f)|) for a

particular window and frequency. Note, we do not normalize our results to the length of the array N =

which for D15 is 41.

SquareWindowWidth
SamplingFrequency *

043008-16



CORE COLLAPSE SUPERNOVA GRAVITATIONAL WAVE ... PHYS. REV. D 107, 043008 (2023)

D25 Z-axis Total D25 Z-axis Region 1

— — 125
N N
L 1500 £ 1500
3 3
c c 42
() ()
3 3
g g
T 1000 T 1000 "
1
0.5
0
50 100 150 200 250 300 350 400 450 50 100 150 200 250 300 350 400 450
postbounce time (ms)
4 2500 4
D25 Z-axis Region 2 D25 Z-axis Region 3
35 35
2000
3 3
— 25 — 25
N N
£ 1500 I 1500
) 3
g 2 5 2
=] 3
g g
& 1000 s i 1000 e
1 1
500
0.5 0.5
m., 0 0
50 100 150 200 250 300 350 400 450 50 100 150 200 250 300 350 400 450
postbounce time (ms) postbounce time (ms)
4 4
D25 Z-axis Region 4 D25 Z-axis Region 5
35 35
3 3
— 25 ~ 25
N N
I 1500 I 1500
3 3
5 2 5] &
3 -]
g g
£ 1000 £ 1000
w 15 uw 15
1 1
0.5 0.5
0 0
50 100 150 200 250 300 350 400 450 50 100 150 200 250 300 350 400 450
postbounce time (ms) postbounce time (ms)

FIG. 14. Heat maps for regions 1 through 5 for D25. As in Fig. 12, the color map gives the value (in cm s) of In(|D/, (z, f)|) for a
particular window and frequency. Note, we do not normalize our results to the length of the array N = %,

which for D25 is 66.

043008-17



ANTHONY MEZZACAPPA et al.

PHYS. REV. D 107, 043008 (2023)

2500 m

D9.6 Z-axis Total

— 101sgcm4 0.5
2000 — 1012 g om™? o
m— q1o!1 gcm':‘
N
;1500 -0.5
>
2
o -1
3
g 1000 18
[V
2
500
25
0 -3
50 100 150 200 250 300 350 400 450
postbounce time (ms)
2500
D25 Z-axis Total
m— 4013 g T
2000 [u—— 10'2 g em™®
N
L 1500
>
[¢]
c
(0]
3
8 1000
S
[V
500 b "
R—
N m
50 100 150 200
FIG. 15.

2500 4
D15 Z-axis Total
m— 1013 a dni 3.5
2000 [uu—— 10'2 gom™
3
) 2.5
< 1500 '
>
2
S 2
o
@ 1000 1.5
[V
1
500
0.5
-
L
0 ‘ e s 0

300 400 500
postbounce time (ms)

600 700

250
postbounce time (ms)

Peak frequency, determined by Eq. (27) along three density contours, as a function of postbounce time for D9.6, D15, and

D25, respectively, superimposed on our heat maps for each of the three cases.

in our heat maps agrees well with the peak frequency
evolution as given by Eq. (27) at a density of
p =10'% gcm™3, whereas for D15, it lies between the
predictions of Eq. (27) for p =10 gem™ and
p =10 gem™. For D25, Eq. (27) evaluated at p =
10" gem™ provides the best fit. In the event of a
Galactic core collapse supernova and a detection of the
peak frequency evolution of the high-frequency emission,
Eq. (27) will provide a means of extracting M and R where
the dominant high-frequency gravitational wave emission
occurs. The relation between M and R so extracted and the
mass and radius of the proto-neutron star will depend on
how the proto-neutron star is defined. In the cases con-
sidered here, with the proto-neutron star surface defined at
a density of p = 10" gcm™, the relationship between M
and R and the proto-neutron star mass and radius will be
different in each case.

E. Gravitational wave luminosity and total energy

In Fig. 16 we plot the gravitational wave luminosity and
total energy emitted in gravitational waves as a function of
time after bounce for all three of our models. The trends in
the gravitational wave emission that were discussed above
are reflected here as well. For D9.6, the gravitational wave
luminosity peaks early and drops off quickly within the first
~100 ms. Concomitantly, the energy emitted in gravita-
tional waves in this model rises rapidly and levels off by
~50 ms after bounce. However, neither the luminosity nor
the energy emitted are particularly large in this case. For
D15 and D25, gravitational wave emission remains low
until ~125 ms after bounce, at which point the gravitational
wave luminosity in both cases rises rapidly and to signifi-
cant levels, orders of magnitude above the level seen in
DO.6. This sharp rise occurs in sync with the development
of Ledoux instability and subsequent convection in the

043008-18



CORE COLLAPSE SUPERNOVA GRAVITATIONAL WAVE ...

PHYS. REV. D 107, 043008 (2023)

— D9.6-3D
— DI15-3D |
— D25-3D E
-~ D9.6-3D averaged (7) | ]
D15-3D averaged (7)
D25-3D averaged (7)

I
0 200 400 600 800
time postbounce (ms)

Gravitational Wave Luminosity (lO42 erg/s)

erg)

45

0.001 [f

— D9.6-3D
— DI5-3D
— D25-3D E
—- D9.6-3D averaged (7) | ]
D15-3D averaged (7) |
D25-3D averaged (7)

| | | | I I I I I I

0 100 200 300 400 500 600 700 800

time postbounce (ms)

1e-06 [

Gravitational Wave Energy (10

0.001 |-

1e-06 [T

Gravitational Wave Energy (1045 erg)

D15-3D

D15-3D averaged (5)
D15-3D averaged (7)
D15-3D averaged (11)

0 100 200 300

400 500 600 700 800

time postbounce (ms)

FIG. 16. Gravitational wave luminosity and total energy emitted for all three models.

proto-neutron star. A concomitant rapid increase in the total
energy emitted in gravitational waves in these models also
occurs at this time. To gauge the maturity of the models
with regard to gravitational wave emission, we can see that
the total energy emitted continues to increase at the end of
both runs, but the rate of increase has slowed considerably,
indicating we have captured the bulk of the gravitational
wave emission in both models, at ~500 and ~750 ms for
D15 and D25, respectively. In both plots, two sets of curves
are shown. In one of the two cases, our simulation data are
averaged over seven cycles. This was done to eliminate
high-frequency noise in the emission, which in turn lowers
the luminosities and emitted energies. The averaging was
done over 5, 7, and 11 cycles. As shown in Fig. 16, the
results in all three cases are insensitive to the number of
cycles used (at least above five cycles).

F. Gravitational wave spectra

Moving now to the spectral classification of the results
from our models, in Fig. 17 we plot the characteristic
strains as a function of frequency for all three models. In
DO9.6, the spectrum of gravitational radiation emission has
several features between ~10 Hz and ~2000 Hz worth
pointing out. There is a gradual increase in gravitational
wave emission as we proceed to lower frequency from

~50 Hz. There are several “peaks” in the spectrum: one
between 100 and 200 Hz, another between 400 and 500 Hz,
and a third between 1000 and 2000 Hz. In D15, there is a
peak in the spectrum at around 40-50 Hz, after which there
is a rise to a distinct peak frequency just above 1000 Hz,
followed by a rapid fall off. The characteristic strain reaches
a magnitude in the range 3—4 x 10722 in this case. For D25,
the peak frequency occurs at a somewhat lower frequency,
at ~800 Hz, but with a higher amplitude, of ~8 x 10722, In
this model, there is also a gradual increase in gravitational
wave emission as we move to lower frequencies from
~100 Hz, not present in D15. Also shown are the character-
istic strains for both existing and planned detectors.
Based on our results in D9.6, a detection at the distance
assumed will be possible, but barely, and only over a
reduced frequency range around the maximum sensitivity
these detectors can provide. On the other hand, for D15 and
D25, at the distance assumed, existing detectors are
expected to be sensitive to most of the emission spectra.
Planned detectors—the Einstein Telescope and the Cosmic
Explorer—will be sensitive to the full emission spectrum
in all three of our models.

In Fig. 18, for all three of our models, we plot the
evolution of the gain region center-of-mass in each of
the three dimensions. For each model, the motion of the
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FIG. 17. Characteristic strains for the D9.6, D15, and D25, respectively.

center-of-mass reflects the global evolution of the fluid
flow in the postshock region and, consequently, is an
indicator of the presence of the SASI. From the figure, it is
evident from the oscillatory behavior of the center-of-mass
that the SASI is, in fact, present in all three of our models,
with characteristic periods of ~24, ~29, and ~29 ms for
D9.6, D15, and D25, respectively. These, in turn, corre-
spond to frequencies of ~42, ~34, and ~34 Hz, respec-
tively. Because one period of the SASI corresponds to two
quadrupolar deformations of the postshock cavity, the low-
frequency gravitational wave spectrum should show SASI-
associated peaks at twice these frequencies, at ~84, ~68,
and ~68 Hz, respectively.

Given the information in Fig. 18, we can now better
interpret and, in turn, derive more information from the
spectral decomposition of the gravitational wave strains
from region 5 in each of our models. In Figs. 19 and 20 we
plot the Fourier transforms of the plus polarization gravi-
tational wave strains computed using the strain data from
(1) before explosion, defined by the onset of the near-zero-
frequency offset of the gravitational wave strains in each

model and (2) the entire run for each model. For D9.6, D15,
and D25, the “preexplosion” spectra are computed using
the temporal strain data up to 75, 300, and 180 ms after
bounce, respectively. Looking first at the preexplosion
spectra, our estimates of the gravitational wave frequency
for emission associated with the £ = 1 SASI modes are
consistent with the peaks in the spectra at ~60 and ~70 Hz
for D15 and D25, respectively, and with the relatively
significant emission at a frequency ~80 Hz in the spec-
trum for D9.6. The phase differences between the center-
of-mass motion in this region projected along the x, y, and
z axes, shown in Fig. 18, is evidence of the spiral SASI
mode, which contributes to the gravitational emission at
the same frequencies. Thus, we attribute these peaks to
both the sloshing and spiral SASI modes. Peaks at
approximately half these frequencies in all three cases
are consistent with the expected emission from the £ = 2
SASI mode. We attribute the remaining peaks—e.g.,
between 20 and 30 Hz in all three of our models—and
the broadband emission between 0 and 250 Hz to
stochastic emission from neutrino-driven turbulent
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FIG. 18.

convection. Looking now at the same plots but for the
“postexplosion” case, shown in Fig. 20, the low-frequency
spectra in all three models are now dwarfed by the
emission at near-zero frequencies, corresponding to the
near-zero-frequency offset below ~10 Hz in the gravita-
tional wave strain that results when explosion occurs in
each of these models.

G. Gravitational wave source identification: Challenges

Here we compare the results obtained using the three
different approaches to calculating A,,. In Fig. 21, we
compare Dh, by region based on determining A,,, using
(1) the first time derivative of both N,,, and N,,, (left panel)
and (2) the first time derivative of N,,, and the second time
derivative of I,,, (right panel). In both cases, the results are
from D15. In Figs. 22 and 23, we repeat the analysis for
D9.6 and D25.

First, a note on method: To compute the boundary
contributions in N,,,, we require the boundary values of
the quantities entering the boundary terms in Eq. (12). To
obtain these values, we simply average over the values of

Time evolution of the center-of-mass of the gain region in each of our three models.

these quantities in the zones just below and just above the
boundary.

Given the results of all three methods, for D15 and D25

the following conclusions can be drawn:

(1) Over the first ~200 ms after bounce, significant
high-frequency gravitational wave emission ema-
nates from regions 2, 3, and 4.

(2) After ~200 ms, the contributions to the high-
frequency emission from regions 1 and 2 increase,
and region 2 becomes the dominant source.

(3) After explosion develops and accretion drops off, the
high-frequency emission from regions 3 and 4
decreases, whereas the emission from regions 1
and 2 is sustained.

(4) Early emission from regions 2, 3, and 4 points to
excitation from both sustained Ledoux convection in
region 1 and accretion from the gain layer onto the
proto-neutron star surface (region 3) and the net
cooling region above it (region 4).

(5) The decrease in emission from regions 3 and 4,
particularly after explosion develops and accretion
drops off, and the sustained emission from regions 1
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FIG. 19. Region 5 gravitational wave spectra prior to explosion.

and 2, which is insensitive to the onset of explosion,
point to excitation from sustained Ledoux convec-
tion in region 1 as the primary excitation mechanism
at this time, with convective overshoot in region 2
yielding the largest strain amplitudes. Over much of
our runs, emission from regions 1 and 2 dominates
the high-frequency gravitational wave emission, and
excitation by sustained Ledoux convection is the
primary excitation mechanism.

The relative contributions of regions 1 and 2 to the high-
frequency signal depends on the method used, with N,,,
overestimating the contribution from region 1 relative to
region 2, and with N,,, and I,,, yielding similar conclu-
sions that region 1’s contribution is the largest. Similarly,
the high-frequency contributions from regions 3 and 4 are
larger when N,,, or I, are used, relative to what was
obtained using N,,,. The evolution of the strains in region 5
show that the results from N,,, and I,,, become unreliable
around the time when explosion is developing in the
models. In the N,, case, the problem stems from the
limitations of our approach discussed above at the outer

boundary of region 5 (the shock). In the I,, case, the
numerical noise associated with computing the second time
derivative of A,,, swamps the signal. By construction, the
boundary contributions in the N,,, case cancel, and the total
strains for the N,,, and N,,, cases agree. This is obviously
not the case when comparing the N,,, strain against the I,,,
strain. When viewed in context—i.e., when viewing the
N, results together with the N,,, and I,,, results—it is
clear that the N o Tesults, when considered alone, provide a
great deal of qualitative information regarding the spatial
breakdown and origins of the gravitational wave emission
and are not plagued by issues associated with boundary
definitions and numerical noise.

For D9.6, only N,,, is useful in attempting to understand
the breakdown of high-frequency gravitational wave emis-
sion during the phase of dominant emission prior to 75 ms
after bounce. At later times, though subdominant, the
emission follows the general trends seen in D15 and
D25, with high-frequency emission at an increasing peak
frequency and with low-frequency emission comprising
emission from neutrino-driven convection, the SASI, and
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explosion. For the first 75 ms after bounce, judging from
our computed values for N,,, in each of our five regions,
which are an order of magnitude larger than our total strain,
it is clear we are unable to determine N,, using our
method. (The strain values obtained using I,,, are also
unrealistically large.) From N,,,, we see that high-fre-
quency emission stems from regions 1 through 4, most
notably from regions 2 and 3. Here it is more difficult to
discern and rank the excitation mechanisms involved, but
proto-neutron star convection and accretion onto the proto-
neutron star are both at play.

H. Resolution dependence of gravitational
wave emission prediction

Finally, a comparison of the results obtained for the plus-
and cross-polarization gravitational wave strains for D15,
with those obtained for the same progenitor in our first
analysis (using model C15; Mezzacappa et al. [36]), is
shown in Fig. 24. Our new strain amplitudes are as much as
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Comparisons of the gravitational wave strains by region for D9.6, computed using the three different methods for determining

a factor of 2 smaller. We attribute these differences
primarily to the high resolution used in the model presented
here versus the lower (in some regions significantly lower)
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FIG. 24. Comparison of the gravitational wave strains from our
C15-3D and D15-3D models.
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resolution afforded by the constant-u grid used in our first
analysis. This comparison demonstrates the need for
sufficient numerical resolution for the accurate determi-
nation of the gravitational wave emission characteristics.

IV. SUMMARY, DISCUSSION,
AND CONCLUSIONS

We have presented our predictions for the gravitational
wave emission in each of three core collapse supernova
models, corresponding to progenitors of 9.6, 15, and
25M, all without rotation, with both zero (D9.6) and
solar (D15 and D25) metallicity. We have detailed the
temporal and spectral characteristics of the emission and
have correlated the different components of the emission
with their physical origin.

Considering their temporal evolution first, the particular
set of models presented here splits into two groups: one
model (D9.6) is characterized by early postbounce gravi-
tational wave emission, whereas the other two models (D15
and D25) are characterized by late-time emission. In the
first case, the high-frequency emission is largely confined
to a period less than ~75 ms after bounce. (This is
consistent with the results reported by Miiller, Janka,
and Marek [41] for the same progenitor in the context
of their two-dimensional simulations.) In the latter two
cases, the high-frequency emission begins after ~125 ms
and persists for the duration of the run. Thus, given the
disparate nature of the progenitors used, we obtain dis-
parate—specifically, complementary—gravitational wave
emission evolution.

The amplitudes of the strains for D9.6 are approximately
one-fifth of the amplitudes of the strains seen in D15 and
approximately one-tenth of the amplitudes of the strains
seen in D25. Thus, while the former model exhibits the
same sources and characteristics of high- and low-
requency gravitational wave emission, it is a much weaker
source.

Considering the evolution of the plus polarization strain
in all three models, particularly at late times when explo-
sion has set in, the explosion appears prolate when viewed
along the z-axis and quasispherical when viewed along the
X-axis.

D9.6 exhibits very high-frequency gravitational wave
emission, up to ~2000 Hz. The stochastic nature of the
emission is the result of perturbations in the core induced
by nuclear burning during core collapse. While this is
unique to D9.6 in this study, we can expect such high-
frequency (and early) emission from any core collapse
supernova model developed using a (nonspherical) per-
turbed progenitor. Indeed, similar to what we observe here,
O’Connor and Couch [10] observed higher-frequency
gravitational wave emission in the context of a model
using a 20M , progenitor with imposed precollapse veloc-
ity perturbations.

The very high-frequency emission we observe in D9.6
demonstrates a need for a sampling rate that defines a
Nyquist frequency above the frequencies observed here:
2000 Hz. Adding to this demonstration of need, D15 and
D25 clearly show evolving high-frequency emission reach-
ing 1500 Hz and above. A Nyquist frequency below
~2000 Hz will not capture the full temporal and, in turn,
spectral characteristics of gravitational wave emission over
the range of progenitor masses we must consider.

The low-frequency gravitational wave emission, below
~250 Hz, in all three of our models is the result of three
contributing phenomena: (1) neutrino-driven convection,
(2) the SASI, and (3) explosion. Neutrino-driven convec-
tion seeds local stochastic postshock flows that contribute
to gravitational wave emission over a broad range of
frequencies. The SASI gives rise to global organized
sustained features of the postshock flow that are more
easily identifiable in the gravitational wave spectra.
Explosion gives rise to a near-zero-frequency offset of
the gravitational wave strain, which is the easiest feature to
identify in the spectra. Based on our heat maps and
gravitational wave spectra for region 5 in each of our
models, as well as the time evolution of the region 5 center-
of-mass in each model, we are able to identify with some
confidence the contributions to the low-frequency gravita-
tional wave emission from convection, the SASI, and
explosion. For the case of SASI emission, estimates of
the peak frequencies associated with its various contribut-
ing modes can be made and are consistent with the results
we obtained. In all three of our models, the low-frequency
emission’s peak frequency is time dependent, as the models
evolve through pre- and postexplosion epochs—e.g., SASI
dominated versus explosion dominated.

We applied the Miiller et al. [41] formula for the peak
frequency of high-frequency gravitational wave emission to
each of our three models. For D9.6, we found good
agreement along the p = 10'> gecm™ contour. For D15,
the peak frequency in our heat map followed a trajectory
between the p = 10> gcm™ and p = 10" gecm™ con-
tours. And for D25, the agreement was best along the p =
1013 gcm‘3 contour. In all three cases, the proto-neutron
star surface was defined to be along the p = 10! gcm™
contour. These results emphasize that the Mueller et al. fit
provides information about the mass-radius relation at the
location in the proto-neutron star core from where the
dominant high-frequency gravitational wave emission
emanates, which will not necessarily be the proto-neutron
star surface. Hence, the mass and radius determined from
this fit will not necessarily correspond to the proto-neutron
star mass and radius. Of course, there is some ambiguity in
defining the latter. In our case, we chose to define it at
p = 10" gcm™3. Others (e.g., Andresen et al. [34]) define
it at p = 10'° gecm™. Defining it in terms of the neutrino-
spheres is problematic given there is a neutrinosphere for
each neutrino species and energy, spread over several
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orders of magnitude in density. Regardless, our results
show that we can expect the high-frequency gravitational
wave emission to emanate from much deeper regions in the
core, and from a detection we can hope to learn about the
mass-radius relation there, which will likely not correspond
to the mass-radius relation for any of our definitions of the
proto-neutron star.

Here, we continued our efforts to identify the primary
causes of the different components of the gravitational wave
emissions in our three models (e.g., the high-frequency
versus the low-frequency emission). As in Mezzacappa et al.
[36], for D15 and D25, we decomposed our gravitational
wave strains into their contributions from five regions below
the shock. Moving inward in radius, they are the gain region
(region 5), the cooling region (region 4), the proto-neutron
star surface layer (region 3), the Ledoux convection over-
shoot layer (region 2), and the Ledoux convection layer
(region 1). For D9.6, we instead replaced the innermost two
regions with regions defined by density contours at, moving
inward, 10'® gcm™ and 10'* gem™3.

In D15 and D25, we find that the high-frequency (above
~500 Hz) gravitational wave emission stems largely from
regions 1 and 2, as the result of sustained Ledoux convection
from the continued deleptonization of the proto-neutron star
in region 1 and convective overshoot into region 2. This
emission is in sync temporally with the development of
Ledoux convection in the proto-neutron star, which begins
after ~125 ms postbounce in both models.

We evaluated our regional strains using three different
methods for calculating A,,,, all three of which have their
drawbacks. Nonetheless, across all three methods, for D15
and D25 one conclusion remained the same: The convective
and convective overshoot regions deep within the proto-
neutron star, above densities ~p = 10'> gcm™, dominate
the production of high-frequency gravitational wave emis-
sion. This conclusion is in sync with the conclusions drawn in
Andresen et al. [34] and Mezzacappa et al. [36]. In the former
case, region 2 was identified as the primary source. In the
latter case, region 1 was identified as supplying more of the
gravitational wave emission given that N,, was used to
compute the strains. Here we see that the relative contribu-
tions of regions 1 and 2 to the high-frequency strains depends
on the method used, with N,,, and I, ,, favoring region 2.

For D9.6, only one of the methods (N,,) yielded
meaningful results, given the difficulties associated with
computing the boundary terms in Eq. (12). Nonetheless, the
results from our other two models suggests that meaningful
qualitative information regarding the sources of gravita-
tional wave emission can be obtained through N,,,, which
does not suffer from these difficulties. In this model, too,
the early high-frequency gravitational wave emission is
seeded by two episodes of convection in regions 1 and 2
and then subsequently region 3—i.e., beginning deep
within the proto-neutron star and then extending up to

its surface layers. The interaction of convection with
perturbations introduced in the core by nuclear burning
during collapse lead to very high-frequency emission up to
frequencies ~2000 Hz. While the largest strain amplitudes
are confined to the first 75 ms after bounce, evidence of
persistent Ledoux convection, and its associated convective
overshoot, deep within the proto-neutron star, largely from
region 1, is evident in the total heat map, where we see the
characteristic linear rise in peak frequency over the course
of the run. Very low-amplitude gravitational wave gener-
ation from regions 4 and 5 is evident as the explosion
powers up, as well as low-frequency emission from
neutrino-driven convection, the SASI, and explosion.

From plots of our characteristic strains, we see that the
gravitational wave emission in all three of our models is, in
principle, detectable by current generation gravitational
wave detectors for the distance to the core collapse super-
nova assumed here (10 kpc). D9.6 is a much weaker source
of gravitational waves and thus can be observed over a
much more restricted frequency range around the detectors’
maximum sensitivity. Unfortunately, the very high-fre-
quency signal obtained in D9.6 is not entirely observable
at present but would, in principle, be observable by third-
generation detectors.

The primary limitations of our study are the lack of
inclusion of rotation and magnetic fields, both of which
have been shown to affect, even fundamentally alter, the
gravitational wave emission in core collapse supernovae
[22,23,26-28,33,43,57].

The primary limitations of our CHIMERA models are the
use of ray-by-ray neutrino transport and an effective
gravitational potential to capture some aspects of general
relativistic gravity. Studies have been performed that
demonstrate that no systematic trends were identified,
albeit in a limited set of models, when comparing gravi-
tational wave emission predictions from models using
ray-by-ray transport with predictions from models using
three-dimensional transport [38]. Moreover, the differences
that were seen when comparing the two cases were reduced
when the resolution in the models was increased. The
models we present here are highly resolved in all three
spatial dimensions—e.g., with the Yin-Yang equivalent of
one degree resolution in both 6 and ¢. Studies that compare
emission predictions in models that are fully general
relativistic versus models that implement an effective
potential have been completed in the context of two-
dimensional simulations [41]. The authors conclude that
the use of an effective potential leads to an overestimate of
~20% of “typical” gravitational wave frequencies. Given
that this comparison was made in the context of two-
dimensional models, where the primary mode of high-
frequency gravitational wave emission is the excitation of
the proto-neutron star surface layer by accretion funnels
from the gain region, it is not clear what the impact will be
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when comparing models using general relativistic gravity
versus an effective potential when the primary emission

occurs deeper in the proto-neutron star, in its convective
layer and in the overshoot layer above it. A comparison in
the context of three-dimensional models is needed.

Regarding the microphysics employed—the nuclear
equation of state and the neutrino weak interactions—
models that include muons (not included here) and the
additional neutrino interactions associated with them can
exhibit qualitatively different outcomes [58]. In turn, we
should expect quantitative, and perhaps qualitative,
differences in the gravitational wave emission character-
istics of models that include muons. Moreover, studies have
been performed that illuminate the equation of state
dependencies of gravitational wave emission predictions
[5,8,42,59,60]. We look forward to reporting on the out-
comes of these models in the future.
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