
Draft version August 25, 2025
Typeset using LATEX twocolumn style in AASTeX631

GWTC-4.0: An Introduction to Version 4.0 of the Gravitational-Wave Transient Catalog

The LIGO Scientific Collaboration, the Virgo Collaboration, and the KAGRA Collaboration
(See the end matter for the full list of authors)

ABSTRACT
The Gravitational-Wave Transient Catalog (GWTC) is a collection of short-duration (transient) gravitational-

wave signals identified by the LIGO–Virgo–KAGRA Collaboration in gravitational-wave data produced by the
eponymous detectors. The catalog provides information about the identified candidates, such as the arrival time
and amplitude of the signal and properties of the signal’s source as inferred from the observational data. GWTC
is the data release of this dataset and version 4.0 extends the catalog to include observations made during the
first part of the fourth LIGO–Virgo–KAGRA observing run up until 2024 January 31. This paper marks an
introduction to a collection of articles related to this version of the catalog, GWTC-4.0. The collection of
articles accompanying the catalog provides documentation of the methods used to analyze the data, summaries
of the catalog of events, observational measurements drawn from the population, and detailed discussions of
selected candidates.
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1. OVERVIEW

The Laser Interferometer Gravitational-Wave Observatory
(LIGO; Aasi et al. 2015a) and the Virgo (Acernese et al.
2015) and KAGRA (Akutsu et al. 2021) observatories form
an international network of ground-based gravitational-wave
(GW) detectors. This paper is an introduction to the collec-
tion of articles describing the contents of the LIGO–Virgo–
KAGRA Collaboration (LVK) Gravitational-Wave Transient
Catalog (GWTC) version 4.0, hereafter GWTC-4.0, along
with reviews of the methods used in various aspects in the
construction of this catalog, astrophysical and cosmological
implications of the observations, and tests of general relativ-
ity (GR) that are performed on the observed transients. This
paper provides details on the network of GW detectors, the
observing runs, observatory evolution, and a review of the
transient signals that have been identified. In addition, we
describe conventions and notations that are used throughout
the collection of papers accompanying the catalog.

1.1. The GWTC Sources and Science

Transient GW signals may be produced by a variety of as-
trophysical sources, including compact binary coalescences
(CBCs) of compact objects such as black holes (BHs) and
neutron stars (NSs), core-collapse supernovae, and other ex-
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plosive phenomena (Abbott et al. 2020a). The first ob-
served GW transient, GW150914, was a binary black hole
(BBH) coalescence (Abbott et al. 2016a), and we have since
observed a binary neutron star (BNS) coalescence (Abbott
et al. 2017a) that had associated electromagnetic counter-
parts (Abbott et al. 2017b), and neutron star–black hole bi-
nary (NSBH) coalescences (Abbott et al. 2020d).

This GWTC-4.0 collection of papers describes the GW
transient candidates observed by the LVK from the first ob-
serving run (O1) through the end of the first part of the fourth
observing run (O4a) and the astrophysical implications of
these observations. The paper collection includes:

• “GWTC-4.0: Methods for Identifying and Charac-
terizing Gravitational-wave Transients” (Abac et al.
2025a) reviews the procedures used to go from the cal-
ibrated output of the detectors to a list of transient can-
didates that includes measurements of the statistical
significance and inferences on each of the correspond-
ing astrophysical sources.

• “GWTC-4.0: GWTC-4.0: Updating the Gravitational-
Wave Transient Catalog with Observations from the
First Part of the Fourth LIGO–Virgo–KAGRA Observ-
ing Run” (Abac et al. 2025b) describes the primary
observational results contained in GWTC-4.0: the sig-
nificant GW transient candidates observed through the
end of the O4a observing run and the inferred source
parameters under the hypothesis that these transients
arise from GWs emitted by CBCs (Section 5.2).
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• “GWTC-4.0: Population Properties of Merging Com-
pact Binaries” (Abac et al. 2025c) describes the under-
lying population of CBCs inferred using GWTC-4.0
data, and related astrophysical implications.

• “GWTC-4.0: Tests of General Relativity I —
Overview and General Tests” (Abac et al. 2025d)
presents an overview of the methods and tests of gen-
eral relativity performed on the subset of signals suit-
able for such tests, and focuses on the general and con-
sistency tests.

• “GWTC-4.0: Tests of General Relativity II — Parame-
terized Tests” (Abac et al. 2025e) describes the param-
eterized tests of GR performed on the signals.

• “GWTC-4.0: Tests of General Relativity III — Tests
of the Remnant” (Abac et al. 2025f) describes the tests
of the coalescence remnants.

• “GWTC-4.0: Constraints on the Cosmic Expansion
Rate and Modified Gravitational-wave Propagation”
(Abac et al. 2025g) describes the methods used to de-
termine the Hubble constant and related parameters,
including parameterized deviations from GR on cos-
mological scales, using GWTC-4.0 candidates.

• “GWTC-4.0: Searches for Gravitational Wave Lensing
Signatures” (Abac et al. 2025h) describes the searches
for lensed GW signals in the geometric and wave op-
tics regime in the GWTC-4.0 dataset. It also sets con-
straints on the merger rate at high redshift and the rel-
ative rate of strongly lensed signals compared to un-
lensed ones.

• “Open Data from LIGO, Virgo, and KAGRA through
the First Part of the Fourth Observing Run” (Abac
et al. 2025i) describes the publicly accessible data
and other science products that can be freely accessed
through the Gravitational Wave Open Science Center
(GWOSC). These datasets include the raw GW strain
time series, details of the calibration and cleaning pro-
cess, efforts to remove instrumental noise artifacts, and
details of the online GWTC-4.0.

• “GW230814: Investigation of a Loud Gravitational-
wave Signal Observed with a Single Detector” (Abac
et al. 2025j) describes the analysis of the loudest event
in the GWTC-4.0 catalog, GW230814_230901, which
was detected on 2023 August 14. This event is notable
for its high signal-to-noise ratio (SNR) and its potential
implications for our understanding of GW signals and
GR.

• “GW231123: a Binary Black Hole Merger with To-
tal Mass 190–265 M⊙” (Abac et al. 2025k) describes
the analysis of the candidate GW231123_135430, de-
tected on 2023 November 23. The candidate’s source
is exceptional, having the highest inferred total mass
of any high-confidence BBH observations to date.

To reference the whole GWTC-4.0 collection, we encour-
age citing this introductory paper.

1.2. The Electronic Catalog: GWTC

Abac et al. (2025i) documents the released open data, in-
cluding the GWTC dataset. The catalog contains candidates
(sometimes called events) identified in observational data
that are deemed likely to be caused by GW signals, as well
as triggers corresponding to times selected by searches of the
data for GW transient signals that potentially contain an iden-
tifiable signal but with lower confidence of being caused by
a GW.

1.2.1. The Catalog Naming Convention

The LVK GWTC is a cumulative dataset containing data
on all transient candidates reported by the LVK. Released
versions of the catalog have major and minor numbers in the
format:

GWTC-<major>.<minor>

The major number is determined by the span of time contain-
ing all candidates in the catalog as described below.

Prior to GWTC-4.0, the minor number was routinely omit-
ted when describing a catalog version when that minor num-
ber was 0, so GWTC-1.0, GWTC-2.0, and GWTC-3.0 were
referred to as GWTC-1, GWTC-2, and GWTC-3 in the pa-
pers that described those catalog versions. In this paper, and
in the future, we will include the .0 when referring to those
catalog versions. We also say that GWTC-<major> can refer
to GWTC-<major>.<minor> for any minor version having
that major version number.

Each catalog version is a superset of the previous (apart
from retracted candidates), so that, for example, GWTC-3.0
(Abbott et al. 2023) contains all the candidates in GWTC-2.1
(Abbott et al. 2024). Since GWTC-2.1 provided a deeper list
of candidates observed over the same period as GWTC-2.0
(Abbott et al. 2021b), the minor version numbers of these
two releases differ while their major version numbers remain
the same. In general:

• The major number is incremented when the span of
time over which observational data were searched for
transients is increased.

• The minor version resets to 0 when the major version
number is increased.

• The minor version is incremented when there is a
change in the data describing the transients (additional
data, modified data, or removed data) contained in the
catalog within the current timespan covered.

The time span covering the transient candidates in the cat-
alog indicated by the major number is as follows:

GWTC-1: Contains candidates occurring in data taken be-
fore 2018 October 01 00:00:00. The GWTC-1.0
dataset is described in Abbott et al. (2019a).
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GWTC-2: Contains candidates occurring in data taken be-
fore 2019 October 01 15:00:00. The GWTC-2.0
dataset is described in Abbott et al. (2021b) and the
GWTC-2.1 dataset in Abbott et al. (2024).

GWTC-3: Contains candidates occurring in data taken be-
fore 2020 May 01 00:00:00. The GWTC-3.0 dataset is
described in Abbott et al. (2023).

GWTC-4: Contains candidates occurring in data taken be-
fore 2024 January 31 00:00:00. The GWTC-4.0
dataset is described in Abac et al. (2025b).

In addition to GWTC, other catalogs of GW transients in-
clude the Open Gravitational-wave Catalog (OGC), the most
recent version 4-OGC includes observations from 2015 to
2020 (Nitz et al. 2023), as well as catalogs of candidate sig-
nals identified by the IAS pipeline (Venumadhav et al. 2019;
Olsen et al. 2022; Wadekar et al. 2024; Cheung et al. 2025).
Companion paper Abac et al. (2025i) provides details on the
GWOSC event portal,1 a database of published GW transient
events, including Community Catalogs (Kanner et al. 2025)
containing catalog results from communities outside of the
LVK.

1.2.2. Candidate Naming Conventions

The naming of our GW candidates follows the format

GW<YY><MM><DD>_<hh><mm><ss>

encoding the date and Coordinated Universal Time (UTC) of
the signal. For example, GW200105_162426 was the tran-
sient observed on 2020 January 5 at 16:24:26 UTC. For tran-
sients signals spanning multiple second intervals, the time
assigned to a signal is an estimate of the time of peak GW
amplitude.

GW candidates reported prior to the release of GWTC-2.0
were designated by the abbreviated form

GW<YY><MM><DD>

including candidates first appearing in GWTC-1.0 (Abbott
et al. 2019a) as well as GW190412 (Abbott et al. 2020e),
GW190425 (Abbott et al. 2020b), GW190521 (Abbott et al.
2020f), and GW190814 (Abbott et al. 2020d). These candi-
dates retain their legacy names.

1.3. Outline

An outline of the remainder of this article is: We briefly
describe the network of ground-based GW detectors in Sec-
tion 2 and their observing runs that have contributed to the
GWTC-4.0 in Section 3. These sections are followed by short
reviews of the evolution of the various observatories in Sec-
tion 4 and of the nature of the transient sources observed in
Section 5. A list of common acronyms is provided in Ap-
pendix A. Mathematical conventions used throughout the ar-
ticles in this compendium are described in Appendix B.

1 GWOSC event portal https://gwosc.org/eventapi

2. THE INTERNATIONAL GW OBSERVATORY
NETWORK

The international ground-based GW observatory network
currently comprises four primary observatories employing
laser interferometric GW detectors. The four observato-
ries are the two US-based LIGO detectors, LIGO Hanford
Observatory (LHO) in Washington and LIGO Livingston
Observatory (LLO) in Louisiana (Aasi et al. 2015a), the
European Virgo detector (Acernese et al. 2015), and the
Japanese KAGRA detector (Akutsu et al. 2021; Aso et al.
2013; Somiya 2012). All these detectors are enhanced
Michelson interferometers that sense relative changes in the
lengths L1 and L2 of their two 3 km to 4 km long arms
caused by passing GWs in the high-frequency band ∼10 Hz
to ∼1000 Hz (Thorne 1987). Other GW frequency bands in-
clude the very-low-frequency band ∼1 nHz to ∼100 nHz ob-
served by pulsar timing arrays such as the European Pul-
sar Timing Array (EPTA; Desvignes et al. 2016), the North
American Nanohertz Observatory for Gravitational Waves
(NANOGrav; Brazier et al. 2019), the Parkes Pulsar Tim-
ing Array (PPTA; Kerr et al. 2020), the Indian Pulsar Timing
Array (InPTA; Joshi et al. 2018), and their combined con-
sortium the International Pulsar Timing Array (IPTA; Ver-
biest et al. 2016); and the low-frequency band ∼0.1 mHz to
∼10 mHz that will be observed by the Laser Interferometer
Space Antenna (LISA; Colpi et al. 2024).

The fractional change in the relative lengths of the two op-
tical paths of interferometric detectors, ∆(L1 − L2), induced
by a GW is known as the detector strain, h = ∆(L1 − L2)/L,
where L is the average arm length (Section 5.1). The sensitiv-
ity of ground-based detectors is fundamentally limited below
∼1 Hz by ground motion noise (Saulson 1984) and at high
frequencies by shot noise (Forward 1978; Krolak et al. 1991).
Significant noise sources at intermediate frequencies include
thermal noise in the optics and their suspensions and quan-
tum readout noise (Weiss 2022; Saulson 2017; Buonanno &
Chen 2001). In the frequency domain, the overall detector
sensitivity is characterized by the (one-sided) noise power
spectral density in strain-equivalent units, S n( f ), with dimen-
sions of time (Appendix B).

The GEO 600 GW detector (GEO) is a British–German in-
strument with 600 m arms located near Hannover, Germany
(Luck et al. 2010; Affeldt et al. 2014; Dooley et al. 2016).
This instrument is a laboratory for prototyping advanced in-
terferometry techniques, but also is operated in data-taking
astrowatch mode when not being used for instrument-science
research (Grote 2010; Dooley et al. 2016). Astrowatch pro-
vides GW observing coverage for times when the larger de-
tectors are not observing between observing runs and when
the detectors are not taking scientific data; e.g., GEO data
was used to constrain post-merger signals following the first
BNS detection (Abbott et al. 2017c).

3. OBSERVING RUNS

The GW observing schedule is divided into observing runs,
down time for construction and commissioning, and transi-
tional engineering runs between commissioning and observ-

https://gwosc.org/eventapi
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ing runs (Abbott et al. 2020a). Figure 1 shows a timeline of
GW observations up to the end date of the time period cov-
ered by GWTC-4.0. Indicated are the observing periods of
each observing run, and the times when each detector was
in operation. Also shown are the times when GW transient
signals were detected.

In order to quickly compare sensitivities of detectors, the
GW community uses a fiducial range, to which a typical BNS
can generally be detected. This fiducial distance assumes that
a SNR of at least 8 is needed for a detection, and it approx-
imates the BNS inspiral waveform at Newtonian order (Sec-
tion 5.2). The BNS inspiral range is a volume-averaged mea-
sure of sensitivity to a signal from two 1.4 M⊙ bodies in a
quasi-circular inspiral at a single-detector SNR threshold of
8 (Finn & Chernoff 1993; Chen et al. 2021). When a ho-
mogeneous BNS population of is assumed and cosmological
effects are ignored, the BNS inspiral range for a detector is
determined by its noise power spectrum as

R = 1.016 × 10−20 Mpc s−1/6

√∫ ∞

0

f −7/3

S n( f )
d f , (1)

and the sensitive volume of the detector (also when neglect-
ing cosmological effects) is given by V = (4π/3)R3 (Ap-
pendix B). (This measure is taken as a simple figure of merit
of sensitivity to CBCs; it does not attempt to account for
the true underlying astrophysical distribution describing such
systems.) If the number of BNS mergers per unit time per
unit volume of space, the merger rate density of BNSs, is
R, then the expected number of BNS signals seen with SNR
greater than 8 in time T would be RVT . Figure 1 also gives
the typical BNS inspiral range, as given in Equation (1), for
each detector during each observing run.

The amplitude strain noise spectra is the square-root of the
(one-sided) noise power spectral density in strain equivalent
units S 1/2

n ( f ) having dimensions of time1/2. The amplitude
strain noise spectra of LHO, LLO, and Virgo during the var-
ious observing runs are shown in Figure 2. There is an over-
all reduction in the detector noise levels with successive ob-
serving runs resulting in increased sensitivity. Figure 2 also
shows the fraction of the run duration during which different
combinations of detectors were observing.

Figure 3 shows the cumulative number of candidates de-
tected vs. the estimated effective time–volume hypervolume
VT for the detector network. For the first two observing
runs (described below), only data when two detectors were
operating were searched for GWs. In this case the rate at
which VT is accumulated at any observing time is given by
the sensitive volume V for the second most sensitive instru-
ment observing at that time. Beginning with the third ob-
serving run, periods during which only a single detector was
observing were included in the search. During such time, the
rate at which VT is accumulated is again given by the sen-
sitive volume V = (4π/3)R3 but where R is computed from
Equation (1) divided by 1.5, representing an effective SNR
threshold for detection of 12 rather than 8 for single-detector
observation (Abbott et al. 2021b). This simple estimate of

VT , derived from the BNS inspiral range, is an approximate
one done for a quick and convenient overview. In particu-
lar, it makes a crude approximation of whether a signal is
detectable and its numerical value is only representative of
sensitivity to sources in a small region of mass space. Ac-
tual measured sensitive hypervolume ⟨VT ⟩ values for various
CBC mass regions and search methods are reported in Abac
et al. (2025b).

3.1. O1: The First Observing Run

O1 consists of the time-period from 2015 September 12 to
2016 January 19. O1 includes short time-periods which were
originally planned to be engineering time (2015 Septem-
ber 12 to 2015 September 18 and 2016 January 12 to
2016 January 19), but which were of sufficient quality to be
included in O1. This was the first observing run with the
Advanced LIGO (aLIGO) interferometers, in progress to-
ward full aLIGO design sensitivity (Abbott et al. 2016b,c),
LHO achieving a BNS range of 80 Mpc and LLO a range of
70 Mpc.

Of the 129.7 d duration of O1, there were only 49.0 d
(38%) when both LHO and LLO were observing jointly, and
there were 36.2 d (28%) when neither detector was observ-
ing. The largest non-observing periods were due to locking,
the time spent bringing the interferometers from an uncon-
trolled state to their low-noise configuration (Staley et al.
2014), and environmental issues such as earthquakes, wind,
and microseismic noise arising from ocean storms (Effler
et al. 2015; Abbott et al. 2016d). Wind and microseismic
noise have seasonal variation as storms are more prevalent
in winter months; LLO was more susceptible to these than
LHO, mainly due to its local geophysical environment (Daw
et al. 2004).

Overall, a total effective hypervolume VT =

1.59 × 10−4 Gpc3 yr was accumulated during joint LHO–
LLO observing during O1.

3.2. O2: The Second Observing Run

The O2 run from 2016 November 30 to 2017 August 25. It
was preceded by an engineering run that began on 2016 Oc-
tober 31 at LLO and on 2016 November 14 at LHO. The
LHO and LLO detectors achieved a typical BNS range sen-
sitivity of 80 Mpc and 100 Mpc respectively (Abbott et al.
2017d, 2019a). However, on 2017 July 06 LHO was severely
affected by a 5.8 magnitude earthquake in Montana result-
ing in a post-earthquake sensitivity drop of approximately
10 Mpc in BNS range for the remainder of the run (Abbott
et al. 2019a).

The Advanced Virgo (AdV) interferometer (Acernese et al.
2015) joined O2 on 2017 August 01, forming a three-detector
network for the last month of the run. A vacuum contamina-
tion issue required AdV to use steel wires rather than fused
silica fibers to suspend the test masses, limiting the sensitiv-
ity of AdV (Abbott et al. 2019a). In O2, a 30 Mpc BNS range
was achieved.

The LIGO detectors saw some improvement in duty factors
during non-winter months with an almost 50% reduction in
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Figure 1. The timeline of observing runs covering a timespan starting from 2015 and lasting up to the beginning of O4b on 2024 April 10. The
periods in which the various detectors in the network were observing are shown in this timeline, along with the typical BNS inspiral ranges for
those detectors during the observing run. GEO astrowatch observing periods are shown in light gray. KAGRA observing periods during O4a,
also shown in light gray, were not used for GW observational analyses. In O1 and O4a, only LHO and LLO were participating. Virgo joined
these two detectors for the last month of O2 and was observing alongside them throughout O3a and O3b. At the end of O3 there was a short
joint observing run, O3GK, which included GEO and KAGRA. Also shown is a timeline of the observed candidates contained in GWTC-1.0,
GWTC-2.1, GWTC-3.0, and GWTC-4.0 with a probability of astrophysical origin greater than or equal to 50%. The time intervals covered by
the various versions of the GWTC are bounded from above but not from below, as indicated by the arrows pointing left (see Section 1.2.1).

downtime due to environmental effects at both sites, though
LLO lost over twice as much observing time as LHO to earth-
quakes, microseismic noise, and wind. O2 had a planned
mid-run engineering break to effect needed repairs and to at-
tempt improvements to the sensitivity. The Virgo instrument
operated with a duty factor of approximately 85% after join-
ing O2. There were 15 d of all three detectors observing si-
multaneously.

Overall, a total effective hypervolume VT =

3.52 × 10−4 Gpc3 yr was accumulated during O2; of this,
3.27×10−4 Gpc3 yr was accumulated during joint LHO–LLO
observing, 2.41 × 10−5 Gpc3 yr was accumulated while all
three detectors were observing, and only 3.62× 10−7 Gpc3 yr
and 4.80×10−7 Gpc3 yr were accumulated during joint LHO–
Virgo and LLO–Virgo observing respectively.

3.3. O3: The Third Observing Run

O3 started on 2019 April 01, with a commissioning break
from 2019 October 01 to 2019 November 01. This observ-
ing run was planned to continue to 2020 April 30 but the
COVID-19 pandemic resulted in a suspension of observing
on 2020 March 27 (Abbott et al. 2023). The period of O3
prior to the commissioning break is referred to as O3a while
the period after the break is referred to as O3b. KAGRA had
intended to join LIGO and Virgo at the end of O3 but the
early end made this impossible. Instead, KAGRA and GEO
jointly observed for a two week period from 2020 April 07
to 2020 April 21 after LIGO and Virgo had suspended their

observing. This joint GEO–KAGRA run (distinct from the
O3 run described previously) is referred to as O3GK (Abbott
et al. 2022).

In O3, the LHO and LLO detectors achieved a BNS range
of 110 Mpc and 140 Mpc respectively (Buikema et al. 2020).
This increase in sensitivity arose from a variety of improve-
ments, chief among them an increase in the input laser power,
the addition of a squeezed vacuum source at the interferom-
eter output (Tse et al. 2019), and mitigation of noise aris-
ing from scattered light (Soni et al. 2020). In addition, end
test-mass optics with lower-loss coatings, along with new re-
action masses, were installed in each LIGO interferometer
(Granata et al. 2020; Aston et al. 2012).

The steel wires in AdV were replaced with fused silica
fibers in preparation for O3. Along with other improvements
such as reduction of technical noises, an increase in laser
power, and the installation of a squeezed vacuum source,
Virgo achieved a BNS range of 60 Mpc (Acernese et al.
2019).

Over all of O3a and O3b, 361.1 d combined, there were
154.3 d (43%) of three-detector observation and only 42.1 d
(12%) during which no detector was observing. The to-
tal effective hypervolume VT accumulated was 3.21 ×
10−3 Gpc3 yr. Of this, 2.27 × 10−3 Gpc3 yr was accumulated
during three-detector observations, 7.20×10−4 Gpc3 yr when
LHO and LLO were observing, 4.09 × 10−5 Gpc3 yr when
LHO and Virgo were observing, 5.03 × 10−5 Gpc3 yr when
LLO and Virgo were observing. The amount accumulated
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Figure 2. Representative noise amplitude spectral densities for LHO, LLO, and Virgo during O1 (LHO, LLO: 2015 October 24), O2
(LHO: 2017 June 10, LLO: 2017 August 06, Virgo: from Acernese et al. (2023a)), O3 (LHO: 2020 January 04, LLO: 2019 April 29, Virgo:
2020 February 09), and O4a (LHO: 2024 January 11, LLO: 2023 November 19). The BNS inspiral ranges, defined by Equation (1), for these
noise curves are given in the legend. Inset sunburst charts show the fraction of the run duration during which different combinations of detectors
were observing. Gray regions in each ring indicates portions when a detector is not operating. The segments of the sunburst chart, clockwise
from 12 o’clock, are: LHO–LLO, LHO alone, LLO alone, and neither for observing runs involving only LHO and LLO; and LHO–LLO–Virgo,
LHO–LLO, LHO– Virgo, LLO–Virgo, LHO alone, LLO alone, Virgo alone, and none for observing runs involving LHO, LLO, and Virgo.

with only a single detector observing was 4.47×10−5 Gpc3 yr,
7.47× 10−5 Gpc3 yr, and 9.72× 10−6 Gpc3 yr for LHO, LLO,
and Virgo, respectively.

The first operation of the KAGRA detector in an initial
configuration with a simple Michelson interferometer oc-
curred in March 2016 (Akutsu et al. 2018). In August 2019,
the first lock of the Fabry–Perot Michelson interferometer
was achieved, with power recycling accomplished in Jan-
uary 2020. By the end of March 2020, KAGRA obtained
a BNS range of approximately 1 Mpc (Abe et al. 2023) and,
although the LIGO and Virgo instruments had ended their
O3 run, KAGRA was operated jointly with GEO, which had

a comparable BNS range, in O3GK yielding 6.4 d of joint
observing time.

3.4. O4: The Fourth Observing Run

O4 began on 2023 May 24 at 15:00:00 UTC. This run is
again divided into parts: the first part of the fourth observ-
ing run (O4a) ended on 2024 January 16 at 16:00:00 UTC
and was followed by a commissioning break; the second part
of the fourth observing run (O4b) started on 2024 April 10
at 15:00:00 UTC. The O4b period continued until 2025 Jan-
uary 28 17:00:00 UTC, the original intended end of O4; how-
ever it was decided to continue observing into a third part
of the fourth observing run (O4c). The period covered by
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Figure 3. The number of CBC detection candidates with a probability of astrophysical origin greater than or equal to 50% versus the detector
network’s effective surveyed hypervolume for BNS coalescences (Abbott et al. 2021b). The BNS effective surveyed hypervolume is a valid
proxy for overall sensitivity to CBCs, though its scale is set to the case of canonical BNS signals. The colored bands indicate the different
observing runs. The final data sets for O1, O2, O3a, O3b, and O4a consist of 49.0 d, 122.2 d, 149.6 d (177.1 d), 124.6 d (141.9 d), and 126.5 d
(196.8 d) with at least two detectors (one detector) observing, respectively. The cumulative number of probable candidates is indicated by the
solid black line, while the blue line, dark blue band and light blue band are the median, 50% confidence interval and 90% confidence interval
for a Poisson distribution fit to the number of candidates at the end of O4a.

GWTC-4.0 contains events that occurred in O4a and earlier
observing runs only (see Section 1.2.1). O4b and O4c anal-
yses are underway and will be included in future versions of
the GWTC.

The two LIGO detectors were observing during O4a, both
having a BNS range of approximately 160 Mpc. During the
237.0 d there were 126.5 d (53%) of two-detector joint obser-
vation and 40.2 d (17%) when neither of the LIGO detectors
were observing. Virgo did not join joint observation until
O4b in order to continue commissioning to address a dam-
aged mirror that limited performance and to improve sensi-
tivity. KAGRA also continued commissioning to improve
sensitivity with the goal of joining O4 toward the end of the
run.

During O4a, the total effective hypervolume VT accu-
mulated was 5.28 × 10−3 Gpc3 yr. This is divided into
3.85× 10−4 Gpc3 yr during which LHO alone was observing,
4.57 × 10−4 Gpc3 yr during which LLO alone was observing,
and 4.44 × 10−3 Gpc3 yr during which both detectors were
observing.

4. OBSERVATORY EVOLUTION

The advanced detector era is characterized by a series of
technological improvements from the initial detectors that
deliver higher sensitivity and greater BNS range that made
possible the era of GW observation. Some of the key instru-
ment science elements of the advanced era detectors are: (i)
increases in the input laser power entering the interferome-
ter, and to the circulating power in the interferometer cavities

(a higher power in the arms produced a lower quantum shot
noise limited sensitivity above ∼200 Hz); (ii) increases in test
mass mirror size to accommodate larger beams which miti-
gates coating thermal noise and heavier masses to reduce in-
ertial and quantum back-action effects; (iii) implementation
of signal recycling (Meers 1988) in addition to power recy-
cling (Drever 1983), which alters the frequency band of the
detectors’ sensitivity (typically to give broader-band sensi-
tivity); (iv) implementation of monolithic test-mass suspen-
sions, which reduces the suspension thermal noise in the de-
tectors’ sensitivity band by using the same low mechanical
loss material (fused silica for LIGO and Virgo) for the sus-
pension fibers as for the mirror substrate, and low loss joint-
ing techniques and thermo-elastic nulling (Aston et al. 2012;
Travasso 2018); (v) improved passive and active seismic iso-
lation systems, and sensors to reduce ground motion coupling
to the detector and to damp suspension modes (Braccini et al.
2005; Matichard et al. 2015; Cooper et al. 2023); (vi) im-
proved low-thermal-noise, low-absorption, high-reflectivity
mirror coatings (Harry et al. 2007; Granata et al. 2020).

Throughout the advanced-detector era of GW observation,
the LIGO and Virgo detectors have undergone a series of
performance-improving detector upgrades and commission-
ing activities of which detail is given in this section. De-
tector upgrades include the installation of new hardware or
upgrades to existing hardware in a detector. Examples of
detector upgrades include the installation of new laser sys-
tems to provide higher power into the interferometer, instal-
lation of baffles to mitigate scattered light and the injection
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of squeezed light to manipulate the quantum-noise limited
sensitivity of the detectors (Tse et al. 2019; Acernese et al.
2019). Commissioning activities cover a range of improve-
ments to sensitivity and observing uptime of the instruments
from targeted noise-hunting activities to remove glitches,
lines and broadband noise, and improved control schemes to
mitigate instabilities and improve detector robustness.

Alongside this has been the effort to build and commission
the KAGRA detector utilizing advanced technologies such as
cryogenic cooling of the test-masses and an underground lo-
cation. This schedule of planned upgrades and commission-
ing activities between observing runs ensures that the max-
imal science output is achieved from the network. In terms
of valuable scientific output; a successful upgraded detector
that has been offline for a period of time rapidly overtakes an
non-upgraded detector in continuous observational mode in
terms of number of significant detections, and the resolution
and sky-localization of high interest signals.

The aLIGO and AdV detectors are designed to be dual-
recycled Fabry–Perot Michelson interferometers with or-
thogonal kilometer-scale arms (Aasi et al. 2015a; Acernese
et al. 2015). Each arm contains a Fabry–Perot optical cav-
ity, and a beam splitter at the corner between the arms forms
a Michelson interferometer that measures the change in the
relative phase of the light induced by changes in the lengths
of these cavities (Thorne 1987; Vinet et al. 1988). Additional
power-recycling and signal-recycling cavities are created by
adding mirrors in the symmetric and antisymmetric ports of
the interferometer. These improve sensitivity by building up
the light power on the beam splitter and beneficially modi-
fying the response of the interferometer respectively (Meers
1988). The input and end mirrors on each of the Fabry–Perot
cavities are the test masses whose separations are affected by
GWs. The mirrors are isolated by multistage pendulums that
suppress the ground motion by more than 10 orders of mag-
nitude at frequencies around 10 Hz. Monolithic fused-silica
fibers are used on the bottom stage of the suspension sys-
tem to suppress thermal noise and the mirrors themselves are
fused-silica substrates with low-loss, highly reflective coat-
ings (Aston et al. 2012).

Ground-based interferometers generally have the same
fundamental limiting noise sources (Weiss 2022; Saulson
2017), with the response of each detector and the exact ex-
tent to which each noise limits sensitivity being specific to
the detailed design of each detector. At low observational
frequency below ∼10 Hz the detectors are limited by a com-
bination of seismic noise, gravity-gradient noise, suspension
thermal noise and quantum radiation-pressure noise. Ther-
mal noise in the mirror optical coatings is a significant noise
source at mid frequencies ∼50 Hz to ∼200 Hz (Harry et al.
2007), and at high frequencies above ∼200 Hz, sensitivity is
limited by the quantum shot noise.

In addition to these fundamental noise sources the de-
tectors are also limited by technical noise. This includes
scattered-light noise, which occurs when some fraction of
light is deflected from the interferometer beam path and is
incident on another moving surface varying the phase of the

light; this couples noise into the interferometer readout if part
of this light is reflected back into the main beam (Accadia
et al. 2010; Ottaway et al. 2012). Interferometer controls-
system noise is when signals couple between the multi-
ple feedback loops that control the degrees of freedom of
the interferometer and requires complicated optimization of
control-loop parameters to mitigate (Buikema et al. 2020).
Laser noise due to fluctuations in the frequency, intensity and
pointing of the laser beam entering the interferometer is re-
duced with dedicated multi-stage stabilization systems to a
level such that is does not impact the sensitivity of the detec-
tors, however suboptimal tuning of these stabilization sys-
tems can lead to laser noise affecting sensitivity (Cahillane
et al. 2021). Environmental noise is caused when environ-
mental effects in the vicinity of the interferometer (e.g., seis-
mic activity) couple into the measurement of the interferom-
eter strain signal (Acernese et al. 2006; Effler et al. 2015;
Fiori et al. 2020; Nguyen et al. 2021; Helmling-Cornell et al.
2024). Detector commissioning seeks to mitigate such non-
fundamental noise sources.

The key parameters of the LIGO, Virgo, KAGRA and GEO
detectors across the advanced era observing runs are given
in Table 1. The specific evolution of each detector in terms
of detector upgrades and improvements is detailed in the re-
mainder of this section.

4.1. LIGO Hanford & Livingston Observatories

LIGO is a US national facility comprising two US-based
interferometric detectors in Hanford, Washington (LHO),
and Livingston, Louisiana (LLO), each with 4 km arms.
LIGO construction began in 1994. From 2002 to 2010, initial
power-recycled Fabry–Perot Michelson interferometers were
operated at these sites in a series of science runs S1 through
S6 (Abbott et al. 2009; Aasi et al. 2015b). During this period,
LIGO also operated a second interferometer with 2 km arms
at the Hanford site. Subsequently the aLIGO project resulted
in a major overhaul of the interferometers to improve the ca-
pabilities of the detectors (Aasi et al. 2015a) leading up to O1
and the first observation of GWs.

Across the observing runs certain areas have been the main
focus of much of the detector improvement effort: (i) increas-
ing the arm cavity power by increasing the injected laser
power and the power-recycling gain while achieving stable
operation; (ii) mitigation of scatted-light sources and cou-
pling mechanisms; (iii) reduction of quantum noise with ad-
dition of a squeezed-light system for O3 and the following
improvements to the quantum-enhancement factor.

Both aLIGO detectors are operated with a lower injected
laser power and lower power-recycling gain than the design
goal (Aasi et al. 2015a). The full amount of available laser
power cannot be fully utilized due to issues with maintain-
ing long-duration stable locking of the interferometer due
to angular instabilities and point absorbers in the test-mass
mirrors (Brooks et al. 2021). This issue was the focus of
commissioning efforts to continually improve the operating
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Table 1. Selected optical and physical parameters of the LIGO Hanford (LHO), LIGO Livingston (LLO), Virgo, KAGRA, and
GEO 600 (GEO) interferometers throughout the advanced-detector era. The input laser power is the power that would be measured
at the power recycling mirror (after the input mode cleaner) and is an estimate of the maximum level typically achieved during an
observing period. Suspension types are monolithic fused silica fibers, sapphire fibers, or steel wires.

Observing period Interferometer Input laser power Power recycling gain Signal recycling Squeezing Suspension type

O1
LHO 21 W 38 ✓ × Silica

LLO 22 W 38 ✓ × Silica

O2
LHO 26 W 40 ✓ × Silica

LLO 25 W 36 ✓ × Silica

Virgo 10 W 38 × × Steel

O3a
LHO 34 W 44 ✓ ✓ Silica

LLO 44 W 47 ✓ ✓ Silica

Virgo 18 W 36 × ✓ Silica

O3b
LHO 34 W 44 ✓ ✓ Silica

LLO 40 W 42 ✓ ✓ Silica

Virgo 26 W 34 × ✓ Silica

O3GK
GEO 3 W 1000 ✓ ✓ Silica

KAGRA 5 W 12 × × Sapphire

O4a
LHO 57 W 50 ✓ ✓ Silica

LLO 64 W 35 ✓ ✓ Silica

power in the cavity by optimizing the interferometer con-
trol loops (Buikema et al. 2020) and reducing the presence
of point absorbers in the mirrors. Stray-light control can be
achieved by the addition of baffles to block unwanted beam
paths and with active control of known scattered-light paths.
The addition of a squeezed vacuum source at the interferome-
ter’s output alters the quantum noise in the interferometer and
with the inclusion of a filter cavity can produce frequency de-
pendent squeezing which can be used to surpass the standard
quantum limit on sensitivity of a laser interferometer (Tse
et al. 2019; Ganapathy et al. 2023).

4.1.1. O1

The sensitivity and limiting noise sources of the LIGO de-
tectors during O1 is described in Abbott et al. (2016c). Fig-
ure 2 shows a representative amplitude spectral density of
the strain noise and the BNS range. In O1, the typical input
power entering the power-recycling cavity was 21 W in LHO
and 22 W in LLO, circulation of laser light in the power re-
cycling cavity increases the power on the beam splitter to be
a factor of 38 times greater (the power recycling gain), and
a further increase in circulating power by a factor of 144 is
achieved in the arms by the Fabry–Perot cavities. The laser
input power and power-recycling gain during O1 and the later
observing runs is given in Table 1 alongside other detector
parameters. An example of commissioning improvement is
the investigation at LLO during O1 of recurring changes in
the BNS range from 65 Mpc to 60 Mpc. By searching for
correlation between the detector range and the hundreds of

data channels recorded by aLIGO it was found that the issue
was caused by a malfunctioning temperature sensor. This
sensor was replaced resulting in an a more stable increased
range (Walker et al. 2018).

4.1.2. O2

After O1, several improvements were made to both LIGO
instruments (Abbott et al. 2017d). Detector upgrades in-
cluded installation of new mass dampers on the end test-
mass suspensions to dampen mechanical modes, improving
the stabilization of laser intensity, and installing a new out-
put Faraday isolator and higher quantum-efficiency photodi-
odes at the output port to improve signal-detection efficiency
in the readout system. Mitigation of scattered light sources
and other improvements to the detector sensitivity through-
out O2 resulted in a BNS range improvement to 100 Mpc
by the end of the run (Davis et al. 2021). Commissioning
tests during O2 on the LHO detector to increase in the laser
power to 50 W did not result in an overall improvement in
performance of 80 Mpc BNS range at the end of O1, ow-
ing to point absorbers on one of the input test-mass optics,
so the detector operated with 30 W input power. After O2, it
was demonstrated that the use of witness channels to perform
noise subtraction on the strain data was able to increase the
BNS range by 20% (Davis et al. 2019; Driggers et al. 2019).

4.1.3. O3

Leading up to O3, several upgrades were made to the
LIGO instruments (Buikema et al. 2020). The most signif-
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icant was the installation of an in-vacuum squeezed-light in-
jection system at each site to inject squeezed vacuum into
the interferometers to reduce shot noise at frequencies above
50 Hz (Tse et al. 2019). The squeezer works by optically
pumping a non-linear crystal to modify the distribution of the
quantum vacuum state that enters the interferometer (Caves
1981; Barsotti et al. 2019).

Between O3a and O3b, adjustments to the squeezing sub-
system produced large sensitivity improvements. Among
these were the installation of higher power laser amplifiers
with stable operation and output power over 70 W (Bode
et al. 2020). A program of installation of optical baffles was
completed to improve stray light control. The correlation
of microseismic activity with scattered-light noise was deter-
mined to be primarily caused by a scattered-light path aris-
ing from large relative motion between the end test mass and
the reaction mass that is immediately behind it (Soni et al.
2020). A control loop that makes the reaction mass follow
the end mass, implemented on 2024 January 07 at LLO and
2024 January 14 2024 at LHO, reduced the relative motion
and mitigated the scattered-light noise (Davis et al. 2021).
At LHO, wind fences were installed to mitigate ground tilt
induced by wind on the buildings (Nguyen et al. 2021).

4.1.4. O4a

Several upgrades were implemented at LHO and LLO to
improve the quantum-limited sensitivity of the detectors via
improved quantum squeezing and higher intracavity power
(Abac et al. 2024a). Further upgrades to the laser amplifi-
cation system were implemented with stable operation and
output power over 140 W (Bode et al. 2020). A new vac-
uum system to house a 300 m filter cavity was built at both
detectors along with an upgraded squeezing injection system
to allow the injection of frequency-dependent squeezed vac-
uum to achieve quantum noise reduction across the detec-
tion frequency band (Ganapathy et al. 2023; Jia et al. 2024).
Squeezing levels in O4a reached 5.8 dB at LLO and 4.6 dB at
LHO, compared to the 2 dB to 3 dB achieved in O3 (Capote
et al. 2025). Test-mass mirrors were replaced at both ob-
servatories to remove point defects on the mirrors that con-
tributed to controls challenges and excess noise (Buikema
et al. 2020). This involved a replacement of both end test
masses at LLO and the input y-arm test mass at LHO. Re-
placing these test masses allowed both observatories to ap-
proximately double the input power compared to O3, further
improving the quantum-limited sensitivity of the detectors
due to higher circulating power in the Fabry–Perot arm cavi-
ties (Capote et al. 2025; Buikema et al. 2020).

Other upgrades to the LIGO detectors include improve-
ments to the electronics in the GW signal readout chain,
damping of baffles to mitigate scattered light, and improve-
ments to electronics grounding (Capote et al. 2025; Soni et al.
2025). The photodetector transimpedance amplifiers were
improved ahead of O4a using a design tested at GEO, re-
sulting in a factor of ten reduction in dark noise compared to
O3 (Grote et al. 2016). At both LIGO detectors, a septum
window separating two vacuum volumes housing the output

optics was removed, significantly reducing the coupling of
acoustic noise. Baffles along the arm cavity and around vac-
uum pumps were previously identified to couple excess scat-
tered light in O3, and were damped to reduce their motion
and therefore shift the frequency of up-converted scattered
light out of the sensitive band. Finally, injections into the
building electronics ground demonstrated that many spectral
features in the strain at LHO were the result of a fluctuating
ground potential (Capote et al. 2025; Soni et al. 2025). The
resistance to ground was reduced for several electronics chas-
sis around the detector. Additionally, the voltage biases of the
test-mass electrostatic drives were adjusted to minimize the
electronics noise coupling further (Capote et al. 2025).

Detector commissioning ahead of O4a also focused on op-
timization of the auxiliary controls to reduce technical noise
that limited the detectors at low frequency in O3 (Buikema
et al. 2020). Alignment controls noise was reduced by a
factor of ten and length controls noise by a factor of two
at both detectors near 20 Hz (Capote et al. 2025; Buikema
et al. 2020). Significant improvements to the controls in-
cluded the upgrade to a camera servo system that requires
no line injection to sense the alignment of the main detector
optics (Capote et al. 2025). Suspension local control loops
were re-optimized to focus on noise suppression above 5 Hz,
reducing both noise directly coupled to the strain, and noise
that couples indirectly through the length and alignment con-
trols (Capote et al. 2025). Both detectors were also lim-
ited by unmitigated beam-jitter noise that was well-witnessed
by auxiliary sensors (Capote et al. 2025). As such, front-
end infrastructure using the non-stationary estimation and
noise subtraction (NonSENS) code (Vajente 2018) was im-
plemented to perform noise cleaning in low latency, increas-
ing detector sensitivity by up to 5 Mpc in BNS range (Vajente
et al. 2020; Vajente 2022; Capote et al. 2025).

4.1.5. Beyond O4

Looking to the future there is ongoing construction of
LIGO-India (Souradeep et al. 2017), a third LIGO interfer-
ometer to be built in the Hingoli district of Maharashtra, In-
dia. This facility will be based on aLIGO hardware and de-
sign, and its location will provide a significant improvement
in the sky localization of GW sources (Pankow et al. 2020;
Saleem et al. 2022; Pandey et al. 2025).

In parallel, there are plans underway to upgrade the
existing LIGO detectors (and eventually LIGO-India) to
Advanced+ LIGO (A+) sensitivity (Abbott et al. 2020a;
Cooper et al. 2023). The A+ upgrade to the LIGO detectors
is a series of detector upgrades utilizing improved technol-
ogy that has been developed in parallel to the observing runs.
The inclusion of frequency dependent squeezing was origi-
nally planned as an A+ upgrade but was implemented ahead
of O4a at both sites (Capote et al. 2025). Other A+ upgrades,
which will be implemented for future observing runs, include
new optics with lower noise and loss, improved sensors for
controlling the mirrors, a new pre-mode cleaner to reduce
beam-jitter noise, improved output mode cleaners with lower
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loss, and a balanced homodyne readout system that allows
for better readout control of the interferometer signal.

A post-fifth observing run (O5) upgrade, referred to as
LIGO A♯ (A♯), explores more transformative changes in de-
tector design with the goal of increasing the sensitivity to
the limits of what is possible with the existing infrastruc-
ture of the LIGO detectors (Fritschel et al. 2024). Detec-
tor improvements that facilitate the achievement of the A♯

sensitivity include the upgrade of the laser injection system
to deliver more power into the interferometer, and an im-
proved system for the thermal compensation of the test-mass
mirrors. The test-mass mirrors will be replaced with heav-
ier masses with improved optical coatings, and A♯ targets an
improved exploitation of the quantum noise reduction from
the squeezed-light system. The A♯ configurations are natural
outgrowths of A+ configurations, and will serve as pathfind-
ers for the next-generation Cosmic Explorer concept (Evans
et al. 2021). Additionally, it has much technological over-
lap with Advanced Virgo+ (AdV+) and Virgo_nEXT (Sec-
tion 4.2), which presents the possibility of collaborating on
developing these technologies.

4.2. Virgo Observatory

The Virgo interferometer, located in Cascina (Italy), is the
largest European GW detector, designed in its AdV phase I
as a 3 km dual-recycled Fabry–Perot Michelson interferom-
eter (Acernese et al. 2015). Construction of Virgo started
in 1997 and was completed in 2003 (Acernese et al. 2005).
Four science runs of the initial Virgo interferometer, VSR1
through VSR4, took place between 2007 and 2011. These
were followed by upgrades leading to the AdV design op-
erated during O2 and O3. Subsequently, further upgrades
leading to AdV+ were planned to take place in two phases,
the first for operation during O4 and the second for opera-
tion during O5. A proposed next-generation upgrade planned
post-O5, Virgo_nEXT, would provide further sensitivity by
pushing current facilities to their limit and would serve as a
pathfinder for future ground-based GW detectors.

The first-generation Virgo detector (Accadia et al. 2012a)
observed jointly with the initial LIGO detector’s fourth and
fifth science runs. After several years of commissioning,
from 2007 May to 2007 October the first scientific data run
VSR1 (along with LIGO) took place, for which a BNS range
of 4 Mpc was achieved (Acernese et al. 2008). At this stage,
Virgo was a power-recycled Fabry–Perot Michelson inter-
ferometer with a 20 W laser source. The second Virgo sci-
ence run, VSR2 (also along with LIGO), from 2009 July to
2010 January (Accadia & Swinkels 2010), was preceded by
set of major improvements to mitigate scattered light and to
improve the light-injection system.

The replacement of the four payloads in the Fabry–Perot
cavities was the major improvement in preparation for the
third Virgo science run VSR3 from 2010 July to 2010 Oc-
tober (Accadia et al. 2012b). Issues arising from thermal
noise due to improperly-aligned suspension wires and de-
graded contrast resulting from differing radii of mirror cur-
vature were addressed leading up to VSR4, from 2011 June

to 2011 October, during which Virgo achieved a BNS range
of 12 Mpc. While the three previous VSR were aligned with
initial LIGO science runs, Virgo took data during this run
together with GEO. The main upgrade consisted on the in-
stallation of the central heating radius of curvature correc-
tion (CHRoCC) on both end mirrors, which allowed to con-
trol the radius of curvature of the mirrors in real-time (Ac-
cadia et al. 2013). This system was designed to correct the
thermal lensing effect in the mirrors, which had been a sig-
nificant source of noise in the interferometer. Virgo stopped
observing in 2011 for the AdV upgrade.

4.2.1. O2

After these four science runs, major modifications were
made to the optical layout to increase the broadband sensi-
tivity by up to an order of magnitude (Abbott et al. 2017e).
These upgrades marked the transition from Virgo, a first-
generation interferometer, to AdV, a second-generation GW
detector (Acernese et al. 2015). The installation of AdV
started in 2011 and was completed in 2016. AdV was
planned as a dual-recycled interferometer with 125 W en-
tering the interferometer, though signal recycling was not
implemented until O4. The main improvements included
a ∼10-fold increase in the arm-cavity finesse (a measure of
how long light stays within the cavity), 42 kg fused silica test
masses with ultra low absorption and high homogeneity, new
stray light control using diaphragm baffles and a vibration
isolation system, an improved thermal compensation system
with double axicon CO2 laser projectors and ring heaters, an
improved output mode cleaner with two cascaded monolithic
bow-tie resonators, and a new design of payloads triggered
by the need to suspend heavier mirrors, baffles and compen-
sation plates.

The several months of commissioning that started at the
end of 2016 October achieved the target early-stage BNS
range of 8 Mpc in 2017 April with 13 W input laser power.
After an intense campaign of noise investigations, AdV sen-
sitivity was considered sufficient to join aLIGO during the O2
observing run in 2017 August (Acernese et al. 2018). Dur-
ing O2, the AdV BNS range reached 30 Mpc. As noted in
Section 3.2, the low-frequency Virgo sensitivity during O2
was limited by thermal noise from metallic suspension wires,
which were implemented as a fallback option due to the fre-
quent failure of monolithic suspensions after the installation
of the main AdV upgrades.

4.2.2. O3

The most important Virgo upgrades for O3 were the miti-
gation of suspension thermal noise by installation of mono-
lithic suspensions, and the mitigation of quantum noise by
increase of input laser power and by injection of frequency-
independent squeezing. An in-air optical parametric ampli-
fier was implemented in the Virgo interferometer before the
start of O3a, and squeezing injections were maintained dur-
ing the whole of O3, with a 3 dB gain in sensitivity at high
frequency (Acernese et al. 2019, 2020).
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Throughout O3, work was continuously carried out to im-
prove the Virgo sensitivity in parallel with the ongoing data
taking. Dedicated tests were made during planned breaks
in operation (commissioning, calibration and maintenance),
in-depth data analysis of these tests was performed between
breaks to ensure continual improvement. In particular, the
one-month commissioning break between the O3a and O3b
observing periods was used to get a better understanding of
the Virgo sensitivity and of some of its main limiting noises
(Abbott et al. 2023). This effort culminated during the last
three months of O3b.

The most significant change to the Virgo configuration be-
tween O3a and O3b was the increase of the input power from
18 W to 26 W. As with the LIGO detectors, it was found that
the optical losses of the arms increased following the increase
of the input power.

New high quantum-efficiency photodiodes that had been
installed at the output (detection) port of the interferometer
prior to the start of O3a were found to increase the electron-
ics noise at low frequency. These were improved at the end
of 2020 January during a maintenance period, by replacing
pre-amplifiers. The electronic noise disappeared completely,
leading to a BNS inspiral range gain of ∼2 Mpc.

Finally, in the period between the end of 2020 January to
the beginning of 2020 February the alignment was improved
for the injection of the squeezed light into the interferometer
(Acernese et al. 2019, 2020), a critical parameter of the low-
frequency sensitivity. By mitigating scattered-light noise, the
BNS range increased by 1 Mpc to 2 Mpc.

4.2.3. O4

The AdV+ interferometer layout (Acernese et al. 2023b)
was designed as a two-step project, for O4 (Phase I) and O5
(Phase II), with the aim to reduce quantum and thermal noise,
respectively. The main upgrades for O4 included: a new
high-power fiber laser amplifier replacing the former solid
state amplifier, to reach 125 W; the implementation of an ad-
ditional recycling cavity at the output of the interferometer,
the signal recycling cavity, to broaden the sensitivity band;
an output mode cleaner with increased finesse; a frequency-
dependent squeezing system to reduce quantum noise at all
frequencies; a network of seismic and acoustic sensors for
Newtonian noise monitoring; and a Newtonian calibrator for
improved calibration accuracy. These upgrades, while meant
to improve the detector sensitivity, also increased the diffi-
culties in controlling the interferometer in presence of opti-
cal defects (both from thermal aberration and cold defects),
due to the marginal stability of the Virgo recycling cavities
(Acernese et al. 2023b). Efforts were put forward to con-
trol the dual-recycled interferometer’s sensitivity to small de-
fects. For instance, a CHRoCC (Accadia et al. 2013) was in-
stalled in 2022 to create a thermal lens on the pick-off plate
so as to match the power recycling cavity to the arm cavi-
ties. These turned out not to be enough to have an stable
interferometer working at the targeted laser power. High-
order modes were resonant in the cavities, and these strongly
complicated stable operations. The laser input power was

decreased to 18 W to improve interferometer control and sta-
bility. The various changes on the configuration and attempts
to reach stable operations prolonged the anticipated commis-
sioning period between runs. Thus, AdV+ could not join for
the O4a observing run. Instead, continued commissioning al-
lowed AdV+ to reach a BNS range of 54 Mpc, with which it
joined O4b.

4.3. KAGRA Observatory

The KAGRA interferometer, situated in Japan’s Kamioka
mine, is the only large-scale GW detector in East Asia.
It is designed as a cryogenic, 3 km, dual-recycled Fabry–
Perot Michelson interferometer. The KAGRA project was
funded in 2010, construction begin in 2012 and tunnel ex-
cavation was completed in 2014 (Akutsu et al. 2021). Fol-
lowing installation and assembly in the tunnel, two opera-
tions using temporary detector configurations served as key
project milestones: the initial-phase KAGRA (iKAGRA) op-
eration in 2016 April (Akutsu et al. 2018) and the baseline-
design KAGRA (bKAGRA) phase-1 operation in 2018 April.
During the bKAGRA phase-1 operation, both cryogenic
technology and the large-scale vibration isolation systems
of KAGRA were successfully demonstrated (Akutsu et al.
2019). By the summer of 2019, the primary installation of in-
struments was completed, allowing for the commissioning of
the detector to begin immediately. In 2019 October, a mem-
orandum of agreement forming the LVK was signed and the
LVK international observation network was launched (Brady
et al. 2019). After that the commissioning phase continued
until 2020 March, marking the commencement of the detec-
tor’s scientific operation.

4.3.1. O3GK

O3GK was a joint observation conducted with the GEO de-
tector in 2020 April (Abe et al. 2023) just after the early ter-
mination of O3b. The O3GK operation marked the first joint
observation between KAGRA and GEO. This collaboration
aimed to improve the detection capabilities by combining
data from both detectors. The optical configuration used dur-
ing O3GK was a power-recycled Fabry–Perot Michelson in-
terferometer, with one room-temperature sapphire test mass
and the others set around 250 K.

During the O3GK operation, KAGRA observed for ap-
proximately 7.3 d, with a strain sensitivity of 3.0 × 10−22 Hz
at 250 Hz. The BNS range was about 0.7 Mpc (Abbott et al.
2022). The sensitivity of KAGRA during O3GK was in-
fluenced by various noise sources, including sensor noise
from local controls of the vibration isolation systems, acous-
tic noise, shot noise, and laser frequency noise (Abe et al.
2023). Understanding these noise contributions was crucial
for planning future improvements to the detector’s sensitiv-
ity. To enhance its performance, KAGRA plans to implement
hardware upgrades and refine its noise mitigation strategies.
These improvements aim to extend the detection range and
increase the precision of GW observations.

4.3.2. O4
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On 2024 January 01 a 7.5 magnitude earthquake struck
near the KAGRA site, marking the most significant seis-
mic event in the area in the past century. As a result,
10 seismic noise isolators sustained damage but have since
been restored. While further investigation and improvements
were still needed for some vacuum and facility-related com-
ponents, partial commissioning began in 2024 July. By
2024 October, all earthquake-related repairs were completed,
followed by noise-reduction efforts across multiple domains.
During the October commissioning, KAGRA achieved a
significant improvement on the BNS range using a power-
recycled Fabry–Perot Michelson interferometer configura-
tion with DC readout. Further commissioning tasks have
been performed, including: reduction of suspension local
control noise through updates to the control filters; reduc-
tion of photodiode dark noise below the shot noise level
by mitigating electrical coupling from other electronic de-
vices; reduction of quantum shot noise by increasing the laser
power to above 10 W; reduction of thermal noise by cooling
the mirrors and their suspensions to below 100 K; and re-
duction of frequency noise and acoustic noise through hard-
ware improvements and control system updates. Following
these improvements, KAGRA is began operating in O4c on
2025 June 11.

4.4. GEO Observatory

The GEO detector is a Michelson interferometer with two
nearly-orthogonal 600 m arms (Willke et al. 2002). Rather
than Fabry–Perot cavities, GEO uses folding in the arms, in
which the light traverses each arm twice, to give an optical
length of 1200 m for each arm. GEO is sensitive to GWs in
the 50 Hz to 1.5 kHz frequency range. GEO began operation
in 2001. From 2009 to 2014, it underwent a series of up-
grades, the GEO-HF program, that resulted in a factor of 4
improvement in sensitivity at high frequencies (Grote 2010;
Dooley et al. 2016). In 2010, squeezed vacuum injection was
first applied in GEO (Abadie et al. 2011), and the first long-
term application of squeezing was demonstrated in GEO in
2011 (Grote et al. 2013). Subsequently, 6 dB of squeezing
(equivalent to a factor of 4 increase in light power) has been
achieved (Lough et al. 2021).

GEO has served as an advanced development center and
testbed for technologies that were subsequently incorporated
in larger detectors (Affeldt et al. 2014) such as dual-recycling
(Heinzel et al. 2002), monolithic suspension (Goßler 2004),
thermal compensation (Luck et al. 2004), homodyne detec-
tion (DC readout) (Hild et al. 2009), and squeezed-light in-
jection (Abadie et al. 2011).

4.4.1. Astrowatch

Following the first-generation LIGO and Virgo science
runs, GEO embarked on an astrowatch program of near con-
tinual data collection (when the detector is not being used for
instrument science research) as the sole observing detector
(Dooley 2015). This mode of operation has continued since
2007 and allows for searches for GWs associated with ex-
ternal events such as gamma-ray bursts, neutrino detections,

or nearby supernovae, occurring outside of other detectors’
observing periods (e.g., Abac et al. 2024b).

4.4.2. O3GK

As described in Section 3.3, a two-week-long joint observ-
ing run with the GEO and KAGRA detectors took place in
2020 April, during which GEO operated with a 80% duty
cycle (10.9 d of operation) and a BNS range of 1.1 Mpc (Ab-
bott et al. 2022). The laser power injected was about 3 W,
which led to about 3 kW of circulating power in the power re-
cycling cavity, or 1.5 kW circulating power per arm (Affeldt
et al. 2014; Dooley et al. 2016). Bilinear noise subtraction re-
sulted in modest improvement in sensitivity and data quality
(Mukund et al. 2020). Since GEO and KAGRA had similar
sensitivity during O3GK, this joint run enabled searches for
GW transient signals occurring simultaneously in both de-
tectors, though no significant events were observed (Abbott
et al. 2022).

5. REVIEW OF OBSERVED TRANSIENT SOURCES

The GWTC includes all observed transient GW candidates
reported by the LVK. It is most likely that the significant can-
didates in GWTC-4.0 have an astrophysical origin and were
produced by CBC sources (the remaining less-significant
candidates are largely non-astrophysical). This section pro-
vides a foundational overview of transient GW signals, espe-
cially those from CBCs, for use in interpreting the catalog’s
contents and for reference in companion papers. We first pro-
vide a short overview of the basic physics of GWs and then
provide an introduction to the CBC sources to be used as a
reference for other papers in the collection of articles. Addi-
tional detail can also be found in Maggiore (2007, 2018) and
Creighton & Anderson (2011).

5.1. Gravitational Waves

In metric theories of gravity, such as GR, the local gravi-
tational field can be described in terms of 6 independent de-
grees of freedom that represent the relative accelerations of
a collection of nearby freely-falling observers (Pirani 1956;
Misner et al. 1973). Plane wave solutions to the linearized
gravitational field equations (Einstein 1916) represent the
weak GWs in the far-field region (where the observer is far
from the source, and the gravitational field is treated as a per-
turbation to Minkowski spacetime) that are observed by GW
detectors. The vacuum Einstein field equations of GR then
further restrict the degrees of freedom of the plane wave solu-
tions to 2 transverse polarizations that propagate at the speed
of light (Eddington 1922). These are called the plus (+) po-
larization and the cross (×) polarization. In a suitably-chosen
set of coordinates, known as the transverse-traceless gauge
(Misner et al. 1973; Thorne 1987) which is akin to the radia-
tion gauge in classical electromagnetism, the perturbation to
the Minkowski metric for these two polarizations is given by
the two functions of spacetime h+ and h×, respectively. These
polarizations represent two spin-2 purely-transverse tensor
modes (Weinberg 1972). The transverse-traceless gauge is
a useful choice because worldlines that are the histories of
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fixed points in these spatial coordinates are geodesics of the
perturbed spacetime (Hartle 2021). Thus, changes in time in
the metrical distance between fixed spatial coordinate loca-
tions, which is described by the time derivatives of h+ and
h×, represents the deviation of the geodesics at these loca-
tions. Therefore, h+ and h× are the physical (observable) de-
grees of freedom of a GW.

From an observational point of view, GW signals are
broadly classified as persistent or transient. The main classes
of persistent GWs include quasi-monochromatic signals,
e.g., as produced by rotating NSs having a non-axisymmetric
mass distribution (Zimmermann & Szedenits 1979), and con-
tinuous stochastic superpositions of GWs from numerous un-
resolved independent sources (Romano & Cornish 2017).
Here we focus on the transient signals that are cataloged in
GWTC.

5.1.1. Transient GW Signals

A transient GW is one that registers a signal of short dura-
tion (much less than the duration of the observing run) within
the sensitivity band of the GW detectors. Such GWs can be
characterized by their geocentric arrival time tgeo, the time at
which some fiducial point in the GW’s waveform (such as its
peak amplitude, for example) passes through the Earth’s cen-
ter. We expect that transient GWs will be observed as plane
waves originating from a particular point in the sky, usually
given in terms of the equatorial celestial coordinate system
of right ascension α and declination δ, with a normal vector
−N along this line of sight. A key task for multimessenger
astronomy with GWs is the reconstruction of the source lo-
cation, which facilitates follow-up with other astronomical
facilities (Abbott et al. 2020a).

A network of detectors spaced at different locations on
the Earth can observe the difference in the time of arrival of
the fiducial point in the waveform arising from the propaga-
tion of the plane wave across the Earth, and thereby recon-
struct the direction of propagation N (Fairhurst 2009, 2011;
Creighton & Anderson 2011; Singer & Price 2016). Such tri-
angulation is the main way in which the source of transient
GWs are localized. Hence, uncertainty in the sky location of
the source, ∆Ω, partially results from the measurement un-
certainty of the arrival time in each detector (Fairhurst 2011).
A single detector provides no ability to determine the sky
location of a source for transient signals lasting much less
than a day and having wavelengths much longer than the
size of the detector (as is the case for all candidates reported
in GWTC-4.0); however, with two detectors, the difference
in times of arrival identifies a circle on the celestial sphere,
centered on the axis separating the detectors, on which the
wave’s origin may lie. The presence of a third detector whose
location is not colinear with the other two then identifies the
source position to one of two points on the sky mirrored
across the plane containing these three detectors. A fourth
detector, not coplanar with the other three, finally resolves
the location of the source to a single point on the sky. Addi-
tional localization information can be provided by coherently
combining the observed GW signals from an array of detec-
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Figure 4. Relationship between the sky location in equatorial coor-
dinates, the polarization angle, and the GW coordinate frame. The
direction from the source to the Earth is N and the vector X de-
fines a reference direction on the transverse plane called the wave
plane. The location on the source on the sky in the equatorial co-
ordinate system is given by its right ascension α and declination δ.
The polarization angle ψ is the angle counterclockwise about N be-
tween the equatorial plane and X. Also shown is the Greenwich
sidereal time (GST), the angle between the first point of Aries �
and the prime meridian, and the Greenwich hour angle (GHA) of
the source, GHA = GST − α. NCP is the North celestial pole.

tors as described below. For some types of transient sources
having known GW emission, such as CBCs, it is also possi-
ble to estimate the distance to the source from measurements
of the wave amplitude (Cutler & Flanagan 1994). In such
cases, there is a volume-localization uncertainty ∆V as well
(Singer et al. 2016; Del Pozzo et al. 2018).

GW detectors such as the LIGO, Virgo, and KAGRA de-
tectors are designed to sense changes in the difference of the
lengths of their orthogonal arms, ∆L = ∆(L1 − L2), caused
by GWs, via laser interferometry. These -shaped Michel-
son interferometers measure the difference in phase of coher-
ent light, split at a beam-splitter located at the vertex of the

, after traversing the arms and recombining at the beam-
splitter ∆ϕ = 2π∆L/λ∗, where λ∗ is the wavelength of the
laser light (Moss et al. 1971; Weiss 2022; Forward 1978).
For GW transients having durations much less than a day
and wavelengths much greater than the length L of the de-
tector arms, the strain induced on the arms is a linear combi-
nation of plus- and cross-polarizations of the metric pertur-
bation (Forward 1978; Rudenko & Sazhin 1980; Schutz &
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Tinto 1987; Thorne 1987)

h =
∆L
L
= F+h+ + F×h×. (2)

Here, F+ and F× are the detector’s beam pattern functions,
which depend on the position on the sky from which the
GW source is located, a polarization angle that defines the
axes of the plus- and cross-polarization in the wave frame,
the Earth rotation angle at the time of the signal’s arrival,
and the location, orientation, and geometry of the detector on
the Earth’s surface (Anderson et al. 2001). Figure 4 shows
the sky coordinate conventions used. For long-duration sig-
nals, effects of the Earth’s rotation need to be included; for
short-wavelength signals, the beam pattern functions also
depend on the wavelength of the GWs (Rakhmanov 2009;
Rakhmanov et al. 2008). Neither of these effects are signif-
icant in any of the transient signals detected to date. The
amplitudes of the strains measured in a network of detec-
tors provide additional information about the location of the
source of the GW if the polarization of the GW is known
owing to the dependence of the beam pattern functions on
the position of the source on the sky (e.g., Singer & Price
2016). This information helps to break degeneracies in sky
localization; for instance, with only two detectors, the source
is typically localized to an extended arc or ring on the sky,
but the amplitude response can help reduce this uncertainty
to specific regions along that ring.

Table 2 summarizes the parameters associated with a gen-
eral transient plane GW, a detector’s response to such a GW,
and the accuracy of localization of the wave’s source.

LVK Catalog of Observed Transient GW Signals —In the com-
panion paper Abac et al. (2025b), we describe the significant
transient GWs candidates in GWTC-4.0, highlighting those
observed in O4a. GWTC-4.0 also provides the inferred prop-
erties of the GWs as well as their sources, e.g., the masses
and spins of the binary components under the assumption
than the GWs were produced by CBCs. The GWTC dataset,
along with other open data products, is detailed in companion
paper Abac et al. (2025i).

5.1.2. Gravitational Lensing of GWs

Like electromagnetic waves, GWs can be gravitationally
lensed by massive objects, e.g., galaxies, interposed between
the GW source and the observer. The GW polarization tensor
is parallel-propagated along geodesics (Misner et al. 1973)
and is little affected by the gravitational potential of the lens-
ing mass so it is sufficient to consider scalar diffraction the-
ory (Takahashi & Nakamura 2003). In a thin-lens approxi-
mation, the bending of the trajectory of the GW propagation
occurs on a lens plane orthogonal to the line of sight and at
the distance of the lensing body. With ξ1 and ξ2 as the coor-
dinates of the lens plane, at each point on this plane there is
an observed time delay T (ξ1, ξ2) relative to straight-line mo-
tion with no lens, corresponding to the path from the source

to that point on the lens plane to the observer. This delay
accounts for the gravitational field of the lens. GWs are de-
flected by a gravitational lens with the time delay field on
the lens plane determining the complex phases of the inter-
fering partial waves used to compute a frequency-dependent
complex-valued magnification factor. This factor is given by
the Fresnel–Kirchhoff diffraction formula

F( f ) = i
DOS

DOLDLS

(1 + zL) f
c

"
exp

[
−2πi f T (ξ1, ξ2)

]
dξ1 dξ2 ,

(3)
where the integral is over the lens plane, f is the observed
GW frequency, (1 + zL) f is the blue-shifted frequency of the
GW on the lens plane (zL is the redshift of the lens), and
the distances DOS, DOL, and DLS are the distances between
the observer (us) and the GW source, between the observer
and the gravitational lensing object, and between the lensing
object and the source respectively (Schneider et al. 1992).
In a cosmological setting, these are angular diameter dis-
tances (Hogg 1999). The geometric optics limit corresponds
to Fermat’s principle in which the geodesic paths taken by
GWs are those passing through the lens plane at extrema of
this two-dimensional time-delay field T (ξ1, ξ2), which may
be local minima, which produce Type I images, local max-
ima, which produce Type III images, or saddle points, which
produce Type II images (Schneider et al. 1992). Equation (3)
is evaluated in this high-frequency limit by use of the station-
ary phase approximation to obtain

F j(±| f |) =
√
µ j exp

(
∓2πi| f |t j ± iπn j

)
, (4)

where √µ j and t j are the magnification amplitude and ob-
served time delay of image j, and n j is 0, 1/2, or 1 for Type I,
Type II, and Type III images respectively. Therefore, such
images are magnified or demagnified by a factor that is posi-
tive for Type I images and negative for Type III images, while
the gravitational waveform of Type II images is additionally
distorted, appearing as the Hilbert transform of the original
waveform (Dai & Venumadhav 2017; Ezquiaga et al. 2021).
For GW transients, the images are a set of repeated signals
from the same event observed at different times, the delays
determined by the differences in the time-delay field on the
lens plane of the different images. These delays are typically
minutes to months for galaxy lenses (Li et al. 2018; Ng et al.
2018; Oguri 2018) and up to years for galaxy cluster lenses
(Smith et al. 2017, 2018; Robertson et al. 2020; Ryczanowski
et al. 2020). The images also appear at different points on the
sky, with arcminute-scale separation, but GW detectors have
insufficient sky-localization capabilities to distinguish them
in this way. When gravitational lensing can be described in
this geometric optics limit it is referred to as strong lensing.

However, when the wavelength of the GW is compara-
ble to the Schwarzschild radius of the gravitational lens,
the geometric optics limit of Fermat’s principle is no longer
valid, and the Fresnel–Kirchhoff diffraction formula of Equa-
tion (3) must be used to determine the complex-valued and
frequency dependent magnification factor. Such lensing ef-
fects can result from objects having masses up to 105 M⊙ and
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Table 2. Parameters describing a transient plane GW, a detector’s instantaneous antenna response in the long-wavelength
limit, and measures of inferred localization of the signal on the sky.

Parameter name Symbol Notes [Dimensions]

Plus (+) and cross (×) polarizations h+, h× Functions describing the plus polarization (h+) and cross polarization
(h×) of the metric perturbation [dimensionless]

Geocentric arrival time tgeo Time of arrival at the center of the Earth of some fiducial point in the
GW’s waveform, normally close to the peak amplitude of the
waveform [time]

Propagation direction N Direction of propagation of the GW, the unit vector normal to the
planar wavefronts; the direction to the source of the wave is −N
[dimensionless]

Right ascension α Azimuth of the sky location of the source of the GW in the equatorial
coordinate system (see Figure 4) [angle]

Declination δ Latitude of the sky location of the source of the GW in the equatorial
coordinate system (see Figure 4) [angle]

Polarization angle ψ Orientation of the axes defining the plus- and cross-polarization on the
transverse plane of the GW relative to the line-of-nodes of this plane
and the Earth’s equatorial plane (see Figure 4) [angle]

Plus and cross beam patterns F+, F× Antenna response of a detector to the plus-polarization (F+) and the
cross-polarization (F×), functions of the sky location of the source, the
polarization angle, the geocentric arrival time of the signal, and the
location, orientation, and geometry of the detector on the Earth
(Anderson et al. 2001) [dimensionless]

Detector strain h Gravitational-wave induced strain on a detector, Equation (2); the GW
readout of the detector is proportional to this quantity [length/length]

Sky area ∆Ω Localization area, typically taken as the 90% credible area; if results at
different CLs are quoted, these are indicated with a subscript, e.g.,
∆Ω50 is the 50% credible area [solid angle]

Volume localization ∆V Localization volume (for signals where the distance to the source can
be estimated), typically taken as the 90% credible volume; if results at
different CLs are quoted, these are indicated with a subscript, e.g.,
∆V50 is the 50% credible volume [volume]

searches can be done in a modeled (e.g., Wright & Hendry
2021) or phenomenological (Liu et al. 2023) way.

Searches for Gravitational-lensing Signatures in GW Signals —
In the companion paper Abac et al. (2025h), we present
searches for gravitational-lensing signatures in GWTC-4.0.
Such signatures sought include multiple-images from strong
lensing, individual Type II strongly lensed images, and phe-
nomenological and modeled single distorted lensed signals.

5.1.3. GW Polarization and Propagation in Alternative Theories
of Gravity

In GR, plane GW perturbations to flat spacetime propa-
gate at the speed of light and contain two transverse polariza-
tions. However, in modified theories of gravity extending be-
yond GR, additional polarizations may be present, including
two transverse-longitudinal spin-1 vector modes, a transverse
spin-0 scalar mode, and a longitudinal spin-0 scalar mode
(Eardley et al. 1973a,b; Will 2018). With multiple detectors,

it is possible to test for such additional polarizations (Schutz
1986). A linear combination of strain data from three detec-
tors can be formed in which any GW signal from a known sky
location and containing only plus- and cross-polarizations is
canceled (Guersel & Tinto 1989; Klimenko et al. 2008; Sut-
ton et al. 2010; Creighton & Anderson 2011; Wong et al.
2021). Any residual GW signal found in such a null-space
would provide evidence for the presence of vector or scalar
non-GR polarizations.

In addition, in alternative Lorentz invariance violating the-
ories of gravity or in which the graviton is massive, GWs
are dispersive. Certain theories of dark energy also result
in dispersive GW propagation (de Rham & Melville 2018;
Baker et al. 2022; Harry & Noller 2022). The GW disper-
sion relation between the frequency f and the wavelength λ
(one where they are not inversely proportional) leads to phase
speeds and/or group speeds that differ from the speed of light.
Such propagation effects can be measured for a known wave-
form by the anomalous arrival times of different frequency
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components. A common parameterized dispersion relation-
ship is motivated by a modified energy–momentum relation-
ship for the graviton of the form (Mirshekari et al. 2012)

E2 = (pc)2 + Aα(pc)α , (5)

where Aα is a GR-violating parameter having dimensions
of (energy)2−α. For de Broglie waves, E = 2πℏ f and p =
2πℏ/λ, where 2πℏ is the Planck constant. Such a modified
energy–momentum relation leads to a dispersion relation in
which the phase velocity vp is given by

(vp

c

)2
= 1 + Aα

(
2πℏc
λ

)α−2

, (6)

where the phase velocity is related to the frequency and the
wavelength of the GW, vp = λ f . The group velocity, vg =

vp − dvp/d ln λ, determines the difference in arrival times of
different frequency components of the GW after propagation
from its source to the observer: For small deviations from
GR (vp ≈ c), the group velocity is frequency dependent with

vg − c
c
≈

1
2

(α − 1)Aα(2πℏ f )α−2 . (7)

Special cases include (i) a graviton of mass mg , 0 for which
α = 0, A0 = m2

gc4, and

vg − c
c
≈ −

1
2

(
λg f

c

)−2

, (8)

where λg = 2πℏ/(mgc) is the Compton wavelength of the
graviton, and (ii) the case in which GWs are non-dispersive
but propagate at a speed different than the speed of light for
which α = 2 and

vg = c
√

1 + A2 . (9)

Stringent bounds on the latter are provided by the close
temporal-association of the BNS signal GW170817 and the
gamma-ray burst GRB 170817A (the gamma rays arriving
less than 2 s after the BNS GW merger signal), resulting in
|A2| ≲ 10−14 (Abbott et al. 2017f).

The Einstein–Hilbert action of GR contains second deriva-
tives of the spacetime metric (Weinberg 1972; Misner et al.
1973; Wald 1984; Carroll 2019). Standard model exten-
sions having modified actions containing third derivatives
of the metric can produce CPT-violating terms in the grav-
itational field equations, which can produce birefringence
effects in which different helicities of GW propagate with
different phase velocities (Kostelecky 2004; Kostelecký &
Mewes 2016; Mewes 2019; Haegel et al. 2023). Other the-
ories of gravitation also have GWs with birefringent prop-
agation (Zhu et al. 2024). Such birefringence leads to a
frequency-dependent rotation of the GW polarization angle.

Both GW birefringence and the modified GW dispersion
relation can potentially be anisotropic, where the magnitude
of the observed effect depends on the direction to the source.

Tests of GR: GW Polarization and Propagation —In the compan-
ion paper Abac et al. (2025d), we test GR prediction of the
polarizations of GWs by searching for evidence of vector- or
scalar-polarization modes in observed GW signals. Mean-
while, Abac et al. (2025e) presents tests of a modified dis-
persion relation and of anisotropic birefringence using GW
signals from CBCs, for which it is assumed that the GW near
the source is described by GR to a good approximation, but
the waveform is affected during propagation.

5.2. Compact Binary Coalescence

Binaries consisting of two BHs (BBH systems), two NSs
(BNS systems), or in which one component is a NS and the
other a BH (NSBH systems), have all been observed by the
LVK (Abbott et al. 2016a, 2017a, 2021c). The detectable
signal produced by such systems arises from the late stage
of orbital decay, driven by GW emission, and by the ensu-
ing merger of the binary components and the settling of the
resulting object (a NS or BH) to a final, stationary configura-
tion (Chatziioannou et al. 2024).

Table 3 provides a list of parameters used to describe
CBCs.

5.2.1. Newtonian Inspiral

At early stages of the inspiral, when the magnitude of the
difference in velocity vectors of the two components of the
binary, v, is much smaller than the speed of light, the orbit
is determined approximately by Newtonian mechanics while
the gravitational radiation is described by the quadrupole
formula (Einstein 1916, corrected by Eddington 1922, page
279). For a quasi-circular orbit that is inclined an angle ι rel-
ative to the direction to an observer, h+ and h× are sinusoidal
and are 90◦ out of phase,

h+ = −2(1 + cos2 ι)
GMη

c2r

(v
c

)2
cos 2ϕ (10a)

and

h× = −4 cos ι
GMη

c2r

(v
c

)2
sin 2ϕ , (10b)

where r is the distance between the source and the observer,
M = m1 + m2 is the total mass of the system, η = m1m2/M2

is the symmetric mass ratio, Mη is the reduced mass of the
system, and ϕ is the orbital phase relative to the ascending
node (Peters & Mathews 1963; Thorne 1987; Finn & Cher-
noff 1993; Will & Wiseman 1996). See Figure 5. When ι = 0
or ι = π (face on and face off respectively), the amplitudes of
the sinusoidal functions h+ and h× are equal and the GW is
circularly polarized; when ι = π/2 (edge on), h× = 0, and the
GW is linearly polarized.

The GW luminosity of such a system, i.e., the power in
gravitational radiation, is

ĖGW =
32
5

c5

G
η2

(v
c

)10
. (11)
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This radiation gives rise to a secular orbital decay. Since
the (Newtonian) energy of the bound system is Eorb =

−(1/2)ηMv2, and equating ĖGW = −Ėorb, we deduce that
the period of the orbit, P = 2πGM/v3 by Kepler’s third law,
evolves according to

Ṗ = −
192π

5
η
(v
c

)5
. (12)

At fixed orbital period (or orbital frequency), the orbital ve-
locity is proportional to the cube root of the total mass,
v ∝ M1/3. It can be seen then that h+, h× ∝ ηM5/3, ĖGW ∝

(ηM5/3)2, Eorb ∝ ηM5/3 and Ṗ ∝ ηM5/3. At the Newtonian
level of approximation, a single combination of the compo-
nent masses,

M = η3/5M =
(m1m2)3/5

(m1 + m2)1/5 , (13)

known as the chirp mass, solely determines both the ampli-
tude of a GW at fixed orbital frequency and its frequency
evolution (Kafka 1988; Cutler et al. 1993; Finn & Chernoff
1993). This chirp mass is normally the most accurately-
measured mass parameter for low-mass systems in which
most of the signal observed arises from the pre-merger phase.

5.2.2. Post-Newtonian Inspiral and Other Effects

Additional terms in the GW amplitude and frequency evo-
lution appear at higher orders in v/c in a post-Newtonian
(PN) expansion in the equations of motion and in the gravi-
tational emission (Blanchet 2014). At the Newtonian order,
the frequency of the GW is twice the frequency of the orbital
motion, f = 2 forb = 2/P, and

v3 = πGM f . (14)

At O(v/c) beyond this, additional components to the GW at
frequencies at one and three times the orbital frequency arise
from current quadrupole and mass octopole radiation, and
other components occur at O(v2/c2) beyond Newtonian or-
der from current octupole and mass hexadecapole radiation
(Thorne 1980); the amplitude of these higher-order multipole
moments of radiation are proportional to a different combi-
nation of component masses (Kidder 2008). The frequency
evolution also gains additional terms at O(v2/c2) beyond the
leading-order Newtonian term, again having a different de-
pendence on the component masses from the leading New-
tonian order (Wagoner & Will 1976). Spin effects from ro-
tating binary components also appear in post-Newtonian cor-
rections to the quadrupole waveform due to O(v3/c3) spin–
orbit and O(v4/c4) spin–spin effects (Kidder et al. 1993), and
to precession of the orbital plane if the spin angular momen-
tum vectors of the bodies are not aligned (or anti-aligned)
with the orbital angular momentum vector (Apostolatos et al.
1994). The dimensionless parameter χeff ,

χeff =
c

GM
L · (S1/m1 + S2/m2)

|L|
(15)

Ω

ω
rp

 L

N

X

plane of sky

orbital p
lane

ι

φ

Figure 5. Relationship between the orbital elements and the GW
coordinate frame. The direction from the source to the Earth is
N and the vector X defines a reference direction on the transverse
plane (the plane of the sky). The inclination ι is the angle between
N and the orbital angular momentum vector L. The longitude of the
ascending node of the orbit Ω is the angle on the plane of the sky
between X the ascending node �, N×L. The angleΩ is degenerate
with the polarization angle ψ. The orbit of the primary about the
center of mass of the system is shown. The orbital phase ϕ is the
angle on the orbital plane between the ascending node and position
vector of the primary relative to the center of mass. For an eccentric
orbit, the distance of the primary from the center of mass at peri-
apsis is rp and the argument of the periapsis ω for the primary is
the angle on the orbital plane between the ascending node and the
position vector of the primary at periapsis.

where S1 and S2 are the spins of the two binary components
and L is the orbital angular momentum about the center of
mass, is an effective inspiral spin parameter that is conserved
under the orbit-averaged precession equations of motion at
O(v4/c4) (Racine 2008; Ajith et al. 2011; Santamaria et al.
2010). Whereas χeff depends on the spin components aligned
with the orbital angular momentum, a dimensionless effec-
tive precession spin parameter that depends on in-orbital-
plane components of the spins,

χp =
c

Gm1
max

{
|L × S1/m1|

|L|
,

3m1 + 4m2

3m2 + 4m1

|L × S2/m2|

|L|

}
,

(16)
captures the dominant precession effects (Schmidt et al.
2015).

Deformable binary components (NSs but not BHs) suf-
fer an induced quadrupole deformation Qi j under an external
tidal field Ei j, where these quadrupole tensors are those ap-
pearing in a multipole expansion of the Newtonian potential
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centered on the body of mass m as (Thorne 1998)

Φ(x) = −
Gm
|x|
−

1
2

GQi j
3xix j − |x|2δi j

|x|5
+

1
2
Ei jxix j+ · · · . (17)

The dimensionless tidal deformability, Λ, of a body of mass
m is defined in terms of the ratio of the induced deformation
to the external tidal field as

GQi j

(Gm/c2)5 = −ΛEi j , (18)

where BHs have Λ = 0. Newtonian tidal interactions of de-
formable components appear as effective O(v10/c10) correc-
tions to the binding energy and GW luminosity (Flanagan &
Hinderer 2008). At this order, the dimensionless combina-
tion of tidal parameters given by (Favata 2014)

Λ̃ =
16
13

(m1 + 12m2)m4
1Λ1 + (m2 + 12m1)m4

2Λ2

(m1 + m2)5 (19)

appear, where Λ1 and Λ2 are the dimensionless tidal de-
formabilities of the two bodies, and it is this parameter that
is most measurable in the waveforms produced by binaries
with deformable companions (Poisson 2021). Spinning bod-
ies experience quadrupole deformation of the form

Qi j = diag
(
−

1
3

Q,−
1
3

Q,
2
3

Q
)
, (20)

where Q is the spin-induced mass quadrupole moment scalar.
The quadrupole deformations induced by an object’s spin re-
sults in Newtonian quadrupole–monopole effects as an ef-
fective O(v4/c4) correction, the same order as the spin–spin
coupling relativistic effects (Poisson 1998). The size of the
spin-induced deformation depends on the nature of the body,
where the ratio of the quadrupole scalar to the square of the
body’s spin magnitude given by the dimensionless parameter
κ as

Q = −κ
|S|2

mc2 , (21)

where m is the mass of the body. For a BH, κ = 1 (Thorne
1980).

Binaries detected by ground-based observatories are com-
monly assumed to have negligibly small orbital eccentric-
ity remaining by the time the orbital period has decayed to
the point that the GW frequencies have entered the high-
frequency sensitivity band of the detectors. This decay in ec-
centricity happens because orbital eccentricity is efficiently
reduced by GW emission during the orbital decay (Peters
1964). However, there are channels of compact binary for-
mation that could result in non-negligible orbital eccentric-
ity being present even at the last stages of inspiral observed
by ground-based detectors (e.g., Mapelli 2020). The lead-
ing order effects of orbital eccentricity would appear at the
Newtonian level (Peters & Mathews 1963). Two additional
parameters are needed to describe an eccentric binary sys-
tem, the eccentricity e, and the argument of the periapsis ω.

Although these are well defined for Newtonian two-body sys-
tems, there are different ways to generalize their definitions
for relativistic systems, and there is not yet a settled conven-
tion for these parameters (Shaikh et al. 2023).

Tests of GR from CBC Inspiral —PN theory in GR predicts
the relative amplitudes of subdominant modes of GW radi-
ation (Blanchet 2014), which depend on the binary’s masses
and spins (e.g., Arun et al. 2009). Thus, allowing for free-
dom in these amplitudes and checking if they are consistent
with those predicted by GR provides a consistency test of
the agreement of the signal with the waveform model used
to analyze it (Puecher et al. 2022). In the companion pa-
per Abac et al. (2025d), this test is carried out for BBH sig-
nals, considering deviations, δAℓm, in the amplitude of the
(ℓ = 2,m = ±1) or (ℓ = 3,m = ±3) subdominant multipole
moments relative to the dominant (ℓ = 2,m = ±2) and other
multipole moments.

The PN expansion of the orbital energy and GW energy
loss makes a prediction of how the GW phase evolves with
time as the orbit decays (Blanchet 2014). The PN formal-
ism expresses this phase evolution with a set of coefficients
in a series expansion of the GW phase in terms of powers
(v/c)n−5 and (v/c)n−5 log(v/c) for integer n (with n = 0 for
the leading-order Newtonian inspiral) that depend on the bi-
nary components’ masses and spins for point particles. Vio-
lations of GR can lead to differences in the values of the PN
coefficients from those predicted by GR (e.g., Yunes & Pre-
torius 2009; Tahura & Yagi 2018) which could be observed
in a GW signal (Blanchet & Sathyaprakash 1994, 1995; Arun
et al. 2006; Mishra et al. 2010; Li et al. 2012). In the com-
panion paper Abac et al. (2025e), we present parameterized
tests for such violations.

Effects arising from the finite size of the component
masses of a binary include spin-induced multipole moments,
most importantly their spin-induced quadrupole moments Q,
which also affect the orbital evolution. For a BH, there is a
fixed relation between its spin-induced quadrupole moment
and its mass and spin (Poisson 1998). Deviations from this
predicted value, as observed in the phase evolution of a GW
signal, can be used to distinguish a BBH from a compact
binary containing exotic, non-BH components. Some exam-
ples of exotic alternatives to BHs, being compact objects ca-
pable of having masses greater than the maximum mass of
a NS, include boson stars (Kaup 1968; Ruffini & Bonaz-
zola 1969), gravastars (Mazur & Mottola 2004), fuzzballs
(Mathur 2005), and firewalls (Almheiri et al. 2013). The
companion paper Abac et al. (2025e) presents such param-
eterized tests of the nature of the components of CBCs.

5.2.3. Compact Binary Merger and Ringdown

The final stages of GW emission from CBCs that result in
a BH remnant can be modeled as a linear gravitational per-
turbation to a Kerr BH spacetime (Press & Teukolsky 1973).
Remarkably, the partial differential equations for the outgo-
ing GW content of such a perturbation decouple from the
other gravitational modes, and those decoupled equations are
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separable into a radial equation, an angular equation, and
an exponential function of time with a complex frequency
(Teukolsky 1972, 1973). The separation results in a spec-
trum of complex eigenfrequencies of the GW perturbations
to the BH spacetime indexed by integer degree ℓ and order
m numbers, ℓ ≥ 2 and |m| ≤ ℓ, and integer overtone n with
n ≥ 1 (Leaver 1985; Berti et al. 2006). The angular eigen-
functions, which depend on ℓ and m, also depend on the di-
mensionless complex frequency and the dimensionless spin
parameter of the remnant BH. The complex eigenfrequen-
cies describe the spectrum of exponentially-decaying sinu-
soidal GW quasinormal modes that make up what is called
the BH ringdown. GR therefore provides a prediction for the
relationship between the frequency and the decay constant
for the spectrum of such quasinormal modes which depend
solely on the mass and spin of the final BH, and thus the BH
ringdown radiation can be used to test these predictions of
GR.

Spanning the region between the portion of the waveform
that can be computed by PN calculations at early time and
by a superposition of quasinormal modes at late time is what
is known as the merger phase of the compact binary. Due
to the non-perturbative nature of this phase, numerical rela-
tivity (NR) solutions to Einstein’s field equations are sought
(Lehner & Pretorius 2014; Duez & Zlochower 2019). Such
solutions both interpolate these early and late phases and also
provide the information about the quasinormal mode ampli-
tudes and phases excited as well as the mass and spin of the
remnant BH (Hofmann et al. 2016; Healy & Lousto 2017;
Jiménez-Forteza et al. 2017).

When at least one component of the binary in the compact
binary coalescence is not a BH (i.e., a NS), the merger and
ringdown phases might be considerably more complex due
to the presence of matter in the system. NR is typically re-
quired to compute the entire post-inspiral phase of the GWs
emitted from such systems (Faber & Rasio 2012; Kyutoku
et al. 2021). One important piece of such simulations is to
determine if disruption of a NS component occurs, particu-
larly in the case of NSBH systems in which the NS might
be swallowed whole by the BH (typical for large mass and
low spin BHs) or might be tidally disrupted by the BH (typ-
ical for small mass or high spin BHs). Such NS disruption
would be expected to produce electromagnetic emission that
could be observed by electromagnetic astronomical observa-
tories. Guided by numerical simulations, one can estimate
whether a system having particular parameters inferred from
the inspiral phase will be electromagnetically bright and so a
candidate for electromagnetic follow-up observations (Fou-
cart et al. 2018; Chatterjee et al. 2020; Berbel et al. 2024).

Depending on the masses of the initial components, the
product of the merger of two NSs might be another NS,
a supramassive NS (a uniformly-spinning NS that is more
massive than the highest allowed mass for non-spinning NS,
which remains a NS until its angular momentum is dissi-
pated, resulting in its collapse to a BH), a hypermassive NS
(a NS more massive that would be allowed for any stationary,
spinning, configuration, but which is temporarily supported

by differential rotation, and which will ultimately collapse to
a BH), or there might be a direct collapse on a dynamical
timescale to form a BH after the merger (Baumgarte et al.
2000; Piro et al. 2017). Both the electromagnetic and GW
emission from these different scenarios are expected to vary
considerably (Abbott et al. 2017c).

Tests of GR from CBC Merger —NR simulations of BBHs in
GR provide predictions for the GW waveform spanning the
inspiral, merger, and final ringdown phases of evolution.
Tests for violations of GR can be performed by subtracting
the best-fit GR waveform from the observed data and test-
ing whether the remaining residual is consistent with detec-
tor noise or if there is remaining signal present. Alternatively,
since NR predicts how a final BH mass and spin are related
to the initial BH masses and spins for a BBH CBC (Hof-
mann et al. 2016; Healy & Lousto 2017; Jiménez-Forteza
et al. 2017), a test of consistency between the initial orbital
parameters and the final BH mass and spin can be performed.
Here, the initial component BH masses and spins can be de-
termined from the early inspiral phase of the GW signal,
while the mass and the spin of the final BH are found from the
late-time ringdown radiation. In practice, such a consistency
test divides the GW signal into low- and high-frequency por-
tions (below and above a given cutoff frequency) that are
independently modeled with full inspiral–merger–ringdown
waveforms (Ghosh et al. 2016, 2018). Companion paper
Abac et al. (2025d) presents results from such residual and
inspiral–merger–ringdown consistency tests.

In GR, a BH remnant produced by a CBC will rapidly set-
tle to a stationary Kerr BH (Kerr 1963), uniquely character-
ized by its mass and spin (Israel 1967; Carter 1971), through
emission of ringdown radiation in a spectrum of quasinormal
modes, as described earlier. These quasinormal modes have
a discrete spectrum of complex-valued eigenfrequencies (the
imaginary part of which determines the decay timescale), so
a possible non-BH remnant (e.g., Macedo et al. 2013), or
modifications of the spectrum in alternative theories of GR
(e.g., Cano et al. 2024), can be tested by looking for devia-
tions in the observed ringdown radiation from the anticipated
spectrum of quasinormal modes (Berti et al. 2025).

Furthermore, if the remnant object does not possess an
event horizon, ingoing GW radiation can be reflected off of
a surface or scattered off of an inner potential and reemerge
as an echo signal observed within ~seconds after the merger
(Cardoso et al. 2016; Cardoso & Pani 2019; Siemonsen
2024). The companion paper Abac et al. (2025f) presents
tests of the nature of the remnant resulting from CBC through
observed quasinormal mode spectra and searches for GW
echoes.

The post-inspiral portion of a BBH signal can be phe-
nomenologically modeled with various parameters that are
fitted to NR simulations (Pratten et al. 2020). The compan-
ion paper Abac et al. (2025e) explores possible deviations of
these parameters from their nominal values (Meidam et al.
2018; Roy et al. 2025).
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5.2.4. Redshift and Cosmological Effects

GWs can be redshifted, just as electromagnetic waves are.
These changes are caused by the Doppler effect due to rela-
tive motion of the emitter and the observer (often described
in terms of peculiar velocities relative to the rest frame of the
cosmological microwave background radiation), the expan-
sion of space between the emitter and the observer, or due to
gravitational redshift if the emitter and observer have differ-
ent gravitational potentials. For sources beyond the nearby
universe (having redshifts ≳ 0.1), cosmological expansion is
the dominant source of redshift (Peterson et al. 2022).

The redshift is the fractional difference between the fre-
quency of a wave at emission at its source fsrc, and its ob-
served frequency at a detector fdet, z = ( fsrc− fdet)/ fdet (Hogg
1999). Thus, the observed frequency of a wave is related to
its emitted frequency by fdet = fsrc/(1+z). Similarly, an inter-
val in time in the source-frame dtsrc is related to an observed
interval in time by a detector dtdet by dtdet = (1 + z)dtsrc.
Equation (10) and (12) are both parameterized in terms of
the orbital velocity v, which is related to the GW frequency f
in the dominant mode by Equation (14). At a fixed moment
in a GW waveform, where the binary has some instantaneous
value of v, we have

v3 = πGM fsrc = πGM(1 + z) fdet. (22)

That is: a redshifted signal, observed at frequency fdet, pro-
duced by a system with intrinsic mass M has identical mor-
phology to an un-redshifted signal produced by a system with
intrinsic mass (1 + z)M (Krolak & Schutz 1987). If the red-
shift is unknown, then the observable mass parameters are
the various combinations of (1 + z)m1 and (1 + z)m2, e.g.,
(1 + z)M and (1 + z)M. These mass parameters with the
1 + z scale factor are referred to as detector-frame masses,
mdet

1 = (1 + z)m1, mdet
2 = (1 + z)m2, Mdet = (1 + z)M, and

Mdet = (1 + z)M. PN corrections to the waveform preserve
this degeneracy for point particles (and BHs). However, for
NSs, a functional relationship between the mass of a NS and
its tidal deformability means that a measurement of Λ̃ can
break the degeneracy between mass and redshift, allowing
the two to be independently measured (Messenger & Read
2012).

The amplitudes of h+ and h× given in Equation (10) also
depend on the total mass through the factor M/r. If the factor
(1 + z)M is determinable from the rate of decay of the or-
bital period, Equation (12), then the amplitude factor can be
written [(1 + z)M]/[(1 + z)r] suggesting that the measurable
amplitude distance parameter is (1 + z)r.

The parameter r that appears in inverse proportion to the
GW amplitude in Equation (10) represents the areal radius,
i.e., spheres centered on the GW source have area 4πr2.
Within a cosmological setting, this parameter is the trans-
verse comoving distance DM (Hogg 1999). Then, if the red-
shift is entirely due to the cosmological expansion of space-
time, the combination (1 + z)DM is equal to the luminosity
distance of the source, and this becomes the observable dis-
tance parameter from the GW amplitude. In this sense, then,

given a known cosmology (i.e., the values of the Hubble con-
stant, matter density, and the spatial curvature) the functional
relationship between luminosity distance and redshift allows
the determination of the latter from the former, and the intrin-
sic masses, e.g., M, can then be deduced from the observed
mass–redshift combined parameters, e.g., Mdet = (1 + z)M.
However, if other redshift effects are present, e.g., due to pe-
culiar motion of the source or the observer relative to the
Hubble flow, the combination (1+ z)DM is no longer equal to
the luminosity distance.

Nevertheless, when reporting the parameters of a CBC, we
normally assume that cosmological expansion is the only sig-
nificant source of redshift, and so the observed amplitude
parameter (1 + z)DM is referred to as luminosity distance
DL, while dimensionful intrinsic mass parameters such as
the primary mass m1 is derived from observed detector frame
mass parameters as m1 = mdet

1 /[1 + z(DL)], where the re-
lationship between the redshift and the luminosity distance,
z(DL), is obtained by some standard cosmological model.
The only case where this was not done was for GW170817
where the measured geocentric redshift to its host galaxy
NGC 4993 was used (Abbott et al. 2019b). The main un-
certainty in the chirp mass of the system comes from the
unknown peculiar velocity of the system relative to its host
galaxy. Unless otherwise specified, the reference cosmology
used to relate luminosity distance to redshift throughout the
works is a ΛCDM model (Peebles & Ratra 2003) correspond-
ing to a spatially-flat Friedman–Lemaître–Robertson–Walker
spacetime (Friedmann 1999a,b; Lemaitre 1931; Robertson
1935a,b, 1936; Walker 1937; Weinberg 1972; Misner et al.
1973) with Hubble constant H0 = 67.9 km s−1 Mpc−1, matter
density parameter Ωm = 0.3065, and cosmological constant
density parameter ΩΛ = 1 − Ωm = 0.6935 (Ade et al. 2016,
column TT+lowP+lensing+ext of Table 4).

Constraints on Cosmic Expansion from GW Observations —If the
redshift of a GW source can be determined independently
of its distance then a distance-redshift relationship can be
obtained and used to infer cosmological parameters (Schutz
1986; Krolak & Schutz 1987). Here, the CBC is called a
standard siren (akin to the standard candles such as Cepheid
variables and Type Ia supernovae used to measure distances
to their galaxy hosts), where the luminosity distance of the
CBC is inferred from the amplitude of the GWs (Holz &
Hughes 2005). The most direct method of determining the
redshift of a GW source is if there is an electromagnetic
counterpart in which spectroscopic measurements of the red-
shift of its host galaxy can be made (Krolak & Schutz 1987;
Holz & Hughes 2005; Dalal et al. 2006; Chen et al. 2018).
This method is known as the bright sirens method. For
example, the BNS coalescence GW170817 (Abbott et al.
2017a) was associated with the optical kilonova AT 2017gfo
in the galaxy NGC 4993 (Abbott et al. 2017b), which al-
lowed for a measurement of the maximum a posteriori value
of the Hubble constant with 68.3% CL highest density inter-
val 69+17

−8 km s−1 Mpc−1 (Abbott et al. 2021a).



22

If no electromagnetic counterpart to a GW is observed, var-
ious methods are available to deduce the associated redshift
(BBHs are not normally expected to produce any electromag-
netic radiation, unless there is matter present in their environ-
ment). One such method, the galaxy catalog method, also
called the dark siren method, is to obtain statistical associa-
tion of GW sources with potential host galaxies observed in
surveys (Schutz 1986; MacLeod & Hogan 2008). This is usu-
ally done simultaneously with information obtained from an-
other method, the spectral siren method. In the spectral siren
method, a known feature in the mass distribution of the pop-
ulation of CBCs is used to statistically infer the redshift of a
number of sources at a given distance by how the observed
detector-frame mass distribution is shifted with respect to the
local (zero redshift) distribution (Chernoff& Finn 1993; Tay-
lor et al. 2012; Farr et al. 2019; Mastrogiovanni et al. 2021).
Finally, future observations of BNS mergers may be capable
of directly inferring the redshift of the source from the GW
signal alone through measurements of the NS tidal deforma-
tions (Messenger & Read 2012; Chatterjee et al. 2021).

The companion paper Abac et al. (2025g) reports on con-
straints on the cosmic expansion history based on combined
CBC bright- and dark-sirens, including both the galaxy cata-
log method and the spectral siren approach. If GWs prop-
agate through cosmological backgrounds differently from
electromagnetic waves in a manner that produces a different
distance–amplitude relation, the modified propagation effects
can be observed using standard siren methods (Belgacem
et al. 2018). The companion paper Abac et al. (2025g) also

reports on constraints on such effects of modified GW prop-
agation.

5.2.5. Populations of compact binaries

With a multitude of observed CBCs, one can infer the un-
derlying population of these sources. In doing so, one needs
to account for the detector selection effects, e.g. the fact
that farther away events are less probable to be detected as
compared to events that are nearby. One key element of the
population that can be measured is the local merger rate den-
sity, R, representing the number of compact binary coales-
cences occurring per unit time per unit volume in the local
universe (Phinney 1991; Kim et al. 2003; Brady et al. 2004;
Biswas et al. 2009; Farr et al. 2015; Abbott et al. 2016e), or
its evolution with cosmic redshift R(z), which is the number
of coalescences per unit source-frame time per unit comov-
ing volume at a cosmological redshift of z (Fishbach et al.
2018). Another is the population distribution of masses and
spins of merging compact binaries, p(m1,m2,S1,S2), which
might also evolve over cosmic history, p(m1,m2,S1,S2|z).
The measurement uncertainty in single-event parameters and
the total number of detected events dictate the measurability
of features in the population. These inferences are impor-
tant in understanding the underlying astrophysical formation
channels of compact binaries (e.g., Stevenson et al. 2017;
Farr et al. 2017; Zevin et al. 2021; Mandel & Broekgaarden
2022).

Inference of the Population of CBCs —In the companion paper
Abac et al. (2025c), we present measurements of the local
rate of BNS, NSBH, and BBH mergers, inference of the evo-
lution of the CBC rate over cosmological time, and inference
of the distribution of masses and spins of CBCs.

Table 3. Parameters describing a CBC system with quasi-circular orbits.

Parameter name Symbol Notes [Dimensions]

Primary and secondary masses m1, m2 Mass of the more massive (m1) and less massive (m2) body in system,
m1 ≥ m2 [mass]

Chirp mass M See Equation (13) [mass]

Total mass M M = m1 + m2 [mass]

Final mass Mf Mass of the remnant [mass]

Mass ratio q q = m2/m1 ≤ 1 [dimensionless]

Symmetric mass ratio η η = m1m2/(m1 + m2)2 ≤ 1/4 [dimensionless]

Energy radiated Erad Erad = (M − Mf)c2 [energy]

Peak luminosity ℓpeak Peak GW luminosity, typically 0.1% of the Planck luminosity
(ℓPlanck = c5/G) for BBH coalescences [power]

Primary and secondary spin vectors S1, S2 Spin angular momentum of the primary (S1) and secondary (S2)
[angular momentum]

Table 3 continued
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Table 3 (continued)

Parameter name Symbol Notes [Dimensions]

Primary and secondary dimensionless spin
magnitudes

χ1, χ2 χ1,2 = c|S1,2|/(Gm2
1,2); χ1,2 ≤ 1 for Kerr BHs primary/secondary

[dimensionless]
Remnant dimensionless spin magnitude χf χf = cS f/(GM2

f ) where S f is the magnitude of the remnant’s spin
angular momentum; χf ≤ 1 for a Kerr BH remnant [dimensionless]

Newtonian orbital angular momentum L Instantaneous orbital angular momentum about the center of mass;
defines z-direction for spin coordinates [angular momentum]

Total angular momentum J J = L + S1 + S2 [angular momentum]

Primary and secondary tilt angle θ1, θ2 Angle between S1,2 and L [angle]

Spin azimuthal angle difference ϕ12 Angle between L × (S1 × L) and L × (S2 × L) [angle]

Effective inspiral spin parameter χeff See Equation (15) [dimensionless]

Effective precession spin parameter χp See Equation (16) [dimensionless]

Orbital inclination angle ι Angle between L and the direction to the Earth N (see Figure 5) [angle]

Source inclination angle θJN Angle between J and the direction to the Earth N [angle]

Viewing angle Θ Θ = min{θJN , π − θJN} [angle]

Orbital phase ϕ Phase of a binary’s orbit, the angle on the orbital plane between the
separation vector (the position vector of the primary minus the position
vector of the secondary) and the line of nodes, L × N (see Figure 5)
[angle]

Coalescence phase ϕc Orbital phase, the angle on the orbital plane between the separation
vector (the position vector of the primary minus the position vector of
the secondary) and the line of nodes, L × N, at a point in the evolution
corresponding to the point in the waveform used to define tgeo (see
Table 2) [angle]

Angular diameter distance DA An object of transverse length x is observed to subtend an angle in
radians of x/DA when both the object and observer are at rest relative
to a homogeneous cosmology (Hogg 1999) [length]

Transverse comoving distance DM Areal radius of a sphere centered on a point in an isotropic cosmology,
defined so the sphere has area 4πD2

M (Hogg 1999) [length]

Luminosity distance DL A source of isotropic radiation having luminosity ℓiso is observed to
have flux ℓiso/(4πD2

L) when both the source and observer are at rest
relative to a homogeneous cosmology (Hogg 1999) [length]

Redshift z The fractional difference between the frequency of a wave at emission
at its source fsrc, and its observed frequency at a detector fdet,
z = ( fsrc − fdet)/ fdet; the reference cosmology for the relationship
between distance and the cosmological redshift is given in the text
[dimensionless]

Primary and secondary dimensionless
tidal deformabilities

Λ1, Λ2 See Equation (18); Λ1,2 = 0 for a BH primary/secondary
[dimensionless]

Effective tidal deformability Λ̃ See Equation (19); Λ̃ = 0 for a BBH [dimensionless]

Primary and secondary dimensionless
spin-induced quadrupole moments

κ1, κ2 See Equation (21); κ1,2 = 1 for a BH primary/secondary
[dimensionless]

Primary and secondary radii R1, R2 Areal radii of primary and secondary and objects, defined so their
surface areas are 4πR2

1,2; used in defining NS compactness [length]

Primary and secondary compactness C1, C2 Dimensionless mass-to-radius ratios C1,2 = Gm1/(c2R1,2) of
primary/secondary; 1/C1,2 = 1 +

√
1 + χ2

1,2 for Kerr BH
primary/secondary [dimensionless]

Table 3 continued



24

Table 3 (continued)

Parameter name Symbol Notes [Dimensions]

Merger rate density R Rate of binary mergers per unit volume in the local universe; may be
expressed as a function of cosmological redshift, R(z); the rate in the
local Universe R(z = 0) can be notated R0; subscripts can be used if
considering different populations, e.g., RBNS, RNSBH, and RBBH [time−1

volume−1]

6. SYNOPSIS

This paper serves as an introduction to the collection of
papers accompanying the LVK’s GWTC-4.0. We have pro-
vided an overview of the GW detectors and observing runs of
the LVK network and of the observed GWs from CBCs. The
primary sequels to this introduction are a description of the
methods used to perform searches for GWs in LVK data and
to characterize source properties of identified signals (Abac
et al. 2025a), and a summary of the main observations of
GWTC-4.0, highlighting new CBC candidates and their esti-
mated estimated masses and spins (Abac et al. 2025b). Other
companion papers presenting science results from the analy-
sis of the GWTC-4.0 candidates were described in Section 1.
GWTC provides a prodigious census of over 200 merging
BHs and NSs spanning two orders of magnitude in mass from
∼1 M⊙ NSs to remnant BHs exceeding 100 M⊙. Study of
these observations will provide new insight into the nature
of these objects, their population distribution, and their for-
mation channels. These GW observations allow for sensitive
tests of GR and provide information about the cosmological
expansion history.

Data availability: All data used within this work is openly
available in the GWTC-4.0 online catalog, which is hosted
at https://gwosc.org/GWTC-4.0 and documented further in
Abac et al. (2025i).
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A. ACRONYMS AND GLOSSARY

This is a reference of frequently-used terms and acronyms.

A+: Advanced+ LIGO refers to a configuration of LIGO following a series of upgrades, some in advance of O4 (such as the
addition of a new 300 m filter cavity for frequency-dependent vacuum squeezing), and some planned in advance of O5,
such as installation of new optics with lower noise and loss (Abbott et al. 2020a; Cooper et al. 2023).

A♯: LIGO A♯ (A-sharp) is a proposed upgrade of the Advanced+ LIGO interferometers anticipated on a post-O5 timeline. The
baseline A♯ design is a room-temperature 1 µm laser wavelength interferometer upgrade with larger test masses having
coatings with lower thermal noise, higher laser power, and increased levels of vacuum squeezing (Fritschel et al. 2024).

AdV: Advanced Virgo refers to an upgraded Virgo detector (Acernese et al. 2015) with an advanced interferometer. Virgo
operated with the AdV configuration during O2 and O3.

AdV+: Advanced Virgo+ is an upgrade to the AdV detector to take place in two phases: the first phase for operation during O4
and the second phase for operation during O5.

aLIGO: Advanced LIGO refers to an upgraded LIGO configuration with advanced interferometers installed at both LHO and
LLO. LIGO operated with the aLIGO configuration during O1, O2, O3, and O4 (Aasi et al. 2015a).

BBH: Binary black hole. A binary system where both components are BHs.

BH: Black hole.

BHNS: Black hole–neutron star binary specifically refers to systems in which the BH formed before the NS. See also NSBH.

bKAGRA: Baseline-design KAGRA is a configuration of the KAGRA detector as a cryogenic dual-recycled Fabry–Perot
Michelson interferometer. bKAGRA phase-1 operation without power- or signal-recycling took place from 2018 April 28
to 2018 May 06 2018 (Akutsu et al. 2019).

BNS: Binary neutron star. A binary system where both components are NSs.

CBC: Compact binary coalescence. The gravitational-radiation-driven orbital decay resulting in merger of a binary system made
of two compact objects (NSs or BHs).

CI: Credible interval. See CL.

CL: Credible level. Given a n = 1 univariate or n-dimensional multivariate random variable x having probability density
function (PDF) p(x) and a n-dimensional region Rn

α, then the CL α of the region Rn
α is the probability of x lying in Rn

α,
α = P(x ∈ Rn

α) =
∫

Rn
α

p(x) dnx. The region Rn
α is then known as a 100α% CL credible region, with special cases: credible

interval (CI) if n = 1, credible area if n = 2, or credible volume if n = 3. When n > 1 we normally take Rn
α to be the region

having the smallest volume that has CL α (the highest density region). When n = 1 (CI), R1
α is normally chosen to be an

equal-tailed interval (also known as a symmetric interval), from the α/2 quantile to the 1 − α/2 quantile, but sometimes
the smallest highest density interval is used instead.
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EoS: Equation of state of a neutron star. For cold neutron stars (having temperature below the Fermi temperature), the equation
of state (EoS) is of a barotropic fluid, a relationship between the energy density of the fluid and its pressure.

FAR: False alarm rate. Often used as a detection threshold, the probability of any one or more of a sequence of statistical tests
performed over a duration T erroneously rejecting a null hypothesis is 1 − exp(−T × FAR). FAR therefore has dimensions
of time−1. When interpreted as a measure of a detection significance of a candidate detection, this is the rate at which noise
alone would produce more significant candidates.

GEO: The GEO 600 GW detector is a British–German -shaped interferometric GW detector with 600 m arms located near
Hannover, Germany (Willke et al. 2002).

GR: General relativity. Einstein’s theory of gravitation.

GW: Gravitational wave. See Sections 1 and 5.1.

GWOSC: The Gravitational Wave Open Science Center (formerly known as the LIGO open science center) was created to
provide public access to GW data products (Abbott et al. 2021d). The GWOSC online data and resources can be found at
https://gwosc.org.

GWTC: The Gravitational-Wave Transient Catalog is the electronic catalog of GW transients observed by LIGO, Virgo, and
KAGRA detectors produced by the LVK.

IFAR: Inverse false alarm rate. The reciprocal of FAR, IFAR = (FAR)−1, having dimensions of time. A larger IFAR implies a
more significant candidate, while a larger FAR implies a less significant candidate.

IFO: Interferometer, a type of detector that uses laser interferometry to measure changes in the lengths of optical paths induced
by GWs.

IGWN: The International GW Observatory Network is a self-governing consortium using ground-based GW interferometers to
explore the fundamental physics of gravity and to observe the Universe. The observatory network includes the KAGRA,
LHO, LLO, and Virgo detectors. In addition, the GEO detector serves as a technology testbed and operates in an astrowatch
mode outside of other detectors’ observing periods.

iKAGRA: Initial-phase KAGRA is a configuration of the KAGRA detector as a simple Michelson interferometer that consists
of two end test masses and a beam splitter. iKAGRA was operated from 2016 March 25 to the 2016 March 31 and from
2016 April 11 to 2016 April 25 (Akutsu et al. 2018).

IMBH: Intermediate-mass black hole. A BH in the mass range ∼102 M⊙ to ∼105 M⊙.

KAGRA: KAGRA is a Japanese -shaped interferometric GW detector with 3 km arms located underground at the Kamioka
Observatory in Japan (Akutsu et al. 2021).

KAGRA Collaboration: The KAGRA Collaboration manages the building, operation, and development of the KAGRA detec-
tor.

LHO: The LIGO Hanford Observatory, one of the two LIGO observatories, located in Hanford, Washington, is an -shaped
interferometric GW detector with 4 km arms.

LIGO: The Laser Interferometer Gravitational-Wave Observatory consists of two widely spaced installations within the United
States: one in Hanford, Washington (LHO) and the other in Livingston, Louisiana (LLO). LIGO is operated by the LIGO
Laboratory, a consortium of the California Institute of Technology and the Massachusetts Institute of Technology funded
by the U.S. National Science Foundation.

LLO: The LIGO Livingston Observatory, one of the two LIGO observatories, located in Livingston, Louisiana, is an -shaped
interferometric GW detector with 4 km arms.

LSC: The LIGO Scientific Collaboration, founded in 1997, is a group of more that 1000 scientists that carries out science related
to the LIGO detectors and their observations.

LV: The LIGO–Virgo Collaboration. Prior to O3b, all observational results were published by the LV.

LVC: The LIGO–Virgo Collaboration. The acronym LV is now preferred.

https://gwosc.org
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LVK: The LIGO–Virgo–KAGRA Collaboration.

NS: Neutron star.

NSBH: The general term for a neutron star–black hole binary: a binary system in which one component is a NS and the other is
a BH. If used in distinction with BHNS, it refers to such systems in which the NS formed before the BH.

NR: Numerical relativity, the use of numerical methods to solve relativistic field equations.

O1: The first observing run began on 2015 September 12 and ended on 2016 January 19. The LHO and LLO detectors partici-
pated in this observing run.

O2: The second observing run began on 2016 November 30 and ended on 2016 August 25 during which the LHO and the LLO
detectors were operating. On 2017 August 1, the AdV detector joined the observing run, forming a three-detector network.

O3: The third observing run began on 2019 April 1 and ended on 2020 March 27 during which the LHO, LLO, and Virgo
detectors were operating. A commissioning break from 2019 October 1 to 2019 November 1 divided O3 into two parts,
O3a and O3b. A subsequent short run, O3GK, from 2020 April 7 to 2020 April 21 with GEO and KAGRA observing
followed O3b.

O3a: The first, pre-commissioning-break, part of O3, from 2019 April 1 until 2019 October 1, during which the LHO, LLO, and
Virgo detectors were operating.

O3b: The second, post-commissioning-break, part of O3, from 2019 November 1 until 2020 March 27, during which the LHO,
LLO, and Virgo detectors were operating. O3b was planned to continue until 2020 April 30, but ended early due to the
COVID-19 pandemic.

O3GK: A short observing run after O3b from 2020 April 7 to 2020 April 21, during which the KAGRA and GEO detectors were
observing. KAGRA had intended to join LIGO and Virgo at the end of O3 but the early end of O3b made this impossible.

O4: The fourth observing run began on 2023 May 24 and is planned to continue into late 2025. It is divided into parts, the first
of which, O4a, covered the period from 2023 May 24 until a commissioning break from 2024 January 16 until 2024 April
10. During O4a, LHO and LLO were observing. Following the break, observing continued in O4b from 2024 April 10
until an original intended end date of 2025 January 23, with LHO, LLO, and Virgo observing. It was decided to continue
O4 observing in a third period O4c, beginning 2025 January 23, lasting until late 2025.

O4a: The first part of the fourth observing run including data from 2023 May 24 until a commissioning break that began on 2024
January 16. During O4a, LHO and LLO were observing.

O4b: The second part of the fourth observing run starting at the end of a commissioning break on 2024 April 10 and ending
on the originally-planned O4 end date of 2025 January 23. During O4b, LHO, LLO, and Virgo were observing. It was
decided to continue O4 observations with a third part, O4c, immediately following the end of O4b on 2025 January 23.

O4c: The third part of the fourth observing run, extending the run beyond its intended end date of 2025 January 23 through late
2025. A commissioning break in O4c took place between 2025 April 01 and 2025 June 11.

O5: The fifth observing run is the planned future observing run to follow O4.

PDF: Probability density function. Given a n = 1 univariate or n-dimensional multivariate random variable x, the probability of
x lying in a n-dimensional region Rn is P(x ∈ Rn) =

∫
Rn p(x) dnx, where p(x) is the PDF.

PE: Parameter estimation, the process of measuring the parameters that describe the source of a signal, e.g., the masses and spins
of the binary components of a CBC, from the observational data.

PN: Post-Newtonian, a perturbative method of obtaining solutions to relativistic field equations based on slow-motion and weak-
field expansion of the spacetime metric and the stress–energy source.

PSD: Power spectral density. See Appendix B.

SNR: Signal-to-noise ratio. See Appendix B.

Virgo: The Virgo detector is a European -shaped interferometric GW detector with 3 km arms located near Cascina, Italy (near
Pisa).
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Virgo_nEXT: Virgo_nEXT is a planned, post-O5, major upgrade of Virgo to fill the gap between the current phase, AdV+, and
next-generation detectors.

Virgo Collaboration: The Virgo Collaboration manages the building, operation, and development of the Virgo detector.

B. CONVENTIONS FOR DATA ANALYSIS

This appendix serves to define the data analysis conventions that will be used throughout the GWTC-4.0 companion papers.
For a general introduction to data analysis we refer the reader to Abbott et al. (2020c) and references therein.

Time series a(t) and frequency series ã(t) are related to each other by our conventions for the Fourier transform

ã( f ) =
∫ +∞

−∞

a(t) exp (−2πi f t) dt (23)

and its inverse transform

a(t) =
∫ +∞

−∞

ã( f ) exp (+2πi f t) d f . (24)

With these conventions, the dimension of ã are [ã] = [a] × time.
Detector noise is often taken to be a stochastic Gaussian process. If n(t) is a real-valued stochastic Gaussian process then the

one-sided power spectral density (PSD) S n( f ) is formally defined by

⟨ñ∗( f ′)ñ( f )⟩ =
1
2

S n( f )δ( f − f ′) , (25)

where ⟨·⟩ is a statistical ensemble average of realizations of n(t) and ñ∗ is the complex conjugate of ñ. The one-sided PSD is
defined only for f ≥ 0. With these conventions, the dimensions of S n are [S n] = [n]2 × time. Real detector noise is neither
entirely stationary nor Gaussian (Abbott et al. 2020c). However, it is often sufficient to assume n(t) is ergodic such that

S n( f ) = lim
T→∞

2
T

∣∣∣∣∣∣
∫ T/2

−T/2
n(t) exp (−2πi f t) dt

∣∣∣∣∣∣2 . (26)

The factor of two in the one-sided PSD ensures that the integrated power is∫ ∞

0
S n( f ) d f = lim

T→∞

1
T

∫ T/2

−T/2
n2(t) dt . (27)

The amplitude spectral density is defined to be the square-root of the power spectral density, S 1/2
n ( f ).

We often use a detector-noise-weighted inner product between two real-valued time series, a(t) and b(t), which is defined as

⟨a|b⟩ = 4 Re
∫ +∞

0

ã∗( f )b̃( f )
S n( f )

d f (28a)

=

∫ +∞

−∞

ã∗( f )b̃( f )
(1/2)S n(| f |)

d f , (28b)

where S n( f ) is the detector’s one-sided PSD for the readout noise from that detector. The second form, Equation (28b), is an
appropriate generalization of the inner product for complex-valued time series.

Since GW detectors are insensitive at very low frequencies, the mean of the detector readout is arbitrary and so we take the
detector noise to have zero-mean, ⟨n(t)⟩ = 0. Gaussian noise is then entirely characterized by its PSD and its distribution is given
by the probability density

p(n) =
1
W

exp
(
−

1
2
⟨n|n⟩

)
, (29)

where W is a usually-neglected normalizing constant, the path integral W =
∫

exp (−⟨n|n⟩/2) Dn.
Consider a template waveform u(t) that is unit-normalized, ⟨u|u⟩ = 1, which is expected to match a hypothetical signal in

detector data d(t). The matched filter signal-to-noise ratio (SNR) is

ρmf = ⟨u|d⟩ . (30)
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If data d(t) = n(t) + h(t) contains Gaussian noise n(t) plus a signal h(t) that is perfectly matched by the template waveform,
h(t) ∝ u(t), then ρmf is a random variable having a normal distribution with unit variance and mean equal to the optimal SNR

ρopt =
√
⟨h|h⟩ . (31)

The likelihood that detector data d(t) contains a signal h(t) is given by Equation (29) with n(t) = d(t) − h(t),

p(d|h) =
1
W

exp
(
−

1
2
⟨d − h|d − h⟩

)
(32a)

=
exp (−⟨d|d⟩⟩/2)

W
exp

(
⟨h|d⟩ −

1
2
⟨h|h⟩

)
(32b)

= p(d|∅) exp
(
ρmfρopt −

1
2
ρ2

opt

)
, (32c)

where ρmf is the matched-filter SNR with unit-normalized template u(t) ∝ h(t) and p(d|∅) = W−1 exp (−⟨d|d⟩/2) is the likelihood
under the no-signal hypothesis, d(t) = n(t). The likelihood is viewed as a functional of h(t) for a given realization of detector data
d(t). The second factor in Equation (32c) is the signal-to-noise likelihood ratio p(d|h)/p(d|∅). Note that the likelihood ratio is a
monotonically-increasing function of the matched-filter SNR and so ρmf is the uniformly most powerful test for a known signal
in Gaussian detector noise (Neyman & Pearson 1933). If the amplitude of the signal is unknown, h(t) = ρoptu(t) with unknown
ρopt, then the likelihood is maximized for ρopt = ρmf and

max
ρopt

p(d|ρoptu) = p(d|∅) exp
(

1
2
ρ2

mf

)
. (33)

For the Newtonian inspiral of Section 5.2.1, the signal observed in a detector can be obtained in the frequency domain under
the stationary phase approximation as (Sathyaprakash & Dhurandhar 1991; Cutler et al. 1993)

h̃( f ) = −

√
5π
24

GM
c3

GM
c2Deff

(
πGM f

c3

)−7/6

exp (−iΨ( f )) , (34)

where Ψ( f ) is the stationary phase function and

Deff = r

F2
+(ϑ, φ, ψ)

(
1
2
+

1
2

cos2 ι

)2

+ F2
×(ϑ, φ, ψ) cos2 ι

−1/2

. (35)

is the effective distance (Allen et al. 2012), which is related to the distance to the binary r by a factor that accounts for the
orientation angles that describe the position of the source on the sky (ϑ, φ), its inclination ι, and polarization angle ψ. Since
F2
+ + F2

× ≤ 1 (with equality for a source on the zenith or nadir of an -shaped interferometric detector), Deff ≥ r (with equality
only if ι = 0 or ι = π). The optimal SNR for such a signal is

ρopt =

√
5

6π
GM

c2Deff

(
πGM

c3

)−1/6
√∫ +∞

0

f −7/3

S n( f )
d f . (36)

The horizon distance Dhor (Allen et al. 2012) of a source is the effective distance of a signal from such a source that has SNR ρopt
equal to some detection threshold ρth. Such sources would not be expected to be detected beyond the horizon distance, but not all
nearer sources will be detected either. The sensitive volume (Finn & Chernoff 1993; Chen et al. 2021) is a measure of the effective
volume of space in which randomly isotropically-oriented and homogeneously-distributed identical sources will produce signals
in the detector with SNR ρopt greater than the threshold ρth,

V =

∫
ρopt>ρth

r2 sinϑ sin ι dr dϑ dφ dι dψ∫
sin ι dι dψ

(37a)

= 0.086 084 ×
4
3
πD3

hor . (37b)

If the merger rate density is R then the expected number of detections in time T is RVT . For a standard measure of detector
sensitivity, a binary source of two 1.4 M⊙ objects (M = 2−1/5 × 1.4 M⊙ ≈ 1.22 M⊙) is considered and a threshold SNR of ρth = 8
is adopted (Chen et al. 2021). The sensitive volume is converted into an equivalent spherical radius as V = (4π/3)R3 to obtain the
BNS range R = Dhor/2.264 78, Equation (1).
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