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We present the results of a blind all-sky search for continuous gravitational-wave signals from
neutron stars in binary systems using data from the first part of the fourth observing run (O4a)
using LIGO detectors data. Rapidly rotating, non-axisymmetric neutron stars are expected to emit
continuous gravitational waves, whose detection would significantly improve our understanding of
the galactic neutron star population and matter under extreme conditions, while also providing
valuable tests of general relativity. Neutron stars in binary systems likely constitute a substantial
fraction of the unobserved galactic population and, due to potential mass accretion, may emit
stronger gravitational-wave signals than their isolated counterparts. This search targets signals
from neutron stars with frequencies in the 100 — 350 Hz range, with orbital periods between 7 and
15 days and projected semi-major axes between 5 and 15 light-seconds. The analysis employs the
GPU-accelerated fasttracks pipeline. No credible astrophysical signals were identified, and, in the
absence of a detection, we report search sensitivity estimates on the population of neutron stars in

binary systems in the Milky Way.

I. INTRODUCTION

Continuous gravitational waves (CWs) are long-
lasting, nearly monochromatic signals. One of the most
promising sources of CWs are rapidly rotating neu-
tron stars (NSs) with non-axisymmetric mass distribu-
tions [Il [2]. These gravitational waves (GWs) arise from
the star’s time-varying quadrupole moment and can be
generated through several mechanisms, which in turn
provide a unique probe of the elastic, magnetic, ther-
mal, and superfluid properties of NSs, both in isolated
and binary systems [2] [3].

Non-axisymmetric distortions (“mountains”) sus-
tained either by elastic stresses in the crust or by strong
magnetic fields can lead to the emission of CWs. Accret-
ing systems in particular may generate sizable deforma-
tions [4H6]. Furthermore, non-axisymmetric instabilities
can drive oscillation modes, such as r-modes, that may
emit GWs, although their strength is strongly depen-
dent on damping mechanisms and uncertain saturation
amplitudes [7, [§]. Finally, free precession caused by a
misalignment between the rotation and symmetry axes
can lead to quasi-periodic emission [9].

The maximum possible ellipticity of a NS depends
strongly on its interior composition and the poorly con-
strained equation of state, with estimates ranging from ~
10~ for hadronic matter to ~ 10~# in scenarios allowing
for more exotic physics such as crystalline phases [4 [10].
Additional factors such as general relativistic effects and
strong magnetic fields can further influence the maximum
sustainable deformation [IT], [12]. By comparing the ob-
servational spindown limits on the ellipticity with these
theoretical expectations, current CW searches probe as-
trophysically relevant regions of parameter space, and
can provide constraints on the physics of dense mat-
ter [13].

NSs are among the densest known objects in the uni-
verse, with core densities of the order of nuclear val-
ues [I4]. This makes them unique laboratories for prob-

ing the composition and behavior of matter under condi-
tions not achievable in terrestrial laboratories, as well as
studying potential deviations from general relativity, e.g.
by looking for wave polarizations different from general
relativity [3].

Highly magnetized rotating NSs can emit beams of
electromagnetic radiation that are detected as pulses, in
which case they are known as pulsars. A significant por-
tion of the known pulsar population resides in binary
systems [I5], where mass accretion from a binary com-
panion may increase the quadrupolar deformation of the
NS, causing it to emit stronger CW signals than their
isolated counterparts [0, [I6H20]. Moreover, a large frac-
tion of the known millisecond pulsars are in binary sys-
tems, spinning at frequencies that are in the sensitive
band of ground-based GW detectors. Therefore, NS in
binary systems are promising targets for CW detection
in all-sky searches with data from current ground-based
interferometers (IFOs).

Although numerous CW searches have been conducted
to date, no detection has yet been achieved (see [1} [21H23]
for recent reviews, and [24H40] for results from the O3
and O4 LIGO-Virgo-KAGRA observing runs [41H43]).
In comparison with signals from compact binary merg-
ers, from which all GW detections to date have origi-
nated [44H49], CW amplitudes are expected to be several
orders of magnitude smaller, making them challenging to
detect. Moreover, CW signals are subject to significant
frequency modulation caused by the Earth’s rotation and
orbital motion [50H52]. As a result, all-sky searches must
cover wide ranges of frequencies, sky positions, and in
the case of binaries, orbital parameters [23]. These fac-
tors enlarge the search parameter space and require vast
numbers of signal templates, up to more than 106 tem-
plates for all-sky searches such as the one presented here.

To make CW searches computationally feasible, semi-
coherent methods are commonly employed [53H56].
These approaches divide the data into shorter coherent
segments, combine them incoherently, and follow up the
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most significant candidates with longer coherence times.
This strategy reduces the computational load by allowing
us to cover the parameter space less densely with tem-
plates and by improving robustness to small mismatches
with the signal model, such as unmodeled astrophysical
effects [57].

All-sky searches aim to detect CW emission from un-
known NSs within our galaxy, that is, those that have not
been observed using electromagnetic telescopes neither as
pulsars nor as non-pulsating sources. Since only a small
fraction of the estimated NS population has been ob-
served as pulsars [58,[59], conducting this type of searches
offers a valuable opportunity to find these undetected
NSs.

To date, several pipelines have been developed and im-
plemented for all-sky CW searches targeting unknown
NSs in binary systems. These include the TwoSpect
pipeline [60], and the BinarySkyHough pipeline [61],
which has been employed in searches using data from
the second [62] and third observing runs [63]. More re-
cently, the BinarySkyHouF pipeline [64H66] has been in-
troduced and the Falcon pipeline is being extended to in-
clude binary systems [67]. BinarySkyHough is based on
the SkyHough [54] method, which uses the Hough trans-
form [68] to search for CWs semi-coherently with the
Hough number count detection statistic (see [54, [61] [69-
1] for other works that use the Hough transform for
searches of long-duration GW signals). Each of these
pipelines makes different trade-offs between sensitivity
and parameter space coverage, sacrificing some sensitiv-
ity in order to scan wider or more complex parameter
spaces.

We present an all-sky search for CWs from unknown
NSs in binary systems, carried out with the newly de-
veloped fasttracks pipeline [72]. fasttracks is a mas-
sively parallel Python engine built on JAX [73], designed
to evaluate detection statistics for generic CW signals
on Short Fourier Transform (SFT)-like data [74]. This
includes the detection statistics used in the first stage
of this search, which are summed weighted normalized
power from the SFTs and summed weighted Hough num-
ber count. fasttracks can exploit Graphics Processing
Units (GPUs) to accelerate the calculation of detection
statistics across large amount templates needed for all-
sky searches. Since this template evaluation is by far the
most computationally expensive step, GPU acceleration
makes large-scale searches feasible.

In addition, we employ a novel parameter-space par-
titioning strategy originally introduced in [72], which
divides the high-dimensional search space into smaller
regions, or “boxes”. Each box is searched indepen-
dently, producing its own output. This approach has
two main advantages: different boxes can be computed
in parallel in different GPUs and it avoids the need
for clustering procedures in post-processing. Thanks to
these improvements, fasttracks achieves higher compu-
tational efficiency compared to previous searches such as
BinarySkyHough [63] and streamlines analysis with the

new parameter-space partitioning strategy.

The remainder of this paper is organized as follows.
in Sec. [l we outline the CW signal model. Sec. [T
describes the usage of data from the early fourth ob-
serving run (O4a). Sec. presents the details of the
search pipeline. In Sec.|V] we describe the line veto pro-
cedure. Sec. [V contains the sensitivity depth estimates
of the search. Sec. [VII] discusses the most significant
outliers identified, and explains how they were ruled out
as non-astrophysical. The search results are discussed
in Sec. [VIII} Finally, our conclusions are summarized in

Sec. [X]

II. SIGNAL MODEL

A NS exhibiting a deviation from perfect axial symme-
try with respect to its rotation axis is expected to emit
CWs at twice its rotational frequency. This emission
arises from the time-varying mass quadrupole moment
associated with the star’s asymmetry. The resulting GW
strain amplitude hg, which can be measured by interfer-
ometric detectors, depends on the physical properties of
the source and can be expressed as [I]
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where G is the gravitational constant, ¢ is the speed of
light, I,, is the principal moment of inertia around the
rotation axis (assumed to be the z-axis), d is the distance
from the source to the detector, and fy is the intrinsic
GW frequency. The equatorial ellipticity of the star, e,
can be related to the mass quadrupole moment Qo2 via [4]
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Due to the motion of Earth-based detectors relative
to the Solar System Barycenter (SSB) and the motion
of the NS around the binary system barycenter, the ob-
served CW signal is subject to Doppler modulation from
both effects. As a result, for the circular, non-relativistic
binary orbit of the unknown searched NSs, the GW fre-
quency measured at the detector is time-dependent and
can be expressed as [61], [72]
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where ¥ () is the detector’s velocity vector relative to the
SSB, 7 is a vector that points from the SSB to the sky
location of the source, parametrized by «, the right as-
cension and J, the declination. fy is the GW frequency
emitted by the source NS, a,, is the projected semi-major
axis of the binary orbit in light-seconds, € is the angu-
lar orbital frequency of the source, and ¢y, is the initial
orbital phase. The last three parameters describe the
orbital motion of the NS in the binary system.



The resulting frequency evolution, or track, traced
by the signal in time-frequency space is the target of
the search. It is parameterized by six quantities: \ =
{fo, 7, ap,Q, &1}, where 2 is composed of a and 6.

The model described above assumes a circular, non-
relativistic binary orbit. However, the search remains
sensitive to signals from NSs in slightly eccentric systems,
with an upper limit on the allowed eccentricity given by
1]
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where Tgpr is the duration of each of the SFTs used in
the analysis.

We assume that the NS does not undergo any glitches
during the observing time and that spin wandering
(stochastic fluctuations in the star’s rotation frequency)
can be neglected [75]. The typical glitch rate for known
pulsars is of order one per year or less [76]. Estimates of
spin wandering for accreting NSs suggest much smaller
drifts than the frequency resolution of the semi-coherent
methods used here. [77]. Accordingly, searches with ob-
serving duration of months to less than a few years may
safely neglect these effects

Furthermore, as argued in [61], for observing durations
of not more than a few years, CW searches targeting NS
in binary systems do not require explicit searches of spin-
down parameters. Consequently, we do not search over
spin frequency derivatives in this analysis. Nonetheless,
the search retains sensitivity to sources exhibiting spin-
down or spinup values up to
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the value above which the frequency track would deviate
by more than one frequency bin in the data during the
total observing run, Typs.

III. DATA USED

For this search we use data from the first part of the
fourth observing run of the LIGO-Virgo-KAGRA detec-
tor network. This segment of the run covers the period
from 24 May 2023 15:00 UTC (GPS time 1368975618 s)
to 16 January 2024 16:00 UTC (GPS time 1389456018
s). Correspondingly, this gives a total observing time of
Topns = 20477806 s or 237 days.

This analysis makes use of data from the LIGO detec-
tors at Hanford (H1) and Livingston (L1) [41]. We do
not use data from Virgo [42], which was not observing
in O4a; nor from KAGRA [43], which was not online for
most of the run.

During O4a, H1 and L1 were in observing mode 67.5%
and 69.0% of the time, respectively [48]. This represents
a lower duty factor than in the O3a BinarySkyHough
search [47,[63]. However, the observation time was signifi-
cantly longer in O4a than in O3a (237 days vs 183 days).

Multiplying the observing time by the duty factor, the
relative amount of observing data is increased by 20.26%
in O4a compared to O3a.

The data exhibit several different artifacts that can
interfere with CW searches, including lines, combs, and
hardware injections, any one of which may mimic the be-
havior of CW signals [78]. Instrumental lines are narrow-
band features that appear as persistent monochromatic
peaks in the detector’s power spectral density. These
features can originate from various sources such as in-
jected calibration lines, digital clocks, power supplies,
or environmental couplings [(9]. These lines can have
time dependent, non-stationary behavior in frequency
and amplitude, and while some lines are isolated, others
form part of broader spectral structures known as combs,
which consist of multiple harmonics equally spaced in fre-
quency and often arise from a common non-astrophysical
origin [78].

The search is conducted using SF'Ts with a baseline du-
ration of Tspr = 1024 s [74]. We start from the calibrated
detector strain data channel GDS-CALIB_STRAIN_CLEAN
(CO0 calibration, [80]), restricted to science-mode seg-
ments with CAT1 vetoes [81]. These data are first pro-
cessed by the self-gating algorithm [82], which removes
large transient disturbances in the time domain. The
gated strain data (G02) are then processed into Short
Fourier Transform Data Base (SFDB) files [83]; this step
includes another time-domain cleaning stage to suppress
smaller glitches and transient artifacts.

For CO0 low-latency data, the O4a uncertainty en-
velopes (v1) show amplitude and phase systematic
errors of approximately 2% and 2° across the 20-
2000 Hz band [80]. Finally, the cleaned and cali-
brated SFDBs are converted into SF'Ts with LALSuite’s
WriteSFTsfromSFDBs tool, following the same procedure
employed in the O3a all-sky binary CW search [63], [84].

Each SFT is produced with a 50% overlap between
consecutive segments and a Tukey window with tapering
parameter Brukey = 0.5. Tukey-windowed SFTs contain
a flat central region and tapered edges overlapped with
consecutive SFTs, retaining high sensitivity to CW-type
signals [69]. This procedure results in 25,426 1024-s SFTs
from the H1 data and 26,552 1024-s SFTs from the L1
data.

IV. SEARCH PIPELINE

The search is built using the fasttracks pipeline to
enable rapid evaluation of CW detection statistics with
GPU acceleration, introduced in [72]. In this search,
we use a parameter-space partitioning strategy for the
six-dimensional search space A = {fo, 72, ap, 2, ¢} (unit
vector 1 composed of a and J) associated with binary
CW signals, also introduced in [72]. The pipeline eval-
uates detection statistics over several search templates,
randomly sampled and in separate parameter-space re-
gions known as boxes. This novel parameter-space par-



titioning naturally leads to a follow-up strategy: in each
box of parameter space, only the most significant out-
liers are followed-up in a more sensitive search, while
boxes dominated by instrumental artifacts can be vetoed
and excluded from further analysis. Moreover, rather
than covering the parameter space with a regular grid
of templates, we employ random sampling with resolu-
tion chosen to control template mismatch. Details of the
resolution criteria will be discussed in Sec. [V C] specif-
ically Eq. . This approach does not degrade sen-
sitivity compared with grid-based methods, as it keeps
the average mismatch between templates and potential
signals controlled and reduces correlations between tem-
plates [85] 86].

The output from each box is then passed to a post-
processing stage (Sec. 7 where high-significance candi-
dates are subsequently followed up using more sensitive
methods, as detailed in Sec. [VII]

A. Parameter space

We perform a blind, all-sky search for CWs in the fre-
quency range from 100 Hz to 350 Hz. The computational
cost of the search grows steeply with frequency, scaling
as f§ due to the six-dimensional parameter space as de-
rived in [72]. As a result, higher-frequency bands are
significantly more expensive to analyze than lower ones.

The total frequency range is divided into 0.125 Hz sub-
bands, for a total of 2000. Each sub-band is processed
independently and partitioned into boxes (Sec. [[V C).
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FIG. 1. Comparison of the O3a and O4a multi IFO power
spectral density using the data from the H1 and L1 LIGO
detectors. The grey area indicates the search frequency range.

The IFO’s sensitivity in each frequency band can be
seen in Fig. |1} which illustrates the inverse square root
averaged multi-IFO (H1 + L1) power spectral densities
(PSDs). We compute the PSD from the single-sided IFO
PSD, S,(f), using an average of inverse-squared PSDs

from individual SFTs, as in [87],

where N is the number of SFTs individually indexed
by « contributing to the estimate at frequency f and
Sn(f) is the estimated multi-IFO PSD in the frequency
band, computed as the power-2 sum of the individual IFO
PSDs. Note that different analyses differ in the mean
used to compute the respective PSDs. In the case of CW
searches, the power-2 gives the most representative PSD
for our searches and for the search sensitivity estimation
in Sec. [Vl

In O4a, the detectors show improved sensitivity com-
pared to O3a. Whereas in O3a the most sensitive fre-
quencies were in the 150-300 Hz range, in O4a, the op-
timal performance is in the 200-400 Hz range. The O4a
search range overlaps with this most sensitive band of
the detectors during the run.

For the binary orbital parameters, we target signals
from systems with projected semi-major axis amplitude
a, along the line of sight between 5 and 15 light-seconds
and orbital periods P ranging from 7 to 15 days. As
illustrated in Fig. 2] this parameter space is chosen to
match measured characteristics of observed galactic NSs,
focusing on a parameter region which circumscribes a
high-density area of known pulsars in binary systems [15].
This choice also corresponds to Region B from the O3a
BinarySkyHough search [63], and overlaps in the upper
50 Hz with the range in [65] and for a, in the 10 to
15 l-s range, but not in P. The O3a BinarySkyHough
search [63] also included other parameter space regions
below 100 Hz; we did not repeat the search in those areas
in order to maximize the search sensitivity where the O4a
sensitivity had improved the most compared to O3a.
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FIG. 2. Binary parameter space covered in the search. Large
black dots indicate known pulsars with possible CW emission
frequencies in the search range, while grey points correspond
to sources outside this range. The boxed rectangular region
denotes the portion of the binary parameter space explored
in this search. Source: ATNF Pulsar Catalogue [15].



Parameter fo [Hz] o [rad] & [rad] P [days] a, [l-s] ¢p [rad] Where wx;(n) are time-dependent weights that incorpo-

Range  [100,350) [0,27) (=%,%) [7,15) [5,15] [0,2n)

TABLE I. Search parameter ranges.

The full search parameter space is summarized in Ta-
ble [l In addition to the intrinsic frequency and binary
orbital parameters discussed above, the search covers the
whole sky in @ and §. The binary orbital phase ¢y, is also
searched over its entire physical range.

B. Detection statistics

To identify potential CW signals in the data, we rely
on detection statistics that measure the accumulation of
excess power along the time—frequency tracks predicted
by a given signal model. In practice, a CW signal from a
NS in a binary system will produce a characteristic fre-
quency evolution determined by the source parameters.
For each template, we define a frequency track across
the sequence of SFTs, which represents how a CW sig-
nal would evolve in time given the template parameters.
Along this track, we add together the corresponding val-
ues of the detection statistic from each SFT. If a real
signal is present, the detection statistic will accumulate
along the track and stand out above the random fluctua-
tions of detector noise, whereas in the absence of a signal
the summed statistic will remain consistent with noise.

As in [72], we employ two complementary statistics:
the weighted normalized power, which directly measures
excess power in the data, and the Hough weighted num-
ber count, which is more useful to evaluate the persis-
tence of such excess power across the observing time.
The derivation below introduces the normalized power
statistic and shows how it is summed along signal tracks
to construct the detection statistic used in the search.

Following the notation convention in [72], let Z [t; f]
denote the value of the SFT at time ¢ (the start time
of the SFT) and frequency f, each SFT is identified by
an ¢ index and the detector index X. Normalizing by
the single-sided noise PSD in the band under analysis
Snxi[f] (The PSD is estimated with a 101-bin running-
median estimate for each SFT and frequency f) and the
SFT time baseline Tspr, we define the normalized power
statistic as

Azl P
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A search template A = {fo,7,ap,Q, dp} defines a sig-
nal frequency evolution f (¢; A) across the observing time.
The summed weighted normalized power detection statis-
tic is computed by summing the normalized power along
the signal track defined by the template,

s(N) =D wxi(A)sltxis; ftxi M) (8)
X,i

(7)

rate both detector sensitivity and antenna response, tx;
refers to time at index ¢ and detector X. The appropri-
ate weights for all-sky searches from isotropically oriented
sources are [87, [88]

2(txs: b2 (txs: 7
in(TAl)CXa(XJl)+ (Exi; )

Snxi 7 ©)
where S, x; is the averaged single-sided PSD of the noise
in the frequency band under analysisﬂ and where a and
b are the detector’s response functions to the two polar-
izations of the GW for a source located in direction n
on the sky. Their definition can be found at [50]. These
weights are normalized such that

Zin (’fL) =1. (10)
X,i

In order to evaluate the detection statistics across large
template banks, we use the vectorization of the com-
putation over batches of templates as implemented in
fasttracks [72, 89]. This vectorization is done using
the jax.vmap function [73].

In addition to the normalized power statistic, we also
use the weighted Hough number count [54] to filter out
transient noise artifacts. This statistic was previously
also used in the O3a BinarySkyHough search [63] and has
been used in a multitude of CW searches [27, [62] [69], [90].
It is defined as

nc (A) = Zwm(ﬁ)nc [txi f (Exas N, (11)

where the number count of an SFT is defined as the dig-
itized normalized power per SF'T given by

vt fl = {1 if s [t f] > 3.2 12

0 otherwise

As in [72], the threshold s[t; f] > 3.2 is equivalent to
the ptn > 1.6 optimal threshold to minimize the false
dismissal rate derived in [54], given our definition of nor-
malized power in Eq. .

The Hough number count acts as a persistence filter.
While transient noise may produce large spikes in the
normalized power statistic s[t; f], it may affect only a
small subset of the time series. In contrast, a CW signal
will maintain consistent power increases over many seg-
ments. Hence, the Hough number count is more robust
to brief transients and provides a discriminator against
them.

I Note the difference between S, (f) in Eq. @ (multi-IFO PSD
computed as using average of inverse-squared PSD), the Sy, x; [f]
in Eq. (estimated with a 101-bin running-median estimate for
each SFT and frequency f) and the S,x; in Eq. @D (averaged
single-sided PSD of the noise in the frequency band under anal-
ysis).



C. Parameter space partitioning into boxes

To explore the six-dimensional parameter space A =
{fo, 7, ap, 2, &} of CW signals from NSs in binary sys-
tems, we adopt a box-based partitioning strategy, first
introduced in [72]. Partitioning the parameter space
makes post-processing more straightforward, since con-
taminated boxes can be vetoed and promising candidates
followed up independently. Unlike previous searches,
which required clustering strategies to sieve through the
vast number of initial candidates and group together
those likely originating from the same source, our ap-
proach reduces the results to a smaller set without this
need for clustering.

The idea is to divide the parameter space into a large
number of non-overlapping regions (or “boxes”), each
covering a small portion of the total search volume. Each
box is searched independently using a random template
bank that densely samples its region.

To determine the size and number of templates in each
box, we use characteristic resolution equations. For a box
centered at parameters (fo, 7, ap, 2, ¢1), the correspond-
ing step sizes in each parameter direction are

1 2
5fo = , Osky=|—7F—] , dap=7—=
fo Tsrr Y (TSFTfoU/C) P Tapr fo
1 1
-1 -
Tspr foapQTons b Tsrr foap)

(13)

To adjust the number of templates per box, we apply
an oversampling factor, increasing or decreasing the step
sizes defined in Eq. times the oversampling factor.
Increasing this factor makes the template bank denser
(and search potentially more sensitive), however, also
more computationally expensive. The oversampling val-
ues are tuned based on frequency band, as described in
Sec.

The box-based search proceeds as follows:

1. Divide the search frequency range into 0.125 Hz
sub-bands.

2. The boundaries of each search box in the physical
parameter space A\ are mapped to a properly de-
fined auxiliary parameter space, in which the grid
steps defined above become uniform (see App.
for the definition of the auxiliary parameter space
and the construction of the uniform grid there).

3. In this uniform space, divide the search volume into
equally sized, non-overlapping boxes.

4. Randomly sample the templates from a uniform
distribution inside each box. The number of tem-
plates inside a box is the oversampling factor times
the amount of templates we would get with a grid
if the step sizes were those in Eq. (13).

5. Map each sampled template back to physical pa-
rameter space, evaluate its detection statistics, and
retain the template with the highest value accord-
ing to the criteria in Sec. [V D]

The number of boxes used per frequency band is shown
in Fig.|3] and further details of the partitioning algorithm
can be found in App. [A]
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FIG. 3. Total number of boxes per 0.125 Hz frequency band
across the full search range. The lettered regions (A-E) cor-
"respond to the frequency intervals defined in Table [[Il The
dashed horizontal line marks the minimum enforced number
of boxes (10*). Sudden changes in the number of boxes cor-
respond to transitions between regions where either the min-
imum box constraint or the 10® templates-per-box criterion
dominates the partitioning as explained in App. @

D. Two step setup

Our search adopts a two-step strategy inspired by
the methodology used in the O3a BinarySkyHough
search [63].

For each box in the parameter space, we begin by eval-
uating the weighted Hough number count statistic nc(\)
for all templates using only half of the available SFTs,
skipping every other SE'T in the time series. This first
step acts as a filter to identify templates associated with
CW signal behavior, showing persistent power accumu-
lation over time. We use half the SF'T's in order to reduce
the computational cost of this first step.

From this first-stage evaluation, we retain the top 0.2%
templates per box ranked by nc(\). This fraction cor-
responds approximately to those templates whose nc(\)
exceeds the mean by more than three standard devia-
tions, assuming Gaussian noise. The mean and standard
deviation are calculated from all the nc(\) computed per
box.

In the second step of the search, we compute the
weighted normalized power statistic s(\) for the subset
of templates retained from the first step using the full set
of SFTs. For each box, we identify the template with the



Region Frequency [Hz] Oversampling Follow-up CR threshold

A [100, 150) 4.0 7.0
B 150, 170) 2.0 7.0
C [170, 200) 1.0 7.0
D 200, 275) 0.25 7.0
E 275, 350) 0.25 7.2

TABLE II. Oversampling factor and follow-up CR threshold
used in each frequency region.

highest s(\) as the most significant candidate from that
region of parameter space.

Different boxes contain different weight distributions
wx;(A) because they can be located at different sky po-
sitions. Therefore, to allow for sky-independent statis-
tical significance comparisons across boxes, we use the
weighted normalized power critical ratio (CR), defined
as

v, =" <5>, (14)

Os

where (s) and o, are the expected mean and standard
deviation of the weighted normalized power statistic in
Gaussian noise. These are computed analytically for each
box from the weights following the derivation in [72],

(s) =2 wxi, (15)
X,i

0’3 :4Zw§(i’ (16)
X,i

where, given the weights normalization in Eq. , (s) =
2.

We use different oversampling factors across the fre-
quency range. At lower frequencies, where the number
of required templates is relatively small, we use higher
oversampling values, resulting in denser template banks.
Conversely, at higher frequencies, where the parameter
space volume increases due to frequency-dependent res-
olution scaling, we reduce the oversampling factor.

We define five frequency regions, each with a corre-
sponding oversampling factor and follow-up threshold.
Candidates with CR values above the specified threshold
are further analyzed in the follow-up stage (see Sec. .
The different frequency regions together with their over-
sampling factors and follow-up thresholds are described
in Table [l The oversampling factors and follow-up
thresholds are chosen based on the available computa-
tional resources in order to maximize the search sensitiv-
ity to continuous gravitational waves.

Fig. [] illustrates the highest CR values obtained per
each frequency band in each region. In some frequency
bands, the highest CR values are orders of magnitude
larger than those in neighboring bands, a sign of possible
contamination from instrumental artifacts. This moti-
vates the introduction of a band-vetoing stage to identify
and veto such bands.

V. KNOWN LINES VETO

In this step, we identify and discard candidates affected
by known instrumental artifacts. This is used to mitigate
the contamination from spectral lines that can mimic the
expected behavior of CW signals [92].

We use the official list of known instrumental lines from
the Oda observing run [91] to identify such contamina-
tions. Each known artifact in the list is examined to
determine which frequency ranges affected by its har-
monics, based on the tracks searched for each frequency
band. The contamination reach of each line is described
in App. [C]

Based on the contamination, bands are classified as
either non-vetoed, partially contaminated, or fully con-
taminated:

e Non-vetoed bands: Bands with fewer than 2000
candidates above the CR threshold are not vetoed.
One candidate per box per band is retained for
follow-up. Candidates from these bands may still
be vetoed due to instrumental artifact contamina-
tion after the first stage follow-up, as explained in

Sec. [VIIl

e Fully vetoed bands: Bands that are entirely
within the contaminated region of one or more
known lines and that exceed 2000 candidates above
threshold are removed from the follow-up. These
bands are presumed to be dominated by instrumen-
tal artifacts.

e Partially vetoed bands: Bands that are only
partially affected by contamination and that also
contain more than 2000 candidate are cleaned by
removing candidates whose boxes fall within the
contaminated region. Candidates from the rest of
the band are followed-up.

The 2000 candidates threshold is an informed choice
based on the candidates per band resulting from the
search and the distribution observed in Fig. ] where
most bands have under 1000 candidates above the corre-
sponding follow-up threshold.

To minimize the false dismissal probability of true as-
trophysical signals [92], only frequency regions with well-
documented instrumental disturbances are vetoed out-
right, and partially contaminated bands are partially ve-
toed (That is, vetoing only the part of the band that may
be contaminated by a known line as defined in in App.
rather than excluded entirely.

Frequency bands not vetoed by this procedure may still
be contaminated by unidentified instrumental artifacts.
For example, since the search targets signals whose am-
plitude is much lower than the detector noise floor, it can
be affected by lines that were not seen by the O4a lines
analysis.

Across the 2000 search frequency bands, each of width
0.125 Hz, the initial number of candidates above their
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FIG. 5. Number of candidates per 0.125 Hz band with CR above the threshold, as a function of frequency. Frequency regions
A through E correspond to those defined in Table [[T] Each black dot represents the number of candidates above threshold
in a single band. Red dots indicate bands that were fully or partially vetoed due to contamination from known instrumental

artifacts listed in the O4a lines list [91].

corresponding CR threshold (Table [II) was 3,253,671.
After the known lines veto, the number of surviving can-
didates is reduced to 927,443, corresponding to 28.5%
of the original sample. Table summarizes the clas-
sification of the bands. Fig. [9] illustrates the number of
candidates above threshold in each band. The vetoed
frequency ranges can be found in App. [C}

Band type Count % Bands Bandwidth [Hz]

Non-vetoed 1818 90.9% 227.25

Vetoed 182 9.1% 16.995
Totally 65 3.25% 8.125
Partially 117 5.85% 8.87

TABLE III. Summary of frequency band classification af-
ter the application of line and comb vetoes. Partial vetoes
refers to bands where only a fraction of the templates are dis-
carded due to contamination. The partially vetoed bands sum
14.625 Hz, of which 60.65% have been vetoed, corresponding
to the 8.87 Hz on the table.

VI. SENSITIVITY DEPTH ESTIMATION

Similar to previous all-sky searches, we assess the sen-
sitivity of this search to putative sources in the search
space using software simulated signals added to detec-
tor data in selected frequency bands [62], 63 [90] 93] [94].
Through these simulations, we establish a population-
based hg that is detectable 95% of the time.

We measure this hg using the sensitivity depth [95] 6],
defined as

Sn(f)

D:
ho

(17)

where S, is the single-sided IFO PSD of the detector
noise defined in Eq. @, and hg is the intrinsic signal
strain amplitude. The sensitivity depth provides a figure
of merit that normalizes hy by the detector noise, facili-
tating comparisons across different frequency bands and
search methods. Nonetheless, for these comparisons it
is important to note that the sensitivity depth remains



highly dependent on the searched parameter ranges in
addition to frequency. These sensitivity depth estimates
are used to set thresholds in the follow-up procedure
(Sec. and to study the astrophysical reach of the
search (Sec. [VIII]).

For each 0.125 Hz frequency band in which injections
are performed, we select the highest S, (f) within the
band to evaluate sensitivity depths and search for the
D% value at which we determine the amplitude hq at
which 95% of injections are recovered above threshold.

For each injected signal, we construct a small region
centered on the injection parameters. The region spans
+3 resolution units in all search dimensions according to
Eq. , except for the binary phase ¢, where a +5
resolution range is used. This choice has been made be-
cause it is more challenging to constrain the binary phase
of simulated signals compared to the other parameters.
These regions are designed to be compatible with the
first-stage follow-up prior ranges in Sec.[VII] making sure
that any detectable signal in this setup is recovered and
followed up by the pipeline.

Besides the resolution intervals shown in Eq. , the
specific ones for a and § are set using

1 1 1
- Tspr(v/e)fy'

which take into account the cos § dependence arising from
spherical coordinates to make resolution intervals cor-
rectly centered and spaced around injected signals.

All signals are injected into the same O4a SFT data
used in the search using the PyFstat software pack-
age [97HIO0]. PyFstat is built on top of LALSuite [84]
and contains multiple utilities for CW searches, such as
injection generation or candidate follow-ups. After in-
jecting the signals, we rerun the whole analysis on the
small intervals, computing the detection statistics over
the corresponding box with the same oversampling factor
as used in the main search. We then check whether the
candidate template CR value exceeds the corresponding
CR follow-up threshold from Table [[T, which allows us
to determine if the injection would have been one of the
outliers passing to the follow-up stage. Afterwards, we
use this information to estimate the detection efficiency
and corresponding sensitivity depths.

To classify an injected signal as detected, we require
that at least one candidate template within the injection
search region satisfies the following three conditions:

da =

~ Tspr(v/c)focosé’ (18)

1. The number count statistic nc(A), computed using
half of the SFTs, must be greater than the lowest
nc(\) value from the first stage of the search for the
box in which the signal was injected. This ensures
that the candidate template would have passed the
persistence filter used in the first search step.

2. The CR must exceed the maximum found in the
second stage of the search for that same box. This
confirms that the candidate template would have
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FIG. 6. 95% sensitivity depths D% as a function of fre-
quency. Each point represents a 0.125 Hz band with injection
results, with error bars showing +o from the sigmoidal fit.
Shaded regions show the average sensitivity depth per fre-
quency region with its 30 uncertainty (see Table . Com-
parison between the results of this search (in black) and the
results of the O3a BinarySkyHough search [63] (in red).

been selected as the most significant outlier in that
box.

3. The CR value must also surpass the follow-up CR
threshold for the corresponding frequency band.

We inject signals into at least one 0.125 Hz band every
5 Hz across the search frequency range in non-vetoed
bands in Sec. [V] Therefore, the sensitivity estimates do
not apply to the vetoed frequencies from Sec[V] listed in
Table [VIl

In each selected band, we inject 500 signals at different
depths centered around the expected D% with param-
eters drawn from uniform distributions over the phase
and amplitude parameters. Each signal is injected at
a random frequency inside the band and with random
binary orbital parameters within the ranges defined in
Table [l In order to estimate the sensitivity depth at
each frequency, we compute the detection efficiency as
the proportion of detectable injections in each depth, and
estimate the sensitivity using sigmoidal fits and interpo-
lating at which sensitivity depth 95% of the injections are
tagged as detected. The procedure is detailed in App.

Fig. [6] shows the results for sensitivity depth estimates
as a function of frequency for the different selected fre-
quency bands. The mean value across each frequency
region (as defined in Table is computed from these
values and is summarized in Table [Vl

VII. SEARCH OUTLIERS FOLLOW-UP

Candidates with CRs above the follow-up thresh-
olds (Table in the main stage of the search (see



Region Frequency [Hz] (D°%) + 30 [Hz ™1/

A [100, 150) 23.3+0.6
B [150, 170) 227405
C 170, 200) 22.2+0.4
D [200, 275) 20.4+0.6
E 275, 350) 19.6 £ 0.7

TABLE 1V. Average 95% sensitivity depths across the fre-
quency regions defined in Table [[I] The uncertainties corre-
spond to £30 from the sigmoidal fit.

Fig. [5) are subjected to a more sensitive follow-up anal-
ysis. The follow-up analysis is performed using the
PyFstat software package [97HIO00], as was done in the
O3a BinarySkyHough search [63]. PyFstat utilizes the
parallel-tempered Markov Chain Monte Carlo (PTM-
CMC) sampler provided by the ptemcee package for the
candidate follow-up [I0T], 102].

This stage uses longer coherence times and includes ad-
ditional frequency-evolution parameters. Increasing co-
herence times may also reject potential signals that do
not conform to the phase model enforced by the longer
coherence lengths [75]. Signals whose spindown is larger
than Eq. (B]) or whose eccentricity is larger than Eq.
are expected to already be lost during the search stage
and their high spindowns or eccentricities are not consid-
ered inside the parameter ranges of this follow-up stage.
Changes to the frequency evolution model due to spin-
wandering are not considered in the follow-up.

Increasing T, strengthens real CWs relative to Gaus-
sian noise because correctly demodulated signals accumu-
late coherent power with time, while instrumental arti-
facts, which lack the astrophysical Doppler modulations,
are typically diminished by the demodulation and are
further rejected by our prominence-crossing and line-list
vetoes.

Candidates are analyzed using JF-statistic searches
[50, 103]. The F-statistic compares data to signal tem-
plates in the frequency domain using coherent integra-
tion. The semi-coherent version, the segment-wise 2.F, is
constructed by summing the coherent 2F statistic over
Ngee data segments, each with duration T,

Ngeg—1

2F(N) = Y 25 (\). (19)

=0

In the follow-up process, the MCMC algorithm takes
samples using 300 walkers each one with 300 steps to
identify and characterize potential maxima, which are
then used to determine whether a candidate passes a de-
tection threshold. The MCMC-based follow-up and its
application to CW searches is detailed in [104].

In the first stage of the MCMC follow-up, candi-
dates from the initial search are analyzed using a sig-
nificantly increased coherence time to improve sensitiv-
ity. Specifically, we increase the coherence time from the
Tspr = 1024 s used in the main search to T.o, = 12

10

hours for the follow-up. This configuration yields a to-
tal of Nyg = 474 segments over the full observing time.
The follow-up priors and MCMC sampler configuration
is developed in App.

Fig. [(]summarizes the results of the first-stage MCMC
follow-up across all frequency bands, showing the max-
imum recovered 2F values as a function of frequency.
As seen, most frequency bands show minimums around
2F = 3600 and maximums around 2F = 3900. However,
there are bands where the maximum sampled 2F is much
higher above 3900. A large number of them appear near
the instrumental disturbances around 270 Hz, which in-
dicates that instrumental lines can highly increase the
sampled 2F.

To determine which candidates should advance to a
more sensitive second follow-up stage, we calibrated a
threshold on the cumulative 2F using simulated signal
injections. These injections were generated with the
same setup and randomized amplitudes described in the
Sec [VI} The simulated signals were injected at the sen-
sitivity depths values obtained per each region shown in
Table [[V] For each injected signal, we recorded the max-
imum cumulative 2F value across all walkers within the
corresponding frequency band. By repeating this pro-
cess for many injections across different frequency bands,
sampling at least one band every 5 Hz and covering all
regions listed in Table [[I] at the depths given in Ta-
ble we built up the distribution of recovered 2F val-
ues, which was then used to set the threshold. After run-
ning 14750 injections, the detection threshold was then
set at 2F = 3850, chosen such that fewer than 0.013% of
the injected signals (2 of the 14750) would fall below it.

Only injections that were tagged as detected by the
search pipeline were followed-up to determine this thresh-
old. Furthermore, the injection follow-up was performed
with the same MCMC sampler configuration and priors
for the search candidates.

The injection results are shown in Fig. |8 Candidates
passing this initial 2F cut are then subjected to a second
follow-up stage with a longer coherence time, following
the methodology outlined in [97] [T05], [T06].

After running the first-stage MCMC follow-up and ap-
plying the cumulative 2F threshold, several outliers re-
mained, as summarized in Table[V] These surviving out-
liers were further analyzed to determine whether they are
consistent with astrophysical signals or can be attributed
to instrumental origins.

CW signals are expected to accumulate 2F linearly
over time, adding to the segment-wise 2F in a relatively
uniform way across the observation period. However, if
a candidate’s frequency evolution briefly overlaps with a
strong instrumental disturbance or narrow-band spectral
line, it may produce a spike in 2F during that specific
time window, while remaining at background levels oth-
erwise.

To identify such cases, we examine the segment-wise
2F distributions of surviving candidates. Following
the same approach used in the O3a search, we flag
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FIG. 8. First-stage MCMC follow-up results on injection

studies with Tcon, = 12 h. Each point corresponds to the
maximum 2F value sampled for each injected signal. 14750
Injections were run, with 2 obtaining a final 2F below 3850.
Signals were injected at the sensitivity depths values obtained
per each region shown in Table

any candidates in bands with at least one segment-wise
2F value exceeding 100. These outliers are classified
as “prominence-crossing” cases and are likely caused
by transient overlaps with lines or short-lived artifacts
rather than persistent astrophysical signals. All can-
didates within-bands that are tagged as prominence-
crossing are discarded in this stage and not followed-up.

Notice that this prominence-crossing veto is necessary
even if the number-count statistic has previously been
used in the candidate selection. Using the number-count
during the search provides more importance to candi-
dates consistent with high power across the observing
run. Nonetheless, it is not a filter that eliminates all
candidates whose high power is a consequence of cross-
ing paths with an instrumental artifact.

An example is shown in Fig. [9] where the candidate
band exhibits a sharp and isolated 2F spike near day

150 of the run. While the total 2F surpasses the thresh-
old, the strong deviation in a single segment suggests a
transient artifact rather than a genuine signal, and the
candidate is therefore discarded.

Outlier at 103.250 Hz, candidate 215
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FIG. 9. Example of a prominence-crossing outlier. The can-
didate shows a large spike in 2F near day 150 of the observing
run. This spike allows it to exceed the follow-up threshold of
2F = 3850, but the narrow change suggests a superposition
with an instrumental disturbance. This candidate is therefore
discarded from second-stage follow-up.



The broader distribution of such outliers is summa-
rized in Fig. The top panel shows those candidates
that have been tagged as prominence-crossing and re-
jected; they tend to be clustered within a few narrow
frequency ranges and exhibit significantly elevated 2F
values. The bottom panel shows the remaining 1,997
outliers, which passed all veto criteria and are retained
for further second-stage follow-up analysis. The results
from this prominence crossing veto are summarized in

Table [V

Prominence-crossing tagged outliers
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FIG. 10. Distribution of maximum 2F values for surviving
outliers. The top panel shows outliers tagged as prominence-
crossing and discarded due to transient spectral contamina-
tion. These candidates tend to cluster in a few frequency
bands and exhibit extremely high 2F values. The bottom
panel shows the remaining outliers, which were not flagged as
line-crossing and are retained for further analysis.

Of the 251,717 surviving candidates in Table [V] 84%
come from the frequency range between 260 Hz and
280 Hz, a range with a high amount of high-CR results
as seen in Fig. 4] where there is also a high amount of
vetoed bands as seen in Fig. [5| It appears that there is
a high amount of broad artifacts in the range, not all of
them vetoed in Sec. [Vl

The second-stage follows the multi-stage procedure es-
tablished in previous works [97], 105, [I06]. In this sec-
ond follow-up stage, we use a longer coherence time of
Teon = 26 h, which increases the sensitivity of the search
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Follow-up Summary Count
Total candidates followed up 927,443
Candidates surviving 2F > 3850 251,717

- Prominence crossings (discarded) 249,720
- Surviving to 2nd stage 1,997

TABLE V. Summary of candidate outcomes from the first-
stage MCMC follow-up. Of the 927,443 candidates analyzed,
251,717 exceeded the threshold 2F > 3850, yielding a sur-
vival rate of 27.14%. Among these, 249,720 were tagged
as prominence or prominence crossings and discarded, while
1,997 (8%) were retained for second-stage follow-up.

and improves the accuracy of parameter estimation. The
rationale for this choice, together with the details of the
priors and analysis setup, which runs again 300 walkers
with 300 steps each, is provided in App. [D]

The second stage threshold for further follow-ups was
calibrated using software injections as in the first stage.
Fig. shows the maximum 2F values sampled by the
MCMC for each injected signal. The lowest sampled
value for detectable signals was close to 2200, indicat-
ing that a threshold of 2100 would give a false dismissal
rate below 1/14000, given the 14000 injections run.
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FIG. 11. Second-stage MCMC follow-up results on injection
studies ATcoh = 26 h. Each dot represents the maximum sam-
pled 2F value for a detected injection across multiple fre-
quency bands. A total of 14000 injections are shown. Signals
were injected at the sensitivity depths values obtained per
each region shown in Table

The second-stage pipeline was applied to the 1,997 can-
didates that survived the first stage. The results are
shown in Fig. None of the recovered maximum 27
values exceeded the calibrated threshold of 2100. As seen
again in Fig. [p| there is a high amount of instrumental
disturbances around 270 Hz which have been vetoed in
this stage. All recovered values were well below the in-
jection minimum of 2200, and thus none of these outliers
are consistent with a detectable CW signal.

Since no candidate survives the second-stage threshold,
no further follow-up stages have been carried out. The
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FIG. 12. Maximum 2F values recovered from the second-
stage MCMC follow-up for each of the 1,997 candidates. No
outlier exceeds the detection threshold.

follow-up phase of the search concludes with no candidate
consistent with an astrophysical CW source.

VIII. DISCUSSION

This analysis is the first large-scale application of the
fasttracks pipeline [(2, [89], designed to compute de-
tection statistics with GPU acceleration using SFT-type
data. To address the large parameter space of the search,
we used a novel box-based partitioning strategy also in-
troduced in [72], in which each parameter-space par-
tition, or box, is analyzed independently. This novel
partitioning makes post-processing more straightforward,
since contaminated boxes can be vetoed and candidates
from each box followed up independently. Whereas pre-
vious searches required clustering strategies to filter large
numbers of candidates and group those likely originating
from the same source, our approach achieves comparable
reduction in a simpler manner.

A two-step search approach has been used, with a
Hough number count filter in the first step to prioritize
candidates showing persistent power accumulation. Us-
ing the O4a lines list, frequency bands were checked for
line contamination and those with more than 2000 can-
didates and known line contamination were vetoed.

The surviving 27.14% of candidates after the known
lines veto were analyzed using an MCMC follow-up
method using the PyFstat package [97HI00] and Teon =
12 h. These candidates were checked to determine if their
high statistical values were due to prominence-crossing
behavior. Those deemed as not prominence-crossing
(8%) were re-analyzed with a second stage follow-up,
which concluded the search with no candidates consis-
tent with astrophysical CW sources.

To evaluate the sensitivity of our search, we conducted
injection campaigns across all frequency regions, as de-
scribed in Sec. [VIl From these studies, we derived the
95% confidence strain amplitude sensitivity h85%, com-

13

puted from the estimated sensitivity depths and the noise
power spectral density shown in Fig. The result-
ing sensitivity curve is presented in Fig. [[3] The best
performance was achieved at 199.9 Hz, with th% =
(1.62 £ 0.3) x 10725, corresponding to an improvement
by a factor 1.5 compared to the lowest amplitude ob-
tained by the previous BinarySkyHough search on O3a
data [63]. This improvement over the O3a results is con-
sistent with the expectations given the improvement in
search sensitivity shown in Fig. [I] and longer observing
times plus the improvement in sensitivity depth shown in
Fig.[6l These estimates are not applicable to the vetoed
frequency ranges listed in Table As in [61], the re-
ported sensitivities are valid for eccentricities below the
maximum value defined in Eq. , above which the signal
track would deviate by more than one frequency bin.

Fig.|14]illustrates the astrophysical reach of this search
(in black) derived from the estimated h3°” sensitivities
and its comparison with the O3a BinarySkyHough search
results [63] (in red). The figure shows the distance range
(in kiloparsecs) at which NSs with various ellipticities
€ could be detected, assuming the canonical moment of
inertia I, = 103 kg-m?. The shaded regions indicate
values excluded by being larger than the maximum spin-
down used in this search (see Eq. )

Fig. [T translates these sensitivity results into con-
straints on the NS ellipticity €, assuming sources are lo-
cated at fixed distances. For sources within 1 kpc, the
ellipticity can be constrained to below 10~ across the
majority of the analyzed band (above 130 Hz). These
limits begin to probe astrophysically interesting regimes:
theoretical expectations for the maximum ellipticity of
realistic NSs range from ~ 1076 to 10~7 for conventional
nuclear equations of state, up to ~ 10~° for more extreme
or exotic configurations [4] [107].

Using the ATNF pulsar catalogue [I5], we find that of
the 3,473 known pulsars, 715 lie within 2 kpc of Earth,
282 within 1 kpc, and 117 within 0.5 kpc. Of these,
151, 66, and 16, respectively, are in binary systems. This
confirms that the sensitivity region of our search over-
laps with a non-negligible fraction of the known pulsar
population, including binaries. Moreover, restricting the
nearby binaries to orbital periods between 7 and 15 days
and projected semi-major axes between 5 and 15 light-
seconds, we identify 17, 8, and 1 such systems within
2 kpc, 1 kpe, and 0.5 kpc, respectively. These are a
relative small number of known pulsars probed by the
search. Nonetheless, only a small fraction of the Galactic
NS population is observable as radio or gamma-ray pul-
sars [68,[59], with population synthesis models predicting
orders of magnitude more NSs than those currently de-
tected. Consequently, our sensitivity may overlap with
a much larger, presently unseen NS population, includ-
ing systems with properties favorable for the emission
of CW. Thus, this search directly probes the parameter
space occupied by several known binary pulsars, as well
as potentially a much larger population of undetected
NSs.
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FIG. 13. Estimated 95% strain amplitude sensitivity h85% derived from the sensitivity depths in Table using the inverse
square root of the averaged PSD. Comparison between the O3a BinarySkyHough search results [63] (in red), and the results of

this present search (in black).
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FIG. 14. Estimated distance reach for sources emitting at
h3%”, based on the sensitivity of the search. Shaded regions
indicate distances excluded by the limit imposed by the max-
imum spindown used in the analysis. Comparison between
the O3a BinarySkyHough search results [63] (in red), and the
results of this present search (in black).

IX. CONCLUSION

We have conducted an all-sky search for continuous
gravitational waves from neutron stars in binary sys-
tems using data from the first part of the fourth LIGO-
Virgo-KAGRA observing run. The search covered the
frequency range from 100 to 350 Hz, targeting systems
with projected semi-major axes between 5 and 15 light-
seconds and orbital periods between 7 and 15 days.

This work represents the first large-scale application
of the fasttracks pipeline. We analyzed O4a data with
a two-step procedure: a first Hough number count filter
to identify persistent candidates, a second step comput-
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FIG. 15. Corresponding equatorial ellipticities estimated
from the h85% sensitivity, assuming a canonical NS moment
of inertia I,, = 1038 kg»mz. The shaded regions are excluded
by the maximum spindown constraint. Comparison between
the O3a BinarySkyHough search results [63] (in red), and the
results of this present search (in black).

ing weighted normalized power, followed by an MCMC
analysis with extended coherence time follow-ups with
PyFstat. Vetoes of line-contaminated bands reduced
the candidate set, however, no signals consistent with
astrophysical continuous waves were found. Sensitiv-
ity estimates from extensive injection campaigns show
a minimum detectable amplitude of h85% (1.62 £
0.3) x 10725 at 199.9 Hz, representing a 1.5-fold improve-
ment over the lowest amplitude achieved by the previous
BinarySkyHough search on O3a data [63].

The achieved sensitivity covers binary parameters and
spin frequencies consistent with those of many known bi-
nary pulsars within a few kiloparsecs, as well as with a



potentially much larger unseen neutron star population.
Constraints on the ellipticity of nearby sources reach be-
low 1072, entering the regime predicted by some nuclear
equations of state and more exotic neutron star mod-
els. The non-detection of continuous gravitational waves
at O4 sensitivity imposes strong constraints on neutron
stars with exotic compositions within the distance reach
of the sources.

Looking ahead, upgrades to the global network of
terrestrial gravitational-wave detectors are expected to
deliver enhanced strain sensitivity, extended frequency
coverage, and longer observing baselines in upcoming
observing runs, more so with third-generation detec-
tors such as the Einstein Telescope [I08] and Cosmic
Explorer [I09]. These advancements will increase the
chances of detecting CW signals and improve constraints
on the galactic neutron star population. Complementary
progress will come from next-generation pulsar timing fa-
cilities, such as the Square Kilometre Array [I10], which
will expand the known pulsar population and improve the
measurement, of their evolution, thereby providing valu-
able priors and targets for gravitational-wave searches.
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Appendix A: Parameter-space Partitioning

To estimate the number of templates required to cover
a given region of parameter space, we begin with the
resolution steps JA[k] given by Eq. along each of the
parameters in A = {fo, 7, ap, 2, ép}. The total number
of templates within a volume AN is given by

N (AN) :/

AX

dAp(A) (A1)

where the local template density, p (A), is defined as [72]

D
=11 S (A2)

where k is the running index over the search parameters,
up to D = 6 in this case.

In order to sample the templates, we perform a coor-
dinate transformation from the physical parameter space
A to a uniform template space &, in which the template
density is constant. This is achieved by applying the
transformation

dA\p(A) =d§ & p(§) =1 (A3)
which we use to derivate the following relations between
the coordinates in the physical and uniform parameter
space

01/6
€0] ==—1o
¢[1] =C"%a
£[2] =C*sin§
1/6 (A4)
€3 =3
e =<
¢[5] =C",

with C = T¢apTobs(v/c)? (more details can be found
in [72)).

In this transformed space, templates are generated by
uniform random sampling over the search region. These
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samples are then mapped back to the physical parame-
ter space A using the inverse transformation as described
in [72]. As a result, the sampling in A automatically fol-
lows the required non-uniform density p(\).

The number of templates in a volume region A¢ in the
uniform space is simply

D
N(AN) = /A 5 d¢ = [ a¢lk). (A5)
k=1

To construct the boxes, the algorithm used is as fol-
lows:

We begin by estimating the number of sky templates
required due to the Doppler modulation induced by
Earth’s motion. This number depends on the frequency
and the resolution of the sky grid, and is given by

1

Nay =
v sky 5Sky

=4 (f(]TSFT%)Q (A6)

We then divide the sky into smaller patches so that each
sky patch contains a fixed number of templates. We chose
for each sky patch a small number of templates, =~ 9,
in order to ensure that all templates in one box were
spatially close to each other. Hence, the total number of
sky boxes is

Bsky = N;ky .

(A7)

We split both sky coordinate parameters into the same
number of subdivisions,

Ba,siné = round (\/ Bsky) »

and then calculate the number of templates assigned to
each sky box

(A8)

Npcr sky box = /\B(tQL%I(Q' (Ag)
a,sin &

where O is the oversampling factor for a given frequency
band and MN;ia the total amount of templates in the
frequency band, computed using Eq. . The amount
B, sins per band is increased in discrete steps according
to the increasing frequency (see Eq. . We start at
100 Hz with 122 sky boxes ending with 422 at 350 Hz.

We also tune the number of subdivisions in the fre-
quency and binary parameters so that each box contains
approximately 10% templates. This limit was enforced by
the maximum number of templates that we were able to
process at the same time in parallel in a modern NVIDIA
A100 Tensor Core GPU as described in [72]. Maximizing
the number of templates to be processed for the efficient
use of GPU resources.

Hence, we partition the following three parameters:
frequency fo, projected semi-major axis a,, and or-
bital frequency €2, into an equal number of subdivisions
(Bj, = Ba, = Ba = Byya,,0) The quantity By, .,



per frequency band is illustrated in Fig. Addition-
ally, orbital phase parameter ¢y, is not subdivided, it is
sampled over its full physical range within each box. The
total number of boxes is

Biotal = Bi,sinéB;O,ap,Q? (A]‘O)
and number of templates per box is
No al O No al O
Nbox = total = 5 ot g (All)
Biotal Ba,sin 5Bf0,ap,Q

As a consequence, the division of these three parameters
is done according to

(A12)

NiotalO
Bfmap,ﬂ = round ( 3 total 7

NbOXBi,sin S
per each 0.125 Hz band, where Mo = 102,

We ensured that boxes were sufficiently small, in or-
der to avoid that possible contaminations in one of them
affected a large region in parameter space, by defining
a minimum of 10* boxes per frequency band: if the re-
sulting Mpox from Eq. is less than 10%, we further
subdivided the frequency and binary parameter space by
incrementing By, 4,0 according to

B, :
Bfo,ap,Q — ’73 2m1n

a,sin &

(A13)

The total amount of boxes per frequency band is illus-
trated in Fig. [3, and the number of templates per box in

Fig. [I7

Appendix B: Fitting Sensitivity Estimation

In this appendix, we describe the procedure used to
estimate the search sensitivity shown in Sec. [Vl Our
goal is to quantify the amplitude of CW signals that
the search could detect with 95% efficiency across dif-
ferent frequency bands. This is done by performing a
large number of signal injection studies and analyzing
their recovery.

After separating detected and non-detected injections,
we construct efficiency-versus-depth curves by using six
different sensitivity depths. For each depth D, the detec-
tion efficiency F is defined as the fraction of successfully
detected injections out of the total N performed (500
for each sensitivity depth). Its statistical uncertainty is
assigned as

E(1-E)

0F = N

(B1)
the standard error of a proportion when counting suc-
cesses in a set of independent trials.

To extract the sensitivity depth corresponding to 95%
detection efficiency (D?°%), we fit a sigmoid function to
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T T
100 150 200 250 300
Frequency [Hz]

FIG. 16. Number of subdivisions in the intrinsic frequency
fo, projected semi-major axis ap, and orbital frequency €2 di-
mensions per 0.125 Hz frequency band. The lettered regions
(A-E) correspond to the frequency intervals defined in Ta-
ble [ Four major transitions can be observed, with different
oversampling factors. The first two drops in the number of
subdivisions (near 100 Hz and between 170-200 Hz) are due
to the enforcement of a minimum total number of 10% boxes.
The drop at 170 Hz is due to a change in oversampling. At
174 Hz there is another increase because the amount of tem-
plates per box is above 1.5 x 10%, hence, another subdivision is
added to round the number closer to 10%. The sharp increase
beyond 300 Hz is instead driven by the 10% templates-per-
box criterion.

1
100 150 200 250 300
Frequency [Hz]

FIG. 17. Number of templates per box Npox as a func-
tion of frequency. The white dashed line marks the target
threshold of 10® templates per box. The five lettered regions
(A-E) match the frequency intervals defined in Table |[II} The
sawtooth pattern arises due to rounding of box counts and
the adaptive balancing of box size to the minimum amount
of boxes and templates per box criteria as shown in Fig.

the efficiency-versus-depth data. The fit is performed
using the curve_fit function from SciPy [I11], with the
form

1

D;a,b) = ——=——
B e ()

(B2)

where a and b are shape parameters. The 95% sensitivity
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FIG. 18. Example of 95% sensitivity depth interpolation at
105.75 Hz (Region A, oversampling = 4.0, threshold ¥y >
7.0). Circles indicate injection results, the black line shows
the sigmoidal fit, and shaded bands represent 1, 2, and 3¢
confidence intervals. The star denotes the estimated D%
with its o uncertainty.

depth is given by the value of D for which S(D;a,b) =
0.95.

The uncertainty in the sigmoidal fit is propagated from
the covariance matrix C' as

28\ ? 95\ 2 28 08
os(D) = \/(8@) Caa + (8b> Cry, + 2%%(]@1)7

(B3)
and the error in the D?5% is done by bisecting the curves
defined by S(D;a,b) + 0g(D) with E = 0.95.

In Fig. we show a representative example of the
efficiency curve fit used to estimate the 95% sensitivity
depth, D% and its error. The 95% depth and its o
uncertainty are extracted from the fit and indicated with
a star.

Appendix C: Vetoed frequency ranges

The total contaminated frequency range surrounding
a line is given by

fcontaminatcd - flinc + (Aflinc + fwings) ) (Cl)

where A fline is the width towards each side of the line
(left width towards lower frequencies and right width to-
wards higher ones), and fwings accounts for the maximum
Doppler excursion, computed as

v
fwings = fline (E + apQ> .

We provide in this appendix Table [VI, which contains
a list of the frequency ranges which have been vetoed
as described in Sec. [V] The contamination range caused
by each line has been calculated using Eq. (C1)). Out-
liers from the search in these ranges have been vetoed
and have not been followed up in the stage discussed in

Sec. [VII

(C2)
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Appendix D: Outlier follow-up setup
1. First-step follow-up setup

For the follow-up first stage, we employ 300 walkers
with 300 steps per walker. This setup is not expected to
achieve full convergence of the MCMC chains. Nonethe-
less, it is sufficient for our purpose of identifying promis-
ing candidates. Better convergence of the MCMC chains
is expected to take place if further stages in case a CW
signal is detected.

We also add two additional frequency-evolution param-
eters to be searched over. The first one is the orbital ec-
centricity e. Due to considering non-zero eccentricities,
the full frequency-evolution equation for the CW signal
is [61]

7 ()

FtN) = f0{1 - ap§2<cos [ (£ — tase)]

+ecos w+ 2Q (t — tasc)] ) } (D1)

The addition of eccentricity necessitates also the inclu-
sion of the argument of periapsis w. Furthermore, the
first stage is done with the time of periastron passage ¢,
instead of the time of ascending node t,g, since this is
the search parameter implemented in the MCMC using
PyFstat package [97HI00]. These two are related through

w

tasc - tp - 5, (D2)
where the orbital phase ¢y, can be calculated as
op = Nt age. (D3)

The priors used for this stage are uniform over intervals
centered on the candidate parameters. The size of these
prior regions is determined by the resolution Eq. ,
. Specifically, the frequency fy is taken within £1.5
resolution intervals, the sky position (o, ¢) and the or-
bital period P within +3 resolution intervals, where the
orbital period resolution is given by

B P25Q
o

opP

(D4)

The projected semi-major axis a, prior is within +1 res-
olution interval, the orbital phase reference time ¢, is
allowed to vary over the full orbital period, while the ar-
gument of periapsis w spans the full range [0, 27]. The ec-
centricity e is drawn from the range [0, e™2*], where ™
is the maximum value to which the search is sensitive,
given by Eq. . When the resulting prior boundaries
extend beyond the physical limits of a parameter, such
as 0 exceeding 7/2, they are truncated to ensure that no
samples fall outside.



2. Second-stage follow-up setup

In the second stage, both the coherence time and the
priors are modified. The higher coherence time makes
the parameter-space “peak” of the signal higher and nar-
rower. For that reason, the priors are also modified with
smaller intervals. One additional parameter, the possible
spindown or spin-up of the signal, |fp], is also added to
this stage.

As shown in [I06], the coherence time for stage j is
given by

T(J) —Nﬁ/DT(O)

coh coh’

(D5)

where we take NV, = 10® as in [106], D is the number

of resolvable parameters, and TC((?})I is the coherence time

used in the first stage (12 hours). For the second stage,
the additional parameter of the frequency spindown fo
is introduced, increasing the number of dimensions to
D = 9. This gives a second-stage coherence time of ap-
proximately 26 hours, corresponding to Ngeg = 219 seg-
ments (down from Ny, = 474 in the first stage).

In the second stage, the priors are Gaussian distribu-
tions centered on the candidate values recovered from the
first stage, with narrower widths than those used previ-
ously. These gaussian priors allow for the exploration be-
yond the expected location if the true signal lies slightly
further away. Specifically, the frequency fy has a Gaus-
sian width of §fy/6, right ascension « a width of da/3,
and declination § a width of §6/3. The projected semi-
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major axis a, is assigned a width of da,/9, the orbital
period P a width of §P/3, the time of ascending node t,
a width of 5dt,/3, the eccentricity e a width of de/9, and
the argument of periapsis w a width of dw/9. The spin-
down | f0| is instead given a uniform prior between mi-
nus the maximum and the maximum spindown for which
the search remains sensitive, given in Eq. 7 allowing
both positive (spin-up) and negative (spindown) values.
When the Gaussian support extends beyond physical lim-
its, such as when the center + ten times the width falls
outside the allowed physical or search ranges, the prior
is replaced with a uniform distribution covering only the
physically valid region.

These prior widths ensure that roughly 99.7% (30) of
the initial walker distribution lies within one-third of the
prior volume used in the first stage. The resolution for-
mulas for the additional parameters introduced in this
stage are

1

Otasc = T . 02 D6
Tser foap2? (D6)

1
je= — D7
Tspr foay (B7)

1
ow=—"——. D8
Tsrr foapSle (D8)

The sampler configuration is kept consistent with the first
stage, using the ptemcee algorithm with 300 walkers and
300 steps per walker.
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(115.269, 115.329)
(123.134, 123.279)
(126.213, 126.418)
(129.678, 129.745)
(131.542, 131.610)
(134.111, 134.181)
(136.525, 136.595)
(140.511, 140.583)
(142.504, 142.577)
(146.141, 146.217)
(149.628, 149.706)
(152.784, 152.863)
(155.513, 155.594)
(159.427, 159.686)
(162.929, 163.013)
(166.254, 166.339)
(169.984, 170.071)
(174.012, 174.102)
(183.988, 184.082)
(187.659, 187.755)
(191.746, 191.845)
(195.332, 195.434)
(198.909, 199.143)
(201.721, 201.825)
(205.926, 206.032)
(209.733, 209.841)
(213.913, 214.023)
(217.551, 217.663)
(220.873, 220.986)
(224.997, 225.113)
(229.430, 229.548)
(232.755, 232.875)
(236.796, 243.061)
(246.268, 246.559)
(250.489, 250.618)
(254.087, 254.262)
(259.069, 259.248)
(262.681, 262.816)
(266.006, 266.143)
(269.956, 270.095)
(273.765, 273.905)
(277.336, 277.479)
(281.523, 281.668)
(285.640, 285.787)
(289.282, 289.430)
(294.824, 294.975)
(304.799, 304.955)
(309.232, 309.391)
(314.637, 315.474)
(319.207, 319.371)
(323.641, 324.060)
(328.818, 329.045)
(332.140, 332.310)
(336.941, 337.295)

TABLE VI. Vetoed frequency ranges due to known instrumental artifacts.
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