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Search for continuous gravitational waves from known pulsars in the first part of the fourth
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45INFN, Sezione di Trieste, I-34127 Trieste, Italy309

46Tecnológico de Monterrey Campus Guadalajara, 45201 Zapopan, Jalisco, Mexico310
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78Departament de F́ısica Quàntica i Astrof́ısica (FQA), Universitat de Barcelona (UB), c. Mart́ı i Franqués, 1, 08028 Barcelona, Spain343

79Dipartimento di Medicina, Chirurgia e Odontoiatria “Scuola Medica Salernitana”, Università di Salerno, I-84081 Baronissi, Salerno,344
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170Corps des Mines, Mines Paris, Université PSL, 60 Bd Saint-Michel, 75272 Paris, France438

171Indian Institute of Technology Madras, Chennai 600036, India439

172Graduate School of Science, Tokyo Institute of Technology, 2-12-1 Ookayama, Meguro-ku, Tokyo 152-8551, Japan440

173National Center for Nuclear Research, 05-400 Świerk-Otwock, Poland441
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ABSTRACT627

Continuous gravitational waves (CWs) emission from neutron stars carries information about their628

internal structure and equation of state, and it can provide tests of General Relativity. We present a629

search for CWs from a set of 45 known pulsars in the first part of the fourth LIGO–Virgo–KAGRA630

observing run, known as O4a. We conducted a targeted search for each pulsar using three independent631

analysis methods considering the single-harmonic and the dual-harmonic emission models. We find no632

evidence of a CW signal in O4a data for both models and set upper limits on the signal amplitude633

and on the ellipticity, which quantifies the asymmetry in the neutron star mass distribution. For the634

single-harmonic emission model, 29 targets have the upper limit on the amplitude below the theoretical635

spin-down limit. The lowest upper limit on the amplitude is 6.4×10−27 for the young energetic pulsar636

J0537−6910, while the lowest constraint on the ellipticity is 8.8×10−9 for the bright nearby millisecond637

pulsar J0437−4715. Additionally, for a subset of 16 targets we performed a narrowband search that is638

more robust regarding the emission model, with no evidence of a signal. We also found no evidence of639
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non-standard polarizations as predicted by the Brans-Dicke theory.640

1. INTRODUCTION641

Since their discovery in 1967, pulsars have been cru-642

cial in advancing our understanding of fundamental643

physics. These extremely dense and compact objects644

possess strong magnetic fields and rotate rapidly, emit-645

ting beams of electromagnetic (EM) radiation from hot646

spots near the poles or from the higher magnetosphere647

(Philippov & Kramer 2022). EM observations across648

various wavelengths (radio, X-rays, and gamma rays)649

have provided detailed insights into pulsar properties,650

allowing precise measurements of pulsar parameters.651

Given their stability and predictability, pulsars present652

an excellent opportunity for the search of continuous653

gravitational waves (CWs) in the LIGO–Virgo–KAGRA654

(LVK) data.655

In contrast to transient gravitational waves (GWs)656

emitted by binary black hole (and neutron star) mergers657

(Abbott et al. 2021a,b, 2023), CWs have yet to be ob-658

served. These signals should be nearly monochromatic,659

with amplitude and frequency exhibiting small varia-660

tions over year-long timescales.661

CWs are expected from a time-varying non-662

axisymmetric mass distribution in rotating neutron stars663

(Zimmermann & Szedenits 1979). This could be the664

result of strain in the elastic crust (Ushomirsky et al.665

2000), accretion from a companion star (Bildsten 1998;666

Melatos & Payne 2005; Gittins & Andersson 2021), or667

a strong inner magnetic field (Bonazzola & Gourgoul-668

hon 1996; Cutler 2002). Alternatively, the deformation669

could be caused by fluid oscillations, such as those due to670

r-modes (Andersson 1998; Friedman & Morsink 1998).671

However, the sources of CWs are likely to possess smaller672

mass quadrupoles compared to the sources of transient673

GWs, resulting in a weaker signal. Therefore, for signals674

to be detectable with current detectors, we need to con-675

sider nearby sources integrating long stretches (months676

or years worth) of detector data.677

Observation of CWs from a neutron star would yield678

crucial insights into the star’s structure and its equation679

of state (Haskell & Bejger 2023; Gittins 2024). More-680

over, the form of the signal can be employed to test gen-681

eral relativity by measuring (or constraining) the pres-682

ence of non-standard polarizations (Isi et al. 2017; Ab-683

∗ Deceased, September 2024.
† Deceased, July 2023.
‡ Deceased, February 2024.
§ Banting Fellow, McGill Space Institute (MSI) Fellow,
and FRQNT Postdoctoral Fellow.

bott et al. 2019a). Possible mechanisms of CW emission684

from neutron stars are discussed in greater detail by685

Riles (2023) and Glampedakis & Gualtieri (2018).686

The primary challenge for CW searches lies in accu-687

rately accounting for the various modulations that af-688

fect the signal received on the Earth. These include the689

Doppler effect due to the Earth’s motion, the pulsar’s690

rotational evolution (i.e., the slow spin-down) and rela-691

tivistic effects. EM observations provide accurate mea-692

surements of the sky position and rotation parameters693

that allow us to predict and correct these modulations,694

thereby enhancing the search sensitivity.695

Based on the knowledge of the source parameters,696

different strategies can be used to search for CW sig-697

nals in LVK data (see Wette 2023, for a complete re-698

view of search methods). Targeted searches, the primary699

subject of this paper, aim to detect CWs from known700

pulsars, whose timing solutions can be calculated from701

known rotation phases and spin-down rates. Targeted702

searches use full-coherent methods that integrate data703

over long observation times maintaining phase coherence704

over time. By assuming that the GW phase evolution705

follows the EM solution, the parameter space can be re-706

duced to the unknown signal amplitude and polarization707

parameters. This assumption is relaxed in narrowband708

searches, which are performed in a narrow band around709

the frequency and spin-down rate (e.g., Abbott et al.710

2017a, 2019b; Abbott et al. 2022). However, because711

these searches decrease the sensitivity and increase the712

computational cost, they are often performed on fewer713

targets.714

Although several CW searches have been conducted in715

the last years targeting both isolated pulsars and those716

in binary systems, so far none of these searches have pro-717

duced evidence of CWs (e.g., Abbott et al. 2017b, 2019c,718

2020, 2021c, 2022; Ashok et al. 2021; Nieder et al. 2019,719

2020). In the absence of a signal, these searches set up-720

per limits on the GW amplitude and on the ellipticity,721

the physical parameter that quantifies the asymmetry722

in the mass distribution. In many cases, these limits723

are more stringent than (it is said to have “surpassed”)724

the so-called spin-down limit ; the theoretical limit calcu-725

lated by assuming 100% of each pulsar’s spin-down lumi-726

nosity to be radiated through GWs. In the most recent727

targeted search (Abbott et al. 2021c, 2022) considering728

O3 data, 24 pulsars surpassed their spin-down limits, in-729

cluding the Crab and Vela pulsars, J0537−6910 and two730

millisecond pulsars, J0437−4715 and J0711−6830. Ad-731

ditionally, searches for an r-mode emission are described732

in Rajbhandari et al. (2021) for the Crab and in Fesik733
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& Papa (2020); Rajbhandari et al. (2021); Abbott et al.734

(2021d) for J0537−6910. Continuous improvements in735

detector sensitivity and data analysis techniques are pro-736

gressively enhancing our ability to detect these faint sig-737

nals.738

In this paper, we present a targeted search for CWs739

from a set of 45 known pulsars, considering LIGO data740

from the initial part, O4a, of the most recent LVK ob-741

serving run. Pulsar selection is based on the available742

EM observations (see Section 4.2) and on the anticipated743

sensitivity for targeted searches near or below the spin-744

down limit. Considering two different emission models,745

we find no evidence of CW signals in the data, and we746

set upper limits on the amplitude and on the ellipticity747

for each target. Additionally, we perform a narrowband748

search for a subset of 16 targets and a search for non-749

standard polarizations as predicted by the Brans-Dicke750

theory (Brans & Dicke 1961).751

The paper is structured as follows. In Section 2,752

we briefly describe the expected signal for the emission753

models that we considered. The data analysis methods754

used in the paper are discussed in Section 3, while in755

Section 4 we describe the EM and GW data used for756

the analysis. The results are summarized and discussed757

in detail in Sections 5 and 6. Conclusions are reported758

in Section 7.759

2. SIGNAL MODEL760

2.1. Standard signal761

For the targeted search, we assume that the GW signal762

is locked to the rotational phase of the pulsar obtained763

through EM observations. For an isolated triaxial star,764

rotating steadily about one of its principal axes of in-765

ertia, the GW emission frequency is twice the pulsar’s766

spin frequency, frot. For the single-harmonic emission767

model, we search for signals at 2frot. However, there are768

additional mechanisms which could emit GWs at other769

frequencies. A superfluid component beneath the crust,770

rotating with a spin axis misaligned to the star’s rotation771

axis would produce an additional emission at the rota-772

tion frequency, so that overall we have a dual-harmonic773

emission at both once and twice the rotation frequency774

(Jones 2010). This would not impact the EM signature.775

Therefore, a dual-harmonic search is performed at both776

frot and 2frot. Additionally, a single-harmonic narrow-777

band search is performed around 2frot, allowing for the778

possibility of a difference in rotation rate between the779

pulsation-producing magnetosphere and the part of the780

star responsible for the CW emission.781

For the general dual-harmonic emission model, the sig-782

nals h21 and h22 at frot and 2frot can be defined as783

(Pitkin et al. 2015):784

h21= −C21

2

[
FD
+ (α, δ, ψ; t) sin ι cos ι cos

(
Φ(t) + ΦC

21

)
+785

FD
× (α, δ, ψ; t) sin ι sin

(
Φ(t) + ΦC

21

)]
, (1)786

h22= −C22

[
FD
+ (α, δ, ψ; t)(1 + cos2 ι) cos

(
2Φ(t) + ΦC

22

)
+787

2FD
× (α, δ, ψ; t) cos ι sin

(
2Φ(t) + ΦC

22

)]
, (2)788

where C21 and C22 are the dimensionless constants that789

give the component amplitudes, the angles (α, δ) are the790

right ascension and declination of the source, the angles791

(ι, ψ) describe the orientation of the source’s spin axis792

with respect to the observer in terms of inclination and793

polarization, ΦC
21 and ΦC

22 are phase angles at a defined794

epoch and Φ(t) is the rotational phase of the source.795

The antenna functions FD
+ and FD

× describe how the two796

polarization components (plus and cross) are projected797

onto the detector. These waveforms are detailed in Jones798

(2010) and used in Abbott et al. (2022).799

For the triaxial star described earlier, which only emits800

GWs at 2frot, C21 in Equation (1) is 0, which leaves801

only Equation (2) which contains C22. The amplitude802

h0 is defined as the amplitude of the circularly polarized803

signal observable for a source directly above or below the804

plane of the detector with its spin axis pointed directly805

toward or away from the detector. It can be calculated806

as:807

h0 = 2C22 =
16π2G

c4
Izzεf

2
rot

d
, (3)808

where d is the distance of the source. The equatorial809

ellipticity ε for the triaxial star emitting GWs at only810

2frot is defined as811

ε ≡ |Ixx − Iyy|
Izz

, (4)812

where Ixx, Iyy and Izz are the source’s principle mo-813

ments of inertia, with the star rotating about the z-axis.814

From the ellipticity, the pulsar’s mass quadrupole, Q22815

can be calculated using (Owen 2005)816

Q22 = Izzε

√
15

8π
. (5)817

The spin-down limit hsd0 of a source is given by:818

hsd0 =
1

d

(
5GIzz
2c3

|ḟrot|
frot

)1/2

(6)819

where ḟrot is the rotation frequency derivative, or spin-820

down rate. This limit is the maximum GW amplitude821

allowed assuming all the lost rotational energy of the822
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star is due to conversion into GW energy. It should be823

noted that there are two types of spin-down rates: ob-824

served, which can be affected by the transverse velocity825

of the source (e.g. the Shklovskii effect, described in826

Shklovskii (1970)), and intrinsic. Therefore, where pos-827

sible, the intrinsic spin-down rate is used in calculating828

the spin-down limit.829

2.2. Non-standard polarization signal830

In this paper, similar to the analysis in Abbott et al.831

(2022), we search for gravitational waves (GWs) with832

polarizations predicted by the Brans-Dicke modifica-833

tion of General Relativity (GR). Brans-Dicke theory in-834

cludes two tensor polarizations, like in GR, and an ad-835

ditional scalar polarization. The dominant scalar radia-836

tion stems from the time-dependent dipole moment D.837

The dipole radiation occurs at the pulsar’s rotational838

frequency frot. Assuming the dipole moment is along839

the x-axis the amplitude hd0 of the signal is given by840

hd0 =
4πG

c3
ζ
Dfrot
d

, (7)841

where ζ is the parameter of the Brans-Dicke theory (see842

Verma 2021, for details).843

3. METHODS844

In this Section, we describe the data analysis meth-845

ods used in this work: three independent pipelines for846

the targeted searches, one pipeline for the narrowband847

searches and one pipeline for the non-standard polariza-848

tions searches. We use three targeted pipelines to com-849

pare independent results as our methods rely on different850

statistical approaches (Bayesian or frequentist) and on851

different pre-processings and handling of non-stationary852

or non-gaussian noise disturbances in the data.853

3.1. Time-domain Bayesian Method854

The Continuous (gravitational) Wave Inference in855

Python (CWInPy) package is used to perform the856

Bayesian analysis (Pitkin 2022) following the method857

described in Abbott et al. (2019c) and summarized here.858

First, a complex, slowly evolving heterodyne is used to859

remove the phase evolution of the source. This includes860

corrections for the relative motion of the source with861

respect to the detector and relativistic effects (Dupuis862

& Woan 2005). Then, a low-pass anti-aliasing filter is863

applied to the data to remove the upper sideband pro-864

duced from the heterodyne and limit the possibility of865

disturbances from spectral lines. Next, the data is down-866

sampled, centered about the expected signal frequency867

which has been shifted to 0 Hz by the heterodyne. For868

the dual-harmonic search, this method is repeated so869

that time series centered at both frot and 2frot are ob-870

tained.871

There are several unknown signal parameters, with872

the amplitude being of primary interest. Bayesian infer-873

ence is used to estimate these parameters as well as the874

evidence for the signal model. The priors used are the875

same as those detailed in Appendix 2 of Abbott et al.876

(2017b) except for the amplitude priors, for which we877

use flat priors with an upper cut off much higher than878

the detector sensitivity. This value is 1.0× 10−21 for879

all pulsars. The Bayesian stochastic sampling algorithm880

used is dynesty (Skilling 2004, 2006), as wrapped with881

bilby (Ashton et al. 2019), with 1024 live points (the882

number of points drawn from the prior). In the absence883

of a signal, we calculate 95% credible upper bounds de-884

rived from the posterior probability distributions.885

3.1.1. Restricted priors886

For some pulsars, there is sufficient information to re-887

strict our uninformative prior assumptions on their in-888

clination and polarisation angles, for example if we have889

EM observations of their pulsar wind nebulae or, in the890

case of J1952+3252, from proper motion measurements891

and observations of Hα lobes bracketing the bow shock892

(Ng & Romani 2004). In these cases, the parameter esti-893

mation is repeated and used along with the results from894

the original uninformed priors. Table 1 shows the pul-895

sars for which we could restrict the priors and the values896

used for the restrictions. These values were obtained us-897

ing the data from Table 2 of Ng & Romani (2008) and898

the methods described in Appendix B of Abbott et al.899

(2017b). Each prior range is assumed to be Gaussian900

about the given mean and standard deviation. The two901

values for ι are to incorporate the unknown rotation di-902

rection in the search by using a bimodal distribution.903

The additional ι2 is simply π − ι1 radians.904

3.1.2. Glitches905

Glitches are transient events, where the normally sta-906

ble pulsar spin suddenly increases in both rotation fre-907

quency and spin-down rate (Espinoza et al. 2011; Yu908

et al. 2013; Basu et al. 2022). These events are most909

common in younger, non-recycled pulsars with rarer910

glitches seen in some millisecond pulsars (Cognard &911

Backer 2004; McKee et al. 2016). Some searches (e.g.,912

Keitel et al. 2019; Abbott et al. 2022; Abac et al. 2024a)913

look for transient GWs in the aftermath of glitches.914

When a glitch occurs in a pulsar during the course of a915

GW observing run, we assume that the GW phase is af-916

fected in the same way as the EM phase. However, since917

the phase offset is unknown at the time of the glitch,918

it is incorporated into the parameter inference for the919

Bayesian method. This adjustment is not necessary for920
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Table 1. Pulsars for which we can restrict their orientation priors using electromagnetic observations. Ψ is the polarisation
angle and ι is the inclination angle, with ι2 = π − ι1.

PSR Ψ (rad) ι1 (rad) ι2 (rad)

J0205+6449 1.5760 ± 0.0078 1.5896 ± 0.0219 1.5519 ± 0.0219

J0534+2200 (Crab) 2.1844 ± 0.0016 1.0850 ± 0.0149 2.0566 ± 0.0149

J0537−6910 2.2864 ± 0.0383 1.6197 ± 0.0165 1.5219 ± 0.0165

J0540−6919 2.5150 ± 0.0144 1.6214 ± 0.0106 1.5202 ± 0.0106

J0835−4510 (Vela) 2.2799 ± 0.0015 1.1048 ± 0.0105 2.0368 ± 0.0105

J1952+3252 0.2007 ± 0.1501 ... ...

J2021+3651 0.7854 ± 0.0250 1.3788 ± 0.0390 1.7628 ± 0.0390

J2229+6114 1.7977 ± 0.0454 0.8029 ± 0.1100 2.3387 ± 0.1100

pulsars that glitch before or after the observation pe-921

riod. Only two of the pulsars in our sample experienced922

glitches during the length of O4a: J0537−6910 with an923

epoch of ∼ MJD 60223 and J0540−6919 with an epoch924

of ∼ MJD 60150 (see, e.g., Espinoza et al. (2024); Tuo925

et al. (2024)).926

3.2. 5-vector targeted pipeline927

The 5-vector method is a frequentist data-analysis ap-928

proach (Astone et al. 2010), which has been used in the929

last decade in several LVK searches (Abbott et al. 2022,930

2020, 2019c, 2017b). The 5-vector targeted pipeline re-931

lies on the Band-Sample Data (BSD) (Piccinni et al.932

2018) framework, i.e. a database of sub-sampled com-933

plex time-domain files (so-called BSD files) that covers934

10Hz and spans 1month of the original dataset that al-935

lows to reduce the computational cost of the analysis.936

To correct for the signal phase modulations due to, for937

example, the pulsar spin-down and the Doppler effect, a938

heterodyne method is used. Recently (D’Onofrio et al.939

2023), the 5-vector method has been also applied to pul-940

sars in binary systems with the implementation of the941

Doppler correction due to the orbital motion (Leaci &942

Prix 2015; Leaci et al. 2017). After the spin-down and943

Doppler/relativistic corrections, there is a residual mod-944

ulation at the detector due to the Earth sidereal motion945

that splits the frequency of the expected CW signal.946

Assuming the single-harmonic emission scenario, the947

central peak at twice the pulsar rotation frequency has948

four sidebands whose distance to the central peak is949

±1,±2f⊕ where f⊕ is the Earth’s sidereal rotation fre-950

quency. A 5-vector consists of a complex array with five951

components corresponding to the Fourier transform of952

the detector’s data (data 5-vector) or of the antenna pat-953

terns (template 5-vectors for the plus and cross compo-954

nent) at the five signal frequencies. The 5-vector method955

defines two matched filters in the frequency domain, de-956

fined by the normalized scalar product between the data957

5-vector and the two template 5-vectors. To extend the958

analysis to n detectors, the data 5-vector from each de-959

tector are combined together with coefficients that take960

into account the detector’s sensitivity and observation961

time to construct the 5n-vectors (D’Onofrio et al. 2024).962

The two matched filters are linearly combined to define963

a detection statistic (D’Onofrio et al. 2023). To assess964

the significance of a candidate, a p-value is computed965

from the noise distribution of the detection statistic us-966

ing off-source frequencies as the noise background in the967

analyzed frequency bands. In case of no detection, a968

mixed Bayesian-frequentist upper limit procedure (de-969

scribed in Abbott et al. (2019c)) is used to set the up-970

per limit on the amplitude, assuming a uniform prior971

and considering informative priors on the polarization972

parameters, if present (see Table 1).973

It is not straightforward to generalize the 5-vector974

method to the dual-harmonic emission model due to the975

complexity of the expected CW signal. In this case, an976

additional analysis considering the emission at only the977

rotation frequency is performed; this would be a good978

approximation if the star’s moment of inertia tensor is979

biaxial, with a small misalignment angle between its980

symmetry axis and the rotation axis (see Jones (2010)).981

3.3. F/G/D-statistic method982

The time-domain F/G/D-statistic method utilizes the983

F-statistic derived in Jaranowski et al. (1998) and the984

G-statistic derived in Jaranowski & Królak (2010). The985

input data for this analysis are the heterodyned data986

used in time-domain Bayesian analysis. The F-statistic987

is employed when the amplitude, phase, and polariza-988

tion of the signal are unknown, whereas the G-statistic989

is applied when only the amplitude and phase are un-990

known, and the polarization is known (as described in991

Section 3.1.1). These methods have been used in several992

analyses of LIGO and Virgo data (Abadie et al. 2011;993

Aasi et al. 2014; Abbott et al. 2017b, 2020, 2022). Ad-994

ditionally, the method incorporates the D-statistic de-995

veloped in Verma (2021) to search for dipole radiation996

in Brans-Dicke theory. The D-statistic search was first997
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performed in the LIGO and Virgo analysis presented in998

Abbott et al. (2022).999

The three statistics are derived by calculating the1000

maximum likelihood estimators of the signal’s constant1001

amplitude parameters. This is done by maximizing the1002

likelihood function and then substituting the amplitude1003

values with their respective maximum likelihood esti-1004

mators. As a result, we obtain statistics that are inde-1005

pendent of the amplitudes. In this method, a signal is1006

detected if the value of the F-, G- or D statistic exceeds1007

a certain threshold corresponding to an acceptable false-1008

alarm probability. We consider a false-alarm probability1009

of 1% for a signal to be deemed significant. The F-, G-,1010

andD-statistics are computed for each detector and each1011

inter-glitch period separately. The results from different1012

detectors or inter-glitch periods are then combined in-1013

coherently by summing the respective statistics. When1014

the values of the statistics are not statistically signifi-1015

cant, we set an upper limit with a frequentist approach1016

on the amplitude of the GW signal.1017

3.4. 5n-vector narrowband pipeline1018

The 5n-vector narrowband pipeline makes use of the1019

5n-vector as in Astone et al. (2014a) and follows the1020

same principle of the method described in Section 3.2.1021

While the former searches for a CW tightly locked to1022

the EM emission, this assumption is here relaxed search-1023

ing for CWs in a narrow frequency and spin-down range1024

around twice the values inferred from EM observations,1025

namely1026

f ∈ 2frot[1− δ, 1 + δ] (8)1027

with δ = 10−3 (Abbott et al. 2022), and an analogous1028

expression for ḟ .1029

The method makes use of the Short Fourier Data Base1030

(SFDB) (Astone et al. 2005), which is a collection of1031

short-duration (2048 s) Fast Fourier Transforms (FFTs)1032

overlapped by half.1033

For every target, data are Doppler corrected in the1034

time domain with a non-uniform resampling that is inde-1035

pendent of the CW frequency, then they are subsampled1036

at 1 Hz. At this point, the time series are match-filtered1037

(using 5-vectors as for the targeted search) to estimate1038

the two CW polarizations using a template bank in the1039

f− ḟ space. We build the template bank considering bin1040

widths equal to the inverse of the time series duration1041

for the frequency, while its inverse squared for the spin-1042

down grid. Higher-order spin-down terms, if provided in1043

the ephemerides, are fixed at twice the rotation terms1044

to track the GW frequency evolution over time, without1045

exploring any additional template (Astone et al. 2014b).1046

Then, the matched filter results from different de-1047

tectors are coherently combined (Mastrogiovanni et al.1048
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Figure 1. Sky location in equatorial coordinates of the ana-
lyzed targets. All targets are selected for the targeted search,
while the triangles are the targets analyzed also with the nar-
rowband search.

2017) to evaluate the detection statistic. From the1049

collection of statistic values, we order them along the1050

frequency axis to select the maximum every 10−4 Hz,1051

marginalizing over the spin-down. We use a p-value1052

threshold (i.e., the tail probability of the noise-only dis-1053

tribution) of 1% to determine whether a selected point1054

has to be considered an outlier. The noise-only distribu-1055

tion is inferred from the tail of the histogrammed non-1056

maxima values which is fitted with an exponential (Sing-1057

hal et al. 2019). We use here a threshold of 1%, similar1058

to previous searches (e.g., Abbott et al. (2022)), after1059

taking into account the trial factor.1060

If CW detection is not claimed, we set the 95% confi-1061

dence level upper limit h95%0 through software-injection1062

campaigns.1063

4. DATASETS1064

4.1. GW dataset1065

The considered dataset is the first part of the fourth1066

observing run, known as O4a, of the LIGO Livingston1067

(L1) and LIGO Hanford (H1) detectors1. The O4a run1068

took place between May 24, 2023 15:00:00 UTC and1069

ended January 16, 2024 16:00:00 UTC. The duty factors1070

for L1 and H1 were 69.0% and 67.5%, respectively. The1071

Virgo detector has not been considered since it joined1072

the O4 run on April 10, 2024 while the KAGRA detec-1073

tor is planned to join O4 by the end of the run. For1074

a description of the upgrades to the Advanced LIGO1075

(Capote et al. 2024), Advanced Virgo, and KAGRA de-1076

tectors in preparation to the O4 run, we refer to Ap-1077

pendix A in Abac et al. (2024b).1078

The LIGO detectors are calibrated using photon1079

radiation pressure actuation, where an amplitude-1080

1 We considered L1:GDS–CALIB STRAIN CLEAN AR and
H1:GDS–CALIB STRAIN CLEAN AR frame channels with
CAT1 vetoes for L1 and H1, respectively.
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modulated laser beam is directed onto the end test1081

masses, causing a known change in the arm length from1082

the equilibrium position (Karki et al. (2016), Viets et al.1083

(2018)). For the O4a data used in this analysis, the1084

worst 1σ calibration uncertainty is within 10% in am-1085

plitude, and 10 degrees in phase, over the range 10–20001086

Hz. The uncertainty at specific frequencies or times can1087

be significantly smaller.1088

The dataset used underwent cleaning processes de-1089

pending on the data framework used by each pipeline1090

(we refer to Soni et al. (2024) for more details on data1091

quality for CW searches). For the Bayesian pipeline,1092

outliers are removed before the heterodyne using a1093

median-absolute-deviation (MAD) method as described1094

in Chapter 3 of Iglewicz & Hoaglin (1993) with a thresh-1095

old of 3.5. Concerning the 5-vector targeted pipeline,1096

two cleaning steps are applied. First, short duration1097

time-domain disturbances are identified and substracted1098

from the data when the SFDB database - from which1099

BSD files are built - are created (this cleaning step is1100

shared with the 5-vector narrowband search, which also1101

starts from the SFDB Astone et al. (2005)). A second1102

cleaning step is applied on the BSD files (Piccinni et al.1103

2018), removing large time-domain outliers, which were1104

not visible in the full band time series, with quadratic1105

value larger than ten times the quadratic sum of the1106

medians of the data real and imaginary parts (com-1107

puted over non-zero samples). The F-, G- or D statistic1108

method performs further cleaning of the fine heterodyne1109

data through the Grubbs test (see Appendix D of Abadie1110

et al. (2011)).1111

4.2. EM dataset1112

The timing solutions used as inputs for the GW search1113

were produced with EM data in the gamma rays, X-rays1114

and radio wavelengths. The gamma ray timing solutions1115

were obtained from Fermi-LAT (Atwood et al. 2009); X-1116

ray timing solutions were obtained from Chandra (Weis-1117

skopf et al. 2002) and the Neutron Star Interior Com-1118

position Explorer (NICER, Gendreau et al. 2016), while1119

the radio timing solutions were obtained from the Nan-1120

cay Radio Telescope (NRT, Guillemot, L. et al. 2023),1121

the Jodrell Bank Observatory (JBO), the Argentine In-1122

stitute of Radio astronomy (IAR, Gancio et al. 2020),1123

the Mount Pleasant Radio Observatory (Lewis et al.1124

2003), the Five-hundred-meter Aperture Spherical Tele-1125

scope (FAST, Smits et al. 2009) and the Canadian Hy-1126

drogen Intensity Mapping Experiment (CHIME, Amiri1127

et al. 2021).1128

For the radio-emitting pulsars, we used pazi or1129

rfifind tasks in PSRCHIVE (van Straten et al. 2012)1130

and PRESTO (Ransom 2011) packages respectively to1131

mitigate Radio-frequency interferences (RFIs). Next,1132

we folded observations with prepfold or fold psrfits1133

tasks in PRESTO and PSRFITS UTILS (Hotan et al.1134

2004) packages. We then cross-correlated the folded pro-1135

files with a noise-free template profile with high signal-1136

to-noise ratio to obtain the Times of Arrivals (ToAs).1137

Next, we select ToAs during the course of O4a run,1138

so the solutions are valid for this time range. We use1139

TEMPO (Nice et al. 2015), TEMPO2 (Edwards et al.1140

2006; Hobbs et al. 2006, 2009) or PINT (Luo et al. 2019,1141

2021) to characterise the rotation of each pulsar by fit-1142

ting the ToAs to a Taylor series expansion:1143

ϕ(t) = ϕ0+frot(t−t0)+
1

2
ḟrot(t−t0)2+

1

6
f̈rot(t−t0)3+... ,

(9)1144

where t0 is the reference epoch and ϕ0 is the phase at t0,1145

and frot, ḟrot, and f̈rot are the rotation frequency of the1146

pulsar, and its first and second derivatives, respectively.1147

If higher-order derivatives are measured, we also include1148

the corresponding terms in the Taylor expansion.1149

During a glitch, the rotation frequency abruptly in-1150

creases. This glitch-induced alteration in the rotational1151

phase can be taken into account in the timing model as1152

(Yu et al. 2013):1153

ϕg(t) = ∆ϕ+∆fprot(t− tg) +
1

2
∆ḟprot(t− tg)

2+1154

1

6
∆f̈prot(t− tg)

3 +
∑
i

[
1− exp

(
− t− tg

τ id

)]
∆fd,irot τ

i
d.

(10)

1155

The uncertainty on the glitch epoch tg is counteracted1156

here by ∆ϕ, and the step changes in frot, ḟrot and ∆f̈rot1157

at tg are represented by ∆fprot, ∆ḟ
p
rot, and ∆f̈prot. Finally,1158

∆fd,irot denotes temporal frequency increases that decay1159

in τ id days.1160

The ToA fitting process also provides the astrometric1161

parameters of each pulsar and the orbital parameters for1162

binary pulsars (Lorimer & Kramer 2004). Uncertainties1163

in the values of the pulsar and orbital parameters de-1164

rived from fitting the ToAs are not taken into account1165

in targeted/narrowband searches.1166

For many pulsars, their distances (Hobbs et al. 2004)1167

are based on the observed dispersion measure using the1168

Galactic electron density distribution model YMW161169

(Yao et al. 2017). The uncertainties in these measure-1170

ments can be as large as a factor of two. For other1171

pulsars, the distance can be determined by measuring1172

the parallax with the timing solution (Smits et al. 2011)1173

or, if the pulsar is in a binary system, the orbital period1174

derivative (Verbiest et al. 2008). The first method usu-1175

ally results in an uncertainty ranging from 5% to 50%1176
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(Shamohammadi et al. 2024). The second one offers1177

significantly higher accuracy, achieving uncertainties as1178

low as 0.1% (Verbiest et al. 2008; Reardon et al. 2016).1179

Other methods such as Very Long Baseline Interferom-1180

etry (Lin et al. 2023) were also used to determine pulsar1181

distances.1182

For this analysis, we selected pulsars with a rota-1183

tion frequency close to or greater than 10 Hz, to lie in1184

the bandwidth of the LIGO detectors, and with an ex-1185

pected targeted search sensitivity for the strain ampli-1186

tude within a factor 3 of the spin-down limit (see Figure1187

1 for the pulsars’ sky locations and Table 2 for the list1188

of analyzed pulsars). Out of the 45 pulsars analyzed in1189

this work, 11 pulsars belong to binary systems and there1190

are 10 millisecond pulsars with frequencies higher than1191

100 Hz.1192

5. RESULTS1193

5.1. Targeted searches1194

We found no statistical evidence of a CW signal in the1195

O4a data for any of the analyzed targets. In this section,1196

we present the results of the targeted search conducted1197

using three different analysis methods across the full set1198

of 45 pulsars.1199

The results are shown in Table 2. The 95% upper1200

limit h95%0 is given for the single-harmonic search along1201

with the mass quadrupole Q95%
22 and ellipticity ε95% up-1202

per limits calculated using the distance listed in the ta-1203

ble and a fiducial moment of inertia Izz = 1038 kgm2.1204

Uncertainties on these parameters are not taken into1205

account, and for reference, we report the used best-fit1206

distance values in Table 2 provided by the EM obser-1207

vation. However, for pulsars that did not surpass their1208

spin-down limits, these Q22 and ϵ upper limits are un-1209

physical since they would lead to spin-down rates that1210

are greater than their measured values. From the upper1211

limit on the amplitude, we also compute the spin-down1212

ratio as h95%0 /hsd0 with hsd0 defined in Equation (6). The1213

upper limits for the dual-harmonic search are included1214

as C95%
21 and C95%

22 . Finally, for the Bayesian method,1215

the odds of a coherent signal versus incoherent noise1216

are given for both the single Ol=2
m=2 and dual-harmonic1217

Ol=2
m=1,2 searches. For the F-statistic and for the 5-vector1218

method, to assess the statistical significance of a candi-1219

date and quantify the consistency with the assumption1220

of just noise, we report the p-value.1221

For the two glitching pulsars, J0537−6910 and1222

J0540−6919, the Bayesian results are produced when1223

incorporating an additional phase offset in the parame-1224

ter inference while for the F-statistic and the 5-vector1225

method, an incoherent approach is used summing the1226

statistics from the inter-glitch periods. In cases with1227

sufficient observations of the pulsar wind nebulae, re-1228

sults using restricted priors of inclination and polarisa-1229

tion angles are listed in parentheses.1230

Figure 2 shows the upper limits from the Bayesian1231

analysis for the single-harmonic search against an esti-1232

mate of the sensitivity of the search using both detec-1233

tors during O4a. The results for each pulsar are com-1234

pared with the corresponding spin-down limit. The re-1235

sults from this analysis for each pulsar are represented1236

by the blue dots, with their corresponding spin-down1237

limit shown by the grey triangles at the same frequency.1238

The sensitivity curve is shown as a pink line. Some1239

highlighted results for individual pulsars include the1240

Crab pulsar (J0534+2200) which had the lowest spin-1241

down ratio of 0.00783, the Vela pulsar (J0835−4510),1242

J2021+3651 which had the highest odds of coherent1243

signal versus incoherent noise with −3.1, J0537−69101244

which had the most constraining amplitude upper limit1245

of 6.38×10−27, and J0437−4715 which had the most1246

constraining ellipticity upper limit of 8.8×10−9. The dis-1247

tribution of spin-down ratios for these results is shown1248

in Figure 3 with 29 targets that surpass the spin-down1249

limit and the remaining targets, which all have a spin-1250

down ratio below 5.1251

In Figure 4, the ellipticity ε95% and mass quadrupole1252

Q95%
22 upper limits are plotted against the GW frequency1253

and compared with the corresponding spin-down limits1254

for the ellipticity. The contours of equal characteristic1255

age have been calculated using τ = P/4Ṗ which can be1256

derived with the assumption that GW emission alone is1257

driving the spin-down.1258

As shown in Table 2, there is broad agreement among1259

the different pipelines, despite these pipelines being1260

largely independent, and the statistical procedures used1261

to derive the upper limits are different. The data1262

frameworks and pre-processing procedures used by each1263

pipeline account for the differences found in the upper1264

limit results.1265

5.2. Narrowband results1266

In this section, we detail the results obtained with1267

the narrowband pipeline, presented in Section 3.4. The1268

search did not highlight, for any of the 16 considered1269

targets, outliers with a False-Alarm Probability FAP<1270

10−2 after taking into account the trial factor.1271

For the narrowband search, we consider only those1272

targets with hsd0 above the expected sensitivity that is1273

typically worse by a factor of two (Astone et al. 2014a)1274

than that of targeted pipelines due to the trial factor. In1275

this way, we selected 16 pulsars out of which 8 have not1276

been analyzed in O3 (Abbott et al. 2022). Our dataset1277

includes the two pulsars that glitched, J0537-6910 and1278
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Figure 2. Upper limits on h0 for the 45 pulsars in this analysis using the time-domain Bayesian method and considering
the single-harmonic emission model. The blue stars show 95% credible upper limits on the amplitudes of h0. Grey triangles
represent the spin-down limits for each pulsar (based on the distance measurement stated in Table 2 and assuming the canonical
moment of inertia). The pink curve gives an estimate of the expected strain sensitivity of both detectors combined during the
course of O4a. The upper limits from the other two pipelines are broadly consistent, as shown in Table 2.
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Figure 3. A histogram of the spin-down ratio considering
the single-harmonic emission model for 45 pulsars from the
Bayesian analysis.

J0540-6919. Similar to O3, for these pulsars we split O4a1279

data into two segments that exclude from the analysis1280

the period around [tg-1 d, tg+2 d], with tg the glitch1281

epoch. The segments are then analyzed independently.1282

The search did not highlight any statistically signifi-1283

cant outlier since the measured p-values are well above1284

the threshold set by a FAP of 10−2 corrected for the trial1285

factor. In Table 3, we report for each target the lowest1286

p-value found during the analysis and the threshold.1287

In the absence of any detections, we have calculated1288

upper limits at the 95% CL for each of the analyzed1289

targets. Our results are listed in Table 3 and shown in1290

Figure 5 comparing them with the expected sensitivity.1291

5.3. Brans-Dicke theory1292

Table 4 shows the results for the analyses on 45 pul-1293

sars using the D-statistic to search for dipole radiation1294

predicted by Brans-Dicke theory. No outliers have been1295

found in the analysis and we set upper limits on the ex-1296



20

102 103

Gravitational-wave Frequency (Hz)

10−9

10−7

10−5

10−3

E
ll

ip
ti

ci
ty
ε

τ = 10 3
y

τ = 10 5
y

τ = 10 7
y

τ = 10 9
y

Results

below spin-down limit

spin-down limits

1029

1030

1031

1032

1033

1034

1035

l
=
m

=
2

Q
u

ad
ru

p
ol

e
M

om
en

t,
Q

2
2

(k
g

m
2
)

Figure 4. 95% credible upper limits on ellipticity ε95% and mass quadrupole Q95%
22 for all 45 pulsars using the Bayesian analysis

method and considering the single-harmonic emission model. The upper limits for each pulsar are represented by blue circles
while their spin-down limits are shown as grey triangles. Also included are purple contour lines of equal characteristic age
τ = P/4Ṗ assuming that GW emission alone is causing spin-down. Only the results for pulsars which surpassed their spin-down
are physically meaningful. The histogram on the right shows the distribution of the ellipticities obtained from the results (blue
filled bars) and in the spin-down limit (grey bars).

pected amplitude defined in Equation (7). The upper1297

limits in brackets shows the results using informative1298

priors on the polarization parameters for the pulsars in1299

Table 1.1300

6. DISCUSSION1301

In this section, we discuss the results in Table 2.1302

Motivated by the comparable results among the three1303

pipelines, we consider the Bayesian pipeline as a refer-1304

ence. As described in the previous section, we have no1305

evidence of a CW signal in any of the searches we con-1306

ducted.1307

We compare the O4a results with previous targeted1308

searches by the LVK Collaboration (Abbott et al. 2022,1309

2020, 2019c, 2017b), considering the first three observing1310

runs. The ratio between the O4a upper limits on h0 and1311

C21 and the corresponding upper limits set in previous1312

searches is shown in Figure 6.1313

34 pulsars out of the 45 considered targets in Table1314

2 have been already analyzed in the joint O2 plus O31315

analysis (Abbott et al. 2022). Overall the corresponding1316

upper limits on the GW amplitude are comparable for1317

the single-harmonic search, with some targets showing1318

better results in O4a and some targets having worse re-1319

sults than those in Abbott et al. (2022), see Figure 6.1320

This is expected since the targeted search sensitivity of1321

the O2–O3 dataset is comparable to the O4a one, except1322

at very low frequencies. The targeted search sensitivity1323

can be expressed in terms of minimum detectable ampli-1324

tude (D’Onofrio et al. 2024), hmin. For a multi-detector1325

analysis considering n detectors and averaging over the1326

sky position and polarization parameters,1327

hmin ≈ C

√√√√( n∑
i=1

Ti
Si

)−1

, (11)1328

where the factor C ≃ 11 (the exact value depending on1329

the considered pipeline), while Ti and Si are respectively1330

the effective observation time and the average power1331

spectral density (PSD) for the i-th detector. For the O4a1332

targeted search sensitivity (with an observation time of1333

approximately 1.3×107 seconds for both detectors), see1334

the pink curve in Figure 2.1335
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Figure 6. Blue stars show the ratio between the O4a h0 upper limits for the analyzed targets (excluding the glitching pulsars)
assuming the single-harmonic model divided by the corresponding h0 upper limits in Abbott et al. (2022) for the Bayesian method
as a function of the corresponding frequency at twice the rotation frequency (red circles refer instead to the C21 parameter at
the rotation frequency assuming the dual-harmonic model). Blue filled stars show the h0 upper limit ratios considering the
targets (J0205+6449, J0737−3039A, J1813−1246, J1831−0952, J1837−0604) analyzed using O2 (Abbott et al. 2019c) and O1
data (blue asterisk for J1826−1334, Abbott et al. (2017b)).



22

The O4 targeted searches have a sensitivity depth D =1336

Sh/Hz
h0

of around 500; here, Sh is the power spectrum1337

taking the harmonic mean of the data over time and1338

over detectors, and h0 the upper limit on the pulsar1339

amplitude [Wette, Behnke+, Dreissigacker+].1340

The O4a PSDs for the two LIGO detectors are gener-1341

ally better, by almost a factor of 1.5 to 2, compared to1342

the corresponding O3 PSD2 depending on the consid-1343

ered frequency band. However, the effective observation1344

time for O4a is reduced by a factor of approximately 1.6,1345

which diminishes the benefit of the improved detector1346

sensitivity in O4a. As a result, we expect the sensitiv-1347

ity of the O4a search to be comparable to that of the1348

combined O2+O3 search. Upper limits on C21, on the1349

other hand, are lower on average than the correspond-1350

ing O2+O3 results due to a better search sensitivity at1351

frequencies below 20 Hz.1352

For the remaining targets, 5 pulsars (J0205+6449,1353

J0737−3039A, J1813−1246, J1831−0952, and1354

J1837−0604) have been analyzed in the O2 search1355

(Abbott et al. 2019c), and J1826−1334 has been an-1356

alyzed in the O1 search (Abbott et al. 2017b). For1357

these pulsars, we have a clear improvement in the upper1358

limits, as shown in Figure 6. The remaining targets1359

(J0058−7218, J1811−1925, J2016+3711, J2021+3651,1360

J2022+3842) have not been analyzed in recent targeted1361

searches and we surpass the spin-down limit for all these1362

targets.1363

Many studies have been dedicated to illustrate how a1364

future successful detection of CW will provide a wealth1365

of information about neutron stars (see e.g. Sieniawska1366

& Jones (2022); Lu et al. (2023)), and even help to con-1367

strain the nuclear equation of state (see e.g. Idrisy et al.1368

(2015); Ghosh et al. (2023); Ghosh (2023)). It is in-1369

teresting to note that with improving sensitivity of the1370

searches with each observing run, even non-detection1371

of a CW signal sets more and more stringent upper1372

limits on the ellipticity and possible sources of non-1373

axisymmetric deformations in rotating neutron stars.1374

This may lead to a better understanding of properties of1375

the crust, internal magnetic fields, and accretion physics1376

(Bildsten 1998; Melatos & Payne 2005; Ciolfi & Rezzolla1377

2013), and even rule out certain scenarios related to r-1378

modes or limit their maximum saturation amplitudes1379

(Abbott et al. 2021d).1380

Theoretical estimates of the maximum mountain sizes1381

that an elastically deformed neutron star can sustain are1382

subject to significant uncertainties, with estimates for1383

the ellipticity ϵ ranging from ∼ 10−6 for conventional1384

2 For this estimation, we only consider the O3 run for simplicity
since it dominates the combined datasets.

neutron stars, to as large as ∼ 10−3 for stars with ex-1385

otic solid phases (see e.g. Ushomirsky et al. (2000); Owen1386

(2005); Haskell et al. (2007); Johnson-McDaniel & Owen1387

(2013); Gittins & Andersson (2021); Morales & Horowitz1388

(2022)). Comparison with the results given in Figure 41389

and Table 2 show that our observationally-obtained up-1390

per limits overlap with these ranges, confirming we are1391

continuing to push into the regime of astrophysical in-1392

terest. Estimates for magnetically-induced ellipticities1393

are similarly uncertain (see e.g. Haskell et al. (2008);1394

Glampedakis et al. (2012); Fujisawa et al. (2022)). Nev-1395

ertheless, to give a concrete example, Dall’Osso & Perna1396

(2017) (see however Lander & Jones (2018)) have sug-1397

gested that the apparent gradual increase in the angle1398

between the spin axis and magnetic axis of the Crab1399

pulsar provides evidence for a magnetically-induced el-1400

lipticity ϵ ∼ (3–10) × 10−6. This to be compared with1401

our upper limit of ϵ ≈ 6 × 10−6 for the Crab, again1402

confirming we are probing a regime for astrophysical in-1403

terest.1404

Theoretical estimates of the minimum mountain sizes1405

are presented in Woan et al. (2018), which provides1406

population-based evidence for millisecond pulsars hav-1407

ing a minimum ellipticity of ϵ ≈ 10−9.1408

We stress that our upper limits are subject to the un-1409

certainties from the detector calibration as described in1410

Section 4.1, as well as statistical uncertainties that are1411

dependent on the particular analysis method.1412

The narrowband results in Table 3 and in Figure 51413

show no evidence of a CW signal for the considered sub-1414

set of pulsars. No outlier was found for any of the tar-1415

gets. Out of the 16 analyzed targets, 12 searches re-1416

port an upper limit below the corresponding spin-down1417

limit (see Table 3), ranging from a factor of 1.16 for1418

J2021+3651 to 33 for J0534+2200. As for other meth-1419

ods, the targets analyzed with O3 data (Abbott et al.1420

2022) report upper limits comparable to those in Ta-1421

ble 3. We stress that the narrowband search sensitivity1422

is worse by at least a factor of 2 compared to the tar-1423

geted search sensitivity as it depends on the number of1424

templates explored for each target (Mastrogiovanni et al.1425

2017).1426

The search for non-GR polarizations as predicted1427

by the Brans-Dicke theory shows no evidence of a1428

dipole radiation. The most constraining upper limit for1429

dipole radiation is obtained for the millisecond pulsar1430

J1719−1438. Together with results from the O3 tar-1431

geted search analysis (Abbott et al. 2022) the obtained1432

upper limits constitute the first constraints on the dipole1433

radiation from the pulsar gravitational wave observa-1434

tions.1435
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7. CONCLUSION1436

In this work, we present a search for CW signals from1437

a set of 45 known pulsars using O4a data from the two1438

LIGO detectors. Pulsars are chosen considering an ex-1439

pected sensitivity for the amplitude below or slightly1440

above the theoretical spin-down limit with a rotation1441

frequency close to or greater than 10 Hz. EM observa-1442

tions were employed to constrain the pulsars’ sky posi-1443

tions and rotational parameters covering the O4a data1444

period.1445

We performed a targeted search utilizing three inde-1446

pendent data analysis methods and two different emis-1447

sion models. No evidence of a CW signal was found for1448

any of the targets. The upper limit results show that1449

29 targets surpass the theoretical spin-down limit. For1450

11 of the 45 pulsars not analyzed in the last LVK tar-1451

geted search, we have a notable improvement in detec-1452

tion sensitivity compared to previous searches. For these1453

targets, we surpass or equal the theoretical spin-down1454

limit for the single-harmonic emission model. We also1455

have, on average, an improvement in the upper limits1456

for the low frequency component of the dual-harmonic1457

search for all analyzed pulsars. For the remaining tar-1458

gets, the O4a upper limits are comparable to the results1459

of the joint O2–O3 analysis described in Abbott et al.1460

(2022), which considered data with lower sensitivity but1461

a longer observation time.1462

We also conducted a narrowband search for 16 pulsars1463

and a search for non-GR polarization as predicted by1464

Brans-Dicke theory. No evidence of a CW signal was1465

found in any of these searches.1466

The analysis of the full O4 dataset will improve the1467

sensitivity of targeted/narrowband searches for some of1468

the pulsars analyzed in Abbott et al. (2022) and here,1469

including the Crab and Vela pulsars.1470
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Autonòma de les Illes Balears through the Conselleria1503
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Table 3. Upper limits on the strain amplitude set with the narrowband search for each of the considered targets. As a reference,
we list also the number of templates, Ntrials, in the f − ḟ plane. We report as well the lowest p-value found in the analysis
with the corresponding threshold set after correcting a FAP of 10−2 for the trial factor. The nomenclature ”pg” identifies the
post-glitch analysis.
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Table 4. Limits on GW amplitude from dipole radiation in Brans-Dicke
theory.

Pulsar Name frot ḟrot Distance h95%
0d FAP

(J2000) (Hz) (Hz s−1) (kpc)

J0030+0451α 205.53 −4.23×10−16 0.33a 8.77×10−27 0.98

J0058−7218β 45.94 −6.1×10−11 59.70b 3.02×10−26 0.73

J0117+5914γ 9.86 −5.69×10−13 1.77c 2.03×10−23 1

J0205+6449γ 15.22 −4.49×10−11 3.20d 3.78(2.57)×10−25 0.99(0.79)

J0437−4715δ 173.69 −4.15×10−16 0.16e 8.13×10−27 0.98

J0534+2200γ 29.95 −3.78×10−10 2.00f 1.37(0.86)×10−25 0.46(0.99)

J0537−6910β 62.03 −1.99×10−10 49.70g 1.84(1.11)×10−26 0.98(0.60)

J0540−6919β 19.77 −1.87×10−10 49.70g 2.41(1.44)×10−25 0.92(0.36)

J0614−3329α 317.59 −1.76×10−15 0.63h 1.78×10−26 0.56

J0737−3039Aα 44.05 −3.41×10−15 1.10i 4.08×10−26 0.83

J0835−4510ϵ 11.19 −1.57×10−11 0.28i 4.12(2.73)×10−24 0.80(0.33)

J1231−1411α 271.45 −5.92×10−16 0.42c 3.21×10−26 1

J1412+7922β 17.18 −9.72×10−13 3.30j 5.56×10−26 0.93

J1537+1155α 26.38 −1.65×10−15 0.93k 5.93×10−26 0.97

J1623−2631γ 90.29 −5.26×10−15 1.85l 3.10×10−25 0.77

J1719−1438α 172.71 −2.22×10−16 0.34c 5.44×10−27 1

J1744−1134α 245.43 −4.34×10−16 0.40e 1.60×10−26 0.92

J1745−0952α 51.61 −2.3×10−16 0.23c 4.30×10−26 0.81

J1756−2251γ 35.14 −1.26×10−15 0.73m 5.29×10−26 0.64

J1809−1917γ 12.08 −3.73×10−12 3.27c 3.25×10−24 0.90

J1811−1925β 15.46 −1.05×10−11 5.00n 6.20×10−25 0.98

J1813−1246β 20.80 −7.6×10−12 2.63o 3.60×10−25 0.44

J1813−1749β 22.35 −6.34×10−11 6.15c 1.09×10−25 0.97

J1823−3021Aγ 183.82 −1.14×10−13 8.02l 1.84×10−26 0.58

J1824−2452Aα 327.41 −1.73×10−13 5.37l 2.08×10−26 0.49

J1826−1334γ 9.85 −7.31×10−12 3.61c 3.69×10−25 0.98

J1828−1101γ 13.88 −2.85×10−12 4.77c 3.68×10−24 1

J1831−0952γ 14.87 −1.84×10−12 3.68c 1.13×10−24 0.87

J1833−0827γ 11.72 −1.26×10−12 4.50i 3.79×10−24 0.82

J1837−0604γ 10.38 −4.84×10−12 4.78c 9.77×10−24 0.91

J1838−0655β 14.18 −9.9×10−12 6.60p 2.91×10−24 0.51

J1849−0001β 25.96 −9.54×10−12 7.00q 1.70×10−25 0.34

J1856+0245γ 12.36 −9.49×10−12 6.32c 7.32×10−25 1

J1913+1011γ 27.85 −2.62×10−12 4.61c 8.43×10−26 0.88

J1925+1720γ 13.22 −1.83×10−12 5.05c 4.00×10−24 0.70

J1935+2025γ 12.48 −9.47×10−12 4.60c 1.57×10−24 0.95

J1952+3252γ 25.30 −3.74×10−12 3.00i 1.01×10−25 0.78

J2016+3711ζ 19.68 −2.81×10−11 6.10r 1.91×10−25 0.90

J2021+3651γ 9.64 −8.89×10−12 1.80s 1.32(0.61)×10−22 0.39(0.08)

J2022+3842β 20.59 −3.65×10−11 10.00t 7.44×10−24 0.67

J2043+2740γ 10.40 −1.37×10−13 1.48c 3.93×10−24 0.97

J2214+3000η 320.59 −1.31×10−15 0.60u 5.68×10−27 1

J2222−0137α 30.47 −4.99×10−16 0.27v 5.21×10−26 0.96

J2229+6114γ 19.36 −2.9×10−11 3.00w 2.31(1.61)×10−25 0.86(0.25)

Note—For references and other notes see Table 2. Values in parentheses are those
produced using the restricted orientation priors described in Section 3.1.1. The last
column shows the false-alarm probability (FAP) for a signal, assuming that the 2D
value has a χ2 distribution with 2 degrees-of-freedom.
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