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The worldwide network of gravitational-wave (GW) detectors, comprised of the Advanced LIGO,
Advanced Virgo, and KAGRA detectors, has been increasing in sensitivity, range, and hence
quantity and quality of detected GW signals from compact binary coalescences. We present the
compact binary signals observed and included in the GW Transient Catalog 4 (GWTC-4.0), i.e.
up to and including the first part of the fourth observing run of the detectors (O4a). We estimate
the source properties, and provide new insight into compact objects in binaries - and to what may
lay ahead.
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Figure 1: Observatories in the gravitational wave network

Figure 2: Left: GW events by observation times: O1-O3 numbers are published events; O4a-c count alerts
issued. Right: GW events O1-O4a, by observed effective hypervolume (from [4]).

1. Introduction

This talk on behalf of the collaboration operating and supporting the gravitational wave (GW)
detectors LIGO (Hanford and Livingston) [1], Virgo [2] and KAGRA [3] – the LVK (Fig. 1) –
follows the announcement and release by the LVK of the fourth version of the gravitational wave
transient catalog (GWTC-4.0) [4–14], in a special focus issue of ApJ Letters [15], and the opening
of the relevant databases to the public [9–13, 16, 17]. The catalog includes GW detections ("events")
from the first detection of the GW from the binary black hole (BBH) GW150914 [18] during the
first observing run O1 [19], through the observing runs O2 [20], O3a [21] and O3b [22], and up to
the first part of the fourth observing run (O4a). The O4a events are new, aside from two exceptional
events which had been previously published, GW230529 [23, 24] and GW231123 [25]. The second
part of the run (O4b) has also been completed, and at the time of this talk, the third part (O4c) is
ongoing [26]. While the Virgo, KAGRA and GEO detectors contributed in previous runs, for O4a
events only LIGO detectors’ data were used. An additional LIGO detector, LIGO-Aundha, is under
construction in India. This set of papers bears the names of about 1,800 authors from about 320
institutions, across 30 countries on 6 continents, and could not have been completed without great
efforts.

Fig. 2 shows the progress of GW detections throughout the observing runs. On the left,
the numbers given for O1-O3 are the published events from GWTC-1,2,3, while the O4 numbers
indicate online alerts issued in low-latency. The slopes visibly change between runs. On the right,
rate changes are shown to be consistent with the sensitive Time-Volume (hypervolume), according
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Figure 3: Noise Curves and Detector Network Duty Cycles, O1-O4a (from [4]).

Figure 4: The GW detectors’ Reach (from [6]).

to the reduction in detector noise, hence increase in detection range. The evolution of thoe noise
curves is shown in Fig. 3. The ranges indicated are for the limit for detections of a 1.4𝑀⊙ + 1.4𝑀⊙
binary neutron star (BNS) system. The insets show the up-time and duty-cycles of the individual
detectors and of the network, integrated and compactified over the run fragments. It thus shows the
network combinations, for concurrent runtimes of LIGO Hanford (LHO), LIGO Livingston (LLO),
and Virgo. KAGRA and GEO are not shown, as their ranges have been low. The effective range for
detecting heavier systems, with different effective spins, in shown in Fig. 4.

The final number of events added in the O4a run, with a probability of astrophysical origin
𝑝astro ≥ 0.5, is 128. Of these, the 86 with a false alarm rate FAR < 1yr−1 have been analyzed in
Parameter Estimation pipelines [5, 6]. Thus there are a total of 218 events in GWTC-4.0. These
are shown in Fig. 5. There is clearly a relative abundance of heavier mass systems, which can be
detected much further, as is explained below.

2. Modeling

2.1 Basic

In General Relativity (GR) GWs are generated by the relativistically fast motion of massive
systems [27–29]. When a system is only mildly relativistic, the GW can be calculated with Einstein’s
Quadrupole Formula, which gives the strain ℎ𝑖 𝑗 in terms of the time-varying quadrupole moment
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Figure 5: All GW events in GWTC-4.0. The vertical axis indicates mass in 𝑀⊙; the horizontal is arbitrary.
The exceptional events GW230529 and GW231123 are highlighted.
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A binary system on a circular Newtonian orbit (an approximation valid in the infinite past) would
thus lose energy to the emitted GWs, and thus sink to a lower orbit, i.e. “inspirals”. Extracting
this power adiabatically from the binary’s mechanical energy, we can solve for the binary’s orbital
frequency evolution over time, hence for the GW’s frequency over time (which is double the orbital),
and find [27–29] that the evolution of 𝑓 depends on a particular mass combination, the “chirp mass”
M,

¤𝑓 = 96
5
𝜋8/3

(
𝐺M
𝑐3

)5/3
𝑓 11/3 , M =

(𝑚1𝑚2)3/5

(𝑚1 + 𝑚2)1/5 . (3)

As the detector has a limited window of frequencies where it is sensitive, ¤𝑓 can be inverted and
integrated from the frequency 𝑓𝑟𝑒 𝑓 where it enters the window, to find the total time a signal spends
within the window, as

𝜏0 =
5

256
(𝜋 𝑓𝑟𝑒 𝑓 )−8/3

(
𝐺M
𝑐3

)−5/3
. (4)

Using this, and the quadrupole formula, we can estimate the peak strain, luminosity range 𝑑𝐿 , and
hence sensitive volume 𝑉 as

ℎ ∼ M
𝑟

, 𝑑𝐿 ∝ M5/6 , 𝑉 ∝ M5/2. (5)

These explain the strong bias towards detecting high mass systems, as seen in Figs. 4 & 5.
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Figure 6: Top: Thorne’s Cartoon (1999) on the IMR stages [30], before full numerical relativity waveforms.
Bottom: Full GW waveform, produced by the author using the same IMR model as in [18] (2016).

2.2 Full Inspiral-Merger-Ringdown (IMR)

The Newtonian-Keplerian approximation of the inspiral is formally only correct in the infinite
past; however, post-Newtonian (PN) [28, 29, 31] modifications enter in a slow and controllable fash-
ion, in perturbations quantified by orders of the PN parameter 𝑥 ∼

(
𝑣
𝑐

)2 ∼ 3
√︁
𝜋𝐺 (𝑚1+𝑚2) 𝑓𝐺𝑊/𝑐,

which have been calculated order by order for almost a century [32]. As 𝑥 grows, the PN series fail
to converge due to the underlying no-flatness of the spacetime; at which stage, an alternate model
based on the curvature around an Effective One Body (EOB) [33] describes the system and the
emerging GWs better.

On the other hand, late enough after two BHs have merged, the resulting spacetime should be
similar enough to a single Kerr BH, perturbed. These perturbations are described by Teukolsky’s
equation [34], and have well-known quasinormal modes [35, 36], by which the spacetime "rings
down" to a stationary steady Kerr BH.

These pair of early and late stages, the inspiral and the ringdown, had thus been understood
analytically, and captured in Kip Thorne’s cartoon [30], reproduced in the top of Fig. 6. The
middle, however, representing the merger stage, had been expected to manifest the nonlinearities of
GR, and lie beyond analytic treatment. However, the breakthrough in numerical relativity (NR) two
decades ago [37, 38, 38–41] showed the merger to connect the inspiral to the merger in a regular
fashion, as shown in the bottom of Fig. 6. This breakthrough enabled the development of waveform
models covering the entire inspiral-merger-ringdown (IMR) regime, and templates of these types
have been the basis for the LVK’s matched filtering based searches for events [5, 10] and analysis,
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Figure 7: Parameter Estimation for GW231123 using different waveform models, and their discrepancies

Figure 8: Left: Timeline of the LVK detector network through its past, present and future observing runs.
Right: Timeline of detectors and coverage of the GW frequency spectrum

through parameter estimation, of the events found [5, 13].

This paper cannot begin to accommodate the breadth of these waveform models [5]; thus the
only ones mentioned are those used for the analysis of GW231123 [25], as in Fig. 7: the top 3
are of the Inspiral-Merger-Ringdown Phenomenological (IMRPhenom) family, specifically: IMR-
PhenomXPHM [42], IMRPhenomXO4a [43], IMRPhenomTPHM [44] NRSur means Numerical
Relativity Surrogate, specifically NRSur7dq4 [45] v5PHM refers to the Effective-One-Body (EOB)
family, specifically SEOBNRv5PHM [46]. The additional acronyms include HM for Higher Modes,
P for Precessing, and T for Time Domain.

Fig. 7 further shows that different waveform models - even of the same family - do not always
agree when estimating the parameters of the GW231123 (SNR∼20) system [25]. Likewise, sys-
tematic differences between different waveform models have appeared for GWG230814 (SNR∼42)
[14]. These suggest that some waveform models, originally designed for searches of signals with
modest (∼ 10) SNR, and thus defined with a mismatch target of 3%, have systematic inaccuracies
that manifest above the noise level for SNRs of a few 10’s. This poses a challenge for the next
generation of waveform models, as detectors increase in sensitivity and in numbers - even before the
age of space detectors like LISA and 3rd generation terrestrial detectors like the Einstein Telescope
(ET) and Cosmic Explorer (ET) (see Fig. 8).
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Figure 9: The mass distribution of the primary progenitors (from [7])

Figure 10: Top: The mass distribution of the chirp mass [47]. Bottom: a prediction for that distribution
from binary stellar evolution [48], showing the peak between 20𝑀⊙ to 30𝑀⊙ lines up (other features do not).

3. Population - and the Future

In addition to studying individual GW events, the population and distributions of masses and
parameters is already impacting and testing astrophysical stellar evolutionary models, especially for
binaries, either in field or evolving together. The mass distribution of the GWTC-4.0 population is
quoted here with two parameterizations: by the mass of the heavier progenitor (Fig. 9, from [7])
and by the chirp mass M (Top of Fig. 10, from [47]). The bottom of Fig. 10, with the axes aligned
to the top, appears a prediction [48] based on binary stellar evolution. The relative peak around
26𝑀⊙ is recovered, while features below 15𝑀⊙ – less so.
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Fig. 8 shows the plan for the next long LVK observing run, O5, as well as the plans for
constructing more detectors, both more sensitive terrestrial detectors for the same frequency window,
such as ET and CE, and new detectors, primarily in space, for looking at signals starting from (and
even ending at) much lower frequencies. Other technologies promise to expand the GW spectrum
even wider.
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