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Abstract

We present results from directed searches for continuous gravitational waves from a sample of 15 nearby
supernova remnants, likely hosting young neutron star candidates, using data from the first eight months of the
fourth observing run (04) of the LIGO-Virgo-KAGRA Collaboration. The analysis employs five pipelines: four
semicoherent methods—the Band-Sampled-Data directed pipeline, Weave, and two Viterbi pipelines (single- and
dual-harmonic)—and PyStoch, a cross-correlation-based pipeline. These searches cover wide frequency bands
and do not assume prior knowledge of the targets’ ephemerides. No evidence of a signal is found from any of the
15 sources. We set 95% confidence-level upper limits on the intrinsic strain amplitude, with the most stringent
constraints reaching ~4 x 10~ near 300 Hz for the nearby source G266.2—1.2 (Vela Jr.). We also derive limits
on neutron star ellipticity and r-mode amplitudes for the same source, with the best constraints reaching <10’
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and <10, respectively, at frequencies above 400 Hz. For frequencies above 200 Hz, these results represent the
most sensitive wide-band directed searches for continuous gravitational waves from supernova remnants to date.

Unified Astronomy Thesaurus concepts: Neutron stars (1108); Supernova remnants (1667); Gravitational waves

(678); Gravitational wave astronomy (675)

1. Introduction

Continuous gravitational waves (CWs) are long-duration,
nearly monochromatic signals expected from nonaxisymmetric,
rapidly rotating neutron stars (NSs). While transient gravitational
waves (GWs) have been directly detected from numerous
compact binary mergers (B. P. Abbott et al. 2019a; R. Abbott
et al. 2021a, 2023, 2024, 2025; S. Olsen et al. 2022; A. H. Nitz
et al. 2023), CWs remain undetected. These signals arise from
time-varying mass quadrupole moments caused, for example, by
small deviations from perfect axial symmetry in a spinning NS.
Even minor imperfections in the star’s spherical shape can
generate CWs. However, such signals are expected to be several
orders of magnitude weaker in amplitude than those from
mergers (see K. Riles 2023; K. Wette 2023; O. J. Piccinni 2022
for recent reviews). Detecting CWs would represent a major
breakthrough in astrophysics, offering direct insights into NS
structure and dynamics. This includes constraints on asymmetries
and crustal deformations, the equation of state of ultradense
matter, energy loss mechanisms, and magnetic field configura-
tions (see, e.g., M. Sieniawska & M. Bejger 2019; B. Haskell
et al. 2022; F. Gittins 2024; B. J. Owen 2026 for reviews).
Moreover, CW observations could uncover hidden NSs or
pulsars, invisible to traditional astronomical searches, which often
rely on detecting electromagnetic pulsations. A GW detection
provides an independent channel to reveal these hidden objects,
expanding our view of the Galactic NS population. Though no
CW detections have yet been reported, current searches are
yielding significant upper limits on strain amplitude, ellipticity,
and r-mode oscillation amplitudes. These limits are guided by
theoretical predictions of r-mode behavior and relativistic
frequency estimates from models of NSs with realistic equations
of state (e.g., W. C. G. Ho & D. Lai 2000; A. Idrisy et al. 2015).

As such, young core-collapse supernova remnants (SNRs),
known or expected to house NSs, represent excellent targets
for the search for CWs. In the absence of pulsations, an NS
may manifest itself as a central compact object (CCO) detected
in X-ray wavelengths near the center of its hosting SNR, and
typified by the NS discovered by the Chandra X-ray
Observatory (CXO) in the young SNR Cassiopeia A (Cas A;
G. G. Pavlov et al. 2000; A. De Luca 2017). Other
manifestations of young NSs include a pointlike source
powering a pulsar wind nebula (PWN), the synchrotron
bubble inflated by the relativistic wind of the NS as it interacts
with its surrounding SNR or interstellar medium, and typically
observed in radio and/or X-ray energies (see, e.g., B. M. Gae-
nsler & P. O. Slane 2006). Young NSs typically spin down
rapidly due to strong electromagnetic and GW torques (B. Kni-
spel & B. Allen 2008), complicating long-duration CW
searches. Previous continuous GW searches for SNRs have
employed various strategies with different trade-offs. Interest-
ing sources like Cas A and SNR 1987A were targeted for the
first time in the fifth science run of initial LIGO (J. Abadie
et al. 2010; L. Sun et al. 2016), while other results for
SNR 1987A can be found in the more recent O2 (B. J. Owen
et al. 2022) and O3 (B. J. Owen et al. 2024; C. Salvadore et al.

10

2025) searches, which used data from the second and third
Advanced LIGO-Virgo observing runs, respectively. Other, more
extensive searches, including additional targets along with Cas A,
were performed in S6 (J. Aasi et al. 2015a) and O1-02
data (B. P. Abbott et al. 2019b; J. Ming et al. 2019; L. Lindblom
& B. J. Owen 2020; M. Millhouse et al. 2020; M. A. Papa et al.
2020; J. Ming et al. 2022). Searches in O3 data (R. Abbott et al.
2021b, 2022a; J. Wang & K. Riles 2024), were characterized by
being the broadest and most extensive performed to date
(including a set of 15 sources in R. Abbott et al. 2021b),
reaching sensitive results for the well-known sources Cas A and
Vela Jr. in the most sensitive frequency range (J. Wang &
K. Riles 2024). Competitive results were achieved by the latest
deep searches performed wusing the Einstein@Home
project (J. Ming et al. 2024, 2025; J. Morales et al. 2025). In
particular, J. Ming et al. (2025) reported a ~27% false alarm
probability candidate surviving for the source G347.3-0.5, which
is also analyzed in this work by three of our pipelines. However,
we did not find any compatible candidate using the search
configurations adopted here. Previous results from the same
project can be found in J. Ming et al. (2019), M. A. Papa et al.
(2020), and J. Ming et al. (2022).

In this search, we apply five search pipelines to look for
CWs from 15 young to middle-aged (i.e, < 10° yr) SNRs using
data from the O4 run of the LIGO-Virgo-KAGRA collabora-
tion. In particular, only the first eight months (O4a, beginning
on 2023 May 24 and concluding on 2024 January 16) of data
from LIGO Hanford and LIGO Livingston detectors were
analyzed. All these pipelines were previously used in O3 or
O3a analysis (R. Abbott et al. 2021b, 2022a; C. Salvadore
et al. 2025). These include the directed Band-Sampled-Data
(BSD) pipeline (O. J. Piccinni et al. 2018), the single-harmonic
Viterbi (SHV) and dual-harmonic Viterbi (DHV) methods
(L. Sun et al. 2018, 2019), and the Weave (K. Wette et al.
2018) semi-coherent searches, as well as the cross-correlation
analysis by PyStoch (A. Ain et al. 2018). Together, the
pipelines provide complementary parameter-space coverage
and sensitivity to different emission scenarios.

The paper is organized as follows. Section 2 describes the
SNR targets and their astrophysical properties, while in
Section 3, we briefly discuss the signal models used in this
search. Section 4 outlines the search methods and parameter
space explored. Section 5 presents the results, including
upper limits and astrophysical implications. Conclusions
are summarized in Section 6. Appendices A-E detail
technical information on the pipelines, the candidate’s
follow-up and postprocessing, and the procedures used to
set upper limits for BSD, PyStoch, SHV, DHV, and Weave,
respectively.

2. Targets
2.1. Methodology

The SNR targets, summarized in Table 1, are selected from
the Green catalog of radio SNRs (D. A. Green 2025) and
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Table 1
List of 15 SNRs in This Work in Ascending Order of Galactic Longitude (for Galactic Remnants), and Associated CCOs or PWNe
Source Compact Object or PWN Association Age Distance  R.A. Decl. Pipeline
(deg:arcmin:
(kyr) (kpc) (hh:mm:ss)  arcsec)
G1.9+0.3 0.15-0.22  8.34-8.5 17:48:46.9 —27:10:16 SHV
G15.940.2 CCO CXOU J181852.0—150213 1-3 5-16 18:18:52.1 —15:02:14 SHV
G18.9-1.1 PWN, CXOU J182913.1-125113 2.8-6.1 1.6-4.7 18:29:13.1 —12:51:13 DHV, SHV
G39.2-0.3/3C 396 PWN, CXOU J190404.7+052711.8 4.7-52 6.2-9.5 19:04:04.7  5:27:12 BSD, DHV, SHV
G65.7+1.2/DA 495 PWN, CXO J195217.04 +292552.5 3-155 1-3.6 19:52:17.0  29:25:53 BSD, DHV, SHV
G93.34+6.9/DA 530 PWN candidate, CXOU J205214+4-551722  3.2-7 44-83 20:52:14.0  55:17:22 BSD, DHV, SHV
G111.7-2.1/Cas A CCO CX0UJ232327.94584842 0.32-0.35  3.3-3.7 23:23:27.9  58:48:42 SHV,PyStoch,
Weave
G189.1+3.0/IC 443 PWN G189.234+2.90 3-30 0.7-2.0 06:17:05.3  22:21:27 BSD, DHV, SHV
G266.2—1.2/Vela Jr. CCO CXOU J085201.4—461753 24-5.1 0.5-1.3 08:52:01.4  —46:17:53 BSD, DHV, SHV
PyStoch, Weave
G291.0—-0.1/MSH 11-62 PWN G291.02—0.11, CXOU J111148.6 1.3-10 3-10 11:11:48.6  —60:39:26 BSD, SHV
—603926
G330.2+1.0 CCO CXOU J160103.1—-513353 1-15 5-10 16:01:03.1 —51:33:5 BSD, SHV
G347.3-0.5/ CCO 1WGA J1713.4-3949 - 0.9-1.1 17:13:28.3 —39:49:53 SHV.PyStoch,
RX J1713.7-3946 Weave
G350.1-0.3 CCO candidate XMMU J172054.5-372652  <0.7 4.5-9 17:20:54.5 —37:26:52 SHV
G353.6-0.7 CCO XMMU J173203.3-344518 2.4-27 2.4-6.1 17:32:03.3 —34:45:18 BSD, DHV, SHV
G279.7-31.9/SNR 1987A NS or PWN 0.038 50 05:35:28.0  —69:16:13 PyStoch

Note. All are Galactic SNRs except for the last source, SNR 1987A, in the Large Magellanic Cloud. The first source, G1.940.3, is commonly believed to be a Type
Ia SNR; however, it was included given the uncertainties in SNR classification and given that it is the youngest known SNR in the Milky Way galaxy. R.A. and decl.
are in J2000 coordinates. CXOU (XMMU) refers to J2000 coordinates of the associated NS candidate source detected in X-rays with Chandra (XMM-Newton). All 5
pipelines were applied to the Vela Jr. SNR (G266.2—1.2); whereas for the other SNRs, only selected pipelines were applied. See Section 2 for details.

SNRcat, the online high-energy catalog of SNRs hosted by
the University of Manitoba®** (G. Ferrand & S. Safi-H-
arb 2012), with their distance and age estimates regularly
updated. The youngest objects in this sample are considered to
be among the most promising candidates for CWs since their
expected high spin-down implies a potentially large energy
budget for radiation in GWs.

The target selection is primarily based on a sample of core-
collapse SNRs known to host isolated NSs or NS candidates.
Their position has been inferred from the presence of a PWN
or a pointlike X-ray source (a CCO or CCO candidate), both of
which are located within or near the center of their hosting
SNRs. The embedded NS candidates have not yet been
discovered as pulsating sources, and as such, we do not know
their characteristic ages. However, their ages are estimated
from their hosting SNRs.

A CW search in the ~10 Hz-2 kHz (the sensitive range of
Earth-based interferometer detectors) would reveal indirectly
the presence of objects with spin periods in the ~1-200 ms
range since the CW frequency is (depending on the emission
mechanism) approximately twice the spin frequency of the
hidden star, and does not typically exceed that value (see
Section 3). Such a search could help reveal the fastest and
youngest spinning NSs. This range of rotation period values
overlaps with the known pulsation periods of many young
rotation-powered pulsars, as well as that of the three known
pulsars in the CCOs family (with spin periods of 105, 112,
and 424 ms; E. V. Gotthelf et al. 2013).

322 hip: //snrcat.physics.umanitoba.ca
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2.2. Target List and Comparison to O3a

The list of targeted SNRs is essentially the same as that
chosen for O3a (R. Abbott et al. 2021b), with some updates
summarized next. First, SNR 1987A (G279.7—31.9) was
added, given it is believed to have now entered the remnant
stage (i.e., the supernova blast wave is interacting with the
circumstellar medium; A. P. Ravi et al. 2024) and shows
evidence of a long-sought compact object or another powering
engine (E. Greco et al. 2021; C. Fransson et al. 2024). This
is also the youngest and only target in our sample with a
well-known age and distance (being located in the Large
Magellanic Cloud).

The previously considered target, G354.44-0.0 (also known
as G354.46+0.07), is removed from our O4a list since it is no
longer believed to be an SNR, but rather an H II region
(N. Hurley-Walker et al. 2019). G1.9+0.3 is kept in our O4a
list despite it being commonly believed to be a type la remnant
(K. J. Borkowski et al. 2013). This is because a core-collapse
origin is not completely ruled out, given the SNR’s location
close to the Galactic center (e.g., S. P. Reynolds et al. 2008)
and the known uncertainties in typing young SNRs from X-ray
ejecta fits to nucleosynthesis yields (e.g., K. J. Borkowski
et al. 2013; C. Braun et al. 2023; C. Treyturik et al. 2026).
Being the youngest known Galactic SNR, G1.94+0.3 is
potentially a promising target for CWs search, which may
provide new insight into its nature.

Furthermore, the age and distance estimates shown in
Table 1 have been updated since O3a to reflect the values in
SNRcat (2025 version), including the most recent studies of
these objects. We note that for Vela Jr., our distance upper
limit is consistent with the most recent accurate distance
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measurement of 1.41  0.14 kpc (J. Suherli et al. 2026). These
estimates affect the search parameters differently for each
pipeline, as detailed in the following sections.

Of the 15 SNRs in Table 1, at least eight targets are searched
using three different pipelines, while the remaining SNRs are
searched using one or two pipelines. This is because each
pipeline covers different parts of the parameter space,
corresponding to slightly different assumptions of the
characteristic age of the system. Furthermore, two remnants,
G291.0—0.1 (MSH 11-62) and G330.2+1.0, already searched
for in O3a by the SHV method (see Section 4.4), are added as
targets in the BSD analysis (Section 4.2). G291.0—0.1 is a
plerionic composite (i.e., a composite type SNR harboring a
PWN) powered by a pulsar candidate (CXOU J111148.6
—603926), and G330.2+1.0 hosts an X-ray emitting CCO
(CXOU J160103.1—-513353). These are young to middle-aged
remnants of ages 1.3-10 kyr and 1-15 kyr, respectively.

3. Signal and Emission Models

A rotating NS with nonzero equatorial ellipticity has a time-
varying mass quadrupole moment and emits CWs. The
amplitude of this emission is determined by the star’s internal
structure, including factors such as the nuclear equation of state,
crustal rigidity, and magnetic field configuration (K. Glampeda-
kis & L. Gualtieri 2018). Young NSs, in particular, are expected
to retain relatively large deformations acquired at birth (B. Kni-
spel & B. Allen 2008), although these asymmetries typically
decay over time due to thermal, magnetic, and viscous
relaxation processes (P. Haensel et al. 1990; O. Y. Gnedin
et al. 2001; A. Y. Potekhin et al. 2015).

As the NS spins, it gradually loses angular momentum
through several mechanisms, including GW emission. This
energy loss causes a reduction in its spin (and GW) frequency,
which can be modeled as ***

o —=f", nzﬁ2 (1)

!

where the braking index n is a dimensionless parameter that
describes the physical mechanism driving the NS’s energy
loss. In practice, the spin-down evolution may be more
complex than the simple power-law behavior described by
Equation (1). The total energy loss may involve simultaneous
contributions from both gravitational and electromagnetic
(e.g., magnetic dipole) radiation. Some of the pipelines in this
search look for signals with braking indices in the 2-7 range,
as in J. Abadie et al. (2010), where the lowest n = 2 value is
compatible with the braking indices of nearly all known
pulsars (O. Hamil et al. 2015). In the case of spin-down
dominated entirely by mass quadrupoles GW emission (as in
the so-called gravitar scenario) n = 5, or n = 7 if the emission
arises from r-mode oscillations (C. Palomba 2005). For
magnetic dipole radiation, the braking index takes the value
n = 3. The age of the NS can be estimated as

IV N ) G I
(n — Of f; r<f (n—Df’

” Given the proportionality between the GW frequency and the star’s spin
frequency f,, we use f to denote either quantity in the formulae above. We will
specify the relation between the GW frequency and f, whenever it is needed.

)

tage =
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where f; is the spin frequency at birth. For older sources, where
f < f,, the expression is simply a function of fand £ for a fixed
braking index n.

The expected GW frequency depends on the emission
mechanism and the star’s spinning frequency f,: thermoelastic
or magnetic quadrupoles emit at f, or 2f, (G. Ushomirsky
et al. 2000; C. Cutler 2002; P. D. Lasky & A. Melatos 2013),
while r-modes emit at approximately 4f,/3 (N. Andersson
1998; B. J. Owen et al. 1998; S. Caride et al. 2019; A. Idrisy
et al. 2015; F. Gittins & N. Andersson 2023). Additional
contributions may arise from superfluid dynamics within the
NS, potentially leading to dual-harmonic emission scenarios
(fi + 2f,; D. 1. Jones 2010) or even to emission at higher-order
harmonics of the spin frequency (A. Melatos et al. 2015;
T. Cheunchitra et al. 2024). The dual-harmonic signal model,
with components at f, and 2f,, is given by (P. Jaranowski et al.
1998; L. Sun et al. 2019)

hai(2) = %ho(l + cos?1)sin? @ cos ®(7), 3)
ha () = hgcosusin? 0 sin®(z), 4
(@) = %ho sin 2t sin 26 sin ?, ®)

hy (1) = %ho sint sin 26 cos _@;t) , (6)

where ¢ is the source inclination angle, 6 is the wobble angle
between the star’s rotation axis and its principal axis of the
moment of inertia, and ®(7) is the GW phase (at 2f,) observed at
the detector.’** Standard CW searches target the simpler
“triaxial star, principal-axis” model (§ = 7/2), where the A,
terms vanish, leaving only the A, component at 2f,. The
measured detector strain is then h(t) = F (t;a, 6, P)hy (f) +
F.(t;a, 6, P)hyy (1), with F,, F, the antenna patterns for sky
location («, ¢) and polarization angle 1. The phase of the GW
signal is primarily determined by the intrinsic evolution of the
source’s spin frequency, characterized by its frequency and
derivatives (f, f ,f,...) at a chosen reference time f, (with
respect to the solar system barycenter):

O(t) = ¢, + 27 f(t—t)+£(t—t)2+i(t—t)3+

0 o+ 0 6 0t

(M

where ¢, is a constant phase. In addition to this intrinsic
evolution, the observed phase is modulated by Doppler
variations due to the relative motion between the source and
the detector, as well as by the relativistic Einstein and Shapiro
delays. In this search, we do not explicitly account for glitches;
we assume that none of the targets have glitched during the
considered observing time. We note that in addition to secular
spin-down, random spin variations (timing noise or spin
wandering) can affect the signal phase evolution (N. Namkham
et al. 2019; A. Parthasarathy et al. 2019; M. E. Lower et al.
2020), driven by complex internal and magnetospheric pro-
cesses (J. M. Cordes & G. Greenstein 1981; A. Melatos &

324 . . . .. I
Here, we do not consider the scenarios with emissions at additional

frequencies, e.g., when precession and triaxiality of the star are also
considered (M. Zimmermann & E. Szedenits 1979; C. Van Den
Broeck 2005; P. D. Lasky & A. Melatos 2013).
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Figure 1. Parameter space covered by each of the five pipelines for G266.2
—1.2 (Vela Jr.).
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B. Link 2014). These complications motivate the use of semi-
coherent methods (see Section 4), which coherently integrate
short data segments (of duration T,.,) and combine the results
incoherently across the full observing span. In the absence of
electromagnetic measurements of (f, f ,...), the maximum strain
hy™™ emitted by a rotating NS (assuming its spin-down is fully
dominated by GW emission) is inferred from the indirect, age-
based spin-down limit for a source located at a distance D
(K. Wette et al. 2008):

1/2
A = 227 x 10*24(1 kpc) Lor L ®)
D fage 103% kg m?

where I, is the NS’s moment of inertia.

4. Methods

This section briefly describes each of the five pipelines
applied in this search, the parameter space investigated, and
the emission mechanism considered. Pipeline details, along
with the description of the postprocessing of the selected
candidates, are reported in the Appendices. Each pipeline has a
different approach when selecting the parameter space for the
search. For comparison, we report in Figure 1 the values of the
frequency f and first-order spin-down/up f parameter spanned
by each search for Vela Jr., the only source targeted by all five
pipelines. The different (f, /) ranges covered by each pipeline
arise from the distinct choices of signal emission models
and from the computational constraints of each method,
as described in Sections 4.2-4.6. PyStoch and Weave
also include the second-order spin-down parameter in the
signal template as indicated in Appendices B.1 and E.1,
respectively.

4.1. Data

All the pipelines use data from the LIGO Hanford and
Livingston detectors (J. Aasi et al. 2015b) in this search. The
analysis covers the data collected between 2023 May 24, 15:00
UTC and 2024 January 16, 16:00 UTC—the period referred to
as O4a (D. Ganapathy et al. 2023; W. Jia et al. 2024;
A. G. Abac et al. 2025a; E. Capote et al. 2025; S. Soni et al.
2025). All the pipelines use data collected when the detectors
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are in the science observing mode (E. Goetz & K. Riles 2024).
The low-latency, cleaned, analysis-ready, calibrated data—
C00 frames (channel names: H1:GDS-CALIB STRAIN
CLEAN_ AR and L1:GDS-CALIB STRAIN CLEAN AR,
A. D. Viets et al. 2018; A. D. Viets 2019; L. Sun et al. 2020;
G. Vajente et al. 2020; LIGO-Virgo-KAGRA Collaboration
et al. 2025; M. Wade et al. 2025) have been used to generate
the different input files for each pipeline. All the inputs have
passed through a glitch-gating procedure (F. Acernese et al.
2009; O. J. Piccinni et al. 2018; D. Davis et al. 2024). The time-
domain BSD files, which are generated from the short fast
Fourier transform (FFT) database files (P. Astone et al. 2005), a
collection of short-time Fourier transform of duration 1024 s,
have been cleaned using a double-gating procedure described in
O. J. Piccinni et al. (2018) and F. Acernese et al. (2009).
PyStoch begins its analysis using folded Stochastic Intermediate
Data (SID), which are ultimately derived from the frames files.
The SID consists of cross-correlated spectra and cross-detector
noise estimates computed with a coherence time of 192 s and
frequency resolution of 1/32 Hz (A. L. Renzini et al. 2023).
These data are then folded into a single sidereal day, resulting
in the folded SID (A. Ain et al. 2018). The remaining pipelines
start their analyses from the 30 minute short Fourier transforms
(SFTs; LIGO Scientific Collaboration 2022). The SHV and
DHYV pipelines used the GO2 version of gated data (D. Davis
et al. 2024) while the Weave method used the earlier GO1
release, which had spurious gates near boundaries of buffered
data segments, a bug found to have negligible influence on
search sensitivity. The lists of instrumental artefacts used to
exclude some contaminated frequency bands are reported in
E. Goetz et al. (2024).

4.2. BSD

The BSD pipeline, adapted for the SNR case (O. J. Piccinni
et al. 2018; R. Abbott et al. 2021b), is a directed semi-
coherent search method based on the Frequency—Hough (FH)
transform (F. Antonucci et al. 2008; P. Astone et al. 2014a).
Previous applications of this pipeline targeting the Galactic
center during O2 and O3 are reported in O. J. Piccinni et al.
(2020) and R. Abbott et al. (2022b), respectively. In this
analysis, we target a subset of six sources, already searched
for by the same pipeline in O3a (R. Abbott et al. 2021b), with
the addition of two new targets: G291.0—0.1 and G330.2
+1.0. The full pipeline details can be found in R. Abbott
et al. (2021b) and references therein. The signal model used
in this search neglects the contributions from the second-
order spin-down parameter (assumed always to be contained
in a single jf) bin). The first-order spin-down range is defined
s —fue /tage < < 0.1f, /tage, With fo. the upper fre-
quency of each 10 Hz band. We search both negative and
positive spin-down to allow for possible spin-up scenarios.
When available, we use the youngest reliable age estimate for
each remnant from SNRcat’s 2025 version (G. Ferrand &
S. Safi-Harb 2012). The source age used in the search also
determines the range of second-order spin-down values that
must be covered. However, this range will be larger for higher
frequencies, determining de facto a limit on the maximum
frequency used in this search (see Appendix A). Conversely, if
the maximum frequency is fixed, the resulting second-order
spin-down range places a lower bound on the source age (see,
e.g., Equation (B2) of R. Abbott et al. 2021b). In this O4a
analysis, we set a maximum frequency of 600 Hz, which
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corresponds to a minimum source age of 3.8 kyr. The list of
targets and corresponding parameter-space configurations is
summarized in Appendix A.l.

4.3. PyStoch

The PyStoch pipeline (A. Ain et al. 2018) employs a
Python-based tool built on the radiometer method, typically
used to map the stochastic GW background across the sky. It
analyzes cross-correlated and folded data from the LIGO
Hanford and LIGO Livingston detectors in the [20—1726] Hz
band. A previous search using O3 data can be found in
C. Salvadore et al. (2025). In this search, PyStoch estimates
the optimal signal-to-noise ratio as a function of the frequency
for a specific sky location. This study focuses on four well-
known SNRs: SNR 1987A, Vela Jr., Cas A, and G347.3—0.5;
see Table 1. The explored parameter space for each target is
summarized in Appendix B.1. The lower and upper bounds
delineate the limiting cases of the physical scenarios being
analyzed, i.e.,

AT S P <7§,

6tage ' f

C))

tage
including the frequency distribution parameter in Equation (B1).

4.4. Viterbi (Single Harmonic)

The SHV method implements a hidden Markov model
(HMM) to efficiently track CW signals from NSs exhibiting
secular spin down and spin wandering (S. Suvorova et al.
2016; L. Sun et al. 2018). Previous searches targeting young
SNRs using this algorithm were conducted on Advanced
LIGO’s data from the second observing run (O2; M. Millhouse
et al. 2020; D. Beniwal et al. 2022) and the first half of the
third LIGO-Virgo—-KAGRA observing run (O3a; R. Abbott
et al. 2021b). In this analysis, we search for 14 targets. For a
given SNR with distance Dpi, < D < Dpyx  and  age
ligemin < lage < lagemax, We define the searchable parameter
space according to four criteria described in detail in
Appendix C.1.

4.5. Viterbi (Dual Harmonic)

The DHV method (L. Sun et al. 2019) is a semi-coherent
tracking algorithm designed to follow two frequency compo-
nents simultaneously, improving sensitivity to signals emitted
at both the stellar rotation frequency f, and its second
harmonic, 2f,. Other methods in this paper assume the
conventional signal model in which the GWs are emitted only
at a frequency twice the spin frequency of the star, 2f;. In
addition, we assume that the signal frequency evolution is
dominated by the star’s secular spin-down and approximated
by a negatively biased random walk. The star’s unknown spin-
down rate, which can vary over time, is covered in a range
between zero and the maximum allowed spin-down rate f*max,
determined by the search configuration (see Appendix D). The
list of targets and parameter space covered is given in
Appendix D.1. Two search configurations are used for
relatively older and younger targets. A minimum assumed
characteristic age of the target, 7,, is selected to be either 20
kyr or 5 kyr, based on the estimated ages of the remnants (see
Table 1). To mitigate the impact of noise artifacts, particularly
due to combining dual harmonics, we impose a lower-
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frequency cutoff at 50 Hz for f, in all targets. This avoids
contamination from instrumental lines that are more prevalent
at lower frequencies. The maximum frequency is set by the
selected tye, i€, fimax = | f*mxl(n — 1)tge. Assuming that the
spin down is dominated by gravitational radiation, we take
n =5 (L. Sun et al. 2018; R. Abbott et al. 2021b).

4.6. Weave

The Weave pipeline is a template-based, semi-coherent
search method based on the F-statistic (P. Jaranowski et al.
1998). The F -statistic computed for each segment analyzed is
proportional to the square of the signal amplitude hg,
maximized over /g, the unknown orientation angles ¢ and 1,
and the phase constant ¢. Thus, the search focuses on the
parameters governing the phase evolution in Equation (7). Due
to the high computational cost of template-based Weave
searches, we limit our search to Cas A, Vela Jr., and G347.3
—0.5 for GW signal frequency franges from 20 to 475 Hz. The
search ranges for frequency derivatives are defined by
assuming a power-law spin-down: f oc —f”, with a braking
index n ranging between 2 and 7. The maximum absolute
values of f and f at the lowest and highest search frequencies
are reported in Appendix E.1.

5. Results

We do not find any statistically significant candidates from
all our targets. All the candidates from each pipeline were
discarded after the postprocessing and follow-up procedures
described in Appendices A.2—-E.2. None of the candidates
surviving prior to the final steps and found with the reported
search configurations seems to resemble the one listed in
J. Ming et al. (2025). This may be expected, given the modest
false alarm probability of 27% reported for the candidate.
Nevertheless, to fully assess the nature of this candidate, more
investigations using a fully coherent method on the full O4
dataset are needed.

In each case, the most significant outliers are consistent with
instrumental artifacts or noise fluctuations. We report upper
limits on the GW strain amplitude A, for each target and
pipeline, including both single- and dual-harmonic models
where applicable. These results are summarized in Section 5.1
and demonstrate a marked improvement over previous
observing runs, particularly in frequency bands where the
sensitivity of the detectors was optimal. For several remnants,
the achieved upper limits surpass indirect spin-down con-
straints over wide frequency ranges. As discussed in
Section 5.2, the upper-limit curves are translated into the
ellipticity (i.e., the maximum degree of deformation the star
can sustain) and, for the case of an emission happening via -
modes, into the upper bound on the r-mode amplitude
parameter. Despite the nondetection, these results contribute
to valuable constraints by placing meaningful bounds on the
ellipticity and r-mode amplitude of the putative NSs. The
upper limits for all pipelines and targets, as well as the
notebook used to generate the plots, are available in Zenodo
(LIGO Scientific Collaboration, Virgo Collaboration, and
KAGRA Collaboration 2026).%%

325 DOI:10.5281 /zenodo. 19567772
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Figure 2. Upper Limits for the source G266.2—1.2 (Vela Jr.) obtained for the pipelines assuming the single-harmonic emission scenario. The dual-harmonic results

for the same source are shown in Figure 12.

5.1. Upper Limits

In the following, we report the 95% confidence-level upper
limits for each pipeline. These limits are obtained using
different approaches, including injection-and-recovery meth-
ods or semianalytic estimates that were spot-checked against
injections (see Appendices A.3-E.3). A common figure of
merit for quantifying search sensitivity is known as the
sensitivity depth D (B. Behnke et al. 2015; C. Dreissigacker
et al. 2018):

VSn(f)

95%
hqg

D(f) = (10)

where /S, (f) is an estimate of the effective strain amplitude
spectral noise density. This quantity is independently esti-
mated for each pipeline, as the input data used may differ
between methods. We quantify the sensitivity depth for each
pipeline.

In the following, we briefly describe the methodology used
to set these upper limits in each pipeline. As a reference, in
Figure 2, we report the results for Vela Jr., the only common
target among all the pipelines. We note, however, that DHV
results are not reported, as the interpretation of these upper
limits for a dual-harmonic scenario is not directly comparable
with that of a single-harmonic emission model. The upper limit
from the sources investigated by DHV can be found in
Figure 12, where the best Vela Jr. upper limit is 2.12 x 102
reached at 280 Hz.

BSD results. All the candidates surviving from the BSD
pipeline are consistent with noise fluctuations (see Appendix
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A.2), and no evidence of a CW is found in the LIGO O4a
dataset. Constraints on the GW strain amplitude are derived
using a semianalytical approach previously applied in
0. J. Piccinni et al. (2020) and R. Abbott et al. (2022b). We
corroborate the results by computing the 95% confidence-level
upper limits on A using artificial signals injected in randomly
selected 1 Hz subbands. Results for all the targets are reported
in Appendix A.3. For all the analyzed targets, the best strain
sensitivity exceeds the indirect limits even when assuming the
worst-case scenario (i.e., a very old source at the highest
distance, as shown in Table 1), except for G65.7+1.2 and
G330.2+1.0. When considering the best-case scenario,
corresponding to young and nearby sources, all the targets
exceed the indirect age-based limit for frequencies above
50 Hz, except in highly contaminated frequency bands.

The best achieved result at 95% confidence level is
hy = 5.94 x 1072® at around 250 Hz for the nearby source
Vela Jr. The sensitivity depth for Vela Jr. at 200 Hz is 59.1
Hz Y/ 2, while a maximum value of 81.8 Hz /2 is reached for
the lowest frequency band for the same source, as expected by
the use of a longer coherence time. The lowest sensitivity
depth among all targets at 200 Hz is achieved for G39.2—0.3
with 45.8 Hz ™'/,

PyStoch results. None of the candidates survived the two
follow-up procedures described in Appendix B.2. Subse-
quently, 95% confidence-level upper limits on the strain
amplitude are computed across a range of frequency resolu-
tions. The computation of the upper limits is performed within
a Bayesian framework, incorporating prior distributions over
relevant source parameters such as the inclination angle,
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polarization angle, and calibration uncertainty. The final result
is a marginalized posterior distribution for %y, from which the
upper limit at a given confidence level (e.g., 95%) is extracted.
The most stringent upper limits are obtained using the default
resolution of 1/32 Hz. The results for the whole frequency
band are reported in Appendix B.3. The best upper limits are
obtained using the default resolution, across the 20-1726 Hz
band for each target in O4a. As expected, the search sensitivity
degrades with increasing frequency bin combination; the
results obtained directly from the default bin resolution yield
tighter upper limits, while broader bin combinations are crucial
to improve the signal-to-noise ratio of a signal spread over a
broader frequency interval. The latter case, due to error
propagation, will still be worse than the case of a narrower
signal. The best upper limit is achieved for Vela Jr. at ~320
Hz, reaching 9.02 x 10~ 2°. We update the best upper limit on
the SNR 1987A reaching 9.83 x 10 2°, beating previous
results of B. J. Owen et al. (2024) and C. Salvadore et al.
(2025). The sensitivity depth for Vela Jr. at the best (worst)
frequency resolution is 36.5 (14.9) Hz /% The best sensitivity
depth at the best frequency resolution is achieved for Cas A at
1693 Hz with 41.6 Hz "'/ and for G347.3—0.5 at 1161 Hz
with 16.4 Hz~'/2, with the latter being too low to reach
the estimated strain of the candidate reported by J. Ming
et al. (2025).

SHYV results. All candidates surviving the veto steps of the
SHV pipeline are consistent with noise fluctuations, and no
evidence of CWs is found in the LIGO O4a dataset. None of
them survived the follow-up procedures described in
Appendix C.2. Constraints on the GW strain amplitude are
derived using a scaling relation described in Appendix C.3,
supported by numerical upper-limit calculations based on
software injections. The results are shown in Appendix C.3.
Across all analyzed targets, we state here the best upper limit
achieved at 95% confidence level hg°” = 6.14 x 10720 at
f = 164 Hz from G65.74-1.2. The best depth at 200 Hz across
all sources is 51.7 Hz~'/? (G65.741.2), while Vela Jr. reaches
a depth of 28.2 at the same frequency. The depth reached by
SVH is not enough to probe the candidate in J. Ming et al.
(2025). Furthermore, the search setup used for G347.3—0.5 is
not able to produce candidates with first-order spin-down
parameters compatible with the candidate.

DHYV results. Without finding evidence of CWs in the DHV
search (see Appendix D.2), we take a frequentist approach and
estimate the 95% confidence strain sensitivity, denoted by
he>%, in a frequency subband, and extend this estimate to the
whole frequency band using an analytical scaling as described
in Appendix D.3. Note that the strain sensitivity quoted in this
pipeline is based on a different signal model from other
pipelines (see Equations (3)—(6)). In this signal model, the
strain sensitivity depends on the star’s wobble angle and
orientation. Thus, we consider a specific scenario, representing
the worst-case for single-band searches, where tracking the
two frequency bands simultaneously offers the most significant
sensitivity improvement compared to a single-band search.
This scenario assumes # = 45 deg and cost = 0, corresp-
onding to linearly polarized signals at both f, and 2f, (L. Sun
et al. 2019). In Appendix D.3, the estimated h;°” in all
subbands is reported. The best hg°” values over the full
frequency band searched are 1.82 x 10>° at f, = 213.25 Hz
and 2.12 x 10> at f, = 144.25 Hz, for T.,, = 12 hr and 9 hr,
respectively. These results are obtained from randomized sky
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positions and hence apply to all sources using the same Tyop. ¢

The sensitivity depths for this pipeline are 13.9 Hz '/* for
Toon = 12 hr and 12.4 Hz~ /2 for T.,, = 9 hr.

Weave results. Using Weave, we find no significant
evidence for a CW signal from the CCOs in the SNRs
Cas A, Vela Jr., and G347.3—0.5 (see Appendix E.2). Given
the absence of a detection, we determine 95% confidence-level
frequentist upper limits on strain amplitude k> * for each 1 Hz
band, excluding saturated 0.1 Hz subbands. The upper-limit
results for all the targets are reported in Appendix E.3,
including the detailed procedure to compute them. The
resulting frequency-dependent sensitivity depths have values
at 200 Hz of Dcyp = 87.0 Hz7'/2, Dy ¢y, = 93.2 Hz /2,
and Dgss73 = 93.1 Hz /2, In comparison with J. Ming et al.
(2025), although our results are more sensitive at higher
frequencies, our sensitivity at the candidate frequency reported
by J. Ming et al. (2025) is lower. Consequently, our search
does not reach the quoted strain estimated for this candidate,
which is consistent with its nondetection.

For all the results, we observe an improvement with respect
to O3a searches, compatible with the longer observation period
in O4a (eight months compared to six months in O3a) and an
improved detector sensitivity (of at least a factor of 1.5).
Further improvements are observed for SHV, where longer
coherence times and an adapted search setup have been
applied. For Weave, an additional improvement with respect to
03a is due to the lower detection statistic threshold used to
define initial candidates for follow-up.

5.2. Astrophysical Constraints

The GW strain amplitude can be converted into the fiducial
ellipticity of the NS, € (P. Jaranowski et al. 1998), and the r-
mode amplitude parameter « (if an r-mode emission is
assumed, B. J. Owen 2010). Given h(?S%, we constrain the
ellipticity of the NS in terms of the GW frequency f via

2
€ =946 x 105( ho ) D (100 Hz 1" (11)
1072 J\ 1 kpc f

assuming that the moment of inertia with respect to the
rotation axis (I, for a perpendicular biaxial rotor) is 10*® kg
m>. Here, we have considered the standard scenario of a
single-harmonic emission at 2f;, valid for all the pipelines
(Figures 3-6) except for DHV. For the specific dual-
harmonic scenario, the GW emission is at both f, and 2f,;
hence, we can write Equation (11) in terms of the spin
frequency of the star f,,

2
€ =236 x 10*5( ho ) D _|(100Hz)
10~2* J\ 1 kpc f.

Figure 7 shows the constraints on e as a function of f, obtained
for the DHV search. These constraints are converted from
he*%* and are obtained for a specific scenario with source
properties 6 = 45 deg and cost = 0. Therefore, the limits on €
in Figure 7 are not directly comparable to the results obtained
in other conventional searches where § = 90 deg and the
emission is only at 2f, and reported in Figures 3-6.

326 The sensitivity is dominated by the length of T,y (for a fixed Ty,s) rather

than the sky position of the source in the DHV pipeline (R. Abbott et al.
2021b).
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Figure 3. Equatorial ellipticity (left) and r-mode amplitude « (right) with 95% confidence for all the BSD targets. Filled circles show the ellipticity or r-mode
amplitude computed using the minimum estimated source distance Dp,,. Shaded regions indicate the full range of values obtained when varying the source distance
from Dpyip to Dpax (see Table 1). The limits are derived from the upper-limit curves in Figure 8.
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Figure 4. Equatorial ellipticity (left) and r-mode amplitude « (right) with 95% confidence for all targets studied in the PyStoch search. The filled circles indicate the
minimum ¢”>” for each SNR, and the shaded regions span the full range of ellipticity values obtained by varying the distance between D, and Dy (see Table 1).

We can also convert i3> to limits on the amplitude of 7-

mode oscillations via (B. J. Owen 2010):
3
IOOHZ)

)

Figures 3-6 show the constraints derived from the BSD,
PyStoch, SHV, and Weave 95% confidence-level upper limits
for the ellipticity (left) and the r-mode amplitude (right). Solid

ho
10~

D
1 kpc

azam% (13)
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curves correspond to D = Dy, while shaded regions indicate
the constraints obtained for distances in the range
Dpin < D < Dp,«. Distances are taken from Table 1.

We do not infer »-mode amplitudes for the DHV pipeline
since the signal model adopted in the dual-harmonic search
cannot be interpreted as current quadrupole emission from an
r-mode.

The strongest ellipticity and r-mode constraints are obtained
at the highest frequencies. Indeed, for all sources and targets,
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Figure 6. Equatorial ellipticity and r-mode amplitude o upper limits (95% confidence level) from the Weave searches in each 1 Hz band for Cas A (blue), Vela Jr.
(orange), and G347.3—0.5 (green), derived from the strain amplitude upper limits shown in Figure 13. The shaded region indicates the resulting ellipticity /r-mode
amplitude range calculated from the full estimated distance range for each SNR (see Table 1), and the solid dots correspond to the minimum distance estimate.

we are able to reach values below ¢ < 107 at the high end of
the frequency band. Despite uncertainties in the source
distances, we are approaching or exceeding the rough
theoretical upper limit for normal NSs (N. K. Johnson-McDaniel
& B. J. Owen 2013). The closest source, G266.2—1.2 (Vela
Jr.), dramatically surpasses this limit, with ellipticity con-
straints reaching below € ~ 10~ across all pipelines.

These constraints are, however, model dependent: uncer-
tainties in the stellar geometry and composition, including the
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internal equation of state, the NS mass, the moment of inertia,
and the magnetic field strength, can significantly affect the
inferred values, introducing uncertainties of up to a factor of
approximately 2-3. Despite these limitations, the improved
detector sensitivities allow us to place tighter limits than
previous O3 searches over a broader parameter space. In
particular, for SNR 1987A, the constraints improve upon the
03 modeled search results in (B. J. Owen et al. 2024) by a
factor of ~1.5, consistent with the different integration time
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Figure 7. Constraints on the NS ellipticity with 95% confidence from the DHV search as a function of £, for (a) Tcon = 12 hr and (b) T,on, = 9 hr, converted from the

heS%
the solid dots correspond to the minimum distance estimate.

and the improved detector sensitivity used in this search. The
most stringent constraints on the r-mode amplitude obtained
above ~200 Hz strongly surpass the theoretical prediction
level of a@ ~ 1077 expected from nonlinear saturation
mechanisms (R. Bondarescu et al. 2009), reaching values of
o ~ 107° at the highest frequencies covered by the SHV
pipeline.

6. Conclusions

In this work, we have presented the results of a
comprehensive multipipeline search for CWs in SNRs
potentially hosting young NSs, using data from the first eight
months of the O4 LIGO-Virgo-KAGRA run. Our analysis
employed complementary pipelines—BSD, PyStoch, SHV,
DHV, and Weave—each targeting distinct signal models,
parameter space, and offering varied sensitivity trade-offs. No
evidence of a CW signal is found; all candidates are consistent
with noise or eliminated by follow-up analyses.

We place new upper limits on the GW strain amplitude A
at 95% confidence level, beating previous O3 results. The
BSD pipeline sets limits across 1 Hz subbands from 10 to
600 Hz, surpassing indirect energy conservation limits in
several sources, notably for G65.7+1.2, G189.1+3.0, and
Vela Jr.; this limit is beaten by a factor of ~20, 25, 50,
respectively, assuming the most optimistic scenario of a
close-by and young source. However, these limits are
surpassed even in the worst-case configuration for six out
of eight sources in the BSD search. PyStoch results, spanning
20-1726 Hz at varying frequency resolutions, present
the results from the search for CW emission from the
SNR 1987A using an unmodeled approach, updating the
limits found in the O3 search (C. Salvadore et al. 2025). The
Viterbi pipelines provide constraints that incorporate spin
wandering effects (single-harmonic) and simultaneous emis-
sion at f, and 2f, (dual-harmonic). Single-harmonic upper
limits reach hy°% = 6.14 x 10726 at f = 164.00 Hz
from G65.74-1.2. Dual-harmonic upper limits reach
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values in Figure 12. The shaded region indicates the resulting ellipticity range calculated from the full estimated distance range for each SNR (see Table 1), and

he®% = 1.82 x 1072 at f, = 213.25 Hz (12 hr coherence)
and 2.12 x 107%° at f, = 144.25 Hz (9 hr coherence),
consistent with analytic expectations. The Weave pipeline’s
high-resolution follow-up confirms all initial candidates are
consistent with noise or instrumental artifacts reaching the
best hg>” limit on the signal strain ~4.33 x 1072 near
283 Hz for Cas A, ~3.92 x 10> near 266 Hz for Vela Jr.,
and ~3.85 x 10~ ”° near 378 Hz for G347.3—0.5.

Together, these results represent a significant advance in
search sensitivity compared with previous searches for CWs
from young NSs in nearby SNRs. These results provide the
most stringent upper limits to date across the entire analyzed
frequency band for 12 out of the 15 sources. For Cas A, Vela
Jr., and G347.3—-0.5, targets of recent deep searches (J. Ming
et al. 2025; J. Morales et al. 2025), our results show improved
limits above 200 Hz within the frequency band explored by
Weave. While no signals are detected, the improved upper
limits place stronger constraints on NS deformation and energy
loss models. Future observing runs with longer datasets and
enhanced detector sensitivity, combined with multipipeline
strategies demonstrated here, will further improve detection
prospects.
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Appendix A
Details on the BSD Search

A.l. Search Implementation

The input data of the BSD semi-coherent search consists of a
complex-valued subsampled time series, the BSD files (O. J. Pic-
cinni et al. 2018). For each target, the detector’s time series is
partially corrected for the Doppler effect, assuming the known
sky location of the source. This correction is repeated for each
1 Hz subband using its central frequency (as detailed in
O. J. Piccinni et al. 2020). From these partially corrected time
series, we construct time—frequency peakmaps by extracting
local maxima above a given threshold in the equalized
spectrum (P. Astone et al. 2005). The peakmaps are then fed
into the FH transform, which maps the time—frequency peaks
onto the source’s frequency and spin-down plane (f;, fo) at a
given reference time #y. The second-order spin-down parameter
f, is always assumed equal to zero. The first-order spin-down
range is defined as —f, ., /fage < f < 0.1f, ax / tage, With £ the
upper frequency of each 10 Hz band. Given that the second-
order spin-down is neglected, and we fix a maximum frequency
of 600 Hz for all the targets, the minimum age of the source will
be 3.8 kyr (see, e.g., Equation (B2) of R. Abbott et al. 2021b).

Each FH map is built with a resolution equal to the template
grid spacing as (R. Abbott et al. 2021b):

1 ,
oy = —— Oy =
FH Tcthf fFH

1

_—, (A1)
Teon Tons K f

where T, is the coherence time, T, the observational time
span, and K, = 10 and K = 2 are the overresolution factors
following P. Astone et al. (2014a). Since the coherence time
scales with the maximum frequency as T.on o< 1/ \/fm—ax , the
grid resolution varies across frequency bands. The coherence
time used varies from 17.8 hr at the lowest frequencies to 3.3
hr at 600 Hz. We search both negative and positive spin-down
to allow for possible spin-up scenarios. The list of targets and
search configurations is listed in Table 2.

As in previous searches, candidates with the highest FH
number count are selected from a final map built by summing
all monthly FH maps for a given source and frequency range.
Candidates are selected independently from each detector, and
coincident candidates are then passed to the postprocessing
and follow-up steps. We additionally apply a selection
threshold on the critical ratio (CR), pcr, computed from the
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Table 2
Sources Searched in the BSD Analysis (Section 4.2) and the Parameter Space Covered
Source® Minimum #,g. (kyr) Teon (hr) f (Hz) f (Hzs™)
(@100 Hz) (@100 Hz)
G65.7+1.2, G189.1+3.0, G266.2—1.2, 3.8 8 [10, 600] [-9.18 x 107'°,9.18 x 10~"]
G353.6—0.7, G93.3+6.9,
G291.0-0.1, G330.2+1.0
G39.2-0.3 4.7 8 [10, 600] [~742 x 107'°,7.42 x 107""]

Note. The coherence time and the spin-down/up range scale with the maximum frequency in each 10 Hz frequency band. For each source, we report the coherence
time, Teon, and spin-down/up range for f, used for the frequency band [90, 100] Hz where Jinax =100 Hz.
%G291.0—0.1 and G330.24-1.0 are two newly added sources in the BSD Oda search, with respect to the BSD O3a search.

FH number count map. For each source, pcr m i set to the
mean plus one standard deviation of the CR distribution, after
excluding candidates overlapping known lines (E. Goetz et al.
2024) or with inconsistent detector significance. The thresh-
olds, which are separately computed for each detector /target,
range from 4.74 to 4.87. Detailed information on the
postprocessing and follow-up stage can be found in
Appendix A.2.

Coincidences between candidates from LIGO Hanford
f, fOH) and Livingston (f;", fOL) are identified using the
metric:

H . L 2 -H . L 2
R o I/ (A2)
5fi:H é:fFH

with dy,, = 4 as the coincidence threshold (see P. Astone et al.
2014a). All surviving candidates undergo a postprocessing and
follow-up step.

A.2. Postprocessing and Follow-up

After applying the known-lines veto, the consistency veto,
and a CR threshold selection, ~50 candidates remain for each
target (exact numbers are reported in Table 3).

For each of these candidates, we apply a veto based on the
5-vector statistics (P. Astone et al. 2010, 2014b), which
provides an alternative estimate of the signal-to-noise ratio and
CR after applying Doppler and spin-down corrections. These
corrections are implemented through a heterodyne phase
demodulation based on the candidate’s estimated frequency

fo and spin-down ﬁ). The corrected time series is obtained by
multiplying the original data by an exponential factor
exp[—i®(#)], where ®(¢) describes the assumed phase evol-
ution of the signal. A true astrophysical signal is expected to
show an increase in significance after correction, scaling
roughly with the fourth root of the coherence time. To test this,
we compute the 5-vector statistics using two coherence times:
Tsiq = 86164.0905 s (one sidereal day), and Tysq = 474 For
each candidate, we compute their significance plc and pf.\'c,
where i = CR, snr denotes either the CR or the signal-to-noise
ratio, and superscripts “C” and “NC” refer to corrected and
uncorrected data, respectively. We retain only those candidates
for which the corrected significance improves, i.e.,
pl.c — 0.95,0?IC > 0, ensuring a minimum 5% tolerance.
Simulation studies confirm that this veto has a false dismissal
probability below 10% as long as a tolerance of 5% is
assumed. At this stage, ~10 candidates per target survived,
and we applied a second consistency veto using the 5-vector
statistics, which further discarded some candidates.

Among the candidates that survived these vetos, we applied
the cumulative-significance veto, as described in Section A.1.5
of the O3a SNR paper (R. Abbott et al. 2021b). This procedure
further reduced the candidate list, eliminating the majority of
remaining outliers and leaving only a few exceptions (reported
in Table 4).

To veto the candidates based on the cumulative-significance
veto, we examined the trends of the CR, signal-to-noise ratio,
and the 5-vector S-statistics for each candidate, computed both
in the corrected and uncorrected cases. Candidates that
exhibited a clear reduction in significance after correction

Table 3

Number of Candidates Surviving the Different Selection Criteria of the BSD Postprocessing Stage
First Level Selection G39.2 G65.7 G93.3 G189.1 G266.2 G291.0 G330.2 G353.6
H 389064 468268 468093 467946 468036 468170 468171 467863
L 388524 467260 467250 467420 467375 467408 467425 467597
Coincidences 2276 2728 2716 2617 2688 2634 2613 2700
Veto Stage
Known lines 1919 2315 2310 2204 2268 2260 2241 2291
CR Consistency 1916 2311 2310 2203 2264 2255 2236 2288
CR Threshold 39 55 61 44 47 42 44 36
S-vector veto 4 5 15 10 10 10 9 9
Second consistency (5-vector) 3 4 7 9 6 9 7 8
Cumulative-significance veto 1 1 3 1 1 1

Note. The top part of the table reports the first level of candidates selected from each detector (H or L) and those found in coincidence between the two. This is

followed by the number of candidates surviving the different veto steps.
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Table 4
Surviving Candidates from the BSD Pipeline after Vetos in Appendix A.2

Source fo 5 PCR
(Hz) (Hz s7hH (FH)

G39.2—-0.3 582.6910443 —4.07153112 x 10710 5.39
G65.74+1.2 155.4805487 —1.00577202 x 10~° 5.28
G266.2—1.2 212.3495104 —1.61918580 x 10~° 5.34
365.5448170 —3.8870222216 x 107 1° 497

450.3867653 —3.4974123560 x 10~° 5.53
G291.0—0.1 563.7719252 —1.899359832 x 107° 5.08
G330.2+1.0 108.3626199 —7.987104272 x 10~ 498
G353.6—0.7 30.00352801 —3.263776543 x 1071° 6.73

Note. The candidates investigated were excluded after comparing the
corrected and uncorrected peakmap and the spectra around the candidate in
each detector. For each source with a surviving associated candidate, we report
the original mean CR from the FH map, the candidate frequency f,, and the
spin-down f; at the time of the coincidences.

were removed, as were those with very low 5-vector CR
values, specifically those below 3, corresponding to a false
alarm probability bigger than ~1%. In a few cases, candidates
met the first two criteria but not the third; these were tagged as
low-significance outliers and retained for completeness,
though flagged accordingly. The list of candidates that
survived up to the cumulative-significance veto step is reported
in Table 4.

Following this quantitative filtering, we performed a series
of visual inspections to assess the remaining candidates. This
included examination of the peakmap, both before and after
correction, along with the corresponding histogram, as well as
inspection of the power spectral density with and without
correction. These visual checks provided an additional
qualitative assessment of candidate behavior under correction
and helped further refine the final selection. None of the
candidates was confirmed as astrophysical.

A.3. Upper Limits

We set constraints on the GW strain amplitude using a well-
established procedure previously applied in O. J. Piccinni et al.
(2020) and R. Abbott et al. (2022b). The 95% confidence-level
upper-limit estimate is given by (P. Astone et al. 2014a;
C. Palomba 2025):

B J S;(f) JPcrms — VZerfc 12D),  (A3)
coh

95%
ho N1/4

where peg oy 1 the maximum CR in each band. We indicate
with N the effective number of FFTs used for the search and
with B a parameter dependent on the source sky location and
the averaged signal polarization. The sensitivity curve, i.e., the
minimum detectable strain, is obtained by substituting pcg
in Equation (A3) with the CR threshold used for candidate
selection pcgr e The resulting he>*(f) upper limits and
sensitivity curves are shown in Figure 8. We corroborate the
results by computing the 95% confidence-level upper limits on
ho using artificial signals injected in randomly selected 1 Hz
subbands: six subbands in the 10-600 Hz frequency range for
all the targets. For each subband, ,°% is derived using a
frequentist approach by injecting 50 synthetic signals per
amplitude level. The injections are performed assuming the
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Figure 8. Estimated 95% confidence-level upper limit obtained from the BSD
search.
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known sky position of each target. Spin-down, inclination
angle (cost), and polarization angle (i) are drawn from
uniform distributions. We repeat the injection-and-recovery
process using different values of hy. The detection efficiency
for each amplitude is then computed as the fraction of
successfully recovered signals. A sigmoidal fit to the detection
efficiency curve yields the 5" value corresponding to 95%
detection efficiency.

To obtain a more robust estimate, the factor B has been
calculated as the average of the empirically derived prefactors
from the injections. This approach ensures that the results
remain robust to potential deviations. The final upper-limit
curve is determined by selecting the more conservative (larger)
value between the curves of each detector.

Appendix B
Details on the PyStoch Search

B.1. Search Implementation

In this search, PyStoch estimates the optimal signal-to-noise
ratio as a function of the frequency for a specific sky location
using the folded datasets as input. The targets and parameter
space investigated by PyStoch are listed in Table 5.

The frequencies corresponding to instrumental lines are
excluded from this computation and are reported in a notch list
(A. G. Abac et al. 2025b). The signal-to-noise ratio for each
frequency bin is defined as ., i.e., the ratio between the cross-

correlation statistics Y :fryld the corresponding standard
deviation oy (A. Ain et al. 2018).

Since GW radiometer searches are unmodeled and typically
do not incorporate spin evolution, targeted narrow-band
stochastic GW background analyses often employ a running
average to combine the signal-to-noise ratio across adjacent
frequency bins. This approach helps account for potential
frequency drifts of the source over the observation period
(B. P. Abbott et al. 2017, 2019c; R. Abbott et al. 2021c¢),
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Table 5
PyStoch Search Setup for Cas A, G347.3—0.5, Vela Jr., and SNR 1987A, Assuming a Given Source Age

Source Tage | Aol |fo| . fo N

(yn (Hz) (Hzs™) (Hzs™)
G111.7-2.1/Cas A 330 [0.007, 3.677] [3.48 x 107'°,1.80 x 1077] [4.23 x 107%,3.75 x 1077
G347.3—0.5/RX J1713.7-3946 1600 [0.001, 0.698] [6.59 x 107", 3.41 x 107%] [1.52 x 1072, 1.35 x 1079
G266.2—1.2/Vela Jr. 700 [0.003, 1.590] [1.51 x 107'°,7.82 x 107%] [7.98 x 1072, 7.08 x 107'8
SNR 1987A 38 [0.058, 7.460] [2.85 x 1072, 3.68 x 1077 [2.83 x 107'8,3.93 x 107'9]

Note. The corresponding ranges of |Afy|, f, £ are also reported.

reducing the likelihood that signal power spreads across
multiple bins and is therefore lost. To account for the
frequency drift resulting from NS spin-down, we estimate
the expected signal broadening, Af,, for each target as:

£ 1 Ao Y
Afy = —707})]35 + L D B Tgbs, B1)
tage(n -1 2 ﬁ) tage(” -1
o Jo

where T, denotes the duration of the O4a observing run. This
spread corresponds to the optimal frequency resolution
expected for a given signal.

For the first time, we implement PyStoch with a customized
binning strategy tailored to signals from young NSs in SNRs.
Starting from the default 1/32 Hz resolution, adjacent
frequency bins are adaptively merged to match the expected
signal broadening Afy for each target (see Equation (B1)),
aiming to keep any potential CW signal fully contained within
at least one frequency bin (despite possible frequency drift).
To further improve sensitivity and reduce the risk of signal
power being diluted across multiple bins, we apply a sliding-
window combination of adjacent bins. This approach, repeated
for multiple window sizes, enhances coherence detection
across a range of frequency scales while preserving the
original frequency grid for interpretation. Simulations pre-
sented in C. Salvadore et al. (2025) indicate that combining
bins beyond 1.5 Hz introduces noise clustering effects and
reduces performance, establishing an empirical maximum
width for effective binning.

Candidates are selected based on the simultaneous fulfill-
ment of two criteria: (i) a signal-to-noise ratio exceeding 4.5,
which corresponds to a p-value of 10 %, and (ii) a bin width
consistent with the expected signal broadening Afy, computed
from Equation (B1) based on the braking indices compatible
with the candidate frequency.*?’

The statistical significance of the outliers is quantified
via p-values, representing the probability that a measured

327 Assume we observe an outlier at a frequency f, with a frequency

distribution Af; (i.e., by combining a certain number of frequency bins). If
there exists an index n € [2, 7] such that, for a given candidate frequency fo,
the corresponding value of Af, (see Equation (B1)) matches the expected
prediction, then the pair (fy, n) is considered compatible with the theoretical
frequency distribution.

23

signal-to-noise ratio arises from random noise fluctuations.
These values are estimated through Monte Carlo simulations
using Gaussian realizations consistent with the noise
characteristics of the data.

For each frequency bin, simulated distributions of the
detection statistic are generated and processed through the
same bin combination strategy described previously. The
maximum signal-to-noise ratio from each realization is
recorded, and the resulting ensemble is used to construct an
empirical mapping between signal-to-noise ratio values and
their corresponding p-values via linear interpolation. Fre-
quency bins with p-values <10% are considered statistically
significant, as they are unlikely to arise from random noise
fluctuations.

As a result, only a limited number of promising candidates
were identified for Vela Jr. and Cas A, while no significant
candidate was observed for SNR 1987A and G347.3—0.5.
These candidates were followed up using two independent
methods: the FH transform and the 5-vector resampling
technique (see Section B.2).

B.2. Postprocessing and Follow-up

The list of candidates passed to the follow-up stage is
reported in Table 6.

We stress that the selected candidates were subjected to
follow-up analyses using two dedicated CW search pipelines:
the FH method (P. Astone et al. 2014a) and the 5-vector
resampling method (F. Amicucci et al. 2025; A. Singhal et al.
2019). No surviving candidates were confirmed by the
5-vector resampling search. For Cas A, the FH pipeline
identified coincident candidates, which are defined as those
lying within a distance of less than 3 in the search parameter
space, when short coherence times (64 and 128 s) were used.
However, these coincidences did not persist at longer
coherence times (512 s), su§§esting they were likely due to
noise or transient features.”>® Finally, neither of the two
follow-up methods identified statistically significant candi-
dates for Vela Jr.

328 The FH follow-up analysis considered only the first-order spin-down

parameter, with the second-order term being neglected. While this choice
results in a reduction in the detection sensitivity (i.e., CR) for the optimal FFT
length, it was a conscious choice made to simplify the initial analysis. A fully
optimized version of the code, capable of incorporating and accurately
handling the second-order spin-down term, will be available in the near future.
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Table 6
Candidates Identified for Each Source by PyStoch
Source p-value fo signal-to-noise ratio Afo n % %
(Hz) (Hz) (Hzs™ ") (Hzs™?)
G266.2—1.2/Vela Jr. 0.09 1168.29688 4.63 0.34375 4.2 —1.68 x 107* 1.01 x 1078
G111.7-2.1/Cas A 0.08 788.51563 4.65 0.59375 3.9 —291 x 107* 420 x 1078
G111.7-2.1/Cas A 0.07 788.51563 4.59 0.71875 34 -352 x 107* 535 x 1078

Note. The parameters are listed from left to right as follows: p-value, reference frequency at the start of O4a (fp), signal-to-noise ratio, candidate frequency
distribution (Afp), braking index (1), and spin-down parameters evaluated at the reference time (set at the O4a start, GPS time 1368980142 s).

B.3. Upper Limits based approach is adopted. Upper limits are precomputed for a
range of representative signal-to-noise ratio values and both
circular and generic polarizations. The ratio between these
cases, which depends only on the signal-to-noise ratio, allows
for a rapid estimation of the marginalized upper limits across
the entire frequency band. This procedure is validated against
full posterior computations for a subset of bins. Results for

In the absence of a significant detection, upper limits on the
CW strain amplitude are placed. The computation of upper
limits is performed within a Bayesian framework, incorporat-
ing prior distributions over relevant source parameters such as
the inclination angle, polarization angle, and calibration

uncertainty. The final result is the marginalized posterior each target are reported in Figure 9, while the best results are

distribution for kg, from which the upper limit at a given listed in Table 7.

confidence level (e.g., 95%) is extracted. Further technical and mathematical details of the p-value
Due to the computational cost associated with evaluating the estimation and upper limits computation can be found in the

full marginalization for each frequency bin, an interpolation- dedicated stochastic analysis paper (A. G. Abac et al. 2025c).

G266.2—1.2 (Vela Jr) G266.2—1.2 (Vela Jr)

G347.3-05 - G347.3-05
G279.7—31.9 (SNR 1987A) - (G279.7—31.9 (SNR 1987A)
G111.7—2.1 (Cas A) % - G111.7-2.1 (Cas A)
10—24
%
Cﬁ'@o
10725
10? 108 102 10°
f (Hz) [ (Hz)

Figure 9. Best (1/32 Hz, left) and worst (47/32 Hz, right) 95% confidence-level upper limit between 20 and 1726 Hz, computed with PyStoch for each target:
SNR 1987A (orange), Vela Jr. (blue), G347.3—0.5 (green), Cas A (red).

Table 7
Best 95% Confidence-level Upper-limit Set by PyStoch with Corresponding Frequency for Each SNR
Source Best hg % f
(x107%) (Hz)
G111.7-2.1/Cas A 9.21 268.69
G347.3-0.5 9.78 332.53
G266.2—1.2/Vela Jr. 9.02 343.59
SNR 1987A 9.83 323.16

24
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Appendix C
Details on SHV Search

C.1. Search Implementation

In this Appendix, we summarize the SHV pipeline used in
Section 4.4. We refer the reader to Y. Bu & A. Melatos (2025),
which includes the technical and full details of this method and
a major update to the SHV pipeline since the O3a search
(R. Abbott et al. 2021b).

We follow the Viterbi HMM formalism used in previous
SHV searches (e.g., S. Suvorova et al. 2016; L. Sun et al.
2018). We consider a set of Ny observations at discrete times
fo, 1i,...,tn,—1 and Ng possible hidden states {ql,...,qNQ}, where
each hidden state corresponds to a discrete GW frequency
bin. The corresponding sequence of discrete states
{q(to), q(t),....q(tn,— 1)}, through which the system progresses,
forms a Markov chain. The transition probability from time #;
to #;,, is defined as Aqiqj = Plg(trr1) = qj|q(tk) = q,]. We
adopt a simple random-walk transition model in frequency,
allowing the signal to remain in the same bin or wander up or
down by one bin, during each time step with equal
probability. We assume a uniform prior over the initial
hidden state. The emission probability is computed from the
coherent F-statistic in each segment of duration 7T,,,. Given
the observation sequence, the most likely hidden-state
sequence can be inferred by maximizing the most probable
hidden-state path.

C.1.1. Parameter Choice

Here, we outline the recipe for selecting the searchable
parameter domain in the SHV pipeline. The list of targets and
the parameter domain for each target are listed in Table 8.
For each target with distance Dy, < D < Dpyx, age
tage,min < tage < tage,maXv and bfaking index Nmin <n< Mmax,
we define the search parameters 7., and f via four criteria:

Abac et al.

1. The frequency bin width ¢f is sufficiently small, such that
f remains constant during each coherent segment, with

1
2Tcoh

2. The F-statistic software ingests at least two SFTs (LIGO
Scientific Collaboration 2022), with Tcon = 2Tspr-

3. The signal amplitude hJ'® exceeds the minimum
detectable strain at 95% confidence for a semi-coherent
search hg™, with hg'® > h§™.

4. The maximum strain implied by energy conservation,

hg™™, exceeds the signal amplitude, with 25" > hOSig.

of = > |f (f, W) Teon.

(ChH

Using Equation (1) to express f and adopting the standard
late-time approximation

f(lage)

f (tage) Q’-‘*m7

(C2)

the first criterion yields an upper bound on the coherence time:

of ~1/2
Teoh <| ——— .
(n — l)tage

The second criterion provides a lower bound on T,,. The
third and fourth criteria are simultaneously satisfied when
h§™ > h§™, which gives a lower bound of the form

(C3)

Teon > (2.27 x 107 kpc kyr?)~*

D* g (n — 1O S,(f? T (C4)
where © = 35 is an empirical statistical factor (K. Wette et al.
2008). The resulting overlap of constraints defines the
searchable (f, T.,,) domain. For each frequency within this
domain, we choose T, to maximize sensitivity, following the

prescription illustrated in Figure 10 and summarized in Table 8.

Table 8
Sources in the SHV Analysis (Section 4.4) with Search Bands, Coherence Times T.o;, and Frequency Derivative Ranges f

Source f (Hz) T.on (hr) T, (hr) f (Hzs™h

(@100 Hz) (@100 Hz)
G18.9—1.1 [29, 2000] [4.7, 39.2] 21.1 [—8.67 x 107!, 8.67 x 1071
G39.2-0.3/3C 396 [55, 736] [7.1, 26.3] 19.5 [—1.01 x 1071, 1.01 x 10719
G65.7+1.2/DA 495 [21, 2000] [23.7, 228.7] 106.4 [-3.41 x 10712 3.41 x 10717
G93.3+6.9/DA 530 [39, 1379] (6.0, 36.3] 226 [-7.55 x 107", 7.55 x 107"
G189.1+3.0/IC 443 [21, 2000] [10.4, 102.2) 46.8 [—1.76 x 107", 1.76 x 107"
G266.2—1.2/Vela Jr. [20, 2000] [4.3, 43.2] 19.3 [—1.04 x 107'°,1.04 x 10719
G353.6—0.7 [30, 2000] [9.9, 80.7] 44.4 [-1.96 x 107", 1.96 x 107"
G1.94+0.3 [32, 1607] [1.0, 7.1] 4.0 [—2.41 x 107%, 2.41 x 1077]
G15.940.2 [34, 1915] [3.3, 25.4] 14.8 [—1.76 x 1071, 1.76 x 1079
G111.7-2.1/Cas A [28, 2000] [1.1,9.5] 5.1 [—1.48 x 107°, 1.48 x 1077
G291.0-0.1/MSH 11-62 [30, 2000] [6.0, 48.9] 27.0 [-5.29 x 107", 5.29 x 107'"]
G330.2+1.0 [31, 2000] [7.4, 59.2] 33.1 [-3.52 x 1071, 3.52 x 1071
G347.3-0.5 [21, 2000] (2.4, 24.2] 11.1 [-3.13 x 1071°,3.13 x 10719
G350.1-0.3 [32, 1999] (1.5, 12.7] 7.2 [—7.44 x 1071, 7.44 x 10719

Note. The corresponding frequency derivative ranges are computed as 1/ (2T2;) using the @100 Hz coherence time (converted to seconds). The age and distance of
each target are listed in Table 1. SHV does not specifically search the first-order spin-downs. The estimated spin-down reported is inferred from Top.
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C.1.2. Detection Threshold

We set detection thresholds by choosing an overall false
alarm probability, a = 0.30, for the ensemble of 14 targets.
Across all targets, with each labeled by i, there are Npua,
subbands. Hence, the equivalent false alarm probability per
subband for target i is Qpang, i = 1 — (1 — Qarger)’/ NVound-i,

Following previous SHV searches, we determine the
threshold for the Viterbi log-likelihood statistic £ via Monte
Carlo simulations in Gaussian noise with the O4a duty cycle.
The likelihood threshold Ly, is defined as the 1 — apangith
percentile of the £ distribution. The resulting thresholds are
well described by a power-law dependence on coherence
time, L4 = Chand ch)‘;;‘““ which we use to evaluate thresholds
across the search space. Any path with £ > Ly, is followed
up using the procedure in Appendix C.2. For a detailed

10! 10

2

10°

f (Hz)

Figure 10. 7., and f values that satisfy the four criteria defined in Appendix C.1.1. The shaded pink region satisfies criterion one, i.e., Equation (C3). The dotted
gray region satisfies criterion two. The shaded blue region satisfies criteria three and four simultaneously. The purple domain indicates where all four criteria are
satisfied, designated as the search region. For each fin the purple region, we choose T, according to the pink curve to maximize the search sensitivity.

analysis of the individual targets, see Y. Bu & A. Mela-
tos (2025).

C.2. Postprocessing and Follow-up

After conducting the SHV search, we apply a standard follow-
up procedure comprising a known-line veto, an interferometer
veto, a sky-position veto, and a subband veto (see R. Abbott
et al. 2021b). The number of candidates remaining after each
stage is summarized in Table 9. A total of six candidates survive
all automated vetoes; their parameters are listed in Table 10.

We examine these survivors using single-interferometer
statistics and off-target sky maps. None displays the expected
on-target morphology or cross-detector consistency of a true
signal. We therefore conclude that all six outliers are
consistent with instrumental artifacts and that no SHV
candidate survives follow-up.

Table 9

Survivor Counts for Each Target of SHV with £ > Ly, and at the End of All Four Postprocessing Stages
Veto Stage G111 G65 G1 G291 G266 G189 G330 G353 G347 G18 G93 G350 G15 G39
Above threshold 435 368 317 316 313 294 294 293 265 264 261 258 213 109
Known-lines veto 31 60 27 29 30 33 37 28 24 22 25 21 25 8
Interferometer veto 1 14 1 1 3 4 2 1 2 2 2 1 1
Sky position veto 1 14 1 1 3 4 1 1 1 2 2 1
Subband veto 1 3 1 . 1

Note. We shorten the names of the targets for simplicity, as G347 for G347.3—0.5, etc. The full names are reported in Table 1.
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Table 10
Candidates Surviving All Vetos from the SHV Search

Source fo L L L Li Lofr — target
(Hz)

G111.7-2.1/Cas A 1169.00 27861.43 35500.86 36564.78 42308.51 35078.42
G266.2—1.2/Vela Jr. 213.31 3177.03 3777.69 3339.62 5149.54 8557.62
G65.7+1.2/DA 495 108.76 418.83 430.26 442.83 419.67 432.77
G65.7+1.2/DA 495 137.83 472.39 483.77 474.44 477.31 478.21
G65.7+1.2/DA 495 139.95 474.62 491.81 568.67 484.56 545.42
G1.9+0.3 1161.08 34800.84 45007.50 54777.89 35121.50 45144.90

Note. Each row lists a candidate’s target name, start frequency f, of the Viterbi path, threshold log-likelihood Ly, combined detection statistic £, single-
interferometer log-likelihoods Ly, and £y, from the interferometer veto, and off-target log-likelihood Lo — target from the sky-position veto.

C.3. Upper Limits

We determine the upper limits using all targets. For each
target, we choose two subbands within the original search that
have no known lines and return fewer than two unique paths with
L > Ly, with f~f . and f~f . where f, . and f, . denote
the minimum and maximum frequency of the target’s search
band. The chosen frequencies are shown in Y. Bu & A. Melatos
(2025), along with T, and Ly, from the original search.

By recording the fraction of injected signals recovered (i.e.,
those with £ > Ly,) for each kg, we estimate the detection
efficiency e(hy). We then use logistic regression to fit a
sigmoidal model to e(hg), and solve E(/’l09 3%y = 0.95 to obtain
the 95% confidence upper limit ;% in the given subband. We
calculate a = hy>%/h" for each subband. We assume that the
sensitivity only depends on T, and neglect other factors such
as sky position. To obtain the upper limit across the full search
band, we define h° " (Tpon) = a(Teon) h$™. To verify that the

full-band scaled upper limit h&?ﬁf is reliable, we compare it
5%

with the upper limit obtained from injections h(; ij - For each
target and each injection, we compute the ratio

= hogfg’ /h&slﬁ‘j. For each target, we then define a rescaling
constant per target k = max(R) over injections for that target.
If £k > 1.1, the entire upper-limit curve for that target is
rescaled as h&%‘?j — k h&{g‘j. See Y. Bu & A. Melatos (2025)
for the values of k for each target. We present the upper-limit
curve for all targets in Figure 11.

The SHV pipeline models the frequency evolution as a
random walk, which is flexible enough to accommodate
secular spin down and stochastic spin wandering. Conse-
quently, the resulting upper limits are not directly comparable
to the pipelines in this paper, which model the frequency

evolution as a Taylor series.
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Figure 11. Upper-limit curves for all targets searched by the SHV pipeline.

The scatter points show the sensitivity estimate h(? 3% (Toon) = a(Teon) h§™
across the searched frequency band.

Appendix D
Details on the DHV Search

D.1. Search Implementation

The HMM structure used in the dual-harmonic search
largely follows the standard formulation described in
Appendix C, with specific modifications outlined in this
Appendix. The list of targets and parameter space covered is
listed in Table 11.
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Table 11
Targets Searched in the DHV Analysis (Section 4.5) and the Parameter Space

Covered
Source Minimum #,g. Teon fe A

(kyr) (h) (Hz) (Hzs™")

G353.6-0.7 20 12 [50,338] [-134 x 107", 0]
G189.1+3.0
G65.7+1.2
G266.2—1.2 5 9 [50, 150] [—2.38 x 1071, 0]
G93.3+6.9 .
G18.9—1.1
G39.2-0.3

In this analysis, two frequency components are tracked
simultaneously. The signal power in the ith frequency bin, f;, is
computed by the sum of two F -statistic components computed
in dual-harmonic frequency bins, F(f;) + F»(2f). The GW
signal for each frequency component is assumed to be
monochromatic over T,gp,.

We choose a coherence-time interval T, such that the
following condition is satisfied:

1+ Teon i
‘ f dr'f (1))
t

where 8fi = 1/(4T.qy) is the frequency bin width in the F;
statistic. For the J, statistic, we adopt a bin width of
8, = 28fy = 1/(2T.on). The choice of bin widths ensures
that the signal drifts by no more than one bin in both 7; and 7,
across adjacent coherent segments. Thus, the f* range covered
in the search (listed in Table 11) depends on Ty, i.e.,
£, € 10, 1/(@ATZ].

The emission probability for each time step of length 7.,
is computed as (P. Jaranowski et al. 1998; L. Sun et al.
2019):

< &f, (D1)

InLygyquy = InPlo@)|fi <f. ) <f + ]
= A + F2f), (D2)

where f; denotes the frequency in the ith bin.
In this work, we assume that the frequency evolution is
dominated by the secular spin-down of the NS. Under
this assumption, the transition probability matrix Aq/ 4 reduces
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to the form (L. Sun et al. 2019):

A‘L’—]qi = A‘L"L‘ = E’ (D3)

with all other entries set to zero. A uniform prior distribution is
applied to the initial state, I1[q(t0)] = Ny L

The Viterbi score S is used as the detection statistic in this
pipeline, representing the significance of the optimal Viterbi
path in each subband relative to all other paths at the final step
of the tracking (L. Sun et al. 2019).

Two different coherence times of T, = 12 hr and 9 hr are
selected for three older sources and four younger sources,
respectively (see Table 11). For parallelized computing, the
full frequency band is divided into 1 Hz (1.5 Hz) subbands for
Toon = 12 hr (Toop = 9 hr).>*

We set detection thresholds corresponding to 1% false alarm
probability at Sy, = 5.26 for T.op, = 12 hr and Sy, = 5.15 for
Teon = 9 hr, based on Monte Carlo simulations in Gaussian
noise and validated using real O4a data.

After conducting the search for each target and identifying
all the above-threshold candidates, we apply a standard follow-
up procedure with a series of vetoes described in Section D.2.

D.2. Postprocessing and Follow-up

After a standard procedure of the known-line veto,
interferometer veto, Doppler-shift veto, and sky-position veto
(see details in R. Abbott et al. 2021b), 16 candidates remain,
listed in Table 12. We pass these 16 survivors through the final
stage of a coherence-time veto, and all of them are rejected.
With the increased T, listed in the sixth column, all except
one of the new scores fall below the original score. To be more
conservative, we further check the two candidates with a new
score below the original score but above Sy, marked by “*”
and “f.” With the increased T}, a lower mean spin-down rate
is returned for both candidates, allowing us to further increase
the coherence time to Ty, = 20 hr. We find that the score
further drops for both candidates. We conclude that they do not
survive further scrutiny. One candidate, marked by “f,” returns
with a higher score of 14.38, but the optimal path (at
~260.79 Hz, intersecting a known instrumental line at
Hanford) is distinct from the original one. By shifting the
search subband to 259.7—260.7 Hz with T, = 15 hr, the
score drops below Sy, and the new optimal path does not
match the original. Thus, none of the remaining candidates
survives the final check.

329 The detection statistic used in this analysis requires a much larger number

of frequency bins in each subband than the total number of tracking steps (i.e.,
2BT on > Tobs/Teon With B being the bandwidth), such that the paths ending in
different bins are mostly independent. Therefore, we extend the subband to
1.5 Hz for T.on = 9 hr to satisfy this requirement.
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Final Candidates from the DHV Pipeline and the Coherence-time Veto Results (All Vetoed)

Table 12

Abac et al.

Source S 2f st 2 end Mean 2f, New Teopn New S Paths Overlap?
(Hz) (Hz) (1079 Hz s (hr)

G353.6—0.7 6.68 184.9413888893380 184.9388657411880 —1.23198 15 6.04 " v
5.58 346.2777314809320 346.2748495364930 —1.40717 15 447 X
5.32 586.6338310172640 586.6316666654170 —1.05679 15 5.01 v
5.59 641.9995486091329 641.9969907387680 —1.24894 15 452 X

G189.1+3.0 6.10 260.6886458319710 260.6859606467910 —1.31110 15 14.38 ¥ X
6.16 272.0795138887320 272.0770949072550 —1.18112 15 577 % v
5.53 382.4306828695180 382.4274074065610 —1.59932 15 449 X
5.62 405.6810763875410 405.6783564801390 —1.32805 15 4.49 v
5.28 431.0656134257960 431.0625810183950 —1.48064 15 5.02 v
6.37 498.9999999980210 498.9982060165430 —0.87595 15 447 X
5.41 608.6361921283710 608.6331018505990 —1.50890 15 4.86 X

G65.74+1.2 5.90 396.2719791661280 396.2690393513190 —1.43543 15 4.17 X
5.38 412.6593865727690 412.6568055542560 —1.26024 15 4.13 X
5.56 441.6801273134690 441.6772337949560 —1.41282 15 4.00 X
5.27 575.3298726845320 575.3267361104640 —1.53150 15 3.97 X

G18.9-1.1 5.28 117.3951234567360 117.3906481480940 —2.18517 12 3.94 X

Note. The first five columns list the source name, original score, estimated start and end 2f,, and the mean Zﬁ. Column 6 lists the new T, used in the coherence-time
veto. The last two columns show the follow-up results: the new score obtained by increasing 7y, and whether the new optimal path overlaps the original candidate
path. The three new scores marked by “*,” “},”” and “}” are above the original thresholds set in the search. Note that the pipeline returns estimated frequencies and

spin-down rates corresponding to the 2f, component.

D.3. Upper Limits

In Figure 12, we show the upper limits for the DHV targets.

First, we derive the frequentist upper limit through
injections in one sample subband, starting from 112.5 Hz for
f. and 225 Hz for 2f,. A set of 200 synthetic signals is injected
into the O4a data at random sky positions in that subband with
a fixed hy. The corresponding detection rate is calculated. This
process is repeated with different /o values with a step size of
1 x 107%°. With all the injected h, values and the
corresponding detection rates, hy° " is obtained through a
sigmoidal fit. We find /g°% = 2.04 x 10725 and 2.29 x 10~
for T.on = 12 hr and 9 hr, respectively, in this sample band.
The hg°* values obtained in the sample subband improve upon
the O3a results by a factor of approximately 1.4 (R. Abbott
et al. 2021b). Given that the detectable strain amplitude scales
with the effective amplitude spectral density and inversely
with the square root of the observation time, the sensitivity
achieved in O4a is consistent with expectations based on the
O3a results.

Next, we use these values obtained in the sample subband
(starting from 112.5 Hz for f, and 225 Hz for 2f,) to
analytically calculate h5°” in the full frequency band (blue
dots), using the scaling (L. Sun et al. 2019)

Su()Sn(2f)

1/2
—) , (D4)
Sn(f) + Su(2f)

hG3%(f) o (

where S, is the effective power spectral density calculated
from the harmonic mean of the two detectors over all the 30
minute SFTs collected from 2023 October 1 to 31 (GPS time
1380153618-1382745618). Finally, to verify the analytical
scaling, the injection procedure in the first step is repeated in
12 randomly selected subbands that span the full range. The
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Figure 12. Estimated sensitivity y°% obtained from the DHV search as a

function of f, for T,,, = 12 hr (blue) and T.on, = 9 hr (orange), assuming a

specific scenario with source properties § = 45 deg and cost = 0 (signals at

both f, and 2f, are linearly polarized). These estimates are obtained from

randomized sky positions and hence apply to all sources using the same Tcqp.

empirically obtained hg°” in these sample subbands agree

with the analytic estimates to <2.1%.

Appendix E
Details on the Weave Search

E.1. Search Implementation

The Weave software provides a systematic way to cover the
parameter space in a template search, ensuring an acceptable
loss of signal-to-noise ratio for true signals that fall between
template points (K. Wette et al. 2018). It combines recent
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advances in template placement, using an optimal parameter-
space metric (K. Wette & R. Prix 2013; K. Wette 2015) and
optimal template lattices (K. Wette 2014).

Due to the high computational cost of template-based
Weave searches, we limit our search to Cas A, Vela Jr., and
G347.3—0.5 for GW signal frequency f ranges from 20 to 475
Hz. Detector noise deteriorates badly below 20 Hz because of
ground motion and is also badly degraded at much higher
frequencies in bands contaminated by forests of “violin mode”
frequencies, near 500 Hz and near integer multiples thereof.
These frequencies correspond to vibration resonances of the 16
suspension fibers supporting the four primary mirrors in each
interferometer. Similar but much less severe resonances in
suspension fibers supporting the beam splitter mirrors
contaminate narrow bands between 300 and 400 Hz. In this
search, we focus on frequencies below the fundamental violin
mode harmonics for two reasons: (1) young, but not newborn,
isolated NSs are expected to rotate at lower frequencies; and
(2) higher-frequency searches are computationally more
demanding because of the increase in parameter-space volume.
We choose a ceiling of 475 Hz because the region between 475
Hz and the lowest violin mode harmonic (just below 500 Hz)
is contaminated by nonlinear interactions between the violin
modes and other, lower-frequency lines, leading to frequency
“shoulders” and sidebands.

Similar to previous searches (J. Abadie et al. 2010; J. Aasi
et al. 2015a; B. P. Abbott et al. 2019b; R. Abbott et al.
2021b, 2022a; J. Wang & K. Riles 2024; D. H. T. Cheung
et al. 2026), we define the search range by assuming a power-
law spin-down: f o< —f", with a braking index n ranging
between 2 and 7 to account for multiple potential spin-down
contributions. Additionally, we follow R. Abbott et al. (2022a)
and J. Wang & K. Riles (2024) and adopt a slightly more
conservative approach, allowing the upper limit on f to reach
zero as follows:

22 »2
o, 2L <j<7l
f f

f

<f < (E1)

Tage

Setting the upper limit on f to zero allows for time-dependent
braking indices and uncertainties in the source’s effective age.
Table 13 lists the ages of the targets used to configure the
search. It also includes the maximum absolute values of f and
f at the lowest and highest search frequencies.

The Weave program (K. Wette et al. 2018) creates a
template grid in the parameter space for each time segment
that is appropriate to computing the F-statistic for a coherence
time T, equal to the total observation period T, divided by
Nge,. The spacing of the grid points in (f, f, f) is set according

Abac et al.

to a metric (K. Wette & R. Prix 2013; K. Wette 2015) that
ensures a worst-case maximum mismatch (m.,y,) defined by the
fractional loss in F-statistic value due to a true signal not
coinciding with a search template.

Separately, a much finer grid is defined for the entire
observation period with respect to the midpoint of the
observation period, with its own mismatch parameter
Mgemi-coh, analogous to mcq,. This parameter, similar to mcqp,
is the average of the coherent mismatch values across all
segments (K. Wette 2015). Its value is chosen based on a
balance between sensitivity and computational cost. At
initialization, the Weave pipeline creates a mapping between
each point in the semi-coherent template grid and the nearest
point in each of the coarser segment grids, accounting for
frequency evolution. The semi-coherent detection statistic 2F
is calculated as the average of the 2F values across the Ny,
segments for each semi-coherent template based on this

mapping:

~ seg
A oY (E2)
Neeg i =1

For the searches presented here, we use the same mismatch
parameters mqop = 0.1 and mgem;con = 0.2 as used in R. Abbott
et al. (2022a).

We divide the search jobs into 0.1 Hz bands of f, with
further divisions in f, as needed, to keep each job’s
computational duration less than 24 hr, for practical reasons.
Table 14 shows the f divisions width for different frequency
bands for the searches. The discreteness of the f and f steps
leads, at low frequencies, to a coverage of the parameter space
well beyond that described by Equation (E1), a region that
includes, for example, the parameters of the candidate reported
in J. Ming et al. (2025).

Each individual search job returns the (f, f, f) values of the
1000 templates (“top list”) with the largest (“loudest™) 2F in
each 0.1 Hz bands with f divisions. We sum up the number of
templates for each 1Hz band and calculate the nominal
threshold

1

23I\::hrf:sh = CDszl(l - s 4Nseg)’ (E3)

seg temp

where CDF—/ is the inverse cumulative distribution function of

the x* distri){)ution with 4N, degrees of freedom, evaluated at
1—1/Niemp percentile, and Niepy is the number of templates in
a 1 Hz band. This threshold is set based on a signal-free x>
distribution with four degrees of freedom per segment, such
that the expected number of candidates is one per 1 Hz band in

Table 13
Age Used to Define the Weave Search Range, Search Range for f, f Values at 20 and 475 Hz, and T, of Initial Searches
G111.7-2.1/Cas A G266.2—1.2/Vela Jr. G347.3-0.5
Tage (YT) 300 690 1600

[—2.1 x 107°, 0]
[0, 1.6 x 1071¥]

f range (Hz s @20 Hz
f range (Hz s—2) @20 Hz

[-9.2 x 107, 0]
[0,3.0 x 1071

[—4.0 x 10719, 0]
[0, 5.6 x 10729

[—5.0 x 1078, 0]
[0, 3.7 x 10717

f range (Hz s~') @475 Hz
f range (Hz s—2) @475 Hz

[-2.2 x 1078, 0]
[0, 7.0 x 1074

[—9.4 x 107%, 0]
[0, 1.3 x 10718

Tcoh (day) 5

7.5 7.5

30
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Table 14
Width of # Subranges for Weave’s Initial Search Jobs (0.1 Hz Subbands) to
Keep Job Durations under 24 Computational Hours

Abac et al.

Table 16
Coherence Time and Spin-down Order Configuration for Different Weave
Follow-up Stages

Source f f Width G266.2—1.2/Vela Ir.,
(Hz) (Hz s™hH G111.7-2.1/Cas A G347.3-0.5
G111.7-2.1/Cas A 20-200 1.5 x 107° 1st follow-up Tecopn 5 days " 10 days 7.5 days” 15 days(2” 2)
G111.7-2.1/Cas A 200-475 1x107° (spin-down Q" 2
G266.2—1.2/Vela Jr. 20-475 8 x 107" order) change
~10
G347.3-0.5 20-475 8 10 2nd follow-up 107 202" 2) 157 302" 2)
Note. Each subband is limited to a top list of 1000 candidates. 3rd follow-up 207 402" 3) 30" 602" 3)
4th follow-up - 60" 1203" 4)
" "
Table 15 5th follow-up - 1207 2404 " 4)
Parameters Defining the Analytic Threshold Function 2:7-\';“%]1( )= 2?0 fe
Applied to the 2F Detection Statistic
f 27 a Table 17
(Hz) 2F Increase Requirement in Each Stage of Weave Candidate Follow-up
G111.7-2.1/Cas A 20475 7.11 0.0186 G111.7-2.1/Cas A G266.2—1.2/Vela Jr. G347.3-0.5
cauraos 20475 o oo | 2 s 555
e ) ) 2 41% 49% 49%
3 62% 62% 60%
) ) ) ] 4 68% 65%
Gaussian noise. We then fit this threshold to the function 5 74% 70%

Z%hresh( )= 2.7:'0 f¢. The fitted parameters are listed in

Table 15. Templates with 2F values exceeding this threshold
are considered candidates. However, non-Gaussian artifacts
lead to much higher candidate counts in particular bands
contaminated by instrumental line sources. In some cases,
strong instrumental lines can cause all templates returned by a
single search job to have F-statistic values exceeding the
nominal threshold. This occurs for a subset of the 0.1 Hz band
and the range of f searched. We refer to those cases as
“saturated” as potentially interesting templates can be
suppressed by the top-list cap.

E.2. Postprocessing and Follow-up

For nonsaturated subranges of individual 0.1 Hz bands,
candidates exceeding the threshold 2%hresh( f) are followed up
in a sequential procedure where at each step, the coherence
time T, is increased (and hence the number of segments Nyq
is decreased). Because the noncentrality parameter for the 2F
detection statistic scales approximately linearly with 7., one
expects a similar percentage increase in the 2F. To determine
the required ratio increase in 2?, We perform 50 software
injections (signal simulations) with randomly chosen fre-
quency parameters within each 1 Hz band and with hy = h23%
that yields 95% detection efficiency (see Section E.3). We then
follow up candidates with 2F above the Z%hresh( f) threshold
and include higher-order spin-down terms to better capture the
signal, given the coherence time and spin-down order
configuration for each follow-up stage, as shown in
Table 16. The requirement for the increase in 2F to recover
the injected signals above the Z%hresh( f) threshold for all
follow-up stages is listed in Table 17.

In addition, following up only the top 10 loudest survivors at
later follow-up stages is sufficient to recover the injected
signals with high efficiency. Therefore, although we evaluate
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all candidates above the Z%hresh( f) threshold from the initial
search stage, in the successive stages, only the top 10 loudest
survivors per initial candidate are evaluated for further follow-
up. We have verified that these threshold criteria preserve
greater than 95% recovery efficiency for the injections, while
allowing conservatively for an uncertainty in source R.A. and
decl. of 1077 radians (~ 2 ). The loudest candidate in each
saturated subrange is followed up using the same procedure to
ensure that if the saturation were due to an unusually strong
signal, it would not be suppressed by the top-list cap.

We further validated the follow-up procedure with four
“hardware injections" that were injected in the LIGO detector
during the run via modulation of interferometer mirror
positions via auxiliary lasers (C. Biwer et al. 2017). We chose
Injections 3, 6, 8, and 12, ranging from ~37 to ~189 Hz,
which use the same simulation parameters as used in the O3
run (R. Abbott et al. 2021d), except for somewhat reduced
amplitude. All signals were successfully recovered.

For Cas A/Vela Jr./G347.3—0.5, there were ~1.3 X
10°/1.2 x 10°/6.9 x 10* candidates above the initial search
threshold in bands that were not saturated (not excluded from
consideration by severe instrumental artifacts). The parameters
of the surviving candidates after the second follow-up stage
and the complete lists of the saturated subbands can be found
in D. Cheung (2025).

For Cas A, repeatedly doubling the coherence time to
T.on = 40 days eliminates all candidates. For G347.3—0.5, we
eliminate all candidates in the final follow-up stage when
Teon = 240 days. On the other hand, two clusters of candidates
for Vela Jr. survive the final follow-up stage (T, = 240 days)
with source frequencies near 247 Hz. In this case, there is a
prolonged period during the run when an instrumental line
overlaps the nominal signal’s frequency trajectory versus time,
a period during which there is a disproportionate contribution
to the detection statistic. Hence, we do not consider either
candidate cluster to be a credible astrophysical signal.



THE ASTROPHYSICAL JOURNAL, 1004:204 (41pp), 2026 June 20

We conclude that there is no significant evidence in the
Weave pipeline analysis for a CW signal from the CCOs in the
SNRs Cas A, Vela Jr., and G347.3—0.5.

E.3. Upper Limits

In Figure 13, we report the 95% confidence-level frequentist
upper limits on strain amplitude hy5% for all the targets
searched by Weave. To obtain these upper limits, we conduct
software injections of signals with varying amplitudes,
drawing frequencies uniformly within each 1Hz band
(excluding 0.1 Hz subbands containing at least one f interval
with saturated candidate top lists). The parameters cost, 1, f,
and f are also drawn uniformly. An injection is deemed
detectable if its 2F value, computed fl\ljsing Weave with the
initial search setup, meets or exceeds 2 Fyesn(f) (assuming all
candidates above this threshold corresponding to a true signal
would be followed up and confirmed). This procedure is
repeated for different signal amplitudes Ao, and the detection
fraction is fitted using a sigmoidal function

1
1+ exp (%)

where p(hg) represents the fraction of detected injections for a
given hy, and a and b are the parameters of the sigmoidal
function. The number of injections is chosen to ensure that the
statistical uncertainty in the estimated hg 5% is below 5%.

p(ho) = ; (E4)

I
3} G111.7-2.1 (Cas A)
gl 5 G266.2-1.2 (Vela Jr.)
'i. G347.3-0.5
L%
1
?6
44
3 , , , ,
100 200 300 400
f (Hz)

Figure 13. GW strain amplitude upper limits (95% confidence level) in each
1 Hz band for the Cas A (blue), Vela Jr. (orange), and G347.3—0.5 (green)
searches using Weave. All the upper limits presented here are below the age-
based strain amplitude limit (>1072*) for the three targets.
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