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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 (04), called O4a and comprising data taken
between 24 May 2023 and 16 January 2024. The GW signals targeted by this search are the so-
called “long-duration” (2 1s) transients expected from a variety of astrophysical processes, including
non-axisymmetric 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 ~ 1-1000s 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 (h.ss) 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
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explore a range of compelling astrophysical scenarios involving neutron stars and black holes.
P g p g poy: g

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 bi-
nary neutron star (NS) merger GW170817 during the sec-
ond LIGO and Virgo [3] observing run (0O2) [4] initiated
the era of multi-messenger astrophysics, via the identi-
fication 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 interest-
ing compact binary systems were detected. These include
a likely NS-NS merger with total mass significantly larger

* Deceased, September 2024.

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 rem-
nant falls in the intermediate BH mass range [12]. In to-
tal, about 90 transient GW signals have been confidently
detected in the O1-O3 runs, all of them confidently asso-
ciated with compact binary coalescences (CBC) [13-15].
The O4 run is the longest LIGO-Virgo-KAGRA observ-
ing 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 O1-04 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., [17-23]). Here, we present a
search for unmodeled, long-lived (~ 1-—1000s) GW tran-
sients in O4a data, updating results from the first three



runs [17-19].

This analysis includes the first application of the XG-
Boost [24] post-processing classifier of coherent Wave-
Burst (¢cWB) to long-duration GW searches (Section
IIT), and results from the first PySTAMPAS [25] all-
sky search for long-duration GWs (Section III). The use
of diverse methods in the search for long-duration GW
signals is motivated by the wide range of potential sig-
nal morphologies—including variations in duration, tem-
poral evolution, and frequency content—expected from
different astrophysical scenarios. Many of these scenar-
ios remain unexplored and constraining them via GW
observations holds the promise of significantly advanc-
ing our understanding of the physics and astrophysics
of compact objects. Hence, this analysis targets a va-
riety of GW signals including those produced by non-
axisymmetric deformations in newly-born NSs or magne-
tars formed in massive star core collapses or binary NS
mergers [26-29], fallback accretion onto newly-born NSs
or BHs [30-33], or instabilities and fragmentation in the
accretion disks around BHs [34]. Low-mass CBCs can
also generate GW signals that are relatively long-lived
(Z 1s) in the frequency band of ground-based GW de-
tectors. Generally, these CBC signals are well-modeled,
and therefore better searched for with matched filter-
ing techniques [35]. However, here we also target low-
mass (total mass < 5 M) CBCs with high eccentric-
ity (0.2 < e < 0.6), as these do not fall within the pa-
rameter space covered by matched filter-based searches.
Hereafter, we refer to these systems as eccentric compact
binary coalescences (ECBCs). Our results complement
other dedicated waveform-independent searches for high
mass (source total mass M > 70 M) eccentric CBC sig-
nals with eccentricity e < 0.3 (e.g., [36]).

This paper is organized as follows. In Section 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 Section V and
VI we report our results and conclude.

II. DATA

The LIGO-Virgo-KAGRA fourth observing run (04)
started on 24 May 2023 at 15:00 UTC. The first part of
the O4 observing run, O4a, ended on 16 January 2024
at 16:00 UTC. During O4a, the LIGO Hanford (LHO)
and Livingston (LLO) detectors operated at improved
sensitivity 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 1.4-1.4 Mg BNS could be detected with
a signal-to-noise ratio (SNR) of 8 (see e.g., [37] and refer-
ences 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 [38]. The Virgo detector did not join
O4a.
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The search algorithms employed in this work require
coincident data from at least two detectors. Because
the BNS range for the KAGRA detector was substan-
tially 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 si-
multaneously available. A total of 126.6 days of coinci-
dent LHO-LLO data were collected during O4a. This
corresponds to a duty cycle of about 53% for joint obser-
vations collecting so-called “ANALYSIS_READY” data.
The last are data collected with the interferometers op-
erating under observing conditions that are considered
suitable for searching for GW signals. Removal of coinci-
dent data with significant data quality issues (by apply-
ing so-called “category 1” vetoes, as defined in [39]), left
us with about 125 days of coincident LHO-LLO data [40].
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 Section 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 small
(< 1%) amount of data being removed from the analysis.

During O4a, the calibration uncertainty in amplitude
below 2kHz was less than 10%, and it improved in the
second half of O4a to be less than 2% below 2kHz. Cal-
ibration uncertainty is not taken into account in the re-
sults 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 post-merger
GW signal characteristics (Fig. 1; [26-34]), hereafter we
use two independent unmodeled search methods (and
corresponding background estimations) that are based on
different data-processing and clustering techniques: cWB
[24, 41] and PySTAMPAS [25]. In this Section, we discuss
briefly their basic workings. More details are provided in
Sections I1T A-II1 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 non co-
located detectors to distinguish actual astrophysical GWs
from background events generated by instrumental or en-
vironmental noise in the detectors [42-51].

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 (iIFAR) of potential candidate
events accurately.



A. Coherent Wave Burst

c¢WB is an unmodeled transient search pipeline [41].
It is based on a multi-resolution time-frequency wavelet
transform known as Wilson-Daubechies-Meyer (WDM)
[52]. Time-frequency pixels that contain excess energy
(as estimated from the wavelet coefficients) across the
detector network are selected and nearby pixels are clus-
tered. In the pixel selection process, periods where a
known physical factor is affecting the detector’s data
quality are removed (so-called “category 2” vetoes, de-
fined as in [39, 40]).

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 (HEALPix') scheme [53, 54].
Triggers are reconstructed from the sky position where
the likelihood reaches a maximum.

In the post-processing, cWB (version 6.4.5.0) uses a
supervised boosted decision tree classifier, XGBoost [24],
to re-weight the network coherent signal-to-noise ratio
(SNR) of triggers. The re-weighted values are used as
ranking statistics [55]. We note that this XGBoost re-
weighting procedure entirely replaces the waveform du-
ration cut (and all other thresholds in post-processing)
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 ¢WB during the search retain high
ranking statistics after the re-weighting process. Hence,
similar to the approach employed for short-duration sig-
nals [56], CBC signals are excised a posteriori from the
analysis (see Section V and Figure 2 for more details).

In the O4a long-duration analysis, the data are di-
vided into four chunks of approximately equal duration
across the approximately 122 days of observing time ana-
lyzed. 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
1/64s to 1s) covering the frequency range 16-2048 Hz.
To estimate the background distribution of noise triggers,
time slides are performed by sliding the data between de-
tectors 600 times in 2-second steps within each 1200s-long
data segment. A 2-second time step is longer than the
longest time bin utilized for the cWB search, and suffi-
cient to break any coherence in the time-frequency pix-
els. 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 background of about 772years in total for the
four chunks (half of which is used for training, as de-
scribed below).

! http://healpix.sf.net
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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 back-
ground 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 effi-
ciency of the XGBoost model, a set of simulations with
a selection of waveform models, as described in Section
1V, 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 har-
monics are observed in the background. Thus, in the
post-production, noise fluctuations at these frequencies
are excised (from both the background and the fore-
ground).

B. PySTAMPAS

PySTAMPAS [25] is an enhanced version of the
Stochastic Transient Analysis Multi-detector Pipeline
(STAMP) [57] 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 [25]. The data are split into
512 s-long windows which overlap by 50%. For each win-
dow and each detector, spectrograms of the auto-power
SNR are built using the Short-Time Fourier Transform
(STFT) over short segments with duration 0.5s, 1s, 2s,
and 4s, that are Hann-windowed and overlap by 50%.
The four spectrograms are then combined into a single
multi-resolution spectrogram that covers the frequency
band 22-2000Hz. 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 du-
ration. A seed-based clustering algorithm is applied on
each multi-resolution spectrogram to extract clusters of
pixels that form candidate GW triggers. Pixels forming
each cluster are then cross-correlated with the spectro-
gram from the other detector and a coherent detection
statistic is computed for the whole trigger [19].

To estimate the background distribution of noise trig-
gers, the spectrogram from the other detector is time-
shifted by an amount of time greater than 1000s. This is
a conservative choice that allows us to break any coher-
ence in time over the duration of the longest signals tar-
geted by this search, regardless of signal frequency con-
tent. 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 arti-
facts, 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 maxi-
mal fraction of SNR in a single time bin exceeds 0.3, or
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FIG. 1. 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 hori-
zontally for clarity. Waveforms that are new in this analysis
(compared to O2 [18, 58] and O3 [19] long-duration burst
searches) are marked in red.

for which the ratio of auto-power SNR between the two
detectors exceeds 5, or that have a duration lower than
10s, are vetoed in post-processing. Because of the high
rate of noise fluctuations at low frequency, triggers whose
central frequency is below 50 Hz are also dismissed. Fi-
nally, 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 unusu-
ally noisy stretches of data that the clustering algorithm
is unable to handle. About 0.03% of the O4 data consid-
ered for this search (see Section 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
waveforms added coherently into detector data. We note
that because of the limited distance reach of our anal-
ysis, 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
astrophysical scenarios, such as post-merger magnetars
(Magnetar) with ellipticity in the range 0.005 — 0.08,[29],
accretion disk instabilities (ADI) [34], newly formed
magnetars powering gamma-ray burst plateaus (GRB-
plateau) [26, 30, 59], inspiral-merger-ringdown ECBC
waveforms [60] with eccentricity between 0.2 and 0.6 and
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total mass between 2.8 and 10 M, and broadband chirps
from innermost stable circular orbit waves around rotat-
ing BHs with mass between 5 and 20 Mg (ISCOchirp)
[33].

In addition to the above, we include in our analysis
GW signals modeled for binary NS mergers (inspiralB),
millisecond magnetars (msmagnetar-A), and fallback ac-
cretion onto NSs (PT-A; PT-B) with their time frequency
representation shown in Figurel. The inspiral model
employs the IMRPhenomPv2NRTidalv2 approximant for
equal-mass binaries (1.4 M) [61]. The millisecond mag-
netar model is an analytical model derived from the dy-
namics of spinning down nascent NSs proposed by Sarin
et al. [28] and Lasky et al. [27] with frequency evolu-
tion modeled with an arbitrary but fixed braking index.
The PT models (A and B) were proposed by Piro and
Thrane [32] for stars of intermediate mass that end their
lives forming NSs which eventually collapse to BHs via
fallback accretion. When the incoming material has suf-
ficient angular momentum to form a disk, the accretion
spins up the NS sufficiently to produce non-axisymmetric
instabilities and gravitational radiation with frequencies
in the range 700-2400 Hz for about 30-3000s until col-
lapse 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 PySTAM-
PAS and ¢WB analyses we set a detection threshold cor-
responding 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 [62-86]. After
excluding triggers associated with these known, quasi-
circular CBC events, the cWB search remains sensitive
to ECBC signals. As shown in Figure 2, the resulting
distribution of cWB triggers is consistent with the back-
ground within 20. 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 20, as shown
in the bottom panel of Figure 2. 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. PySTAMPAS did not recover any of
the CBC triggers identified by ¢WB because these had
durations shorter than 10s and are therefore removed in
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FIG. 2. 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. Assum-
ing 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 rep-
resents the 1 — 2 — 3 ¢ uncertainties. We note that the ~ 20
excess in the PySTAMPAS distribution over several iFAR bins
is dominated by the contribution of the three loudest back-
ground events with FAP approximately 0.52, 0.62, and 0.65,
respectively.

post-processing.

In the absence of a significant GW candidate in either
analysis, we derive sensitivity estimates on the GW am-
plitude of the various waveform models described in Sec-
tion I'V. To this end, simulated waveforms are injected co-
herently into the detectors’ data at different amplitudes,
and the detection efficiency (fraction of the total num-
ber of injections that are recovered) is measured as a
function of waveform amplitude. The spanned range of
amplitudes 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
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TABLE 1. Rate upper limits per unit volume at 90% confi-
dence level on eccentric CBC with various component masses
masses and eccentricity e, computed with Eq. 2. In the last
column, we show updated results from the O3 run, which we
have recomputed as discussed in Section VI. We find that un-
certainties on these values are dominated by systematic errors
associated to the method used to fit the efficiency curves, es-
timated to be of order 15% (see text for discussion).

Roow [Cpe 3yr™)
O4a 03

Waveform M;[Me] M2[Mg] e

ECBC_A 1.4 1.4 0.2 9.1 x10% 2.0 x 10*
ECBC_B 1.4 14 0.4 1.1 x10* 2.4 x 10*
ECBC_C 1.4 14 0.6 1.8 x 10* 4.4 x 10*
ECBC_D 3.0 3.0 0.213x10°4.6x10°
ECBC_E 3.0 3.0 0.4 14x10®55x10°
ECBC_F 3.0 3.0 0.6 3.7x10% 89 x 10°
ECBC_G 5.0 50 0.2 4.2 x 10% 3.0 x 10°
ECBC_H 5.0 50 0.4 5.2 x10% 4.0 x 10°
ECBC.I 5.0 50 0.6 8.0 x 10% 4.7 x 10®

amplitude, the starting time, sky position (right ascen-
sion and cosine of the declination), polarization angle,
and cosine of the inclination angle are randomly drawn
following a uniform distribution. We note that for esti-
mating the detection efficiency, a signal is considered to
be recovered 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. 3 as root-sum-square
amplitudes (hyss) at 50% detection efficiency, where:

In the above equation, h; and hy are the GW amplitudes
for the + and X polarizations. For each waveform, the
lowest value from either of the two pipelines is reported.
We discuss these results in Section VI.

We also derive upper limits on the rate of eccentric
CBC events (ECBCs), updating previous results from 02
[18] and O3 [19]. In the absence of a detection, assum-
ing that these events are uniformly distributed in the
observed volume and follow a Poisson distribution, the
90% confidence upper limit on their rates is given by [87]

2.3
47T for’“a" drr2e(r)’

(2)

Roow, =

where €(r) is the detection efficiency as a function of dis-
tance 7, rmax is the maximal detectable distance, and T'
is the observing time [88]. 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 Section VI.
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FIG. 3. Root-sum-square amplitude at 50% detection efficiency as a function of the central frequency of each tested wave-
form with iIFAR > 50years (black markers). The O3 results [19] are represented by light-gray square markers, showing the
improvement 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).

VI. DISCUSSION

The h.ss at 50% efficiency of this O4a search has de-
creased by 30% (on average across the detector band-
width) compared to O3 (Figure 3). 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
03) for most waveforms. Specifically, the ECBCs are
better recovered than in O3 (up to a factor about 2
lower in hyss at 50% efficiency), because the new version
of cWB, enhanced with XGBoost, better discriminates
these signals from noise transients [24]. 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 [44]. The seedless clustering strategy is being devel-
oped 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 previ-
ous analyses, we note that the O3 long-duration search
broadly constrained GW signals with energies of order
1072 M, (comparable to the maximum rotational energy
of a 1.4 Mg NS [89]), and morphologies similar to the
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FIG. 4. Detection efficiency as a function of the distance
recovered by ¢WB for the ECBC-A waveform model on O4a
data. The black dots represent data points, and the dashed
and dashed dotted curves represent a fit by a sigmoid function
and a quadratic interpolation 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.

ones considered here, to distances 2 1 —10Mpc (see Fig-
ure 2 in [19]). For a GW signal with an energy Egw
and central frequency fy, the horizon distance d corre-

5GEqw_ [90]. The

2m2c3 fghZ,,
overall improvement of ~ 30% in h,s at 50% efficiency
achieved via this analysis pushes the above lower limits
on the distances to values about 30% larger.

sponding to a given h.g is d ~

We also derive rates upper limits on ECBC events
(Table I). The upper limits range from 420 Gpc yr—!
to 18,000 Gpc3yr~! depending on the mass and ec-
centricity of the system. These ECBC rate constraints
are compatible with expectations that, overall, only a
small fraction of CBC systems have a significant eccen-
tricity [91], given current estimates of CBC rates (10 —
1,700Gpc2yr—? for NS-NS systems, 7.8 —140Gpc >yr—?
for NS-BH, and 17.9 — 44 Gpc ™ 3yr~! for BH-BH [92]).

The above rate upper limits 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 TableT), 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 consis-
tent 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), result-
ing in an underestimate of the 90% rate upper limits by a
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factor of about 2-3 across different waveforms and detec-
tion pipelines. An example of this is presented in Figure
4. As a second improvement to our detection efficiency
estimates, we limit the 7y, in Eq. 2 to the highest sam-
pled 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 factor of about 5 (on average
across ECBC waveforms) for the cWB pipeline. This is-
sue 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 up-
per limits improve on O3 results by factors of about 2—7,
consistently with the improvement in sensitivity shown
in Fig.3 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 about
1.4 — 2.4 times larger than in O3, hence a detection vol-
ume about 2.7 —14 times larger, and therefore rate upper
limits 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 de-
tectors’ sensitivity [93] and longer data taking runs, long-
duration unmodeled searches have the potential to probe
several interesting astrophysical scenarios involving NSs
and BHs [26-34]. We note that the pipeline improve-
ments described in this search can also benefit triggered
searches for long-duration post-merger signals [58, 94],
addressing a key open question left open by the multi-
messenger detection of GW170817, namely, what is the
nature of the post-merger remnant.
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