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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 rst
eight months of the fourth observing run (O4) of the LIGO-Virgo-KAGRA Collaboration. The anal-
ysis employs ve pipelines: four semi-coherent 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% con dence-level

upper limits on the intrinsic strain amplitude, with the most stringent constraints reaching

4 10 %6

near 300 Hz for the nearby source G266.21.2 (Vela Jr.). We also derive limits on neutron star elliptic-
ity and r-mode amplitudes for the same source, with the best constraints reaching 10 “ and. 10 °,

respectively, at frequencies above 400 HZ-or frequencies above 200 Hz

, these results represent the

most sensitive wide-band directed searches for continuous gravitational waves from supernova remnants

to date.

1. INTRODUCTION

Continuous gravitational waves (CWs) are long-
duration, nearly monochromatic signals expected from
non-axisymmetric, rapidly rotating neutron stars (NSs).
While transient gravitational waves (GWs) have been
directly detected from numerous compact binary merg-
ers (Abbott et al. 2019a, 2021a, 2023, 2024, 2025; Olsen
et al. 2022; 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 sev-
eral orders of magnitude weaker in amplitude than those
from mergers (see Riles 2023; Wette 2023; Piccinni 2022
for recent reviews). Detecting CWs would represent a
major breakthrough in astrophysics, o ering direct in-
sights into NS structure and dynamics. This includes

Deceased, March 2026.
Y Deceased, September 2024.
Z Deceased, August 2025.

constraints on asymmetries and crustal deformations,
the equation of state of ultra-dense matter, energy loss
mechanisms, and magnetic eld con gurations (see e.g.,
Owen 2026; Gittins 2024; Haskell et al. 2022; Sieniawska
& Bejger 2019 for reviews). Moreover, CW observa-
tions 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 popula-
tion. Though no CW detections have yet been reported,
current searches are yielding signi cant upper limits on
strain amplitude, ellipticity, and r-mode oscillation am-
plitudes. These limits are guided by theoretical pre-
dictions of r-mode behavior and relativistic frequency
estimates from models of NSs with realistic equations of
state (e.g., Ho & Lai 2000; Idrisy et al. 2015).

As such, young core-collapse supernova remnants
(SNRs), known or expected to house NSs, represent ex-
cellent targets for the search of CWs. In the absence of
pulsations, a NS may manifest itself as a central com-
pact object (CCO) detected in X-ray wavelengths near
the center of its hosting SNR, and typi ed by the NS



discovered by the Chandra X-ray Observatory (CXO)

in the young SNR Cassiopeia A (Cas A) (Pavlov et al.
2000; De Luca 2017). Other manifestations of young
NSs include a point-like source powering a pulsar wind
nebula (PWN), the synchrotron bubble in ated by the
relativistic wind of the NS as it interacts with its sur-
rounding SNR or interstellar medium, and typically ob-
served in radio and/or X-ray energies (see e.g., Gaensler
& Slane 2006). Young NSs typically spin down rapidly
due to strong electromagnetic and GW torques (Knispel
& Allen 2008), complicating long-duration CW searches.
Previous continuous GW searches for SNRs have em-
ployed various strategies with di erent trade-o s. Inter-
esting sources like Cas A and SNR 1987A were targeted
for the rst time in the fth science run of initial LIGO
(S5) (Abadie et al. 2010; Sun et al. 2016) while other
results for SNR 1987A can be found in the more recent
02 (Owen et al. 2022) and O3 (Owen et al. 2024; Sal-
vadore et al. 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 (Aasi et al. 2015a) and O1-O2 data (Abbott et al.
2019b; Lindblom & Owen 2020; Millhouse et al. 2020;
Ming et al. 2019; Papa et al. 2020; Ming et al. 2022).
Searches in O3 data (Abbott et al. 2021b, 2022a; Wang
& Riles 2024), were characterized by being the broadest
and most extensive performed to date (including a set
of 15 sources in Abbott et al. 2021b), reaching sensitive
results for the well known sources Cas A and Vela Jr.
in the most sensitive frequency range (Wang & Riles
2024). Competitive results were achieved by the lat-
est deep searches performed using the Einstein@Home
project (Ming et al. 2025; Ming et al. 2024; Morales
et al. 2025). In particular, 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
nd any compatible candidate using the search con g-
urations adopted here. Previous results from the same
project can be found in Ming et al. (2019); Papa et al.
(2020); Ming et al. (2022).

In this search, we apply ve 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
collaboration. Speci cally, only the rst eight months
(O4a, beginning on May 24, 2023 and concluding on Jan-
uary 16, 2024) of data from LIGO Hanford and LIGO
Livingston detectors were analyzed. All these pipelines
were previously used in O3 or O3a analysis (Abbott
et al. 2021b, 2022a; Salvadore et al. 2025). These include
the directed Band-Sampled-Data (BSD) pipeline (Pic-
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cinni et al. 2018), the single-harmonic Viterbi (SHV)
and dual-harmonic Viterbi (DHV) methods (Sun et al.
2018, 2019), and the Weave (Wette et al. 2018) semi-
coherent searches, as well as the cross-correlation analy-
sis by PyStoch (Ain et al. 2018). Together, the pipelines
provide complementary parameter-space coverage and
sensitivity to di erent emission scenarios.

The paper is organized as follows. Section 2 de-
scribes the SNR targets and their astrophysical prop-
erties, while in Section 3 we briey discuss the sig-
nal models used in this search. Section 4 outlines the
search methods and parameter space explored. Section 5
presents the results, including upper limits and astro-
physical implications. Conclusions are summarized in
Section 6. Appendices A{E detail technical information
on the pipelines, the candidate's follow-up and postpro-
cessing, 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 catalogue of radio SNRs (Green 2025)
and SNRcat the online high-energy catalogue of SNRs
hosted by the University of Manitoba® (Ferrand & Sa -
Harb 2012) with their distance and age estimates regu-
larly 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 GWSs.

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 pulsar wind nebula or a point-like 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 age is
estimated from their hosting SNR.

A CW searchinthe 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 typi-
cally exceed that value (see Sec. 3). Such a search could
help reveal the fastest and youngest spinning NSs. This
range of rotation period values overlaps with the known

1 http://snrcat.physics.umanitoba.ca
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pulsation periods of many young rotation-powered pul-
sars as well as that of the 3 known pulsars in the CCOs
family (with spin periods of 105, 112, and 424 ms; Got-
thelf et al. 2013).

2.2. Target list and comparison to O3a

The list of targeted SNRs is essentially the same
as that chosen for O3a (Abbott et al. 2021b) with
some updates summarized next. Firstly, 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, Ravi
et al. 2024) and shows evidence of a long sought com-
pact object or another powering engine (Fransson et al.
2024; Greco et al. 2021). 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, G354.4+0.0 (also
known as G354.46+0.07), is removed from our O4a list
since it is no longer believed to be a SNR, but rather
an HIl region (Hurley-Walker et al. 2019). G1.9+0.3
is kept in our O4a list despite it being commonly be-
lieved to be a type la remnant (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., Reynolds et al. 2008) and the known un-
certainties in typing young SNRs from X-ray ejecta ts
to nucleosynthesis yields (e.g., Borkowski et al. 2013;
Braun et al. 2023; Treyturik et al. 2026). Being the
youngest known Galactic SNR, G1.9+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 re ect the
values in SNRcat(2025 version), including the most re-
cent studies of these objects. We note that for Vela Jr.,
our distance upper limit is consistent with the most re-
cent accurate distance measurement of 1.410.14 kpc
(Suherli et al. 2026). These estimates a ect the search
parameters di erently for each pipeline, as detailed in
the following sections.

Of the 15 SNRs in Table 1, at least eight targets are
searched using three dierent pipelines, while the re-
maining SNRs are searched using one or two pipelines.
This is because each pipeline covers di erent parts of
the parameter space, corresponding to slightly dier-
ent 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 Sec. 4.4), are added as targets in the
BSD analysis (Sec. 4.2). G291.00.1 is a plerionic com-
posite (i.e. a composite type SNR harboring a pulsar

wind nebula) 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 non-zero 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 eld con guration (Glampedakis & Gualtieri
2018). Young NSs, in particular, are expected to retain
relatively large deformations acquired at birth (Knispel
& Allen 2008), although these asymmetries typically de-
cay over time due to thermal, magnetic, and viscous re-
laxation processes (Haensel et al. 1990; Gnedin et al.
2001; Potekhin et al. 2015).

As the NS spins, it gradually loses angular momen-
tum through several mechanisms, including GW emis-
sion. This energy loss causes a reduction in its spin (and
GW) frequency, which can be modelled ag

_ff
Cf2
where the braking index n, is a dimensionless parameter
that describes the physical mechanism driving the neu-
tron star's energy loss. In practice, the spin-down evo-
lution may be more complex than the simple power-law
behaviour described by Eq. (1). The total energy loss
may involve simultaneous contributions from both grav-
itational and electromagnetic (e.g., magnetic dipole) ra-
diation. Some of the pipelines in this search look for sig-
nals with braking indices in the 2{7 range as in Abadie
et al. (2010) where the lowestn = 2 value is compat-
ible with the braking indices of nearly all known pul-
sars (Hamil et al. 2015). In the case of spin-down dom-
inated entirely by mass quadrupoles GW emission (as
in the so-called gravitar scenario)n = 5, or n = 7 if
the emission arises fromr-mode oscillations (Palomba
2005). For magnetic dipole radiation, the braking in-
dex takes the valuen = 3. The age of the NS can be
estimated as

f/ f"n 1)

" #
f fn f

(n  1)f— fi ffi (n 1)
(2)

tage =

2 Given the proportionality between the GW frequency and the
star's spin frequency f», we usef to denote either quantity in
the formulae above. We will specify the relation between the GW
frequency and f» whenever it is needed.
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Source Compact Object or PWN association Age Distance Right ascension Declination Pipeline

(kyr) (kpc) (h:m:s) ( %%
G1.9+0.3 { 0.15{0.22 8.34{8.5 17:48:46.9 27:10:16  SHV
G15.9+0.2 CCO CXOU J181852.0 150213 1{3 5{16 18:18:52.1 15:02:14 SHV
G18.9 1.1 G18.9-1.1 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{56.2 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
G93.3+6.9/DA 530 PWN candidate, CXOU J205214+551722 3.2{7 4.4{8.3 20:52:14.0 55:17:22 BSD, DHV, SHV
G111.7 2.1/Cas A CCO CX0UJ232327.9+584842 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 G189.23+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 603926 1.3{10 3{10 11:11:48.6 60:39:26 BSD, SHV
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/RX J1713.7-3946 CCO 1WGA J1713.4-3949 1{1.7 0.9{1.1 17:13:28.3 39:49:53  SHV, PyStoch, 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

Table 1.
and with any associated Central Compact Object (CCO) or pulsar

The 15 SNRs covered in this analysis, listed in their ascending order of Galactic longitude (for the Galactic remnants),

wind nebula (PWN). All are Galactic SNRs except for the

last source, SNR 1987A, in the Large Magellanic Cloud. The rst source G1.9+0.3 is commonly believed to be a Type la SNR,
however, it was included given the uncertainties in SNR classi cation and given it is the youngest known SNR in the Milky
Way galaxy. RA and Dec 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

whereas for the other SNRs, only selected pipelines were applied.

wheref; is the spin frequency at birth. For older sources,
where f fi, the expression is simply a function off
and f_for a xed braking index n.

The expected GW frequency depends on the emis-
sion mechanism and the star's spinning frequencyf ,:
thermoelastic or magnetic quadrupoles emit atf, or
2f, (Ushomirsky et al. 2000; Cutler 2002; Lasky &
Melatos 2013), while r-modes emit at approximately
4f ,=3 (ldrisy et al. 2015; Gittins & Andersson 2023;
Owen et al. 1998; Andersson 1998; Caride et al. 2019).
Additional contributions may arise from super uid dy-
namics within the NS, potentially leading to dual-
harmonic emission scenariosf(; + 2f,) (Jones 2010) or
even to emission at higher-order harmonics of the spin
frequency (Melatos et al. 2015; Cheunchitra et al. 2024).
The dual-harmonic signal model, with components atff ,
and 2f,, is given by (Jaranowski et al. 1998; Sun et al.
2019)

hos (1) = %ho(l+cos2 )sin? cos (t); (3)
h, (t)= hgcos sin? sin ( t); (4)
his (1) = %ho sin2 sin2 sin%; (5)
I (1.
hy ()= Zrhosm sin2 0037, (6)
where is the source inclination angle, is the wob-

ble angle between the star's rotation axis and its prin-

1.2);
See Section 2 for details.

cipal axis of the moment of inertia, and (t) is the
GW phase (at 2 ») observed at the detector® Standard
CW searches target the simpler \triaxial star, principal-

axis" model ( =2), where the h; terms vanish,
leaving only the h, component at X,. The measured
detector strain is then h(t) = F.(t;;; )hoe () +

F (t;;; )hy (1), with F.;F the antenna patterns
for sky location (; ) and polarization angle The
phase of the GW signal is primarily determined by the
intrinsic evolution of the source's spin frequency, char-
acterized by its frequency and derivatives §; f-f5:::)

at a chosen reference timeg (with respect to the Solar
System Barycenter):

h

(9= f(t

0+2 to) + f5‘(t to)?
i ©)

F 34 ...
+6(t tO) +

where g is a constant phase. In addition to this in-
trinsic 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

3 Here, we do not consider the scenarios with emissions at addi-
tional frequencies, e.g., when precession and triaxiality of the
star are also considered (Zimmermann & Szedenits 1979; Van
Den Broeck 2005; Lasky & Melatos 2013).
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explicitly account for glitches; we assume that none of
the targets have glitched during the considered observ-
ing time. We note that in addition to secular spin-down,
random spin variations (timing noise or spin wander-
ing) can a ect the signal phase evolution (Parthasarathy
et al. 2019; Namkham et al. 2019; Lower et al. 2020),
driven by complex internal and magnetospheric pro-
cesses (Cordes & Greenstein 1981; Melatos & Link
2014). These complications motivate the use of semi-
coherent methods (see Sec. 4), which coherently inte-
grate short data segments (of durationT.on) and com-
bine the results incoherently across the full observing
span. In the absence of electromagnetic measurements
of (f; f;=::), the maximum strain hg'®* emitted by a ro-
tating 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 distanceD
(Wette et al. 2008):

! !
1kpc 1 kyr l,,

hmax =2:27 10
0 D tage 1088 kg m2

(8)

wherel,, is the NS's moment of inertia.

4. METHODS

This section brie y describes each of the ve pipelines
applied in this search, the parameter space investigated
and the emission mechanism considered. Pipeline de-
tails, along with the description of the post-processing of
the selected candidates, are reported in the Appendices.
Each pipeline has a di erent approach when selecting
the parameter space for the search. For comparison,
we report in Fig. 1 the values of the frequencyf and
rst-order spin-down/up f_parameter spanned by each
search for Vela Jr., the only source targeted by all ve
pipelines. The dierent (f; fJ) ranges covered by each
pipeline arise from the distinct choices of signal emis-
sion models and from the computational constraints of
each method, as described in Secs. 4.2{4.6. PyStoch and
Weave also include the second-order spin-down parame-
ter in the signal template as indicated in Appendix B.1
and E.1, respectively.

4.1. Data

All the pipelines use data from the LIGO Hanford
and Livingston detectors (Aasi et al. 2015b) in this
search. The analysis covers the data collected between
May 24, 2023, 15:00 UTC and January 16, 2024, 16:00
UTC { the period referred to as O4a (Jia et al. 2024;
Ganapathy et al. 2023; Capote et al. 2025; Abac et al.
2025a; Soni et al. 2025). All the pipelines use data

Figure 1. Parameter space covered by each of the 5
pipelines for G266.2 1.2 (Vela Jr.).

collected when the detectors are in the science ob-
serving mode (Goetz & Riles 2024). The low-latency,
cleaned, analysis-ready, calibrated data { C0O0 frames
(channel names: H1:GDS-CALIBSTRAINCLEAMR and
L1:GDS-CALIBSTRAINCLEAMR (Wade et al. 2025;
Dartez et al. 2025; Sun et al. 2020; Viets et al. 2018; Vi-
ets 2019; Vajente et al. 2020) have been used to generate
the di erent input les for each pipeline. All the inputs
have passed through a glitch-gating procedure (Davis
et al. 2024; Piccinni et al. 2018; Acernese et al. 2009).
The time-domain BSD les, which are generated from
the Short FFT Database (SFDB) les (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 Piccinni et al. (2018); Ac-
ernese et al. (2009). PyStoch begins its analysis using
folded Stochastic Intermediate Data (SID), which are
ultimately derived from the frames les. The SID con-
sist of cross-correlated spectra and cross-detector noise
estimates computed with a coherence time of 192 s and
frequency resolution of 1/32 Hz (Renzini et al. 2023).
These data are then folded into a single sidereal day, re-
sulting in the folded SID (Ain et al. 2018). The remain-
ing pipelines start their analyses from the 30-minute
Short Fourier Transforms (SFTs) (The LIGO Scienti c
Collaboration 2022). The SHV and DHYV pipelines used
the GO2 version of gated data (Davis et al. 2024) while
the Weave method used the earlier GO1 release, which
had spurious gates near boundaries of buered data
segments, a bug found to have negligible in uence on
search sensitivity. The lists of instrumental artefacts
used to exclude some contaminated frequency bands are
reported in Goetz et al. (2024).



4.2. Band-Sampled-Data (BSD)

The BSD pipeline, adapted for the SNR case (Pic-
cinni et al. 2018; Abbott et al. 2021b), is a directed
semi-coherent search method based on the Frequency-
Hough (FH) transform (Astone et al. 2014a; Antonucci
et al. 2008). Previous applications of this pipeline tar-
geting the Galactic Center during O2 and O3 are re-
ported in Piccinni et al. (2020); Abbott et al. (2022b),
respectively. In this analysis, we target a subset of six
sources, already searched for by the same pipeline in
O3a (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 Abbott et al. (2021b) and ref-
erences 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
singlef’ bin). The rst order spin-down range is de ned
as fmax=tage f— O0:1f max =tage, With fmax the upper
frequency of each 10-Hz band. We search both nega-
tive and positive spin-down to allow for possible spin-up
scenarios. When available, we use the youngest reliable
age estimate for each remnant fromSNRcats 2025 ver-
sion (Ferrand & Sa-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 xed, the resulting second-order spin-down

range places a lower bound on the source age (see e.g.

Eq (B2) of Abbott et al. 2021b). In this O4a analysis, we
set a maximum frequency of 600 Hz, which corresponds
to a minimum source age of 38 kyr. The list of tar-
gets and corresponding parameter space con gurations
is summarized in Appendix A.1.

4.3. PyStoch

The PyStoch pipeline (Ain et al. 2018) employs a
Python-based tool built on the radiometer method, typi-
cally 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 Salvadore et al. (2025). In this
search, PyStoch estimates the optimal signal-to-noise
ratio as a function of frequency for a specic sky lo-
cation. This study focuses on four well-known SNRs:
SNR 1987A, Vela Jr., Cas A, and G347.3 0.5; see Ta-
ble 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 sce-
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narios being analyzed, i.e.:

2
L IR
tage 6tage f

f2
[ C)

including the frequency distribution parameter in
Eq. (B4).

4.4. Viterbi (single-harmonic)

The SHV method implements a hidden Markov model
(HMM) to e ciently track CW signals from NSs exhibit-
ing secular spin down and spin wandering (Suvorova
et al. 2016; Sun et al. 2018). Previous searches tar-
geting young SNRs using this algorithm were conducted
on Advanced LIGO's data from the second observing
run (0O2)(Millhouse et al. 2020; Beniwal et al. 2022) and
the rst half of the third LIGO-Virgo-KAGRA observ-
ing run (O3a) (Abbott et al. 2021b). In this analysis,
we search for 14 targets; For a given SNR with distance
D min D Dmax and agetage, min tage  lage, max s
we de ne the searchable parameter space according to
four criteria described in detail in Appendix C.1.

4.5. Viterbi (dual-harmonic)

The DHV method (Sun et al. 2019) is a semi-coherent
tracking algorithm designed to follow two frequency
components simultaneously, improving sensitivity to sig-
nals emitted at both the stellar rotation frequency f-
and its second harmonic, 2,. 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, Z,. In addition, we assume that
the signal frequency evolution is dominated by the star's
secular spin-down and approximated by a negatively bi-
ased 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 ratefs__ , de-
termined by the search con guration (see Appendix D).
The list of targets and parameter space covered are given
in Appendix D.1 . Two search con gurations are used
for relatively older and younger targets. A minimum as-
sumed characteristic age of the target,tage, 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 har-
monics, we impose a lower frequency cuto at 50 Hz
for f, in all targets. This avoids contamination from
instrumental lines that are more prevalent at lower fre-
quencies. The maximum frequency is set by the selected
tages 1€, Tomax = Jfanm (N 1tage. Assuming that the
spin down is dominated by gravitational radiation, we
take n =5 (Sun et al. 2018; Abbott et al. 2021b).
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4.6. Weave

The Weave pipeline is a template-based, semi-
coherent search method based on thé& -statistic (Jara-
nowski et al. 1998). TheF -statistic computed for each
segment analyzed is proportional to the square of the
signal amplitude h3, maximized over hg, the unknown
orientation angles and , and the phase constant .
Thus, the search focuses on the parameters governing
the phase evolution in Eq. (7). Due to the high compu-
tational cost of template-based Weave searches, we limit
our search to Cas A, Vela Jr., and G347.3 0.5 for GW
signal frequencyf ranges from 20 to 475 Hz. The search
ranges for frequency derivatives are de ned by assum-
ing a power-law spin-down: f—/  f", with a braking
index n ranging between 2 and 7. The maximum abso-
lute values of f_and f* at the lowest and highest search
frequencies are reported in Appendix E.1.

5. RESULTS

We do not nd any statistically signi cant candidate
from all our targets. All the candidates from each
pipeline were discarded after the post-processing and
follow-up procedures described in Appendices A.2{E.2.
None of the candidates surviving prior to the nal steps
and found with the reported search con gurations seems
to resemble the one listed in Ming et al. (2025). This
may be expected, given the modest false alarm proba-
bility of 27% reported for the candidate. Nevertheless,
to fully assess the nature of this candidate, more inves-
tigations using a fully coherent method on the full O4
dataset are needed.

In each case, the most signi cant outliers are consis-
tent with instrumental artifacts or noise uctuations.
We report upper limits on the GW strain amplitude hg
for each target and pipeline, including both single- and
dual-harmonic models where applicable. These results
are summarized in Sec 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 constraints over wide
frequency ranges. As discussed in Sec. 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 parame-
ter. Despite the non-detection, these results contribute
to valuable constraints by placing meaningful bounds
on the ellipticity and r-mode amplitude of the putative
NSs. All the upper limits for each pipeline and target,
as well as the notebook used to generate the plots, are
available in Abbott et al. (2026).

5.1. Upper limits

In the following, we report the 95% con dence level
upper limits for each pipeline. These limits are obtained
using dierent approaches, including injection-and-
recovery methods or semi-analytic estimates that were
spot-checked against injections (see Appendices A.3{
E.3). A common gure of merit for quantifying search
sensitivity is known as the sensitivity depth D (Behnke
et al. 2015; Dreissigacker et al. 2018):

p——
Sn(f) |
h85% !

D(f) (10)

where P Sh(f) is an estimate of the e ective strain am-
plitude spectral noise density. This quantity is indepen-
dently estimated for each pipeline, as the input data
used may di er between methods. We quantify the sen-
sitivity depth for each pipeline.

In the following, we brie y describe the methodology
used to set these upper limits in each pipeline. As a
reference, in Fig. 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 Fig. 12,
where the best Vela Jr. upper limit is 212 10 2°
reached at 280 Hz.

BSD results: All the candidates surviving from the
BSD pipeline are consistent with noise uctuations (See
Appendix 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 semi-analytical approach
previously applied in Piccinni et al. (2020); Abbott et al.
(2022b). We corroborate the results by computing the
95% con dence level upper limits onhg using arti cial
signals injected in randomly selected 1-Hz sub-bands.
Results for all the targets are reported in Appendix A.3.
For all the analysed targets, the best strain sensitiv-
ity 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 tar-
gets exceed the indirect age-based limit for frequencies
above 50 Hz, except in highly contaminated frequency
bands.

The best achieved results at 95% con dence level is
ho =5:94 10 26 at around 250 Hz for the nearby source
Vela Jr. The sensitivity depth for Vela Jr. at 200 Hz
is 59.1 Hz 2, while a maximum value of 81.8 Hz **?
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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 Fig. 12.

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 G39.20.3 with 45.8 Hz =2,

PyStoch results: None of the candidates survived the
two follow-up procedures described in Appendix B.2.
Subsequently, 95% con dence-level upper limits on the
strain amplitude are computed across a range of fre-
quency resolutions. The computation of the 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 nal result is a marginal-
ized posterior distribution for hg, from which the upper
limit at a given con dence 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 increas-

ing 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 @02 10 %6. We
update the best upper limit on the SNR 1987A reaching
9:83 10 26, beating previous results of Owen et al.
(2024); Salvadore et al. (2025). The sensitivity depth
for Vela Jr. at the best (worst) frequency resolution is
36.5 (14.9) Hz 2. The best sensitivity depth at the
best frequency resolution is achieved for Cas A at 1693
Hz with 41.6 Hz 2 and for G347.3 0.5 at 1161 Hz
with 16.4 Hz 172, with the latest being too low to reach
the estimated strain of the candidate reported by Ming
et al. (2025).

SHYV results: All candidates surviving the veto steps
of the SHV pipeline are consistent with noise uctua-
tions, and no evidence of CWs is found in the LIGO
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O4a dataset. None of them survived the follow-up pro-
cedures 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 up-
per 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% con dence levelh3®® = 6:14 10 26 at f = 164
Hz from G65.7+1.2. The best depth at 200 Hz across
all sources is 51.7 Hz'*? (G65.7+1.2) while Vela Jr.
reaches a depth of 28.2 at the same frequency. The
depth reached by SVH is not enough to probe the can-
didate in Ming et al. (2025). Furthermore, the search
setup used for G347.3 0.5 is not able to produce candi-
dates with rst order spin-down parameters compatible
with the candidate.

DHYV results: Without nding evidence of CWs in the
dual-harmonic Viterbi search (see Appendix D.2), we
take a frequentist approach and estimate the 95% con -
dence strain sensitivity, denoted byh3>*, in a frequency
sub-band, and extend this estimate to the whole fre-
quency band using an analytical scaling as described in
Appendix D.3. Note that the strain sensitivity quoted
in this pipeline is based on a di erent signal model from
other pipelines [see Egs. (3){(6)]. In this signal model,
the strain sensitivity depends on the star's wobble angle
and orientation. Thus, we consider a speci ¢ scenario,
representing the worst-case for single-band searches,
where tracking the two frequency bands simultaneously
o0 ers the most signi cant sensitivity improvement com-
pared to a single-band search. This scenario assumes

= 45 deg and cos = 0, corresponding to linearly
polarized signals at bothf, and 2f, (Sun et al. 2019).
In Appendix D.3 is reported the estimated h3*” in all
sub-bands. The besth$>* values over the full frequency
band searched are B2 10 25 at f, = 213:25 Hz and
2:12 10 %5 atf, = 144:25 Hz, for Teon, = 12 hrand 9 hr,
respectively. These results are obtained from random-
ized sky positions and hence apply to all sources using
the sameT.on.* The sensitivity depths for this pipeline
are 13.9 Hz 72 for Teon = 12 hr and 12.4 Hz 172 for
Teoh =9 hr.

Weave results: Using Weave, we nd no signi cant
evidence for a CW signal from the Central Compact Ob-
jects in the SNRs Cas A, Vela Jr., and G347.3 0.5 (see
Appendix E.2). Given the absence of a detection, we

4 The sensitivity is dominated by the length of  Tcon (for a xed
Tobs) rather than the sky position of the source in the dual-
harmonic Viterbi pipeline (Abbott et al. 2021b).

determine 95% con dence level frequentist upper limits
on strain amplitude h3%* for each 1-Hz band, excluding
saturated 0.1-Hz sub-bands. 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 ofDcasa = 87:0 Hz ™2, Dyejayr - = 93:2 Hz 172,
and Dgas7:3 = 93:1 Hz 2. In comparison with Ming
et al. (2025), although our results are more sensitive
at higher frequencies, our sensitivity at the candidate
frequency reported by Ming et al. (2025) is lower. Con-
sequently, our search does not reach the quoted strain
estimated for this candidate, which is consistent with
its non-detection.

For all the results we observe an improvement with
respect to O3a searches, compatible with the longer ob-
servation period in O4a (8 months compared to 6 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 here. For Weave, an ad-
ditional improvement with respect to O3a is due to the
lower detection statistic threshold used to de ne initial
candidates for follow-up.

5.2. Astrophysical constraints

The GW strain amplitude can be converted into the
ducial ellipticity of the NS,  (Jaranowski et al. 1998),
and the r-mode amplitude parameter (if an r-mode
emission is assumed Owen 2010). Givehd>®, we con-
strain the ellipticity of the NS in terms of the GW fre-
quencyf via

ho D 100 Hz 2.
10 22 1kpc f '

=9:46 10 ° (11)
assuming that the moment of inertia with respect to
the rotation axis (l,, for a perpendicular biaxial rotor)
is 10°® kg m?. Here we have considered the standard
scenario of a single harmonic emission atf2, valid for
all the pipelines (Figures 3{6) except for DHV. For the
speci ¢ dual-harmonic scenario, the GW emission is at
both f, and 2f,, hence we can write Eq. (11) in terms
of the spin frequency of the starf,,

2

ho D 100 Hz . (12)

— 9. 5
=236 10° 1% Tioe =

Figure 7 shows the constraints on as a function of
f» obtained for the DHV search. These constraints are
converted from h3%% and are obtained for a speci c sce-
nario with source properties = 45 deg and cos = 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.

We can also converthg> to limits on the amplitude
of r-mode oscillations via (Owen 2010):

ho D 100 Hz 3
024 1kpc f

Figures 3{6 show the constraints derived from the
BSD, PyStoch, SHV, and Weave 95% con dence-level
upper limits for the ellipticity (left) and the r-mode am-
plitude (right). Solid curves correspond to D = Dpyn,
while shaded regions indicate the constraints obtained
for distances inthe rangeDmin D Dnax - Distances
are taken from Table 1.

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

The strongest ellipticity and r-mode constraints are
obtained at the highest frequencies. Indeed, for all
sources and targets we are able to reach values below

< 10 5 at the high end of the frequency band. Despite
uncertainties in the source distances, we are approach-
ing or exceeding the rough theoretical upper limit for
normal NSs (Johnson-McDaniel & Owen 2013). The
closest source, G266.21.2 (Vela Jr.), dramatically sur-
passes this limit, with ellipticity constraints reaching be-
low 10 7 across all pipelines.

These constraints are, however, model dependent: un-
certainties in the stellar geometry and composition, in-
cluding the internal equation of state, the neutron-star
mass, the moment of inertia, and the magnetic eld
strength, can signi cantly a ect the inferred values in-
troducing uncertainties of up to a factor of approxi-
mately two to three. Despite these limitations, the im-
proved detector sensitivities allow us to place tighter
limits than previous O3 searches over a broader pa-
rameter space. In particular, for SNR 1987A, the con-
straints improve upon the O3 modeled search results
in (Owen et al. 2024) by a factor of 1.5, consistent
with the di erent integration time and the improved de-
tector 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 10 2 expected from nonlinear saturation
mechanisms (Bondarescu et al. 2009), reaching values
of 10 6 at the highest frequencies covered by the
SHYV pipeline.

| 0028 3 (13)

6. CONCLUSIONS

In this work, we have presented the results of a com-
prehensive multi-pipeline search for CWs in SNRs po-
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tentially hosting young NSs, using data from the rst
eight months of the O4 LIGO-Virgo-KAGRA run. Our
analysis employed complementary pipelines | BSD,
PyStoch, SHV, DHV, and Weave | each targeting dis-
tinct signal models, parameter space and o ering varied
sensitivity trade-os. No evidence of a CW signal is
found; all candidates are consistent with noise or elimi-
nated by follow-up analyses.

We place new upper limits on the GW strain am-
plitude hg at 95% con dence level beating previous
O3 results. The BSD pipeline sets limits across 1-
Hz sub-bands 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, assum-
ing the most optimistic scenario of a closeby and young
source. However, these limits are surpassed even in the
worst case con guration for 6 out of 8 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 us-
ing an unmodeled approach, updating the limits found
in the O3 search (Salvadore et al. 2025). The Viterbi
pipelines provide constraints that incorporate spin wan-
dering e ects (single-harmonic) and simultaneous emis-
sion at f, and 2f, (dual-harmonic). Single-harmonic
upper limits reach hg°* =6:14 10 6 at f = 164:00 Hz
from G65.7+1.2. Dual-harmonic upper limits reach
h3>% = 1:82 10 25 at f, = 213:25 Hz (12-hr coher-
ence) and 212 10 25 at f, = 144:25 Hz (9-hr coher-
ence), consistent with analytic expectations. The Weave
pipeline's high-resolution follow-up con rms all initial
candidates are consistent with noise or instrumental ar-
tifacts reaching the besth3®” limit on the signal strain

4:33 10 %6 near 283 Hz for Cas A, 3:92 10 %6
near 266 Hz for Vela Jr., and 3:85 10 2% near 378 Hz
for G347.3 0.5.

Together, these results represent a signi cant 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 G347.30.5, tar-
gets of the deep searches in Ming et al. (2025); 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 lim-
its place stronger constraints on NS deformation and
energy loss models. Future observing runs with longer
data sets and enhanced detector sensitivity, combined
with multi-pipeline strategies demonstrated here, will
further improve detection prospects.
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