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We present a search for short-duration gravitational-wave transients in data from the first eight months of
Advanced LIGO-Virgo-KAGRA'’s fourth observing run, denoted O4a. We use four analyses which are
sensitive to a wide range of potential signals lasting up to a few seconds in the 16-4096 Hz band. Excluding
binary black hole merger candidates that were already identified by low-latency analyses, we find no
statistically significant evidence for other gravitational-wave transients. We measure the sensitivity of the
search for representative signals, including sine-Gaussians, Gaussian pulses, and white-noise bursts with
different frequencies and durations, adopting a false alarm rate of 1 per 100 years as detection threshold.
Depending on signal type, we find improvements over previous searches by factors of 2 to 10 in terms of
sensitivity to strain amplitude and of 90% confidence upper limit on the rate density of sources. We also
evaluate a variety of core-collapse supernova models and find that, for some models, the search could have
detected gravitational waves from stellar core-collapse throughout the Milky Way. Finally, we consider
neutron star f-modes associated with pulsar glitches and find that, assuming a source similar to the Vela
Pulsar, the search could have detected a gravitational-wave signal from a glitch with fractional frequency

change as small as ~2 to 6 x 10~ depending on the neutron star mass.
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I. INTRODUCTION

The Advanced LIGO [1] and Advanced Virgo [2]
detectors have proven the ability of large laser interferom-
eters to detect and characterize gravitational waves. Using
data from the first three observing runs of these detectors,
the LIGO Scientific Collaboration, Virgo Collaboration and
KAGRA Collaboration (collectively LVK) identified 90
transient signals most likely to be gravitational-wave (GW)
events [3-5]. Other researchers have reported several
additional GW event candidates in the publicly available
data [6—-14]. All of the GW signals detected in those runs
have matched the distinctive signature expected from
compact binary coalescence (CBC) events. A CBC arises
from a co-orbiting pair of compact astrophysical objects,
specifically black holes or neutron stars, that spiral inward
and finally merge due to emission of gravitational radiation
as predicted by the general theory of relativity.

Over 200 additional CBC candidates have been reported
from low-latency analyses during the fourth LVK observing
run [15]. Many more CBC events will be detected as the
LIGO and Virgo detectors improve and as the GW detector
network grows with the maturation of the KAGRA detector
[16] and construction of a LIGO observatory in India
[17,18] as well as next-generation facilities currently being
designed [19,20]. In parallel, the LVK continues to search
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for other types of GW signals. For example, transient
GWs—also called GW bursts—can arise from the strong
dynamics of mass and energy in core-collapse supernovae
[21-25], magnetars [26-28], starquakes of neutron stars
[29,30], nonlinear memory [31], hyperbolic encounters
between compact objects [32], and cosmic strings
[33-35]. The time-frequency structure, the strength and
the rate of occurrence of GW transient events depend on the
source’s internal microphysics, formation channels and
population models, which are not fully understood. It is
also possible that standard searches for CBC events, which
use matched filtering with modeled waveforms as tem-
plates, may miss some binary mergers with very high
masses, eccentric orbits and/or extreme spins, which are
difficult to detect efficiently with template banks currently
in use. Therefore it is essential to search as broadly as
possible for GW signals from potential sources, known or
unknown.

Search algorithms which do not rely on having modeled
waveforms have been developed and refined to meet this
need. Different methods are employed to search for generic
short-duration GW burst signals (up to a few seconds long)
and longer-duration transient signals over the full fre-
quency range in which the detectors are highly sensitive.
Generic searches for short-duration [36] and long-duration
[37] GW bursts in LIGO-Virgo data from the third
observing run (O3) uncovered no significant candidates,
other than already-known CBC events, despite having good
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sensitivity for a wide range of other potential signals. These
searches are complemented by dedicated analyses for GW
signals from intermediate mass black hole (IMBH) mergers
[38] and compact binary systems with significantly eccen-
tric orbits [39], which obtain better sensitivity for those
signal classes by making morphological assumptions spe-
cific to each.

In this paper we report on a search for short-duration GW
bursts in data from the LIGO Hanford and LIGO
Livingston Observatories (LHO and LLO, respectively)
taken during the first eight months of the fourth observing
run (O4), a period denoted O4a. (A companion paper [40]
reports on a search for longer-duration transient GW
signals.) We give more details about the detectors, the
O4a run period and data quality in Sec. II. In Sec. III we
describe the three search pipelines used in this paper. All
three pipelines are based on the Coherent WaveBurst
algorithm [41,42] but use different configurations, time-
frequency transforms, and candidate event classification
algorithms to obtain a broad coverage of the signal
parameter space.

As we report in Sec. IV, this search finds many of the
likely CBC signals that have already been reported publicly
from low-latency analysis (and which will be verified and
discussed in later LVK papers) but our goal here is to reveal
any short-duration transient GW signal that is not a CBC
event. We find no statistically significant candidate when
the likely CBC signals are excluded. In Sec. V we evaluate
and compare the sensitivities of the analyses using simu-
lations which sample a wide range of potential signals in
the detectors’ sensitive frequency range. The O4a run was
only about half as long in duration as O3, but due to lower
noise in the LIGO detectors and some analysis improve-
ments, this early look at the O4 run covers a larger
astrophysical volume-time exposure than O3 by a factor
of 2 to ~10, depending on the signal morphology.

In Sec. VI we evaluate the sensitivity of this search to
modeled signals from core-collapse supernovae and sudden
excitations of neutron stars, providing astrophysical inter-
pretation of our null search results. This all-sky search does
not rely on observing a supernova light curve or neutron
star pulse timing glitch, so it complements multimessenger
searches that are triggered by electromagnetic or neutrino
observations, e.g., [43]. We end with some remarks about
the ongoing O4 run and prospects for future detections.

II. DETECTORS AND DATA
A. Detectors operating during O4a

The LIGO detectors underwent significant upgrades and
commissioning between the conclusion of the O3 observ-
ing run on March 27, 2020 and the beginning of the O4 run
on May 24, 2023 [44,45]. Those efforts reduced the
detector noise at almost all frequencies, as shown in
Fig. 1. The improvement at low frequencies is due to

realizing frequency-dependent squeezing [46] and reducing
sources of environmental and technical noise, while the
improvement at high frequencies is mainly due to increas-
ing the laser power input into the interferometers to
60-75 W from 37 W in O3 [44]. The reduced detector
noise enables more sensitive searches for GW signals, and
more stringent limits on source populations and GW
emission mechanisms from searches that find no significant
candidates.

In addition to the LIGO detectors, the KAGRA GW
observatory participated in O4a from the beginning until
June 20, 2023, at which point it was taken offline to
conduct commissioning activities. KAGRA data are not
used in this work due to its much lower sensitivity. The
Virgo observatory was being upgraded during all of O4a.
Virgo resumed joint observation with the LIGO detectors in
April 2024 for the continuation of the O4 run.

B. Oda data

O4a lasted from May 24, 2023 15:00 UTC to January 16,
2024 16:00 UTC. At least one LIGO facility was observing
for 83.1% of this period. To carry out the search for GW
signals, the four analyses described in Sec. III are applied to
coincident data of high quality (see Sec. I1 C) from both
LIGO detectors. Additionally, the analyses require a mini-
mum of 200 seconds of contiguous observing-mode data
and discard the first and last 4 or 10 seconds from each
period of observing time in each detector. These restrictions
reduce the dataset to 126.4 days of dual-coincident, high
quality observing-mode data from the LIGO detectors in
O4a, representing 53.3% of the total duration of the
O4a run.

The LIGO detectors employ photon calibrators to
determine the observed GW strain based on fiducial
displacements of the end test masses due to radiation
pressure from an auxiliary laser system [47,48]. The
frequency-dependent calibration uncertainty varies during
the run and is assessed hour by hour. At the beginning of
O4a the amplitude uncertainty is typically ~5% or less for
LHO and ~3% or less for LLO for frequencies below
1 kHz, rising to ~10% at 4 kHz. For data collected after
June 13, 2023 the LLO calibration uncertainty improves,
becoming typically ~2% at all frequencies up to 4 kHz.
After July 27, 2023 the LHO calibration uncertainty
improves, becoming typically ~2% up to 1 kHz, rising
to ~5% at 4 kHz.

C. Data quality

1. Data quality vetoes

Detector data quality varies during observing-mode time
and occasionally is poor; these periods can sometimes be
identified and vetoed. In O4a, two categories of data quality
(DQ) vetoes are applied [45]; category 1 vetoes flag time
intervals with such severe issues that data taken during
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FIG. 1.

A comparison of GW detector noise between observatories and observing runs. Top: amplitude spectral densities (ASDs) of

the GW strain noise for the LHO (red) and LLO (blue) detectors in the O4 run compared to the O3 run (gray). Virgo’s and KAGRA’s
strain sensitivities are not plotted. Bottom: the ratio between each LIGO detector’s O3 and O4 noise ASD as a function of frequency. A
larger value indicates a greater reduction in noise between O3 and O4. This ratio comparison is omitted near power line harmonics and
near the thermally-driven “violin” resonance modes of optics suspensions above 250 Hz.

these times are not used by search pipelines, while category
2 vetoes represent times when the data quality is poor but
certain time or frequency bands may still contain usa-
ble data.

In O4a, modeled searches for gravitational waves from
compact binary coalescences exclude only category 1
vetoed times, while the analyses described in this work
exclude the times of both category 1 and 2 vetoes, because
the lack of a distinct morphology (like the “chirp” of a
CBC) for unmodeled bursts complicates the prospect of
distinguishing signals from noise.

Category 1 vetoes in O4a include periods when the
observing mode state at an observatory was incorrectly
activated (i.e., the detectors were not truly ready to observe)
and periods of elevated motion in the detector suspensions

that significantly degraded the calibration of LLO.
Examples of category 2 vetoes used in this work include
periods when large noise transients in the GW data were
witnessed by voltage monitors in the electrostatic drive
system used to control the position of the test masses; these
transients are temporally correlated with instrumental
artifacts (glitches) in the GW data. Additional criteria for
vetoing O4a data may be found in [45]. The total amount of
observing-mode time vetoed in O4a was 1.66 days at LHO
and 3.36 days at LLO.

2. Other transient noise

Despite the efforts to isolate the LIGO detectors from
noise, they are still subject to occasional noise transients of
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both known and unknown origin. The most deleterious
class of noise transients for this work are blip glitches [49].
Like many of the GW waveforms studied herein, blip
glitches are short-duration, large-bandwidth transients.
Their cause is uncertain. They are present in both LHO
and LLO data, but at uncorrelated times. Most are not
witnessed by auxiliary monitoring channels and therefore
cannot be vetoed. According to Gravity Spy [50], blip
glitches occurred at an average rate of 1.24 per hour at LHO
and 0.87 per hour at LLO. This is a decrease from the O3
rate of 1.68 and 3.47 blip glitches per hour, respectively.
Investigations to determine the cause of blip glitches have
included searching for temporal correlations with vibra-
tional transients along the LIGO beamtubes, temporal
correlations with cosmic ray strikes, and correlations with
environmental data monitors at each site. These investiga-
tions have so far not identified the cause of blip glitches in
the LIGO detectors, although a small fraction of these
glitches are contemporaneous with computer timing errors
[45,49,51].

Especially at low frequencies, LIGO detector sensitivity
can be degraded by stray light beams scattering off
vibrating surfaces and interfering with the main beam,
causing scattering glitches [52]. Prior to O4a, a campaign
was conducted to identify and mitigate several sources of
scattered light noise [45]. While a direct comparison
between the O3 and O4a searches is difficult to make
due to differences in search pipeline configurations, the
incidence of large signal outliers below 128 Hz was
reduced in O4a compared to O3. This is believed to be
a result of improved isolation from scattered light noise.

III. SEARCH ALGORITHMS, PIPELINES,
AND ANALYSES

The search algorithms used in this paper are based on the
open-source software Coherent WaveBurst (cWB)
[41,42,53], which is designed to operate without a specific
signal model. cWB begins by computing multiresolution
time-frequency (TF) representations of the strain data from
the GW detector network [54,55]. The multiresolution
approach is essential to cover the wide parameter space
of potential signals with durations ranging from millisec-
onds to a few seconds in a frequency range from tens of Hz
up to a few kHz. cWB selects the most energetic TF
regions, which are referred to as triggers if they pass
internal pipeline thresholds, and evaluates how potential
GW signals would appear in the network of detectors. For
each trigger, a likelihood ratio statistic is maximized over
all sky directions [56] enabling cWB to reconstruct the
source sky localization, the signal waveforms, and mor-
phological properties of the signals such as the duration, the
central frequency, etc. The ranking statistic 7 is essentially
the signal-to-noise ratio (SNR) of the trigger, estimated
from the coherent response of the network, with a penalty
factor related to the incoherent energy residuals in the

detectors. The trigger significance is measured in terms of
inverse false alarm rate (IFAR), computed by comparing
the ranking statistic of each trigger with a background
distribution. The latter is built by repeating the cWB
algorithm on time-shifted data, shifting one detector with
respect to the other detector by an amount that breaks any
coherence from astrophysical signals. Previous versions of
cWB were used to search and reconstruct GW transients in
past LVK observing runs (O1 [57,58], O2 [59,60], and
03 [36,37]).

To maximize the discovery potential of our search, we
employ two updated versions of cWB to generate triggers,
with shorthand names derived from second-generation
(cWB-2G) and cross-power (cWB-XP) development paths,
presented in Sec. III A. After the generation of the triggers,
two different machine-learning procedures—a decision-
tree algorithm called XGBoost and a Gaussian mixture
model (GMM)—classify the triggers and enhance the
separation between possible astrophysical transients and
detector noises, as described in Sec. III B.

The total number of search pipelines applied to the O4a
dataset is three, illustrated in Fig. 2; two use the triggers
generated by the cWB-2G algorithm and apply XGBoost
(2G + XGB) and GMM (2G + GMM) classification algo-
rithms, respectively, while the third generates triggers with
the cWB-XP algorithm and then applies XGBoost
(XP + XGB). All three pipelines operate in the frequency
band where the detectors are most sensitive, up to 2048 Hz,
aiming to maximize their combined detection efficiency in
this parameter space. Although the pipelines perform
similarly on average, as shown in Sec. V, their detection
efficiency varies across different waveform morphologies,
signal amplitudes, and polarizations. They also respond
differently to nonstationary noise. Our simulation studies

Identify triggers Classify candidate
showing coherent events versus 2G + XGB
excess-power background 16, 2048]Hz
[1600, 4096]Hz
Coherent WaveBurst |_—pf Decision tree
2G learning (XGBoost) XP + XGB
[32, 2048]Hz
Coherent WaveBurst Gaussian Mixture
cross power (XP) Model (GMM) ~ 2G+GMM
[16, 2048]Hz

FIG. 2. The GW burst search reported in this paper uses two
algorithms to identify triggers, i.e., coherent excess of power,
described in Sec. IIT A, and two machine-learning classification
algorithms to suppress background, described in Sec. III B. These
algorithm components are combined to construct three pipelines;
2G + XGB, XP + XGB, and 2G + GMM. The 2G + XGB pipe-
line is used in two analyses, one for low-frequency signals and
the other for high-frequency signals, while each of the other
pipelines is used in a single analysis covering a similar low-
frequency range. The complementary aspects of these four
analyses are discussed in the text.
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reveal that each pipeline detects some signals that the others
miss. Additionally, the 2G + XGB pipeline performs a
dedicated analysis for high-frequency signals, so a total of
four analyses make up the search reported in this paper.

The 2G 4+ XGB and XP + XGB pipelines have also
been used to search for generic GW transients in low
latency while the GW detectors were collecting data. The
main difference between the configurations used for
low-latency analyses and the offline analyses presented
here is in the training of the machine-learning algorithms
used to classify candidate events versus transient noise
(Sec. I B 1).

A. Identify triggers showing coherent excess power

The Coherent WaveBurst algorithm has been success-
fully employed in previous GW burst searches, e.g., [36]. In
the following we provide details about the two upgraded
versions of cWB employed to generate triggers from the
GW strain data.

1. Coherent WaveBurst 2G

The cWB-2G algorithm computes the TF representation
with the Wilson-Daubechies-Meyer wavelet transform
[54], using multiple TF resolutions to adapt to different
signal morphologies. The cWB-2G algorithm improves on
the selection of TF pixels that form trigger candidates to
improve the sensitivity to low SNR events [61]. After
selection, TF pixels are aggregated if they are separated by
time and frequency intervals of less than 0.2 s and 640 Hz;
this improves the collection of energy for transient events
with complex time-frequency structure that appears as
separate clusters of TF pixels. cWB-2G is used in two
configurations with different sets of TF resolutions to
perform low-frequency (16-2028 Hz) and high-frequency
(512-4096) analyses. High-frequency analysis triggers
with central frequency below 1600 Hz are removed, leaving
a 448 Hz overlap with the low-frequency analysis to ensure
good coverage of wide-band GW events at intermediate
frequencies. A trials factor of 2 is applied to the IFAR of
triggers in this overlap region, accounting for the fact that
they could be found by both low- and high-frequency
analyses.

2. Coherent WaveBurst cross power

The cWB-XP algorithm implements two major changes
with respect to the cWB version used in the O3 search [36].
First, the Wilson-Daubechies-Meyer wavelet transform is
replaced with the multiresolution WaveScan transform
based on Gabor wavelets [55] in order to reduce temporal
and spectral leakage in the TF representation. For O4a,
cWB-XP analyzes the frequency range between 32 Hz and
2048 Hz. After selection, the initial TF clusters are
aggregated if they are separated by time and frequency
intervals of less than 0.23 s and 64 Hz, respectively.

A coherent SNR > 7 threshold is applied to aggregated
clusters, resulting in a trigger rate of 0(0.01 Hz). Second,
in addition to the excess-power statistic used previously in
cWB, cWB-XP applies a cross-power statistic [55] to
identify transient events and suppress the noise transient
rate. The cross-power amplitude of each TF data sample (or
WaveScan pixel) is maximized over all possible time-of-
flight delays of a GW signal in the detector network. Both
statistics follow a predictable half-normal distribution with
unit variance expected for quasistationary detector noise
and are described in Refs. [55,62].

B. Classify candidate events versus background

The output rate of both cWB-2G and ¢cWB-XP algo-
rithms is dominated by triggers originating from nonsta-
tionary detector noise. To increase the confidence of
detections, we have replaced the manual tuning of selection
thresholds, used through O3 [36], with procedures exploit-
ing two machine-learning algorithms.

1. Decision tree learning with XGBoost

XGBoost is a supervised decision tree learning algorithm
[63] employed to classify cWB-2G and cWB-XP triggers
between a noise class and a signal class. XGBoost receives
as input tabular values from the two labeled classes and,
during the training process, builds a multidimensional
model which outputs a number ranging from 0, for triggers
supposed to belong to the noise class, to 1 for the
signal class.

The training dataset uses unmodified background trig-
gers for the noise class, while the signal class is populated
with generic white-noise burst (WNB) injections selected
to cover the full parameter space of the search [64]. The
tabular values used to train the model are a subset of
summary features (10 for 2G4+ XGB and 16 for
XP + XGB) that do not depend directly on the morpho-
logical characteristics of anticipated signals, in order to
maintain the unmodeled nature of the search. The selected
summary statistics describe the degree of correlation of the
trigger in the detector network, the energy that is coherent
and not-coherent in the network, the energy in each TF
resolution, and attributes measuring the likeness to known
single-cycle glitches. The detailed list of summary features
used by 2G + XGB can be found in Ref. [64]. XP + XGB
includes in the training also summary statistics quantifying
the cross-power and the network alignment factor [62]. In
the low-frequency region, the WNB injections used to train
the XGBoost model have duration uniformly distributed in
[0.001,0.5] s, central frequency in [24,1696] Hz, and
bandwidth in [10,800] Hz. In the high-frequency region
(5124096 Hz), the WNB injections used to train the
XGBoost model have duration uniformly distributed in
[0.0001,0.5] s, central frequency in [1200,3400] Hz, and
bandwidth in [100,1600] Hz.
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The 2G 4+ XGB and XP + XGB low-latency analyses
update their XGBoost model when the properties of the
noise distribution change substantially. The WNB simu-
lations and background triggers used to train the models are
acquired continuously during the observing run.

For the offline search presented here, cWB-2G triggers
are processed by XGBoost models trained on data from
limited periods of time. The full dataset is divided into data
segments, referred to as chunks, of about 9 days each. For
each chunk, an XGBoost model is trained on background
and WNB injection triggers acquired on the two adjacent
chunks (both sides, apart from end chunks) plus an addi-
tional 10% of the same chunk’s triggers. The remaining
90% background triggers of the chunk are used to estimate
the statistical significance of candidates. This training
procedure adapts well to nonstationary properties of the
data, and at the same time prevents model overtuning. Once
trained, the XGBoost output Wxgp is stretched monoton-
ically to enhance sensitivity for events with Wxgg close to
unity and used as the ranking statistic for c(WB-2G triggers.

In contrast, the classification stage for cWB-XP uses a
single XGBoost model trained on data from the entire run
along with the simulated WNBs. Approximately 20% of
the background triggers are used for training, while the
remaining background triggers are used to estimate the
statistical significance of candidates. The ranking statistic is
the one described in [64,65]:

My :WO'W%GB’ <1)

where W ;g is computed from the output of the XGBoost
model [66], including a monotonic stretch and a correction
to mitigate the impact of loud bliplike glitches. It is used as
a multiplicative factor to re-weight 7,, the cWB detection
statistic that is based on the coherent energy [66].

2. Gaussian mixture model

An alternative supervised machine-learning approach,
GMM, is applied to cWB-2G triggers in the 2G + GMM
pipeline. GMM learns to model multidimensional distri-
butions as superpositions of Gaussians. The application of
GMM to enhance GW burst searches is described in
Refs. [67-69]. GMM constructs two distinct models, one
for the noise and one for the signal, from a subset of 11
cWB-2G trigger summary statistics which undergo repar-
ametrization in order to have desired Gaussian behavior.
The ranking statistic # is defined by a log-likelihood ratio
n=W,—W,, where W, and W, are the maximum log-
likelihood statistics derived from the signal and noise
models, respectively. The training dataset includes back-
ground triggers and WNB injections as described above for
the XGBoost algorithm. The 2G + GMM pipeline covers
the frequency range [16,2048] Hz and analyzes data seg-
ments formed from two adjacent chunks at a time. For each
segment, GMM models first use 5% of the background

triggers and 20% of WNB simulations to select the optimal
number of Gaussians required to efficiently model the data,
then 25% of the background triggers and 80% of the WNB
simulations to train the models. The remaining 70% of the
background triggers are used to evaluate the statistical
significance of candidates.

IV. SEARCH RESULTS

In this section we report the results of the four analyses
performed using the search pipelines presented above.

While these search methods are designed to explore a
wide range of possible signals, the low-frequency analyses
in particular are expected to detect CBC events since most
of the signal power of a CBC is at frequencies below 1 kHz.
However, being agnostic on the signal morphology, GW
burst searches have a higher false alarm rate than template-
based methods so their detection capability for CBC signals
is somewhat lower, or comparable in the case of IMBH
binaries [38].

The results of the four analyses performed are shown in
Fig. 3. Each panel of that figure shows the cumulative set of
event candidates ordered by IFAR and compared to the
straight-line expectation for false alarms. The triangles
connected with dashed lines show a substantial excess in
each low-frequency analysis, representing detected GW
candidate events. XP + XGB accumulates about 500 years
of background for each chunk, so there is a sharp decrease
at IFAR around 500 years in the upper right panel in Fig. 3.
In contrast, 2G + XGB and 2G + GMM accumulate differ-
ent amounts of background statistics for each chunk, so
there is a less-sharp edge to the cumulative number of GW
candidate events in the two left panels.

The circles connected with solid lines show the distri-
bution after all CBC candidates, identified by low-latency
analyses [41,70-74] with an IFAR larger than one month
and reported in public alerts (including S231123cg which
was later confirmed as GW231123 [75]), have been excised
[76]. No significant individual event remains after that
excision, nor any significant cumulative excess in the IFAR
distributions. In the high-frequency analysis, where we do
not expect to detect CBC signals, the search results are
consistent with the expected distribution of false alarms.

The most significant candidate event from the low-
frequency analyses is found on 2023-08-30 at 05:07:03
UTC by the 2G + GMM pipeline with IFAR of 1.75 years.
The same trigger is identified by 2G + XGB with IFAR of
0.059 year, while it is not identified by XP + XGB. This
candidate has an SNR of 19 concentrated at about 930 Hz.
Using the method described in [77], we checked for the
presence of linear coupling between the network of
environmental monitoring sensors [78] and the GW strain
data at each LIGO observatory. No vibrational or magnetic
transients witnessed by these sensors contaminated the GW
data at either site around the time of this candidate event.
Although we cannot reject this candidate on the basis of
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data quality, its statistical significance is not high enough to
be claimed as a GW event.

The second most significant low-frequency event can-
didate has a low significance (IFAR < 0.2 year in all
analyses), so it was not investigated further.

The most significant candidate of the 2G + XGB high-
frequency analysis occurs on 2023-12-23 at 18:25:36 UTC
with IFAR of 0.12 year. This candidate has SNR 14.7,
central frequency of 3146 Hz and duration of 0.023 s. We
did not investigate this candidate further due to its low
significance.

To assess the complementarity of the different algo-
rithms, we consider candidate events found by each low-
frequency analysis with IFAR > 1 day. As before, we
exclude known CBC candidates, so that the remaining
low-significance candidates are most likely due to detector
noise fluctuations. There are 316 such candidates, of which
106 are found by 2G + XGB, 129 by XP + XGB, and 137
by 2G + GMM. Comparing their times, we find that only
10 of these candidates are found by all three pipelines, with
an additional four found by both 2G4+ XGB and
XP + XGB, 5 by XP + XGB and 2G 4+ GMM, and 27
by 2G + XGB and 2G + GMM. The fact that the majority
of the low-significance candidates are found by only one

pipeline means that the three pipelines are fairly indepen-
dent in their response to detector noise fluctuations.

V. SEARCH SENSITIVITY AND RATE LIMITS

As in previous iterations of this search, we assess the
sensitivity of our analyses to a variety of ad hoc signals that
cover broad ranges of frequency, duration, and bandwidth.
Simulated waveforms are generated with chosen sky
directions and injected into data from the network of
GW detectors with the proper polarization and time delays
to mimic a true GW signal. The amplitude distribution is
chosen such that for each waveform and each analysis the
detection efficiency goes from around 0 to 100%. The
distribution in sky direction is uniform in solid angle over
the whole sky. The waveform families used are Gaussian
pulses (GA) with varying durations parametrized by the
Gaussian standard deviation of time zg,, sine-Gaussians
(SG) with varying central frequency f, and quality factor Q
proportional to the signal duration, and band-limited white-
noise bursts parametrized by a central frequency f,
bandwidth Af, and duration 7wyg. Further description
of these waveforms can be found in [79]. The amplitude is
characterized by a quantity called the root-sum-squared
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strain amplitude, /i = \/ [ (h% + h%)dt, where h, and

h, are GW polarizations in TT-gauge. Analysis is done
using data plus simulated signals of each waveform type
with nine different amplitudes, generated in terms of /i
following the rule A, = (v/3)V x 5 x 1023 Hz2 where N
is an integer ranging from O to 8.

The polarization distribution is waveform dependent. For
the GA waveforms it is fixed to linear polarization
mimicking linear motion emission. For SG waveforms,
we sample different elliptical polarizations determined by
an inclination angle assuming a rotating source, which
leads to polarization modes

h(t) = % (1 + cos?)A (1),
hy (1) = cos(1)A (1), (2)

where 1 is the inclination angle (effectively the angle
between the rotation axis and the line of sight) and

A, (1) is the time-dependent amplitude given by the
SG (and analogous cosine-Gaussian) waveform. The
polarization distribution for SG follows a uniform distri-
bution of cos(z). For WNB signals, the polarization dis-
tribution is kept random, representing isotropic emission.

We use a characteristic amplitude, 4,27, as a measure of
detection sensitivity. 4,07 is the injected A, for which the
signal recovery efficiency reaches 50%, which we deter-
mine by fitting the efficiency tabulated at the discrete values
of h., used in the simulation and interpolating from the fit.
We report the results for all the waveforms at IFAR >
100 years in Table I. This IFAR detection threshold
corresponds to p-value of 3 x 1073 which is equivalent
to a ~3 sigma detection in the O4a dataset. Compared to the
corresponding O3 results, we see improvements for all the
morphologies. We note that the calibration uncertainties
(Sec. II B) are not taken into account here. In response to
the better low-frequency sensitivity of the detectors during
04 we have introduced lower-frequency SG injections at

36 and 48 Hz. The largest improvement in 407 is for the

TABLEL The h, values (in units of 107> Hz~'/?) for which 50% detection efficiency is achieved with an IFAR
threshold of 100 years for each of the injected signal morphologies. The SG waveforms reported in this table have

113

elliptical polarization. “...” denotes waveforms not evaluated for a given pipeline. The SG results with central
frequency of 2000 Hz and higher are from the high-frequency analysis. We show the corresponding results for
elliptically polarized SG waveforms for O3 in parentheses. Note that Table I in the O3 paper [36] reported values for

circularly polarized SG.

50% efficiency hy(x10722 Hz™!/?)

Morphology 2G + XGB 2G + GMM XP + XGB 03

Gaussian pulses (linear)

7ga = 0.1 ms 1.9 1.6 1.6 12.6
Tga = 2.5 ms 1.7 1.9 2.0 16.7
Sine-Gaussian wavelets (elliptical)

fo=36Hz, Q=3 3.6 5.7 3.7

fo=36Hz, Q=9 4.6 4.5 39

fo=48Hz, 0 =9 2.2 3.1 2.1

fo =48 Hz, O = 100 34 3.6 4.3

fo=70Hz, Q=3 1.4 1.9 1.5 2.9
fo =70 Hz, Q=100 1.8 2.2 1.7 2.7)
fo=235Hz, 0=9 0.6 0.8 0.6

fo =235 Hz, Q =100 0.9 1.1 0.9 (2.0)
fo=554Hz, Q=9 0.9 1.3 0.9 2.0)
fo=849Hz, 0 =3 1.4 1.8 1.4 (3.6)
fo=849Hz, Q=9 1.2 1.6 1.1

fo =849 Hz, Q = 100 1.1 1.3 1.1

fo=1304 Hz, 0 =9 1.7 2.3 1.7 (3.6)
fo=1615Hz, Q0 =3 2.9 3.1 2.9

fo=1615Hz, 0 =9 2.1 2.9 2.2

fo =1615Hz, Q = 100 1.8 2.0 1.8 4.3)
fo=2000 Hz, 0 =3 2.7 6.0)
fo=12477 Hz, Q =9 3.0 (7.2)
fo =3067 Hz, Q =3 4.3 9.8)
White-noise bursts

fo =100 Hz, Af = 100 Hz, zywng = 0.1 s 0.6 0.8 0.6 1.0
fo =250 Hz, Af =100 Hz, rywng = 0.1 s 0.6 0.7 0.6 1.0
fo =750 Hz, Af =100 Hz, g = 0.1 s 0.8 0.9 0.8 1.5
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GA waveforms, for which the O4a sensitivity is at least 6
times better than O3. This is attributed to both improve-
ments in the search algorithms and better techniques to
isolate the very short-duration and loud glitches, which
anyway occur with a lower rate in O4a as compared to O3,
as noted in Sec. I C 2. For signals below 2 kHz the results
are similar for all three low-frequency analyses, meaning
that although the pipelines respond fairly differently to
transient noise outliers (Sec. IV), the overall sensitivity of
these pipelines to a broad variety of waveforms is similar.
The 2G 4+ GMM pipeline performs best for GA waveforms
and 70% is typically within 15% to 50% of the other two
pipelines for SG and WNB waveforms. Beyond the fact that
h30% values are similar, each pipeline recovers some number
of injected signals that are not identified by the others.
We can define an astrophysically meaningful quantity
to interpret /0% in terms of the energy emitted by a
hypothetical source. Consider a standard candle source at
fixed distance of ry radiating GWs in a narrow frequency
range around a central frequency f. The energy radiated by
a rotating system like a circular binary (modeled here as an

elliptically polarized SG) will be [80]

2 72c3

where G is the gravitational constant and c is the speed
of light. The narrow-band approximation causes very

TABLE 1L

low biases for our SG waveforms (< 3%). We use each
1% in the above equation to obtain this energy as a
function of central frequency for r, = 10 kpc as shown in
Table II. As compared to the previous observing run we
improve by a factor of 2.5 to 6 across the different
frequencies. These improvements result from both the
better sensitivity of the detectors and improvements in the
search methods.

We can also compute a limit on the rate per unit
volume for a hypothetical population of sources pro-
ducing these waveforms. The generic source is assumed
to emit 1Myc? of GW energy where M is the mass
of the Sun. Using Eq. (3) with Egw = IMyc?, the
relation between the average h,, at the source at
distance r and on Earth is then hr = hyr,, where we
have dropped the subscript rss for brevity. Assuming an
intrinsic event rate of R per unit volume per time, the
expected number of detected events for an observing
time 7 is

Nyt = 47:RT/0° drr*e(r)
0

—saRT(hon)* [ dniten). @)

where e(h) is the efficiency as a function of amplitude.
In the absence of a detection, the rate limit at 90% con-
fidence is

GW emitted energy Egyw in units of 1071°Myc? that corresponds to 50% detection efficiency at

IFAR > 100 years, assuming a source distance ry = 10 kpc. We present the results for different SG elliptical
waveforms with varying central frequency f, and quality factor Q for each pipeline used in O4 and also for the
waveforms published for O3. “...” denotes waveforms not evaluated for a given pipeline or not for O3.

Egw (in units of 1071°Mc?)

Sine-Gaussian parameters 2G + XGB 2G + GMM XP + XGB 03
fo=36Hz, Q=3 1.4 3.6 1.5

fo=36Hz, 0 =9 2.3 2.2 1.7

fo=48Hz, Q=9 0.9 1.9 0.9

fo =48 Hz, O = 100 2.3 2.5 3.6
fo=70Hz, Q=3 0.8 1.5 0.9 3.5
fo =70 Hz, Q = 100 1.3 2.0 1.2 3.0
fo=235Hz, 0 =9 1.7 3.0 1.7
fo=235Hz, 0 =100 3.8 5.7 3.8 18.8
fo=554Hz, 0=9 21 44 21 104
fo=849 Hz, 0=3 120 200 120 790
fo=849 Hz, 0 =9 88 157 74

fo =849 Hz, Q = 100 74 104 74
fo=1304 Hz, 0 =9 420 760 420 1870
fo=1615Hz, Q =3 1900 2100 1900

fo=1615Hz, 0 =9 980 1860 1070
fo =1615 Hz, Q = 100 720 890 720 4100
fo =2000 Hz, Q =3 2500 12200
fo=12477THz, Q =9 4700 27000
fo=3067 Hz, Q =3 15000 77000
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FIG. 4. Rate density upper limits (at 90% confidence) in terms
of Gpc3yr~! for elliptical sine-Gaussian injections, assuming
standard candle sources emitting 1Myc? of GW energy, for the
best among the three low-frequency analyses in the case of O4a.
Upper limits for waveforms with different Q values are plotted
versus frequency. Gray markers show the O3 results for the SG
waveforms listed for O3 in Table 1.
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(5)

We use the SG waveforms given in Table II for these
computations and fix the threshold at IFAR > 100 years.
Results from the best of the three low-frequency analyses,
on a waveform-by-waveform basis, are shown in Fig. 4.
While the observing time of O4a was approximately
half that of O3, the O4a analysis results in lower rate
limits for elliptically polarized SG waveforms across
all frequencies by a factor of 2 to ~10. For instance,
for the SG with f, =70 Hz and Q = 100, the O3 rate
limit was 1.08 Gpc—yr~! while with O4a we obtain
0.43 Gpc=3 yr!,

VI. SENSITIVITY FOR ASTROPHYSICAL
SOURCE POPULATIONS

In this section we evaluate the performance of the search
using simulated signals with the morphologies expected
from core-collapse supernovae (CCSNe) [21-24] and
sudden excitations of neutron stars [29,30], of the type
that might be associated with pulsar timing glitches and
underlying starquakes [81]. This enables the interpretation
of the null results of the present search in terms of
astrophysically motivated sources, most of which were
also discussed in the previous LVK search on O3 data [36].
The procedure is based on the measurement of the detection
efficiency; simulated signals are injected via software into
the detector data streams and the analysis is repeated.
Differently from the ad hoc injections discussed in the
previous section, here signal waveforms and amplitudes are

informed by GW emission models and assumed spatial
distributions of the sources. This search is still all-sky,
meaning that the search does not depend on having addi-
tional information on the source from other cosmic mes-
sengers, such as from electromagnetic (EM) or neutrino
observations. If such information is available to constrain
the search, that would enable a deeper exploitation of the
GW data. The present all-sky search covers the scenario in
which the EM emission is obscured or the EM or neutrino
signal is intrinsically too weak to be detected. Throughout
this section, quoted sensitivities follow the criterion for
significant detection of IFAR > 100 years.

A. Core-collapse supernovae

GW transients from CCSNe can show complex time-
frequency structures related to the inner dynamics of the
source, see e.g., [23]. After a bounce which halts the initial
collapse of the core, the continuing emission typically has a
stochastic character with spectral features evolving in time.
The GW emission is modeled by numerical simulations of
the hydrodynamics and microphysics of the source, which
provide deeper comprehension of the rich physical proc-
esses occurring within the time scale of ~1 second after the
collapse of the progenitor star. In general terms, the GW
emission is dominated by the proto-neutron star, which is
excited and deformed by many concurrent processes,
including aspherical hydrodynamical flows developing
within the central few hundred kilometers and rotation
of the collapsing star. Most of these GW features fall inside
the signal parameter space targeted by the low-frequency
analyses used in the present search.

We evaluate the search’s sensitivity to CCSNe using
predicted GW waveforms from seven different three-
dimensional CCSN simulations. Along with the five
models analyzed in the all-sky search on O3 data [36],
we add two recent models of CCSNe which are likely to
lack EM emission:

(1) Model 40 NR (Pan + 21 40 NR from [82]) has a
nonrotating, 40M ; zero age main sequence (ZAMS)
mass progenitor with solar metallicity. Black hole
(BH) formation occurs at ~0.78 s after the initial
bounce. The dominant GW emission is associated
with the proto-neutron star excitation, shows a rising
frequency with time, and peaks at ~2 kHz before
BH formation. A subdominant emission from stand-
ing accretion shock instability (SASI, [83-85]) is
also present below 200 Hz;

(i) Model sI8np (Pow + 20 si8np from [86]) has a
nonrotating, 18M, ZAMS progenitor with solar
metallicity. The GW emission from the proto-neu-
tron star peaks at ~0.7 kHz with a subdominant
emission below 200 Hz from SASI. Differently from
model s/8 below, there is no hint for shock revival
by the end of the simulation (at ~0.56 s after the
bounce).
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The likely lack of EM emission makes these two models
and model m20p (see below) particularly interesting as
plausible targets for an all-sky burst search.

The five models that were evaluated with the previous
all-sky search (see [36] for more details) enable a direct
comparison of sensitivity. They cover three cases with GW
energy emission in the lower range of predictions and two
cases of more extreme models with higher GW emission.
The former three models have solar metallicity nonrotating
progenitors:

(i) Model s9 (Rad 419 s9 from [87]) from a My
ZAMS progenitor. This is at the low end of the
progenitor mass spectrum for CCSNe;

(i) Model s/8 (Pow + 19 518 from [88]) from a 18M
ZAMS progenitor. Differently from model s/8np,
this model includes strong aspherical seed pertur-
bations from convective oxygen burning and under-
goes shock revival and SN explosion;

(iii) Model m20p (Oco + 18 mesa20_3D_pert from [89])
from a 20M o, ZAMS progenitor. This model produ-
ces a BH remnant without powering EM emission.

Extreme models with a strongly rotating, low-metallicity
progenitor are:

(1) Model m39 (Pow + 20 m39 from [86]) from a 39M
ZAMS progenitor with 1/50 solar metallicity;

(i) Model 350C (Obe + 20 350C-RO from [90]) from
a 35M o ZAMS progenitor with 1/50 solar metal-
licity.

All signals from these models have been injected into the
detectors’ data streams with a random orientation of the
source. The other extrinsic parameters of the source, in
particular distance and sky direction, have been drawn from
two population models; (i) an isotropic model and (ii) a
Galactic model. The former allows to measure the average
detection efficiency as a function of distance for each all-
sky analysis. The sky direction is sampled uniformly in
solid angle over all directions, while the distance to the
source is distributed between 0.01 kpc and 100 kpc. We
present in Fig. 5 the distances corresponding to 50% and
10% detection efficiency. Our results improve the distance
reach by a factor ~2 for the five waveforms that are
common to this work and the previously published O3
search [36].

We note that the LVK recently performed a dedicated
search for GW bursts associated with SN 2023ixf [91]
using LIGO data from the engineering run preceding the
start of O4a. In that case, the published LVK results [43]
make use of the known sky position of the source,
achieving a somewhat better detection efficiency at equal
distance for the four waveform models in common.
Compared to the ad hoc signals discussed in Sec. V,
CCSNe signals are more challenging to detect due to their
wider time-frequency structure, as discussed in [24,92].

In the Galactic model, we generate a population of
simulated sources with sky directions and distances drawn

S i
Betelgeuse
m20p
=

m39

Galactic center

s18np

0 2G+XGB

[ 2G+GMM
[ XP+XGB
3s50c — o

1071 100 10! 102
Distance (kpc)

FIG. 5. Sensitivity of the all-sky GW search to core-collapse
supernova events for different emission models. Boxes represent
distance ranges between detection efficiencies 50% and 10% at
IFAR > 100 years, evaluated using an isotropic distribution of
sources, for each low-frequency analysis. We also plot the results
from the previous observing run, O3. The current search reaches
the Galactic center for three of the emission models we
considered. Models 40 NR and m20p form a BH remnant. The
difference for models s/8 and s/8np reflects the impact of
assuming diverse aspherical seed perturbations for progenitor
stars with equal masses.

from a model of the Milky Way stellar mass distribution,
including a bulge, a thick stellar disk and a thin stellar disk,
whose parameters are taken from [93,94]. In this case we
present the overall efficiencies of the three low-frequency
analyses for each of the CCSN models in Table III. The
efficiency is representative of the probability of detection of
a Galactic CCSN for each model: we call this CCSN
Galactic coverage. For two of the lower-energy CCSN
models (s9 and m20p) the Galactic coverage is practically
zero. In fact, s9 has a progenitor at the lower end of the
mass spectrum of CCSNe and m20p lacks shock revival,
which make them detectable only out to ~1 kpc. Within
this range, the Galactic distribution provides very rare
CCSNe. On the other hand, the Galactic coverage is ~90%

TABLE III. The fraction of Galactic CCSN signals that are
detectable with an IFAR threshold of 100 years or greater by each
low-frequency analysis, for different modeled CCSN waveforms.
There is a huge difference between models of CCSNe with lower
and higher GW amplitudes. The last column reports the best
results on O3 data [36].

Model 2G+XGB 2G+GMM XP+ XGB  Best O3
s9 <0.1% <0.1% <0.1% <0.1%
m20p <0.1% < 0.1% <0.1% <0.1%
s18np 4.6% 2.0% 4.5%

40 NR 20.4% 19.6% 22.8%
s18 34.1% 20.4% 32.3% 1.2%
m39 89.5% 74.0% 87.4% 69.4%
350C 97.2% 93.8% 95.7% 89.8%
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or higher for the m39 and 350C models, meaning that a
CCSN with those properties occuring at a random location
in the Milky Way during O4a would likely have been
detected by our search.

B. Isolated neutron star emitters

Among the known pulsars (rotating neutron stars with
beamed radio and/or high-energy EM emission that is
detected at Earth as pulses at nearly constant intervals),
some exhibit sudden increases in pulse rate known as
timing glitches. Such a change indicates a reconfiguration
of the compact object and its magnetosphere with a
concurrent release of energy, some of which may go into
transient GWs. In this work we consider the detectability of
GW transients connected with neutron star timing glitches
from the inferred population of nearby neutron stars which
are not observed as pulsars because their EM emission is
not angled favorably for telescopes on Earth to detect. The
GW emission from a perturbed, rotating neutron star is
more isotropic and can be detected even from EM-dark
pulsars [95]. Transient excitations of neutron stars asso-
ciated with observed EM signatures are best covered by
dedicated GW searches, e.g., for the August 2006 glitch of
the Vela Pulsar [96] or magnetar flares (see [97] for O3
results).

To investigate the sensitivity of our search to neutron star
excitations, we follow the same lines adopted in the
previous LVK analysis on O3 data [36]. In particular,
we assume that the dominant GW emission is due to a
short-duration f-mode excitation of the glitching neutron
star [96,98] and we model the related GW burst as a
damped sinusoid signal. This choice is not restrictive,
however, as our search does not depend on the morphology
of the incoming GW signal at first order. Typical frequen-
cies and damping times of these signals are expected to be
in the ranges 2 kHz < vgw <3 kHz and from tens of
milliseconds to as much as half a second respectively,
depending on the mass and the equation of state (EOS) of
the neutron star [98]. Searches for GW emission with much
longer duration have been performed using different
methods, see e.g., the LVK results on O3 data [99].

Our all-sky search has not found any significant event in
this high-frequency band. The null result can be interpreted
under the optimistic asumptions that all the glitch energy is
converted into GW energy, Egjcn = Egw, and that the
source’s angular momentum is optimally oriented, so that
the incoming GW burst is circularly polarized. We adopt as
a standard source a pulsar at a distance of 287 pc and with
spin frequency v, = 11.2 Hz, which are the parameters of
the closest known glitching pulsar [100,101], the Vela
Pulsar. This allows us to interpret the GW search in terms of
minimum detectable glitch size, Avg, following equation 5
in [98]. The Vela Pulsar belongs to the subpopulation of
known pulsars which are both spinning rapidly and under-
going larger glitches [100,101], and thus are delivering
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FIG. 6. Sensitivity of the high-frequency 2G + XGB analysis
to neutron star glitches, considering spin frequency and distance
of the Vela Pulsar as a representative standard source for soft
(APR4) and hard (H4) EOS and assuming an optimally oriented
source at random sky directions. For each EOS and mass bin, the
dot shows the mean value of the glitch size that yields 50%
detection efficiency at IFAR > 100 years, and the error bar
represents the variation within the mass bin. On average, a
higher-mass neutron star allows for smaller glitches to be
detected. The fractional glitch size Av,/v, for a Vela-like pulsar
would need to be stronger than ~2 to 6 x 10 for 50% of the
sources to be detected in O4a.

glitch energies at the higher end of the observed range,
since Egicn & V;Av.

A population of such standard sources is simulated
uniformly distributed in the sky and emitted GW signals
are estimated according to two EOS models, APR4 (soft)
[102] and H4 (hard) [103], for neutron star masses in the
range of 1 — 2M, in the nonrotating limit [104]. Detectable
glitch sizes (requiring IFAR > 100 years) are reported as a
function of the neutron star mass and EOS in Fig. 6. The
minimum detectable pulsar glitch size for the O4a run,
expressed as a fractional change referenced to the Vela
Pulsar’s frequency, Av, /v, ranges from ~2 x 107> to ~6 x
10> depending on the neutron star mass. These values are
a factor of ~3 to 5 better than what was obtained in O3. The
actual Vela Pulsar glitches with fractional magnitude
Av, /v, ~ 1-3 x 107 approximately every 3 years [105],
so this all-sky search is still an order of magnitude above
that value. Nevertheless, many known pulsars show
glitches in the range 1075-10* Hz [106—108], therefore
our current sensitivity provides a potential discovery
channel for yet unknown glitching pulsars which could
be closer to Earth and/or spinning faster than the Vela
Pulsar.

VII. CONCLUSIONS

We reported the results of a search for gravitational-wave
bursts in LIGO data during the LVK O4a observing period
using three pipelines based on variants of the cWB
algorithm followed by machine-learning stages. Three
low-frequency analyses and one high-frequency analysis
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targeted GW bursts lasting up to a few seconds with
frequency content in the range 16-4096 Hz. By searching
as broadly as possible, we sought to uncover new types of
gravitational-wave signals from either known or unknown
astrophysical objects. No significant candidate was found
beyond the CBC candidates already identified by low-
latency searches using modeled templates. The most
significant new candidate found has a false alarm rate of
one per 1.75 years, statistically consistent with the expected
background for this dataset.

We evaluated the sensitivity of the search using ad hoc
simulated signals as well as two types of astrophysically
motivated signals. The ad hoc signals consisted of sine-
Gaussians with a wide range of frequencies and Q values
plus a few Gaussian pulses and white-noise bursts. Our
search was capable of detecting such signals at amplitudes
typically a factor of 2 or more weaker than the previous
published search, which used data from the LVK O3 run.
Thus, even with the shorter duration of O4a, our search
achieved the greatest time-volume exposure to date for
generic short-duration burst signals. Assuming a popula-
tion of rotating sources, we placed rate density upper limits
an order of magnitude lower than the O3 search for signal
frequencies between ~100 Hz and 1 kHz. We considered
seven stellar core-collapse models and found that our
search could have detected GW signals throughout most
of the Milky Way from two of the models with high-mass
star progenitors, with more limited reach for the other
models. Finally, we simulated damped sinusoid GW signals
representing neutron star f-mode oscillations excited in
connection with pulsar timing glitches. Using an optimistic
energy argument, we estimated the glitch size (fractional
frequency change) that our GW search could have detected,
finding that typical glitches from the Vela Pulsar would not
have been detectable but a similarly close unseen pulsar
with plausible properties could potentially have been
detected if it had experienced a timing glitch during O4a.

This search only used data from the first period of the O4
run, from May 24, 2023 to January 16, 2024. After a
commissioning break, the O4 run resumed on April 10,
2024 with the Virgo detector collecting data along with the
two LIGO detectors. While Virgo has been a factor of ~3
less sensitive than LIGO during the O4 run, it often helps
greatly to localize event candidates in the sky by triangu-
lation with the three-detector network [95,109]. The
KAGRA detector rejoined the O4 run in June 2025 with
a noise level ~7 times less sensitive than Virgo, as
commissioning of KAGRA is still ongoing. The O4 run
is now expected to end on November 18, 2025 after
accumulating about two years of GW data, excluding
commissioning breaks during the run. The full O4 dataset
will enable more-sensitive searches for GW burst signals,
and having data from three (or more) sensitive detectors
will improve our ability to characterize any candidate
which is found. Even if O4 does not reveal any GW burst

signals, subsequent observing runs after further detector
upgrades, and with new facilities, will enable deeper,
longer-duration searches.
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