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Abstract

We report on a new search for continuous gravitational waves from NS 1987A, the neutron star born in SN 1987A,
using open data from Advanced LIGO and Virgo’s third observing run (O3). The search covered frequencies from
35–1050 Hz, more than 5 times the band of the only previous gravitational-wave search to constrain NS 1987A.
Our search used an improved code and coherently integrated from 5.10 to 14.85 days depending on frequency. No
astrophysical signals were detected. By expanding the frequency range and using O3 data, this search improved on
strain upper limits from the previous search and was sensitive at the highest frequencies to ellipticities of
1.6× 10−5 and r-mode amplitudes of 4.4× 10−4, both an order of magnitude improvement over the previous
search and both well within the range of theoretical predictions.

Unified Astronomy Thesaurus concepts: Gravitational waves (678); Gravitational wave astronomy (675); Neutron
stars (1108); Supernova remnants (1667)
Supporting material: data behind figure

1. Introduction

Piran & Nakamura (1988) first suggested shortly after
SN 1987A that the neutron star (NS 1987A), probably born in
the supernova, could be emitting detectable continuous
gravitational waves (GWs). Yet the first search to constrain
the behavior of the neutron star through GW upper limits was
not performed until recently (Owen et al. 2022). That search
used open data from Advanced LIGO and Virgo’s second
observing run (O2), covered the frequency band 75–275 Hz,
and was sensitive in that band to GW signals just below an
analog of the pulsar spin-down limit based on the age of the
neutron star (Wette et al. 2008). Here we describe a search of
open data (Abbott et al. 2023) from Advanced LIGO and
Virgo’s third observing run (O3; Acernese et al. 2019; Tse
et al. 2019) using a new and improved code covering a wider
frequency band (35–1050 Hz).

The detection of neutrinos from SN 1987A (Bionta et al.
1987; Hirata et al. 1987) suggests that a neutron star, rather
than a black hole, was the most likely product of this event.
Located 51.4 kpc away in the Large Magellanic Cloud
(Panagia 1999), NS 1987A is the youngest neutron star in
our Galactic neighborhood. Electromagnetic searches for a
pulsar or non-pulsing neutron star in the remnant SNR 1987A
are made difficult by its dust-filled surroundings. Far-infrared
observations of SNR 1987A by Cigan et al. (2019), however,
have detected a relatively warm, compact region of dust that
could be powered by a very young, cooling neutron star (Page
et al. 2020; Dohi et al. 2023). Greco et al. (2021) and Greco
et al. (2022) argue that hard X-ray emission suggests the
presence of a pulsar wind nebula.

The youngest neutron stars might be the best candidates for
continuous GW emission (see, e.g., Glampedakis & Gualtieri 2018

for a summary of emission mechanisms). Unstable r-modes might
emit GWs for the first decades or more after the supernova (see,
e.g., Bondarescu et al. 2009) while succumbing to viscous or
other damping later. “Mountains” on newborn neutron stars
might slump through viscoelastic creep on timescales of
decades (Chugunov & Horowitz 2010). Pulsar timing observa-
tions (Manchester et al. 2005) show that young neutron stars
generally spin down faster than old ones, allowing for greater
GW emission, and that the fastest-spinning non-recycled
pulsars in the LIGO-Virgo-KAGRA band is very young.
The first searches for continuous GW emission from

NS 1987A used stochastic background methods to analyze
data from Advanced LIGO and Virgo’s observing runs—see
Abbott et al. (2021a) and references therein. These searches did
not cover a reasonable parameter space. They assumed spin-
down rates for NS 1987A of order 10−9 Hz s−1, which is large
by the standards of known pulsars but is at least an order of
magnitude smaller than the spin-down that would be caused by
GW emission at detectable levels (Owen et al. 2022).
Stochastic background searches also did not achieve the
needed sensitivity to detect GWs at the level of the indirect
upper limit on GW strain h ,0

age analogous to the spin-down
limit for pulsars but based on the age of the object when pulses
are not observed.
This age-based indirect limit was defined by Wette et al.

(2008), who described the basic continuous-wave method for
searches for persistent GWs from supernova remnants where
there is evidence for a neutron star but where pulses are not
observed (such as SNR 1987A). Such searches require that
wide bands of frequencies and spin-down parameters (time
derivatives of the frequency) are explored. These continuous
GW searches use longer signal coherence times than stochastic
background searches and therefore generally require searching
over spin-down parameters as well as GW frequencies. The
limit h0

age is a useful figure of merit for search sensitivity. The
method of Wette et al. (2008) has been used to search for many
objects, starting with the central compact object in supernova

The Astrophysical Journal Letters, 962:L23 (6pp), 2024 February 20 https://doi.org/10.3847/2041-8213/ad2263
© 2024. The Author(s). Published by the American Astronomical Society.

Original content from this work may be used under the terms
of the Creative Commons Attribution 4.0 licence. Any further

distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

1

https://orcid.org/0000-0003-3919-0780
https://orcid.org/0000-0003-3919-0780
https://orcid.org/0000-0003-3919-0780
https://orcid.org/0000-0002-3018-1098
https://orcid.org/0000-0002-3018-1098
https://orcid.org/0000-0002-3018-1098
https://orcid.org/0000-0002-1323-6448
https://orcid.org/0000-0002-1323-6448
https://orcid.org/0000-0002-1323-6448
https://orcid.org/0000-0001-7568-1611
https://orcid.org/0000-0001-7568-1611
https://orcid.org/0000-0001-7568-1611
http://astrothesaurus.org/uat/678
http://astrothesaurus.org/uat/675
http://astrothesaurus.org/uat/1108
http://astrothesaurus.org/uat/1108
http://astrothesaurus.org/uat/1667
https://doi.org/10.3847/2041-8213/ad2263
https://crossmark.crossref.org/dialog/?doi=10.3847/2041-8213/ad2263&domain=pdf&date_stamp=2024-02-13
https://crossmark.crossref.org/dialog/?doi=10.3847/2041-8213/ad2263&domain=pdf&date_stamp=2024-02-13
http://creativecommons.org/licenses/by/4.0/


remnant Cas A (Abadie et al. 2010) and more recently targeting
NS 1987A (Owen et al. 2022).

Until Owen et al. (2022), searches for NS 1987A did not
cover the full parameter space or reach the sensitivity of h .0

age

Narrow parameter space searches for continuous GWs from
NS 1987A were performed by Sun et al. (2016) using the
method described by Chung et al. (2011). Since the Wette et al.
(2008) parameter space required a fourth spin-down parameter
for NS 1987A (then 19 yr old), Chung et al. (2011) narrowed
the search by introducing a detailed spin-down model. This is
less robust than models making fewer assumptions. Even with
a narrow parameter space, Sun et al. (2016) did not achieve
upper limits comparable to h .0

age Recent all-sky surveys for
continuous GWs such as Steltner et al. (2023) do beat that limit
in the direction of NS 1987A but do not cover spin-down
ranges physically consistent with NS 1987A.

Wette et al. (2008) derived h0
age for mass-quadrupole GW

emission (“mountains”), and Owen (2010) extended it to
current-quadrupole GW emission from r-modes. The deriva-
tions of these limits assume that GWs dominate the spin-down
of the star from birth and that the initial spin frequency was
much higher than present. The Wette et al. (2008) mass-
quadrupole age limit on the GW amplitude h0 (a measure called
the intrinsic strain; Jaranowski et al. 1998) can be written as a
frequency-independent expression that depends on the age of
the neutron star a, its distance D, and moment of inertia I:

=h
GI

c aD
5
8

. 10
age

3 2
( )

The analogous indirect limit for GW emission from r-modes is
given by (Owen 2010)

=
-

h
A n

GI
c aD

10
1

, 20
age

2 3 2( )
( )

where =n ff f 2̈  is the braking index. Here we have modified
the expression of Owen (2010) to leave free the parameter A,
which is the ratio of r-mode frequency (in an inertial frame) to
stellar spin frequency.

We convert the above expressions to numerical ranges as
follows. Owen (2010) used A= 4/3, appropriate for slow
rotation and Newtonian gravity, while general relativistic slow
rotation estimates are about 1.39–1.64 (Idrisy et al. 2015;
Ghosh et al. 2023). The moment of inertia depends on the
neutron star equation of state and mass. We take the mass range
for neutron stars to be 1.2–2.1Me (Martinez et al. 2015;
Cromartie et al. 2020). For this mass range and the equations of

state used by Abbott et al. (2021b), the moment of inertia range
is about 9.1× 1044–4.7× 1045 g cm2. Finally we use 6–7 for
the physically plausible range of r-mode braking indices
(Lindblom et al. 1998; Ho & Lai 2000). The resulting range of
h0

age for NS 1987A, using an age of 33 yr (applicable for late
O3), is about

´ ´- - h2.3 10 5.3 10 325
0
age 25 ( )

for mass-quadrupole GW emission using Equation (1) and

´ ´- - h2.3 10 6.8 10 425
0
age 25 ( )

for r-mode GW emission using Equation (2).
Inserting these parameters into the results of Wette et al.

(2008) and Wette (2012) indicates that a coherent search of O3
data using only two spin-down parameters can surpass the
sensitivity of h0

age for a computing budget of order a million
core hours. This paper describes such a search, which detected
no astrophysical signals but placed direct upper limits on the
GW strain from NS 1987A. These limits beat the indirect limit
h0

age over a physically consistent parameter space that is
considerably larger than the range of frequencies explored in
the O2 data search by Owen et al. (2022).

2. Search Methods

The search methods used in this paper are similar to those
used by Owen et al. (2022). Highlights and changes are
summarized here. Readers are directed to Owen et al. (2022)
and references therein for details.
The Drill pipeline (Owen et al. 2023) version 1.0.0 was

used for this search. It will be described more fully elsewhere.
Here we summarize the differences between Drill and
previous codes. Drill is a completely new code with
functionality similar to that used in Owen et al. (2022). It
consists of Python scripts running C codes from LALSuite
(LIGO Scientific Collaboration 2020; v6.25.1 of lalapps and
concurrent versions of other packages) that implement the
multi-detector  -statistic (Jaranowski et al. 1998; Cutler &
Schutz 2005). Drill is more efficient than the code used in
Owen et al. (2022), vetoes signal candidates based on
nonparametric statistics, and handles upper limits more
consistently.
This search used open data (Vallisneri et al. 2015; Abbott

et al. 2023) from O3 in the form of 1800 s short Fourier
transforms (SFTs) generated from Frame-format time-domain
data sampled at 4 kHz. All SFT logic and data selection were
handled by the lalapps_MakeSFTs program. O3 and our
search included data from the Hanford, WA (H1) and
Livingston, LA (L1) 4 km LIGO interferometers and the
Cascina, Italy (V1) 3 km Virgo interferometer. Although V1
was generally less sensitive, we verified that including Virgo
data improved search sensitivity (by a few percent) at fixed
computational cost due to the steep dependence of computa-
tional cost on observation time span. Those spans were set to
achieve a target computational cost (see below). Following
Jaranowski et al. (1998), the start time of each span was chosen
to maximize the data time divided by the joint power spectral
density (psd) of strain noise, which is approximately equivalent
to maximizing the search sensitivity.
For NS 1987A we used the (J2000) R.A. and decl.

a d= = -   05 35 27.998, 69 16 11 107 5h m s ( )

Table 1
Data Parameters Used in This Search

Derived parameters

Name
Value
(35–125 Hz)

Value
(125–450 Hz)

Value
(450–1050 Hz)

Span (day) 14.85 8.13 5.10
Start 2020-02-28

12:39:33
2020-02-24

02:56:27
2020-02-27
12:34:01

H1 SFTs 555 330 216
L1 SFTs 603 333 220
V1 SFTs 539 263 169

Note. Times are in UTC.
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from Cigan et al. (2019). We used an age of 33 yr (suitable for
the late O3 data used) and the distance 51.4 kpc from Panagia
(1999) to determine the parameter space and infer source
properties. Observation spans and other search parameters
derived from the age are listed in Table 1.

The signal parameter space was chosen similarly to Owen
et al. (2022). The GW frequency in the solar system barycenter
frame was modeled by

= + - + -f t f f t t f t t
1
2

, 60 0
2( ) ( ) ̈ ( ) ( )

where t0 is the time at the beginning of the span and the
parameters f f f, ,( ̈) are evaluated at epoch t0. The ranges of
f f,( ̈) for a given value of f were

-
-

-
 f
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f

f
n a1 1

, 7
max min( ) ( )
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 n
f
f

f n
f
f

, 8min

2

max

2
̈ ( )

 

with the braking index n ranging from =n 3min to =n 7max

and a being the neutron star’s age. Unlike in previous searches,
a minimum braking index of =n 3min was used to keep the
highest values of -f below about 5× 10−7 Hz s−1, where
Owen et al. (2022) found that the SFT length of 1800 s can
become problematic. We verified that the other consistency
checks described in Owen et al. (2022) were satisfied. This
range of braking indices is consistent with the minimum spin-
down for a given h0 (Owen 2010):

⎜ ⎟

⎜ ⎟

⎛⎝ ⎞⎠ ⎛⎝ ⎞⎠⎛⎝ ⎞⎠ ⎛⎝ ⎞⎠⎛⎝ ⎞⎠
- = ´

´
´

- -

-

f
A D

h f
I

1.6 10 Hz s
2 51.4kpc

2 10 100Hz
10 g cm

9

8 1
2 2

0
25

2 45 2
( )



and is greater than the maximum value covered by the all-sky
surveys such as Steltner et al. (2023). It does not include some
of the more extreme ranges recently proposed by Morales &
Horowitz (2023), which is more appropriate for older stars.

The frequency band was split into a low-frequency band
from 35 to 125 Hz, a medium-frequency band from 125 to
450 Hz, and a high-frequency band from 450 to 1050 Hz. The
boundary at 125 Hz was chosen so that even the fastest-
spinning young pulsar (Manchester et al. 2005) emits GWs in
the low band. The boundary at 450 Hz was chosen so that the
middle band would avoid noise artifacts due to violin modes of
the LIGO test mass suspensions (Covas et al. 2018; Davis et al.
2021). The overall lower bound of 35 Hz was chosen so that an
a priori estimate of search sensitivity (Wette 2012) indicated
that Equation (1) would be achieved. The overall upper bound
of 1050 Hz was chosen for the same reason and because going
much higher in frequency causes difficulties with the analysis
such as the spin-down range mentioned above.

This search ran a total of roughly 1.2× 106 core hr on the
Texas Tech “Nocona” computing cluster, split into batch jobs
of about 8 core hr each. Integration times and other parameters
are shown in Table 1. Each search job covered the full range of
spin-down parameters appropriate for its frequency band.
Widths of these bands ranged from about 1 to 37 mHz
depending on frequency. At a template-bank mismatch (e.g.,

Wette et al. 2008) of 0.2, parameter spacings in f f f, ,( ̈) were
of order (10−5–10−6, 10−11, 10−18) SI units, respectively.
Search jobs contained about 4–9× 108 templates each, for
totals of about 2, 4, and 6× 1013 templates for the low-,
medium-, and high-frequency bands, respectively.
The approach of Drill to vetoing signal candidates does

not rely on time-frequency behavior or known instrumental
lines for a priori vetoes, as in Owen et al. (2022). Instead, it
outputs a 2 histogram for each search job without recording
any specific candidates on the first pass. This ameliorates major
storage and input/output issues in noisy bands. From each
histogram, Drill takes the loudest 2 (to within the binning
resolution of 0.1) and computes (approximately due to the
binning) the discrete Cramér–von Mises statistic (Choulakian
et al. 1994). The continuous version of the Cramér–von Mises
statistic can be written

òw = -  * *dC C C2 2 2 , 102 2( )[ ( ) ( )] ( )

where C and C* are the observed and expected cumulative
distributions, respectively. For the  -statistic, the latter is a χ2

with 4 degrees of freedom. Thus ω emphasizes the middle of
the distribution (where non-Gaussian noise is concentrated)
more than the tail (where a detectable signal will be) and is a
good way of checking for “bad” noise bands without discarding
loud signals.
We determined the threshold of ω empirically. Even for

Gaussian stationary noise, the output of the LALSuite
 -statistic code is not precisely χ2(4) distributed due to
approximations used to increase computational speed. We
checked the behavior of ω in real noise and simulated Gaussian
noise, with and without injected signals. In Gaussian or nearly
Gaussian noise, we found that ω has a mean of 0.0035 and a
standard deviation of 0.0012. Therefore ω= 0.02 corresponds
to about 13 standard deviations and should not veto clean noise
bands even with our large number of trials. Loud enough
signals should cause a high ω due to many templates triggering
at high 2 with slightly wrong parameters. Through injection
studies we found that signals are not spuriously vetoed until

~2 10 ,6 which is orders of magnitude above the physical
limit h .0

age

3. Search Results

We checked the search results for candidate signals as
follows. First we vetoed the entirety of each search job that
produced ω� 0.02, totaling about 20 Hz or 2% of the total
search band. We then calculated the 2 threshold for a 5%
false alarm rate in stationary Gaussian noise for 35–125 Hz,
125–450 Hz, and 450–1050 Hz ( 2 about 75.6, 76.5, and 76.4
respectively) and recorded which jobs exceeded that 2 (4, 6,
and 36 jobs, respectively). Then we visually inspected
histograms of the surviving jobs by the same criteria as in
Owen et al. (2022) and references therein, looking for fat tails
rather than the thin tails indicative of injected signals. All
histograms but one were rejected at a glance, and the remaining
one (with =2 79.8 and ω= 0.001) hinted at abnormality on
closer inspection. Also, that job searched around 998.4 Hz, a
frequency known to be contaminated (in LIGO data) by violin
modes of the test mass suspensions (Covas et al. 2018; Davis
et al. 2021). Nevertheless, we followed it up. That search job
was rerun, keeping detailed information on all templates with

2 40. Plotting 2 versus frequency showed multiple peaks
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indicative of noise lines. We then searched the entire frequency
band of that job with double the integration time. A real signal
would produce double the value of 2 , or about 160. The
double-length follow-up search produced several 2 peaks
only a little over 100, and every search job dramatically failed
the Cramér–von Mises test (ω∼ 0.05). Therefore, we con-
cluded that we found no astrophysical signals.

We then set upper limits on h0 in 1 Hz bands, similar to
Owen et al. (2022). We considered a population of signals with
fixed h0 and random values of intrinsic parameters f f f, ,( ̈) as
well as extrinsic parameters described in Jaranowski et al.
(1998). We estimated what h0 would be detected at a rate of
90% with 2 larger than the largest non-vetoed search result in
that upper-limit band. A semi-analytic estimate of h0 was
checked by software-injecting 1000 signals per 1 Hz upper-
limit band. The Drill pipeline does this more efficiently by
cutting down on disk input/output bottlenecks, corrects a
minor inconsistency in the way vetoed bands were incorporated
into the upper limits in previous analyses, and computes upper
limits for all bands that were not too heavily vetoed. A heavily
vetoed band is one where eliminating the search jobs exceeding
the ω threshold vetoes more than 10% of the upper-limit band,
and therefore a 90% upper limit is not meaningful. These
amounted to 60 upper-limit bands out of the 1015 covered by
the search, or about 6%.

The left panel of Figure 1 displays our 90% confidence upper
limits on h0 as a function of frequency, except in the 60 heavily
vetoed bands. The discontinuities at 125 and 450 Hz are caused
by differences in integration times in the three search bands.
The (red) horizontal solid lines in the left panel of Figure 1
show the range of h0

age from mass-quadrupole GW emission,
Equation (3), and the (green) horizontal dashed lines show the
range for r-mode GW emission, Equation (4). Note that the
lower red and green lines coincide and may appear like a single
black line on some screens. The observed upper limits on h0 are
less (better) than the average values of the indirect limits h0

age

over the full frequency band. Our search places limits on GW
emission from NS 1987A that are better than the strictest h0

age

estimates over the astrophysically most interesting part of the
frequency band, 50–600 Hz.
The efficiency of our search can be expressed in terms of the

sensitivity depth (Behnke et al. 2015):

= hS , 11h 0 ( )
where Sh is the harmonic mean strain noise psd. For our search,
 is about 29 Hz−1/2, 22 Hz−1/2, and 18 Hz−1/2 in the low-,
middle-, and high-frequency bands, respectively. This is
comparable to or somewhat worse than Owen et al. (2022),
as one would expect from the short integration times
(Wette 2023).
Upper limits on h0 imply upper limits on the fiducial neutron

star ellipticity ò (Jaranowski et al. 1998):

⎜ ⎟⎜ ⎟⎛⎝ ⎞⎠⎛⎝ ⎞⎠⎛⎝ ⎞⎠´
´

-
-

 h D
f

9.5 10
1.2 10 1 kpc

100 Hz
125 0

24

2

( )

and upper limits on the r-mode amplitude α defined by
Lindblom et al. (1998) using Owen (2010):

⎜ ⎟ ⎜ ⎟⎛⎝ ⎞⎠⎛⎝ ⎞⎠ ⎛⎝ ⎞⎠a
-

h
f

D
0.028

10
100 Hz

1 kpc
. 130

24

3

( )

The fiducial values in these expressions are uncertain by
roughly a factor of 3 due to uncertainties in the neutron star
mass and equation of state. Moreover, general relativity
complicates these expressions in ways that have not yet been
calculated. These upper-limit estimates on ò and α for
NS 1987A from this search are shown in the right panel of
Figure 1.

4. Conclusions

We have performed a search for continuous GWs from
NS 1987A over a much wider range of frequencies than the
only previous physically consistent search (Owen et al. 2022)
using an improved code on improved data. While we did not
detect any astrophysical signal, we set upper limits that

Figure 1. The left panel displays observational 90% confidence upper limits on h0 from NS 1987A in 1 Hz bands as a function of frequency. The (red) horizontal solid
lines show the range of h0

age from mass-quadrupole GW emission, Equation (3), and the (green) horizontal dashed lines show the range for r-mode GW emission,
Equation (4). (Note that the h0

age lower limits coincide.) The right panel shows corresponding upper limits on the dimensionless neutron star ellipticity ò and r-mode
amplitude α.

(The data used to create this figure are available.)
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constrained the behavior of NS 1987A over a much broader
parameter space than ever before.

When translated into fiducial neutron star ellipticity or r-
mode amplitude, our upper limits (at the highest frequencies)
are an order of magnitude better than the highest frequency
limits set by Owen et al. (2022). Our best ellipticities are just
above 10−5. Such elastic deformations are possible for quark
stars and quark-baryon hybrid stars (Owen 2005; Johnson-
McDaniel & Owen 2013) and are skirting the maximum
predicted for normal neutron stars (Morales & Horowitz 2022).
For a magnetic deformation, our strain upper limits imply a
limit on the internal magnetic field of a few times 1015 or
1014 G if the protons in the core are or are not superconducting
respectively (Ciolfi & Rezzolla 2013; Lander 2014). Our best
upper limits on r-mode amplitude are starting to enter the range
of theoretical predictions (Bondarescu et al. 2009). These
comparisons show that our search had a sensitivity to GW
emission from NS 1987A compatible with a variety of
theoretical predictions, not just the most extreme ones as in
Owen et al. (2022).

All-sky surveys have already shown that neutron stars in this
frequency band with ellipticity 10−5 are rare if they exist. For
instance, Steltner et al. (2023) rule out neutron stars with
ellipticity 1e-5 within 8 kpc (much of our Galaxy) at
frequencies 250–800 Hz. Searches of other supernova remnants
have placed stricter ellipticity limits on known neutron stars
closer to earth than NS 1987A. For instance, Abbott et al.
(2022) placed ellipticity limits more than an order of magnitude
better than ours on stars much closer than NS 1987A. Previous
searches, apart from Owen et al. (2022), have not covered the
high spin-downs characteristic of a very young and very
asymmetric neutron star. It is important to search this parameter
space for a very young neutron star, even at reduced sensitivity
due to computational limitations, because some theoretical
arguments (Bondarescu et al. 2009; Chugunov & Horowitz
2010) and pulsar timing observations (Manchester et al. 2005)
suggest that the youngest neutron stars might emit continuous
GWs more strongly than the older stars considered in other
searches and may be more rapidly rotating as well.

We used simple coherent integrations of relatively short
spans of O3 data. Searches of better data from the current
Advanced LIGO and Virgo’s fourth observing run to Cosmic
Explorer (Gupta et al. 2023) will further improve on this
sensitivity, especially with more sophisticated data analysis
techniques (Wette 2023).

Acknowledgments

This research has made use of data or software obtained from
the Gravitational Wave Open Science Center (https://gwosc.
org/), a service of the LIGO Scientific Collaboration, the Virgo
Collaboration, and KAGRA. This material is based upon work
supported by NSF’s LIGO Laboratory which is a major facility
fully funded by the National Science Foundation, as well as the
Science and Technology Facilities Council (STFC) of the
United Kingdom, the Max-Planck-Society (MPS), and the State
of Niedersachsen/Germany for support of the construction of
Advanced LIGO and construction and operation of the
GEO600 detector. Additional support for Advanced LIGO
was provided by the Australian Research Council. Virgo is
funded, through the European Gravitational Observatory
(EGO), by the French Centre National de Recherche
Scientifique (CNRS), the Italian Istituto Nazionale di Fisica

Nucleare (INFN) and the Dutch Nikhef, with contributions by
institutions from Belgium, Germany, Greece, Hungary, Ireland,
Japan, Monaco, Poland, Portugal, Spain. KAGRA is supported
by Ministry of Education, Culture, Sports, Science and
Technology (MEXT), Japan Society for the Promotion of
Science (JSPS) in Japan; National Research Foundation (NRF)
and Ministry of Science and ICT (MSIT) in Korea; Academia
Sinica (AS) and National Science and Technology Council
(NSTC) in Taiwan. This research was supported in part by NSF
grant 2012857 to the University of California at San Diego,
NSF grants 1912625 and 2309305 to Texas Tech University,
and NSF grant 2110460 to the Rochester Institute of
Technology. The authors acknowledge computational
resources provided by the High Performance Computing
Center (HPCC) of Texas Tech University at Lubbock
(http://www.depts.ttu.edu/hpcc/). This paper has LIGO
Document number P2300319.

ORCID iDs

Benjamin J. Owen https://orcid.org/0000-0003-3919-0780
Lee Lindblom https://orcid.org/0000-0002-3018-1098
Luciano Soares Pinheiro https://orcid.org/0000-0002-
1323-6448
Binod Rajbhandari https://orcid.org/0000-0001-7568-1611

References

Abadie, J., Abbott, B. P., Abbott, R., et al. 2010, ApJ, 722, 1504
Abbott, R., Abbott, T. D., Acernese, F., et al. 2022, PhRvD, 105, 082005
Abbott, R., Abbott, T. D., Abraham, S., et al. 2021a, PhRvD, 104, 022005
Abbott, R., Abbott, T. D., Abraham, S., et al. 2021b, ApJ, 922, 71
Abbott, R., Abe, H., Acernese, F., et al. 2023, ApJS, 267, 29
Acernese, F., Agathos, M., Aiello, L., et al. 2019, PhRvL, 123, 231108
Behnke, B., Papa, M. A., & Prix, R. 2015, PhRvD, 91, 064007
Bionta, R. M., Blewitt, G., Bratton, C. B., et al. 1987, PhRvL, 58, 1494
Bondarescu, R., Teukolsky, S. A., & Wasserman, I. 2009, PhRvD, 79, 104003
Choulakian, V., Lockhart, R., & Stephens, M. 1994, Can J Stat, 22, 125
Chugunov, A. I., & Horowitz, C. J. 2010, MNRAS, 407, L54
Chung, C., Melatos, A., Krishnan, B., & Whelan, J. T. 2011, MNRAS,

414, 2650
Cigan, P., Matsuura, M., Gomez, H. L., et al. 2019, ApJ, 886, 51
Ciolfi, R., & Rezzolla, L. 2013, MNRAS, 435, L43
Covas, P. B., Effler, A., Goetz, E., et al. 2018, PhRvD, 97, 082002
Cromartie, H. T., Fonseca, E., Ransom, S. M., et al. 2020, NatAs, 4, 72
Cutler, C., & Schutz, B. F. 2005, PhRvD, 72, 063006
Davis, D., Areeda, J. S., Berger, B. K., et al. 2021, CQGra, 38, 135014
Dohi, A., Greco, E., Nagataki, S., et al. 2023, ApJ, 949, 97
Ghosh, S., Pathak, D., & Chatterjee, D. 2023, ApJ, 944, 53
Glampedakis, K., & Gualtieri, L. 2018, The Physics and Astrophysics of

Neutron Stars, Astrophysics and Space Science Library, Vol. 457 (Cham:
Springer), 673

Greco, E., Miceli, M., Orlando, S., et al. 2021, ApJL, 908, L45
Greco, E., Miceli, M., Orlando, S., et al. 2022, ApJ, 931, 132
Gupta, I., Afle, C., Arun, K. G., et al. 2023, arXiv:2307.10421
Hirata, K., Kajita, T., Koshiba, M., et al. 1987, PhRvL, 58, 1490
Ho, W. C. G., & Lai, D. 2000, ApJ, 543, 386
Idrisy, A., Owen, B. J., & Jones, D. I. 2015, PhRvD, 91, 024001
Jaranowski, P., Krolak, A., & Schutz, B. F. 1998, PhRvD, 58, 063001
Johnson-McDaniel, N. K., & Owen, B. J. 2013, PhRvD, 88, 044004
Lander, S. K. 2014, MNRAS, 437, 424
LIGO Scientific Collaboration 2020, LIGO Algorithm Library—LALSuite,

free software (GPL), doi:10.7935/GT1W-FZ16
Lindblom, L., Owen, B. J., & Morsink, S. M. 1998, PhRvL, 80, 4843
Manchester, R. N., Hobbs, G. B., Teoh, A., & Hobbs, M. 2005, AJ, 129, 1993
Martinez, J. G., Stovall, K., Freire, P. C. C., et al. 2015, ApJ, 812, 143
Morales, J. A., & Horowitz, C. J. 2022, MNRAS, 517, 5610
Morales, J. A., & Horowitz, C. J. 2023, arXiv:2309.04855
Owen, B. J. 2005, PhRvL, 95, 211101
Owen, B. J. 2010, PhRvD, 82, 104002
Owen, B. J., Lindblom, L., & Soares Pinheiro, L. 2022, ApJL, 935, L7

5

The Astrophysical Journal Letters, 962:L23 (6pp), 2024 February 20 Owen et al.

http://gwosc.org/
http://gwosc.org/
http://www.depts.ttu.edu/hpcc/
https://orcid.org/0000-0003-3919-0780
https://orcid.org/0000-0003-3919-0780
https://orcid.org/0000-0003-3919-0780
https://orcid.org/0000-0003-3919-0780
https://orcid.org/0000-0003-3919-0780
https://orcid.org/0000-0003-3919-0780
https://orcid.org/0000-0003-3919-0780
https://orcid.org/0000-0003-3919-0780
https://orcid.org/0000-0002-3018-1098
https://orcid.org/0000-0002-3018-1098
https://orcid.org/0000-0002-3018-1098
https://orcid.org/0000-0002-3018-1098
https://orcid.org/0000-0002-3018-1098
https://orcid.org/0000-0002-3018-1098
https://orcid.org/0000-0002-3018-1098
https://orcid.org/0000-0002-3018-1098
https://orcid.org/0000-0002-1323-6448
https://orcid.org/0000-0002-1323-6448
https://orcid.org/0000-0002-1323-6448
https://orcid.org/0000-0002-1323-6448
https://orcid.org/0000-0002-1323-6448
https://orcid.org/0000-0002-1323-6448
https://orcid.org/0000-0002-1323-6448
https://orcid.org/0000-0002-1323-6448
https://orcid.org/0000-0002-1323-6448
https://orcid.org/0000-0001-7568-1611
https://orcid.org/0000-0001-7568-1611
https://orcid.org/0000-0001-7568-1611
https://orcid.org/0000-0001-7568-1611
https://orcid.org/0000-0001-7568-1611
https://orcid.org/0000-0001-7568-1611
https://orcid.org/0000-0001-7568-1611
https://orcid.org/0000-0001-7568-1611
https://doi.org/10.1088/0004-637X/722/2/1504
https://ui.adsabs.harvard.edu/abs/2010ApJ...722.1504A/abstract
https://doi.org/10.1103/PhysRevD.105.082005
https://ui.adsabs.harvard.edu/abs/2022PhRvD.105h2005A/abstract
https://doi.org/10.1103/PhysRevD.104.022005
https://ui.adsabs.harvard.edu/abs/2021PhRvD.104b2005A/abstract
https://doi.org/10.3847/1538-4357/ac0d52
https://ui.adsabs.harvard.edu/abs/2021ApJ...922...71A/abstract
https://doi.org/10.3847/1538-4365/acdc9f
https://ui.adsabs.harvard.edu/abs/2023ApJS..267...29A/abstract
https://doi.org/10.1103/PhysRevLett.123.231108
https://ui.adsabs.harvard.edu/abs/2019PhRvL.123w1108A/abstract
https://doi.org/10.1103/PhysRevD.91.064007
https://ui.adsabs.harvard.edu/abs/2015PhRvD..91f4007B/abstract
https://doi.org/10.1103/PhysRevLett.58.1494
https://ui.adsabs.harvard.edu/abs/1987PhRvL..58.1494B/abstract
https://doi.org/10.1103/PhysRevD.79.104003
https://ui.adsabs.harvard.edu/abs/2009PhRvD..79j4003B/abstract
https://doi.org/10.2307/3315828
https://doi.org/10.1111/j.1745-3933.2010.00903.x
https://ui.adsabs.harvard.edu/abs/2010MNRAS.407L..54C/abstract
https://doi.org/10.1111/j.1365-2966.2011.18585.x
https://ui.adsabs.harvard.edu/abs/2011MNRAS.414.2650C/abstract
https://ui.adsabs.harvard.edu/abs/2011MNRAS.414.2650C/abstract
https://doi.org/10.3847/1538-4357/ab4b46
https://ui.adsabs.harvard.edu/abs/2019ApJ...886...51C/abstract
https://doi.org/10.1093/mnrasl/slt092
https://ui.adsabs.harvard.edu/abs/2013MNRAS.435L..43C/abstract
https://doi.org/10.1103/PhysRevD.97.082002
https://ui.adsabs.harvard.edu/abs/2018PhRvD..97h2002C/abstract
https://doi.org/10.1038/s41550-019-0880-2
https://ui.adsabs.harvard.edu/abs/2020NatAs...4...72C/abstract
https://doi.org/10.1103/PhysRevD.72.063006
https://ui.adsabs.harvard.edu/abs/2005PhRvD..72f3006C/abstract
https://doi.org/10.1088/1361-6382/abfd85
https://ui.adsabs.harvard.edu/abs/2021CQGra..38m5014D/abstract
https://doi.org/10.3847/1538-4357/acce3f
https://ui.adsabs.harvard.edu/abs/2023ApJ...949...97D/abstract
https://doi.org/10.3847/1538-4357/acb0d3
https://ui.adsabs.harvard.edu/abs/2023ApJ...944...53G/abstract
https://ui.adsabs.harvard.edu/abs/2018ASSL..457..673G/abstract
https://doi.org/10.3847/2041-8213/abdf5a
https://ui.adsabs.harvard.edu/abs/2021ApJ...908L..45G/abstract
https://doi.org/10.3847/1538-4357/ac679d
https://ui.adsabs.harvard.edu/abs/2022ApJ...931..132G/abstract
http://arxiv.org/abs/2307.10421
https://doi.org/10.1103/PhysRevLett.58.1490
https://ui.adsabs.harvard.edu/abs/1987PhRvL..58.1490H/abstract
https://doi.org/10.1086/317085
https://ui.adsabs.harvard.edu/abs/2000ApJ...543..386H/abstract
https://doi.org/10.1103/PhysRevD.91.024001
https://ui.adsabs.harvard.edu/abs/2015PhRvD..91b4001I/abstract
https://doi.org/10.1103/PhysRevD.58.063001
https://ui.adsabs.harvard.edu/abs/1998PhRvD..58f3001J/abstract
https://doi.org/10.1103/PhysRevD.88.044004
https://ui.adsabs.harvard.edu/abs/2013PhRvD..88d4004J/abstract
https://doi.org/10.1093/mnras/stt1894
https://ui.adsabs.harvard.edu/abs/2014MNRAS.437..424L/abstract
http://doi.org/10.7935/GT1W-FZ16
https://doi.org/10.1103/PhysRevLett.80.4843
https://ui.adsabs.harvard.edu/abs/1998PhRvL..80.4843L/abstract
https://doi.org/10.1086/428488
https://ui.adsabs.harvard.edu/abs/2005AJ....129.1993M/abstract
https://doi.org/10.1088/0004-637X/812/2/143
https://ui.adsabs.harvard.edu/abs/2015ApJ...812..143M/abstract
https://doi.org/10.1093/mnras/stac3058
https://ui.adsabs.harvard.edu/abs/2022MNRAS.517.5610M/abstract
http://arxiv.org/abs/2309.04855
https://doi.org/10.1103/PhysRevLett.95.211101
https://ui.adsabs.harvard.edu/abs/2005PhRvL..95u1101O/abstract
https://doi.org/10.1103/PhysRevD.82.104002
https://ui.adsabs.harvard.edu/abs/2010PhRvD..82j4002O/abstract
https://doi.org/10.3847/2041-8213/ac84dc
https://ui.adsabs.harvard.edu/abs/2022ApJ...935L...7O/abstract


Owen, B. J., Lindblom, L., Soares Pinheiro, L., & Rajbhandari, B. 2023, Drill
for continuous gravitational waves, free software (GPL), Github, https://
github.com/bjowen/drill_public

Page, D., Beznogov, M. V., Garibay, I., et al. 2020, ApJ, 898, 125
Panagia, N. 1999, in IAU Symp. 190, New Views of the Magellanic Clouds,

ed. Y. H. Chu (Cambridge: Cambridge Univ. Press), 549
Piran, T., & Nakamura, T. 1988, PThPh, 80, 18
Steltner, B., Papa, M. A., Eggenstein, H. B., et al. 2023, ApJ, 952, 55

Sun, L., Melatos, A., Lasky, P. D., Chung, C. T. Y., & Darman, N. S. 2016,
PhRvD, 94, 082004

Tse, M., Yu, H., Kijbunchoo, N., et al. 2019, PhRvL, 123, 231107
Vallisneri, M., Kanner, J., Williams, R., Weinstein, A., & Stephens, B. 2015,

JPhCS, 610, 012021
Wette, K. 2012, PhRvD, 85, 042003
Wette, K. 2023, APh, 153, 102880
Wette, K., Owen, B. J., Allen, B., et al. 2008, CQGra, 25, 235011

6

The Astrophysical Journal Letters, 962:L23 (6pp), 2024 February 20 Owen et al.

https://github.com/bjowen/drill_public
https://github.com/bjowen/drill_public
https://doi.org/10.3847/1538-4357/ab93c2
https://ui.adsabs.harvard.edu/abs/2020ApJ...898..125P/abstract
https://ui.adsabs.harvard.edu/abs/1999IAUS..190..549P/abstract
https://doi.org/10.1143/PTP.80.18
https://ui.adsabs.harvard.edu/abs/1988PThPh..80...18P/abstract
https://doi.org/10.3847/1538-4357/acdad4
https://ui.adsabs.harvard.edu/abs/2023ApJ...952...55S/abstract
https://doi.org/10.1103/PhysRevD.94.082004
https://ui.adsabs.harvard.edu/abs/2016PhRvD..94h2004S/abstract
https://doi.org/10.1103/PhysRevLett.123.231107
https://ui.adsabs.harvard.edu/abs/2019PhRvL.123w1107T/abstract
https://doi.org/10.1088/1742-6596/610/1/012021
https://ui.adsabs.harvard.edu/abs/2015JPhCS.610a2021V/abstract
https://doi.org/10.1103/PhysRevD.85.042003
https://ui.adsabs.harvard.edu/abs/2012PhRvD..85d2003W/abstract
https://doi.org/10.1016/j.astropartphys.2023.102880
https://ui.adsabs.harvard.edu/abs/2023APh...15302880W/abstract
https://doi.org/10.1088/0264-9381/25/23/235011
https://ui.adsabs.harvard.edu/abs/2008CQGra..25w5011W/abstract

	1. Introduction
	2. Search Methods
	3. Search Results
	4. Conclusions
	References

