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重力波観測とKAGRAの今後 Gravitational Wave Observations and Future Prospects of KAGRA

重力波検出のこれまで
2015.9 - 2016.1 : LIGO 第１次観測運転( O1 ) 

GW150914  初観測イベント 連星ブラック
ホール (BH-BH) 

2016.11 - 2017.8 : LIGO+Virgo 第２次観測運転
( O2 ) 

GW170817  連星中性子星合体(NS-NS) 
重力波マルチメッセンジャー観測の大成功 

2019.4 - 2020.3 :  
LIGO+Virgo 第３次観測運転( O3 ) 

2020.4末までの予定であったが、コロナ禍で３月ま
でに。 

2020.4 GEO+KAGRA (O3GK)
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observational time with multiple instruments on-sky. The observational implications
of these scenarios are discussed in Sect. 5.

3 Searches and localization of gravitational-wave transients

Data from GW detectors are searched for many types of possible signals (Abbott
et al. 2018e). Here we focus on signals from CBCs, including BNS, NSBH and
BBH systems and generic unmodeled transient signals.

Observational results of searches for transient signals are reported in detail
elsewhere (Abbott et al. 2016b, d, j, o, 2017b, f, g, h, i, k, 2018c, g). The O1 and O2
results include ten clear detections originating from BBH coalescences and
GW170817 which is the first detection of a BNS coalescence (Abbott et al.
2017i, 2018c). The public release of the LIGO and Virgo data allows researchers to
perform independent analyses of the GW data. Some of these analyses report a few
additional significant BBH event candidates (Zackay et al. 2019; Venumadhav et al.
2019, 2020). No other type of transient source has been identified during O1 and O2
(Abbott et al. 2016o, 2017b, l, 2018c).

Fig. 2 The planned sensitivity evolution and observing runs of the aLIGO, AdV and KAGRA detectors
over the coming years. The colored bars show the observing runs, with achieved sensitivities in O1, O2
and O3, and the expected sensitivities given by the data in Fig. 1 for future runs. There is significant
uncertainty in the start and end times of the planned observing runs, especially for those further in the
future, and these could move forward or backwards relative to what is shown above. Uncertainty in start
or finish dates is represented by shading. The break between O3 and O4 will last at least 18 months. O3 is
expected to finish by June 30, 2020 at the latest. The O4 run is planned to last for one calendar year. We
indicate a range of potential sensitivities for aLIGO during O4 depending on which upgrades and
improvements are made after O3. The most significant driver of the aLIGO range in O4 is from the
implementation of frequency-dependent squeezing. The observing plan is summarised in Sect. 2.5
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Abstract
We present our current best estimate of the plausible observing scenarios for the
Advanced LIGO, Advanced Virgo and KAGRA gravitational-wave detectors over
the next several years, with the intention of providing information to facilitate
planning for multi-messenger astronomy with gravitational waves. We estimate the
sensitivity of the network to transient gravitational-wave signals for the third (O3),
fourth (O4) and fifth observing (O5) runs, including the planned upgrades of the
Advanced LIGO and Advanced Virgo detectors. We study the capability of the
network to determine the sky location of the source for gravitational-wave signals
from the inspiral of binary systems of compact objects, that is binary neutron star,
neutron star–black hole, and binary black hole systems. The ability to localize the
sources is given as a sky-area probability, luminosity distance, and comoving
volume. The median sky localization area (90% credible region) is expected to be a
few hundreds of square degrees for all types of binary systems during O3 with the
Advanced LIGO and Virgo (HLV) network. The median sky localization area will
improve to a few tens of square degrees during O4 with the Advanced LIGO, Virgo,
and KAGRA (HLVK) network. During O3, the median localization volume (90%

credible region) is expected to be on the order of 105; 106; 107 Mpc3 for binary
neutron star, neutron star–black hole, and binary black hole systems, respectively.

This article is a revised version of https://doi.org/10.1007/s41114-018-0012-9.

Change summary Major revision, updated and expanded.

Change details Since publication of the previous version (Abbott et al 2018f), several updates to the
document have been made. The most significant changes are that we now frame our projections in terms
of observing runs, we include final results from O2, and we updated our localization projections to
include KAGRA as a fourth detector. Key differences are outlined in the Appendix.

& KAGRA Collaboration, LIGO Scientific Collaboration and Virgo Collaboration
kscboard-chair@icrr.u-tokyo.ac.jp; lsc-spokesperson@ligo.org; virgo-spokesperson@ego-gw.it

*The full author list and affiliations are given at the end of paper.
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→これから
2022.Dec O4開始予定
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https://www.ligo.caltech.edu/news/ligo20211115
https://gwcenter.icrr.u-tokyo.ac.jp/category/latestnews
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Today's talk plan
O3までの代表的な結果 

KAGRAの現状～O4へ 
O3/O3-GK におけるKAGRA 
現状＝O4準備 
O5にむけて 

今後期待されるKAGRAの貢献 
方向決定精度 ⊆ 重力波源のパラメータ決定精度 
全天に対する応答 
KAGRAが寄与するために 
高周波（ないし広帯域）の改良案 
　　　　NS-NS合体フェーズの波形 

ファイバー共鳴改良案 
　　　　BH準固有振動の重力波
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重力波とその観測方法
重力波とは？ 
アインシュタインが一般相対性理論で予言した時空の
歪みの波 
ブラックホールのように、強い重力場から発生する。 
超新星爆発やコンパクト連星などの劇的な天体現象で
発生する
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何もない　＝＞　平坦な時空

質量があり、重力が働く 
　　　　　＝＞　曲がった時空

質量の運動 
　  ＝＞　時空の歪みの伝播 
　　　　　　　　重力波

重力波

レーザー干渉系重力波検出器 
光を２つの方向に往復させ
て、その干渉の変化から時
空の歪みの波を測定する。
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信号 = 重力波（×応答） ＋ 雑音

KAGRAの特徴 
低温鏡(~20K, サファイヤ基材）← 熱雑音、将来の第３世代重力波検出器も低温鏡が考えられている。 
地下サイト　← 地面振動
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重力波

距離変化

干渉光強度変化

振り子の伝達関数

FPキャビティの周波数応答

電気回路特性 電圧->数字変換

地面振動
熱雑音 
輻射圧雑音

レーザーの雑音 
(強度、周波数)

回路の雑音
量子化誤差

記録信号(ti, Ni)

散射雑音

時刻情報

地面振動

振り子の熱雑音 
 ∝ f -5/2

鏡の熱雑音 
 ∝ f -1/2

輻射圧雑音 
 ∝ f -2

光子の散射雑音 
const.  ->  ∝ f 
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世界の重力波検出器（レーザー干渉計型）

advanced LIGO

LIGO (Hanford) 4km

TAMA 300m

CLIO 100m
                          3km

LIGO (Livingston) 4km

Virgo 3km

GEO 600m

LIGO-India
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LIGO Hanford

LIGO Livingston

Virgo

KAGRA
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LIGO
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Hanford (H1:4km)

Livingston (L1:4km)

US project 
Two dislocated 
sites

https://www.ligo.caltech.edu

LIGO : Laser Interferometric 
Gravitational-wave Observatory  
(レーザー干渉計重力波観測所）
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Virgo
ヨーロッパの重力波観測実験 

ピサ郊外（イタリア） 

3km x 3km
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http://public.virgo-gw.eu/
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これまでの観測結果
重力波観測されたイベントは、コンパクト連星合体 
連星ブラックホール(BH-BH)合体 
連星中性子星(NS-NS)合体 
中性子星-ブラックホール(NS-BH)連星合体 

超新星爆発、連続重力波はまだ観測されていない
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連星合体からの重力波イベントの初観測

14

ブラックホール連星の合体 中性子星連星の合体
NASA 

AstrophysicsLIGO
イメージ動画
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 x 10-21  リビングストン検出器の信号
 ハンフォード検出器の信号（6.9 ミリ秒ずらし、反転）

LIGOの
重力波 
（公開デー
タ、論文より
加工）

!100 s (calculated starting from 24 Hz) in the detectors’
sensitive band, the inspiral signal ended at 12!41:04.4 UTC.
In addition, a !-ray burst was observed 1.7 s after the
coalescence time [39–45]. The combination of data from
the LIGO and Virgo detectors allowed a precise sky
position localization to an area of 28 deg2. This measure-
ment enabled an electromagnetic follow-up campaign that
identified a counterpart near the galaxy NGC 4993, con-
sistent with the localization and distance inferred from
gravitational-wave data [46–50].
From the gravitational-wave signal, the best measured

combination of the masses is the chirp mass [51]
M ! 1.188"0.004

"0.002M". From the union of 90% credible
intervals obtained using different waveform models (see
Sec. IV for details), the total mass of the system is between
2.73 and 3.29 M". The individual masses are in the broad
range of 0.86 to 2.26 M", due to correlations between their
uncertainties. This suggests a BNS as the source of the
gravitational-wave signal, as the total masses of known
BNS systems are between 2.57 and 2.88 M" with compo-
nents between 1.17 and !1.6 M" [52]. Neutron stars in
general have precisely measured masses as large as 2.01#
0.04 M" [53], whereas stellar-mass black holes found in
binaries in our galaxy have masses substantially greater
than the components of GW170817 [54–56].
Gravitational-wave observations alone are able to mea-

sure the masses of the two objects and set a lower limit on
their compactness, but the results presented here do not
exclude objects more compact than neutron stars such as
quark stars, black holes, or more exotic objects [57–61].
The detection of GRB 170817A and subsequent electro-
magnetic emission demonstrates the presence of matter.
Moreover, although a neutron star–black hole system is not
ruled out, the consistency of the mass estimates with the
dynamically measured masses of known neutron stars in
binaries, and their inconsistency with the masses of known
black holes in galactic binary systems, suggests the source
was composed of two neutron stars.

II. DATA

At the time of GW170817, the Advanced LIGO detec-
tors and the Advanced Virgo detector were in observing
mode. The maximum distances at which the LIGO-
Livingston and LIGO-Hanford detectors could detect a
BNS system (SNR ! 8), known as the detector horizon
[32,62,63], were 218 Mpc and 107 Mpc, while for Virgo
the horizon was 58 Mpc. The GEO600 detector [64] was
also operating at the time, but its sensitivity was insufficient
to contribute to the analysis of the inspiral. The configu-
ration of the detectors at the time of GW170817 is
summarized in [29].
A time-frequency representation [65] of the data from

all three detectors around the time of the signal is shown in
Fig 1. The signal is clearly visible in the LIGO-Hanford
and LIGO-Livingston data. The signal is not visible

in the Virgo data due to the lower BNS horizon and the
direction of the source with respect to the detector’s antenna
pattern.
Figure 1 illustrates the data as they were analyzed to

determine astrophysical source properties. After data col-
lection, several independently measured terrestrial contribu-
tions to the detector noise were subtracted from the LIGO
data usingWiener filtering [66], as described in [67–70]. This
subtraction removed calibration lines and 60 Hz ac power
mains harmonics from both LIGO data streams. The sensi-
tivity of the LIGO-Hanford detector was particularly
improved by the subtraction of laser pointing noise; several
broad peaks in the 150–800 Hz region were effectively
removed, increasing the BNS horizon of that detector
by 26%.

FIG. 1. Time-frequency representations [65] of data containing
the gravitational-wave event GW170817, observed by the LIGO-
Hanford (top), LIGO-Livingston (middle), and Virgo (bottom)
detectors. Times are shown relative to August 17, 2017 12!41:04
UTC. The amplitude scale in each detector is normalized to that
detector’s noise amplitude spectral density. In the LIGO data,
independently observable noise sources and a glitch that occurred
in the LIGO-Livingston detector have been subtracted, as
described in the text. This noise mitigation is the same as that
used for the results presented in Sec. IV.
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マルチメッセンジャー観測
重力波でわかる中性子星連星”合体”の1.7
秒後にガンマ線バースト 
光赤外でも観測 
キロノバ（マクロノバ） 
cf: 日本のJ-GEMも観測成功！ 

電波でも追観測

Figure 2. Timeline of the discovery of GW170817, GRB 170817A, SSS17a/AT 2017gfo, and the follow-up observations are shown by messenger and wavelength
relative to the time tc of the gravitational-wave event. Two types of information are shown for each band/messenger. First, the shaded dashes represent the times when
information was reported in a GCN Circular. The names of the relevant instruments, facilities, or observing teams are collected at the beginning of the row. Second,
representative observations (see Table 1) in each band are shown as solid circles with their areas approximately scaled by brightness; the solid lines indicate when the
source was detectable by at least one telescope. Magni!cation insets give a picture of the !rst detections in the gravitational-wave, gamma-ray, optical, X-ray, and
radio bands. They are respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Section 2.1), the
Fermi-GBM and INTEGRAL/SPI-ACS lightcurves matched in time resolution and phase (see Section 2.2), 1 5!!!1 5 postage stamps extracted from the initial six
observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc!+!1.2 days; Buckley et al. 2017; McCully et al. 2017b), ESO-NTT (at
tc!+!1.4 days; Smartt et al. 2017), the SOAR 4 m telescope (at tc!+!1.4 days; Nicholl et al. 2017d), and ESO-VLT-XShooter (at tc!+!2.4 days; Smartt et al. 2017) as
described in Section 2.3, and the !rst X-ray and radio detections of the same source by Chandra (see Section 3.3) and JVLA (see Section 3.4). In order to show
representative spectral energy distributions, each spectrum is normalized to its maximum and shifted arbitrarily along the linear y-axis (no absolute scale). The high
background in the SALT spectrum below !4500!Å prevents the identi!cation of spectral features in this band (for details McCully et al. 2017b).
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Abstract

On 2017 August 17 a binary neutron star coalescence candidate (later designated GW170817) with merger time
12:41:04 UTC was observed through gravitational waves by the Advanced LIGO and Advanced Virgo detectors. The
Fermi Gamma-ray Burst Monitor independently detected a gamma-ray burst (GRB 170817A) with a time delay of
_1.7 s with respect to the merger time. From the gravitational-wave signal, the source was initially localized to a sky
region of 31 deg2 at a luminosity distance of �

�40 8
8 Mpc and with component masses consistent with neutron stars. The

component masses were later measured to be in the range 0.86 to 2.26 :M . An extensive observing campaign was
launched across the electromagnetic spectrum leading to the discovery of a bright optical transient (SSS17a, now with
the IAU identi!cation of AT 2017gfo) in NGC 4993 (at _40 Mpc) less than 11 hours after the merger by the One-
Meter, Two Hemisphere (1M2H) team using the 1 m Swope Telescope. The optical transient was independently
detected by multiple teams within an hour. Subsequent observations targeted the object and its environment. Early
ultraviolet observations revealed a blue transient that faded within 48 hours. Optical and infrared observations showed a
redward evolution over !10 days. Following early non-detections, X-ray and radio emission were discovered at
the transient’s position _9 and _16 days, respectively, after the merger. Both the X-ray and radio emission likely
arise from a physical process that is distinct from the one that generates the UV/optical/near-infrared emission. No
ultra-high-energy gamma-rays and no neutrino candidates consistent with the source were found in follow-up searches.
These observations support the hypothesis that GW170817 was produced by the merger of two neutron stars in
NGC 4993 followed by a short gamma-ray burst (GRB 170817A) and a kilonova/macronova powered by the
radioactive decay of r-process nuclei synthesized in the ejecta.

Key words: gravitational waves – stars: neutron

1. Introduction

Over 80 years ago Baade & Zwicky (1934) proposed the idea
of neutron stars, and soon after, Oppenheimer & Volkoff (1939)
carried out the !rst calculations of neutron star models. Neutron
stars entered the realm of observational astronomy in the 1960s by
providing a physical interpretation of X-ray emission from
Scorpius!X-1!(Giacconi et al. 1962; Shklovsky 1967) and of
radio pulsars!(Gold 1968; Hewish et al. 1968; Gold 1969).

The discovery of a radio pulsar in a double neutron star
system by Hulse & Taylor (1975) led to a renewed interest in
binary stars and compact-object astrophysics, including the
development of a scenario for the formation of double neutron
stars and the !rst population studies (Flannery & van den

Heuvel 1975; Massevitch et al. 1976; Clark 1979; Clark et al.
1979; Dewey & Cordes 1987; Lipunov et al. 1987; for reviews
see Kalogera et al. 2007; Postnov & Yungelson 2014). The
Hulse-Taylor pulsar provided the !rst !rm evidence!(Taylor &
Weisberg 1982) of the existence of gravitational waves!(Ein-
stein 1916, 1918) and sparked a renaissance of observational
tests of general relativity!(Damour & Taylor 1991, 1992;
Taylor et al. 1992; Wex 2014). Merging binary neutron stars
(BNSs) were quickly recognized to be promising sources of
detectable gravitational waves, making them a primary target
for ground-based interferometric detectors (see Abadie et al.
2010 for an overview). This motivated the development of
accurate models for the two-body, general-relativistic dynamics
!(Blanchet et al. 1995; Buonanno & Damour 1999; Pretorius
2005; Baker et al. 2006; Campanelli et al. 2006; Blanchet
2014) that are critical for detecting and interpreting gravita-
tional waves!(Abbott et al. 2016c, 2016d, 2016e, 2017a, 2017c,
2017d).
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重力波観測時代
重力波の初観測 (2015) 
ブラックホール連星合体から
の重力波 

中性子星連星合体の観測 (2017) 
重力波 + γ線～可視光～電波
にわたるマルチメッセン
ジャー観測 

これまでのイベント総数：121 
Gravitational Wave Open 
Science Center 
https://www.gw-
openscience.org/eventapi/
html/allevents/ 

LIGO/Virgo O3 Public Alerts 
Detection candidates: 56 
https://gracedb.ligo.org/
superevents/public/O3/
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Figure 2. Representative amplitude spectral density of the
three interferometers’ strain sensitivity: LIGO Livingston 4
January 2020 02:53:42 UTC, LIGO Hanford 4 January 2020
18:20:42 UTC, Virgo 9 February 2020 01:16:00 UTC. From
the amplitude spectral densities we estimate BNS inspiral
ranges [20–22] of 114 Mpc, 133 Mpc, and 59 Mpc for LIGO
Hanford, LIGO Livingston and Virgo, respectively.

are discussed in Appendix B.
Figure 2 shows representative sensitivities during O3b

for LIGO Hanford, LIGO Livingston and Virgo, as char-
acterized by the amplitude spectral density of the cali-
brated strain output. The sensitivity of the interferom-
eters is primarily limited by the photon shot noise at
high frequencies and by a superposition of several noise
sources at lower frequencies [34]. The narrowband fea-
tures include vibrational modes of the suspension fibers,
calibration lines, and 50 Hz and 60 Hz electric power
harmonics.

The left panel of Fig. 3 reports the evolution of the de-
tectors’ sensitivity over time, as measured by the BNS
inspiral range [20–22]. Gaps in the range curve are
due to maintenance intervals, instrumental failures and
earthquakes. The epochs marked on the graph corre-
spond to improvements in LIGO Hanford (2 January
2020) and Virgo (28 January 2020) that are discussed
in Appendix B. The median BNS inspiral range of Virgo
over the whole of O3b was 51 Mpc, while the maximum
value reached 60 Mpc. For comparison, the median range
and the maximum range during O3a were 45 Mpc and
50 Mpc, respectively. The LIGO Hanford median BNS
inspiral range improved from 108 Mpc in O3a to 115 Mpc
in O3b, primarily due to the squeezed-light [35, 36] source
adjustments described in Appendix B. The LIGO Liv-
ingston median BNS inspiral range in O3b was 133 Mpc,
consistent with the O3a value of 135 Mpc, with improve-
ments due to squeezing counterbalanced by degradation

primarily due to the reduced circulating power.

The duty cycles for the three interferometers, i.e., the
fractions of the total O3b run duration in which the
instruments were observing, were 79% (115.7 days) for
LIGO Hanford, 79% (115.5 days) for LIGO Livingston
and 76% (111.3 days) for Virgo. The complete three-
interferometer network was in observing mode for 51.0%
of the time (75.0 days). Moreover, for 96.6% of the time
(142.0 days) at least one interferometer was observing,
while for 85.3% (125.5 days) at least two interferome-
ters were observing. For comparison, during O3a the
duty cycles were 71%, 76% and 76% for LIGO Hanford,
LIGO Livingston and Virgo, respectively; at least one
interferometer was observing 96.8% of the time, and at
least two interferometers were observing 81.8% of the
time. The duty cycles for both the Hanford and Liv-
ingston interferometers have improved from O3a to O3b.
This demonstrates a clear improvement in robustness as
higher microseism and storm activity were observed dur-
ing O3b compared to O3a. While the fraction of time
with at least one detector observing in O3a and O3b was
comparable, the fraction of time with two instruments in
observing mode increased, improving the performance of
the network for coincident observations.

III. DATA

Following the approach of previous analyses [3, 4], we
calibrate the data of each detector to GW strain and
mitigate known instances of poor data quality before an-
alyzing the LIGO and Virgo strain data for astrophysical
sources. We include segments of data from each detector
in our GW search analyses only when the detector was
operating in a nominal state, and when there were no di-
agnostic measurements being made that might interfere
with GW data collection.

Once data are recorded, they are calibrated in near-real
time and in higher latency, as described in Sec. IIIA.
We subtract noise from known long-duration, quasi-
stationary instrumental sources [37–39]. We also exclude
time periods containing identified and well-characterized
noise likely to interfere with signal extraction from the as-
trophysical analyses, as described in Sec. III B. We thor-
oughly vetted the data surrounding each GW event for
evidence of transient noise, or glitches, or other anoma-
lies that could impact accurate assessment of the event’s
significance or accurate source parameter estimation. For
GW events found near in time or overlapping with tran-
sient noise, we apply additional data processing steps,
including the modeling and subtraction of glitches and
linear subtraction of glitches using a witness time series,
as described in Appendix C.
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Figure 3. The BNS inspiral range [20–22] of the LIGO and Virgo detectors. Left : The range evolution during O3b. Each
data point corresponds to the median value of the range over a one-hour time segment. Right : Distributions of the range and
the median values for the entire duration of O3b; the data for Virgo are separately reported for the intervals before (I) and
after (II) 28 January 2020 to illustrate changes in the range following detector improvements. An improvement in squeezer
performance at LIGO Hanford is indicated at 2 January 2020.

A. Calibration and noise subtraction

The dimensionless strain time series measured by the
LIGO and Virgo detectors are an input to the astrophys-
ical analyses. They are reconstructed from di↵erent out-
put signals from the detectors and detailed modeling of
the response of the detector [38, 40]. The reconstructed
strain time series are timestamped following Global Po-
sitioning System (GPS) time, taking into account both
the delays introduced in the synchronized distributed-
clock timing system and data conditioning along the data
acquisition systems [41]. The detector responses are de-
scribed as complex-valued frequency-dependent transfer
functions [38, 42]. Some control-system model param-
eters, such as the amount of light stored in the inter-
ferometer cavities and the gain of the actuators control-
ling the position of primary optics [1], vary slowly with
time throughout operation of the interferometers. These
parameters are monitored and, when possible, aspects
of the calibration models are corrected in the strain re-
construction processing [38, 40, 43]. The analysis of the
systematic error and uncertainty bounds for calibrated
data throughout O3b is detailed in previous studies of
LIGO [44, 45] and Virgo data [46–48].

The three detectors use auxiliary lasers, known as pho-
ton calibrators [49–51], to induce fiducial displacement of
test masses via photon radiation pressure. The fiducial
displacements are known to better than 1% in LIGO and
1.8% in Virgo and are used to measure interferometer pa-
rameters’ variation with time, develop accurate models,
and establish estimates of systematic error and associ-
ated uncertainty.

Calibration models are estimated from a collection

of measurements that characterize the full detector re-
sponse and from other measurements of individual com-
ponents [38, 44, 45], such as the various electronics and
suspension systems, gathered while the detector is of-
fline (roughly once per week). An initial version of cali-
brated strain data is produced in low-latency throughout
an observing period, and the final calibration models are
assembled after the completion of an observing period
where the detector configuration was stable [40, 48]. As
needed, the GW strain data stream is then regenerated
o✏ine from the optical power variations and the con-
trol signals, and the systematic error estimate is updated
based on the model used for the o✏ine strain reconstruc-
tion.

The best available strain data for each detector have
been used for both detection of GW events and estima-
tion of the sources’ astrophysical parameters. For LIGO,
the o✏ine recalibrated strain data were used [44, 45].
Analysis of Virgo’s collection of validation measurements
during the run did not motivate o✏ine improvement to
the low-latency strain data. Hence, Virgo’s low-latency
strain data has been used for all analyses [46–48].

After the completion of the run, we identified a nar-
rowband increased systematic error between 46–51 Hz in
Virgo data, mainly related to a control loop designed to
damp mechanical resonances of the suspensions at 49 Hz.
This damping loop was added between O3a and O3b
and ultimately improved the Virgo detector’s sensitiv-
ity around 49 Hz. However, since this damping loop was
not included in the calibration models, it resulted in an
increased systematic error in the calibrated strain data
around 49 Hz during O3b. There was also a large increase
in the systematic error between 49.5–50.5 Hz related to
a control loop designed to reduce the electric power-grid

GWTC-3
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Figure 8. Credible-region contours in the plane of total mass M and mass ratio q for O3b candidates with pastro > 0.5
plus GW200105 162426. Each contour represents the 90% credible region for a di↵erent candidate. Highlighted contours
are for the NSBH candidates GW191219 163120, GW200105 162426 and GW200115 042309; the NSBH or low-mass BBH
candidate GW200210 092254; GW191204 171526, which has inferred �e↵ > 0; GW200225 060421, which has 85% probability
that �e↵ < 0, and GW200220 061928, which probably has the most massive source of the O3b candidates. We highlight with
italics GW200105 162426 as it has pastro < 0.5, as well as GW191219 163120 because of potential uncertainties in its pastro and
because it has significant posterior support outside of mass ratios where the waveform models have been calibrated. Results for
GW200308 173609 and GW200322 091133 are indicated with dashed lines to highlight that these include a prior-dominated
mode at large distances and high masses. The dotted lines delineate regions where the primary and secondary can have a mass
below 3M�. For the region above the m2 = 3M� line, both objects in the binary have masses above 3M�. The small island
at M ⇠ 175M� is part of the (nearby) contour for GW200208 222617.

not designed to model the astrophysical population of
sources. Therefore, we consider that the high-likelihood
peaks for GW200308 173609 and GW200322 091133
yield a more plausible estimate of the source parameters,
although we cannot exclude the possibility that the
low-likelihood peaks describe the sources (assuming that
the signals are astrophysical).

In presenting results for GW200308 173609 and
GW200322 091133, we show the full posterior distribu-
tions in figures, but in Table IV and in the discussion
we consider the high-likelihood modes that are not prior
dominated. To select the relevant modes, we use a cut
on the likelihood (a rough proxy for the matched-filter
SNR), and only consider regions of the posterior prob-
ability distribution with a likelihood above the chosen
threshold. Results for these candidates are highlighted
with an asterisk in Table IV and dashed lines in the fig-
ures. Figure 7 shows a comparison of results with and
without this selection. For GW200322 091133, there is
still multimodality after the lowest likelihood mode is
removed by the likelihood cut. Using a di↵erent prior,
such as a population-informed prior [107, 110, 151–155],
that has a stronger preference for masses more consistent
with other GW observations, and a weaker preference for
high masses and large distances, would also suppress the

low-likelihood peaks.

A. Masses

Masses are typically the best constrained binary pa-
rameters. They are the dominant properties in set-
ting the frequency evolution of the signal, with lower
(higher) mass systems merging at higher (lower) frequen-
cies. While we are typically interested in the source
masses, it is the redshifted masses (1 + z)mi, where z

is the source redshift, that are measured by the detec-
tors [93]. The source masses are calculated by combining
the inferred redshifted mass and luminosity distance (see
Appendix E for the assumed cosmology).

Combinations of the two component masses (such as
the chirp mass) may be more precisely measured than the
individual component masses [138–140, 156]. However,
component masses are most informative about the nature
of the source, and indicate whether the compact object
is more likely to be a BH or a NS. The maximum NS
mass is currently uncertain, with estimates ranging over
2.1–2.7M� [157–162]. We use 3M� as a robust upper
limit of the maximum NS mass [9, 10], and split the can-
didates into two categories: unambiguous BBHs where,

GWTC-2, -3 : 観測された連星合体の全質量と質量比
大半は"普通の"BH-BH 

質量比が極端なもの、中間質量BHなどが出てきた。
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FIG. 6. Credible region contours for all candidate events in the plane of total mass M and mass ratio q. Each contour
represents the 90% credible region for a di↵erent event. We highlight the previously published candidate events: GW190412,
GW190425, GW190521 and GW190814, the potential NSBH GW190426 152155, and finally GW190924 021846, which is most
probably the least massive system with both masses > 3 M�. The dashed lines delineate regions where the primary/secondary
can have a mass below 3 M�. For the region above the m2 = 3 M� line, both objects in the binary have masses above 3 M�.

FIG. 7. Credible region contours for all candidate events in the plane of chirp mass M and e↵ective inspiral spin �e↵ . Each
contour represents the 90% credible region for a di↵erent event. We highlighted the previously published candidate events (cf.
Fig. 6), as well as GW190517 055101 and GW190514 065416, which have the highest probabilities of having the largest and
smallest �e↵ respectively.
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Figure 9. Credible-region contours in the plane of chirp mass M and e↵ective inspiral spin �e↵ for O3b candidates with
pastro > 0.5 plus GW200105 162426. Each contour represents the 90% credible region for a di↵erent candidate. Highlighted
contours are for the NSBH candidates GW191219 163120, GW200105 162426 and GW200115 042309; the NSBH or low-
mass BBH candidate GW200210 092254; GW191204 171526, which has inferred �e↵ > 0; GW200225 060421, which has 85%
probability that �e↵ < 0, and GW200220 061928, which probably has the most massive source of the O3b candidates. We
highlight with italics GW200105 162426 as it has pastro < 0.5, as well as GW191219 163120 because of potential uncertainties in
its pastro and because it has significant posterior support outside of mass ratios where the waveform models have been calibrated.
Results for GW200308 173609 and GW200322 091133 are indicated with dashed lines to highlight that these include a prior-
dominated mode at large distances and high masses.

assuming that the signal is astrophysical, both compo-
nents of the source were BHs (m2 > 3M� at 97% prob-
ability), and potential NS binaries (in our case, poten-
tial NSBH binaries) where at least one component could
have been a NS. Candidates from the two categories are
discussed in Sec. V A 1 and Sec. V A 2, respectively. As
shown in Fig. 8, all of the 35 candidates with pastro >

0.5 except GW191219 163120, GW200115 042309 and
GW200210 092254 (plus GW200105 162426) have m2 >

3M� (the contour for GW200322 091133 brushes the di-
viding line, but it has m2 > 3M� at 97% probability),
and none of the candidates has posterior support for
m1 < 3M�, which would be required for a BNS source.
Therefore, we identify the majority of sources as BBHs.

1. Masses of sources with strictly m2 > 3M�:
Unambiguous BBHs

The mass combination with greatest influence on a
CBC signal’s frequency evolution is the chirp mass
M [90]. The chirp mass’s influence on the inspiral means
that it is more precisely measured in lower-mass systems,
which have more of the inspiral signal in the sensitive
frequency band of the detectors [163–167]. This is illus-
trated in Fig. 9, which also shows the e↵ective inspiral
spin (Sec. V B). The modestly significant (pastro = 0.62)

GW200220 061928 probably has the highest chirp-mass
source of the O3b candidates, with M = 62+23

�15
M�. Sim-

ilarly, GW191129 134029’s source probably has the low-
est while still being an unambiguous-BBH (m2 > 3M�)
candidate, with M = 7.31+0.43

�0.28M�. The range of chirp
masses for the O3b candidates is consistent with GWTC-
2.1 [3, 4].

The total mass of the binary M influences the
merger and ringdown of the signal, which constitute
a more significant proportion of the observed signal
for higher-mass sources [13, 168, 169]. The O3b
candidates with the highest M measurements (after
excluding the prior-dominated low-likelihood modes),
GW200220 061928 and GW191109 010717, have lower
median M measurements than GW190521 [4, 170],
of M = 148+55

�33
M� and 112+20

�16
M�, respectively.

The lowest-mass O3b unambiguous-BBH candidate is
GW191129 134029’s source, with M = 17.5+2.4

�1.2M�. Pos-
terior probability distributions for the total mass and
mass ratio are shown in Fig. 8; the curving degenera-
cies seen at lower masses are where distributions follow
a line of constant chirp mass.

Mass ratios are typically less precisely inferred from
GW observations than the chirp mass or total mass. The
mass ratio influences the phase evolution of the inspiral at
the post-Newtonian (PN) order after the chirp mass [90,
121, 138, 139]. Most measured mass ratios are consis-
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FIG. 4. Contours representing the 90% credible regions in the total mass M and mass ratio q plane for all events new to this
catalog with pastro > 0.5, highlighted in bold in Table I. The events follow the same color scheme used in Fig. 3. The dashed
lines act to separate regions where the primary and secondary binary component can have a mass below 3M�.
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source in relation to the Earth: the luminosity distance
DL, two-dimensional sky position (right ascension ↵ and
declination �), inclination between total angular momen-
tum and line-of-sight ✓JN , time of merger tc, a reference
phase �, and polarization angle  . The search pipelines
create a template bank [99–101] of GW waveforms cover-
ing the desired intrinsic parameter space,2 and use these
to filter against the data and produce signal-to-noise ra-
tio (SNR) time series.

For each set of intrinsic parameters, extrinsic param-
eters a↵ecting the signal’s amplitude and phase may be
maximized over analytically [45], if the signal can be ap-
proximated as a pure quadrupole mode, i.e. (`, |m|) =
(2, 2). In particular, for this search, the templates use
only the dominant quadrupole mode and assume quasi-
circular orbits with component spins aligned with the
total orbital angular momentum. Peaks in the result-
ing SNR time series are stored as triggers. GW candi-
dates are formed by imposing consistency in time and in
template intrinsic parameters between triggers in di↵er-
ent detectors; in addition, GstLAL also considers non-
coincident triggers as candidates [42].

When considering a single template in a single detec-
tor with stationary, Gaussian noise, the matched filter
SNR is an optimal statistic for ranking candidates. How-
ever, additional terms are needed to optimize sensitivity
in searches of real data covering a wide signal param-
eter space. To account for the multi-detector network,
the distribution of signals over relative times, phases
and amplitudes between detectors is considered [43, 49].
Since detector noise is not stationary or Gaussian, signal-
consistency tests such as chi-squared [46] are calculated
and used to rank candidates.

The distribution of noise triggers may vary strongly
over the template masses and spins; we then model its
variation empirically, as a function of combinations of
parameters that are typically well-constrained by GW
measurements. The binary’s chirp mass [102],

M =
(m1m2)3/5

(m1 + m2)1/5
, (1)

determines to lowest order the phase evolution during
the inspiral, and is typically better constrained than the
component masses. At higher orders, the binary phase
evolution is a↵ected by the mass ratio q = m2/m1 (where
m2  m1) and by the e↵ective inspiral spin �e↵ , defined
as [103]

�e↵ =
(m1~�1 + m2~�2) · L̂N

M
, (2)

where M = m1 +m2 is the total mass and L̂N is the unit
vector along the Newtonian orbital angular momentum.

2 The component masses describing template waveforms are af-
fected by source redshift z as mdet

i = (1 + z)mi.

Finally, the ranking of events by the search pipelines may
account for an assumed prior distribution of signals over
masses and spins [104, 105].

The significance of each candidate event is quantified
by its FAR, the estimated rate of events due to noise
with equal or higher ranking statistic value. The FAR
is calculated by each search pipeline by constructing a
set of background samples designed to have the same
distribution over ranking statistic as search events in the
absence of binary merger GW signals.

By considering also the expected distribution of GW
signal events recovered by a given search, we may de-
rive an estimate of the relative probabilities of noise
(terrestrial) origin pterr, and signal (astrophysical) ori-
gin pastro [23–25]. For the bulk of released events, de-
tailed estimates of source parameters are not calculated.
Therefore, based only on the matched-filter search re-
sults we also estimate the probability for each event
to belong to three possible astrophysical binary source
classes, labeled BNS, NSBH and BBH. The classes are
defined by binary component masses: BNS corresponds
to {m1, m2} < 3 M�, NSBH to m1 > 3 M�, m2 < 3 M�,
and BBH to {m1, m2} > 3 M�. For MBTA, a 2.5 M�
cut is used instead of 3M�, with a gap to 5M� for
BBH. These definitions are chosen for simplicity: they
do not imply that every binary component within a given
mass range is necessarily a neutron star (NS) or a black
hole (BH). Such inference would ultimately require mea-
surement of the e↵ects of NS matter on observed signals,
which is beyond the capabilities of the search pipelines.
The probabilities for an event to belong to each class
(pBNS, pNSBH, pBBH, and pterr) are calculated from the
template masses and spins recovered by the searches, un-
der the assumption that events from each class occur as
independent Poisson processes. Implementation details
di↵er between pipelines, as summarized below; the re-
sulting probability estimates are listed in Tables I and II.

While the pastro values given here represent our best es-
timates of the origin of candidates using the information
available from search pipelines, they are subject to statis-
tical (random) and systematic errors, as well as in some
cases clearly di↵ering for a given candidate between dif-
ferent pipelines. One such uncertainty arises from meth-
ods used to rank events between pipelines, including tests
for noise artifacts: such tests, such as chi-squared statis-
tics, will in general add (di↵erent) random variations to
the ranking of a given event, in addition to their dif-
fering power in distinguishing signals from artifacts. For
single-detector candidates, there is an additional inherent
uncertainty in estimating the rate of comparable noise
events, which may only be bounded to (less than) 1 per
observing time. An inherent source of potential system-
atic error also lies in the search ranking statistic used in
the calculation of pastro: such statistics are optimized to
detect a specific (usually broad) distribution of signals
over binary intrinsic parameters. The resulting pastro es-
timates may be biased if this distribution deviates sig-
nificantly from the (unknown) true signal distribution.
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template intrinsic parameters between triggers in di↵er-
ent detectors; in addition, GstLAL also considers non-
coincident triggers as candidates [42].

When considering a single template in a single detec-
tor with stationary, Gaussian noise, the matched filter
SNR is an optimal statistic for ranking candidates. How-
ever, additional terms are needed to optimize sensitivity
in searches of real data covering a wide signal param-
eter space. To account for the multi-detector network,
the distribution of signals over relative times, phases
and amplitudes between detectors is considered [43, 49].
Since detector noise is not stationary or Gaussian, signal-
consistency tests such as chi-squared [46] are calculated
and used to rank candidates.

The distribution of noise triggers may vary strongly
over the template masses and spins; we then model its
variation empirically, as a function of combinations of
parameters that are typically well-constrained by GW
measurements. The binary’s chirp mass [102],

M =
(m1m2)3/5

(m1 + m2)1/5
, (1)

determines to lowest order the phase evolution during
the inspiral, and is typically better constrained than the
component masses. At higher orders, the binary phase
evolution is a↵ected by the mass ratio q = m2/m1 (where
m2  m1) and by the e↵ective inspiral spin �e↵ , defined
as [103]

�e↵ =
(m1~�1 + m2~�2) · L̂N

M
, (2)

where M = m1 +m2 is the total mass and L̂N is the unit
vector along the Newtonian orbital angular momentum.

2 The component masses describing template waveforms are af-
fected by source redshift z as mdet

i = (1 + z)mi.

Finally, the ranking of events by the search pipelines may
account for an assumed prior distribution of signals over
masses and spins [104, 105].

The significance of each candidate event is quantified
by its FAR, the estimated rate of events due to noise
with equal or higher ranking statistic value. The FAR
is calculated by each search pipeline by constructing a
set of background samples designed to have the same
distribution over ranking statistic as search events in the
absence of binary merger GW signals.

By considering also the expected distribution of GW
signal events recovered by a given search, we may de-
rive an estimate of the relative probabilities of noise
(terrestrial) origin pterr, and signal (astrophysical) ori-
gin pastro [23–25]. For the bulk of released events, de-
tailed estimates of source parameters are not calculated.
Therefore, based only on the matched-filter search re-
sults we also estimate the probability for each event
to belong to three possible astrophysical binary source
classes, labeled BNS, NSBH and BBH. The classes are
defined by binary component masses: BNS corresponds
to {m1, m2} < 3 M�, NSBH to m1 > 3 M�, m2 < 3 M�,
and BBH to {m1, m2} > 3 M�. For MBTA, a 2.5 M�
cut is used instead of 3M�, with a gap to 5M� for
BBH. These definitions are chosen for simplicity: they
do not imply that every binary component within a given
mass range is necessarily a neutron star (NS) or a black
hole (BH). Such inference would ultimately require mea-
surement of the e↵ects of NS matter on observed signals,
which is beyond the capabilities of the search pipelines.
The probabilities for an event to belong to each class
(pBNS, pNSBH, pBBH, and pterr) are calculated from the
template masses and spins recovered by the searches, un-
der the assumption that events from each class occur as
independent Poisson processes. Implementation details
di↵er between pipelines, as summarized below; the re-
sulting probability estimates are listed in Tables I and II.

While the pastro values given here represent our best es-
timates of the origin of candidates using the information
available from search pipelines, they are subject to statis-
tical (random) and systematic errors, as well as in some
cases clearly di↵ering for a given candidate between dif-
ferent pipelines. One such uncertainty arises from meth-
ods used to rank events between pipelines, including tests
for noise artifacts: such tests, such as chi-squared statis-
tics, will in general add (di↵erent) random variations to
the ranking of a given event, in addition to their dif-
fering power in distinguishing signals from artifacts. For
single-detector candidates, there is an additional inherent
uncertainty in estimating the rate of comparable noise
events, which may only be bounded to (less than) 1 per
observing time. An inherent source of potential system-
atic error also lies in the search ranking statistic used in
the calculation of pastro: such statistics are optimized to
detect a specific (usually broad) distribution of signals
over binary intrinsic parameters. The resulting pastro es-
timates may be biased if this distribution deviates sig-
nificantly from the (unknown) true signal distribution.
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Extream mass ratio
GW190814 
極端な質量比 

2.6太陽質量...何だ？！？ 
観測上、最軽量のブラック
ホールなのか、最重量の中
性子星なのか？ 
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Event M
(M�)

M
(M�)

m1

(M�)
m2

(M�)
�e↵ DL

(Gpc)
z Mf

(M�)
�f �⌦

(deg2)
SNR

GW190408 181802 43.0+4.2
�3.0 18.3+1.9

�1.2 24.6+5.1
�3.4 18.4+3.3

�3.6 �0.03+0.14
�0.19 1.55+0.40

�0.60 0.29+0.06
�0.10 41.1+3.9

�2.8 0.67+0.06
�0.07 150 15.3+0.2

�0.3

GW190412 38.4+3.8
�3.7 13.3+0.4

�0.3 30.1+4.7
�5.1 8.3+1.6

�0.9 0.25+0.08
�0.11 0.74+0.14

�0.17 0.15+0.03
�0.03 37.3+3.9

�3.8 0.67+0.05
�0.06 21 18.9+0.2

�0.3

GW190413 052954 58.6+13.3
�9.7 24.6+5.5

�4.1 34.7+12.6
�8.1 23.7+7.3

�6.7 �0.01+0.29
�0.34 3.55+2.27

�1.66 0.59+0.29
�0.24 56.0+12.5

�9.2 0.68+0.12
�0.13 1500 8.9+0.4

�0.7

GW190413 134308 78.8+17.4
�11.9 33.0+8.2

�5.4 47.5+13.5
�10.7 31.8+11.7

�10.8 �0.03+0.25
�0.29 4.45+2.48

�2.12 0.71+0.31
�0.30 75.5+16.4

�11.4 0.68+0.10
�0.12 730 10.0+0.4

�0.5

GW190421 213856 72.9+13.4
�9.2 31.2+5.9

�4.2 41.3+10.4
�6.9 31.9+8.0

�8.8 �0.06+0.22
�0.27 2.88+1.37

�1.38 0.49+0.19
�0.21 69.7+12.5

�8.7 0.67+0.10
�0.11 1200 10.7+0.2

�0.4

GW190424 180648 72.6+13.3
�10.7 31.0+5.8

�4.6 40.5+11.1
�7.3 31.8+7.6

�7.7 0.13+0.22
�0.22 2.20+1.58

�1.16 0.39+0.23
�0.19 68.9+12.4

�10.1 0.74+0.09
�0.09 28000 10.4+0.2

�0.4

GW190425 3.4+0.3
�0.1 1.44+0.02

�0.02 2.0+0.6
�0.3 1.4+0.3

�0.3 0.06+0.11
�0.05 0.16+0.07

�0.07 0.03+0.01
�0.02 – – 10000 12.4+0.3

�0.4

GW190426 152155 7.2+3.5
�1.5 2.41+0.08

�0.08 5.7+3.9
�2.3 1.5+0.8

�0.5 �0.03+0.32
�0.30 0.37+0.18

�0.16 0.08+0.04
�0.03 – – 1300 8.7+0.5

�0.6

GW190503 185404 71.7+9.4
�8.3 30.2+4.2

�4.2 43.3+9.2
�8.1 28.4+7.7

�8.0 �0.03+0.20
�0.26 1.45+0.69

�0.63 0.27+0.11
�0.11 68.6+8.8

�7.7 0.66+0.09
�0.12 94 12.4+0.2

�0.3

GW190512 180714 35.9+3.8
�3.5 14.6+1.3

�1.0 23.3+5.3
�5.8 12.6+3.6

�2.5 0.03+0.12
�0.13 1.43+0.55

�0.55 0.27+0.09
�0.10 34.5+3.8

�3.5 0.65+0.07
�0.07 220 12.2+0.2

�0.4

GW190513 205428 53.9+8.6
�5.9 21.6+3.8

�1.9 35.7+9.5
�9.2 18.0+7.7

�4.1 0.11+0.28
�0.17 2.06+0.88

�0.80 0.37+0.13
�0.13 51.6+8.2

�5.8 0.68+0.14
�0.12 520 12.9+0.3

�0.4

GW190514 065416 67.2+18.7
�10.8 28.5+7.9

�4.8 39.0+14.7
�8.2 28.4+9.3

�8.8 �0.19+0.29
�0.32 4.13+2.65

�2.17 0.67+0.33
�0.31 64.5+17.9

�10.4 0.63+0.11
�0.15 3000 8.2+0.3

�0.6

GW190517 055101 63.5+9.6
�9.6 26.6+4.0

�4.0 37.4+11.7
�7.6 25.3+7.0

�7.3 0.52+0.19
�0.19 1.86+1.62

�0.84 0.34+0.24
�0.14 59.3+9.1

�8.9 0.87+0.05
�0.07 470 10.7+0.4

�0.6

GW190519 153544 106.6+13.5
�14.8 44.5+6.4

�7.1 66.0+10.7
�12.0 40.5+11.0

�11.1 0.31+0.20
�0.22 2.53+1.83

�0.92 0.44+0.25
�0.14 101.0+12.4

�13.80.79+0.07
�0.13 860 15.6+0.2

�0.3

GW190521 163.9+39.2
�23.569.2+17.0

�10.6 95.3+28.7
�18.9 69.0+22.7

�23.1 0.03+0.32
�0.39 3.92+2.19

�1.95 0.64+0.28
�0.28 156.3+36.8

�22.40.71+0.12
�0.16 1000 14.2+0.3

�0.3

GW190521 074359 74.7+7.0
�4.8 32.1+3.2

�2.5 42.2+5.9
�4.8 32.8+5.4

�6.4 0.09+0.10
�0.13 1.24+0.40

�0.57 0.24+0.07
�0.10 71.0+6.5

�4.4 0.72+0.05
�0.07 550 25.8+0.1

�0.2

GW190527 092055 59.1+21.3
�9.8 24.3+9.1

�4.2 36.5+16.4
�9.0 22.6+10.5

�8.1 0.11+0.28
�0.28 2.49+2.48

�1.24 0.44+0.34
�0.20 56.4+20.2

�9.3 0.71+0.12
�0.16 3700 8.1+0.3

�0.9

GW190602 175927 116.3+19.0
�15.6 49.1+9.1

�8.5 69.1+15.7
�13.0 47.8+14.3

�17.4 0.07+0.25
�0.24 2.69+1.79

�1.12 0.47+0.25
�0.17 110.9+17.7

�14.90.70+0.10
�0.14 690 12.8+0.2

�0.3

GW190620 030421 92.1+18.5
�13.1 38.3+8.3

�6.5 57.1+16.0
�12.7 35.5+12.2

�12.3 0.33+0.22
�0.25 2.81+1.68

�1.31 0.49+0.23
�0.20 87.2+16.8

�12.1 0.79+0.08
�0.15 7200 12.1+0.3

�0.4

GW190630 185205 59.1+4.6
�4.8 24.9+2.1

�2.1 35.1+6.9
�5.6 23.7+5.2

�5.1 0.10+0.12
�0.13 0.89+0.56

�0.37 0.18+0.10
�0.07 56.4+4.4

�4.6 0.70+0.05
�0.07 1200 15.6+0.2

�0.3

GW190701 203306 94.3+12.1
�9.5 40.3+5.4

�4.9 53.9+11.8
�8.0 40.8+8.7

�12.0 �0.07+0.23
�0.29 2.06+0.76

�0.73 0.37+0.11
�0.12 90.2+11.3

�8.9 0.66+0.09
�0.13 46 11.3+0.2

�0.3

GW190706 222641 104.1+20.2
�13.942.7+10.0

�7.0 67.0+14.6
�16.2 38.2+14.6

�13.3 0.28+0.26
�0.29 4.42+2.59

�1.93 0.71+0.32
�0.27 99.0+18.3

�13.5 0.78+0.09
�0.18 650 12.6+0.2

�0.4

GW190707 093326 20.1+1.9
�1.3 8.5+0.6

�0.5 11.6+3.3
�1.7 8.4+1.4

�1.7 �0.05+0.10
�0.08 0.77+0.38

�0.37 0.16+0.07
�0.07 19.2+1.9

�1.3 0.66+0.03
�0.04 1300 13.3+0.2

�0.4

GW190708 232457 30.9+2.5
�1.8 13.2+0.9

�0.6 17.6+4.7
�2.3 13.2+2.0

�2.7 0.02+0.10
�0.08 0.88+0.33

�0.39 0.18+0.06
�0.07 29.5+2.5

�1.8 0.69+0.04
�0.04 14000 13.1+0.2

�0.3

GW190719 215514 57.8+18.3
�10.7 23.5+6.5

�4.0 36.5+18.0
�10.3 20.8+9.0

�7.2 0.32+0.29
�0.31 3.94+2.59

�2.00 0.64+0.33
�0.29 54.9+17.3

�10.2 0.78+0.11
�0.17 2900 8.3+0.3

�0.8

GW190720 000836 21.5+4.3
�2.3 8.9+0.5

�0.8 13.4+6.7
�3.0 7.8+2.3

�2.2 0.18+0.14
�0.12 0.79+0.69

�0.32 0.16+0.12
�0.06 20.4+4.5

�2.2 0.72+0.06
�0.05 460 11.0+0.3

�0.7

GW190727 060333 67.1+11.7
�8.0 28.6+5.3

�3.7 38.0+9.5
�6.2 29.4+7.1

�8.4 0.11+0.26
�0.25 3.30+1.54

�1.50 0.55+0.21
�0.22 63.8+10.9

�7.5 0.73+0.10
�0.10 830 11.9+0.3

�0.5

GW190728 064510 20.6+4.5
�1.3 8.6+0.5

�0.3 12.3+7.2
�2.2 8.1+1.7

�2.6 0.12+0.20
�0.07 0.87+0.26

�0.37 0.18+0.05
�0.07 19.6+4.7

�1.3 0.71+0.04
�0.04 400 13.0+0.2

�0.4

GW190731 140936 70.1+15.8
�11.3 29.5+7.1

�5.2 41.5+12.2
�9.0 28.8+9.7

�9.5 0.06+0.24
�0.24 3.30+2.39

�1.72 0.55+0.31
�0.26 67.0+14.6

�10.8 0.70+0.10
�0.13 3400 8.7+0.2

�0.5

GW190803 022701 64.5+12.6
�9.0 27.3+5.7

�4.1 37.3+10.6
�7.0 27.3+7.8

�8.2 �0.03+0.24
�0.27 3.27+1.95

�1.58 0.55+0.26
�0.24 61.7+11.8

�8.5 0.68+0.10
�0.11 1500 8.6+0.3

�0.5

GW190814 25.8+1.0
�0.9 6.09+0.06

�0.06 23.2+1.1
�1.0 2.59+0.08

�0.09 0.00+0.06
�0.06 0.24+0.04

�0.05 0.05+0.009
�0.010 25.6+1.1

�0.9 0.28+0.02
�0.02 19 24.9+0.1

�0.2

GW190828 063405 58.0+7.7
�4.8 25.0+3.4

�2.1 32.1+5.8
�4.0 26.2+4.6

�4.8 0.19+0.15
�0.16 2.13+0.66

�0.93 0.38+0.10
�0.15 54.9+7.2

�4.3 0.75+0.06
�0.07 520 16.2+0.2

�0.3

GW190828 065509 34.4+5.4
�4.4 13.3+1.2

�1.0 24.1+7.0
�7.2 10.2+3.6

�2.1 0.08+0.16
�0.16 1.60+0.62

�0.60 0.30+0.10
�0.10 33.1+5.5

�4.5 0.65+0.08
�0.08 660 10.0+0.3

�0.5

GW190909 114149 75.0+55.9
�17.6 30.9+17.2

�7.5 45.8+52.7
�13.3 28.3+13.4

�12.7 �0.06+0.37
�0.36 3.77+3.27

�2.22 0.62+0.41
�0.33 72.0+54.9

�16.8 0.66+0.15
�0.20 4700 8.1+0.4

�0.6

GW190910 112807 79.6+9.3
�9.1 34.3+4.1

�4.1 43.9+7.6
�6.1 35.6+6.3

�7.2 0.02+0.18
�0.18 1.46+1.03

�0.58 0.28+0.16
�0.10 75.8+8.5

�8.6 0.70+0.08
�0.07 11000 14.1+0.2

�0.3

GW190915 235702 59.9+7.5
�6.4 25.3+3.2

�2.7 35.3+9.5
�6.4 24.4+5.6

�6.1 0.02+0.20
�0.25 1.62+0.71

�0.61 0.30+0.11
�0.10 57.2+7.1

�6.0 0.70+0.09
�0.11 400 13.6+0.2

�0.3

GW190924 021846 13.9+5.1
�1.0 5.8+0.2

�0.2 8.9+7.0
�2.0 5.0+1.4

�1.9 0.03+0.30
�0.09 0.57+0.22

�0.22 0.12+0.04
�0.04 13.3+5.2

�1.0 0.67+0.05
�0.05 360 11.5+0.3

�0.4

GW190929 012149 104.3+34.9
�25.235.8+14.9

�8.2 80.8+33.0
�33.2 24.1+19.3

�10.6 0.01+0.34
�0.33 2.13+3.65

�1.05 0.38+0.49
�0.17 101.5+33.6

�25.30.66+0.20
�0.31 2200 10.1+0.6

�0.8

GW190930 133541 20.3+8.9
�1.5 8.5+0.5

�0.5 12.3+12.4
�2.3 7.8+1.7

�3.3 0.14+0.31
�0.15 0.76+0.36

�0.32 0.15+0.06
�0.06 19.4+9.2

�1.5 0.72+0.07
�0.06 1700 9.5+0.3

�0.5

TABLE VI. Median and 90% symmetric credible intervals on selected source parameters. The columns show source total mass
M , chirp mass M and component masses mi, dimensionless e↵ective inspiral spin �e↵ , luminosity distance DL, redshift z, final
mass Mf , final spin �f , and sky localization �⌦. The sky localization is the area of the 90% credible region. For GW190425
we show the results using the high-spin prior (|~�i|  0.89). We also report the network matched filter SNR for all events.
These SNRs are from LALInference IMRPhenomPv2 runs since RIFT does not produce the SNRs automatically, except for
GW190425 and GW190426 152155 which use the SNRs from fiducial runs, and GW190412, GW190521, and GW190814, which
use IMRPhenomPv3HM SNRs. For GW190521 we report results averaged over three waveform families, in contrast to the
results highlighting one waveform family in [34].
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Event M
(M�)

M
(M�)

m1

(M�)
m2

(M�)
�e↵ DL

(Gpc)
z Mf

(M�)
�f �⌦

(deg2)
SNR

GW190408 181802 43.0+4.2
�3.0 18.3+1.9

�1.2 24.6+5.1
�3.4 18.4+3.3

�3.6 �0.03+0.14
�0.19 1.55+0.40

�0.60 0.29+0.06
�0.10 41.1+3.9

�2.8 0.67+0.06
�0.07 150 15.3+0.2

�0.3

GW190412 38.4+3.8
�3.7 13.3+0.4

�0.3 30.1+4.7
�5.1 8.3+1.6

�0.9 0.25+0.08
�0.11 0.74+0.14

�0.17 0.15+0.03
�0.03 37.3+3.9

�3.8 0.67+0.05
�0.06 21 18.9+0.2

�0.3

GW190413 052954 58.6+13.3
�9.7 24.6+5.5

�4.1 34.7+12.6
�8.1 23.7+7.3

�6.7 �0.01+0.29
�0.34 3.55+2.27

�1.66 0.59+0.29
�0.24 56.0+12.5

�9.2 0.68+0.12
�0.13 1500 8.9+0.4

�0.7

GW190413 134308 78.8+17.4
�11.9 33.0+8.2

�5.4 47.5+13.5
�10.7 31.8+11.7

�10.8 �0.03+0.25
�0.29 4.45+2.48

�2.12 0.71+0.31
�0.30 75.5+16.4

�11.4 0.68+0.10
�0.12 730 10.0+0.4

�0.5

GW190421 213856 72.9+13.4
�9.2 31.2+5.9

�4.2 41.3+10.4
�6.9 31.9+8.0

�8.8 �0.06+0.22
�0.27 2.88+1.37

�1.38 0.49+0.19
�0.21 69.7+12.5

�8.7 0.67+0.10
�0.11 1200 10.7+0.2

�0.4

GW190424 180648 72.6+13.3
�10.7 31.0+5.8

�4.6 40.5+11.1
�7.3 31.8+7.6

�7.7 0.13+0.22
�0.22 2.20+1.58

�1.16 0.39+0.23
�0.19 68.9+12.4

�10.1 0.74+0.09
�0.09 28000 10.4+0.2

�0.4

GW190425 3.4+0.3
�0.1 1.44+0.02

�0.02 2.0+0.6
�0.3 1.4+0.3

�0.3 0.06+0.11
�0.05 0.16+0.07

�0.07 0.03+0.01
�0.02 – – 10000 12.4+0.3

�0.4

GW190426 152155 7.2+3.5
�1.5 2.41+0.08

�0.08 5.7+3.9
�2.3 1.5+0.8

�0.5 �0.03+0.32
�0.30 0.37+0.18

�0.16 0.08+0.04
�0.03 – – 1300 8.7+0.5

�0.6

GW190503 185404 71.7+9.4
�8.3 30.2+4.2

�4.2 43.3+9.2
�8.1 28.4+7.7

�8.0 �0.03+0.20
�0.26 1.45+0.69

�0.63 0.27+0.11
�0.11 68.6+8.8

�7.7 0.66+0.09
�0.12 94 12.4+0.2

�0.3

GW190512 180714 35.9+3.8
�3.5 14.6+1.3

�1.0 23.3+5.3
�5.8 12.6+3.6

�2.5 0.03+0.12
�0.13 1.43+0.55

�0.55 0.27+0.09
�0.10 34.5+3.8

�3.5 0.65+0.07
�0.07 220 12.2+0.2

�0.4

GW190513 205428 53.9+8.6
�5.9 21.6+3.8

�1.9 35.7+9.5
�9.2 18.0+7.7

�4.1 0.11+0.28
�0.17 2.06+0.88

�0.80 0.37+0.13
�0.13 51.6+8.2

�5.8 0.68+0.14
�0.12 520 12.9+0.3

�0.4

GW190514 065416 67.2+18.7
�10.8 28.5+7.9

�4.8 39.0+14.7
�8.2 28.4+9.3

�8.8 �0.19+0.29
�0.32 4.13+2.65

�2.17 0.67+0.33
�0.31 64.5+17.9

�10.4 0.63+0.11
�0.15 3000 8.2+0.3

�0.6

GW190517 055101 63.5+9.6
�9.6 26.6+4.0

�4.0 37.4+11.7
�7.6 25.3+7.0

�7.3 0.52+0.19
�0.19 1.86+1.62

�0.84 0.34+0.24
�0.14 59.3+9.1

�8.9 0.87+0.05
�0.07 470 10.7+0.4

�0.6

GW190519 153544 106.6+13.5
�14.8 44.5+6.4

�7.1 66.0+10.7
�12.0 40.5+11.0

�11.1 0.31+0.20
�0.22 2.53+1.83

�0.92 0.44+0.25
�0.14 101.0+12.4

�13.80.79+0.07
�0.13 860 15.6+0.2

�0.3

GW190521 163.9+39.2
�23.569.2+17.0

�10.6 95.3+28.7
�18.9 69.0+22.7

�23.1 0.03+0.32
�0.39 3.92+2.19

�1.95 0.64+0.28
�0.28 156.3+36.8

�22.40.71+0.12
�0.16 1000 14.2+0.3

�0.3

GW190521 074359 74.7+7.0
�4.8 32.1+3.2

�2.5 42.2+5.9
�4.8 32.8+5.4

�6.4 0.09+0.10
�0.13 1.24+0.40

�0.57 0.24+0.07
�0.10 71.0+6.5

�4.4 0.72+0.05
�0.07 550 25.8+0.1

�0.2

GW190527 092055 59.1+21.3
�9.8 24.3+9.1

�4.2 36.5+16.4
�9.0 22.6+10.5

�8.1 0.11+0.28
�0.28 2.49+2.48

�1.24 0.44+0.34
�0.20 56.4+20.2

�9.3 0.71+0.12
�0.16 3700 8.1+0.3

�0.9

GW190602 175927 116.3+19.0
�15.6 49.1+9.1

�8.5 69.1+15.7
�13.0 47.8+14.3

�17.4 0.07+0.25
�0.24 2.69+1.79

�1.12 0.47+0.25
�0.17 110.9+17.7

�14.90.70+0.10
�0.14 690 12.8+0.2

�0.3

GW190620 030421 92.1+18.5
�13.1 38.3+8.3

�6.5 57.1+16.0
�12.7 35.5+12.2

�12.3 0.33+0.22
�0.25 2.81+1.68

�1.31 0.49+0.23
�0.20 87.2+16.8

�12.1 0.79+0.08
�0.15 7200 12.1+0.3

�0.4

GW190630 185205 59.1+4.6
�4.8 24.9+2.1

�2.1 35.1+6.9
�5.6 23.7+5.2

�5.1 0.10+0.12
�0.13 0.89+0.56

�0.37 0.18+0.10
�0.07 56.4+4.4

�4.6 0.70+0.05
�0.07 1200 15.6+0.2

�0.3

GW190701 203306 94.3+12.1
�9.5 40.3+5.4

�4.9 53.9+11.8
�8.0 40.8+8.7

�12.0 �0.07+0.23
�0.29 2.06+0.76

�0.73 0.37+0.11
�0.12 90.2+11.3

�8.9 0.66+0.09
�0.13 46 11.3+0.2

�0.3

GW190706 222641 104.1+20.2
�13.942.7+10.0

�7.0 67.0+14.6
�16.2 38.2+14.6

�13.3 0.28+0.26
�0.29 4.42+2.59

�1.93 0.71+0.32
�0.27 99.0+18.3

�13.5 0.78+0.09
�0.18 650 12.6+0.2

�0.4

GW190707 093326 20.1+1.9
�1.3 8.5+0.6

�0.5 11.6+3.3
�1.7 8.4+1.4

�1.7 �0.05+0.10
�0.08 0.77+0.38

�0.37 0.16+0.07
�0.07 19.2+1.9

�1.3 0.66+0.03
�0.04 1300 13.3+0.2

�0.4

GW190708 232457 30.9+2.5
�1.8 13.2+0.9

�0.6 17.6+4.7
�2.3 13.2+2.0

�2.7 0.02+0.10
�0.08 0.88+0.33

�0.39 0.18+0.06
�0.07 29.5+2.5

�1.8 0.69+0.04
�0.04 14000 13.1+0.2

�0.3

GW190719 215514 57.8+18.3
�10.7 23.5+6.5

�4.0 36.5+18.0
�10.3 20.8+9.0

�7.2 0.32+0.29
�0.31 3.94+2.59

�2.00 0.64+0.33
�0.29 54.9+17.3

�10.2 0.78+0.11
�0.17 2900 8.3+0.3

�0.8

GW190720 000836 21.5+4.3
�2.3 8.9+0.5

�0.8 13.4+6.7
�3.0 7.8+2.3

�2.2 0.18+0.14
�0.12 0.79+0.69

�0.32 0.16+0.12
�0.06 20.4+4.5

�2.2 0.72+0.06
�0.05 460 11.0+0.3

�0.7

GW190727 060333 67.1+11.7
�8.0 28.6+5.3

�3.7 38.0+9.5
�6.2 29.4+7.1

�8.4 0.11+0.26
�0.25 3.30+1.54

�1.50 0.55+0.21
�0.22 63.8+10.9

�7.5 0.73+0.10
�0.10 830 11.9+0.3

�0.5

GW190728 064510 20.6+4.5
�1.3 8.6+0.5

�0.3 12.3+7.2
�2.2 8.1+1.7

�2.6 0.12+0.20
�0.07 0.87+0.26

�0.37 0.18+0.05
�0.07 19.6+4.7

�1.3 0.71+0.04
�0.04 400 13.0+0.2

�0.4

GW190731 140936 70.1+15.8
�11.3 29.5+7.1

�5.2 41.5+12.2
�9.0 28.8+9.7

�9.5 0.06+0.24
�0.24 3.30+2.39

�1.72 0.55+0.31
�0.26 67.0+14.6

�10.8 0.70+0.10
�0.13 3400 8.7+0.2

�0.5

GW190803 022701 64.5+12.6
�9.0 27.3+5.7

�4.1 37.3+10.6
�7.0 27.3+7.8

�8.2 �0.03+0.24
�0.27 3.27+1.95

�1.58 0.55+0.26
�0.24 61.7+11.8

�8.5 0.68+0.10
�0.11 1500 8.6+0.3

�0.5

GW190814 25.8+1.0
�0.9 6.09+0.06

�0.06 23.2+1.1
�1.0 2.59+0.08

�0.09 0.00+0.06
�0.06 0.24+0.04

�0.05 0.05+0.009
�0.010 25.6+1.1

�0.9 0.28+0.02
�0.02 19 24.9+0.1

�0.2

GW190828 063405 58.0+7.7
�4.8 25.0+3.4

�2.1 32.1+5.8
�4.0 26.2+4.6

�4.8 0.19+0.15
�0.16 2.13+0.66

�0.93 0.38+0.10
�0.15 54.9+7.2

�4.3 0.75+0.06
�0.07 520 16.2+0.2

�0.3

GW190828 065509 34.4+5.4
�4.4 13.3+1.2

�1.0 24.1+7.0
�7.2 10.2+3.6

�2.1 0.08+0.16
�0.16 1.60+0.62

�0.60 0.30+0.10
�0.10 33.1+5.5

�4.5 0.65+0.08
�0.08 660 10.0+0.3

�0.5

GW190909 114149 75.0+55.9
�17.6 30.9+17.2

�7.5 45.8+52.7
�13.3 28.3+13.4

�12.7 �0.06+0.37
�0.36 3.77+3.27

�2.22 0.62+0.41
�0.33 72.0+54.9

�16.8 0.66+0.15
�0.20 4700 8.1+0.4

�0.6

GW190910 112807 79.6+9.3
�9.1 34.3+4.1

�4.1 43.9+7.6
�6.1 35.6+6.3

�7.2 0.02+0.18
�0.18 1.46+1.03

�0.58 0.28+0.16
�0.10 75.8+8.5

�8.6 0.70+0.08
�0.07 11000 14.1+0.2

�0.3

GW190915 235702 59.9+7.5
�6.4 25.3+3.2

�2.7 35.3+9.5
�6.4 24.4+5.6

�6.1 0.02+0.20
�0.25 1.62+0.71

�0.61 0.30+0.11
�0.10 57.2+7.1

�6.0 0.70+0.09
�0.11 400 13.6+0.2

�0.3

GW190924 021846 13.9+5.1
�1.0 5.8+0.2

�0.2 8.9+7.0
�2.0 5.0+1.4

�1.9 0.03+0.30
�0.09 0.57+0.22

�0.22 0.12+0.04
�0.04 13.3+5.2

�1.0 0.67+0.05
�0.05 360 11.5+0.3

�0.4

GW190929 012149 104.3+34.9
�25.235.8+14.9

�8.2 80.8+33.0
�33.2 24.1+19.3

�10.6 0.01+0.34
�0.33 2.13+3.65

�1.05 0.38+0.49
�0.17 101.5+33.6

�25.30.66+0.20
�0.31 2200 10.1+0.6

�0.8

GW190930 133541 20.3+8.9
�1.5 8.5+0.5

�0.5 12.3+12.4
�2.3 7.8+1.7

�3.3 0.14+0.31
�0.15 0.76+0.36

�0.32 0.15+0.06
�0.06 19.4+9.2

�1.5 0.72+0.07
�0.06 1700 9.5+0.3

�0.5

TABLE VI. Median and 90% symmetric credible intervals on selected source parameters. The columns show source total mass
M , chirp mass M and component masses mi, dimensionless e↵ective inspiral spin �e↵ , luminosity distance DL, redshift z, final
mass Mf , final spin �f , and sky localization �⌦. The sky localization is the area of the 90% credible region. For GW190425
we show the results using the high-spin prior (|~�i|  0.89). We also report the network matched filter SNR for all events.
These SNRs are from LALInference IMRPhenomPv2 runs since RIFT does not produce the SNRs automatically, except for
GW190425 and GW190426 152155 which use the SNRs from fiducial runs, and GW190412, GW190521, and GW190814, which
use IMRPhenomPv3HM SNRs. For GW190521 we report results averaged over three waveform families, in contrast to the
results highlighting one waveform family in [34].
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Event M
(M�)

M
(M�)

m1

(M�)
m2

(M�)
�e↵ DL

(Gpc)
z Mf

(M�)
�f �⌦

(deg2)
SNR

GW190408 181802 43.0+4.2
�3.0 18.3+1.9

�1.2 24.6+5.1
�3.4 18.4+3.3

�3.6 �0.03+0.14
�0.19 1.55+0.40

�0.60 0.29+0.06
�0.10 41.1+3.9

�2.8 0.67+0.06
�0.07 150 15.3+0.2

�0.3

GW190412 38.4+3.8
�3.7 13.3+0.4

�0.3 30.1+4.7
�5.1 8.3+1.6

�0.9 0.25+0.08
�0.11 0.74+0.14

�0.17 0.15+0.03
�0.03 37.3+3.9

�3.8 0.67+0.05
�0.06 21 18.9+0.2

�0.3

GW190413 052954 58.6+13.3
�9.7 24.6+5.5

�4.1 34.7+12.6
�8.1 23.7+7.3

�6.7 �0.01+0.29
�0.34 3.55+2.27

�1.66 0.59+0.29
�0.24 56.0+12.5

�9.2 0.68+0.12
�0.13 1500 8.9+0.4

�0.7

GW190413 134308 78.8+17.4
�11.9 33.0+8.2

�5.4 47.5+13.5
�10.7 31.8+11.7

�10.8 �0.03+0.25
�0.29 4.45+2.48

�2.12 0.71+0.31
�0.30 75.5+16.4

�11.4 0.68+0.10
�0.12 730 10.0+0.4

�0.5

GW190421 213856 72.9+13.4
�9.2 31.2+5.9

�4.2 41.3+10.4
�6.9 31.9+8.0

�8.8 �0.06+0.22
�0.27 2.88+1.37

�1.38 0.49+0.19
�0.21 69.7+12.5

�8.7 0.67+0.10
�0.11 1200 10.7+0.2

�0.4

GW190424 180648 72.6+13.3
�10.7 31.0+5.8

�4.6 40.5+11.1
�7.3 31.8+7.6

�7.7 0.13+0.22
�0.22 2.20+1.58

�1.16 0.39+0.23
�0.19 68.9+12.4

�10.1 0.74+0.09
�0.09 28000 10.4+0.2

�0.4

GW190425 3.4+0.3
�0.1 1.44+0.02

�0.02 2.0+0.6
�0.3 1.4+0.3

�0.3 0.06+0.11
�0.05 0.16+0.07

�0.07 0.03+0.01
�0.02 – – 10000 12.4+0.3

�0.4

GW190426 152155 7.2+3.5
�1.5 2.41+0.08

�0.08 5.7+3.9
�2.3 1.5+0.8

�0.5 �0.03+0.32
�0.30 0.37+0.18

�0.16 0.08+0.04
�0.03 – – 1300 8.7+0.5

�0.6

GW190503 185404 71.7+9.4
�8.3 30.2+4.2

�4.2 43.3+9.2
�8.1 28.4+7.7

�8.0 �0.03+0.20
�0.26 1.45+0.69

�0.63 0.27+0.11
�0.11 68.6+8.8

�7.7 0.66+0.09
�0.12 94 12.4+0.2

�0.3

GW190512 180714 35.9+3.8
�3.5 14.6+1.3

�1.0 23.3+5.3
�5.8 12.6+3.6

�2.5 0.03+0.12
�0.13 1.43+0.55

�0.55 0.27+0.09
�0.10 34.5+3.8

�3.5 0.65+0.07
�0.07 220 12.2+0.2

�0.4

GW190513 205428 53.9+8.6
�5.9 21.6+3.8

�1.9 35.7+9.5
�9.2 18.0+7.7

�4.1 0.11+0.28
�0.17 2.06+0.88

�0.80 0.37+0.13
�0.13 51.6+8.2

�5.8 0.68+0.14
�0.12 520 12.9+0.3

�0.4

GW190514 065416 67.2+18.7
�10.8 28.5+7.9

�4.8 39.0+14.7
�8.2 28.4+9.3

�8.8 �0.19+0.29
�0.32 4.13+2.65

�2.17 0.67+0.33
�0.31 64.5+17.9

�10.4 0.63+0.11
�0.15 3000 8.2+0.3

�0.6

GW190517 055101 63.5+9.6
�9.6 26.6+4.0

�4.0 37.4+11.7
�7.6 25.3+7.0

�7.3 0.52+0.19
�0.19 1.86+1.62

�0.84 0.34+0.24
�0.14 59.3+9.1

�8.9 0.87+0.05
�0.07 470 10.7+0.4

�0.6

GW190519 153544 106.6+13.5
�14.8 44.5+6.4

�7.1 66.0+10.7
�12.0 40.5+11.0

�11.1 0.31+0.20
�0.22 2.53+1.83

�0.92 0.44+0.25
�0.14 101.0+12.4

�13.80.79+0.07
�0.13 860 15.6+0.2

�0.3

GW190521 163.9+39.2
�23.569.2+17.0

�10.6 95.3+28.7
�18.9 69.0+22.7

�23.1 0.03+0.32
�0.39 3.92+2.19

�1.95 0.64+0.28
�0.28 156.3+36.8

�22.40.71+0.12
�0.16 1000 14.2+0.3

�0.3

GW190521 074359 74.7+7.0
�4.8 32.1+3.2

�2.5 42.2+5.9
�4.8 32.8+5.4

�6.4 0.09+0.10
�0.13 1.24+0.40

�0.57 0.24+0.07
�0.10 71.0+6.5

�4.4 0.72+0.05
�0.07 550 25.8+0.1

�0.2

GW190527 092055 59.1+21.3
�9.8 24.3+9.1

�4.2 36.5+16.4
�9.0 22.6+10.5

�8.1 0.11+0.28
�0.28 2.49+2.48

�1.24 0.44+0.34
�0.20 56.4+20.2

�9.3 0.71+0.12
�0.16 3700 8.1+0.3

�0.9

GW190602 175927 116.3+19.0
�15.6 49.1+9.1

�8.5 69.1+15.7
�13.0 47.8+14.3

�17.4 0.07+0.25
�0.24 2.69+1.79

�1.12 0.47+0.25
�0.17 110.9+17.7

�14.90.70+0.10
�0.14 690 12.8+0.2

�0.3

GW190620 030421 92.1+18.5
�13.1 38.3+8.3

�6.5 57.1+16.0
�12.7 35.5+12.2

�12.3 0.33+0.22
�0.25 2.81+1.68

�1.31 0.49+0.23
�0.20 87.2+16.8

�12.1 0.79+0.08
�0.15 7200 12.1+0.3

�0.4

GW190630 185205 59.1+4.6
�4.8 24.9+2.1

�2.1 35.1+6.9
�5.6 23.7+5.2

�5.1 0.10+0.12
�0.13 0.89+0.56

�0.37 0.18+0.10
�0.07 56.4+4.4

�4.6 0.70+0.05
�0.07 1200 15.6+0.2

�0.3

GW190701 203306 94.3+12.1
�9.5 40.3+5.4

�4.9 53.9+11.8
�8.0 40.8+8.7

�12.0 �0.07+0.23
�0.29 2.06+0.76

�0.73 0.37+0.11
�0.12 90.2+11.3

�8.9 0.66+0.09
�0.13 46 11.3+0.2

�0.3

GW190706 222641 104.1+20.2
�13.942.7+10.0

�7.0 67.0+14.6
�16.2 38.2+14.6

�13.3 0.28+0.26
�0.29 4.42+2.59

�1.93 0.71+0.32
�0.27 99.0+18.3

�13.5 0.78+0.09
�0.18 650 12.6+0.2

�0.4

GW190707 093326 20.1+1.9
�1.3 8.5+0.6

�0.5 11.6+3.3
�1.7 8.4+1.4

�1.7 �0.05+0.10
�0.08 0.77+0.38

�0.37 0.16+0.07
�0.07 19.2+1.9

�1.3 0.66+0.03
�0.04 1300 13.3+0.2

�0.4

GW190708 232457 30.9+2.5
�1.8 13.2+0.9

�0.6 17.6+4.7
�2.3 13.2+2.0

�2.7 0.02+0.10
�0.08 0.88+0.33

�0.39 0.18+0.06
�0.07 29.5+2.5

�1.8 0.69+0.04
�0.04 14000 13.1+0.2

�0.3

GW190719 215514 57.8+18.3
�10.7 23.5+6.5

�4.0 36.5+18.0
�10.3 20.8+9.0

�7.2 0.32+0.29
�0.31 3.94+2.59

�2.00 0.64+0.33
�0.29 54.9+17.3

�10.2 0.78+0.11
�0.17 2900 8.3+0.3

�0.8

GW190720 000836 21.5+4.3
�2.3 8.9+0.5

�0.8 13.4+6.7
�3.0 7.8+2.3

�2.2 0.18+0.14
�0.12 0.79+0.69

�0.32 0.16+0.12
�0.06 20.4+4.5

�2.2 0.72+0.06
�0.05 460 11.0+0.3

�0.7

GW190727 060333 67.1+11.7
�8.0 28.6+5.3

�3.7 38.0+9.5
�6.2 29.4+7.1

�8.4 0.11+0.26
�0.25 3.30+1.54

�1.50 0.55+0.21
�0.22 63.8+10.9

�7.5 0.73+0.10
�0.10 830 11.9+0.3

�0.5

GW190728 064510 20.6+4.5
�1.3 8.6+0.5

�0.3 12.3+7.2
�2.2 8.1+1.7

�2.6 0.12+0.20
�0.07 0.87+0.26

�0.37 0.18+0.05
�0.07 19.6+4.7

�1.3 0.71+0.04
�0.04 400 13.0+0.2

�0.4

GW190731 140936 70.1+15.8
�11.3 29.5+7.1

�5.2 41.5+12.2
�9.0 28.8+9.7

�9.5 0.06+0.24
�0.24 3.30+2.39

�1.72 0.55+0.31
�0.26 67.0+14.6

�10.8 0.70+0.10
�0.13 3400 8.7+0.2

�0.5

GW190803 022701 64.5+12.6
�9.0 27.3+5.7

�4.1 37.3+10.6
�7.0 27.3+7.8

�8.2 �0.03+0.24
�0.27 3.27+1.95

�1.58 0.55+0.26
�0.24 61.7+11.8

�8.5 0.68+0.10
�0.11 1500 8.6+0.3

�0.5

GW190814 25.8+1.0
�0.9 6.09+0.06

�0.06 23.2+1.1
�1.0 2.59+0.08

�0.09 0.00+0.06
�0.06 0.24+0.04

�0.05 0.05+0.009
�0.010 25.6+1.1

�0.9 0.28+0.02
�0.02 19 24.9+0.1

�0.2

GW190828 063405 58.0+7.7
�4.8 25.0+3.4

�2.1 32.1+5.8
�4.0 26.2+4.6

�4.8 0.19+0.15
�0.16 2.13+0.66

�0.93 0.38+0.10
�0.15 54.9+7.2

�4.3 0.75+0.06
�0.07 520 16.2+0.2

�0.3

GW190828 065509 34.4+5.4
�4.4 13.3+1.2

�1.0 24.1+7.0
�7.2 10.2+3.6

�2.1 0.08+0.16
�0.16 1.60+0.62

�0.60 0.30+0.10
�0.10 33.1+5.5

�4.5 0.65+0.08
�0.08 660 10.0+0.3

�0.5

GW190909 114149 75.0+55.9
�17.6 30.9+17.2

�7.5 45.8+52.7
�13.3 28.3+13.4

�12.7 �0.06+0.37
�0.36 3.77+3.27

�2.22 0.62+0.41
�0.33 72.0+54.9

�16.8 0.66+0.15
�0.20 4700 8.1+0.4

�0.6

GW190910 112807 79.6+9.3
�9.1 34.3+4.1

�4.1 43.9+7.6
�6.1 35.6+6.3

�7.2 0.02+0.18
�0.18 1.46+1.03

�0.58 0.28+0.16
�0.10 75.8+8.5

�8.6 0.70+0.08
�0.07 11000 14.1+0.2

�0.3

GW190915 235702 59.9+7.5
�6.4 25.3+3.2

�2.7 35.3+9.5
�6.4 24.4+5.6

�6.1 0.02+0.20
�0.25 1.62+0.71

�0.61 0.30+0.11
�0.10 57.2+7.1

�6.0 0.70+0.09
�0.11 400 13.6+0.2

�0.3

GW190924 021846 13.9+5.1
�1.0 5.8+0.2

�0.2 8.9+7.0
�2.0 5.0+1.4

�1.9 0.03+0.30
�0.09 0.57+0.22

�0.22 0.12+0.04
�0.04 13.3+5.2

�1.0 0.67+0.05
�0.05 360 11.5+0.3

�0.4

GW190929 012149 104.3+34.9
�25.235.8+14.9

�8.2 80.8+33.0
�33.2 24.1+19.3

�10.6 0.01+0.34
�0.33 2.13+3.65

�1.05 0.38+0.49
�0.17 101.5+33.6

�25.30.66+0.20
�0.31 2200 10.1+0.6

�0.8

GW190930 133541 20.3+8.9
�1.5 8.5+0.5

�0.5 12.3+12.4
�2.3 7.8+1.7

�3.3 0.14+0.31
�0.15 0.76+0.36

�0.32 0.15+0.06
�0.06 19.4+9.2

�1.5 0.72+0.07
�0.06 1700 9.5+0.3

�0.5

TABLE VI. Median and 90% symmetric credible intervals on selected source parameters. The columns show source total mass
M , chirp mass M and component masses mi, dimensionless e↵ective inspiral spin �e↵ , luminosity distance DL, redshift z, final
mass Mf , final spin �f , and sky localization �⌦. The sky localization is the area of the 90% credible region. For GW190425
we show the results using the high-spin prior (|~�i|  0.89). We also report the network matched filter SNR for all events.
These SNRs are from LALInference IMRPhenomPv2 runs since RIFT does not produce the SNRs automatically, except for
GW190425 and GW190426 152155 which use the SNRs from fiducial runs, and GW190412, GW190521, and GW190814, which
use IMRPhenomPv3HM SNRs. For GW190521 we report results averaged over three waveform families, in contrast to the
results highlighting one waveform family in [34].
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Event M
(M�)

M
(M�)

m1

(M�)
m2

(M�)
�e↵ DL

(Gpc)
z Mf

(M�)
�f �⌦

(deg2)
SNR

GW190408 181802 43.0+4.2
�3.0 18.3+1.9

�1.2 24.6+5.1
�3.4 18.4+3.3

�3.6 �0.03+0.14
�0.19 1.55+0.40

�0.60 0.29+0.06
�0.10 41.1+3.9

�2.8 0.67+0.06
�0.07 150 15.3+0.2

�0.3

GW190412 38.4+3.8
�3.7 13.3+0.4

�0.3 30.1+4.7
�5.1 8.3+1.6

�0.9 0.25+0.08
�0.11 0.74+0.14

�0.17 0.15+0.03
�0.03 37.3+3.9

�3.8 0.67+0.05
�0.06 21 18.9+0.2

�0.3

GW190413 052954 58.6+13.3
�9.7 24.6+5.5

�4.1 34.7+12.6
�8.1 23.7+7.3

�6.7 �0.01+0.29
�0.34 3.55+2.27

�1.66 0.59+0.29
�0.24 56.0+12.5

�9.2 0.68+0.12
�0.13 1500 8.9+0.4

�0.7

GW190413 134308 78.8+17.4
�11.9 33.0+8.2

�5.4 47.5+13.5
�10.7 31.8+11.7

�10.8 �0.03+0.25
�0.29 4.45+2.48

�2.12 0.71+0.31
�0.30 75.5+16.4

�11.4 0.68+0.10
�0.12 730 10.0+0.4

�0.5

GW190421 213856 72.9+13.4
�9.2 31.2+5.9

�4.2 41.3+10.4
�6.9 31.9+8.0

�8.8 �0.06+0.22
�0.27 2.88+1.37

�1.38 0.49+0.19
�0.21 69.7+12.5

�8.7 0.67+0.10
�0.11 1200 10.7+0.2

�0.4

GW190424 180648 72.6+13.3
�10.7 31.0+5.8

�4.6 40.5+11.1
�7.3 31.8+7.6

�7.7 0.13+0.22
�0.22 2.20+1.58

�1.16 0.39+0.23
�0.19 68.9+12.4

�10.1 0.74+0.09
�0.09 28000 10.4+0.2

�0.4

GW190425 3.4+0.3
�0.1 1.44+0.02

�0.02 2.0+0.6
�0.3 1.4+0.3

�0.3 0.06+0.11
�0.05 0.16+0.07

�0.07 0.03+0.01
�0.02 – – 10000 12.4+0.3

�0.4

GW190426 152155 7.2+3.5
�1.5 2.41+0.08

�0.08 5.7+3.9
�2.3 1.5+0.8

�0.5 �0.03+0.32
�0.30 0.37+0.18

�0.16 0.08+0.04
�0.03 – – 1300 8.7+0.5

�0.6

GW190503 185404 71.7+9.4
�8.3 30.2+4.2

�4.2 43.3+9.2
�8.1 28.4+7.7

�8.0 �0.03+0.20
�0.26 1.45+0.69

�0.63 0.27+0.11
�0.11 68.6+8.8

�7.7 0.66+0.09
�0.12 94 12.4+0.2

�0.3

GW190512 180714 35.9+3.8
�3.5 14.6+1.3

�1.0 23.3+5.3
�5.8 12.6+3.6

�2.5 0.03+0.12
�0.13 1.43+0.55

�0.55 0.27+0.09
�0.10 34.5+3.8

�3.5 0.65+0.07
�0.07 220 12.2+0.2

�0.4

GW190513 205428 53.9+8.6
�5.9 21.6+3.8

�1.9 35.7+9.5
�9.2 18.0+7.7

�4.1 0.11+0.28
�0.17 2.06+0.88

�0.80 0.37+0.13
�0.13 51.6+8.2

�5.8 0.68+0.14
�0.12 520 12.9+0.3

�0.4

GW190514 065416 67.2+18.7
�10.8 28.5+7.9

�4.8 39.0+14.7
�8.2 28.4+9.3

�8.8 �0.19+0.29
�0.32 4.13+2.65

�2.17 0.67+0.33
�0.31 64.5+17.9

�10.4 0.63+0.11
�0.15 3000 8.2+0.3

�0.6

GW190517 055101 63.5+9.6
�9.6 26.6+4.0

�4.0 37.4+11.7
�7.6 25.3+7.0

�7.3 0.52+0.19
�0.19 1.86+1.62

�0.84 0.34+0.24
�0.14 59.3+9.1

�8.9 0.87+0.05
�0.07 470 10.7+0.4

�0.6

GW190519 153544 106.6+13.5
�14.8 44.5+6.4

�7.1 66.0+10.7
�12.0 40.5+11.0

�11.1 0.31+0.20
�0.22 2.53+1.83

�0.92 0.44+0.25
�0.14 101.0+12.4

�13.80.79+0.07
�0.13 860 15.6+0.2

�0.3

GW190521 163.9+39.2
�23.569.2+17.0

�10.6 95.3+28.7
�18.9 69.0+22.7

�23.1 0.03+0.32
�0.39 3.92+2.19

�1.95 0.64+0.28
�0.28 156.3+36.8

�22.40.71+0.12
�0.16 1000 14.2+0.3

�0.3

GW190521 074359 74.7+7.0
�4.8 32.1+3.2

�2.5 42.2+5.9
�4.8 32.8+5.4

�6.4 0.09+0.10
�0.13 1.24+0.40

�0.57 0.24+0.07
�0.10 71.0+6.5

�4.4 0.72+0.05
�0.07 550 25.8+0.1

�0.2

GW190527 092055 59.1+21.3
�9.8 24.3+9.1

�4.2 36.5+16.4
�9.0 22.6+10.5

�8.1 0.11+0.28
�0.28 2.49+2.48

�1.24 0.44+0.34
�0.20 56.4+20.2

�9.3 0.71+0.12
�0.16 3700 8.1+0.3

�0.9

GW190602 175927 116.3+19.0
�15.6 49.1+9.1

�8.5 69.1+15.7
�13.0 47.8+14.3

�17.4 0.07+0.25
�0.24 2.69+1.79

�1.12 0.47+0.25
�0.17 110.9+17.7

�14.90.70+0.10
�0.14 690 12.8+0.2

�0.3

GW190620 030421 92.1+18.5
�13.1 38.3+8.3

�6.5 57.1+16.0
�12.7 35.5+12.2

�12.3 0.33+0.22
�0.25 2.81+1.68

�1.31 0.49+0.23
�0.20 87.2+16.8

�12.1 0.79+0.08
�0.15 7200 12.1+0.3

�0.4

GW190630 185205 59.1+4.6
�4.8 24.9+2.1

�2.1 35.1+6.9
�5.6 23.7+5.2

�5.1 0.10+0.12
�0.13 0.89+0.56

�0.37 0.18+0.10
�0.07 56.4+4.4

�4.6 0.70+0.05
�0.07 1200 15.6+0.2

�0.3

GW190701 203306 94.3+12.1
�9.5 40.3+5.4

�4.9 53.9+11.8
�8.0 40.8+8.7

�12.0 �0.07+0.23
�0.29 2.06+0.76

�0.73 0.37+0.11
�0.12 90.2+11.3

�8.9 0.66+0.09
�0.13 46 11.3+0.2

�0.3

GW190706 222641 104.1+20.2
�13.942.7+10.0

�7.0 67.0+14.6
�16.2 38.2+14.6

�13.3 0.28+0.26
�0.29 4.42+2.59

�1.93 0.71+0.32
�0.27 99.0+18.3

�13.5 0.78+0.09
�0.18 650 12.6+0.2

�0.4

GW190707 093326 20.1+1.9
�1.3 8.5+0.6

�0.5 11.6+3.3
�1.7 8.4+1.4

�1.7 �0.05+0.10
�0.08 0.77+0.38

�0.37 0.16+0.07
�0.07 19.2+1.9

�1.3 0.66+0.03
�0.04 1300 13.3+0.2

�0.4

GW190708 232457 30.9+2.5
�1.8 13.2+0.9

�0.6 17.6+4.7
�2.3 13.2+2.0

�2.7 0.02+0.10
�0.08 0.88+0.33

�0.39 0.18+0.06
�0.07 29.5+2.5

�1.8 0.69+0.04
�0.04 14000 13.1+0.2

�0.3

GW190719 215514 57.8+18.3
�10.7 23.5+6.5

�4.0 36.5+18.0
�10.3 20.8+9.0

�7.2 0.32+0.29
�0.31 3.94+2.59

�2.00 0.64+0.33
�0.29 54.9+17.3

�10.2 0.78+0.11
�0.17 2900 8.3+0.3

�0.8

GW190720 000836 21.5+4.3
�2.3 8.9+0.5

�0.8 13.4+6.7
�3.0 7.8+2.3

�2.2 0.18+0.14
�0.12 0.79+0.69

�0.32 0.16+0.12
�0.06 20.4+4.5

�2.2 0.72+0.06
�0.05 460 11.0+0.3

�0.7

GW190727 060333 67.1+11.7
�8.0 28.6+5.3

�3.7 38.0+9.5
�6.2 29.4+7.1

�8.4 0.11+0.26
�0.25 3.30+1.54

�1.50 0.55+0.21
�0.22 63.8+10.9

�7.5 0.73+0.10
�0.10 830 11.9+0.3

�0.5

GW190728 064510 20.6+4.5
�1.3 8.6+0.5

�0.3 12.3+7.2
�2.2 8.1+1.7

�2.6 0.12+0.20
�0.07 0.87+0.26

�0.37 0.18+0.05
�0.07 19.6+4.7

�1.3 0.71+0.04
�0.04 400 13.0+0.2

�0.4

GW190731 140936 70.1+15.8
�11.3 29.5+7.1

�5.2 41.5+12.2
�9.0 28.8+9.7

�9.5 0.06+0.24
�0.24 3.30+2.39

�1.72 0.55+0.31
�0.26 67.0+14.6

�10.8 0.70+0.10
�0.13 3400 8.7+0.2

�0.5

GW190803 022701 64.5+12.6
�9.0 27.3+5.7

�4.1 37.3+10.6
�7.0 27.3+7.8

�8.2 �0.03+0.24
�0.27 3.27+1.95

�1.58 0.55+0.26
�0.24 61.7+11.8

�8.5 0.68+0.10
�0.11 1500 8.6+0.3

�0.5

GW190814 25.8+1.0
�0.9 6.09+0.06

�0.06 23.2+1.1
�1.0 2.59+0.08

�0.09 0.00+0.06
�0.06 0.24+0.04

�0.05 0.05+0.009
�0.010 25.6+1.1

�0.9 0.28+0.02
�0.02 19 24.9+0.1

�0.2

GW190828 063405 58.0+7.7
�4.8 25.0+3.4

�2.1 32.1+5.8
�4.0 26.2+4.6

�4.8 0.19+0.15
�0.16 2.13+0.66

�0.93 0.38+0.10
�0.15 54.9+7.2

�4.3 0.75+0.06
�0.07 520 16.2+0.2

�0.3

GW190828 065509 34.4+5.4
�4.4 13.3+1.2

�1.0 24.1+7.0
�7.2 10.2+3.6

�2.1 0.08+0.16
�0.16 1.60+0.62

�0.60 0.30+0.10
�0.10 33.1+5.5

�4.5 0.65+0.08
�0.08 660 10.0+0.3

�0.5

GW190909 114149 75.0+55.9
�17.6 30.9+17.2

�7.5 45.8+52.7
�13.3 28.3+13.4

�12.7 �0.06+0.37
�0.36 3.77+3.27

�2.22 0.62+0.41
�0.33 72.0+54.9

�16.8 0.66+0.15
�0.20 4700 8.1+0.4

�0.6

GW190910 112807 79.6+9.3
�9.1 34.3+4.1

�4.1 43.9+7.6
�6.1 35.6+6.3

�7.2 0.02+0.18
�0.18 1.46+1.03

�0.58 0.28+0.16
�0.10 75.8+8.5

�8.6 0.70+0.08
�0.07 11000 14.1+0.2

�0.3

GW190915 235702 59.9+7.5
�6.4 25.3+3.2

�2.7 35.3+9.5
�6.4 24.4+5.6

�6.1 0.02+0.20
�0.25 1.62+0.71

�0.61 0.30+0.11
�0.10 57.2+7.1

�6.0 0.70+0.09
�0.11 400 13.6+0.2

�0.3

GW190924 021846 13.9+5.1
�1.0 5.8+0.2

�0.2 8.9+7.0
�2.0 5.0+1.4

�1.9 0.03+0.30
�0.09 0.57+0.22

�0.22 0.12+0.04
�0.04 13.3+5.2

�1.0 0.67+0.05
�0.05 360 11.5+0.3

�0.4

GW190929 012149 104.3+34.9
�25.235.8+14.9

�8.2 80.8+33.0
�33.2 24.1+19.3

�10.6 0.01+0.34
�0.33 2.13+3.65

�1.05 0.38+0.49
�0.17 101.5+33.6

�25.30.66+0.20
�0.31 2200 10.1+0.6

�0.8

GW190930 133541 20.3+8.9
�1.5 8.5+0.5

�0.5 12.3+12.4
�2.3 7.8+1.7

�3.3 0.14+0.31
�0.15 0.76+0.36

�0.32 0.15+0.06
�0.06 19.4+9.2

�1.5 0.72+0.07
�0.06 1700 9.5+0.3

�0.5

TABLE VI. Median and 90% symmetric credible intervals on selected source parameters. The columns show source total mass
M , chirp mass M and component masses mi, dimensionless e↵ective inspiral spin �e↵ , luminosity distance DL, redshift z, final
mass Mf , final spin �f , and sky localization �⌦. The sky localization is the area of the 90% credible region. For GW190425
we show the results using the high-spin prior (|~�i|  0.89). We also report the network matched filter SNR for all events.
These SNRs are from LALInference IMRPhenomPv2 runs since RIFT does not produce the SNRs automatically, except for
GW190425 and GW190426 152155 which use the SNRs from fiducial runs, and GW190412, GW190521, and GW190814, which
use IMRPhenomPv3HM SNRs. For GW190521 we report results averaged over three waveform families, in contrast to the
results highlighting one waveform family in [34].
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Event M
(M�)

M
(M�)

m1

(M�)
m2

(M�)
�e↵ DL

(Gpc)
z Mf

(M�)
�f �⌦

(deg2)
SNR

GW190408 181802 43.0+4.2
�3.0 18.3+1.9

�1.2 24.6+5.1
�3.4 18.4+3.3

�3.6 �0.03+0.14
�0.19 1.55+0.40

�0.60 0.29+0.06
�0.10 41.1+3.9

�2.8 0.67+0.06
�0.07 150 15.3+0.2

�0.3

GW190412 38.4+3.8
�3.7 13.3+0.4

�0.3 30.1+4.7
�5.1 8.3+1.6

�0.9 0.25+0.08
�0.11 0.74+0.14

�0.17 0.15+0.03
�0.03 37.3+3.9

�3.8 0.67+0.05
�0.06 21 18.9+0.2

�0.3

GW190413 052954 58.6+13.3
�9.7 24.6+5.5

�4.1 34.7+12.6
�8.1 23.7+7.3

�6.7 �0.01+0.29
�0.34 3.55+2.27

�1.66 0.59+0.29
�0.24 56.0+12.5

�9.2 0.68+0.12
�0.13 1500 8.9+0.4

�0.7

GW190413 134308 78.8+17.4
�11.9 33.0+8.2

�5.4 47.5+13.5
�10.7 31.8+11.7

�10.8 �0.03+0.25
�0.29 4.45+2.48

�2.12 0.71+0.31
�0.30 75.5+16.4

�11.4 0.68+0.10
�0.12 730 10.0+0.4

�0.5

GW190421 213856 72.9+13.4
�9.2 31.2+5.9

�4.2 41.3+10.4
�6.9 31.9+8.0

�8.8 �0.06+0.22
�0.27 2.88+1.37

�1.38 0.49+0.19
�0.21 69.7+12.5

�8.7 0.67+0.10
�0.11 1200 10.7+0.2

�0.4

GW190424 180648 72.6+13.3
�10.7 31.0+5.8

�4.6 40.5+11.1
�7.3 31.8+7.6

�7.7 0.13+0.22
�0.22 2.20+1.58

�1.16 0.39+0.23
�0.19 68.9+12.4

�10.1 0.74+0.09
�0.09 28000 10.4+0.2

�0.4

GW190425 3.4+0.3
�0.1 1.44+0.02

�0.02 2.0+0.6
�0.3 1.4+0.3

�0.3 0.06+0.11
�0.05 0.16+0.07

�0.07 0.03+0.01
�0.02 – – 10000 12.4+0.3

�0.4

GW190426 152155 7.2+3.5
�1.5 2.41+0.08

�0.08 5.7+3.9
�2.3 1.5+0.8

�0.5 �0.03+0.32
�0.30 0.37+0.18

�0.16 0.08+0.04
�0.03 – – 1300 8.7+0.5

�0.6

GW190503 185404 71.7+9.4
�8.3 30.2+4.2

�4.2 43.3+9.2
�8.1 28.4+7.7

�8.0 �0.03+0.20
�0.26 1.45+0.69

�0.63 0.27+0.11
�0.11 68.6+8.8

�7.7 0.66+0.09
�0.12 94 12.4+0.2

�0.3

GW190512 180714 35.9+3.8
�3.5 14.6+1.3

�1.0 23.3+5.3
�5.8 12.6+3.6

�2.5 0.03+0.12
�0.13 1.43+0.55

�0.55 0.27+0.09
�0.10 34.5+3.8

�3.5 0.65+0.07
�0.07 220 12.2+0.2

�0.4

GW190513 205428 53.9+8.6
�5.9 21.6+3.8

�1.9 35.7+9.5
�9.2 18.0+7.7

�4.1 0.11+0.28
�0.17 2.06+0.88

�0.80 0.37+0.13
�0.13 51.6+8.2

�5.8 0.68+0.14
�0.12 520 12.9+0.3

�0.4

GW190514 065416 67.2+18.7
�10.8 28.5+7.9

�4.8 39.0+14.7
�8.2 28.4+9.3

�8.8 �0.19+0.29
�0.32 4.13+2.65

�2.17 0.67+0.33
�0.31 64.5+17.9

�10.4 0.63+0.11
�0.15 3000 8.2+0.3

�0.6

GW190517 055101 63.5+9.6
�9.6 26.6+4.0

�4.0 37.4+11.7
�7.6 25.3+7.0

�7.3 0.52+0.19
�0.19 1.86+1.62

�0.84 0.34+0.24
�0.14 59.3+9.1

�8.9 0.87+0.05
�0.07 470 10.7+0.4

�0.6

GW190519 153544 106.6+13.5
�14.8 44.5+6.4

�7.1 66.0+10.7
�12.0 40.5+11.0

�11.1 0.31+0.20
�0.22 2.53+1.83

�0.92 0.44+0.25
�0.14 101.0+12.4

�13.80.79+0.07
�0.13 860 15.6+0.2

�0.3

GW190521 163.9+39.2
�23.569.2+17.0

�10.6 95.3+28.7
�18.9 69.0+22.7

�23.1 0.03+0.32
�0.39 3.92+2.19

�1.95 0.64+0.28
�0.28 156.3+36.8

�22.40.71+0.12
�0.16 1000 14.2+0.3

�0.3

GW190521 074359 74.7+7.0
�4.8 32.1+3.2

�2.5 42.2+5.9
�4.8 32.8+5.4

�6.4 0.09+0.10
�0.13 1.24+0.40

�0.57 0.24+0.07
�0.10 71.0+6.5

�4.4 0.72+0.05
�0.07 550 25.8+0.1

�0.2

GW190527 092055 59.1+21.3
�9.8 24.3+9.1

�4.2 36.5+16.4
�9.0 22.6+10.5

�8.1 0.11+0.28
�0.28 2.49+2.48

�1.24 0.44+0.34
�0.20 56.4+20.2

�9.3 0.71+0.12
�0.16 3700 8.1+0.3

�0.9

GW190602 175927 116.3+19.0
�15.6 49.1+9.1

�8.5 69.1+15.7
�13.0 47.8+14.3

�17.4 0.07+0.25
�0.24 2.69+1.79

�1.12 0.47+0.25
�0.17 110.9+17.7

�14.90.70+0.10
�0.14 690 12.8+0.2

�0.3

GW190620 030421 92.1+18.5
�13.1 38.3+8.3

�6.5 57.1+16.0
�12.7 35.5+12.2

�12.3 0.33+0.22
�0.25 2.81+1.68

�1.31 0.49+0.23
�0.20 87.2+16.8

�12.1 0.79+0.08
�0.15 7200 12.1+0.3

�0.4

GW190630 185205 59.1+4.6
�4.8 24.9+2.1

�2.1 35.1+6.9
�5.6 23.7+5.2

�5.1 0.10+0.12
�0.13 0.89+0.56

�0.37 0.18+0.10
�0.07 56.4+4.4

�4.6 0.70+0.05
�0.07 1200 15.6+0.2

�0.3

GW190701 203306 94.3+12.1
�9.5 40.3+5.4

�4.9 53.9+11.8
�8.0 40.8+8.7

�12.0 �0.07+0.23
�0.29 2.06+0.76

�0.73 0.37+0.11
�0.12 90.2+11.3

�8.9 0.66+0.09
�0.13 46 11.3+0.2

�0.3

GW190706 222641 104.1+20.2
�13.942.7+10.0

�7.0 67.0+14.6
�16.2 38.2+14.6

�13.3 0.28+0.26
�0.29 4.42+2.59

�1.93 0.71+0.32
�0.27 99.0+18.3

�13.5 0.78+0.09
�0.18 650 12.6+0.2

�0.4

GW190707 093326 20.1+1.9
�1.3 8.5+0.6

�0.5 11.6+3.3
�1.7 8.4+1.4

�1.7 �0.05+0.10
�0.08 0.77+0.38

�0.37 0.16+0.07
�0.07 19.2+1.9

�1.3 0.66+0.03
�0.04 1300 13.3+0.2

�0.4

GW190708 232457 30.9+2.5
�1.8 13.2+0.9

�0.6 17.6+4.7
�2.3 13.2+2.0

�2.7 0.02+0.10
�0.08 0.88+0.33

�0.39 0.18+0.06
�0.07 29.5+2.5

�1.8 0.69+0.04
�0.04 14000 13.1+0.2

�0.3

GW190719 215514 57.8+18.3
�10.7 23.5+6.5

�4.0 36.5+18.0
�10.3 20.8+9.0

�7.2 0.32+0.29
�0.31 3.94+2.59

�2.00 0.64+0.33
�0.29 54.9+17.3

�10.2 0.78+0.11
�0.17 2900 8.3+0.3

�0.8

GW190720 000836 21.5+4.3
�2.3 8.9+0.5

�0.8 13.4+6.7
�3.0 7.8+2.3

�2.2 0.18+0.14
�0.12 0.79+0.69

�0.32 0.16+0.12
�0.06 20.4+4.5

�2.2 0.72+0.06
�0.05 460 11.0+0.3

�0.7

GW190727 060333 67.1+11.7
�8.0 28.6+5.3

�3.7 38.0+9.5
�6.2 29.4+7.1

�8.4 0.11+0.26
�0.25 3.30+1.54

�1.50 0.55+0.21
�0.22 63.8+10.9

�7.5 0.73+0.10
�0.10 830 11.9+0.3

�0.5

GW190728 064510 20.6+4.5
�1.3 8.6+0.5

�0.3 12.3+7.2
�2.2 8.1+1.7

�2.6 0.12+0.20
�0.07 0.87+0.26

�0.37 0.18+0.05
�0.07 19.6+4.7

�1.3 0.71+0.04
�0.04 400 13.0+0.2

�0.4

GW190731 140936 70.1+15.8
�11.3 29.5+7.1

�5.2 41.5+12.2
�9.0 28.8+9.7

�9.5 0.06+0.24
�0.24 3.30+2.39

�1.72 0.55+0.31
�0.26 67.0+14.6

�10.8 0.70+0.10
�0.13 3400 8.7+0.2

�0.5

GW190803 022701 64.5+12.6
�9.0 27.3+5.7

�4.1 37.3+10.6
�7.0 27.3+7.8

�8.2 �0.03+0.24
�0.27 3.27+1.95

�1.58 0.55+0.26
�0.24 61.7+11.8

�8.5 0.68+0.10
�0.11 1500 8.6+0.3

�0.5

GW190814 25.8+1.0
�0.9 6.09+0.06

�0.06 23.2+1.1
�1.0 2.59+0.08

�0.09 0.00+0.06
�0.06 0.24+0.04

�0.05 0.05+0.009
�0.010 25.6+1.1

�0.9 0.28+0.02
�0.02 19 24.9+0.1

�0.2

GW190828 063405 58.0+7.7
�4.8 25.0+3.4

�2.1 32.1+5.8
�4.0 26.2+4.6

�4.8 0.19+0.15
�0.16 2.13+0.66

�0.93 0.38+0.10
�0.15 54.9+7.2

�4.3 0.75+0.06
�0.07 520 16.2+0.2

�0.3

GW190828 065509 34.4+5.4
�4.4 13.3+1.2

�1.0 24.1+7.0
�7.2 10.2+3.6

�2.1 0.08+0.16
�0.16 1.60+0.62

�0.60 0.30+0.10
�0.10 33.1+5.5

�4.5 0.65+0.08
�0.08 660 10.0+0.3

�0.5

GW190909 114149 75.0+55.9
�17.6 30.9+17.2

�7.5 45.8+52.7
�13.3 28.3+13.4

�12.7 �0.06+0.37
�0.36 3.77+3.27

�2.22 0.62+0.41
�0.33 72.0+54.9

�16.8 0.66+0.15
�0.20 4700 8.1+0.4

�0.6

GW190910 112807 79.6+9.3
�9.1 34.3+4.1

�4.1 43.9+7.6
�6.1 35.6+6.3

�7.2 0.02+0.18
�0.18 1.46+1.03

�0.58 0.28+0.16
�0.10 75.8+8.5

�8.6 0.70+0.08
�0.07 11000 14.1+0.2

�0.3

GW190915 235702 59.9+7.5
�6.4 25.3+3.2

�2.7 35.3+9.5
�6.4 24.4+5.6

�6.1 0.02+0.20
�0.25 1.62+0.71

�0.61 0.30+0.11
�0.10 57.2+7.1

�6.0 0.70+0.09
�0.11 400 13.6+0.2

�0.3

GW190924 021846 13.9+5.1
�1.0 5.8+0.2

�0.2 8.9+7.0
�2.0 5.0+1.4

�1.9 0.03+0.30
�0.09 0.57+0.22

�0.22 0.12+0.04
�0.04 13.3+5.2

�1.0 0.67+0.05
�0.05 360 11.5+0.3

�0.4

GW190929 012149 104.3+34.9
�25.235.8+14.9

�8.2 80.8+33.0
�33.2 24.1+19.3

�10.6 0.01+0.34
�0.33 2.13+3.65

�1.05 0.38+0.49
�0.17 101.5+33.6

�25.30.66+0.20
�0.31 2200 10.1+0.6

�0.8

GW190930 133541 20.3+8.9
�1.5 8.5+0.5

�0.5 12.3+12.4
�2.3 7.8+1.7

�3.3 0.14+0.31
�0.15 0.76+0.36

�0.32 0.15+0.06
�0.06 19.4+9.2

�1.5 0.72+0.07
�0.06 1700 9.5+0.3

�0.5

TABLE VI. Median and 90% symmetric credible intervals on selected source parameters. The columns show source total mass
M , chirp mass M and component masses mi, dimensionless e↵ective inspiral spin �e↵ , luminosity distance DL, redshift z, final
mass Mf , final spin �f , and sky localization �⌦. The sky localization is the area of the 90% credible region. For GW190425
we show the results using the high-spin prior (|~�i|  0.89). We also report the network matched filter SNR for all events.
These SNRs are from LALInference IMRPhenomPv2 runs since RIFT does not produce the SNRs automatically, except for
GW190425 and GW190426 152155 which use the SNRs from fiducial runs, and GW190412, GW190521, and GW190814, which
use IMRPhenomPv3HM SNRs. For GW190521 we report results averaged over three waveform families, in contrast to the
results highlighting one waveform family in [34].
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Event M
(M�)

M
(M�)

m1

(M�)
m2

(M�)
�e↵ DL

(Gpc)
z Mf

(M�)
�f �⌦

(deg2)
SNR

GW190408 181802 43.0+4.2
�3.0 18.3+1.9

�1.2 24.6+5.1
�3.4 18.4+3.3

�3.6 �0.03+0.14
�0.19 1.55+0.40

�0.60 0.29+0.06
�0.10 41.1+3.9

�2.8 0.67+0.06
�0.07 150 15.3+0.2

�0.3

GW190412 38.4+3.8
�3.7 13.3+0.4

�0.3 30.1+4.7
�5.1 8.3+1.6

�0.9 0.25+0.08
�0.11 0.74+0.14

�0.17 0.15+0.03
�0.03 37.3+3.9

�3.8 0.67+0.05
�0.06 21 18.9+0.2

�0.3

GW190413 052954 58.6+13.3
�9.7 24.6+5.5

�4.1 34.7+12.6
�8.1 23.7+7.3

�6.7 �0.01+0.29
�0.34 3.55+2.27

�1.66 0.59+0.29
�0.24 56.0+12.5

�9.2 0.68+0.12
�0.13 1500 8.9+0.4

�0.7

GW190413 134308 78.8+17.4
�11.9 33.0+8.2

�5.4 47.5+13.5
�10.7 31.8+11.7

�10.8 �0.03+0.25
�0.29 4.45+2.48

�2.12 0.71+0.31
�0.30 75.5+16.4

�11.4 0.68+0.10
�0.12 730 10.0+0.4

�0.5

GW190421 213856 72.9+13.4
�9.2 31.2+5.9

�4.2 41.3+10.4
�6.9 31.9+8.0

�8.8 �0.06+0.22
�0.27 2.88+1.37

�1.38 0.49+0.19
�0.21 69.7+12.5

�8.7 0.67+0.10
�0.11 1200 10.7+0.2

�0.4

GW190424 180648 72.6+13.3
�10.7 31.0+5.8

�4.6 40.5+11.1
�7.3 31.8+7.6

�7.7 0.13+0.22
�0.22 2.20+1.58

�1.16 0.39+0.23
�0.19 68.9+12.4

�10.1 0.74+0.09
�0.09 28000 10.4+0.2

�0.4

GW190425 3.4+0.3
�0.1 1.44+0.02

�0.02 2.0+0.6
�0.3 1.4+0.3

�0.3 0.06+0.11
�0.05 0.16+0.07

�0.07 0.03+0.01
�0.02 – – 10000 12.4+0.3

�0.4

GW190426 152155 7.2+3.5
�1.5 2.41+0.08

�0.08 5.7+3.9
�2.3 1.5+0.8

�0.5 �0.03+0.32
�0.30 0.37+0.18

�0.16 0.08+0.04
�0.03 – – 1300 8.7+0.5

�0.6

GW190503 185404 71.7+9.4
�8.3 30.2+4.2

�4.2 43.3+9.2
�8.1 28.4+7.7

�8.0 �0.03+0.20
�0.26 1.45+0.69

�0.63 0.27+0.11
�0.11 68.6+8.8

�7.7 0.66+0.09
�0.12 94 12.4+0.2

�0.3

GW190512 180714 35.9+3.8
�3.5 14.6+1.3

�1.0 23.3+5.3
�5.8 12.6+3.6

�2.5 0.03+0.12
�0.13 1.43+0.55

�0.55 0.27+0.09
�0.10 34.5+3.8

�3.5 0.65+0.07
�0.07 220 12.2+0.2

�0.4

GW190513 205428 53.9+8.6
�5.9 21.6+3.8

�1.9 35.7+9.5
�9.2 18.0+7.7

�4.1 0.11+0.28
�0.17 2.06+0.88

�0.80 0.37+0.13
�0.13 51.6+8.2

�5.8 0.68+0.14
�0.12 520 12.9+0.3

�0.4

GW190514 065416 67.2+18.7
�10.8 28.5+7.9

�4.8 39.0+14.7
�8.2 28.4+9.3

�8.8 �0.19+0.29
�0.32 4.13+2.65

�2.17 0.67+0.33
�0.31 64.5+17.9

�10.4 0.63+0.11
�0.15 3000 8.2+0.3

�0.6

GW190517 055101 63.5+9.6
�9.6 26.6+4.0

�4.0 37.4+11.7
�7.6 25.3+7.0

�7.3 0.52+0.19
�0.19 1.86+1.62

�0.84 0.34+0.24
�0.14 59.3+9.1

�8.9 0.87+0.05
�0.07 470 10.7+0.4

�0.6

GW190519 153544 106.6+13.5
�14.8 44.5+6.4

�7.1 66.0+10.7
�12.0 40.5+11.0

�11.1 0.31+0.20
�0.22 2.53+1.83

�0.92 0.44+0.25
�0.14 101.0+12.4

�13.80.79+0.07
�0.13 860 15.6+0.2

�0.3

GW190521 163.9+39.2
�23.569.2+17.0

�10.6 95.3+28.7
�18.9 69.0+22.7

�23.1 0.03+0.32
�0.39 3.92+2.19

�1.95 0.64+0.28
�0.28 156.3+36.8

�22.40.71+0.12
�0.16 1000 14.2+0.3

�0.3

GW190521 074359 74.7+7.0
�4.8 32.1+3.2

�2.5 42.2+5.9
�4.8 32.8+5.4

�6.4 0.09+0.10
�0.13 1.24+0.40

�0.57 0.24+0.07
�0.10 71.0+6.5

�4.4 0.72+0.05
�0.07 550 25.8+0.1

�0.2

GW190527 092055 59.1+21.3
�9.8 24.3+9.1

�4.2 36.5+16.4
�9.0 22.6+10.5

�8.1 0.11+0.28
�0.28 2.49+2.48

�1.24 0.44+0.34
�0.20 56.4+20.2

�9.3 0.71+0.12
�0.16 3700 8.1+0.3

�0.9

GW190602 175927 116.3+19.0
�15.6 49.1+9.1

�8.5 69.1+15.7
�13.0 47.8+14.3

�17.4 0.07+0.25
�0.24 2.69+1.79

�1.12 0.47+0.25
�0.17 110.9+17.7

�14.90.70+0.10
�0.14 690 12.8+0.2

�0.3

GW190620 030421 92.1+18.5
�13.1 38.3+8.3

�6.5 57.1+16.0
�12.7 35.5+12.2

�12.3 0.33+0.22
�0.25 2.81+1.68

�1.31 0.49+0.23
�0.20 87.2+16.8

�12.1 0.79+0.08
�0.15 7200 12.1+0.3

�0.4

GW190630 185205 59.1+4.6
�4.8 24.9+2.1

�2.1 35.1+6.9
�5.6 23.7+5.2

�5.1 0.10+0.12
�0.13 0.89+0.56

�0.37 0.18+0.10
�0.07 56.4+4.4

�4.6 0.70+0.05
�0.07 1200 15.6+0.2

�0.3

GW190701 203306 94.3+12.1
�9.5 40.3+5.4

�4.9 53.9+11.8
�8.0 40.8+8.7

�12.0 �0.07+0.23
�0.29 2.06+0.76

�0.73 0.37+0.11
�0.12 90.2+11.3

�8.9 0.66+0.09
�0.13 46 11.3+0.2

�0.3

GW190706 222641 104.1+20.2
�13.942.7+10.0

�7.0 67.0+14.6
�16.2 38.2+14.6

�13.3 0.28+0.26
�0.29 4.42+2.59

�1.93 0.71+0.32
�0.27 99.0+18.3

�13.5 0.78+0.09
�0.18 650 12.6+0.2

�0.4

GW190707 093326 20.1+1.9
�1.3 8.5+0.6

�0.5 11.6+3.3
�1.7 8.4+1.4

�1.7 �0.05+0.10
�0.08 0.77+0.38

�0.37 0.16+0.07
�0.07 19.2+1.9

�1.3 0.66+0.03
�0.04 1300 13.3+0.2

�0.4

GW190708 232457 30.9+2.5
�1.8 13.2+0.9

�0.6 17.6+4.7
�2.3 13.2+2.0

�2.7 0.02+0.10
�0.08 0.88+0.33

�0.39 0.18+0.06
�0.07 29.5+2.5

�1.8 0.69+0.04
�0.04 14000 13.1+0.2

�0.3

GW190719 215514 57.8+18.3
�10.7 23.5+6.5

�4.0 36.5+18.0
�10.3 20.8+9.0

�7.2 0.32+0.29
�0.31 3.94+2.59

�2.00 0.64+0.33
�0.29 54.9+17.3

�10.2 0.78+0.11
�0.17 2900 8.3+0.3

�0.8

GW190720 000836 21.5+4.3
�2.3 8.9+0.5

�0.8 13.4+6.7
�3.0 7.8+2.3

�2.2 0.18+0.14
�0.12 0.79+0.69

�0.32 0.16+0.12
�0.06 20.4+4.5

�2.2 0.72+0.06
�0.05 460 11.0+0.3

�0.7

GW190727 060333 67.1+11.7
�8.0 28.6+5.3

�3.7 38.0+9.5
�6.2 29.4+7.1

�8.4 0.11+0.26
�0.25 3.30+1.54

�1.50 0.55+0.21
�0.22 63.8+10.9

�7.5 0.73+0.10
�0.10 830 11.9+0.3

�0.5

GW190728 064510 20.6+4.5
�1.3 8.6+0.5

�0.3 12.3+7.2
�2.2 8.1+1.7

�2.6 0.12+0.20
�0.07 0.87+0.26

�0.37 0.18+0.05
�0.07 19.6+4.7

�1.3 0.71+0.04
�0.04 400 13.0+0.2

�0.4

GW190731 140936 70.1+15.8
�11.3 29.5+7.1

�5.2 41.5+12.2
�9.0 28.8+9.7

�9.5 0.06+0.24
�0.24 3.30+2.39

�1.72 0.55+0.31
�0.26 67.0+14.6

�10.8 0.70+0.10
�0.13 3400 8.7+0.2

�0.5

GW190803 022701 64.5+12.6
�9.0 27.3+5.7

�4.1 37.3+10.6
�7.0 27.3+7.8

�8.2 �0.03+0.24
�0.27 3.27+1.95

�1.58 0.55+0.26
�0.24 61.7+11.8

�8.5 0.68+0.10
�0.11 1500 8.6+0.3

�0.5

GW190814 25.8+1.0
�0.9 6.09+0.06

�0.06 23.2+1.1
�1.0 2.59+0.08

�0.09 0.00+0.06
�0.06 0.24+0.04

�0.05 0.05+0.009
�0.010 25.6+1.1

�0.9 0.28+0.02
�0.02 19 24.9+0.1

�0.2

GW190828 063405 58.0+7.7
�4.8 25.0+3.4

�2.1 32.1+5.8
�4.0 26.2+4.6

�4.8 0.19+0.15
�0.16 2.13+0.66

�0.93 0.38+0.10
�0.15 54.9+7.2

�4.3 0.75+0.06
�0.07 520 16.2+0.2

�0.3

GW190828 065509 34.4+5.4
�4.4 13.3+1.2

�1.0 24.1+7.0
�7.2 10.2+3.6

�2.1 0.08+0.16
�0.16 1.60+0.62

�0.60 0.30+0.10
�0.10 33.1+5.5

�4.5 0.65+0.08
�0.08 660 10.0+0.3

�0.5

GW190909 114149 75.0+55.9
�17.6 30.9+17.2

�7.5 45.8+52.7
�13.3 28.3+13.4

�12.7 �0.06+0.37
�0.36 3.77+3.27

�2.22 0.62+0.41
�0.33 72.0+54.9

�16.8 0.66+0.15
�0.20 4700 8.1+0.4

�0.6

GW190910 112807 79.6+9.3
�9.1 34.3+4.1

�4.1 43.9+7.6
�6.1 35.6+6.3

�7.2 0.02+0.18
�0.18 1.46+1.03

�0.58 0.28+0.16
�0.10 75.8+8.5

�8.6 0.70+0.08
�0.07 11000 14.1+0.2

�0.3

GW190915 235702 59.9+7.5
�6.4 25.3+3.2

�2.7 35.3+9.5
�6.4 24.4+5.6

�6.1 0.02+0.20
�0.25 1.62+0.71

�0.61 0.30+0.11
�0.10 57.2+7.1

�6.0 0.70+0.09
�0.11 400 13.6+0.2

�0.3

GW190924 021846 13.9+5.1
�1.0 5.8+0.2

�0.2 8.9+7.0
�2.0 5.0+1.4

�1.9 0.03+0.30
�0.09 0.57+0.22

�0.22 0.12+0.04
�0.04 13.3+5.2

�1.0 0.67+0.05
�0.05 360 11.5+0.3

�0.4

GW190929 012149 104.3+34.9
�25.235.8+14.9

�8.2 80.8+33.0
�33.2 24.1+19.3

�10.6 0.01+0.34
�0.33 2.13+3.65

�1.05 0.38+0.49
�0.17 101.5+33.6

�25.30.66+0.20
�0.31 2200 10.1+0.6

�0.8

GW190930 133541 20.3+8.9
�1.5 8.5+0.5

�0.5 12.3+12.4
�2.3 7.8+1.7

�3.3 0.14+0.31
�0.15 0.76+0.36

�0.32 0.15+0.06
�0.06 19.4+9.2

�1.5 0.72+0.07
�0.06 1700 9.5+0.3

�0.5

TABLE VI. Median and 90% symmetric credible intervals on selected source parameters. The columns show source total mass
M , chirp mass M and component masses mi, dimensionless e↵ective inspiral spin �e↵ , luminosity distance DL, redshift z, final
mass Mf , final spin �f , and sky localization �⌦. The sky localization is the area of the 90% credible region. For GW190425
we show the results using the high-spin prior (|~�i|  0.89). We also report the network matched filter SNR for all events.
These SNRs are from LALInference IMRPhenomPv2 runs since RIFT does not produce the SNRs automatically, except for
GW190425 and GW190426 152155 which use the SNRs from fiducial runs, and GW190412, GW190521, and GW190814, which
use IMRPhenomPv3HM SNRs. For GW190521 we report results averaged over three waveform families, in contrast to the
results highlighting one waveform family in [34].
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重力波観測実験 KAGRA
東京大学宇宙線研究所、高エネル
ギー加速器研究機構、国立天文台、
ほか多数の大学の国際共同研究。 

- 地下：岐阜県飛騨市　神岡鉱山 
- 干渉系基線長 3km 
- 低温鏡：~20K, サファイア基材

23

Super Kamiokande

KamlandXMASS

3km

CLIO
CLIO
(GW)

KAGRA

KamLAND
(neutrino)
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KAGRA collaboration
東大宇宙線研をホストと
し、国立天文台、高エネル
ギー加速器研究機構が建設
を担う。 
＋ 
国内外（14地域と国）の約
110の大学、研究機関から共
同研究者400人余り。
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KAGRA entered the observing mode!  
We are operating at Mpc-level finally 

After we signed to the memorandum of agreement  (MoA) [JGW-M1910663] [JGW-M1910664], with  LIGO/
Virgo in October, our target has been concentrated to join to Observation 3 (O3) of LIGO/Virgo.  The 
requirements [JGW-M1910813] are to improve the sensitivity of the detector over 1 Mpc in binary neutron-star 
range, and to clear the readiness checklists of data flows/calibrations/organization. When we first locked the 
detector on August 23, 2019, the sensitivity was 0.4 kpc.  In order to reach our target (10 Mpc), the team so far 
made great efforts for commissioning and noise-hunting. 

The planned date for starting observation was postponed a 
couple of times. We made engineering run in December, 
then went back to the commissioning. After the announce 
of the first lock of the power recycling system on January 
26 [klog12639] and OMC readout ready [klog12763],  
our sensitivity started recording the number as we 
graphed below.  
We declare the start of the observation on February 25 
with around 300 kpc level. The team decided to go back to 
commissioning to try again with the signal recycling 
configuration. We heard we momentally locked with dual 
recycling, but not enough stability for observation.   
Since our time was limited and we decided to go into the 
observing run from April 7 for two weeks. However, the new virus COVID-19 changed the situation. Both LIGO/
Virgo had to stop their detector from March 24. On April 3, KAGRA proposed to make a joint observation with 
GEO600 in the framework of LVK network, and core members are discussing details with GEO. 

1

KSC Newsletter 
Issue 7

KAGRA SCIENTIFIC CONGRESS: COLLABORATORS’ INFORMATION EXCHANGE 2020/APRIL 17

The moment of declaring the start of observation on February 
25, 2020.  [Photo from KAGRA webpage]

The current record of the sensitivity is 970 kpc on March  
29, 2020. [klog 13840]

Reported records of the sensitivity in binary neutron-star range 
(in kpc). 

Milestones of KAGRA
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2015 2016 2017 2018 2019 2020 2021 2022

O1 O2 O3a O3b
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LIGO

Virgo

KAGRA

? ?

? ?

? ?

100 Mpc80 Mpc 110-130 Mpc 160-190 Mpc

50 Mpc 90-120 Mpc30 Mpc
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O3, O3-GK

27
K. Kokeyama+, Proceedings of the 3rd World Summit on Exploring the Dark Side of the Universe (EDSU2020), 41-48
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LIGO-Virgoとのデータ共有
低遅延でのデータ共有 
較正パイプラインの重力波チャンネル出力
(strain): h(t) + quality flag 
1secごとのデータ(frame形式) 
LIGO, Virgo, KAGRAで相互に連続送受信 
遅延時間：数秒～15秒程度 

L,Vサイト→カリフォルニア工科大←→柏←Kサイト(神岡) 
柏→解析用計算機、大阪、 

高遅延でのデータ共有 
- 数十分～１時間強程度分にまとめたデータファ
イルの共有 
- オフラインで較正したデータ
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O3までのKAGRAデータ
KAGRAの生データ 

~20MB/s (=630TB/yr) 
較正データ 

KAGRA 
LIGO, Virgo共有分 

2022年春には2PBを
超える。 
O4にはストレージを
追加する。
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KAGRAの計算機システム

2.4 PiB (HHD) for 
observational data 
storage 

gpfs file system 
12.8 TFLOPS 
since March 2017

30

Storage:

   DDN SFA7700X + SS8460

Servers:

   HP ProLiant DL180 G9

   HP ProLiant DL20 Gen9

   HP ProLiant XL170 Gen9

Internal network:

   Infiniband FDR

Tier-0 : Main Data Server at ICRR, U. Tokyo, Kashiwa 
OCU’s ‘ORION’ 
cluster consists of : 
- 1160 cores  
- 324 TB storage 
- Scientific Linux 7.5 
HT condor 

Low latency data  
+ full data (partial)

Tier-0.5 : for low latency analysis  
at Osaka City U.

Tier-1 : full data mirroring  
at Academia SINICA, Taiwan

- Academia Sinica Grid Center 
(ASGC) serves as KAGRA Tier-1 
center to make a full mirror data 

- LIGO/Virgo Low latency  
data are also mirrored 

~20MB/s 
Transfer every  

100000 sec

Also, KISTI (Korea) is in preparation for Tier-1 now.  
Some more sites (e.g. Niigata, Nagaoka, NCU(Taiwan), etc..) 
are contributing.
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O4 & O5 に向けて
O4 

O3GKで明らかとなった雑音の対策 
懸架系制御、音響雑音、レーザー散射雑音、周波数雑音、強度雑音 

O4a (前半) 
2022年8月以降 
開始時に1Mpc以上の感度を目指す 

O4b (後半) 
鏡の冷却 

O5 
品質改良した新しい鏡
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KAGRAに期待する重力波マルチメッセンジャー
重力波源のパラメータ決定精度 
方向決定精度 
重力波源のパラーメータ 

- 距離 
- 連星合体ならば、質量、自転、軌道面傾斜角 

精度を決める要素 ←感度曲線、重力波の大きさ（SNR） 
　　　　　　　　 ←検出器の信号較正精度 

全天に対する応答 
検出器の位置・方向関係 
    KAGRAの利点は？ 
Duty Cycle

32



重力波観測とKAGRAの今後 Gravitational Wave Observations and Future Prospects of KAGRA

重力波源の方向決定精度
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2004; van der Sluys et al. 2008; Vitale et al. 2014), but this is not expected for
slowly spinning BNS (Farr et al. 2016). Distance information can further aid the
hunt for counterparts, particularly if the localization can be used together with
galaxy catalogs (Abadie et al. 2012c; Nissanke et al. 2013; Hanna et al. 2014; Fan
et al. 2014; Blackburn et al. 2015; Singer et al. 2016a; Del Pozzo et al. 2018).
Table 3 reports the low-latency and refined estimates for the luminosity distance
and the sky localization (90% credible region) of the eleven confident signals
detected during O1 and O2.12

Some GW searches are triggered by electromagnetic observations, and in these
cases initial localization information is typically available a priori. For example, in

Fig. 5 Sky locations of GW events confidently detected in O1 and O2. Top panel: initial sky location
released in low-latency to the astronomers (Abbott et al. 2016h; LIGO Scientific Collaboration and Virgo
Collaboration 2015; Abbott et al. 2019d). Bottom panel: refined sky location including updated
calibration and final choice of waveform models (Abbott et al. 2018c). Three events (GW151012,
GW170729, GW170818) among the 11 confidetent detections were identified offline, and were not shared
in low-latency. The shaded areas enclose the 90% credible regions of the posterior probability sky areas in
a Mollweide projection. The inner lines enclose regions starting from the 10% credible area with the color
scheme changing with every 10% increase in confidence level. The localization is shown in equatorial
coordinates (right ascension in hours, and declination in degrees). The HLV label indicates events for
which both the LIGO and Virgo data were used to estimate the sky location

12 The initial sky maps are available from dcc.ligo.org/public/0160/P1900170/001/O1_O2_LowLatency_
Skymaps.zip, and the refined sky maps from dcc.ligo.org/LIGO-P1800381/public, respectively.

123

Prospects for observing and localizing GW transients with aLIGO, AdV and KAGRA Page 19 of 69 3

"Prospects for observing and localizing gravitational-wave transients with 
Advanced LIGO, Advanced Virgo and KAGRA" ,

KAGRA Collaboration, LIGO Scientific Collaboration and Virgo Collaboration, 
 Living Rev Relativ 23, 3 (2020). https://doi.org/10.1007/s41114-020-00026-9

参考文献のFig.5より。O1,O2での位置決定。C.L.90% 

重力波検出器  A
B

C

A-Bの時刻差から
推定する到来方向

天球

A-Cの時刻差から
推定する到来方向

推定される重
力波源の方向

the celestial sphere

GW detectors

Guess by A-B

Guess by A-C



重力波観測とKAGRAの今後 Gravitational Wave Observations and Future Prospects of KAGRA

方向決定精度
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candidates with a FAR below a threshold of once per 2 months were selected to
trigger the search for counterparts. Properties of the GW candidates were distributed
using the Gamma-ray Coordinates Network (GCN) system,16 widely used in the
astronomical community for the multiwavelength follow-up of gamma-ray bursts.
The GCNs included event time, sky localization probability map, and the estimated
FARs. For compact binary merger candidates, they also included volume
localization (3D sky map), probability of the system to contain a neutron star and
probability to be electromagnetically bright (based on the estimate of the baryon
mass left outside the merger remnant, Foucart 2012; Pannarale and Ohme 2014).

Fig. 7 Simulated sky localization for unmodeled searches for mergers of BBHs and mergers of IMBHBs.
The simulation uses a population of BBHs with the distribution of the primary mass uniform in the log,
component masses in the 5–50M! range and isotropic distribution of the spin. The population of
IMBHBs is composed of black holes of individual mass 100M!, and with spins aligned with the binary
orbital angular momentum. The plots show the cumulative fractions of events with 90% credible areas
smaller than the abscissa value. The results obtained by the low-latency COHERENT WAVE BURST pipeline
(Klimenko et al. 2005, 2008, 2016) for the third (Top plots—O3) and fourth observing runs (Bottom
plots—O4) consider separately the HL, HLV and HLVK networks (without including sub-networks).
These specific network configurations will be operating for a limited interval of time during the run.
Assuming an instrument duty cycle of 70%, the HL network and HLV network would be operational 14%
and 34% of the time during O3. Once KAGRA joins the observations, the HL, HLV, and HLVK networks
will be operational 4%, 10%, and 24% of the time, respectively. The detection thresholds for cWB are set
to 0.7 for the network correlation coefficient and 12 for the network SNR (see Abbott et al. 2018c).
Shaded regions denote the 1-sigma uncertainty

16 Details of the GCN are available from gcn.gsfc.nasa.gov.
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Fig.7 O3,O4デザイン感度でのBH-BHイベントに対する位置決定精度予想 

"Prospects for observing and localizing gravitational-wave transients with 
Advanced LIGO, Advanced Virgo and KAGRA" ,

KAGRA Collaboration, LIGO Scientific Collaboration and Virgo Collaboration, 
 Living Rev Relativ 23, 3 (2020). https://doi.org/10.1007/s41114-020-00026-9

Fig. 6 Anticipated GW sky localization for CBC signals during the third and fourth runs (for O3, see
Sect. 5.1 and for O4, see Sect. 5.2). For O3, the detector sensitivities were taken to be representative of
the first 3 months of observations for aLIGO Hanford and Livingston, and AdV, and the highest expected
O3 sensitivity for KAGRA (see Fig. 1). For O4, the detector sensitivities were taken to be the target
sensitivities for aLIGO and AdV, and the mid of the interval expected for KAGRA during O4. Top: The
plot shows the cumulative fractions of events with sky-localization area smaller than the abscissa value.
Central: The plot shows the cumulative fractions of events with luminosity distance smaller than the
abscissa value. Bottom: The plot shows the cumulative fractions of events with comoving volume smaller
than the abscissa value. Sky-localization area (comoving volume) is given as the 90% credible region, the
smallest area (comoving volume) enclosing 90% of the total posterior probability. Results are obtained
using the low-latency BAYESTAR pipeline (Singer and Price 2016). The simulation accounts for an
independent 70% duty cycle for each detector, and the different sensitivity of each sub-network or
network of detectors. For O3, all the combinations of sub-networks of two operating detectors and the
three detector network (HLV) are included in the blue lines. All the combinations of sub-networks of two
and three operating detectors, and the four detector network (HLVK) are included in the orange lines for
O3 and in the green lines for O4. The O3 HLV and the O3 HLVK curves in the central panel are very
similar due to the modest contribution by KAGRA to the network SNR. Solid lines represent BNSs,
dashed lines NSBHs, dotted lines BBHs. As a comparison, the plots show the area, distance and volume
of GW170817 and GW170818, which are the best localized BNS and BBH signals during O1 and O2
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Fig.6 O3,O4デザイン感度での連星合体イベ
ントに対する位置決定精度予想 
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検出器の信号較正精度の影響例（シミュレーションでの見積）
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Conditions: 

• Source parameters: masses, spins, 
distance, sky-location, inclination, 
polarization angle 

• BBH GW150914-like 40+32, Non-
spin 

• 10 Mpc, i=30deg sky-location: 
any location (uniform distribution) 

• Detector network: 

• Virgo: Late_Low (BNS range=65 
Mpc), KAGRA: BNS range=1Mpc 

• Calibration errors 

• CAL error parameters, spcal-
nodes=10, amp-error=0.05, 
phase-error=4.1 deg for Virgo 
(when GW200105)

SNR V1:130.29, K1:26.47unknown sky-location
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unknown sky-location SNR V1:130.29, K1:26.47

by T.Narikawa (ICRR)

＊コントアが２つある
のはC.L.50%と90%

推定範囲が広がるだ
けでなく、バイアス
を伴う場合がある。

v(t) → h(t)
ṽ( f ) → h̃( f )
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全天応答
KAGRAの高感度方向は、LIGO, Virgoと相補的
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KAGRAが寄与するために 
もう一工夫の検討案
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KAGRAの初イベントは？
BH-BH　detection rateの上で最有力候補。ブラックホールの物理、重力理論の検証。 
NS-NS   マルチメッセンジャーとして重要 
超新星爆発  もしもの時には外しちゃいけない！
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高出力レーザー&フィルターキャビティ
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Tokusui application

KAGRA design sensitivity

Target of this research
LIGO O3

• Improve the high frequency sensitivity
• Try to detect post-merger waveforms

• Hardware upgrades for O5
• A high-power laser
• Frequency dependent squeezing

• Reduction of the shot noise by
a factor of 3

• Development of large and low-
absorption sapphire mirrors

Draw/Estimation by Y.Aso (NAOJ)

高周波(kHz)帯域の改良→ NS-NSの合体期や合体後の物理 
- 高出力レーザー 
- 周波数依存スクイージング 
- より大きく、低損失(吸収)の鏡 

→散射雑音で３倍改善

Plans under discussion
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KAGRAの感度曲線
赤：2020年3月、黒実線：デザイン

ブラックホールの物理に極めて重要な周波数帯
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鏡懸架ファイバーのヴァイオリン雑音 & BH準固有振動
期待が大きいのはBH-BH。 
超新星爆発も数100Hz帯が重要。 

ところが...
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準固有振動波形インスパイラル波形
連星の質量、
距離、到来方向

時
空
の
歪
み

ブラックホールの質量、角運動量
ブラックホール時空の性質

鏡を懸架するファイバーの共鳴振動

(GWTC-2, PRD103, 
122002 (2021), 
Table IXより作成）

（の推定値）
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ファイバー改良でヴァイオ
リンモードの周波数を上げ
る＋データ処理による除去
（＋冷却による低減） 

→ブラックホールの重力
波解析の向上、準固有振
動によるブラックホール
時空の検証

by K.Rahul, 
T.Tomaru

(NAOJ)

Plans under discussion

さらに低周波の感度を向上してIMBHの準固有振動を狙えるか? 
2000Msolarくらいまではいける.(Shinkai, Kanda, Ebisuzaki, APJ 835, no.2, 276 (2017))

ファイバーの改良案
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まとめ
重力波観測時代 
もはや観測運転を行えば必ず見つかる。 
週１から毎日へ？ 
O4開始：2022年12月の予定 
多数の観測結果　→　観測例の質量帯が広がってきた。 

KAGRAは初イベント(first light)を目指すべき状況！ 
O4b(第４次観測後半)にどこまで感度を良くできるか？ 
KAGRAのマルチメッセンジャーへの貢献は十分チャンスがある。 
全天探査、実効的な観測時間（３台以上同時）には必ず寄与できる。 
感度が上がれば、パラメータ（方向、重力波源の物理量）決定精度の向上に
も寄与できる。
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