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ABSTRACT

We present the third Open Gravitational-wave Catalog (3-OGC) of compact-binary coalescences,
based on the analysis of the public LIGO and Virgo data from 2015 through 2019 (01, 02, O3a). Our
updated catalog includes a population of 57 observations, including four binary black hole mergers that
had not previously been reported. This consists of 55 binary black hole mergers and the two binary
neutron star mergers GW170817 and GW190425. We find no additional significant binary neutron
star or neutron star—black hole merger events. The most confident new detection is the binary black
hole merger GW190925_232845 which was observed by the LIGO Hanford and Virgo observatories
with Pasiro > 0.99; its primary and secondary component masses are 20.21';12M@ and 15.6f§:éM@,
respectively. We estimate the parameters of all binary black hole events using an up-to-date waveform
model that includes both sub-dominant harmonics and precession effects. To enable deep follow-up as
our understanding of the underlying populations evolves, we make available our comprehensive catalog
of events, including the sub-threshold population of candidates, and the posterior samples of our source

parameter estimates.
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1. INTRODUCTION

With the advent of the current generation of inter-
ferometric gravitational-wave detectors, the observation
of gravitational waves from the coalescence of compact-
binary mergers has become a regular and rapidly
maturing component of astronomy. The Advanced
LIGO (Aasi et al. 2015) and Advanced Virgo (Acer-
nese et al. 2015) observatories have now been observ-
ing at high sensitivity since 2015 and 2017, respectively.
During this period they have completed three observing
runs (O1-03). Dozens of binary black hole mergers have
been reported from these observing rums, in addition
to a handful of binary neutron star coalescences (Nitz
et al. 2019d; Venumadhav et al. 2019a; Abbott et al.
2019b, 2020b). Notably, GW170817 remains the sole
observation with unambiguous electromagnetic counter-
parts (Abbott et al. 2017b,a). Novel observations such
as the massive GW190521 merger (Abbott et al. 2020c¢)
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are starting to challenge our models of stellar forma-
tion (Abbott et al. 2020d; Gerosa & Fishbach 2021;
Edelman et al. 2021; Zevin et al. 2021) and are pushing
the limits of gravitational waveform modelling (Romero-
Shaw et al. 2020; Gayathri et al. 2020; Estellés et al.
2021).

In this work, we provide a comprehensive catalog
of gravitational waves from the coalescence of binary
neutron star (BNS), neutron star—black hole (NSBH)
and binary black hole (BBH) systems based on a deep
archival search for compact-binary mergers of the public
LIGO and Virgo data. The previous open gravitational-
wave catalog (2-OGC) searched for the signature of
compact-binary mergers in the O1 and O2 observing
runs. We re-analyze the entirety of the public LIGO and
Virgo data comprised of O1, O2, and the recently pub-
lished O3a dataset (Vallisneri et al. 2015; Abbott et al.
2021a), which covers the first half, from April 1 to Oc-
tober 1 of 2019, of the concluded O3 observing run. The
03 data is being released in 6-month chunks, with O3a
being the first; the second half is expected in 6 months
time. Included in our data release is the complete set of
sub-threshold candidates in addition to posterior sam-
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Figure 1. The sky and orientation averaged distance that a fiducial 1.4-1.4 MyBNS merger can be observed by the LIGO
Hanford (yellow), LIGO Livingston (blue) and Virgo (green) observatories at an SNR of 8. The O1 (left), O2 (middle) and O3a

(right) observing periods are shown.

ples from estimates of the most significant mergers. Sub-
threshold candidates can be correlated with archival ob-
servations (e.g. from gamma-ray bursts (Burns et al.
2019; Nitz et al. 2019¢), high-energy neutrinos (Coun-
tryman et al. 2019), or optical transients (Andreoni et al.
2018; Setzer et al. 2018)) to potentially uncover fainter,
distant populations.

We improve the sensitivity of our analysis over our
previous catalog search by targeted use of signal-
consistency tests, updated data cleaning procedures,
and stricter allowance for loss in signal-to-noise. As in
2-OGC, for candidates consistent with the bulk of the
increasing population of observed BBH mergers, we es-
timate the probability of astrophysical origin using the
focused BBH region of our larger search. This estimate
takes into account the measured rate of mergers and the
possibly confounding background noise. Additionally,
for the first time in this catalog, we incorporate BNS
and BBH candidates observed by a single sensitive de-
tector using methods introduced in Nitz et al. (2020).

We find that 55 binary black hole mergers have been
observed from 2015-2019 along with 2 binary neutron
star mergers. These include four BBH mergers from
the O3a period which had not previously been reported.
Our results are broadly consistent with the cumulative
sum of previous catalogs (Nitz et al. 2019a,d; Venumad-
hav et al. 2019a; Abbott et al. 2019b), including the re-
cent analysis of O3a by the LVK collaboration (Abbott
et al. 2020Db).

2. LIGO AND VIRGO OBSERVING PERIOD

We analyze the complete set of public LIGO and Virgo
data from the O1, 02, and O3a observing runs (Val-
lisneri et al. 2015; Abbott et al. 2021a). In our anal-

ysis, we also include data around GW170608 (Abbott
et al. 2017c) and GW190814 (Abbott et al. 2020¢e) which
were released separately (Vallisneri et al. 2015; Abbott
et al. 2021a). The data sets have been calibrated by the
LIGO Scientific and Virgo Collaborations to convert the
optical signals at the readout ports of the interferome-
ters into timeseries of dimensionless strain using pho-
ton calibrator systems as length fiducials (Viets et al.
2018; Acernese et al. 2018; Bhattacharjee et al. 2021;
Estevez et al. 2021). Additionally, the LIGO and Virgo
datasets have undergone noise subtraction to remove
persistent noise sources measured using witness auxil-
iary sensors (Davis et al. 2019; Vajente et al. 2020; Es-
tevez et al. 2019; Rolland et al. 2019). Finally, data qual-
ity categories based on information of the detectors and
investigations of noise sources during the observing run
are provided to reduce the number of false alarms (Davis
et al. 2021).

Table 1. Analyzed time in days for different instrument
observing combinations. We use here the abbreviations H,
L, and V for the LIGO-Hanford, LIGO-Livingston, and Virgo
observatories respectively. Only the indicated combination
of observatories were operating for each time period, hence
each is exclusive of all others.

Observation HLV HL HV LV H L Vv

o1 - 486 - - 276 17.0 -
02 15.2 1033 1.7 22 378 33.0 1.7
O3a| 79.7 261 174 252 56 6.4 15.7
All| 95.0 178.0 19.1 274 709 564 174



The time evolution of the BNS range for each obser-
vatory and the distribution of detector observing times
are shown in Fig. 1 and Table 1, respectively. In total,
there have been 464 days of Advanced LIGO and Virgo
observing time. Two or more detectors were observing
during 320 days, of which 95 days were joint observa-
tions of the full LIGO-Hanford, LIGO-Livingston and
Virgo network.

The newly released data from O3a adds 176 days of
observational data to the existing 288 days from O1 and
02. During the period of O3a, 79.7 days have data
from all 3 detectors available, 68.7 days rely on a 2 de-
tector network and 27.7 days contain data only from a
single detector. Several upgrades were implemented at
the LIGO and Virgo detectors between O2 and O3a to
improve the sensitivity of the detectors (Abbott et al.
2020b; Buikema et al. 2020). The maximum BNS range
throughout O3a was 142.4 Mpc for LIGO-Livingston,
117.2 Mpc for LIGO-Hanford, and 52.2 Mpc for Virgo.

For the first time, we also include candidates occur-
ring during the 174 days when only one single Advanced
LIGO detector was observing. We do not include single-
detector candidates from the 17.4 days of Advanced
Virgo data.

3. SEARCH FOR COMPACT-BINARY MERGERS

We use matched filtering to extract the signal-to-
noise ratio (SNR) of a potential signal (Allen et al.
2012; Brown 2004), as is the standard procedure for the
most sensitive gravitational-wave searches where there is
an accurate model of the gravitational waveform avail-
able (Davies et al. 2020; Messick et al. 2016; Venumad-
hav et al. 2019b). We assess each potential candidate for
consistency with the expected gravitational-wave mor-
phology (Allen 2005; Nitz 2018) and then rank potential
candidates (Davies et al. 2020; Mozzon et al. 2020) based
on factors including the overall noise rate and each sig-
nal’s coherence between detectors (Nitz et al. 2017).

The procedure broadly follows the same methods used
to construct the prior 2-OGC catalog (Nitz et al. 2019d),
but with improvements to the removal of loud transient
glitches and more stringent constraints on our suite of
signal consistency tests. Detailed configuration files nec-
essary to reproduce the analysis are included in our
data release (Nitz & Capano 2021b). In addition, we
use a denser bank of templates to reduce loss in sensi-
tivity from mismatch between our template bank and
the gravitational-wave signal. The analysis is accom-
plished using the public and open source PyCBC anal-
ysis toolkit (Nitz et al. 2018).
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Figure 2. The detector-frame (redshifted) component

masses of templates used to search for compact binary merg-
ers. The template bank is constructed in four parts using
stochastic placement. The binary neutron star (blue), neu-
tron star—black hole (orange), binary black hole (green), and
focused binary black hole (purple) regions are shown. Tem-
plates in the focused binary black hole region are colored
in purple and bounded by mi,2 > 5Mg, mi/m2 < 2, and
Mi,det + M2,det < 250 Me. The detector-frame masses are
related to the source-frame masses through the redshift (z)
by m1/2,4et = ma/2(1 + z), which accounts for the effects
of cosmic expansion. This region is responsible for the vast
majority of observed BBH mergers, but is composed of only
~ 3% of the total number of templates (~ 1.3 million), de-
spite placement at higher density than the rest of the search
space.

3.1. Search Space

To search for gravitational-wave sources using
matched filtering, we rely upon accurate models of the
gravitational waveform to act as templates. To account
for sources with varied component masses and compo-
nent spins, we construct a discrete bank of templates
designed to ensure that for any signal within the target
region there is a matching template able to recover its
SNR at a prescribed maximum loss. We note that a
different criteria would be used to maximize detections
at a fixed computational cost (Allen 2021), however,
this analysis is not computational limited. As shown in
Fig. 2, the search region can be divided into three parts
targeting different types of sources, namely, BNS (blue),
NSBH (orange), and BBH (green and purple) sources.
The template bank is designed to detect non-precessing
sources in quasi-circular orbits which can be modelled
by two component masses and the spin of each com-
ponent parallel to the orbital angular momentum. For
BNS sources, we allow for matter effects up to A < 300,
where A is a weighted average of the component stars’
tidal deformabilities (Flanagan & Hinderer 2008). In-
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clusion of these effects may become important for fu-
ture detectors, though have only minor impacts on the
sensitivity of current searches (Harry & Lundgren 2021).

The broad BNS, NSBH, and BBH regions are con-
structed so that signals lose no more than 3% in SNR
due to the discreteness of the template bank. The
boundaries are similar to those used in our previous
catalog (Dal Canton & Harry 2017), however, we no
longer restrict each template’s duration and instead in-
clude templates with component masses up to 500M¢
(detector frame). In addition, there is a separate focused
BBH region (shown in purple in Fig. 2) which contains
the entirety of known binary black hole sources with the
exception of the high mass-ratio merger GW190814 (Ab-
bott et al. 2020e). To ensure the maximum sensitivity to
faint signals, we place templates in this region ensuring
no more than 0.5% of SNR is lost due to bank discrete-
ness. Stochastic placement (Harry et al. 2009; Ajith
et al. 2014) as implemented in the PyCBC toolkit (Nitz
et al. 2018) is used to construct each bank.

Despite targeting non-precessing sources, we expect
this search retains sensitivity to some types of moder-
ately precessing sources (Abbott et al. 2016), especially
if they are short in duration or have orientation near
to face-on/off. Searches which neglect precession lose
sensitivity to highly precessing sources if the sources are
a combination of high mass ratio, highly inclined, and
observable for many cycles (Harry et al. 2016). Simi-
larly, we expect this search to lose sensitivity to highly
eccentric sources (Ramos-Buades et al. 2020; Wang &
Nitz 2021). Separate searches have been conducted fo-
cusing on eccentric sources (Nitz & Wang 2021a; Nitz
et al. 2019b; Abbott et al. 2019¢) and on those sources
outside of the regions we consider here (Nitz & Wang
2021b; Abbott et al. 2019a). Where the search method-
ology or waveform modelling is not yet sufficient, al-
ternate techniques based on looking for coherent excess
power are employed on LIGO and Virgo data (Klimenko
et al. 2008, 2016; Tiwari et al. 2016).

We employ three waveform models within our search:
TaylorF2 (Sathyaprakash & Dhurandhar 1991; Droz
et al. 1999; Blanchet 2002; Faye et al. 2012), IMR-
PhenomD (Khan et al. 2016b), and the reduced order
model of SEOBNRv4 (Taracchini et al. 2014; Boh € et al.
2016). TaylorF2 models only the inspiral portion of a
gravitational-wave signal and is suitable for cases where
the merger would be hidden by the detector noise. As
such, it is employed only in the BNS region of our anal-
ysis. IMRPhenomD is used within the focused BBH
search (purple) and SEOBNRv4 is used everywhere else.
Both IMRPhenomD and SEOBNRv4 model the inspi-
ral, merger, and ringdown of a non-precessing binary

black hole coalescence. All models include only the
dominant gravitational-wave mode. Investigations have
been made into incorporating models with higher order
modes into gravitational-wave searches (Capano et al.
2013; Harry et al. 2018).

3.2. Multi-detector Candidates and Significance

A ranking statistic is assigned to each potential can-
didate following the procedure in Davies et al. (2020).
The statistical significance of any given candidate is as-
sessed by empirically estimating the rate of false alarms
at the ranking statistic value associated with a candi-
date, and is typically reported as an inverse false alarm
rate (IFAR). The distribution of false alarms is deter-
mined by the creation of numerous analyses which do
not contain astrophysical candidates (Babak et al. 2013;
Usman et al. 2016). This is achieved by analyzing the
data set with time offsets between the detectors large
enough to break the time-of-flight requirements for a
true astrophysical signal. This procedure has been used
successfully in many past analyses (Nitz et al. 2019d,a;
Abbott et al. 2019b; Venumadhav et al. 2019b; Abadie
et al. 2012; Abbott et al. 2009, 2020b). Note, however,
that this method is only applicable when multiple de-
tectors are observing.

The IFAR of the search at the ranking statistic of a
given candidate, however, does not answer the question
of how likely a given candidate is to be astrophysical
in origin, but rather the rate at which the search will
produce candidates as statistically significant under the
null hypothesis. For candidates which lie in part of the
parameter space where a population model can be suf-
ficiently described, as is the case for our focused BBH
region, we can predict the rate of astrophysical sources
and the distribution of true astrophysical sources which
would be observed by our search for a given merger rate.
The response of the search to a population of sources
is directly measured by adding simulated gravitational-
wave signals to the data. We model the full behavior of
the search using a two-component mixture model of the
expected astrophysical distribution and the empirically
measured distribution of false alarms (Farr et al. 2015).
A similar procedure has been used in past analyses of
gravitational-wave data to assign the probability of as-
trophysical origin, or Pasro (Nitz et al. 2019d; Abbott
et al. 2020b). For multi-detector candidates which lie
outside of the focused BBH region, in regions where the
population of candidates is less certain or unknown, we
choose not to assign a probability of astrophysical origin.

3.3. Single-detector Candidates

In this catalog, we conduct a single-detector analy-
sis of the focused BBH and BNS regions. We rely on



the methods introduced in Nitz et al. (2020) to assess
the probability of astrophysical origin of observed candi-
dates. We assess the expected signal distribution in the
same manner as for multi-detector candidates. However,
due to the inability to empirically estimate the noise dis-
tribution for occurrences rarer than once per observing
period, an extrapolation is needed; Nitz et al. (2020)
introduces a purposefully conservative noise model for
this purpose. Due to the mismatch in sensitive range
between the LIGO and Virgo instruments (factor of 2-
3x), we apply the single-detector analysis to time when
a single LIGO observatory is operating, irrespective of
Virgo’s observing status. In order to limit the effects
of possible astrophysical contamination, we assess the
background using only data collected when both LIGO
observatories were observing. This ensures that most
strong astrophysical signals can be excised from the data
using the multi-detector coincidence analysis first.

4. PARAMETER INFERENCE

We infer the properties of BBH and BNS mergers
by performing Bayesian analysis with the help of Py-
CBC Inference (Biwer et al. 2019). For BBHs, we
use the latest version of the IMRPhenomXPHM wave-
form model (Pratten et al. 2020), which includes sub-
dominant harmonics and effects of precession on a quasi-
circular BBH merger. In a recent study, this waveform
model was used for doing parameter estimation on
events from the first and second observing runs (Mateu-
Lucena et al. 2021). We use the dynamical nested
sampling algorithm (Higson et al. 2018; Skilling 2006)
implemented in the Dynesty software package (Spea-
gle 2020) to sample over the parameter space, which
includes chirp mass, mass ratio, spins (radial, polar,
and azimuthal), distance, inclination angle, right as-
cension, declination, coalescence phase, and the merger
time. To help with sampler convergence we numerically
marginalize over polarization. For each of the events, we
use uniform priors on source-frame component masses
and merger time. We also assume a distance prior that
is uniform in comoving volume; the luminosity distance
(D) is related to the comoving volume assuming a
flat ACDM cosmological model (Ade et al. 2015). An
isotropic distribution of prior in the sky localization and
binary orientation is assumed for each of the events. For
the spins, we use uniform priors for the magnitude of the
spin and isotropic for the orientation. A low frequency
cutoff (fiow) of 20 Hz is used for the evaluation of the
likelihood function for all the detectors and for analyz-
ing all the events except for GW190727_060333 (fiow =
50 Hz for LIGO Livingston) and GW190814_211039
(fiow = 30 Hz for LIGO Hanford) (Abbott et al.
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2020b). In some instances, the raw data contains
glitches as described in (Abbott et al. 2020b). Where
available, we use the public glitch-subtracted data
(for e.g. GW190413.134308, GW190424_180648,

GW190425_081805, GW190503-185404, GW190513_205428,

GW190514_065416, GW190701-203306, and
GW190924_021846) (Vallisneri et al. 2015; Abbott et al.
2021a).

For BNS mergers, we use the IMRPhenomD_NRTidal
waveform model (Khan et al. 2016a; Husa et al. 2016; Di-
etrich et al. 2017, 2019), which includes tidal deformabil-
ity parameters Ay and As of the two component masses.
We use similar priors to that of the BBH analyses on
component masses, comoving volume, merger time, and
orientation. We use a heterodyne method (Cornish
2010; Finstad & Brown 2020; Zackay et al. 2018) to
calculate the likelihood function. For the component
spins, we assume spins aligned with the orbital angular
moment with magnitude € [—0.05,0.05]. We do not as-
sume a common equation of state for the components;
instead, we allow the tidal deformability of the compo-
nents A; 2 to vary independently of each other, using a
prior uniform € [0,5000] for both. A low frequency cut-
off of 20 Hz is used to estimate the likelihood function.

5. OBSERVATIONAL RESULTS

From the combined analysis of the 2015-2019 public
LIGO and Virgo data, we find 55 BBH mergers and 2
BNS mergers. The list of gravitational wave mergers is
given in Table 2. For the majority of BBHs we can as-
sess the probability of astrophysical origin. Our catalog
includes candidates where Pagiro > 0.5 or IFAR > 100
years. The marginalized parameter estimates for source-
frame component masses, chirp mass, mass ratio, effec-
tive spin, luminosity distance, redshift, final mass, and
final spin obtained from the posterior distributions are
listed in table 4.

Several candidates were independently detected by
Virgo, with the Virgo observatory being decisive in the
case of two of them. As the gap in sensitivity between
the LIGO and Virgo instruments narrows, we expect
this to become more commonplace. We identify four
candidates in our single-detector analysis of BNS and
BBH mergers in LIGO Hanford and LIGO Livingston
data as shown in Fig. 3. These are consistent with the
previously-reported single-detector analysis of Abbott
et al. (2020b).

We find four previously unreported BBH merg-
ers; three, GW190725.174728, GW190916-200658, and
GW190926_050336 are near-threshold observations with
relatively low SNR. The fourth, GW190925_232845,
has SNR ~ 10 and is found at a false alarm rate
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< 1/100 years. We find GW190925_232845 has com-
ponent masses 20.275 Mg, and 15.673tMg. While not
reported as a new BBH merger detection, this time
was noted as part of a recent search for lensed im-
ages (Mclsaac et al. 2020; Abbott et al. 2021b). The
remainder of the multi-detector observed mergers are
broadly consistent with previous searches (Venumad-

hav et al. 2019a; Abbott et al. 2020b, 2019b). Two
marginal observations reported in Abbott et al. (2020b),
190426_152155 and 190909114149, are not assigned
high significance in our analysis, but notably, our up-
dated catalog now includes two candidates which were

originally reported in Venumadhav et al. (2019a) from
02, GW170202_.135657 and GW170403_-230611.

Table 2. Gravitational-wave observations from the full search of O1-O3a data with Pastro > 0.5 or IFAR > 100 years. Candidates
are sorted by observation time. For each candidate, we show the detectors that were observing at the time, the subset which
triggered on the event within our analysis, and the SNR (p) reported by the search for each detector. Due to thresholds on the
SNR and the ability for the search to select a preferred candidate from many at a given time, there may be no detector SNR
associated with a candidate, even if it is observing at the time. For multi-detector candidates, we show the false alarm rate of
the entire search at the threshold of its ranking statistic value. For BBHs found by our focused BBH search, we give estimates
of the probability of astrophysical origin Pastro. We also show our estimates for single-detector candidates, which we note will
necessarily be more uncertain, due to the need to extrapolate the background model. GW190425 is assessed using the same
conservative extrapolation of the background as for BBH candidates, however, we expect that the noise distribution may be
more well-behaved than assumed here for such a long duration signal. Candidates reported here for the first time are in bold.

Event GPS Time Observing Triggered Pastro IFAR [yr] pw pL PV
1 GW150914_095045 1126259462.43 HL HL 1.00 > 100 19.9 13.0 -
2 GW151012.095443 1128678900.45 HL HL 1.00 > 100 6.9 6.6 -
3 GW151226_033853 1135136350.65 HL HL 1.00 > 100 10.5 74 -
4 GW170104_101158 1167559936.60 HL HL 1.00 > 100 8.9 9.6 -
5 GW170121_212536 1169069154.58 HL HL 1.00 16 5.2 8.9 -
6 GW170202_135657 1170079035.73 HL HL 0.81 0.50 5.4 6.2 -
7 GW170304.163753 1172680691.37 HL HL 0.70 0.25 4.6 7.0 -
8 GW170403_230611 1175295989.23 HL HL 0.71 0.25 5.2 5.5 -
9 GW170608_020116 1180922494.49 HL HL 1.00 > 100 124 9.0 -
10 GW170727.010430 1185152688.03 HL HL 1.00 71 4.7 7.5 -
11 GW170729_185629 1185389807.32 HL HL 0.99 28 7.5 6.9 -
12 GW170809.082821 1186302519.75 HLV HL 1.00 > 100 6.7 10.7 -
13 GW170814.103043 1186741861.53 HLV HL 1.00 > 100 9.2 13.7 -
14 GW170817-124104 1187008882.45 HLV HL - > 100 18.3 255 -
15 GW170818-022509 1187058327.08 HLV HL 1.00 5.26 4.5 9.6 -
16 GW170823-131358 1187529256.52 HL HL 1.00 > 100 6.6 9.1 -
17 GW190408.181802 1238782700.28 HLV HL 1.00 > 100 9.2 103 -
18 GW190412_053044 1239082262.17 HLV HL 1.00 > 100 8.2 149 -
19 GW190413.052954 1239168612.50 HLV HL 0.99 1.45 5.2 6.7 -
20 GW190413.134308 1239198206.74 HLV HL 0.99 6.39 5.4 7.8 -
21 GW190421_213856 1239917954.25 HL HL 1.00 > 100 7.9 6.3 -
22 GW190424_180648 1240164426.14 L L 0.81 - - 9.9 -
23 GW190425_081805 1240215503.02 LV L 0.50 - - 11.9 -
24 GW190503_185404 1240944862.29 HLV HL 1.00 > 100 9.1 7.6 -
25 GW190512_180714 1241719652.42 HLV HL 1.00 > 100 5.9 10.8 -
26 GW190513.205428 1241816086.74 HLV HLV 1.00 > 100 8.8 7.7 4.0
27 GW190514_065416 1241852074.85 HL HL 0.85 0.19 6.1 5.3 -
28 GW190517_055101 1242107479.83 HLV HL 1.00 66 6.8 7.9 -
29 GW190519_153544 1242315362.38 HLV HL 1.00 > 100 7.8 9.3 -
30 GW190521_030229 1242442967.44 HLV HL 1.00 > 100 84 120 -
31 GW190521.074359 1242459857.47 HL HL 1.00 > 100 12.1 21.0 -
32 GW190527.092055 1242984073.79 HL HL 0.93 0.37 5.0 7.0 -
33 GW190602_175927 1243533585.10 HLV HL 1.00 > 100 6.2 10.8 -
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Table 2. (Continued) Gravitational-wave observations from the full search of O1-O3a data with Pastro > 0.5 or IFAR > 100
years. Candidates are sorted by observation time. For each candidate, we show the detectors that were observing at the time,
the subset which triggered on the event within our analysis, and the SNR (p) reported by the search for each detector. Due to
thresholds on the SNR and the ability for the search to select a preferred candidate from many at a given time, there may be no
detector SNR associated with a candidate, even if it is observing at the time. For multi-detector candidates, we show the false
alarm rate of the entire search at the threshold of its ranking statistic value. For BBHs found by our focused BBH search, we
give estimates of the probability of astrophysical origin Pastro. We also show our estimates for single-detector candidates, which
we note will necessarily be more uncertain, due to the need to extrapolate the background model. GW190425 is assessed using
the same conservative extrapolation of the background as for BBH candidates, however, we expect that the noise distribution
may be more well-behaved than assumed here for such a long duration signal. Candidates reported here for the first time are

in bold.

Event GPS Time Observing Triggered Pastro IFAR [yr] pw pL PV
34 GW190620.030421 1245035079.31 LV L 0.85 - - 11.2 -
35 GW190630_185205 1245955943.18 LV LV 1.00 0.18 - 14.7 4.0
36 GW190701_203306 1246048404.58 HLV HLV 1.00 0.13 6.0 89 5.7
37 GW190706_222641 1246487219.33 HLV HL 1.00 > 100 94 8.6 -
38 GW190707.093326 1246527224.17 HL HL 1.00 > 100 7.9 9.6 -
39 GW190708_232457 1246663515.38 LV L 0.85 - - 12.6 -
40 GW190719_215514 1247608532.92 HL HL 0.89 0.25 5.6 5.7 -
41 GW190720.000836 1247616534.71 HLV HL 1.00 > 100 6.8 7.7 -
42 GW190725_174728 1248112066.46 HLV HL 0.91 0.41 5.4 7.3 -
43 GW190727.060333 1248242631.98 HLV HL 1.00 > 100 7.9 8.1 -
44 GW190728_.064510 1248331528.53 HLV HL 1.00 > 100 75 106 -
45 GW190731.140936 1248617394.64 HL HL 0.93 0.43 5.2 6.0 -
46 GW190803-022701 1248834439.88 HLV HL 0.99 2.40 5.6 6.7 -
47 GW190814.211039 1249852257.01 HLV HL - > 100 11.0 21.1 -
48 GW190828_063405 1251009263.76 HLV HL 1.00 > 100 10.3 11.2 -
49 GW190828_-065509 1251010527.89 HLV HL 1.00 > 100 7.3 7.4 -
50 GW190910-112807 1252150105.32 LV L 0.87 - - 134 -
51 GW190915_235702 1252627040.70 HLV HL 1.00 > 100 9.0 8.6 -
52 GW190916_200658 1252699636.90 HLV HL 0.88 0.22 4.9 5.9 -
53 GW190924_021846 1253326744.84 HLV HL 1.00 > 100 6.7 10.8 -
54 GW190925 232845 1253489343.12 HV HV 1.00 > 100 8.2 - 5.4
55 GW190926_050336 1253509434.07 HLV HL 0.88 0.27 5.4 5.6 -
56 GW190929.012149 1253755327.50 HLV HL 0.98 3.08 5.8 7.4 -
57 GW190930.133541 1253885759.24 HL HL 1.00 > 100 6.7 74 -

Table 3. The selection of sub-threshold candidates with Pastro > 0.2 or IFAR > 0.5 from the full search of O1-O3a data.
Candidates are sorted by the observation time. The complete set of sub-threshold candidate is available in the data release and
includes a selection of full parameter estimates. Here we show the detector-frame (redshifted) parameters of the template which
triggered on the candidate, along with the reported SNRs (p) from each detector.

Event GPS Time Observing Triggered Pastro IFAR pu  pr pv  Midet/Mo M2det/Me  Xeft
1 151011192749 1128626886.60 HL HL 0.21 0.02 4.7 6.8 - 33.5 65.6 0.1
2 151205-195525 1133380542.41 HL HL 0.25 0.03 59 48 - 81.6 7.7 0.1
3 170425.055334 1177134832.19 HL HL 0.41 0.07 5.3 58 - 46.1 65.0 0.1
4 170704-202003 1183234821.62 HL HL 0.34 0.05 5.1 6.5 - 10.0 13.2 -0.0
5 170722_065503 1184741721.32 HL HL - 0.89 50 73 - 1.7 1.3 -0.0
6 190404142514 1238423132.99 HL HL 0.44 002 5.1 59 - 22.5 24.5 0.1
7 190426_053949 1240292407.21 HLV HL 0.32 0.01 5.2 6.1 - 20.7 20.0 0.2
8 190427_180650 1240423628.68 HLV HL 0.41 0.02 5.8 6.8 - 13.0 7.9 -0.0
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Table 3. (Continued) The selection of sub-threshold candidates with Pastro > 0.2 or IFAR > 0.5 from the full search of 01-O3a
data. Candidates are sorted by the observation time. The complete set of sub-threshold candidate is available in the data release
and includes a selection of full parameter estimates. Here we show the detector-frame (redshifted) parameters of the template
which triggered on the candidate, along with the reported SNRs (p) from each detector.

9
10
11
12
13
14
15
16
17

190509004120
190524134109
190530030659
190630-135302
190704104834
190707071722
190805-105432
190808-230535
190821050019

1241397698.79
1242740487.36
1243220837.97
1245938000.49
1246272532.92
1246519060.10
1249037690.78
1249340753.59
1250398837.88

HLV
HLV
HLV
HL
HLV
HLV
HL
HLV
HLV

HL
HL
HL
HL
HL
HL
HL
HL
HL

0.31
0.21
0.31
0.23
0.26
0.21
0.41
0.31
0.23

0.01
0.01
0.01
0.01
0.01
0.01
0.02
0.01
0.01

4.7
4.3
5.2
5.1
7.0
6.0
4.8
5.0
5.2

6.2
6.0
5.8
5.8
5.5
5.7
6.5
6.5
5.6

30.1

- 123.3

26.3
32.6
5.0
10.7
9.4
13.6
26.8

28.2
77.2
45.4
19.2
5.4
14.1
18.3
13.6
17.0

-0.0
0.2
0.2
0.0
0.1
0.0

-0.1
0.2

-0.1

Table 4. Bayesian parameter estimation for the 57 detections in the entire O1-O3a data. We report the median value and 90%
credible interval for the source-frame component mass mi and me, chirp mass M, mass ratio ¢, effective spin Xes, luminosity
distance Dr,, redshift z, and remnant mass and spin My and x, respectively. The signal-to-noise ratio (SNR) is computed from
the maximum likelihood with polarization angle being numerically marginalized for BBH events and with phase analytically
marginalized for BNS events. Candidates reported here for the first time are in bold.

Event mi1/Msg  mo/Me M/Mg q Xeoff D1, /Mpc z M /Mg Xf SNR
1 GWI150914.095045  34.7137 29.873% 27.9717 1.2707 —0.03T07) 5341123 0.117007 61.5737 0.67700: 23.8
2 GWI151012.095443  27.0035%° 11.8%3% 15.2%0¢ 23139 0.055072  927f355 0.18%00% 37.4F07 0.62700% 9.8
3 GWI151226.033853 13.8%1%° 75732 88103 18737 02102 489713 0.1f50% 203775 0.72100%7 13.3
4  GW170104.101158  29.17%% 205153 21.0872 14707 —0.061013 10771338 0.217007 475753 0.651005 13.7
5 GWI170121.212536  33.0757 25.173% 24.9%37 1.3%0% —0.19702% 1164793, 0.237015 55.9777%  0.61709% 10.9
6 GW170202.135657 30.914%° 13.7153 17.5%%1 23730 —0.08103) 14227733 0277017 43.672F 0.547010 85
7 GW170304.163753  44.57.%7 317493, 321%68 14*13 011927 235471581 0.427022 72.4+150 077099 g7
8 GWI170403-230611  49.17152 3587107 35.9%87 1.3T01 —0.217032 296713200 0.51702% 8147190 06701 7.7
9 GWI170608.020116  10.673%  8.071%  8.0%03 1.3%0% 0.0700s 3217175 0.077003 17.8T5% 0.697003 15.2
10 GWI170727.010430 41.373%' 30.8759 30.775% 1.3109 —0.04703° 215371320 0.3970:37 69.175%° 0.667070% 8.8
11 GW170729-185629  53.8717% 31.6%15% 351779 1.700¢ 0.287032 223671570 0.4703% 80.9%:1%0 0.7670%% 10.8
12 GW170809-082821  33.97%% 245727 24.9%%F 1.470% 0.08101% 1069139 0.217507 558758 0.697005 12.4
13 GW170814.103043  30.9755 24.9727 24.071% 12705 0.077013 59352 0.127503 53.2730 07150 174
14 GWI170817.124104 14757 13787 1.2709 11732 —0.0195) 4373, 0.01%5% - - 32.7
15 GW170818.022509  35.2%7¢ 27.072% 26.7175 1.370% —0.071033 107353 0.217007 59.6757 0.657005 11.8

. 4 4.2 . .2 .12 . .

16 GW170823.131358  38.17%7 28.6tf;_5 28.41%3 1.3t3<§ 0.05t3_23‘ 19657519 0.361513 63.5:2.2 0.691097 11.4
17 GW190408.181802  24.6752 184752 183715 13705 —0.047013 15857537 0.37097 411739 0.667055 14.0
18 GW190412.053044 304755 82712 132705 37703 0257012 7571530 0.15100% 37.5%%5 0.65700; 19.1
19 GW190413.052954  34.711L2 251787 95448 14710 _0.0270-27 319371784 0541924 57.371%7 0.667592 9.0
20 GW190413.134308  51.6115% 31.27119 341755 1.6755 —0.017037 383517505 0.637037 79.47150 0.647035 9.9
21 GWI190421.213856  42.273%8 314785, 31.1780 13T —0.06752 26797159 0.477922 70.175%3 0.65709% 9.9
22 GW190424.180648  40.2%.%° 30.71%1% 303130 1.370% 0.097032 213471198 0.38707% 67.675%° 0.71097 10.3
23 GWI190425.081805  1.8702  1.5701 14755 12793 0.027952 174715 0.04739; - - 12.4
24  GW190503.185404  42.573%° 275781 29.9%28 15702 —0.047022 14787805 0.28701, 66.971%° 0.64759% 12.2
25  GW190512.180714  23.2%51 125738 14.6%55 1.970% 0.04701F 1499783 0.28700%  34.4732  0.65700% 12.0
26 GW190513.205428  35.273%7 18.177¢% 21.5%33 1.9705 0147033 21957832 0.397012 51.473% 0.69701, 12.0
27  GW190514.065416  41.41.%% 28.9%5% 29.877% 1.47)% —0.17103, 37047755 0.61703% 67.8713% 0.6101s 8.1
28  GW190517.055101  38.87.%° 24.4%%% 26.675% 1.67072 0527075 18397132 0.347037) 59.675%) 0.851007 114
29  GW190519.153544  63.71107 39.701%¢ 43.017% 1.675% 032702, 26697157 0467070 97.7712% 0.76109% 13.6
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Table 4. (Continued) Bayesian parameter estimation for the 57 detections in the entire O1-O3a data. We report the median
value and 90% credible interval for the source-frame component mass mi and maz, chirp mass M, mass ratio g, effective spin
Xeff, luminosity distance Dy, redshift z, and remnant mass and spin My and x, respectively. The signal-to-noise ratio (SNR) is
computed from the maximum likelihood with polarization angle being numerically marginalized for BBH events and with phase
analytically marginalized for BNS events. Candidates reported here for the first time are in bold.

Event mi1/Ms  ma/Me M/Mg q Xeft D1, /Mpc z M /Mg Xf SNR
30 GW190521.030229 101.7737% 57.6755¢ 64.9713% 1.872% —0.21704® 2833%7705 0.497035 152.0735% 0.547021 15.2
31 GW190521.074359  42.7757  33.2%%% 32.6%2% 1.370% 0.00707, 1112799 0.2270°07 721754 071007 244
32 GWI190527.092055  37.573%7 209792 23.6%57 1.872% 0.097033 234011908 0.427037 56.373%* 0.67705, 8.7
33 GW190602.175927  70.6115% 43.67133 47.3%57 1.675% 0127037 289711713 051073 108.8T15 % 0.6910 1, 12.2
34 GW190620.030421  62.8112% 2857158 359779 22737 0.2770%2 280011557 0.48T03) 86.8T157 0.73%01, 12.1
35  GW190630.185205  33.7755 23.01%1 24.073% 15107 0127072 11927535 0.23700% 54.37135  0.77005 153
36  GW190701.203306  55.271%¢ 41.27%:%, 41.075% 1.370% —0.097032 20157820 0.37701, 91.973°%° 0.64709% 11.8
37  GW190706.222641  70.271%5 37.07137 43.012% 1.9707 0197028 4111F318% 0.667035 10147152 0.7170%) 126
38  GW190707.093326  12.2%2%  7.8%1%  8470% 1.6707 —0.04700, 9017355 0.18T00% 19.17135  0.64700% 12.8
39  GW190708.232457  17.875% 13.0730 132707 14705 0.017003 8737335 0.18700% 20571 0.67100% 12.7
40 GW190719.215514  38.0%117 20.773%°% 23.61)7%! 1.875% 0.22703% 360713330 0.670%; 55.91108 0.72703° 7.9
41  GW190720-000836  12.975%  7.710%  8670% 17709 0.18T017 10551575 0.21700% 19.8712  0.71700% 10.7
42 GW190725_174728 10.75:%" 7.0ti8 77807 1570% —0.07100s 8021535 0.16700s 17.811%° 0.63700; 8.6
43 GW190727.060333  38.47%7 29.175% 287137 13705 0.05702%7 3102%1135 0537017 64.01%0 0.697007 114
44 GW190728 064510  12.2%52  7.8755 85103 1.6%5% 013152, 1000733 027007 192713 0.77007 127
45  GW190731.140936  40.973%°% 29.4795. 295771 14702 0.027035 334572328 0567052 66.77115 0.68700% 8.1
46 GW190803.022701  37.61:%" 275708 275757 13705 —0.010335 3289%133% 0557035 62.015%" 0.67T0% 85
47 GW190814.211039  23.173%  2.6702  6.1791 89711 —0.0179%% 241737 0.057001 254735 0277593 25.1
48 GW190828.063405 31.8752 26.6725 250757 1.27504 0.18%51% 21207732 0.38701L 549776 0747500 15.8
49  GW190828.065509  23.5790 10.9733 13.771% 220§ 0.05701% 13931807 0.27101' 33.2050 0.63T00% 11.1
50 GW190910.112807  43.5777 33.51%5 33.0139 131035 —0.027017 16091453 031010 735755 0.67100s 13.5
51 GW190915235702  31.6753 25.0%%% 24.2%7% 12703 —0.03705] 177875355 0.33701, 54.0055 0.66750s 13.2
52 GW190916_200658 45.77179 24.07132 28,0129 1.8722 0.15703% 489572518 0.777035 6747102 0.6970%% 7.5
53 GW190924.021846  9.173%5  4.8T05 57107 1.9%5% 0.05501° 6377135 0.137007 13355 0.651007 11.8
54 GW190925 232845 20.2%32 156%2% 154119 1.37935 0057013 961753 0.197007 34.27235  0.69700: 9.6
55 GW190926_050336 40.1719) 23.47%°% 259793 17007 —0.047535 36347372 0.6705, 6097732 0.63701, 8.5
56  GW190929.012149  65.57155 26.47158 35.172% 25130 —0.037032 311477580 0.53103% 89.471%5 0.57105% 9.9
57  GW190930.133541  11.9%55  81%5%  85%0% 15705 014731 77233 0167008 19.273% 071700 9.9

5.1. Binary Black Holes

The mass and spin distributions of the observed pop-

ulation of gravitational-wave mergers, along with their
localization posteriors, can be used to constrain vari-
ous formation channels or population synthesis models
(O’Shaughnessy et al. 2008; Stevenson et al. 2015; Zevin
et al. 2021) and to estimate the rate of mergers (Roulet
et al. 2020; Abbott et al. 2020f). In Fig. 4 we show the
one-dimensional marginal posteriors on the component
masses, effective spin, and luminosity distance for our
observed BBH population. Fig. 5 shows the combined
posterior for all our observed BBH sources, with and
without accounting for the zeroth order selection effect
introduced by the variation of signal loudness as a func-
tion of intrinsic source parameters.

5.1.1. GW190521

GW190521.030229 (GW190521) is the most massive
confident detection in our catalog. Initial parameter es-
timates produced by the LIGO and Virgo Collaborations
indicated that its component masses were 85775 Mg, and
66712Mg (Abbott et al. 2020c,d). This would put at
least one of the objects in the “upper mass gap” caused
by pair-instability supernovae (PISN) (Woosley 2017;
Marchant et al. 2019; Stevenson et al. 2019; van Son
et al. 2020), suggesting that the event may have been
created by a hierarchical merger (Kimball et al. 2020;
Liu & Lai 2021; Fragione et al. 2020). This interpre-
tation was challenged in (Nitz & Capano 2021a) which
found multiple modes in the mass posterior. The ad-
ditional modes were at larger mass ratio (extending to
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Figure 3. The stacked distributions of single-detector triggered candidates observed when a single LIGO observatory was
operating (green), our selected background (blue), and for comparison the distribution of gravitational-wave mergers observed
by the multi-detector analysis (orange) as a function of the ranking statistic. To estimate the significance of the candidates, the
method of Nitz et al. (2020) is used to extrapolate the background distribution, which allows us to estimate the probability of
astrophysical origin. Shown are the results for the BBH (left) and BNS (right) analyses of the LIGO Hanford (top) and LIGO

Livingston (bottom) data during O3a.

q ~ 6 or ¢ ~ 10, depending on the waveform model
used), such that component masses straddled the PISN
mass gap. However, the highest mass ratio mode (at
g ~ 10) was found by an earlier version of the IMR-
PhenomXPHM model. An updated version of the IM-
RPhenomXPHM model (as used in this work) better
accounts for the possibility that the total angular mo-
mentum could flip direction, inducing transitional pre-
cession. With the corrected version of IMRPhenomX-
PHM, we no longer find significant support for the mass
ratio ¢ ~ 10, however support for the mode at ¢ ~ 6 re-
mains. This is consistent with the findings of (Estellés
et al. 2021).

An analysis using ringdown quasi-normal modes per-
formed in Capano et al. (2021) has shown the more
equal-mass scenario, however, may be unlikely. The
analysis found strong observational evidence for the
presence of the (Imn) = (330) sub-dominant harmonic.
This was used to perform a no-hair theorem test, the
first instance of black hole spectroscopy using funda-
mental modes. That a non-zero amplitude was detected
for the (330) quasi-normal mode ruled out the possibility
that GW190521 was an equal mass binary.

An electromagnetic counterpart was detected by the
Zwicky Transient Factory that may be from the same
source as GW190521 (Graham et al. 2020). If so, this
would suggest that GW190521 occurred in the accre-
tion disk of an active galactic nuclei. Nitz & Capano
(2021a) found only marginal support for the event to be
in coincidence with the electromagnetic signal, with a
log Bayes factor of -4 — 2.3. Using the updated version

of IMRPhenomXPHM gives a log Bayes factor of -3.8 —
2.5.

5.1.2. Other multi-modal events

In addition to GW190521, we find two other
events that show a multimodal distribution in the
mass posterior, GW151226_.033853 (GW151226) and
GW190620.030421. Like GW190521, the secondary
peak is at more asymmetric masses, with the maximum
likelihood point at mq/m; ~ 0.2 for all three events. A
large uncertainty in the mass ratio of GW151226 was
found by (Mateu-Lucena et al. 2021) using the same
waveform model. More recently, a bimodal distribution
in the masses of GW151226 was reported by (Chia et al.
2021), again using the same waveform model. However,
(Chia et al. 2021) found larger support at more asym-
metric masses than we do, as well as a secondary peak
in chirp mass that we do not find. Determining whether
these events are truly larger mass ratio than previously
expected, or if these secondary modes are due to sys-
tematic errors in waveform modelling, will require more
study.

5.1.3. High Mass Ratio Mergers

The events with the largest (unambiguous)
mass ratio are GW190814_211039 (GW190814) and
GW190412.053044 (GW190412), with a mass ratio of
my/ms = 89711 and 3.7753, respectively. These es-
timates are consistent with those found by the LIGO
and Virgo Collaborations (Abbott et al. 2020g,e). The
smaller object in GW190814 had a mass of 2.6753 M,
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Figure 4. The marginalized distributions for component masses mi, mo, the effective spin x.g and the luminosity distance D,
for all BBH events detected in 3-OGC. The median value, the 5th and 95th quantile values are marked with a bar, respectively.
Different colors are used to aid associating each event with its posterior estimates.

making it either the least massive black hole or the
most massive neutron star ever detected. If it is a
neutron star, it should have a non-zero (albeit small)
tidal deformability. Unfortunately, the signal-to-noise
ratio of the event is not large enough to bound the
tidal deformability away from zero, making it ambigu-
ous whether the object was a neutron star or a black
hole (Abbott et al. 2020e). These two events were also

the first to have measurable power in sub-dominant har-
monics, the (I, m) = (3,3) mode for both (Abbott et al.
2020g,e), which can be used to test general relativity as
in Capano & Nitz (2020).

5.2. Neutron Star Binaries

The only observed neutron star binaries remain the
previously reported GW170817 (Abbott et al. 2017a)
and GW190425 (Abbott et al. 2020a). The latter is ob-
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served in only the LIGO Livingston data, but given its
separation from background, and the long duration of
the signal which increases the power of signal consis-
tency tests (Usman et al. 2016), we consider this detec-
tion robust. We obtain a slightly higher estimate for
the effective spin of GW190425 than what was reported
in (Abbott et al. 2020a). This can be attributed to a dif-
ference in prior: as stated above, we use a prior uniform
in the spin-component aligned with the orbital angular
momentum, whereas (Abbott et al. 2020a) used a prior
on spin that was isotropic in orientation.

GW170817 is the only merger unambiguously ob-
served by electromagnetic emission. Neutron star —
black hole mergers have not yet been unambiguously
observed. Due to the possibility of electromagentic
emission from neutron star mergers, we encourage the
use of sub-threshold BNS and NSBH candidates re-
leased with this catalog to investigate correlations with
other archival observations and potentially detect faint
sources.

5.3. Sub-threshold Candidates

In Table 3 we show the 17 sub-threshold candidates
with Pasiro > 0.2 or IFAR > 0.5. Several sub-threshold
candidates have been previously identified. In particu-
lar; 151205195525 was included in the 2-OGC catalog as
a near threshold observation; in our updated analysis it
is reduced in significance. 170425_055334 was previously
reported in Venumadhav et al. (2019a). 151011192749
was reported in 2-OGC as a sub-threshold event. The
majority of these sub-threshold candidates are consis-
tent with BBH mergers. However, 170722_065503 is
consistent with a BNS merger. The full data release
includes sub-threshold candidates at lower significance
throughout the searched parameter space.

From visual inspection of time-frequency representa-
tions of the data around these candidates, there are no
signs of loud noise transients that could have caused the
corresponding triggers. In a few instances, minor excess
power can be observed at frequencies between 50-100
Hz, or at lower frequencies. We cannot conclude if any
of these minor power signatures correspond to an in-
strumental noise artefact or to a marginal astrophysical
signal.

6. DATA RELEASE

We provide analysis configurations, metadata and re-
sults at https://github.com/gwastro/3-ogc (Nitz & Ca-
pano 2021b). The files contain O(10°) sub-threshold
candidates along with their time, SNR, and values for
various signal consistency tests. Each candidate event
lists the associated false alarm rate and ranking statis-
tic, to assess their significance. For the most signifi-
cant candidates inside the focused BBH region discussed
in section 3.2 we provide an estimate of the probabil-
ity of astrophysical origin Pastro- We also release our
Bayesian parameter inference posterior samples for each
of the candidates shown in table 4 along with a selection
of sub-threshold candidates. Additional data products
and intermediate results may be made available upon
request.

7. CONCLUSIONS

The 3-OGC catalog of gravitational-wave mergers cov-
ers the complete observing period from 2015 to 2019
and includes BNS, NSBH, and BBH candidates. For
the first time we include candidates observed by a single
sensitive detector. 3-OGC contains the most compre-
hensive set of merger candidates, including a total of 57


https://github.com/gwastro/3-ogc

gravitational-wave observations in this period. This in-
cludes 4 single-detector mergers in addition to 4 BBH
mergers reported here for the first time. We find no ad-
ditional BNS or NSBH detections beyond the previously
reported GW170817 and GW190425. Only the first half
of the O3 run which concluded in 2020 has been made
public. As the data from the latter half of the observing
run is not yet released, the catalog here covers only O1,
02, and O3a. We expect the second half of O3, O3b
to be released in 6 months, at which point an updated
catalog will be produced.
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