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Abstract

We present a targeted search for continuous gravitational waves (GWs) from 236 pulsars using data from the third
observing run of LIGO and Virgo (O3) combined with data from the second observing run (O2). Searches were for
emission from the l=m= 2 mass quadrupole mode with a frequency at only twice the pulsar rotation frequency
(single harmonic) and the l= 2, m= 1, 2 modes with a frequency of both once and twice the rotation frequency
(dual harmonic). No evidence of GWs was found, so we present 95% credible upper limits on the strain amplitudes
h0 for the single-harmonic search along with limits on the pulsars’ mass quadrupole moments Q22 and ellipticities
ε. Of the pulsars studied, 23 have strain amplitudes that are lower than the limits calculated from their
electromagnetically measured spin-down rates. These pulsars include the millisecond pulsars J0437−4715 and
J0711−6830, which have spin-down ratios of 0.87 and 0.57, respectively. For nine pulsars, their spin-down limits
have been surpassed for the first time. For the Crab and Vela pulsars, our limits are factors of ∼100 and ∼20 more
constraining than their spin-down limits, respectively. For the dual-harmonic searches, new limits are placed on the
strain amplitudes C21 and C22. For 23 pulsars, we also present limits on the emission amplitude assuming dipole
radiation as predicted by Brans-Dicke theory.

Key words: Gravitational waves – Gravitational wave sources – Pulsars – Neutron stars

Supporting material: machine-readable table

1. Introduction

To date, the LIGO and Virgo observatories have made
detections of numerous sources of gravitational radiation.
These detections have been of transient gravitational waves
(GWs) from the inspiral and subsequent mergers of compact
binary objects including binary black holes and binary neutron
stars (Abbott et al. 2021a). Recently, the list of observed events
expanded to include neutron star, black hole binaries (Abbott
et al. 2021b). There remain other types of GW sources that are
yet to be observed such as continuous GW (CW) sources.
Unlike transients, CW signals are almost monochromatic, with
their amplitude and frequency changing very slowly over year-
long timescales. The mass quadrupoles of these sources, such
as deformed neutron stars, are expected to be far smaller than

those involved in compact binaries, and therefore only the local
galactic sources are likely to produce detectable signals.
Likely candidates for producing such signals are neutron

stars spinning with some nonaxisymmetric deformation
(Zimmermann & Szedenits 1979). This may be a solid
deformation such as mountains on the crust produced during
cooling (Ushomirsky et al. 2000), from binary accretion
(Gittins & Andersson 2021) or due to strong magnetic fields
(Bonazzola & Gourgoulhon 1996; Cutler 2002). GW radiation
can also be caused by fluid modes of oscillation beneath the
crust such as r-modes (Andersson 1998; Friedman &
Morsink 1998). By detecting CWs, light can be shed on the
structure of the star. Additionally, detections of such GWs can
be used to test general relativity (GR) via the constraint of
nonstandard GW polarization (Isi et al. 2017; Abbott et al.
2019a). A more thorough discussion of various methods of GW
emission from neutron stars can be found in Riles (2017),
Glampedakis & Gualtieri (2018).
The structure of this paper is as follows. Section 1.1 outlines

the types of CW searches. Section 1.2 describes the types of
signal models used in this analysis. Section 2 describes the
search methods used. Section 3 covers both the GW and EM
data used. We present our results in Section 4 with conclusions
in Section 5.

316 LSC Spokesperson: lsc-spokesperson@ligo.org, Virgo Spokesperson:
virgo-spokesperson@ego-gw.it, Kagra Spokesperson: hisaaki.shinkai@oit.ac.jp.
317 Deceased, 2020 August.
318 Deceased, 2021 April.

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.
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1.1. Continuous-wave Searches

There are broadly three types of CW searches. Targeted
searches look for signals from known pulsars for which their
rotational phases can be accurately determined from electro-
magnetic (EM) observations (e.g., Abbott et al. 2017a, 2019b;
Nieder et al. 2019, 2020; Abbott et al. 2020, 2021c; Ashok
et al. 2021). This simplifies the search as the EM observations
can be used to derive a timing solution, and it is assumed that
the GW phase evolution is locked to the EM evolution. This
means the search is over a small parameter space, generally
limited to the unknown signal amplitude and orientation of the
source, which allows a more sensitive search than other
methods. In some targeted searches, the assumption that the
GW evolution follows the EM evolution is relaxed, and the
search is performed in a narrow band around the expected
frequency and spin-down rate (Abbott et al. 2017b, 2019c). In
this case, the search is more computationally expensive due to
the larger parameter range being searched and slightly less
sensitive because of a higher trials factor. To overcome this,
narrowband searches often look at fewer targets. Directed
searches look for signals from small sky regions that are
believed to have a high probability of containing a neutron star,
such as supernova remnants. As the timing solution cannot be
derived from EM observations, a wide range of rotational
parameters must be searched. All-sky searches look for signals
in all sky directions and over a wide range of rotational
parameters. A review of directed and all-sky methods and
previous searches can be found in Tenorio et al. (2021). Both of
these methods suffer increasing computational costs and
decreasing sensitivity of the searches as parameter space
increases.

Searches of all three types have been performed, and so far
no convincing evidence for CWs has been observed. However,
searches have probed new regimes, such as providing upper
limits on emission that are more stringent (i.e., smaller) than
those based on energetics arguments. For example, for several
pulsars including the Crab pulsar, Vela pulsar (Abbott et al.
2019b), J0537−6910 (Abbott et al. 2021c, 2021d), and two
millisecond pulsars (Abbott et al. 2020), the direct upper limits
set on the GW amplitude are more constraining than the limits
based on the assumption that all the pulsars’ spin-down
luminosity is radiated through GWs, known as the spin-down
limit.

In this paper, we report the new results of a targeted search
for CW signals from 236 pulsars using the most recent LIGO
and Virgo data sets including the second and third observing
runs (O2 and O3, respectively). LIGO (Aasi et al. 2015)
consists of two GW detectors situated in Hanford, Washington
(H1) and Livingston, Louisiana (L1) while Virgo (Acernese
et al. 2015) is located in Cascina, Pisa (V1). The ephemerides
for the pulsars have been derived from observations using the
CHIME, Hobart, Jodrell Bank, MeerKAT, Nancay, NICER,
and UTMOST observatories. More details on these observa-
tions can be found in Section 3.2.

1.2. Signal Models

We assume that the GW emission is locked to the rotational
phase of the pulsar. For the ideal case of a triaxial star rotating
steadily about a principal moment of inertia axis, the GW
emission is at twice the star’s spin frequency, frot. However,
there are mechanisms that can produce variations to this 2frot

frequency. For example, a superfluid component with a
misaligned spin axis within the star could produce a dual-
harmonic emission at both once and twice the rotation
frequency without leaving an imprint on the EM emission
(Jones 2010). Therefore we perform two searches: one at just
twice the pulsar rotation frequency and one at both one and two
times the frequency, which is referred to as a dual-harmonic
search.
The waveform used in the dual-harmonic search is detailed

in Jones (2010) and used in Pitkin et al. (2015), Abbott et al.
(2017a, 2019b, 2020). The signals h21 and h22 at once and
twice the pulsar rotation frequency can be defined as
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where C21 and C22 are the dimensionless constants that give the
component amplitudes, the angles (α, δ) are the R.A. and decl.
of the source, while the angles (ι, ψ) describe the orientation of
the source’s spin axis with respect to the observer in terms of
inclination and polarization, C

21F and C
22F are phase angles at a

defined epoch, and Φ(t) is the rotational phase of the source.
The antenna functions FD

+ and FD
´ describe how the two

polarization components (plus and cross) are projected onto the
detector.
For the ideal case of a steadily spinning triaxial star emitting

GWs only at twice the rotation frequency, the equatorial
ellipticity can be defined as
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where (Ixx, Iyy, Izz) are the source’s principal moments of inertia,
with the star rotating about the z-axis. The mass quadrupole of
the source Q22 is often quoted and is related to the ellipticity as
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For the single-harmonic emission, C21 from Equation (1) can
be set as 0, leaving only C22 in Equation (2). The amplitude can
then be parameterised as the dimensionless h0: the amplitude of
the circularly polarized signal that would be observed if the
source lay directly above or below the plane of the detector and
had its spin axis pointed directly toward or away from the
detector. The following equations are defined in Aasi et al.
(2014).
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where frot is the first derivative of the rotational frequency, i.e.,
the spin-down rate, and provides an amplitude limit assuming
that all of the rotational energy lost by the pulsar is converted to
GW energy (Owen 2005). When the directly observed h0 is
smaller than h0

sd, the spin-down limit can be said to have been
surpassed. This information is most often represented by
quoting the spin-down ratio, i.e., the ratio between h0 and h0

sd.
If assuming that there is no mechanism (e.g., accretion)
providing some additional spin-up torque, the direct amplitude
constraints probe a new physical regime only when the spin-
down limit is surpassed. There are two types of spin-down rate:
intrinsic and observed. The observed spin-down rate can be
affected by the transverse velocity of the source, e.g., the
Shlovskii effect (Shklovskii 1970), so where possible the
intrinsic spin-down rate is used to calculate the spin-down
limit.

1.2.1. Non-GR Polarization Signal

In this paper, we also perform a search for GWs with
polarizations as predicted in a modification of the standard GR
proposed by Brans and Dicke. The Brans-Dicke theory (Brans
& Dicke 1961) predicts three independent polarization states:
two tensor polarizations, as in GR, and an additional scalar
polarization. The dominant scalar radiation in Brans-Dicke
theory originates from the time-dependent dipole moment (see
Verma 2021, for details). The signal h11 due to dipole radiation
is given by (see Equations (63)–(67) and (70)–(71) of
Verma 2021)

( ) ( ( ) ) ( )h h c t t, ; sin sin , 7d
11 0 0a d i= - F + F

where c(α, δ; t) is the amplitude modulation function and Φ0

is the phase angle at time t = 0. The explicit formula for
c(α, δ; t) is given by Equation (64) of Verma (2021). We see that
the dipole radiation comes at the rotational frequency of the
pulsar. We assume that the only nonvanishing component D of
the dipole moment in the pulsar’s frame is in the x-direction.
Then the amplitude h0

d of the signal is given by

( )h
G

c

Df

d

4
, 8d

0 3

rotp
z=

where ζ is the parameter of the Brans-Dicke theory (see
Section 3 of Verma 2021, for details).

2. Analysis

As in Abbott et al. (2017a, 2019b), three largely independent
analysis methods were used for the searches in this paper:
the Time-domain Bayesian method (Section 2.1), the
 -/-/-statistic method (Section 2.2), and the 5n-vector
method (Section 2.3). The  -/-/-statistic and the 5n-vector
methods are only used in searches for pulsars deemed to be
high value: those that surpass their spin-down limits in the
Bayesian analysis. The Bayesian and  -/-/-statistic
methods search for two signal models: a single-harmonic
signal emitted by the l=m= 2 mass quadrupole mode at twice
the pulsar rotation frequency and a dual-harmonic signal
emitted by the l=m= 2 and l= 2, m= 1 modes at twice and
once the frequency. The 5n-vector method restricts the latter
search to the l= 2, m= 1 mode only. Only one method, the
-statistic, is used for the Brans-Dicke polarization search. The

GW emission is assumed to precisely follow the phase
evolution determined through EM observations, although the
uncertainties in values from the EM observations are not
accounted for here.

2.1. Time-domain Bayesian Method

The raw GW strain data are heterodyned using their expected
phase evolution, which includes corrections for the relative
motion of the source with respect to the detector and relativistic
effects (Dupuis & Woan 2005). They are then low-pass filtered
using a cut-off frequency of 0.25 Hz and then down-sampled to
one sample per minute (1/60 Hz bandwidth) centered about the
expected signal frequency now at 0 Hz. For the dual-harmonic
search, this is repeated so that a time series is obtained centered
at both frot and 2frot. Bayesian inference is used to estimate the
remaining unknown signal parameters and the evidence for the
signal model (Pitkin et al. 2017). For the parameter inference,
the prior distributions used were those given in Appendix 2 of
Abbott et al. (2017a). They were uninformative uniform priors
for the orientation angles, unless restricted ranges were
appropriate as discussed in Section 2.1.2. For the amplitude
parameters, Fermi–Dirac distribution priors were used (see
Section 2.3.5 of Pitkin et al. 2017). The Fermi–Dirac
distributions for each pulsar were set such that they were close
to flat over the bulk of the likelihood while penalizing very
large values. This choice of prior means that the amplitude
posteriors will be dominated by the likelihood even when no
signal is observed. Any upper limits derived from the posteriors
will be more conservative than those that would be found from
using an uninformative Jeffreys prior that was uniform in the
logarithm of the amplitude, i.e., p(h0)∝ 1/h0. To avoid basing
the priors on current detector data, the priors were constructed
by choosing Fermi–Dirac parameters that gave distributions for
which the 95% probability upper bound was equivalent to the
estimated upper limit sensitivity of the combined LIGO S6 and
Virgo VSR4 science runs at the particular pulsar GW signal
frequency.319

This method also considers the effect of glitches on the
pulsars (Section 2.1.1) and can perform searches with
restrictions on the pulsar orientation (Section 2.1.2).

2.1.1. Glitches

Although their frequency is usually very stable, pulsars
occasionally experience a transient increase in rotation
frequency and frequency derivative. Such events are called
glitches and are most common in young, nonrecycled pulsars,
although they do rarely occur in millisecond pulsars (Cognard
& Backer 2004; McKee et al. 2016). Some of our sample of
pulsars glitched during the course of O2 and O3. We assume
that glitches affect the GW phase identically to the EM phase,
but with the addition of an unknown phase offset at the time of
the glitch. This phase offset is included in the parameter
inference. For glitches that occur before or after the range of the
data, no phase offset is needed. The pulsars that experienced
glitching during the course of this analysis are J0534+2200,
also known as the Crab pulsar (Shaw et al. 2021), J0908−4913

319 For the dual-harmonic search for pulsars with signal components below
20 Hz, the C21 priors were constructed without using the estimated VSR4
Virgo sensitivity. This was to prevent the prior from dominating over the
likelihood in this frequency region.
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(Lower et al. 2019), and J1105−6107. They are shown in
Table 1 along with the time (MJD) of the glitch.

2.1.2. Restricted Orientations

Occasionally, the orientation of a pulsar can be determined
from modeling of X-ray observations of its pulsar wind nebula
(Ng & Romani 2004, 2008). In such cases, these values can be
included as the narrow priors on inclination and polarization
angle rather than using an uninformative uniform prior. Results
still assuming uniform priors are also included. Such pulsars
are shown in Table 2 (below) along with their restricted prior
ranges (Abbott et al. 2017a), which are assumed to be Gaussian
about the given mean and standard deviation.

In the case of the Crab pulsar, which both experienced a
glitch and has sufficient observations for restricted priors, four
individual analyses are performed. Each analysis accounts for
the glitch, with combinations of dual-/single-harmonic search
and restricted/unrestricted priors.

2.2. / /  - - -statistic Method

The time-domain  -/-/-statistic method uses the 
statistic derived in Jaranowski et al. (1998) and the  statistic
derived in Jaranowski & Królak (2010). The input data for the
analysis using this method are the heterodyned data used in the
time-domain Bayesian analysis. The  statistic is used when
the amplitude, phase, and polarization of the signal are
unknown, whereas the  statistic is applied when only the
amplitude and phase are unknown, and the polarization of the
signal is known (as described in Section 2.1.2). The methods
have been used in several analyses of LIGO and Virgo data
(Abadie et al. 2011; Aasi et al. 2014; Abbott et al.
2017a, 2020). The method also uses the  statistic developed
in Verma (2021) to search for dipole radiation in Brans-Dicke
theory. The -statistic search is the first search of LIGO and
Virgo data for dipole radiation as predicted by Brans-Dicke
theory.

In this method, a signal is detected in the data if the value
of the  -, -, or -statistic exceeds a certain threshold
corresponding to an acceptable false-alarm probability. We
consider the false-alarm probability of 1% for the signal to be
significant. The  -, -, and -statistics are computed for each
detector and each inter-glitch period separately. The results
from different detectors or different inter-glitch periods are then
combined incoherently by adding the respective statistics.
When the values of the statistics are not statistically significant,
we set upper limits on the amplitude of the GW signal.

2.3. The 5n-vector Method

The 5n-vector method, derived in Astone et al. (2012), is a
multidetector matched filter in the frequency domain, based on
the sidereal modulation of the expected signal amplitude and
phase. The method has been used in several analyses of LIGO

and Virgo detector data (Abadie et al. 2011; Aasi et al. 2014;
Abbott et al. 2017a, 2020), and recently Abbott et al. (2021a)
combined with the Band-Sample Data (BSD) framework
(Piccinni et al. 2018). This is based on the construction of
BSD files, i.e., complex time series that cover 10 Hz and 1
month of the original data set. Using the BSD files, the
computational cost of the analysis is reduced to a few CPU-
minutes per source per detector.
The 5n-vector method uses a frequentist approach: the

significance of a certain candidate, characterized by a value of
the detection statistic, is established through the p-value, which
is the probability to obtain a larger value for the statistics in the
hypothesis of noise only. The statistic distribution can be
inferred considering a range of off-source frequencies, as in
Astone et al. (2014). In case of no detection, the upper limits on
the amplitude for the single-harmonic search are set following
Abbott et al. (2019b). For the dual-harmonic search, for
simplicity, we only consider the emission at one times the
rotation frequency, so we set upper limit on the C21 parameter
alone.
For the pulsars that experienced glitching, each inter-glitch

period is analyzed independently, and then the resulting
statistics are combined incoherently. For the pulsars for which
an estimation of the polarization parameters can be derived
from EM observations, see Table 2; two searches are carried
out: one assuming uninformative uniform priors on ψ and ι and
one using restricted Gaussian priors. Only O3 data from LIGO
and Virgo detectors have been used in this search.

3. Data Sets Used

3.1. Gravitational-wave Data

The data set used O2 and O3 runs. The O2 run took place
between 2016 October 30 (MJD: 57,722.667) and 2017 August
25 (MJD: 57,990.917). Virgo joined O2 on 2017 August 1. The
duty factors for L1, H1, and V1, were 57%, 59%, and 80%,
respectively. O3 took place between 2019 April 1 (MJD:
58,574.625) and 2020 March 27 (MJD: 58,935.708). Virgo
was operational for the whole of the O3 run. The duty factors
for this run were 76%, 71%, and 76% for L1, H1, and V1,
respectively. The uncertainties on the amplitude and phase
calibration of the detectors for O2 can be found in Cahillane
et al. (2017), Acernese et al. (2018), and those for O3 can be
found in Sun et al. (2020, 2021); Acernese et al. (2022). For
O2, the maximum 1σ amplitude uncertainties over the range
10–2000 Hz were between about [− 2.5%, + 7.5%] and
[− 8%, + 4%] for H1 and L1, respectively, and for Virgo
the maximum uncertainty was 5.1%. For O3, the maximum 1σ
amplitude uncertainties over the range 10–2000 Hz were
between about [− 5%, + 7%] and [− 5.5%, + 5.5%] for H1

Table 1

Pulsars with Glitches Occurring During the Course of the Runs Used in This
Analysis

PSR Epoch (MJD)

J0534+2200 (Crab) 58,687.6448 ± 0.0033
J0908−4913 58,767.34 ± 4.5
J1105−6107 58,582.24

Table 2

Pulsars with Observations Sufficient to Restrict Their Orientation Priors in
Terms of Inclination and Polarization and the Values Used as the Constraints

PSR Ψ (rad) ι1 (rad) ι2 (rad)

J0534
+2200 (Crab)

2.1844 ± 0.0016 1.0850 ± 0.0149 2.0566 ± 0.0149

J0835-
4510 (Vela)

2.2799 ± 0.0015 1.1048 ± 0.0105 2.0368 ± 0.0105

J1952+3252 0.2007 ± 0.1501
J2229+6114 1.7977 ± 0.0454 0.8029 ± 0.1100 2.3387 ± 0.1100
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and L1, respectively, and for Virgo the maximum uncertainty
was 5%. These ranges are the maximum upper and lower
bound over the full frequency range and over different
measurement epochs over the run, so at specific frequencies/
times, the uncertainty can be far smaller.

The data used underwent cleaning processes (Davis et al.
2019; Acernese et al. 2022; Viets & Wade 2021), specifically
the removal of narrowband spectral artifacts at the calibration
line frequencies and power line frequencies. A discussion on
the consequences of performing a search using LIGO data with
the narrowband cleaning of Viets & Wade (2021) applied
compared to that without it applied can be found in Appendix.

3.2. Electromagnetic Data

EM observations of pulsars produce the timing solutions
used as input to the GW searches. These observations have
been made in radio and X-ray wavelengths. The observatories
that have contributed to the data set are as follows: the
Canadian Hydrogen Intensity Mapping Experiment (CHIME;
as part of the CHIME Pulsar Project; Amiri et al. 2021),
the Mount Pleasant Observatory 26 m telescope, the 42 ft
telescope and Lovell telescope at Jodrell Bank, the MeerKAT
project (as part of the MeerTime project; Bailes et al. 2020),
the Nançay Decimetric Radio Telescope, the Neutron Star
Interior Composition Explorer (NICER), and the Molonglo
Observatory Synthesis Telescope (as part of the UTMOST
pulsar timing program; Jankowski et al. 2019; Lower et al.
2020). Pulsar timing solutions were determined from this
data using TEMPO (Nice et al. 2015) or TEMPO2 (Edwards
et al. 2006; Hobbs et al. 2006a, 2009) to fit the model
parameters.

We select the pulsars whose rotation frequencies are greater
than 10 Hz, so they are within the sensitivity band of the GW
detectors. This leads to primarily targeting the millisecond
pulsars and fast-spinning young pulsars. Of the 236 pulsars in
this analysis, 74 are different from the 221 used in the O2
analysis (Abbott et al. 2019b). There are 168 pulsars in binary
systems, and 161 are millisecond pulsars with frequencies
above about 100 Hz. The pulsar J0537−6910 is not included
due to the recently published searches for it in Abbott et al.
(2021d, 2021c).

For some pulsars, ephemerides were only available for the
course of O3. In such cases, only GW data from O3 was used.
This was the case for 102 out of the 236 pulsars in this analysis.

4. Analysis Results

No evidence for GW signals from any of the included
pulsars was found. The results for all except the high-value
targets are shown in Table 3. The high-value pulsars are shown
in Table 4 and discussed in Section 4.1. As no CWs were
observed, we present the 95% credible upper limits on the GW
amplitudes C22 and C21 for the dual-harmonic run (searching
for the mass quadrupole modes l = 2, m = 1,2) and the GW
amplitude h0 for the single-harmonic (l = 2, m = 2) search.
These were all calculated using coherently combined data from
all three detectors over the O2 and O3 observing runs or just
the O3 run, as appropriate. Due to the calibration amplitude
systematic uncertainties for the detectors, the amplitude
estimates can have uncertainties of up to∼ 8%.

Figure 1 shows the 95% credible upper limits on the GW
amplitudes C22 and C21 for all pulsars using the time-domain

Bayesian method. In addition, it shows the joint detector
sensitivity estimates for the two amplitudes based on the
representative power spectral densities for the detectors over
the course of O3. For an explanation of how these estimates
were calculated, see Appendix C in Abbott et al. (2019b).
The 95% credible upper limits for the GW amplitude h0 from

the single-harmonic analysis for all pulsars, again using the
results from the time-domain Bayesian method, are shown as
stars in Figure 2. The spin-down limit for each pulsar is
represented as a gray triangle. If the observed upper limit for a
pulsar is below the spin-down limit, this is shown via a dotted
green line from the spin-down limit to the h0 limit, which is
plotted within a shaded circle. The solid line gives the joint
detector sensitivity estimate over the course of O3.320

Figure 3 shows a histogram of the spin-down ratio h h0
95%

0
sd

from the Bayesian analysis for every pulsar for which
calculating a spin-down rate was possible.321 These values
rely on the pulsar distance, frequency derivative, and principal
moment of inertia, which all have associated uncertainties.
These are not taken into account in this study, for which we use
the best-fit values listed in Tables 3 and 4 and a fiducial
moment of inertia Izz

fid of 1038 kg m2, but their presence should
be kept in mind. Distance errors are primarily based on
uncertainties in the galactic free electron distribution (Yao et al.
2017), which can lead to distance errors on the order of a factor
of two. Nearby pulsars, for which parallax measurements are
possible, will generally have smaller distance uncertainties.
Table 3 provides a reference for the distance to each pulsar,
which can be used to find an estimate of the associated error as
required. The relative uncertainties in frequency derivative are
generally much smaller than the distance uncertainties. The
principal moment of inertia is equation of state-dependent and
could range between∼ (1− 3)× 1038 kg m2

(see, e.g., Abbott
et al. 2007). The mass quadrupole Q22 and the ellipticity ε
limits also rely on these values; for example, our given
ellipticity upper limits are inversely proportional to Izz/
1038 kg m2.
The single-harmonic search was used to place limits on the

mass quadrupole Q22
95%, which can be used to find the pulsar’s

ellipticity ε95% using Equations (5) and (4). However, for
pulsars that did not surpass their spin-down limits, these Q22

and ε values would lead to spin-down rates Prot that are greater
than (and thus are in violation of) their measured values. The
results for the Bayesian analysis are shown in terms of the mass
quadrupole Q22 and ellipticity ε in Figure 4. Also included are
histograms of the upper limits and spin-down limits as well as
contour lines of equal characteristic age τ calculated under the
assumption that all spin-down is due to energy loss through
GW emission, i.e., the braking index is n= 5.
From the Bayesian search, 23 pulsars have direct upper

limits that are below their spin-down limit, with 89 pulsars
within a factor of 10 of their spin-down limit. There were 90
millisecond pulsars with a spin-down ratio less than 10. For the
dual-harmonic search, the most constraining upper limit for C21

was J2302+4442 with 7.05× 10−27. The smallest C22 upper
limit was 2.05× 10−27 for J1537−5312. As physically mean-
ingful constraints for the single-harmonic search are only
achieved once the spin-down limit has been surpassed, the

320 The sensitivity estimate for O3 alone is used as it dominates compared to
the estimate for the O2 run.
321 Spin-down rates cannot be calculated for pulsars with insufficient distance,
frequency, or frequency derivative data (see Equation (6)).
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Table 3

Limits on Gravitational-wave Amplitude, and Other Derived Quantities, for 213 Pulsars from the Bayesian Analysis

Pulsar Name frot Prot Distance h0
sd C21

95% C22
95% h0

95% Q22
95% ε95% h h0

95%
0
sd m

l
1,2
2
=

= m
l

2
2
=

=

(J2000) (Hz) (s s −1) (kpc) (kg m2
)

J0023+0923aò 327.8 1.0 × 10−20 1.11 (a) 1.3 × 10−27 9.6 × 10−27 8.5 × 10−27 1.7 × 10−26 3.3 × 1030 4.2 × 10−8 13 −3.2 −1.0
J0030+0451aò 205.5 1.0 × 10−20 0.33 (a) 3.6 × 10−27 8.7 × 10−27 3.1 × 10−27 6.5 × 10−27 9.2 × 1029 1.2 × 10−8 1.8 −4.4 −2.3
J0034−0534aò 532.7 4.2 × 10−21 1.35 (b) 8.9 × 10−28 1.1 × 10−26 5.2 × 10−27 1.1 × 10−26 9.2 × 1029 1.2 × 10−8 12 −4.7 −2.4
J0101−6422aδ 388.6 3.7 × 10−21 1.00 (b) 9.7 × 10−28 1.0 × 10−26 3.2 × 10−27 7.4 × 10−27 9.0 × 1029 1.2 × 10−8 7.6 −4.7 −2.5
J0102+4839ò 337.4 1.1 × 10−20 2.31 (b) 6.8 × 10−28 1.3 × 10−26 6.3 × 10−27 1.3 × 10−26 4.7 × 1030 6.1 × 10−8 19 −3.7 −1.6
J0117+5914aα 9.9 5.9 × 10−15 1.77 (b) 1.1 × 10−25 L L 1.7 × 10−25 5.8 × 1034 7.5 × 10−4 1.6 L −2.5
J0125−2327ò 272.1 1.8 × 10−20 0.92 (b) 2.0 × 10−27 1.2 × 10−26 4.2 × 10−27 8.5 × 10−27 1.9 × 1030 2.5 × 10−8 4.3 −4.1 −2.1
J0154+1833aò 422.9 1.1 × 10−21 1.62 (b) 3.4 × 10−28 1.6 × 10−26 3.6 × 10−27 9.7 × 10−27 1.6 × 1030 2.1 × 10−8 29 −4.3 −2.5
J0218+4232aò 430.5 7.6 × 10−20 3.15 (c) 1.5 × 10−27 1.2 × 10−26 4.0 × 10−27 8.9 × 10−27 2.8 × 1030 3.6 × 10−8 6.1 −4.5 −2.5
J0340+4130aò 303.1 6.7 × 10−21 1.60 (b) 7.2 × 10−28 1.7 × 10−26 3.2 × 10−27 6.8 × 10−27 2.2 × 1030 2.8 × 10−8 9.5 −3.7 −2.4
J0348+0432aò 25.6 2.3 × 10−19 2.10 (d) 9.3 × 10−28 9.6 × 10−26 7.0 × 10−27 1.4 × 10−26 8.1 × 1032 1.1 × 10−5 15 −4.5 −2.4
J0406+3039ò 383.3 8.3 × 10−21 L L 1.6 × 10−26 4.2 × 10−27 8.5 × 10−27 L L L −3.9 −2.4
J0407+1607ò 38.9 7.9 × 10−20 1.34 (b) 1.1 × 10−27 1.9 × 10−26 3.0 × 10−27 6.7 × 10−27 1.1 × 1032 1.4 × 10−6 6.4 −5.4 −2.6
J0453+1559aò 21.8 1.8 × 10−19 0.52 (b) 3.1 × 10−27 1.5 × 10−25 5.4 × 10−27 1.1 × 10−26 2.2 × 1032 2.8 × 10−6 3.6 −5.5 −3.0
J0509+0856aò 246.6 3.8 × 10−21 0.82 (b) 9.6 × 10−28 1.3 × 10−26 3.1 × 10−27 8.3 × 10−27 2.0 × 1030 2.6 × 10−8 8.6 −4.2 −2.2
J0509+3801ò 13.1 7.9 × 10−18 1.56 (b) 5.3 × 10−27 2.5 × 10−24 2.0 × 10−26 4.4 × 10−26 7.3 × 1033 9.5 × 10−5 8.3 −9.2 −2.7
J0557+1550ò 391.2 7.4 × 10−21 1.83 (b) 7.5 × 10−28 9.0 × 10−27 5.1 × 10−27 1.1 × 10−26 2.3 × 1030 3.0 × 10−8 14 −4.5 −2.2
J0557−2948δ 22.9 7.3 × 10−20 4.27 (b) 2.4 × 10−28 1.4 × 10−25 5.9 × 10−27 1.5 × 10−26 2.2 × 1033 2.8 × 10−5 60 −5.2 −2.7

Notes. The following is a list of references for pulsar distances and intrinsic period derivatives, and they should be consulted for information on the associated uncertainties on these quantities: (a) Arzoumanian et al.
(2018), (b) Yao et al. (2017), (c) Verbiest & Lorimer (2014), (d) Antoniadis et al. (2013), (e) Reardon et al. (2016), (f) Reardon et al. (2021), (g) Bassa et al. (2016), (h) Fonseca et al. (2021), (i) Desvignes et al. (2016),
(j) Verbiest et al. (2012), (k) Lorimer et al. (2021), (l) Reynoso et al. (2006), (m) Negueruela et al. (2011), (n) Swiggum et al. (2017), (o) Halpern et al. (2013), (p) Bates et al. (2015), (q) Matthews et al. (2016), (r) Harris
(2010), (s) Fonseca et al. (2014), (t) Braga et al. (2015), (u) Vigeland et al. (2018), (v) Freire et al. (2012), (w) Espinoza et al. (2013), (x) Ferdman et al. (2014), (y) Camilo et al. (2021), (z) Testa et al. (2001), (aa) Lin
et al. (2009), (bb) Gotthelf et al. (2011), (cc) Brownsberger & Romani (2014), (dd) Guillemot et al. (2016), (ee) Deller et al. (2013), (ff) Halpern et al. (2001), (gg) Spiewak et al. (2018).
References. The following is a list of references for pulsar ephemeris data used in this analysis: CHIME, α; Hobart, β; Jodrell Bank, γ; MeerKAT, δ; Nancay, ò; NICER, ζ; UTMOST, η.
a The observed P has been corrected to account for the relative motion between the pulsar and observer.
b The corrected pulsar P value is negative, so no value is given, and no spin-down limit has been calculated.
c This is a globular cluster pulsar for which a proxy period derivative has been derived assuming a characteristic age of 109 years and a braking index of n = 5.
Table 3 is published in its entirety in the machine-readable format. A portion is shown here for guidance regarding its form and content.

(This table is available in its entirety in machine-readable form.)
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Table 4

Limits on Gravitational-wave Amplitude, and Other Derived Quantities, for 23 High-value Pulsars from the Three Analysis Methods

Pulsar Name frot Prot Distance h0
sd Analysis C21

95% C22
95% h0

95% Q22
95% ε95% h h0

95%
0
sd Statistica Statisticb

(J2000) (Hz) (s s −1) (kpc) Method (kg m2
)

l=2,m=1,2 l=2,m=2

J0437−4715aδ 173.7 1.4 × 10−20 0.16 (e) 8.0 × 10−27 Bayesian 1.3 × 10−26 3.8 × 10−27 6.9 × 10−27 6.6 × 1029 8.5 × 10−9 0.87 −4.4 −2.8

 -statistic 2.3 × 10−26 3.5 × 10−27 8.9 × 10−27 8.5 × 1029 1.1 × 10−8 1.1 0.08 0.29
5n-vector L L L L L L L L

J0534+2200aγ 29.6 4.2 × 10−13 2.00 1.4 × 10−24 Bayesian 7.9(6.2) × 10−26 6.5(6.1) × 10−27 1.3(1.2) × 10−26 5.6(5.0) × 1032 7.2(6.5) × 10−6 0.0094
(0.0085)

−4.8(−4.9) −2.6(−2.7)

 -statistic 7.0(3.1) × 10−26 8.8(5.5) × 10−27 1.7(1.0) × 10−26 7.1(4.2) × 1032 9.2(5.4) × 10−6 0.012(0.007) 0.65(0.52) 0.56(0.24)
5n-vector 1.4(1.3) × 10−25 L 9.0(8.7) × 10−27 3.7(3.6) × 1032 4.9(4.7) × 10−6 0.0063

(0.0061)
0.02(0.02) 0.73(0.73)

J0711−6830aδ 182.1 1.4 × 10−20 0.11 (b) 1.2 × 10−26 Bayesian 1.6 × 10−26 2.4 × 10−27 7.0 × 10−27 4.1 × 1029 5.3 × 10−9 0.57 −3.9 −2.3

 -statistic 1.9 × 10−26 5.2 × 10−27 9.9 × 10−27 5.8 × 1029 7.5 × 10−9 0.81 0.17 0.34
5n-vector 9.8 × 10−27 L 5.0 × 10−27 2.9 × 1029 3.8 × 10−9 0.41 0.90 0.96

J0835−4510aβ 11.2 1.2 × 10−13 0.28 (j) 3.4 × 10−24 Bayesian 1.6(0.8) × 10−23 8.8(8.6) × 10−26 1.8(1.7) × 10−25 7.2(7.0) × 1033 9.3(9.1) × 10−5 0.052(0.051) −6.2(-2.7) −1.1(-1.0)

 -statistic 1.7(1.3) × 10−23 1.0(0.2) × 10−25 2.0(0.7) × 10−25 8.2(2.7) × 1033 1.1(0.3) × 10−4 0.059(0.02) 0.24(0.17) 0.09(0.02)
5n-vector 1.1(1.4) × 10−23 L 1.8(1.1) × 10−25 7.3(4.5) × 1033 9.5(5.8) × 10−5 0.053(0.032) 0.83(0.83) 0.20(0.20)

J0908−4913η 9.4 1.5 × 10−14 1.00 (j) 3.0 × 10−25 Bayesian L L 2.8 × 10−25 5.7 × 1034 7.4 × 10−4 0.91 L −2.6

 -statistic 1.1 × 10−22 2.2 × 10−25 4.8 × 10−25 1.0 × 1035 1.3 × 10−3 1.6 0.31 0.16
5n-vector L L 5.9 × 10−25 1.2 × 1035 1.6 × 10−3 1.9 L 0.69

J1101−6101ζ 15.9 8.6 × 10−15 7.00 (l) 4.3 × 10−26 Bayesian 6.8 × 10−25 1.2 × 10−26 2.6 × 10−26 1.3 × 1034 1.7 × 10−4 0.61 −9.8 −2.9
 -statistic 8.9 × 10−25 6.5 × 10−27 1.3 × 10−26 6.6 × 1033 8.5 × 10−5 0.31 0.68 0.88
5n-vector 9.5 × 10−25 L 2.1 × 10−26 1.1 × 1034 1.4 × 10−4 0.49 0.77 0.84

J1105−6107η 15.8 1.6 × 10−14 2.36 (b) 1.7 × 10−25 Bayesian 1.1 × 10−24 2.9 × 10−26 5.8 × 10−26 1.0 × 1034 1.3 × 10−4 0.34 −3.5 −1.3
 -statistic 1.2 × 10−24 2.9 × 10−26 5.8 × 10−26 1.0 × 1034 1.3 × 10−4 0.34 0.48 0.11
5n-vector L L L L L L L L

J1302−6350aη 20.9 2.3 × 10−15 2.30 (m) 7.7 × 10−26 Bayesian 2.5 × 10−25 1.2 × 10−26 2.4 × 10−26 2.3 × 1033 3.0 × 10−5 0.32 −4.7 −2.3
 -statistic 4.2 × 10−25 1.6 × 10−26 3.2 × 10−26 3.1 × 1033 4.0 × 10−5 0.42 0.18 0.03
5n-vector L L L L L L L L

J1412+7922ζ 16.9 3.3 × 10−15 2.00 (o) 9.5 × 10−26 Bayesian 1.2 × 10−24 1.2 × 10−26 2.5 × 10−26 3.2 × 1033 4.1 × 10−5 0.26 −8.7 −2.7

 -statistic 1.4 × 10−24 1.2 × 10−26 2.4 × 10−26 3.1 × 1033 4.0 × 10−5 0.25 0.32 0.66
5n-vector 1.5 × 10−24 L 2.2 × 10−26 2.8 × 1033 3.6 × 10−5 0.23 0.07 0.66

J1745−0952aò 51.6 8.6 × 10−20 0.23 (b) 7.5 × 10−27 Bayesian 1.5 × 10−26 2.2 × 10−27 4.7 × 10−27 7.3 × 1030 9.5 × 10−8 0.63 −5.1 −2.5

 -statistic 2.1 × 10−26 1.0 × 10−27 3.7 × 10−27 5.7 × 1030 7.4 × 10−8 0.49 0.60 0.90
5n-vector L L L L L L L L

J1756−2251aò 35.1 1.0 × 10−18 0.73 (x) 6.6 × 10−27 Bayesian 3.9 × 10−26 2.8 × 10−27 6.1 × 10−27 6.6 × 1031 8.6 × 10−7 0.93 −5.3 −2.7

 -statistic 4.4 × 10−26 1.1 × 10−27 3.7 × 10−27 4.0 × 1031 5.2 × 10−7 0.56 0.34 0.92
5n-vector L L L L L L L L

J1809−1917aγ 12.1 2.6 × 10−14 3.27 (b) 1.4 × 10−25 Bayesian 7.5 × 10−24 4.6 × 10−26 9.0 × 10−26 3.7 × 1034 4.8 × 10−4 0.66 −8.2 −2.1

 -statistic 7.0 × 10−24 6.3 × 10−26 1.3 × 10−25 5.3 × 1034 6.9 × 10−4 0.95 0.37 0.11
5n-vector 7.5 × 10−24 L 9.8 × 10−26 4.0 × 1034 5.2 × 10−4 0.71 0.40 0.52

J1813−1749aζ 22.4 1.3 × 10−13 6.20 (y) 2.2 × 10−25 Bayesian 1.9 × 10−25 7.7 × 10−27 1.5 × 10−26 3.5 × 1033 4.5 × 10−5 0.07 −4.7 −2.5
 -statistic 1.9 × 10−25 3.6 × 10−27 7.2 × 10−27 1.6 × 1033 2.1 × 10−5 0.033 0.42 0.87
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Table 4

(Continued)

Pulsar Name frot Prot Distance h0
sd Analysis C21

95% C22
95% h0

95% Q22
95% ε95% h h0

95%
0
sd Statistica Statisticb

(J2000) (Hz) (s s −1) (kpc) Method (kg m2
)

l=2,m=1,2 l=2,m=2

5n-vector 2.2 × 10−25 L 9.9 × 10−27 2.2 × 1033 2.9 × 10−5 0.045 0.79 0.94

J1828−1101γ 13.9 1.5 × 10−14 4.77 (b) 7.7 × 10−26 Bayesian 3.3 × 10−24 1.9 × 10−26 4.2 × 10−26 1.9 × 1034 2.5 × 10−4 0.55 −8.9 −2.6
 -statistic 4.1 × 10−24 1.4 × 10−26 2.3 × 10−26 1.0 × 1034 1.3 × 10−4 0.3 0.76 0.89
5n-vector 8.7 × 10−24 L 4.3 × 10−26 1.9 × 1034 2.5 × 10−4 0.56 0.29 0.71

J1838−0655ζ 14.2 4.9 × 10−14 6.60 (aa) 1.0 × 10−25 Bayesian 3.4 × 10−24 1.6 × 10−26 3.7 × 10−26 2.2 × 1034 2.9 × 10−4 0.36 −8.7 −2.7
 -statistic 2.1 × 10−24 6.3 × 10−26 1.0 × 10−25 6.0 × 1034 7.8 × 10−4 0.98 0.67 0.96
5n-vector 3.1 × 10−24 L 4.1 × 10−26 2.5 × 1034 3.2 × 10−4 0.4 0.26 0.68

J1849−0001ζ 26.0 1.4 × 10−14 7.00 (bb) 7.0 × 10−26 Bayesian 7.3 × 10−26 5.0 × 10−27 1.0 × 10−26 1.9 × 1033 2.5 × 10−5 0.15 −5.3 −2.7

 -statistic 3.4 × 10−26 9.3 × 10−27 1.9 × 10−26 3.6 × 1033 4.7 × 10−5 0.27 0.92 0.13
5n-vector 1.5 × 10−25 L 1.6 × 10−26 3.0 × 1033 3.9 × 10−5 0.23 0.37 0.42

J1856+0245γ 12.4 6.2 × 10−14 6.32 (b) 1.1 × 10−25 Bayesian 6.2 × 10−24 2.2 × 10−26 5.2 × 10−26 3.9 × 1034 5.0 × 10−4 0.46 −8.6 −2.7

 -statistic 1.2 × 10−23 1.9 × 10−26 4.6 × 10−26 3.5 × 1034 4.5 × 10−4 0.41 0.07 0.82
5n-vector 7.9 × 10−24 L 1.0 × 10−25 7.6 × 1034 9.8 × 10−4 0.89 0.09 0.27

J1913+1011γ 27.8 3.4 × 10−15 4.61 (b) 5.4 × 10−26 Bayesian 8.3 × 10−26 1.0 × 10−26 2.4 × 10−26 2.6 × 1033 3.4 × 10−5 0.45 −4.0 −1.5

 -statistic 8.7 × 10−26 1.0 × 10−26 2.2 × 10−26 2.4 × 1033 3.1 × 10−5 0.41 0.53 0.08
5n-vector 1.1 × 10−25 L 1.3 × 10−26 1.4 × 1033 1.8 × 10−5 0.24 0.50 0.44

J1925+1720γ 13.2 1.0 × 10−14 5.06 (b) 5.9 × 10−26 Bayesian 4.0 × 10−24 1.6 × 10−26 3.7 × 10−26 2.0 × 1034 2.5 × 10−4 0.63 −8.9 −2.9

 -statistic 6.0 × 10−24 2.2 × 10−26 4.3 × 10−26 2.3 × 1034 2.9 × 10−4 0.73 0.10 0.73
5n-vector 3.7 × 10−24 L 3.7 × 10−26 2.0 × 1034 2.5 × 10−4 0.62 0.72 0.93

J1928+1746γ 14.5 1.3 × 10−14 4.34 (b) 8.1 × 10−26 Bayesian 1.1 × 10−24 1.6 × 10−26 3.4 × 10−26 1.3 × 1034 1.7 × 10−4 0.42 −9.3 −3.1
 -statistic 7.8 × 10−25 2.1 × 10−26 4.3 × 10−26 1.6 × 1034 2.1 × 10−4 0.53 0.90 0.55
5n-vector 3.5 × 10−24 L 3.3 × 10−26 1.2 × 1034 1.6 × 10−4 0.41 0.02 0.86

J1935+2025γ 12.5 6.1 × 10−14 4.60 (b) 1.5 × 10−25 Bayesian 3.4 × 10−24 2.5 × 10−26 5.3 × 10−26 2.9 × 1034 3.7 × 10−4 0.35 −9.1 −2.6
 -statistic 1.2 × 10−23 4.2 × 10−26 8.5 × 10−26 4.6 × 1034 5.9 × 10−4 0.56 1.00 0.43
5n-vector 3.9 × 10−24 L 6.4 × 10−26 3.5 × 1034 4.5 × 10−4 0.42 0.90 0.68

J1952+3252aα 25.3 5.8 × 10−15 3.00 (j) 1.0 × 10−25 Bayesian 1.0(1.0) × 10−25 8.1(8.1) × 10−27 1.8(1.6) × 10−26 1.5(1.4) × 1033 2.0(1.8) × 10−5 0.17(0.16) −4.7(-4.6) −2.1(-2.2)
 -statistic 1.0 × 10−25 1.6 × 10−26 3.0 × 10−26 2.6 × 1033 3.3 × 10−5 0.29 0.54 0.16
5n-vector 1.1(1.1) × 10−25 L 2.2(2.1) × 10−26 1.9(1.8) × 1033 2.4(2.3) × 10−5 0.21(0.2) 0.79(0.79) 0.30(0.30)

J2229+6114α 19.4 7.8 × 10−14 3.00 (ff) 3.3 × 10−25 Bayesian 4.1(4.0) × 10−25 8.1(5.5) × 10−27 1.7(1.1) × 10−26 2.5(1.6) × 1033 3.2(2.1) × 10−5 0.052(0.033) −8.2(-5.2) −2.9(-3.0)

 -statistic 3.2(4.0) × 10−25 8.0(6.4) × 10−27 1.6(1.2) × 10−26 2.3(1.8) × 1033 3.0(2.3) × 10−5 0.048(0.036) 0.78(0.52) 0.74(0.52)
5n-vector 4.3(3.4) × 10−25 L 1.3(1.4) × 10−26 1.9(2.0) × 1033 2.5(2.6) × 10−5 0.039(0.042) 0.72(0.72) 0.85(0.85)

Notes. For references and other notes see Table 3. Values in parentheses are those produced using the restricted orientation priors described in Section 2.1.2.
a For the Bayesian method, this column shows the base-10 logarithm of the Bayesian odds, , comparing a coherent signal model at both the l = 2, m = 1,2 modes to incoherent signal models. For the  -/ -statistic
method, this column shows the false-alarm probability for a signal just at the l = 2, m = 1 mode, assuming that the 2 value has a χ2 distribution with 4 degrees-of-freedom and the 2 value has a χ2 distribution with 2
degrees of freedom. For the 5n-vector method, this column shows the p-value for a search for a signal at just the l = 2, m = 1 mode, where the null hypothesis being tested is that the data are consistent with pure
Gaussian noise.
b This is the same as in footnote a, but for all the methods, the assumed signal model is from the l = m = 2 mode.
c The observed P has been corrected to account for the relative motion between the pulsar and observer.
d The pulsar J0537−6910 was not analyzed in this study but is included for completion. The values listed here are taken from Abbott et al. (2021c).
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following best limits are taken from the 23 pulsars that had
h h 1sd
0
95%

0 < . The smallest spin-down limit was 0.009 for
J0534+2200 (the Crab pulsar). The pulsar with the smallest
upper limit on h0 was J1745−0952 with 4.72× 10−27. The best
Q22 upper limit was achieved by J0711−6830 with 4.07×
1029 kg m2, which led to the best limit on ellipticity of
5.26× 10−9. This pulsar has a dispersion measure distance of
0.11 kpc, which makes it relatively close by. However, its high
ecliptic latitude makes it very insensitive to parallax measure-
ment (Reardon et al. 2021).

For each pulsar, we performed a model comparison between
the assumption of the data being consistent with a coherent
signal compared to the assumption of an incoherent signal or
noise. This was calculated for both the dual-harmonic (l = 2,
m = 1,2) and single-harmonic (l = 2, m = 2) searches.
Specifically, the base-10 logarithm of the Bayesian odds
between models is calculated, which will be referred to as .
Of all the pulsars in this search, none had  0> , meaning in
all cases incoherent noise was more likely than a coherent
signal. The pulsar with the highest odds overall was J2010
−1323 with −0.77.

4.1. High-value Targets

Table 4 shows the results for the analyses on the high-value
targets for the Bayesian, the  -/-statistic, and the 5n-vectors
analyses. In this case, the two columns named “Statistic” have
different values depending on which analysis method was used.

For the Bayesian analysis, they give the base-10 logarithm of
the Bayesian odds, , for the dual- and single-harmonic
searches, respectively. This is the same as for the results in
Table 3. For the  -/-statistic and 5n-vector analysis methods,
they represent the false-alarm probabilities at the l= 2, m= 1,
and l=m= 2 modes, respectively.
By definition, all high-value pulsars surpassed their spin-

down limits in the Bayesian analysis. Several pulsars glitched
during the course of the runs: J0534+2200 (Crab pulsar),
J0908−4913, and J1105−6107. The times of the glitches are
shown in Table 1, and the process for dealing with them is
outlined in Section 2.1.1. Additionally, some have sufficient
information from EM observations on their orientation to
restrict their priors: J0534+2200 (Crab pulsar), J0835−4510
(Vela), J1952+3252, and J2229+6114. This is discussed in
Section 2.1.2, and the pulsars’ restricted ranges are quoted in
Table 2. For each pulsar with either a glitch or restricted priors,
individual analyses were performed assuming GW emission at
both 2frot and frot and just 2frot. In the case of the Crab pulsar,
which both experienced a glitch and has sufficient observations
for restricted priors, four individual analyses were performed.
Each analysis accounted for the glitch, with combinations of
dual-/single-harmonic search and restricted/unrestricted priors.
The values shown in Table 4 are from the searches with glitches
accounted for via an unknown phase offset. When a pulsar had a
restricted prior search, the results are shown in parentheses next
to the unrestricted results.

Figure 1. The 95% credible upper limits on the gravitational-wave amplitudes for all 236 pulsars using the time-domain Bayesian method. The pink stars and green
crosses show the 95% credible upper limits for the GW amplitudes (C22 and C21) for the dual-harmonic search. The solid lines show the estimated sensitivity of all
three detectors combined over the course of O3.
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The Crab pulsar is of interest due to its high spin-down
luminosity. For the single-harmonic Bayesian analysis and with
the glitch accounted for by a phase offset, its upper limit as a
fraction of the spin-down limit is only 0.0094(0.0085) meaning
that GWs contribute to less than 0.009% of the available spin-
down luminosity. This is consistent with previous studies that
also surpassed the spin-down limit (Abbott et al. 2019b, 2017b).

Its h0
95% upper limit was found to be 1.3(1.2)× 10−26. With a

distance of 2 kpc and period derivative of 4.2× 10−13 s s−1, the
upper limits on the mass quadrupole and ellipticity were
calculated to be ( )Q 5.6 5.0 1022

95% 32= ´ kg m2 and
ε95%= 7.2(6.5)× 10−6. The base-10 logarithm of the Bayesian
odds for this analysis favoring a coherent signal over incoherent
noise is −2.6(−2.7).
The Vela pulsar also has a very high spin-down luminosity

and is considered another source of interest. Unlike the Crab
pulsar, the Vela pulsar did not experience any glitches over the
course of this analysis. In the single-harmonic Bayesian
analysis, the spin-down limit was surpassed with a ratio of
0.052(0.051), with ( )h 1.8 1.7 100

95% 25= ´ - . This ratio
corresponds to a maximum of 0.27% of the spin-down
luminosity being emitted by GWs. The previous known pulsar
search by Abbott et al. (2019b) found the spin-down ratio to be
0.042 with h 1.4 100

95% 25= ´ - , which is lower than in this
analysis. This is due to significant noise in the LIGO Hanford
detector at twice Vela’s rotational frequency, with an angular
sensing control dither line being the most likely culprit.322

However, this analysis is an improvement on the more recent
measurement of the spin-down ratio of 0.067 and
h 2.2 100
95% 25= ´ - produced in Abbott et al. (2020). The

Figure 2. Upper limits on h0 for the 236 pulsars in this analysis using the time-domain Bayesian method. The stars show 95% credible upper limits on the amplitudes
of h0. Gray triangles represent the spin-down limits for each pulsar (based on the distance measurement stated in Table 3 and assuming the canonical moment of
inertia). For those pulsars that surpass their spin-down limits, their results are plotted within shaded circles. The pink curve gives an estimate of the expected strain
sensitivity of all three detectors combined during the course of O3. The highlighted pulsars are those with the best h0, Q22, and spin-down ratio out of the pulsars that
surpassed their spin-down limit, as well as the best h0 limit out of the whole sample. The Vela pulsar is highlighted, and the pulsar J0537−6910 upper and spin-down
limits calculated in Abbott et al. (2021c) are also included for completeness.

Figure 3. A histogram of the spin-down ratio for all pulsars for which a spin-
down ratio was calculated.

322 This contamination was removed for the final third of O3, although its
presence at earlier times still has a detrimental effect on the result.
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upper limits on the mass quadrupole Q22
95% and ellipticity ε

were calculated to be 7.2(7.1)× 1033 kg m2 and 9.3(9.2)×
10−5, respectively. These values were calculated assuming a
distance of 0.28 kpc and a period derivative of 1.2× 10−13 s s−1.
The base-10 logarithm of the Bayesian odds for this pulsar in the
single-harmonic analysis was −1.1(−1.0).

The pulsar J0537−6910 has the highest spin-down lumin-
osity but has not been included in this search due to recently
published searches for it in Abbott et al. (2021c, 2021d).
The limits, which can be found in Table 3 of Abbott et al.
(2021c), are shown for comparison. They found h0

95% =
( )1.1 1.0 10 26´ - with a spin-down ratio of h h sd

0
95%

0 =
( )0.37 0.33 . ε95%= 3.4(3.1)× 10−5 while for the dual-harmonic

search ( )C 2.2 1.8 1021
95% 26= ´ - and ( )C 5.6 5.022

95% = 1́0 27- .
Table 5 shows the results for the analyses on the high-value

targets using the -statistic analyses to search for dipole
radiation predicted by Brans-Dicke theory. No significant
signal was detected and consequently upper limits are obtained.
The 95% confidence upper limits are given in the second last
column of Table 5, and the last column gives the false-alarm
probability, i.e., the probability that the obtained values of the
-statistic result only from the noise in the data. The most
constraining upper limit for dipole radiation is obtained for the
millisecond pulsar J0437−4715.

5. Conclusions

In this paper, we have searched for evidence of GWs from
236 pulsars over the course of the LIGO and Virgo O2 and O3
runs and across all three detectors (LIGO Hanford, LIGO
Livingston, and Virgo). This is an improvement on the 221

pulsars from the O1 and O2 analysis in Abbott et al. (2019b).
Searches were carried out for two different emission models.
One assumed GW emission from the l=m= 2 mass quadru-
pole mode, and the other assumed emission from the l= 2,
m= 1, 2 modes. For the single-harmonic search, new upper
limits on h0 were produced, and a total of 23 pulsars surpassed
their spin-down limits (24 if one includes J0537-6910 from
Abbott et al. 2021c). This is an improvement from the 20
pulsars in Abbott et al. (2019b) and includes 9 pulsars for
which their spin-down limit had not previously been surpassed.
For the dual-harmonic search, new limits on C21 and C22 are
found. For pulsars that were deemed high value, two more
analysis methods were included for robustness: the  -/-statistic
method and the 5n-vector method.
The millisecond pulsars that surpassed their spin-down

limits, J0437−4715 and J0711−6830, have ellipticity upper
limits of 8.5× 10−9 and 5.3× 10−9, respectively. Comparing
these values to the left-hand panel of Figure 3 in Gittins &
Andersson (2021), one will find that our results are lower than
the maximum values predicted for a variety of neutron star
equations of state. Our results are therefore providing new
constraints in physically realistic parts of the ellipticity
parameter space.
No search found strong evidence of GW emission from any

of the pulsars. However, with so many pulsars now surpassing
their spin-down limit, including the millisecond pulsars J0437
−4715 and J0711−6830 (Abbott et al. 2020), the next
observing run O4 could add more pulsars to this count and
bring us closer to observing CWs from pulsars for the first time.
In addition to the search for CW signals consisting of the
tensorial polarizations predicted by GR, this paper provides the

Figure 4. 95% credible upper limits on ellipticity ε and mass quadrupole Q22 for all 236 pulsars. The upper limits for each pulsar are represented by blue circles while
their spin-down limits are shown as gray triangles. Pulsars for which our direct upper limits have surpassed their spin-down limits are highlighted within a shaded
circle with a dotted green line linking the limit to its spin-down limit. Also included are pink contour lines of equal characteristic age P P4t = assuming that GW
emission alone is causing spin-down. To the right of the plot, histograms of both these direct limits and spin-down limits are shown by filled and empty bars,
respectively.

19

The Astrophysical Journal, 935:1 (29pp), 2022 August 10 Abbott et al.



first search explicitly targeting the emission of scalar polariza-
tion modes predicted by Brans-Dicke theory.
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Regional Development Fund; Foundation for Polish Science
(FNP), the Swiss National Science Foundation (SNSF), the
Russian Foundation for Basic Research, the Russian Science
Foundation, the European Commission, the European Social
Funds (ESF), the European Regional Development Funds
(ERDF), the Royal Society, the Scottish Funding Council, the
Scottish Universities Physics Alliance, the Hungarian Scientific
Research Fund (OTKA), the French Lyon Institute of Origins

Table 5

Limits on Gravitational-wave Amplitude from Dipole Radiation in Brans-Dicke Theory for 23 Pulsars Using the -Statistic

Pulsar Name frot Prot Distance h d0
95% FAP

(J2000) (Hz) (s s −1) (kpc)

J0437−4715a 173.7 1.4 × 10−20 0.16 (e) 9.7 × 10−27 0.92

J0534+2200a 29.6 4.2 × 10−13 2.00 9.5(7.0) × 10−26 0.95(0.31)

J0711−6830a 182.1 1.4 × 10−20 0.11 (b) 1.9 × 10−26 0.96

J0835−4510a 11.2 1.2 × 10−13 0.28 (i) 1.1(0.74) × 10−23 0.89(0.39)

J0908−4913 9.4 1.5 × 10−14 1.00 (i) 1.4 × 10−22 0.89

J1101−6101 15.9 8.6 × 10−15 7.00 (m) 4.7 × 10−25 0.99

J1105−6107 15.8 1.6 × 10−14 2.36 (b) 2.0 × 10−25 0.99

J1302−6350a 20.9 2.3 × 10−15 2.30 (n) 2.3 × 10−25 0.93

J1412+7922 16.9 3.3 × 10−15 2.00 (o) 9.6 × 10−25 0.54

J1745−0952a 51.6 8.6 × 10−20 0.23 (b) 2.0 × 10−26 0.97

J1756−2251a 35.1 1.0 × 10−18 0.73 (y) 1.7 × 10−25 0.99

J1809−1917a 12.1 2.6 × 10−14 3.27 (b) 2.7 × 10−23 0.97

J1813−1749a 22.4 1.3 × 10−13 6.20 (z) 2.1 × 10−25 0.95

J1828−1101 13.9 1.5 × 10−14 4.77 (b) 6.6 × 10−24 0.96

J1838−0655 14.2 4.9 × 10−14 6.60 (cc) 4.7 × 10−24 0.52

J1849−0001 26.0 1.4 × 10−14 7.00 (bb) 1.7 × 10−26 0.99

J1856+0245 12.4 6.2 × 10−14 6.32 (b) 1.1 × 10−23 0.71

J1913+1011 27.8 3.4 × 10−15 4.61 (b) 7.5 × 10−26 0.98

J1925+1720 13.2 1.0 × 10−14 5.06 (b) 5.7 × 10−24 0.84

J1928+1746 14.5 1.3 × 10−14 4.34 (b) 2.6 × 10−24 0.72

J1935+2025 12.5 6.1 × 10−14 4.60 (b) 4.2 × 10−24 0.99

J1952+3252a 25.3 5.8 × 10−15 3.00 (i) 8.1 × 10−26 0.99

J2229+6114 19.4 7.8 × 10−14 3.00 (hh) 5.3(5.8) × 10−26 0.99(0.95)

Note. For references and other notes, see Table 3. Values in parentheses are those produced using the restricted orientation priors described in Section 2.1.2. The last
column shows the false-alarm probability (FAP) for a signal, assuming that the 2 value has a χ2 distribution with 2 degrees-of-freedom.
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Appendix A
Cleaned versus Uncleaned Data Comparison

The data used in this analysis was subject to a cleaning
process described in Viets & Wade (2021), which focused on
the removal of various narrowband spectral artifacts at
calibration line frequencies. For any pulsars very close to
these lines, this cleaning would be expected to provide an
improvement in sensitivity. In this appendix, we present the
comparison of results using this cleaned data against results
using data without this cleaning process (which we will refer to
as uncleaned) for a sample of pulsars.
Uncleaned O3 LIGO data is used for a dual-harmonic

Bayesian analysis of 95 pulsars that had ephemeris data only
overlapping with O3. This is compared to the O3-only analysis
performed in this paper using the cleaned data. The Virgo data
used was the same in both cases. For comparison, the ratio of
h0 upper limits for each pulsar using uncleaned h0,uncleaned
versus cleaned h0,cleaned data are shown in Figure 5.
The mean ratio of upper limit for uncleaned data versus

cleaned data was 0.9966 (with a standard deviation of 0.0486),
which suggests no major effect of the line cleaning on the
majority results. It should be noted that for this analysis there is
a statistical uncertainty on the upper limits of around 1% due to
the use of a finite number of posterior samples when calculating
them (Abbott et al. 2020). If performing a parameter estimation
on h0 using multiple data sets consisting of independent noise
realizations drawn from the same distribution, empirically it is
found that the resultant upper limits will vary by on order of
30%. Due to the cleaning, the cleaned and uncleaned data sets
will contain different, albeit highly correlated, noise. So, a
spread of upper limit ratios that are larger than expected from
the pure statistical uncertainty on each limit, but smaller than
one would get from independent data, is to be expected.
As the upper limit ratio spread can be explained as being

consistent with the expectations from statistical fluctuations, it
suggests that very few pulsars are close enough to the cleaned
lines for the cleaning to have a significant effect overall.
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However, it makes sense to apply consistency in using the
same data set for all pulsars being analyzed. In this analysis, we
chose to use the narrowband cleaned data.
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