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We present the results from a search for gravitational-wave transients associated with core-collapse
supernovae observed within a source distance of approximately 20 Mpc during the first and second
observing runs of Advanced LIGO and Advanced Virgo. No significant gravitational-wave candidate was
detected. We report the detection efficiencies as a function of the distance for waveforms derived from
multidimensional numerical simulations and phenomenological extreme emission models. The sources
with neutrino-driven explosions are detectable at the distances approaching 5 kpc, and for magnetorota-
tionally driven explosions the distances are up to 54 kpc. However, waveforms for extreme emission
models are detectable up to 28 Mpc. For the first time, the gravitational-wave data enabled us to exclude
part of the parameter spaces of two extreme emission models with confidence up to 83%, limited by
coincident data coverage. Besides, using ad hoc harmonic signals windowed with Gaussian envelopes, we
constrained the gravitational-wave energy emitted during core collapse at the levels of 4.27 × 10−4 M⊙c

2

and 1.28 × 10−1 M⊙c
2 for emissions at 235 and 1304 Hz, respectively. These constraints are 2 orders of

magnitude more stringent than previously derived in the corresponding analysis using initial LIGO, initial
Virgo, and GEO 600 data.

DOI: 10.1103/PhysRevD.101.084002

I. INTRODUCTION

The direct detection in September 2015 of a binary black
hole merger [1] initiated the field of gravitational-wave
astronomy. During the first and second observing runs (O1
and O2) of Advanced LIGO and Advanced Virgo, several
more mergers were reported [2–7], and in August 2017, a
binary neutron star merger [8] was observed in the
gravitational-wave (GW) and electromagnetic spectra.
This event gave birth to multimessenger astronomy with
gravitational waves [9–13].
Core-collapse supernovae (CCSNe) are another impor-

tant target of multimessenger astronomy with GWs, as all
recorded supernovae were observed in the electromagnetic
spectrum and low energy neutrinos were observed from SN
1987A [14–16]. GWs and neutrinos provide unique infor-
mation about the dynamics of the collapse and the onset of
the explosion, as opposed to electromagnetic emission
which is delayed and originates in regions thousands of
kilometers away from the central engine. Their observation
could provide hints to the shock revival mechanism
[17–23]. The most promising opportunity for multimes-
senger GW astronomy with CCSNe would be a Galactic
CCSN, although the rate of such events is expected to be
just one or two per century [24–30].

In contrast to all-sky, all-time unmodeled GW transient
searches [31–34], targeted searches for CCSNe impose the
sky location, the source distance, and a time window for the
arrival time of theGW signal. In the previous CCSN targeted
search with first-generation GW detector data [35], we
developed the methodology, derived distance ranges for
various GWemission processes, provided null model exclu-
sion statements, and established GW energy constraints.
This paper describes a targeted search focusing on

CCSNe recorded by astronomical observations at distances
up to approximately 20 Mpc during O1 and O2. We
selected five CCSNe, four of which are type-II supernovae
(SN 2015as, SN 2016B, SN 2016X, and SN 2017eaw) and
the other of which is type Ib/c (SN 2017gax). We have not
found any evidence for a GW signal associated with them.
Similarly to Ref. [35], we obtain distance ranges for a
selection of waveforms which were computed from
numerical simulations and that are representative of differ-
ent emission mechanisms and progenitors. We also use
phenomenological waveforms representing possible but
extreme emission models, and we derive standard candle
model exclusion statements for them. Finally, we adopt
ad hoc sine-Gaussian waveforms to simulate GW emission
in specific time-frequency regions, allowing us to derive
upper limits on the emitted GWs from a specific CCSN.
This paper is organized as follows. In Sec. II, we list the

CCSNe that we study in this search. We also describe*Full author list given at the end of the article.
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methods for calculating the time period when we expect the
moment of collapse. In Sec. III, we describe the data used in
the search. Section IV describes the methodology, the
pipeline, simulated GW signals, and systematic uncertain-
ties. The results in Sec.Vinclude distance reaches for several
models of emission, GW energy constraints, and model
exclusion statements. We draw conclusions in Sec. VI.

II. TARGETED CORE-COLLAPSE SUPERNOVAE

From all core-collapse supernovae recorded during the
O1 and O2 periods, we have selected those that contribute
to model exclusion statements and meet the following
criteria: (i) the distance is less than approximately 20 Mpc;
(ii) the period where we expect to find the GW transient, the
on-source window, (see Sec. II A) is sufficiently well
identified (order of days maximum); and (iii) there is
sufficient GW detector data within the supernova on-source
window to allow us to accumulate at least a few years of
background data (see Sec. IV B).
During O1 and O2, astronomers found and followed up

numerous CCSNe in the nearby universe. Based on the
information from Astronomical Telegrams [36] and super-
nova catalogs (ASAS-SN [37–40], DLT40 [41], Gaia
[42,43], ASRAS [44], TNS [45], OSC [46], and CBAT
[47]), we found nine supernovae of interest.
Only five CCSNe meet the selection criteria and are used

for the astrophysical statements in this paper. They are SN
2015as, SN 2016B, SN 2016X, SN 2017eaw, and SN
2017gax. They are reported in Table I, and Fig. 1 presents
their sky locations. The majority of these are type-II
supernovae originating from red supergiant progenitor
stars. and the host galaxy was identified for each. The
distance to each CCSNe is determined using the estimated
distance to its host galaxy. The on-source window calcu-
lation methods are described Sec. II A.
SN 2015as, a type-IIb supernova, was discovered on

November 2015 at 15.78 Coordinated Universal Time
(UTC) [48] during O1. The host galaxy is UGC 5460 at
a distance of 19.2 Mpc [49]. Although the spectrum
transitions to a type-Ib supernova around 75 days after

explosion, the spectrum evolution closely relates to that of
SN 2008ax, suggesting type IIb [49]. The progenitor star is
estimated to be either a 15 M⊙ zero age main sequence
(ZAMS) mass star or 20 M⊙ Wolf-Rayet star [50]. CCSN
ejecta are estimated to be 1.1–2.2 M⊙.
SN 2016B (ASASSN-16ab), a type-IIP supernova, was

discovered by ASAS-SN on January 2016 at 03.62 UTC
[51] during O1. The host galaxy is PGC 037392 at a
distance of 18.6 Mpc [51]. The progenitor star is estimated
to be a red supergiant [52].
SN 2016X (ASASSN-16at), a type-IIP supernova, was

discovered by ASAS-SN on January 2016 at 20.59 UTC
[53]. It exploded in the spiral galaxy UGC 08041 at a
distance of 15.2 Mpc [54]. UV observations in Ref. [54]
indicate that the progenitor star is a massive red supergiant
with an initial mass larger than 19–20 M⊙ and a radius
larger than 930� 70R⊙.
SN 2017eaw (Gaia17bmy), a type-IIP supernova, was

discovered by Gaia on May 2017 at 14.24 UTC [55]. The
CCSN exploded in galaxy NGC 6946, the estimated
distance of 6.72� 0.15 Mpc away [56]. This is the closest
CCSN considered in the search. The analyses in Refs. [57–
59] provide indication that the progenitor was a red
supergiant with an estimated initial mass of 13 M⊙ and
radius of 4000R⊙.

FIG. 1. Sky locations of core-collapse CCSNe analyzed in this
search. All were recorded within 20 Mpc during the O1 and O2
observing runs.

TABLE I. Core-collapse supernovae selected as targets for the gravitational-wave search described in this paper. The variables t1 and
t2 are the start and end of the OSWs,Δt is the duration of the OSWs, and OSWmethod indicates how the OSW is calculated (see Sec. II
A). The Run column indicates the LIGO and Virgo observing runs. The Active Detectors column lists the interferometers taking data
during the on-source window. We include data from the LIGO Hanford (H1), LIGO Livingston (L1), and Virgo (V1) detectors. The last
column presents coincident duty factors.

Supernova Type
Host
galaxy

Distance
(Mpc)

t1
(UTC)

t2
(UTC)

Δt
(days)

OSW
method Run

Active
detectors

Coincident
coverage (%)

SN 2015as IIb UGC 5460 19.2 Nov. 2015 14.77 Nov. 2015 16.23 1.47 Early O1 H1,L1 34.2
SN 2016B IIP PGC 037392 19.1 Dec. 2015 23.51 Dec. 2015 27.55 4.03 Early O1 H1,L1 34.3
SN 2016X IIP UGC 08041 15.2 Jan. 2016 17.72 Jan. 2016 20.56 2.86 Early O1 H1,L1 14.4
SN 2017eaw IIP NGC 6946 6.72 Apr. 2017 26.56 Apr. 2017 27.96 1.39 EPM O2 H1,L1 48.8
SN 2017gax Ib/c NGC 1672 19.7 Aug. 2017 14.28 Aug. 2017 16.15 1.66 Early O2 H1,L1,

V1
61.5 (H1L1)

60.8 (H1L1V1)
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SN 2017gax (DLT17ch), a type-Ib/c supernova, was
discovered by the DLT40 on August 2017 at 14.71 UTC
[41]. This CCSN was found in NGC 1672, 19.7 Mpc away
[60]. Unfortunately, little is known about the progeni-
tor star.
Any CCSN, where the detection efficiencies for the

extreme emission models are nonzero and with sufficient
on-source window coverage, helps the model exclusion
probabilities (see Sec. V C). In this regard, we also consid-
ered CCSNe at distances greater than 20 Mpc. Four other
such CCSNe have been recorded during the O1 and
O2 periods: not enough GW data was available for SN

2016C (type IIP, 20.1Mpc [61,62]) and SN 2017ein (type Ic,
11.2 Mpc [63,64]), and no on-source window could be
sufficiently constrained for SN 2017aym (Gaia17aks) (type
IIP, 26.4 Mpc [65,66]) and SN 2017bzb (type II, 13.9 Mpc
[67,68]). All the other CCSN candidates occurred outside
the O1 and O2 periods or were located further than 20 Mpc.

A. On-source window calculation

The collapse of a star’s iron core forms a protoneutron
star and initiates a hydrodynamical shock wave propagat-
ing outward. Depending on the size of the progenitor star,
the ensuing shock propagates for a period of seconds to
days [69]. When it reaches the surface, i.e., shock breakout,
a CCSN emits observable light. Because of weather
conditions, limited sky coverage, and many other limita-
tions, astronomical surveys typically record CCSNe hours
to months after light first reaches Earth. The ability to
extrapolate backward in time to the moment of core
collapse depends primarily on how quickly a CCSN is
detected, its last nondetection, and the properties of its
progenitor star.
The on-source window (OSW) is defined as the time

interval ½t1; t2�, where t1 and t2 are the beginning and end
times, respectively. An upper bound to this interval is tdisc,
the time at which the CCSN was first observed electro-
magnetically. We define tNull as the time of the last
observation of a host galaxy without a supernova present.
To estimate the OSW, we consider two methods. The
choice between the early observation method (early) and
the expanding photosphere method (EPM) is based on the
quality of the multiband photometry, the determination of
the host galaxy, and the type of CCSN. We apply the early
observation method when tdisc − tNull is of order a few days,
the supernova type is known, and the progenitor star is
inferred [70–73]. In all other cases, we consider the EPM.
In the early observation method, t2 is the time when the

CCSN is discovered, i.e., t2 ¼ tdisc. To determine t1, we
need to take into account tNull, and the shock propagation
travel time between the moment of explosion and shock
breakout, ΔtSB. We get that t1 ¼ tNull − ΔtSB. ΔtSB
depends mainly on the type of the progenitor star. Wolf-
Rayet stars are stripped of helium and hydrogen, and they
lead to type-Ib/c supernovae. Their radii are on the order of

a few R⊙ with typical shock breakout times ranging from a
few seconds up to a minute [74]. Red supergiant stars have
radii of 500–1000 R⊙ [75] and typical ΔtSB ranges from
more than 10 h up to a few days [76]. We calculated the
OSW with the early observation method for four CCSNe:
SN 2015as, SN 2016B, SN 2016X, and SN 2017gax. For
each of them, we identified tNull and tdisc based on the
astronomical surveys. We calculated ΔtSB from informa-
tion about their progenitor stars. To account for uncertain-
ties in the progenitor star information, we enlarge the OSW
by a number of hours (from 15 h up to 24 h [77,78]).
The expanding photosphere method is used in astronomy

primarily to estimate distances to CCSNe, but we employ it
to estimate the time of core collapse, and we use techniques
developed in Refs. [79–81].We briefly describe themethod,
but a detailed explanation can be found in Refs. [82–87].
When the shock breaks through a star’s surface, it heats up
the outer layers and pushes them outward. The expanding
photosphere grows with time, and its speed can be measured
using Doppler shifts in its spectrum. As a consequence, we
can extrapolate backward in time from the moment when
explosion was caught in the optical bands in order to
estimate t1 and t2. Since the interval between tdisc − tNull
for SN 2017eaw was greater than a week and because SN
2017eaw follow-up observations allow it [57,58], we used
the EPM to calculate the OSW.

III. DETECTOR NETWORKS AND COVERAGE

Data from O1 and O2 were used for this search. This
includes data from the Advanced LIGO detectors in
Hanford (H1) and Livingston (L1) and the Advanced
Virgo (V1) detector. O1 started on September 12, 2015,
and ended on January 19, 2016, while O2 spanned the
period between November 30, 2016, and August 25, 2017
[2]. The L1 and H1 detectors were observing jointly
during O1 and O2, and Virgo joined the LIGO detectors
on August 1, 2017 [2].
The data are affected by instrumental and environmental

sources of noise that prevent some of the data from being
analyzed [88]. Periods of poor data quality are excluded
using the information from many probes monitoring the
environment of the detectors and probes controlling the
different optical elements [89,90]. For all CCSNe, we
applied the same criteria for excluding times of poor data
quality that were used in the all-sky short-duration unmod-
eled transient GW searches [33,34].
Table II specifies the data taking periods along with the

availability of each detector, which is referred to as the duty
factor. The duty factor for each detector in O2 was higher
than in O1 and was growing toward the end of the period.
Figure 2 shows the OSWs for each CCSN together with the
periods when detector data were available. The analysis is
performed on data that are coincident between two or more
detectors. OSW for SN 2016X extends past the end of O1.
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Figure 3 shows the noise spectral density for all avai-
lable detectors at the times of SN 2016B and SN 2017gax.
For comparison, we plot the sensitivities of the two
detectors for SN 2007gr [35] observed during LIGO
Science Run 5 (S5). When comparing the data for SN
2007gr to the O1-O2 sensitivity, the detectors are three to
five times more sensitive in the most sensitive detector band
between 100 and 300 Hz [33] and around ten times more
sensitive around 1 kHz. Moreover, the low-frequency part
of the spectrum (below 100 Hz) improved during O2,
especially in the L1 detector.
SN 2017gax happened in August 2017 when the LIGO

and Virgo detectors were acquiring data. We have consid-
ered not only the H1L1 coincident time but also the
H1L1V1 coincident time. Because of the sensitivity differ-
ence between Virgo and the two LIGO detectors, we found
that the H1L1V1 network is less sensitive. We thus report
results using the H1L1 network.

IV. METHODOLOGY

In this paper, we search for GW signals in a large
frequency band, 16–2048 Hz, without specific assumptions
about the signal morphology. This frequency band allows
us to cover most of the main emission processes inside a
CCSN. We employ coherent WaveBurst (CWB) [91] as the
search algorithm, which we describe in the following
section.

A. Coherent WaveBurst

Coherent WaveBurst is an excess power pipeline that is
based on the constrained maximum likelihood ratio method
[91]. For each event, the pipeline calculates correlation
coefficients cc ¼ Ec=ðEc þ EnÞwhichmeasures the degree
of similarity of the waveforms between the detectors. Ec is
the normalized coherent energy obtained by cross-correlat-
ing the reconstructed waveforms in each detector, and En is

TABLE II. Overview of GW interferometers for the O1 and O2 observing runs from which we draw data for our search. The O1
observing run lasted four months and was followed by a half-year maintenance period. The observing runs were preceded by
engineering runs, which we do not report here. O2 lasted around nine months; however, the run was interrupted twice, between
2016.12.22–2017.01.04 and 2017.05.08–2017.06.26. The numbers in the table were calculated after periods of poor data quality were
removed.

Run Detectors Run period Duty factors Coincident duty factor

O1 H1,L1 2015.09.12–2016.01.19 49.5% (H1), 42.4% (L1) 31.4% (H1L1)
O2 H1,L1 2016.11.30–2017.08.25 65.4% (H1), 63.6% (L1) 49.0% (H1L1)
O2 H1,L1,V1 2017.08.01–2017.08.25 77.7% (H1), 79.2% (L1), 85.1% (V1) 62.0% (H1L1V1)

FIG. 2. Visual representation of the on-source windows (see Sec. II A), the data coverage for each detector, and the detector duty
factors (percentage of available data inside on-source window). Dates in brackets are CCSN discovery times in UTC, and t2 is the end
time of the on-source window for each CCSN. The plotted interferometers (IFO) are LIGO Hanford (H1), LIGO Livingston (L1), and
Virgo (V1).
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the normalized per detector residual noise energy after the
reconstructed waveform is subtracted from the data. For a
real GW, cc ≈ 1, and we accept events that have cc > 0.8.
Each event is ranked according to a coherent network signal-
to-noise ratio, ρ ∝

ffiffiffiffiffiffi

Ec

p
. A more detailed explanation of

these statistics is given in Refs. [89,91].
The events are divided into twomutually exclusive classes

based on their morphologies, similarly to Ref. [33]. ClassC1
contains transients of a few cycles. This class is primarily
polluted by blip glitches which are very short duration
transients, Oð10Þ ms, with large bandwidth, Oð100Þ Hz
[88,92]. These noise transients are currently of unknown
origin. To separate blip glitches from the bulk of the trigger
population in classC2, we use the selection criteria described
in Ref. [89].

B. Background estimation

As mentioned earlier, each GW detector is constantly
monitored with various sensors that allow us to exclude
poor data quality periods from the analysis. However, it is
not possible to remove all sources of noise. To estimate how
often the pipeline produces events that are falsely identified
as GWs, we perform a background analysis where CWB
artificially shifts the data in one detector with respect to the
other. The typical time shift is a multiple of 1 s, which is
much longer than the GW travel time between different
detectors (e.g., 10 ms between H1 and L1). This allows us
to estimate the false alarm rate (FAR) of the background
events. We use a few years of background data for
each CCSN.
GW events obtained when no shift is applied to the data

may contain genuine GW signals. The events from the
search classes are combined and ranked with their FAR. We

assume that the event with the smallest FAR between the
two search classes is a potential GW candidate, and we
refer to it as the loudest event. The FAR is calculated from
the noise transient distribution of the class to which the
loudest event belongs. Since the classes are independent,
we apply a trial factor 2 to the FAR (see also Refs. [1,33])
of the loudest event. The significance of an event with given
FAR is assessed by calculating its false alarm probability
(FAP), which is the probability of obtaining one or more
noise events that are less than or equally ranked,

FAP ¼ 1 − exp ð−Tcoinc × FARÞ; ð1Þ

where Tcoinc is the coincident data duration of the appro-
priate OSW.

C. Search sensitivity

We determine how sensitive the pipeline is to particular
waveform families. CWB adds (injects) supernova wave-
forms to the detector data inside the OSW with the right
time delay in each detector such that the GW signal comes
from the accurately known CCSN sky location. The
fraction of the injected signals that can be detected and
pass the selection criteria is the detection efficiency. The
injection procedure is repeated with waveform amplitudes
corresponding to different source distances. We select any
event that passes the selection criteria of the search and
whose rank is smaller than the loudest event FAR.
We consider two sets of multidimensional supernova

explosion models, extreme emission models, and ad hoc

waveforms as listed in Tables III and IV. For all of the
waveforms, we provide the peak frequency, number of
polarizations, and other quantities. For the waveforms from
multidimensional CCSN simulations and extreme emission
models, we provide the GW energy, EGW, emitted during
the explosion and the source angle-averaged root-sum-
squared GW strain,

hrss ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Z

hh2þðtÞ þ h2×ðtÞiΩdt
s

: ð2Þ

Our efficiency estimates are subject to a number of
uncertainties. The most important of these are calibration
uncertainties in the strain data recorded at each detector and
Poisson uncertainties due to the use of a finite number of
injections (Monte Carlo uncertainties). We use the same
methodology explained in Ref. [35], to account for each of
these uncertainties. For detection efficiencies, the dominant
effect comes from the uncertainties in the strain amplitude
calibration, as in Ref. [35]. These vary from a few percent at
lower frequencies to 10% at higher frequencies in both L1
and H1. For this paper, these uncertainties are conserva-
tively set to 10% for H1 and L1 at the times of the five
CCSNe studied [102,103]. The error analysis leads to
decreasing the detection efficiencies by 9.1%.

FIG. 3. Noise amplitude spectral densities of the GW interfer-
ometers. For SN 2016B and SN 2017gax, we chose ten random
periods inside the corresponding on-source windows. Each
period was 10 min long. We calculated the noise spectra for
each and then took an average. Amplitude spectra for SN 2007gr
are reproduced from Ref. [35].

OPTICALLY TARGETED SEARCH FOR GRAVITATIONAL WAVES … PHYS. REV. D 101, 084002 (2020)

084002-5



For the waveforms coming from two-dimensional (2D)
simulations, marginalizing over all unknown angles, the
waveform amplitude is reduced by a factor

ffiffiffiffiffiffiffiffiffiffi

5=18
p

that we
apply to the efficiencies. For optimally oriented CCSNe,
the distance ranges for these models will be

ffiffiffiffiffiffiffiffiffiffi

18=5
p

times
larger.

1. Waveforms from multidimensional CCSN simulations

The main mechanism behind a CCSN explosion is not
yet fully understood, and a complete review of the current

state can be found in Refs. [21,104–106] and in references
therein. We divide the waveforms from multidimensional
CCSN simulations into two sets according to their explo-
sion mechanisms. In the first set, we consider a neutrino-

driven explosion mechanism for nonrotating or slowly
rotating progenitor stars. We employ three waveform
families: Müller et al. [95], Ott et al. [96], and Yakunin
et al. [97]. In this paper, we use the most accurate
waveforms that were available in the literature when the
analysis was started. While more accurate waveforms from

TABLE III. Waveforms from detailed multidimensional CCSN simulations described in the text. For each waveform, we give the
emission type, reference, waveform identifier, angle-averaged root-sum-squared strain hrss, the frequency fpeak at which the GWenergy
spectrum peaks, the emitted GW energy EGW, and available polarizations. See Refs. [93,94] for details.

Waveform family Waveform identifier hrss ð10−22
ffiffi

s
p

@10 kpcÞ fpeak (Hz) EGW ð10−9 M⊙c
2Þ Polarizations

Müller et al. [95] 3D
convection and SASI

mul1-L15-3 1.655 150 3.741 × 10−2 þ, ×
mul2-N20-2 3.852 176 4.370 × 10−2 þ, ×
mul3-W15-4 1.093 204 3.247 × 10−2 þ, ×

Ott et al. [96] 3D
convection and SASI

ott1-s27fheat1p05 0.238 1019 7.342 × 10−1 þ, ×

Yakunin et al. [97] 2D
convection and SASI

yak1-B12-WH07 3.092 760 3.411 þ
yak2-B15-WH07 14.16 932 7.966 þ
yak3-B20-WH07 3.244 638 4.185 þ
yak4-B25-WH07 18.05 1030 14.21 þ

Scheidegger et al. [98]
rotating core collapse

sch1-R1E1CAL 0.129 1155 1.509 × 10−1 þ, ×
sch2-R3E1ACL 5.144 466 2.249 × 102 þ, ×
sch3-R4E1FCL 5.796 698 4.023 × 102 þ, ×

Dimmelmeier et al. [99]
rotating core collapse

dim1-s15A2O05ls 1.052 770 7.685 þ
dim2-s15A2O09ls 1.803 754 27.880 þ
dim3-s15A3O15ls 2.690 237 1.380 þ

TABLE IV. Waveforms from phenomenological and ad hoc emission models described in the text. For each waveform, we give the
emission type, journal reference, waveform identifier, angle-averaged root-sum-squared strain hrss, the frequency fpeak at which the GW
energy spectrum peaks, the emitted GW energy EGW, and available polarizations. See Refs. [93,94] for details. As sine-Gaussian
waveforms are ad hoc, they can be rescaled arbitrarily and do not have a defined physical distance or EGW value.

Emission type Waveform identifier hrss ð10−22
ffiffi

s
p

@10 kpcÞ fpeak (Hz) EGW ðM⊙c
2Þ Polarizations

Long-lasting bar mode [100] lb1-M0.2L60R10f400t100 1.480 800 2.984 × 10−4 þ, ×
lb2-M0.2L60R10f400t1000 4.682 800 2.979 × 10−3 þ, ×
lb3-M0.2L60R10f800t100 5.920 1600 1.902 × 10−2 þ, ×
lb4-M1.0L60R10f400t100 7.398 800 7.459 × 10−3 þ, ×
lb5-M1.0L60R10f400t1000 23.411 800 7.448 × 10−2 þ, ×
lb6-M1.0L60R10f800t25 14.777 1601 1.184 × 10−1 þ, ×

Torus fragmentation
instability [101]

piro1-M5.0η0.3 2.550 2035 6.773 × 10−4 þ, ×
piro2-M5.0η0.6 9.936 1987 1.027 × 10−2 þ, ×
piro3-M10.0η0.3 7.208 2033 4.988 × 10−3 þ;×
piro4-M10.0η0.6 28.084 2041 7.450 × 10−2 þ, ×

Sine Gaussian [31] sg1–235 HzQ8d9linear … 235 … þ
sg2–1304 HzQ8d9linear … 1304 … þ
sg3–235 HzQ8d9elliptical … 235 … þ, ×
sg4–1304 HzQ8d9elliptical … 1304 … þ, ×
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multidimensional simulations are now available (see, e.g.,
Refs. [107–111]), some of these waveforms were not
available during O1 and O2. In this scenario, neutrino
heating plays a crucial role in creating the explosion.
During the prompt convection, in the initial stages post-
bounce, GWs are emitted in the frequency range from 100–
300Hz, while at later times, GWs up to around 2 kHz can be
expected [112,113]. A typical duration for a GW transient is
0.5–1 s [21,114,115]. The second set of waveforms includ-
ing Scheidegger et al. [98] and Dimmelmeier et al. [99]
simulations consider rapid and differential rotation progen-
itor stars. In the following, we label this set magneto-

hydrodynamically (MHD) driven, although the links
between rapid rotation and MHD-driven explosion are
not fully understood. The magnetic effects related to the
rapid rotation may play a dominant role in creating the
MHD-driven explosions. Note, however, almost all (99%)
[21,116] explosions are believed to come from slowly
rotating progenitor stars.
Müller et al. [95] performed three-dimensional (3D)

simulations with a ZAMS progenitor star of mass 15 M⊙

(L15-3 and W15-4) and 20 M⊙ (N20-2), which we refer to
as mul1, mul2, and mul3, respectively. The simulations are
three dimensional and thus result in two polarizations. The
convective movement of infalling matter and its interaction
with the outer layers of the protoneutron star result in GW
emission in the frequency range 100–500 Hz.
Ott et al. [96] produced a 3D simulation with a 27 M⊙

ZAMS progenitor star (ott1). The explosion becomes
aspherical due to strong convection, while the SASI
visibility is weak. This model is rotating, and a strong
burst of GWs appears at the beginning of the explosion.
Yakunin et al. [97] deliver waveforms from four 2D

simulations (providing only one polarization state) corre-
sponding to 12 M⊙, 15 M⊙, 20 M⊙, and 25 M⊙ ZAMS
progenitor stars. We denote them as yak1, yak2, yak3, and
yak4, respectively. Thesewaveforms capture several stages of
the explosion. They show both low (SASI/convection) and
high (g-mode) frequency components in their signals. Due to
axisymmetry, the strain grows artificially over time, resulting
in higherGWamplitudes than the 3Dneutrino-drivenmodels.
Scheidegger et al. [98] consider effects on the GW

signature due to the equation of state, the initial rotation
rate, and the magnetic fields. From an extensive set
of waveforms, we extract three models, R1E1CAL,
R3E1ACL, and R4E1FCL, which we refer to as sch1,
sch2, and sch3, respectively. All of these models are
derived from the explosion of a 15 M⊙ ZAMS progenitor
star. The models are three dimensional and produce two
GW polarization states. The degree of rotation varies
between the models; model R1E1CAL has no rotation,
which results in much lower GW energy in comparison to
the rotating R3E1ACL and R4E1FCL models.
Dimmelmeier et al. [99] performed 2D simulations

(providing linearly polarized waveforms) with a 15 M⊙

ZAMS progenitor star. The waveforms contain very strong
GW emission at the initial core collapse and bounce that
lasts less than 20 ms. We employ three waveforms with
various degrees of rotation from moderate to rapid
(dim1-dim3).

2. Extreme emission models

Along with the more realistic simulated CCSN explo-
sions, we also consider two extreme scenarios: the long-

lasting bar mode [100] and the torus fragmentation

instability [101]. The same models were used in
Ref. [35], because even if they are unlikely to occur, they
are not excluded [117].
In the first scenario, a very rapidly rotating progenitor star

induces a bar mode instability in the protoneutron star
[98,118–123]. This leads to large amplitude GWs that
depend on the properties of the deformed protoneutron star.
We use the simple phenomenological bar model described in
Ref. [100]. In this model, we use the following parametriza-
tion: the mass involved in the long-lasting bar mode of the
protoneutron starM ¼ f0.2; 1.0gM⊙, the radiusR ¼ 10 km
and length L ¼ 60 km of the bar, the spin frequency f ¼
f400; 800g Hz along the direction perpendicular to the bar,
and the duration t ¼ f25; 100; 1000g msof the deformation.
We consider sixwaveforms, denoted as lb1–lb6; see Table IV
for more details. Since the waveform amplitude is propor-
tional toMðL2 − 3R2Þ (see Ref. [100]), any combination of
M,L, andRgiving the samevalue forMðL2 − 3R2Þ as the six
waveforms will produce waveforms identical to the lb1–lb6
waveforms. Therefore, results for lb1–lb6 waveforms are a
good representation of the broader sections of param-
eter space.
In the second scenario, Piro and Pfahl [101] propose that,

if a black hole and an accretion disk are formed during the
collapse, the disk could fragment and large self-gravitating
clumps of matter falling into the black hole would produce
large amplitude GWs under the appropriate conditions. To
model this signal, we employ a simplified model [124] that
depends on the mass of the central black hole MBH ¼
f5; 10g M⊙ and the properties of the disk, namely the
thickness of the torus η ¼ f0.3; 0.6g and the alpha viscosity
parameter α ¼ 0.1. The torus thickness is defined as
η ¼ H=r, where H is the disk scale height and r is the
local radius. For the disk model considered in Ref. [101],
the mass of the fragmented clump is Mf ¼ 0.53η3MBH.
The GW amplitude is proportional to the reduced mass of
the BH-clump system, μ ¼ MBHMf=ðMBH þMfÞ, which
for the parameter space considered here (Mf ≪ MBH)
is μ ≈Mf.

3. Ad hoc waveforms

We employ ad hoc waveforms to estimate the search
sensitivity to short duration monochromatic signals that
model GW emission in different frequency bands. We use
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sine-Gaussian signals with a fixed central frequency f0 ¼
f235; 1304g Hz and duration τ ¼ Q=ð

ffiffiffi

2
p

πf0Þ where Q ¼
8.9 is the quality factor. In our analysis, we use four ad hoc
waveforms denoted as sg1–sg4 that are linearly and
elliptically polarized; see Table IV.

V. SEARCH RESULTS

Figure 4 presents the background as a function of ρ the
coherent network signal-to-noise ratio for all CCSNe. We
plot the loudest events found in the OSWs with further
detailed information given in Table V. The non-negligible
values of the false alarm probabilities indicate that all the
results appear compatible with the noise background. For
each CCSN source, we estimate the search efficiency using
the waveforms described in Sec. IV C considering events
with a rank value smaller than the loudest event FAR.

A. Detection efficiency vs distance

We provide detection efficiencies for waveforms listed in
Tables III and IV. Figure 5 presents the detection efficien-
cies for SN 2017eaw, the closest CCSN in this search. For

reference, the plots show the distances to the Galactic
Center (8.5 kpc), the Large Magellanic Cloud (49.6 kpc
[125]) that hosted SN 1987A, and the distance to the host
galaxy of SN 2017eaw, NGC 6946. For each model, we
determine the distance corresponding to a 50% detection
efficiency. Distance reaches for each CCSN for neutrino-
driven explosions and MHD-driven explosions are sum-
marized in Table VI, and extreme emission models are
summarized in Table VII. For each model, the distances are
consistent across CCSNe, and these distances are around
three to five times farther than in Ref. [35]. The largest
distances are obtained for SN 2017gax. This can be
explained by the fact that the loudest event for this
CCSN has the lowest ρ value and the network sensitivity
at the time of the CCSN was better over the duration of
the OSW.
For the neutrino-driven explosions summarized in

Table VI and the upper left panel of Fig. 5, the detection
distance reached less than 5 kpc. None of these models
reached the Galactic Center; however a few of the wave-
forms have nonzero detection probabilities at that distance.
The least detectable models are the Müller et al. waveforms
because they are the least energetic. The most detectable
models are the Yakunin et al. waveforms, and the reach
increases with progenitor mass. The Ott et al. model has a
smaller detection reach compared to the Yakunin et al.

waveforms, but also has higher detection efficiency at small
distances.
Table VI and the upper right panel of Fig. 5 also present a

summary of distance reaches for MHD-driven explosions.
The distance reaches for most of these models are an order
of magnitude larger than for the neutrino-driven explosions.
Some MHD-driven explosion models reach to the distance
of Large Magellanic Cloud. If a MHD-driven supernova
were to explode at the distance of SN 1987A, around
50 kpc away, we have a nonzero chance of detecting it. The
detectable range for sch1 is 2 orders of magnitude shorter
compared to those of sch2 and sch3. This Scheidegger et al.
model has a lower amplitude due to its slower rotation.
Distance reaches for the extreme emission models are

given in Table VII and depicted in the bottom left panel of
Fig. 5. The ranges are on the order of several Mpc up to
nearly 28 Mpc for the most extreme model. The reaches of
a few waveforms exceed the distance of SN 2017eaw.
Given the null detections, this means we can begin to
exclude these models as discussed in Sec. V C.
The detection efficiencies for the linearly polarized

waveforms (Dimmelmeier et al. and Yakunin et al.) do
not reach unity even at small distances because the network
of detectors is not sensitive to both polarizations for any sky
position at a given time. There are sky positions where the
detectors are insensitive to one of the polarizations and
even a large amplitude signal with only one polarization
will not be detectable. Waveforms with two polarizations
are more efficiently detected than linearly polarized signals.

FIG. 4. The FAP of background events together with the
loudest events for each CCSN. The non-negligible values of
the FAP indicate that all the loudest events appear compatible
with the noise background. The shaded region is the 1σ error. The
numbers in the parentheses are durations of the on-source
windows and the class where the loudest events belong.

TABLE V. List of the loudest events for each CCSN. FAR and
FAP for each of them indicate that they are consistent with
background noise.

Supernova Class ρ FAR (Hz) FAP

SN 2015as C2 5.8 2.9 × 10−5 0.716
SN 2016B C1 5.6 1.1 × 10−5 0.732
SN 2016X C1 6.2 1.4 × 10−5 0.398
SN 2017eaw C1 6.6 1.3 × 10−6 0.076
SN 2017gax C2 5.5 9.7 × 10−5 1.000
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B. Constraints on GW energy emission

Similarly to Ref. [35], we provide constraints on the GW
energy emission from CCSNe. This is the minimum energy

emitted in GWs needed to be detectable with 50%
probability. We calculate these constraints individually
for each CCSN. We probe low- and high-frequency GW

(a) (b)

(d)(c)

FIG. 5. Panels (a), (b), and (c) show the efficiency as a function of distance using three families of waveforms for a source located at
the position and time of SN 2017eaw. Panel (d) provides the detection efficiency for ad hoc sine-Gaussian waveforms as a function of
hrss, which we use to constrain GWenergy and discuss in Sec. V B. The numbers in parentheses for the models plotted in (a), (b), and (c)
are the distances at which the detection efficiency equals 50%. For (d), the numbers in parentheses are the hrss values resulting in 50%
detection efficiencies. The detection reach for neutrino-driven explosions is limited to a few kpc, while for MHD-driven explosions it,
covers the Milky Way, and the detection efficiency at the distance of the Large Magellanic Cloud (LMC), that hosted SN 1987A, is
nonzero. Further discussion can be found in Sec. VA. The distance reaches for extreme emission models in (c) exceed the distance of SN
2017eaw. Given that there was no GW detection, we are able to exclude some of the parameter spaces for these models, which we
discuss in Sec. V C. The dashed lines show 50% and 90% detection efficiencies.

TABLE VI. Distance reaches (in kpc), defined as the distance with a 50% detection efficiency, for neutrino-driven explosions from
Müller et al. (mul1-mul3), Ott et al. (ott1), and Yakunin et al. (yak1–yak4), as well as MHD-driven explosions from Scheidegger et al.
(sch1–sch3) and Dimmelmeier et al. (dim1–dim3).

Supernova mul1 mul2 mul3 ott1 yak1 yak2 yak3 yak4 sch1 sch2 sch3 dim1 dim2 dim3

SN 2015as 1.53 0.84 0.97 2.20 1.73 1.89 2.05 2.47 0.49 34.76 41.32 5.57 7.34 14.06
SN 2016B 1.32 0.70 0.58 1.74 0.65 1.07 1.32 2.12 0.40 26.66 34.88 3.82 5.24 12.09
SN 2016X 1.26 0.57 0.66 1.72 0.50 0.84 0.81 1.62 0.37 26.02 32.13 2.52 3.80 10.22
SN 2017eaw 1.61 0.78 0.76 1.94 1.51 2.01 2.44 3.15 0.46 30.72 35.25 5.20 8.14 11.98
SN 2017gax 2.40 1.15 1.24 3.09 2.30 2.75 2.95 5.08 0.65 42.29 53.55 8.04 10.19 22.35
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emission using sine-Gaussian ad hoc waveforms with
central frequencies of 235 and 1304 Hz (see Table IV).
These waveforms do not have physical meaning, so we plot
detection efficiency as a function of hrss [Eq. (2)] instead
of distance. We assume isotropic emission with a total
energy of

EGW ¼ π
2c3

G
D2f2

0
h2rss; ð3Þ

where f0 is the peak GW frequency of the sine-Gaussian
and D is the distance to the source [126].
The bottom right panel of Fig. 5 shows the detection

efficiency versus hrss for the four ad hoc waveforms. The
quoted hrss for each sine-Gaussian corresponds to the strain
with a 50% detection efficiency. The best sensitivity is
achieved for the sine-Gaussians around 235 Hz (sg1 and
sg3), which is a result of the lower noise level of the
detectors at this frequency. The efficiency curves of the
elliptically polarized waveforms (sg3 and sg4) flatten at
higher detection efficiencies compared to the efficiencies

for linearly polarized waveforms (sg1 and sg2) for the
reason discussed in Sec. VA.
In Table VIII, we report GW energy constraints for each

CCSN. For the ad hoc waveforms with peak frequency at
235 Hz (sg1 and sg3), the GW energy constraints are
consistently on the order of 10−3 M⊙c

2 or less. The lowest
achieved energy constraints are obtained for SN 2017eaw
at low frequency, 4.27 × 10−4 M⊙c

2 (7.63 × 1050 erg), and
high frequency, 1.28 × 10−1 M⊙c

2 (2.30 × 1053 erg). For
both low- and high-frequency emission, the energy con-
straints are 2 orders of magnitude stronger than in the
search with the initial interferometer data [35]. This
improvement is due to the improved sensitivity of the
detectors and the closer distance of SN 2017eaw
(6.72 Mpc) in comparison to SN 2007gr (10.55 Mpc).
However, these energy constraints are still a few orders of
magnitude larger than the energies predicted from multi-
dimensional simulations (Table III), that lie between around
10−11 M⊙c

2 and 10−7 M⊙c
2.

The GWenergy constraints obtained in this search can be
compared to the energy budget of a CCSN. The energy

TABLE VII. Distance reaches (in Mpc), defined as the distance with a 50% detection efficiency, for extreme emission models torus
fragmentation instability (piro1–piro4) and long-lasting bar mode (lb1–lb6).

Supernova piro1 piro2 piro3 piro4 lb1 lb2 lb3 lb4 lb5 lb6

SN 2015as 1.33 7.13 3.83 19.70 0.93 2.93 1.92 4.59 15.24 4.86
SN 2016B 1.31 7.04 3.47 17.94 0.80 2.64 1.80 4.24 13.69 4.50
SN 2016X 1.32 6.86 3.20 19.55 0.73 2.36 1.46 3.83 12.16 3.73
SN 2017eaw 1.60 7.23 3.69 19.94 0.76 2.58 1.76 4.36 12.37 4.15
SN 2017gax 1.81 10.04 5.22 27.79 1.23 3.55 2.63 6.16 19.03 6.40

TABLE VIII. Gravitational-wave energy emission constraints at 50% detection efficiency. We assumed isotropic GWemission for the
four ad hoc waveforms. The most stringent constraints (in bold) are achieved for the closest event, SN 2017eaw (6.72 Mpc). They are 2
orders of magnitude smaller than the results obtained in Ref. [35]. The energies obtained for 235 Hz emission are comparable to the
typical explosion energy (approximately 1051 erg) and a typical kinetic energy of CCSN ejecta (approximately 1051 erg).

Supernova Quantity sg1—235 Hz lin sg2—1304 Hz lin sg3—235 Hz ell sg4—1304 Hz ell

SN 2015as hrss (Hz−1=2) 8.96e − 23 2.95e − 22 7.72e − 23 2.58e − 22

EGWðergÞ 6.20eþ 51 2.07eþ 54 4.60eþ 51 1.58eþ 54

EGWðM⊙c
2Þ 3.47e − 03 1.16eþ 00 2.57e − 03 8.82e − 01

SN 2016B hrss (Hz−1=2) 1.15e − 22 4.07e − 22 8.72e − 23 2.71e − 22

EGWðergÞ 9.59eþ 51 3.70eþ 54 5.51eþ 51 1.64eþ 54

EGWðM⊙c
2Þ 5.37e − 03 2.07eþ 00 3.08e − 03 9.15e − 01

SN 2016X hrss Hz−1=2) 1.33e − 22 4.52e − 22 9.86e − 23 3.11e − 22

EGWðergÞ 8.60eþ 51 3.05eþ 54 4.70eþ 51 1.44eþ 54

EGWðM⊙c
2Þ 4.81e − 03 1.71eþ 00 2.63e − 03 8.08e − 01

SN 2017eaw hrss (Hz
−1=2) 1.11e − 22 3.78e − 22 8.98e − 23 2.81e − 22

EGWðergÞ 1.16eþ 51 4.17eþ 53 7.63eþ 50 2.30eþ 53

EGWðM⊙c
2Þ 6.49e − 04 2.33e − 01 4.27e − 04 1.28e − 01

SN 2017gax hrss (Hz−1=2) 6.80e − 23 2.35e − 22 5.72e − 23 1.98e − 22

EGWðergÞ 3.76eþ 51 1.38eþ 54 2.66eþ 51 9.79eþ 53

EGWðM⊙c
2Þ 2.10e − 03 7.71e − 01 1.49e − 03 5.47e − 01
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available during collapse is approximately the gravitational
binding energy of the final neutron star remnant, which
is typically 1.5 × 10−1 M⊙c

2 (3 × 1053 erg [127–129]).
Around 99% of that energy is radiated via neutrinos during
the cooling of the protoneutron star [130], and the remain-
ing approximately 1% is mainly transferred into kinetic
energy. In a realistic scenario, only a small fraction of the
explosion’s energy is radiated in the GW spectrum
(Sec. IV C).
In Sec. IV C,we describe several processes emittingGWs.

Some of them (e.g., SASI and convection) are related to the
movement of matter that is ejected during an explosion.
Again, according to themultidimensional simulations, only a
small portion of this energy is converted into GWs. The
kinetic energy of CCSN ejecta is typically on the order of
5.5 × 10−4 M⊙c

2 (1051 erg) [131–133]. Specifically, esti-
mates of the kinetic energy in the ejecta of SN2015as andSN
2017eaw are 2.5 × 10−3 M⊙c

2 (4.4 × 1051 erg) [49] and
1.1 × 10−3 M⊙c

2 (2.0 × 1051 erg) [58], respectively. The
current GW constraints at low frequencies are comparable
with these values. Specifically, the low-frequency (235 Hz)
constraints for SN 2017eaw are roughly an order of magni-
tude below the kinetic energy of CCSN ejecta.
For extreme emission models, the GW energies are

orders of magnitude larger than those predicted for multi-
dimensional simulations, as seen in Table IV. The energies
of these extreme emission processes range from 2.98 ×
10−4 M⊙c

2 up to even 1.18 × 10−1 M⊙c
2. Our energy

constraints are comparable with these values, but the
comparison would not be correct as the ad hoc signals
and the extreme emission model waveforms frequency
content are different.

C. Model exclusion statements

for extreme emission models

Along with constraining the GW energy emitted by
CCSNe, we also constrain two models of extreme GW
emission. As described in Sec. VA, for a few waveforms of
the extreme emission models, the distance reaches exceed
the distances of the CCSNe analyzed in this search. Given
no GW detection, these models most likely do not describe
correctly the CCSN explosion phenomena. Similarly to

Ref. [35], we consider a standard candle approach; that is,
we assume that each CCSN emits an identical GW signal.
In a realistic scenario, this assumption is not true, as
supernovae vary. Our results are upper limits on extreme
emission model constraints. To characterize the models, we
use waveforms that probe sample regions of the parameter
spaces of these models (see Table IV and Sec. IV C 2).
The method for excluding models from multiple astro-

physical sources is described in detail in Ref. [134]. In this
method, we use the detection efficiency, EðdÞ, which is a
function of the distance, d. If a GW transient is strong and
detectable but arrives at the detectors when coincident data
is not available, then the model that predicts such a transient
cannot be excluded. Therefore, we need to take into
account the coincident duty factor, a ∈ ½0; 1�. We define
the reduced detection efficiency as

ϵðdÞ ¼ a × EðdÞ: ð4Þ

Given no GW detection, the reduced detection efficiency
can also be understood as a model exclusion probability.
For example, the detection efficiency for the piro4 wave-
form reaches 96.7% (see Fig. 5) at the distance of SN
2017eaw (6.72 Mpc). When we take into account the effect
of the 48.8% coincident duty factor for this CCSN (see
Table I), the reduced detection efficiency is 47.2%. Hence,
we are confident with 47% probability that the piro4 model
does not correctly describe the nature of a CCSN engine.
We then combine model exclusion probabilities obtained

for each CCSN by multiplying the probabilities of not
detecting a signal. The overall model exclusion probability

Pexcl ¼ 1 −

Y

N

i¼1

ð1 − ϵiðdiÞÞ; ð5Þ

where N is the number of CCSNe.
The results for the ten waveforms described in Sec. IV C

2 are shown in Table IX. The greatest Pexcl ¼ 83.2% is
obtained for the piro4 waveform, and the largest contri-
butions come from SN 2017eaw and SN 2017gax because
the detection ranges for these CCSNe are larger than
their distances. Although SN 2017eaw makes the most

TABLE IX. Model exclusion probabilities (Pexcl) for extreme emission models with a standard candle approach (see Sec. V C for
details of the method). We infer that if bars are created generically in type-II and type-Ib/c supernovae, then the deformations are
preferably small. If central black holes are created in CCSN, then the accretion tori around them are either nonfragmented or rather thin.

Supernova piro1 piro2 piro3 piro4 lb1 lb2 lb3 lb4 lb5 lb6

Reduced detection
efficiency ϵ (%)

SN 2015as 0.0 0.2 0.0 18.0 0.0 0.0 0.0 0.0 8.4 0.0
SN 2016B 0.0 0.1 0.0 16.0 0.0 0.0 0.0 0.0 5.5 0.0
SN 2016X 0.0 0.0 0.0 9.8 0.0 0.0 0.0 0.0 3.1 0.0
SN 2017eaw 0.0 26.8 5.2 47.2 0.0 0.0 0.0 8.7 39.5 8.0
SN 2017gax 0.0 0.2 0.0 48.7 0.0 0.0 0.0 0.0 28.6 0.0

Pexcl (%) 0.0 27.2 5.2 83.2 0.0 0.0 0.0 8.7 63.8 8.0
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important contribution to the model exclusion statements,
the most energetic models, piro4 and lb5, are constrained
by all CCSNe.
For the torus fragmentation instability model, the wave-

forms are characterized by the mass of a central black hole
and the thickness of a torus around it. The clump masses
Mf for the piro1–piro4 waveforms are 0.072 M⊙,
0.576 M⊙, 0.144 M⊙, and 1.152 M⊙, respectively. There
is a correlation between the mass of the fragment and Pexcl
because the amplitude of the waveform scales approxi-
mately withMf. We conclude that if central black holes are
created in type-II and type-Ib/c supernovae after core
collapse, then any clumps formed by fragmentation are
preferably small (Mf ≲ 1 M⊙). Moreover, if the tori are
created around black holes, they are either nonfragmented
or rather thin, for the disk model considered in Ref. [101].
For the long-lasting bar-mode model, the para-

meter space is larger than for the torus fragmentation
instability model. Three models have nonzero Pexcl values,
lb4, lb5, and lb6. All three models have large values of
MðL2 − 3R2Þ ¼ 3300 M⊙ km2, which corresponds either
to R ≤ 10 km protoneutron stars with large asymmetries
(L=2R > 2.5) or large protoneutron stars (R ≈ 20 km) with
moderate asymmetries (L=2R ≈ 1.5–3.5). If bars are cre-
ated generically in type-II and type-Ib/c supernovae, the
deformations are preferably small. The largest Pexcl among
these models is obtained for lb5. This waveform lasts 1 s,
while lb4 and lb6 are 100 and 25 ms, respectively. It seems
that, for a protoneutron star with R ≤ 10 km, if bars
with strong deviations from axisymmetry are created
(L=2R > 3) in CCSNe, then they are rather short lived.
Larger protoneutron stars (R ≈ 20 km) could still have
large deformations and be unobservable.
The constraint for lb5 limits the possible maximum

deformations in type-II and type-Ib/c supernovae. If bars
are created, they are probably small. In case deformations
are large, the protoneutron star is either very compact
(R ∼ 5 km), or the bar is short lived (less than 1000 ms).
These results are consistent with the current theoretical
understanding of bar-mode instabilities, which are expected
to appear early after bounce when the protoneutron star
mass is relatively low (M ≤ 1 M⊙) and its radius is large
(R ≥ 20 km). The amplitude and duration are likely to be
severely limited by the presence of strong magnetic
fields, magnetorotational turbulence, and shear instabilities
[135–139].

VI. CONCLUSIONS

We present the results of a search for GWs from CCSNe
with the Advanced LIGO and Advanced Virgo detectors
during the first and second observing runs (2015-2017).
Five CCSNe within 20 Mpc are used for the astrophysical
statements: SN 2015as, SN 2016B, SN 2016X, SN
2017eaw, and SN 2017gax. We have not found any

significant GW candidate. All the loudest events are
consistent with background events.
We provide the distance reaches at 50% detection

efficiencies for both realistic and extreme GW emission
models. For the neutrino-driven explosions, the distances
do not exceed 5 kpc, while the distance ranges for the
magnetorotationally driven explosions reach 54 kpc. The
distance reaches for extreme emission models can be as
large as 28 Mpc, which exceed the distances of CCSNe
analyzed in this search. Given no GW detection, this gives
us an opportunity to estimate the exclusion probabilities for
the most extreme models.
We derive GW energy constraints for generic low- and

high-frequency GWemissions at 235 and 1304 Hz, respec-
tively, using linearly and elliptically polarized ad hoc sine-
Gaussian waveforms. The constraints are around
10−3 M⊙c

2 and 10−1 M⊙c
2 for low- and high-frequency

GW emission, respectively. The best GW emission con-
straints we obtained are for SN 2017eaw of 4.27 ×
10−4 M⊙c

2 (7.63 × 1050 erg) for low-frequency emission
and 1.28 × 10−1 M⊙c

2 (2.30 × 1053 erg) for high-fre-
quency emission. These are 2 orders of magnitude more
stringent than in Ref. [35], but still a few orders of
magnitude larger than predicted from multidimensional
simulations. The low-frequency emission constraints are
comparable to the typical kinetic energy of CCSN ejecta.
We provide the first supernova model constraints based

on O1 and O2 data with a standard candle approach. The
most extreme emission models, piro4 and lb5, are con-
strained at the level of 83.2% and 63.8%, respectively. Out
of ten waveforms, we place limits on six of them with 5% to
83% exclusion probabilities. These limits are derived
primarily from the SN 2017eaw analysis. Based on our
results, we conclude that if central black holes are created in
type-II and type-Ib/c supernovae, the sizes of the fragments
are preferably small. Moreover, if disks around central
black holes are created, then they are either nonfragmented
or rather thin. If bars are created, they are probably small. In
cases where deformations of the protoneutron star are large,
they are either very compact (R ∼ 5 km) or they shortly
lived (less than 1000 ms).
These model exclusion statements are the first con-

straints on CCSN engines based on GW data. In the future,
with targeted searches and upgraded detectors (third
observing run and beyond), it will be possible to further
exclude the extreme emission models and better constrain
the GW energy emitted by CCSN engines, making both
more astrophysically meaningful.
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Vicepresidència i Conselleria d’Innovació; Recerca i
Turisme and the Conselleria d’Educació i Universitat del
Govern de les Illes Balears; the Conselleria d’Educació,
Investigació, Cultura i Esport de la Generalitat Valenciana;
the National Science Centre of Poland; the Swiss National
Science Foundation; the Russian Foundation for Basic
Research; the Russian Science Foundation; the European
Commission; the European Regional Development Funds;
the Royal Society; the Scottish Funding Council; the
Scottish Universities Physics Alliance; the Hungarian
Scientific Research Fund; the Lyon Institute of Origins;
the Paris Île-de-France Region; the National Research,
Development and Innovation Office Hungary; the National
Research Foundation of Korea; Industry Canada and the
Province of Ontario through the Ministry of Economic
Development and Innovation; the Natural Science and

Engineering Research Council Canada; the Canadian
Institute for Advanced Research; the Brazilian Ministry
of Science, Technology, Innovations, and
Communications; the International Center for Theoretical
Physics South American Institute for Fundamental
Research; the Research Grants Council of Hong Kong;
the National Natural Science Foundation of China; the
Leverhulme Trust; the Research Corporation; the Ministry
of Science and Technology, Taiwan; and the Kavli
Foundation. The authors gratefully acknowledge the sup-
port of the NSF, STFC, INFN and CNRS for provision of
computational resources. Research by D. J. S. is supported
by NSF Grants No. AST-1821987, No. AST-1821967,
No. AST-1813708, and No. AST-1813466. We thank the
Las Cumbres Observatory and its staff for its continuing
support of the ASAS-SN project. ASAS-SN is supported
by the Gordon and Betty Moore Foundation through Grant
No. GBMF5490 to the Ohio State University and NSF
Grant No. AST-1515927. Development of ASAS-SN has
been supported by NSF Grant No. AST-0908816, the Mt.
Cuba Astronomical Foundation, the Center for Cosmology
and AstroParticle Physics at the Ohio State University, the
Chinese Academy of Sciences South America Center for
Astronomy, the Villum Foundation, and George Skestos.
K. Z. S. and C. S. K. are supported by NSF Grants
No. AST-1515876, No. AST-1515927, and No. AST-
1814440. Support for J. L. P. is provided in part by
FONDECYT through Grant No. 1191038 and by the
Ministry of Economy, Development, and Tourism’s
Millennium Science Initiative through Grant
No. IC120009, awarded to The Millennium Institute of
Astrophysics, MAS. Research by S. V. is supported by NSF
Grant No. AST-1813176. We are thankful to the National
Science Foundation for support under Grant No. PHY
1806165. This document has been assigned LIGO
Laboratory document number LIGO-P1700177.

[1] B. P. Abbott et al. (LIGO Scientific and Virgo Collabora-
tions), Phys. Rev. Lett. 116, 061102 (2016).

[2] B. P. Abbott et al. (LIGO Scientific and Virgo Collabora-
tions), Phys. Rev. X 9, 031040 (2019).

[3] B. P. Abbott et al. (LIGO Scientific and Virgo Collabora-
tions), Phys. Rev. X 6, 041015 (2016).

[4] B. P. Abbott et al. (LIGO Scientific and Virgo Collabora-
tions), Phys. Rev. Lett. 116, 241103 (2016).

[5] B. P. Abbott et al. (LIGO Scientific and Virgo Collabora-
tions), Phys. Rev. Lett. 118, 221101 (2017).

[6] B. P. Abbott et al. (LIGO Scientific and Virgo Collabora-
tions), Phys. Rev. Lett. 119, 141101 (2017).

[7] B. P. Abbott et al. (LIGO Scientific and Virgo Collabora-
tions), Astrophys. J. 851, L35 (2017).

[8] B. P. Abbott et al. (LIGO Scientific and Virgo Collabora-
tions), Phys. Rev. Lett. 119, 161101 (2017).

[9] B. P. Abbott et al. (LIGO Scientific, Virgo, Fermi GBM,
INTEGRAL, IceCube, AstroSat Cadmium Zinc Telluride
Imager Team, IPN, Insight-Hxmt, ANTARES, Swift,
AGILE Team, 1M2H Team, Dark Energy Camera GW-
EM, DES, DLT40, GRAWITA, Fermi-LAT, ATCA, AS-
KAP, Las Cumbres Observatory Group, OzGrav, DWF
(Deeper Wider Faster Program), AST3, CAASTRO,
VINROUGE, MASTER, J-GEM, GROWTH, JAGWAR,
CaltechNRAO, TTU-NRAO, NuSTAR, Pan-STARRS,
MAXI Team, TZAC Consortium, KU, Nordic Optical
Telescope, ePESSTO, GROND, Texas Tech University,
SALT Group, TOROS, BOOTES, MWA, CALET, IKI-

OPTICALLY TARGETED SEARCH FOR GRAVITATIONAL WAVES … PHYS. REV. D 101, 084002 (2020)

084002-13



GW Follow-up, H.E.S.S., LOFAR, LWA, HAWC, Pierre
Auger, ALMA, Euro VLBI Team, Pi of Sky, Chandra
Team at McGill University, DFN, ATLAS Telescopes,
High Time Resolution Universe Survey, RIMAS, RATIR,
SKA South Africa/MeerKAT Collaborations), Astrophys.
J. 848, L12 (2017).

[10] B. P. Abbott et al. (LIGO Scientific and Virgo Collabora-
tions), Astrophys. J. 875, 161 (2019).

[11] B. P. Abbott et al. (LIGO Scientific, Virgo, Fermi-GBM,
and INTEGRAL Collaborations), Astrophys. J. 848, L13
(2017).

[12] D. A. Coulter et al., Science 358, 1556 (2017).
[13] B. P. Abbott et al. (LIGO Scientific, Virgo, 1M2H, Dark

Energy Camera GW-EM, DES, DLT40, Las Cumbres
Observatory, VINROUGE, MASTER Collaborations),
Nature (London) 551, 85 (2017).

[14] K. Hirata, T. Kajita, M. Koshiba, M. Nakahata, and Y.
Oyama, Phys. Rev. Lett. 58, 1490 (1987).

[15] R. M. Bionta, G. Blewitt, C. B. Bratton, D. Casper, and A.
Ciocio, Phys. Rev. Lett. 58, 1494 (1987).

[16] E. N. Alekseev, L. N. Alekseeva, I. V. Krivosheina, and
V. I. Volchenko, European Southern Observatory Confe-

rence and Workshop Proceedings (European Southern
Observatory, Garching bei Munchen, 1987), Vol. 26, p. 237.

[17] A. Burrows, J. Hayes, and B. A. Fryxell, Astrophys. J. 450,
830 (1995).

[18] M. Herant, Phys. Rep. 256, 117 (1995).
[19] S. M. Couch and C. D. Ott, Astrophys. J. 799, 5 (2015).
[20] E. J. Lentz, S. W. Bruenn, W. R. Hix, A. Mezzacappa,

O. E. B. Messer, E. Endeve, J. M. Blondin, J. A. Harris, P.
Marronetti, and K. N. Yakunin, Astrophys. J. Lett. 807,
L31 (2015).

[21] H.-T. Janka, Annu. Rev. Nucl. Part. Sci. 62, 407 (2012).
[22] H.-T. Janka, in Handbook of Supernovae (Springer

International, New York, 2017), pp. 1095–1150.
[23] B. Müller, Pub. Astron. Soc. Aust. 33, e048 (2016).
[24] S. van den Bergh and G. A. Tammann, Annu. Rev. Astron.

Astrophys. 29, 363 (1991).
[25] E. Cappellaro, M. Turatto, S. Benetti, D. Y. Tsvetkov, O. S.

Bartunov, and I. N. Makarova, Astron. Astrophys. 273,
383 (1993), https://ui.adsabs.harvard.edu/abs/1993A%
26A...273..383C/abstract.

[26] G. A. Tammann, W. Loeffler, and A. Schroeder, Astro-
phys. J. Supp. Ser. 92, 487 (1994).

[27] W. Li et al., Mon. Not. R. Astron. Soc. 412, 1441 (2011).
[28] R. Diehl et al., Nature (London) 439, 45 (2006).
[29] D. Maoz and C. Badenes, Mon. Not. R. Astron. Soc. 407,

1314 (2010).
[30] S. M. Adams, C. S. Kochanek, J. F. Beacom, M. R. Vagins,

and K. Z. Stanek, Astrophys. J. 778, 164 (2013).
[31] J. Abadie et al. (LIGO Scientific and Virgo Collabora-

tions), Phys. Rev. D 85, 122007 (2012).
[32] J. Abadie et al. (LIGO Scientific and Virgo Collabora-

tions), Phys. Rev. D 81, 102001 (2010).
[33] B. P. Abbott et al. (LIGO Scientific and Virgo Collabora-

tions), Phys. Rev. D 95, 042003 (2017).
[34] B. P. Abbott et al. (LIGO Scientific and Virgo Collabora-

tions), Phys. Rev. D 100, 024017 (2019).
[35] B. P. Abbott et al. (LIGO Scientific and Virgo Collabora-

tions), Phys. Rev. D 94, 102001 (2016).

[36] R. E. Rutledge, Publ. Astron. Soc. Pac. 110, 754
(1998).

[37] B. J. Shappee et al., Astrophys. J. 788, 48 (2014).
[38] T. W.-S. Holoien et al., Mon. Not. R. Astron. Soc. 484,

1899 (2019).
[39] D. Godoy-Rivera et al., Mon. Not. R. Astron. Soc. 471,

4966 (2017).
[40] D. Godoy-Rivera et al., Mon. Not. R. Astron. Soc. 467,

1098 (2017).
[41] L. Tartaglia et al., Astronomer’s Telegram 10638, PAGE

(2017), https://ui.adsabs.harvard.edu/abs/2017ATel10638..
..1T/abstract.

[42] T. Prusti et al. (Gaia Collaboration), Astron. Astrophys.
595, A1 (2016).

[43] A. G. A. Brown et al. (Gaia Collaboration), Astron.
Astrophys. 595, A2 (2016).

[44] ASRAS, www.rochesterastronomy.org (2018).
[45] L. Tartaglia et al., Astrophys. J. 853, 62 (2018).
[46] J. Guillochon, J. Parrent, L. Z. Kelley, and R. Margutti,

Astrophys. J. 835, 64 (2017).
[47] CBAT, http://www.cbat.eps.harvard.edu/cbat.html (2018).
[48] L. Tartaglia et al., The Astronomer’s Telegram 8291

(2015), https://ui.adsabs.harvard.edu/abs/2015ATel.8291..
..1T/abstract.

[49] A. Gangopadhyay et al., Mon. Not. R. Astron. Soc.
476, 3611 (2018), https://ui.adsabs.harvard.edu/abs/
2018MNRAS.476.3611G/abstract.

[50] A. Gangopadhyay et al., Bulletin de la Societe Royale des
Sciences de Liege 87, 351 (2018), https://ui.adsabs.harvard
.edu/abs/2018BSRSL..87..351G/abstract.

[51] B. J. Shappee et al., The Astronomer’s Telegram
8502 (2016), https://ui.adsabs.harvard.edu/abs/2016ATel
.8502....1S/abstract.

[52] C. P. Gutiérrez et al., Mon. Not. R. Astron. Soc. 479, 3232
(2018).

[53] G. Bock et al., The Astronomer’s Telegram 8566 (2016),
https://ui.adsabs.harvard.edu/abs/2016ATel.8566....1B/
abstract.

[54] F.Huang et al.,Mon.Not. R.Astron. Soc. 475, 3959 (2018).
[55] S. Dong and K. Z. Stanek, The Astronomer’s Tele-

gram 10372 (2017), https://ui.adsabs.harvard.edu/abs/
2017ATel10372....1D/abstract.

[56] N. A. Tikhonov, Astron. Lett. 40, 537 (2014).
[57] C. D. Kilpatrick and R. J. Foley, Mon. Not. R. Astron. Soc.

481, 2536 (2018).
[58] D. Y. Tsvetkov, S. Yu. Shugarov, I. M. Volkov, N. N.

Pavlyuk, O. V. Vozyakova, N. I. Shatsky, A. A. Nikiforova,
I. S. Troitsky, Yu. V. Troitskaya, and P. V. Baklanov,
Astron. Lett. 44, 315 (2018).

[59] S. Tinyanont et al., Astrophys. J. 873, 127 (2019).
[60] The Open Supernova Catalog: SN 2017gax, https://sne

.space/sne/2017gax/ (2018).
[61] Transient Name Server: SN 2016C, https://sne.space/sne/

2016C/ (2018).
[62] D. K. Sahu et al., Astronomer’s Telegram 8514,

PAGE (2016), https://ui.adsabs.harvard.edu/abs/2016ATel
.8514....1S/abstract.

[63] The Open Supernova Catalog: SN2017ein, https://sne
.space/sne/SN2017ein/ (2018).

[64] D. Xiang et al., Astrophys. J. 871, 176 (2019).

B. P. ABBOTT et al. PHYS. REV. D 101, 084002 (2020)

084002-14



[65] The Open Supernova Catalog: SN2017aym, https://sne
.space/sne/SN2017aym/ (2018).

[66] A. Delgado et al., Transient Name Server Discovery
Report No. 2017-214, 2017.

[67] The Open Supernova Catalog: SN2017bzb, https://sne
.space/sne/SN2017bzb/ (2018).

[68] S. Parker, Transient Name Server Discovery Report
No. 2017-279, 2017.

[69] E. Waxman and B. Katz, Shock breakout theory, in
Handbook of Supernovae, edited by A.W. Alsabti and
P. Murdin (Springer International, Cham, 2017), pp. 1–49.

[70] A. Gal-Yam et al., Nature (London) 509, 471 (2014).
[71] S. J. Smartt, Astrophys. Space Sci. 281, 187 (2002).
[72] S. D. V. Dyk, Phil. Trans. R. Soc. A 375, 20160277

(2017).
[73] J. J. Eldridge, Rev. Mex. Astron. Astrof. Ser. Conf. 30, 35

(2007).
[74] L.-X. Li, Mon. Not. R. Astron. Soc. 375, 240 (2007).
[75] S. J. Smartt, Annu. Rev. Astron. Astrophys. 47, 63

(2009).
[76] B. Davies, Phil. Trans. R. Soc. A 375, 20160270

(2017).
[77] K. Schawinski et al., Science 321, 223 (2008).
[78] L. Dessart, D. J. Hillier, and E. Audit, Astron. Astrophys.

605, A83 (2017).
[79] A. P. Nagy, A. Ordasi, J. Vinkó, and J. C. Wheeler, Astron.

Astrophys. 571, A77 (2014).
[80] Z. Jäger, A. P. Nagy, B. I. Biro, and J. Vinkó, Rom. Astron.

J. 27, 203 (2017).
[81] G. Dhungana, Cosmological distance measurements with

ROTSE Supernovae IIP and observational systematics on
DESI emission line Galaxy clustering, Ph.D. thesis,
Southern Methodist University, 2018.

[82] E. Waxman and B. Katz, in Handbook of Supernovae

(Springer International Publishing, New York, 2017),
pp. 967–1015.

[83] J. Vinkó and K. Takáts, Am. Inst. Phys. Conf. Ser. 937, 394
(2007).

[84] S. Bose and B. Kumar, Astrophys. J. 782, 98 (2014).
[85] J. E. Enriquez et al., Bull. Am. Astron. Soc. 43, 337.21

(2011).
[86] D. C. Leonard, L. Dessart, D. J. Hillier, and G. Pignata,

Am. Inst. Phys. Conf. Ser. 1429, 204 (2012).
[87] V. Morozova, A. L. Piro, M. Renzo, C. D. Ott, D. Clausen,

S. M. Couch, J. Ellis, and L. F. Roberts, Astrophys. J. 814,
63 (2015).

[88] B. P. Abbott et al. (LIGO Scientific and Virgo Collabora-
tion), Classical Quantum Gravity 33, 134001 (2016).

[89] B. P. Abbott et al. (LIGO Scientific and Virgo Collabora-
tions), Phys. Rev. D 93, 122004 (2016).

[90] L. K. Nuttall, Phil. Trans. R. Soc. A 376, 20170286
(2018).

[91] S. Klimenko et al., Phys. Rev. D 93, 042004 (2016).
[92] M. Cabero et al., Classical Quantum Gravity 36, 155010

(2019).
[93] S. E. Gossan, P. Sutton, A. Stuver, M. Zanolin, K. Gill, and

C. D. Ott, Phys. Rev. D 93, 042002 (2016).
[94] M. J. Szczepańczyk and C. D. Ott, Expressing gravitaional

waves energy in terms of quadrupole moment, Tech.
Report No. LIGO-T1500586, 2015.

[95] E. Müller, H.-T. Janka, and A. Wongwathanarat, Astron.
Astrophys. 537, A63 (2012).

[96] C. D. Ott, E. Abdikamalov, P. Mösta, R. Haas, S. Drasco,
E. P. O'Connor, C. Reisswig, C. A. Meakin, and E.
Schnetter, Astrophys. J. 768, 115 (2013).

[97] K. N. Yakunin et al., arXiv:1505.05824 [Phys. Rev. D (to
be published)].

[98] S. Scheidegger, R. Käppeli, S. C. Whitehouse, T. Fischer,
and M. Liebendörfer, Astron. Astrophys. 514, A51 (2010).

[99] H. Dimmelmeier, C. D. Ott, A. Marek, and H.-T. Janka,
Phys. Rev. D 78, 064056 (2008).

[100] C. D. Ott (LIGO Scientific Collaboration), GWs from
Barmode instabilities, Tech. Report No. LIGO-T1000553-
v2, 2010.

[101] A. L. Piro and E. Pfahl, Astrophys. J. 658, 1173 (2007).
[102] J. Abadie et al. (LIGO Scientific and Virgo Collabora-

tions), Nucl. Instrum. Methods Phys. Res., Sect. A 624,
223 (2010).

[103] T. Accadia, F. Acernese, M. Alshourbagy, P. Amico, F.
Antonucci, S. Aoudia, N. Arnaud, C. Arnault, K. G. Arun,
P. Astone et al., J. Instrum. 7, P03012 (2012).

[104] A. Mezzacappa et al., arXiv:1501.01688.
[105] K. Kotake, N. Ohnishi, and S. Yamada, Astrophys. J. 655,

406 (2007).
[106] T. Foglizzo et al., Pub. Astron. Soc. Aust. 32, e009

(2015).
[107] T. Kuroda, K. Kotake, and T. Takiwaki, Astrophys. J. Lett.

829, L14 (2016).
[108] T. Kuroda, T. Takiwaki, and K. Kotake, Phys. Rev. D 89,

044011 (2014).
[109] H. Andresen, B. Müller, E. Müller, and H. T. Janka, Mon.

Not. R. Astron. Soc. 468, 2032 (2017).
[110] J. Powell and B. Müller, Mon. Not. R. Astron. Soc. 487,

1178 (2019).
[111] D. Radice, V. Morozova, A. Burrows, D. Vartanyan, and H.

Nagakura, Astrophys. J. Lett. 876, L9 (2019).
[112] P. Cerdá-Durán, N. DeBrye, M. A. Aloy, J. A. Font, and M.

Obergaulinger, Astrophys. J. 779, L18 (2013).
[113] V. Morozova, D. Radice, A. Burrows, and D. Vartanyan,

Astrophys. J. 861, 10 (2018).
[114] H. A. Bethe, Rev. Mod. Phys. 62, 801 (1990).
[115] A. Burrows, Rev. Mod. Phys. 85, 245 (2013).
[116] S. E. Woosley and A. Heger, Astrophys. J. 637, 914

(2006).
[117] M. Abernathy et al. (ET Science Team), Einstein gravi-

tational wave Telescope conceptual designstudy, Technical
Report No. ET-0106C-10, 2011.

[118] D. Lai and S. L. Shapiro, Astrophys. J. 442, 259
(1995).

[119] J. D. Brown, in AIP Conf. Proc. 575: Astrophysical

Sources for Ground-Based Gravitational Wave Detectors

(AIP Conference Proceedings, Phildelphia, Pennsylvania,
2001), p. 234.

[120] M. Shibata and Y.-I. Sekiguchi, Phys. Rev. D 71, 024014
(2005).

[121] M. Rampp, E. Müller, and M. Ruffert, Astron. Astrophys.
332, 969 (1998), https://ui.adsabs.harvard.edu/abs/1998A
%26A...332..969R/abstract.

[122] C. D. Ott, S. Ou, J. E. Tohline, and A. Burrows, Astrophys.
J. 625, L119 (2005).

OPTICALLY TARGETED SEARCH FOR GRAVITATIONAL WAVES … PHYS. REV. D 101, 084002 (2020)

084002-15



[123] C. D. Ott, H. Dimmelmeier, A. Marek, H.-T. Janka, I.
Hawke, B. Zink, and E. Schnetter, Phys. Rev. Lett. 98,
261101 (2007).

[124] L. Santamaria and C. D. Ott (LIGO Scientific Collabora-
tion), GWs from accretion disk instabilities, Technical
Report No. LIGO-T1100093-v2, 2011.

[125] G. Pietrzyński et al., Nature (London) 567, 200 (2019).
[126] P. J. Sutton, arXiv:1304.0210.
[127] J. M. Lattimer and M. Prakash, Astrophys. J. 550, 426

(2001).
[128] K. Kotake, K. Sato, and K. Takahashi, Rep. Prog. Phys. 69,

971 (2006).
[129] H. J. Lamers and E. M. Levesque, in Understanding

Stellar Evolution (IOP Publishing, Philadelphia, USA,
2017), pp. 27-1–27-12.

[130] F. Vissani, J. Phys. G 42, 013001 (2015).
[131] S. J. Smartt, Annu. Rev, Astron. Astrophys. 47, 63 (2009).

[132] M. Tanaka et al., Astrophys. J. 692, 1131 (2009).
[133] V. P. Utrobin and N. N. Chugai, Astron. Astrophys. 532,

A100 (2011).
[134] P. Kalmus, M. Zanolin, and S. Klimenko, arXiv:1303

.1549.
[135] K. D. Camarda, P. Anninos, P. C. Fragile, and J. A. Font,

Astrophys. J. 707, 1610 (2009).
[136] W. Fu and D. Lai, Mon. Not. R. Astron. Soc. 413, 2207

(2011).
[137] C. D. Muhlberger, F. H. Nouri, M. D. Duez, F.

Foucart, L. E. Kidder, C. D. Ott, M. A. Scheel, B.
Szilágyi, and S. A. Teukolsky, Phys. Rev. D 90, 104014
(2014).

[138] M. Shibata and K. Kiuchi, Phys. Rev. D 95, 123003
(2017).

[139] P. Cerdá-Durán, V. Quilis, and J. A. Font, Comput. Phys.
Commun. 177, 288 (2007).

B. P. Abbott,1 R. Abbott,1 T. D. Abbott,2 S. Abraham,3 F. Acernese,4,5 K. Ackley,6 C. Adams,7 V. B. Adya,8 C. Affeldt,9,10

M. Agathos,11,12 K. Agatsuma,13 N. Aggarwal,14 O. D. Aguiar,15 L. Aiello,16,17 A. Ain,3 P. Ajith,18 G. Allen,19

A. Allocca,20,21 M. A. Aloy,22 P. A. Altin,8 A. Amato,23 S. Anand,1 A. Ananyeva,1 S. B. Anderson,1 W. G. Anderson,24

S. V. Angelova,25 S. Antier,26 S. Appert,1 K. Arai,1 M. C. Araya,1 J. S. Areeda,27 M. Arène,26 N. Arnaud,28,29

S. M. Aronson,30 S. Ascenzi,16,31 G. Ashton,6 S. M. Aston,7 P. Astone,32 F. Aubin,33 P. Aufmuth,10 K. AultONeal,34

C. Austin,2 V. Avendano,35 A. Avila-Alvarez,27 S. Babak,26 P. Bacon,26 F. Badaracco,16,17 M. K.M. Bader,36 S. Bae,37

J. Baird,26 P. T. Baker,38 F. Baldaccini,39,40 G. Ballardin,29 S.W. Ballmer,41 A. Bals,34 S. Banagiri,42 J. C. Barayoga,1

C. Barbieri,43,44 S. E. Barclay,45B. C. Barish,1D. Barker,46K. Barkett,47 S. Barnum,14 F. Barone,48,49 B. Barr,45 L. Barsotti,14

M. Barsuglia,26 D. Barta,50 J. Bartlett,46 I. Bartos,30 R. Bassiri,51 A. Basti,20,21 M. Bawaj,52,40 J. C. Bayley,45 M. Bazzan,53,54
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