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Abstract

The recent detections of gravitational waves performed by the Advanced LIGO and Advanced Virgo
interferometers have established an entirely new channel to probe information from the Universe. In a
complementary fashion to electromagnetic waves, gravitational waves are perturbations of the spacetime,
traveling through the Universe.

So far, the detected gravitational waves were produced as a result of the coalescence of compact objects,
such as black holes or neutron stars. They emit a highly concentrated burst of energy, following a well-
understood propagation mechanism. However, there is more.

It is theoretically described that some compact objects are able to sustain imperfections in its shape for
a long period of time. The most common example is given by a neutron star, the crust of which may
present a small bump which corresponds to a deviation from a perfectly symmetric object. Due to the
persistence in time of such physical mechanisms, the emitted signal presents a remarkable property with
respect with the previous situation: It may last for long periods of time, compared to the extremely short
duration of the coalescence of compact binaries; thus, we label these signals as continuous waves.

The detection of such continuous signals will open a new chapter in gravitational wave astronomy, ex-
tending the field from transient signals to the observation of persistent sources, which can be monitored
with ever increasing precision, over very long periods of time, as is common in traditional electromag-
netic astronomy. Due to the modulation of the signal resulting from the motion of the Earth, it will be
possible to accurately measure both gravitational wave polarizations, and the accurate tracking of the
gravitational wave phase over many years will yield information about the equation of state and possible
transient events like seismic activity in the neutron star crust.

The work presented here further develops the capabilities of the SkyHough pipeline, which is one of
the main tools used by the LIGO and Virgo Collaboration to search for continuous wave signals. This
search algorithm implements the Hough transform, which is a type of pattern recognition algorithm, first
developed to recognize particle tracks in bubble chambers. One of the main advantages of this method
has been its robustness against noise.

As opposed to current searches for transients, like comparable mass compact objects, searches for contin-
uous wave signals are limited by computational resources, and carrying out optimally sensitive searches is
computationally prohibitive. All-sky searches are therefore typically carried out semicoherently: a stream
of data is first split into different time segments, then a suitable quantity measuring significance is as-
signed to each segment. Finally, the results for each segment are combined into a single quantity, which
can be used to state the presence of a signal within the analyzed dataset.

Noise artifacts populate every step of the statistical procedure. Even though one can attempt to construct
an analytical derivation of the noise statistical properties at each step, it is more reliable to work with



numerical approaches, as they take into account the effects measured by the data analysis procedure. A
good representation of the noise distribution is important to state the significance of a certain result.

The main contribution of this work is the development of a new formulation which combines data from
different detectors into a single analysis. This new method relies on a more accurate estimation of the
noise, which replaces the assumption of some prescribed underlying noise distribution, as has been used
in previous versions of the SkyHough pipeline. This noise estimation is based on the introduction of
an efficient random sampling procedure in the large parameter space of signals. Working with this new
accurate estimate of the background noise distribution, one is able to increase the sensitivity of the
searches, as a better understanding of the background behavior translates to a better identification of
signals in terms of its statistical significance.

In addition, I have started to explore further improvements to the SkyHough pipeline: the use of the
universal statistics approach of [26], the use of artificial neural networks for candidate classification, and
the utilization of a method developed by [19] to deal with spectral leakage. These investigations are not
yet concluded, but allow us to explore the directions in which data analysis pipelines for continuous wave
searches may evolve in the near future.

Together with the continuously increasing sensitivity of our detectors, it is expected that these improve-
ments will contribute to keep the SkyHough pipeline at the forefront of data analysis of continuous waves,
pointing us towards the correct way to a first detection.

The document is structured as follows: Chapter 1 introduces the basic theory on gravitational waves and
interferometric detectors; chapter 2 introduces neutron stars, discussing their relevance within the field of
continuous gravitational waves; chapter 3 describes the SkyHough pipeline for the detection of continuous
gravitational waves; chapter 4 introduces the S6 Mock Data Challenge, which is the data set that we used
to test our improvements against previous implementations of the SkyHough pipeline; chapter 5 discusses
the main results, implementing the sampling procedure to properly take into account the contribution of
noise fluctuations into the data analysis pipeline; chapter 6 describes some minor developments, still on
an experimental stage, which could yield relevant contributions to the data analysis procedure; chapter 7
concludes the work, summarizing the main results.
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Chapter

Introduction to Gravitational Waves

1.1 General Relativity: Linearized Theory

Einstein’s general theory of relativity introduces a geometric approach to the description of gravity,
unifying the classical conceptions of space and time into a single object, the spacetime. As a result,
gravity and intertia are sewed together as a pure manifestation of the spacetime geometry.

The actual interaction between matter and geometry is given in terms of the Einstein Field Equa-
tions

Gap = 87Ty, (1.1)

a tensorial equation which involves the Einstein tensor G, and the stress-energy tensor 7T,;. The former
describes the spacetime geometry, while the latter describes the way in which matter flows within it; in
some sense, matter tells spacetime how to curve, and spacetime tells matter how to flow. The equation
is written using natural units: The speed of light is set to ¢ = 1, as well as the gravitational constant
G =1, allowing length, time and mass to be described using the same units.

The Einstein tensor is described in terms of a more fundamental object, the metric tensor g, due to
which spacetime is endowed with a geometry. However, the functional relation between G, and gqp is
highly non-linear, difficulting the task of finding analytical solutions.

Nevertheless, one may try to develop a linearized version of the theory, working on perturbations over a
background metric. For instance, we could choose to set a flat, empty background, where free particles
move following straight lines; such a space would be described by the Minkowski metric 7, and a null
stress-energy tensor, T, = 0. Introducing this considerations into (1.1) and expanding up to linear order
in the perturbation one ends up with a wave equation

Orll =0, (1.2)

where [ represents the D’Alembertian operator and the label TT denotes the choice of a specific gauge
condition. This wave-like perturbations are called Gravitational Waves (GW).

Being a general covariance theory, general relativity allows a free choice of coordinates to describe the
ongoing physics. For instance, the aforementioned Transverse Traceless (TT) gauge is well suited to
describe traveling waves, since they become pure spacetime deformations perpendicular to the direction
of propagation. Choosing a Cartesian frame of reference (t,x,y,z), the amplitude of a GW traveling

11
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Figure 1.1: Effect of the different polarizations of a gravitational wave traveling across a ring of test
masses along the normal direction. They produce perturbations towards perpendicular directions in an
alternated fashion. Both polarizations differ by a rotation of 45°, hence its names. Source: [78§]

towards 4z would be given by

0 0 0 0

TT 0 h+ h>< 0
h’uu - 0 h>< _h+ 0 ) (13)

0 0 0 0

where hy  stand for the two allowed polarizations of a gravitational wave. We refer to [53] for a de-
tailed derivation of this fact. Figure 1.1 illustrates the behavior of both polarizations on a ring of test
masses.

The choice of the T'T gauge implies a particular frame of reference: The coordinate curves are trajectories
of free falling, test masses. That leads to the following result: A pair of test masses initially at rest with
respect to each other before the transient of a GW will still be at rest even after the transient, since their
coordinates, given by its own trajectories, will remain unchanged. However, if we were to compute the
actual distance between the same pair of masses, we would realize a variation due to the gravitational
wave transient, since the spacetime metric is perturbed. Hence, from the TT frame, gravitational waves
deform spacetime.

There exist a second option to model the effects of gravitational waves, more suited to the experimental
measurements: Regard its effects as classical, tidal forces. This can be done by constructing a coordinate
system using rigid rods!, actually encapsulating the effect of gravitational waves into the displacement
between test masses, which are pushed and pulled by a fictitious force. Such a displacement is currently
measured by means of laser interferometry, as we will discuss during the following sections.

1.2 Emission of Gravitational Waves

So far, we have described the traveling process of gravitational waves. If we attempt to describe its
emission, we will inevitably face a major issue, since our linearized theory turns out invalid in the strong
regime that dominates such a process.

2
!Given a rod with length L, the deformation imprinted by the transit of a GW with frequency w is given by AL ~ (U‘J"—O) ,

where wo ~ L' is the fundamental frequency of the rod. Hence, the assumption on rigid rods is valid as long as we consider
them to be as short as needed.

12



1.2. Emission of Gravitational Waves

In order to circumvent this problem, we will grasp the production of gravitational waves through a direct
comparison with electromagnetic theory. Thanks to the similarities between Newton’s and Coulomb’s
descriptions, taking e? — —m? will suffice this purpose. This duality among classical field theories can
be used to identify further variables and impose further constraints into possible emission mechanisms
through the use of conservation laws.

First, as does electrical charge, mass satisfies conservation principle, which forbids any form of monopolar
radiation. As for the dipole radiations, we could attempt to write analogous to the electric and magnetic
dipole radiations: The first one relies on linearly accelerating charges, which translate into accelerating
bodies through the previously stated duality; due to global lineal momentum conservation, this emis-
sion channel becomes forbidden. As for the second one, it can be described in terms of current loops,
which becomes related to the total angular momentum of a system; again, conservation of global angular
momentum vetoes this mechanism. Hence, there is no dipolar gravitational radiation.

We need to reach quadrupolar radiation order achieve a feasible mechanism of gravitational waves emis-
sion. Defining 7., as the mass quadrupole moment, completely analogous to its electromagnetic version,
the metric perturbation in TT gauge for a mass distribution will be given by
L 12G .
hay (t,7) = ;?jab(t —r/c), (1.4)
where 7 represents the position from the source and time differentiation is represented by dots.

The rate of energy emitted through quadrupolar radiation can be expressed as the gravitational luminosity
Law in terms of third temporal derivatives on the quadrupolar mass tensor
1G ... ..ab
Low = gg(jabj ) - (1.5)

Simply stated, any non-axisymmetric mass distribution can potentially emit gravitational waves.

Let us consider particular case of an isolated, quasi-spherical, spinning object with mass M and radius R.
Quasi-sphericity will be achieved by breaking the degeneracy on the three principal moments of inertia
1y, I, I3, using the equatorial ellipticity as an adimensional quantity of such a magnitude

I — I
_ 1.6
€ IS ) ( )
being € = 0 the case of an axisymmetric object. Its gravitational luminosity will be given by (1.5)
G
EGW ~ gﬁngl/ﬁ, (17)

where v stands for the spinning frequency of the object. In order to express the order of magnitude in a
useful manner, we will refer distances to the Schwarschild radius R, = 2GMc ™2 and rewrite frequencies
in terms of the spinning velocity of the body v = 2rRr. All along, we obtain

5 2
Ce (B 0y
Low ~ e (R> (C> , (1.8)

which clearly indicates that the most suitable gravitational wave sources are compact objects (i.e. R ~ Ry)
rotating at high velocities (i.e. v ~ ¢) with a sustained ellipticity e. Being ¢°/G ~ 10°2W, even small
departures from axisymmetry will imply a significant flow of energy.

The related amplitude of the gravitational wave can be derived from (1.4)

_ I3 v 2 /100pc
ho ~ 3-10 25( € ) ( ) 1.9
0 10-6/ \ 103kgm? / \100Hz r ) (1.9)

where the scales are taken in a compatible fashion with nearby neutron stars in our galaxy. It becomes
clear that gravitational waves represent a major trial on experimental physics, due to the extremely small
effects over terrestrial objects.

13
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Figure 1.2: Schematic view of an interferometric gravitational wave detector. Source: [63]
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Figure 1.3: Molweide projection of the Antenna Beam Pattern of an interferometric detector, showing
the response to gravitational waves coming from sources with two particular polarizations. Values close
to £1 indicate that the gravitational wave produces a differential motion over the two arms, while null
values correspond to a gravitational wave which creates a consonant perturbation over both arms.

1.3 Detection of Gravitational Waves

Nowadays, the detection of gravitational waves is performed using interferometric detectors. The idea is
to set up the mirrors that conform the interferometer as free falling masses; that way, a laser beam can
be used to measure spacetime perturbations following the spirit of previous section.

The actual measurement is performed by taking into account the alternated perturbation of mirrors
located at both interferometers. As discussed in figure 1.1, gravitational waves will disturb the position of
free falling masses in a alternated fashion, according to its two polarizations h . Taking the separation
between the beam splitter and the end mirrors to be L, the perturbation due to a gravitational wave can
be expressed in terms of the length variation AL as the strain

n(t) = 220 — b (s (0) + b (1) (1.10)

F  are the antenna beam pattern functions, which represent the response of the detector to a particular
wave polarization coming from the sky position 7 with the main axis of its + polarization twisted by

14



1.3. Detection of Gravitational Waves

Figure 1.4: Interferometric gravitational wave detectors. Left and Center: LIGO Livingston and LIGO
Hanford observatories, located in the United States of America. Right: Virgo observatory, located in
Italy. Source: [50, 85].

an angle of ¥. Figure 1.3 shows the detector response to a certain polarization as a function of the sky
position. The exact form of F; and Fyx can be found in [41].

By principle, interferometric detectors are omnidirectional, as opposed to telescopes, which must be
pointed towards a certain sky position: They act alike microphones. This is advantageous, since almost
every single sky position is covered at once, being the exception the points in which the antenna pattern
response is low,

Although it is an omnidirectional instrument, sky locations can be easily determined using the suitable
startegy: For the case of a continuous signal (i.e. a persistent signal in time), the sky position can be
tracked down using the Doppler effect introduced by the Earth’s movement and the anisotropic detector
response; as for the case of a transient signal, multiple detectors can be used to infer the position of the
source.

Nowadays, there are four operative interferometric detectors around the world, managed by three scientific
collaborations: The LIGO Scientific Collaboration, which runs two interferometers located in the United
States of America; the GEO Collaboration, which runs a 600 meter interferometer located in Hannover,
Germany, and the Virgo Scientific Collaboration, which runs an interferometer located in Italy. LIGO
and Virgo posses the most sensitive instruments, as they are an enhanced version of the initial facilities;
regarding GEO, it is mainly use to prototype and test new features which may become useful for future
generations of gravitational wave observatories.

Such an amount of observatories allows for a substantial amount of measurements to be performed: If
we talk about transient signals, a triple interferometer detection could yield a precise definition of the
sky position, as well as accurate measurements of the gravitational wave polarizations; as for continuous
signal, it would yield a confident check on its persistence, as well as a confident measurement of its sky
location.

1.3.1 Power Spectral Density of a Detector

Interferometric detectors are continuously affected by noise. As we discussed in section 1.2, the expected
gravitational wave amplitudes are located at the bleeding edge of current technology; hence, understanding
the response of the detector to undesired external perturbations is an important task, both to mitigate
them and to prevent spurious results to be treated as detections.

Noise is usually characterized via its power spectral density (PSD); that is,the Fourier transform of the
autocorrelation of an ensemble of measurements n(t). It is customary to use the single sided power
spectral density, which is spanned over the positive frequency region of the spectrum, since any performed

15
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Figure 1.5: Amplitude Spectral Density of the LIGO Livingston (left) and Hanford (right) interferometers
during the last observation runs, O1 and O2. Source: [22].

measurement is going to be a real quantity:

Su(f) =2 / " n(t)n(0))e2m It (1.11)

—00

(-) denotes ensemble average. The actual estimation of power spectral density depends on the kind of
analysis performed, as one has to take into account the presence of real signals within the data: Some
pipelines rely on robust estimations based on the statistical median, while others plead for auto-regressive
estimations. Equivalently, one could quote the amplitude spectral density (ASD), defined as the square
root of the PSD.

Different interferometers will differ on its PSD, either by construction or due to environmental distur-
bances. As so, a new magnitude is introduced to quote the actual sensitivity to a gravitational wave in a
noise-independent fashion. For a gravitational wave with amplitude hg, we define its sensitivity depth as
the ratio between the ASD and the amplitude of the gravitational wave

D(f) = Yol (1.12)

The weaker the signal is with respect to the noise, the deeper it is burdened into the noise.

Figure 1.5 shows the noise amplitude spectral density of the LIGO detectors during the last observation
runs. Multiple effects can cause noise at different frequency ranges. For instance, seismic or instrumental
vibrations couple to the low frequency band of the detector, up to 20Hz, while thermal fluctuations on the
mirrors or quantum fluctuations coming from the laser beam dominate at higher frequencies. In addition,
there is a vast population of transient noise sources related to the environment of the detector, such as
adverse meteorological conditions, interactions with the local fauna or human activity.

Searches for transient signals must worry about that kind of noise, since its appearance in the detector
resembles the shape of a gravitational wave, due to the general trend followed by transient events, ringing
and decaying as a bell would do. However, if we were targeting a persistent signal, our concerns would be
focused on the ensemble of spikes or lines shown in figure 1.5, which correspond to persistent sources of
noise. Some of them are widely know, such as the harmonics of 60Hz, which correspond to the frequency
of A.C. in the US; others, such as the comb of lines presented in both detectors, are poorly understood
and require a further analysis. An study on this subject for the last observation runs can be found in
[22].
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1.3.2 General Noise Contributions

We proceed to expose the main sources of noise in an interferometric gravitational wave detector. Figure
1.6 shows the main contributions at each frequency for the LIGO Livingston interferometer during the
02 observing run.

Below 40Hz, the main noise contribution is given by the seismic noise; that is, vibrations. Any nearby
vibration can potentially reach the detector and couple to the subjection wires of the mirrors. This
is not limited to telluric motion, as there are contributions from the surrounding environment, such as
gravitational gradients, or direct effects on the interferometers, such as human activity,

The central region of the spectra is dominated by thermal noise: Mirrors have finite temperature, which
implies certain vibration of its components. The use of different materials and components can low this
contribution. From a more extreme point of view, it is feasible to work under cryogenic temperatures, as
its done by the KAGRA interferometer, located in Japan [39].

Finally, above 200Hz the dominant noise comes from the laser, called shot noise. Measurements are
performed on a photodiode, using the interference of laser. Due to the quantum effects that get into play,
there exists an intrinsic uncertainty into such a measurement. Nowadays, the use of squeezed vacuum is
being proposed as a solution to this particular contribution.

As interferometers progress, so do their sensitivities. Figure 1.7 represents the sensitivity curves of four
interferometric detectors. Comparing to the sensitivity of GEO600, the improvement on the Advanced
LIGO and Advanced Virgo detectors is clear.

17
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data during the O3 observing run. GPS time is shown in the top label. Vertical axis represents ASD
and horizontal axis represents frequency, both in logarithmic scale. Each color represents a different
interferometric detector. Source: [79].

1.3.3 Persistent Spectral Disturbances: Lines

An important contribution on the noise spectral for the search of continuous gravitational waves are lines.
They represent persistent spectral disturbances, which appear as highly concentrated amount of power
into the power spectral density of a detector. Figures 1.5, 1.6 and 1.7 show a sample of them.

There are several types of lines: Calibration lines are located at certain frequencies on purpose, in order
to gauge the behavior of the detector. Power lines are a direct consequence of the AC electricity in the
United States; they are located at the harmonics of 60Hz, and can be clearly seen in figure 1.7. Violin
modes are due to the mechanical suspensions of the mirrors. Combs are sets of lines the nature of which
is not clearly understood; they were prominent in O1 data, but they seem to be fainted away during the
02 observing run, as clearly seen in figure 1.5.

Summarizing, interferometric detectors are affected by a wide variety of noise artifacts, even though
technological improvements are being continuously made in order to suppress its contribution to the
search for gravitational waves.
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Chapter

Neutron Stars as Gravitational Wave Sources

The following chapter will be devoted to the description of Neutron Stars as continuous gravitational
wave sources. The first section will expose such objects from the physical point of view, giving a brief
insight into the information they could provide. The second one will describe the continuous signal
yielded by neutron stars, as measured from an Earthbound detector. During the third section, we will
overview the main data analysis strategies for the detection of such signals. Finally, the fourth section will
expose the current state of continuous gravitational wave searches within the LIGO and Virgo scientific
Collaboration.

2.1 Physics of a Neutron Star

The first appearance of a neutron star (NS) into Physic’s literature was due to Bade and Zwicky [86],
who proposed them as the product of a certain kind of supernova processes. Due to the lack of plausible
candidates, they befalled into the oblivion until a few decades later, when a team guided by Anthony
Hewish detected a regular, stable radio signal comming from a certain sky position [34]. After an initial
speculation on extraterrestrial live, the consistency of such a signal with a spinning neutron star pointing
one of its material jets towards the Earth in a periodic motion was proven [32]. Such sources, which
produced pulsations in the radio frequency band, where called pulsars.

Neutron stars are one of the most compact objects in the Universe, condensing a around 1— 2 solar masses
(Mg) into a radius of 20 — 30km. Its main channel of formation is due to the collapse of certain stars
with masses above 8 M, [20].

Its internal structure is a nowadays matter of discussion, since it represents one of the most extreme
conditions in which matter can be found in the Universe. Current models agree in the existence of an
external crust made of metals, which encloses an internal, highly degenerated matter region. The density
of the internal fluid is such to produce a high number of electronic capture processes, creating neutrons
that can not decay via [-processes due to the degeneracy of the surrounding electrons. This causes
a neutron drip, which, close to the internal region of the star, becomes a superfluid of neutrons. In
addition, nuclei are effectively dismantled, not only allowing protons and electrons to wander around, but
also producing an effective proton-proton pairing that yields a superconducting fluid. As for the innermost
region, some models predict a solid nucleus of quarkonic matter [48].

The pulsating mechanisms by which the first pulsars were observed is also under current discussion. Its
existence can be justified in terms of the freezed magnetic field within the superconducting fluid of the
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neutron star: Due to the rapid rotation of the neutron star, an electric field is induced in its vicinity, which
ends up forming a magnetosphere of particles being dragged and ejected as its velocity is increased.

Glitches are another observed process into pulsars. They consist in an abrupt decrease of the rotation
period of the body. Its underlying mechanism is not currently well understood, but it could be related to
instabilities into the internal structure.

Being such an extreme case of degenerated matter, any information probes into neutron stars could lead
to major improvements on the current understanding of quantum chromodynamics (QCD). However,
electromagnetic technologies are only able to detect a certain type of neutron stars: those ones whose jet
points towards the Earth; otherwise, no light comes to us. For this precise reason, we aim to describe the
possible gravitational wave emission mechanisms of neutron stars, in order to detect its physical paw into
the spacetime curvature.

2.1.1 Emission Mechanisms

We proceed to describe the gravitational wave emission mechanisms of isolated, rapidly spinning neutron
stars. Such celestial bodies can be found in multiple astrophysical situations, such as is binary systems
with a companion star, with another neutron star or even with a black hole. Each of those systems
presents its own emission mechanisms, which will not be discussed in detail in this work. We will focus on
continuous emission mechanisms; that is, gravitational wave emissions which persist during long periods
of time.

There are three plausible emission mechanisms within the LIGO frequency band. Each of them relies on
the sustain of a deviation from axisymmetry into the structure of the spinning neutron star, producing
an overall time-dependent quadrupolar moment.

e Crustal deviations from axysimmetry

The first mechanism was already exemplified during section 1.2. It consist in the sustain of a bump into
the outermost layer (the crust) of the neutron star. As mentioned before, such a deformation is quantified
in terms of the equatorial ellipticity €, given by (1.6), leading to an characteristic amplitude given by (1.9).
The frequency of this gravitational waves would be twice the spinning frequency of the neutron star; that
is, fo = 2v using the previously established notation.

In order to fully understand the magnitude of such deformations, one recurs to numerical descriptions
of the crust, using a wide variety of hypothesis regarding its structure and composition. For a standard
Neutron Star, maximal ellipticity values are given by ¢ ~ O(107°), although lower values are equally
likely due to the high uncertainty on the actual crust composition. Ellipticity can grow until e ~ O(1073)
if we include quark matter into the equation of state [37, 42].

e Non-axysimmetric fluid instabilities

A second mechanism relies on internal structure of neutrons stars: Coriolis force could lead to the ex-
citation of toroidal r-modes into the internal fluid, leading to sustained, non-axisymmetric instabilities.
This particular mechanism relies on young neutron stars, or even neutron stars in an accreting ambient,
to satisfy the suitable conditions into the surrounding fluid.

Nevertheless, the nature of r-modes tends to be futile, lasting for too short periods of time as to be
considered into continuous gravitational wave searches [54].

e Free precession

The dynamics of a neutron star present a phenomenon of precession when the angular momentum of the
star is not aligned with its symmetry axis. This situation could be given by several mechanisms: a glitch
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Figure 2.1: Population of known pulsars in terms of its rotation period and its first derivative. Pulsars in
a binary system are highlighted by open circles. Lines of constant magnetic field (dashed), characteristic
age (dot-dashed) and spin-down energy loss are also shown. The vertical green line marks the neutron
stars within the LIGO frequency band. Source: [51].

process undergoing into the celestial body, a nearby encounter with another neutron star, or even the
presence of a crustal imperfection.

The amplitude of the resulting gravitational wave is described in terms of the wobble angle of the precession

0., as
_ 0 1kpc Vo2
27 ( Yw
fio ~ 10 (0.1)( d )(500Hz> ’ (2.1)

where d represents the distance to the source and v the rotation frequency of the star.

The possibility of detecting this type of signal was discussed by [44], leading to rather pessimistic results
due to the damping mechanisms which affect the wobble angle.

2.1.2 Population of Neutron Stars

Estimations on the neutron star population of the galaxy yield close to 10% neutron stars in the Milky
Way, taking into account the rate of stars going supernova in our galaxy [51]. The actual estimation
breaks this number into 10° pulsars (with only ~ 2700 discovered) and 107 unseen neutron stars, either
because its faintness or the absence of electromagnetic jet pointing towards the Earth.

Figure 2.1 shows the current known distribution of neutron stars in terms of its rotation period and its
first derivative!. The decrease in the rotation period of a neutron star is a natural consequence of its

![35] maintains a census of known neutron stars, as well as its current values of rotating frequency and spin-down.
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behavior, since electromagnetic waves are continuously expelled due the strongly varying electromagnetic
fields, as well as possibly gravitational waves, as stated before. For later convenience, we will equivalently
use the rotation frequency of the star v and its first temporal derivative 7, called spin-down, in terms of
the rotation period.

The period distribution suggest the existence of, at least, two great groups of pulsars; namely, the ones
with periods between 0.25s and 2s and the ones with periods around milliseconds.

The most well-known pulsars, Vela (PSR B0833-45) and the Crab (PSR B0531+21), belong to the first
group. They established a solid, positive evidence in favor to the relation between pulsars and super-
novas.

As for the second group, the fact that they predominantly belong to binary systems, together with its
high rotation frequencies, suggests that they are in fact recycled neutron stars, spun up by the accretion
of matter [55]. The accretion process could produced sustained quadrupole deformations which may yield
an emission of gravitational waves [83]. It is observed that this sub-family of pulsars rotates at a low
frequency, compared to the maximum imposed by centrifugal break-down. A proposed mechanism which
allows this kind of behavior is the emission of continuous gravitational waves, which compensates the
acretion spin-up.

A further pulsar characterization can be made in terms of the braking index n, which characterizes the
main source of energy loss of the neutron star by means of the relation between its frequency and its
spin-down

v=—kv", (2.2)

where k is a structural constant of the star. Differentiating with respect to time, we obtain a measurement
for n

(2.3)

A braking index of n = 3 corresponds to a pure magnetic brake by means of dipolar radiation; pure
gravitational brake due to sustained quadrupole deformations are characterized by n = 5, while saturated
r-mode emission implies n = 7. Values below n = 3 can be justified in terms of time dependent magnetic
dipolar orientations or outflowing particles.

This kind of information is useful to constraint the amount of gravitational waves radiated by neutron
stars. Currently, only nine pulsars have measured braking indexes due to multiple effects disturbing a
clear measurement of ¥/, ranging from n = 0.9 £ 0.2 to n = 3.15 + 0.03 [52].

A second characterization can be made in terms of the mazimum amount of energy released as gravi-
tational waves by a neutron star, imposing the current spin-down of the star to depend entirely on its
gravitational wave emission. Let us work out the case for a neutron star with a crustal deformation
characterized by a certain equatorial ellipticity €. As stated during section 1.2, the gravitational wave
luminosity of such a physical system is given as

Low = 769 (mv)?* 132, (2.4)

where v is measured in Hertz, hence the 7 factors. As for the rotational kinetic energy of the neutron
star it is given by [57]

1
Kot = 513(27w)2. (2.5)

At this point, it suffices to set Law = —Kror in order to set upper bounds on the desired magnitude. If we
assume I3 = 0, which corresponds to a stable neutron star, we obtain an upper bound on the equatorial
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ellipticity given by

5¢5 |V
sd
=\l 2.6
512m4GI5 v° (2:6)
Following (1.9), the corresponding gravitational wave amplitude is given by
1 [5GIs |y
hgd = ~ =, 2.7
0 rV 2 b (2.7)

Section 2.4 will shows the utility of this magnitude during: Even though no gravitational wave signals
have been detected so far, the analysis of multiple pulsars can set upper bounds in the actual amplitude
of gravitational wave emissions. Comparing this upper bounds with the corresponding spin-down limit of
each pulsar yields valuable information about the physics governing that particular neutron star, as well
as about the current state of gravitational wave detectors and search algorithms.

2.2 Signal from an Isolated Neutron Star

Independently of the multiple mechanisms which could sustain a continuous gravitational wave emission
from a neutron star, the main features of the signal will be completely identical: A quasi-monochromatic
emission, slowly damped due to the multiple radiation channels of the astrophysical body. It is worth
noting that the neutron star could be surrounded by an accreting disk of matter which, effectively, spins
it up, producing a net increase in its rotation frequency.

The description of a continuous gravitational wave signal depends on the referential frame being used,
either the proper frame of the source, the solar system baricenter (SSB) or the detector’s frame. We will
start from the frame of the source, explicitly describing the propagation of the signal until its arrival to
the interferometric detector as stated by [41].

2.2.1 Phase and Frequency: From the Source to the Detector

The phase of a gravitational wave signal from the referential frame of the source is described, in terms of
its proper time 7, as

fNS n+1.
Pns(7) = ¢o + 27 Z ; (2.8)

consequently, the instantaneous frequency of the gravitational wave signal is given by its time deriva-
tive

frs(r) = - 42ns(1) Z , (2.9)

2 dr

which clarifies the meaning of the expansion coefficients: f{ represents the initial frequency of the signal
at certain 7 = 0, whereas f <o model the spin-down of the signal using a set of s polynomial terms.

The propagation of this signal into the detector’s frame will be done in two steps: The first one will put
the signal into the SSB, and the second one will push it forward to the detector. Doing so allows for
a separation between two families of effects, namely The ones related to the propagation of the signal
from the source, and the ones related to the proper movements of the Earth around the SSB and its own
axis.

We start by assuming an isolated neutron star moving in a uniform way with respect to the SSB, although
one could drop this assumption at the price of taking further parameters into account. Defining tgsp as
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the time coordinate of the solar system baricenter, the condition which links the phase measured by both
referential systems is given by

Pssp(tssB) = Pns(7(tssB)) (2.10)

which takes into account the propagation time of the signal as well as the relativistic corrections to change
between time coordinates in relative motion. Applying the previous assumption on the proper movement
of the star, on ends up with a power expansion analogous to (2.8) for the phase into the SSB

S
b 41
Pgsp(tssp) = o + 27 Z GRSl _:1)|t(sgB i (2.11)
n=0 ’

where the exact form of tsgp = tgsp(7) has been kept implicit. It is important to note that the spin-down
coefficients described in the solar system baricenter do not have to be equal to the ones in the proper
frame of the source, fN° # f,. Consequently, the frequency observed from the SSB will be given by

1 d®ssp ° fn
t = — = A 2.12
fssB(tssB) o dtss ;:0 SSB (2.12)

Last, we need to push the signal forward to the detector frame. In order to do so, let us define ¥ as the
velocity vector of the detector in the SSB frame, 7 as the sky position of the source with respect to the
detector, and Ar = ¥ — 7y as the displacement of the detector in the SSB frame with respect to a fiducial
initial position 7j.

We define t as the time coordinate of the detector frame. This new time can be related to tssg by taking
into account several effects in its relativistic formulation, such as the Shapiro effect [66], which is due to
the deflection of null geodesics in the presence of matter, and the Doppler effect, which is produced by
relative motion among wave emitters and receptors.

For the former, it can be shown that its effects become unobservable for the matters of continuous
gravitational waves [41]; as for the later, the characteristic speed of rotation and translation of the
Earth are at most 10~%c and 10~ 5¢ respectively, hence relativistic corrections can be dropped from the
expansion.

Therefore, the frequency of the gravitational wave signal at the detector frame is expressed as

s = ssn(o) (14 T (213

where the detector’s time ¢ is related to tggp accordingly with the stated simplifications

Ar(t) - fi(t
tssp = £ — to + ST )C oy (2.14)

being ¢y a fiducial initial time.

2.2.2 Amplitude of the Gravitational Wave

The response of an interferometric detector to a passing gravitational wave was already discussed in
section 1.3: The measured strain depends on the antenna response functions of the detector and the
gravitational wave polarizations of the signal, which depend on the actual source being studied.

For the case of a continuous wave signal, they can be stated in terms of the signal phase ®(7) and two
amplitude functions A » as
hi(T) = Ay(7)cos ®(7), (2.15)
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hy(T) = Ax(7)sin ®(7), (2.16)

where the notation is consistent with the one of the previous section. For a source like the deformed
neutron star described in (1.9), such functions are

1
Ay = §ho (1+ cos? L), (2.17)

Ay = hgcost, (2.18)

where ¢ represents the angle between the neutron star’s axis of rotation and the direction of 77. ¢+ = 0, 7 cor-
responds to a circularly polarized wave, while ¢« = 7/2 corresponds to a linearly polarized wave. As clearly
seen from the previous expression, they represent the best and worst cases of a signal, respectively.

2.3 Data Analysis for a Continuous Gravitational Waves

As discussed during section 1.2, continuous gravitational waves represent a technological challenge due to
its faintness, in comparison with other forms of gravitational waves emission. Even taking into account
the increasing sensitivity of the current LIGO and Virgo detectors, one needs to come up with the suitable
data analysis strategy in order to recover a signal buried into the noise. To do so, several frameworks have
been developed, depending on the characteristics of the source being searched, and the way information
is treated during the process:

e Targeted Searches

As suggested by its name, this type of search deals with sources whose parameters are already restricted
to a tight region of the parameter space thanks to a complementary information channel. For instance,
we could dispose the sky position of a pulsar via electromagnetic observations, or even describe its actual
phase evolution taking into account glitches and any observed transient effect. This situation eases the
use of highly significant methods under controlled computational budgets with respect to other kinds of
searches.

e Blind Searches

On the contrary, this searches look for a priori unknown continuous wave sources. The strategy is quite
different with respect to the previous case, since the lack of constraints forces us to perform wide analysis
on the parameter space. As a consequence, it is not affordable to attempt the most sensible strategies due
to its high computational cost. Hence, the sensitivity is lower with respect to targeted searches.

e Directed Searches

In some cases, there are certain sky regions in which neutron stars are more likely to be found, even when
no electromagnetic counterpart has been detected. Such is the case for supernovae remnants, which can
be well located in the sky. This searches focus on the frequency and spin-down parameters of the source,
conforming an intermediate step between targeted and blind searches.

This division already introduces the need for different data analysis strategies: On the one hand, we
require powerful methods, able to analyze specific regions of the parameter space with a high sensitivity;
on the other, it will be useful to dispose of less powerful strategies in order to swap wide domains of the
parameter space and spot interesting regions.

We will describe the two main lines of analysis of gravitational wave signals, coherent and semicoherent
methods. Its difference relies on the way they treat the data, with direct implications on its computational
costs.
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2.3.1 Coherent Methods

The basic data analysis procedure consist of a direct comparison between data and signals; such an
algorithm is called matched filtering, and its derivation can be statistically formulated in terms of a
maximum likelihood estimator. The performance of this algorithm relies on the capability to produce
templates of continuous wave signals for different combinations of parameters, being the dependency of
such templates with respect to its parameters the key feature on the computational costs of a search.

From an operational point of view, it is said that this algorithm takes into account the phase of a signal,
which provides more information than its frequency. Hence it is labeled as a coherent method.

Let us consider a parameter space of templates described by four parameters X = (fo, 7, f1), where fo
stands for the frequency of a signal, f; for one the spin-down parameter and 7 for the sky position. Given
that we need to compare multiple templates in order to unveil the presence of a signal into the data, it is
natural to ask how many templates should one take into account for this purpose.

As described by [61], the answer depends on the frequency of the template, due to the Doppler modulation
suffered by the signal. If we consider a small volume of the parameter space, say dA, the amount of
templates within that volume will be given by

ANf o T3, f2dX, (2.19)

where Tis stands for the temporal duration of the data. Moreover, each templated has to be integrated
by the matched filtering procedure during the whole span of the data; hence, the computational cost for
an amount of d/V; templates is going to be

dC® = TopsdNE o TS £2dX. 2.20
t obs

As described in [46], this analysis easily overcomes the computational costs affordable by current com-
puters for wide searches of the parameter space. However, it is well suited for targeted searches, due to
the reduced amount of templates to take into account.

2.3.2 Semicoherent methods

Semicoherent methods constitute the second major family of data analysis algorithms. Opposed to the
previous one, the main source of information is not the phase of a signal, but its frequency. The main
strategy consists in the split the whole data, with a duration of Ty}, into smaller segments, with a duration
Teon < Tops- Each segment is analyzed using the previously mentioned coherent method, and the results
are added up following a statistical prescription which takes into account the frequency evolution of the
signal, hence incoherently. As a result, the amount of templates to be taken into account is given by
61)

AN? o Tos T, f2dX, (2.21)

while the computational costs scales as
dC® = TopedN§ o T2 T, f2dX. (2.22)

Comparing this result with that of a coherent method (2.20), it turns out that

dCs Toon \ A
. 2.2
dCe x <Tobs) ( 3)

For a typical segment length T.,n = 1800s and 30 days of observation time, the computational cost
reduction achieved by a semicoherent method is O(10713) with respect to a coherent one.
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As a result, the main strategy followed by the LIGO and Virgo collaboration is that of a hierarchy: Inter-
esting candidates yielded by semicoherent methods are further studied under the lens of a coherent method,
thanks to the reduction of the interesting parameter space region yielded by the first method.

2.4 State of the Art on Continuous Wave Searches

We proceed to end this chapter with a brief review on the latest results given by the last observing run,
02, performed by the LIGO and Virgo interferometers.

Given that no continuous gravitational waves have been detected so far, the results are quoted in terms
of upper limits on the gravitational wave amplitude hg for a certain confidence level, the exact meaning
of which depends entirely on the statistical prescription used by the search. Moreover, upper limits can
be translated to another quantities, such as the ellipticity €, by accepting a certain emission mechanism.
Finally, searches for known pulsars can also benefit from the previously discussed spin-down limit (2.7),
which will ease the task of describing the energy budget of a star.

2.4.1 All Sky Search

The all sky search is devoted to the detection of continuous gravitational waves coming from unknown
sources. It is composed by three semicoherent pipelines: Time-Domain F-Statistic, SkyHough and Fre-
quencyHough [9]; the first one is based in a semi-coherent implementation of the F-statistic, which is the
optimal test for the detection of continuous gravitational waves using a coherent analysis; the later ones
are different implementations of the Hough Transform, to be discussed during the following chapter.

Its results are given in terms of frequentist upper limits on the amplitude hg. Its construction is based
in the generation of a random ensemble of continuous wave signals. Then, the ensemble is added to the
detector noise, in order to be looked for such. The amount of detected signals yields an estimation on the
minimal strength for a signal to be detected under the current configuration of the searches.

The upper plot in figure 2.2 shows the 95% confidence upper limits for the three pipelines. In addition,
the lower left and lower right panels propagate the amplitude upper limit to the ellipticity and the first
spin-down parameter for different distances. The diverse morphology of each curve is due to the details
in the upper limit computation of each pipeline.

These values are useful in the sense that they provide astrophysical information on the nature of neutron
stars. For instance, the upper limits on ellipticity are below the maximum ellipticity expected for a neutron
star using a standard equation of state [42], whilst the upper limits on spin-down are to be compared
with the expected energy emission of the sources.

2.4.2 Targeted Search

The targeted search looks for gravitational wave emission from 222 known pulsar using three different
search methods, namely a Bayesian parameter inference using time-domain data, a coherent F-statistic
and the 5n-vector method [76].

The pipelines benefit from optical observations of the pulsars to restrict the parameter space and legitimate
a coherent approach to the data analysis. The construction of upper limits is different for each pipeline,
since their statistical development is based in different paradigmata. The results are shown in figure
2.3
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Figure 2.2: Results of the All Sky search performed over O2 data. Upper: 95% confidence frequentist
upper limits on the gravitational wave amplitude for the three pipelines involved in the search. Lower
Left: Upper limits propagated to equatorial ellipticity using equation (1.9) for the canonical value I3 =
1038kg - m? and different distances. Lower Right: Upper limits propagated to the maximum allowed
spin-down value for a spinning neutron star assuming a pure gravitational wave emission. Dashed lines
represent regions of constant source ellipticity. Source: [9].
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Figure 2.3: Results of the Targeted Search after the O2 observing run. Upper: Amplitude upper limits
for the known pulsars, compared to its spin-down limit. Lower: Propagation of the upper limits to the
maximum allowed ellipticity for the known pulsars, as well as a measurement on its quadrupole mass
moment. The conversion to ellipticity is alike to the one made in figure 2.2. Source: [76].
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Figure 2.4: 95% frequentist upper limits on the gravitational wave amplitude coming from a set of 33
pulsars with known sky position. Pulsars that glitched during the observing run got assigned two upper
limits: one before the glitch (BG), and one after the glitch (AG). For comparison, spin-down limits are
quoted with 1o error bar on the distance uncertainty. Source: [75].

Dealing with known sources eases the comparison of results with the spin-down limits derived during
previous sections, imposing tight restrictions on the energy budget of each neutron star.

In this case, the spin-down limit is beaten for several pulsars, being Vela and the Crab, long-run signif-
icant targets of this type of searches, among them. Respectively, the energy budget obtained by their
upper limits places the gravitational wave emission below the 0.017% and 0.18% of the overall energy
emission.

Under the light of this results, is expected for the O3 observing run to yield measurements bellow the spin-
down limit for millisecond pulsars, which represent another prominent target on the search for continuous
gravitational waves.

2.4.3 Narrow Band Search

The narrow band search enters the domain of targeted searches, as it is designed to look for gravita-
tional wave signals coming from neutron stars whose position is well known via a third-party procedure,
usually an electromagnetic measurement. However, it uses a coherent method which allows for a certain
mismatch between the signal model an the phase measured by electromagnetic observations, the 5-vector
NarrowBand pipeline [75]. This phenomenon can be produced by multiple factors, such as electromagnetic
torques, free precession, or inaccurate sky position measurements due to gravitational interaction

Figure 2.4 shows the 95% frequentists upper limits on amplitude given by the search after the O2 analysis.
The mechanism to generate upper limits follows the philosophy of all sky searches, although it has to
be accommodated to the particular gimmicks of the narrow band analysis. Those neutron stars which
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Figure 2.5: Results of the Directed Search for one of the sky position of Fomalhaut b after the O1 observing
run. The horizontal line represents a first guess on the upper limit using energy conservation arguments.
Each point represents an upper limit on a 1Hz frequency band. Wide and deep refer to the best and
worst case scenarios for the energy conservation argument. Points located in an upper line represent 1Hz
bands where data quality allowed no upper limit to be set. Source: [10]

undergone through a glitch process during the observing run were analyzed twice: before and after the
glitch.

The minimum bound on gravitational wave energy loss imposed by the upper limits is 0.8%, while the
maximum ellipticity is € ~ O(107?). It is worth mentioning that the upper limits over pulsars undergoing
a glitch process are worse than the ones obtained by the O1 analysis due to the separated analysis between
before-glitch data and after-glitch data.

2.4.4 Directed Search

Directed searches select a certain number of interesting sky regions where a neutron star could be located.
During the last directed search [10], sixteen candidates where selected: fifteen supernova remnants and
Fomalhaut b, a directly image extrasolar candidate which could turn out to be an old neutron star
[36].

The search is performed using the multi-interferometer F-statistic, which is the optimal statistic for
the search of continuous gravitational waves [41]. It looks for three parameters, namely frequency and
two spin-down parameters. As already commented, sky locations are obtained by other means, such as
electromagnetic observations.

Upper limits for the Fomalhaut b search are shown in figure 2.5. They are set in a similar manner to
the one used for all sky searches. Equivalently, the maximum allowed ellipticity is ¢ ~ O(107) for the
high frequency range. The object is too old to sustain an r-mode emission. The same celestial body was
looked for by the Chandra X-ray telescope, although its emission was not detected [68]. All in all, the
true nature of Fomalhaut b is unclear, yet the possibility of being a nearby old neutron star is not ruled
out by any of the available channels of information.

2.5 Summary

Continuous gravitational waves have not been detected so far. Yet, its physical implications contribute to
the actual neutron star physics by setting experimental bounds on the theoretical, physical values, which
present a high degree of dependency on the available equations of state.
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The continuously increasing sensitivity of the detectors allows for the establishment of more stringent
upper limits on the multiple searches. In particular, targeted searches towards millisecond pulsars are
close to beat its spin-down limit, the first milestone towards the characterization of the energy budget of
a pulsar. It is expected that future science runs will deliver the required sensitivity to do so.

As detectors improve, so do data analysis pipelines. Pipelines are in continuous motion, improving multiple
steps both in terms of sensitivity and computational efficiency. Different ways of dealing with signal model
imperfections or background fluctuations are the main key difference; understanding the their effects on
each particular statistic will ease the development of vetoes and follow up strategies, refining the search
capabilities towards a first detection. Moreover, the use of Machine Learning algorithms [16, 28], firstly
implemented for the recognition of noise artifacts and transient signals, can be extended to the search for
continuous gravitational waves. Their pattern recognition capabilities could be useful to neglect spurious
artifacts according to its shape into the parameter space. In addition, significant efforts are being put
into the implementation of effective computational subroutines like, for instance, the use of Graphical
Processing Units (GPU) to optimize particular search loops over the parameter space [23].

Finally, we focused on rapidly-spinning isolated neutron stars as continuous gravitational wave sources;
many other celestial structures are able to gravitational waves in a sustained fashion. As shown in figure
2.1, rapidly-spinning neutron stars can be in a binary system, introducing yet another Doppler modulation
into the signal. Several search pipelines have been proposed to cover such sources [31], although no
gravitational waves have been detected so far.
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Chapter

The Hough Transform for Continuous
Gravitational Waves Searches

The Hough transform conforms the computational core of one of the current pipelines on the hunt for
continuous gravitational waves within the LIGO Collaboration: The SkyHough pipeline. Although its
origins can be trace back to a pattern recognition algorithm for particle traces in bubble chambers [38],
further developments increased its range of applicability into the image recognition world [27], allowing
for the detection of arbitrary shapes.

Within the field of gravitational wave astronomy, the Hough method started its path during the second
science run of the initial LIGO detectors (S2) [4], targeting isolated, rapidly-spinning neutron stars, and
it kept working through the S4, S5 and S6 science runs [71, 1, 77]. It has been currently used to analyze
the observation runs of the advanced detectors, O1 and O2 [6, 8, 9], yielding competitive results with
respect to other pipelines.

The modern SkyHough pipeline is built on top of an initial implementation of the Hough transform for the
detection of continuous gravitational waves [46], which has been further modified in order to improve its
sensitivity. Following its example, several other pipelines were implemented on the same basis, targeting
different ideas: The FrequencyHough pipeline [13], focusing on continuous waves from isolated sources as
well; the Adaptative Transient Hough method [59], conceived as an implementation to search for long-
duration gravitational wave emission from post-merger remnants; and the Binary SkyHough pipeline
[23], intended to detect continuous gravitational waves from rapidly-spinning neutron stars in binary
systems.

Nowadays, the pipeline has a hierarchical structure [25], which allows for a re-analysis of interesting
portions of the parameter space using different tools, such as a x? veto procedure [24]; as a second step,
candidates to gravitational wave signals are compared among different detectors; surviving candidates, if
they exist, are clustered together, yielding a portion of the parameter space to be followed up using more
powerful methods [8, 9].

Such strategies were tested against several other pipelines using a Mock Data Challenge over S6 data [80],
which yielded the SkyHough pipeline as the most robust one against noise disturbances.

This chapter will be structured as follows: Section 3.1 introduces the core procedure of the SkyHough
pipeline; section 3.2 describes the actual implementation of the search, regarding the choice of technical
parameters; section 3.3 exposes the statistics of the search, which are fundamental to understand the
delivered results; section 3.4 shows the coincidence and clustering post processing steps.
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Example of a Coherent Step
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Figure 3.1: Example of a coherent step for a continuous monochromatic signal surrounded by noise. The
horizontal axis represents the time of measurement in units of Ty, which is equivalent to time stamp
indexes starting from a = 0. The vertical axis represents the frequency components of the signal in
units of frequency resolution §f =T Cfﬁll Left: Power spectra of each coherent segment of data. Center:
Normalized power of each coherent segment of data. Right: Binary map after applying a certain threshold

to the normalized power.

3.1 Overview of the Standard SkyHough

The SkyHough pipeline performs a search for continuous gravitational waves using a semi-coherent strat-
egy. We will devote the current section to give an overview of its main formulation, as well as to introduce
the internal degrees of freedom of the algorithm in order to focus on the statistical arguments during forth-
coming sections.

The method here described attempts to find a continuous gravitational wave signal from an isolated
neutron whose frequency evolution matches the pattern produced by the Doppler shift and the spin-down
as stated in (2.12) and (2.13); hence, we will focus our attention to the parameters involved in such effects,
namely

X=(fo,{fs},7) e RY x R® x §2. (3.1)

Each set X will be referred to as template, being the parameter space the set of all possible templates
according to (3.1).

The initial step, so called coherent, splits the data in multiple time segments with a certain duration
Teon- Then, data is processed using the optimal statistic according to the Neyman-Pearson criterion:
For a general case, it is given by the F-statistic [41], which demodulates data, removing frequency drifts
due to the Doppler shift and spin-down of the source; alternatively, if we restrict T.on to confine the
frequency drift of a signal within a certain range, power spectral density becomes optimal statistic in the
Neyman-Pearson sense as well. The actual condition over T, will be discussed during section 3.2.

The second step, labeled as incoherent, implements the Hough transform to recognize the trace of a signal
within the computed statistic. Thanks to the positional dependency of the Doppler shift, each trace can
be related to a certain template, effectively conforming a map from data to the parameter space.

3.1.1 Coherent Step

Consider the discrete time-series yielded by a detector z[j], where j labels the j-th measurement. We start
by splitting the data into N different segments, starting each one of them at time ¢4,,a =0,...,(N —1).
The start time of each segment will be referred to as the time stamp, and each segment will cover a
time span of To, or, equivalently, M measurements, being t; = t, + jAt for each data segment, with
At = Teon /M.
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The coherent step will treat each segment separately, computing its Discrete Fourier Transform as

M-—1
E[k] = At Y aljle” > IRM (3.2)
j=0

Due to the discrete sampling performed by the measurement process, resolvable frequencies are quantized
as fr = kof withk =0,...,|M/2] anddf = Tcgi, while negative frequencies components are easily related
to the positive ones thanks to the fact that the Fourier transform of a real function is Hermitian.

For each segment, we compute its power density |33[l<:]|2 and normalize it to the background noise power,
defining the normalized power

(3.3)

where (-) represent an ensemble average over multiple realizations of the noise. As previously stated, the
noise power spectra <|ﬁk\2> can be related to the single-sided power spectral density S, (f), yielding

~ 2
i) = 28]

™ TenSalle) (34)

The estimation of S, (f) depends on the implementation of the pipeline. SkyHough uses a running-
median estimation, which prevents major effects due outliers; on the other hand, the FrequencyHough
implementation [13] uses an autoregressive algorithm.

Then, we digitize the power spectra into a binary map consisting of ones and zeros using power threshold
pin: Everything above the threshold will get assigned a one, while everything below will get assigned a
zero. The definition of such a threshold will be explicitly stated in a further section, using statistical
arguments.

The result of this step is a discretized time-frequency plane, where the time domain is discretized according
to the data segments and the frequency domain is discretized according to the minimal resolvable frequency
of the discrete Fourier transform. To fix the notation, let us label each time segment as a and each
frequency bin as k; then, each pixel (a, k) within the time-frequency plane gets assigned a binary value
given by

_ 17 a[k] > Pt

where p,[k| refers to the normalized power within the k-th frequency component of the a-th data seg-
ment.

Figure 3.1 shows qualitatively the construction of a binary map for a continuous monochromatic signal
under the presence of noise. Such a signal could be caused by a continuous wave source located at one of the
equatorial poles, where the Doppler shift is practically negligible. Even though the monochromatic signal is
recovered as a horizontal strip along the binary map, certain power bins produced by noise fluctuations also
survive the thresholding procedure. We will expose how the SkyHough pipeline automatically deals with
such undesired artifacts during the forthcoming explanation of the incoherent step of the algorithm.

3.1.2 Incoherent Step

The strategy is to rank the parameter space templates according to its prominence as normalized power
tracks in the data. Each template \ will get assigned a number count n(\) by counting the amount of

-

bins above the power threshold in the binary map. More formally, let us define T'(\) as the frequency
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evolution track yielded by the template X onto the binary map; then, the number count n(X) is defined
as
nN) = > nalk]. (3.6)

(a,k)ET(X)

We can use figure 3.1 to illustrate this ranking procedure: For instance, if we were to take the template
corresponding to the monochromatic signal at frequency 6 - (Jf), we would end up with a number count
of 11, since the whole horizontal track is filled with power above the threshold; on the other hand, a
spinning-down signal starting at the top left corner of the binary map and ending at the bottom right
corner would get assigned a number count of 2.

This description of the number count treats every time-frequency bin in the same manner; however, as
discussed in chapters 1 and 2, neither the detector’s response is isotropic, nor its noise is white. Thus, it is
natural to ask for a different definition of the number count, in order to properly treat both features.

To do so, a weighted number count was introduced [47]; that is, rather than equally contributing to the
total count, each bin (a, k) within a track T'(A) will be weighted by a quantity w,[k], which will take into
account the noise floor of the detector and the amplitude modulation suffered by the signal due to the

antenna pattern functions

n(N) =Y walklnalk]. (3.7)

(a,k)eT(X)

The choice of w,[k] was discussed in [60] and [47]. The argument describes the sensitivity of the search
in terms of the spectral power of a signal measured by an interferometric detector (1.10), averaging over
parameters which directly affect its amplitude. Detector noise enters as the power spectral density Sp;
antenna pattern functions Fy . enter as polarization averaged functions (F} . (7i;t))y. For a power bin
(a, k), the corresponding weight is given by

wrAFRalkls + (F2a k)

welk] = Skl ,

(3.8)

where N represents an arbitrary normalization constant and the notation f,[k] refers to the evaluation
of f using the parameters which correspond to the k-th frequency bin of the a-th data segment. Reading
its definition, it is clear that w,[k] increases the contribution of those bins with low floor noise and good
orientation with respect to the interferometric detector.

The statistical significance of this results has to be further discussed, since any measurement is poisoned by
different kinds of noise, which may trigger power bins above the first threshold, or even build a significant
number count, as certain spectral disturbances do. We will devote section 3.3 to do so, describing the
number count statistics, as well as the optimal choice of thresholds to discriminate among noise and
signal.

3.2 Implementation

After the description of the main algorithm, we need to tackle two issues in order to describe the whole
picture. The first one, here discussed, deals with the actual implementation of the method from a
computational point of view; the second one, with its own section, will deal with the appropriate choice
of thresholds from a statistical point of view.

We will describe the operational choices that were made to implement the SkyHough pipeline as described
by [46]. The actual implementation can be found within the LIGO Algorithm Library (LAL) [73].
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3.2.1 Lengh of Coherent Segments

The first issue to address concerns the time length choice of the coherently analyzed data segments T,
described in section 3.1.1. We recall that this parameter effectively defines the grid step of the time-
frequency plane, since the resolution of both subspaces fulfills an inversely proportional relationship;
hence, its choice will directly affect the way we see signals in the binary maps.

The main argument goes as follows: The frequency evolution of a signal will be mainly affected by two
modulations, namely the natural spin-down of the source and the Doppler shift due to Earth’s movement
in the SSB frame If such modulations spread the main components of the signal across several frequency
bins, the thresholding procedure will not be able to distinguish its significance against the noise; hence,
we will choose a coherent time length T¢., such that the frequency modulations are kept within a single
frequency bin at each data segment. We impose this condition constraining the maximum frequency shift
to one half of a frequency bin.

Let us abstract the maximum frequency shift as | f | axs Whichever its origin and sign (Doppler modulation,
Spin-down/up of the source, ...). The aforementioned constraint can be expressed as

1
‘f|max TCOh < §5f7 (39)

1
Tcoh < D . (310)
2‘f|max

We will consider the Doppler shift as the main source of frequency modulation®. Start by differentiating
in equation (2.13) with a fixed f(t) = f (we neglect the spin-down effect against the Doppler Shift):

which directly translates to

d fdv

~ =t . 3.11
dt ~ cdt [ Flmax (3.11)

The main contribution to the Doppler shift comes from the daily rotation of Earth around its own axis,
which means that we have to take into account the centripetal acceleration of a detector onto the surface
of Earth as

dv

av) ﬁ - 47T2R@
dt

Ry T2

(3.12)

where vg stands for the magnitude of the velocity of the surface of Earth around its axis, Ty is the
duration of a day and Rg the radius of Earth.

Substituting numerical values in (3.12) and arranging (3.11) into (3.10) to get a meaningful constraint,
we obtain

H
T, < 50min x 50(} z. (3.13)

A typically used value is T, = 1800s, although one may combine several coherent time lengths to cover
different regions of the parameter space.

!This fact will have consequences on the allowed spin-down parameters to search for {fs}, as we will briefly discuss in
section 3.2.3
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3.2.2 Discretization of the Parameter Space

The computational implementation of an algorithm curses numbers to live in a finitely-resolved, discrete,
space. This forces us to carefully review the parameter space introduced in by (3.1), since the difference
between two adjacent templates will not be arbitrarily small; rather, there will exist a resolution step

SX = (6f,{0fs},60), (3.14)

where §f =T Cf)}ll as already stated, d fs represents the resolution of the spin-down parameter’s subspace
and 06 represents the resolution onto the celestial sphere, which is taken equal for both degrees of freedom
of S%.

The resolution of spin-down parameters can be easily derived from an operational point of view. Since
they enter into the game as coefficients of a Taylor expansion, we will take the resolution of the s-th
spin-down coeflicient d f as the minimum value that would produce a minimal distinguishable change in
frequency df by itself during the whole time of measurement Tgs; that is,

s!
TS

obs

5f:%5fs—>5fs: 5f. (3.15)

As for the sky resolution, we need to understand the way in which the sky position of a source affects its
frequency modulation. Take the Doppler shift as expressed in (2.13). At a certain time ¢, the locus of sky
positions 77 € S? consistent with a certain frequency observation f(t) is given by

g-ii _ e f(t) - f(t)

cosf = =

veooov f(t)
where 0 represents the angle between the sky position of the source 7 and the velocity vector of the
detector ¥, and the lack of arrow denotes the modulus of the vector. This simple equation reveals the
actual structure of the Doppler shift: Sky positions consistent with a certain frequency f are located onto
rings of the celestial sphere with its center located at the tip of the velocity vector of the detector. However,
the finite frequency resolution dilates rings into annuli, since all the frequencies within a frequency bin
o f are effectively indistinguishable by the algorithm. The thickness of such annuli can be easily derived
from (3.16), yielding

: (3.16)

c Of
v fsing
It is clear that the thickness of the annuli reaches a minimum at ¢ = 7, and grows monotonically as we

get parallel to the velocity vector; hence, we will choose a fraction of the minimum thickness to tessellate
the celestial sphere

60 ~ (3.17)

50 ==L (3.18)

where the pizel factor p can be tuned to increase the sky resolution according to the available compu-
tational capabilities. This resolution will be used to set up a grid of sky patches onto the sphere. The
relation between annuli and sky patches can be set up through the sky patch center: A sky patch belongs
to a particular annulus if its center is located into such annulus. This relation ensures a well representation
of the Doppler shift on the discretized version of the sphere.

3.2.3 Spin Down ranges

The amount and range of spin-down parameters { fs} need to be considered in order to understand what
physics are representable under a certain choice of such. It will become clear that the main physical
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concern when constraining the spin-down parameters is related to the age of the source; that is, the
amount of time the spin-down could modulate the source frequency.

We start by restricting the amount of spin-down parameters to be considered on our searches: The same
argument that led us to define the spin-down resolution can serve us to put a constraint on the maximum
value allowed for a spin-down parameter f;. If we accept the description of the frequency evolution as a
Taylor series, the mazimum allowed value for the s-th spin-down parameter is given in terms of the age
of the source 7 as

fm X
frax = s!T—j . (3.19)

Source’s age T is defined as the amount of time required by the source to achieve the current frequency
fo assuming a continuous energy emission solely by gravitational waves.

Now, typical astrophysical continuous wave sources are older than the affordable observation times Ty <
7. This implies that the maximum allowed spin-down value decreases faster than the spin-down resolution
(3.15) as s increases; hence, there will exist a maximum number Sy, for which spin-down parameters
are resolvable, establishing a meaningful way to limit the number of spin-down parameters in terms of
the age of the targeted sources. Equivalently, one could fiz the value spax according to the affordable
computational capabilities, obtaining a minimal detectable source age in exchange.

Regarding previous considerations on the main source of modulation during section 3.2.1, we can easily
relate the constraint of less than half bin of modulation to the s-th spin-down parameter as

5
fmexps S!Ef (3.20)

which, in combination with (3.19), yields the corresponding constraint on the age of the source

A 1/s
2 fnax Tt
> <f°h> . (3.21)

s!

Summarizing, the number of spin-down values is related to the age of the sources through its resolution,
meaning that one can choose either to fix a source age in order to target a particular kind of physics,
or to constraint the amount of parameters to construct an affordable, wide-spread search. Alternatively,
one could choose to disregard the spin-down contribution in favor of the Doppler shift, automatically
obtaining the corresponding constraint over the age of the source (3.21).

The SkyHough pipeline takes the latter approach with only one spin down parameter, implying

7 > 103yr X fa Lion \* . (3.22)
1000Hz \ 1800s

As discussed in [80], this choice allows for a certain range of higher order spin-down values to be taken
into account, namely those which would not shift the frequency of the signal more than half of a frequency
bin during a coherent time T¢gp,.

3.2.4 Partial Hough Maps
We will devote a last section to comment on the actual way the Hough Transform is implemented within
the SkyHough pipeline.

It was already discussed during section 3.1.2 that each template X can be related to a certain power track

-

on the time-frequency plane T'(\). Although one could run blindly along the parameter space to compute
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Figure 3.2: The driving effect on the frequency evolution of the signal is given by the spin-down pa-
rameters, which enter into the frequency modulation as polynomial terms: No spin-down implies a con-
stant frequency; one spin-down parameter implies a linear evolution; two spin-down parameters imply a
parabolic evolution. Image Source: [46]

the number count of each template, the sky annuli disposition given by (3.16) suggests a more efficient
way to do so.

Consider a certain frequency to look for fy at a certain time stamp a. We already showed that the
compatible sky positions are located at thick rings onto the celestial sphere; however, one could argue
that his structure is just a histogram on the («, d) plane of equatorial sky positions, where the compatible
bins are suitably labeled; let us refer to this structure as Partial Hough Map (PHM).

Hence, the number count computation can be automatically done for each sky patch, since everything
one has to do is to compute and add the corresponding PHMs for different time stamps according to
the frequency evolution of the signal, obtaining the Total Hough Map (THM) for each set of values of
frequency and spin-down parameters (fo,{fs}). Figure 3.2 shows the path of PHMs to be summed,
depending on the spin-down parameters taken into account.

Partial Hough Maps can be re-used by several frequency bins, since the sky annuli structure is highly
insensible to frequency changes thanks to the monotonicity of its thickness. A formal explanation of this
fact can be found in [46]. Therefore, instead of recomputing the set of PHM for each set of (fo, {fs}), we
will store them inside look up tables (LUT), lowering the computational load of the search.

This reduces the number count computation to a sum of re-used PHM for each set of (fo,{fs}). As a
result, the histogram on the parameter space will be described as a set of Total Hough Maps.

Other implementations of the Hough method differ in this step, performing the construction over frequency
and spin-down for a fixed sky position [13].

3.3 Statistics

We are left with the suitable choice of py, and a discussion on the statistical significance of the number
count (3.7). We will introduce the appropriate statistical machinery to distinguish between actual signals
and spurious noise fluctuations: First, we will study the way in which noise will enter our searches via the
statistical properties of the number count; then, we will use such information to construct the appropriate
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thresholds, which will be able to state the significance of a certain template in terms of probabilities.

3.3.1 Normalized Power distribution

Consider an additive, stationary, zero-mean, white Gaussian noise n[j]. Following the exposed algorithm,
we can express the noise normalized power as

2p[k] = zx[K]* + 2[k]? (3.23)
where i )
ZfR[k] — M7 Zj[k'] — M7 (3_24)
(|alk][%) (|lk][%)

R(-) and IJ(-) represent the real and imaginary part functions, respectively, and the notation has been
kept consistent with the one used during section 3.1.

Being n[j] Gaussian, it is clear that R[n[k]] and J[n[k]] are also Gaussian, since they can be described as
a convolution of Gaussian random variables. Moreover, its whiteness justifies the fact that both of them
have the same variance, which is given by (|A[k]|?)/2; hence, zg|k] and z[k] are both Gaussian random
variables with unit variance.

This implies that 2p;, is a sum of two squared Gaussian variables, i.e. a x? distributed variable with two

degrees of freedom and non-centrality parameter given by

, 4 ‘h[k:]
Tcthn[k]

‘2
Al = (zx[k])* + (20[k]) (3.25)
The non-centrality parameter describes the significance of a signal proportional to its normalized power,

raising the mean power value over the zero mean noise. Thus, the distribution of p[k] under the presence
of a signal described by a non-centrality parameter A[k] is given by

p(p[KIIAK]) = 2x* (2p[k][2, A[K])

— exp <—P[k]—)\[2k]>fo< ) - (3.26)

where Ip(-) is the modified Bessel function of zeroth order. As the signal fades into the noise, the
distribution approaches an exponential shape. Hereafter we shall drop the discrete index [k] in order to
keep a clear notation, understanding that p and A refer to one of the Fourier frequency bins.

Given a threshold py, to construct binary maps, the probability of selecting a frequency bin containing a
signal with non-centrality parameter A is given by

n(pen|A) = /mp(pP\)dp, (3.27)
Pth

i.e. the probability of p triggering above the specified threshold due to the effect of an underlying
signal.

Alas, one needs special care when a hard threshold is set: It could happen (and, certainly, it will happen)
that a spurious noise fluctuation triggers above the threshold; even worse, we could be completely missing
a weak signal whose power is not enough to surpass the established threshold.
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The former effect will be treated in terms of the false alarm probability

[e.e]

alon) = [ plpl0)dp =, (3.28)
Pth

which computes the probability of selecting a power bin made out of pure noise; the latter effect will be

represented by the false dismissal probability

Pth

BlpalN) = 1 - n(pulh) = /0 p(plN)dp., (3.29)

which encloses the probability of missing a frequency bin containing a signal.

We will close this set of definitions by connecting the peak selection probability n with the false alarm
probability «. First, it is clear by definition that n(pn|0) = a(ptn), since the peak selection probability
in the absence of signal relies entirely on the noise. Moreover, continuous wave signals tend to be weaker
than the surrounding noise, allowing for a weak signal approximation [19]; that is, the spectral intensity
of a signal is small against the surrounding noise power. In our terms, A < 1, and 7 can be easily given
in a closed form as

n(palA) = alpw) {1+ B2A+ 002 } . (3.30)

3.3.2 Number Count Distribution

The number count statistic can be easily derived once normalized power is understood. We will derive
the probability distribution of measuring a number count n(X) in a particular pixel X of the Total Hough
Map. We recall that the number count of a template is constructed as a sum of selected normalize power
bins along the time-frequency path yielded by such template, as expressed in (3.6).

Consider a binary map constructed using N coherent segments. The probability of obtaining a number
count n out of a certain time-frequency path can be described using a set of N Bernouilli trials: Each of the
coherent segments will yield a increase the number count if the its frequency bin surpasses the specified
threshold, being 7 the probability of doing so. Thus, the probability distribution of measuring a number
count n in a particular pixel for a certain signal intensity A is given by the binomial distribution

ol ) = ()= (331

Let us define & = (wy,...,wy) as the set of weights involved in the number count computation. The
mean value p and variance o2 are given by

p=An, o =|[wl’n1-n), (3.32)
where

N N
A= "w, P =D wi (3.33)
=1 =1

For the case of unitary equal weights w; = 1,Vs, both quantities reduced to N. In the absence of a
signal, we recover the same expressions with n = «. This latter case will be referred to as the noise
statistics.

Although we have not given actual values to A, ||w||* and a yet, it will become clear during the following
section that their typical ranges allow for the use of the Central Limit Theorem, describing the binomial
distribution using a Gaussian approximation

L -ty
p(n‘pthv)‘> = \/We 20 ) (334)
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where the mean and standard deviation are consistent with those of the binomial distribution 3.32.

The final step of the algorithm sets a threshold ng, on the number count. As before, such a choice will
breed a false alarm and false dismissal probabilities in a completely analogous way as that of the previous
section. Thanks to the Gaussian approximation, we are able to quote both the false alarm a gy and false
dismissal By probabilities as

> 1 ngp — Na
« , N, nin) = n|pin, 0)dn = —erfc | ———— | , 3.35
H(pwh th) /nth p(n[pwm, 0) 5 < Nl a)> (3.35)
e 1 Nn —n
, N ngp, A :/ n|pth, A)dn = —erfc | ———— | , 3.36
Bu(ptn, N, 1en, A) ; p(n|pem, A) 5 ( N n)) (3.36)

where erfc represents the complementary error function and the expressions for the mean and standard
deviation have been made explicit in terms of the peak selection probabilities.

Let us explicitly distinguish between «, 5 and agr, Bz: The former are related to the selection of normalized
power bins according to the power threshold piy; the latter are related to the selection of templates in
the parameter space, according to the number count threshold ny.

3.3.3 Optimal Choice of thresholds

Two ways can be taken in order to set appropriate values to the aforementioned thresholds py, and ngy:
Either rely on a well-known statistical result, the Neyman-Pearson criterion, or explicitly maximize the
effectiveness of the search by a suitable choice of py,. We will use the latter for convenience, although
both methods yield completely equivalent results within the weak signal regime.

So far, we have implicitly referred our statistical measurements, such as the number count n, to an
arbitrary null value; that is, neither we know how significant is a certain number count, nor we are able to
compare it to another value solely by itself. This lack of information can be emended with a new variable,
the critical ratio

gy =" # o node (3.37)
[w|[* a(l - o)

where p and o are taken to be the ones corresponding to moise. Essentially, it computes how far is a
number count n with respect to the average noise in units of its standard deviation.

Given that higher critical ratios imply more significant candidates, we will choose a threshold py, which
maximizes the typical critical ratio. That is, take its average value, according to the number count

statistic
Nn—Na

VNa(l—a)’

and maximize with respect to piy,, taking into account the linear expansion of the peak selection probability
(3.30) and the definition of false alarm peak selection probability (3.28):

(I) = (3.38)

9 (V)

—— =0—loga=2(a—1). 3.39
o sa=2(a-1) (3.39

This transcendental equation can be numerically solved to yield py, ~ 1.6 or @ ~ 0.2. It is worth
mentioning the independence of this result on the normalization of the weights given in (3.8): Any
transformation w; — Nw;, Vi will be factored out from (3.37); hence, we can freely choose the value of A,
according to our needs. For instance, A = N yields n < N.
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As for the number count threshold ng, it can be set by establishing a false alarm probability ay and
inverting (3.35). This choice has to be carefully made: A low false alarm rises the threshold, diminishing
the number of candidates to be followed up; in exchange, false dismissal probability increases, potentially
punishing the sensitivity of the search. The actual line of reasoning behind the theoretical sensitivity of
a search, which goes beyond the scope of the present work, can be found in [46]. Further sections will
expose the actual method we used to quantize the sensitivity of a search.

3.4 Post Processing

The first result of a search in a region of the parameter space is given in terms of a toplist, which stores
the best candidates in terms of its critical ratio. Omne could either set a minimal threshold to enter
in the toplist or specify a certain amount of candidates to be stored in order to fulfill computational
requirements.

Anyway, the result is a cloud of significant points in the parameter space, the origin of which could be
either a noise disturbance or an actual astrophysical signal. We proceed to describe the post processing
steps used to further discriminate both candidates. There are two steps involved:

The first one explodes the existence of multiple interferometric detectors with similar sensibilities. If a
continuous gravitational wave signal reaches the Earth, the response of every detector has to be consistent;
in another way, the parameters corresponding to a particular signal have to be present in every considered
toplist. Such a coincidence has to be done using a common epoch; that is, source parameters yielded by
two detectors, have to be taken at the same GPS reference time. To do so, frequencies are shifted using
its corresponding spin-down and the shift between reference times.

Given that parameter space is discretized, a continuous wave signal can be triggered by several templates,
since none of them actually represents its exact parameters. Hence, the second step intends to cluster
surviving templates from the previous step into a single region of the parameter space.

Clusters due to a signal are expected to trigger more than one candidate of the parameter space; hence,
any single-candidate cluster can be disregarded as a spurious noise fluctuation. This imposition is referred
to as population veto.

Alternatively, one could recompute the significance of a cluster using other, more significant statistics.
For instance, O2 analysis used the F-statistic to discard noisy clusters, re-computing its significance with
different coherent lengths.

3.4.1 Parameter Space Distance

A distance function is introduced to construct template coincidences in the parameter space. Let X and
AP be two templates in the parameter spaced (3.1). The SkyHough distance is defined as

an (8.0) = [ (A1) 4 (Y74 (20" (.40

where A f represents the distance in the frequency subspace, A fi represents the distance in the spin-down
subspace and A6 represents the distance in the sky subspace. Each contribution is expressed in terms of
bins in the corresponding subspace ¢ f, 6 f1, 6, the expression of which was shown in section 3.2.

The frequency and spin-down contributions are taken as the absolute difference between both tem-
plates

Af=|fs— 15

CAf=|r-A). (3.41)
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As for the sky contribution A#, two prescriptions have been proposed so far.

During the O1 data analysis [8], Af was taken as the geodesic distance over the celestial sphere between

the two candidates
e |

Af = arctan (3.42)

ne - b
The drawback comes from the structure of the Doppler modulation of the signal. As already discussed,
the Doppler shift is the main source of sky location of a continuous wave signal. According to the annuli
discussion in section 3.2.2, the loci formed by sky locations parallel to the velocity vector of the detector
is composed by the thickest annuli, spreading candidates along wider regions. This region corresponds to
the vicinity of the ecliptic plane.

The proposed solution during the O2 data analysis [9] was another prescription of Af. Instead of a
geodesic distance over the sphere, candidates were projected to the ecliptic plane, taking Af as the
euclidean distance onto such plane.

For an arbitrary sky position expressed in equatorial coordinates 7i(c,d), the corresponding cartesian
coordinates onto the celestial sphere (£,7, () are defined as

&= cosdcosa
n= cosdsina . (3.43)
(= sin §

The conversion to cartesian coordinates with respect to the ecliptic plane is given by a rotation around
the ¢ axis according the obliquity of the ecliptic ¢

x 1 0 0 13
y|] =10 cosep sing nl . (3.44)
z 0 —sing cosep ¢

Then, the sky contribution to the parameter space distance between two candidates is given by

A6 = /(20— a2)2 + (g2 — )2 (3.45)

This projection lets the region of the poles almost untouched; however, signals near the ecliptic plane are
located closer, since the main source of delocalization, given by the z component in (3.44), is completely
disregarded.

3.4.2 Coincidence and Clustering

The first step of the post processing uses two toplists coming from two different detectors. During the
last scientific runs, those where the L1 and H1 LIGO interferometers located at Livingston and Hanford
respectively. Each candidate in one of the toplits, say A\, was compared to every candidate in the other

toplist XL, If the distance between a pair of candidates fulfilled dy (XH , XL) < r., a new candidate was
computed as the weighted average of M and XH according to its critical ratio. The result of this step is
a new toplist of coincident candidates among both detectors. We recall that any pair of candidates can

produce a coincidence; that is, a candidate from one toplist could produce a coincidence with every single
candidate in the other toplist.

Let us define A¢ = {XC, cey /_\?w} as the obtained toplist of coincident candidates. The second step intends
to cluster them into bigger sets. To do so, candidates are selected pairwise; for any pair i,j € [1, M],i # j
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we compute its parameter space distance. If they are located closer than a certain window rg, i.e.
di (Xf, X;) < r¢, both candidates are included into the same cluster in a transitive fashion.

So far, the suitable choice of r, and r, has been manually calibrated for each analysis. During the O1
analysis, using the geodesic sky distance (3.42), the choice was r. = 7 = v/14 in units of parameter space
discrete bins. For the O2 analysis, where the projected sky distance was introduced (3.45), the choice
was 7. = 3 and rq = v/14. The use of a lower 7. reduces the chance of random fluctuations to coincide,
while a higher r groups candidates from a common origin.

In the end, this procedure lows the false alarm probability of a search by using extensively the properties
of a gravitational waves measurement. Any surviving cluster becomes a region to be followed up by deeper
methods in order to refine its main properties.
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Chapter

The sixth LIGO scientific run and its Continuous
Wave Mock Data Challenge

We expose the Mock Data Challenge performed during the sixth LIGO scientific run by the continuous
wave pipelines. In addition to being a clear comparison between different search strategies, it will be
useful to compare the behavior of further improvements into the SkyHough pipeline.

4.1 LIGO S6 Data

The sixth LIGO scientific run (S6) [3] was the last measurement period of the LIGO detectors before its
major upgrades to the current Advanced LIGO detectors. Its spanned along fifteen months, from 8th
July 2009 (GPS 931035615) to 17th October 2010 (GPS 971622015), although the useful time is much
shorter due to commissioning periods undergoing in the detectors. The dataset is freely available under
the Gravitational Wave Open Science Center (GWOSC) [79], maintained by the LIGO and Virgo scientific
collaboration.

The run was divided in four segments, labeled as A-D, according to changes in the detector performance
due to multiple reasons. Segment A run approximately for two months, stopping for a commission break.
As for segment B, it ended the rest of the year, ending with a commission break as well. Regarding epochs
C and D, they spanned a continuous nine month period of operation, being the division marked by the
inclusion of the Virgo detector into the search.

Data quality, understood as a measure of instrumental stability of the detector, was measured in terms of
the duty factor, the fraction of the total run time which is useful for scientific purposes. Each continuous

Segment Median duration (mins) Longest duration (hours) Total live time (days) Duty factor (%)

S6A 54.0/39.3 13.4/11.8 27.5/25.6 49.1/45.7
S6B 75.2/17.3 19.0/21.3 59.2/40.0 54.3/38.0
S6C 82.0/67.5 17.0/21.4 82.8/82.3 51.4/51.1
S6D 123.4/58.2 35.2/32.6 74.7/75.2 63.9/64.3

Table 4.1: Characteristics of the S6 run for the H1 /L1 LIGO interferometers, located at the LIGO Hanford
Observatory and LIGO Livingston Observatory, respectively.
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Figure 4.1: Amplitude Spectral Density of the LIGO detectors during S6. The black line shows the
predicted design sensitivity for the instruments [21], while the green and red lines show the actual,
measured ASD. Source: [3].

period of operation under nominal detector conditions is called science segment. Its duration is submitted
to the detector, ending when the noise levels of the instrument surpass the electronically controlled region.
Alternatively, science segments can be manually ended to perform maintenance tasks.

Table 4.1 summarizes the results delivered by both LIGO detectors after the scientific run. The overall
tendency points to an increase in the duty factor for both detectors as the run progressed. The same
tendency can be observed on the duration of the science runs. The short duration science segments during
the early days are mostly due to the significantly poor detector stability suffered by L1, especially during
the B segment of the run. Increasing instrumental stability shows the deeper understanding achieve by
the LIGO collaboration regarding noise sources of the detector, as well as an improvement in the control
systems used to maintain the optimal working point of the instrument.

As for the sensitivity to gravitational waves, the usual measurement is the strain amplitude spectral
density of detector output, which we called simply amplitude spectral density (ASD), shown in figure 4.1.
As already discussed during section chapter 1, the lower region of the spectra is due to seismic noise and
its coupling to the mechanical suspensions of the mirror; the substantial gap among L1 and H1 can be
related to the prototype isolation installed in the former. Higher region of the spectra can be related to
thermal noise or quantum fluctuations of the laser’s properties; however, there were some structures the
origin of which was never fully understood.

Regarding continuous wave searches, the most critical feature is related to the existence of narrow-band
line structures into the spectra, which correspond to persistent noise disturbances with a specific frequency.
Many of such disturbances are a direct consequence of the design and operation of the interferometers: The
60Hz line is due to the alternating current power line used in the U.S.; instrumental suspensions produce
a prominent line around 350Hz; calibration lines are located on purpose to study the response function
of the detector; harmonics of noise lines are also into play, such as the 120Hz power line harmonic,
clearly seen in figure 4.1. There were another sets of undesired lines, the origin of which was poorly
understood; some of them poisoned both instruments, some of them just one. In particular, two sets
of 2Hz and 16Hz harmonics appeared coherently in both observatories, disturbing the searches for long
duration gravitational wave signals.
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Figure 4.2: Efficiency curves for the Mock Data Challenge performed over the LIGO S6 science run.

Different pipelines are represented by different colors. The shaded region around each line represents the

statistical uncertainty on the detection efficiency measured for the search implementation and the data

used in the MDC. Left: Efficiency curve using injections which did not overlap with a known noise line.

Right: Efficiency curve using injections which did overlap with a known noise line. Source: [80].

Continuous wave pipelines chose to analyze the final seven months of the S6 data set due to the spectral
contamination during the initial periods of the run [77]. Moreover, frequency bins which where clearly
contaminated by noise disturbances were removed from the analysis. In all, the S6 analysis was able to
yield better results than the previous S5 analysis, even though an explanation for the increasing number
of lines remained pending.

4.2 The S6 Mock Data Challenge

Mock Data Challenges (MDCs) are a way to test the performance of a pipeline using real (or close to
real) conditions. In this case [80], a set of artificial continuous gravitational wave signals were generated
and introduced (injected) into the S6 data set. The challenge was to find such signals using the different
pipelines involved in continuous wave searches. After the challenge, one is able to understand the perfor-
mance of each pipeline with respect to others regarding sensitivity, robustness against noise disturbances
and computational costs.

3110 signals consistent with an isolated, spinning neutron star were injected into real S6 data, from GPS
931035615 to GPS 971622272. Injections were placed in frequency bands at 0.5Hz intervals. Sky position
was taken as a random variable isotropically distributed over the celestial sphere, while spin down was
drawn from a uniform distribution in log space within [—1 x 107, —1 x 10~ *¥]Hz/s for a 95% of the signals
and [1 x 107181 x 10713]Hz/s for the remaining 5%. A 25% of the signals got assigned a braking index
n € [5, 7], which was reflected in non-null second and third frequency derivatives. Such brake indexes can
be related to neutron stars with gravitational waves as the main emission channel. The amplitude of the
signals hg was described in terms of the signal-to-noise ration of a coherent search, drawing its values
from a uniform distribution. The effective noise amplitude spectral density /S, was computed using
an inverse-variance-weighted harmonic average between both detectors. As for the nuisance parameters
¥, ¢o and cos ¢, they were randomly drawn from uniform distribution with ranges [—m /4, 7 /4], [0, 27] and
[—1, 1], respectively.

The signals were generated and injected into S6 data using lalapps_sw_inj_frames, available under the
LALSuite software package [73]. The actual data was stored as SFTs according to the standard SFT _v2
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description [70]. Using a duration of 1800s, 9124 and 10124 SFTs were generated from the data collected
by the L1 and H1 interferometers, respectively.

The full S6 MDC was performed by five pipelines: Powerfluz, SkyHough, FrequencyHough, Einstein@Home
and Time Domain F-Statistic. Each pipeline established a different tradeoff between robustness and sen-
sitivity, employing different strategies to deal with noise disturbances. Also, different computational
capabilities dictate the way in which the parameter space could be treated. The computational imple-
mentation of each pipeline can be freely accessed under the LALSuite software package [73].

Figure 4.2 shows a part of the obtained results. For instance, Einsten@Home, being a world-wide collab-
orative project, is able to employ longer coherent times, reaching the deepest sensitivity of all searches;
however, its treatment of noise disturbances, which replaces known lines by realizations of Gaussian
noise, prevented any detection of signals overlapping with known lines. On the other hand, the Sky-
Hough pipeline uses a much shorter coherent time, as already exposed during chapter 3; consequently, it
is less sensitive than Einsten@Home on the set of known injections. However, its implementation does
not remove narrow lines; rather, their effects are mitigated by imposing a common threshold over the
normalized power. As a result, it achieves a significant efficiency with respect to other pipelines when the
search is performed on parameter space regions overlapping with known lines.

4.2.1 The Mock Data Challenge as a Test Dataset

SkyHough results on the Mock Data Challenge serve as a snapshot of the operational state of the pipeline.
As so, they can be used to quantify the effectiveness of new data analysis strategies introduced in the
pipeline by targeting multiple injections and comparing its results. To do so, we prepared a set of 176
known injections of the challenge, shown in figure 4.3.

The sample of injections is significant in the sense that the whole parameter space of interest (the one
which produces frequency modulations) is uniformly covered; that is, frequency presents a uniform distri-
bution, spin-down presents a logarithmic uniform distribution, right ascensions is uniformly distributed
and declination is sinusoidaly distributed to ensure a uniform coverage of the celestial sphere. The fraction
of spin-up signals is consistent with the one used during the MDC. As for the sensitivity depth, a wide
range, beyond the one achieved by the SkyHough pipeline, is covered.
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Figure 4.3: Distribution of the employed subset of injections along the parameter space. The injections are
uniformly distributed in frequency, spin-down and the celestial sphere. The amount of spin-up injections
represents a small fraction of the whole, resembling the intended Mock Data Challenge distribution.
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Chapter

A Noise Robust Statistic for the SkyHough
Pipeline

This chapter presents a novel development on the SkyHough pipeline, which we label as the Robust
Statistic. The main idea is to randomly sample the parameter space in order to probe the underlying
noise distribution; then, a new robust critical ratio can be constructed. That way, candidates’ significance
will be quoted with respect to the actual noise distribution, automatically taking into account variations
on the number count noise floor, which nowadays have to be treated ad hoc using veto procedures.

Moreover, the suppression of noise contributions into the number count statistic allows for the construction
of a combined, multi-interferometer statistic. This idea is applied to the robust critical ratio, and increases
the sensitivity of the search to signals which were not detected by both detectors using the former,
Gaussian, critical ratio.

A subset of signals produced for the S6 Mock Data Challenge were used to test the new implementation.
Data was stored as 1800s SFT_v2 files [70] in the California Institute of Technology’s supercomputing
cluster (CIT) [40]. The Hanford interferometer (H1) yielded 10124 SFTs, while the Livingstone inter-
ferometer (L1) yielded 9124 SFTs. Its use was motivated by the availability of previous results of the
SkyHough pipeline, which would ease the evaluation on improvements.

5.1 The Robust Statistic

The former exposition on the SkyHough pipeline described the number count statistic for the case of pure
noise, yielding as a result a Gaussian distribution. The proof relies in two steps: First, we described
the noise number count as a sum of identical independent Bernouilli variables with a certain success
probability given by the false alarm probability «; that is, a Binomial distribution. Then, we invoked
the Central Limit Theorem to approximate such a distribution by a Gaussian distribution, the mean and
variance of which was directly derived from the previously stated false alarm probability.

The derivation of « in terms of a power threshold assumed a zero-mean, stationary Gaussian noise. That
is, noise was modeled as stationary fluctuations over a null-power floor. However, we already discussed
during section 4.1 showed the variety of structures which could be generated by noise. In particular,
spectral disturbances (such as lines) substantially drift away from the proposed assumptions, directly
affecting the number count of a wide region of the parameter space. As a result, the true number count
statistic differs from the Gaussian prescription given by (3.34).
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The formal treatment of the Robust statistic goes as follows: Consider the time-frequency track assigned
to a particular template T'(X). Instead of an overall, homogeneous probability «, each bin (a,k) € T(X)
has a certain selection probability «, due to the non-homogenity of the noise. That is, different frequency
components are affected by different types of noise at different times. Therefore, the number count due
to noise fluctuations can be approximated by a sum of non-identical, independent Bernouilli random

variables.

Such a description results in a Poisson-Binomial distributed variable. The amount of Bernouilli trials
involved in the number count computation is given by the track length, which is related to the number
of SFT in used. Depending on the observing run, O(103%) are involved in the analysis. As for the
success probability of the trials, it is given by the false alarm probability, which is never close to 1 or 0.
Hence, from an analytical point of view, it can be shown that the Poisson-Binomial distribution is well
represented by a Poisson distribution with the suitable event rate parameter [49]. Moreover, the typical
values of the Poisson’s event rate parameter, which are related to the average number count noise value,
lead the Poisson distribution to the regime in which the Central Limit Theorem becomes useful; hence,
the Gaussian assumption on the number count noise distribution is still valid under this new formulation
of its statistics, yet the mean value and variance differ from the ones quoted in (3.34).

This argument is intended to justify the validity of the statistical arguments developed in [46]. Never-
theless, such conditions do not have to be met during a real data analysis; hence, the underlying noise
statistic will not be derived from this procedure; rather, we will probe the number count noise distribution
by means of a parameter space sampling.

Figure 5.1 exemplifies the idea behind the parameter space sampling. Two number count distributions
were generated using a Gaussian distribution. The first one corresponded to a noise number count, while
the second one corresponded to a noise distribution under the presence of an astrophysical signal.

As explained during chapter 3, astrophysical signals rise the number count distribution according to a
non-centrality parameter A. If we focus on an ideal situation, shown in upper figure 5.1, noise number
count fluctuates around the null value, while the presence of a signal increases the mean value of the
number count distribution according to the non-centrality parameter Az # 0.

However, this situation can be easily broken by spectral disturbances. For instance, we could be working
under the presence of a line. Lines, as sustained disturbances, can be described in terms of an associated
non-centrality parameter A, # 0 which rises the average number count fluctuation, as shown in lower
figure 5.1. The use of a Gaussian number count statistic, which assumes \,, = 0, yields disastrous results,
as the significance of a pure noise sample is actually overestimated.

On the other hand, the estimation of noise statistics using sampled values probes the actual statistic
of that particular region of the parameter space. As a result, noise and signal significance are properly
stated. It is worth mentioning that this procedure is compatible with the previous statistical prescription,
as the sample statistic coincides in an ideal case. This is shown in upper 5.1 as well.

Summarizing, we will use a sampling procedure to probe the actual noise number count statistic. The
result will be a sample mean p, and a sample standard deviation o, for a certain region of the parameter
space. Then, templates within that region of the parameter space will get assigned a robust critical
ratio ¥, according to its number count n in a consistent manner with the previous definition of critical
ratio

Ay (5.1)

Oy
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Figure 5.1: Histogram of the Gaussian and robust statistics for a simulated set of number counts un-
der different noise conditions. Blue histograms represent the number count distribution produced by
background noise; yellow histograms represent the number count distribution in the presence of a signal.
Noise’s characteristics are stated in terms of the non-centrality parameter (3.25), as explained in the
main text. Upper: Number count simulation using zero-mean Gaussian noise. Lower: Number count
simulation in the presence of a persistent spectral disturbance, modeled by a non-zero \,.

5.2 The Multi-Interferometer Statistic

Gravitational wave searches are performed with multiple interferometers (IFOs) at once. Hence, it is
natural to consider ways of combining single-interferometer statistics into a multi-interferometer statis-
tic. Developments in this matter can be traced back to [41] for the case of coherent analysis. We will
extend those ideas towards a multi-interferometer critical ratio, the antecedents of which can be found in
[59].

The inclusion of multiple interferometers into the analysis potentially increases the significance of gravita-
tional wave candidates, given that statistical significance is jointly added; however, spurious noise fluctua-
tions could also become more significant, increasing the false alarm probability of the search. Through the
use of the robust statistic, we expect to suppress noise artifacts present in our data, effectively countering
the increase of false alarm in our multi-interferometer statistic.

We will combine the robust critical ratio from different interferometers; that is, each interferometer will
compute its own robust statistic, delivering a robust critical ratio for each template. Then, critical ratios
will be mixed using the suitable measure data quality measurement of each detector.

An initial choice was made in [59], where weights (3.8) were taken to measure the data quality of a detector
as they explicitly take into account the main data degradation processes: Noise floor and detector response.
Let us define IFO = {13, ..., Ip} as the set of interferometers to work with. Each interferometer I € IFO
holds a set of weights @ according to chapter 3. Then, the exact data quality measurement for the I-th
interferometer was taken to be

=2
|[rl|
r; = , (5.2)

=2
ZJEIFO ||
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which can be re-expressed in terms of the single-interferometer number count standard deviation as

o1
="
A/ ZJeIFo oj

Thus, we will describe the multi-interferometer critical ratio as follows: For a particular template, each
interferometer I € IFO will deliver a number count ny, which will get associated a mean value uy and a
standard deviation o using the parameter space sampling. Assuming null inter-interferometer correlation,
the multi-interferometer number count n,, and its corresponding statistics will be defined as

Ny, = Z nr; (5.4a)

rr = (5.3)

IEIFO

Hm = Z K13 (5.4b)
I€IFO

o2 = Z 0. (5.4c)
1€IFO

As a result, the multi-interferometer critical ratio is given by

\Ijm:nm_ﬂm

Om
g
=Y vt (5.5)
I€IFO Tm

where W,; represents the robust critical ratio associated to the I—th interferometer and the multi-
interferometer weights are consistent with 5.3.

[59] obtained information on the detector state using a prescribed quantity, namely the weights; we
supply such information in terms of a parameter space sampling, taking into account the actual noise
distribution.

5.3 Implementation of the Robust Statistic

Both procedures were added to the DriveHoughMulti.c code, which encodes the computational core of
the SkyHough pipeline. We proceed to explain the way in which they were implemented. It is important
to recall that previous functionalities are by no means overridden by new implementations; that is, we
are still capable of performing data analysis according to former prescriptions.

Codes are publicly available under the LIGO Algorithm Library LALSuite [73]. The implementation
made use of the GNU Scientific Library (GSL) [30]. Valgrind [58] was used as a debugging tool during
the development and test processes.

5.3.1 Parameter Space Sampling

The SkyHough pipeline segments the parameter space in a particular fashion: Chosen a frequency band,
gravitational wave signals are looked for in different sky locations (sky patches) for a certain range of
spin-down parameters. Hence, we decided to perform a parameter space sampling for each sky patch, for
each frequency band, in order to compute the corresponding statistic. This procedure is done for each
interferometer, allowing us to compute the multi-interferometer statistic at the same time.
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The implementation of the sampling procedure benefits from a previous code, intended to calibrate the
number count x? statistic [24]. From an operational point of view, independent samples are drawn for
each of the four parameters within the established parameter space limits. That is, a random frequency
is selected within the considered frequency band; a random sky position is selected within the studied sky
patch; a random spin-down value is selected from the given spin-down range. Then, the number count
associated to the randomly selected template is computed, taking the suitable weights into account.

The effects of a continuous wave signal into the parameter space sampling can be argued as follows:
Astrophysical signals, opposed to wide spectral disturbances, are expected to affect a much more confined
region of the parameter space; hence, they are less likely to affect the noise estimation performed by a
random number count sampling.

5.3.2 Estimation of Sample Statistics

The result of a sample was used to estimate the mean value and standard deviation of the underlying
number count noise distribution. However, the usual computational recipes to estimate the standard
deviation of a sample can be easily affected by catastrophic cancellations, since they involve the subtraction
of floating point numbers way bigger than the final value. Moreover, if we intended to implement another
strategy, such as re-sampling method to ensure a good representation of the parameter space, we would
need to deal with a significant amount of numbers held in memory at once.

Both issues can be overcome with the use of Welford’s Algorithm [81]. It is described as an online
algorithm, which means that the estimation is performed as samples are taken; i.e. there is no need to
keep every single sample in memory to perform the statistical estimation. Moreover, it allows the variance
computation to be written in a way such that catastrophic cancellation is avoided.

Given a set of n samples {&1,...,&,}, the algorithm describes the estimation of the mean p and standard
deviation ¢ as a recursive relation for m=1,...,n:
— Pm—1
o = -1 + M , (5.6)
m
M, = M1+ (Em — tim—1)(Em — Hm) (5.7)

where the sample mean is given by u = p, and the sample variance is given by o = M, /(n —1). As
clearly seen from both expressions, the subtractions are always performed among numbers of the same
order, reducing the precision loss with respect to a brute force approach.

The combination of this algorithm with the previous sampling procedure yields an effective code which
practically does not increase the computational load with respect to the previous version, as there is no
need to spend significant amounts of memory to store new parameters.

5.3.3 Multi-Interferometer Number Count

The final modification with respect to the previous code regards the computation of number counts. The
new prescription for the multi-interferometer number count statistic 5.5 requires to individually compute
every single-interferometer critical ratio. To do so, the internal data management of the code had to
be modified, as the interferometer information from a multi-interferometer data set was lost due to the
procedure implemented in the previous code.

After our modification, every set of SF'Ts coming from a different interferometer is stored as a block with
a certain order. The initial and final SF'T’s indexes of each block is kept in memory in order to track every
single-interferometer data set during the number count computation process. As a result, we are able to
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Figure 5.2: Critical ratio comparison on the 60Hz and 120Hz harmonic of the detector’s AC power
supply during the S6 science run. The analysis kept the best 1000 candidates according to its multi-
interferometer statistic. Left: Single and multi-interferometer statistics constructed using the Gaussian
SkyHough Critical Ratio. Right: Single and multi-interferometer statistics constructed using the Robust
Critical Ratio.

separately compute single-interferometer number counts and combine them according to 5.5, which can
be considered as an enhancement with respect to the previous version of the code.

5.4 Performance of the Robust Statistic

We used the novel robust, multi-interferometer statistic over two situations in order to study its behavior
and capabilities regarding the suppression of noise artifacts and the detection of continuous gravitational
waves. The former item was tested by pointing the algorithm towards parameter space regions populated
by known spectral disturbances; the later used a subset of injections from the S6 Mock Data Challenge
to compare its sensitivity with respect to the previous implementation of the SkyHough pipeline.

Computational jobs were executed in the supercomputer held at the California Institute of Technology
(CIT) [40], using HTCondor [69] as the job manager.

5.4.1 Analysis of Known Lines

We performed a search for continuous gravitational wave searches on regions of the parameter space that
were known to be affected by spectral disturbances. We pointed the sky location towards the polar region,
which is where Doppler shift is less severe. This implies that lines yield similar patterns to those of a
signal, as they do not suffer a frequency modulation either.

Figure 5.2 shows the critical ratio obtained after searching over the frequency band poisoned by the 60Hz
and 120Hz lines. These lines arise from the very functional core of the interferometer, since they are
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Figure 5.3: Critical ratio comparison for a violin mode present in the H1 interferometer during the S6
science run. The analysis kept the best 1000 candidates according to its multi-interferometer statistic.
Left: Single and multi-interferometer statistics constructed using the Gaussian SkyHough Critical Ratio.

Right: Single and multi-interferometer statistics constructed using the Robust Critical Ratio.
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Figure 5.4: Critical ratio comparison for a narrow line feature present in the L1 interferometer during the
S6 science run. The analysis kept the best 1000 candidates according to its multi-interferometer statistic.
Left: Single and multi-interferometer statistics constructed using the Gaussian SkyHough Critical Ratio.
Right: Single and multi-interferometer statistics constructed using the Robust Critical Ratio.

related to the AC power supply frequency used in the U.S. As we can see, the robust statistic suppresses
the influence of such artifacts to a lower value; this is precisely the expected behavior, as the wirtual
significance of the candidates given by the Gaussian statistics is due to the increased value of the mean
noise number count.

Figure 5.3 shows an equivalent result for a different line. In this case, we took a violin mode which was
specially prominent in the LIGO Hanford interferometer (H1). Such modes arise from the vibrations
of mechanical suspensions of the interferometer mirrors. They pose a bigger challenge than the 60Hz
harmonics, as their monitoring is inherently more difficult. Nevertheless, the probing strategy of the
robust statistic is able to suppress its influence for the very same reason as before.

So far, the highlighted spectral disturbances span across relatively wide regions of the parameter space;
this is the desirable setup for the application of the robust statistic and, as already shown, performs in a
competent way against the previously prescribed Gaussian statistic.

For the sake of completeness, we performed a last search over a narrow line feature on the LIGO Livingston
detector (L1). The performance of the robust statistic over this particularly narrow line delivers us
valuable information on the effects of the robust statistic over gravitational wave signals: As previously
commented, gravitational wave signals affect a relatively small region of the parameter space, and produce
indistinguishable traces compare to that of persistent noise disturbances when a search is performed close
to the polar regions.
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Figure 5.5: Results of the continuous wave search on two injections of the Mock Data Challenge S6.
The 1000 most significant candidates were kept, according to its multi-interferometer critical ratio. The
vertical red line represents the injection point; the vertical purple line represents the recovered parameter
by the SkyHough pipeline during the Mock Data Challenge. Upper: Injection recovered by the SkyHough
pipeline and the multi-interferometer robust statistic. Lower: Injection not recovered by the SkyHough
pipeline during the Mock Data Challenge S6, but recovered by the multi-interferometer robust statistic
according to the preliminary post processing.

The results are shown in figure 5.4. Significance mitigation is present, as the noise number count floor has
been raised due to the use of a parameter space sampling; however, the suppression is significantly lower
than in the previous cases. This fact does not discard the robust statistic for continuous gravitational
wave searches, as the significance of a small regions of the parameter space stands still. In fact, one could
attempt to construct a veto procedure to discriminate between astrophysical signals and spurious noise
fluctuations according to its critical ratio mitigation.

Summing up, we tested the basic feature of the robust statistic: Noise contributions are suppressed
thanks to the use of accurate background statistics, obtained by means of parameter space samplings;
regarding narrow perturbations, its mitigation is significantly lower, allowing us to use this idea to search
for continuous gravitational waves.

5.4.2 S6 Mock Data Challenge: Overview

After understanding the main traits of the new robust multi-interferometer statistic, we used the already
introduced Mock Data Challenge to directly compare the results with the previous formulation of the
SkyHough pipeline. The subset of the data set, as well as its fairness in terms of signal distribution in the
parameter space, were already introduced during chapter 4.

Regarding parameter space resolution, coherent time was 7o, = 1800s, while total observation time was
Tops =~ 4-107s, as quoted during chapter 4. Hence, the resulting parameter space resolutions where

6f ~5-10"Hz,
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§fi~1-107"Hz/s.

As for the sky resolution, which depends on the frequency according to (3.18), a pixel factor p = 2 was
taken.

The searches were performed around the injection points of the parameter space. That is, the analysis
focused on a 0.1Hz frequency band centered around the injection point, pointing towards the sky position
of the injection. For each injection, we selected the 1000 most significant candidates according to the multi-
interferometer robust statistic. Then, we imposed a critical ratio threshold Wy, = 5, disregarding any
candidate with a lower critical ratio. The final estimation of signal parameters was done using a weighted
average among the surviving candidates within each frequency band, using its multi-interferometer robust
critical ratio as weights. This post processing step is meant to obtain a preliminary result on the sensitivity
of this new statistical approach; future studies on the subject of multi-interferometer shall improve it in
terms of new prescriptions and veto procedures in order to diminish the false alarm of a search, as current
post processing steps based in coincidences do.

The fairness of the preliminary post processing step is shown in figure 5.5, where two particular injections
are shown. The first one was recovered by the both procedure, the SkyHough pipeline and the multi-ifo
robust statistic using the preliminary post processing step. As for the second one, only the new statistic
is able to recover it.

This detection can be related to the combined action of both interferometers into the search, as opposed to
the strategy employed during the Mock Data Challenge, which combined the information of each detector
after the execution of the Hough transform. This, in turn, is made possible by the use of the robust
statistic, which mitigates the combined noise distribution introduced by both detectors, as clearly seen
in both figures 5.5, where the surrounding background critical ratio is consistently kept below the 4o
value.

As for the results, an outlook is shown in figure 5.6, which includes the injections detected by both
implementations of the pipeline, namely the one used during the Mock Data Challenge and the robust
multi-interferometer statistic with a preliminary post-processing. 127 out of 176 injections were success-
fully recovered; 11 of those injections were not recovered by the previous formulation of the SkyHough
pipeline.

Every injection detected during the Mock Data Challenge S6 was recovered by the new implementation
as well. This fact is consistent with our arguments, given that the robust statistic gauges the noise contri-
bution: If an injection was already significant with respect to the background before the implementation
of the robust statistic, It will be still significant after its implementation.

Newly detected injections are well distributed along the parameter space, with no particular preference
for a particular sky position or frequency band. This ensures that the parameter space sampling is
representative. For instance, if the recovered injections were located at the polar regions, it would imply
that the robust statistic is not suitable to treat with the effects of the Doppler shift. However, the number
count computation already takes such effect into account; hence, the use of parameter space samplings
abstracts the Doppler shift out of the robust statistic.

Looking into the depth distribution, we clearly see how the robust statistic is able to recover injection
further into the depth distribution. That is, there is no apparent depth gap between the originally
recovered injections and the newly recovered ones. Following the previous argument, this is the expected
behavior, since the robust statistic treats every region on the parameter space in the same manner.

In brief, the results delivered by the robust statistic are consistent. Every injection recovered by the
previous formulation is recovered by the robust statistic; this fact can be related with the argument given
to figure 5.1: The robust statistic refers the significance to the actual noise distribution; hence, those
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Figure 5.6: Direct comparison of Mock Data Challenge signal detections between both formulations
Stars represent injections of the S6 Mock Data Challenge.
those injections which were recovered by the previous formulation of the SkyHough pipeline.
mark injections recovered by the multi-interferometer robust statistic according to the preliminary post

of the SkyHough pipeline.
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processing. This plot is equivalent to figure 4.3, found in chapter 4.
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Figure 5.7: Efficiency curve for the Mock Data Challenge results of the SkyHough pipeline and the novel
multi-interferometer robust strategy with the preliminary post-processing. The vertical axis represents
binary values for (non-)detected injections and the frequentist detection probability for the sigmoid fit.
The horizontal axis represents the log inverse depth log;, D~ 1.

injections which are prominent enough over the noise stand still after the use of the robust statistic.
As for the newly recovered injections, they are due to the use of the multi-interferometer statistic. As
previously discussed, we are able to use this particular strategy thanks to the characterization of the
background noise and ensuing mitigation of noise artifacts performed by the robust statistic.

5.4.3 Efficiency and Parameter Recovery

We proceed to compare the efficiency of both approaches using a standard metric within the continuous
wave searches: The 95% detection probability depth [8, 9]. It corresponds to the sensitivity depth at
which 95% of signals are expected to be recovered in a frequentist sense. The use of that magnitude
instead of a gravitational wave amplitude hy abstracts the dependency on the surrounding amplitude
spectral density, easing the computation of other derived quantities, such as upper limits.

Usually, several signals are injected at different sensitivity depths in order to estimate the detection
probability. Then, a sigmoid function is used to interpolate the obtained probabilities for a certain range
of depths. If the procedure is properly done, the depth corresponding to a 95% detection probability DI5%
will be obtained as a result; then, one can propagate other physical properties converting the sensitivity
depth to an upper limit over hg using (1.12). It is worth to note that the sigmoid fit is performed over
the sensitivity depth (or the characteristic amplitude hg) using a logarithmic scale [8, 9].

However, the idiosyncrasy of our analysis prevents the existence of a significant number of injections at
the same sensitivity depth, as they were produced with a different purpose in mind [80]. Hence, we will
use the sigmoid function approach in terms of a decision boundary, interpolating such boundary after the
labeling of injections as detected /not detected.

To do so, we compute the sensitivity depth D of each injection using (1.12) with the effective noise
amplitude spectral density, as defined in chapter 4. Then, each injection is labeled as detected (1) if it
survives to the preliminary post processing step, being otherwise labeled as not detected (0). Finally, a
sigmoid function is fitted to the data, using the logarithm of the inverse depth for that purpose. For a
desired detection probability ¢, the fit is inverted to yield the corresponding sensitivity depth D¢.
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Figure 5.8: Parameter space projected distance (3.45) between the injection points and the recovered pa-
rameters by both formulations of the SkyHough pipeline. The vertical axis represents the total parameter
space distance, taking into account the combined distances within the three subspaces and using bins as
units. The horizontal axis represents the log inverse depth log;, D~ 1.

The sigmoid function is defined as
1

The fit is performed using SciPy library’s curve fit function [45]. As for the statistical uncertainty, we
compute the 1o envelope of the fit in terms of its covariance matrix C as

2 2
oy =) (%) cus (%) (%) (%) 5

where the subindex on C' represent the elements of the covariance matrix corresponding to each pair of
parameters and the dependencies of f are kept implicit.

We used the logarithm of the inverse depth log;, P~! to perform the fit, which is proportional to the
logarithm of the gravitational wave amplitude log;, ho; that is, the more negative the depth inverse
logarithm, the fainter the signal with respect to the surrounding noise.

The result of this procedure, which is done for both the Mock Data Challenge results and the new statistic
in the same manner, is shown in upper figure 5.7. The fitted parameters were

(5.10)

avpese = 6+ 1
bupcse = 20 £4

for the formulation of the SkyHough pipeline used during the S6 Mock Data Challenge, while the new
formulation obtained

{ Zr _ 262113 (5.11)
This results are propagated to the estimation of the 95% detection probability depth D95%, obtaining
DYigs = 182+ 0.5 (5.12)
for the initial implementation of the SkyHough pipeline and
D% = 21.6 +0.4 (5.13)
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for the new statistical formulation.

We obtain an increase ~ 20% of the sensitivity depth by using the novel multi-interferometer robust
statistic with a preliminary post processing. This result acts in favor of this new approach, as it rep-
resents a significant increase in sensitivity at a very low computational cost, as argued during previous
section.

But, we need to deal with a last issue in order to clarify this new development as a valid approach to
detect continuous waves: The parameters related to the detected injections need to be close enough to
be useful for the forthcoming follow-up steps. To quantify the accuracy of the recovered parameters,
we compute its parameter space distance to the injection point using the projected prescription (3.45),
introduced during chapter 3.

Figure 5.8 shows the distance to the injection point delivered by both prescriptions of the SkyHough
pipeline. We represent the total distance in terms of parameter space bins. Common injections are
recovered at a similar deviation, in a consistent manner with the previous discussion. Newly recovered
injections present a consistent deviation from the injection point with respect to previously detected
injections.

This result confirms the effectiveness of the robust multi-interferometer statistic, as every injection recov-
ered by the initial formulation of the SkyHough pipeline is recovered with a similar deviation by the new
statistic and the deviation yielded by the injections solely detected by the new statistic are consistent
with the common bulk of signals.

Summarizing, the novel statistical formulation of the SkyHough pipeline has proven to be a feasible
improvement towards the detection of continuous gravitational waves. The use of a parameter space
sampling allows us to combine multiple detectors in a consistent manner, lowering the appearance of
noise artifacts thanks to the properly gauge background contributions.

We recall that this results are preliminary, as they conform a subset of injections over which a simplified
post-processing has been applied. An extended analysis to legitimate this approach could use state-of-
the-art data to study the appearance and distribution of outliers or a re-computation of upper limits to
gauge the actual improvement on sensitivity.
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Chapter

Future Work

During the development of the present work, several tools were tempted as interesting strategies to be
ported to the SkyHough pipeline. Although they are still inm a very early stage of experimentation, it is
worth mentioning them, as they influenced some of the basic ideas described in this work.

This chapter will expose three different data analysis techniques that target different stages of the detection
pipeline. Each of them could represent a significant improvement in the way data is analyzed during a
search for continuous gravitational wave searches. The first section will expose the tau statistic, an
alternative formulation of the coherent step of a semicoherent search; section two will address the issue of
upper limits, using the universal statistic to estimate them using the statistical properties of a sample of
data; section three will briefly comment a reformulation of the post processing step in terms of a machine
learning algorithm to ease the calibration process.

6.1 Tau Statistic

The tau (7) statistic [19] corresponds to a generalized formulation of the coherent step presented during
section 3.1.1. We proceed to review such step in order to point out its problems and the way the 7-statistic
addresses them.

Consider a set of N samples from a sinusoidal signal with frequency f, taken at different times ¢; € [0, Tcon],
where t; = to+jAt for a suitable At in order to fulfill the Shannon-Nyquist sampling condition. A sample
taken at time ¢; will be labeled as x[j]; thus,

z[j] ~ cos 2 ft; + @), (6.1)

where irrelevant amplitude constants haven been omitted.

Following the coherent step, we compute the discrete Fourier transform of our samples, given by z[k].
As stated during chapter 3, [k] refers to the k—th frequency component, which is discretized in units of
-1

coh*

So far, nothing differs from the previously specified coherent step. However, let us explicitly write the
discrete Fourier transform of the sampled sinusoidal. Expressing the signals’ frequency in terms of the
discretization f = ZTC;lll, we obtain

Z[k] ~ Dy (k —1) + e “Dn(k +1), (6.2)
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where Dy represents the Dirichlet kernel, given by

ra(1-L1) sin(mz)
Dy (z) = em=(1-w) 2072 (6.3)
N sin( %)
This function is peaked at z = 0. For z € Z, it can be proven that Dy(z) = d¢., where §;; represents the
Kronecker delta, which returns one for ¢ = j and zero for i # j; otherwise, the Dirichlet kernel falls off as

a power law ~ z~ 1.

For this reason, we can impose a simplification into (6.2) given by Dx(k 4 1) < Dn(k —1). Moreover, the
usual number of samples involved in a search is big enough to consider N~ « 1. Finally, the rapid fall off
allows us to only consider nearby frequency bins; this conditions be stated in terms of a Taylor expansion
of the sinusoidal function N sin (%) ~ 7mz. Hence, the Fourier transform of a sampled sinusoidal with
intrinsic frequency f =T C;}II can be expressed as

Zk] ~ @t E=D)gine(k — 1), (6.4)

where sinc states for the cardinal sine function. Here resides the critical step: If we consider [ € N, that
is, f is one of the resolved frequencies of the discrete Fourier transform, the signal is entirely contained
within a frequency bin and, as a result, \f[k]\Q represents the optimal statistic to detect the presence of
a signal, according to the Neyman-Pearson criterion. This approach is the one taken by the SkyHough
pipeline, as shown during chapter 3.

However, if f is not one of the resolved frequencies, i.e. f ¢ N (we consider f > 0 without loss of
generality), the sinusoidal signal gets spread across several frequency bins'. Hence, the optimal statistic
to detect the presence of a signal is not simply the power density of a certain component; rather, one has
to reconstruct the spread power to obtain such a statistic.

Even though the signal gets spread across the whole frequency spectrum, it can be proven that the
neighborhood of a particular bin is enough to recover a significant result. Let us consider a particular
frequency bin k and its P nearest neighbors at each side; that is,

Fk — P
e = | am | (6.5)

z[k + P|
Then, the optimal statistic, which is reconstructed from the data, can be defined for a particular frequency
component k as the following bilinear form

T[k] = Z[k]L, Mp Z[k]p , (6.6)

where Mp represents a symmetric P X P matrix, defined in terms of the zeroth order spherical Bessel
function jo as

1/2
Mprs = (1) [ dojolx(r+ o)) o s +9). (67)
—-1/2
where r,s = —P,...,0,..., P label the matrix components.

The use of this new statistic implies the establishment of the corresponding threshold 7, either in terms
of the Neyman-Pearson criterion or maximizing the critical ratio, as done during chapter 3. Note that
Tth = Tin(P), as the reconstructed power depends explicitly on the amount of neighbor frequency bins
taken into account. Following an eigenvalue analysis on Mp, it is clear that taking P further than 3 or 4
frequency bins adds irrelevant contributions to the T—statistic.

!This phenomenon is sometimes referred to as spectral leakage.
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6.2. Universal Statistic

6.1.1 Implementation

We implemented a computation for the T—statistic as an enhancement of the ConvertToSFTv2.c code of
the LIGO Algorithm Library [73]. The initial version of the code is used to extract particular frequency
bands from SFT files in order to reduce the amount of irrelevant information during certain kinds of
searches. After our modification, the T—statistic can be automatically computed on any set of SF'Ts as
they are being extracted.

The code is being tested and debugged in order to ensured the proper implementation of the statistical
procedure.

6.2 Universal Statistic

The universal statistic procedure [26] is an algorithm to state conservative frequentist upper limits on a
given set of samples. It has been used by the Powerflur pipeline to establish upper limits on the all sky
search of the S6 and O1 observing runs [77, 8].

The algorithm uses statistical information from data in itself to construct the suitable quantile of the
underlying noise distribution. Once this quantile is constructed, the upper limit can be quoted in terms
of the most significant outlier.

Given a sample of measurements {1, ..., &, }, the 1 —e confidence upper limit can be constructed as
UL = max & — &, (6.8)
(2

where &, stands for the e-quantile of the distribution underlying our samples. However, the estimation
of & turns out to be computationally difficult, as it requires a sorting algorithm. Moreover, the actual
estimation could be biased, leading to a non-significant upper limit.

To solve both problems, a new conservative quantile is constructed using the Markov inequality

Pl > a) < 8 (6.9
where £ is a random variable, a € R and P represents the probability function. This inequality holds for
any positive random variable; hence, it is completely licit to express it in terms of a positive function
|€] — f(&). This kind of transformation allows us to engineer an effective quantile using the mean value
and standard deviation of the available data. The actual construction uses the Markov inequality to probe
the gaussianity of the distribution’s tails: If the tail of the sample distribution can be overwhelmed by
that of a Gaussian distribution, the use of a Gaussian quantile suffices our purposes; if, on the contrary,
the amount of samples located within the tail region surpasses the expected amount for a Gaussian
distribution, we would use f in conjunction with the constraint imposed by 6.9 to push the Gaussian

quantile further until it encloses the required amount of data.

The contribution of this algorithm lies in the use of data samples to construct an upper limit, rather
than requiring the actual estimation of the detection rate in terms of a set of Monte Carlo injections.
Nevertheless Powerflux posses a particular advantage to apply this method: As opposed to the Hough
Method, the Powerfluxr statistic can be analytically related to the amplitude of a gravitational wave.
That is, once an upper limit has been set to the power samples, it can be automatically transported to
the gravitational wave amplitude.

Nevertheless, during the last observing run [9], the SkyHough pipeline has experimented with the use
of different statistics in each of the hierarchical steps. During the first step, candidates were ranked in
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Figure 6.1: Example of the characteristic structures generated by continuous wave signal. Horizontal axis
represent the parameter space region being evaluated; vertical axis represents the statistical significance
of each template. Blue dots represent the obtained results during a first search over cleaned data; orange
stars represent the obtained results after injecting a signal over the previously analyzed data.

terms of its critical ratio, as explained during chapter 3. This ensured a proper treatment of spectral
disturbances, as the Hough method is one of the most robust strategy to deal with spectral disturbances.
During the second step, once interesting regions of the parameter space have been identified, the analysis
is performed using the Powerflux approach, which results in a more significant analysis thanks to the
extra amount of information taken into account.

Hence, the universal statistic procedure could be implemented into the second hierarchical step of the
SkyHough pipeline: Once the most significant candidate of a particular region has been identified, a
parameter space sampling, completely analogous to the one presented in chapter 5, could be implemented
to estimate the surrounding statistic. Then, the prescription given by [26] would be used to construct a
conservative quantile and, in the end, a power upper limit would be set using (6.8). Finally, the upper
limit could be propagated to any interesting quantity, such as hg or e.

This formulation would join the inherent robustness of the SkyHough pipeline with an efficient way of
computing upper limits, yielding a significant reduction of the computational cost of a continuous wave
search.

6.3 Post Processing Reformulation

Finally, the last interesting improvement concerns the formulation of the post processing stage of the
current pipeline. Nowadays, the coincidence and clustering windows have to be manually calibrated.
Even though it yields a significant result, a different approach can be taken in order to cluster candidates
in the parameter space.

Figure 6.1 represents the statistical imprint of an injection in the parameter space, as well as that of pure
background noise. As clearly seen, the significance is not concentrated on a single template; rather, it
forms a characteristic structure around the injection point.

The recognition of this kind of structures is a well-known problem which has lead to the development
of interesting solutions within the framework of Machine Learning [29]. In particular, the classification
of candidates into two classes (e.g. noise and signal) can be suitably done with the use of an Artificial
Neural Network (ANN).
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6.4. Summary

This type of algorithms use examples to characterize the role of different data features into the classification
process. The calibration process, usually referred to as training, employs actual data samples to fit a set
of free parameters of the model. Once the calibration is done, the classification process can be performed
in a very efficient way thanks to the computational architecture of the algorithm.

The training of our model can be done by using several injections such as the ones shown in figure 6.1.
The first step would be to label the candidates, depending on weather they are due to noise or a signal.
To do so, we can construct a criterion by comparing the critical ratio of each template before and after
injecting a signal into the data. Then, several neural network architectures would be trained, in order to
look for the most accurate choice.

The algorithm is computationally feasible. It represents an improvement in the sense that the post
processing would be calibrated using the information provided by the data itself, rather than manually
choosing the coincidence and clustering windows. Moreover, once the training is done, the evaluation of
an ANN is computationally inexpensive.

6.4 Summary

We presented three different works under development that may become a relevant contribution to the
SkyHough pipeline after an initial development stage.

The 7—statistic is the most mature of them, as its coding is being tested and debugged to ensure its
statistical correctness. It will improve the coherent step of the current pipeline, enhancing the detection
of signals in a higher sensitivity depth. Its application will not produce a significant computational cost,
as the procedure has to be done only once for each interesting frequency band into the set of SF'Ts.

The universal statistic will provide a an accurate estimation of the sensitivity of the search almost au-
tomatically after the determination of the most significant candidate. As a result, it could be used as a
measurement on the good behavior of particular parameter space regions, easing the selection of useful
segments if a further estimation of population based upper limits is needed.

Finally, the proposed reformulation of the post processing step in terms of an artificial neural network
will introduce the machine learning techniques into the SkyHough pipeline, using the own structure of the
parameter space to properly identify interesting candidates of an analysis.

The implementation of this developments will likely lead to a significant improvement of the SkyHough
pipeline, further increasing the information extracted from the data.
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Chapter

Conclusion

The present work discusses the current state of continuous gravitational wave searches in terms of the
current understanding of neutron stars as gravitational wave sources and the corresponding data analysis
algorithms. Even though no continuous gravitational waves have been detected so far, the increasing
sensitivity of the current interferometer detectors, together with the longer observing runs, leads the way
towards a first detection. A direct implication of this fact is the establishment of more constraining upper
limits as more observing runs become available.

Regarding computational capabilities, we discussed the main data analysis approaches, which are based on
the segmentation of wide searches using semicoherent methods in order to identify interesting candidates
which may be managed with a more powerful, coherent algorithm. The fact that there exists a wide
variety of such algorithms eases the understanding of computational challenges and ensures an accurate
coverage of any possible continuous wave source.

Among such algorithms, we find the SkyHough pipeline, one of the most noise-robust algorithms in the
hunt for continuous waves. Its formulation mitigates the contribution of noisy sources into the analysis,
preventing it to drift away due to a non-astrophysical measurement of the detector. The method is
being continuously improved in order to keep its position at the forefront continuous gravitational wave
searches.

We put the main focus on the statistical formulation of the pipeline. As discussed in chapter 5, we
introduced two improvements into SkyHough:

Foremost, we implemented a sampling procedure to estimate the statistical properties of the background
noise statistic. This is intended to take into account the actual background statistic, rather than an
approximation which could overestimate the importance of a random fluctuation of the noise. The result
was already shown during section 5.4 of the same chapter, obtaining a mitigation on the noise statistic
with respect to the one used of a prescribed distribution.

Second, we used the achieved mitigation of noise contributions to combine data from multiple detectors
into a single statistical measurement. Had we not implemented the parameter space sampling, this step
would not be useful, as the noisy contributions from different detectors would increase the number of false
candidates. The effectiveness of this new formulation was tested using the S6 Mock Data Challenge data
set, which was introduced in chapter 4. We achieved to detect a greater number of signals with respect
to the previous formulation of the SkyHough pipeline, obtaining an objective increase in the sensitivity of
the new statistical formulation, as more signals with a weaker prominence with respect to the background
were detected. The results were discussed during sections 5.4.2 and 5.4.2 of chapter 5.
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Moreover, we experimented with the capabilities of a set of data analysis strategies in order to improve
certain aspects of the current pipeline.

First, we developed a code to take into account spectral leakage in our searches using the 7-statistic. The
code is being tested and debugged to ensure its proper behavior. A discussion on the statistical foundation
of the algorithm was presented in section 6.1. It is expected that this idea refines the performance of the
coherent step of the SkyHough pipeline, introduced in section 3.1.

Second, an alternative upper limit procedure, the universal statistic, was explored in terms of its porta-
bility to the SkyHough pipeline. Although it can not be directly applied to the standard Hough method,
further improvements developed during the second observing run O2 could ease their application to the
second hierarchical step of the pipeline. A qualitative discussion on this statement was presented during
section 6.2. The computational implementation was already discussed by [26]. This procedure could yield
preliminary results on the actual sensitivity of a search at the same time it is being performed. If we were
to set upper limits by injecting an ensemble of signals, as exposed during section 2.4, we could use those
results to evaluate the more suitable regions to perform subsequent analysis.

Third, we are developing a machine learning procedure to calibrate the post processing step in terms of
the information provided by data. We expect this new formulation to be computationally inexpensive, as
it will make use of an artificial neural network. Regarding its training process, it will be done by means
of software injections of simulated continuous wave signals. We refer to section 6.3 to the corresponding
discussion.

Every proposed improvement follows a simple idea: To obtain as much information as possible from the
available data. The consistent use of this approach may result in the development of a well-behaved
pipeline against noise disturbances, as the background behavior will be intrinsically taken into account
by the data analysis procedure in itself.

Summarizing, we explored an interesting set of data analysis strategies to be applied into the SkyHough
pipeline for the search of continuous gravitational waves. We expect to further develop these strategies
in order to apply them to the forthcoming continuous wave data analysis within the LIGO and Virgo
Scientific Collaboration.

As our pipelines are able to detect signals under more adverse conditions, so do improve the capabilities of
gravitational wave interferometers, hopefully leading us towards a successful first detection of a continuous
gravitational wave signal.
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