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Stochastic gravitational-wave background from stellar core-collapse events
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We estimate the stochastic gravitational-wave background arising from all stellar core-collapse events in
the universe based on the gravitational-wave signal predictions of recent numerical simulations. We focus
on waveforms from slowly or nonrotating stars and include rapidly rotating, highly massive progenitors as
extreme case limits. Our most realistic estimates are more than one hundred times below the sensitivity of
third-generation terrestrial gravitational-wave detectors and likely weaker than cosmological contributions

to the stochastic gravitational-wave background.
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I. INTRODUCTION

The stochastic gravitational-wave background (SGWB)
arises from the superposition of gravitational-waves (GWs)
from a variety of independent cosmological [1-23] and
astrophysical sources [24-34]. We focus on the SGWB due
to stellar core-collapse events [30-33]. At the end of their
lifetime, stars larger than about 8 Mg, form a gravitationally
unstable iron core which collapses until its inner layer
overshoots nuclear density and a proto-neutron star (PNS) is
formed. The still collapsing outer core “bounces” off the
inner region and launches an outwards propagating shock
wave. The shock loses energy as it passes through the core
and eventually stalls. In most cases, shock revival is thought
to be powered by the absorption of a fraction of the neutrinos
emitted from the PNS by material behind the shock, which
causes the shock to break out the stellar surface and reveals
the explosion as an electromagnetic transient.

In a normal, nonrotating supernova most of the GW
emission is expected to come from oscillations of the PNS,
but other hydrodynamic processes can contribute a large
fraction of the emission. Low-frequency emission (below
300 Hz) mainly comes from the standing accretion shock
instability (SASI), a hydrodynamic instability in the gain
region that drives large scale spiral and sloshing oscillations
of the shock and is expected to arise in a fraction of core-
collapses [35]. High-frequency emission (above 300 Hz)
largely arises from oscillations of the PNS.

The nondetection of GW transients associated with core-
collapse events has constrained the GW energy produced
by core-collapse supernovae (CCSNe) and ruled out
regions of the parameter spaces of extreme emission
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models [36,37]. However, these constraints on GW emis-
sion remain a few orders of magnitude higher than the
predictions of multidimensional numerical simulations.
Additionally, the first three observing runs of Advanced
LIGO and Advanced Virgo and the first two data releases
by the International Pulsar Timing Array have provided
upper limit estimates for the isotropic SGWB [38—40].

Previous studies [30,32,41] computed the SGWB due to
CCSNe using, predominantly, two-dimensional simula-
tions. Two-dimensional simulations are unable to capture
the effects of nonaxisymmetric instabilities and tend to
systematically overestimate GW amplitudes [42]. We
sample a variety of theoretical predictions of the GW
signal from three-dimensional numerical core-collapse
simulations with sophisticated hydrodynamics and neutrino
transport treatments, of duration from hundreds of milli-
seconds to upwards of a second. We begin by reviewing the
procedure for estimating the background of astrophysical
sources. Next, we give an overview of the details of the
numerical simulations and their GW signals. Finally, we
discuss features of the background and its detectability by
third-generation GW detectors, such as Cosmic Explorer
(CE) [43].

II. CALCULATION OF THE SGWB FROM CCSNE

The stochastic gravitational-wave background is usually
described by its dimensionless energy spectrum:

1d
Qawlf) = qins- M)
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where pgw is the GW energy density in the frequency band
(f,f+df)andp, is the crlncal energy density which g1ves

a flat universe, p,. = 2
Newton’s gravitational constant and H, is the Hubble
constant (= 67.7 km/s/Mpc [38]).

The normalized GW energy density Qgw can be
expressed in terms of the energy spectrum emitted by a
single CCSN, “£ax (7 ), by the equation

> df,
dEgw
f / Zmax ( ) (f e)
Q =— dz , (2
owlf) pcHy Jo (1+2)E (vaQsz) @
where f, is the frequency emitted at the source

(fe = f(1 +2)). R(z) is the rate of stellar core-collapse
events per comoving volume as a function of redshift,
assumed to follow the star formation rate (SFR) R, (z) as

R(z) = AccR.(2), (3)

where Acc is the mass fraction of stars which experience
core collapse. We estimate Acc from the Salpeter initial
mass function (IMF) ¢(m) = Nm=23% with the normali-
zation [§ wm, ¢(m)mdm =1 and the assumption that all
stars whose mass is greater than 8 My undergo collapse.
(Mg, denotes units of solar mass.) With these assumptions,

dce= | plm)dm =0.007 M. @)

8 Mg

While this Acc estimate is approximate, we do not expect its
uncertainty to be larger than a factor of two, implying that
the uncertainty in Acc will not make a qualitative difference
in our results.

We choose the SFR model proposed by [44]. This
model fits the parametrized form from Springel and
Hernquist [45],

e9(z=2m)
R.(z) =v—"

p—q+gert=)’ )

to the galaxy SFR derived by [46] to obtain the parameter
values v = 0.178 My /yr/Mpc?, z,, = 2.00, p = 2.37, and
g = 1.80. This model is based on observations of the
galaxy luminosity function at high redshift. Using the SFR
given in Eq. (15) of [47] based on UV and IR data gives
only marginally lower background estimates which do not
differ from our results by more than 30%. As discussed
below, variations in the spectra obtained from simulations
constitute a significantly larger source of uncertainty than
the particular SFR chosen.

Equation (2) includes a factor of 1+ z to account for
cosmic expansion and convert time from the source frame
to the observation frame. The function

E(©QnQ0.2) = \/Q, (142 +Q,  (6)
expresses the comoving volume’s dependence on redshift.
Q,, and Q, are the energy density in matter and in dark
energy for a flat cosmological model, €,, = 0.311 and
Q, = 0.689 [48]. Writing Eq. (2) in terms of the SFR in
Eq. (3), we have

QGW (f )

87G ficc / o K ()5 ()
3H% 2 Z(l ) (vaQA’ )

Note that Eq. (7). does not account for the delay time
between the formation of a star and its core collapse. We
have investigated the effect of this delay and found it to be
negligible.

The spectral energy density of the GWs emitted by a
core-collapse supernova is required to calculate its con-
tribution to Qgyw. The energy radiated as GWs to infinity by
a source is given by [49]

t
EGW:/ dr/TO,/n”rde, (8)
0

where the angular integral should be performed over a
spherical shell at infinity that encloses the source. The
vector n” is a spacelike unit vector perpendicular to the
surface of the spherical shell, r denotes the radial coor-
dinate of a spherical coordinate system, ¢ is the time
duration of the signal, and T,, denotes the GW energy-
momentum tensor which, in the transverse-traceless (TT)
gauge, is given by

(0T (D, hE)). (9)

HYA

T
= 32G

here (...) denotes averaging over several wavelengths.
Using the symmetries of the energy-momentum tensor in
the TT-gauge we obtain

3 t
Fow = 1o [ [ PUOAT: + 040 (10

(see [49,50] for details).

By applying Parsevals theorem to Eq. (10) one can
show that the spectral energy density of the GW emission is
given by

dEGW - C3
df 162G

(2nf)? / PR + (FTR)de, (1)

where LT and ATT denote the Fourier transforms of the
cross and plus polarization modes of the GWs in the TT
gauge, respectively [50,51]. Note that Eq. (11) will be
slightly modified for a discrete signal and will depend on
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the exact normalization and implementation of the discrete
Fourier transform used, see [51] for details.

The angular dependence of the GW signal is needed for
Eq. (11), but most numerical simulations do not provide
this data. It is customary to publish the GW signal emitted
in a few selected directions, which means that we are
required to approximate the angular integral based on the
data available to us.

III. CORE-COLLAPSE SIMULATIONS

We have begun to see convergences in the predictions of
CCSNe GW signals [42,50,52-63], but the details of GWs
emitted by CCSNe are stochastic and exhibit a large degree
of variation. To ensure that our results are robust and
represent the variation inherent to supernova GWs, we
include a large set of theoretical signal predictions from
numerical simulations. We have selected waveforms pro-
duced by different groups, with different numerical codes,
and with different input physics. We focus on supernovae
from non- or slowly rotating progenitors, which should
make up more than 90 percent of all CCSNe.

Table I summarizes details of the simulations we use to
calculate the background. We denote the models of [58] by
“Rad” followed by the mass of the progenitor, and those of
[64] by “Shib” followed by their rotation rate. Otherwise,
we name the models as they are presented in the original
papers.

We choose simulations from [57,60] which model core
collapse in two nonrotating 18 M, red supergiants (s18 and
s18np), a rapidly rotating 39 M, Wolf-Rayet star (m39),
and a nonrotating 20 M Wolf-Rayet star (y20). Model s18
is seeded with density perturbations from convective
oxygen burning in its oxygen shell to aid in its explosion.
No such perturbations are included in the s18np simulation,
which prevents shock revival and allows the development
of significant SASI activity. Model m39 has an initial
surface rotation velocity of 600 kms~!. Its high mass and
rapid rotation produce strong GW emission, particularly at
the equator.

Powell, Miiller, and Heger model two nonrotating
Pop-III stars of masses 100 My (z100) and 85 Mg, (z85)
in the pulsational pair instability regime [63]. Model z85
undergoes shock revival and collapses to a black hole
before the end of its simulation, whereas the simulation of
model z100 is terminated before shock revival or black hole
collapse. Both models demonstrate strong GW emission
across the frequency range we examine.

Radice et al. [58] model the collapse of seven non-
rotating progenitors with ZAMS masses of 9 Mg, 10 M,
11 Mg, 12 Mg, 13 Mg, 19 Mg, 25 Mg, and 60 M. For
all of these simulations, PNS oscillations are the main GW
source. The models emit low-frequency GWs caused by
prompt convection, then develop neutrino-driven convec-
tion or, in the case of Rad25, the SASI. The shock revives

TABLE I. Simulations from which we calculate the SGWB. The high-density nuclear equations of state (EOS) include SFHo and
SFHx [65] and that of Lattimer and Swesty [66] with bulk incompressibility of K =220 MeV (LS220).

Model name ZAMS mass, type Numerical code EOS Notes Reference
m39 39 My, Wolf-Rayet star LS220 Rotating, Exploding [60]
s18np 18 My, giant LS220 SASI

y20 20 My, , Wolf-Rayet star ) LS220 Exploding

s18 18 My, giant CoCoNut-FMT [67] LS220 Exploding 1571
z100 100 My SFHx SASI (63]
285 85 Mg SFHx Exploding, SASI

Rad9 9 M, SFHo Exploding

Rad10 10 Mg SFHo Exploding

Radl1 11 Mg SFHo Exploding

Radl12 12 Mg SFHo Exploding

Rad13 13 M, FORNAX [68] SFHo [58]
Rad19 19 Mg SFHo Exploding

Rad25 25 Mg SFHo Exploding, SASI

Rad60 60 M, SFHo Exploding

s9-FMD-H 9 Mg, giant SFHo Exploding

$20-FMD-H 20 Mg, giant AENUS-ALCAR [69] SFHo [62]
s15nr 15 Mg LS220 SASI

s15r 15 Mg PROMETHEUS-VERTEX [70] LS220 SASI [56]
s15fr 15 Mg LS220 Rotating, Exploding, SASI

mesa20-pert 20 Mg, giant SFHo SASI

mesa20 20 M, giant FLASH [71] SFHo SASI (53]
Shib0 70 Mg LS220 SASI

Shibl 70 Mg [72] LS220  Rotating, low-T/|W| instability [64]
Shib2 70 Mg, LS220  Rotating, low-T/|W| instability

063022-3



FINKEL, ANDRESEN, and MANDIC

PHYS. REV. D 105, 063022 (2022)

in all models except Rad13. Apart from Rad9, all exploding
models show asymmetric accretion onto the PNS at late
times and significant continued emission at the termination
of the simulation.

From Andresen et al. [62] we select the two models s9-
FMD-H and s20-FMD-H. The 9 M model, s9-FMD-H,
exhibits a low accretion rate onto the PNS and primarily
emits at frequencies above 300 Hz with some low-
frequency GW emission. The 20 My model, s20-FMD-
H, develops hot-bubble convection and significant SASI
activity. The SASI activity appears as GW emission at
frequencies below 250 Hz.

Andresen et al. [56] investigate the effects of moderate
rotation with three 15 Mg progenitors: one nonrotating
(s15nr), one with central angular velocity , = 0.2 rad s~
(s15r), and one fast rotating (s15fr) with central angular

velocity Q) = 0.5 rads™!. We include all three modes in
our analysis. Model s15fr experiences strong spiral SASI
activity in the postshock flow before explosion. The SASI
spiral mode is strong in s15nr. SASI activity is significantly
weaker in s15r than in the other models, and the postshock
region is dominated by convection.

O’Connor and Couch simulate the collapse of a 20 M
zero-age main-sequence star [55]. We use the GW signal
from their three-dimensional, standard resolution models
mesa20 and mesa20_pert, the latter of which is seeded with
velocity perturbations in the silicon and oxygen shells
when the simulation is mapped to FLASH [71]. Both mesa20
and mesa20_pert demonstrate SASI activity. Neither of
these models explodes.

We also consider the 70 Mg, progenitors simulated with
central angular velocities of Q) = 0 rads™!,Q, = 1 rads™',
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FIG. 1. Total time-integrated GW spectra 4 for emission from models by Powell and Miiller [57,60,63] (upper left), Radice ez al. [58]

d
(upper right), Andresen et al. [56,62] (midd{e left), O’Connor and Couch [55] (middle right), and Shibagaki et al. [64] (bottom). The
vertical axis range on the plot showing the models by Shibagaki ef al. is higher than that for the other panels.
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and Q, =2 rads~! (Shib0, Shibl, and Shib2) by [64].
Before collapse, this star has a central iron core mass of
~4.6 M. When the simulations are terminated, Shib0,
Shib1, and Shib2 have PNS masses of ~2.5 Mg, ~2.2 M,
and ~2.6 M, respectively. The sloshing and spiral SASI
modes of ShibO produce strong GW emission between
200 and 300 Hz. The low-7/|W| instability, where T/|W/|
refers to the ratio of rotational and gravitational potential
energy, is arotational instability that can produce strong GW
emission. It is observed in both rotating models, resulting in
emission from 400 to 800 Hz in Shib2 and from 300 to 400 Hz
in Shibl.

Fewer than ten percent of CCSNe are expected to arise
from rapidly rotating progenitors [73]. Thus, it should be
noted that the GW background spectra calculated below
using models m39 and Shib2 represent the unrealistic
scenario where all stars which undergo core collapse are
rapidly rotating.

IV. RESULTS

We use the core-collapse GW energy spectra dE/df
shown in Fig. 1 to calculate the normalized GW energy
density Qgw(f). Our results are shown in Fig. 2. For each

10—10
10—12
=
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FIG. 2. Qgw for models by Powell and Miiller [57,60,63] (upper left), Radice et al. [5S8] (upper right), Andresen et al. [56,62] (middle
left), O’Connor and Couch [55] (middle right), and Shibagaki er al. [64] (bottom) shown in comparison with the 26 power-law
integrated sensitivity [77] of two collocated Cosmic Explorer [43] detectors assuming one year exposure. Note that these spectra are
calculated under the assumption that all CCSNe events emit the same GW spectrum. In particular, the Shib1 and Shib2 models shown in
the bottom panel are calculated under the unrealistic assumption that all CCSNe progenitors rotate rapidly and exhibit the low-7/|W/|

instability.
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curve in Fig. 2 we assume that all CCSNe have the same
GW emission spectrum given by the corresponding
core-collapse simulation model. As discussed above, the
spectral properties of the signal are related to the physical
properties of the supernova core (see [74—76] for further
details).

All models yield backgrounds that would be undetect-
able by second-generation GW detectors, whose sensitivity
is expected to reach Qgw (f) ~ 107°-1071°. Most models
yield backgrounds at least two orders of magnitude below
the sensitivity of third-generation GW detectors, under the
assumption of cross-correlating two collocated detectors of
CE sensitivity [43] with one year of exposure.

The exceptions are the models by [64], which become
borderline observable by CE, see the bottom panel of
Fig. 2. However, this conclusion assumes that all CCSNe
progenitors are rapidly rotating and develop the energeti-
cally-emitting low-7/|W| instability. When these models
are weighted by their prominence in the stellar population
(about 1% of CCSNe are expected to arise from rapidly
rotating progenitors [73]), their contribution to the overall
SGWB becomes comparable to that of the other models.
Considering only non- and slowly rotating models, Rad25
and Radl9 provide the strongest SGWB, and the model
s15r yields the weakest SGWB.

We note that our results are subject to the uncertainty in
the rate of CCSNe events across the universe, modeled in
Eq. (7) by the star formation rate R, and the scaling factor
Acc. While the scaling factor may be uncertain at the level
of a factor of two, the star formation rate model is rather
robust especially at redshifts smaller than two, which is
where the majority of the CCSNe SGWB comes from.

We provide an averaged estimate of the background
based on the relative abundances of nonrotating progenitors
in Fig. 3. The contribution of each model to the background
is weighted by its prominence in the stellar population as
given by the normalized Salpeter IMF. We define the
average spectrum

Qu(f) = %Zfﬁ(mi)gi(f)Ami, (12)

where ;(f) is the background spectrum for the model(s)
of mass m;, and Am; extends from the halfway point
between m; and the model of the next lowest mass to the
halfway point between m; and the model of the next highest
mass. In cases where there is more than one model of the
same mass, we use a simple average between their back-
ground spectra for Q(m;). In Eq. (12), the normalization

constant I' is given by I' = fgl OMOOMO ¢(m)dm. Tt should be

noted that the absence of a one-to-one relationship between
the mass of the progenitor and the GW signal of its
collapse, the stochastic nature of the signal, and the limited
selection of core-collapse models mean that Fig. 3 is only
of illustrative value, and should not be taken as a decisive

T TTTT

—— Weighted Spectrum
L — CE
1078 1 T A ' T
10! 102 10
Frequency [Hz]
FIG. 3. Averaged Qgw including the contributions of the

nonrotating progenitors and excluding Shib0 weighted by the
abundance of the stellar progenitor in the stellar population as
given by the Salpeter IMF [cf. Eq. (12)].

estimate of the stochastic gravitational-wave background
produced by core-collapse supernovae.

V. CONCLUSIONS

In this work, we have estimated a range for the SGWB
resulting from stellar core-collapse events using the results
of three-dimensional numerical simulations of a variety of
progenitors. The GWs emitted during core collapse are
stochastic and associated with multiple emission processes.
We find that in all but the most extreme cases, the SGWB
from CCSNe is 2-5 orders of magnitude below the
sensitivity of the third-generation GW detectors.

Our results are limited by the approximations used in
the simulations we draw from and the characteristics of the
stellar population we sample. All of the simulations shown
in this paper were terminated at different times, in most
cases while still emitting significant gravitational radia-
tion. In extreme core-collapse scenarios appreciable GW
emission occurs late in the explosion phase [78,79]. Longer
simulations would provide a fuller assessment of the GW
signal and a better picture of the background.

Anisotropic neutrino emission from the PNS can cause
GW emission in the range of sub-Hertz to hundreds of
Hertz [80—85]. A more complete description of the back-
ground would include the contribution of this signal, in
particular at frequencies below the lower 10 Hz limit of our
background calculations. Asymmetries resulting from the
presence of magnetic fields can also lead to GW emission;
magnetohydrodynamic effects have been found to signifi-
cantly alter the GW signal [79,86].

At 10 Hz, the lower limit of the frequency range
considered here, the core-collapse contribution to the
SGWB is Qgw(f) ~ 10715 or weaker, meaning that cos-
mological GW backgrounds may be detectable over the
core-collapse GW background. In many cases, the cosmo-
logical SGWB models are a few orders of magnitude
stronger than our highest estimates for the CCSN back-
ground. For example, the backgrounds from cosmic string
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networks in scaling with string tension Gu greater than
10717 [3,5], primordial binary black hole coalescences
involving masses greater than 1070 My [87,88], and
inflation mechanisms (e.g., those with an effective graviton
mass between m = 0 H and m = 0.9 H, with a Hubble rate
during inflation of H = 10'> GeV or H = 10"® GeV and
tensor sound speed between ¢y =0.2 and ¢y =1, in
natural units [89]) are expected to be one or more orders
of magnitude above our predictions for the core-collapse
background. These sources may therefore be accessible to

future detectors, and their visibility will likely be uni-
mpeded by the background due to CCSNe.
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