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We present results of an all-sky search for continuous gravitational waves which can be produced by

spinning neutron stars with an asymmetry around their rotation axis, using data from the third observing
run of the Advanced LIGO and Advanced Virgo detectors. Four different analysis methods are used to
search in a gravitational-wave frequency band from 10 to 2048 Hz and a first frequency derivative from

—1078 to 10~ Hz/s. No statistically significant periodic gravitational-wave signal is observed by any of

the four searches. As a result, upper limits on the gravitational-wave strain amplitude A are calculated. The

best upper limits are obtained in the frequency range of 100 to 200 Hz and they are ~1.1 x 107> at

95% confidence level. The minimum upper limit of 1.10 x 102 is achieved at a frequency 111.5 Hz. We

also place constraints on the rates and abundances of nearby planetary- and asteroid-mass primordial black
holes that could give rise to continuous gravitational-wave signals.
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I. INTRODUCTION

The Advanced LIGO [1] and Advanced Virgo [2]
detectors have made numerous detections of gravitational
waves (GWs), to date consisting of short-duration (tran-
sient) GWs emitted during the inspirals and mergers of
compact binary systems of black holes (BHs), neutron stars
(NSs), [3,4], as well as mixed NS-BH binaries [5]. Among
still undiscovered types of GW radiation are long-lasting,
almost-monochromatic continuous waves (CWs), whose
amplitudes and frequencies change much more slowly
compared to those of transient sources (on the timescale
of years rather than seconds). Astrophysically, promising
sources of CWs are rotating, nonaxisymmetric NSs, emit-
ting GWs at a frequency close to, or related to, their spin
frequency. Deviations from the symmetry (a NS “defor-
mation”) may be caused by fluid instabilities, such as in the
case of r-modes, or by elastic, thermal, or magnetic stresses
in the crust and/or core of NS, and may be acquired at
various stages of stars’ isolated evolution, or during an
interaction with a companion in a binary system (for recent
reviews on sources of CW, see, e.g., [6-8]). Discovery
of CWs emitted by NS would allow to probe their still
mysterious interiors, study properties of dense matter in
conditions distinct from those occurring in inspirals and
mergers of binary NS systems, as well as carry out
additional tests of the theory of gravity [9]. Due to
intrinsically smaller GW amplitude of CWs in comparison
to the already-detected transient sources, searches for CWs
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from rotating nonaxisymmetric NSs are essentially limited
to the Galaxy.

The search presented here is not limited to gravitational-
wave signals from deformed rotating neutron stars. Another
source of quasimonochromatic, persistent GWs are very
light, planetary- and asteroid-mass, inspiraling primordial
black holes (PBHs), which could comprise a fraction
or the totality of dark matter [10]. Such signals would
arise from inspiraling PBHs whose chirp masses are less
than O(107°)M, and whose GW frequencies are less than
~250 Hz, and would be indistinguishable from those
arising from nonaxisymmetric rotating NSs spinning up.

Recent detections of black holes made by the LIGO-
Virgo-KAGRA Collaboration have revived interest in
PBHs: low spin measurements and the rate inferences
are consistent with those expected for BHs that formed in
the early Universe [11]. Existence of light PBHs is well
motivated theoretically and experimentally: recent detec-
tions of star and quasar microlensing events [12-14]
suggest compact objects or PBHs with masses between
10~ and 107> M could constitute a fraction of dark
matter of order fpgy ~ 0.01, which is consistent within the
unified scenario for PBH formation presented in [15], but
greater than expected for free-floating (i.e., not bound to an
orbit) planets [16] (e.g., the hypothetical Planet 9 could be a
PBH with a mass of 107 M, that was captured by the
solar system [17]). PBHs may also collide with NSs and be
responsible for the origin of NS-mass BHs, potentially
detectable in the LIGO-Virgo-KAGRA searches [18].
However, constraints arising from such observations
[10], even those that come from the LIGO-Virgo merging
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TABLE I. Frequency and frequency derivative search ranges of
the four pipelines.
Frequency

Pipeline Frequency (Hz) derivative (Hz/s)
FrequencyHough 10-2048 -10-8 - 107°
SkyHough 65-350 —-107° =5 x 10712
SOAP 40-1000 -107% -107°

1000-2000 -107% - 1078
TD Fstat 20-200 -3.2x107%£/100 - 0

200-750 -2x 10710 =2 x 10711

rate inferences [19,20] and stochastic background

searches [21,22], rely on modeling assumptions, and
can be evaded if, for example, PBHs formed in clusters
[23-28]. It is therefore important to develop complemen-
tary probes of these mass regimes to test different PBH
formation models [29,30], which is possible by searching
for continuous GWs.

Searches for continuous waves are usually split in three
different domains: targeted searches look for signals from
known pulsars; directed searches look for signals from
known sky locations; all-sky searches look for signals
from unknown sources. All-sky searches for a priori
unknown CW sources have been carried out in the
Advanced LIGO and Advanced Virgo data previously
[31-43]. A recent review on pipelines for wide parameter-
space searches can be found in [44].

Here we report on results from an all-sky, broad
frequency range search using the most-sensitive data to
date, the LIGO-Virgo O3 observing run, employing four
different search pipelines: the FrequencyHough [45],
SkyHough [46], Time-Domain F-statistic [47,48], and
SOAP [49]. Each pipeline uses different data analysis
methods and covers different regions of the frequency
and frequency time derivative parameter space, although
there exist overlaps between them (see Table I and Fig. 1
for details). The search is performed for frequencies
between 10 and 2048 Hz and for a range of frequency
time derivative between —107% and 10~° Hz/s, covering
the whole sky. We note here that the search is generally
agnostic to the type of the GW source, so the results are
not actually limited to signals from nonaxisymmetric
rotating NSs in our Galaxy. A comprehensive multistage
analysis of the signal outliers obtained by the four pipe-
lines has not revealed any viable candidate for a continu-
ous GW signal. However we improve the broad-range
frequency upper limits with respect to previous O1 and O2
observing runs and also with respect to the recent analysis
of the first half of the O3 run [39]. This is also the first all-
sky search for CW sources that uses the Advanced Virgo
detector’s data.

The article is organized as follows: in Sec. II we describe
the O3 observing run and provide details about the data
used. In Sec. Il we present an overview of the pipelines
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FIG. 1. Frequency and frequency derivative search ranges of

the four pipelines: the FrequencyHough pipeline ranges marked
in grey, SkyHough in red, Time-Domain F-statistic in blue, and
SOAP in magenta. See Table I for details.

used in the search. In Sec. IV details of the data-analysis
pipelines are described. In Sec. V, we describe the results
obtained by each pipeline, namely the signal candidates and
the sensitivity of the search; whereas Sec. VI contains a
discussion of the astrophysical implications of our results.

II. DATASETS USED

The dataset used in this analysis was the third observing
run (O3) of the Advanced LIGO and Advanced Virgo GW
detectors [1,2]. LIGO is made up of two laser interfero
meters, both with 4 km long arms. One is at the LIGO
Livingston Observatory (L1) in Louisiana, USA and the
other is at the LIGO Hanford Observatory (H1) in
Washington, USA. Virgo (V1) consists of one interferom-
eter with 3 km arms located at European Gravitational
Observatory in Cascina, Italy. The O3 run took place
between April 1, 2019, and March 27, 2020. The run
was divided into two parts, O3a and O3b, separated by
one month commissioning break that took place in October
2019. The duty factors for this run were ~76%, ~71%,
~76% for L1, HI1, VI, respectively. The maximum
uncertainties (68% confidence interval) on the calibration
of the LIGO data were of 7%/11% in magnitude and
4 deg/9 deg in phase for 03a/O3b data ([50,51]). For
Virgo, it amounted to 5% in amplitude and 2 deg in phase,
with the exception of the band 46-51 Hz, for which the
maximum uncertainty was estimated as 40% in amplitude
and 34 deg in phase during O3b. For the smaller range
49.5-50.5 Hz, the calibration was unreliable during the
whole run [52].

III. OVERVIEW OF SEARCH PIPELINES

In this section we provide a broad overview of the
four pipelines used in the search. The three pipelines:
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FrequencyHough, SkyHough, and Time-Domain F-statistic
have been used before in several all-sky searches of the LIGO
data. The SOAP pipeline is a new pipeline applied for the first
time to an all-sky search. It uses novel algorithms. SOAP aims
at a fast, preliminary search of the data before more sensitive
but much more time consuming methods are applied (see [44]
for a review on pipelines for wide parameter-space searches).
The individual pipelines are described in more detail in the
following section.

A. Signal model

The GW signal in the detector frame from an isolated,
asymmetric NS spinning around one of its principal axis of
inertia is given by [47]

1 + cos?t

h(t) = ho|F (t,a,6,y) 3

os (1)

+ F.(t,a,6,y)cosising(1)], (1)

where F, and F, are the antenna patterns of the detectors
dependent on right ascension a, declination ¢ of the source
and polarization angle y, h is the amplitude of the signal,
1 is the angle between the total angular momentum vector of
the star and the direction from the star to the Earth, and ¢(¢)
is the phase of the signal. The amplitude of the signal is
given by

2 2
hy =226 Gdzf ~ 1.06 x 10726 <—€ )

c* 1076

I S\ (1 kpe
X(1038 kgm2) <100 Hz> < d ) @)

where d is the distance from the detector to the source, f is
the GW frequency (assumed to be twice the rotation
frequency of the NS), € is the ellipticity or asymmetry
of the star, given by (I,, — 1,,)/I., and I, is the moment
of inertia of the star with respect to the principal axis
aligned with the rotation axis.

We assume that the phase evolution of the GW signal can
be approximated with a second order Taylor expansion
around a fiducial reference time z,:

b0) =g, + 21 e+ L@ @)

where ¢, is an initial phase and f and f are the frequency
and first frequency derivative at the reference time. The
relation between the time at the source 7 and the time at the
detector ¢ is given by

F(t)-n

(1) =1+ + Apo — Asos (4)
where 7(z) is the position vector of the detector in the
Solar System Barycenter frame, and 7 is the unit vector
pointing to the NS; Agy and Agy are, respectively, the
relativistic Einstein and Shapiro time delays. In standard
equatorial coordinates with right ascension a and declina-
tion &, the components of the unit vector 7 are given
by (cosacos 8, sinacos §, sin ).

B. Parameter space analyzed

All the four pipelines perform an all-sky search; however
the frequency and frequency derivative ranges analyzed
are different for each pipeline. The detailed ranges analyzed
by the four pipelines are summarized in Table I and
presented in Fig. 1. The FrequencyHough pipeline analyzes
a broad frequency range between 10 and 2048 Hz and a
broad frequency time derivative range between —107% and

10~ Hz/s. A very similar range of f and f is analyzed by
the SOAP pipeline. The SkyHough pipeline analyzes a
narrower frequency range where the detectors are most
sensitive whereas the Time-Domain F-statistic pipeline
analyzes f and f ranges of the bulk of the observed pulsar
population (see Fig. 2 in Sec. IV C).

C. Detection statistics

As all-sky searches cover a large parameter space they
are computationally very expensive and it is computation-
ally prohibitive to analyze coherently the data from the full
observing run using optimal matched filtering. As a result
each of the pipelines developed for the analysis uses a
semicoherent method. Moreover to reduce the computer
memory and to parallelize the searches the data are divided
into narrow bands. Each analysis begins with sets of short
Fourier transforms (SFTs) that span the observation
period, with coherence times ranging from 1024s to
8192s. The FrequencyHough, SkyHough, and SOAP pipe-
lines compute measures of strain power directly from the
SFTs and create detection statistics by stacking those
powers with corrections for frequency evolution applied.
The FrequencyHough and SkyHough pipelines use Hough
transform to do the stacking whereas the SOAP pipeline
uses the Viterbi algorithm. The Time-Domain F-statistic
pipeline extracts band-limited 6-day long time-domain data
segments from the SFT sets and applies frequency evolu-
tion corrections coherently to obtain the F-statistic [47].
Coincidences are then required among multiple data seg-
ments with no stacking.

D. Outlier follow-up

All four pipelines perform a follow-up analysis of the
statistically significant candidates (outliers) obtained dur-
ing the search. All pipelines perform vetoing of the outliers
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corresponding to narrow, instrumental artifacts (lines) in
the advanced LIGO detectors ([54]). Several other con-
sistency vetoes are also applied to eliminate outliers.
The FrequencyHough, SkyHough, and Time-Domain
F-statistic pipelines perform a follow-up of the candidates
by processing the data with increasing long coherence
times whereas SOAP pipeline use convolutional neural
networks to do the post processing.

E. Upper limits

No periodic gravitational wave signals were observed by
any of the four pipelines and all the pipelines obtain upper
limits on their strength. The three pipelines SkyHough,
Time-Domain F-statistic, and SOAP obtain the upper
limits by injections of the signals according to the model
given in Sec. III A above for an array of signal amplitudes
hy and randomly choosing the remaining parameters. The
FrequencyHough pipeline obtains upper limits using an
analytic formula [see Eq. (6)] that depends on the spectral
density of the noise of the detector. The formula was
validated by a number of tests consisting of injecting
signals to the data.

IV. DETAILS OF SEARCH METHODS
A. FrequencyHough

The FrequencyHough pipeline is a semicoherent
procedure in which interesting points (i.e., outliers) are
selected in the signal parameter space, and then are
followed-up in order to confirm or reject them. This method
has been used in several past all-sky searches of Virgo and
LIGO data [31,34,35,55]. A detailed description of the
methodology can be found in [45]. In the following, we
briefly describe the main analysis steps and specific choices
used in the search.

Calibrated detector data are used to build “short dura-
tion” and cleaned [56] fast Fourier transforms (FFTs), with
duration T'rer which depends on the frequency band being
considered, see Table II.

Next, local maxima are selected based on the square
root of the equalized power of the data' passing a
dimensionless threshold of ® = 1.58. The collection of
these time-frequency peaks forms the so-called peakmap.

The peakmap is cleaned of the strongest disturbances
using a line persistency veto [45].

The time-frequency peaks of the peakmap are properly
shifted, for each sky position,” to compensate the Doppler
effect due to the detector motion [45]. The shifted peaks are
then fed to the FrequencyHough algorithm [45], which

lComputed as the ratio of the squared modulus of each FFT of
the data and an autoregressive estimation of the average power
spectrum, see [56] for more details.

Over a suitable grid, which bin size depends on the frequency
and sky location.

TABLE II.  Properties of the FFTs used in the FrequencyHough
pipeline. The time duration T'gpy refers to the length in seconds of
the data chunks on which the FFT is computed. The frequency
bin width is the inverse of the time duration, while the spin-down
bin width is computed as J, f=6 [/ T s, Where T is the total
run duration.

Band (Hz) Trer (5) 5f (Hz) 8f (Hz/s)
10-128 8192 1.22 x 1074 3.92 x 10712
128-512 4096 2.44 x 1074 7.83 x 10712
512-1024 2048 4.88 x 10 1.57 x 1071
1024-2048 1024 9.76 x 107* 3.13 x 107!

transforms each peak to the frequency/spin-down plane of
the source. The frequency and spin-down bins (which we
will refer to as coarse bins in the following) depend on the
frequency band, as shown in Table II, and are defined,
respectively, as 8f = 1/Tgpr and 6f = 6f/Tops,» Where
Tohs 18 the total run duration. In practice, the nominal
frequency resolution has been increased by a factor of 10
[45], as the FrequencyHough is not computationally
bounded by the width of the frequency bin. The algorithm,
moreover, adaptively weights any noise nonstationarity and
the time-varying detector response [57].

The whole analysis is split into tens of thousands of
independent jobs, each of which covers a small portion of the
parameter space. Moreover, for frequencies above 512 Hz a
GPU-optimized implementation of the FrequencyHough
transform has been used [58].

The output of a FrequencyHough transform is a 2D
histogram in the frequency/spin-down plane of the source.

Outliers, that is, significant points in this plane, are
selected by dividing each 1 Hz band of the corresponding
histogram into 20 intervals and taking, for each interval,
and for each sky location, the one or (in most cases) two
candidates with the highest histogram number count [45].
All the steps described so far are applied separately to the
data of each detector involved in the analysis.

As in past analyses [31,34], candidates from each
detector are clustered and then coincident candidates
among the clusters of a pair of detectors are found using
a distance metric’ dpy built in the four-dimensional
parameter space of sky position (4, /) (in ecliptic coor-

dinates), frequency f, and spin-down f . Pairs of candidates
with distance dpy <3 are considered coincident. In the

3The metric is defined as

AFN2  [AF\?  [AA\2  [AB\2
dpy = — — - vy
i \/(5f) " <5f “\&) "\&)
Af, A f, AZ, and Ap are the differences, for each parameter,

among pairs of candidates of the two detectors, and §f, & f , O/,
and 6 are the corresponding bin widths.
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current O3 analysis, coincidences have been done only
among the two LIGO detectors for frequencies above
128 Hz, while also coincidences H1-Virgo and L1-Virgo
have been considered for frequencies below 128 Hz, where
the difference in sensitivity (especially in the very low
frequency band) is less pronounced.

Coincident candidates are ranked according to
the value of a statistic built using the distance and the
FrequencyHough histogram weighted number count of the
coincident candidates [45]. After the ranking, the eight
outliers in each 0.1 Hz band with the highest values of the
statistic are selected and subject to the follow-up.

1. Follow-up

The FrequencyHough follow-up runs on each outlier of
each coincident pair. It is based on the construction of a new
peakmap, over +3 coarse bins around the frequency of the
outlier, with a longer T'gpy. This new peakmap is built after
the removal of the signal frequency variation due to the
Doppler effect for a source located at the outlier sky position.

A new refined grid on the sky is built around this
point, covering 43 coarse bins, in order to take into
account the uncertainty on the outlier parameters. For
each point of this grid we remove the residual Doppler
shift from the peakmap by properly shifting the frequency
peaks. Each new corrected peakmap is the input for the
FrequencyHough transform to explore the frequency and
the spin-down range of interest (3 coarse bins for the
frequency and the spin-down). The most significant peak
among all the FrequencyHough histograms, characterized
by a set of refined parameters, is selected and subject to
further postprocessing steps.

First, the significance veto (V1) is applied. It consists in
building a new peakmap over 0.2 Hz around the outlier
refined frequency, after correcting the data with its refined
parameters. The corrected peakmap is then projected on the
frequency axis. Its frequency range is divided in subbands,
each covering £2 coarse frequency bins. The maximum of
the projection in the subband containing the outlier is
compared with the maxima selected in the remaining off-
source intervals. The outlier is kept if it ranks as first or
second for both detectors. Second, a noise line veto (V2) is
used, which discards outliers whose frequency, after the
removal of the Doppler and spin-down corrections, over-
laps a band polluted by known instrumental disturbances.
The consistency test (V3) discards pairs of coincident
outliers if their critical ratios (CRs), properly weighted
by the detector noise level, differ by more than a factor of 5.
The CR is defined as

crR=""*#, (5)

where x is the value of the peakmap projection in a given
frequency bin, y is the average value, and o the standard

deviation of the peakmap projection. The distance veto
(V4) consists in removing pairs of coincident outliers with
distance dgy > 6 after the follow-up. Finally, outliers with
distance dpy < 3 from hardware injections are also vetoed
(V5). Outliers which survive all these vetoes are scrutinized
more deeply, by applying a further follow-up step, based on
the same procedures just described, but further increasing
the segment duration 7'gpr.

2. Parameter space

The FrequencyHough search covers the frequency range
[10, 2048] Hz, a spin-down range between —10~% Hz/s and
10~ Hz/s and the whole sky. The frequency and spin-
down resolutions are given in Table II. The sky resolution,
on the other hand, is a function of the frequency and of the
sky position and is defined in such a way that for two
nearby sky cells the maximum frequency variation, due to
the Doppler effect, is within one frequency bin, see [45] for
more details.

3. Upper limits

“Population average” upper limits are computed for
every 1 Hz subband in the range of 20-2048 Hz,* consi-
dering only the LIGO detectors, as Virgo sensitivity is
worse for most of the analyzed frequency band. First, for
each detector we use the analytical relation [45]

497 [S
hyr.ose = NI ;F(:r)\/CRmax + 1.6449, (6)
where N is the actual number of data segments used in the
analysis, S,(f) is the detector average noise power spec-
trum, computed through a weighted mean over time seg-
ments of duration Tggy (in order to take into account noise
nonstationarity), and CR,,, is the maximum outlier CR’ in
the given 1 Hz band. Comparing this equation with Eq. (67)
in [45], the coefficient 4.97 has been obtained taking the
parameter Oy, = 2.5 (the values of p,, p; directly depend
on it), while the term 1.6449 comes from taking the
confidence level parameter I' = 0.95. For each 1 Hz band,
the final upper limit is the worse among those computed
separately for Hanford and Livingston. Such upper limits
implicitly assume an average over the source population
parameters. In order to compute upper limits which hold for
specific source parameters, a scaling factor must be applied
as discussed in the Appendix.

As verified through a detailed comparison based on
LIGO and Virgo O2 and O3 data, this procedure produces

4Although the search starts at 10 Hz, we decided to
compute upper limit starting from 20 Hz, due to the unreliable
calibration at lower frequency.

*Defined by Eq. (5) and where in this case the various
quantities are computed over the FrequencyHough map.
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conservative upper limits with respect to those obtained
through the injection of simulated signals, which is
computationally much heavier [59].

Moreover, it has been shown that the upper limits
obtained through injections are always above those based
on Eq. (6) when the minimum CR in each 1 Hz subband is
used. The two curves based, respectively, on the highest
and the smallest CR delimit a region containing both a
more stringent upper limit estimate and the search sensi-
tivity estimate, that is the minimum strain of a detectable
signal. Any astrophysical implication of our results, dis-
cussed in Sec. V will be always based on the most
conservative estimate.

B. SkyHough

SkyHough [46,60] is a semicoherent pipeline based
on the Hough transform to look for CW signals from
isolated neutron stars. Several versions of this pipeline have
been used throughout the initial [61,62] and advanced
[31,32] detector era, as well as to look for different kinds
of signals such as CW from neutron stars in binary systems
[40,41,63] or long-duration GW transients [64]. The
current implementation of SkyHough closely follows that
of [32] and includes an improved suite of postprocessing
and follow-up stages [65-67].

1. Parameter space

The SkyHough pipeline searches over the standard four
parameters describing a CW signal from isolated NS:
frequency f, spin-down f, and sky position parametrized
using equatorial coordinates a, §.

Parameter-space resolutions are given in [46]

5f:L’ 5f:i7 S50 =

TSFT Tobs

c/v
TserPef”

where @ represents either of the sky angles, v/c ~ 10~
represents the average detector velocity as a fraction of the
speed of light, and the pixel factor P; =2 is a tunable
overresolution parameter. Table III summarizes the numeri-
cal values employed in this search.

The SkyHough all-sky search covers the most sensitive
frequency band of the advanced LIGO detectors, between
65 and 350 Hz. This band is further subdivided into Af =
0.025 Hz subbands, resulting in a total of 11400 frequency
bands. Spin-down values are covered from —1 x 10~ to

(7)

TABLE III. Parameter-space resolutions employed by the
SkyHough pipeline.

Parameter Resolution

of 1.4 x10™ Hz

5f 5% 10712 Hz/s

60 0.69 Hz/f

5 x 107'2 Hz/s, which include typical spin-up values
associated to CW emission from the evaporation of boson
clouds around black holes [68].

2. Description of the search

The first stage of the SkyHough pipeline performs a
multidetector search using H1 and L1 SFTs with
Tser = 7200s. Each 0.025 Hz subband is analyzed sepa-
rately using the same two step strategy as in [32,41]:
parameter space is efficiently analyzed using SkyHough’s
look-up table approach; the top 0.1% most significant
candidates are further analyzed using a more sensitive
statistic. The result for each frequency subband is a toplist
containing the 10° most significant candidates across the
sky and spin-down parameter space.

Each toplist is then clustered using a novel approach
presented in [65] and first applied in [41]. A parameter-
space distance is defined using the average mismatch in
frequency evolution between two different parameter-space
templates

a7 TSFTNsz )= fee i)l (@)
NSFT ar as )|
where f(#;7) is defined as
FED =1+ =) 1 [ 147229

and 1= {f, f, a, 6} refers to the phase-evolution para-
meters of the template.
Clusters are constructed by pairing together templates in

consecutive frequency bins such that d(,1,) < 1. Each
cluster is characterized by its most significant element (the
loudest element). From each 0.025 Hz subband, we retrieve
the 40 most significant clusters for further analysis. This
results in a total of 456000 candidates to follow-up.

The loudest cluster elements are first sieved through the
line veto, a standard tool to discard clear instrumental
artifacts using the list of known, narrow, instrumental
artifacts (lines) in the advanced LIGO detectors [54]: If
the instantaneous frequency of a candidate overlaps with a
frequency band containing an instrumental line of known
origin, the candidate is ascribed an instrumental origin and
consequently ruled out.

Surviving candidates are then followed-up using
PYFSTAT, a PYTHON package implementing a Markov-chain
Monte Carlo (MCMC) search for CW signals [66,69]. The
follow-up uses the F-statistic as a (log) Bayes factor to
sample the posterior probability distribution of the phase-
evolution parameters around a certain parameter-space
region

P(A|x) o 79 . P(J), (10)
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TABLE IV. Coherence-time configuration of the multistage
follow-up employed by the SkyHough pipeline. The data stream
is divided into a fix number of segments of the same length;
the reported coherence time is an approximate value obtained
by dividing the observation time by the number of segments at
each stage.

Stage 0 1 2 3 4 5
Nyeo 660 330 92 24 4 1
Teon 05day 1day 4 days 15days 90 days 360 days

where P(Z) represents the prior probability distribution of
the phase-evolution parameters. The F-statistic, as
opposed to the SkyHough number count, allows us to
use longer coherence times, increasing the sensitivity of the
follow-up with respect to the main search stage.

As initially described in [69], the effectiveness of an
MCMC follow-up is tied to the number of templates
covered by the initial prior volume, suggesting a hierar-
chical approach: coherence time should be increased
following a ladder so that the follow-up is able to converge
to the true signal parameters at each stage. We follow the
proposal in [67] and compute a coherence-time ladder
using V¥ = 103 [see Eq. (31) of [69]] starting from T, =
1 day including an initial stage of T, = 0.5 days. The
resulting configuration is collected in Table IV.

The first follow-up stage is similar to that employed in
[40,41]: an MCMC search around the loudest candidate of
the selected clusters is performed using a coherence time of
T.on = 0.5 days. Uniform priors containing four param-
eter-space bins in each dimension are centered around the
loudest candidate. A threshold is calibrated using an
injection campaign: any candidate whose loudest 2 value
over the MCMC run is lower than 2F = 3450 is deemed
inconsistent with CW signal.

The second follow-up stage is a variation of the method
described in [67], previously applied to [39,70]. For each
outlier surviving the initial follow-up stage (stage O in
Table V), we construct a Gaussian prior using the median
and interquartile range of the posterior samples and run the
next-stage MCMC follow-up. The resulting maximum 2F
is then compared to the expected 2F inferred from the
previous MCMC follow-up stage. Highly discrepant can-
didates are deemed inconsistent with a CW signal and
hence discarded.

Given an MCMC stage using N segments from which a

value of 2.F is recovered, the distribution of 2F values
using N segments is well approximated by

- L ()
PRFIN.2F ) = ——e C()

2o

where

TABLE V. 2F consistency brackets employed in the multistage
follow-up of the SkyHough pipeline. Brackets were computed
using a campaign of 500 software-injected signals representing
an isotropic population of uniformly sky-distributed NS at 150
representative frequency bands with an amplitude corresponding
to the hy>” sensitivity estimation. The implied false dismissal
probability is <1/(150 x 500) ~ 1.3 x 1075, Stages correspond
to those described in Table IV.

(2F — p)/o bracket

Stage 0 vs Stage 1 (—1.79,1.69)
Stage 1 vs Stage 2 (—1.47,1.35)
Stage 2 vs Stage 3 (—0.94,0.80)
Stage 3 vs Stage 4 (—0.63,0.42)
Stage 4 vs Stage 5 (-0.34,0.11)

Comparing stages

U= p§+4N, (12)
> =8-(N+N+pd), (13)

and p(z) =2F-4Nisa proxy for the (squared) SNR [71].
Equation (11) is exact in the limit of N, N >> 1 or pi> 1.
In this search, however, we calibrate a bracket on
(2F —u)/o for each follow-up stage using an injection
campaign, shown in Table V. Candidates outside of the
bracket are deemed inconsistent with a CW signal.

Any surviving candidates are subject to manual inspec-
tion in search for obvious instrumental causes such as
hardware-injected artificial signals or narrow instrumental
artifacts.

C. Time-Domain F -statistic

The Time-Domain F-statistic search method has been
applied to an all-sky search of VSR1 data [48] and all-sky
searches of the LIGO O1 and O2 data [31,32,34]. The main
tool of the pipeline is the F-statistic [47] with which one
can coherently search the data over a reduced parameter
space consisting of signal frequency, its derivatives, and the
sky position of the source. However, a coherent all-sky
search over the long dataset like the whole data of O3 run is
computationally prohibitive. Thus the data are divided into
shorter time domain segments. Moreover, to reduce the
computer memory required to do the search, the data are
divided into narrow band segments that are analyzed
separately. As a result the Time-Domain F-statistic pipe-
line consists of two parts. The first part is the coherent
search of narrow band, time-domain segments. The second
part is the search for coincidences among the parameters of
the candidates obtained from the coherent search of all the
time domain segments.

The algorithms to calculate the F-statistic in the coher-
ent search are described in Sec. 6.2 of [48]. The time series
is divided into segments, called frames, of six sidereal days
long each. Moreover the data are divided into subbands of
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0.25 Hz overlapped by 0.025 Hz. The O3 data has a number
of nonscience data segments. The values of these bad data
are set to zero. For our analysis, we choose only segments
that have a fraction of bad data less than 60% both in H1
and L1 data and there is an overlap of more than 50%
between the data in the two detectors. This requirement
results in 41 six-day-long data segments for each subband.
For the search we use a four-dimensional grid of templates
(parametrized by frequency, spin down rate, and two more
parameters related to the position of the source in the sky)
constructed in Sec. 4 of [72] with grid’s minimal match
parameter MM chosen to be v/3/2. This choice of the grid
spacing led to the following resolution for the four
parameters of the space that we search

Af ~1.9 x 107° Hz, (14a)

Af ~1.1 x 107" Hz/s, (14b)

Aa=~7.4x 1072 (10(}HZ) rad, (14c)
100 H

AS~15 x 10—2< ; Z> rad. (14d)

We set a fixed threshold of 15.5 for the F-statistic and
record the parameters of all threshold crossings, together
with the corresponding values of the F-statistic. In the
second stage of the analysis we use exactly the same
coincidence search algorithm as in the analysis of VSR1
data and described in detail in Sec. 8 of [48] with only one
change. We use a different coincidence cell from that
described in [48]. In [48] the coincidence cell was con-
structed from Taylor expansion of the autocorrelation
function of the F-statistic. In the search performed here
the chosen coincidence cell is a suitably scaled grid cell
used in the coherent part of the pipeline. We scale the four
dimensions of the grid cell by different factors given by
[16 8 2 2] corresponding to frequency, spin down rate
(frequency derivative), and two more parameters related to
the position of the source in the sky, respectively. This
choice of scaling gives optimal sensitivity of the search. We
search for coincidences in each of the bands analyzed.
Before identifying coincidences we veto candidate signals
overlapping with the instrumental lines identified by
independent analysis of the detector data. To estimate
the significance of a given coincidence, we use the formula
for the false alarm probability derived in the Appendix of
[48]. Sufficiently significant coincidences are called out-
liers and are subject to a further investigation.

1. Parameter space

Our Time-Domain F-statistic analysis is a search over a
four-dimensional space consisting of four parameters:
frequency, spin-down rate, and sky position. As we search

over the whole sky the search is very computationally
intensive. Given that our computing resources are limited,
to achieve a satisfactory sensitivity we have restricted the
range of frequency and spin-down rates analyzed to cover
the frequency and spin-down ranges of the bulk of the
observed pulsars. Thus we have searched the gravitational
frequency band from 20 to 750 Hz. The lower frequency of
20 Hz is chosen due to the low sensitivity of the
interferometers below 20 Hz. In the frequency 20 to
130 Hz range, assuming that the GW frequency is twice
the spin frequency, we cover young and energetic pulsars,
such as Crab and Vela. In the frequency range from 80 to
160 Hz we can expect GW signal due to r-mode instabilities
[73,74]. In the frequency range from 160 to 750 Hz we can
expect signals from most of the recycled millisecond
pulsars, see Fig. 3 of [75]. )

For the GW frequency derivative f we have chosen a
frequency dependent range. Namely, for frequencies less
than 200 Hz we have chosen f to be in the range
[—f/Tmin» 0], where 7., is a limit on pulsar’s characteristic
age, and we have taken 7.;, = 1000 yr. For frequencies
greater than 200 Hz we have chosen a fixed range for the
spin-down rate. As a result, the following ranges of f were
searched in our analysis:
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FIG. 2. Frequency time derivative for tentative emission of
GWs (f =2f,,0) as a function of the frequency of emitted GWs
(f =2f.1), wWhere f., and fmt are rotational frequency and
frequency time derivative for known pulsars, obtained from the
Australia Telescope National Facility (ATNF) database [53]. The
vertical axis shows the absolute value for both negative values of
the frequency time derivative (“spin-down,” blue dots) and
positive values (“spinup,” red plus symbols). Blue dashed lines
represent spin-down limits used in the Time-Domain F-statistic
search: for f < 200 Hz, 0 > f > —f/Tmin» Where 7,5, = 1000 yr
denotes a limit on pulsar’s characteristic age; for f > 200 Hz,
f > =2 x 10719 Hz/s. For f > 200 Hz in the case of spinning-
up objects, in the F-statistic search we admit a positive range of
values to f < 2 x 107! Hz/s. The boundary of this range is
marked by a red continuous line.
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0>f>-32x10"° Hz/s, for f <200Hz, (15a)

100 Hz

2x 107" Hz/s > f > =2 x 10710 Hz/s, for f > 200 Hz.
(15b)

In Fig. 2 we plot GW frequency derivatives against GW
frequencies (assuming the GW frequency is twice the spin
frequency of the pulsar) for the observed pulsars from the
ATNEF catalog [53]. We show the range of the GW frequency
derivative selected in our search, and one can see that the
expected frequency derivatives of the observed pulsars are
well within this range. Note, finally, that we have made the
conservative choice of including positive values of the
frequency derivative (“spin-up”), in order to search as wide
arange as possible. In most cases, however, the pulsars that
appear to spin up are in globular clusters, for which the local
forces make the measurement unreliable [76].

2. Sensitivity of the search

In order to assess the sensitivity of the F-statistic search,
we set upper limits on the intrinsic GW amplitude 4 in
each 0.25 Hz bands. To do so, we generate signals for an
array of eight amplitudes &, and for randomly selected sky
positions (samples drawn uniformly from the sphere). For
each amplitude, we generate 100 signals with f, f, the
polarization angle y, and cosine of the inclination angle 1 are
chosen from uniform random distributions in their respec-
tive ranges. The signals are added to the real data segments,
and searches are performed with the same grids and search
setup as for the real data search, in the neighborhood of

injected signal parameters. We search £6 grid points for f
and +1 grid points for the sky positions away from the true
values of the signal’s parameters. We consider a signal
detected if coincidence multiplicity for the injected signal is
higher than the highest signal multiplicity in a given subband
and in a given hemisphere in the real data search. The
detection efficiency is the fraction of recovered signals. We
estimate the hy>”, i.e., 95% confidence upper limit on the
GW amplitude h, by fitting® a sigmoid function to a range of
detection efficiencies E as a function of injected amplitudes
ho, E(hg) = (14 to=))=1 " with k and x, being the
parameters of the fit. Figure 3 presents an example fit to
the simulated data with 1o errors on the hp>% estimate
marked in red.

SFor the h{>* fitting procedure, we use the PYTHON 3 [77]
SCIPY-OPTIMIZE [78] CURVE_FIT package, implementing the Lev-
enberg-Marquardt least squares algorithm, to obtain the best fitted
parameters, x, and k, to the sigmoid function. Errors of parameters
0x and Ok are obtained from the covariance matrix and used to
calculate the standard deviation o, of the detection efficiency as a
function of A, i.e., the confidence bands around the central values
of the fit. In practice, we use the UNCERTAINTIES package [79] to
obtain the + 1o standard deviation on the A value.
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FIG. 3. Example sigmoid function fit (green solid line) to the
injected data efficiencies (blue dots), representing the detection
efficiency E as a function of injected GW amplitude A, used in
Time-Domain F-statistic search. Pale red and blue curves mark
the 1o confidence band obtained from the uncertainty of the fit.
Red error bar marks the +1o standard deviation on the Q>
value, corresponding to the efficiency of 0.95 (indicated by the
horizontal dashed gray line). Vertical errors for each efficiency
represent 1o standard binomial errors related to detection rate,
or = \/E(1 — E)/N;, where E is the efficiency and N; = 100 is
the number of injections for each GW amplitude. The data shown
relates to the subband with the frequency of the lower edge of the
band equal to 725.95 Hz.

D. SoAP

SOAP [49] is a fast, model-agnostic search for long
duration signals based on the Viterbi algorithm [80]. It is
intended as both a rapid initial search for isolated NSs,
quickly providing candidates for other search methods to
investigate further, as well as a method to identify long
duration signals which may not follow the standard CW
frequency evolution. In its most simple form SOAP
analyzes a spectrogram to find the continuous time-
frequency track which gives the highest sum of fast
Fourier transform power. If there is a signal present within
the data then this track is the most likely to correspond to
that signal. The search pipeline consists of three main
stages, the initial SOAP search [49], the postprocessing step
using convolutional neural networks [81], and a parameter
estimation stage.

1. Data preparation

The data used for this search starts as calibrated detector
data which is used to create a set of FFTs with a coherence
time of 1800 s. The power spectrum of these FFTs are then
summed over one day, i.e., every 48 FFTs. Assuming that
the signal remains within a single bin over the day, this
averages out the antenna pattern modulation and increases
the SNR in a given frequency bin. As the frequency of a
CW signal increases, the magnitude of the daily Doppler
modulation also increases, therefore the assumption that a
signal remains in a single frequency bin within one day no
longer holds. Therefore, the analysis is split into four
separate bands (40-500, 500-1000, 1000-1500, and 1500—
2000 Hz) where for each band the Doppler modulations are
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accounted for by taking the sum of the power in adjacent
frequency bins. For the bands starting at 40, 500, 1000, and
1500 Hz, the sum is taken over every one (no change), two,
three, and four adjacent bins, respectively, such that the
resulting time-frequency plane has one, two, three, or four
times the width of bin. The data is then split further into
“subbands” of widths 0.1, 0.2, 0.3, and 0.4 Hz wide
respective to the four band sizes above. These increase in
width such that the maximum yearly Doppler shift A £ is
half the subband width, where the maximum is given by

(max)

max v —
Afg) = b 1074, (16)

where v&%ax) is the maximum orbital velocity of the Earth

relative to the source, c is the speed of light, and f is the
initial pulsar frequency. Each of the subbands are over-
lapping by half of the subband width such that any signal
should be fully contained within a subband.

2. Search pipeline

SOAP searches through each of the summed and narrow
banded spectrograms described in Sec. IV D 1 by rapidly
identifying the track through the time frequency plane
which gives the maximum sum of some statistic. In this
search the statistic used is known as the “line aware”
statistic [49], which uses multiple detectors data to compute
the Bayesian statistic p(signal)/[p(noise) + p(line)],
penalizing instrumental linelike combinations of spectro-
gram powers. Since each of the four bands described in
Sec. IV D 1 take the sum of a different number of FFT bins,
the y? distributions that make up the Bayesian statistic are
adjusted such that they have 2 x N x M degrees of free-
dom, where M is the number of summed frequency bins
and N is the number of summed time segments.

SOAP then returns three main outputs for each subband:
the Viterbi track, the Viterbi statistic, and a Viterbi map.
The Viterbi track is the time-frequency track which gives
the maximum sum of statistics along the track and is used
for the parameter estimation stage in Sec. IVDS5. The
Viterbi statistic is the sum of the individual statistics along
the track, and is one of the measures used to determine the
candidates for follow-up in Sec. IV D 4. The Viterbi map is
a time-frequency map of the statistics in every time-
frequency bin which has been normalized along every
time step. This is representative of the probability distri-
bution of the signal frequency conditional on the time step
and is used as input to the convolutional networks
described in Sec. IV D 3.

3. Convolutional neural network postprocessing

One post processing step in SOAP consists of convolu-
tional neural networks (CNNs) which take in combinations
of three data types: the Viterbi map, the two detectors

spectrograms, and the Viterbi statistic. The aim of this
technique is to improve the sensitivity to isolated neutron
stars by reducing the impact of instrumental artifacts on the
detection statistic. This part of the analysis does add some
model dependency, so it is limited to search for signals that
follow the standard CW frequency evolution. The structure
of the networks are described in [81], where the output is a
detection statistic which lies between 0 and 1. These are
trained on ~1 x 103 examples of continuous wave signals
injected into real data, where the data is split in the same
way as described in Sec. IV D 1. Each of the subbands is
duplicated and a simulated continuous GW is injected into
one of the two subbands such that the network has an example
of noise and noise + signal cases. The sky positions, the
frequency, frequency derivative, polarization, cosine of the
inclination angle and SNR of the injected signals are all
uniformly drawn in the ranges described in [81]. These
signals are then injected into real O3 data before the data
processing steps described in Sec. IV D 1. As the neural
network should not be trained and tested on the same data,
each of the training subbands are split into two categories
(“odd” and “even”), where the subbands are placed in these
categories alternately such that an “odd” subband is adjacent
to two “even” subbands. This allows a network to be trained
on “odd” subbands and tested on “even” subbands and vice
versa. The outputs from each of these networks can be
combined and used as another detection statistic to be further
analyzed as described in Sec. [V D 4.

4. Candidate selection

At this stage there is a set of Viterbi statistics and CNN
statistics for each subband that is analyzed, from which a
set of candidate signals need to be selected for follow-up.
Before doing this, any subbands which contain known
instrumental artifacts are removed from the analysis. The
subbands corresponding to the top 1% of the Viterbi
statistics from each of the four analysis bands are then
combined with the subbands corresponding to the top 1%
of CNN statistics, leaving us with a maximum of 2% of the
subbands as candidates. It is at this point where we begin to
reject candidates by manually removing subbands which
contain clear instrumental artifacts and still crossed the
detection threshold for either the Viterbi or CNN statistic.
There are a number of features we use to reject candidates
including: strong detector artifacts which only appear in a
single detectors spectrogram, broad (> 1/5 subband width)
long duration signals, individual time-frequency bins which
contribute large amounts to the final statistic and very high
power signals in both detectors. Examples of these features
can be seen in Sec. 6.3 of [82]. Any remaining candidates
are then passed on for parameter estimation.

5. Parameter estimation

The parameter estimation stage uses the Viterbi track to
estimate the Doppler parameters of the potential source.
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Due to the complicated and correlated noise which appears
in the Viterbi tracks, defining a likelihood is challenging.
To avoid this difficulty, likelihood-free methods are used, in
particular a machine learning method known as a condi-
tional variational autoencoder. This technique was origi-
nally developed for parameter estimation of compact binary
coalescence signals [83], and can return Bayesian poste-
riors rapidly (< 1 s). In our implementation, the condi-
tional variational autoencoder is trained on isolated NS
signals injected into many subbands, and returns an
estimate of the Bayesian posterior in the frequency,
frequency derivative, and sky position [84]. This acts both
as a further check that the track is consistent with that of an
isolated NS, and provides a smaller parameter space for a
followup search.

V. RESULTS

In this section we summarize the results of the search
obtained by the four pipelines. Each pipelines presents
candidates obtained during the analysis and the results of
the follow-up of the promising candidates. The upper limits
on the GW strain are determined for each of the search
procedures. There is also a study of the hardware injections
of continuous wave signals added to the data. During the
O3 run 18 hardware injections were added to the LIGO
data. The injections are denoted by ipN where N is the
consecutive number of the injections. The amplitudes of the
injections added in the O3 run were significantly lower than
those added in previous observing runs. Consequently the
injections were more difficult to detect.

A. FrequencyHough

Outliers produced by the FrequencyHough search are
followed-up with the procedure described in Sec. IVA 1.
The increase in FFT duration sets the sensitivity gain of the
follow-up step and it is mainly limited by the resulting
computational load, which increases with the fourth power
of Tgpr for a fixed follow-up volume. Moreover, Tgpr
cannot be longer than about one sidereal day, because the
current procedure is not able to properly deal with the
sidereal splitting of the signal power, which would cause a
sensitivity loss.

All the coincident outliers produced by the
FrequencyHough transform stage in the first frequency
band, 10-128 Hz, have been followed-up. On the remaining
frequency bands, from 128 up to 2048 Hz, only outliers with
CR > 5 (computed over the FrequencyHough map) in both
detectors have been followed-up. This selection was also
applied for pairs of coincident outliers produced in the
L1-Virgo and HI1-Virgo detectors in the frequency band
10-128 Hz.

Table VI summarize the results of the first follow-up stage
over coincident H1-L1 outliers, for each of the four analyzed
frequency bands, given in the first column. The second

TABLE VI. Main quantities regarding the first follow-up stage
for H1-L1 coincident outliers. Trpr is the FFT duration used in
the follow-up, N; is the initial number of outliers to which the
follow-up is applied, while V;,i = 1, ...5 indicate the number of
outliers removed by the subsequent vetoes. N, is the number of
outliers surviving the first follow-up stage.

Band (Hz) Tger(s) N; VI V2 V3 V4 V5 N,
10-128 24576 4007 3988 4 0 2 10 3
128-512 24576 12439 12422 0 1 13 3 0
512-1024 8192 10033 10017 1 O 5 2 8
1024-2048 8192 7440 7413 2 0 2 5 18

columns is the value of T'gpr used at this stage, N; the initial
number of outliers to which the follow-up is applied.
Subsequent columns indicate the number of candidates
removed by the various vetoes, indicated as V;,i = 1,...5
and discussed in the Sec. IV A 1. The last column shows the
number of outliers surviving the first follow-up stage. As it
can be seen from the last column, 29 outliers survive this
follow-up stage. Table VII shows the same quantities for the
follow-up of coincident H1-Virgo and L1-Virgo outliers,
which have been selected in the lowest frequency band, from
10 to 128 Hz. In this case, all the outliers have been
discarded. Outliers which survived the first follow-up stage
have been analyzed with a second step based on the same
procedure as before but with a further increase in the FFT
duration, which has been roughly doubled. The main
quantities for the second follow-up stage are shown in
Table VIII. The eight outliers in the band 512—-1024 Hz are
due to hardware injection ipl. An example is shown in
Fig. 4, where the peakmap after Doppler correction is plotted
for a small frequency range around the outlier frequency.
Although the outlier parameters are relatively far from those
of ipl, it is expected, especially in the case of a strong signal
like this that—due to parameter correlations—outliers can

TABLE VII. Main quantities regarding the first follow-up stage
for H1-Virgo (LH-AV) and L1-Virgo (LL-AV) coincident out-
liers. The shown quantities are the same as for Table VI. The
corresponding frequency band is 10-128 Hz.

Band TFFT

Detector Hz) (s) N; V1 V2 V3 V4 V5 N,

LL-AV  10-128 24576 1132 1127 4 0 O 1 O
LH-AV  10-128 24576 1143 1132 10 0 1 O O
TABLE VIII. Main quantities regarding the second follow-up
stage for H1-L1 surviving outliers.

Band (Hz) Tfft(s) N; V1 V2 V3 V4 V5 N
10-128 49152 3 3 0 0 0 0 O
512-1024 16384 8 0 O 0 0 8 0
10242048 16384 18 16 O 0 0 2 0
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FIG. 4. Peakmap of H1 (left) and L1 (right) data showing one of the eight outliers removed by veto V5 in the second follow-up step,
see Table VI. All the eight outliers were generated by the hardware injection ipl. A Doppler correction, with parameters not exactly
equal with those of the signal, nevertheless aligns some of the signal peaks, thus producing an excess of counts in the
FrequencyHough map.

spread over a rather large portion of the parameter space
around the exact signal.

1 0-23 T

1. Upper limits

Having concluded that no candidate has a likely astro-
physical origin, we have computed upper limits following
the method described in Sec. IV A 3. Results are shown in
Fig. 5. Although the search has been carried with a
minimum frequency of 10 Hz, due to the unreliable
calibration below 20 Hz, upper limits are given starting
from this minimum frequency. The bold continuous curve
represents our conservative upper limit estimation, com-
puted on 1 Hz subbands and based on the maximum CR,
while the lighter dashed curve is a (nonconservative) lower

frequency [Hz]

FIG. 5. O3 conservative upper limit estimation (bold continu- bound, obtained using the minimum CR in each subband.
ous curve) and sensitivity lower bound (light dashed curve) for ~ We expect the search sensitivity, defined as the minimum
the FrequencyHough search. detectable strain amplitude, to be comprised among the two

TABLE IX. Hardware injection recovery by the FrequencyHough pipeline. The second column indicates the total distance metric
among the injection and the corresponding strongest analysis candidate. Columns 3-6 give the error values for the individual parameters
(frequency, spin-down, ecliptical longitude, and latitude). Column 7 indicate the CR of the strongest candidate corresponding to each
injection, and the last column gives the expected number of candidates due to noise, having the same (or bigger) CR value, after taking
into account the trial factor. All the reported values are the mean of individual values found separately in Livingston and Hanford
detectors, with the exception of the CR and N,, for ip3, indicated by an asterisk, for which the reported values refer to Livingston alone.
This hardware injection is very weak and it was confidently detected, after the first follow-up stage, only in Livingston, which has a
better sensitivity at the injection frequency.

Injection dry Af (Hz) A f (nHz/s) AZ (deg) Ap (deg) CR N,
ipl 0.77 1.15x 1074 15.11 x 1073 0.015 —0.027 51.76 0
ip3 1.05 4.88 x 107 3.52x 1073 0.088 —0.377 6.34% 0.04
ip5 1.92 2.65x 1073 9.64 x 1073 0.615 —0.130 41.58 0
ip6 0.16 9.27 x 107° 1.31 x 1073 0.009 0.045 56.05 0
ipl4 1.52 5.77 x 1074 52.27 x 1073 0.054 0.521 20.58 0
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TABLE X. Summary of candidates processed by each of the
veto and follow-up stages of the SkyHough search.

curves. The minimum upper limit is about 1.1 x 1073, at
116.5 Hz.

The search distance reach, expressed as a relation

Search stage Candidates % removed between the absolute value of the first frequency derivative
Clustering 456000 and the frequency of detectable sources for various source
Line veto 414459 9% distances, under the assumption the GW emission is the
27 threshold 3767 99% only spin-down mechanism (NSs in this case are often
gtzgz (1) Z: gtzg: é ?3; ;22 dubbed as gravitars [85]), is shown in Fig. 16.

Stage 3 vs Stage 3 90 48%

Stage 3 vs Stage 4 48 47% 2. Hardware injections

Stage 4 vs Stage 5 36 25%

Table IX shows the error of the recovered signal with

respect to the hardware injections. The reported values have
been obtained at the end of the first follow-up stage, which

TABLE XI.  Surviving candidates of the SkyHough multistage MCMC follow-up using PYFSTAT. 2F corresponds to the loudest fully
coherent F-statistic value of the MCMC run. Band index corresponds to a frequency of (65 4 0.025 x Band) Hz. Reference time is

GPS 1238166018.

Band Candidate f (Hz) f (nHz/s) a (rad) 6 (rad) 2F Comment

834 4 85.872761414  2.41584 x 1073 3.143782737  1.165116066 30.54  Broad spectral feature in H1
834 9 85.873653124 —9.35774 x 1072 3.409549407 1.385107830 36.25 Broad spectral feature in H1
1227 35 95.697667346  —4.89489 x 1072  1.593327050 —1.292111453 31.53 Narrow spectral feature in H1
1229 5 95.725474979  —9.63949 x 107! 0.260240661 —1.008336167 30.87 Narrow spectral feature in H1
1754 1 108.857159405 —8.04825 x 10~7  3.113189707 —0.583577133 1055.70 Hardware injection ip3
1754 2 108.857159406 —8.29209 x 10~7 3.113189734 —0.583577139 1055.69 Hardware injection ip3
1754 5 108.857159404 —7.43862 x 10~7 3.113189647 —0.583577277 1055.71 Hardware injection ip3
1754 10 108.857159405 —7.92726 x 10~7  3.113189663 —0.583577189 1055.71 Hardware injection ip3
1754 13 108.857159406 —8.38377 x 10~7  3.113189745 —0.583577097 1055.69 Hardware injection ip3
1754 14 108.857159405 —8.14434 x 1077 3.113189656 —0.583577155 1055.69 Hardware injection ip3
1754 34 108.857159404  —7.09929 x 10~7  3.113189613 —0.583577327 1055.69 Hardware injection ip3
7251 10 246.297680589 —2.24806 x 107>  1.425124776 —1.242786654 35.79  Narrow spectral feature in H1
8022 0 265.575086278 —4.14962 x 10~ 1.248816426 —0.981180252 1543.70 Hardware injection ipO
8022 1 265.575086279 —4.14969 x 10~3  1.248816468 —0.981180265 1543.68 Hardware injection ip0
8022 2 265.575086278 —4.14961 x 10~ 1.248816419 —0.981180239 1543.69 Hardware injection ipO
8022 3 265.575086278 —4.14964 x 1073 1.248816434 —0.981180252 1543.69 Hardware injection ipO
8022 4 265.575086278 —4.14964 x 10~ 1.248816444 —0.981180252 1543.70 Hardware injection ipO
8022 5 265.575086277 —4.14958 x 1073 1.248816405 —0.981180243 1543.70 Hardware injection ipO
8022 7 265.575086279 —4.14968 x 10~ 1.248816456 —0.981180263  1543.69 Hardware injection ipO
8022 28 265.575086278 —4.14965 x 1073 1.248816441 —0.981180257 1543.69 Hardware injection ipO
8023 0 265.575086278 —4.14964 x 10~ 1.248816439 —0.981180255 1543.70 Hardware injection ipO
8023 1 265.575086278 —4.14961 x 1073 1.248816417 —0.981180250 1543.70 Hardware injection ipO
8023 3 265.575086278 —4.14966 x 10~ 1.248816464 —0.981180249 1543.68 Hardware injection ipQ
8023 4 265.575086279 —4.14969 x 1073 1.248816466 —0.981180264 1543.68 Hardware injection ipO
8023 7 265.575086279 —4.14967 x 10~ 1.248816448 —0.981180256 1543.69 Hardware injection ipO
8023 8 265.575086279 —4.14966 x 10~ 1.248816453 —0.981180260 1543.71 Hardware injection ipO
8023 9 265.575086278 —4.14963 x 1073 1.248816431 —0.981180254 1543.70 Hardware injection ipO
8023 10 265.575086275 —4.14945 x 1073 1.248816284 —0.981180203 1543.26 Hardware injection ipO
8023 11 265.575086278 —4.14962 x 10~ 1.248816419 —0.981180255 1543.69 Hardware injection ipO
8023 12 265.575086278 —4.14963 x 10~ 1.248816435 —0.981180249 1543.70 Hardware injection ipO
8023 13 265.575086277 —4.14956 x 1073 1.248816392 —0.981180234 1543.66 Hardware injection ipO
8023 14 265.575086278 —4.14966 x 1073 1.248816450 —0.981180252 1543.70 Hardware injection ipO
8023 16 265.575086278 —4.14962 x 1073 1.248816403 —0.981180252 1543.65 Hardware injection ipO
8023 18 265.575086278 —4.14962 x 10~ 1.248816430 —0.981180248 1543.66 Hardware injection ipO
8023 19 265.575086278 —4.14963 x 1073 1.248816436 —0.981180254 1543.72 Hardware injection ipO
8023 34 265.575086278 —4.14965 x 1073 1.248816452 —0.981180250 1543.72 Hardware injection ip0
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TABLE XII. Hardware injection recovery by the SkyHough pipeline. For each hardware injection within search range we report the
dimension-wise errors with respect to loudest surviving candidate of the follow-up.

Injection 2F Af (Hz) A f (nHz/s) Aa (rad) Aé (rad) Aa (deg) A5 (deg)
ip0 1543.72 —4.80 x 1077 3.52x 1077 -2.82 x 1077 -2.49 x 1078 —1.62 x 107 —1.43x107°
ip3 1055.71 1.16 x 1078 -7.29 x 1077 9.35 x 1077 1.53 x 107 5.35 x 107 8.74 x 1073

was enough to confidently detect the reported signals. The
second column gives the total distance metric, defined in
Sec. IVA, among the injection and the corresponding
strongest analysis candidate. Columns 3—-6 give the error
values for the individual parameters. Column 7 indicates
the CR of the strongest candidate corresponding to each
injection, and the last column gives the expected number of
candidates due to noise, having the same (or bigger) CR
value, after taking into account the trial factor. As shown in
the table, we have been able to detect five injections in the
analyzed parameter space and the estimated parameters do
show a good agreement with the injected ones. All reported
values are the mean of the values obtained separately for the
Livingston and Hanford detectors, with the exception of the
CR and N, for ip3, for which the reported values refer to
Livingston alone. This hardware injection is in fact very
weak and it was confidently detected, after the first follow-
up stage, only in Livingston detector, which has a better
sensitivity at the injection frequency.

B. SkyHough

1. Candidate follow-up

Table X summarizes the number of outliers discarded by
each of the veto and follow-up stages employed in this
search. A total of 36 candidates survive the complete suite
of veto and follow-up stages of the SkyHough pipeline.
Candidates can be grouped into two sets according to their
corresponding F-statistic value: 31 candidates present a
value of 2F ~ O(10%), while the remaining five candidates
only achieve 2F ~ O(30). Their corresponding parameters
are collected in Table XI.

The 31 strong candidates present consistent values with
the only two hardware injections within the SkyHough
search range: 24 candidates are ascribed to the hardware
injection ip0, while 7 candidates are ascribed to the
hardware injection ip3. Parameter deviation of the loudest
candidate associated to each injection are reported in
Table XII.

The five weaker candidates are manually inspected using
the segment-wise JF-statistic on 660 coherent segments, in
a similar manner to that in [39,67].

The first pair of candidates is found around 85.850 Hz,
where the HI1 detector presents a broad spectral feature.
As shown in Fig. 6, their single-detector F-statistic is
more prominent in the HI detector rather than the L1
detector, and scores over the multidetector F-statistic.

These characteristics point towards an instrumental, rather
than astrophysical, origin.

A second pair of candidates is found around 95.7 Hz. This
frequency band is populated by narrow spectral artifacts
of unknown origin in the H1 detector. Correspondingly, as
shown in Fig. 7, the single-detector F-statistic is prominent
in the H1 detector rather than the L1 detector. Due to the
narrowness of the feature, in this case the accumulation
is better localized around a fraction of the run. As in
the previous case, the single-detector F -statistic scores over
the multidetector F-statistic. These characteristics point
towards an instrumental origin.
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FIG. 6. SkyHough candidates consistent with a broad
spectral artifact in the H1 detector. Upper panel shows the
cumulative semicoherent F-statistic using 660 coherent seg-
ments (7.,, = 0.5 days). Lower panel shows the segment-
wise F-statistic. Dashed red line represents the single-detector
JF-statistic using H1-only data; the dot-dashed blue line repre-
sents the single-detector F-statistic using L1-only data. Solid
gray line represents the multidetector F-statistic. Dotted hori-
zontal line represents the threshold of 2F = 3450 set at the initial
follow-up stage.
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FIG. 7. SkyHough candidate consistent with two narrow spec-
tral artifacts of unknown origin in the H1 detector. The legend is
equivalent to that of Fig. 6.

The last weak candidate in the vicinity of 246.275 Hz,
where the H1 detector presents another narrow spectral
artifact of unknown origin, is shown in Fig. 8. The single-
detector F-statistic is more prominent in the H1 detector
than in the L1 detector, and accumulates rapidly at the
beginning of the run. As in the previous cases, this behavior
is consistent with that of an instrumental artifact.

This concludes the analysis of surviving candidates of
the SkyHough pipeline. Every single one of them could be
related to an instrumental feature.

2. Sensitivity estimation

We estimate the search sensitivity following the same
procedure as previous searches [31,32,34,40,41]. Search
sensitivity is quantified using the sensitivity depth [86,87]

Vi

D=2
ho

(17)

where S, represents the power spectral density (PSD) of the
data, computed as the inverse squared average of the
individual SFT’s running-median PSD [41,61]

N(l
SO =S s

where S, represents the running-median noise floor esti-
mation using 101 bins from the SFT labeled by starting

(18)
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FIG. 8. SkyHough candidate consistent with a narrow spectral

artifact of unknown origin in the H1 detector. The legend is
equivalent to that of Fig. 6.

time ¢, (including SFTs from both the H1 and L1 detectors)
and N, represents the total number of SFTs. The resulting
amplitude spectral density (ASD) /S, is shown in Fig. 9.

The sensitivity depth D*% corresponding to a 95% ave-
rage detection rate is characterized by adding a campaign of
software-simulated signals into the data. Simulated signals
are added into 150 representative frequency bands at several
sensitivity depth values bracketing the D*% value in each
band, as represented in Fig. 10. For each sensitivity depth,
200 simulated signals drawn from uniform distribution in
phase and amplitude parameters are added into the data. The
SkyHough is run on each of these signals in order to evaluate
how many of them are detected, and the resulting top lists are
clustered using the same configuration as in the main stage
of the search.

For each simulated signal, we retrieve the best 40 resulting
clusters. The following two criteria must be fulfilled in order
to label a simulated signal as “detected.” First, the loudest
significance of at least one of the selected clusters must be
higher than the minimum significance recovered by the

x10~%

6.0

ot
ot

ASD [1/+v/H)

5.0 U\,}-’

100 150 200 250 300 350
Frequency [Hz]

FIG. 9. ASD employed by the SkyHough pipeline to estimate
the sensitivity of the search. ASD is computed as the square root
of the single-sided inverse-square averaged PSD using data from
both the H1 and L1 advanced LIGO detectors, as explained in the
text surrounding Eq. (18).
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FIG. 10. Example computation of D% (white star) at a
frequency band by fitting a sigmoid function (blue solid line)
to a set of efficiencies (blue dots) computed using 200 injections
at each sensitivity depth for the SkyHough search. Shaded regions
represent 1, 2, and 3 sigma envelopes of the sigmoid fit. Error
bars are computed as discussed in the main text.

corresponding all-sky clustering; this ensures the signal is
significant enough to be selected for a follow-up stage.
Second, the parameters of the loudest candidate in said
clusters must be closer than two parameter-space bins [see
Eq. (7) and Table IIT] from the simulated-signal’s parameter,
as otherwise the follow-up would have missed the signal.

The efficiency associated to each sensitivity depth E is
computed as the fraction of simulated signals labeled as
detected. A binomial uncertainty JE is associated to each
efficiency

E-(1-E)
Ny

SE = : (19)
where Ny = 200 represents the number of signals. Then, we
use SCIPY’s CURVE_FIT function [78] to fit a sigmoid curve to
the data given by

1

S(D;a,b) =1- )
(Dsa,b) 1 +exp(—aD +b)

(20)

where a, b represent the parameters to adjust. After fitting,
this expression can be numerically inverted to obtain D%,
The uncertainty associated to the fit is compute through the
covariance matrix C as’

05\ 2 oS\ [0S 05\ 2
sD%% = [ (= 2(=) (= - .
\/(m) Caa (0a> <ab> Car + (az;) Coo

(21)

This procedure is exemplified in Fig. 10.

"This method is akin to that employed by the SkyHough search
in [34]. We note that Eq. (19) in [41] is incorrect and should be
equivalent to Eq. (21) in this document. This is just a typographical
error, as the analysis was performed using the correct formulas.
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FIG. 11. Wide-band interpolation D*%(f) of the results

obtained by the SkyHough pipeline. Each dot represents a
D%% at a particular frequency band computed using the proce-
dure exemplified in Fig. 10. The red solid line represents a
nonparametric interpolation using a Gaussian process regression,
as discussed in the main text. The shaded region represents a 3%
relative error with respect to the interpolation and corresponds to
the 98% credible interval.

We compute the average wide-band D*%(f) value
using Gaussian process regression, as shown in Fig. 11.
We fit a Gaussian process using to the ensemble of D%%
obtained from the injection campaign using SCIKIT-LEARN’S
GAUSSIANPROCESSREGRESSOR with an RBF kernel [88].
The uncertainty associated to the fit is computed as the
98% credible region of the deviations with respect to the
Gaussian process regression, which corresponds to a 3%
relative uncertainty. Equation (17) allows us to translate
D%%(f) into a corresonding CW amplitude hg>%(f),
shown in Fig. 12.
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FIG. 12. CW amplitude hQ°% corresponding to the 95%
detection efficiency depth along the frequency band analyzed
by the SkyHough pipeline. Solid line represents the implied hg>%
from the wide-band D%% interpolation shown in Fig. 11. Shaded
region corresponds to the 3% relative error with respect to the
interpolation.
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TABLE XIII.

Hardware injection recovery with the Time-Domain F-statistic pipeline. The first column is the injection index ipN,

where N is the injection number. The last four columns are the differences between the true values of the parameters of the injected
signal ipN and the parameters of the most significant candidate in the subband where injection is added. The second column is the false

alarm probability associated with the topmost candidate.

Injection FAP Af (Hz) A f (nHz/s) Ao (deg) Aa (deg)
ip10 <1078 7.73 x 107* 3.91 x 1073 0.74 1.51
ipll <1078 6.20 x 1073 7.22 x 1072 14.78 248.13
ip5 <1078 1.62 x 1074 6.64 x 1072 30.24 24.83
ip3 0.997 521 x 1072 521 x 1072 3.85 1.56
ip0 0.055 1.84 x 107! 1.15 x 107! 18.94 20.98
ip2 0.275 4.41 x 1075 9.28 x 1073 1.12 0.074

C. Time-Domain F -statistic

In the frequency bandwidth of [20, 750] Hz that we
analyze we have 3245 subbands that are 0.25 Hz wide and
that are overlapped by 0.025 Hz. 104 subbands were not
analyzed because of the excessive noise originating mainly
from the first harmonic of the violin mode, first and second
harmonics of the beam splitter violin mode, and 60 Hz
mains line and its harmonics. This leads to the loss of
around 23.50 Hz of the band. Moreover, we have vetoed
lines identified by the detector characterization group. This
leads to an additional 34.18 Hz band loss. Thus altogether
57.68 Hz of the band was vetoed, which constitutes 7.9% of
the 730 Hz band analyzed. Consequently we searched 3141
subbands. For each subband we analyzed coherently 41
six-day time segments with the F-statistic. As a result with
our F-statistic threshold of 15.5 we obtained 5.47 x 100
candidates.

In the second stage of the analysis for each subband we
search for coincidences among the candidates from the 41
time-domain segments. For each subband and each hemi-
sphere we find the candidate with the smallest coincidence
false alarm probability, i.e., the most significant candidate.
As a result we have 6282 top candidates from our search.
Among the top candidates we consider a candidate to be
statistically significant if the coincidence false alarm
probability is less than 1%. This leads to the selection of
311 candidates that we call outliers. The outliers were
subject to further investigation to determine whether they
can be considered as true GW events. Three of the outliers
were determined to be “artificial” GW signals injected in
hardware to the LIGO detectors data.

1. Hardware injections

In the parameter space analyzed by Time-Domain
F-statistic only six hardware injections were present.
These are injections ip0, ip2, ip3, ip5, ipl0, and ipl1. In
Table XIII we have compared the parameters of the top
candidates obtained in our search in the frequency sub-
bands, where the injections were made, with the parameters
of the injections. In the table we show the false alarm
probability of coincidence of the top candidates and the

difference between the parameters of the candidate and the
parameters of the injections. We see that the two injections
ipS and ipl0 are detected with a very high confidence.
Their false alarm probability is close to 0 and the errors in
the parameter estimation are small. The top candidate in the
band where injection ip11 is located has a very small false
alarm probability; however, the right ascension of the
candidate differs very much from the true value the right
ascension of the injection. A close analysis shows that this
candidate is associated with a strong line present in the
Hanford detector. The line frequency is different from
the hardware injection frequency by only around 10 mHz.
The amplitude of the injection ipl1 is very low. Its SNR
in the six-day segments that we analyze coherently with
JF-statistic is around 4. This is considerably lower than our
threshold SNR of around 5.2 and it is not surprising that the
injection is not recovered. For the remaining three bands we
see that the top candidates have parameters very close to the
parameters of the hardware injections ip0, ip2, and ip3;
however their false alarm probabilities are greater than 1%
and we cannot consider these injections as detected. The
SNRs of the two detected injections ip5 and iplO is
considerably above our threshold of 5.2, whereas SNRs
of the three remaining injections ip0, ip2, and ip3 are close
to our threshold and they could not be detected.

2. Outliers

We have identified 311 outliers in our search. For these
outliers the probability of being due to accidental coinci-
dence between the candidates from the 41 time segments is
less than 1%.

In our search we have vetoed the lines of known origin
identified in LIGO detectors. However, the LIGO data
contained additional lines and interferences. In order to
identify the origin of the outliers in our search we have
performed three independent investigations. First we com-
pared our outliers with the lines of unknown origin
identified by the LIGO data characterization group.
Second we have performed an independent search for
strictly periodic signals in all the six-day time-domain
segments that we analyzed in our search. We have searched
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TABLE XIV. Outlier associated with the hardware injection ip6.

Injection FAP Af (Hz)

Af (nHz/s) A6 (deg) Aa (deg)

ip6 4.02 x 1078 1.54 x 1072

2.26 36.59 314.54

for periodic signals separately in the data from the Hanford
and the Livingston LIGO detector. Thirdly we have
performed a visual inspection of the outliers by searching
the data with F-statistic around the outliers separately in
the two LIGO detectors. In addition we have checked
whether outliers are around the frequencies associated with
the suspension violin mode 1st harmonic around 500 Hz
and the beam splitter violin mode first and second har-
monics around 300 and 600 Hz, respectively. As a result of
the above study 204 outliers were found to be associated
with lines and interferences present in the detector. They
were classified as follows: 146 originated from the Hanford
detector and 21 were associated with the Livingston
detector. One line that appeared in both detectors was
the 20 Hz tooth of the 1 Hz comb known to be present in
both detectors. Thirty-six outliers were associated with the
two violin mode resonances. Two outliers are pulsar
injections ip5 and iplO that were confidently detected
and they are described in Sec. VC 1.

One of the outliers was associated with the pulsar
injection ip6. The frequency of the outlier was only
15 mHz from the frequency of the injection. The injected
signal ip6 has a spin-down of —6.73 x 10~° Hz/s, which is
outside our search range. However, the SNR of the
injection was around 17 for each of the six-day segments
that we analyzed. This resulted in a sufficiently strong
correlation to give a significant signal; however, with the
spin down and the sky position of the outlier very much
displaced from the true values (see Table XIV).

The 102 outliers that could not be associated with
interferences in the detector or hardware injections
appeared with frequencies on the left edges of the
0.25 Hz subbands of the narrow band segments that we
analyzed. To determine whether these are artifacts or they
warrant a further detailed follow-up, we regenerated the
narrow band data where the artifacts occurred, however
with the offset frequencies decreased by 0.125 Hz (half of
the width of the subband). Consequently the outliers that
appeared at the left edges of the subbands, should now be
present approximately in the middle of the subband. We
have then performed a search with our pipeline around the
parameters of the outliers. None of the outliers were found
to be significant. The smallest false probability was found
to be around 59%.

As a result we were left with two outliers for a more
detailed study, with parameters given in Table XV. We
followed up the outliers in the data segments that are twice
as long as the original segments. For each subband where
the outliers are present we divided the data into 12-day

TABLE XV. Outliers of unknown origin from the Time-
Domain F-statistic analysis.

f (Hz) f (nHz/s) 5 (deg) a (deg) FAP
83.52 —-6.58 x 10! —-18.08 179.16 0.0094
726.07 —3.30 x 1072 58.07 190.79 0.0034

segments, and we performed the search around the position
of the outliers. A twofold increase of the coherence times
would result in the increase of the signal-to-noise ratio of a
true GW signal by a factor of /2. We performed a coherent
search 16 grid points in spin down and +4 points in the
sky position around the point of the parameter space where
the outliers should be present. We then performed a
coincidence search. For the two cases we did not find a
significant coincidence. The probability that the best
coincidence was accidental was close to 1.

3. Upper limits

The analysis of the outliers described in Secs. V C 1 and
V C2 has not revealed a viable candidate for a GW event.
We therefore proceeded to establish upper limits on the
amplitude of GW signals in our search. We establish upper
limits in each subband analyzed and for each hemisphere
by using the procedure described in Sec. IV C 2 (as a result
periodic interferences in the data for 201 subbands out of
3141 that we analyzed we were not able to establish upper
limits). The 95% confidence upper limits 20°% for analysis
of LIGO O3 data presented in the paper are plotted in
Fig. 13 in comparison with upper limits obtained with our
pipeline in Ol and O2 data. We see a considerable
improvement which is more than the improvement in the
sensitivity of LIGO data. This additional improvement in
our pipeline sensitivity is around 1/3 and it is mainly due to
changes in the coincidence algorithm. The biggest
improvement for frequencies above 450 Hz is due to the
longer coherence time of six days used in the search,
compared to the coherence time of two days used in our O2
search above 450 Hz.

D. SoAP

SOAP was run on the O3 dataset from 40-2000 Hz
where we are sensitive to a broad range of signals from the
entire sky. To contain an entire signal within a single
subband, its spin-down must be within & ~ 10™° Hz/s up
to 1000 Hz and + ~ 1078 Hz/s above 1000 Hz, therefore
when values are outside this range we lose sensitivity. We
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FIG. 13. Comparison of 95% confidence upper limits on GW

amplitude & obtained with the Time-Domain F-statistic pipeline
in the analysis of Advanced LIGO data. The magenta circles,
green triangles, and blue squares represent the 40°% upper limits
in 0.25 Hz sub-bands of the O1, O2, and O3 data, respectively.

start from a set of 1800s long FFT of cleaned time series
data from the two LIGO detectors HI and L1. As described
in Sec. IVD 1, the FFT are normalized to the running
median of width 100 bins before being split into 0.1 (0.2,
0.3, 0.4) Hz wide subbands overlapping by half of their
width. For each of the subbands, time segments and
frequency bins are summed together, where along the time
axis, 48 FFT (1 day) are summed along the frequency axis,
and every 1 (2, 3, 4) frequency bins are summed respective
to the analysis band. SOAP is then run on each of these
subbands, returning the Viterbi statistic, Viterbi map, and
Viterbi tracks, which can be input to the CNN to return a
second statistic. The number of subbands searched totals to
19868 across all four analysis bands, where for each band
(40-500, 500-1000, 1000-1500, 1500-2000) Hz the
respective total is (9200, 5040, 3263, 2362). Subbands
which contained known instrumental lines identified by the
calibration group are then removed from the analysis leaving
a total number of subbands as 17929, with each separate
band containing (8297, 4494, 2952, 2186) subbands.
Candidates are then selected by taking the subbands which
contribute to the top 1% of both the remaining Viterbi and
CNN statistics. These candidates can then be investigated
further to identify whether a real GW signal is present.
Subbands which contain an instrumental line identified by
the calibration group but also cross the 1% threshold are also
investigated to check whether it is the instrumental line
which causes the high statistic value. There were 293
subbands which were in this category, and in 291 subbands
the Viterbi tracks closely follow the instrumental line, and
the remaining two contained both an instrumental line and a
hardware injection (ip5). These were then reintroduced into
the analysis as the Viterbi tracks did not follow that of the
instrumental line. From the total of the 17929 subbands, 248

were selected for a followup investigation where 107 of
these subbands cross the thresholds of both the Viterbi and
CNN statistics.

1. Outliers

The 248 candidates are then investigated further by
analysing the outputs of the Viterbi search, i.e., the Viterbi
maps, Viterbi tracks and Viterbi statistics, alongside the CNN
statistic and the spectrograms from each detector. Plots of
each of these allow the identification of features which are not
astrophysical but originate from the instrument or environ-
ment. The spectrograms from both detectors summed over
time and frequency, as described in Sec. IV D 1, along with
the optimal Viterbi track, allow us to identify what features
within the data contribute towards the final statistic. For
example, many of the spectrograms contain spectral features
which are far above the noise level and appear in only a single
detector, but still crosses the detection threshold for one of the
statistics. These subbands can be visually inspected, and if
found to contain a nonastrophysical artifact which contrib-
utes to the statistic is removed from the analysis. Of the
subbands that were investigated further, 242 were removed
due to the presence of an instrumental artifact. These range
from broad spectral lines which last the entire observing run
to short duration [O(days)] high power events which
contribute large amounts of power to the statistic. The
remaining subbands contain fake CW signals which were
injected into the hardware of the detector.

2. Hardware injections

In O3 there are a total of 18 hardware injections, where
nine fall within our search parameter space and two of these
(ip] and ip5) appear in subbands which cross our detection
threshold without being excluded. These signals appear in
multiple subbands due to the 50% overlap, therefore the
subband containing a larger fraction of the signal is used for
followup. Two additional injections outside of our “sensi-
tive” range for f also crossed our detection thresholds (ip4
and ip6) as SOAP identified the part of the signal which
crossed the search band. Of the seven injections we did not
detect, two are in binary systems which we are less likely to
detect as this search was optimized for isolated NSs. The
remaining missed injections have SNRs which are below
our expected sensitivity for isolated NSs, therefore would
not be expected to cross our threshold. The two remaining
hardware injections crossed the detection threshold for both
the Viterbi statistic or the CNN statistic. These candidates
were then followed up using the parameter estimation
method described in Sec. IVDS5, where we correctly
recover the injected parameters of the injections.

3. Sensitivity

The sensitivity of SOAP can be tested by running the
search on a set of CW signals injected into real O3 data.
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FIG. 14. Detection efficiencies of the SOAP + CNN search on
isolated NS signals injected into real O3 data. These are shown as
a function of the sensitivity depth for the four different frequency
ranges described in Sec. IV D 1. The efficiencies are calculated
with a false alarm rate of 1%.

A total of 3.3 x 10* signals are injected across each of the
four frequency bands described in Sec. IV D 1, where the
signals have Doppler parameters which are drawn uni-
formly on the sky, uniformly within the respective fre-
quency range and uniformly in the range [-107°,0] Hz s~
for the frequency derivative. The other amplitude

parameters varied in the same ranges as described in
Sec. IVD3. A false alarm value of 1% can be set for
each of the odd and even datasets within the four analysis
bands by taking the corresponding statistic value at which
1% of the noise only bands exceed. Both the Viterbi and
CNN statistics are calculated separately for each of the odd
and even bands. Each of the bands containing injected
signals can then be classified as detected or not depending
on if a statistic crossed its respective false alarm value.
These classified statistics can then be combined together to
produce an efficiency curve shown in Fig. 14, which show
the fraction of detected signals at a given sensitivity depth,
defined in Eq. (17). At a false alarm value of 1% and a
detection efficiency of 95% we are sensitive to signals with
a depth of 9.9, 8.0, 6.5, and 5.3 Hz~'/2 for the frequency
bands 40-500, 500-1000, 1000-1500, and 1500-2000 Hz,
respectively. To further investigate our sensitivity, we split
each of the four analysis bands into smaller bands ranging
from 20 Hz wide at lower frequency to 100 Hz wide at
higher frequencies. For each of these bands a detection
efficiency curve is generated in the same way as for the
sensitivity depth above, however, they are now generated
for values of hj. The false alarm values for each band are
set based on which of the four larger analysis bands that it
falls within. Our false alarm values are then contaminated
by the strongest artifacts within each 500 Hz wide analysis
band, meaning that this is a conservative estimate of our
sensitivity. The error on these curves is found using the
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FIG. 15. Comparison of broadband search sensitivities obtained by the FrequencyHough pipeline (black triangles), the SkyHough

pipeline (red squares), the Time-Domain F-statistic pipeline (blue circles), and the SOAP pipeline (magenta diamonds). Vertical bars
mark errors of &, obtained in the procedures described in Secs. IV and V. Population-averaged upper limits obtained in [39] using the
03a data are marked with dark-green crosses.
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FIG. 16. Left panel: detectable ellipticity, given by Eq. (22), as a function of the GW frequency for neutron stars with the “canonical”
moment of inertia 7., = 103 kgm? at a distance of 10 kpc, 1 kpc, 100 pc, and 10 pc (from top to bottom). Results for the
FrequencyHough pipeline are marked in black, SkyHough in red and for Time-Domain F-statistic in blue. The right panel shows the
relation between the absolute value of the first GW frequency derivative f =2 j‘mt and the GW frequency f = 2f,, (with f
the rotational frequency) of detectable sources as a function of the distance, assuming their spin-down is due solely to the emission of

GWs. Constant spin-down ellipticities e

line marks the maximum spin down searched.

binomial error on each of the points as defined in Eq. (19),
giving two bounds on our efficiency curves. Values of A
for each frequency band can then be selected where the
detection efficiency reaches 95%, defining our sensitivity
shown in Fig. 15.

VI. CONCLUSIONS

In Fig. 15 we summarize 95% confidence-level upper
limits on strain amplitude / for the four pipelines used in
this search. The upper limits obtained improve on those
obtained using the PowerFlux method in early O3 LIGO
data [39]. Our results constitute the most sensitive
all-sky search to date for continuous GWs in the range
20-2000 Hz while probing spin-down magnitudes as high
as 1 x 1078 Hz/s. Only the O2 Falcon search [37,38,89]
provides a better sensitivity in the frequency range 20—
2000 Hz; however it does so with a dramatically reduced
frequency derivative range. In the frequency range of [20,
500] Hz Falcon searches a f range from —3 x 10~'3 Hz/s
to 3x 10713 Hz/s and f range upto [-7.5 x 107'2,3 x
107'2] Hz/s for frequencies above 500 Hz. Thus the Falcon
search parameter space is smaller than ours by factor of
~1.8 x 10* below 500 Hz and factor of 10° above 500 Hz.
A recent search for persistent narrowband gravitational
waves using radiometer analysis of combined O1, O2, and
03 LIGO and Virgo data in the frequency range of 20—
1726 Hz [90] has not revealed any significant signals and
has reported upper limits on an equivalent strain amplitude
in the range of (0.030-9.6) x 10724, As briefly discussed in
[90], the radiometer search is expected to be significantly

, corresponding to this condition, are denoted by dashed green curves. The magenta horizontal

less sensitive than our CW searches for two reasons. First,
the former uses frequency bins much larger than the latter
[1/32 Hz vs O(mHz)], thus collecting more noise in each
bin. Second, it does not take into account the Doppler effect
due to the Earth motion, which causes a spread of the signal
power over several bins (especially at higher frequencies),
thus producing a further sensitivity loss.

We can use the amplitude A given by Eq. (2) to calculate
star’s ellipticity e,

4 hod h
6= %946 x 1076 —2
4G I.f 10

. <1038 kng) (100 Hz)2< d > (22)
I, f 1 kpc

Using the above equation the upper limits on the GW strain
amplitude A, can be converted to upper limits on the
ellipticity e. The results are plotted in Fig. 16 (left panel) for
four representative values of the distance d and they
provide astrophysically interesting results. The NSs with
ellipticities above a given trace and distance value corre-
sponding to the trace in the left panel of Fig. 16 would be
detectable by our searches. For instance, at frequency
200 Hz we would be able to detect a CW signal from a
NS within a distance of 100 pc if its ellipticity were at least
3 x 1077, Similarly, in the middle frequency range, around
550 Hz, we would be able to detect the CW signal up to a
distance of 1 kpc, with € > 5 x 1077, Finally at higher
frequencies, around 1550 Hz, the same signal would be
detectable up to a distance of 10 kpc if € > 2 x 107%. These
levels of ellipticity are below the maximum value of the
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ellipticity that may be supported by the crust of a NS
described by a standard equation of state reported in [91—
93]. However they are above the most recent estimates in
general relativity by [94,95]. The latter do not, however,
exclude larger values of ellipticity when additional physical
processes, such as plastic flow in the crust, are taken into
account. Our upper limits are starting to probe the range
predicted for pulsars by the models of [96], which predict
ellipticities up to € ~ 10~7=107° for younger stars in which
the deformation is not supported by crustal rigidity, but by a
nonaxisymmetric magnetic field at the end of its Hall
driven evolution in the crust. Note however that for known
pulsars at a distance of a few kpc, such as the Crab, the
signal would be at frequencies f < 100 Hz, so still beyond
the reach of our searches.

Another way of representing limits on ellipticity is
shown in the right panel of Fig. 16. Assuming that the
emission of gravitational radiation is the sole energy loss
mechanism for a rotating NS, we obtain the so-called spin-
down limit hgd on the amplitude A, see Eqs. (7)—(9) of [97]:

1 (5GI,|f]\"? 1 kpc
nd == (2221 y055% 10725 (2
0 d<2 3 f x d

y I.. 1/2 /100 Hz\ 1/2 £l 12
10°8 kgm? f 10~ Hzs™! '

(23)

Inverting the above equation and replacing the spin-down
limit amplitude 4! with our upper limit amplitudes h°% we
have the following relation between the frequency deriva-
tive and frequency:

. 2 3 h95%d 2 h95% 2
] _ 2 (" )Ty 54 10-10
56 I, 10

10 kgm? f d \?2
() () () 0

In the right panel of Fig. 16 we have plotted |f| as a
function of frequency f for several representative values of
the distance d and for a canonical value of the moment of

inertia. The NSs with |f] above a given trace and distance
value corresponding to the trace in the right panel of Fig. 16
would be detectable by our searches.

By equating Eq. (2) for the amplitude %, and Eq. (23)
for the spin-down limit, we obtain the following equation
for f:

=

327G B e \?
=3 €l f>~1.72 x 10 14<10_6>

IZZ f >
8 <1038 kgm2> (100 Hz) ' (25)
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FIG. 17. Constraints on f, a quantity that, if less than one,
indicates the sensitivity to a given fpu,, and inspiraling rate
(color) as a function of the secondary mass, with a primary mass
my = 2.5 M, assuming a monochromatic mass function for m,
no rate suppression, and fp,, = 1. These constraints are valid at
distances of O(pc).

The dashed lines in the right panel of Fig. 16 are constant
ellipticity curves from Eq. (25) above. These lines are
independent of the distance d.

In addition to constraints on ellipticities of isolated NSs,
we can make statements about the rate and abundance of
inspiraling planetary-mass and asteroid-mass PBHs [29].
The upper limits presented in Fig. 15 are generic: they
can be applied to any quasimonochromatic, persistent
GW that follows a linear frequency evolution over time
and whose frequency derivative lies within the search
range. Based on these all-sky searches, GW signals from
inspiralling PBH binaries with chirp masses less than
O(1075)M, and GW frequencies less than ~250 Hz would
be identical to those arising from nonaxisymmetric rotating
NSs. Following the procedure presented in [30], and using
the FrequencyHough upper limits in Fig. 5, which cover the
widest range of spin-down/spin-up, we obtain constraints
on highly asymmetric mass ratio binary systems, assuming
that one object in the binary has a mass m; = 2.5 Mg,
motivated by the QCD phase transition [11,26,98]. In
Fig. 17, we plot constraints on the merging rates and an
effective parameter, f, that, if less than one, indicates the
sensitivity to the fraction of dark matter that PBHs could
compose, fppn, as a function of the companion mass m,:

P = fanf (m) f(mo) £ (26)

where f,, is a rate suppression factor, defined to be one,
and f(m;) and f(m,) are the mass distribution functions
for m; and m,, respectively. We assume f(m,) = 1, that is,
a monochromatic mass function peaked at 2.5 M, and that
JSpon = 1. Our results indicate that  lies slightly above one
for a wide range of asteroid-mass BHs within the distance
range of O(pc). However, as the GW detectors become

102008-22



ALL-SKY SEARCH FOR CONTINUOUS GRAVITATIONAL WAVES ...

PHYS. REV. D 106, 102008 (2022)

more sensitive, and especially when future ground-based
instruments come online, we will start to probe a physical
regime of the PBH masses. Thus, these results not only imply
a bright future for analyses for PBHs, but also motivate the
expansion of CW techniques specifically adapted to search
for planetary-mass inspiraling PBHs [29]. While the rates
only depend on the distance reach of the search, i.e., they are
model independent, the constraints on f depend on particular
models of PBH clustering or binary formation. Other models
are certainly just as valid as those that we constrain here
[99,100]; therefore, Fig. 17 should be seen as an example of
the kinds of statements that could be made based on upper
limits from CW searches, and not an absolute statement
about the abundance and rates of PBHs.
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APPENDIX: SCALING FACTORS FOR
FREQUENCYHOUGH UPPER LIMITS

The “population average” upper limit formula given in
Eqg. (6) has been derived in [45]. It assumes an underlying
population of sources randomly distributed in the sky, with
a uniform distribution of the polarization angle y and of the
cosine of the star’s rotation axis inclination angle, 1, with
respect to the line of sight. We show here how to obtain the
scaling factor to be applied for a specific set of source
parameters. The relevant term, which contains the depend-
ence on the source parameters, is [see Eq. (B15) in [45]]

S = (A F, +A,F,)>* (A1)
F,_,F, are the time-dependent detector beam pattern
functions, which can be expressed as
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F () = a(t) cos 2y + b(1) sin 2y,
F.(t) = b(t) cos 2y — a(t) sin 2y, (A2)

where a(t), b(t) explicit expressions are given, e.g., in [47].
The terms A, , A, are given by

1 + cos®1
A =——.
A, =cost. (A3)

Taking the average over all the source parameters, it can be
found

4
S?l,ﬁ.l//,l = <]:2>a,§.y/,l = 5 ’ (A4)

nearly independent of the specific detector being consid-
ered. If we consider a specific set of source parameters
(a,8,y,1), then the only average we need to compute is
over the time and we can write

1 + cos?\ 2
§= (S5 RheoR. (a9
The scaling factor by which the population average upper
limit must be multiplied, in order to refer it to a specific set
of source parameters, is

825
C = 2o, A6
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