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The gravitational wave (GW) and neutrino signals from core-collapse supernovae (CCSNe) are expected
to carry pronounced imprints of the standing accretion shock instability (SASI). We investigate whether the
correlation between the SASI signatures in the GW and neutrino signals could be exploited to enhance the
detection efficiency of GWs. We rely on a benchmark full-scale three-dimensional CCSN simulation with
zero-age main sequence mass of 27M⊙. Two search strategies are explored: 1. the inference of the SASI
frequency range and/or time window from the neutrino event rate detectable at the IceCube Neutrino
Observatory; 2. the use of the neutrino event rate to build a matched filter template. We find that
incorporating information from the SASI modulations of the IceCube neutrino event rate can increase the
detection efficiency compared to standard GW excess energy searches up to 30% for nearby CCSNe.
However, we do not find significant improvements in the overall GW detection efficiency for CCSNe more
distant than 1.5 kpc. We demonstrate that the matched filter approach performs better than the unmodeled
search method, which relies on a frequency bandpass inferred from the neutrino signal. The improved
detection efficiency provided by our matched filter method calls for additional work to outline the best
strategy for the first GW detection from CCSNe.

DOI: 10.1103/PhysRevD.108.103036

I. INTRODUCTION

The collapse of massive stars (with mass between 8M⊙
and 100M⊙) leads to copious production of neutrinos as well
as gravitational waves (GWs). By the end of their lives, these
stars have developed an iron core, whose mass is close to the
Chandrasekhar mass limit. When the pressure of relativistic
degenerate electrons can no longer balance gravity, the core
collapses. The collapse continues until the inner core reaches
nuclear densities, the repulsive forces between nuclei sta-
bilizes the inner corewhich forms a protoneutron star (PNS).
The, still infalling, outer core rebounds off the newly formed
PNS and a shock wave is launched. The shock travels
through the infalling material, but energy loss from photo-
dissociation of iron nuclei and neutrino cooling causes the
shock to halt after reaching a radius of around 150 km [1–3].
According to the neutrino-driven mechanism, the stalled
shock is revitalized through neutrinos streaming away from
the PNS. Neutrinos deposit energy in the medium behind
the shock, enabling the core-collapse supernova (CCSN)

explosion [4]. The shock wave propagates through the
collapsing star, unbinding and ejecting the outer layers. If
the neutrino energy deposition is insufficient then the shock
wave is not revived and the infalling material continues to
accrete through the shock wave. As a result, the mass of the
central compact object continues to increase and eventually
leading to black hole formation [5,6]. The time between the
recoil of the core and the revitalization of the shock/black
hole formation is referred to as the postbounce phase. It is
expected that most of the GWemission is emitted during this
time. During the accretion phase, large-scale convective
motions behind the shock and the standing accretion shock
instability (SASI) [7–9] can enhance the energy transfer to
the medium, imprinting characteristic signatures on the
neutrino and GW signals [6,10–19].
The numerical simulation of the core-collapse scenario

is an arduous computational task [2]. In addition, the
physics of the core collapse is still affected by several
uncertainties [2,3,20–24]. Given their complex nature,
hydrodynamical instabilities manifest differently in the
existing set of CCSN simulations, with related implica-
tions on the expected neutrino and GW signals. Unlike the
compact binary merger scenario, there is no univocal*Corresponding author: marco.drago@uniroma1.it
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correlation between the properties of the progenitor star
and the resulting GW waveforms. The absence of corre-
lation and our lack of conceptual understanding of some of
the aspects linked to the development of hydrodynamical
instabilities present a challenge in accurately predicting the
GW waveforms from CCSN.
Recent multidimensional simulations of CCSNe

exhibit distinctive GW signal features that are correlated
with the postbounce hydrodynamic activity, such as
oscillations of the PNS and the SASI [14,15,25–34].
The GW waveforms display stochastic behavior, which
arises from the complex hydrodynamical physics that
occur during the postbounce phase. However, simulations
from all groups show common features in the time-
frequency domain. The most noticeable is characterized
by a frequency that rises from roughly 100 Hz to a few kHz
(at most) and lasts for 0.5–1 s. This feature is interpreted as
a gravity mode (g-mode) that is continuously excited in
the PNS [14,26,27,35–39]. Additionally, Refs. [14,27,37]
have related the presence of a low-frequency (≈100 Hz)
component in the GW signal characteristic frequency of
SASI. Therefore, it is possible to detect GWs at different
frequencies, according to whether they carry imprints from
PNS or SASI activity. More recently, it has been pointed
out that GW emission might be expected from the cocoon
inflated by the jet in the case of collapsars [40]; in this
scenario, one should expect GWemission in the frequency
range of 10–600 Hz over the jet timescale.
Even though the range of frequencies of the GWemission

falls in the band of detection of current GW detectors, it is
expected that for slowly/nonrotating CCSNe can be
detected at distances up to ∼5 kpc [41,42]. At this distance
CCSNs have an event rate of about 2–3 per century in the
Galaxy [43], which challenges the detection prospects for
Advanced LIGO [44], Advanced Virgo [45], and KAGRA
[46]. The predicted event rate of third-generation detectors,
i.e., the Einstein Telescope [47] or Cosmic Explorer [48],
increases to ∼0.5 yr−1 [49], while the predicted detection
horizon can extend up to 2–4Mpc [50] in the case of rapidly
rotating progenitors. If the progenitor core exhibits very
rapid rotation, observed only in about 1% of the electro-
magnetically observed events [51,52], the magnetic fields
can transfer the rotational kinetic energy of the PNS to the
shock. This mechanism produces an explosion that will lead
to an enhanced GW signature that can be detectable within a
distance of 50 kpc, and in certain extreme models, extend up
to 5–30 Mpc [53,54]. Alternatively, the GW emission from
the cocoon could be detectable up to 200 Mpc by existing
interferometers [40].
Given the computational costs of CCSN simulations as

well as the stochastic nature of the GW signals and the
considerable number of physical parameters involved in
the explosion mechanism, it is not possible to generate the
dense bank of templates required by the common data-
analysis techniques based on template matching. To date,

the data analysis methods for CCSNe primarily focus on
reconstructing the GW strain amplitude, without assuming a
specific signal model [55,56]. Other works have applied the
principal component analysis, Bayesian model selection,
and dictionary learning to reconstruct the CCSN waveform
and infer the explosion mechanism [57–62]. Additionally,
CCSN parameter inference has been attempted in the
literature [63–65].
In this paper, we investigate complementary methods

with respect to the ones exploiting PNS oscillations. We
explore the possibility of using the information linked to
the SASI signatures present in the detectable neutrino event
rate to inform the search for GWs. This paper is organized
as follows. Section II describes the main characteristics of
the neutrino and GW signals from our benchmark CCSN
model. Section III briefly describes the main characteristics
of neutrino and GW detectors. We introduce the algorithms
adopted in this work for GW searches in Sec. IV, our results
as well as a comparison on the detection efficiencies are
instead presented in Sec. V. Finally, a discussion on our
findings is provided in Sec. VI. In Sec. VII we conclude.

II. GRAVITATIONAL WAVE
AND NEUTRINO SIGNALS

The neutrino and gravitational wave signals adopted in
this work have been extracted from our benchmark CCSN
simulation: the model s27 presented in Ref. [66]. The
stellar progenitor of the model s27 is a nonrotating star of
solar metallicity with zero-age main sequence mass of
27M⊙ [67]. The CCSN simulation in three spatial dimen-
sions with sophisticated three-flavor neutrino transport
has been carried out with PROMETHEUS-VERTEX. The
PROMETHEUS-VERTEX code [68,69] is split into two main
modules. The hydrodynamics calculations are performed
by PROMETHEUS [70,71]. The monopole approximation,
with a pseudorelativistic potential [72], is used to treat
self-gravity. The module VERTEX [68] handles neutrino
transport by solving the energy-dependent two-moment
equations for three neutrino species, electron neutrinos
(νe), electron antineutrinos (ν̄e), and a third species (νx)
representing muon or tauon flavors. The neutrino radiation
transport is calculated in the “ray-by-ray-plus” approxi-
mation [69]. The high-density equation of state of
Lattimer and Swesty [73] with nuclear incompressibility
of K ¼ 220 MeV was used for the s27 simulation. We
refer the interested reader to Ref. [66] for a more detailed
description of the simulation setup.
The model s27 has been simulated until 550 ms

post bounce and it exhibits two periods of strong SASI
activity with a period of convective overturn in between.
The first SASI phase takes place between 120 ms and
260 ms after the start of the simulation and the second
phase starts around 410 ms and lasts until the end of the
simulation. Detailed analyses of the neutrino emission

MARCO DRAGO et al. PHYS. REV. D 108, 103036 (2023)

103036-2



properties and the gravitational-wave signal are reported
in Refs. [12,13,27].
An observer at 10 kpc from the source is expected to

observe a GW strain of Oð10−23Þ. The GW signal of the
model s27 is dominated by two main emission components
[27]; oscillations of the PNS lead to an emission above
300 Hz with a central frequency that grows approximately
with time; SASI is responsible for GW emission between
75 Hz and 250 Hz, during the two SASI periods. SASI also
induces large-amplitude periodic modulations in the neu-
trino signal. Such modulations remain clearly visible even
for the observable neutrino flux which is given by an
hemispheric average performed to include flux projection
effects in the observer direction [13]. The detectable central
frequency characterizing the SASI modulations for the
model s27 is approximately between 50 Hz and 120 Hz,
peaking around 85 Hz [12]. Note that the timescale of
SASI, its magnitude, and the number of SASI episodes
depend on the properties of the CCSN simulation and can
lead to variations that are in turn reflected in the frequency
of the modulation imprinted on the neutrino and GW
signals, see e.g., Refs. [6,12,13,17,74].
The SASI modulations of the neutrino signal are present

for all neutrino flavors, although they have a smaller
amplitude for the nonelectron flavors as pointed out in
Ref. [13], see e.g., their Fig. 7 and related discussion.
Because of flavor conversion occurring in the stellar
core [20,75], the neutrino signal observed at Earth from
the next CCSN explosion will likely be a mixture between
the electron and nonelectron neutrino flavors. Given
our preliminary understanding of flavor conversion in
CCSNe [20,22,76], we refrain from assuming any specific
flavor conversion scenario. Instead we consider two
extreme cases for the neutrino signal detected at Earth
through inverse beta decay at the IceCube Neutrino
Observatory; absence of flavor conversion (in this case,
we would detect the unoscillated ν̄e signal) and full flavor
conversion (in this case, we would detect the unoscillated
ν̄x signal).
It is worth noticing that SASI manifests in the neutrino

and GW signals as a direction-dependent phenomenon. If
SASI mostly develops along a plane (like it initially
happens for our s27 model [13,66]), then the neutrino
signal has modulations that are stronger for an observer
located along the SASI plane and weaker for an observer
located perpendicularly to the SASI plane [12]. On the
other hand, one expects the GW signal to be maximally
modulated for an observer situated perpendicularly to the
observer seeing the strongest SASI modulations in the
neutrino signal. Yet, SASI is a global instability which
affects the whole simulation volume; furthermore, the
neutrino and GW observable signals depend on volume
integrated quantities (projected onto any given observer
direction). Consequently, we observe extended regions
where the correlation between the neutrino and GW signals

is better or worse, compared to stronger (anti)correlations
seen along the directions where SASI is more prominent.
Figure 1 shows an example of the GW strain and neutrino

event rate expected in the IceCube Neutrino Observatory for
a CCSN located at 10 kpc (note that the CCSN distance will
be tailored for illustrative purposes in the following sections)
and for the two flavor conversion scenarios. The selected
observer directions correspond to the one along which the
neutrino event rate has the strongest (waveform 1), inter-
mediate (waveform 2) and weakest (waveform 3) SASI
modulations, respectively, as from Refs. [12,13]. After
computing the neutrino energy distributions from the
model s27 in the form of gamma distributions [77,78]
and taking into account observer projection and limb-
darkening effects [13], the IceCube event rate has been
implemented following Ref. [12]–see also Sec. III. For each
observer direction, the top panels of Fig. 1 show the
unfiltered signals, obtained from the model s27. The bottom
panels show the same GW (left) and neutrino (right) signals
after filtering out frequencies outside the band
Δf∈ ½50; 300� Hz. The bottom panels of Fig. 1 illustrate
that SASI modulations are evident in both the GW and
neutrino signals and that there is a degree of correlation
between the modulations of these two messengers.

III. NEUTRINO AND GRAVITATIONAL
WAVE DETECTORS

The largest operating detectors sensitive to CCSN
neutrinos are Cherenkov detectors; the IceCube Neutrino
Observatory and Super-Kamiokande. Neutrinos are mainly
detected through the inverse beta decay channel
(ν̄ep → nþ eþ). IceCube is expected to register about
106 events above background for a CCSN at 10 kpc, while
Super-Kamiokande would approximately detect 104 events
and it would practically be background free [75,79].
As shown in Fig. 1, we consider the neutrino signal

expected in IceCube given its largest statistics and in order
to optimize the detection prospects of GWs that are
already known to be limited to CCSNe occurring within
the Galaxy. However, one should keep in mind that the
upcoming Hyper-Kamiokande [80] will provide a back-
ground-free signal of roughly 1=3 the IceCube rate; hence
Hyper-Kamiokande may achieve better signal statistics
than IceCube at larger CCSN distances for stellar collap-
ses exhibiting very strong and long-lasting SASI activity.
The IceCube event rate is implemented following
Refs. [12,13,81].
Gravitational wave detectors entered the advanced era in

2015 with the beginning of the first scientific run. The two
detectors developed by the LIGO Collaboration [44],
located in Livingston and Hanford, routinely collect data.
Advanced Virgo [45] joined at the end of the second run, in
August 2017, contributing to the multimessenger detection
of the binary neutron star merger event GW170817 on
August 17, 2017. In Japan, the KAGRACollaboration built
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another detector [46], which already joined the third
observing run, but it is not considered in this analysis.
In the following, we consider the IceCube neutrino

event rate and a GW-detector network composed of three
detectors; the two LIGO detectors and Virgo. The random

shot noise for the neutrino detector follows Poisson
statistics and does not depend on the CCSN distance,
while the neutrino event rate scales as the inverse square of
the distance [12]. For the data generation of GW detectors,
we adopt the design advanced spectral sensitivities (named

FIG. 1. Gravitational wave strain (left column, in blue) and IceCube event rate for ν̄e (no flavor conversion, in red) and ν̄x (full flavor
conversion, in green) (right column) for our benchmark CCSN model, assuming a CCSN at 10 kpc. The observer directions are selected
for strong (top plots), intermediate (middle plots) and weak (bottom plots) neutrino SASI modulations, respectively. The subpanels in
the left plots show the cross (top) and plus (bottom) polarization modes of the GW signal. The bottom panels, labeled “Filtered,” show
the GW (left) and neutrino signals (right) after low-pass and high-pass band filters have been applied. The filters remove any part of the
signal below 50 Hz and above 300 Hz. The filtered GW and neutrino signals show a certain degree of correlation in their modulations.
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as O5 in Fig. 1 of [82]). The standard way to generate noise
for GW detectors is to simulate Gaussian noise with null
mean and sigma equal to one. These data are then trans-
formed in the Fourier domain, where they show a whiten
spectrum. To resemble the desired GW data, we multiply
this frequency series for the selected sensitivity and return
in the time domain to obtain a series of amplitude similar to
the expected detector data.

IV. SEARCH METHODS
FOR GRAVITATIONAL WAVES

In this section, we summarize the standard LIGO-Virgo
unmodeled search method, in particular the one used for
CCSNe. We then outline the algorithms that we have
developed for the search of GWs by taking advantage of the
signal modulations due to SASI, matching the timing and
frequency information from the neutrino event rate with the
ones of the GW signal.

A. Unmodeled gravitational wave searches

The GWs detected so far originate from the coalescence
of compact objects in a binary system. In this case, the GW
waveforms are well known and can be characterized by a
set of templates, which resemble the detectable signal.
Optimal algorithms for this search adopt a matched filter
approach, i.e., find the optimal match among one of the
templates and the detector data [83].
For CCSNe, the GW signal is strongly dependent on the

properties of the collapsing star and the eventual presence of
hydrodynamical instabilities. The large variety of features
potentially present in the GW signal renders the matched
filter approach suboptimal. The alternative adopted solution
is the so-called unmodeled search method; looking for
signals of uncertain morphology through a statistically
significant excess of power in the detector data in the
time-frequency plane (excess-power method).
The excess power algorithm adopted by the LIGO-Virgo

Collaboration in the case of CCSN alerts from electromag-
netic triggers [84] is the so-called coherent WaveBurst
(cWB) [55,56,85].1 cWB takes into account a minimal
approach for the search of noise excess in the time-
frequency domain, obtained from data after applying a
Wilson-Daubechies-Meyer wavelet transform [86]. A com-
bined likelihood across the data of the three interferometers
allows to assess the properties of the GW candidate events.
Given that unmodeled algorithms are suited to search for

any kind of signal, they are also plagued by transient noise,
which affects the distribution of false alarms. Internal
parameters, called regulators, significantly reduce the noise
excess, especially in the case of two aligned detectors like
the two LIGO ones [85]. This search method has been used
in past analyses for GW emission from CCSNe focused on

the use of the two LIGO detectors [84]. Even if a fine-tuning
of the algorithm would be desiderable once the Virgo
detector is included, such a task is out of the scope for
this paper. Hence, we rely on the same analysis configu-
ration adopted in the LIGO-Virgo searches [84] as a
benchmark method to be compared with the GW search
methods explored in this paper and introduced in the next
sections (Secs. IV B and IV C).
A recent review on GW searches from CCSNe with the

cWB method is reported in Ref. [41], where different
detector sensitivities and detector networks are explored.
Recent attempts also aim to exploit machine learning
techniques to improve the detection capability of CCSN
searches [87–93]; however, since they are not officially
used by the LIGO-Virgo Collaboration [84] yet, we do not
consider them for this work.

B. Gravitational wave searches with neutrino
matched filter

In order to investigate the potential of neutrinos in aiding
GW searches from CCSNe, building on the correlation in
the modulations of the GW and neutrino signals shown in
Fig. 1, we have developed a template-based triggered
search. Relying on the neutrino event rate detected by
IceCube displayed in Fig. 1, we build a template to be used
in a matched filter approach. Note that we are interested in
exploiting the SASI frequency and the SASI time windows
inferred from the neutrino event rate; both of them can be
determined with relatively high precision [12,94].
Since we intend to develop a matched filter technique, we

consider one of the standard LIGO-Virgo algorithms; the
PyCBC library [95–98].2 This is a software package devel-
oped for the search of coalescing compact binaries, which
can additionally measure the astrophysical parameters of
detected sources. PyCBC has been used in the analysis of the
Advanced LIGO and Virgo observing runs [99–101],
participating in the first direct detection of GWs [102].
We have created a novel pipeline, mixing the features of

the matched filter and unmodeled searches; the underlying
assumption is that the SASI signatures in the neutrino event
rate should be correlated in time to the GW signal features.
This enables us to exploit time selection and/or bandpass
filters in the time/frequency domain. The flowchart of this
novel pipeline is sketched in Fig. 2. Its main steps are given
as follows:
(1) Downsampling of the original data to a defined

sample rate. This reduces the computational load
since the GW signal is expected to be below 2000 Hz
while the GW interferometers take data with a
sample rate of 16384 Hz.

(2) Applying the PyCBC function filter.matched_filter
between the theoretical template and the data stream.

1https://doi.org/10.5281/zenodo.4419902. 2https://doi.org/10.5281/zenodo.596388.
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The result is a time series which contains the matched
signal-to-noise ratio (SNR).

(3) Selecting samples of the signal time series with an
SNR bigger than a selected threshold value (SNRth).

(4) It is possible that the same template gives high values
of SNR in consecutive samples of the time series. To
avoid to consider the same event multiple times, we
merge consecutive samples within a unique cluster, if
their times differ less than a temporal threshold Δtc.
The clusters are characterized by three parameters
that will be used in the next step:
(i) SNR: maximum SNR in the samples;
(ii) Time: the GPS time corresponding to the maxi-

mum SNR;
(iii) Occupancy (O): the number of samples.

(5) If the GPS times characteristics of the clusters
coming from different detector analyses differ less
than a chosen value Δtn, they are grouped within a
single event, which is considered as the final trigger
of the entire analysis.

The outcome of this procedure consists of a list of network
triggers, which is characterized by the two following
quantities:

SNRnet ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

X

i

SNR2
i

r

and Onet ¼
X

i

Oi;

where i ¼ 1;…; 3 in this work since we rely on three GW
detectors. The same definition can be applied for any
number of detectors.
The performance of the pipeline strictly depends on the

algorithm parameters that we have introduced (i.e.,
the analysis sample rate, the SNR threshold of each
sample, the time coincidence between single samples
Δtc, and the time coincidence among clusters from
different detectors Δtn).

C. Gravitational wave searches with neutrino
trigger in frequency

We also exploit the possibility to feed cWB with
additional information from the neutrino event rate to
guide the GW search. In fact, we can identify the time
periods and frequency bandwidth characteristics of the
SASI activity with high precision from the detectable
neutrino signal [12,94].
In this work, we choose to provide to cWB only with the

frequency information, and not the temporal one. This is
done for two reasons. First, the technical structure of the
cWB routine for what concerns the wavelet transform
challenges the implementation of the time windows of
SASI. The algorithm uses multiple time-frequency domains
which differ among them for the resolution of time and
frequency pixels. Specifically, this is identified by the level
resolution, passing from a level to the next one, the
frequency resolution halves and the time resolution doubles.
Moreover, we cannot perform too small time selection in a
given trigger [like Oð100 msÞ, as visible from Fig. 1],
because if this selection is smaller than the time resolution
of the time-frequency pixels of the wavelet transform then it
would not work. This because cWB pipeline requires a
time-frequency coincidence between the time-frequency
pixels from at least different wavelet resolutions. Second,
we simulate GW detector noise which is Gaussian and
stationary, hence the noise realization near an injected
CCSN signal is statistically compatible with any simulated
detector data. The effect can be different in case of real data,
where the noise detector can be statistically different for
specific time frames and a constraint on time could affect the
efficiency. We expect that the extraction of the SASI
characteristics times from the neutrino event rate might
lead to an additional improvement on the GW detection
sensitivity and leave it to future work.

V. RESULTS

In this section, we present our findings on the potential of
using the SASI signatures imprinted in the neutrino and
GW signals to improve the GW detection efficiency. For
completeness, we contrast these methods with cWB.

A. Input for gravitational wave searches

The time of core bounce can be reconstructed from
the detectable neutrino event rate with an error of a few
ms [103,104]. By narrowing the search window, determin-
ing the bounce time allows a GW detection pipeline to
search the time with the maximum GW SNR [105]. In
this paper, we focus on the time window where the
neutrino event rate is affected by SASI modulations.
Since these modulations occur during the accretion phase,
when the neutrino event rate is larger than the one soon
after the bounce, we expect excellent determination of the
temporal window where SASI takes place through the

FIG. 2. Flowchart of the novel matched filter pipeline proposed
in this paper to search for GWs by relying on the SASI signatures
detectable in the neutrino signal.
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IceCube event rate. The determination of the SASI
frequency range from the IceCube event rate could also
be considered excellent, as shown in Ref. [12].
The observed GW and neutrino signals depend on the

orientation of the observer relative to the CCSN event. In our
analysis, we select three representative observer directions
(see Fig. 1) selected according to the strength of the SASI
modulations seen in the neutrino signal. We adopt the
following procedure; we choose the neutrino event rate
for an observer located along one of the selected directions
as well as the related GW signal introduced in Sec. II. We
then simulate a uniform CCSN distribution in the sky by
relying on a sample of 500 sky directions chosen randomly
from a uniform distribution and simulate the arrival of the
two messengers from a generic direction in the sky. Next, we
generate interferometer data and inject the GW signal.
We infer from the neutrino event rate that two SASI

periods occur in the time windows of [120, 260] ms and
[410, 550] ms for our benchmark CCSN. Using the neutrino
event rate, we also infer that the GW frequency due to SASI
modulations would be between 50 Hz and 300 Hz. In fact,
based on theoretical predictions, we expect GW signal
produced by SASI modulations to have frequency of the
same order of magnitude to that of the neutrino signal. Note
that the selected GW frequency range is also in agreement
with the findings of a broad range of hydrodynamical
simulations.
We use the SASI information inferred from the neutrino

event rate in two different ways:
(1) Build a matched filter technique relying on the

detected neutrino event rate. Templates are con-
structed by applying time and/or frequency filters to
the neutrino rate (cf. Fig. 1). We identify this method
with the name matched filter (MF);

(2) Use cWB to perform an excess power (EP) search,
restricting the frequency band based on the fre-
quency observed in the neutrino signal.

In the case of the MF method, since we have two SASI
periods for our benchmark CCSN, we repeat our analysis
three times; for the first SASI period [MFðt1Þ], the second
SASI period [MFðt2Þ], as well as both SASI periods
[MFðt1;2Þ]. We then consider the three cases above, adding
frequency information [MTðti; fÞ, with i ¼ 1, 2]. The
resulting six MF combinations are summarized in
Table I. The two cWB based EP searches we perform
are also listed in Table I; we consider a standard unre-
stricted cWB search in addition to the frequency restricted
search outlined above. The standard cWB search consti-
tutes our comparison baseline.
Applying the search methods introduced in Sec. IV, we

calculate the detection efficiency at a given false alarm rate
(FAR). The detection efficiency is calculated as the sum
fraction of total of injected CCSN signals with a FAR
smaller than the chosen threshold. FAR defines the prob-
ability that a trigger in the GW detector network may be

due to the detector noise. The FAR is assessed following
the standard LIGO-Virgo time-shift procedure [106]; data
of different GW detectors are time shifted with a shift
considerably bigger than the time of flight among detec-
tors.3 By doing so, we make sure that coincidence triggers
cannot be due to GWs but are random noise in coincidence
among the different detectors. The list of coincident GW
triggers of the shifted data (i.e., background) resemble the
contribution of noise excess giving rise to coincidences in
the nonshifted data (i.e., on source). Repeating the time-
shifting procedure multiple times, we obtain the distribu-
tion of false alarms characterized by the two parameters
introduced in Sec. IV; SNRnet and Onet. Given a trigger
from the on-source analysis with some values of SNRnet
and Onet, its FAR is defined as the number of triggers from
the background analysis that have a SNRnet andOnet greater
than those of the trigger divided by the total background
lifetime. In the following, we assume that the CCSN signal
is detected if its FAR is less than 1 event per 1 year.
Each analysis is implemented as a time-triggered search;

we search for GWs near the beginning of the SASI window
determined through the IceCube event rate. Since the
detector noise is not stationary, the background for a specific
trigger is usually estimated from detector data temporally
adjacent to the trigger. However, since we consider simu-
lated noise, which is Gaussian and stationary in time [107],
all the background realizations for each injection are
expected to be statistically compatible. To reduce the
computational costs we construct three background real-
izations (one for each waveform of Fig. 1) and use them as
benchmark references for all the injections.
First, we need to tune the parameters of the new pipeline.

These parameters are the analysis sample rate, the SNR
threshold of each sample (SNRthr), the time coincidence
between single samples Δtc, and the time coincidence

TABLE I. Time and frequency information extracted from the
neutrino event rate affected by SASI modulations (see Fig. 1) and
used as a template from the GW search. The first column reports
the method identifier. The second column indicates the measured
time interval during which SASI occurs. The third column lists
the frequency band pass.

Method Time (ms) Frequency (Hz)

MFðt1Þ [120, 260] NA
MFðt2Þ [410, 550] NA
MFðt1;2Þ [120, 260]–[410, 550] NA
MFðt1; fÞ [120, 260] [50, 300]
MFðt2; fÞ [410, 550] [50, 300]
MFðt1;2; fÞ [120, 260]–[410, 550] [50, 300]

EP NA NA
EPðfÞ NA [50, 300]

3The maximum time of flight among the LIGO-Virgo detectors
is 27 ms.
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among clusters from different detectors Δtn. We tune the
pipeline considering our benchmark CCSN to be at 0.1 kpc,
the distance is chosen so that the GW signal has an SNR
(SNR > 20) that in the entire procedure remains distin-
guishable from noise and performances are compatible
between the different scenarios of Table I. The parameter
set we identified is summarized in Table II.
In the next sections wewill compare the efficiencies of all

cases in Table I for a different distance than the tuning one to
verify we have not overtuned our algorithm for the distance
of 0.1 kpc but the chosen running parameters are optimal
also at different distances. We have chosen a distance
of 0.5 kpc away, which is close enough so the GW signal
is still discernible from the detector noise and the efficiency
is not strongly affected by noise fluctuations.

B. Gravitational wave searches with neutrino trigger

Figure 3 shows the detection efficiency for our proposed
methods, assuming a source distance of 0.5 kpc and a false
alarm rate of one per year. The top panel of the figure
displays the efficiency of the MF method which only uses
the SASI timing information to construct the filters. The
middle panel shows the detection efficiency of the MF
methods with filters constructed by first selecting the SASI
time window(s) and applying a bandpass filter. The bottom
panel compares the detection efficiency of two selected MF
methods with the efficiency of the two EP searches. All our
MF methods achieve an efficiency greater than 90% for
all three waveforms, outperforming the EP searches by
approximately 30%.
The methods considering both SASI periods into

account, MFðt1;2Þ and MFðt1;2; fÞ, perform worse than
the filters built from a single SASI period, MFðt1Þ,
MFðt2Þ, MFðt1; fÞ, and MFðt2; fÞ. However, the average
performances of the MF methods are within ∼5% from
each other.
The degradation in efficiency we observe when using

information from both SASI periods (cf. top panel of
Fig. 3) can be understood based on the underlying physics.
For our s27 model, the first SASI episode shows a
predominant sloshing mode (i.e., SASI tends to develop
along a particular plane, despite its global nature), however
as SASI becomes stronger, it acquires a spiral nature [66].
This implies that the observer direction pointing towards
the strongest SASI modulations evolves with time.

The transverse nature of GWs means that the strongest
signal will be seen by observers situated perpendicular to
the plane in which the SASI activity and therefore the
neutrino signal modulations is strongest. This implies that
the observer directions of strongest, intermediate and weak
SASI modulations selected for the neutrino event rate by
relying on the first SASI episode are not anymore optimal
for the second SASI episode. Additionally, in our bench-
mark CCSN model, the two SASI periods do not spatially
align. Therefore, the chance of selecting observer directions
that present an optimal correlation between the neutrino and
GW signals in both SASI windows is low. This implies that,
using both SASI periods typically leads to a reduction in the
total SNR and a reduction in detection efficiency.
An additional uncertainty linked to the neutrino signal

is the flavor mixing. Because of the uncertainties linked to
the modeling of the flavor conversion of neutrinos in
dense media [20–22,75], we here consider two extreme
scenarios: absence of flavor mixing (i.e., we consider
the ν̄e signal) or maximal flavor mixing (i.e., we consider
the ν̄x signal). This choice is motivated by the fact that the
SASI signatures in the neutrino signal are flavor depen-
dent, see e.g., Refs. [12,13] for a dedicated analysis of the
neutrino signal linked to our benchmark supernova model.
We select only two scenarios of Table I for which we

consider full flavor conversion; the ones focusing on the
first time period of SASI, with and without the frequency
selection [i.e., MFðt1Þ and MFðt1; fÞ]. The corresponding
efficiencies are shown in Fig. 3 (blue dashed lines). We can
see that the efficiencies are slightly worse than the results
without flavor conversion in both cases, showing a variance
of no more than 2%.

C. Comparison with gravitational wave
unmodeled search

Figure 3 displays the efficiency achieved by the unmod-
eled GW search method in comparison to our proposed
methods. We observe that the efficiency of the unmodeled
search is lower than the other methods, by up to 30%.
However, we note that the parameters for the unmodeled
search were taken from the official LIGO-Virgo analysis
during the second scientific run [54], which only consid-
ered two GW detectors. As our analysis includes data from
three detectors, the running settings are not optimized for
our case, which explains why the efficiency in Fig. 3 does
not reach 100% even at a small distance (<0.5 kpc). We do
not fine-tune these parameters in this work as it is beyond
the scope of our study. Moreover, recent developments
of the cWB algorithm [108] may further impact the results
in the future.

D. Supernova detection horizon

We now assess the detection horizon of our methods. We
assume CCSNe occurring at distances of 0.1, 0.2, 0.5, 1, 2,

TABLE II. Running parameters of the MF pipeline which have
been selected after a tuning at distance working point of 0.1 kpc.
We note that the performances of MF method depend on the
choice of the running parameters and therefore we have chosen
them such to be conservative.

Sample rate (Hz) SNRthr Δtc (ms) Δtn (ms)

4096 3.5 250 300
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and 5 kpc and calculate the efficiency as a function of the
CCSN distance.
The corresponding efficiency curves as a function of the

CCSN distance are reported in Fig. 4. We can see that 50%

of the efficiency is obtained at 2 kpc. At smaller distances,
any input from the neutrino event rate in the MF method
allows to achieve an efficiency larger than the one obtained
for the EP search. However, at larger distances the
efficiency of the MF methods rapidly degrades, and the
EP approach tends to perform better.
The worse performance of the MF methods for larger

CCSN distances could be due to the fact that the neutrino
and the GW signals are not exactly matching. Therefore,
when the SNR decreases, the noise hinders the matched
filter efficiency.

FIG. 3. Detection efficiency for our three selected waveforms
and different detection strategies. The top panel shows the MF
method where the filter was constructed by relying on the SASI
time periods reconstructed from neutrino signal. The middle
panel shows the MF method, with a band pass filter. The bottom
panel compares the best performing MF curves of the top and
middle panel to the standard EP method. The black curve
represents the fiducial cWB search, while the gray curve
represents a cWB search where we have restricted the frequency
range to be [50, 300] Hz. The solid lines refer to the scenario with
no flavor mixing, while the dashed lines represent the case of full-
flavor conversion. All efficiencies are calculated at a FAR ≈
1=year and a distance of 0.5 kpc. Note that the y-axis in the
bottom panel differs from the other two.

FIG. 4. Detection efficiency as a function of the CCSN distance
for the MF and EP methods. The top, middle, and bottom panels
represent the detection efficiency for waveform 1, 2, and 3,
respectively. For CCSNe occurring beyond 1.5 kpc, the efficiency
of the MF methods rapidly degrades, and the EP approach tends
to perform better.
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VI. DISCUSSION

We have explored the potential of using the SASI
imprints in the neutrino signal to improve the GW
detection techniques. Our results are encouraging, but
further improvements are required. For example, the GW
detection efficiency would further improve by applying
advanced methods for constructing the filter from the
neutrino signal. One possible way forward consists in
developing a set of filters that permit a time-dependent
phase difference between the filter and the underlying
neutrino signal. Such an approach could potentially
account for the differences in the time evolution of the
GW and neutrino signals. Also, the use of EP methods,
such as cWB, should be explored by substantially modi-
fying the pipeline to include information from the SASI
time intervals. Moreover, a recent version of the cWB
pipeline was recently published [108], which can further
improve the efficiency for CCSN detection.
Our results may also be affected by the strength and

duration of the SASI episodes, which depend on the CCSN
model adopted as benchmark. In this sense, our model s27
should be considered as representative of an average CCSN;
additional work is required to further assess the GW
detection efficiency for a larger number of CCSN models
with varying properties. For example, we may expect an
overall improvement of the GW detection horizon, possibly
exploiting the strong and long-lasting SASI imprints from
black hole forming collapses [6]. On the other hand,
moderate rotation smears the SASI signatures on the
neutrino signal [17,74], in which case the neutrinos may
not improve the GW detection efficiency.
We also stress that we focused on considering the

neutrino event rate expected in the IceCube Neutrino
Observatory, since this would provide the largest event
rate for close CCSNe [75,79]. However, similar analyses
could be carried out by relying on other neutrino tele-
scopes, such as Hyper-Kamiokande [80], which will be
more suitable for CCSNe occurring at larger distances
because the background will be essentially absent (see
discussion in Sec. III and Ref. [12]). In particular, the latter
approach could be especially interesting for third gener-
ation GW detectors, like Einstein Telescope, for which we
expect a CCSN detection horizon improved by one order of
magnitude [109].
The existing literature considers various GW search

methods. In the following we compare our findings to
existing work. Note, however, that for a consistent com-
parison, it is necessary to have a similar CCSN model
with comparable properties and affine working point, i.e.,
same detector sensitivities, interferometer network, and
chosen FAR.
An optically triggered search for GWs of five CCSN

events occurred in coincidence with the first and second
observing LIGO-Virgo runs is carried out in Ref. [84].
However, this analysis considers a different FAR and

detector network; the sensitivity of the instruments and
the results of the search are not comparable to ours.
Reference [41] explored the detectability of GWs from a

Galactic CCSN using cWB and considering a two-detector
LIGO network with expected sensitivity of the future fifth
LIGO-Virgo-Kagra observation run (the O5 run). While
some of their CCSN models are similar to our model s27,
there are severe differences between our analysis and the
one presented in Ref. [41]. Importantly, the FAR and the
detector network considered by [41] differs from what we
use in this work. While these differences make a direct
comparison difficult, our approach seems to result in an
improvement of the CCSNe GW detection horizon by an
order of magnitude over what was reported by [41].
A strategy to combine GWand neutrino searches through

a combined global false alarm rate was developed in
Ref. [110]. Their Figs. 2 and 6 display the efficiency curves
obtained for different GW emission models at two FAR
working points of 864=day and 1=1000 years, respectively
without and with combination with neutrino information.
Because of the difference in both of the GW waveforms
used and the chosen FAR, it is challenging to assess whether
our approach could lead to any further improvements over
the method implemented in Ref. [110]. Reference [111]
does not provide information about FAR, hence a direct
comparison with our work is not possible.
The authors of Ref. [105] adopted likelihood approach,

searching for a signal in the frequency band of [50–500] Hz.
Their approach is similar to our EP(f) method but relies on a
different frequency band. Since the authors of Ref. [105] do
not report their FAR, a direct comparison with our method is
not possible.

VII. CONCLUSIONS

This work has explored the feasibility of enhancing the
detection efficiency of GWs from CCSNe by leveraging on
the correlation between the GW and neutrino signals in the
presence of the SASI hydrodynamical instability. In order to
do so we rely on a benchmark full-scale three-dimensional
CCSN simulation with zero-age main sequence mass of
27M⊙ and consider two different approaches; one in which
we use the neutrino event rate to build a matched filter for
the GW signal (matched filter method), and another one that
relies on unmodeled GW search with a frequency bandpass
inferred from the neutrino signal (excess power method).
Our key findings are given as follows:
(1) Utilizing the correlation between the neutrino and

GW signals from CCSNe, our matched filter method
can increase the detection efficiency, compared to
standard excess energy searches, by up to 30% for
nearby galactic events (closer than 1.5 kpc). How-
ever, at distances above 1.5 kpc we observe a
decrease in the overall detection efficiency when
incorporating input from the neutrino event rate.
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(2) Combining information from two distinct SASI
episodes, for the same CCSN event and for fixed
observer direction, is in general a bad strategy and
leads to a degradation of the detection efficiency. This
decreased efficiency arises from an observer effect;
because of the sloshing and spiral nature of SASI, the
associated GW signal modulation is not as strong for
both periods for any given observer. Therefore,
attempting to combine information from two different
SASI periods can result in a decrease of the SNR,
ultimately reducing the overall detection sensitivity.

(3) Incorporating neutrino information into the excess
power method does not significantly improve the
detection sensitivity. In fact, restricting the fre-
quency band effectively reduces the FAR, but it
also decreases the SNR of the GW signal. These two
effects balance each other out, resulting in no real
change in the final detection sensitivity.

We have limited our investigation to one specific CCSN
model for which the detection horizon is limited to a few
kpc. However, results are qualitatively independent of the
chosen model. We stress that our method is strongly
related to the SASI signatures, so performances would
improve for CCSN models with stronger SASI. Future
work should include more CCSN models and consider
more advanced methods for constructing the filters from
the neutrino signal.
To conclude, multimessenger techniques could improve

the detection horizon of GWs from CCSNe. This work is a
first attempt showing interesting potential of using the
imprints of hydrodynamical instabilities in the neutrino
signal to aid the GW detection. Additional work is required

to further assess the performance of such technique and
advice the best strategy for the first GW detection from
CCSNe. Further work is required to fully evaluate the
efficacy of this technique and to determine the most
effective strategy for achieving the first GW detection
from CCSNe.
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Obergaulinger, P. Cerdá-Durán, N. Christensen, J. A. Font,
and R. Meyer, Inference of protoneutron star properties
from gravitational-wave data in core-collapse supernovae,
Phys. Rev. D 103, 063006 (2021).

[64] T. Bruel, M.-A. Bizouard, M. Obergaulinger, P. Maturana-
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