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We present an all-sky search for long-duration gravitational waves (GWs) from the first part of the
LIGO-Virgo-KAGRA fourth observing run (O4), called O4a and comprising data taken between May 24,
2023, and January 16, 2024. The GW signals targeted by this search are the so-called “long-duration”
(≳1 s) transients expected from a variety of astrophysical processes, including nonaxisymmetric
deformations in magnetars or eccentric binary coalescences. We make minimal assumptions on the
emitted GW waveforms in terms of morphologies and durations. Overall, our search targets signals with
durations of ∼1–1000 s and frequency content in the range 16–2048 Hz. In the absence of significant
detections, we report the sensitivity limits of our search in terms of root-sum-square signal amplitude (hrss)
of reference waveforms. These limits improve upon the results from the third LIGO-Virgo-KAGRA
observing run (O3) by about 30% on average. Moreover, this analysis demonstrates substantial progress in
our ability to search for long-duration GW signals owing to enhancements in pipeline detection
efficiencies. As detector sensitivities continue to advance and observational runs grow longer, unmodeled
long-duration searches will increasingly be able to explore a range of compelling astrophysical scenarios
involving neutron stars and black holes.

DOI: 10.1103/83j3-pgk1

I. INTRODUCTION

The direct detection of gravitational waves (GWs) from a
pair of black holes (BHs) during the first observing run
(O1) [1] of the Laser Interferometer Gravitational-wave
Observatory (LIGO) [2] marked a major milestone in GW
astrophysics. The detection of GWs from the binary
neutron star (NS) merger GW170817 during the second
LIGO and Virgo [3] observing run (O2) [4] initiated the era
of multimessenger astrophysics, via the identification of an
electromagnetic counterpart in practically all bands of the
spectrum by a suite of electromagnetic observatories from
the ground and space [5,6].
During the third observing run (O3) of Advanced LIGO,

Virgo, and KAGRA [7,8], several other interesting compact
binary systems were detected. These include a likely NS-
NS merger with total mass significantly larger than that of
known galactic binary NS systems [9]; BH-NS candidates
[10]; pairs of compact objects with one of the two
belonging to the so-called lower mass gap (the dividing
line between the heaviest NSs and the lightest BHs) [11];

and a BH-BH coalescence whose compact remnant falls in
the intermediate BH mass range [12]. In total, about 90
transient GW signals have been confidently detected in the
O1–O3 runs, all of them confidently associated with
compact binary coalescences (CBC) [13–15]. The O4
run is the longest LIGO-Virgo-KAGRA observing run to
date. Similarly to the O1–O3 runs, the first eight months of
O4 (called O4a) have brought new CBC detections,
including the notable GW230529—a merger of a NS with
a lower mass-gap BH [16].
While all of the above mentioned O1–O4 detections are

exciting, we are yet to probe the large variety of astro-
physical scenarios that predict GWs from systems other
than CBCs. This motivates continued searches for other
classes of GW signals (e.g., Refs. [17–23]). Here, we
present a search for unmodeled, long-lived (∼1–1000 s)
GW transients in O4a data [24], updating previous results
[17–19].
This analysis includes the first application of the XGBoost

[25] postprocessing classifier of coherent waveburst (cWB)
to long-duration GW searches (Sec. III), and results from
the first PySTAMPAS [26] all-sky search for long-duration
GWs (Sec. III). The use of diverse methods in the search for
long-duration GW signals is motivated by the wide range of
potential signal morphologies—including variations in
duration, temporal evolution, and frequency content—
expected from different astrophysical scenarios. Many of
these scenarios remain unexplored and constraining them

*Full author list given at the end of the article.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI.

PHYSICAL REVIEW D 113, 082004 (2026)

2470-0010=2026=113(8)=082004(23) 082004-1 Published by the American Physical Society

https://crossmark.crossref.org/dialog/?doi=10.1103/83j3-pgk1&domain=pdf&date_stamp=2026-04-27
https://doi.org/10.1103/83j3-pgk1
https://doi.org/10.1103/83j3-pgk1
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


via GW observations holds the promise of significantly
advancing our understanding of the physics and astrophys-
ics of compact objects. Hence, this analysis targets a variety
of GW signals, including those produced by nonaxisym-
metric deformations in newly born NSs or magnetars
formed in massive star core collapses or binary NS mergers
[27–30], fallback accretion onto newly born NSs or BHs
[31–34], or instabilities and fragmentation in the accretion
disks around BHs [35]. Low-mass CBCs can also generate
GW signals that are relatively long-lived (≳1 s) in the
frequency band of ground-based GW detectors. Generally,
these CBC signals are well-modeled and therefore are
better searched for with matched filtering techniques [36].
However, here we also target low-mass (total mass
≤ 5M⊙) CBCs with high eccentricity (0.2 ≤ e ≤ 0.6), as
these do not fall within the parameter space covered by
matched filter-based searches. Hereafter, we refer to these
systems as eccentric compact binary coalescences
(ECBCs). Our results complement other dedicated wave-
form-independent searches for high mass (source total
massM ≥ 70M⊙) eccentric CBC signals with eccentricity
e ≤ 0.3 (e.g., Ref. [37]).
This paper is organized as follows. In Sec. II, we describe

our dataset. Sections III and IV present our data analysis
methods and the reference waveforms used to quantify our
sensitivity, respectively. In Secs. V and VI, we report our
results and conclude.

II. DATA

The LIGO-Virgo-KAGRA fourth observing run (O4)
started on May 24, 2023, at 15∶00 UTC. The first part of
the O4 observing run, O4a, ended on January 16, 2024, at
16:00 UTC. During O4a, the LIGO Hanford (LHO) and
Livingston (LLO) detectors operated at improved sensi-
tivity compared to their O3 run. A conventional measure of
sensitivity is the binary neutron star (BNS) inspiral range,
which quantifies the average distance at which a fiducial
1.4–1.4M⊙ BNS could be detected with a signal-to-noise
ratio (SNR) of 8 (see e.g., Ref. [38] and references therein).
During O4a, the LHO and LLO detectors reached a BNS
range of about 160 Mpc, corresponding to approximately
30% and 15% improvements, respectively, compared to O3
[39]. The Virgo detector did not join O4a.
The search algorithms employed in this work require

coincident data from at least two detectors. Because the
BNS range for the KAGRA detector was substantially
smaller than that of the LIGO detectors in O4a, we do not
include KAGRA data in our search, and we consider only
data where both LIGO detectors are simultaneously avail-
able. A total of 126.6 days of coincident LHO-LLO data
were collected during O4a. This corresponds to a duty
cycle of about 53% for joint observations collecting so-
called “ANALYSIS_READY” data. The last are data
collected with the interferometers operating under observ-
ing conditions that are considered suitable for searching for

GW signals. Removal of coincident data with significant
data quality issues (by applying so-called “category 1”
vetoes, as defined in [40]) left us with about 125 days of
coincident LHO-LLO data [41]. Next, a small fraction
(about 1%–2%) of this coincident data is discarded because
their duration is shorter than the time window used by each
pipeline (see Sec. III for details). Finally, as we describe in
the next section, strategies to reduce the impact of glitches
(transient noise events that have a variety of origins)
resulted in a small (≲1%) amount of data being removed
from the analysis.
During O4a, the calibration uncertainty in the amplitude

below 2 kHz was less than 10%, and it improved in the
second half of O4a to be less than 2% below 2 kHz.
Calibration uncertainty is not taken into account in the
results presented in this paper, as these calibration errors are
much smaller than the astrophysical uncertainties that affect
the class of signals we target here.

III. SEARCH METHODS

Given the large uncertainties in potential postmerger GW
signal characteristics (Fig. 3; [27–35]), hereafter we use
two independent unmodeled search methods (and corre-
sponding background estimations) that are based on differ-
ent data-processing and clustering techniques: cWB [25,42]
and PySTAMPAS [26]. In this section, we discuss briefly their
basic workings. More details are provided in Secs. III A
and III B.
Unmodeled searches for long-duration GW transients

typically look for patterns of excess power in some time-
frequency representation of the data and rely on the cross-
correlation between the data streams of noncolocated
detectors to distinguish actual astrophysical GWs from
background events generated by instrumental or environ-
mental noise in the detectors [43–52].
To estimate the distribution of background events, the

data from one detector are time-shifted with respect to the
other by an amount of time large enough to remove any
coherent GW signal from the cross-correlated data. The
process of time sliding the data is repeated multiple times
for different values of the time shift to estimate the inverse
false-alarm rate (iFAR) of potential candidate events
accurately.

A. Coherent wave burst

cWB is an unmodeled transient search pipeline [42]. It is
based on a multiresolution time-frequency wavelet trans-
form known as Wilson-Daubechies-Meyer (WDM) [53].
Time-frequency pixels that contain excess energy (as
estimated from the wavelet coefficients) across the detector
network are selected and nearby pixels are clustered (Fig. 1,
left panel). In the pixel selection process, periods where a
known physical factor is affecting the detector’s data
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quality are removed (so-called “category 2” vetoes, defined
as in [40,41]).
After the clustering step, cWB performs an all-sky search

for each cluster of pixels by utilizing a likelihood algorithm
computed over an equal area pixelated grid of sky positions
obtained using the hierarchical equal area isolatitude
pixelization (HEALPix1) scheme [54,55]. Triggers are recon-
structed from the sky position where the likelihood reaches
a maximum.
In the postprocessing, cWB (version 6.4.5.0) uses a super-

vised boosted decision tree classifier, XGBoost [25], to
reweight the network coherent signal-to-noise ratio
(SNR) of triggers (Fig. 1, right panel). The reweighted
values are used as ranking statistics [56]. We note that this
XGBoost reweighting procedure entirely replaces the wave-
form duration cut (and all other thresholds in postprocess-
ing) used for cWB long-duration searches in O2 [17] and O3
[19]. Eliminating the duration cut enables long-duration
searches on a larger parameter space, while enhancing
sensitivity. Consequently, some CBC triggers with high
SNR identified by cWB during the search retain high
ranking statistics after the reweighting process. Hence,
similar to the approach employed for short-duration signals
[57], CBC signals are excised a posteriori from the analysis
(see Sec. V and Fig. 4 for more details).
In the O4a long-duration analysis, the data are divided

into four chunks of approximately equal duration across the
approximately 122 days of observing time analyzed. The
chunks are further split into 1200 s-long data segments,
which are then transformed with the WDM wavelet into
seven time-frequency resolutions (frequency bins ranging
from 0.5 Hz to 16 Hz; time bins ranging from 1=64 to 1 s)
covering the frequency range 16–2048 Hz. To estimate the
background distribution of noise triggers, time slides are
performed by sliding the data between detectors 600 times

in 2-second steps within each 1200 s-long data segment. A
2-second time step is longer than the longest time bin
utilized for the cWB search and is sufficient to break any
coherence in the time-frequency pixels. This process is
further extended by performing shifts across different data
segments of each chunk, resulting in a total of 2400
independent time shifts per chunk. This yields a back-
ground of about 772 years in total for the four chunks (half
of which is used for training, as described below).
The XGBoost models for each chunk are trained inde-

pendently with dedicated training sets. These training sets
are created by randomly selecting 50% of the background
data from the corresponding chunk, and injecting a series of
white noise burst signals to cover the analysis frequency
range. The produced XGBoost model is then applied to the
remaining 50% background to produce the background
statistical distribution. To evaluate the efficiency of the
XGBoost model, a set of simulations with a selection of
waveform models, as described in Sec. IV, is analyzed with
the XGBoost models.
We note that in O4a, excessive noise fluctuations around

the known 60 Hz and 180 Hz power lines and harmonics
are observed in the background. Thus, in the post-
production, noise fluctuations at these frequencies are
excised (from both the background and the foreground).

B. PySTAMPAS

PySTAMPAS [26] is an enhanced version of the stochastic
transient analysis multidetector pipeline (STAMP) [58] that
was used in previous analyses [18,19]. It is designed to
perform unmodeled all-sky searches for long-duration GW
transients at a reduced computational cost compared to
STAMP [26]. The data are split into 512 s-long windows
which overlap by 50%. For each window and each detector,
spectrograms of the auto-power SNR are built using the
short-time fourier transform (STFT) over short segments
with duration 0.5, 1, 2, and 4 s that are Hann-windowed and

FIG. 1. Left: time-frequency representation of the loudest trigger found by cWB in O4a; the color bar represents the amplitude of the
likelihood. Right: schematic workflow of cWB including trigger production step and XGBoost machine learning method used to evaluate
ranking statistic of each trigger.

1http://healpix.sf.net
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overlap by 50%. The four spectrograms are then combined
into a single multiresolution spectrogram that covers the
frequency band 22–2000 Hz. For each frequency bin, the
power spectral density (PSD) is estimated by taking the
median of the squared modulus of the STFT over the
window duration. A seed-based clustering algorithm is
applied on each multiresolution spectrogram to extract
clusters of pixels that form candidate GW triggers. Pixels
forming each cluster are then cross-correlated with the
spectrogram from the other detector to compute a coherent
SNR of the GW energy for each pixel. Finally, a detection
statistic is built for the whole trigger [19], which is the sum
of the coherent SNR of each pixel normalized by the square
root of the number of pixels in the trigger [59]. The
PySTAMPAS workflow is illustrated schematically in Fig. 2.
To estimate the background distribution of noise triggers,

the spectrogram from the other detector is time-shifted by
an amount of time greater than 1000 s. This is a
conservative choice that allows us to break any coherence
in time over the duration of the longest signals targeted by
this search, regardless of signal frequency content. This
operation is repeated 320 times with different values of the
time shift, allowing to simulate 108 years of background.
To deal with non-Gaussian noise artifacts, frequency bins
that correspond to known spectral lines in the detectors and
that generate an excess of noise triggers are masked. In
total, 9% of the total frequency band is masked in this
analysis. As was done in previous searches with STAMP

[19], triggers for which the maximal fraction of SNR in a
single time bin exceeds 0.3, or for which the ratio of auto-
power SNR between the two detectors exceeds 5, or that
have a duration lower than 10 s, are vetoed in postprocess-
ing. Because of the high rate of noise fluctuations at low
frequency, triggers whose central frequency is below 50 Hz
are also dismissed. Finally, spectrograms for which the
fraction of pixels above the threshold considered for
clustering is above 0.5% are removed from the analysis.

These correspond to unusually noisy stretches of data that
the clustering algorithm is unable to handle. About 0.03%
of the O4 data considered for this search (see Sec. II) are
removed by this cut.

IV. WAVEFORM MODELS

The analysis presented here is an unmodeled search for
GW signals, and as such it does not rely on the use of
template waveforms to make detection statements. In the
absence of a detection, to put our results in context, we
quantify the sensitivity of our search by setting upper limits
on the GW strain amplitude of a set of simulated wave-
forms added coherently into the detector data. We note that
because of the limited distance reach of our analysis, we do
not consider redshift effects on the model waveforms.
The waveform models used in this analysis include those

from a similar search performed on O3 data [19]. These
waveforms are representative of some compelling astro-
physical scenarios, such as postmerger magnetars (magnetar)
with ellipticity in the range 0.005–0.08 [30], accretion disk
instabilities (ADI) [35], newly formed magnetars powering
gamma-ray burst plateaus (GRBplateau) [27,31,60], inspi-
ral-merger-ringdown ECBC waveforms [61] with an eccen-
tricity between 0.2 and 0.6 and a total mass between 2.8 and
10M⊙, and broadband chirps from innermost stable circular
orbit waves around rotating BHs with a mass between 5 and
20M⊙ (ISCOchirp) [34].
In addition to the above, we include in our analysis GW

signals modeled for binary NS mergers (inspiralB), milli-
second magnetars (msmagnetar-A), and fallback accretion
onto NSs (PT-A; PT-B) with their time frequency repre-
sentation shown in Fig. 3. The inspiral model employs the
IMRPhenomPv2NRTidalv2 approximant for equal-mass
binaries (1.4M⊙) [62]. The millisecond magnetar model
is an analytical model derived from the dynamics of
spinning down nascent NSs proposed by Sarin et al.

FIG. 2. Left: time-frequency representation of the loudest trigger found by PySTAMPAS in O4a. The color bar represents the coherent
SNR in each pixel. Right: schematic workflow of PySTAMPAS for a generic three-detector network (in this work, only two detectors
were used).
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[29] and Lasky et al. [28], with frequency evolution
modeled with an arbitrary but fixed braking index. The
PT models (A and B) were proposed by Piro and Thrane
[33] for stars of intermediate mass that end their lives
forming NSs, which eventually collapse to BHs via fall-
back accretion. When the incoming material has sufficient
angular momentum to form a disk, the accretion spins up
the NS sufficiently to produce nonaxisymmetric instabil-
ities and gravitational radiation with frequencies in the
range 700–2400 Hz for about 30–3000 s until collapse to a
BH occurs.
Finally, to fill out the parameter space, we perform

sensitivity estimates also for “ad-hoc” waveforms: band-
limited white noise burst (WNB) and sine-Gaussian
bursts (SG).

V. RESULTS

Similarly to what was done in the O2 and O3 long-
duration GW searches [18,19], for both the PySTAMPAS and
cWB analyses we set a detection threshold corresponding to
an iFAR higher than 50 years.
In the cWB analysis, we find 25 CBC triggers (11 of

which with iFAR above the 50 years detection threshold)
that were confidently detected by low-latency searches and
subsequently reported as public alerts [64–88]. After
excluding triggers associated with these known, quasicir-
cular CBC events, the cWB search remains sensitive to
ECBC signals. As shown in Fig. 4, the resulting distribu-
tion of cWB triggers is consistent with the background
within 2σ. The most significant trigger has a SNR of 11,
centered at 54 Hz, with an iFAR of 0.70 years and a false
alarm probability (FAP) of 0.38. This trigger happened
during a period of elevated glitch rate. This, combined with

the estimated FAP of 0.38, suggests that the trigger is likely
due to noise.
The distribution of triggers found by PySTAMPAS is also

consistent with the background within 2σ, as shown in the
bottom panel of Fig. 4. The most significant trigger has an
iFAR of 0.49 years (FAP ≈ 0.52) and is consistent with a
noise fluctuation in LLO between 242 Hz and 250 Hz.
Given the cumulative nature of the distribution shown in
Fig. 4, the ≈2σ excess that can be seen over several iFAR
bins for PySTAMPAS is dominated by the contribution of the

FIG. 3. Time-frequency representation of the waveforms used
to test the sensitivity of this search. The x-axis represents a linear
time axis with the various signal types off-set horizontally for
clarity. Waveforms that are new in this analysis (compared to O2
[18,63] and O3 [19] long-duration burst searches) are
marked in red.

FIG. 4. Cumulative number of events as a function of the iFAR
found by cWB (top) and PySTAMPAS (bottom). Cross markers
represent all events found in the search, while triangle ones
exclude known BBH events found in low latency. Assuming a
Poisson distribution for noise events, the expected value for the
background (i.e., T/iFAR, where T is the observing time) is
shown by the solid line, while the shaded regions represents the
1 − 2 − 3σ uncertainties. We note that, because of its cumulative
nature, the ≈2σ excess in the PySTAMPAS distribution over several
iFAR bins is dominated by the contribution of the three loudest
background events with the FAP being approximately 0.52, 0.62,
and 0.65, respectively.
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three loudest background events, with the FAP being
approximately 0.52, 0.62, and 0.65, respectively. The
loudest of these triggers is shown in the left panel of
Fig. 2. PySTAMPAS did not recover any of the CBC
triggers identified by cWB because these had durations
shorter than 10 s and are therefore removed in post-
processing.
In the absence of a significant GW candidate in either

analysis, we derive sensitivity estimates on the GW
amplitude of the various waveform models described
in Sec. IV. To this end, simulated waveforms are injected
coherently into the detectors’ data at different amplitudes,
and the detection efficiency (fraction of the total number
of injections that are recovered) is measured as a function
of waveform amplitude. The spanned range of ampli-
tudes is chosen so that the detection efficiency is sampled
across the whole range of its possible values—from 0%
to 100%. For each injected signal of a given amplitude,
the starting time, sky position (right ascension and cosine
of the declination), polarization angle, and cosine of the
inclination angle are randomly drawn following a uni-
form distribution. We note that for estimating the
detection efficiency, a signal is considered to be recov-
ered by a given pipeline if it produces a trigger within the
time and frequency boundaries of the injected waveform,
with an iFAR higher than 50 years.
The results are presented in Fig. 5 as root-sum-square

amplitudes (hrss) at 50% detection efficiency, where

hrss ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiZ

∞

−∞
ðh2þðtÞ þ h2×ðtÞÞdt

s
: ð1Þ

In the above equation, hþ and h× are the GWamplitudes for
the þ and × polarizations. For each waveform, the lowest
value from either of the two pipelines is reported. We
discuss these results in Sec. VI.
We also derive upper limits on the rate of eccentric CBC

events (ECBCs), updating previous results from O2 [18]
and O3 [19]. In the absence of a detection, assuming that
these events are uniformly distributed in the observed
volume and follow a Poisson distribution, the 90% con-
fidence upper limit on their rates is given by [89]

R90% ¼ 2.3
4πT

R rmax
0 dr r2 ϵðrÞ ; ð2Þ

where ϵðrÞ is the detection efficiency as a function of
distance r, rmax is the maximal detectable distance, and T is
the observing time [90]. In Table I, we report our best
results, derived using the cWB pipeline (which has the best
sensitivity for this family of waveforms). We discuss these
results in Sec. VI.

VI. DISCUSSION

The hrss at 50% efficiency of this O4a search has
decreased by 30% (on average across the detector band-
width) compared to O3 (Fig. 5). This improvement is
primarily driven by the sensitivity increase of the LIGO
detectors between O3 and O4a. However, the pipelines
used for this search are also different from the ones used in
O3. This improves the O4a sensitivity (compared to O3) for

FIG. 5. Root-sum-square amplitude at 50% detection efficiency
as a function of the central frequency of each tested waveform
with iFAR > 50 years (black markers). The O3 results [19] are
represented by light-gray square markers, showing the improve-
ment in sensitivity (vertical arrows). For each waveform, the most
constraining result from either of the two pipelines is shown. For
reference, the mean amplitude spectral densities of the Livingston
(blue) and Hanford (red) detectors during O4a are plotted, along
with those from the O3b (faded dashed curves).

TABLE I. Rate upper limits per unit volume at 90% confidence
level on eccentric CBC with various component masses and
eccentricity e, computed with Eq. (2). In the last column, we
show updated results from the O3 run, which we have recom-
puted as discussed in Sec. VI. We find that uncertainties on these
values are dominated by systematic errors associated to the
method used to fit the efficiency curves, estimated to be of order
15% (see text for discussion).

R90% [Gpc−3 yr−1�
Waveform M1 ½M⊙� M2 ½M⊙� e O4a O3

ECBC_A 1.4 1.4 0.2 9.1 × 103 2.0 × 104

ECBC_B 1.4 1.4 0.4 1.1 × 104 2.4 × 104

ECBC_C 1.4 1.4 0.6 1.8 × 104 4.4 × 104

ECBC_D 3.0 3.0 0.2 1.3 × 103 4.6 × 103

ECBC_E 3.0 3.0 0.4 1.4 × 103 5.5 × 103

ECBC_F 3.0 3.0 0.6 3.7 × 103 8.9 × 103

ECBC_G 5.0 5.0 0.2 4.2 × 102 3.0 × 103

ECBC_H 5.0 5.0 0.4 5.2 × 102 4.0 × 103

ECBC_I 5.0 5.0 0.6 8.0 × 102 4.7 × 103
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most waveforms. Specifically, the ECBCs are better recov-
ered than in O3 (up to a factor about 2 lower in hrss at 50%
efficiency), because the new version of cWB, enhanced with
XGBoost, better discriminates these signals from noise
transients [25]. The sensitivity to monochromatic SGs
has also improved by a factor of about 10 thanks to a
more robust PSD estimation in PySTAMPAS (which is now
based on the median PSD over a time window longer than
twice the duration of the signal). The sensitivity to
magnetar waveforms has not improved compared to O3,
as these signals are best recovered using the seedless
clustering strategy used in O3 [45]. The seedless clustering
strategy is being developed in the PySTAMPAS package at the
time of writing. Hence, this strategy has not been used for
the O4a results presented here.
To put the above results in the context of previous

analyses, we note that the O3 long-duration search broadly
constrained GW signals with energies of order 10−2M⊙
(comparable to the maximum rotational energy of a 1.4M⊙
NS [91]), and morphologies similar to the ones considered
here, to distances ≳1–10 Mpc (see Fig. 2 in [19]). For a
GW signal with an energy EGW and central frequency f0,

the horizon distance d corresponding to a given hrss is d ≃
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
5GEGW

2π2c3f2
0
h2rss

q
[92]. The overall improvement of ≈30% in hrss

at 50% efficiency achieved via this analysis pushes the
above lower limits on the distances to values about 30%
larger.
We also derive rate upper limits on ECBC events

(Table I). The upper limits range from 420 Gpc−3 yr−1

to 18; 000 Gpc−3 yr−1 depending on the mass and eccen-
tricity of the system. These ECBC rate constraints
are compatible with expectations that, overall, only a
small fraction of CBC systems have a significant
eccentricity [93] given current estimates of CBC rates
(10 − 1700 Gpc−3 yr−1 for NS-NS systems, 7.8 −
140 Gpc−3 yr−1 for NS-BH, and 17.9 − 44 Gpc−3 yr−1

for BH-BH [94]).
The above rate upper limits on ECBCs require a careful

sampling and modeling of the tail of the detection effi-
ciency curve at large distances. For this analysis (O4a
column in Table I), we revisit and improve the efficiency
estimation procedure that was employed in O3. First, we
use a quadratic interpolation of the sampled efficiency
values instead of the sigmoid fit used in O3 [19]. To assess
the robustness of the quadratic interpolation, we compare
our results with a log-normal distribution fit and a linear
interpolation. Both these methods give results consistent
with the quadratic interpolation within about 15% of the
estimated rate upper limit. On the other hand, a sigmoid fit
systematically overestimates the detection volume (the
integral in the denominator of Eq. (2), resulting in an
underestimate of the 90% rate upper limits by a factor of
about 2–3 across different waveforms and detection pipe-
lines. An example of this is presented in Fig. 6. As a second

improvement to our detection efficiency estimates, we limit
the rmax in Eq. (2) to the highest sampled distance so as to
ensure that the 90% rate upper-limits are not affected by
errors that may be introduced when extrapolating fits or
interpolations to the efficiency curves at distances beyond
the range that was actually sampled. In the O3 long
duration search [19], the lack of the above constraint
resulted in an underestimation of the rate upper limits by
a factor of about 5 (on average across ECBC waveforms)
for the cWB pipeline. This issue did not affect the O3
STAMP-AS Zebragard results [19].
Given the above noted improvements in the detection

volume estimates, in the rightmost column of Table I we
compare our O4a results with the rate upper limits that
we derive applying the same efficiency curve estimation of
our O4a analysis to the (previously unpublished) O3
STAMP-AS Zebragard results for ECBCs. The O4a upper
limits improve on the O3 results by factors of about
2–7, consistent with the improvement in sensitivity shown
in Fig. 5 and the fact that the observing time of O4a is about
half of O3. Indeed, for this waveform family, the improved
O4a sensitivity implies a distance reach of about 1.4–2.4
times larger than in O3, hence a detection volume about
2.7–14 times larger and therefore rate upper limits that are
1.4–7 times smaller.
In conclusion, with this O4a analysis, we have made

substantial progress in our ability to search for long-
duration GW signals, thanks to the combination of the
improved O4a sensitivity and enhancements in pipeline
detection efficiencies. With further progress in GW

FIG. 6. Detection efficiency as a function of the distance
recovered by cWB for the ECBC-A waveform model on O4a
data. The black dots represent data points, the dashed, dashed-
dotted, and dash-dot-dotted curves represent a sigmoid function
fit, a quadratic interpolation, and a log-normal fit, respectively.
This illustrates how a sigmoid fit overestimates the detection
efficiency at large distances, leading to a detection volume
overestimated by a factor ~2 in that case.

ALL-SKY SEARCH FOR LONG-DURATION GRAVITATIONAL- … PHYS. REV. D 113, 082004 (2026)

082004-7



detectors’ sensitivity [95] and longer data taking runs, long-
duration unmodeled searches have the potential to probe
several interesting astrophysical scenarios involving NSs
and BHs [27–35]. We note that the pipeline improvements
introduced in this search extend beyond refining popula-
tion-level constraints on long-duration GW sources. They
also enhance the sensitivity of in-depth investigations of
any candidate event that may be identified in all-sky
searches like the one presented here, and they can
strengthen triggered searches for long-duration postmerger
signals [63,96]. These advances directly support efforts to
address one of the major open questions highlighted by the
multimessenger observations of GW170817: the nature of
the postmerger remnant.
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C. I. Torrie,41 I. Tosta e Melo,329 E. Tournefier ,31 M. Trad Nery,123 K. Tran,135 A. Trapananti ,53,52 R. Travaglini ,181

F. Travasso ,53,52 G. Traylor,110 M. Trevor,138 M. C. Tringali ,64 A. Tripathee ,97 G. Troian ,198,49 A. Trovato ,198,49

L. Trozzo,4 R. J. Trudeau,41 T. Tsang ,33 S. Tsuchida ,330 L. Tsukada ,228 K. Turbang ,201,23 M. Turconi ,123

C. Turski,102 H. Ubach ,87,88 N. Uchikata ,219 T. Uchiyama ,51 R. P. Udall ,41 T. Uehara ,331 K. Ueno ,43

V. Undheim ,292 L. E. Uronen,234 T. Ushiba ,51 M. Vacatello ,84,85 H. Vahlbruch ,8,9 N. Vaidya ,41 G. Vajente ,41

A. Vajpeyi,6 J. Valencia ,107 M. Valentini ,117,37 S. A. Vallejo-Peña ,310 S. Vallero,28 V. Valsan ,83 M. van Dael ,37,332

E. Van den Bossche ,201 J. F. J. van den Brand ,36,117,37 C. Van Den Broeck,73,37 M. van der Sluys ,37,73 A. Van deWalle,42

J. van Dongen ,37,117 K. Vandra,112 M. VanDyke,132 H. van Haevermaet ,23 J. V. van Heijningen ,37,117 P. Van Hove ,66

J. Vanier,274 M. VanKeuren,114 J. Vanosky,86 N. van Remortel ,23 M. Vardaro,36,37 A. F. Vargas ,136 V. Varma ,146

A. N. Vazquez,96 A. Vecchio ,130 G. Vedovato,100 J. Veitch ,91 P. J. Veitch ,126 S. Venikoudis,15 R. C. Venterea ,105

P. Verdier ,57 M. Vereecken,15 D. Verkindt ,31 B. Verma,146 Y. Verma ,113 S. M. Vermeulen ,41 F. Vetrano,204
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204Università degli Studi di Urbino “Carlo Bo,” I-61029 Urbino, Italy

205Stony Brook University, Stony Brook, New York 11794, USA
206Center for Computational Astrophysics, Flatiron Institute, New York, New York 10010, USA

207Montclair State University, Montclair, New Jersey 07043, USA
208HUN-REN Institute for Nuclear Research, H-4026 Debrecen, Hungary
209Indian Institute of Technology Bombay, Powai, Mumbai 400 076, India

210Centro de Física das Universidades do Minho e do Porto, Universidade do Minho,
PT-4710-057 Braga, Portugal

211Aix Marseille Univ, CNRS/IN2P3, CPPM, Marseille, France
212CNR-SPIN, I-84084 Fisciano, Salerno, Italy
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307Museo Storico della Fisica e Centro Studi e Ricerche “Enrico Fermi,” I-00184 Roma, Italy

308Kennesaw State University, Kennesaw, Georgia 30144, USA
309Subatech, CNRS/IN2P3—IMT Atlantique—Nantes Université,
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F-75005 Paris, France
324Faculty of Physics, University of Warsaw, Ludwika Pasteura 5, 02-093 Warszawa, Poland

325Laser Interferometry and Gravitational Wave Astronomy,
Max Planck Institute for Gravitational Physics,
Callinstrasse 38, 30167 Hannover, Germany

326The Hakubi Center for Advanced Research, Kyoto University,
Yoshida-honmachi, Sakyou-ku, Kyoto City, Kyoto 606-8501, Japan

327Department of Physics, Kyoto University,
Kita-Shirakawa Oiwake-cho, Sakyou-ku, Kyoto City, Kyoto 606-8502, Japan

328Yukawa Institute for Theoretical Physics (YITP), Kyoto University,
Kita-Shirakawa Oiwake-cho, Sakyou-ku, Kyoto City, Kyoto 606-8502, Japan

A. G. ABAC et al. PHYS. REV. D 113, 082004 (2026)

082004-22



329University of Catania, Department of Physics and Astronomy, Via S. Sofia, 64, 95123 Catania CT, Italy
330National Institute of Technology, Fukui College, Geshi-cho, Sabae-shi, Fukui 916-8507, Japan

331Department of Communications Engineering, National Defense Academy of Japan,
1-10-20 Hashirimizu, Yokosuka City, Kanagawa 239-8686, Japan

332Eindhoven University of Technology, 5600 MB Eindhoven, Netherlands
333Concordia University Wisconsin, Mequon, Wisconsin 53097, USA

334Kavli Institute for the Physics and Mathematics of the Universe (Kavli IPMU), WPI,
The University of Tokyo, 5-1-5 Kashiwa-no-Ha, Kashiwa City, Chiba 277-8583, Japan

335Department of Astronomy, Beijing Normal University,
Xinjiekouwai Street 19, Haidian District, Beijing 100875, China

336School of Physics and Technology, Wuhan University,
Bayi Road 299, Wuchang District, Wuhan, Hubei, 430072, China

†Deceased, September 2024.

ALL-SKY SEARCH FOR LONG-DURATION GRAVITATIONAL- … PHYS. REV. D 113, 082004 (2026)

082004-23


	All-sky search for long-duration gravitational-wave transients in the first part of the fourth LIGO-Virgo-KAGRA observing run
	I. INTRODUCTION
	II. DATA
	III. SEARCH METHODS
	A. Coherent wave burst
	B. pystampas

	IV. WAVEFORM MODELS
	V. RESULTS
	VI. DISCUSSION
	ACKNOWLEDGMENTS
	DATA AVAILABILITY
	References


