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Abstract

Long-transient gravitational waves, lasting from hours to days, form an intermediate
class of signals between short-duration compact binary coalescences and persistent
continuous waves. A promising source of such signals is the newborn magnetar: a
rapidly rotating, highly magnetised neutron star formed in a core-collapse super-
nova or binary neutron star merger. Strong internal magnetic fields can induce
non-axisymmetric deformations in the stellar structure, driving gravitational-wave
emission at twice the rotation frequency while causing the star to spin down on
timescales of hours to days.

In this thesis, we use a signal model for long-transient gravitational waves from
newborn magnetars in the regime where spin-down is dominated by gravitational-
wave emission. The waveform is characterised by a continuously decreasing frequency
and strain amplitude, governed by the initial spin frequency and ellipticity of the
source. We implement this model within an improved version of the Generalized
Frequency Hough search pipeline, GFH-v2, which is designed to efficiently track
such signals over large parameter spaces.

We validate the GFH-v2 pipeline through an extensive injection study using
LIGO O4a data, characterising its sensitivity as a function of source parameters
and establishing the detection threshold and follow-up procedure. We then apply
the pipeline in a directed search for gravitational-wave emission from the possible
magnetar remnant of SN 2023ixf, one of the nearest core-collapse supernovae of the
last decade in the M101 galaxy, using data from LIGO Engineering Run 15 (ER15).

In parallel, we develop a multi-messenger framework connecting magnetar spin-
down to shock-breakout emission observable in the near-ultraviolet, with particular
application to the upcoming ULTRASAT satellite mission. We compute the expected
UV light curves, detection horizons, and event rates for magnetar-driven supernovae,
demonstrating that ULTRASAT will be able to identify magnetar-forming events
and provide electromagnetic triggers for directed gravitational-wave searches.

No evidence for gravitational-wave emission associated with SN 2023ixf is found
in the analysed data. We thus place upper limits on the maximum detectable distance
as a function of initial frequency and ellipticity. While these limits fall below the
distance to SN 2023ixf, they represent a sensitive directed search of these signals
applied to ER15 data and demonstrate the operational readiness of the GFH-v2
framework for future searches. The methods and results presented here provide a
foundation for long-transient searches targeting nearby core-collapse supernovae in
forthcoming LIGO-Virgo-KAGRA observing runs.
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Chapter 1

Introduction

For as long as we have looked at the night sky, we have tried to understand what
lies beyond our world. Over time, our picture of the Universe has grown step by
step, driven by new ideas and better instruments. Almost everything we know about
the cosmos has come from one source: light.

But light does not always tell the full story. Some of the most extreme events
in the Universe happen in places where electromagnetic radiation is weak. To
completely understand these systems, we need a different kind of messenger.

Gravitational waves provide exactly that. First predicted by Albert Einstein in
1916, they represent tiny distortions in spacetime that travel across the Universe
carrying information about their sources. For decades they remained completely
theoretical, until their first direct detection in 2015 by the LIGO detectors. That
discovery opened a completely new way of observing the Universe.

Today, gravitational-wave astronomy allows us to study objects that cannot
be fully understood through light alone. Among the most interesting of these are
compact objects such as neutron stars. These are remnants of massive stars that
have collapsed into some of the densest forms of matter known. To give an idea,
a neutron star packs more mass than the Sun into a sphere with a diameter only
about 20 km. Their internal structure reaches densities far beyond anything that
can be reproduced on Earth.

Some neutron stars, known as magnetars, go even further. They have inferred
surface dipolar magnetic fields that can reach about 10'4-10' G, far stronger than
those of typical astrophysical objects and many orders of magnitude beyond magnetic
fields achievable in laboratories. Their internal magnetic fields may be even stronger
and can induce significant deformations of the stellar structure. When such an object
is born, it can rotate extremely rapidly and store enormous amounts of rotational
energy. This energy can power GW emission through small asymmetries in the star’s
shape or internal motion. Detecting such signals would open a direct window into
the physics of newborn magnetars, including their magnetic structure, deformation,
and early evolution. However, these signals are expected to be weak and uncertain
in form, which makes their detection a challenging data analysis problem.

This thesis focuses on developing and applying methods to search for gravitational
waves from newborn magnetars. It combines gravitational-wave data analysis with
information from electromagnetic observations in a multi-messenger framework, in
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order to improve our chances of detecting and understanding these extreme systems.

1.1 Motivation

Gravitational waves (GWs) are propagating perturbations of spacetime generated by
the accelerated motion of mass distributions with a time-varying quadrupole moment.
Their existence was first predicted by Einstein in 1916 as a consequence of General
Relativity [1]. For many decades gravitational waves remained an indirect prediction
of the theory, as their extremely small amplitudes made direct detection challenging.
The first strong indirect evidence for their existence came in 1974 with the discovery
of the binary pulsar PSR B1913+16 by Hulse and Taylor [2]. Measurements of
the gradual decrease in the orbital period of the system were found to be in good
agreement with the energy loss expected from gravitational-wave emission, providing
indirect confirmation of Einstein’s prediction. Direct detection was finally achieved
in 2015 when the Advanced LIGO detectors observed gravitational waves from the
binary black hole merger GW150914 [3]. This discovery marked the beginning of
gravitational-wave astronomy and opened a new observational window onto the
Universe.

Since the first detection, numerous gravitational-wave events have been observed
by the global network of interferometric detectors which includes the LIGO, Virgo
and KAGRA detectors [4-7]. To date, all confirmed detections are consistent with
compact binary coalescences (CBCs) involving black holes and neutron stars [8—
12]. Notable detections include GW170814, the first event observed by all three
detectors (the two LIGO detectors and Virgo), which significantly improved sky
localisation. GW170817, a binary neutron star merger which is also associated with
electromagnetic counterparts, marked the beginning of multimessenger astronomy
[13, 14]. These observations have provided important insights into the population
of compact objects, the physics of strong gravitational fields, and the astrophysical
processes governing stellar evolution, as summarised in the latest gravitational-wave
transient catalog GWTC-5.0 [12].

Beyond compact binary mergers, gravitational-wave detectors are also sensitive
to other classes of signals, which remain undetected to date, including those produced
by isolated compact objects. In particular, neutron stars represent promising sources
of long-lasting gravitational-wave emission [15-17]. These extremely dense stellar
remnants can emit gravitational radiation through several mechanisms, including
non-axisymmetric deformations, oscillation modes, and hydrodynamic or magnetic
instabilities [15-17]. Among neutron stars, magnetars, which have inferred surface
dipolar magnetic fields reaching 10'4-10'® G [18], are of particular interest. Newly
born magnetars formed in core-collapse supernovae or in the remnants of compact
binary mergers are expected to rotate rapidly and possess large amounts of rota-
tional energy. If the star develops a non-axisymmetric deformation, part of this
rotational energy can be emitted in the form of gravitational waves as the star spins
down. In such scenarios the gravitational-wave frequency evolves over time as the
star loses angular momentum through electromagnetic and gravitational radiation.
The resulting signals, commonly referred to as long-transient gravitational waves
(tCWs) [19], correspond to intermediate duration emission, ranging from seconds to
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days depending on the source and emission mechanism [20-24].

The detection of such signals would provide valuable information about the
internal physics of magnetars, including their equation of state, magnetic field
configuration, and early rotational evolution [25, 26]. However, searching for long-
transient gravitational waves is challenging due to their weak amplitude and the
large parameter space associated with their frequency evolution. Dedicated data
analysis methods are therefore required to efficiently search for these signals in
detector data.

This thesis focuses on the search for long-transient gravitational-wave signals
from newly born magnetars, combining gravitational-wave data analysis techniques
with information from electromagnetic observations in a multi-messenger framework.

1.2 Long-transient gravitational waves from newborn
magnetars

Long-transient gravitational waves constitute an intermediate class of signals between
short transient signals from CBCs and long-lived, nearly monochromatic continuous
waves (CWs). Continuous waves are signals persisting over timescales much longer
than the typical duration of observation runs [16]. Long-transient gravitational waves
are a special subclass of continuous waves, typically associated with sources whose
emission lasts for finite periods, during which the gravitational-wave frequency can
evolve significantly as the source loses rotational energy. In this work, the models
and parameter spaces considered cover signal durations ranging from hours to days.

Newborn magnetars produced in core-collapse supernovae are expected to rotate
rapidly at birth, potentially with millisecond periods [18, 27]. If the star possesses
strong internal magnetic fields, as in the case of magnetars, magnetic stresses may
induce non-axisymmetric deformations of the stellar interior. Such deformations can
generate gravitational radiation.

The gravitational-wave strain amplitude emitted by a rotating neutron star
depends on the ellipticity, moment of inertia, and rotation frequency [28]. As the
star spins down, the gravitational-wave frequency evolves according to a power-law
relation governed by the braking index, which depends on the dominant spin-
down mechanism [29]. For example, electromagnetic dipole radiation produces a
braking index n = 3, while gravitational-wave dominated spin-down corresponds to
n = 5. The gravitational-wave strain amplitude measured at the detector is also
inversely proportional to the distance to the source. These different regimes lead to
characteristic trajectories of the signal in the time-frequency plane.

Because the relevant source parameters- such as the initial rotation frequency,
ellipticity, and the signal start time - are generally unknown, searches must explore
a large parameter space. Fully coherent searches over such a parameter space are
not computationally feasible. Semi-coherent methods therefore provide an efficient
alternative. These approaches combine coherent analyses of short data segments
with incoherent combinations across longer timescales, allowing searches for weak
signals with evolving frequency [28, 30].

One of the most powerful techniques for this purpose is the Frequency Hough
(FH) transform [31], which maps peaks in the time-frequency plane to candidate
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signal parameters. A generalisation of this method, the Generalized Frequency
Hough (GFH) transform [32], extends the approach to more general power-law
frequency evolutions and has already been applied in searches for long-transient
signals, including the post-merger remnant associated with GW170817 [33]. In
this work, we use an advanced implementation of the GFH method, referred to as
GFH-v2 [34], which incorporates several improvements with respect to the original
implementation. In particular, GFH-v2 includes enhanced parameter-space coverage
and improved computational efficiency, enabling more sensitive searches for long-
transient signals from newborn magnetars.

1.3 Multi-messenger astronomy

The study of astrophysical phenomena increasingly relies on the combination of dif-
ferent observational channels. This approach, known as multi-messenger astronomy,
combines information from gravitational waves, electromagnetic radiation, neutrinos,
and cosmic rays in order to obtain a more complete picture of energetic astrophysical
events.

The potential of this approach was clearly demonstrated in 2017 with the detec-
tion of the binary neutron star merger GW170817 and its associated electromagnetic
counterparts [13, 14]. This sequence of observations is illustrated in Fig. 1.1. Obser-
vations across the electromagnetic spectrum revealed a short gamma-ray burst and

Radio afterglow

+10.87 hrs +9 days +16 days

UV/Optical/NIR Kilonova

Figure 1.1. Timeline of the multi-messenger observations associated with the binary
neutron star merger GW170817. The sequence includes the gravitational-wave detection,
the prompt gamma-ray burst (GRB 170817A), the rapid release of the gravitational-wave
sky localization, and the subsequent electromagnetic counterparts across the spectrum,
including the optical kilonova (AT 2017gfo), followed by X-ray and radio emission from
the relativistic jet. Adapted from [35].
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a kilonova powered by the radioactive decay of heavy elements synthesized in the
merger ejecta [36, 37]. This event established a direct connection between neutron
star mergers, short gamma-ray bursts, and heavy element nucleosynthesis.

Multi-messenger observations are also particularly relevant for the study of newly
formed magnetars. In the case of core-collapse supernovae, electromagnetic signals
such as shock breakout (SBO) emission can provide precise information about the
time and location of the explosion [38]. This information can significantly reduce
the parameter space that must be explored in gravitational-wave searches.

Recent studies suggest that ultraviolet observations of supernova shock breakout
can provide valuable constraints on the formation of rapidly rotating magnetars [38—
41]. Future space-based ultraviolet missions, such as ULTRASAT, are expected to
detect large numbers of shock breakout events from nearby supernovae [42]. Such
observations can serve as triggers for directed searches for long-transient gravitational
waves associated with newborn magnetars, significantly enhancing the prospects for
multi-messenger detections.

1.4 OQOutline of the thesis

This thesis investigates the search for long-transient gravitational waves from newborn
magnetars using advanced data analysis methods and multi-messenger observations.

Chapter 2 introduces the theoretical framework of gravitational waves and the
principles of interferometric detection. The chapter covers the basic equations of
gravitational radiation, different classes of gravitational-wave signals, the operating
principles of ground-based detectors, and the main sources of detector noise and
sensitivity limitations.

Chapter 3 provides an overview of neutron stars and magnetars, discussing
their formation, internal structure, equation of state, rotation, and magnetic fields.
Particular attention is given to magnetars as potential sources of gravitational waves,
including the physical mechanisms that can generate non-axisymmetric deformations
and long-lived gravitational-wave emission.

Chapter 4 focuses on long-transient gravitational-wave signals, presenting the
main signal models used in this work. In particular, the frequency evolution, strain
amplitude evolution, and relevant physical parameters are described.

Chapter 5 discusses electromagnetic counterparts associated with newborn mag-
netars, with emphasis on magnetar-driven supernova emission and ultraviolet obser-
vations in the ULTRASAT band. Expected event rates and detection horizons are
also presented. The work presented in this chapter is based on a published paper in
which the author is first author [38].

Chapter 6 describes the search methods used for long-transient gravitational
waves. It introduces semi-coherent search techniques, the construction of peakmaps
from detector data, the Frequency Hough transform, and the Generalized Fre-
quency Hough method. The chapter also presents the candidate-selection procedure,
coincidence analysis, follow-up strategy, and theoretical sensitivity estimation

Chapter 7 presents the development and validation of the GFH-v2 pipeline. The
optimized parameter-space selection, algorithmic improvements, and analysis setup
are described. The performance of the pipeline is evaluated through simulated signal
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injections into LIGO O4a data, and theoretical and empirical sensitivity estimates
are compared. The work presented in this chapter is based on a paper published in
Physical Review D, in which the author is first author [34].

Chapter 8 presents a directed search for long-transient gravitational-wave emission
from the possible magnetar remnant of the nearby supernova SN2023ixf using data
from LIGO Engineering Run 15. The chapter describes the search configuration,
candidate-selection procedure, follow-up analysis, and upper-limit estimation. This
work is based on a manuscript in preparation, to be submitted to Physical Review
D, in which the author is first author.

Finally, Chapter 9 presents the discussion and conclusions of this work. It brings
together the main results, their interpretation, and a summary of the overall findings,
followed by a discussion of the multi-messenger perspective, future developments,
and final conclusions.



Chapter 2

Gravitational Waves and
Detection

Gravitational waves are small perturbations of space-time that propagate as waves
at the speed of light. They are a direct prediction of Einstein’s theory of General
Relativity, where gravity is described not as a force but as the consequence of the
curvature of space-time caused by matter and energy [1, 43, 44].

This chapter follows the standard treatment given in [44], focusing on the aspects
most relevant for gravitational-wave detection and data analysis. It introduces the
basic concepts needed to describe gravitational waves and their detection. Section 2.1
develops the theoretical framework in linearized General Relativity, including plane-
wave solutions and the quadrupole description of gravitational radiation. Section 2.2
provides an overview of the main classes of gravitational-wave signals expected
from astrophysical sources. Section 2.3 describes the principle of ground-based laser
interferometers and their response to an incoming gravitational-wave signal. Finally,
Section 2.4 summarizes the main noise sources that limit detector sensitivity.

2.1 Gravitational-wave fundamentals

2.1.1 Einstein field equations and space-time curvature

In General Relativity the geometry of space-time is described by the metric tensor
9w, where the Greek indices p, v = 0,1, 2, 3 label the space-time coordinates, with
0 denoting the time coordinate and 1,2, 3 the spatial coordinates. In the absence
of gravity, space-time is flat and the metric reduces to the Minkowski metric,
N = diag(—1,1,1,1). When matter or energy is present, the metric deviates from
this flat form, and these deviations describe the gravitational field.

The relation between the space-time geometry and the matter content is given
by the Einstein field equations (EFEs),

1 rG

R,uzz - *g;wR = ?

> T (2.1)

Here, G is the gravitational constant, c is the speed of light, and T}, is the stress-
energy tensor, which specifies the density and flux of energy and momentum. The
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quantities I, and R describe the curvature of space-time, where R, is the Ricci
tensor and R is the Ricci scalar.

Eq. 2.1 is often summarized by the statement: matter tells space-time how
to curve, and curved space-time tells matter how to move. This idea forms the
foundation of General Relativity.

The Einstein equations consist of ten coupled, non-linear partial differential
equations for the ten independent components of the symmetric metric tensor g, .

Exact analytical solutions exist only for systems with a high degree of symmetry.
Important examples include the Schwarzschild solution, which describes the space-
time around a non-rotating spherical mass, and the Kerr solution, which describes a
rotating black hole. In many astrophysical situations, including those relevant to this
thesis, the gravitational field is weak in the region far from the source. In this regime
the curvature is small, and the space-time metric can be written as the Minkowski
metric plus a small perturbation. Linearizing the Einstein equations under this
approximation leads to a set of wave equations. Their solutions describe perturbations
that propagate at the speed of light. These perturbations are gravitational waves.

This weak-field approximation is sufficient to describe the gravitational radiation
emitted by distant compact objects, such as the newly born magnetars considered
in this thesis, and provides the basis for the discussion in the following sections.

2.1.2 Linearized gravity and wave equation

As discussed in the previous subsection, in regions very far from the source the
gravitational field is weak and the space-time metric can be written as a small
perturbation of the Minkowski metric,

uv = Nuv + huw (2-2)

where |hy,| < 1. The tensor h,, represents a small deviation from flat space-time
and contains the gravitational-wave signal.

Substituting this equation into the Einstein field equations (2.1) and retaining
only terms linear in h,, gives the linearized Einstein equations. This approximation
is valid when the gravitational field is weak and it can describe gravitational waves
observed far from their source.

It is convenient to define the trace-reversed perturbation,

1
huu = huu - inwjh7 (23)

where h = h? is the trace of the perturbation tensor.
The equations can be simplified further by imposing the Lorenz gauge condition,

OHhyy = 0. (2.4)
Applying this condition, the Einstein equations can be written as,
- 167G
Ohy = _CTT’W’ (2.5)
where e
1
=——-=+V? (2.6)
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is the d’Alembert operator.

Eq. 2.5 has the same form as a standard wave equation, with the stress-energy
tensor T}, acting as the source term. This shows that time-varying mass-energy
distributions can generate perturbations that propagate through space-time.

In the vacuum region far from the source, where 7}, = 0, Eq. 2.5 reduces to

Ohyw = 0. (2.7)

The solutions of this equation are waves that travel at the speed of light. These
propagating metric perturbations are gravitational waves.

2.1.3 Plane-wave solutions and Transverse-Traceless gauge

Since Eq. 2.7 is a linear wave equation, its solutions can be expressed as plane waves.
A general plane wave solution can be written as

hyw(x) = Auyeikaxa, (2.8)

where A, is a symmetric tensor called the polarization tensor, and k, is the wave
four-vector.
Substituting this into the vacuum wave Eq. 2.7 leads to the condition

kok® =0, (2.9)

which shows that the wave vector is null. This implies that gravitational waves
propagate at the speed of light.

The Lorenz gauge condition, introduced in the previous section, further imposes
a constraint on the amplitude,

khy,, = 0. (2.10)

This condition shows that the perturbation is transverse, meaning that its oscillations
are orthogonal to the direction of propagation.

Even after imposing the Lorenz gauge, the metric perturbation still contains
non-physical components due to residual gauge freedom. To isolate the physical
content of the field, it is convenient to adopt the transverse-traceless (TT) gauge, in
which the metric perturbation satisfies

" =0,  hi=0,  9hy =0. (2.11)

In this gauge, only the physical degrees of freedom remain. In particular,
gravitational waves in general relativity have two independent polarization states,
commonly denoted hy and hy. These correspond to the two propagating degrees of
freedom of linearized gravitational waves in vacuum.

2.1.4 Effect of gravitational waves on test masses

The physical meaning of GWs can be understood by studying their effect on freely
falling test masses. In General Relativity, freely falling particles move along geodesics,
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Figure 2.1. Effect of hy and h, polarizations on a ring of freely falling test masses. The
wave propagates perpendicular to the plane of the ring.

and the relative motion between nearby geodesics is described by the geodesic
deviation equation,
D2gH
Az
where £ is the separation vector between two neighbouring geodesics, u# is the
four-velocity of the reference particle, and R, is the Riemann curvature tensor.
This equation shows that the relative acceleration of free particles is fully de-
termined by space-time curvature. In the weak-field regime, gravitational waves
produce a small, time-dependent curvature, which leads to oscillatory relative motion
of test masses.
To explain this, we consider the proper detector frame of a local observer, where
the test masses are initially at rest before the arrival of the wave. In this frame, the
geodesic deviation equation becomes

§'=—Ry;0 ¢, (2.13)

—R, ,p §Pu" (2.12)

where the dot denotes derivatives with respect to coordinate time t.

At this point it is convenient to use the linearized theory explained in the
previous subsections. Since GWs are treated as small perturbations around flat
space-time, the Riemann tensor is already of first order in the metric perturbation
huy. Therefore, it is sufficient to compute Ri()jo within linearized gravity, where it
takes a particularly simple form in the transverse-traceless (TT) gauge.

In the TT gauge, and in the proper detector frame, the relevant components of

the Riemann tensor are
J—
Rz‘OjO = —@ hij : (2~14)

Substituting this result into the geodesic deviation equation gives

5 1. ,
=g hy ¢ (2.15)
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For a slowly moving test mass configuration, this equation can be integrated to
obtain the fractional change in proper distance between two masses,

AL(t) 1

A= R ). (2.16)

This result shows that gravitational waves directly produce oscillatory changes
in the proper distance between freely falling test masses. A standard illustration
is a ring of test particles in the plane perpendicular to the propagation direction.
A h,y polarization stretches the ring along one axis while compressing it along the
perpendicular axis, while the hy polarization produces the same effect rotated by
45°. This is shown schematically in Fig. 2.1.

This is the basis for all laser interferometer detectors, where the change in proper
distance between suspended test masses is measured using phase shift of laser light,
as discussed in the next sections.

2.1.5 Retarded solution and far-zone approximation

In the previous section, gravitational waves were introduced as solutions of the
linearized Einstein equations. In the presence of matter and energy, the metric

perturbation satisfies

- 167G
Ohyr = 5 Ty (2.17)

where T}, is the stress-energy tensor of the source.

Eq. 2.17 has the form of a wave equation with a source term. Its solution can be
obtained using the retarded Green’s function of the d’Alembert operator. In flat
space-time, the retarded solution is

- 4G [ Ty (tr,x') 5,
where )
b=y X=Xl (2.19)
C

is the retarded time.

For the astrophysical sources we are considering, the detector is located very
far from the source. If the typical radius of the source is d and the observer is at
distance r, then

r>d. (2.20)

In this region, the denominator in Eq. 2.18 can be approximated as

|x — x| ~r, (2.21)
and the retarded time becomes
tot— L (2.22)
c

Under these approximations, the solution can be expanded in multipoles.
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2.1.6 Multipole expansion and quadrupole radiation

For sources moving slowly compared to the speed of light (v < ¢), the dominant
contribution to gravitational radiation comes from the mass quadrupole moment of
the system. The monopole term does not contribute because the total mass of an
isolated system is conserved, while the dipole term also does not contribute because
of conservation of linear momentum.

Keeping only the leading-order radiative term, the gravitational-wave field in
the far zone can be written in the transverse-traceless gauge as

12G .. T
TT TT

where @);; is the mass quadrupole moment tensor,
3 L,
Qij(t) = [ dzp(t,x) (wix; — 51765 ) - (2.24)

Here p(t,x) is the mass density of the source.

Eq. 2.23 is known as the quadrupole formula. It shows that gravitational
waves are generated by the second time derivative of the quadrupole moment.
Therefore, gravitational radiation is produced only by accelerated non-spherical mass
distributions with a time-dependent quadrupole moment.

In practice, different astrophysical systems realise this condition in very different
ways. Compact binary systems produce rapidly evolving, short-duration signals,
while transient explosive events generate short bursts with poorly modelled waveforms.
In contrast, isolated rotating neutron stars produce long-lasting signals where the
quadrupole deformation evolves slowly in time.

These differences in duration, frequency evolution, and waveforms lead to a
classification of gravitational-wave signals into distinct observational categories.

2.2 Classes of gravitational-wave signals

Eq. 2.23 shows that gravitational waves are produced by the second time derivative
of the mass quadrupole moment. This means that gravitational waves are emitted
only when a source has a time-varying, non-spherical motion. A perfectly spherical
motion does not produce gravitational radiation.

Different astrophysical systems produce gravitational waves with different dura-
tions, frequency behaviour, and signal shapes. For this reason, gravitational-wave
signals are usually classified into four main groups based on how long they last,
or equivalently how long their signal is observable within the detector’s sensitive
frequency band, how their frequency changes in time, and how well their waveform
can be modelled. These four classes are compact binary coalescences, burst signals,
stochastic backgrounds and continuous waves (including long transients).

2.2.1 Compact binary coalescences

Compact binary coalescences are systems composed of two compact objects in a
bound orbit, such as binary neutron stars, binary black holes, or neutron star-black
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hole binaries. As the system evolves, it loses energy through gravitational-wave
emission, causing the two objects to slowly spiral towards each other until they
eventually merge.

CBC signals are well-modelled GW sources as their evolution can be accurately
described using post-Newtonian (PN) theory during the early stages and numerical
relativity (NR) near merger. This accurate waveform modelling enables CBC searches
to use matched-filtering techniques, in which the detector data are compared against
banks of theoretical waveform templates.

The gravitational-wave emission from a CBC is commonly divided into three
stages: inspiral, merger, and ringdown.

Inspiral: During the inspiral phase, the two compact objects orbit each other with
increasing speed while losing orbital energy. As a result, both the amplitude and
the frequency of the emitted gravitational waves increase with time, producing the
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Figure 2.2. Gravitational-wave signal from the binary black hole merger GW150914,
illustrating the inspiral, merger, and ringdown phases of a compact binary coalescence.
The increasing amplitude and frequency produce the characteristic ’chirp’ waveform.
Figure adapted from Abbott et al. [3].
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characteristic 'chirp’ waveform. The evolution of the signal is mainly determined by
the chirp mass,
(m 1m2)3/5

Mc = 4(m1 + m2)1/57

(2.25)
where m; and mo are the component masses of the binary system. The chirp
mass controls how rapidly the orbital frequency evolves during the inspiral. More
massive systems inspiral and merge more quickly, producing shorter signals at lower
frequencies, while less massive systems lose energy more slowly, their inspiral phase
takes much longer.

Merger: When the orbital separation becomes very small, strong-field relativistic
effects dominate and the two bodies merge into a single compact object. During
this stage, the post-Newtonian approximation breaks down and the system enters
a highly non-linear regime that must be described using numerical relativity. The
merger phase produces the peak gravitational-wave amplitude.

Ringdown: After the merger, the final remnant object settles into a stable config-
uration through the emission of damped oscillations known as quasi-normal modes.

Because CBC waveforms are highly predictable, they can be modelled using
several template waveforms parameterised by the component masses and spins.
This enables coherent matched-filter searches, which currently is the most sensitive
method for detecting gravitational waves from compact binaries.

A schematic representation of the characteristic ’chirp’ waveform is shown in
Fig. 2.2, illustrating the increase in frequency and amplitude during inspiral, followed
by merger and ringdown.

2.2.2 Burst signals

Burst gravitational waves are short-duration transient signals produced by violent
astrophysical events. Unlike CBCs, burst signals are often difficult to model accu-
rately because the physical processes generating them may be highly complex and
not fully understood [45-47].

Possible burst sources include core-collapse supernovae, magnetar flares, and other
transient phenomena [47]. These events can produce gravitational-wave emission
over timescales ranging from a few milliseconds to several seconds.

Since the waveforms are not precisely known, searches for these signals generally
rely on methods that identify excess power in the time-frequency plane [48] rather
than matched filtering. These techniques look for transient features in the detector
data without assuming a specific waveform model [49].

2.2.3 Stochastic gravitational-wave background

The stochastic gravitational-wave background (SGWB) is formed by the superposi-
tion of many different gravitational-wave sources [50, 51]. The signals from these
sources overlap in time and cannot be distinguished separately. The resulting signal
appears as a persistent random background of gravitational radiation.
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SGWRB is generally divided into two main categories based on its origins: astro-
physical [52] and cosmological [53]. Astrophysical contributions can arise from the
combined emission of many distant compact binary mergers, rotating neutron stars,
or supernovae. Cosmological backgrounds may originate from physical processes
in the early Universe, such as inflation, cosmic strings, or phase transitions shortly
after the Big Bang.

Since the SGWB is expected to be very weak compared to detector noise, searches
typically rely on cross-correlating data from multiple detectors. A correlated signal
between geographically separated detectors may indicate the presence of a stochastic
gravitational-wave background.

2.2.4 Continuous gravitational waves

Continuous gravitational waves (CWs) are long-lasting signals produced by rotating
compact objects that are not perfectly symmetric, most commonly neutron stars [15—
17]. In the simplest case, these signals are almost monochromatic and their phase
changes slowly enough that they last over long observation times.

For a rigid star rotating around a principal axis with a fixed ellipticity, the
gravitational-wave emission happens mainly at twice the rotation frequency,

Q
fgw = 2frot = ; (2.26)

In this case, the strain amplitude is given by [54]

472G T
ho(t) = == 2 2 (t), (2.27)

where I is the moment of inertia, € is the ellipticity of the star, and d is the distance
to the source.

In the standard picture of continuous waves, it is assumed that the star’s
shape and rotation change very slowly. Because of this, the signal stays almost
monochromatic over the time span of observations. But there are special cases where
the spin-down is much faster. In particular, newly born neutron stars can spin down
quite quickly. In such cases, both the frequency and amplitude of the signal change
noticeably with time.

This leads to a broader class of signals called long-transient gravitational waves
(tCWs) [15, 16, 55]. These are still based on the same physical mechanism as
continuous waves, but they last only for a limited time, typically from hours to
days, and show clear evolution in both frequency and amplitude. Long-transient
signals are expected, for example, from newborn magnetars: rapidly rotating, highly
magnetized neutron stars formed in events such as core-collapse supernovae or
binary neutron star mergers. In these systems, gravitational-wave emission can arise
from non-axisymmetric deformations, strong internal magnetic fields, or dynamical
instabilities, leading to a rapidly evolving signal.

In this thesis, we focus on these long-transient gravitational waves. The specific
case of newborn magnetars as long-transient GW sources is discussed in detail in
Chapter 3, while the signal model used in the analysis is presented in Chapter 4.
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The gravitational-wave signals discussed so far produce extremely small distor-
tions of space-time by the time they reach the Earth. Detecting these signals requires
highly sensitive detectors capable of measuring tiny relative changes in length. The
operating principles and sensitivity of modern gravitational-wave detectors are
discussed in the following section.

2.3 Gravitational-wave detectors

Although Einstein predicted gravitational waves in 1916, the experimental search
did not start right away. For nearly fifty years, the technology to measure such
tiny signals did not exist. This changed in the 1960s when Joseph Weber built the
first resonant bar detectors, famously known as Weber bars [56]. These detectors
consisted of large metallic cylinders designed to vibrate when a gravitational wave
passed through them. Although they were not sensitive enough to make confirmed
detections, they marked the beginning of experimental gravitational-wave research.

Over time, laser interferometry emerged as a promising method for gravitational-
wave detection because of its much higher sensitivity. The basic concept was
developed by several researchers during the 1970s and 1980s, driven by early proposals
from Rainer Weiss and Kip Thorne, alongside Ronald Drever and Heinz Billing,
which led to the construction of large-scale interferometric detectors [7, 57] such as
LIGO in the United States (led by Weiss, Thorne, and Barry Barish), Virgo in Italy
(founded by Alain Brillet and Adalberto Giazotto), and later KAGRA in Japan (led
by Takaaki Kajita).

A major breakthrough occurred on 14 September 2015, when the two Advanced
LIGO detectors made the first direct detection of gravitational waves during the
event GW150914 [3]. The signal originated from the merger of two black holes and
provided the first direct confirmation of gravitational waves as predicted by general
relativity. This discovery marked the beginning of gravitational-wave astronomy.
Today, gravitational-wave observations are carried out using a global network of
interferometric detectors.

2.3.1 Principle of interferometric detectors

Ground-based gravitational-wave detectors such as LIGO, Virgo, and KAGRA are
based on the Michelson interferometer design. In its basic layout, an interferometer
consists of a laser source, a beam splitter, two perpendicular arms of equal length,
highly reflective mirrors, and a photodetector. A simplified schematic of such an
interferometer is shown in Fig. 2.3.

In a simplified representation, a laser beam is split into two beams that travel
along perpendicular arms. These beams are reflected by mirrors placed at the ends of
the arms and then recombined at the beam splitter before reaching a photodetector.
If the two arms have exactly the same length, the returning light waves interfere
destructively and no light reaches the detector output. When a gravitational wave
passes through the interferometer, it stretches one arm while compressing the other.
This changes the relative distance travelled by the laser beams and produces a phase
shift between them. As a result, the interference pattern changes at the output. By
measuring this change, the gravitational-wave strain can be detected.
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Figure 2.3. Basic schematic of a laser interferometric detector. A laser beam is split into
two perpendicular arms, reflected by test masses, and recombined at the beam splitter.
A passing gravitational wave changes the relative optical path lengths in the two arms,
producing a measurable interference signal. Credit: Caltech/MIT/LIGO Lab.

The quantity measured by the detector is the strain,

ALY
_ ALY,

h(t) (2.28)
where L is the arm length and AL(t) is the differential change in the arm lengths
caused by the gravitational wave.

For astrophysical sources, the strain reaching Earth is extremely small, corre-
sponding to extremely small differential changes in the interferometer arm lengths
and making their detection very challenging.

2.3.2 Sensitivity enhancement: Fabry-Perot cavities and recycling

To improve sensitivity, modern detectors use several optical techniques that increase
the effective interaction time between the laser light and the gravitational wave.

The most important improvement is the use of Fabry-Perot cavities inside the
arms. A Fabry-Perot cavity is basically a pair of highly reflective mirrors placed at
the ends of each arm. Instead of the laser light passing through the arm just once,
it bounces back and forth many times between these mirrors before returning to the
beam splitter. Because of these repeated reflections, the light effectively travels a
much longer distance inside the arm, which increases the phase shift produced by a
passing gravitational wave.

Another important improvement is power recycling. A partially reflecting mirror
is placed at the input of the interferometer. This reflects light that would otherwise
escape back into the system, increasing the circulating laser power. This improves
the sensitivity by reducing shot noise, which comes from statistical fluctuations in
the detected photons.

A third technique is signal recycling. Here, an additional mirror is placed at the
output (before the photodetector). This allows the detector response to be tuned in
frequency, making it more sensitive in certain frequency ranges.
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2.3.3 Ground-based detector network

Gravitational-wave observations are carried out using a network of interferometric
detectors located around the world. Operating multiple detectors simultaneously is
essential for confirming candidate signals and improving source localization on the
sky.

LIGO: The Laser Interferometer Gravitational-wave Observatory (LIGO) consists
of two detectors located in Livingston, Louisiana, and Hanford, Washington, in the
United States [4]. Each detector has two perpendicular arms of length 4km. The
two LIGO detectors are separated by about 3000 km. A real GW signal is expected
to appear in both detectors with a time delay of at most about 10, ms, consistent
with propagation at the speed of light. The first direct detection of gravitational
waves, GW150914, was made by the two Advanced LIGO detectors in September
2015.

Virgo: Virgo is a European gravitational-wave detector located near Pisa, Italy
[58]. It has arm lengths of 3km. Virgo joined observing runs with the LIGO detectors
in 2017 and has significantly improved the ability of the detector network to localize
sources on the sky.

KAGRA: KAGRA is located in the Kamioka mine in Japan and has arm lengths
of 3km [6]. It is the first large-scale gravitational-wave detector built underground
and the first to use cryogenically cooled test masses. These features are designed to
reduce seismic and thermal noise.

GEO600: GEOG00 is a detector located near Hannover, Germany [59]. Although
its arm length is only 600 m, much shorter than those of LIGO and Virgo, it has
played an important role in the development and testing of advanced interferometric
technologies.

LIGO-India: LIGO-India is an upcoming detector currently under construction
in Hingoli, India [60]. It will use technology similar to the Advanced LIGO detectors
and will significantly improve source localization by increasing the geographical
separation between detectors.

2.3.4 Observing runs and gravitational-wave discoveries

The first gravitational-wave observing run (O1) was carried out between 2015 and
2016 using the two Advanced LIGO detectors [8, 61]. During this run, GW150914
was detected, marking the first direct observation of gravitational waves and the
first observation of a binary black hole merger [3]. This discovery confirmed a major
prediction of General Relativity.

The second observing run (O2) took place between 2016 and 2017 and included
both LIGO detectors together with Virgo during the later part of the run [8, 61].
One of the most important discoveries of O2 was GW170817, the first binary
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Figure 2.4. Timeline of the gravitational-wave observing runs and the participation of
different detectors. The sensitivity of the detector network has improved progressively
from O1 to the planned O5 run. Figure adapted from the LVK Observing Plan document
[65].

neutron star merger detected through both gravitational waves and electromagnetic
observations [13]. This event marked the beginning of multi-messenger astronomy.

The third observing run (03), conducted between 2019 and 2020, increased the
number of detected compact binary mergers. KAGRA joined the detector network
during the final stage of O3 [9, 10, 62].

The fourth observing run (O4) began in 2023 and continued until 2025. It
involved the Advanced LIGO detectors, with Virgo and KAGRA joining later after
commissioning activities. O4 further increased the number of detected gravitational-
wave events and expanded the growing catalogue of compact binary mergers [11, 12,
63, 64].

Following O4, the LIGO-Virgo-KAGRA collaboration is planning an intermediate
observing period known as Intermediate Run 1 (IR1), during which the two LIGO
detectors will observe and Virgo and KAGRA are expected to join as they are
available.

The fifth observing run (O5) is planned to begin with improved detector sensi-
tivities and is expected to further increase the detection rate. Future observing runs
will also benefit from the addition of LIGO-India, which will improve sky localization
and strengthen the global detector network.

The timeline of the observing runs and detector participation is shown in Fig. 2.4.

2.3.5 Next-generation and future detectors

Even though the current network of detectors has already made many discoveries,
more sensitive instruments are planned for the future.

The Einstein Telescope (ET) [66] in Europe and Cosmic Explorer (CE) [67] in
the United States are proposed third-generation ground-based detectors. These
detectors will have much better sensitivity than the current ones. This improvement
would allow the detection of gravitational-wave sources at much larger distances.

For the Einstein Telescope, two detector configurations are currently being
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studied. One is a triangular design consisting of three detectors with arm lengths of
10 km arranged at angles of 60°. The other is a configuration based on two L-shaped
detectors with arm lengths of 15km located at separate sites. Studies are currently
being carried out to determine the final design [68]. In both cases, the detector is
planned to be built underground in order to reduce seismic and environmental noise.
ET will also use advanced technologies such as cryogenic mirrors and improved laser
interferometry to achieve high sensitivity.

For the Cosmic Explorer, the current concept consists of two facilities, one with
arm lengths of 40 km and a second with arm lengths of 20 km [69]. Like LIGO, CE
uses a conventional L-shaped interferometer design, but its much longer arms will
significantly increase the detector sensitivity. CE is expected to build on technologies
developed for Advanced LIGO and its upgrades, ultimately achieving a sensitivity
improvement of about an order of magnitude over current detectors.

Future observations will also explore much lower frequencies than ground-based
detectors can reach. For this purpose, the Laser Interferometer Space Antenna (LISA)
is being developed. LISA is a planned space-based gravitational-wave observatory
led by the European Space Agency, with launch currently expected in the mid-2030s
[70]. LISA will consist of three spacecraft arranged in an approximately equilateral
triangular configuration with arm lengths of about 2.5 x 10° km. Unlike ground-
based detectors, which are limited at low frequencies by seismic and environmental
noise, LISA will operate in space and will be sensitive to gravitational waves in the
frequency range from roughly 10~% Hz to 1 Hz. Thus LISA will observe sources that
cannot be detected from the ground, including mergers of supermassive black holes,
extreme mass-ratio inspirals etc. Together with ground-based observatories, it will
provide gravitational-wave observations across a much wider range of frequencies
and source populations.

Several other future gravitational-wave observatories have also been proposed,
including the space-based missions DECIGO [71] and TianQin [72], which aim to
complement both LISA and ground-based detectors by improving coverage across
different frequency ranges.

2.3.6 Detector response and antenna pattern

A gravitational-wave detector is not equally sensitive to signals coming from all
directions in the sky. The measured signal depends on the position of the source,
the polarization of the gravitational wave, and the orientation of the detector.

A gravitational wave has two independent polarization components, denoted by
hy(t) and hy(t) as discussed in Section 2.1. The strain measured by an interfero-
metric detector is a linear combination of these two polarizations,

h(t) = Fy (£)h(t) + Fx (8)hx (1), (2.29)

where F; and Fy are the antenna pattern (or beam pattern) functions, which
describe how sensitive the detector is to a signal coming from a given direction and
polarization.

Their values depend on the source sky position, the polarization angle v, and
the orientation of the detector on Earth.
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For a ground-based interferometer, the antenna pattern functions can be written
as [54]

F(t) =sin([a(t) cos 29 + b(t) sin 2¢] (2.30)
Fy(t) =sin( [b(t) cos2¢p — a(t) sin 2¢], (2.31)

where ( is the angle between the detector arms (¢ = 90° for LIGO, Virgo, and
KAGRA), v is the polarization angle, and the functions a(¢) and b(¢) depend on the
source location and detector geometry [54].

Because the Earth rotates, the orientation of a detector relative to a fixed
astrophysical source changes continuously. As a result, Fy and Fy vary with time
with a period of one sidereal day, producing a characteristic amplitude modulation
of the observed signal.

For continuous-wave signals from rotating neutron stars, the two gravitational-
wave polarizations can be written as [44]

2
b (t) = h0¥ cos B (1), (2.32)
hy (t) = hg cos tsin ®(t), (2.33)

where hg is the intrinsic strain amplitude, ¢ is the inclination angle between the
star’s spin axis and the line of sight, and ®(¢) is the phase evolution of the signal.
Combining these expressions gives the strain measured by the detector.

2.4 Detector noise and sensitivity limits

The detection of gravitational waves is very challenging due to the extremely small
strain amplitudes produced by astrophysical sources by the time they reach Earth [44].
In ground-based detectors, the measured signal is thus always dominated by instru-
mental and environmental noises. As a result, the detector output consists of a
possible gravitational-wave signal along with noise contributions from the instrument
and its surroundings [44].

The detector output time series can be written as

s(t) = h(t) + n(t), (2.34)

where h(t) denotes the gravitational-wave signal and n(t) represents the detector
noise. To extract these weak astrophysical signals it is important to understand the
statistical properties of n(t) and how this noise affects the detectability of signals.

In gravitational-wave data analysis, the noise is commonly modeled as a stationary
Gaussian random process [44]. Under this assumption, the noise is fully characterised
in the frequency domain by its one-sided power spectral density (PSD), S,,(f), defined
through

AR ) = 5505 8(F ~ ), (2:35)

where 7(f) is the Fourier transform of n(t) and angle brackets denote an ensemble
average.
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The function S, (f) describes how the noise is distributed as a function of
frequency and has units of Hz~!. Tts square root, \/S,(f), is commonly referred
to as the amplitude spectral density (ASD). Sensitivity curves of ground-based
interferometers are typically plotted in terms of this quantity, as it provides a
measure of the characteristic noise amplitude as a function of frequency.

Equivalently, the noise spectral density can be defined in terms of the autocorre-
lation function

R(7) = (n(t + m)n(t)), (2.36)
through the Wiener-Khintchin relation [44],

Su(f) =2 /_ ;oo dr R(r) eI, (2.37)

The noise n(t) is not caused by a single effect, but is instead the result of many
different contributions coming from both the detector itself and its surrounding
environment. These different noise sources typically dominate in different frequency
ranges.

We can group the main noise sources into a few broad categories. One important
distinction is between optical read-out noise, which comes from the way the laser
light is used to measure the motion of the mirrors, and displacement noise, which
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Figure 2.5. Noise budget of aLIGO generated using PyGWINC [73]. The plot shows the
main noise contributions including quantum noise, seismic and Newtonian noise, and
thermal noise sources.
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is due to real physical motion of the test masses [44]. On top of these, there are
also several technical and environmental noises that can affect the measurements,
especially at low frequencies. The different contributions shown in Fig. 2.5 dominate
in different frequency ranges and together determine the overall detector sensitivity.

In the next subsections, we discuss the most important noise contributions in
ground-based interferometers, starting from the fundamental quantum noise of the
optical read-out and then moving on to displacement and other technical noise
sources.

2.4.1 Optical read-out noise

Optical read-out noise arise from the quantum nature of light used to measure the
differential motion of the interferometer mirrors. Since the measurement is performed
using laser photons, quantum fluctuations in the light field introduce an uncertainty
in the detector output. The two main categories are shot noise and radiation pressure
noise. Together they form the quantum noise of the interferometer.

Shot noise

Shot noise arises because light is made of discrete photons. The photodetector
measures the laser power by counting the number of photons arriving during a finite
time interval. If N, photons are detected in a time 7', the measured power is

N, hwy,
T )

where wy, is the laser angular frequency.

P = (2.38)

The arrival of photons is a random process that follows Poisson distribution. For
a Poisson distribution, the fluctuation in the number of photons is

AN, = /N, (2.39)

As a result, the measured optical power also fluctuates. The corresponding power
fluctuation is

1

(Ap)shot = T

fwr )1/2. (2.40)

N2 hwp, = (P
ol L T
These fluctuations limit how accurately the phase difference between the two inter-

ferometer arms can be measured. For a Fabry-Perot Michelson interferometer, the
strain sensitivity associated with shot noise can be written as [44]

2
1 [drhipe\Y? f

gl/2 — ( > 1 -1, 241
" (f) shot 8FL 77Pbs + fp ( )

where h is the reduced Planck constant, Ay is the laser wavelength, F is the
finesse of the cavity, L is the arm length, 7 is the photodetector efficiency, f, is the
cavity pole frequency and P is the power at the beam splitter given by P,y = CF
where Py is the input power and C is the factor gained with power recycling.
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From this expression we see that shot noise decreases as the laser power increases.
A larger number of photons reduces relative statistical fluctuations in the photon
count, improving the precision of the measurement. Shot noise is typically the
dominant noise source at high frequencies.

Radiation pressure noise

Increasing the laser power reduces shot noise, but it also introduces another source
of quantum noise. Each photon carries momentum, and when it reflects from a
mirror it exerts a pressure on the mirror. This produces a force known as radiation
pressure. For a laser beam with power P, the force exerted on a reflecting mirror is

2P
F== (2.42)

C

Because the number of photons fluctuates, the radiation pressure also fluctuates.
These force fluctuations cause small random displacements of the mirrors. The
corresponding fluctuation in force is related to the power fluctuations by AF =
2AP/c. Using Eq. 2.40,

1/2
AF—2(M%P> . (2.43)

For an interferometer with Fabry-Perot cavities, the strain sensitivity due to
radiation pressure can be expressed as [44]

_16V2F

| hPs
rad ML 27Tf 2T LC /1+ f/fp

where M is the mirror mass.

SY2(f)

(2.44)

Unlike shot noise, radiation pressure noise increases with laser power because
larger power fluctuations produce larger force fluctuations on the mirrors. The
1/f? dependence also shows that radiation pressure noise is most important at low
frequencies.

Standard Quantum Limit

Shot noise and radiation pressure noise have opposite dependences on laser power.
Increasing the power reduces shot noise but increases radiation pressure noise. The
total optical read-out noise is obtained by combining the two contributions,

Sn(f)

opt

+ Sn(f)

shot

(2.45)

rad

For a given frequency, there exists an optimal laser power for which the two noise
contributions become comparable. At this point the total optical noise reaches its
minimum value. The corresponding sensitivity is known as the Standard Quantum
Limit (SQL).

For a Fabry-Perot Michelson interferometer, the SQL strain sensitivity can be
written as [44]
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h
S5 (f) = 27r1fL \/i, (2.46)

where L is the arm length and M is the mirror mass.

The SQL is not an absolute limit set by quantum mechanics. More advanced
techniques, such as quantum non-demolition methods and the use of squeezed states
of light, can further improve the sensitivity of gravitational-wave detectors.

2.4.2 Displacement noise

The optical read-out noise discussed above comes from the way we measure the
motion of the test masses using laser light. However, the mirrors also move due to
many other physical effects that are not related to gravitational waves. We group
these effects as displacement noise and we characterize them with a displacement
spectral density sy 2( f), which we simply denote as z(f).

Since a gravitational wave changes the arm length as AL = hL, a displacement
Az of a mirror produces the same effect as an equivalent strain Axz/L. Therefore, to
express displacement noise in terms of strain, we divide by the arm length L. Unlike
optical read-out noise, the finesse of the cavity does not improve displacement noise,
because both the signal and the mirror motion are enhanced in the same way by the
multiple bounces of light.

In general, displacement noise depends on many technical and environmental
effects. The most important contributions are discussed below.

Seismic and Newtonian noise

Ground-based interferometers are constantly affected by ground motion. The Earth’s
surface is never completely still due to human activity such as traffic and trains,
as well as natural effects like wind and ocean waves. There is also a micro-seismic
background caused mainly by ocean activity, which produces surface waves that
propagate through the Earth and shake the suspension system and the mirrors. This
ground motion is referred to as seismic noise.

A simple model for seismic displacement noise can be written as [44]

a(f) ~ A (1ﬁz) mHz /2, (2.47)
where typically v ~ 2 for frequencies above about 1 Hz, and A ~ 10~7 in a quiet
location. When this displacement is converted into strain by dividing by the arm
length L ~ 3-4 km, the resulting noise is still many orders of magnitude above the
level needed for gravitational-wave detection. For this reason, seismic noise must be
strongly reduced.

This is achieved by isolating the mirrors using multi-stage pendulum suspension
systems. Each pendulum at frequencies above its resonance fy, suppresses the noise
by a factor roughly (fo/f)?. With multiple stages, the total suppression becomes
much stronger. This is why ground-based detectors are only sensitive above roughly
10 Hz.



26 2. Gravitational Waves and Detection

There is another fundamental source of noise called Newtonian noise or gravity
gradient noise. This comes from small time-dependent changes in the local gravita-
tional field produced by moving matter near the detector. The main contribution
comes from density fluctuations in the ground caused by micro-seismic waves.

This type of noise is particularly difficult because gravity cannot be shielded.
Unlike seismic noise, it cannot be removed by mechanical isolation. At present
detectors, Newtonian noise is not the dominant limitation, since it is usually hidden
by seismic noise at low frequencies and by thermal noise at higher frequencies.
However, it is expected to become an important ultimate limit for ground-based
detectors at low frequencies.

Thermal noise

Thermal noise arises from the random motion of atoms in the detector components
due to their finite temperature. These thermal fluctuations cause small vibrations in
both the mirrors and their suspension systems, producing displacement noise that
can limit the sensitivity of the interferometer.

Thermal noise can be divided into two main categories: suspension thermal noise
and test-mass thermal noise.

Suspension thermal noise: The mirrors are suspended by pendulum systems
to isolate them from ground vibrations. These suspension itself undergoes thermal
motion which can cause the mirrors to move and therefore introduce noise into the
measurement. Suspension thermal noise is particularly important at low frequencies,
typically from a few hertz up to several tens of hertz. The suspension wires also
have resonant modes, known as violin modes, which appear as narrow peaks in the
noise spectrum at frequencies of a few hundred hertz and above.

Test-mass thermal noise: Thermal fluctuations also occur within the mirrors
themselves. One important contribution is Brownian noise, which originates from
the random motion of atoms inside the mirror substrate and coating materials.
In current detectors, coating Brownian noise is one of the dominant noise sources
in the most sensitive frequency band. Temperature fluctuations can also produce
noise through thermal expansion of the mirror materials. This effect is known as
thermo-elastic noise. In addition, temperature variations change the refractive index
of the mirror coatings, producing thermo-refractive noise.

Thermal noise is directly related to the dissipation present in the system, which
depends strongly on the materials used. For this reason, considerable effort is spent
on developing materials with lower mechanical losses for the mirrors, coatings, and
suspension systems.

2.4.3 Other noise sources

In addition to optical read-out noise and displacement noise, a number of other
noise sources can affect the sensitivity of a gravitational-wave interferometer. These
effects are usually smaller, but they must still be controlled in order to reach the
required sensitivity.

One important requirement is that the laser beams propagate in ultra-high
vacuum. This is necessary to avoid fluctuations in the refractive index of air. In
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current detectors, the pressure is typically kept below 107 mbar, and even lower
values (10™Y mbar) are required for advanced detectors. The vacuum system must
also be free from contaminating gases, since even very small amounts of residual
molecules can slowly deposit on the optical surfaces and reduce their performance
over time.

Another limitation comes from scattered light. The mirror surfaces must be
extremely smooth to reduce optical losses and unwanted reflections. Also, fluctuations
in the laser itself, both in power and frequency, must also be kept under control. In
addition, the interferometer relies on many servo systems to keep all optical degrees
of freedom stable. Noise in these control systems can also couple into the signal.

Together, these noise sources illustrate the high level of control required to
achieve the sensitivity of gravitational-wave detectors and highlight the complexity
of these instruments.
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Chapter 3

Neutron Stars and Magnetars

Neutron stars are the compact remnants left behind after core-collapse supernova
explosions and as remnants of compact binary mergers, and are among the densest
objects in the Universe. They provide a unique way to study matter at densities
higher than those found in atomic nuclei, where the equation of state is still not well
understood. Rapidly rotating neutron stars, especially newly born magnetars, are
expected to be promising sources of long-transient gravitational waves because of
their strong magnetic fields that can induce non-axisymmetric deformations, leading
to the emission of gravitational radiation. Understanding the formation and physical
properties of these objects is therefore important for developing astrophysical models
of GW emission. On the other hand, the detection of such signals could provide
valuable information about neutron-star properties and the physics of dense matter.

3.1 Structure and basic properties of neutron stars

Neutron stars represent the final evolutionary stage of massive stars that undergo core-
collapse supernova explosions. They were first proposed theoretically by Baade and
Zwicky [74] soon after the discovery of the neutron by Chadwick [75]. Observational
confirmation came decades later through the discovery of bright X-ray sources
such as Scorpius X-1 [76] and the subsequent identification of radio pulsars [77].
Today, thousands of neutron stars are known, including radio pulsars, X-ray binaries,
magnetars, and millisecond pulsars.

Neutron stars typically possess masses upto about 2 Mg, or higher, compressed
within radii of about 10-14km, leading to central densities that exceed nuclear
saturation density. Their interiors therefore provide a unique natural laboratory for
studying matter under extreme conditions inaccessible to terrestrial experiments.

3.1.1 Stellar collapse and the formation of neutron matter

Neutron stars are formed during the final stages of the evolution of massive stars,
typically with initial masses greater than about 8-10 Mg [78], when they exhaust
their nuclear fuel and can no longer support themselves against gravitational collapse.
In these stars, nuclear burning proceeds through successive stages until an iron-rich
core is formed. Since iron nuclei have the highest binding energy per nucleon,
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further fusion reactions no longer release energy. As the core mass approaches
the Chandrasekhar limit [79], electron degeneracy pressure becomes insufficient to
balance gravity and the core rapidly collapses. During the collapse, the density and
pressure inside the core increase rapidly. Electrons are forced into protons through
inverse beta decay,

e +p—=n+ve, (3.1)

where e~ is the electron, p is the proton, n is the neutron, and v, is the electron
neutrino. This process decreases the number of electrons available to provide electron
degeneracy pressure and causes the matter in the core to become increasingly neutron
rich. The neutrinos produced escape from the collapsing core, carrying away a large
fraction of the gravitational binding energy released during the collapse [80-82].

As the density rises to values comparable to nuclear density, p ~ 2 x 10" gcm™3,
neutron degeneracy pressure and repulsive nuclear interactions halt the collapse
of the inner core. The collapsing outer layers then rebound from the stiffened
core, generating a shock wave that propagates outward and disrupts the star in a
core-collapse supernova explosion [82-84]. The compact remnant left behind after
the explosion is a neutron star.

3.1.2 Internal structure of neutron stars

The internal structure of a neutron star is commonly described as a sequence of
distinct layers characterized by increasing density and changing physical composi-

ATMOSPHERE
HYDROGEN, HELIUM, CARBON

OUTER CRUST
IONS, ELECTRONS

INNER CRUST
IONS, SUPERFLUID NEUTRONS

OUTER CORE

SUPERCONDUCTING PROTONS

INNER CORE
UNKNOWN

Figure 3.1. Schematic cross-section of a neutron star’s internal anatomy, illustrating the
progression from the outer atomic crust to the core. While the star is predominantly
composed of neutrons, it features layers of varying nuclear compositions, with the exact
state of matter and composition within the ultra-dense inner core remaining an active
area of unknown physics. Image courtesy of NASA’s Goddard Space Flight Center /
Conceptual Image Lab.
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tion, ranging from a solid crust to an ultra-dense fluid core. Although the exact
composition of the deepest regions depends on the still uncertain equation of state
of dense matter, the general layered structure is a robust prediction of neutron-star
models [80, 81].

Accordingly, a neutron star is divided into three main regions: the atmosphere
and outer crust, the inner crust, and the core. A schematic representation of this
internal structure is shown in Figure 3.1.

Atmosphere and outer crust

The outermost layer of a neutron star is a thin atmosphere with a thickness of
only a few centimetres. Below the atmosphere lies the outer crust, which extends
from densities of roughly 10°gcm™ up to the neutron drip threshold! at about
10"t gem™3. The outer crust is composed of a Coulomb lattice of increasingly
neutron-rich nuclei embedded in a highly degenerate relativistic electron gas. As
the density increases with depth, electron capture processes become more efficient,

leading to progressively more neutron-rich isotopes.

Inner crust and neutron drip region

At densities above the neutron drip threshold (p ~ 4 x 10* gecm™3), neutrons begin
to escape from nuclei and form a dilute neutron gas coexisting with neutron-rich
nuclei and electrons. This region is known as the inner crust.
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Figure 3.2. Schematic progression of the "nuclear pasta" phases within the inner crust
and mantle of a neutron star, shown along the increasing density axis. The structural
configurations transition from spherical droplets to complex rods and slabs as matter
approaches the uniform core liquid boundary. Image adapted from Chamel and Haensel
[85].

!The neutron drip threshold corresponds to the density at which neutrons are no longer completely
bound inside atomic nuclei and begin to drip out into the surrounding space.
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In the inner crust, the competition between nuclear attraction and Coulomb
repulsion gives rise to complex nuclear configurations. As the density approaches
nuclear saturation density, nuclei are predicted to deviate from spherical symmetry
and may form extended structures collectively known as nuclear pasta phases (see
Fig. 3.2). These include rod-like (“spaghetti”) and slab-like (“lasagna”) geometries,
and are expected to occur near the transition between the crust and the uniform
liquid core [85].

Core

The core contains most of the neutron star mass and extends to densities above
nuclear saturation density, py ~ 2.7 x 10" gem™3. The outer core is generally
expected to consist of neutrons with a small fraction of protons, electrons, and
muons in beta equilibrium, where weak interaction processes maintain equilibrium
between neutrons, protons, and leptons. At higher densities, corresponding to the
inner core, the composition is not well constrained and may include exotic degrees of
freedom such as hyperons, meson condensates, or deconfined quark matter [86, 87].

3.1.3 Equation of state of dense matter

The equation of state (EOS) describes the relation between pressure, density, and
temperature inside neutron star matter. It determines the properties of neutron stars,
including their mass-radius relation, maximum stable mass, and internal structure
[81, 86].

At densities below nuclear saturation density, the EOS is relatively well con-
strained by nuclear experiments. But at the much higher densities reached in neutron
star cores, the behaviour of matter remains uncertain. Different theoretical models
predict different compositions and pressure-density relations, leading to significant
uncertainties in neutron star radii and core properties. This dependence is commonly
illustrated through the neutron star mass-radius relation, which varies significantly
between different EOS models [88, 89].

The EOS is particularly important for gravitational-wave studies because it affects
quantities such as the moment of inertia and maximum possible ellipticity [86]. These
properties influence both the amplitude and evolution of GW signals emitted by
these sources.

3.1.4 Rotation and magnetic fields in neutron stars

Neutron stars are characterized by extremely fast rotation and strong magnetic fields.
These properties arise during the collapse of the progenitor star. As the stellar
core contracts from a radius of several thousand kilometres to only about 10km,
conservation of angular momentum causes the rotation rate to increase dramatically.
At the same time, magnetic flux conservation amplifies the stellar magnetic field
to values many orders of magnitude larger than those found in ordinary stars
[18, 80, 81, 90].

Newly formed neutron stars are therefore expected to rotate rapidly, with initial
spin periods that may range from milliseconds to several seconds. The corresponding
rotational energy can be very large and is given approximately by
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Figure 3.3. The P-P diagram for the known neutron star population, using data from the
ATNF Pulsar Catalogue [91]. Few standard sub-populations are labelled. Dashed black
lines are contours of constant inferred surface dipolar magnetic field; dotted blue lines
mark contours of constant characteristic age. Magnetars occupy the upper-right region
with the highest inferred field strengths. The newborn magnetars targeted in this thesis
are expected to have been born with millisecond spin periods, placing them initially at
the far left of the diagram before spinning down under combined electromagnetic dipole
and gravitational-wave torques.

1
Frot = 5]92, (3.2)

where [ is the moment of inertia and €2 is the angular velocity of the star. For
millisecond rotation periods, the rotational energy may exceed 10°2 erg, making
young neutron stars potentially important central engines for energetic astrophysical
phenomena.

The magnetic fields of neutron stars are typically inferred from measurements
of their rotational spin-down. Ordinary radio pulsars generally possess surface
dipolar magnetic fields of order 10'-10'3 G, while more extreme neutron stars
known as magnetars may reach inferred surface dipolar field strengths of 10'-
10 G [92]. These magnetic fields strongly influence the rotational evolution and
electromagnetic emission of the star. The diverse neutron star population and its
sub-classes are visualised in the P-P diagram, shown in Figure 3.3, which displays
the spin period against its time derivative for all known neutron stars with measured
timing parameters [91].

The largest known population of Neutron Stars consists of radio pulsars, which
emit highly regular pulses of radio waves powered by rotational energy loss. Millisec-
ond pulsars are a rapidly rotating subclass with spin periods below about 1 — 10 ms
and relatively weaker magnetic fields.

In contrast, magnetars are characterized by intense X-ray and gamma-ray activity
which are primarily powered by magnetic energy rather than rotation [18, 92, 93].
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Their extremely strong magnetic fields are believed to play an important role in
the production of energetic bursts and flares observed from these sources [93-95].
Because of their rapid initial rotation and extremely strong magnetic fields, newborn
magnetars are particularly interesting in the context of gravitational-wave astronomy.
Strong magnetic fields may deform the stellar structure from perfect axial symmetry,
while rapid rotation provides a large reservoir of rotational energy that can power
long-lasting gravitational-wave emission. These properties make newborn magnetars
promising candidates for long-transient gravitational-wave signals.

3.2 Magnetars

Magnetars are a special type of neutron star with extremely strong magnetic fields.
Their surface magnetic fields are typically of the order of 10'*-10'® G, making them
the strongest known magnets in the Universe [18, 27, 92-94].

3.2.1 Observed properties of magnetars

Magnetars are mainly observed as two classes of X-ray sources known as Soft
Gamma Repeaters (SGRs) and Anomalous X-ray Pulsars (AXPs). These objects
show recurrent X-ray and gamma-ray bursts, giant flares, and persistent X-ray
emission [27, 92-94]. Unlike ordinary radio pulsars, their observed emission cannot
be explained only through rotational energy loss. Instead, the main energy source is
believed to be the decay of their extremely strong magnetic fields [27, 94].

Although only a relatively small number of magnetars are currently known in
our galaxy, population studies suggest that their formation rate in the galaxy is
estimated to be 2.3-20 per kyr, with a fraction 0.4t8;§8 of all neutron stars being born
as magnetars (corresponding to 12-100% at the 20 confidence level) [96]. Because
newborn magnetars combine rapid rotation, strong magnetic fields, and possible
asymmetries produced during their formation, they are considered promising sources
of long-transient gravitational waves.

3.2.2 Formation of newborn magnetars

Magnetars are suggested to form during core-collapse supernova explosions of massive
stars or after binary neutron star mergers [18, 24]. In the first seconds after the
birth of the neutron star, the hot proto-neutron star is expected to undergo strong
convection together with rapid differential rotation. If the newborn star rotates
sufficiently rapidly, with an initial spin period of the order of a few milliseconds,
these motions can amplify the magnetic field through an efficient dynamo mechanism
[18].

In this scenario, differential rotation inside the proto-neutron star strengthens the
magnetic field lines, while convective motions help regenerate the poloidal component
of the field. Together, these dynamo processes can amplify the surface magnetic
field to strengths of about 10'4-10'%, G within a few seconds after the neutron star
is born, leading to the formation of a magnetar.

Newborn magnetars are expected to rotate very rapidly, with initial spin periods
of only a few milliseconds. Combined with their extremely strong magnetic fields,
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this makes them possible central engines for energetic astrophysical transients such as
superluminous supernovae and gamma-ray bursts [40, 97-99]. Their rapid rotation
also provides a large reservoir of rotational energy that can potentially power long-
lasting gravitational-wave emission [20—24].

3.2.3 Internal and external magnetic fields

The magnetic field of a magnetar is expected to have both poloidal and toroidal
components. The poloidal field is the component whose field lines emerge from one
magnetic pole and re-enter through the other pole. Its large-scale dipole component
extends outside the star and is responsible for the electromagnetic spin-down observed
in pulsars and magnetars [16].

The toroidal field has magnetic field lines that go around the star in the azimuthal
direction and are expectd to be mainly confined to the interior [100]. Although this
component cannot be measured directly, theoretical studies suggest that it may form
a significant fraction of the total magnetic energy inside a magnetar [24, 100, 101].

Modern models considers mixed poloidal-toroidal configurations, referred to as
twisted-torus magnetic fields. Such configurations are expected to be more stable
than purely poloidal or purely toroidal fields [102, 103] and may survive on long
timescales inside neutron stars [24, 100].

The geometry of the internal magnetic field is particularly important because it
determines the magnitude and sign of the magnetic deformation of the star [104, 105]
and thus, it directly affects the strength of any gravitational-wave emission [24].

3.3 Magnetic deformations and ellipticity

Magnetars can emit gravitational waves only if their mass distribution is not perfectly
symmetric around the rotation axis. In newborn magnetars, one of the sources
that results in this asymmetry is the presence of extremely strong internal magnetic
fields.

Magnetic fields exert anisotropic stresses on the stellar matter and can deform
the equilibrium shape of the star. The resulting deformation is commonly described
by the ellipticity

€=t (3.3)

where 1., I, and I.. are the principal moments of inertia, with the z-axis taken
to be the rotation axis. A non-zero ellipticity corresponds to a non-axisymmetric
mass distribution and therefore to a time-varying quadrupole moment, which is
required for gravitational-wave emission.

The value of ¢ depends mainly on the internal magnetic field geometry. A
predominantly poloidal magnetic field generally produces an oblate deformation,
whereas a strong toroidal field tends to deform the star into a prolate shape [100].

For a magnetically deformed neutron star, the ellipticity is approximately pro-
portional to the ratio between magnetic energy and gravitational binding energy,

(3.4)
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where E'p is the magnetic energy stored inside the star and W is its gravitational
binding energy [24]. For strong toroidal magnetic fields, the ellipticity can be
estimated as

a(k _
epr~4x107 (f) Bipy16Rs My} (3.5)

where By 16 is the internal magnetic field strength in units of 10'6 G, Rg is the
stellar radius in units of 10%cm, M 4 is the stellar mass in units of 1.4 Mg, and
kp is a geometrical factor that depends on the magnetic-field configuration [24].
This relation shows that magnetars with internal magnetic fields around 10'6 G can
develop ellipticities of order 10~4-1073.

Other mechanisms may also produce non-axisymmetric deformations. Examples
include secular bar-mode instabilities in rapidly rotating proto-neutron stars and
accretion-induced mountains formed by asymmetric matter accumulation [106-108].

3.4 Spin evolution and braking mechanisms

After their formation, newborn magnetars gradually lose rotational energy and spin

down over time. The spin evolution is due to the torques acting on the magnetar,

mainly electromagnetic dipole radiation and gravitational-wave emission [21, 80].
The rotational evolution of a neutron star is commonly described as

Q= —kQ", (3.6)

where () is the angular velocity of the star, k is a constant that depends on the
physical emission mechanism, and n is known as the braking index. The braking
index determines how strongly the spin-down depends on the rotational frequency
of the source.

Different values of n correspond to different physical mechanisms [29]. In the
case of wind braking (n = 1), the spin-down is driven by a relativistic outflow of
particles from the neutron star magnetosphere. This wind is powered by strong
electric fields induced by strong magnetic fields, which can extract charged particles
from the stellar surface and accelerate them to relativistic speeds [109].

The standard magnetic dipole braking model corresponds to n = 3. In this case,
the magnetar is considered as a rotating magnetic dipole in vacuum, and energy loss
is dominated by electromagnetic radiation [110].

If the star has a non-axisymmetric mass distribution, gravitational waves are
emitted at twice the rotation frequency. In the simplest case of a static quadrupolar
deformation, the resulting gravitational-wave spin-down corresponds to n =5 [44].
This regime is particularly relevant for newborn magnetars, where strong internal
magnetic fields can generate such deformations. Higher braking indices, such as
n =7, can occur when spin-down is dominated by gravitational-wave emission from
fluid oscillation modes (r-modes), which involve time-dependent perturbations of
the stellar fluid [111]. In this case, the emission is not caused by a fixed deformation
but by unstable oscillations driven by rotation.
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In realistic magnetars, more than one mechanism can operate simultaneously.
As a result, the effective braking index may differ from these ideal values and can
evolve with time depending on the internal structure, magnetic field configuration,
and other conditions [112]. In this thesis, two limiting cases are considered. The
long-transient gravitational-wave searches presented in Chapters 4 and 8 assume
a gravitational-wave dominated spin-down regime with n = 5 for a rotating non-
axisymmetric newborn magnetar. In contrast, the electromagnetic shock breakout
analysis in Chapter 5 assumes magnetic dipole spin-down with n = 3.

As the magnetar spins down, the gravitational-wave frequency evolves in time,
producing long-lasting signals that slowly drift in frequency over timescales of hours
to days. This frequency evolution is a key feature exploited by semi-coherent search
methods used in this work.

3.5 Gravitational-wave emission mechanisms in magne-
tars

Several physical mechanisms have been proposed that can generate gravitational-
wave emission from rapidly rotating newborn magnetars. These mechanisms differ in
both the physical origin of the emission and the resulting gravitational-wave signal.
We discuss some of the most important mechanisms below.

3.5.1 Magnetically-induced quadrupolar deformations

Strong internal magnetic fields in newborn magnetars can deform the stellar structure
away from spherical symmetry, as described in Sec. 3.3. The properties of the
resulting deformation depend on the geometry and relative strength of the internal
magnetic-field components. In simplified configurations, a predominantly poloidal
field tends to produce an oblate deformation, while a strong toroidal component
tends to produce a prolate deformation [100]. More generally, magnetic stresses can
support non-axisymmetric distortions of the stellar mass distribution.

In this thesis, the detailed internal magnetic-field geometry is not modeled
explicitly. Instead, the gravitational-wave source is described phenomenologically as
a non-precessing triaxial neutron star rotating about one of its principal axes. The
relevant equatorial asymmetry is characterized by the ellipticity €, which measures the
difference between the principal moments of inertia perpendicular to the rotation axis.
For a non-axisymmetric configuration with I, # I, the stellar mass quadrupole
changes orientation as the star rotates, giving rise to gravitational-wave emission.

For this emission model, the dominant gravitational-wave component is emitted
at twice the stellar rotation frequency,

fgw = 2 frot; (3.7)

where fio is the stellar rotation frequency [44]. As the star loses rotational energy,
its rotation frequency decreases and the gravitational-wave amplitude also evolves,
producing a long-transient signal whose frequency sweeps downward over timescales
ranging from hours to days [24, 113]. The corresponding gravitational-wave lumi-
nosity and spin-down evolution are discussed in detail in Sec. 3.6.
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3.5.2 Free precession and the spin-flip mechanism

A different possible configuration arises when an approximately axisymmetric defor-
mation has its symmetry axis misaligned with the stellar angular momentum. In
this case, the neutron star can undergo free precession [114]. During free precession,
the orientation of the deformation changes with respect to the angular momentum,
leading to a time-dependent quadrupole moment and potentially modifying the
gravitational-wave emission.

Internal viscous dissipation gradually damps the precession while approximately
conserving angular momentum [21, 100, 114]. The effect of this dissipation depends
on the shape of the star. For a prolate star, as expected when the internal magnetic
field is dominated by a strong toroidal component, dissipation tends to increase
the angle between the symmetry axis and the angular momentum. The star can
therefore evolve towards a nearly perpendicular configuration, a process known as
the spin-flip mechanism [21, 100]. This configuration increases the time-varying
quadrupole moment and can enhance the gravitational-wave emission. For an oblate
star, dissipation instead tends to drive the system towards alignment, reducing the
gravitational-wave emission.

Free precession and spin-flip evolution therefore represent additional possible
channels through which magnetic deformations can produce or enhance gravitational-
wave emission from newborn magnetars. These dynamics are not explicitly included
in the signal model adopted in this thesis, which assumes a non-precessing triaxial
neutron star rotating about a principal axis. They are discussed here as comple-
mentary astrophysical motivation for gravitational-wave emission from magnetically
deformed newborn neutron stars.

3.5.3 Bar-mode instabilities

Very rapidly rotating proto-neutron stars may also develop non-axisymmetric fluid
instabilities. If the ratio between rotational kinetic energy T and gravitational
binding energy |WW| becomes sufficiently large, the star can become unstable to
bar-like deformations [106, 115]. The secular bar-mode instability is triggered when
T/|W| Z 0.14, while the dynamical instability requires 7'/|W| 2 0.27 [106, 115].

In this scenario the stellar fluid adopts an elongated shape that rotates with
respect to an inertial observer, producing strong gravitational-wave emission. The
emitted signal frequency is typically few = 2frot [106].

Bar-mode instabilities can in principle produce stronger gravitational-wave signals
than magnetically induced deformations, but they require extremely rapid rotation
and their occurrence in newborn neutron stars remains uncertain [24].

3.5.4 r-mode oscillations

Another possible source of gravitational waves is provided by r-modes, which are
global oscillation modes of rotating fluid stars. These modes are restored primarily
by the Coriolis force and can become unstable through the Chandrasekhar-Friedman-
Schutz (CFS) mechanism [116, 117].

Unlike the case of a permanent deformation, the gravitational radiation is
generated by oscillatory fluid motions inside the star rather than by a fixed quadrupole
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moment. For the dominant [ = m = 2 r-mode, the gravitational-wave frequency is
approximately fow ~ (4/3) frot [111].

In the standard model in which r-mode gravitational-wave emission dominates
the spin-down, the corresponding braking index is n = 7. The growth and saturation
of r-modes depend on several uncertain physical processes, including viscosity,
superfluidity, and the thermal evolution of the neutron star [118, 119]. Their role in
newborn magnetars therefore remains an active area of research.

3.5.5 Accretion-induced mountains

In accreting neutron stars, asymmetric accretion of material onto the stellar surface
can build up a non-axisymmetric mountain, sustaining a persistent ellipticity [107,
108]. This mechanism is less relevant for the isolated newborn magnetars considered
in this thesis, but is an important GW source for accreting systems in low-mass
X-ray binaries.

In this thesis we focus on gravitational-wave emission from a rotating neutron
star with a long-lived quadrupolar deformation produced by strong internal magnetic
fields. In this model the GW signal is emitted predominantly at twice the rotation
frequency and the spin evolution is described by a braking index n = 5.

3.6 Newborn magnetars as sources of gravitational waves

As discussed in the section 3.5.1, strong internal magnetic fields can induce a non-
zero ellipticity in newborn magnetars. In the signal model adopted in this thesis,
the neutron star is treated phenomenologically as a non-precessing triaxial rotator,
with the relevant non-axisymmetric deformation characterized by an ellipticity e.
The rotating deformation produces a time-varying mass quadrupole moment and
therefore gravitational-wave emission [20, 100, 120].

The power emitted in gravitational waves from a rotating non-axisymmetric
neutron star is approximately given by [44]

32 Ge21%2Q)5
Eqw = 5 5
C

where G is the gravitational constant, c is the speed of light, I is the moment
of inertia, € is the ellipticity, and €2 is the angular velocity of the star. The strong
dependence on €2 shows that rapidly rotating newborn magnetars are very efficient
emitters of gravitational waves.

, (3.8)

As the star emits gravitational waves, it loses rotational energy. The rotational
energy of the star is

1
Erot = 5]92, (3.9)

The loss of rotational energy must equal the energy carried away by gravitational
waves,

Erot = *EGW- (310)
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Assuming that the moment of inertia I remains constant during the spin-down
evolution, the time derivative of the rotational energy is Fyo; = I€2£2. Substituting
the expression for Eqw, we obtain

. 32 Ge21%00
Dividing both sides by I{2 gives
. 32G€* 1
O=— 50; b, (3.12)

This corresponds to the gravitational-wave dominated regime with braking index
n = 5, emitted at frequency few = 2frot = /7. As the emission of gravitational
waves removes angular momentum from the star, the rotation rate gradually decreases.
As a result, the gravitational-wave frequency also decreases with time.

Newborn magnetars are therefore expected to be long-transient gravitational-
wave sources. Their signals can last from hours to days, depending on the initial spin
period, magnetic field strength, ellipticity, and the dominant spin-down mechanism.
During this time, the signal evolves continuously in frequency, rather than remaining
monochromatic. These characteristics make newborn magnetars promising targets
for directed searches in detector data. Their time-evolving signals require dedicated
semi-coherent search methods that can track frequency evolution over long dura-
tions. These methods are introduced in the following chapters on long-transient
gravitational waves.
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Chapter 4

Long-Transient Gravitational
Waves

Long-transient gravitational waves form an intermediate class of signals between
short-duration transients, such as those produced by compact binary coalescences or
core-collapse supernovae, and persistent continuous waves, such as those emitted by
isolated spinning neutron stars [16]. They are expected to last from several hours
to days, during which both the amplitude and the frequency of the signal evolve
significantly.

In this thesis, we focus on long-transient signals produced by newborn magnetars
under the assumption that their early evolution is dominated by gravitational-wave
emission. This assumption provides a specific signal model that can be used for
directed searches.

4.1 Signal model

We consider a newborn magnetar emitting gravitational waves due to a non-
axisymmetric deformation. The key quantity describing the deviation from axial
symmetry is the ellipticity, € (see Eq. 3.3). A non-zero ellipticity leads to a time-
varying quadrupole moment, which is necessary for GW emission. Throughout this
work, we assume € is constant over the signal duration. This simplifies the evolution
of both amplitude and frequency, and is a commonly adopted approximation in
models of gravitational-wave emission from rapidly rotating neutron stars. Time-
dependent deformations would introduce additional complexity and are beyond the
scope of this work.

4.1.1 Frequency evolution

The rotational kinetic energy stored in a rapidly rotating newborn magnetar can
exceed 1052 erg. If a significant fraction of this energy is radiated through grav-
itational waves, the star can undergo rapid spin-down, resulting in a significant
evolution of the GW frequency over the signal duration. While frequency spin-down
is also present in standard continuous-wave signals, it is typically described using a
Taylor expansion in frequency derivatives over the relevant observation time. For the
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rapidly evolving newborn-magnetar signals considered here, such an approximation
may become inaccurate. We therefore model the frequency evolution directly using
the physical power-law spin-down relation derived below.

As derived in Sec. 3.6, in the gravitational-wave dominated regime the angular
velocity evolves as

3261 s

0=
5¢5 ’

(4.1)
which corresponds to a braking index n = 5.

This equation shows that the loss of rotational energy through gravitational-wave
emission causes the star to spin down more rapidly at higher rotation rates. As (2
decreases, the spin-down becomes progressively slower.

For a rigid star rotating about a principal axis, the spin frequency is fyor = /2,
and the gravitational-wave frequency is emitted at twice this value,

Q
fgw = 2fr0t = . (4.2)
T

Therefore, the evolution of the gravitational-wave frequency directly follows from
the evolution of Q.
Using few = §1/7, the spin-down equation can be rewritten as

fow = =k fou, (4.3)
where the constant k describes the physical parameters of the source:

320G

=5 1. (4.4)

Solving this equation gives the time evolution of the frequency,

Jo

few(t) = W7

(4.5)

where fo = few(to) is the initial GW frequency at the start of the observation and

1
=1 7 (4.6)
Here, 7 is the characteristic spin-down timescale. In the limits (¢t — ¢yp) < 7 and
(t —to) > 7, Eq. (4.5) approaches fuy(t) = fo and fuy(t) o (t —to) /4, respectively.

This result shows that the GW frequency decreases smoothly with time as the
star loses rotational energy. The evolution is faster at early times when the star
rotates rapidly, and gradually slows down as the star spins down. As a result, the
emitted signal is not monochromatic but drifts in frequency over time, producing a
characteristic long-transient gravitational-wave signal. This behaviour is illustrated
in Fig. 4.1 for representative values of fy and e.
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Figure 4.1. Gravitational-wave frequency evolution fg(t) for a newborn magnetar in
the GW-dominated spin-down regime (n = 5), computed from Eq. (4.5). Line colour
indicates the initial GW frequency fp € {1000, 1500, 2000} Hz; line style indicates the
ellipticity € € {3 x 107*, 1072, 3 x 1073}. The magnetar parameters are fixed at
M = 1.4 Mg and R = 12km. Higher ellipticity produces faster spin-down and a steeper
frequency drift, while higher f; sets a larger initial frequency.

4.1.2 Strain amplitude evolution

The gravitational-wave strain amplitude from a rotating triaxial star is [54]

7'('2 €
hott) = T g2 (0, (4.7)

C

where d is the source distance. The fgw dependence means the amplitude is largest
at early times when the star rotates fastest, and decreases as it spins down. Similarly,
ho x €, so larger deformations produce stronger signals.

Substituting the frequency evolution gives

An2G Ie ( t— t0>—1/2

ho(t) = 7*fo

This shows that both amplitude and frequency decrease together as the star
spins down.

The moment of inertia I is a key parameter in both the amplitude and frequency
evolution of the gravitational-wave signal. It is estimated from neutron star structure
models, which depend on the equation of state of dense matter. To estimate realistic
values of I, we use the empirical relation [121]

(4.8)

I~ MR? (0.247 + 06428 + 0.4665%) (4.9)
where the compactness parameter is defined as
GM
B=—— (4.10)

2R’
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Figure 4.2. Initial gravitational-wave strain amplitude ho(tg) as a function of initial
GW frequency fo and ellipticity €, computed using Eq. 4.8. The moment of inertia is
estimated using Eq. 4.9 for a fiducial neutron star with M = 1.4 Mg and R = 12km. The
source distance is fixed to 1 Mpc for illustration. This figure shows the expected range
of GW amplitudes for newborn magnetars in the GW-dominated spin-down regime.

This relation is valid for neutron star compactness values (8 2 0.1) and assumes
a maximum mass satisfying Mpax = 1.97 M.

Figure 4.2 shows the expected range of initial gravitational-wave amplitudes for
newborn magnetars. The amplitude strongly depends on both the initial frequency
and the ellipticity. Rapidly rotating magnetars with larger deformations produce
significantly stronger signals, making them promising candidates for detection.

4.1.3 Dependence on source parameters

The amplitude and evolution of the long-transient signal considered here depend
primarily on the source distance d, ellipticity €, and initial frequency fo. From
Eq. (4.8),

2
ho o %. (4.11)

Therefore, nearby sources, large ellipticities, and high initial frequencies produce
larger gravitational-wave amplitudes. However, the instantaneous amplitude hg
alone does not determine whether a signal can be detected. Detectability also
depends on the detector noise and on how the signal evolves and accumulates over
the observation time.
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The same source parameters that determine the amplitude also determine the
spin-down timescale 7, and therefore the duration and frequency evolution of the
signal. For example, a larger ellipticity increases the GW amplitude but also produces
a faster spin-down. Therefore the sensitivity of a search depends on the combined
effect of the signal amplitude, its evolution and duration, and the detector noise.

4.2 Energy budget and detectability
The total rotational energy available to power gravitational-wave emission is
1
Erot,O = §IQ(2) (412)

In the gravitational-wave-dominated spin-down regime adopted throughout this
thesis (n = 5), we assume that all rotational energy is released through gravitational-
wave emission. Thus . o is the actual total energy radiated as gravitational waves
over the lifetime of the signal.

Figure 4.3 shows E, 0 as a function of fo across the parameter space explored
in this thesis. Note that E,. 0 depends only on fy and not on e: the ellipticity
determines how quickly the energy is radiated through the timescale 7 (Eq. (4.6)),
but not the total energy reservoir. Across the range fy € [600,2000] Hz, the total
GW energy emitted ranges from approximately 3 x 10°! to 3 x 10° erg, comparable
to the total energy released in a core-collapse supernova. This large energy output,
combined with the hy o fZ scaling of the strain amplitude, makes rapidly rotating
newborn magnetars among the most energetically promising sources for long-transient
gravitational-wave searches with current detectors.

The signal model described in this chapter forms the basis of all searches presented
in the rest of this thesis. The frequency evolution (Eq. 4.5) and amplitude evolution

2 x 10°2 erg
E 52
5 1052 10> erg |
S
8
w
5 x10°! erg
600 800 1000 1200 1400 1600 1800 2000
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Figure 4.3. Total rotational energy emitted Eyot o = %IQ% as a function of initial GW
frequency fo, computed from Eq. (4.12) for M = 1.4 Mg and R = 12km. In the n =5
GW-dominated regime assumed throughout this thesis, all rotational energy is radiated
as gravitational waves, so o0 gives the total emitted GW energy.
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(Eq. 4.8) define the trajectories followed by candidate signals in the parameter space
explored by the GFH-v2 pipeline discussed in Chapters 6, 7, and 8.
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Chapter 5

Electromagnetic Counterpart:
Shock breakout

The study of electromagnetic counterparts to gravitational-wave sources has become
an essential part of multi-messenger astrophysics. As discussed in Chapters 3 and 4,
newly born magnetars are promising sources of long-transient gravitational waves.
However, the detection of these GW signals critically depends on independent
EM triggers, which provide precise source localization and timing information
[22, 23, 122].

A core-collapse supernova produces electromagnetic emission as the explosion
evolves and the ejecta expand. If the core collapse leaves behind a rapidly rotating
magnetar, the newborn compact object can additionally inject its rotational energy
into the expanding supernova ejecta. This central-engine energy injection can
drive a shock through the ejecta and produce an early-time emission known as a
magnetar-driven shock breakout (SBO) [40].

By the time the magnetar-powered shock propagates through the outer ejecta,
the material has expanded to a relatively large radius. The resulting emission can
consequently extend over several days and emerge predominantly at ultraviolet
wavelengths [40]. Importantly, its properties depend on the energy injected by the
central engine and therefore on the magnetar spin period and magnetic field, in
addition to the properties of the supernova ejecta. This makes the magnetar-driven
SBO a potential observational signature of a rapidly rotating newborn magnetar.

The ultraviolet emission is particularly relevant for wide-field UV missions such
as ULTRASAT, which will operate in the 230-290 nm range with high cadence [123].
An early UV detection can identify the explosion promptly and provide a trigger
for a directed long-transient gravitational-wave search. Also, the luminosity and
timescale of a magnetar-powered SBO depend on the magnetar spin period P and
magnetic field B, as well as on the ejecta mass and explosion energy. Modeling the
observed light curve can therefore possibly constrain these parameters and provide
information on the nature of the compact remnant.

In this chapter, we investigate the theoretical modeling, observational properties,
and detectability of magnetar-powered SBOs, with particular focus on their multi-
messenger implications, directly connecting the EM signal properties with the GW
emission discussed in Chapters 2-4. We build upon the results presented in [38],
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which explored the ULTRASAT detectability and expected event rates of such SBOs.

5.1 Magnetar-driven shock breakout

A newly born, rapidly rotating magnetar can significantly affect the early evolution
of a core-collapse supernova. Following its formation, the magnetar loses rotational
energy and launches a highly magnetized relativistic wind. This wind carries energy
predominantly in the form of electromagnetic flux and relativistic particles. Because
the wind is confined by the surrounding supernova ejecta, its energy accumulates
behind the ejecta and inflates an high pressure magnetar-wind bubble [40].

The pressure of this bubble acts dynamically on the inner supernova ejecta,
sweeping material into a shell and driving a forward shock through the already
expanding ejecta. As the magnetar-driven shock propagates outward, it heats and
compresses the ejecta. When the shock approaches the outer layers, the optical
depth decreases and radiation can begin to escape. At this point, the shock becomes
radiative and releases a burst of electromagnetic emission. This event is known as a
magnetar-driven shock breakout (SBO).

The magnetar-driven shock breakout occurs after the supernova ejecta have
expanded to radii of order 10" cm. The large emitting radius results in a relatively
long-duration and cooler transient, with characteristic effective temperatures of order
~ 10%-2 x 10* K, which therefore places the emission in the UV band targeted by
missions such as ULTRASAT.

In the context of this thesis, the magnetar-driven SBO is particularly interesting
because it can provide information beyond the detection of the supernova itself.

Shock

Magnetar
break-out

Figure 5.1. Schematic representation of a magnetar-driven shock breakout.
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While the observation of a CCSN establishes that a massive star has exploded,
a magnetar-powered feature in the early UV light curve can provide evidence
for continued energy injection by a rapidly rotating compact remnant. Such an
observation can therefore help identify systems in which a newborn magnetar may be
present, making them particularly interesting targets for the directed long-transient
gravitational-wave searches considered in this thesis.

The luminosity, breakout time, duration, and temperature of the magnetar-driven
SBO depend on the rate at which rotational energy is injected into the ejecta. Within
the model adopted here, this dependence is controlled primarily by the initial spin
period P and dipole magnetic field strength B, together with the supernova ejecta
mass and explosion energy. Therefore, a well-sampled UV light curve, especially
when combined with information on the supernova ejecta, can constrain the region
of (B, P) parameter space compatible with the observed transient. This makes it a
useful probe of the physical conditions immediately following the magnetar birth.

5.2 SBO model and light curves

A newly born millisecond spinning magnetar, with angular velocity = 27/P and
moment of inertia I, has the rotational energy

1
Eror = 519° = 3% 10° PL2M1 4R}, erg, (5.1)

where Py, is the spin period in milliseconds, M 4 is the neutron star mass in units
of 1.4 My, and Rjs is the radius in units of 12 km. The magnetar loses rotational
energy through magnetic dipole radiation. The corresponding spin-down timescale
is ([124])

Ic2 Po\2 M
¢ ) il TN (5.2)

tm - 2/1,292 Bl4 R%Q
where p is the magnetic dipole moment of the magnetar, By4 is the dipole magnetic
field strength in units of 10'* G. This expression assumes an aligned dipole rotator
in vacuum.

The corresponding spin-down luminosity is

Erot/tm 47 Erot,52 -2 —1
Tt /6. ~ 10 s (L+t/ty) " ergs . (5.3)

~ 7 x 10% (

Ly, =

The spin-down luminosity supplies the magnetar wind described in Sec. 5.1, whose
pressure drives a shock through the expanding supernova ejecta. We model the
evolution of this interaction following the prescription of [40], adopting a characteristic
explosion energy of 10°! erg.

The density profile within the ejecta shell can be approximated by a broken
power-law, which is shallow in the inner region and becomes very steep close to the
surface,

-5
) if v < vy
—n (5.4)
) if v > vy,
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Figure 5.2. Dimensionless broken power-law density profile of the supernova ejecta described
by Eq. 5.4, shown for the representative values § = 1 and n = 10. The density decreases
relatively slowly in the inner ejecta (v < v;) and steeply in the outer ejecta (v > v;).
The vertical dashed line marks the transition velocity v = v;.

with the transition occurring at the velocity coordinate

Esns1 )1/2 em s (5.5)

~3x108 —_—
Ut X C’U (MSN/5M®

for an homologous expansion of the shell. Here Fgy and Mgy are initial kinetic
energy of the SN ejecta and ejecta mass respectively. Typical values for core-collapse
supernovae are d &~ 1 and n ~ 10 [125], while

25— 8)(n—>5)"2
G = (n—3)(3-0) (5.6)
(= (714;(?2(35_)6) (5.7)

Figure 5.2 illustrates the resulting broken power-law structure for the representa-
tive values 6 &~ 1 and n ~ 10, highlighting the shallow inner profile and the much
steeper decline in the outer ejecta.

By using the mass, momentum, and energy equations for the shock ([40]), we
can determine its radius rs as a function of time

rs(t) = vetl t® (5.8)
5/4 ifv<
oo o4 v < (5.9)
3/2 ifv>wy,

where ti, is the time it takes for the shock to propagate through the inner ejecta,

by = Ctr(ESN/Erot)tm (510)
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2(n — 5)(9 — 26)(11 — 26)

= 5.11
TG0 0)B ) >-40
Inside the shock, energy is dissipated at the rate égy
. P
sh = 47r7“52§v§j773 , (5.12)

where ve; = 14/t is the ejecta velocity at radius rs and 7 is the shock strength

parameter
Vs — Vej t [dry T

n(t) = g = (dt - t) ) (5.13)

vs being the shock velocity.

Fig. 5.3 depicts the time evolution of the shock heating rate for selected values
of the magnetar spin period and magnetic dipole field .

Shock breakout occurs when the optical depth ahead of the shock satisfies
T ~ ¢/vs. At this point, radiation can escape efficiently from the outer ejecta layers.
This shock breakout happens at radius

2/(n—2)
Tho = Uil (ntd_ 1t) ) (5.14)

where t; is the effective diffusion time,

ty = | SeMsn (5.15)
vtC
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Figure 5.3. Shock heating rate, € vs. time (Eq. 5.12) for fiducial parameter values of
the SN ejecta (Egy = 10°! erg, Mgy = 5Mg) and three sets of (P, B)-values for the
magnetar central engine, as indicated in the legend
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and k£ = 0.1 cm? g~! the opacity of the ejecta material.

Equating the breakout radius r, to the shock radius 75, we obtain the SBO time
tbOa
1-8 5
~ t 1— 1—
tbo ~ [m] tdtm ﬁ(ESN/ErOt) 6 (516)
with
2
(a=1)(n—-2)+2"

B = (5.17)

Most of the radiation will escape from the region where the photon optical depth
7 & 1, which defines the photospheric radius,

tho

(n—3)/(n—1)
rp = 1.2u4tq <td> .

(5.18)

Bolometric Luminosity (ergsl/s)

time in days

Figure 5.4. Bolometric SBO luminosity Lepo(t) (Eq. 5.19) for the same set of parameters
as in the Fig. 5.3. The dashed and dot-dashed red curves are for the same magnetar
as the solid red curve, but for different ejecta masses: 2 Mg (dashed) or 10 M, (dot-
dashed). The impact of changing the ejecta mass is substantially smaller than that of
different magnetar parameters, to which our model is much more sensitive. In particular,
while the (bolometric) peak luminosity has a moderate dependence on the magnetar
spin and B-field, the light curve evolution and peak time are strongly dependent on
these parameters. For reference the peak time of the blue, green and red solid curves are,
respectively, ~ 0.2,0.7 and 5.5 days. The explosion energy is fixed at Fgy = 10°! erg in
all cases shown.
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The resulting luminosity evolution is ([40])

) ()
| — t t/ T
Leno(t) ~ e (tbo> /OQéSh(t’)tTe tbo ) gy (5.19)
bo

Equation 5.19 gives the time evolution of the bolometric SBO luminosity. Fig. 5.4
shows the SBO bolometric luminosity for selected values of the magnetar spin period
and magnetic dipole field (see caption for details). We verified that the SBO
lightcurve peak corresponds approximately to the shock heating rate at the SBO
time, t,, and can therefore be expressed as

FE tm
LpoakN SN 3 (m SN (520)

(n—8)(1-B)/(n—2)
sbo ™ td td Erot) ‘

5.3 ULTRASAT and UV observations

ULTRASAT is a planned space telescope designed for time-domain observations in
the near-ultraviolet (NUV) band (230-290 nm). It is expected to be launched to a
geostationary orbit and will operate as a wide-field survey mission for transient and
variable sources. The main feature of ULTRASAT is its very large field of view of
about 204 deg?, which allows it to monitor a significant fraction of the sky at any
given time [42, 123].

A key capability of ULTRASAT is its fast response and high cadence observing
strategy. The satellite will be able to generate transient alerts within minutes after
observations, allowing rapid follow-up from ground-based telescopes. In addition, it
will continuously monitor selected sky regions with minute-scale cadence, which is
crucial for capturing short-lived phases such as shock breakout emission.

ULTRASAT will be able to observe early UV emission from explosive events such
as core-collapse supernovae. ULTRASAT is also highly relevant for multi-messenger
astronomy. Its wide field of view and fast sky coverage make it well suited to search
for electromagnetic counterparts of gravitational-wave events.

For core-collapse supernovae, ULTRASAT is expected to detect a large number
of events very early after explosion, often within hours. This makes it an ideal
instrument for studying the early evolution of the supernova light curve. In the
case of magnetar-powered explosions, ULTRASAT can capture the early UV signal
produced when the magnetar-driven shock breaks out of the expanding ejecta,
providing a direct probe of the central engine activity.

Overall, ULTRASAT will significantly improve our ability to study the early
ultraviolet sky, enabling studies of early emission phases that are difficult to access
with current optical surveys.

5.4 Peak luminosity in the ULTRASAT band and de-
tection horizon

The fraction of shock breakout emission that falls within the ULTRASAT observing
band (230-290 nm) can be estimated by assuming that the emission is approximately
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thermal. In this case, the spectrum is described by a blackbody with temperature
Tbb.
The SBO peak luminosity in the ULTRASAT band, L%e\?k, can be expressed as

a fraction fyy of the bolometric SBO peak luminosity, Lgfgk,
peak peak
LUV - fUVsto : (521)

The fraction fyy is estimated from the blackbody spectrum as

Amax/(1+2)
A B(Tiyy) dA

min/(l Z)
= 5.22
fuv Téb ) ( )

where B)(Typ) is the spectral radiance per unit wavelength, while O'Téb represents
the total bolometric flux of the blackbody with ¢ the Stefan-Boltzmann constant
and Ty, the blackbody temperature. The limits of the integral are divided by (1 + 2)
because the observed wavelength range is redshifted with respect to the source frame.
Thus, fuvy gives the fraction of the thermal emission falling within the wavelength
range corresponding to the ULTRASAT observing band and depends on both T,
and z.
The blackbody temperature Ty, is determined by the SBO luminosity and the
photospheric radius through the relation
LEN = dmr20Th,. (5.23)

sbo

Both ngfk and 7, are set by the magnetar and supernova parameters, as
described in Eqs. 5.20 and 5.18. Therefore, the UV emission depends ultimately on
the magnetar spin period P, magnetic field B, and the ejecta properties Egn and
MgsN-.

Figure 5.5 summarizes these model quantities across the (B, P) parameter space
for fixed ejecta parameters Esy = 10%' erg and Mgy = 5 M. The figure shows
how the magnetar parameters determine the SBO peak luminosity, photospheric
radius, and effective temperature, which in turn set the fraction of the emission
falling within the ULTRASAT band.

Once the UV luminosity is known, we can estimate whether the event is detectable
by ULTRASAT. The sensitivity of an astronomical telescope is commonly expressed
in terms of apparent magnitude, which measures how bright a source appears to an
observer. ULTRASAT is expected to reach a limiting magnitude of 22.4 AB mag
in the 230-290 nm band [42], with smaller magnitudes corresponding to brighter
sources.

The source luminosity cannot be compared directly with this limiting magni-
tude because luminosity is an intrinsic property of the source, whereas apparent
magnitude depends on the flux received by the observer. We therefore first express
the predicted UV emission as an absolute magnitude Myy and then determine
the luminosity distance at which its apparent magnitude reaches the ULTRASAT
detection threshold.

In the calculation adopted here, the bolometric SBO peak luminosity is first
expressed as an absolute magnitude,
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Figure 5.5. Upper Panel: the bolometric SBO peak luminosity, L2** in units of 104
erg s~1, as a function of the magnetar parameters (B, P; Eq. 5.20), for fixed ejecta
parameters, Egy = 10%! erg and Mgy = 5M,; Middle Panel: Photospheric radius, Tp in
units of 1014 cm, as a function of the magnetar parameters (B, P), and the same ejecta
properties as in the upper panel; Lower Panel: Effective blackbody temperature, Ty, in
units of 10* K, vs. magnetar parameters as derived from the relation LE>* = dror?Ti ,

sbo
for the same ejecta properties as in the previous panels.



56 5. Electromagnetic Counterpart: Shock breakout

peak
Mo = —2.510gy ( ?O ) ; (5.24)
0

where Lo = 3.0128 x 103% ergs~! is the adopted bolometric luminosity zero point.
Using Eq. (5.21), the fraction of the emission falling in the ULTRASAT band then
gives

Myy = Mo — 2.5logqo(fuv). (5.25)

The corresponding apparent magnitude at luminosity distance Dy, is related to
My through the distance-modulus relation

D
m — Myy = 5logg <10;C) , (5.26)

where Dy is the luminosity distance. Setting m = my, = 22.4 gives the
maximum luminosity distance at which the source can be detected,

D max = 10 pc 10(mtm=Mov)/5 (5.27)

The corresponding maximum redshift zy.x is obtained from the luminosity-
distance relation for a spatially flat ACDM cosmology,

D) = (42 [l 5.9
z) = 2)— , _
b Ho Jo /Om(1+2)3 4+ Qyp
by solving

DL<ZmaX) = DL,max' (529)
Thus, for each combination of (B, P, EsN, Msn), the model determines Lspsgk,

Ty and the fraction of the emission falling in the ULTRASAT band, from which
the corresponding Dy max and zmax are calculated. In the calculations presented
here, the explosion energy is fixed to Fgny = 10°! erg, while the effect of varying the
ejecta mass is explored explicitly. As shown in Fig. 5.4, changes in Mgyn over the
range considered produce a more moderate variation of the light curve than changes
in the magnetar spin period and magnetic field. This results in a similarly weak
dependence of the detection horizon on Mgy.

A broader exploration of the supernova explosion parameters is beyond the
scope of the present study. In particular, different stellar progenitors, such as red
supergiants, blue supergiants, or Wolf-Rayet stars, may lead to different explosion
energies, which can modify the SBO luminosity, timescale, and detection horizon.
Exploring this wider progenitor and explosion parameter space will be an important
extension of this work.

So far, we have not included absorption and scattering of UV photons by dust in
the host galaxy. This effect can significantly reduce the observed flux, especially in
the ultraviolet. To include this in a simplified way, we adopt an average extinction
value of Ayuv ~ 1.75 mag. This is based on previous UV observations of supernova-
like transients using missions such as Swift/UVOT and GALEX [126]. The extinction
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is included in magnitude space by increasing the apparent magnitude of the source
according to

Mext = M + ANUV; (5.30)

where m is the apparent magnitude in the absence of extinction and mey is the
corresponding extincted magnitude. When determining the detection horizon, the
limiting magnitude available for the intrinsic source emission becomes mym, — ANUV-
The maximum luminosity distance including extinction is therefore

DSt —10pe 10(miim—Anvv —Muv)/5 (5.31)

L,max

Since extinction makes the source appear fainter, the corresponding maximum
luminosity distance and maximum redshift are reduced. The adopted value represents
an average correction; the actual UV extinction can vary substantially between
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Figure 5.6. ULTRASAT detection horizon for magnetar-driven shock breakouts as a func-
tion of the magnetar parameters (B, P), for fiducial ejecta properties Fgxy = 10°! erg and
Mgn =5 Mg. Upper row: results without UV extinction. Lower row: results including
the representative extinction Axyy = 1.75 mag. In each row, the left panel shows
the maximum detectable redshift z,.x, while the right panel shows the corresponding
maximum luminosity distance Dy, max in Mpec.
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individual events depending on the properties of the host galaxy and the line of
sight.

Figure 5.6 shows the resulting ULTRASAT detection horizon as a function of the
magnetar parameters (B, P). The horizon is shown both as the maximum detectable
redshift zmax and as the corresponding maximum luminosity distance Dy, max. The
upper panels show the results without UV extinction, while the lower panels include
the representative extinction Axyy = 1.75 mag.

5.5 Expected event rate

Our results show that magnetar-driven shock breakouts can be detected by UL-
TRASAT out to a maximum luminosity distance of roughly D, max ~ 300 Mpc,
assuming an average near-ultraviolet extinction of Axyy = 1.75 mag. This detection
horizon depends strongly on the magnetar properties, in particular the magnetic
field strength B and the initial spin period P, since these control the energy available
to power the shock breakout emission.

To estimate how many such events ULTRASAT may detect, we need to average
the zpmax distribution (Fig. 5.6) over the probability distribution of magnetar pa-
rameters within the population. We therefore use the computed zmax (B, P) relation
(Fig. 5.6) and integrate it over the allowed range of magnetar magnetic fields and
spin periods. We perform this calculation both with and without extinction, in order
to quantify how the extinction affects the final detection rate.

The birth distributions of magnetar magnetic fields and spin periods are not well
known from observations. For this reason, we adopt simple, agnostic distributions
for both parameters that are constant in logarithmic intervals. This corresponds to

P(B)=—, IP(P)= k—P.
P

Here kp and kp are normalization constants fixed by the allowed parameter
ranges. We later test how sensitive our results are to these assumptions by changing
the prior on B.

The expected number of detectable events per year is obtained by integrating over
the magnetar parameter space (B, P), redshift (up to zmax) and the core-collapse
supernova rate. For fixed ejecta parameters, as adopted in each calculation below,
the expected event rate is

Prax Brax Zmax(B7P,ESN,MSN)

Neyw = / dP / dB / Runag (%)
Prin Bmin 0

C;—VIP(B)IP(P)dz (5.32)
z
where Rmag(2) is the comoving volumetric formation rate of magnetars. We

assume that a fraction fmag = 0.1 of core-collapse supernovae produce magnetars [96,
127], so that

Rmag(2) = fmag Reesn(z) = 0.1 Rcosn(2)- (5.33)
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The core-collapse supernova rate is written as [128]

Reoesn(z) = ke X ¢(2) (5.34)

where the star formation rate density is given by

(142)*7 -1 -3
1—1_<1_|_z>5'6 M@ year MpC s
2.9
The constant koo = 0.0068 Mz I corresponds to the number of core-collapse super-
nova progenitors per unit stellar mass, assuming a Salpeter initial mass function in

the range 8-40 My, which produces neutron stars.
The co-moving volume element dV(z) is

¥(z) = 0.015

dV (z) = D%, ‘%((5)) dzdQ, (5.35)

where Dy = ¢/Hy is Hubble distance and df2 is the differential solid angle. Integrat-
ing over the full sky gives [d€) = 4w, and therefore

av c \? d4(z)
Here d¢(z) is the proper distance at redshift z,
d()—/z L (5.37)
o(z) = J Fio) Z, .

and F'(z) describes the cosmological expansion

F(2) = /(1 +2)3 + Q1 +2)2 + Q. (5.38)

We adopt standard Planck cosmological parameters [129]: Qp; = 0.685, Q, = 0.315,
and 2 = 0.
Plugging everything into Eq. 5.32 we finally obtain

3 rP B
. c max (P [Bmax (B
Ney =4 kockpkp | — — h—
e meag CCRhBRP (H()) /Pmin P B B

Zmax (B, P, Egn, M, 2
y / sNoMsN) o) (2)dZ,(z)
0 F(z)

(5.39)
dz.

where kg = [log (Bmax/Bmin)] " ~ 0.217 and kp = [10g (Puax/Puin)] " ~ 0.294.
Here fmag = 0.1 explicitly accounts for the assumed fraction of core-collapse super-
novae that form magnetars.

We choose the range of spin periods as 0.8-24 ms and dipole B-fields as (0.5 —
50) x 10'* G. The calculation is performed for different assumed ejecta masses and
extinction values, which modify the detection horizon entering the upper limit of
the redshift integral in Eq. (5.39).
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Using these assumptions, we obtain from Eq. 5.39 Ney &~ (3—30) yr~!, depending
on the amount of extinction (Axypy = 0 — 1.75 mag) and on the ejecta mass
(Mgn =5 —10Mg). This result shows that extinction is one of the main factors
limiting detectability in the ultraviolet, while the ejecta mass plays a secondary role
compared to the magnetar parameters.

Assuming that about 10% of all core-collapse supernovae produce magnetars,
we find that for low extinction (Axyy < 0.8 mag), magnetar-powered SBOs may
represent roughly ~ 10 — 20% of all ULTRASAT SBO detections. On the other
hand, for higher extinction (Axyyy = 0.8-1.75 mag), this fraction drops to about
~2—-10 %.

To test the robustness of our results, we repeat the calculation using a Gaussian
prior for the magnetic field distribution, centered at By14 = 5 with a standard
deviation of op 14 = 2.5 in order to reproduce the B-range for known magnetars
within a 3o interval. For the spin period, we keep the log-uniform distribution, since
current observations suggest a broad distribution peaking at a few milliseconds.

With these modified assumptions, the expected detection rate for magnetar-
powered SBOs becomes in this case ~ (2 — 20) yr—!, showing that our prediction is
robust with respect to the prior.

The spin period and magnetic field are the key parameters controlling both the
luminosity and the timescale of magnetar-driven SBOs. As shown in Section 5.2,
they directly shape the shock evolution and therefore the observable light curve.
As a result, ULTRASAT detections can therefore provide crucial evidence for the
presence of a magnetar central engine, and constrain its spin energy and magnetic
field. Other model parameters that may affect the light curve shape, peak luminosity
and overall detectability are the explosion energy and ejecta mass. In this first study
we have assumed fiducial values for both parameters, and showed that the ejecta
mass may only have a moderate impact on the lightcurve peak (Fig. 5.4), hence
on the detectability of the UV SBO. A more complete exploration of the explosion
parameter space will be addressed in future work.

5.6 Multi-messenger implications

Magnetar-powered shock breakouts provide an important electromagnetic trigger for
gravitational-wave searches. As discussed in Chapter 3, newly born rapidly rotating
magnetars are expected to emit long-duration GW signals due to non-axisymmetric
deformations and spin evolution. However, these signals are generally weak and
difficult to detect without prior information on the source time and sky position.

In this context, an early ultraviolet detection of a shock breakout with ULTRA-
SAT can significantly improve the sensitivity of directed GW searches. The SBO
provides a precise explosion time and sky localization, which allows GW data to be
analysed in a much narrower time window and parameter space compared to blind
all-sky searches.

For nearby events (within approximately ~ 5 Mpc), such triggered searches could
be performed with current-generation detectors such as LIGO, Virgo, and KAGRA
during their O5 observing run. ULTRASAT can act as a timing and localisation
instrument that enables a more focused GW analysis. For next-generation detectors
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such as the Einstein Telescope, the improved sensitivity could extend the joint
detection range to distances of order ~ 35-40 Mpc [38].

Beyond detection prospects, the combination of electromagnetic and gravitational-
wave information can also provide stronger constraints on the physical properties of
the system. The SBO light curve gives information on the magnetar spin period,
magnetic field strength, and ejecta properties, providing critical input for GW
waveform modeling. These early EM observations thus complement the long-duration
GW signals and enable robust multi-messenger astrophysical studies.

Overall, magnetar-powered SBOs provide a connection between electromagnetic
and gravitational-wave observations. They offer a way to identify the birth of a
compact object in real time and to study its early evolution using multiple messengers.
This makes them a promising target for future multi-messenger searches aimed at
understanding neutron star formation and the physics of core-collapse explosions.






63

Chapter 6

Long Transient Search Methods

Searches for long-transient gravitational waves require analysis techniques capable
of tracking signals whose frequency evolves significantly over time while maintaining
computational feasibility. Fully coherent matched-filter searches provide optimal
sensitivity but become computationally not feasible as the signal duration extends
over many hours or days and the parameter space is large. Semi-coherent methods
offer a practical compromise between sensitivity and computational cost. These
approaches divide the data into shorter segments that are analyzed coherently, while
the results from different segments are combined incoherently.

In this work we employ a semi-coherent pipeline based on the Generalized
Frequency Hough Transform (GFH) [32], specifically the improved GFH-v2 imple-
mentation [34]. The method assumes that the sky position of the source and an
approximate signal onset time are known from electromagnetic observations, such
as the early shock-breakout discussed in Chapter 5. The method is designed to
detect signals from rapidly evolving sources, such as newly born neutron stars or
magnetars, whose frequency evolution follows a power-law decay.

This chapter introduces the main components of the long-transient search frame-
work. It begins with the semi-coherent search strategy and the preparation of detector
data starting from the Short Fourier Transform Database (SFDB) [130, 131]. The
construction of the time-frequency peakmap is then presented, followed by the appli-
cation of the Frequency Hough transform [31] and its extension to the Generalized
Frequency Hough. The procedure used to construct the parameter-space grids,
identify significant candidates, and perform coincidence tests between detectors is
also described. Finally, the theoretical framework used to estimate the sensitivity of
the search is presented.

6.1 Search strategies for long-transient gravitational
waves

The choice of a GW search strategy mainly depends on how much information
is available about the source before analysis. The less information is known in
advance, the larger the parameter space that must be explored and the higher the
computational cost of the search.

A fully coherent search, which preserves the phase information of the signal



64 6. Long Transient Search Methods

over the entire observation time, provides the highest sensitivity. However, for
long-duration signals with uncertain frequency evolution, the number of templates
required to cover the parameter space is very high and makes fully coherent searches
computationally not feasible [17, 132]. For this reason, searches are commonly
divided into three broad categories [16, 133]:

Targeted searches

Targeted searches are applied when the source position and frequency evolution are
already known with high precision from electromagnetic observations. In this case
the expected signal evolution is well constrained and the data can be integrated
coherently over long time intervals, thus maximizing sensitivity. This strategy is
typically used for known pulsars with well-known positions and spin information.

Directed searches Directed searches are used when the sky position of the source
is known but the GW frequency evolution is uncertain or unknown. In this case, the
search must explore a range of frequencies and signal evolution parameters while
keeping the source location fixed. Compared to targeted searches, this increases the
computational cost. Fully coherent directed searches can be performed when the
observation time and parameter space are sufficiently limited, whereas for longer data
sets or broader parameter spaces the computational cost can become prohibitive,
motivating the use of semi-coherent methods. Directed searches are particularly
suitable for compact objects associated with electromagnetic transients, such as
supernova remnants or newborn neutron stars.

All-sky searches All-sky searches are performed when no prior information is
available on either the source position or its signal parameters. The search must
therefore cover the entire sky along with a broad range of frequencies and spin-downs.
This results in a very large parameter space and a very high computational cost. As
a result, fully coherent approaches become impractical and semi-coherent methods
are generally adopted.

The search developed in this thesis belongs to the class of directed searches.
The sky position and approximate emission time are constrained by electromagnetic
observations like Shock-breakout as explained in Chapter 5 while the signal frequency
evolution remains unknown and must be explored over a broad parameter space.
This motivates the use of the semi-coherent Generalized Frequency Hough method
described in the following sections.

6.2 Semi-coherent searches

Semi-coherent searches are widely used in gravitational-wave data analysis when-
ever the parameter space is sufficiently large that a fully coherent search becomes
computationally not feasible [17, 132]. In these methods, the full dataset is divided
into shorter segments, each of which is analyzed coherently using techniques such as
Fourier transforms. The results from each segment are then combined incoherently,
typically using methods such as the Hough transform [134, 135]. Although semi-
coherent searches are generally less sensitive than fully coherent approaches, they
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provide a good compromise between sensitivity and computational cost, making them
suitable for all-sky searches and searches covering large frequency and spin-down
parameter spaces.

6.3 Data preparation and Short FFT Database

The first step in the Frequency Hough semi-coherent pipeline is the construction of the
Short Fourier Transform Database (SFDB) [130, 131]. The SFDB stores sequences
of short Fourier transforms (SFTs) generated from calibrated gravitational-wave
strain data [5, 136].

In the standard construction of the SFDB, the detector time series is divided
into partially overlapping segments, typically with a 50% overlap. Each segment has
a duration of several thousand seconds and is transformed into the frequency domain
using the Fast Fourier Transform (FFT). The overlap of 50% is used in combination
with the windowing of the time-domain segments to reduce the effects of segment
boundaries and the associated spectral leakage [137]. During the construction of the
SFDB, basic data cleaning is also applied to reduce the effect of transient glitches
and other disturbances in the data [130]. Further cleaning can be applied later
during the extraction of the frequency band of interest or during the construction of
the peakmap. The resulting database covers the full analysis frequency band (0 -
2000 Hz).

For the purposes of the GFH search, the SFDB data are first read and restricted
to the frequency interval of interest. The selected frequency band is then inverse
Fourier transformed to reconstruct a time series containing only the relevant spectral
region. This reduced time series is divided again into shorter segments corresponding
to the desired analysis coherence time Tgpr, which is chosen according to the
expected signal evolution and is discussed in detail in Sec. 7.1.2. Each segment is
Fourier transformed to produce the set of FFTs with a duration appropriate for the
analysis, which depends on the signal parameters.

6.4 Peakmap construction

The next stage of the analysis consists of constructing a time-frequency representation
of the data known as the peakmap. The peakmap identifies the most significant
spectral peaks in each FFT segment. For each of the N FFTs, the periodogram, of
the i-th FFT is computed as the squared modulus of its Fourier coefficients,

Spi(f) = ()P, (6.1)

where i labels the FFT segment, j labels the frequency bin, and Z;(f;) is the
Fourier transform of the data in that segment.

Because the detector noise varies with frequency, the periodogram is normalized
by an estimate of the local average noise spectrum, Sar;(f;), [31]:

o Spify)
ki, j) = SAR,Z'(}J')‘ 6.2)
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Figure 6.1. Peakmaps constructed from O4a data using the preprocessing described in
the text. Left: peakmap obtained from noise-only data. Right: peakmap obtained
after adding a representative simulated long-transient signal generated according to the
newborn magnetar signal model described in Chapter 4. The injected signal is chosen to
be sufficiently strong for its evolving time-frequency track to be clearly visible. Each
point represents a spectral peak that satisfies both the normalized-power threshold and
the local-maximum condition.

Here, Sari(fj) provides a local estimate of the noise background around the
frequency bin f;. As commonly done in Frequency Hough and Generalized Frequency
Hough analyses, it is estimated from the median spectral power over neighbouring
frequency bins, with the appropriate normalization correction for the use of the
median. This procedure provides a robust estimate of the local noise level and
reduces the influence of isolated spectral outliers [31].

The peakmap is obtained after applying a selection criterion to R(i,7). A
frequency bin is retained as a peak only if R(i,j) exceeds a predefined threshold
f and is also a local maximum in frequency. In this work we adopt 6 = 2.5,
following the standard choice used in Frequency Hough analyses [138]. The additional
local-maximum condition is important because it reduces the effect of narrow-
band disturbances, which usually affect several neighbouring frequency bins rather
than a single one. It also reduces the number of selected peaks, which lowers the
computational cost of the Hough analysis.

Each selected peak is represented by its time and frequency coordinates, producing
a set of points in the time-frequency plane. The collection of these selected points
over all FFT segments forms the peakmap. The peakmap retains the information
about possible signal tracks while discarding the majority of noise-dominated data
points. These peakmaps forms the input for the Hough-based analysis described in
the following sections. An example of the resulting peakmaps is shown in Fig. 6.1,
where the effect of a simulated signal injection is shown for a relatively strong (close
distance) case to illustrate the signal track clearly.

6.5 Frequency Hough transform

The peakmap described in the previous section provides a time-frequency represen-
tation of the data. The next step is to transform these peaks into a parameter space
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where signal candidates can be more easily identified. This is achieved using the
Hough transform, a pattern-recognition technique originally developed for tracking
particles in bubble chamber images [139].

In this section, the standard Frequency Hough (FH) [31] transform is introduced
as the basis of the methods discussed in this chapter. The FH was adapted for
gravitational-wave searches to detect continuous signals from rotating neutron
stars whose frequency evolution can be approximated by a linear spin-down, i.e.
when higher-order spin-down terms can be neglected over the observation time.
Extensions of the method that include second order spin-down terms are possible
and are currently being developed. The limitations of the standard FH for rapidly
evolving long-transient signals motivate the Generalized Frequency Hough transform
discussed in the next section.

Under the linear spin-down approximation, the gravitational-wave frequency can
be written as a first-order Taylor expansion around a reference time to,

f(t) = fo+ f(t—to), (6.3)

where fo is the signal frequency at the reference time and f is the spin-down
parameter. In this framework, each peak (¢, f) in the detector peakmap corresponds
to a line in the source parameter space (fo, f),

; Jfo /
f__t—toth—to' (6.4)

When many peaks originate from the same signal, the corresponding lines
intersect in the parameter space at the location corresponding to the true signal
parameters. The slope of these lines depends on the choice of the reference time
to. This reference time is usually chosen at the middle of the observation period,
as this reduces parameter uncertainties and limits the spread of the signal across
neighboring bins in the Hough map [31]. By counting the number of intersections
within each parameter-space bin, a Hough map is constructed in which clusters of
high counts indicate candidate signals.

However, this approach assumes that the frequency evolution of the signal is
approximately linear over the observation time. While this approximation is valid
for continuous wave searches, it breaks down for rapidly evolving sources such as
newborn neutron stars or magnetars, whose frequency evolution follows a power-law
spin-down. In such cases, a more general formulation is required, motivating the
Generalized Frequency Hough transform described in the next section.

6.6 Generalized Frequency Hough transform

To address this limitation , the Generalized Frequency Hough [32] transform intro-
duces a coordinate transformation that linearizes the expected signal trajectory in
the time-frequency plane.

For signals whose frequency evolution follows a power-law spin-down characterized
by a braking index n, the frequency evolution can be written as
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Figure 6.2. Illustration of the coordinate transformation used in the GFH method for O4a

data containing an injected long-transient signal. Left: original time-frequency peakmap,
where the signal appears as a curved track due to its power-law frequency evolution.
Right: transformed peakmap in the (¢, z) plane, with z = 1/f "1, where the same signal
is mapped into a straight line. This linearization enables the application of the Hough
transform.

[0 E— (6.5)

This trajectory becomes linear after introducing the transformed coordinate
1 1

= —, T0=—7.
1> 1
" g

In the (¢, x) plane the signal trajectory becomes

2(t) = o + (n — DE(t — to), (6.7)
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Figure 6.3. Hough maps in the (x, k) parameter space obtained from the transformed

peakmaps. The color scale represents the number count in each Hough-map bin. Left:
map constructed from noise-only data, showing no significant accumulation of intersec-
tions. Right: map obtained in the presence of an injected long-transient signal. The
signal produces a clear concentration of intersections in parameter space, appearing as a
clear peak that identifies the signal parameters.
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Figure 6.4. Workflow of the GFH transform. Top left: Raw strain data with injected signals.
Top right: Original time-frequency peakmap. Bottom left: Coordinate-transformed
peakmap, where signal trajectories become linear; color indicates normalized power
of the peaks (applies also to the original peakmap above). Bottom right: Resulting
Hough map, corresponding to 5 simulated signals injected in O4a LIGO Livingston
data [63, 140] with fo = 900-1000 Hz, € = (2.5-3) x 1073, at a distance of 0.1 Mpc and
sky location of SN2023ixf.

This transformation converts the curved signal tracks present in the original
peakmap into straight lines as shown in the Fig. 6.2, enabling the application of the
Hough transform.

Each peak (¢,z) in the transformed peakmap is mapped into a line in the (zg, k)
parameter space,

o x

P D) T =Dt

(6.8)

As in the standard FH method, a true signal produces a concentration of
intersections in the (xg, k) parameter space, as shown in Fig. 6.3.

An example of the full GFH workflow is shown in Fig. 6.4. The upper panels
display the input strain and its corresponding original peakmap, while the lower
panels show the coordinate-transformed peakmap and the resulting Hough map
where the clusters indicate potential signal candidates. The clusters appear slanted
because the reference time tg is set at the start of the dataset.
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6.6.1 Grid on parameters

The Hough map is constructed on a discrete grid in the parameter space (z, k),
where xg describes the initial frequency of the signal in the transformed domain
and k is related to the strength of the spin-down. The choice of the grid spacing is
important, as it determines how well the signal is sampled and, at the same time,
affects the computational cost of the search.

The grid is built following the procedure described in [32], based on the require-
ment that the signal should not drift by more than one frequency bin within a single
FFT segment. Since the frequency resolution is § f = 1/Trpr, this condition can be
used to derive both 6k and dzp.

Grid on k. The step in k is obtained by requiring that a small change in k does
not change the signal evolution more than what corresponds to one frequency bin.

Starting from the relation f = —kf™, one can derive the following expression for the
step size:
6 —-n
5k = k (1+ f) _1. (6.9)
fmax
Since d f < fmax, this can be approximated as:
0
0k ~ —nk / : (6.10)
fmax

The step 6k depends on both k and n, so the grid in k is non-uniform. This is
implemented directly: for each value of k, the next grid point is placed at k + dk(k),
which is straightforward since the grid is constructed sequentially along the k axis.
The range of k values is set by the minimum and maximum spin-down considered in
the search: _ )
fmln kmax — fmax. (6.11)

min — 7.7 n
max min

Grid on zg. The parameter zg = f, (=1 i related to the initial frequency. Its
spacing is obtained by propagating the frequency resolution through this transfor-
mation. Taking the derivative, one finds:
dzg = (n — 1)% (6.12)
This step depends on frequency f, so in principle a non-uniform grid in xg would
also be required. However, unlike the k£ grid, which is constructed sequentially and
can accommodate a variable step naturally, a non-uniform grid in zg would prevent
filling all xg bins simultaneously when constructing the Hough map - a key feature
that makes the transform computationally efficient [32]. For this reason, a constant
step is used, chosen by evaluating the expression at the maximum frequency in the

band,
)

doxg=(n—1) (6.13)

n
max
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This ensures that the grid is fine enough over the whole frequency range. Although
this increases the number of bins at lower frequencies, it does not significantly affect
the computational cost.

With these choices, the (zg, k) grid provides a good sampling of the parameter
space, ensuring that signal tracks are properly reconstructed in the Hough map
while keeping the computational cost under control. The number of grid points in a
Hough map also gives an indication of the computational size of the search. For a
given configuration, the number of points is

Ngrid = NzoNka (614)

where N, and N are the numbers of bins along the z¢ and k directions, respectively.
Their values depend on the parameter ranges and resolutions defined above and
therefore vary between search configurations. For the configurations considered in
this work, a single Hough map typically contains several million grid points, with the
exact number depending on the signal parameters and the corresponding frequency
band and grid resolution.

6.6.2 Candidate Selection

After constructing the Hough maps, the parameter space is explored in order to
identify significant outliers. In order to reduce the impact of non-uniform noise and
local disturbances, the Hough map is divided into smaller rectangular regions [31].
This allows candidates to be selected locally, making the procedure more uniform
and less sensitive to variations across the map.

Within each region, the bin with the highest number count is selected as a
candidate. A second candidate is selected only if it is sufficiently far from the first
one (typically by at least 6 bins in x(), to reasonably select candidates of different
origin.

To quantify the significance of each selected bin, we use the critical ratio (CR),
defined as:

CcrR=2"H (6.15)

g

where y is the number count in the bin, while © and o are the mean and standard
deviation of the counts computed in the map. The CR therefore measures how much
a given bin stands out with respect to the local noise level.

6.6.3 Coincidences

To reduce the number of false alarms, candidates obtained from different detectors

are compared and only those that are consistent across datasets are retained.
Following [31], two candidates are considered coincident if their distance in the

(o, k) parameter space is smaller than a predefined threshold. This distance is

defined as:
2 2
{702 — o ko — k1
dcom = \/( (51)0 ) + < ok ) s (616)

where dxg and dk are the grid spacings in the two parameters.
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Only those pairs with sufficiently small dcq;, are retained as coincident candidates,
significantly reducing the probability of false detections while preserving sensitivity
to true signals.

6.6.4 Follow-up

After the candidate selection and coincidence steps, the remaining candidates are
further investigated through a follow-up procedure. The goal of this stage is to
refine the candidate parameters and to verify whether they are consistent with a
true signal.

The GFH transform provides, for each candidate, an estimate of the main signal
parameters: the initial frequency fy, the spin-down fg, the braking index n, and
the start time ¢y (in the present study n is fixed to 5). Using these parameters, it
is possible to return to the original strain data and correct for the expected phase
evolution of the signal.

This correction is performed through a heterodyne procedure, which is a standard
technique used in several continuous-wave searches [141]. The strain data h(t) are
multiplied by a complex exponential that removes the phase evolution associated
with the candidate:

h(t) = h(t) e?%a(t), (6.17)

where the phase ¢gq(t) is given by

bsa(t) = 2m /t fo —— dt' + ¢y, (6.18)
Ok = D) )]

This expression is obtained from the assumed power-law evolution of the signal
frequency, f = —kf™. Integrating this relation provides the time dependence of
the frequency, and a further integration gives the phase evolution. The heterodyne
correction removes this phase, effectively transforming the signal into nearly constant-
frequency.

In the ideal case, if the signal parameters were known exactly, this procedure
would completely remove the frequency evolution. The signal would then appear
as a horizontal line in the time-frequency plane, allowing the use of longer FFT
durations and improving the frequency resolution.

In practice, however, the parameters obtained from the initial search are affected
by the finite resolution of the grid. As a result, the correction is not perfect, and
a small residual frequency drift may remain. Still, the signal becomes much more
localized in frequency compared to the original peakmap.

This effect is illustrated in Fig. 6.5. The original peakmap (left panel) shows
the signal track evolving in frequency over time. After applying the heterodyne
correction (right panel), most of this evolution is removed and the signal appears as
a nearly horizontal track centered around the initial frequency fo. The zoomed inset
highlights how the signal power is concentrated around the initial frequency fy after
the correction.

Because the frequency evolution is now reduced, it is possible to increase the FF'T
duration Tgpr in the follow-up stage and thus improving the frequency resolution.
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Figure 6.5. Illustration of the heterodyne correction applied during the follow-up stage.
Both panels show O4a data containing a representative injected long-transient signal.
Left: original time-frequency peakmap, where the signal follows a power-law frequency
evolution. Right: peakmap after applying the heterodyne correction using the estimated
signal parameters. The frequency evolution is largely removed, concentrating its power
around fo ~ 900 Hz, as highlighted in the inset. The additional white curved feature
in the corrected peakmap is produced by the heterodyne transformation of a nearly
stationary spectral structure near the lower edge of the analyzed band and is unrelated
to the injected signal.

The allowed increase in Trpp depends on how well the candidate parameters match
the true signal, and therefore a finer grid is constructed around each candidate.

After the phase correction, a new peakmap is generated using the longer TrpT,
and a refined Hough transform is applied. Since the residual frequency evolution is
small, the standard Frequency Hough transform can be used at this stage.

New candidates are then selected from the refined Hough map and tested for
consistency across detectors. If no coincidence is found, the candidate is discarded.
Otherwise, the significance of the candidate is evaluated by computing a new critical
ratio. The candidate is retained only if the critical ratio increases, otherwise, it is
rejected as likely due to noise.

This follow-up step therefore improves the parameter estimation, increases the
sensitivity of the search, and reduces the number of false candidates.

6.7 Theoretical sensitivity of the GFH search

The theoretical sensitivity provides an estimate of the minimum signal amplitude
that can be detected by the search, or equivalently the maximum distance at which
a source can be observed, given the detector noise and the analysis setup.

The derivation follows the general approach used for peakmap-based searches
for continuous gravitational waves, as developed in [31] and later extended to long-
transient signals in [32]. In this work, we adopt the updated expressions for the
peak selection probabilities given in [142], which correct earlier results.

The construction of the peakmap is based on selecting local maxima in the
normalized power spectrum that exceed a fixed threshold @, as described in Sec. 6.4.
The first relevant quantity is the probability of selecting a noise peak, denoted by pg.
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Assuming Gaussian noise, the power spectrum follows an exponential distribution,
and this probability is

1
po=e ¥ —e 24 56_39. (6.19)

In the presence of a signal, the probability of selecting a peak increases slightly.
For a weak signal with spectral amplitude A (expressed in units of the normalized
spectrum), this probability can be written as

PA = Po + D1, (6.20)

where p; describes how the presence of the signal modifies the peak selection
probability. Its expression is

1 1 1 1 1
pP1 = 0 <26’_0 — 56_20 + 66_30) + 16_20 — §6_30. (621)

The quantities pp and p; determine how efficiently the peakmap captures the
presence of a signal.
Following [142], the minimum detectable strain can be written as

hO,min = Amin fg; (622)

where fy is the initial signal frequency.
The coefficient Ay is given by

Ay — 2 N (PO(l—P0)>1/4
o 2.4308 \/TFFT p%
Nseg r4 2 -1/
i=1 Sn(fl)

X \/CRthr - \/§erfc_1(2f‘).

In this expression, TgpT is the duration of each coherent segment, while Ng is
the number of effective segments, defined as Nog = Tiﬁ’;’;ﬁ, where Tips off is the total
duration of science data within the observation window Tgps, excluding gaps due
to detector downtime or data quality vetoes [140]. With interlaced FFTs, the total
number of FFT segments used in the Hough sum is Nge = 2Neg. The sum runs
over all Ny time segments, and f; is the signal frequency in the i-th segment.

The quantity S,(f;) is the detector noise power spectral density evaluated
at frequency f;'. The term (Fy A, + FyAy) describes the detector response to
the signal, which depends on the source orientation and polarization. Since the
inclination and polarization angles are not known for the sources considered here, the
detector response entering the theoretical sensitivity is averaged over these unknown
orientation parameters. In particular, we sample cos: uniformly in the interval
[—1,1] and the polarization angle 1 uniformly in the interval [—45°,45°], while

!This quantity should not be confused with Sar,i(fj) introduced in Sec. 6.4: Sar,i(f;) is the
local spectral estimate used to normalize the periodogram during peakmap construction, whereas
Sn(fi) represents the detector noise PSD entering the theoretical sensitivity calculation.
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keeping the source sky position fixed. The resulting averaged response is then used
in Eq. (6.23). Finally, the factor involving C' Ry, and I' sets the detection threshold,
determining the balance between detection probability and false-alarm rate.

The corresponding maximum distance is obtained by equating the gravitational-
wave strain, Eq. 4.8, to the sensitivity, Eq. 6.22, obtaining

472G Te

Dmax =
5
A Amin

(6.24)

The expressions above provide the theoretical sensitivity of the search in terms
of both the minimum detectable strain amplitude and the corresponding maximum
source distance. These estimates depend on the detector noise, the analysis configu-
ration, and the assumed signal parameters, and therefore provide a useful benchmark
for evaluating the performance of the search pipeline.

In the next chapter, these theoretical predictions will be compared with empirical
sensitivities obtained from signal injections into real detector data. This comparison
will be used to validate the performance of the updated GFH-v2 pipeline.






77

Chapter 7

Development and Validation of
the GFH-v2 Pipeline

In the previous chapter, we described the main analysis method used in long-
transient gravitational-wave searches, the Generalized Frequency Hough transform.
This method provides the standard framework used in earlier searches.

In this chapter, we build on that framework and introduce an improved analysis
setup, referred to as the GFH-v2 pipeline. This version includes updated choices for
key analysis parameters, such as the coherence time and observation time, which
are now set using physically motivated conditions based on the expected signal
evolution from newborn magnetars. It also includes improvements in the overall
computational implementation.

The goals of this chapter are to test the performance of the updated pipeline
using real O4a data [140], to verify its ability to recover simulated signals across the
relevant parameter space, and to estimate both theoretical and empirical sensitivities.
These results are also presented in our recent study [34], which provides a detailed
reference for the full pipeline and its validation.

7.1 Search parameter space

7.1.1 Key parameter ranges

The choice of the search parameter space is guided by both astrophysical consider-
ations and computational constraints. The physical properties of a newly formed
or rapidly rotating neutron star determine the evolution of the gravitational-wave
frequency and its amplitude. At the same time, the geometry of the source relative
to the detectors, including its sky position and orientation, affects the detectability
of the signal.

Table 7.1 lists the main parameters considered in this study for a newborn,
rapidly rotating magnetar. The initial frequency fo, ellipticity €, and inclination
angle ¢ primarily control the evolution of the signal, including the coherence time
used for Fourier transforms (Typr), the effective observation duration (T,ps), and
the frequency range covered by the signal.

The chosen ranges are based on astrophysical expectations. Ellipticities in
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Table 7.1. Parameter ranges and fixed values used for the injection study.

Parameter Range/Value
Initial frequency, fo [Hz] 600 - 2000
Ellipticity, € 3x1074-3x1073
Inclination angle, ¢ [deg] 0-180
Braking index, n 5

Neutron star mass, M [Mg)] 1.4
Neutron star radius, R [km] 12

Sky longitude (RA) [deg] 210.91 (equatorial)
Sky latitude (Dec) [deg] 54.31 (equatorial)

the range ¢ € [3 x 107%,3 x 1073] represent plausible deformations for young
magnetars, arising from magnetic stresses, formation asymmetries, or bar-mode
instabilities [23, 122, 143]. Initial frequencies fy € [600,2000] Hz correspond to
the early spin-down phase, when gravitational-wave emission is expected to be
strongest! [23, 120, 144, 145]. Inclinations ¢ € [0, 180°] are sampled uniformly in
cos ¢, covering all possible orientations.

For the injection study, we assume a neutron-star mass of M = 1.4 M and a
radius of R = 12 km, and calculate the corresponding moment of inertia I using
Eq. (4.9). These values are kept fixed in order to limit the number of parameters
varied in the injection study and to focus on the dependence of the search on fj
and e. However, the mass and radius of a newborn neutron star are not known in
general, and different values would result in a different moment of inertia. As shown
in Eq. (4.4), the spin-down parameter k depends on both the ellipticity and the
moment of inertia. Therefore, changing I would also change the frequency evolution
of the signal. The parameter space considered here should thus be understood as
corresponding to the fixed neutron-star model adopted for this study. A more general
analysis could instead explore the parameter space directly in terms of (fo, k), or
vary both € and I by considering different neutron-star masses and radii. We leave
this broader exploration for future work.

The sky position is fixed to the nearby core-collapse supernova SN 2023ixf,
discovered in May 2023 in the Pinwheel Galaxy (M101) at a distance of approxi-
mately 6.85 Mpc [146-148]. SN 2023ixf is one of the closest Type II supernovae
observed in the last decade, and multi-wavelength observations suggest it may have
formed a magnetar remnant. Its proximity and well-constrained location make it
an astrophysically motivated reference target. The O4a data segment used for the
injection study does not overlap with the epoch of the supernova event, so no real
signal from this source is expected in the data.

Each combination of parameters determines a unique expected signal evolution.
In particular, the coherence time Trp is chosen to ensure the signal remains confined

!The lower limit of 600 Hz is not a physical limit on the initial frequency of magnetars, but a
practical choice for the search. In particular, extending the analysis to lower frequencies would
include the region around ~ 500 Hz, which contains strong suspension violin-mode resonances in
the LIGO detectors. Frequencies below 600 Hz are therefore not excluded astrophysically, but are
outside the parameter space explored in this work.
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within a single frequency bin (see Sec. 7.1.2), and the observation time Ty is defined
according to the signal amplitude decay (see Sec. 7.1.3).

Although Table 7.1 represents the specific choices made for this study, the GFH-
v2 methodology can be applied to other astrophysically motivated parameter spaces.
The parameter ranges defined here determine the characteristics of the signals that
are injected into the O4a data to validate the pipeline, as described in Sec. 7.4.

7.1.2 Coherence time

The coherence time Tgpr defines the duration of each data segment over which
Fourier transforms are computed. Its choice is determined by the expected frequency
evolution of the gravitational-wave signal. On one hand, Trpr must be short enough
that the signal’s frequency drift, primarily caused by the spin-down fgw, remains
confined within a single frequency bin during the segment. On the other hand, it
should be long enough to limit sensitivity loss.

For the purpose of setting TrrT, we approximate the frequency drift as linear over
a single FFT segment. This approximation is valid for the short segment durations
considered here, even though the full signal follows a power-law frequency evolution.
Higher-order spin-down terms, including the second-order term, contribute negligibly
over such short durations. For example, in a conservative case with initial frequency
fo = 2000 Hz and ellipticity € = 3 x 1072, the maximum Typr is approximately 1.17
s. Over this segment, the frequency change due to the first-order spin-down is about
0.86 Hz, while the contribution from the second-order term is only 9.2 x 10~* Hz.
This confirms that the linear approximation is sufficient to safely set Tgpp.

Within this linear approximation, the frequency change during a segment is given
by

Af >~ |few| TFFT- (7.1)
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Figure 7.1. FFT duration Trpr versus fy for different ellipticities (see Eq. 7.3 - 7.4).
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To keep the signal power within a single frequency bin of width 1/Tppr, we
require:

1

Af < . 7.2
Iz TrrT (7.2)
Combining the two expressions gives:
; 1
|[fewl Trpr S 77— = Trpr = (7.3)
FFT

NI

In practice, | fgW] is evaluated at the start of the signal (t = ¢y), where the
spin-down is largest. This provides a conservative choice for Trpr, ensuring that the
signal remains confined to a single frequency bin throughout the segment.

The spin-down rate fgw is related to the ellipticity € and fgy through Eq. (4.1),

32mtGerl g5W

o, (7.4)

f qw —
showing that higher ellipticity or frequency results in a faster spin evolution and
hence a shorter coherence time.

Figure 7.1 shows the dependence of Trpr on both fy and e, highlighting how
the segment duration must be adjusted according to the expected properties of the
magnetar. These choices are essential to ensure that the injected signals remain
coherent within each FFT segment for the pipeline validation study.

7.1.3 Observation time window

In this study, unlike many previous searches where the observation time Ty is
typically fixed (see, e.g., [33]), we adopt a strategy that adapts T,ps according to the
decay of the GW signal amplitude. The motivation for this approach is to integrate
only the portion of the data that significantly contributes to the signal-to-noise ratio,
thereby optimizing sensitivity while avoiding unnecessary computational cost.

Before adopting the final definition used in this work, we explored a physically
motivated way to estimate the observation time based on matched filtering. This
approach is useful as a reference because it directly connects the signal duration
with the signal-to-noise ratio (SNR) that would be obtained in an optimal search.

In this method, the signal is assumed to follow a known waveform model, and
the SNR is computed by correlating the signal with itself while taking into account
the detector noise. The accumulated SNR, up to a time T is given by

SNR(T) = 2\/ /0 ! hQ(Z» n (7.5)

Sn(f

where h(t) is the gravitational-wave strain and S,,(f) is the one-sided noise power
spectral density evaluated at the instantaneous signal frequency f(t).

The observation time is then defined as the smallest time Ti,,s such that the
accumulated SNR reaches a fixed threshold,

SNR(Typs) = SNRgpr- (7.6)
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Figure 7.2. Definition of the observation time T, from the decay of the signal amplitude
for a fixed reduction factor «y shown for e = 0.002 and fy = 900 Hz.

This definition ensures that the signal is integrated only as long as it contributes
significantly to the detection statistic. It also provides a physically motivated
estimate of how long a signal remains detectable for a given set of source parameters.

Although this method is useful for understanding the expected signal duration, it
is computationally expensive in practice because it requires solving the SNR integral
for each injection. Moreover, such an approach is not applicable in a real search,
where the exact signal waveform is unknown and the parameter space is explored
over a large number of templates. For this reason, it was not used in the final
pipeline configuration.

Instead, the final definition of T} is based on the decay of the signal amplitude.
This approach is simpler to implement and provides a stable and consistent way to
select the portion of the data that contains most of the signal power. Here we define
Tobs as the time required for the instantaneous signal amplitude h(t) to decrease to
a predetermined fraction of its initial value hg. This fraction is controlled by the
amplitude reduction factor «y, such that

_ho

Tops =1t s.t. h(t) o

Figure 7.2 illustrates this definition for a representative case with fy = 900 Hz,
e = 0.002, and a fixed ay,. The decay of h(t) is derived from the expected spin-down
of a rapidly rotating neutron star, accounting for both the decreasing rotational
frequency and the corresponding reduction in gravitational-wave amplitude.

To select an optimal value of ay, we evaluate the sensitivity homin as a function
of ay, across several representative frequencies and ellipticities, using the formulation
described in Section 7.6.1(Eq. 6.22). The results are shown in Fig. 7.3.
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Figure 7.3. Left: Sensitivity homin as a function of oy, for different initial frequencies f; and
fixed ellipticity e = 0.001. Right: Dependence of hg min on ay for different ellipticities e
at a representative fy = 1000Hz. Each point is obtained from the theoretical sensitivity
calculation of Eq. 6.22

The dependence of hgmin On ay is not monotonic and results from a balance
between different effects. Increasing «y, increases the observation time and therefore
includes more segments in the analysis. However, at later times the signal amplitude
is lower because of the spin-down evolution, so these additional segments do not
necessarily improve the sensitivity. At the same time, changing the number of
segments also changes the statistical background entering the detection statistic,
as reflected by the dependence on Neg in Eq. 6.23. Therefore, including more data
does not always lead to better sensitivity.

In addition, the detector noise is not stationary over the observation period. The
contribution of each segment depends on the noise power spectral density Sy, (fi),
which also enters Eq. 6.23. A later segment with a weaker signal can therefore
still contribute to the sensitivity if the detector noise at that time and frequency is
sufficiently low. These competing effects produce the relatively shallow minima seen
for some of the curves in Fig. 7.3.

For each set of source parameters, we choose the value of ay, that minimizes hg min-
In some cases the minimum is weakly defined, indicating that a shorter observation
time can be used with little loss in sensitivity and with a lower computational cost.
In other cases the minimum is more pronounced, making the choice of oy more
important. This optimization therefore provides a practical way of selecting the
observation window while accounting for the signal evolution, detector noise, and
statistical properties of the search.

The observation times Typs derived from this optimization are shown in Fig. 7.4
where each point corresponds to the duration associated with the optimal «y,. This
approach ensures that the analysis focuses on the portions of the dataset where the
signal amplitude is significant, refining the search strategy by balancing sensitivity
and computational efficiency. By adjusting Typs for each set of source parameters, the
method provides a systematic and physically motivated way to define the observation
window in the search.
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Figure 7.4. Observation time Ti,ps as a function of fj for different ellipticities, corresponding
to the optimal «y, derived from Fig. 7.3.

7.1.4 Frequency band

The selection of the frequency band for the analysis is directly linked to the signal

evolution over the chosen observation window Tops. Starting from the initial frequency

fo, the gravitational-wave signal undergoes a spin-down as described in Sec.4.1. The

lower edge of the frequency band is defined by the frequency reached at the end

of the observation window, f(Tons), ensuring that the analysis includes the entire

portion of the signal that significantly contributes to the detection statistic.
Mathematically, the frequency band is given by:

fband S [f(TObS)7 fO] ’ (77)

By defining the frequency band with the observation window, the analysis ensures
that computational resources are focused on the portion of the spectrum where the
signal is most significant.

7.2 GFH-v2 algorithmic improvements

The GFH-v2 pipeline represents a substantial improvement with respect to the
original implementation of the Generalized Frequency Hough transform [32], both
in terms of data handling and computational strategy. The modifications are
aimed at increasing computational efficiency and ease of use within the broader
gravitational-wave data analysis framework [34].

The computational implementation of the algorithmic improvements described
in this section was developed by L. Pierini within the Virgo Collaboration. The
GFH-v2 method and its main computational developments are described in Ref. [34].
The work presented in this thesis focuses on the astrophysical optimization of the
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search setup, the validation of the pipeline through signal injection studies, and its
application to searches for long-transient gravitational-wave signals.

First major difference concerns the preprocessing of detector data. The original
implementation started with the Short Fourier Transform Database, and the relatively
long FFTs (typically of duration O(103) s) were reprocessed into shorter segments,
with durations of the order of tens of seconds, determined according to the coherence
time Trpp. These shorter FFTs were then restricted to the frequency band of interest,
and simulated signal injections were performed at this stage. The peakmap was
then constructed by identifying significant local maxima in the normalized power
spectrum of each FFT segment.

In contrast, the GFH-v2 approach adopts a different strategy. After extracting the
frequency band of interest, the SFDB data blocks are combined and inverse Fourier
transformed to reconstruct a time-domain signal corresponding to that band. This
generates a sub-sampled, complex analytic time series, restricted to the frequency
band spanned by the signal over the observation time Tis, namely from the initial
frequency fy down to the value reached due to spin-down (see Sec. 7.1.4). This
representation is closely analogous to the Band Sampled Data (BSD) framework [23],
which has been widely adopted in continuous-wave searches. However, an additional
cleaning procedures typically applied in standard BSD-based analyses to suppress
persistent narrow-band disturbances, which are particularly problematic for quasi-
monochromatic signals, are not applied in the present context, as the signals of
interest evolve over a relatively broad frequency range. This approach enables a more
flexible implementation of subsequent analysis steps. In particular, operations such
as signal injection or peakmap construction can be performed directly in the time
domain using existing libraries, improving reproducibility of the analysis pipeline.

A second major innovation of GFH-v2 lies in the implementation of the core
Hough transform. In the original GFH algorithm, the mapping from the peakmap
to the Hough parameter space was performed through a double nested loop. The
outer loop iterated over time, selecting peaks corresponding to each FFT segment,
while the inner loop iterated over the discretized values of the parameter k, updating
the corresponding bins in the Hough map. This approach suffers from significant
computational limitations, in particular, loops for different peaks accessing the same
memory locations for writing, limits the possibility to parallelize the operation and
to exploit modern computing architectures.

In GFH-v2, this limitation is overcome by restructuring the algorithm. The loop
over time is entirely removed, and the computation is instead organized around
the parameter k, which determines the slope of the signal trajectory in the trans-
formed (¢, ) space (see Eq. 6.7). For each discrete value of k, the full peakmap is
processed simultaneously by applying the corresponding linear transformation and
the construction of a histogram along the grid of transformed frequencies xg. In
the present implementation, the histogram is constructed using unweighted counts,
meaning that each selected peak contributes equally. While weighted implementa-
tions, incorporating information on detector sensitivity or noise non-stationarity,
are possible and have been explored in other contexts, they are not included here
in order to maintain simplicity. The extension to weighted statistics is planned for
future developments.

The result of the histogram fills one column in the Hough map at the location
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Figure 7.5. Computing time comparison between the old GFH and GFH-v2 implemen-
tations [34]. Blue bar: original GFH implementation running on a single thread. Red
bars: GFH-v2 implementation using multithreading.

corresponding to the selected k value. This new implementation of the transform is
made by means of highly-optimized functions, which compute the 1D histograms
using buffer arrays to speed up memory access. Compared to the original implemen-
tation, where the Hough map was computed through a double nested loop over time
indexes and k values with direct memory access, the GFH-v2 avoids the outer time
loop and efficiently integrates the entire peakmap along each k value.

Figure 7.5 shows a comparison of the computing times for the original GFH and
the GFH-v2 implementations. The test dataset covers an 800 Hz-wide frequency
band and a 9-hour time window, analyzed with Trpr = 2 s. The tests were performed
on an Intel Xeon E5-2620 machine (16 cores, 2.1 GHz, hyperthreading). While the
original implementation runs on a single thread, GFH-v2 exploits multithreading.
The figure therefore compares the computational performance of the two implemen-
tations as used here, rather than providing a direct single-thread comparison of the
underlying algorithms. Under this configuration, GFH-v2 reduces the computing
time by approximately one order of magnitude. The improvement results from the
restructuring of the Hough transform together with the possibility of parallelizing
the computation over the & grid [34].

Here, each different £ value of the grid is mapped in a different column in the
Hough map, so the loop can be performed in parallel exploiting hyper-threading or
multi-core CPUs. While implementations on Graphics Processing Units (GPUs) are
also possible [149], the current analysis demonstrates that CPU-based execution is
sufficient for the parameter space explored in this work. However, GPU acceleration
remains a good option for future searches involving larger datasets or extended
parameter ranges.

A schematic representation of the complete GFH-v2 workflow is shown in Fig. 7.6,
summarizing the main processing steps from the input SFDB to the follow-up [34].
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Figure 7.6. Schematic view of the GFH-v2 pipeline workflow.

7.3 Data characteristics

To validate the performance of the GFH-v2 pipeline described in Chapter 7.2, we
use detector data from the fourth observing run (O4) of the LIGO-Virgo-KAGRA
detector network. The properties of the detector data, including sensitivity and
spectral characteristics, play a crucial role in determining the effectiveness of long-
transient gravitational-wave searches.

In this section we describe the data used in this study, including the characteristics
of the O4 observing run, the selection of the O4a data segments used for the validation
analysis, and the spectral properties of the selected data.

7.3.1 The O4 observing run

The fourth observing run of the LVK gravitational-wave collaboration represented the
most sensitive period of gravitational-wave observations to date. The run began on
24 May 2023 and concluded on 18 November 2025, following a series of commissioning
upgrades aimed at improving detector stability and strain sensitivity across the
network.

04 significantly increased the number of known gravitational-wave events. Real-
time searches identified roughly 250 candidate events during the run, the vast
majority of which were consistent with compact binary coalescences [12]. Most of
these events correspond to mergers of binary black holes, which continue to dominate
the currently observed gravitational-wave population. Several notable events were
detected during O4. For example, the event GW231123 is currently the most massive
binary black hole merger observed, producing a remnant black hole with a mass
above 200 Mg. Another event, GW250114 achieved a SNR of approximately 77-80,
making it one of the loudest gravitational-wave detections recorded so far.

The observing run was divided into three phases to accommodate detector
upgrades and maintenance periods. The first phase, O4a (24 May 2023 - 16 January
2024), primarily involved the two LIGO detectors; LIGO Hanford (H1) and LIGO
Livingston (L1). The second phase, O4b (April 2024 - January 2025), included
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Figure 7.7. Power spectral density for the Advanced LIGO detectors during the observing
runs O3 (dotted lines) and O4a (solid lines). The sensitivity improvement compared to
previous observing runs enhances the prospects for detecting long-transient gravitational-
wave signals from nearby sources.

participation from the Virgo detector and intermittent contributions from the
KAGRA detector. The final phase, O4c (January 2025 - November 2025), continued
observations mainly with the LIGO and Virgo detectors.

Significant improvements in detector sensitivity were achieved during O4. In
particular, the LIGO detectors reached a BNS inspiral range exceeding approximately
160 Mpc. This represents more than a factor of two improvement relative to the
first observing run (O1).

Figure 7.7 compares the noise spectral densities of the Advanced LIGO detectors
during O3 and O4a, illustrating the improvement in detector sensitivity between the
two observing runs. The procedure used to compute the average noise spectra from
the SFDB data is described in the following subsection 7.3.2.

The improved detector sensitivity achieved during O4 make this dataset par-
ticularly valuable for validating gravitational-wave search pipelines. In this work,
we focus specifically on the O4a data segment, which provides extended periods of
stable detector operation suitable for the validation of the GFH-v2 long-transient
search pipeline.

7.3.2 Average spectra of the O4a data

The sensitivity of GW searches strongly depend on the spectral properties of the
detector noise. In particular, the noise power spectral density determines the
frequency-dependent strain sensitivity of the detectors. To characterize the noise
properties of the O4a data used in this analysis, we compute the average noise power
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Figure 7.8. Average noise spectral densities of both detectors computed over the full O4a
dataset

spectral densities for both the LIGO Hanford and LIGO Livingston detectors. The
PSDs shown here, as well as those used for the O3-O4a comparison in Fig. 7.7, are
computed from the SFDB data [131] by averaging the power spectra of the individual
FFT segments belonging to science time, applying basic data-quality vetoes and a
weighted averaging procedure that reduces the influence of noisier spectra [31].

Figure 7.8 shows the average PSDs for both detectors computed over the full O4a
dataset used in this work. The spectra illustrate the typical frequency-dependent
sensitivity of the Advanced LIGO detectors during O4a. Unlike Fig. 7.7, whose
purpose is to compare the detector sensitivity between O3 and O4a, Fig. 7.8 focuses
only on O4a and provides a detailed characterization of the noise spectra of the H1
and L1 data relevant to the analysis presented in this work.

7.3.3 Selected O4a segments

The dataset used in this study is drawn from the first portion of the fourth observing
run, commonly referred to as O4a which spans the period from 24 May 2023 to 16
January 2024 [63, 140]. Relative to the previous observing run (03), O4a marked
a substantial upgrade to the interferometers aimed at improving strain sensitivity,
duty cycle, and overall detector stability [150].

During O4a, the Virgo detector [58] was not participating in science observations
due to commissioning activities intended to improve its sensitivity for later phases
of the run. The KAGRA detector [6] and the GEO 600 detector [59] were operating
during parts of this period; however, their sensitivity remained significantly lower
than that of the Advanced LIGO interferometers [4]. Thus the analysis presented in
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Figure 7.9. Science-mode segments for the LIGO Hanford and Livingston detectors during
the O4a observing period. The green shaded region marks the 20-day interval selected
for the analysis presented in this work.

this work uses data only from the two Advanced LIGO detectors: LIGO Hanford
(H1) and LIGO Livingston (L1).

To evaluate the empirical sensitivity of the GFH-v2 pipeline, we select a con-
tiguous 20-day interval of data beginning on 20 August 2023 (Modified Julian Date
MJD: 60176.991). This time period was chosen because it contains long stretches of
stable detector operation with relatively consistent noise characteristics.

The actual data used for the analysis correspond to the science segments identified
by the detector data quality flags [140]. These segments represent periods during
which the detectors were operating in science mode and the recorded strain data
are considered suitable for astrophysical analysis. Periods affected by instrumental
issues, calibration problems, or poor data quality are excluded from the analysis.

The GFH-v2 pipeline determines the effective observation time Tps individually
for each injected signal, based on its initial frequency fy and ellipticity € (see Sec. 7.1.3
and Fig. 7.2). This effective observation duration corresponds to the portion of the
signal evolution that falls within the selected dataset and only this effective duration
is used in the analysis when estimating detection efficiency and sensitivity. For
the upper ellipticity sub-interval considered in the empirical sensitivity study (see
Sec. 7.1.1), the full evolution of the simulated signals is contained within the selected
20-day data window. This ensures that the injected signals are not limited by the
dataset, allowing a consistent and unbiased evaluation of the pipeline sensitivity.

Figure 7.9 shows the science-mode segments for the full O4a observing period
together with the selected 20-day analysis window highlighted in green. A zoomed-in
view of this selected interval is shown in Fig. 7.10, illustrating the distribution
of science segments and the availability of coincident observing time between the
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Hanford and Livingston detectors during the period used in this work.

7.4 Signal injections

To validate the performance of the pipeline and to estimate its sensitivity, simulated
signals were injected into the data. The injections were performed in the time-
domain reduced-analytic series obtained from the O4a SFDB, following the procedure
described in Sec. 7.2. The injected signals span the parameter space defined in
Sec. 7.1.1 (see Table 7.1).

The full range of ellipticity, € € [3 x 1074, 3 x 107?], was divided into five repre-
sentative sub-intervals. This choice allows to probe how the signal properties change
across the parameter space, in particular the combined effect of amplitude and
spin-down, while keeping the total number of injections computationally manageable.
For each sub-interval, injections were performed with the ellipticity drawn from a
uniform distribution within that sub-interval, over the full range of initial frequencies
fo, using a spacing of 10 Hz. This spacing was chosen as a reasonable compromise
between covering the parameter space and keeping the number of injections computa-
tionally manageable. A more detailed study of the optimal spacing is left for future
work. Within each 10 Hz frequency interval and the selected ellipticty sub-interval,
approximately 150 signals were generated, with the exact number varying between
120 and 180 depending on the band; In some regions, additional injections were
done.

The remaining physical parameters are also randomized. In particular, the
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inclination angle is sampled assuming a uniform distribution in cos: € [—1,1], and
the polarization angle is drawn uniformly in its full range. This ensures that the
injected population does not introduce biases related to source orientation. The
procedure is repeated for different source distances in order to study the detection
efficiency as a function of distance.

The effective observation time Typs for each injected signal is determined by its
initial frequency fy and ellipticity €, as described in Sec. 7.1.3 (see also Fig. 7.2). The
coherence time Trpr is chosen consistently with the criteria discussed in Sec. 7.1.2,
so that the signal remains confined within a single frequency bin over each FFT
segment.

All injections are assumed to start at the beginning of the dataset. This simplifies
the analysis, as it removes the need to scan over the signal start time. In a more
realistic scenario, the signal could start at any time within the observation window.
Including this additional parameter would require introducing a grid in start time,
which increases the number of trials. A possible extension of this work would include
such a search over start times, with an appropriate choice of step size to balance
parameter-space coverage and computational cost.

7.5 Candidate selection

The identification of significant candidates from the Hough maps is a crucial step
of the analysis. This procedure is designed to reduce the large number of bins in
the map to a reasonable set of promising outliers, while keeping a high probability
of retaining true signals. The method consists of three main steps: segmentation
of the Hough map, selection of candidates within each segment, and evaluation of
coincidences.

7.5.1 Hough map segmentation

In order to explore the parameter space in a uniform way, the Hough map is divided
into smaller regions (blocks) in the (zg, k) plane, following the standard procedure
used in Frequency Hough and continuous-wave searches [31, 32]. This segmentation
allows the selection procedure to identify candidates across the full parameter space,
avoiding a concentration of candidates in only a few regions.

The division along the xg axis is chosen based on the extent of the parameter
space covered by the signal. In the case of the injection study, the number of blocks is
adjusted according to the number of injected signals and the width of the spin-down
band. This choice helps control the density of selected candidates and ensures that
different signals can be independently identified.?

Along the k axis, the map is divided such that each block has approximately
the same number of bins in both directions. This results in blocks that are roughly
square-shaped in the (z¢, k) plane, which simplifies the comparison of candidates
across different regions.

2In a real search, the segmentation is typically fixed, for example using a predefined number of
blocks along each axis. This will be discussed in the next chapter.
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7.5.2 Candidate selection within each block

Once the Hough map is divided into blocks, candidates are selected independently
within each block. For each block, the bin with the highest number count is identified
as the primary candidate. This bin corresponds to the most significant with respect
to the local background.

In order to allow for the presence of multiple signals within the same region, a
second candidate can also be selected. This is done only if it is sufficiently separated
from the first candidate. In this analysis, a minimum distance of 6 bins in the z
direction is required. This condition reduces the probability of selecting multiple
candidates originating from the same signal or from local noise fluctuations.

7.5.3 Coincidence analysis

After candidate selection, a coincidence analysis is performed to suppress false alarms
(see Sec.6.6.3. The basic idea is that a true astrophysical signal should be observed
consistently across different detectors, or should match the parameters of an injected
signal in validation studies.

The coincidence between candidates from different detectors is evaluated using a
distance in the (xg, k) parameter space:

2 2
B Zo,2 — T0,1 ko — k1
deoin = \/( (51’0 ) + ( ok ) s (78)

where §zg and dk are the grid spacings. Candidates are considered coincident if this
distance is smaller than a chosen threshold.

An additional coincidence check is used to evaluate the recovery of injected
signals. In this case, the distance is computed between the candidate parameters
and the injected signal parameters:

2 2
Z0,cand — €0,inj kcand - kinj)
dcoin in. - - < - <, . 7-9
- \/< 0o ) " ( ok (7.9)

In this study, only the parameters xg and k are varied, and a coincidence threshold
of deoin = 2 is used. In more general searches, additional parameters such as sky
position or braking index would be included, typically requiring a larger coincidence
threshold.

7.5.4 False alarm rate and critical ratio threshold

The final step in the candidate selection process is the application of a threshold
on the critical ratio, which measures the statistical significance of a candidate. The
critical ratio is defined in Sec.6.6.2. This quantity provides a simple way to quantify
how much a candidate stands out above the noise background.

The choice of the threshold C Ry, determines the balance between sensitivity and
false-alarm probability. A low threshold increases the number of detected signals, but
also leads to a higher rate of false candidates. On the other hand, a high threshold
reduces false alarms but may cause weaker signals to be missed. To determine a
suitable value, injection studies were performed using O4a data at a fixed source
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Figure 7.11. False-alarm rate as a function of frequency for different critical ratio thresholds
CRyyy. Most points are zero for higher thresholds (6 and 7), illustrating that the chosen
CRyn = 7 effectively suppresses false alarms across nearly all fy whereas C Ry = 5
shows a non-negligible false-alarm fraction

distance of 1000 Mpc. For each value of C Ry, the fraction of false alarms was
estimated as a function of frequency.

Figure 7.11 shows the resulting false-alarm rate for different threshold values.
As expected, the false-alarm rate decreases rapidly as the threshold increases.

In this work, we require the false alarm probability to remain below 0.1%. The
study shows that the threshold needed to satisfy this requirement is not exactly the
same for all frequencies and ellipticity intervals. In some regions of the parameter
space, a lower threshold would already be sufficient, while in others a slightly higher
threshold would be required. Rather than using a different threshold for each
individual configuration, we adopt a single threshold for the entire analysis. This
simplifies the pipeline and ensures that the significance of candidates is evaluated
consistently across all searches. To remain conservative, we choose the largest
threshold value required by the false alarm study.

Thresholds below C Ry, =~ 5 lead to a significant number of false coincidences,
while thresholds above 7 begin to reduce the recovery efficiency for weaker signals.
Based on these results, a value of C Ry, = 7 is adopted. This choice provides a good
compromise, ensuring a low and stable false-alarm rate across the full frequency
range while maintaining a reasonable sensitivity to signals.

7.6 Sensitivity estimation

The next step is to quantify how sensitive the GFH-v2 pipeline is to the signal
model considered in this work. In practical terms, we want to determine the weakest
signals that can be detected, or equivalently, the largest distance at which a source
can still be observed.
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Two complementary approaches are used: First, we derive a theoretical estimate
based on the analytical expressions presented in Sec. 6.7. These equations provide
the expected minimum detectable strain amplitude and the corresponding maximum
detectable distance as functions of the signal parameters and detector noise.

Second, we perform injection studies in real detector data. Simulated signals are
added to the data and searched for using the full pipeline. The fraction of recovered
injections provides an empirical measurement of the actual sensitivity.

Comparing these two approaches serves two purposes. It verifies that the
implementation behaves as expected and also shows how closely the analytical
predictions describe the performance of the pipeline when applied to real detector
data.

7.6.1 Theoretical sensitivity

The analytical expressions derived in Sec. 6.7 allow us to estimate the sensitivity
of the search before performing computationally expensive injection campaigns.
In particular, they provide two useful quantities: the minimum detectable strain
amplitude, Ao min and the maximum detectable distance, Dyax.

The quantity homin represents the smallest signal amplitude that is expected
to produce a candidate above the selected threshold with the required confidence
level. Once this amplitude is known, Eq. (6.24) can be used to convert it into the
corresponding source distance.

Figure 7.12 shows the theoretical sensitivity of the GFH-v2 pipeline obtained
using the equations described in Sec. 6.7 together with real O4a data. The upper
panel presents the minimum detectable strain amplitude, ho min, while the lower
panel shows the corresponding maximum detectable distance, Dpax, as a function
of the initial signal frequency fy. Different curves correspond to different values of
ellipticity.

The source sky position is kept fixed to that of SN 2023ixf, while the detector
response is averaged over the unknown source orientation, as described in Sec. 6.7.
In particular, cos¢ is sampled uniformly in [—1, 1] and the polarization angle 1 uni-
formly in [—45°,45°]. The theoretical curves therefore represent orientation-averaged
sensitivities rather than sensitivities for a particular inclination or polarization.

To estimate the sensitivity, we use the PSDs computed from the complete O4a
observing run for both LIGO detectors. Since the noise level is slightly different
between the two detectors, we conservatively take, at each frequency, the larger PSD
value between LIGO Hanford and LIGO Livingston.

The overall behaviour of the curves follows directly from Eq. (6.22) and Eq. (6.24).
In general, ho min increases with fp, although the exact behaviour also depends on the
signal evolution, the corresponding analysis parameters, and the frequency-dependent
detector noise.

An important point when comparing the two panels of Fig. 7.12 is that Dyax
is not determined by Ao min alone when different ellipticities are considered. Using
Amin = ho min/ f& in Eq. (6.24), the maximum distance can be written as

472G Ief?

Dmax = 4

(7.10)

c hO,min
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Figure 7.12. Theoretical sensitivity obtained using full O4a LIGO data for the Livingston
and Hanford detectors [63, 140], taking the maximum PSD value between the two
detectors at each frequency to ensure a conservative estimate (see also Fig. 7.8 for the
PSD overview) Upper: Minimum detectable strain amplitude homin as a function of
the signal initial frequency fy. Lower: Corresponding maximum detectable distance

Dax as a function of fy. Both panels refer to I' = 90% and a critical ratio threshold of
CRin = 17.
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Thus, at fixed fp and €, a lower hgmin corresponds to a larger detection distance.
However, this relation cannot be used directly to compare curves with different
ellipticities, since Dpax also scales directly with e. This explains why the lowest hg min
curve in the upper panel does not correspond to the highest Dy ax curve in the lower
panel. Although the search reaches a lower strain threshold for the smaller-ellipticity
signals, these sources also produce intrinsically weaker GW emission, resulting in a
smaller detection distance.

The lower values of hgmin obtained for smaller ellipticities are related to the
slower frequency evolution of these signals. A smaller ellipticity corresponds to
a smaller spin-down parameter k and therefore to a longer signal. This generally
allows a longer coherent time and a larger amount of useful data to contribute to
the search, improving the strain sensitivity. Conversely, signals with larger ellipticity
evolve more rapidly and are observed over a shorter effective duration.

This trend is not expected to continue indefinitely toward smaller ellipticities. As
the spin-down becomes slower, the signal duration eventually becomes comparable
to or longer than the available observation window. Beyond this point, decreasing
the ellipticity does not provide the same gain from increasing the amount of data
included in the analysis, and the improvement in Ao min is expected to saturate. The
ellipticity range considered in this work was selected for the GFH-v2 validation
study and does not extend sufficiently far toward smaller values to characterize
this transition. Determining the location of this turnover would therefore require
extending the theoretical study to smaller ellipticities and longer signal durations,
which is left for future work.

Finally, the impact of the real detector PSDs, which are not flat, introduces small
frequency-dependent variations in the sensitivity, producing small-scale fluctuations
in the curves. These PSD-induced variations are smaller than the main fZ-driven
trend and do not qualitatively alter the observed sensitivity behavior.

Dependence on inclination angle

The observed amplitude of a continuous gravitational-wave signal depends not only
on the intrinsic source strength but also on the orientation of the neutron star
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Figure 7.13. Theoretical sensitivity as a function of the initial frequency fy for different
values of cos¢.
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Figure 7.14. Theoretical sensitivity as a function of the signal initial frequency fy for
different C' Ryp,-.

relative to the observer. This orientation is described by the inclination angle ¢,
defined as the angle between the star’s rotation axis and the line of sight.

When the star is viewed along its rotation axis (¢« = 0° or 180°), the signal is
circularly polarized and the detected amplitude is maximal. When the star is viewed
edge-on (v = 90°), the signal is linearly polarized and the detected amplitude is
smaller.

Figure 7.13 illustrates how the theoretical sensitivity changes for different values
of cost. The most favorable orientations lead to lower hg min and larger detectable
distances, while edge-on systems are more difficult to detect.

Dependence on CR threshold

The theoretical sensitivity also depends on the adopted critical ratio threshold. A
larger threshold requires a more significant candidate and therefore a stronger signal.

Figure 7.14 shows the predicted sensitivity for several values of C'Rin,. As
the threshold increases, the minimum detectable strain becomes larger and the
corresponding maximum detectable distance decreases.

This behavior reflects the trade-off discussed earlier: stricter candidate selection
reduces the false alarm probability, but it also reduces sensitivity to weaker signals.

7.6.2 Empirical sensitivity

The theoretical sensitivity derived in the previous section is based on the assumption
that the detector noise is Gaussian and stationary. In practice, real detector data
deviate from this ideal behaviour. Noise fluctuations, and transient disturbances
introduce non-Gaussian features. These effects can influence the performance of the
search pipeline. For this reason, it is necessary to evaluate the sensitivity directly
on real data. This is done through simulated signal injections, which allow us to
measure how efficiently the pipeline can recover signals in realistic conditions.

For each set of injections (as described in Sec. 7.4), we estimate the the maximum
detectable distance, by requiring that a fixed fraction of the signals is recovered. In
particular, we define the sensitivity as the distance at which 90% of the injected
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signals are detected. A signal is considered detected if it produces a candidate with
CR > C Ry, and is found in coincidence across detectors. In this study, we restrict
the study to the highest ellipticity sub-interval (e € [2.5 x 1073,3 x 1073]), which
corresponds to the strongest signals in the explored parameter space to simplify
the analysis. Lower ellipticities lead to smaller detectable distances but do not
significantly change the overall behaviour of the efficiency curves.

Efficiency curves

For each frequency and distance, the detection efficiency is defined as the fraction of
injected signals that are successfully recovered by the pipeline. It is computed as

Ncand(Da fO; CR > CRthr)
Nini(fo)

where Ninj(fo) is the number of injected signals at a given initial frequency fo, and
Neand 18 the number of those injections that are recovered with a candidate satisfying
the threshold CR > C Ry, and passing the coincidence criteria across detectors.
The efficiency is evaluated for different source distances, allowing us to construct
efficiency curves as a function of D for each frequency.

77(va0) =

x 100%, (7.11)
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Figure 7.15. Detection efficiency as a function of source distance for selected initial
frequencies. Each curve shows the fraction of injected signals that are recovered by the
pipeline. The efficiency decreases with distance as the signal amplitude becomes weaker.
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Figure 7.15 shows examples of efficiency curves for different initial frequencies.
At small distances, the injected signals are strong and are almost always detected, so
the efficiency is close to 1. As the distance increases, the signal amplitude decreases,
and the efficiency gradually drops. At sufficiently large distances, the signals become
too weak to be detected, and the efficiency approaches zero.

Sensitivity calculation from efficiency curves

The empirical sensitivity is obtained from the efficiency curves by identifying the
distance at which the detection efficiency reaches 90%. We denote this distance as
Dmax. For each frequency, the injections are ordered by increasing distance. We
then identify two points: the largest distance at which the efficiency is still above
90%, and the next distance at which the efficiency falls below 90%. These two points
define a small interval that brackets the desired value of Dy.x. The final estimate
of Dpax is obtained by linear interpolation between these two points.

This procedure is based directly on the discrete set of injection results and
does not assume any particular functional form for the efficiency curve. Although
one could estimate the 90% crossing using a smooth fit to the data, the approach
adopted here avoids extrapolation beyond the data points and provides a simple
and data-driven estimate. Figure 7.16 illustrates the procedure used to determine
the maximum detectable distance. In the upper panel, the horizontal line marks
the 90% efficiency level, while the intersection with the efficiency curve defines the
corresponding distance. The uncertainty on Dy, is estimated from the spacing
between the two neighboring distance points used in the interpolation as shown in
asymmetric error bars.

The values of Dy, obtained at different frequencies are combined to produce
the overall sensitivity curve of the pipeline, shown in the lower panel of Fig. 7.16.
This curve represents the maximum distance at which signals can be detected with
90% efficiency as a function of frequency.

7.6.3 Comparison between theoretical and empirical Estimates

Figure 7.17 presents the comparison between the empirical maximum detectable
distances obtained from injection studies and the corresponding theoretical sensitivity
estimates across the analyzed frequency range.

Overall, the empirical sensitivity follows the theoretical trend, although deviations
up to a factor of ~ 2 are observed in certain frequency bands. In some bands, the
empirical Dy, .y falls below the theoretical prediction, typically in regions affected by
strong spectral features, such as suspension violin modes and their harmonics [151]
(as highlighted by the shaded gray regions in Fig. 7.17). These disturbances raise
the local noise level and reduce the recovery efficiency, leading to a lower measured
sensitivity relative to the theoretical expectation.

Conversely, at some frequencies, the empirical sensitivity exceeds the theoretical
one, sometimes by factors of 1.5-2. One possible explanation is that the theoretical
sensitivity curve is based on a conservative assumption: at each frequency, it uses
the maximum of the H1 and L1 detector PSDs. This choice effectively corresponds
to adopting the noisier of the two detectors at that frequency, and therefore provides
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Figure 7.16. Determination of the empirical sensitivity of the pipeline from injection studies
using O4a data for ellipticity € € [2.5 x 1073, 3 x 1073] and a critical ratio threshold
CRiny = 7. Top: Detection efficiency as a function of distance for a representative
frequency (fo = 1400 Hz). The maximum detectable distance, Dyax, is obtained by linear
interpolation at the 90% detection efficiency level, with the horizontal bars indicating
the associated uncertainty. Bottom: Empirical sensitivity curve, showing Dp,.x as a
function of the initial signal frequency, corresponding to a 90% detection efficiency.
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Figure 7.17. Comparison between the empirical maximum distance obtained from signal
injections and the theoretical sensitivity estimate across the analyzed frequency range,
for the upper ellipticity sub-interval e € [2.5 x 1073, 3 x 1073], using a 90% confidence
level and C Ry, = 7. The theoretical sensitivity here uses a 10-day PSD corresponding
to the effective duration of the injections in the upper ellipticity sub-interval, taking the
maximum value between H1 and L1 detectors to remain conservative. The shaded gray
regions indicate frequency bands affected by instrumental disturbances [151], which lead
to a degradation of the empirical sensitivity.

a conservative estimate of the noise level. As a result, the predicted sensitivity is
slightly underestimated.

Overall, the comparison indicates that the empirical results are consistent with
theoretical expectations at the order-of-magnitude level, capturing the main trends
while naturally reflecting real data variations.

7.6.4 Comparison of detector sensitivity across O4

The sensitivity studies presented in the previous sections were performed using O4a
data. To assess how representative these results are of the detector performance
over the complete O4 observing run, we compare the average noise spectra from
O4a, O4b, and O4c.

As shown in Fig. 7.18, the three observing periods have similar noise levels over
the 600-2000 Hz frequency range considered in this work. Relative to O4a, the
median ASD is lower by approximately 5-7% in L1 and 8-10% in H1 during O4b
and O4c. The later parts of O4 therefore show a modest improvement in detector
sensitivity compared with the O4a data used in this study.

Although the full GFH-v2 sensitivity analysis was not repeated using O4b and
O4c data, this comparison suggests that the sensitivity obtained with O4a provides a
reasonable estimate of the performance expected during O4, with some improvement
expected for the later periods. For a directed long-transient search, however, the
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Figure 7.18. Comparison of the average noise amplitude spectral densities during O4a,
O4b, and O4c for the LIGO Livingston and Hanford detectors. The spectra are obtained
from the SFDB data using the same weighted averaging procedure.

actual sensitivity depends on the detector noise and data availability around the
time of the astrophysical event.

7.7 Conclusion

In this chapter, we presented the development and validation of the GFH-v2 pipeline
for the search of long-transient gravitational-wave signals from newborn magnetars.
The search parameter space was defined using astrophysical considerations, and the
choices of coherence time, observation time, and frequency range were optimized to
balance sensitivity and computational cost.

Several algorithmic improvements were introduced with respect to the previous
version of the pipeline, resulting in a more efficient analysis. The performance of
GFH-v2 was evaluated using simulated tCW signals injected into real O4a LIGO
data. The recovery studies showed that the pipeline is able to detect signals over a
wide range of source parameters and distances. A comparison with the O4b and
O4c noise spectra also shows that the O4a data used for the validation are broadly
representative of the detector sensitivity during O4, with modest improvements in
the later observing periods.

Overall, these results demonstrate that GFH-v2 provides a reliable and computa-
tionally efficient framework for directed searches for long-transient gravitational-wave
signals. Having validated its performance, the pipeline is now ready to be applied
to real astrophysical targets. In the next chapter 8, GFH-v2 is used to perform
a directed search for long-transient gravitational-wave emission from the possible
compact remnant of SN 2023ixf.
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Chapter 8

Search for the SIN2023ixf
Remnant in ER15 Data

This chapter presents the search for long-transient gravitational waves associated
with the possible magnetar remnant of SN 2023ixf using data from LIGO Engineering
Run 15 (ER15). We first summarize the astrophysical properties of the supernova
and the available electromagnetic observations. We then describe the ER15 dataset,
the parameter space explored in the search, the candidate selection procedure, and
the follow-up analysis. Finally, since no candidate survives the follow-up stage,
we estimate upper limits on the maximum detectable distance of the source for
different signal parameters. The results presented in this chapter form the basis of a
manuscript currently in preparation for submission to Physical Review D.

8.1 SN 2023ixf: discovery and basic properties

The supernova SN 2023ixf was discovered on 19 May 2023 by the Japanese amateur
astronomer Koichi Itagaki in the nearby spiral galaxy M101 (also known as the
Pinwheel Galaxy) [146]. It was quickly confirmed and classified as a Type II
core-collapse supernova based on its spectral features [152], which show strong
hydrogen lines typical of explosions of massive stars that still retain their outer
hydrogen envelope, including narrow emission features associated with photo-ionized
circumstellar material (CSM) [153].

SN 2023ixf is located at right ascension a = 14P03™38.580° and declination
0 = +54°18'42.10”, located in the southeastern spiral arm of M101. The host
galaxy M101 is one of the closest star-forming galaxies to the Milky Way. Distance
measurements place it at approximately 6.85 Mpc, making SN 2023ixf one of the
nearest core-collapse supernovae observed in recent decades.

Because of this proximity, SN 2023ixf has been considered an important target for
multi-messenger astronomy [154]. It has been extensively observed across the electro-
magnetic spectrum, and also targeted in neutrino, gamma-ray, and gravitational-wave
searches [155, 156]. Such supernovae are of particular interest because they may
leave behind a rapidly rotating neutron star (a magnetar), which can potentially
emit long-transient gravitational waves due to asymmetries in its shape or strong
magnetic field.
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Figure 8.1. Host galaxy M101 with SN 2023ixf. Credit: Florian Riinger (2023), CC BY-SA
4.0, via Wikimedia Commons.

The progenitor is consistent with a red supergiant star [154]. Early-time ob-
servations suggest interaction with circumstellar material, indicating that the star
underwent significant mass loss before explosion. This is important because such
environments are also associated with conditions that may produce rapidly spinning
neutron star remnants.

8.2 Electromagnetic observations

SN 2023ixf was extensively monitored across the electromagnetic spectrum shortly
after its discovery. The early-time data provide strong constraints on both the
explosion epoch and the circumstellar environment.

Optical photometry shows a very fast initial rise, followed by a bright peak
within ~ 5-6 days. The early light curve exhibits a multi-component structure, with
an initial steep rise likely powered by shock cooling or shock breakout in dense
CSM, followed by a slower rise consistent with photon diffusion in the expanding
ejecta [157, 158]. This behaviour is not typical of standard Type II-P supernovae
and supports the presence of confined CSM close to the progenitor.

Early spectroscopy (within ~ 1-3 days) reveals a hot blue continuum with
narrow emission lines of H, He, C, and N, often referred to as “flash-ionization’
features [153, 159]. These lines are produced by recombination in dense CSM that
has been photo-ionized by the initial UV /X-ray flash from shock breakout. The line
profiles show narrow cores and broader electron-scattering wings, indicating that

)
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Property Value

Discovery date 19 May 2023 [146]

Type Type II core-collapse supernova
Host galaxy M101 (Pinwheel Galaxy)
Distance ~6.85 Mpc
Coordinates RA=210.91075°, DEC=54.311694°
Progenitor mass ~8-15 Mg

EM counterpart Optical, X-ray, radio emission

Table 8.1. Main properties of SN 2023ixf.

the CSM is both dense and optically thick at early times [160].

The flash-ionization phase lasted only a few days, after which the spectra
transitioned to typical Type II P-Cygni profiles as the photosphere receded into the
SN ejecta. This transition marks the point at which the forward shock had largely
crossed the inner CSM shell, and the system became dominated by expanding ejecta
rather than CSM interaction.

Multi-wavelength observations further support this interpretation. X-ray emission
was detected within days of explosion and reached luminosities up to ~ 100 erg
s~1, consistent with shock heating in dense CSM [161]. Radio emission was initially
suppressed due to free-free absorption, but later became detectable once the shock
reached less dense regions [162]. These observations together confirm a dense but
radially confined CSM distribution.

The early electromagnetic signal is particularly important for gravitational-wave
searches because it constrains the explosion time to within a narrow window. In this
work, we use the explosion epoch derived from early optical and X-ray constraints
to define the on-source window for the gravitational-wave analysis.

8.3 Engineering run 15

Engineering Run 15 was a commissioning data-taking period of the LIGO detectors
at the Livingston (L1) and Hanford (H1) observatories, carried out shortly before
the start of the fourth observing run (O4). ER15 took place from 26 April to 24
May 2023 [163].

The main purpose of engineering runs is to prepare the detectors for observing
mode. During this period, the instruments are tested under near-observing conditions,
including checks of calibration, detector performance, and data quality [155]. The
data are not always at full observing quality, but parts of it can still be used for
scientific analyses if standard quality requirements are satisfied.

ER15 was also a transition phase from commissioning to stable observing opera-
tions. During this period, the detectors were brought to improved and more stable
configurations, with continued work on sensitivity, calibration, and control systems.
In particular, this run was used as a preparation step for O4, including tests of the
full data analysis and alert infrastructure under realistic conditions.

The explosion of SN 2023ixf occurred during this period, making ER15 the only
available LIGO dataset covering the event time. Virgo was not taking data during
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ER15, so this analysis uses only the two LIGO detectors.

8.3.1 Data availability

The data available for this analysis are restricted to the time window approved by
the LIGO-Virgo-KAGRA Collaboration for searches associated with SN 2023ixf,
spanning from 2023 May 15 14:13 UTC to 2023 May 19 17:31 UTC. This window
was defined jointly for burst and long-transient searches. Therefore, the end of
the analyzed interval on May 19 is not set by an assumption about the maximum
duration of the expected GW signal, but by the available approved dataset for this
source.

SN 2023ixf was discovered on 2023 May 19, although the explosion occurred
earlier. The epoch of SN first light- the moment when optical emission first emerged
from the stellar surface is estimated to be MJD 60082.743 + 0.083, corresponding to
2023 May 18 ~17:50 UTC, approximately 0.98 days before the optical discovery [164].
The actual core collapse and neutron star formation occurred shortly before this, as
the shock takes some time to travel from the collapsing core to the stellar surface. The
gravitational-wave emission from a newly born magnetar remnant would therefore
begin slightly earlier than first light. We therefore search the available coincident
H1-L1 data within the conservative on-source window adopted for SN 2023ixf [155].

The full approved window contains nine coincident H1-L1 science segments. But
not all of them are suitable for this search. The first four segments (ending before
GPS 1368337146) are either short in duration or occur more than two days before
the estimated explosion epoch, making them unlikely to contain a long-transient
signal from the remnant. The last two segments (starting from GPS 1368547400)
occur after a gap of more than two hours and are each only a few hundred seconds
long, too short to contribute meaningfully to the analysis. Their contribution to a
long-transient search is therefore negligible compared with the three central segments,
and they are not included in the analysis.

We therefore use the three central coincident segments listed in Table 8.2, starting
from GPS 1368350720 (2023 May 17 09:25 UTC), which is approximately 32 hours
before the estimated first-light epoch. This provides coverage before the expected
electromagnetic emergence of the supernova and allows for the uncertain delay
between core collapse and first light.

Segment GPS start ~ GPS end Duration
1 1368350720 1368371200 20480s (~5.7hr)
2 1368418766 1368436239 17473 s (~4.9 hr)
3 1368449835 1368460501 10666s (~3.0hr)
Total 48619 s (~0.56 days)

Table 8.2. Coincident H1-L1 science segments used in this search. GPS times are given
together with approximate durations.

The total coincident data amounts to approximately 48 600s (= 0.56 days), with
a duty cycle of roughly 45% over the selected window. The full time span from
the start of the first segment to the end of the last, including the gaps between
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Figure 8.2. Distribution of coincident H1-L1 science segments in the ER15 analysis
window.The green shaded region indicates the interval containing the three central
coincident segments selected for this search. Additional coincident data are present
outside this interval, but consist of shorter and more isolated segments. The selected
interval spans approximately 1.27 days including gaps.

them, is about 1.27 days. This total window is what determines the maximum signal
duration that can be tracked in this search.

The gaps between segments do not prevent the analysis. The GFH-v2 pipeline
works on short Fourier transforms of fixed length, so it processes each segment
independently and does not need continuous data. But the 1.27 day span of the
selected dataset limits the signal evolution that can be tested with these data. The
search therefore covers only the part of the long-transient signal that falls within
the available coincident data.

The distribution of segments within the analysis window is shown in Fig. 8.2.

8.3.2 Spectral comparison with O4a

To assess the quality of the ER15 data, we compare its PSD with the noise curves
from the O4a observing run. Since the sensitivity of a search depends directly on
the detector noise level, this comparison provides a useful benchmark for evaluating
the expected search performance.

The ER15 spectra are computed from the SFDB data using the same procedure
described in Sec. 7.3.2 for the O4a data. For ER15, the calculation uses the three
coincident H1-L1 science segments selected for the search, while the O4a spectra are
computed using the full O4a science dataset. The power spectra of the individual
FFT segments belonging to science time are combined using a weighted averaging
procedure that reduces the contribution of noisier spectra [31, 131].

Figure 8.3 compares the PSD of the ER15 data with the corresponding O4a
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Figure 8.3. Comparison of the power spectral density of ER15 data with O4a sensitivity
curves. The upper panel shows the L1 detector and the lower panel shows the H1
detector. In both detectors, the ER15 sensitivity follows a similar overall spectral shape
across the analysed frequency range. The comparison indicates that the ER15 data
quality is sufficient for performing a meaningful long-transient gravitational-wave search.

detector sensitivity. The overall shape of the spectra is similar in both detectors,
indicating that the dominant noise sources affecting the interferometers during ER15
are comparable to those present during standard observing conditions.

The comparison shows that the ER15 sensitivity is slightly worse than, but still
broadly consistent with, early O4 data over the analysed frequency band. Some
excess noise is visible in specific frequency regions, but the overall shape and level of
the PSD remain similar. This confirms that ER15 data has enough quality to be
used for a meaningful gravitational-wave search.
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8.4 Parameter space explored

The search is carried out over the parameter space defined in Sec. 7.1.1, where the
choice of ranges of the physical parameters is motivated and validated.

The initial frequency fo is chosen between 600 Hz and 2000 Hz, divided into 10
Hz steps. This choice provides a good balance between resolution and computational
cost, and is consistent with the setup used in the validation studies discussed in the
previous chapter.

We select a ellipticity range between € € [3 x 1074, 3 x 1073]. Lower ellipticities
would produce longer-lived signals requiring more data to accumulate sufficient
signal-to-noise ratio, and are therefore not accessible with the limited ER15 dataset.
This range is further divided into five sub-intervals in order to explore different
signal strengths.

In total, the search covers 140 x 5 = 700 independent configurations, each
of which is processed separately through the full GFH-v2 pipeline as described
in Chapter 7. The size of the corresponding (xg, k) Hough maps varies between
configurations because the parameter ranges and grid resolutions depend on the signal
parameters. The analysed configurations contain approximately 10°-10” Hough-map
grid points each. Overall, the search explores of order 107 grid points, illustrating
the computational scale of the analysis.

8.4.1 Critical ratio estimation

In previous work [34], the critical ratio (CR) was computed using the mean and
standard deviation estimated over the full Hough map obtained from the peakmap,
spanning the entire frequency range under consideration. While this approach
provides a global characterization of the noise background, it implicitly assumes
statistical stationarity of the noise across the full parameter space.

However, in the present analysis we observe that noise properties are not uniform
over wide frequency intervals. In particular, variations in the detector noise spectral
density and the presence of spectral artifacts introduce non-uniform fluctuations in
the Hough map as a function of frequency. This effect becomes especially relevant
in the context of the present search, where the analysis is performed over frequency
bands that depend on the initial signal frequency fo and on the corresponding
spin-down evolution. As a consequence, estimating the CR using global statistics
may lead to a suboptimal characterization of the local noise background, potentially
affecting the ranking of candidates.

To address this limitation, we adopt a localized estimation of the noise statistics.
Specifically, for each value of fy, the CR is computed using the mean and standard
deviation evaluated over a restricted Hough map constructed within a narrow
frequency interval of width 10 Hz centered around the corresponding search band.
Within such a limited frequency range, the noise properties can be reasonably
approximated as stationary, leading to a more reliable estimate of the background
distribution.

The critical ratio is thus defined as

CR = £ Hoc (8.1)

Oloc
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where y is the number count in a given Hough map bin, while pjo. and o}, denote
the mean and standard deviation computed over the reduced (local) Hough map.

The validity of this approach has been assessed through injection studies per-
formed on ER data. These tests demonstrate that the localized estimation improves
the consistency of the CR across different frequency regions.

8.4.2 Critical ratio threshold using false alarm estimation

In order to identify significant candidates in the data, it is necessary to define a
threshold on the critical ratio. This is quantified through the false alarm probability,
which represents the probability that noise alone produces a candidate above the
chosen threshold. In this work, we require the false alarm probability to be below
0.1%. This ensures that only a very small fraction of noise fluctuations are selected
as candidates, making the search more robust.

To estimate the false alarm probability, we follow the same procedure described
in Section 7.5.4. From this study, we select a threshold value of C' Ry, = 3.5, which
satisfies the requirement that the false alarm probability remains below 0.1% across
the analyzed parameter space.

Although the optimal threshold may vary slightly with frequency and ellipticity
due to changes in noise properties, we adopt a single conservative value for the entire
analysis.

8.4.3 Computational implementation

The search was performed using 700 independent HTCondor jobs submitted to
the INFN CNAF computing cluster!, where each job corresponds to a specific
combination of frequency and ellipticity interval. Fach job ran on a single CPU core
and processed one complete search configuration, covering peakmap construction,
Hough transform, and candidate selection.

The jobs were distributed across heterogeneous computing nodes of the CNAF
cluster, with different processor architectures and computing performance. The per-
formance of the allocated CPUs is characterized by the HEPSCORE benchmark; for
the nodes used in this analysis, the HEPSCORE per core ranged from approximately
11 to 25. The execution time depends strongly on the search configuration, mainly
because the coherence time, observation time, and analysed frequency band vary
with fp and e.

The total computational cost is approximately 61.4 CPU-hours. Since all jobs
are independent, they can be run in parallel, which makes the workflow suitable for
distributed computing systems. Although the present analysis was performed using
CPU resources, a GPU implementation of the GFH pipeline is also available and
can be used to reduce the computational cost of future searches [34]. Overall, the
pipeline is computationally efficient and can be scaled to larger parameter spaces
without significant difficulty.

!CNAF is the national computing facility of the Italian Institute for Nuclear Physics (INFN)
and serves as Italy’s Tier-1 centre for the Worldwide LHC Computing Grid (WLCG), providing
large-scale distributed computing resources for high-energy physics and astroparticle experiments.
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8.5 Search results

After constructing the peakmaps and applying the GFH-v2 transform, candidates are
selected independently in each detector. A coincidence condition is then applied to
identify candidates that are consistent between the two detectors which significantly
reduces the number of noise-induced candidates.

After applying both the coincidence requirement and the critical ratio threshold,
a total of 131 candidates are obtained. These candidates correspond to the most
significant outliers in the dataset and are therefore selected for further investigation.

The coincident candidates are not distributed uniformly across the search config-
urations. This is expected because the different configurations do not correspond to
identical searches: the analysed bandwidth, observation time, coherence time, and
number of Hough parameter-space grid points vary with the signal parameters. Local
spectral disturbances can also contribute to differences in the number of candidates
between configurations.

Most candidates are consistent with noise fluctuations and detector artifacts, as
expected in a wide parameter-space search. Therefore, an additional follow-up stage
is required to test their consistency with a true astrophysical signal.

8.6 Candidate follow-up

The purpose of the follow-up stage is to test whether the selected candidates
are compatible with a true astrophysical signal or are instead produced by noise
fluctuations.

In this work, we use a heterodyne-based follow-up method similar to that
described in 6.6.4. The basic idea is to remove the expected phase evolution of the
signal from the data using the candidate parameters. If the candidate corresponds
to a true signal, this procedure transforms it into a nearly monochromatic signal.
This allows us to analyze the data with longer coherence times, which increases
sensitivity and enhances the critical ratio.

To account for the finite resolution of the Hough grid, the correction is not
performed only at the recovered candidate parameters. For each candidate, a 5 x 5
grid centred on the recovered (fo, k) values is explored, extending by two bins in
each direction. This accounts for a possible offset between the true signal parameters
and the grid point identified by the search.

Before applying the follow-up procedure to the search candidates, its behaviour
was tested using simulated signals injected into ER15 data. The injections were
processed with the same heterodyne correction and follow-up procedure used for the
search candidates. These tests showed that, when the correction is applied using
parameters consistent with the injected signal, the signal becomes more concentrated
in frequency and its CR increases when a longer coherence time is used.

First follow-up stage Each candidate is corrected (heterodyned) using its esti-
mated parameters. The corrected data is then re-analyzed using a longer coherence
time:

TPFT new = 3 X TFFT 0ld- (8.2)
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If the candidate is due to a real signal, its power becomes more concentrated in
frequency, and the CR is expected to increase.

Candidate selection For each candidate, the CR obtained after the first follow-
up, C Rpy, is compared with that obtained in the original search, CRgcareh. The
criterion used to retain a candidate is

CRFU > CRsearch~ (8.3)

This criterion tests whether the candidate becomes more significant when the data
are corrected according to its expected signal evolution and analysed with a longer
coherence time. Candidates for which the CR does not increase are rejected.

Second follow-up stage The surviving candidates are further analyzed using an
even longer coherence time:

TFFT new = 6 X TFFT 0ld- (8.4)

A real signal is expected to remain consistent with the applied correction and to
continue gaining significance, providing an additional consistency test.

In this analysis, none of the candidates showed a consistent increase in critical
ratio during the first follow-up stage. As a result, no candidates were selected for
the second stage. This indicates that all identified candidates are consistent with
noise fluctuations, and no evidence for a gravitational-wave signal associated with
SN 2023ixf is found in the analyzed data.

8.7 Upper-limit estimation

Since none of the candidates survived the follow-up stage, we proceed with the
estimation of upper limits on the maximum detectable distance. In the context of
this search, the upper limit represents the maximum distance at which at least 90%
of simulated signals are recovered above the loudest coincident outlier found in the
actual search. More specifically, for each point in the parameter space, the upper
limit corresponds to the largest distance at which at least 90% of the injected signals
are recovered with a critical ratio greater than or equal to the maximum critical
ratio observed in the search.

In order to do this, for each ellipticity subinterval and each frequency band, we
first identify the maximum critical ratio, C'Ryax, among the coincident candidates
obtained in the search and subsequently rejected by the follow-up. This value is then
used as the reference threshold for the upper-limit estimation. We inject simulated
signals into the same dataset using the same search setup and parameter ranges
adopted in the analysis. The injections are repeated at increasing distances in order
to determine how far the source can be placed while still allowing the pipeline to
recover at least 90% of the signals with CR > C Ry,ax and with coincidence between
the two detectors.

It is important to distinguish C Rpy.x from the fixed search threshold C Ry, = 3.5.
The latter is used in the initial search to select significant candidates, whereas C' Ry ax



8.7 Upper-limit estimation 113

3 | I 3 ;= 2.5x‘10'3- 3.c|)x1cr3 .
$ e=19x10%-25x10%
§ e=14x10% - 19x10°
25r § €-08x10%-14x103|]
i I
—~ 21% & oz i
A & ‘z“ g
S L,2h
Y15 -
fl*'ff“ ? :
o 1t ; ‘I! 11 -
>
Z :
b
o E W ] ad
i ¥ » 3 !t !l

| | | 1
1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
Frequency (Hz)

Figure 8.4. Upper limits expressed as the maximum detectable distance (defined as in
Ref. [34]) as a function of the initial frequency fy for the different ellipticity intervals
where an upper limit could be determined. Although five ellipticity intervals are included
in the search, no upper limit could be determined for the lowest interval according to the
procedure described in the text. Each color corresponds to a different ellipticity range.

is the critical ratio of the loudest coincident candidate actually observed in a given
region of parameter space. The upper-limit procedure therefore requires an injected
signal to be at least as significant as the loudest outlier found in the real search,
rather than only exceeding the initial candidate selection threshold.

With this definition, an upper limit can only be assigned to regions where at least
one coincident candidate is present in the original search, since otherwise there is no
measured C' Ry against which the injections can be compared. One could instead
use the fixed threshold C R, = 3.5 in regions without candidates, but this would
correspond to a detection-efficiency estimate such as that used in the validation study
of Chapter 7, rather than the upper-limit procedure adopted here. This condition
mainly affects the lower ellipticity intervals. In addition, for some low-ellipticity and
low-frequency configurations where a coincident candidate is present, the injected
signals do not reach 90% recovery efficiency even at very small distances. No upper
limit is reported in either case.

The difficulty in recovering the low-ellipticity signals is consistent with the limited
duration of the ER15 dataset. These signals evolve more slowly and require longer
observation times to accumulate sufficient signal power. Additional injection tests
using longer O4a data stretches show that such signals become recoverable when
more data are available. Therefore, the absence of an upper limit in these regions
should not be interpreted as an limitation of the GFH-v2 method.

The resulting upper limits are shown in Fig. 8.4. Although five ellipticity intervals
are included in the search, an upper limit could not be determined for the lowest
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Figure 8.5. Maximum detectable distance as a function of the initial frequency fy for
the highest ellipticity interval considered in the search. Results are shown for recovery
efficiencies of 50%, 70%, and 90%.

interval according to the procedure described above. For the higher ellipticity
intervals, upper limits are obtained across most of the analysed frequency range,
whereas for lower ellipticities they are available only over a more restricted range.

Figure 8.5 shows the maximum detectable distance as a function of the initial
frequency fo for the highest ellipticity interval considered in the search, using three
different recovery efficiencies: 50%, 70%, and 90%. As expected, the maximum
detectable distance decreases as the required recovery efficiency increases. The 90%
curve provides the most conservative estimate and is adopted as the reference upper
limit throughout this work.

For most of the analyzed frequency range, the 90% upper limits lie between
approximately 1 and 2.5 Mpc, while the 50% upper limits reach distances of up to
about 4 Mpc. Although these upper limits remain below the distance to SN 2023ixf,
which is approximately 6.85 Mpc, they provide a crucial characterization of the
sensitivity achieved with the ER15 dataset and quantify the performance of the
pipeline under realistic observing conditions. These results also serve as a useful
benchmark for testing the improvements expected from future observing runs and
from the enhanced sensitivity of current and next-generation gravitational-wave
detectors.

8.8 Conclusions

A directed search for long-transient gravitational waves from a possible magnetar
remnant of SN 2023ixf was performed using LIGO ER15 data and the GFH-v2
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pipeline. The search covered initial GW frequencies fy € [600,2000] Hz and elliptici-
ties € € [3 x 1074, 3 x 1073], corresponding to 700 independent search configurations.
After applying coincidence requirements and a critical ratio threshold of C' Ry, = 3.5,
a total of 131 candidates were identified on which a two-stage follow-up analysis was
done.

No candidate survived the follow-up stage. All identified candidates are consistent
with noise fluctuations, and no evidence for gravitational-wave emission associated
with SN 2023ixf is found in the ER15 data. Upper limits on the maximum detectable
distance were estimated for different signal parameters. For the highest ellipticity
interval, the 90% upper limits reach 1-2.5 Mpc across the analysed frequency band,
below the distance to M101 (=~ 6.85Mpc).

These results demonstrate that the GFH-v2 pipeline can be successfully applied
to real detector data in a directed search for a specific astrophysical event. Fu-
ture observations of nearby core-collapse supernovae with O5 and next-generation
detectors, combined with improved pipeline sensitivity will extend the detectable
distance.
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Chapter 9

Discussion and Conclusions

9.1 Summary of results

The main aim of this thesis was to study long-transient gravitational waves from newly
born magnetars and to develop methods to search for these signals in gravitational-
wave detector data.

The first part of the work focused on the astrophysical properties of newborn
magnetars and the gravitational waves they are expected to produce. In particular,
the connection between gravitational-wave signals and electromagnetic counterparts
was explored. Using models of magnetar-driven shock breakout emission, we esti-
mated how detectable these events could be with future ultraviolet missions. The
results show that instruments like ULTRASAT could provide useful electromagnetic
triggers for gravitational-wave searches [38].

The second part of the thesis focused on data-analysis methods for long-transient
signals. After reviewing the Generalized Frequency Hough method, an improved
version called GFH-v2 was validated and optimized for long-transient searches
through physically motivated choices of the search parameters and extensive injection
studies. This new pipeline includes physically motivated choices for parameters such
as coherence time, observation time, and frequency range, along with improvements
in the computational implementation. Tests using real O4a data and simulated
signals show that the pipeline can recover long-transient signals across a wide
parameter space while remaining computationally efficient [34].

Finally, the GFH-v2 pipeline was used in a directed search for long-transient
gravitational waves from the possible remnant of SN 2023ixf using LIGO ER15 data.
No candidate survived the follow-up analysis. Upper limits were placed on the signal
parameters. Although no evidence of a signal was found, this study shows that the
GFH-v2 framework can be applied to real data for nearby core-collapse supernova
remnants.

The work in this thesis has led to scientific publications. The study of magnetar-
driven shock breakouts and ULTRASAT prospects was published in [38], where the
author is first author. The GFH-v2 development and validation study has been
published in Physical Review D [34]. The search methodology was also presented
in the proceedings of the 24th International Conference on General Relativity and
Gravitation (GR24) and the 16th Edoardo Amaldi Conference on Gravitational
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Waves (Amaldil6) [165]. The SN 2023ixf directed search is being prepared for
submission to Physical Review D, also with the author as first author.

9.2 Multi-messenger perspective
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Figure 9.1. Multi-messenger connection between magnetar-powered shock breakouts and
long-transient gravitational waves. Detection of the ultraviolet shock breakout provides
an electromagnetic trigger that enables directed searches for the associated gravitational-
wave signal from the newborn magnetar.

One of the main motivations for searching for long-transient gravitational waves
is their connection with multi-messenger astronomy. Electromagnetic observations
can provide the time and sky position of a newly born neutron star, which strongly
reduces the search space in gravitational-wave data. In the case of magnetar-driven
shock breakout signals, electromagnetic observations can also help constrain the
physical properties of the source and improve predictions for the gravitational-wave
signal.

A combined detection of gravitational waves and electromagnetic radiation would
allow, for the first time, direct observation of the birth of a neutron star and possibly
a magnetar. This would provide important information about dense matter, magnetic
field evolution, and how rapidly rotating neutron stars are formed. Even a single
detection would be a major milestone for gravitational-wave astronomy and would
significantly improve our understanding of magnetars.

9.3 Future developments

There are several possible directions to improve and extend this work.



9.4 Final conclusions 119

On the astrophysics side, more detailed models of magnetar-driven shock break-
outs can be studied by including different types of progenitor stars, explosion energies,
and ejecta masses. The effect of incomplete thermalization of the magnetar wind
could also change the predicted electromagnetic signal and detection rates.

On the data-analysis side, an important extension of the GFH-v2 pipeline will
be to relax the assumption of a known signal start time. In realistic searches, the
gravitational-wave signal may not begin exactly at the start of the analysed data
segment but at any time within a time window following the electromagnetic trigger.
Future implementations will therefore scan over a discrete grid of possible start
times, balancing parameter-space coverage, computational cost, and sensitivity. The
pipeline can also be extended to include more general spin-down models, different
braking indices, and effects such as fallback accretion [29, 55, 100, 108]. Further
improvements could include adaptive weighting schemes that take into account
variations in detector noise and sensitivity [31, 166].

Another interesting direction is to combine GFH-v2 with machine-learning
methods. Recent studies have shown that machine-learning techniques can quickly
identify long-transient candidates at very low computational cost and wider sky
coverage [167, 168]. Even though these methods have lower sensitivity than GFH-v2,
these could be used to generate candidate triggers that are then followed up with
GFH-v2, combining speed with more detailed analysis.

Future observing runs of Advanced LIGO, Advanced Virgo, and KAGRA, as
well as next-generation detectors like the Einstein Telescope and Cosmic Explorer,
will greatly improve the sensitivity to long-transient signals. These detectors will
allow us to probe much larger volumes of the Universe and will significantly improve
the chances of multi-messenger observations of newborn magnetars.

9.4 Final conclusions

Long-transient gravitational waves are among the most difficult signals to detect,
but they also carry very rich scientific information. The work presented in this
thesis contributes to the understanding of newborn neutron stars and magnetars
through both electromagnetic and gravitational-wave studies, while also improving
the methodology used to search for their long-transient gravitational-wave emission.

This thesis reviewed the theoretical framework describing long-transient grav-
itational waves from newborn magnetars and the data analysis methods used to
search for them. It also presented an electromagnetic study of shock breakout
emission from newborn magnetars, highlighting the role of early electromagnetic
observations in constraining the properties of compact remnants and motivating
future multi-messenger searches. The GFH-v2 search methodology was then opti-
mized and validated using extensive signal injection studies in O4a data, leading
to physically motivated choices of the search parameters and a detailed assessment
of the pipeline sensitivity. Finally, the validated pipeline was applied to a directed
search for long-transient gravitational-wave emission from the possible compact
remnant of SN 2023ixf using LIGO ER15 data.

Although no gravitational-wave signal was detected in the analyses presented
here, the work establishes and validates a robust framework for future searches
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for long-transient gravitational-wave signals from nearby core-collapse supernovae.
The combination of electromagnetic studies, methodological developments, and
applications to real detector data provides a solid foundation for future searches as
detector sensitivity continues to improve.

As gravitational-wave detectors become more sensitive and new electromagnetic
facilities come online, the possibility of observing the birth of a neutron star through
both gravitational waves and electromagnetic signals is becoming increasingly re-
alistic. Such a discovery would provide unique insight into the physics of compact
objects, improve our understanding of the formation, early evolution, and internal
physics of neutron stars and magnetars, and represent a major step forward in
multi-messenger astronomy.
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