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ABSTRACT

We conduct searches for continuous gravitational waves from seven pulsars, that have not been
targeted in continuous wave searches of Advanced LIGO data before. We target emission at exactly
twice the rotation frequency of the pulsars and in a small band around such frequency. The former
search assumes that the gravitational wave quadrupole is changing phase-locked with the rotation of the
pulsar. The search over a range of frequencies allows for differential rotation between the component
emitting the radio signal and the component emitting the gravitational waves, for example the crust or
magnetosphere versus the core. Timing solutions derived from the Arecibo 327-MHz Drift-Scan Pulsar
Survey (AO327) observations are used. No evidence of a signal is found and upper limits are set on the
gravitational wave amplitude. For one of the pulsars we probe gravitational wave intrinsic amplitudes
just a factor of 3.8 higher than the spin-down limit, assuming a canonical moment of inertia of 1038
kg m2. Our tightest ellipticity constraint is 1.5 x 1078, which is a value well within the range of what

a neutron star crust could support.
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1. INTRODUCTION

Continuous gravitational waves are expected from ro-
tating neutron stars if these objects present a devia-
tion from a perfectly axisymmetric configuration (Lasky
2015; Jaranowski et al. 1998). On the whole, the ex-
pected signal is simple, consisting of one or two harmon-
ics, at the rotation frequency of the star and at twice this
frequency (Jones 2015).

The sensitivity of the LIGO instruments allows to
probe continuous gravitational wave emission from the
Galactic population of neutron stars, for deformations
of a few parts in a million and smaller, depending on
the search, over a broad range of frequencies. Different
types of searches are carried out: “blind” all-sky sur-
veys (Abbott et al. 2021a; Steltner et al. 2021b; Covas
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& Sintes 2020; Dergachev & Papa 2021, 2020; Abbott
et al. 2019a), searches directed at neutron star candi-
dates like supernova remnants, low mass X-ray binaries
(Zhang et al. 2021; Abbott et al. 2021b; Papa et al.
2020; Lindblom & Owen 2020; Jones & Sun 2021; Ming
et al. 2019) and targeted searches aimed at known pul-
sars (Abbott et al. 2019b,¢; Nieder et al. 2020, 2019;
Fesik & Papa 2020; Abbott et al. 2021¢,d).

Among the different searches, the ones that target pul-
sars, have a special place. Pulsars are believed to be
neutron stars, the distance is usually known and the ro-
tation frequency and its derivatives are also known. This
has important consequences: a null measurement is di-
rectly informative on the gravitational wave emission —
there is no question about whether a source is there in
the first place. The search is simple because whatever
the emission mechanism is, the gravitational frequency
depends on the spin frequency, which is known. A detec-
tion would therefore immediately encode information on
what is sourcing the gravitational waves. Because there
is little to no uncertainty on the gravitational waveform
from a known pulsar, the number of templates that are
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searched is many orders of magnitude smaller than those
investigated in surveys, and this makes these searches
the most sensitive: the smallest detectable signal is a
few times smaller than what the most sensitive broad
survey could detect at the same frequency.

In this paper we present results from searches for emis-
sion from seven new pulsars using public data from all
three Advanced LIGO observing runs O1, O2 and O3
(Abbott et al. 2021e; LIGO 2019a,b,c).

The plan of the paper is the following: we introduce
the signal model in Section 2. In Sections 3 we detail the
targeted objects. The gravitational wave searches are
described in 4, the results are presented and discussed
in 5.

2. THE SIGNAL

The search described in this paper targets nearly
monochromatic gravitational wave signals of the form
described for example in Section IT of Jaranowski et al.
(1998). In the calibrated strain data from a gravitational
wave detector the signal has the form

h(t) = Fi(a, 6, )hy (8) + Fx(a, 6,95 )hx (1), (1)

with the “4+” and “x” indicating the two gravitational
wave polarizations. F.y(«,d,;t) and Fix(a,d,1;t) are
the detector sensitivity pattern functions, which depend
on relative orientation between the detector and the
source, and hence on time ¢, on the position (a,d) of
the source, and on 1, the polarization angle. The wave-
forms hy (t) and hy(t) are

hy(t) = A; cos®(t)
hy(t) = Ay sin ®(t), (2)

with
1 2
Ay = §h0(1 + cos” )
Ay =hgcost. (3)

The angle between the total angular momentum of the
star and the line of sight is 0 < ¢ < 7 and hg > 0 is the
intrinsic gravitational wave amplitude. ®(¢) of Eq. 2
is the phase of the gravitational wave signal at time t.
If 7ggp is the arrival time of the wave with phase ®(t)
at the solar system barycenter, then ®(t) = ®(7ssp(t)).
The gravitational wave phase as function of 7gsp is as-
sumed to be

®(7ssB) = Po + 27[f(7ssB — Tossp)+

1.

§f(TSSB —1ossp)’]- (4)
We take 1pggp consistently with the timing solution, and
hence different for every pulsar, as shown in Table 3.
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Figure 1. Time intervals corresponding to the O1, O2; and
03 LIGO runs are shown in red as “vertical rectangles” and
the radio observation periods for each pulsar are shown in
yellow as “horizontal rectangles”.

3. THE PULSARS

We target continuous gravitational wave emission
from seven recycled pulsars discovered and/or timed
with data from the Arecibo 327-MHz Drift-Scan Pul-
sar Survey (AO327) (Martinez et al. 2019, 2017): PSR
J2204+2700, PSR J1411+2551, PSR J0709+4-0458, PSR
J0824+0028, PSR J0732+2314, PSR J0509+0856 and
PSR J0154+1833. For practicality we mostly use ab-
breviated forms of the names of the pulsars, omitting
the “PSR” prefix and the part after the “+”.

These pulsars have never been searched before, for
gravitational wave emission. They represent a relatively
nearby sample, with distances smaller than 2 kpc, which
is typical of all-sky surveys. This makes them particu-
larly interesting for gravitational wave searches, the only
exception being 2204+2700, which is more distant, and
also having an extremely low spindown.

Our targets are all in binary systems except for
J0154+1833, that is an isolated millisecond pulsar. Our
set includes the radio pulsar in the notable double-
neutron star system PSR J1411+2551.

When available, we take the orbital inclination angle
as estimate of the inclination angle ¢ for the determi-
nation of the constrained prior upper limit, see Section
5.1. We take the following values: ¢51411 = 0.83 rad,
Ljo709 — 1.30 rad, Ljog24 — 1.32 rad, Lo732 — 0.93 rad.
For J0154, J0509 and J2204 we do not have an estimate
of the inclination angle.

4. THE GRAVITATIONAL WAVE SEARCHES

We use LIGO public data from the Hanford (H1)
and the Livingston (L1) detectors from the O1, O2 and
the recently released first six months of the O3 science
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run (LIGO 2019a,b,c). The data is gated to remove
loud glitches (Steltner et al. 2021a) and contiguous seg-
ments are Fourier-transformed to produce the input to
the search. After having excluded egregiously noisy seg-
ments in the band of each pulsar, we have ~ 175 days
of data from each detector from the O1 and O2 runs
combined, and ~ 125 during the O3 run for H1 and ~
129 days for L1.

No glitch was recorded by the AO327 in any of the
pulsars’ spins. As Figure 1 shows, these observations do
not perfectly cover all the Advanced LIGO runs so we
cannot exclude the possibility of a glitch. Even though
our targets are very stable pulsars and a glitch is un-
likely, we perform different searches and combine coher-
ently the O1 and O2 data, the O3 data, and also all the
data that we have, 010203. We use the matched-filter
detection statistic — F-statistic (Cutler & Schutz 2005)
— as our detection statistic. The F-statistic is the maxi-
mum log-likelihood ratio of the signal hypothesis to the
Gaussian noise hypothesis. The signal is described by a
frequency, spindown, sky-position and orbital parameter
values, which define the template waveform and are ex-
plicitly searched over. The signal amplitude parameters
cost, 1, g and hg are analytically maximised over.

In Gaussian noise the 2F-statistic follows a non-
central chi-squared distribution with 4 degrees of free-
dom, x2,(p?). The non-centrality parameter p? is the
expected squared signal-to-noise ratio and it is propor-
tional to h3Tyata/Sh, where Ty, is the duration of time
for which data is available and S}, is the strain power
spectral density of the noise (Jaranowski et al. 1998).

For every pulsar and data set we conduct two searches:
one with a single template with the gravitational wave
frequency f and spindown f being twice the spin fre-
quency v and spindown r, and one for a range of fre-
quencies and spindowns around these. The parameters
of the targeted searches are given in Table 3 in the ap-
pendix.

The search at f = 2v is appropriate if the gravita-
tional wave frequency is exactly locked with the ob-
served spin frequency. Mechanisms however exist that
could produce a small difference between the gravita-
tional wave frequency and twice the spin frequency: a
misalignment of the rotation axis with the symmetry
axis of the star, causing free precession; or the compo-
nent responsible for the gravitational wave emission — for
example a solid core — not spinning as the radio-emitting
component. In such cases f = 2v(1£d;) with 67 < 1074
(Jones & Andersson 2002; Abbott et al. 2008). With this
in mind, we conservatively perform searches over a band
+2 x 21073 of f = 2v, and consistently for f.

For the band searches we set up a template grid in
frequency and spin-down with spacings of 2.6 x 102 Hz
and 1.9 x 10717 Hz/s, respectively. These grids yield
a maximum mismatch smaller than 1% for the 0102
and O3 searches, and smaller than 8% for the 010203
searches.

We also conduct the single-template searches us-
ing a Bayesian search. This method demodulates
the data according to the expected signal, hetero-
dynes/downsamples the data and then searches over the
waveform amplitude parameters with a nested sampling
algorithm, see for example (Abbott et al. 2019d). The
data used for this search is not gated. We report the
results for the combined 010203 data.

5. RESULTS

None of the targeted searches yield a detection. Fig-
ure 2 shows the Gaussian noise p-values for the targeted
searches (blue circles): All the results for the targeted
searches are consistent with the noise-only hypothesis.
The most significant targeted-search result comes from
PSR J0709 from the O3-data search, with a p-value is =
23%. PSR J0709 yields the lowest combined 0102403
p-value at a level of ~ 12%. However the coherent
010203 data search yields a totally insignificant p-
value of ~ 83% . The Bayesian posteriors of Figure
3 are consistent with the F-stat results, with the only
slightly off-zero posterior found for PSR J0709. Such
posterior is very broad, includes zero and may happen
just due to Gaussian fluctuations. We also note that the
target frequency for PSR J0709 is at ~ 58 Hz which is
a highly contaminated region.

To evaluate the results from the band-searches, for ev-
ery pulsar we consider the most significant result in each
10 mHz band and compute the Gaussian-noise p-value
associated with it. These are the red circles shown in the
left-hand-side plots in the first three rows of Figure 2.
The larger is the band that has been searched, the lower
is the lowest p-value recorded for that pulsar, so in order
to directly compare the significance of results from dif-
ferent pulsars we multiply each p-value by the number
of 10 mHz bands searched for each pulsar. These new
rescaled p-values are shown in the right-hand-side plots
of Figure 2. The most significant results from the band
searches comes again from PSR J0709, in the 010203
coherent search and is at the level of &~ 9%. However
this significance is not confirmed in the 0102403 data
where the rescaled most significant result has a p-value
higher than 80%. The remaining p-values are all larger
than 15%.

Figures 4 show the distributions of the most significant
10 mHz p-values and illustrate that they are consistent
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Figure 2. 0102 (1st row), O3 (2nd row) , 010203 (3rd row) and 0102403 (4th row) results. For each 10 mHz frequency
band searched, we show the Gaussian p-value of the most significant result at the waveform frequency (red circles). The darker
(blue) circles show the p-values of the targeted searches. These are generally lower than the bulk of the values from the band-
search because the latter are maxima over 10 mHz, whereas the targeted searches probe only a single waveform. The red circles
in the right hand-side plot are the red circles in the left-side plot each multiplied by the number of 10 mHz bands searched
for that pulsar. For low p-values these can be taken as a measure of the significance and may be used to compare results for
different pulsars. The 4th row shows the combinations of the O102 and O3 results, obtained by multiplying the p-values from
these searches.
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Figure 3. Bayesian posteriors for the combined 010203
searches (blue) and associated 95% confidence upper limits.
We also show (black) the F-stat upper limits.

with the Gaussian-noise expectations for searches on all
data.

5.1. Upper limits

Based on the 0102, O3 and 010203 targeted search
results we place 95% confidence upper limits on the in-
trinsic gravitational wave amplitude at the detector hg
defined in Eq. 3. We use a series of Monte Carlos where
we simulate signals at fixed amplitude in real data and
measure the detection efficiency of our search. The de-
tection criteria is that the obtained value of the detec-
tion statistic be equal or greater than the one found
in the real search: if the measured detection statistic
is high, a higher gravitational wave amplitude will be
needed in order for the signals to be detected. The am-
plitude for which 95% of the tested signals is detected,
is the upper limit value, h85%. With minor variations on
the theme, this is the standard approach that we have
taken for F-statistic searches since the very first con-
tinuous waves search on LIGO data back in 2004. The
F-stat upper limits are shown in Tables 1. The Bayesian
upper limits are readily derived from the posteriors of
Fig. 3 and are shown in Table 2.

For the 0102 band-searches we divide the searched
frequency range in 10 mHz sub-bands and take the most
significant detection statistic value in that sub-band for
our detection criteria. The sub-band searches probe nu-
merous waveforms and so the loudest detection statistic

Bayesian
—Fstat

Bayesian
——F-stat

0102

T
I Search results

= =Gaussian noise expectation
1 count level

e (=] a
~ o ©
T T T

Cumulative distribution

o
N
T

0 0.2 0.4 0.6 0.8 i
Gaussian noise p-value of loudest in every 10 mHz bands

OnlyO3

T
I Search results

= = Gaussian noise expectation
1 count level

Cumulative distribution

0 0.2 0.4 0.6 0.8 i
Gaussian noise p-value of loudest in every 10 mHz bands

010203

T
I Search results

== = Gaussian noise expectation
1 count level

Q e e
~ o ©
T T T

Cumulative distribution

(=
)
T

0 0.2 0.4 0.6 0.8 i
Gaussian noise p-value of loudest in every 10 mHz bands

Figure 4. 0102, O3 and 010203 band-search results. For
each 10 mHz frequency band searched, we show the cumula-
tive distribution of the Gaussian p-value of the most signifi-
cant result. If the data were Gaussian noise, the distribution
would follow the dashed black line.

value is going to be higher than for the targeted searches.
Correspondingly the upper limits will also be higher as
shown in Figure 5 in the appendix, typically by a factor
of &~ 2.7. Since this is the most computationally intense
part of this work, and we do not find evidence for a sig-
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nal, we do not set upper limits based on the O3 data,
or on the 010203, but we expect that these would be
higher than the corresponding targeted ones by also a
factor of a few.

The populations of fake signals used to determine
the detection efficiencies have polarization angle ¢ uni-
formly distributed with [¢)| < 7/4 and initial phase ®q
uniformly distributed in [0, 27). For the orientation an-
gle we consider two cases: cost uniformly distributed
in [-1,1) and fixed at the value of the orbital inclina-
tion, when available from the radio observations. We
refer to the resulting upper limits as unconstrained and
constrained, respectively.

If we assume that the neutron star is a triaxial ellip-
soid spinning around a principal moment of inertia axis
I,., and that the continuous wave emission is due to an
ellipticity

Tow — 1y

T )
based on the intrinsic gravitational wave amplitude up-
per limits h85%, we can exclude neutron star deforma-
tions above a 9% level. The ellipticity needed for a
neutron star at a distance D, spinning at f/2, to pro-
duce continuous gravitational waves with an intrinsic
amplitude on Earth of hy is (Jaranowski et al. 1998;
Gao et al. 2020):

h
_ —7 0
e=24x10 (1)(10_26) X

D 200 Hz\? /1038 kg m?
1 kpe ! I. '

95%

(6)

The ellipticity € upper limits are given in Table 1.

5.2. Discussion

We have searched for continuous gravitational waves
from seven pulsars that have not been targeted before.
We use all the publicly available Advanced LIGO data,
namely from the O1, O2 and O3 science runs.

We find no evidence of a gravitational wave signal at
a detectable level. The posterior probability distribu-
tion for PSR J0709 is peaked slightly off-zero, but this
could well be a Gaussian noise fluctuation as well as due
to spectral contamination. Especially at the lower fre-
quencies it is not uncommon to find these posteriors, see
for example Figure 3 of (Abbott et al. 2020) showing the
results for the Vela Pulsar from the search at ~ 22 Hz.

For more than half of the pulsar sample, our searches
probe ellipticities < 3 x 1077, which could be sus-
tained by neutron star crusts (Johnson-McDaniel &
Owen 2013; Gittins et al. 2020; Bhattacharyya 2020).
Our tightest ellipticity bound amounts to 1.7 x 1078,
for PSR J0154. The remaining four pulsars are more
distant and/or spin slower, which yields less constrain-
ing ellipticity upper limits. For the pulsar PSR J0824,
assuming a canonical moment of inertia of 1038kg m2,
our upper limits are within a factor of 3.8 (5.8) of the
spindown upper limit, for an unconstrained and con-
strained cos: prior respectively. The actual moment of
inertia of the star may differ from the canonical one up
by a factor of a few. These are physically interesting
ellipticity ranges (Woan et al. 2018), and showcase the
potential for this type of search.
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Table 1. 95% confidence upper limits on the gravitational wave amplitude for the targeted searches based on no assumptions on the
inclination angle (unconstrained prior) and if the inclination angle is the same as the estimated value of the orbital inclination angle
(constrained prior), using different data. We also show the spindown upper limit calculated for a nominal value of the moment of inertia
of 10%® kg m?, and the spindown limit gravitational wave amplitude. The last two columns indicate how far our results are from being
physically interesting: if hg>” /hP™™ is less than one, then the upper limits are informative.
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03 f [HZ] th% th% hgpdwn E95% 695% th/thdwn h85/h;pdwn
UNCONSTRAINED CONSTRAINED UNCONSTRAINED CONSTRAINED UNCONSTRAINED CONSTRAINED
Pulsar PRIOR PRIOR PRIOR PRIOR PRIOR PRIOR
JO154 ~ 8458 1.975% x 10726 - 9.0x107%®  22x107® - 21.2 -
J0509 ~493.1 1.27597% x 107%¢ - 52x107%®  69x107® - 23.7 -
JO709 =581 22708 x107%% 24703 x107*¢ 1.5x107*" 1.1x107° 1.2 x107° 14.6 16.1
JO732  ~489.0 1.2%5% x 107 10.075% x 10?7 58x107*®  7.9x10°® 6.6 x 107° 20.6 17.1
J0824  ~202.8 9.9717% x107%7 1.2732 x107*¢ 20x107*"  35x 1077 4.2 %1077 5.0 5.9
Ji41l =320 39771 x107% 27107 x107*° 1.1x107*  35x10°° 2.5 x 107° 35.7 25.1
J2204 =236 9.973%x107% - 48 x107%%  3.6x107* - 204.0 -
01 02 03 f [Hy] ho?% g% hgPavn % % he? [hgP™™ P /R
UNCONSTRAINED CONSTRAINED UNCONSTRAINED CONSTRAINED UNCONSTRAINED CONSTRAINED
Pulsar PRIOR PRIOR PRIOR PRIOR PRIOR PRIOR
J0154 ~845.8 1.5703 x 1072 - 9.0x 107  1.7x107® - 16.7 -
J0509 ~493.1 1.0703 x 10728 - 52x 1072  57x107® - 19.6 -
JO709 ~581 15703 x 1072 1.9703 x1072° 1.5x107%"  7.7x107° 9.5 x 107 10.3 12.7
J0732 ~489.0 1.0733 x 10726 78722 x 1077 58x 107  6.7x 1078 5.1 % 1078 17.6 13.3
J0824 ~202.8 T7.6718x107%7 12753 x 107 2.0x107%" 2.7x 1077 4.1 %1077 3.8 5.8
Ji411 ~320 31707 x1072° 22%03x107*° 1.1x107*  28x107° 2.0 x 107° 28.0 19.9
J2204 ~ 236 81739 x1072¢ - 48x107%%  29x107* - 166.4 -

—2.1
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Table 2. O1-02-03 targeted searches Bayesian upper lim-
its (unconstrained cos ¢ priors).

01 02 03 hg?% % R R
Bayesian

Pulsar
J0154 1.3x107% 15x 1078 14.9 -
J0509 1.0x107%% 5.9x 1078 20.1 -
J0709 1.9x 10726 94 x 107 12.5
J0732 77%x107% 51x10°8 13.2
J0824 9.0x107% 3.2x1077 4.5
J1411 28x107%% 25x107° 25.9
J2204 73%x107%% 2.7x107* 151.4
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APPENDIX

A. ADDITIONAL PLOTS
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Figure 5. 0102 data upper limits on the gravitational wave amplitude in each 10 mHz frequency band searched, based on the
most significant result in that 10 mHz band. We also show the targeted search results, which are the lower points at the central
frequency, which is twice the pulsar rotation frequency.
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B. GRAVITATIONAL WAVEFORM PARAMETERS
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