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MAREK J. SZCZEPANCZYK et al.

We present the results from a search for gravitational-wave transients associated with core-collapse
supernovae observed optically within 30 Mpc during the third observing run of Advanced LIGO and
Advanced Virgo. No gravitational wave associated with a core-collapse supernova has been identified. We
then report the detection efficiency for a variety of possible gravitational-wave emissions. For neutrino-
driven explosions, the distance at which we reach 50% detection efficiency is up to 8.9 kpc, while more
energetic magnetorotationally driven explosions are detectable at larger distances. The distance reaches for
selected models of the black hole formation, and quantum chromodynamics phase transition are also
provided. We then constrain the core-collapse supernova engine across a wide frequency range from 50 Hz
to 2 kHz. The upper limits on gravitational-wave energy and luminosity emission are at low frequencies
down to 107*Myc? and 6 x 107*Mc?/s, respectively. The upper limits on the proto-neutron star
ellipticity are down to 3 at high frequencies. Finally, by combining the results obtained with the data from
the first and second observing runs of LIGO and Virgo, we improve the constraints of the parameter spaces
of the extreme emission models. Specifically, the proto-neutron star ellipticities for the long-lasting bar
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mode model are down to 1 for long emission (1 s) at high frequency.

DOI: 10.1103/PhysRevD.110.042007

I. INTRODUCTION

The observation of gravitational waves (GWs) from the
binary black hole merger in 2015 [1] began the field of GW
astronomy. Two years later, a merger of two neutron stars
was observed in both GW and electromagnetic spectra [2].
While detecting GWs from compact binary systems
has become commonplace [3-5], we are waiting for the
discovery of GWs from other astrophysical sources. Core-
collapse supernovae (CCSNe) are one of them, and the next
nearby CCSN will be one of the most interesting astro-
nomical events of the century.

The CCSNe are the violent explosions of massive (above
8M ) stars at the end of their life, giving birth to neutron
stars and black holes. While the theoretical understanding
of stellar collapse is growing (see recent reviews [6-9]), the
century-old question about the CCSN explosion mecha-
nism [10] is not yet solved. The inner dynamics of the
CCSN engine can be completely understood with direct
observations. Because GWs and neutrinos leave the core
around the collapse time and almost do not interact with the
star’s matter, they are the only probes of the CCSN engine.
GWs, in particular, will allow us to measure the engine’s
dynamics directly. All known CCSNe were observed in the
electromagnetic spectrum, and low energy neutrinos were
detected so far only from SN 1987A [11-13]. The scientific
community awaits a multimessenger observation of neu-
trinos, electromagnetic (EM) radiation, and GWs from a
nearby CCSN.

Because the GWs predicted from the multidimensional
CCSN simulations produce relatively weak GWs (compared
to compact binaries), they can be detectable only within
Milky Way for Advanced GW detectors and their upgrades
[14,15]. However, these simulations and the many models
of more energetic GW emission have not yet been obser-
vationally constrained. This motivates us to search for GW
transients with CCSNe that occurred in the nearby Universe.
While a Galactic CCSN will be the best opportunity for

detecting GWs, LIGO [16], Virgo [17], and GEO600 [18]
performed two targeted searches for GWs from CCSNe
outside Milky Way. Both of them reported null results. The
search with the initial GW detector data [19] established the
search method; four CCSNe were analyzed within a distance
of 15 Mpc. Later, Ref. [20] reported on a search on five
CCSNe within 20 Mpc with data from the first and second
observing runs (O1 and O2). For the first time, the GW data
enabled us to exclude parts of the parameter spaces of CCSN
extreme emission models. LIGO, Virgo, and KAGRA [21]
performed all-sky all-time generic searches [22-25] that also
had the potential to detect GWs from a CCSN. The previous
CCSN searches are described more in detail in [14].

In this paper, we present an optically targeted search with
CCSNe observed up to a distance of approximately 30 Mpc
that occurred during the third observing run (O3, Apr 1,
2019—Mar 30, 2020) of LIGO, Virgo, and KAGRA. We
selected eight CCSNe; seven of them are type-II (SNe
2019ehk, 2019ejj, 2019fcn, 2019hsw, 2020cxd, 2020dpw,
2020fqv), and one is type-Ic (SN 202001). No GW associated
with a CCSN has been identified, so we provide statements
about the predicted GW emissions’ detectability and con-
strain the CCSN engine’s dynamics. For the first time, we
report the upper limits on the GW luminosity and proto-
neutron star (PNS) ellipticity. The constraints of two GW
extreme emission models are improved with respect to [20].

This paper is organized as follows. In Sec. II, we list the
analyzed CCSNe and outline the method for calculating a
period of an expected time of GW emission. Section III
describes the search method and simulated GW signals.
Section IV reports on the results, including the distance
reaches for simulated GW signals. Then, Sec. V provides
constraints on CCSN engine properties. We include generic
upper limits of the emitted GW energy, luminosity, and
PNS ellipticity. Model exclusion statements are then
presented, specifically for the long-lasting bar model.
The summary and discussion are in Sec. VL
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TABLE L

CCSNe selected as optical targets for the GW search described in this paper. The variables ¢, and ¢, are the start and end of

the OSWs (see Sec. Il B), and At is the OSW durations. The last column shows coincident data durations 7T;,. together with duty

factors (T ine/ A2).

Host Distance 1 1 At OSW T coine
Supernova Type galaxy [Mpc] [UTC] [UTC] [days]  method [days]
SN 2019ehk 1Ib NGC 4321 16.1 2019 Apr 23.10 2019 Apr 24.50 1.40 2 0.41 (29%)
SN 2019ejj 1I ESO 430-G20 15.7 2019 Apr 23.28 2019 Apr 30.86 7.58 3 1.25 (16%)
SN 2019fcn 1I ESO 430-G20 15.7 2019 May 03.02 2019 May 07.56 4.54 3 2.51 (55%)
SN 2019hsw 1I NGC 2805 28.2 2019 Jun 05.14 2019 Jun 13.14 8.00 1 5.08 (64%)
SN 20200i Ic NGC 4321 16.1 2020 Jan 02.48 2020 Jan 06.18 3.70 2 2.56 (69%)
SN 2020cxd 1P NGC 6395 20.9 2020 Feb 16.53 2020 Feb 22.53 6.00 1 4.58 (76%)
SN 2020dpw 1P NGC 6952 22.3 2020 Feb 21.08 2020 Feb 25.08 4.00 1 3.06 (77%)
SN 2020fqv 1Ib NGC 4568 17.3 2020 Mar 22.00 2020 Mar 28.00 6.00 1 4.06 (68%)

II. TARGETED CORE-COLLAPSE SUPERNOVAE

A. Source selection

From all CCSNe observed during O3, we have selected
those that meet the following criteria: (i) they contribute to
the model exclusion statements (see Sec. V C), and their
distances are less than approximately 30 Mpc; (ii) the
period where we expect to find a GW transient is suffi-
ciently well identified (up to a few days; see Sec. II B); and
(iii) there is sufficient GW detector data coverage to allow
us to accumulate a few years of background data (see
Sec. III). During O3, astronomers found and followed up
numerous CCSNe in the nearby Universe. Based on the
information from astronomical telegrams [26] and super-
nova catalogs (ASAS-SN [27-30], DLT40 [31], Gaia
[32,33], ASRAS [34], TNS [35], OSC [36], CBAT [37]),
we found eight supernovae of interest. They are reported
in Table I, and Fig. 1 shows their sky locations. Most of
them are type-II supernovae originating from red super-
giant progenitor stars; just one is type I. The host
galaxies are identified for all of them. The distance to
each CCSNe is determined using the estimated distance
to its host galaxy.

SN 2019ehk, a type-lIb supernova, was discovered on
April 29, 2019, at 22:27:50 UTC [38]. The host galaxy is

)=
0 e
TJLO‘ o5k 28.2 Mpc) 20.9 Mpc) 993 Mpci
=. SN 2020fqv
&) OF (type-ITb/P; SN 2019ehk
fos SN 2019¢jj 17.3Mpc) type-Ib,
A — 925+ (type-IT; 16.1 Mpc)
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—our SN 2019fcn i . .
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FIG. 1. Sky locations of CCSNe analyzed in this paper. All

were recorded within 30 Mpc during the third observing run of
LIGO, Virgo, and KAGRA.

NGC 4321 (M100) at a distance of 16.1 Mpc [39-41]
(distance inferred from Cepheid observations [42—-44]). The
progenitor star is likely a zero-age main sequence (ZAMS)
star with a mass of around 9-9.5M ;. The mass-loss rate is
smaller than 107 M /s for a wind velocity of 500 km/s at
distances of 10'°~10'7 cm from the exploding core [44].

SN 2019e¢jj, a type-1I supernova, was discovered on May
02, 2019, at 06:18:43 UTC [45]. The host galaxy is ESO
430-G20 at a distance of 15.7 Mpc [46] (distance inferred
from the Tully-Fisher method [47]).

SN 2019fcn, a type-1I supernova, was discovered on May
08, 2019, at 23:02:24 UTC [48]. The host galaxy is ESO
430-G20 at a distance of 15.7 Mpc (distance inferred from
the Tully-Fisher method [47]).

SN 2019hsw, a type-Il supernova, was discovered on
June 18, 2019, at 03:07:12 UTC [49]. The host galaxy is
NGC 2805 at a distance of 28.2 Mpc [50] (distance inferred
from the Tully-Fisher method [47]).

SN 202001, a type-Ic supernova, was discovered on
January 07, 2020, at 13:00:54 UTC [51]. The host galaxy
is NGC 4321 at a distance of 16.1 Mpc [40,52-54]
(distance inferred from Cepheid observations [42-44]).
The mass-loss rate is around 1.4 x 107*M s~! for a wind
velocity of 100 kms~'. SN 20200i was also observed by
Swift [55] with an x-ray telescope in the energy range from
0.3 keV to 10 keV [56].

SN 2020cxd, a type-Il supernova, was discovered on
February 19, 2020, at 12:44:08 UTC [57]. The host galaxy
is NGC 6395 at a distance of 20.9 Mpc [58-60] (distance
inferred from the Tully-Fisher method [61]). The progen-
itor star has a ZAMS mass of S15M,.

SN 2020dpw, a type-1IP supernova, was discovered on
February 26, 2020, at 10:01:22 UTC [62]. The host galaxy
is NGC 6952 at a distance of 22.3 Mpc (distance inferred
from the Tully-Fisher and SN type-Ia methods; both
agree) [46].

SN 2020fgv, a type-1Ib supernova, was discovered on
March 31, 2020, at 08:06:02 UTC [63]. The host galaxy is
NGC 4568 at a distance of 17.3 Mpc (distance inferred
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FIG. 2. Visual representation of the on-source windows (see Sec. Il B), the data coverage for each detector, and the detector duty
factors (percentage of available data inside the on-source window). These windows are plotted with respect to the discovery time 7g;,
and the brackets show CCSN discovery dates in UTC. The plotted interferometers (IFO) are LIGO H1 and LIGO L1.

from the Tully-Fisher method [47]). The progenitor star has
a ZAMS mass of 13.5 — 15M [64].

B. On-source window

The on-source window (OSW) is a time interval where
we search for the GW transient. It is defined as [, 1,],
where #; and #, are the beginning and end times, respec-
tively. The methodology to compute #; and f, is a
compromise between achieving a high probability (see [65]
for reference of some of the limitations in achieving 100%
probability) to contain the possible GW emission from the
CCSN and, at the same time, not lose the benefits of having
a shorter time window than the all-sky searches, e.g., [24].
See Sec. III B for a detailed explanation of these benefits.

While we currently do not know how to quantify all the
uncertainties of the OSW calculation process exactly (for
example, uncertainties for the values taken from [66] or
different idiosyncracies of telescopes sensitivities), we
aimed for a 2¢ probability for the OSW to contain the
GW emission. We use three different methods to calculate
OSWs. The choice depends on the availability of early
observation (prepeak luminosity) data and the availability
of published tools to model the light curves. Table I shows
the calculated OSWs and methods used.

1. Method 1—The early observation

For SNe 2019hsw, 2020cxd, 2020dpw, and 2020fqyv,
the available luminosity public data, at the time of this
analysis, was of poor quality and did not appear to
include the peak luminosity. For these candidates, we

use an Early method described in [20] with an increased
upper limit on the delay between the collapse of the shock
breakout as described below. We note that a detailed
photometry [64] for SN 2020fqv was publicly available in
the late stages of our analysis.

In this method, the initial supernova observation (dis-
covery time, #g4;.) is used as the end of the OSW, ¢, = tdisc.l
The beginning of the OSW is calculated using the last null
observation of a CCSN in the host galaxy, fy,;. This time
can still be after the GW emission since the shock breakout
(SBO) is delayed with respect to the collapse, Atggo. We
use t; = tyun — Afsgo to account for this. Reference [66]
derives a relationship between the progenitor star mass and
Atgpo. Furthermore, an extensive study was performed
in [67] about the mass distribution of the CCSNe progenitor
masses in the local Universe (within 30 Mpc where this
study is feasible). As summarized in Fig. 6 of Ref. [67],
there is an apparent upper limit of CCSNe progenitor
masses at 16.5 solar masses in the local Universe. In the
absence of progenitor mass information for the four CCSN
candidates, the mass delay relationship in Ref. [66] indi-
cates Afggo = 3 days as an appropriate upper limit for the
collapse SBO delay. It is worth mentioning that the last null
time estimation from the telescope depends on the relative
sensitivity to the one at the discovery time [65].

'While we show in Fig. 2 the calculated OSWs, due to a
bookkeeping error, three extra days after the discovery time were
included in the analysis of SN 2020cxd. However, it has a
marginal effect on the search results.
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FIG. 3. The shock breakout estimation using quadratic (second

degree) and quartic (fourth degree) polynomials. Because shock
breakout was observed for KSN 2011a [68-71], it allows one to
test the usage of the polynomial interpolations in a case when a
CCSN is discovered up to a few days after the shock breakout.
While a quartic fit is reliable, the quadratic fit introduces biases.

2. Method 2—The quartic interpolation

For SNe 2019¢ehk and 202001, the light curve indicated
that the discovery happened in the homologous phase of the
shock wave expansion. Since part of the light curves of
CCSNe up to the flux peak has a high degree of universality
among observed CCSNe, we investigated what would be
the simplest polynomial fit (where we estimated the
coefficients of different polynomials with a chi-square
minimization between the data and the polynomials). We
used, as a testing ground, a detailed light curve (since the
moment of observed SBO) for KSN 2011a provided by
Kepler [68] and Astropy [69—-71]. Figure 3 shows possible
interpolations in cases when a potential first observation
can be up to a few days after the SBO. A simple quadratic
(2" degree) polynomial fit reveals biases. The estimated

14 -
15F =

F A R ]

'%) 16: /x"_\“*-ﬁ—l—-____‘_ ]
E F e T~ 1
=17 4 N
Ea / N
= sk / SN 2019ehk =
F / ]

E / 4
|/ tspo =5.5620.00 days ]

E o/ B Confidence belt ]

20F ll 4 Data points 4
B b v b ey ]

-5 0 5 10 15 20 25

Time From Initial Observation ¢ — tgis. [days]

time of the SBO can be earlier than the real SBO time
because the slope of the light curve around the peak is
smaller than in the early stages of the light curve. Next, we
tested a quartic (4th degree) polynomial fit that more
accurately estimates SBO time even when the first few
days of data are missing. Therefore, we adopted a quartic
polynomial fit.

Given that the measured r-band magnitudes [44,72-74]
at any time have uncertainties, we performed Monte-Carlo
simulations where individual values of the optical flux were
randomly varied within the given uncertainty from the
telescope. In each repetition, the least square estimate of the
time of the SBO was performed. As a result, for each
candidate, we obtained confidence belts of randomized
estimates of the SBO time, shown in Fig. 4. We associate an
uncertainty equal to 26 of this confidence belt at the
estimated time of the shock breakout. We then obtained
for each candidate a histogram of randomized estimates of
the SBO. In order to take into account the uncertainties in
the estimates of the preshock breakout flux of the value, we
added 0.5 days to the estimated shock break-out time as the
double standard deviation. This value came from studying
the test Kepler data, the systematics of the conversion
between normalized flux and magnitude for these candi-
dates, and we also studied the systematics of these
interpolation processes in other CCSNe for which open
data are available even when no GW observing run was
undergoing.

Using the methodology described above, we estimated
the tggo for each of the candidates and the uncertainties
and, from that, the estimates of ¢, and ¢,. The vertical lines
in Fig. 4 show tggo which is determined by the intersection
of the quartic fitted curves with the pre-SBO average
magnitude. SN 2019¢ehk also had a known progenitor mass
of about 9.5M, which according to Ref. [66] corresponds

L o e o e L E e s S s B S s B B s

14

SN 202001

—
(o]

—— tspo =1.8420.07 days
Confidence belt

—_
=)

¢ Data points
A T T T T [ T T [ T TS S [ S S S

5 10 15
Time From Initial Observation ¢ — tqise [days]

Do
(=]

Magnitude
—
o
e T RS eaaa=—t:

SO PN IS A B WIS WS W o

(S

|
oy

FIG. 4. The estimation of the shock breakout, z5pq, for SNe 2019ehk and 202001 was performed with the quartic interpolation. The
r-band magnitudes, including the preshock breakout values, are public and taken from Refs. [44,72-74]. The quartic polynomial
coefficients are determined with a chi-square minimization. The estimated time of the SBO (marked by the vertical lines) is determined
by the intersection of the curves with the average pre-SBO values. The uncertainty in the time of the SBO is determined from the
standard deviation of the estimated SBO times if we perform the interpolations for the data randomized within the telescope

uncertainties provided for each data point.
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toa 1.5 + 0.2 day delay between the collapse and the SBO.
In this case, tl became tl = tdisc - tSBO - Atdelay - AtSBO,l
where the Afgeyy = 1.5 days is the estimated delay of the
SBO with respect to the collapse, and Atggq | conservatively
estimated at 0.7 days account for the joint uncertainty in the
Isgo estimate and the estimate of Aty - For the estimate of
t; in SN 20200i, since the mass of the progenitor was
unknown we used #; = t4s. — fspo — Afsgo,; choosing
Atsgo = 4.5 days, to include in a conservative way the
3 day upper limit on the collapse to break out as described
in the conservative method section (based on Ref. [66])
and the error in the estimate of the time of the shock break
out. The end of the OSWs, 1,, was determined using
Atspon Where 1) =ty — Isgo — Algelay + Alspo. For
each of the two candidates, Afggp, was then calculated
by adding both the uncertainty of the delay and the double
standard deviation from the quartic interpolation, choos-
ing conservatively Atggg, = 0.7 days. Atgej,y Was chosen
as 1.5 days, the minimum collapse to shock breakout delay
in Fig. 6 of Ref. [66].

3. Method 3—Physics-based

For SNe 2019fcn and 2019e¢jj, good quality public data
were unavailable to perform the quartic interpolations.
Instead, we used the OSWs published in Ref. [65] based
on Las Coumbres Observatory data (named there an
Updated EOM). These OSWs were produced using the
overlap of different physics-based interpolation methods,
with a large probability of containing the GW emission.
This method has the potential also to provide progenitor
star properties. While methods 1 and 2 are frequentists, the
results in this method involve Bayesian posteriors.

1. METHODOLOGY

We closely follow the methodology presented in
Ref. [20], and this section briefly summarizes the method.
The search is performed at the frequency range from 16 Hz
to 2048 Hz.

A. Data

The LIGO and Virgo detectors use a photon recoil-based
calibration [75-77] resulting in a complex-valued,
frequency-dependent detector response. Previous studies
have documented the systematic error and uncertainty
bounds for the O3 strain calibration in LIGO [78,79]
and Virgo [80,81]. The product of this calibration is strain
data sampled at 16384 Hz. Times affected by transient
noise sources, referred to as glitches, and other data quality
issues are identified so that searches for GWs can exclude
(veto) these periods of poor data quality [82-88]. In
addition, several known persistent noise sources are sub-
tracted from the data using information from witness
auxiliary sensors [89,90]. In this search, we analyze a
network of LIGO detectors (Hanford and Livingston).

While adding the Virgo detector may provide benefits,
e.g., sky localizations, it can affect the confidence of
candidate detections. Hence, it is not an optimal choice for
detection purposes [24] because of the higher rate of glitches.

B. Coherent WaveBurst

We use coherent WaveBurst (cWB), a model-independent
search algorithm for detecting and reconstructing
GWs [91]. The cWB searches for a coherent signal power
in multiple detectors. The analysis is performed in a wavelet
domain on GW strain data using the multiresolution Wilson-
Daubechies-Meyer wavelet transform [92]. The algorithm
selects wavelets with amplitudes above the fluctuations of
the detector noise and groups them into clusters, identifying
coherent events.

The events are ranked with 75, = \/E./ max(y*, 1),
where E_ is coherent energy, and > quantifies the agree-
ment of cWB reconstruction and the detector data. The
correlation coefficient ¢, = E./(E. + E,), where E, is a
residual energy, further reduces noise events. The events
are accepted when y?> < 2.5 and ¢, > 0.8. The remaining
ones are divided into two mutually exclusive classes. Class
C1 contains transients of a few cycles with a prime example
of short (order of 10 ms) and broadband (order of 100 Hz)
blip glitches [93,94]. All other events are in class C2.

As usual, we use time-shifting analysis to estimate the
background for the burst searches. This method allows for
estimating the false-alarm rate (FAR). For each analyzed
OSW, we accumulated a few years of background data. An
event with the smallest FAR from the non-time-shifted
analysis across the two search classes is called the loudest
event and is considered a potential GW candidate. Given
two search classes, a trial factor of 2 is applied to the event’s
FAR [20]. The loudest event significance is assessed by
calculating its false-alarm probability (FAP). This is the
probability of obtaining one or more noise events that are
less than or equally ranked:

FAP = 1 — exp (—Tinc X FAR), (1)

where T, 18 the coincident data duration of the appro-
priate OSW.

Following Sec. II B, reducing time intervals to search for
GW emission benefits optically targeted searches compared
to all-sky searches in two ways or a combination. The first
is to increase the statistical significance of the GW
candidates by reducing the event’s FAR. The second is
to achieve the same statistical significance but with a larger
FAR. This second option, in turn, allows for reconstructing
events with a smaller 77, or GWs emitted further away from
the Earth. The usefulness of this second approach depends
on the slope of the FAR vs 7, histograms (a shallower slope,
like in the case of glitchy data, would give larger gains in
the detection range). Hybridization of the two would mean
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using some benefits in both directions. In this paper, we
only use the first type of benefit.

Note that the previous searches [19,20] used an esti-
mated 9.1% for the calibration error. This conservative
value is revisited in the Appendix. In brief, the predicted
GW signals from CCSNe (Sec. III C) were distorted in time
and frequency according to the detector’s calibration errors
at the times of the OSWs. We find that the impact on the 7,
and ¢, is negligible for a network of LIGO detectors.

C. Search sensitivity

The search sensitivity is determined by adding wave-
forms to the detector strain data around every 33 s and
reconstructing them with cWB. The procedure is repeated
for sources placed at a range of distances, constructing a
detection efficiency. The simulated sources are placed at the
sky positions of the analyzed CCSNe. We measure the
search sensitivity with waveforms calculated from multi-
dimensional CCSN simulations: neutrino-driven and mag-
netohydrodynamically driven explosions, black hole
formation, and quantum chromodynamics phase transition.
We also consider two extreme emission models. For each
three-dimensional model, the source orientation is random-
ized, and the waveforms from two-dimensional CCSN
simulations are averaged over the source orientation using
a factor of 1/5/18 [20]. The distance at 50% detection
efficiency is called the detection reach.

As mentioned earlier, we employ ad hoc signals to
estimate the search sensitivity to monochromatic CCSN
GW emission. These signals do not have physical meaning
but are used to constrain the properties of a CCSN engine
at a given frequency bin. The detection efficiencies are
calculated as a function of the signal’s root-sum-squared
strain:

hegs = \// (h2+(t) + hi (t))dt7 (2)
where h, and h, are GW polarizations.

1. Neutrino-driven explosions

In this section, we list and briefly describe the non-
rotating, neutrino-driven explosion, or nonexploding
CCSN models that are used to test the sensitivity of the
search. All of the waveforms were simulated in three
dimensions.

The first is model s11 from Andresen et al. 2017 [95]
(And + 17). It is a solar metallicity 11.2M , progenitor star.
The shock is not revived in this model. The simulation
ends 352 ms after the core bounce. No standing accretion
shock instability (SASI) is observed, and most of the GW
amplitudes are produced by convection. The low mass and
lack of shock revival result in low GW amplitudes, with the

majority of the GW energy at frequencies between 500 Hz
and 700 Hz.

The s15 model is the solar metallicity, 15M o progenitor
star simulated by Kuroda et al. 2016 [96] (Kur + 16) with
the SFHx [97] equation of state (EOS). The GW signal
reaches frequencies of up to 1000 Hz, and has a strong
low-frequency component due to the SASI. The simu-
lation was stopped ~350 ms after the core bounce before
the shock revival.

The C15 model is another 15M  progenitor star simu-
lated by Mezzacappa et al. 2020 [98] (Mez + 20). The GW
signals show a low-frequency component due to the SASI,
and also a high-frequency component above 600 Hz due to
convection. The simulation was stopped 450 ms after the
core bounce before shock revival. The signal reaches very
high GW amplitudes of above 1500 Hz.

The L15-3 model by Miiller et al. 2012 [99] (Mul + 12)
1s an older simulation. However, we still include this model
to compare to results in previous searches directly. The
progenitor is a 15M, star. The GW emission only reaches
frequencies of ~500 Hz, which is much lower than more
modern simulations. The GW signal is 1.4 s long, and the
model successfully undergoes shock revival.

We use two models from O’Connor and Couch 2018
[100] (Oco + 18). They are both simulations of a 20M
progenitor star from MESA [101-106]. The first model,
m20, does not include perturbations, and the second
model, m20p, has perturbations. Both of them are
simulated for over 500 ms, and do not undergo shock
revival before the end of the simulations. The GW signals
in both models have a low-frequency component due to
the SASI, and the high-frequency modes reach frequen-
cies of over 1000 Hz.

The next two signals were simulated by Powell and
Miiller 2019 [107] (Pow + 19). The he3.5 model is an
ultrastripped 3.5M 5 helium progenitor star. The low mass
results in low GW amplitudes. The s18 model is a solar
metallicity 18M progenitor star. Both models undergo
successful neutrino-driven explosions and therefore have
no low-frequency SASI modes. The he3.5 model is 0.7 s
long, and s18 is 0.89 s. Both models have the majority of
their GW energy between 600 Hz and 1000 Hz.

We use three models from Radice et al. 2019 [108]
(Rad + 19). They are all solar metallicity progenitor stars
with masses of 9M, model s9, 13M, model s13, and
25M model s25. The s9 simulation undergoes shock
revival shortly after the bounce, and model s25 undergoes
shock revival much later in the simulation; s13 does not
explode. The s25 model has low-frequency GW emission
due to the SASI; the GW signal is ~600 ms long and
reaches frequencies of up to 1200 Hz. The s9 model has
low GW amplitudes due to low mass, is simulated for
~350 ms, and reaches frequencies of ~1000 Hz. The s13
model was simulated for over 0.7 s, and reached frequen-
cies of up to ~2000 Hz.
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2. Magnetorotational explosions

Obergaulinger et al. 2020 [109] (Obe + 20) performed a
series of three-dimensional simulations of magnetorota-
tional core collapse of potential progenitors of long
gamma-ray bursts. While all of their cores are based on
a star with a ZAMS mass of 35M  and subsolar metallicity,
the authors varied the precollapse magnetic field strength
and geometry. We select their model signal_O, which
develops a delayed, moderately energetic explosion domi-
nated by magnetically driven jets reaching outflow speeds
of around c/3 by the end of the simulation at about 0.8 s
after the bounce. The explosion is launched by a combi-
nation of neutrino heating, rotation, the magnetic field,
and hydrodynamic instabilities, among which convection
is more important than the SASI. Owing to greater core
asymmetries during the collapse, the GW emissions are
larger than for neutrino-driven explosions.

3. Black hole formation

The black hole formation s40 model is a 40M, pro-
genitor star, labeled model NR, from Pan et al. 2021 [110]
(Pan + 21). The simulation did not undergo shock revival,
and it was stopped ~0.7 s after the bounce when a black
hole was formed. The GW frequency is rather high, above
2000 Hz at peak luminosity.

4. QCD phase transition

Kuroda et al. 2022 [111] (Kur 4 22) investigate observ-
able signatures of a first-order quantum chromodynamics
phase transition in the context of CCSNe. The authors
conduct axially symmetric numerical relativity simulations
using a hadron-quark hybrid EOS with multienergy neu-
trino transport. The progenitor model with 50M  of Umeda
and Nomoto [112] is a blue supergiant star with solar
metallicity. During the post-second-bounce phase, the GWs
show a high-frequency emission at the range of =1 kHz.
We analyzed the waveform from the s50 model.

5. Extreme supernova models

Given the large uncertainties in the numerical modeling
of fast-rotating CCSNe, it is worth exploring extreme
models at the limit of what is possible during the collapse
of massive stars. In particular, we consider two scenarios
used in previous targeted searches [19].

In the long-lasting bar mode scenario (or shortly bar
model), a very rapidly rotating progenitor star induces bar
mode instabilities in the protoneutron star. These instabil-
ities are either of dynamical [113-116] or corrotational
(low T/|W|) type [110,117-122], the latter being preferred
according to the most recent and sophisticated simulations.
In this scenario, the instability leads to large amplitude
GWs that depend on the properties of the deformed
protoneutron star. We use a simple phenomenological
bar model [123,124] in which the waveform can be

modeled effectively by sine-Gaussian waveforms with
amplitude A, frequency f, and width 7 as parameters:

1 + cos?1
2

hy (1) = hycose /7 sin(2zfo1), (4)

h,(t) = hgy e~/7 cos(2xf 1), (3)

where 1 is a source viewing angle. The model used in the
previous targeted searches [19,20] assumed a cylindrical
bar’s particular shape, parametrized by its mass, radius, and
length. Here, the model is generalized, and no assumption
is made about the core shape. Its shape is characterized by
frequency, ellipticity, and quadrupolar mass moment. The
detailed derivation can be found in Ref. [124], and here we
provide an overview of a method.

In quadrupolar approximation, a GW signal in the
transverse-traceless (TT) gauge is defined by [see,
e.g., [125]]

2G .
hiTjT(l,X) :B?P;(J!Ikl(t_l)/c’x)’ (5)

where Pf; is the T'T projector operator, G the gravitational
constant, ¢ is a speed of light, and D the distance to a
source. The reduced mass quadruple momentum in
Cartesian coordinates X = [x, v, z] is defined as [125]

1
I,-j(t,x) _/d3xp{xixj—§5l~j(x%+x%+x%) s (6)
where p is the rest mass density.
We consider a rigid body with quadrupole mass
moments /;; rotating around the z axis (no precession or
nutation) with a rotational frequency f,,,. The resulting

GW emission can be written, without loss of generality,
as [126-128]

1
hy = zho(l + cos? 1) cos(2xmfot), (7)

hy = hgcosisin(2zfyt), (8)

where f, = 2f,,; and the amplitude is

. 2 GI)C)C_I_)’_Y
"D 2

(2mfo). ©)
Taking an example of a triaxial ellipsoid rotating about a

principal axis, the A, can be expressed as

_2Gle
"7 Dt 2

(27fo)* (10)

where the ellipticity is defined as [129]

I, -1

A 11
e=-" (11)

2z
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The quantity e is a measure of the core quadrupolar
deformation with respect to sphericity. Because GWs
considered in this search have a limited duration, we apply
a Gaussian envelope to Eqgs. (7) and (8) arriving then at
Egs. (3) and (4).

This model is a generalization of the one used in
previously targeted searches [19,20]. In that case, the
PNS deformation was modeled by a cylinder of mass M,
length L, and radius R rotating about the axis perpendicular
to its length. In the current work, no assumption is made
about the shape of the deformed star (only that it is rigidly
rotating). If one wishes to relate the results for the new model
to previous results, it is possible to relate the parameters of
the new model (e and /) with the ones of the old one (M, L
and R) particularizing the rigid body to a cylinder (note that
fo and 7 are common to both models) such that

L? - 3R?

1
=7, I, =—MQ3R*+L?. (12

12

In this search, we use f,={55,82,122,182,272,405,
604,900,1342,2000} Hz and 7z ={0.001,0.01,0.1,1.0} s.
The hy is calculated using I, = 5.47 x 10% gcm? that is
consistent with the 1b4-1b6 waveforms from the previous
searches [19,20].

The torus fragmentation instability scenario [130,131]
proposes 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. Fragmentation has been observed
in some simplified numerical setups [132,133] but is very
short lived. However, it is currently unclear if it will
develop under more realistic conditions. To model this
signal, we employ a simplified model [134] that depends on
the mass of the central black hole (BH) Mgy = {5,10}Mg
and the properties of the disk, namely the thickness of the
torus # = {0.3,0.6} and the alpha viscosity parameter
a = 0.1. The torus thickness is defined as # = H/r, where
H is the disk scale height, and r is the local radius. For the
disk model considered in [131], the mass of the fragmented
clump is M, = 0.53*Mgy. The GW amplitude is propor-
tional to the reduced mass of the BH-clump system,
# = MyguM/(Mgy + M), which for the parameter space
considered here (M ; < Mgy) is u~ M. Following [20],
pirol and piro2 stand for a source with Mgy = 5SM and
n = {0.3,0.6}, respectively. Piro3 and piro4 are for CCSNe
with 10M, black holes and 1 = {0.3,0.6}, respectively.

6. Ad hoc signals

To constrain the GW energy, luminosity, and PNS
ellipticity emitted by a CCSN at a given frequency bin,
we use ad hoc sine-Gaussian signals. Currently, the best
GW energy constraints are of an order of 10™*Mg [20],
and they correspond to the energies of extremely rapidly

rotating explosion models. In this search, we use elliptically
polarized sine-Gaussians that represent rotating sources.
The waveforms are calculated according to Egs. (3) and (4),
and they are parametrized with central frequency f,=
{55,82,122,182,272,405,604,900,1342,2000} Hz, and
7 =1{0.001,0.01,0.1, 1.0} s. The amplitudes do not have
physical meaning.

IV. SEARCH RESULTS

Table II presents the search results. The most significant
GW candidate is the loudest event of SN 2020fqv with a FAP
of 0.54% (2.80). This event is analyzed in Section IVA
and likely has a noise origin. All other loudest events are
consistent with the background.

A. SN 2020fqv loudest event

Figure 5 shows the time-frequency map of the SN
2020fqv loudest event. This is a long (around 4 s) and
narrow band (around 4 Hz) signal with a peak frequency
of 835 Hz detected with a FAR of 1 per 2.05 years. Given
the OSW, the FAP is 0.54% which corresponds to 2.8¢
confidence.

Investigating the data quality surrounding this event
shows an 837 Hz noise feature at the LIGO Hanford
Observatory, ruling this event to be of instrumental
origin. The same source of noise has been observed in
the O3 search for long-duration transient GW to be
instrumental [135].

Apart from the data quality analysis, we consider the
search sensitivity to the signals similar to this loudest event.
Because it is a narrow band signal, the sine-Gaussians
can be used to estimate detectability, and the bar model
waveforms can be used as probes. Among the analyzed
waveforms, the closest is the one at a frequency of 900 Hz
and 7 = 1 s. At a distance of SN 2020fqv (17.3 Mpc), the
detection efficiency is about 23% (see the next section).
Therefore, such an extreme emission can potentially explain
the observed SN 2020fqv loudest event. Alternatively, high-
frequency modes are also visible in more realistic explo-
sions. For example, a weak feature at 1000 Hz lasts for 0.5 s

TABLE II.  List of the loudest events for each CCSN. FAR and
FAP for each of them, except SN 2020fqv, which is further
analyzed, indicate that they are consistent with background noise.

Supernova Class e FAR [Hz] FAP

SN 2019ehk c2 59 1.4 x 107 0.39 (0.860)
SN 2019ejj Cc2 6.7 1.1 x107° 0.45 (0.760)
SN 2019fcn c2 6.7 1.4 x 107 0.95 (0.060)
SN 2019%hsw Cl 56  45x107°° 0.86 (0.170)
SN 202001 Cl 5.8 2.0x107° 0.35 (0.930)
SN 2020cxd Ci 6.7 33x 1076 0.73 (0.340)
SN 2020dpw c2 6.2 6.3 x 107° 0.81 (0.230)
SN 2020fqv Cl 7.6 1.5x 1078 0.005 (2.780)
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FIG. 5. SN 2020fqv loudest event with a 2.8c detection

significance. The data quality investigations show that this event
is most likely of an instrumental origin. The pixel magnitudes are
squared network signal-to-noise ratio.

in Fig. 6 of Ref. [136]. These signals are at a constant
frequency if the mass accretion is low and the PNS is not
changing size.

B. Detection efficiency vs distance

To assess the search sensitivity, we produce detection
efficiency vs distance for a wide range of CCSN models.
Figure 6 shows the detection efficiencies of the models
described in III C for the sky location and OSW of SN
2017ejj. The numbers in parentheses are detection reaches.
As references, the left plot shows the distances to the
Galactic Center (~8.5 kpc) and the Large Magellanic
Cloud (49.6 kpc [137]) that hosted SN 1987A. Table III
summarized the distance reached for all analyzed CCSNe.
For each model, the values are consistent across the
CCSNe. The largest distances are mostly achieved with
SN 2020cxd.
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The neutrino-driven explosions (models s11, s15, C15,
L15-3, m20, m20p, s18, s3.5, s9, s13, and s25) are
detectable up to a few kpc, with the s15 model reaching
the distance of the Galactic Center. When comparing the
three models with solar metallicity progenitor stars (s9, s13,
and s25), the distance reach increases with progenitor mass.

The magnetorotationally driven explosion model
signal_O has a larger distance reach compared to the
neutrino-driven  explosions. For most CCSNe, the
distances exceed the Galactic Center; for a few of them,
the detection probability is nonzero at the distance of the
Large Magellanic Cloud. The quantum chromodynamics
phase transition explosions (s50) can be reached up to
around 2.1 kpc.

The right panel of Fig. 6 shows SN 2017¢jj detection
efficiencies of a few GW signals from the extreme emission
bar model. The detection reaches increase with the signals’
duration and peak frequency, up to tens of Mpc. For
example, 82 Hz and 1 ms signals are not detectable at
0.1 Mpc. On the contrary, 900 Hz and 1 s signals can reach
distances of the analyzed supernovae. In particular, the
relatively high detection efficiency is achieved for the
SN 2020fqv.

We use the L15-3 model to compare the search sensi-
tivity between the previous searches [19,20] and this
search. In Ref. [20] a typical distance was around
1.5 kpc with a maximum of 2.4 kpc. Here, the distances
are above 2 kpc with a maximum of 3.44 kpc. This
corresponds to an improvement in the detectors’ sensitiv-
ities of around 50%.

Detection distances were recently derived in the O3 all-
sky generic LIGO-Virgo-KAGRA search [24]. They share
a common model with this work: the m20 simulation. They
estimate the distance at a 10% detection efficiency to be
~1 kpc. It is calculated at FAR of 1/100 years. In this
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FIG. 6. The detection efficiency as a function of distance for SN 2019¢jj. The numbers in the brackets are distances at 50% detection
efficiencies. Horizontal dashed lines show 10%, 50%, and 90% detection efficiencies. Left panel shows the efficiencies for 12 CCSN
models derived from multidimensional CCSN simulations. As references, the Galactic Center and Large Magellanic Cloud distances
are plotted. Right panel provides the detection efficiencies for the extreme emission long-lasting bar mode model. Some models are
reaching the distance of SN 2019ejj. Given a null detection, it allows one to exclude parameter spaces of this extreme emission model as
discussed in Sec. V.
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TABLE IIL

Distance (in kpc) of the 50% detection efficiency reached for each CCSN with neutrino-driven explosions, magneto-

rotational explosions (signal_O), black hole formation (s40), and phase transitions (s50) models. Values in bold represent the farthest
distance reach for each model. The mark “-” means that the detection efficiency did not reach 50%.

Supernova And+17 Kur+16 Kur+422 Mez+20 Mul+12 Obe+20 Oco+18 Pan+21 Pow-+18 Rad + 19
sl s15 s50 C15 L15-3  signal_ O m20 m20p s40 sI8 s3.5 s9 s13 25
SN 2019ehk - 6.57 - 0.52 2.47 422 0.18 0.77 038 3.05 1.54 0.16 0.33 3.11
SN 2019ejj 0.78 7.94 1.67 1.73 2.86 11.51  0.64 0.85 0.84 2.68 1.79 0.26 0.61 2.73
SN 2019fcn 0.58 7.40 0.80 0.84 2.46 881 050 0.64 058 0.83 0.87 0.22 0.49 1.86
SN 201%9hsw  0.70 5.60 1.82 2.24 2.33 1340 060 0.76  0.77 3.85 2.04 0.17 049 2.82
SN 202001 0.63 6.53 - 1.15 2.36 9.52 056 070  0.61 1.71 0.94 0.21 0.52 1.96
SN 2020cxd 0.88 8.90 213 2.74 317 1465 0.74 095 094 474 238 027 0.67 3.15
SN 2020dpw  0.79 8.66 1.70 2.46 2.96 1343 0.68 0.85 0.90 430 224 0.27 0.61 2.86
SN 2020fqv 0.73 6.86 1.56 2.38 2.53 1342 065 0.82 081 4.17 2.17 0.21 0.55 2.90

search, the distance at a 10% detection efficiency is
estimated at around 2 kpc but with a higher FAR associated
with the loudest event and using a shorter time window.
As explained in Sec. III B, better sensitivities are achieved
with targeted searches.

V. CCSN ENGINE CONSTRAINTS

Because no GW is found, we constrain the dynamics
of the CCSN engine, similarly to Ref [20]. However, we
significantly expand the statements. Rather than probing
low- and high-frequency GW emission, a broad frequency
spectrum is explored here. Also, the analyzed range of
signal durations expanded. The constraints presented in
this section can be divided into generic and modeled. The
statements on the generic constraints include the upper
limits on emitted GW energy, luminosity, and PNS ellip-
ticity. Following [20], we further constrain the parameter
spaces of the extreme emission models. However, the bar
model is generalized compared to [20].

A. Upper limits on GW energy and luminosity

Similarly to [20], we constrain the GW energy (Egw)
emitted by a CCSN engine. Additionally, we explore
CCSN explosion dynamics with GW luminosity (or power,
Pgw). Assuming a rotating CCSN source, the total energy
emitted in GWs is [138]

2723
_ 2212
Egw = ¢ D f()hrssSO7

e (13)

where f is the peak frequency, D is the distance to the
source, and A5 1s an k. [Eq. (2)] at 50% detection
efficiency. The detection efficiencies versus k. are pro-
duced with elliptically polarized sine-Gaussians described
in Sec. [II C6.

The GW luminosity is the ratio between emitted GW
energy and the duration of this emission. The detector
Gaussian noise and glitches affect the events’ reconstructed
parameters, such as duration. To minimize this bias, we use
signal duration containing 90% of the signal’s energy.

In terms of the z parametrization, the cWB reconstructed
duration can be approximated by 1.657,... The GW power
is then defined as

_ 09Egw
oW = 1.657,

(14)

The left panel of Fig. 7 shows the Egyw constraints. The
shaded region contains combined results from all analyzed
CCSNe. From the optical observations, the typical CCSN
explosion energy is around 10°! erg, while for hypernovae,
it can be even 5 x 10%? erg [139-141]. The tightest results
are obtained primarily for SN 2019ejj. At 50 Hz the stringent
energy constraints are 10™*M g c? for signals 1-100 ms. The
constraints obtained in the previous search [20] are also
shown in the figure. At 235 Hz the GW emission was
estimated with 7 =12 ms, while at 1034 Hz it was
7 = 2.7 ms. The constraints with SN 2019ejj are around
two times less stringent, mainly due to a larger distance.

The right panel of Fig. 7 reports on the emitted GW power.
The tightest results are obtained for SN 2019¢jj. The shaded
region contains combined results from all analyzed CCSNe.
The stringent power constraints are 6 x 107*Myc?/s for
signals at 50 Hz and 1 s long. We reanalyzed SN 2017eaw
[20], and we find that the constraints with SN 2019ejj are
around a factor of 2 less stringent.

B. Upper limits on PNS ellipticity

The bar model described in Sec. IIIC 5 can be used to
provide upper limits on the allowed ellipticities of the
core deformations. The angle-averaging of h,., gives

h2,, = h3\/x/2t, and one can arrive at an experimental
Dc*

expression of I e:
2 1/4
= _ h s
G(2fo)® (m@) o

where £, 1S an h, value at 50% detection efficiency, 7.,
is the signal duration, and both are estimated from cWB.
Figure 8 reports upper limits on the ellipticity for a range of

1..¢e

(15)

1z
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FIG. 7. The upper limits on the GW energy (Egw) and luminosity (or power, Pgy) emitted by a CCSN engine. The shaded region
contains combined results from all analyzed CCSNe. The tightest results are obtained for SN 2019ejj. At 50 Hz the stringent energy
constraints are 10™#My¢? for signals 1-100 ms. The best upper limits for GW luminosity are 5 x 107*Myc? /s for signals at 50 Hz and
1 s long. Our results are around 2 times less stringent than those obtained with SN 2017eaw [20]. The Egw upper limits are still much

higher than those derived from numerical simulations [14].

GW signal frequencies and durations. The shaded region
contains combined results from all analyzed CCSNe. The
degree of deformation ¢ can also be presented assuming a
principal canonical moment of inertia for neutron stars,
I, =10% gcm? [142]. The stringent upper limits on
ellipticity are obtained for the signals with z = 1 s, ranging
from 10* at the lowest search frequency to 3.3 at 2 kHz. The
€ values increase with shorter signals.

C. Model exclusion statements

The previous search [20] excluded the parameter spaces
of two extreme emission models. Here, we continue this
effort. The model exclusion probability of combined N
CCSNe is calculated as [143]

N
Pexd:l_ | |(1_81(D1)) (16)
i=1
——r
r SN 2019¢jj 7 = 0.001 s
10'E - SN 2019¢jj 7 = 0.01 s <10%
Fm = — SN 2019¢jj 7 = 0.1 s 3
RN SN 2019¢jj 7 = 15 ]
. 1 —— Upper limit with 03 CCSNe | |
0%k B 410% __
E = N,_‘
F =
o
o f 1 =
10 {107
g ] &
10 Jip
10%

R i I R A R
! 100 1000
Frequency [Hz]

FIG. 8. The upper limits on the PNS ellipticity. Assuming a
principal canonical moment of inertia for neutron stars,
I, = 10% gem?, the stringent upper limits on the ellipticities
are down to around 3 at 2 kHz.

The e(D) =ax E(D) is a detection efficiency £(D) reduced
by the coverage duty factor a = T/ At (see Table I).
The previous search [20] assumed a standard candle
approach (the CCSN source is optimally oriented). Here,
this approach is generalized to all possible source orienta-
tions. The CCSNe from Ol and O2 are then reanalyzed,
and Fig. 9 shows the model exclusion probabilities com-
bining results from O1, O2, and O3 CCSNe. The P
values are comparable between combined O1-O2 results
[20] and this search. The model exclusion probabilities
decrease with the PNS ellipticities. For ¢ = 10, the emis-
sions of 7 = 1 sand 7 = 0.1 s are excluded up to 100% for
high-frequency emission (900 Hz and above). For emis-
sions with z = 0.1 s at 2 kHz are excluded at around 50%.

100F————

- —4— c¢=10,7=1s
e=10,7=01s
% e=10,7=00ls
80~ —4— e=1 ,7=1s
—&— c=1 ,7=01s
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60 -®- e=01,7=015s

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

55
B [ &
20 903000 3000 / j
]

Frequency [Hz

P, excl [%}

FIG. 9. Model exclusion probability P, for long-lasting bar
mode instability model. The numbers are calculated by accu-
mulating results from CCSNe in Ol, O2, and O3. The GW
emissions from bars with ¢ = 10 are excluded at almost
100% confidence above 900 Hz for r=1s and 7=0.1s.
The probabilities decrease with signal ellipticities and durations.
The emissions with the ellipticity of 0.1 and z = 1 s are excluded
up to around 50%. GW emission with 7 = 1 ms cannot yet be
excluded.
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FIG. 10. The constraint of the PNS ellipticity for the long-lasting bar model using a population of the CCSNe analyzed in this and the
previous [20] search. The best constraints are obtained for long signals and GW emission at 2 kHz. These observational ellipticity
constraints are around an order of magnitude less stringent than the ellipticities of the CCSN simulations [121,122].

The emissions with 7 = 0.1 s and ellipticities of 1 and 0.1
cannot yet be reliably excluded, but they are nonzero.
Finally, for 7 =0.001 s, the emissions cannot yet be
constrained. Interpreting these results, if bars are created
in CCSNe, they are rather short lived.

The analysis with O3 CCSNe allows for further con-
straining of the fragmentation instability model (Sec. III C 5)
analyzed in [20]. The model exclusion probabilities for piro2
and piro4 obtained with this search are 10.3% and 93.8%.
The cumulative P, values with O1, O2, O3 CCSNe for
pirol-piro4 are 0, 41.2%, 5.2%, and 99%. These results
further assure us that if clumps of matter are formed in
type-II and type-Ib/c supernovae, these clumps are small
compared to the central black holes. Additionally, if the torii
are created around black holes, they are either nonfrag-
mented or rather thin.

D. Ellipticity constraints for the bar model

Section V B provides generic upper limits of the
ellipticity based on single CCSN targets using ad hoc
sine-Gaussians. Here, a population of CCSNe used in this
and the previous search [20] is used to find upper limits on
the ellipticity for the long-lasting bar model. These con-
straints are derived from the model exclusion statements.
Because the signal amplitudes are proportional to the
ellipticity (Eq. (10), we can probe the continuous values

of the ellipticities. This method provides constraints at
chosen confidence levels; here, we take 5%, 50%, and 95%.

Figure 10 shows the ellipticity constraints for the four
signal durations. Compared with the generic ellipticity
constraints, these upper limits are more stringent for z of
Is, 0.1's, and 0.01s, and are less stringent for shorter
signals. At 2kHz GW emission, we constrain the core
deformation to ¢ = 1. Note that for a bar model, the
frequency of GW emission is twice the rotational fre-
quency. These constraints do not span the full frequency
band because some GW signals have very low detection
efficiencies at smaller analyzed distances. See Fig. 6 for the
82Hz and 1 ms example signal with a zero detection
efficiency across the analyzed source distances. In such
a case, it is not possible to achieve even P = 5%.

Recent CCSN simulations show bar mode instabilities
appearing with an amplitude of 102! at around 300 Hz
[122] or 1072° at around 800 Hz [121]. Taking I..ec =
0.1 x 10¥gcm?, or € = 0.1 for a canonical moment of
inertia for neutron stars, one gets similar amplitudes at
these two frequencies using the bar model. It is around an
order of magnitude from the obtained upper limits.

VI. SUMMARY AND DISCUSSION

We present the results of a search for GWs in coinci-
dence with CCSNe observed optically during the third
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observing run of the Advanced LIGO and Advanced Virgo
detectors. For eight CCSNe, all within a distance of around
30 Mpc, we calculated windows where a GW transient
could be found: SNe 2019ehk, 2019¢jj, 2019fcn, 2019hsw,
202001, 2020cxd, 2020dpw, 2020fqv. The loudest event of
SN 2020fqv has a significance of 2.8¢, but the detailed
analysis indicates that this event most likely has a noise
origin. The loudest events from all other CCSNe are
consistent with the background.

For the analyzed waveforms from multidimensional
CCSN simulations, the distances at 50% detection effi-
ciency do not reach beyond the Milky Way. For neutrino-
driven explosions, these distances are up to 8.9 kpc.
Because the GW emissions are typically larger for
magnetorotationally driven explosions, the distance
reaches are further, up to 14.7 kpc for the analyzed
model. For the selected black hole formation and quantum
chromodynamics phase transition models they are up to
0.9 kpc and 2.1 kpc, respectively. However, the distances
for extreme emission models can be further than those of
the analyzed CCSNe. This allows for further constraining
of the CCSN engine.

We provide generic CCSN engine constraints and those
for the extreme emission models. The generic constraints
include upper limits on the GW energy, and, for the first
time, GW luminosity and PNS ellipticity. The analysis is
performed across a wide frequency range from 50 Hz to
2kHz. At frequencies less than 900 Hz the obtained
energies are below 10°! erg (a typical CCSN explosion
energy). The upper limits of around 10™*Myc? are at
frequencies below 100Hz for signals with durations
1-100 ms. After reanalyzing SN 2017eaw [20], our con-
straints are less stringent by a factor of around 2.

We report generic constraints of the PNS ellipticity, /€.
Assuming the principal canonical moment of inertia for a
neutron star (I, = 10%g cm?), the upper limits forz = 1 s
are down to € = 3 for GW signals 2 kHz, and they increase
above 107 for the lowest frequencies. These upper limits are
becoming less stringent for shorter signal durations.

By combining the results obtained with the data from
Ol and O2 [20], we improve the constraints of the
parameter spaces of the extreme emission models assum-
ing a standard candle approach. Specifically, the long-
lasting bar mode models are analyzed in more detail
compared with [20]. The most stringent constraints are at
high frequencies, down to ¢ =1 for 1 s long emission.
These constraints are less stringent for shorter signals. We
note that the obtained ellipticities are roughly an order of
magnitude larger than those obtained from the recent
CCSN simulations [121,122].

The targeted search with O1-O2 data [20] allowed one,
for the first time, to constrain the CCSN engine. While this
search has not improved the upper limits on the GW energy
emission, the upper limits on GW luminosity and PNS
ellipticity are reported for the first time. By combining the

O1, 02, and O3 data, the extreme emission models are
constrained further compared to [20]. The obtained ellip-
ticities of the rotating cores are around an order of
magnitude above the largest obtained in CCSN simulations.
Future observing runs with improved sensitivities have the
potential to accumulate enough statistics to constrain the
CCSN simulations. Moreover, our results indicate that
near-future data might be able to observationally constrain
other CCSN models, such as core fragmentation or higher
T/|W]| effects, and others.
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APPENDIX: CALIBRATION ERROR

The previous optically targeted searches [19,20] applied a
conservative 9.1% impact on detection efficiency. This value
was calculated based on the all-sky search [144] during
the Fifth Science run of LIGO and Virgo (2009). Over the
years, the calibration errors significantly improved, and the
conservative value is revisited in this search.

The previous methods calculating the impact of calibra-
tion errors in the all-sky search [144] used simplified
models of the instrument’s response. In particular, they
assumed that the distortions at each interferometer would
result either in delays or fluctuations of the overall
amplitude (time jittering) for narrow band GWs. In reality,
for broadband GW signals like the ones produced by
CCSNe, the explicit dependence of the calibration errors
in amplitude and phase with respect to the frequency can
result in a distortion of the signal’s time series independ-
ently at each interferometer. This effect can result in
the reduction of the cWB search parameters 7., ¢, and
detection efficiencies (see Sec. III B), and consequently,
the search sensitivity. This Appendix describes how the
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FIG. 11.

systematic error and uncertainty estimates impact the
search sensitivity of the analysis conducted in this paper.

Figure 11 compares an example of physically motivated
worst calibration errors during O3 with the calibration
errors used in the previous all-sky search [144]. Panels (a)
and (b) of Fig. 11 show the frequency-dependent amplitude
calibration errors for LIGO Hanford (H1) and Livingston
(L1), respectively, contrasted with the dashed 10% ampli-
tude band used in [144]. Panels (c) and (d) of Fig. 11 show
the frequency-dependent phase calibration errors for H1
and L1, respectively, contrasted with the dashed lines
indicating the induced phase errors using the time jittering
method used in [144]. For both detectors, the calibration
errors derived from the time jittering method are incon-
sistent with the frequency dependence of realistic phase and
amplitude calibration errors.

Given that the search in this paper is conducted with a
network of L1 and H1 detectors, the impact of calibration
errors described in this Appendix is considered only for that
network configuration. We do not study the impact on the
networks involving the Virgo detector; however, the Virgo
calibration errors can be seen in Figs. 19 and 20 in Ref. [145].

(b) ————————
Median ===+ £10% calibration error
lo uncertainty
\
10}
\
\ N
~ A
= 5_\ w
- \ \
I B
e} NRERSET YRRy y
g IS S e ”\‘\\\7/
= i v g N
S 4 i A £ N
—9 - -y <
| |
v \
X
—10
L Lol L I | L -
100 1000
Frequency [Hz|
d —— —— ———
(d) ‘ o
10~ 7
Median —— |7|=5ms /./
1o uncertainty |7|=10ms 7

caal Lo

000

I Lol I

Frequency [Hz|

The physical frequency-dependent calibration errors for magnitude, panels (a) and (b), and phase, panels (c) and (d), for H1

and L1, respectively. These examples correspond to GPS times of the worst calibration errors during O3. The dashed lines in panels (a)
and (b) show the amplitude calibration errors used in the previous all-sky search [144]. The dashed lines in panels (c) and (d) show the
induced phase calibration errors when using a time jittering of 5 ms and 10 ms as indicated by the green and orange curves, respectively.
When compared to the realistic calibration curves, these two methods yield estimates for the calibration errors that are nonrepresentative
of the magnitude or frequency evolution of possible physical calibration errors. The realistic calibration errors are found to be negligible

with respect to the previously used ones.
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We modify the cWB pipeline to accept frequency-
dependent amplitude and phase errors at the desired
frequencies. This allows for the perturbation of the
injections according to the realistic calibration errors
and an estimate of the impact on the cWB detection
parameters 7, and c., and the detection efficiencies. The
impact of calibration errors is better isolated with large
signal-to-noise ratio events where the interferometric

noise becomes negligible. Therefore, the impact on 7.,
c. and detection efficiencies was quantified for wave-
forms injected at a distance of 1 kpc. At closer distances,
the amplitude of the injections interferes with the internal
tuning of the cWB parameters. We find that the impact
on 7., ¢., and detection efficiencies at the times of the
different OSWs is negligible for the network of HI and
L1 detectors.
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