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ABSTRACT

With the detection of gravitational waves (GWs) from the binary neutron star
(BNS) in-spiral GW170817, associated with the gamma-ray burst (GRB) 170817A
and its broad-band electromagetic afterglow, multi-messenger astronomy is now
at the forefront of astrophysical research. Through the use of multi-messenger as-
tronomy we now have an unprecedented opportunity to study the mechanisms
that drive GRBs. While several theoretical models predict an accreting black hole
(BH) acting as the central engine for a GRB, some GRBs have so-called plateaus in
their X-ray afterglow light curves that may signal the presence of a long-lived (100-
1000 seconds) highly magnetized NS (magnetar). If a magnetar is the GRB central
engine and powers the X-ray plateau, GWs may be emitted from it and could be
detectable with ground-based GW detectors such as the Laser Interferometer Grav-
itational wave Observatory (LIGO). Recent searches that focus on GWs of duration
similar to those of the X-ray plateau ( ∼ 100 − 1000 seconds) have highlighted the
need for improved data analyses techniques that could push the horizon distances
of current (or near-future) GW detectors to distances at least comparable to that of
GW170817. In this work, I present a new search algorithm dubbed the Cross Corre-
lation Algorithm (CoCoA), which has the ability to achieve greater sensitivity than
other current methods for the detection of long-lived GWs. The improved sensitiv-
ity of CoCoA comes with substantial computational cost, and thus this technique
does not substitute, but rather complements, other less sensitive but more robust
and computationally cheaper search methods. Hereafter, I describe the full im-
plementation and testing of CoCoA, as well as first results of its application to a
search for long-lived GWs from GW170817/GRB 170817A. I show how the sensi-
tivity achieved in this last search for a specific set of magnetar models brings a
10-fold improvement on that of a similar search performed by the LIGO Scientific
Collaboration (LSC) in 2017. While the algorithm and analyses presented in this
Thesis have been fully designed, developed, and tested at Texas Tech University, I
acknowledge invaluable inputs and feedback from several LSC colleagues.
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CHAPTER 1
INTRODUCTION

On September 14, 2015 Gravitational Waves (GWs) from two merging back

holes (BHs) were detected by the Advanced Laser Interferometer Gravitation-wave

Observatory (LIGO: [1]). This discovery marked the first direct detection of GWs

and the beginning of a whole new era of astronomical research. GWs from the in-

spiral of a binary Neutron Star (NS) system - an event dubbed GW170817 - were

detected roughly two years later, on 2017 August 17 [2]. The latter detection was

accompanied by the detection of light (electromagnetic waves) at all wavelengths.

The electromagnetic (EM) counterpart pointed to a short Gamma-Ray Burst (GRB)

- GRB 170817A - emitting a flash of gamma-rays 1.74 seconds after the NSs merged

[3, 4], and followed by a kilonova (a fast-fading optical transient associated with

the formation of heavy elements) [5, 6, 7, 8, 9, 10] and a broad-band afterglow from

a relativistic jet [11, 12, 13, 14]. GW170817, and the GRB detection that shortly

followed, represent the first discovery of gravitational waves and light from the

same astrophysical source, and as such marked the start of multi-messenger GW

astronomy.

While the first joint detection of an astrophysical explosion using both GWs

and light gave direct proof that at least some short GRBs originate from NS-NS

mergers, there are still several open questions about the driving mechanisms of

GRBs. Among these is the nature of the compact object that remains following the

GRB explosion (BH versus NS). From EM astronomy alone, we can obtain some

clues into the nature of the GRB remnant. One such clue we have comes from

the identification of so-called “plateaus” in ∼ 50% of GRB X-ray afterglows ob-

1
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served by Swift (e.g., [15, 16]). These plateaus suggest a long-lived (∼ 100− 1000 s)

injection of energy into the system. Some of the theoretical scenarios proposed

to explain the plateaus invoke energy injection associated with magnetic dipole

losses of a magnetized NS remnant (magnetar) acting as the GRB central engine

[17, 18, 19, 20, 21, 22, 23, 24, 25, 26]. While the GRB remnant cannot be probed

directly using light (as light cannot escape from its immediate vicinity), if GWs are

produced by the magnetar then we could detect them directly. Efficient GW emis-

sion mechanisms from newly born magnetars include the secular bar-mode insta-

bility [27, 28], and the millisecond magnetar model which assumes GW emission

from the asymmetric spindown of NSs [29, 30]. A detection of GWs in coincidence

with a GRB X-ray plateau could thus represent the smoking gun of a magnetar

central engine [31, 28].

In this context, here I describe the development, testing, and implementation

of the Cross-Correlation Algorithm (CoCoA), a new LIGO data analysis technique

aimed at hunting for GWs from magnetars formed in GRBs, and more generally

for GW signals from remnants of NS-NS mergers. This algorithm, originally pro-

posed by Coyne et al. [32], aims to optimize searches for intermediate-duration

(∼ 103 s) GWs. CoCoA is designed to complement several other pipelines devel-

oped within the LIGO Scientific Collaboration (LSC) that have been used for GW

searches of NS-NS merger remnants [e.g., 33, 34, 35, 36, 37, 38, 39, 40]. As shown in

[32, 41], CoCoA makes use of a semi-coherent correlation approach that allows one

to tune the sensitivity and robustness of the search. This feature allows CoCoA to

achieve a greater sensitivity than other pipelines if the time-frequency evolution

of the GW signals is known to some degree. By working with other GW pipelines

2
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which are less sensitive but also more robust against GW signal uncertainties, Co-

CoA promises to be a powerful tool for GW searches from GRB remnants. Key

milestones that my work has achieved are:

• Fully developed the original CoCoA concept into an algorithm for interme-

diate duration GW searches on LIGO data spanning a large parameter space.

• Completed a full LSC internal code review, which makes CoCoA an official

LSC tool for post-merger/post-collapse GW searches from significant GRBs.

• Conducted the first part of a search for a magnetar remnant using CoCoA on

data following the merger of GW170817.

My work has led to a number of scientific publications to which I have con-

tributed significantly:

1. Sowell E., Corsi A., Coyne R., 2019, Multi-waveform cross-correlation search

method for intermediate-duration gravitational waves from gamma-ray bursts,

Physical Review D, 100, 124041: https://journals.aps.org/prd/abstract/10.

1103/PhysRevD.100.124041 [41];

2. The LIGO Scientific Collaboration and the Virgo Collaboration, 2017, Search

for Post-merger Gravitational Waves from the Remnant of the Binary Neu-

tron Star Merger GW170817, The Astrophysical Journal Letters, 851, L16:

https://iopscience.iop.org/article/10.3847/2041-8213/aa9a35 [33];

3. Sowell et al. 2020, A CoCoA search for a secularly-unstable magnetar rem-

nant from GW170817, in preparation.

3
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As a member of the LSC I have co-authored an additional 32 publications (see ap-

pendix A.) Finally, my work has also led to a number of scientific presentations

and posters, including 2 presentations to the LIGO Virgo Collaboration, 2 presen-

tations to the American Physical Society, and one prize winning poster to Texas

Tech.

This thesis is organized as follows. In Chapter 2, I provide an introduction to GW

sources that are commonly searched for in LIGO data, an introduction to their EM

counterparts, and a general description of GW detection techniques. In Chapter

3, I describe the implementation of CoCoA as a tool for searches of intermediate-

duration GWs in LIGO data, spanning a large parameter space. In Chapter 4, I

detail key tests of CoCoA that were undertaken during the internal LSC review of

the code. In Chapter 5, I present the first results of a search for post-merger GWs

from a magnetar remnant in GW170817, using LIGO data. Finally, in Chapter 6, I

summarize and conclude.

4
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CHAPTER 2

GAMMA-RAY BURSTS, GRAVITATIONAL WAVES, AND LIGO

For much of human history the study of astrophysical phenomena has relied al-

most entirely on EM observations. In fact, until the beginning of the last century

all astronomical discoveries were made purely from the optical band of the EM

spectrum. No detection of space-based EM radiation from a band outside the op-

tical was made until 1932 when Karl Jansky, a young engineer at Bell-Telephone

Laboratories, detected extra-planetary radio waves while using an antenna built

to study noise in radio receivers [42, 43]. This discovery kicked off a new era of as-

tronomy. Throughout the 20th century efforts were made throughout the scientific

and engineering communities to build telescopes that could detect light through-

out the EM spectrum. Today, we enjoy the fruits of their labor as astronomers may

access telescopes that can detect γ-ray, X-ray, ultra-violet, optical, infrared and ra-

dio light.

Unsurprisingly, the wide-range of astronomical observations that could be made

by spanning the full EM spectrum greatly improved the amount of discoveries

astronomers could make. However, a number of questions about our universe are

simply unanswerable using just EM observations. In recent decades astronomers

have thus begun to use messengers other than light to explore the cosmos. Cosmic

rays were the first non-EM messenger to be used in astronomy. They were first

discovered in 1909 by Theodore Wulf, who found higher levels of radiation at the

top of the Eiffel Tower as compared to the ground [44]. Cosmic rays have since

5
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been useful in advancing our understanding of the big bang [45, 46] and have

been jointly detected with solar flares [47, 48].

The field of high-energy astrophysics has also greatly benefited from the use of

multiple messengers. In 1987 a Supernova event was jointly detected through both

EM means and neutrinos [49, 50].

Only very recently, GWs have also been jointly detected with EM waves. On the

17th of August, 2017 at 12:17 UTC, GWs from a binary neutron star (BNS) inspiral

were discovered using the LIGO detectors in an event known as GW170817 [51].

This detection was followed by independent observations of a GRB by the Fermi

Gamma-Ray Burst Monitor (GBM) [52] and the Anti-Coincidence Shield for the

International Astrophysics Gamma-Ray Observatory (INTEGRAL) [53]. This GRB,

dubbed 170817A, had a sky position compatible with the GW localization region

of GW170817 [2, 4, 3]. GW170817/GRB 170817A marked the first joint detection of

GWs and light from an astrophysical source.

Now that a joint detection of EM radiation and GWs has been achieved, GW

searches guided by EM observations are expected to shed new light on several

fundamental questions on the most exotic object in the stellar graveyard - BHs and

NSs. Particularly, GWs could reveal the nature of the object that is leftover from a

GRB, a topic of increased debate at the time of writing [33, 54, 36, 55].

Motivated by the above considerations, in this Chapter we discuss the back-

ground information useful to build a search for GWs from GRB remnants. In Sec-

tion 2.1 we summarize relevant aspects of GRBs, and discuss several scenarios for

the nature of their remnants. In Section 2.2 we discuss the most basic elements of

6
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Figure 2.1: The progenitor models for short and long GRBs (left). The mechanisms of γ-ray and
afterglow emission (right). Figure taken from [56].

general relativity required for a discussion of GWs; the LIGO detectors; the poten-

tial for GRB remnants to act as GW emitters, and related GW search methods.

2.1 Gamma-Ray Bursts and their afterglows

GRBs are the most relativistic explosions we know of in the universe [57]. Ob-

servationally, they are characterized by a burst of γ-rays followed by a slower-

evolving, multi-wavelength emission dubbed “afterglow”. In the standard fireball

model of GRBs (see Figure 2.1), the burst of γ-rays marks the birth of a compact

object (a NS or a BH, also referred to as the “central engine”). Accretion onto the

newly formed compact object powers a fireball - an ultra-relativistic jet of mate-

rial which expands into and shocks the interstellar medium. Particles accelerated

in the shock front, together with amplified magnetic fields, power the EM radia-

tion we see as the GRB and its subsequent afterglow (synchrotron emission pro-

cess). Specifically, internal shocks arising in the fireball as faster moving shells

catch up with slower moving ones, convert kinetic energy into γ-ray photons. As

7
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time passes the fireball cools and expands, becoming optically thin and allowing

the γ-ray photons to escape. Due to the highly relativistic nature of a GRB, pho-

tons escape initially in a narrow beam and are thus visible only to observer’s lo-

cated at small off-axis angles relative to the jet axis (relativistic beaming effect)

[58, 59, 60, 61].

The characteristic release of γ-rays that GRBs are known for is often followed

by an afterglow emission [58, 62]. This afterglow results when the shock engulfs

enough interstellar medium to start decelerating and forming what is called an

external shock. Emission from this shock is again due to charged particles from

the interstellar medium being engulfed, then accelerated and compressed by the

shock front, while magnetic fields are amplified. The afterglow emission spans all

bands of the EM spectrum, cascading from X-rays to radio as time goes by, and

following a typical power-law decay in time [58, 63].

2.1.1 Types of Gamma Ray Bursts

GRBs are typically characterized by their T90 parameter. The T90 parameter

marks the time interval in which 90% of the total γ-ray photons are detected, mea-

sured from when 5% to 95% of the counts are recorded in the detector. T90 values

for GRBs range from a fraction of a second, up to several hundred, or even several

thousand seconds. GRBs are divided in two major classes based on the duration

of their γ-ray emission [64], long-duration GRBs, with T90 > 2 s, and short GRBs

with T90 < 2 s.

The classification of long and short duration GRBs is based on an observed

bimodal distribution of T90 for classified GRBs (see Figure 2.3). This distribu-

tion scheme is tied to the progenitor system that triggers the explosion. Long-

8
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Figure 2.2: A comparison of intensity of γ-ray light over the time following the γ-ray trigger for
short (top) and long (bottom) GRBs. Figure credit to Mike McClare/NASA.

duration bursts typically coincide with hypernovae, or very energetic supernovae,

which occur during the collapse of massive stars (collapsars). The first evidence

for a supernova-GRB connection was the discovery of SN1998bw, an energetic

supernova (or hypernova) which was spatially and temporally consistent with

GRB980425 [65]. Today the long GRB supernova connection is well established

and almost all GRBs at low redshift show spectroscopic evidence for an association

with a core-collapse supernova [66]. Short GRBs, on the other hand, are linked to

mergers of compact binaries containing at least one NS. Until recently this connec-

tion was only inferred through non-direct means, however with the joint-detection

of GW170817 and GRB170817A we now know for sure, that BNS mergers produce

short GRBs.

9
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Figure 2.3: (Left) Bimodal distribution of T90 for BATSE detections of GRBs [64]. (Right) Hard-
ness ratio vs T90 from Fermi/GBM detected GRBs (red) and BATSE detected GRBs (gray). The
ratio is taken between the 100-350 keV band and the 50-100 keV band. Figure taken from [67]

In cases where T90 approaches the 2 s dividing line between the short and long

categories in terms of duration, spectral hardness information can be used to help

the classification. Spectral hardness is typically correlated to the peak spectral en-

ergy of the GRB and is quantified through the Hardness Ratio. The Hardness Ra-

tio measures the ratio of photon flux in a high energy band to a low energy band.

Typically short GRBs are spectrally harder than long GRBs [64]. This can be seen

through clustering on a plot of T90 versus hardness ratio, as shown in Figure (2.3).

2.1.2 Gamma Ray Burst Remnants

The nature of the GRB remnant, also referred to as GRB central engine, is still

highly debated as its properties cannot be probed directly using light. However,

from theoretical models and observations of GRBs a few things can be inferred

about the nature of the central engine. We know that for typical GRBs an energy

of ∼ 1051 erg is released [58, 63, 68]. Furthermore, the central engine must be

very compact in order to withstand the radiation pressure created from the fireball

10



Texas Tech University, Eric Sowell, August 2020

becoming ultra relativistic [56, 58, 62, 63]. Lastly, from the variability timescale of

the event, it can be inferred that the central engine must be of stellar mass [56, 58,

62]. The only two known objects in our universe that can satisfy these conditions

are NSs or BHs. Thus, the possible outcomes of a GRB are thought to be: 1) an

immediate collapse into a black hole following the explosion, 2) the formation of a

hypermassive NS that collapses to a BH in . 1 s, 3) the formation of a supramassive

NS that collapses to a BH on timescales of ∼ 10 to 104 s, and 4) the formation of a

long lived stable magnetar [62, 68].

Scenarios (3) and (4) above, in particular, have been supported in recent years

by observations of GRB X-ray afterglows with the Swift telescope. The X-ray af-

terglow of long GRBs follows a broken power law decay L(T ) ∝ Tα (see Figure

2.4), where L is the X-ray luminosity. Usually, the very early afterglow shows a

steep decay (α ≈ −3) followed by a decay with α ≈ −1.2 which characterizes

the longer-term evolution of the afterglow. However, in ∼ 50% of both short and

long duration GRBs a “plateau” phase is observed following the early steep decay

(α & −0.5; see Figure 2.4)[15, 16]. Plateaus are typically observed on timescales of

102 − 104 seconds. Following the plateau the afterglow returns to the power law

evolution predicted by the fireball model. The plateau suggests an energy injection

into the afterglow, which may be powered by delayed mass accretion onto the com-

pact GRB remnant. However, within this scenario it is not easy to explain why the

plateau phase is similar in both long and short GRBs (as the distribution of masses

in the systems are very different), and why the phase only appears 50% of the time

[69, 70]. Another possible explanation is that a rapidly-rotating highly magnetized

NS (magnetar) acts as the GRB central engine [17, 18, 19, 20, 21, 22, 23, 24, 25, 26].
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The energy injection required to plateau the X-ray afterglow is explained well

through magnetic dipole radiation. The magnetar central engine fits well into sce-

narios (3) and (4) of GRB remnants, with the timescales of the plateau matching the

upper bound lifespan of a magnetar in scenario 3. A magnetar central engine easily

explains why plateaus have similar characteristics in both long and short GRBs, as

the radiation supplied from the engine does not depend on the mass-distribution

of the system.

In the case of GW17081/GRB 170817A, the hypothesis that a magnetar was formed

has been suggested by independent evidence provided by the properties of the

so-called “kilonova” [6, 7, 8, 9, 10] - an optical transient associated with the for-

mation of heavy elements (such as gold and platinum) in the neutron rich debris

leftover after the binary NS merger [71, 72, 73]. The time and magnitude of the

optical peak of the kilonova associated with GW170817/GRB170817A has indeed

suggested that an energy injection took place [74]. This energy injection has been

theorized to be the result of: a BH-powered by fallback accretion [55], a long-lived

NS remnant [55, 75], or a short-lived NS remnant [76]. Thus, the observations of

GW170817/GRB 170817A leave the possibility of a NS remnant open.

2.2 Gravitational Waves

Einstein predicted the existence of small, periodic perturbations in space-time,

called Gravitational Waves (GWs), as a direct result of his theory on general rela-

tivity [77, 78]. While indirect evidence for GWs was found decades ago, it wasn’t

until 2015 that GWs emitted from the binary coalescence of two BHs were directly

detected by LIGO (a discovery subsequently celebrated with the 2017 Nobel Prize

in Physics) [1]. Since this initial detection, the LIGO detectors have observed GWs
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Figure 2.4: A cartoon demonstrating the standard emission of GRB luminosity as a function
of time. The ’magnetar signature’ demonstrates the observed energy injection for periods lasting
102 − 104 s that is thought to occur due to a magnetar remnant. Figure credit to Antonia Rowlin-
son/University of Leicester/NASA/Swift.

emitted from a variety of binary BH systems and from binary NSs [1, 2, 79, 80, 81].

These discoveries have enabled the community to constrain the population rates

of BH masses [82], and have provided the direct proof of a binary NS merger trig-

gering a short GRB [2, 4]. Other high impact results include a measurement of

the Hubble Constant completely independent from EM observations [83, 84] and
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solving the puzzle of where most of the heavy elements in our universe are forged

[85].

While LIGO has already made an incredible number of important discoveries,

there is still much to be learned through the study of GWs. Astronomers have long

theorized that detectable GWs may be emitted from several other sources besides

the merging of two compact objects. From long lived rotating NSs [27, 86, 87, 88,

89, 90, 91, 30, 28], to astrophysical bursts [92, 93, 94, 95], to even the big bang itself

[96, 97, 98, 99, 100, 101, 102, 103]. The detection of GWs from different sources by

LIGO will reveal a great deal about the nature of the universe.

2.2.1 Summary of essential General Relativity

In Einstein’s theory of relativity variations in the gravitational field propagate at

a finite speed, the speed of light, as ripples in the fabric of space-time referred to

as GWs [104, 105, 106]. GWs are defined in a four-dimensional space-time, where

each point is an event, xµ(µ = 0, 1, 2, 3). Three dimensions of the event describe

the spatial position, i.e. xi(i = 1, 2, 3), and the 4th describes the event’s temporal

position, i.e. x0ct, where c is the speed of light. One may transform the coordinate

system through the form x̃µ = fµ(xλ). Vectors, in this notation are contravariant

when their component appears in the superscript (i.e. xµ) and covariant when the

component appears in the subscript (i.e. xµ).

Following closely the formulation presented in [104], we begin by defining the

geometry of space-time via the following equation:

ds2 = gµνdx
µdxν . (2.1)
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where ds is the proper distance between two events (xµ and xν) in space-time, and

gµν is a scalar tensor, known as the metric tensor. In general relativity the curvature

of space-time may be measured completely through the metric tensor. Indeed, the

Riemann tensor, Rκλµν , is a function built entirely from the metric tensor and its

derivatives, whose 20 components are used to describe the spacetime curvature.

When the Riemann tensor is null the curvature of space-time must be flat. The

Ricci tensor, Rµν , is a contraction of the Riemann tensor (Rµν = gασRσµρν) that

corresponds to the matter distribution that occupies the space-time. When the

Ricci tensor vanishes the space-time must be free of any matter distribution, but

the Riemann tensor will not necessarily be zero.

The mass distribution in space-time can be described via the stress-energy tensor

T µν(xλ). For example, for a perfect fluid the stress-energy tensor is given by

T µν(xλ) = (ρ+ p)uµuν + pgµν , (2.2)

where p(xλ) is the local pressure, ρ(xλ) is the local energy density and uµ(xλ) is the

four velocity of an infinitesimal fluid element characterized by the event xλ.

The Ricci tensor and the stress-energy tensor are related through the Einstein

gravitational field equation:

Gµν = Rµν −
1

2
gµνR = kTµν , (2.3)

whereR is the scalar curvature (trace of the Ricci tensor),Gµν is the Einstein tensor,

and k = 8πG/c4 is the coupling constant.
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In the far field approximation (observer within a space-time with metric gµν lo-

cated far away from matter distributions), changes in the distribution of matter

result in changes to the metric. The new metric is defined as

g̃µν = gµν + hµν , (2.4)

where hµν is a tensor describing the variations induced in the space-time met-

ric - ripples in space-time dubbed GWs. In the ’linearization approach’ one as-

sumes that hµν is small and the metric is flat, and derives the new tensor via Ein-

stein’s equations. The flat metric is known as the Minkowski metric, gµν = ηµν =

diagonal(−1, 1, 1, 1). In this approach, it can be demonstrated that the tensor

h̃µν ≡ hµν −
1

2
ηµνh

α
α, (2.5)

where h̃µν is the gravitational field (or the trace reverse of hµν), that satisfies a

three-dimensional wave equation, which in a vacuum may be written as:

(− ∂2

∂t2
+∇2)h̃µν ≡ ∂λ∂

λh̃µν = 0. (2.6)

where the condition δµh̃
µν = 0, known as Hilberts gauge condition, has been as-

sumed.

The most straightforward solution to the wave equation is to assume that h̃µν is

a plane wave, written as

h̃µν = Aµνeikαx
α

, (2.7)
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where kα = (−ω,k) is a four dimensional wave vector obeying kαkα = 0. By ap-

plying the Hilbert gauge it can be seen that kµAµν = 0, or that the resulting GW

is transverse. Aµν itself is a symmetric amplitude tensor with 10 unique compo-

nents. Each of the tensor components represents a degree of freedom in hµν , four

from the diagonal of Aµν and 6 from the symmetric off-diagonal components. The

transverse-traceless or TT gauge transforms h̃µν such that only its spatial com-

ponents are non zero, which means that the wave is transverse to its direction

of propagation, and that the sum of the diagonal components is zero (traceless).

Given this last property and equation (2.5), in this gauge there is no difference

between hµν and h̃µν .

The TT gauge eliminates all but two independent components of Aµν . These

independent components imply that a GW may be described by two dimensionless

amplitudes, referred to as h+ and h×, such that:

Aµν = h+ε
µν
+ + h×ε

µν
× , (2.8)

where εµν+ and εµν× are referred to as the unit polarization tensors and are defined

by

εµν+ ≡



0 0 0 0

0 1 0 0

0 0 −1 0

0 0 0 0


, εµν× ≡



0 0 0 0

0 0 1 0

0 1 0 0

0 0 0 0


(2.9)
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GWs carry energy and cause detectable deformations of spacetime. The stress-

energy tensor of a GW in the TT gauge reads:

tGWµν =
1

32π

〈
(∂µh

TT
ij )
〉 〈

(∂νh
TT
ij )
〉
, (2.10)

where the angular brackets are used to indicate averaging over a number of wave-

lengths. In the case of a plane wave, as above, the stress-energy tensor has three

non-zero components, which take the form

tGW00 =
tGWzz
c2

= −t
GW
0z

c
=

1

32π

c2

G
ω2(h2

+ + h2
×), (2.11)

where tGW00 is the energy density, tGWzz is the momentum flux and tGW0z is the energy

flow in the z direction per unit area and per unit time.

To describe the generation of GWs, in 1918 Einstein derived the quadrupole for-

mula for gravitational radiation:

hij =
2

r

G

c4
Q̈TT
ij (t− r

c
) (2.12)

where r is the distance from the source to the observer, hij is proportional to the

second time derivative of the quadrupole moment of the source,

Q̈TT
ij (x) =

∫
ρ(xixj − 1

3
δijr2)d3x, (2.13)

is the quadrupole moment in the TT gauge evaluated at the retarded time t− r/c,

and ρ is the matter density in a volume element d3x. Using equations 2.10 and 2.11
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for the energy carried by GWs, it can be shown that the luminosity in GWs is a

function of the third time derivative of the quadrupole moment tensor, i.e.:

LGW = −dE
dt

=
1

5

G

c5

〈...
Qij

...
Q
ij
〉

(2.14)

This shows clearly that in order to emit GW radiation, the reduced quadrupole

moment must be non-zero and time-varying (at least to third order). This implies

that GW radiation cannot be generated from rotating oblate spheroids or systems

with cylindrical symmetry. Systems such as binaries, deforming spheroids, and

large explosions, are expected to be GW sources (and have proven to be in the case

of binaries).

2.2.2 Gravitational Wave Detection and LIGO

While there are now several operational GW detectors (LIGO, Virgo, GEO 600,

and CLIO ) and several other detectors at various stages of their development

(LISA, KAGRA, LIGO India) in this work we focus mainly on LIGO, currently the

most sensitive operational pair of ground-based interferometers for GW detection.

The two LIGO detectors are located in Hanford (Washington State) and Livingston

(Louisiana). The detectors are ’L’ shaped with 4 km (2.5 mile) arms (see Figure 2.5).

The detector is designed to measure changes in length of the detector arms from

passing by GWs, i.e. from [106]:
δL

L
∼ h (2.15)

Typical GW amplitudes are of order h ∼ 10−21 or lower. In order to detect such

a GW, the detectors must be sensitive enough to measure changes in distance that

may be smaller than the typical size of an atomic nucleus. In order to measure
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Figure 2.5: Aerial photograph of the LIGO detector at Livingston Louisiana, USA. An identical
detector is located at Hanford Washington, USA and a third is in development in India. Image
credit LIGO

these minute changes in detector arm length the LIGO detectors make use of laser

interferometry. Standard laser interferometers, such as a Michelson interferometer,

work by sending a laser through a beamsplitter, which sends photons down either

of the equal length detector arms. At the end of the detector arms mirrors reflect

the photons back towards the beamsplitter, which directs reflected photons into a

photodiode. The photodiode then measures the interference pattern of the light.

The typical Michelson interferometer is designed so that the returning beams will

destructively intefere, sending no signal to the photodiode. Perturbations in the
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arm length of the detectors due to passing GWs can then be measured from the

phase shift of the laser pulse [106, 107].

Even though the LIGO detectors are based off of Michelson interferometry, they

use many advanced techniques to further improve measurement capabilities. Fabry

Perot cavities, or mirrors placed near the beam splitters at 45 degrees angles, are in-

cluded in each detector arm in order to capture photons that pass through the beam

splitter in the cavity. Photons that enter the cavity bounce between the two mirrors

roughly 300 times before being merged with the beam from the other arm. Thus,

the cavity significantly increases the effective arm length from 4 km to 1200 km,

greatly increasing LIGO sensitivity. The detector also makes use of power recy-

cling mirrors and signal recycling mirrors which boost the power of the laser beam

inside the Fabry Perot cavities. Lastly, the detectors make use of a number of noise

reducing technologies including, but not limited to: damping apparatuses which

reduce the effects of seismic noise, a vacuum chamber in order to reduce noise

from dust and air molecules, high quality lasers in order to ensure the wavelength

of light produced by the laser is stable and high quality mirrors in order to ensure

no interference occurs due to mirror heating [107, 108].

While, the LIGO detectors are among the most advanced scientific instruments

in the world, they are still impacted by many continuous sources of noise, in-

cluding quantum sensing noise, seismic noise, suspension thermal noise, mirror

coating thermal noise, and gravity gradient noise [109, 108]. The detectors are also

subject to transient noise events, potentially coming from weather, equipment mal-

functions, as well as occasional transient noise of unknown origins [110, 111, 112].

Persistent noise from electrical and mechanical devices or resonances may also
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Figure 2.6: A schematic diagram of a Michelson interferometer with a Fabry Perot cavity (labelled
light storage arm) and power recycling mirror. Image credit [107]

manifest as ’spectral lines’ or very narrow peaks in a plot of noise versus frequency

[113].

The detector noise is defined typically through the Amplitude Spectral Density

(ASD), also referred to as the strain sensitivity, or the power spectral density (PSD),

which is the square of the ASD. We calculate the PSD as in equation 2.20 of [114]:

Sn[fk] ≈
2

∆TSFT

〈|x̃I [fk]|2〉, (2.16)

where x̃I [fk] describes the fourier transformed detector frequency data (as in equa-

tion 3.2 or 3.3 see Section 3.1), 〈|x̃I [fk]|2〉 is the average value of the square of the

transformed detector data of a given frequency over a period of time ∆TSFT where

the detector data may be assumed to be stationary and Gaussian and Sn[fk] de-
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scribes the single-sided (positive frequency only) PSD of the detector noise within

the frequency bin. The strain sensitivity may then be taken as the square root of the

PSD (i.e. Sn[fk]
1/2). The strain sensitivity of the LIGO detectors at various stages of

their development is shown in Figure 2.7.

Figure 2.7: The strain sensitivity of aLIGO as a function of frequency. The binary neutron-star
(BNS) range is the average distance to which these signals could be detected. The sensitivity of the
O4 and O5 runs are subject to change but are based on current estimates. The O5 run is expected
to match design sensitivity. Image credit [115].

At the time of this writing the LIGO detectors have just concluded their 3rd

observing run (O3) and have not yet reached their design sensitivity. The bulk of
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this work makes use of data near the time of the binary coalescence of GW170817

which occurred during LIGO’s second observing run (O2). The LIGO detectors are

expected to reach nominal sensitivity within the next few years, during the O5 run

[115].

We finally note that further improvements past nominal sensitivity are planned

for the LIGO detectors once they reach nominal sensitivity [116, 117, 118]. For

example, the recently funded upgrade for Advanced LIGO envisions an increase

in the volume of space the observatory can survey by as much as seven times past

nominal sensitivity [116].

2.2.3 Gravitational Wave Sources and Data Analysis Techniques

As mentioned in Section 2.2 any mass-energy system with a non-zero quadrupo-

lar moment can produce GWs. As we describe in what follows, different sources

of GW emission require different data analysis methods in order to optimize the

chances of making a detection. We focus specifically on sources that are expected

to produce GWs in the frequency range where LIGO is sensitive (see Figure 2.7)

2.2.3.1 Overview of “traditional” GW sources and search techniques

LIGO searches for GWs cover a wide range of durations ranging from timescales

of . 1 s to the full duration of an observing run or even combined searches span-

ning multiple observing runs. The ability to predict the signal’s waveform is per-

haps the most important factor in deciding which data analysis technique to em-

ploy. When a signal can be accurately predicted, as is the case for in-spiraling BHs

and NSs (compact binary coalescence) [1, 2, 81, 82, 119, 120, 121], or for continuous

GWs from NSs [92, 122, 123, 124, 125, 126, 127, 128, 129, 130, 131], matched-filtering
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is the preferred data analysis technique [132, 133]. On the other hand, when a sig-

nal can not be modeled well, cross-power or excess power techniques may be used

[134, 135, 136, 137, 138]. These techniques are typically used for GW bursts poten-

tially emitted from high-energy astrophysical explosions such as GRBs or super-

novae, which are typically expected to emit GWs on timescales of . 1 minute, and

are also highly difficult to model [92, 93, 94, 95]. They are also used for searches of

the stochastic GW background, which is notably difficult to model as it consists of

an unknown combination of astrophysical and cosmological background sources

[96, 97, 98, 99, 100, 101, 102, 103]. Figure 2.8 presents a graphical summary of the

various data analysis techniques used in LIGO.

Matched filtering works by correlating the output of a detector with a wave-

form, typically referred to as a filter. Given a signal waveform h(t) (also referred

to as template) buried in noise n(t), the optimal filter q(t) is the one that produces

on average the best possible signal to noise ratio (SNR). Working in the frequency

domain, it can be demonstrated that the optimal filter is equal to the Fourier trans-

form of the template signal weighted down by the noise PSD (see section 2.2.2 and

Figure 2.7). The SNR for a matched-filter search where the GW amplitude is con-

stant with time and the detector noise is Gaussian and constant at all frequencies

can be roughly approximated as [119]:

SNR ∝ h

√
Tobs

Sn

(2.17)

where h is the constant GW amplitude, Tobs is the duration of the observed GW

signal and Sn is desribed in equation 2.16. The optimal SNR can only be achieved

if the GW signal from the source matches what is predicted by the template exactly.
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Figure 2.8: A rough description of the variables which control LIGO GW data analysis. The two
axes measure the relative durations of the GW source (from bursts over fractions of a second up to
effectively continuous emission) and how well the GW signal can be modeled. Compact binary coa-
lescence sources produce detectable signals over a short time span but are very well modeled [Inspi-
ral image credit: NASA/Tod Strohmayer (GSFC) and Dana Berry (Chandra X-Ray Observatory)].
Continuous wave sources are often associated with rapidly rotating neutron stars undergoing some
form of long-lived asymmetric oscillation [Crab pulsar image credit: NASA/HST/ASU/J. Hester
et al. X-Ray: NASA/CXC/ASU/J. Hester et al.]. GW Bursts are unmodeled searches that occur
over the span of (at most) seconds [Artistic representation of a Gamma-Ray Burst image credit:
Tony Piro/Caltech]. And stochastic signals are the multitude of unmodeled sources that contribute
to the stochastic GW background [WMAP image credit: NASA / WMAP Science Team WMAP
#121238 Image Caption 9 year WMAP image of background cosmic radiation (2012)]. GWs con-
sidered in this gap fall between GW types that have been considered traditionally, thus requiring
new data analysis techniques. Full image credit to Rob Coyne [139]
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Any discrepancy between the true signal and the template (typically referred to as

’mismatch’) will result in a sharp loss of SNR [132, 133]. Thus, realistic matched

filtering techniques make use of a template bank corresponding to a suite of pos-

sible GW waveforms. The larger the number of templates in a bank, the larger the

computational cost of a search. Thus, matched filter searches will set discrete steps

in template parameters based on a set threshold of loss in SNR due to mismatch.

Overall, the template bank search requires a compromise between the maximum

sustainable computational cost and the amount of mismatch that can be tolerated

[119, 140, 141, 142, 143, 144, 145].

When the nature of the GW signal is not easily modeled matched-filtering can

not be used. Instead either excess power or cross-power techniques are employed.

A typical excess power technique works by decomposing the GW signal in terms

of a set of basis functions (such as Fourier or wavelets), then projecting the data

stream into the basis functions, then comparing the autocorrelation of that projec-

tion to the expected autocorrelation for the noise, with an ’excess’ being visible

if the data contains a GW signal [134, 135, 136, 137, 138]. The cross-power tech-

nique, sometimes referred to as ’stochastic’, uses the cross-correlation between the

output of different, non co-located detectors. The stochastic approach relies on

the fact that the data stream in two distinct detectors will be correlated only if the

same signal reaches both detectors (i.e. a GW signal will exist in both detectors,

but pure noise will not) [96, 97, 100]. Both of these techniques can not reach the

same sensitivity as a matched-filter search, but are both far more robust against

signal uncertainties.

27



Texas Tech University, Eric Sowell, August 2020

2.2.3.2 The GRB remnant as a GW emitter and related LIGO searches

As discussed in Section 2.1.2, while the nature of the GRB remnant is currently

unknown there is now a considerable amount of evidence that suggests that the

remnant may sometimes be a NS. If highly magnetized, such a NS remnant would

also explain the plateaus observed in GRB X-ray afterglows. While plateaus pro-

vide only indirect evidence for a long-lived NS formed in a GRB, GWs may pro-

vide a direct proof of its existence. Indeed, it is thought that if a NS does form as

the GRB remnant it may prove to be an efficient GW emitter - this has motivated

searches for GRB remnants using LIGO data.

Searches for short-lived hypermassive NSs which quickly collapse to a BH fall in

the category of un-modeled GW searches [33, 39, 95]. On the other hand, searches

for the longer-lived supramassive NS are entirely unique as the timescale until the

NS collapses is completely different from the types of GWs considered by tradi-

tional searches (see previous Section and Figure 2.8).

In this work, we focus on searches for GWs from GRB remnants within the

supramassive NS scenario. The family of waveforms we consider are referred to as

the ’Barmode/CM’ waveforms and they assume a newly formed magnetar emits

GWs through secular bar-mode instabilities [27, 28] (see Chapter 3.2 for more dis-

cussion). These waveforms have timescales similar to that of the predicted du-

ration of a supramassive NS. Other models such as the eccentric inspiral-merger-

ringdown compact binary coalescence waveforms (ECBC) exist on the same timescale.

While no models that solely predict stable NSs have been considered during GRB

remnant searches, some models include built-in limits in which the remnant NS

will be stable/un-stable. Two such models are the millisecond magnetar model
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which assumes GW emission from the asymmetric spindown of NSs [29, 30] and

the magnetar model described in [146] which assumes the NS is distorted into an

ellipsoidal shape by anisotropic magnetic stress. Lastly, we note that GW emission

that does not consider GWs emitted directly from the NS but takes into account

the GW emission from fallback accretion onto a nascent spinning NS has also been

considered in GRB remnant searches [147].

Given the above described variety of potential GW signals from supramassive

NSs, LIGO searches for postmerger remnants have thus far been conducted by the

LSC in one of two ways. On the one hand, all-sky searches look for GWs on the

timescales of ∼ 10 − 104 s and use pipelines that do not depend on modelling to

search for significant cross-power in the LIGO detectors [54, 148]. On the other

hand, targeted searches consider a specific GRB event and employ both modeled

and un-modeled data analysis techniques simultaneously to search for a specific

waveform class/set of waveforms [33, 36].

Specifically, to date the LSC has published 2 all-sky searches [54, 148] that focus

on detecting GWs from GRB remnants and have reported upper limits for some

of the GW models mentioned above. Both searches used pattern recognition algo-

rithm based approaches, namely, the coherent Wave Burst (cWB) [39] algorithm,

which performs a maximum likelihood evaluation of coherent excess power in a

multi-resolution Wilson-Daubechies-Meyer wavelet transform on the strain from

each detector, the X-pipeline Spherical Radiometer (X-SphRad) [149, 150] which

uses fast cross-correlation in the spherical harmonic domain, and the Stochastic

Transient Analysis Multi-Detector Pipeline (STAMP) which cross-correlates data

from two detectors and builds coherent time-frequency maps. STAMP includes
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two-different pipelines: Lonetrack which uses seedless clustering and Zebragard

which is seed-based (more information on the STAMP pipelines can be found in

Chapter 3.6) [34, 151, 152, 153]. The results of each of these searches are not very

promising as most models would require a GRB to occur at a very nearby distance

of . 2 Mpc to produce a detection.

There have also been two targeted post-merger searches for GWs expected to be

emitted from the remnant of GW170817 [33, 36]. In the first post-merger search,

[33], cWB and STAMP searched for GWs from an intermediate duration magne-

tar. The searched for signals included those from secularly-unstable magnetars

and the magnetar model described in [146]. As reported in [33], this first post-

merger search resulted in a non detection, with estimated distance horizons for

the searched for waveforms in the range 2-4 Mpc.

The second targeted GW170817 post-merger search, [36], made use of four dif-

ferent pipelines to search for GWs produced by the spin-down of a long-lived

NS with signal durations ranging from a few hundred seconds to several days

[29, 30]. The algorithms included in this work were STAMP, the template inde-

pendent Hidden Markov Model (HMM, [37]) which uses a Markov chain to track

the GW signal frequency, and two model-dependent methods dubbed the Adap-

tive Transient Hough (ATrHough, [40]) and the Generalized Frequency Hough

(FreqHough, [38]) which both use pattern-recognition techniques originally de-

signed for CWs. Again, no detection was reported with estimated distance hori-

zons within 1 Mpc.

In summary, the above described results imply that either major detector upgrades are

necessary for the detection of GWs associated with a GRB remnant, or that different data
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analysis techniques must be developed. This last consideration motivates the core of the

work presented in this Thesis, and described in what follows.
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CHAPTER 3

THE CROSS CORRELATION ALGORITHM - DETECTING GWs FROM

MAGNETIZED NSs FORMED IN GRBs

As discussed in Section 2.1.2, highly-magnetized NSs (magnetars) may be the

long-lived remnants powering (via magnetic dipole losses) the X-ray plateaus ob-

served in GRB afterglows. Moreover, as discussed in Section 2.2.3.2, all LIGO

searches for GWs from GRB/binary NS remnants are currently not sensitive enough

and their distance horizons are well below the closest short GRB / NS merger

we know of, GRB170817A/GW170817. This motivates the work presented in this

Chapter, namely, the development of a new data analysis technique optimized for

the detection of suprmassive NSs potentially formed in short GRBs / binary NS

mergers.

The Cross-Correlation Algorithm (CoCoA) proposed by Coyne et al. [32] is a

promising GW data analysis technique that aims to optimize searches for intermediate-

duration (∼ 103 s) GWs from GRB remnants. These durations are well matched to

the potential lifetimes of supramassive NSs. While several other methods have

been used for this purpose (see Chapter 2.2.3.2), CoCoA is among a small num-

ber of methods (such as [39]) that can target both slow- and fast-evolving sig-

nals (O(10) mHz s−1 . ḟmax . O(10) Hz s−1) while using a technique that bridges

stochastic and continuous wave searches [32]. Indeed, as shown by Coyne et al.

[32], the strength of CoCoA lies in its tuneability for the high sensitivity of matched

filter searches and robustness of a stochastic approach.
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Compared to Coyne et al. [32], here we further develop CoCoA so as to make

it a practical tool for real GW data analyses. Specifically, we (i) adapt the pipeline

so that it can handle real data output from real GW detectors such as LIGO and

Virgo (rather than simulated Gaussian data only, as in [32]); (ii) we re-work the

cross-correlation detection statistic on which CoCoA is based so that the algorithm

can be employed to carry out multi-waveform searches spanning a realistic pa-

rameter space (as opposed to only single-waveform analyses); (iii) we make more

realistic estimates of the detection efficiency by including uncertainties in the delay

between the GRB trigger time and the start of the GW signal, and by accounting

for non-ideal sky locations; (iv) we lay the groundwork for the a postmerger search

of GW170817 (see Chapter 5).

This chapter is organized as follows. In Section 3.1 we briefly review CoCoA

as developed by Coyne et al. [32]. In Section 3.2 we describe the waveforms on

which the performance of CoCoA is tested. In Section 3.3 we compare results of

searches run over real noise to results when simulated data are used. In Section 3.4

we introduce the CoCoA multi-trial statistic for spanning a broad parameter space.

In Section 3.5 we test CoCoA’s multi-trial statistics and quantify its sensitivity and

detection efficiency for searches of secularly-unstable magnetars. In Section 3.6 we

provide a preliminary estimate of CoCoA distance horizons for the first LSC search

that was conducted on the remnant of GW170817 and compare to results produced

by other pipelines on the same class of signals for an early understanding of the

advantages and disadvantages of the CoCoA pipeline. This Chapter borrows heavily

from the publication [41].
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3.1 The Cross-Correlation Algorithm (CoCoA)

The detection of GWs that last for durations in the range 102− 104 s requires dif-

ferent data analysis techniques than those used in traditional inspiral/continuous

wave searches. If the waveform of the GW signal can be accurately predicted, then

matched filtering is the ideal technique as it maximizes sensitivity. On the other

hand, if the predicted GW signal is affected by large uncertainties, more robust

data analysis techniques, such as the ’stochastic’ method, are necessary.

The cross-correlation method first developed by Dhurandhar et al. [114] for

continuous GW searches, and later adapted by Coyne et al. [32] to searches of

intermediate-duration signals, targets quasi-monochromatic GWs whose time-frequency

evolution is known to a certain degree. The resulting (single-trial) semi-coherent

statistic bridges the gap between matched-filtering (i.e., fully-coherent) and stochastic-

like methods, allowing one to tune the search sensitivity and robustness in be-

tween the two extremes of most sensitive but least robust, and least sensitive but

most robust. In this Section, we briefly review the (single-trial) cross-correlation

statistic following closely the notation adopted by [32].

3.1.1 The cross-correlation statistic

At any given time t, a GW detector output x(t) can be represented as the linear

combination of a GW signal, h(t), and noise, n(t):

x(t) = h(t) + n(t). (3.1)

Spectral information about the detector output x(t) can be obtained by performing

a Discrete Fourier Transform (DFT) on each of NSFT data segments of identical
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duration ∆TSFT (Short Fourier Transform; SFT) [114]:

x̃I [fk] =
1

fs

Nbin−1∑
l=0

x[tl]e
−2πifk(tl−Ti+∆TSFT/2). (3.2)

x̃I [fk] =

Nbin−1∑
l=0

w[tl]x[tl]e
−2πifk(tl−Ti+∆TSFT/2). (3.3)

In the above equation 3.3, w[tl] is a windowing function applied to reduce spectral

leakage1; Nbin refers to the number of frequency bins within each SFT, defined as

Nbin = ∆TSFT × fs where fs is the sampling frequency; fk is the frequency corre-

sponding to the k-th frequency bin:

fk =
k

∆TSFT

for k = 0, ...,Nbin/2 − 1 (3.4)

fk =
k −Nbin

∆TSFT

for k = Nbin/2 , ...,Nbin − 1 (3.5)

The l-th time sample, tl spans the duration TI−∆TSFT/2 ≤ tl ≤ TI+∆TSFT/2 where

I refers to the SFT number (I = 0, 1, ...Tobs/∆TSFT), Tobs is the total duration of the

signal, while TI is the central time of the SFT. While all tests in this Thesis make

use of a Hann-window in order to reduce spectral leakage, hereafter we simplify

all equations by using equation (3.2) for the SFT.

We work under the assumption that the signal h(t) is quasi-monochromatic i.e.,

during each time interval of length ∆TSFT the signal power is, to good approxima-

1In equation 3.3 the windowing function, w[tl], absorbs the factor 1/fs
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tion, all contained in one single frequency bin so that:

h(t) ≈ h0(TI)A+F+,I cos(Φ(TI) + 2πf(TI)(t− TI))

+h0(TI)A×F×,I sin(Φ(TI) + 2πf(TI)(t− TI)), (3.6)

where A+, A× are amplitude factors dependent on the physical system’s inclina-

tion angle ι (for on-axis GRBs, ι is the angle between the jet axis and the line of

sight):

A+ =
1 + cos2 ι

2
, (3.7)

A× = cos ι, (3.8)

and F+,I , F×,I are the antenna factors that quantify a detector’s sensitivity to each

polarization state. We note that Φ(TI) in equation (3.6) may contain an unknown

initial phase constant and, generally speaking, is a detector-dependent term. For

simplicity, hereafter we assume that data streams from different detectors are cor-

rected for the expected time lag in the GW signal arrival time before calculating the

detection statistic. This is a reasonable assumption because our analysis focuses

on searches for GWs from sources of known sky location (such as γ-ray triggered

bursts). With this choice, we eliminate the dependence of Φ(TI) on the detector

and, in what follows, we do not need to introduce a detector-dependent index for

the phase difference ∆ΦIJ (see equation (3.13)).

The raw cross-correlation statistic is defined as [114]:

YIJ =
x̃∗I [fk,I ]x̃J [fk′,J ]

∆T 2
SFT

, (3.9)
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where I and J refer to SFT times, and fk,I and fk′,J are the frequencies at which

all of the signal power is concentrated during the I-th and J-th time intervals,

respectively. The detection statistic ρ can then be built as a weighted sum of the

raw cross-correlation:

ρ =

Npairs∑
IJ

(uIJYIJ + u∗IJY
∗
IJ), (3.10)

where [114]:

uIJ =

√
(A 2

+F
2
+,I + A 2

×F
2
×,I)(A

2
+F

2
+,J + A 2

×F
2
×,J)

∆T−2
SFTe

−i∆θIJSn[fk,J ]
. (3.11)

In the above equation, ∆θIJ is defined as [32]:

∆θIJ = π∆TSFT(fk,I − fk′,J) + ∆ΦIJ , (3.12)

where

∆ΦIJ = Φ(TI)− Φ(TJ) (3.13)

(see equation 3.30), and Sn[f ] is the single-sided power spectral density (PSD) as

shown in equation 2.16.

In both the mathematical formulation of CoCoAs statistics and the results pre-

sented within this Chapter we assume that the antenna patterns are constant in

time. However, we note that in Chapters 4 and 5, time-dependent antenna factors

are taken into account. The effect of time-dependent antenna factors for the class

of signals considered here is minimal (and typically smaller than our horizon dis-

tance errors as estimated from the CoCoA detection efficiency). Inserting equation
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(3.9) into (3.10) one gets:

ρ =
1

∆T 2
SFT

Npairs∑
IJ

uIJ x̃
∗
I [fk,I ]x̃J [fk′,J ] + u∗IJ x̃I [fk,I ]x̃

∗
J [fk′,J ], (3.14)

which shows that the distribution of ρ depends on the pairs we choose to corre-

late. As we discuss in what follows, with the ρ statistic one can encompass vari-

ous regimes, from matched-filter (fully coherent) to stochastic-like searches, with

a semi-coherent approach in between. We stress that the only information needed

to construct the above statistic is the signal time-frequency evolution. Thus, here-

after we refer to a model time-frequency track as a template (see Sec. 3.4 for more

details). Generally speaking, a given time-frequency track will map onto specific

physical parameters of the emitting source (see e.g. equations (3.28)-(3.29) and

Figure 3.1 in Section 3.2 for the specific case of a secularly unstable magnetar).

3.1.2 Stochastic limit

In the stochastic limit, we only correlate SFTs from different detectors (such as

LIGO Hanford, LH; and LIGO Livingston, LL) at the same time (after correcting

for the GW time-of-flight in case of non co-located detectors). With this choice, one

minimizes computational cost and maximizes robustness against GW waveform

uncertainties, at the expense of sensitivity (when compared to e.g. the matched-

filter or the semi-coherent approaches). The number of correlated pairs in equation

(3.14) is Npair = NSFT, and we can write:

ρ =
2

∆T 2
SFT

NSFT∑
I

<{uII x̃∗
LH

I [fk,I ]x̃
∗LL
I [fk′,I ]}. (3.15)
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As evident from the above equation, ρ is a weighted sum of independent random

variables that, under the assumption of stationary Gaussian noise, are each the

product of two Gaussian variables. By the central limit theorem this sum converges

to a Gaussian-distributed random variable with mean µρ and variance σ2
ρ given by

(see also equations (4.17) and (4.18) in [32]):

µρ = (A 2
+F

2
+,H + A 2

×F
2
×,H)(A 2

+F
2
+,L + A 2

×F
2
×,L)

∆T 2
SFT

2

NSFT∑
I

h2
0(TI)

SLHn [fk,I ]SLLn [fk,I ]
, (3.16)

σ2
ρ = (A 2

+F
2
+,H + A 2

×F
2
×,H)(A 2

+F
2
+,L + A 2

×F
2
×,L)

∆T 2
SFT

2

NSFT∑
I

1

SLHn [fk,I ]SLLn [fk,I ]
. (3.17)

The mean of ρ is zero in the absence of a signal (assuming noise from the two

detectors is uncorrelated), and has a non-zero positive value when a GW signal is

present in the detectors’ data.

3.1.3 Matched-filter limit

In the matched-filter limit, we correlate all possible SFT pairs (including self-

pairs), so we have Npair = N2
SFT, NSFT = NdetTobs/∆TSFT, where Ndet is the number

of detectors from which data are taken. In this limit it can be shown that equation

(3.10) becomes (see also equation (4.29) in [32]):

ρ = 2[(

NSFT∑
I

<(x̃′I [fk,I ]))
2 + (

NSFT∑
I

=(x̃′I [fk,I ]))
2], (3.18)
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where x̃′I [fk,I ] is defined as:

x̃′i[fk,I ] =

√
A 2

+F
2
+,I + A 2

×F
2
×,I

Sn[fk,I ]
x̃i[fk,I ]e

−iθi . (3.19)

For stationary Gaussian noise with zero mean, the real and imaginary parts of x̃′i

are still Gaussian distributed, as is the case for x̃i, and so are their sums. More

specifically, in the absence of a signal, the sums of the real and imaginary parts of

x̃′i have zero mean and variance given by:

σ2
Σ =

NSFT∑
i

∆TSFT(A 2
+F

2
+,I + A 2

×F
2
×,I)

4Sn[fk,I ]
=
Cχ
2
. (3.20)

Thus, ρ may be re-written as the sum of the squares of two normally distributed

variables, scaled by a factor Cχ:

ρ = Cχ ×




NSFT∑
I

<(x̃′I [fk,I ])

σΣ


2

+


NSFT∑
I

=(x̃′I [fk,I ])

σΣ


2 , (3.21)

which follows a χ2 distribution with two degrees of freedom, with variance and

mean given by (see also equations (4.36) and (4.34) in [32]):

σ2
ρ = 4Cχ = 2

NSFT∑
I

∆TSFT(A 2
+F

2
+,I + A 2

×F
2
×,I)

Sn[fk,I ]
, (3.22)

µρ = Cχ(2 + λ), (3.23)
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and with non-centrality parameter λ given by (see also equation (4.37) in [32]):

λ =

NSFT∑
I

h2
0(TI)

[
∆TSFT(A 2

+F
2
+,I + A 2

×F
2
×,I)

4Sn[fk,I ]

]
. (3.24)

3.1.4 Semi-coherent approach

In the semi-coherent approach, the total observation time Tobs
2 is broken up into

Ncoh = Tobs/Tcoh coherent segments, each of duration Tcoh. The coherence time

is defined as the length of time wherein the signal is expected to maintain phase

coherence (and therefore good agreement) with the model predictions. All possible

SFT-pairs within each coherent time segment are cross-correlated (thus NSFT <

Npair < N2
SFT, with NSFT = NdetTcoh/∆TSFT), and the results for each coherent

time segment are then combined incoherently. A semi-coherent search can thus

be regarded as the sum of Ncoh matched-filter searches carried out over Ncoh time

segments each of duration TcohThus, ρ may be written as:

ρ =

Ncoh∑
M

CχM
×




NSFT/Ncoh∑
I

<(x̃′I×M [fk,I×M ])

σΣM


2

+


NSFT/Ncoh∑

I

=(x̃′I×M [fk,I×M ])

σΣM


2 ,(3.25)

where CχM and σΣM are defined from equations (3.22) and (3.23) for the duration of

the M-th coherent segment only. If the PSDs of the detectors are relatively flat over

the range of frequencies of interest for the searched GW signal, if their antenna fac-

tors F+ and F× are comparable (as is the case for co-located detectors with parallel

arms) and slowly varying over Tobs, then CχM is approximately constant through

2In the case of searches for GWs associated with GRB plateaus, since we do not know the fate of
the secularly unstable magnetar once it stops pumping energy into the afterglow, Tobs is taken to
be comparable to the observed duration of the GRB X-ray plateau.
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each coherent segment and the resulting statistic for the cross-correlation ρ is that

of a χ2-distributed random variable with 2Ncoh degrees of freedom, whose variance

and mean are given by (see equations (4.41) and (4.42) in [32]):

σ2
ρ = 4Cχ (3.26)

µρ =
Cχ
Ncoh

(2Ncoh + λ), (3.27)

where λ is defined in the same way as for the matched-filter limit, equation (3.24).

Note that the above equations reduce to equations (3.22) and (3.23) for Ncoh = 1,

while for large Ncoh the distribution of ρ approaches a Gaussian.

3.2 Waveforms

Throughout this Thesis we test CoCoA and perform a search in Chapter 5 using

waveforms representing GW signals that may be expected from secularly unstable,

long-lived magnetars formed in GRBs (either long or short), as proposed by [28].

As discussed in Section 2.1.2, highly-magnetized NSs may be the long-lived rem-

nants powering (via magnetic dipole losses) the X-ray plateaus observed in GRB

afterglows. Rotating NSs can also be efficient emitters of GWs if the ratio of their

rotational kinetic energy to their gravitational binding energy, β = T/|W |, is in the

range 0.14 < β < 0.27 [27] (see section 2.2.3.2. Values of β in this interval make

NSs unstable for secular bar-mode deformations whose characteristic timescales

are compatible with the observed durations of GRB X-ray plateaus (102 − 104 s).

Under the effect of GW losses, a secularly unstable NS will follow a quasi-static
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evolution along an equilibrium sequence of tri-axial ellipsoidal figures. Adding

the effect of magnetic field losses, the NS spin-down law can be written as (see

equation 11 in [28]):

dE

dt
=
dEEM
dt

+
dEGW
dt

= −B
2R6Ω4

eff

6c3
− 32GI2ε2Ω6

5c5
, (3.28)

where E is the total energy; dEGW/dt accounts for GW energy losses; dEEM/dt

is the energy loss due to magnetic dipole radiation, calculated by conserving the

magnetic field flux over a sphere of radius equal to the mean stellar radius [see

154, for more details]; B is the magnetic dipole field strength at the poles; R is the

geometric mean of the principal axes of the star; Ω is the pattern angular frequency

of the ellipsoidal surface of the star; Ωeff is an effective angular frequency which

includes both the ellipsoidal pattern speed and the effects of the internal fluid mo-

tions; ε = (a2
1−a2

2)/(a2
1 +a2

2) is the ellipticity (with a1 and a2 as the principal axes of

the ellipsoidal figure in the equatorial plane); and I is the moment of inertia with

respect to the star’s rotation axis. The GW losses result in a quasi-periodic GW

signal of frequency

f(t) = Ω(t)/π, (3.29)

and amplitude given by (see equation (14) in [28]):

h0(t) =
4GΩ(t)2

c4d
I(t)ε(t), (3.30)

where d is the distance to the source.

In Figure 3.1 we show the time evolution of the GW frequency f(t) and strain

amplitude h0(t) for signals associated with secularly unstable magnetars located at
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Table 3.1: Physical parameters, time duration in order to enclose 99% of GW luminosity emis-
sion, frequency range, average and maximum ḟ through the duration of the signal in which 99%
of its GW energy is emitted, and total energy radiated in GWs and through EM dipole radiation
from secularly unstable magnetars used in this study. See Section 3.2 for more details. We use
CM09long for the tests described in Section 3.3. Both CM09long and CM09short are used for the
tests described in Sections 3.5. Bar1-6 represent signals that were used for the original LVC post-
merger search (see also [33]) and Bar1-4 are included in CoCoA’s GW170817 search (see Chapter
5).

Waveform β M R B T99% f0 ff

〈
ḟ
〉

99%
ḟmax EGW EEM

(M�) (km) (Gauss) (s) (Hz) (Hz) (Hz/s) (Hz/s) (erg) (erg)
CM09long 0.2 1.4 20 1014 2917 153 48 0.05 0.06 7.6× 1050 6.0× 1050

CM09short 0.26 1.4 20 1014 470 251 79 0.60 3.07 4.1× 1051 4.6× 1049

Bar1 0.2 2.6 12 1013 277 449 139 1.21 7.15 7.9× 1051 1.7× 1048

Bar2 0.2 2.6 14 1013 509 356 111 0.51 3.06 6.7× 1051 3.1× 1048

Bar3 0.2 2.6 12 1014 237 449 139 1.37 7.19 7.7× 1051 1.8× 1050

Bar4 0.2 2.6 14 1014 396 356 111 0.64 3.09 6.4× 1051 3.1× 1050

Bar5 0.2 2.6 12 5× 1014 107 449 139 3.09 7.84 6.0× 1051 1.9× 1051

Bar6 0.2 2.6 14 5× 1014 136 356 111 1.89 3.70 4.3× 1051 2.5× 1051

d = 100 Mpc, with physical parameters listed in Table 3.1. In this Table we also list

the approximate frequency range and duration of the waveforms. Note that since

in general we do not know how long a magnetar will survive before potentially

collapsing to a BH, the time duration in Table 3.1 is the time it takes for the GW

luminosity to drop below 1% of its peak value (so as to enclose the bulk of the

emitted GW energy, which is reported in the second to last column of this Table).

The waveform dubbed CM09long was first presented in [28], and further used

in [32] to test the performance of CoCoA on detecting such a signal when embed-

ded in simulated white Gaussian noise. CM09short was introduced and used for

similar purposes in [32]. These CM09 waveforms represent what could be a typical

newly-born, rapidly-rotating NS. The initial β for CM09long lies in the middle of

the range expected for secularly unstable NSs, while the initial β for CM09short

approaches the upper bound of this range. Moreover, these waveforms span a
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Figure 3.1: GW signal frequency (left) and amplitude (right) as a function of time for the wave-
forms used in this study (see [28], and also Section 3.2 and Table 3.1). The thick black portions
of the CM09short/long waveforms represent the 256/1024 s-long segments where the sliding aver-
age of the signal strain is maximized. These portions of the CM09long/short signals are used in
this study to allow for direct comparison with the results presented in [32] (see text for further
discussion).

frequency range well matched to the most sensitive portion of the LIGO PSD. In

order to allow for direct comparison with the results presented in [32], hereafter

the CM09long (CM09short) waveform is further cut to consider only the 1024 s

(256 s) where a sliding average on the signal amplitude returns the highest aver-

age strain. We use CM09long in Section 3.3 to compare CoCoA performance on

real LIGO data with that on simulated noise. We use both CM09 waveforms in

Section 3.5 to test the multi-trial approach of CoCoA introduced in Section 3.4.3.

Finally, we introduce six waveforms first presented in the LVC post-merger anal-

ysis of GW170817 [33]. A template bank is built for our own search of the remnant

of GW170817 in Chapter 5. In section 3.6 projections of CoCoA upper limits on

these signal types are compared directly to the results found in [33]. While, a true

comparison is shown following the full remnant search done by CoCoA, this ini-

tial comparison was an important piece of the second CoCoA method’s paper [41]
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and was pivotal in proving that a search using CoCoA would be worthwhile. All

of these waveforms assume the same NS mass of 2.6M� (see Table 3.1), close to

the lower bound of the estimated total mass range for GW170817 (2.73M�), and to

the lower bound for the total mass range of other known binary systems (2.57M�;

[51]). Magnetic field values range from 1013 to 5× 1014 Gauss (Table 3.1). Magnetic

field strengths below 1013 Gauss are unrealistic given the post-merger remnant dy-

namics which produce strong fields, while fields above 5×1014 Gauss dominate the

NS total energy loss, breaking down model assumptions (see [28] for more details)

and making the GW contribution irrelevant. NS radii of 12-14 km are assumed to

account for the fact that realistic equations of state would require quite large radii

for a NS as heavy as 2.6M� [33]. Four of the six waveforms have parameter values

at the extreme boundaries of the considered parameter space (Bar1,2,5,6) and the

other two (Bar3,4) have parameter values in between (see Table 3.1).

3.3 Simulated Gaussian noise vs. real noise performance of CoCoA

In this section we test the performance of CoCoA on both real detector data (from

LIGO sixth Science run, S6, and Advanced LIGO first and second observing runs,

O1 and O2) and simulated Gaussian noise with sensitivity matched to the nominal

LIGO sensitivity (during S6, O1, or O2, see [115]). We compare and contrast these

results with the analytical estimates discussed in Section 3.1. To allow also for

a direct comparison with [32], all the tests described in this section use 1024 s of

the waveform CM09long (see Section 3.2), an SFT baseline of ∆TSFT = 2 s, and

for the semi-coherent approach, Ncoh = 4. With these choices and for Ndet = 2,

we have NSFT = 512 and thus Npair = Ndet × NSFT = 2 × 512 in the stochastic
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limit, Npair = (Ndet × NSFT)2 = (2 × 512)2 in the matched-filter limit, and Npair =

[(Ndet ×NSFT)2/Ncoh] = [(2× 512)2/4] in the semi-coherent approach.

The real noise tests are performed by running CoCoA on data available for pub-

lic download at the LIGO Open Science Center (LOSC) [155]. Specifically, we se-

lect 6000 s of S6 data following the GPS time 946030004, 15000 s of O1 data fol-

lowing the GPS time 1132937620, and 15000 s of O2 data following the GPS time

1186923047. These represent long segments of detector data that passed all of the

basic data quality checks (cat1-3 vetoes as defined in the LOSC). We use these

stretches of data to calculate the statistical distribution of ρ along the 1024s-long

time-frequency track of CM09long. The maximum number of independent real-

izations of ρ obtainable from each of the S6/O1/O2 data segments is determined

by the number of non-overlapping CM09long time-frequency tracks that can be

fitted in such segments. This is demonstrated in Figure 3.3, where we show how

CM09long time-frequency tracks with start times 14 s (or 7 × ∆TSFT) apart never

overlap. Thus, by calculating ρ along each of these tracks we populate the statisti-

cal distributions shown in Figure 3.4 with more than 300 independent realizations

of ρ from S6 data, and almost 1000 realizations from O1/O2 data.

Colored Gaussian noise is generated by first simulating white Gaussian noise in

the time-domain, transforming it into the frequency domain (via an SFT), scaling

it by the desired PSD, and then transforming it back to the time-domain. Both real

and simulated data are sampled at fs = 4.096 kHz.

We also test the performance of CoCoA when a CM09long signal is added to the

data (real and simulated). To this end, for each search limit (matched-filter, stochas-

tic, and semi-coherent) we inject CM09long at the distance where the signal at the
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Figure 3.2: PSDs of the LIGO O2 data used in this analysis (orange and green for LH and LL,
respectively). We also plot the PSDs of the simulated colored Gaussian noise (blue) and of the
simulated white Gaussian noise (black) that we use for comparison. The vertical dashed and dotted
lines mark the frequency range spanned by the CM09long GW signal used in these tests (see Section
3.2 for discussion).

detector has amplitude (equation (3.30)) such that, with a false alarm probability

(FAP ) of 0.1%, the false dismissal probability (FDP ) is 50% (as in [32]).

As evident from Table 3.2 and Figure 3.4, we find relatively good agreement

(within ≈ 10%) of the recovered parameters of the CoCoA detection statistic on

real data, simulated colored noise, and simulated white Gaussian noise (in both

the absence and presence of a signal), with the analytical predictions described in

Section 3.1.
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Figure 3.3: We show how CM09long time-frequency tracks with start times 14 s (or 7×∆TSFT)
apart never overlap. Each ∆TSFT is represented with a black rectangle, and each of three non-
overlapping CM09long tracks are plotted with a different color as an example. By calculating ρ
along each of the non-overlapping CM09long tracks that can be fitted in a given stretch of real
detector data, we maximize the number of independent realizations of ρ populating the statistical
distributions shown in Figure 3.4.
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Table 3.2: Ratio between analytical (Section 3.1) and recovered values of the ρ statistic for:
simulated white Gaussian noise matched to LIGO S6, O1, and O2 sensitivities in the frequency
range spanned by CM09long (Figure 3.2, black); simulated colored Gaussian noise matched to S6,
O1, and O2 sensitivities (Figure 3.2, blue); real LIGO S6, O1, and O2 data (Figure 3.2, orange and
green). We note that in the matched-filter and semi-coherent limits the recovered number of d.o.f. is
also consistent with the expectations of 2 and 2Ncoh = 8, respectively, within 15%.

Stochastic limit
PSD σρ/σρ,rec σρ/σρ,rec µρ/µρ,rec

(noise only) (noise+signal) (noise+signal)
White S6 1.00 0.93 1.04

Colored S6 0.98 0.92 0.98
Real S6 0.90 0.96 0.98

White O1 0.99 1.09 0.99
Colored O1 1.03 1.13 0.99

Real O1 1.08 1.09 0.99
White O2 0.98 1.07 0.99

Colored O2 1.01 1.11 1.02
Real O2 1.05 1.09 1.02

Matched-filter limit
PSD Cχ/Cχ,rec Cχ/Cχ,rec λ/λrec

(noise only) (noise+signal) (noise+signal)
White S6 0.99 1.13 0.97

Colored S6 0.98 1.00 1.06
Real S6 0.97 0.95 1.02

White O1 1.04 1.01 1.02
Colored O1 0.95 1.06 0.98

Real O1 1.11 0.96 0.94
White O2 0.91 0.93 0.99

Colored O2 1.00 1.00 1.02
Real O2 1.04 0.96 1.02
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Table 3.2: Continued

Semi-coherent approach (Ncoh = 4)
PSD Cχ/Cχ,rec Cχ/Cχ,rec λ/λrec

(noise only) (noise+signal) (noise+signal)
White S6 1.00 1.12 0.91

Colored S6 1.12 0.97 1.09
Real S6 1.02 0.84 1.10

White O1 1.05 1.02 1.03
Colored O1 1.09 1.02 1.03

Real O1 1.04 1.09 0.97
White O2 0.99 0.99 0.94

Colored O2 1.00 1.06 1.01
Real O2 1.02 0.90 1.03

3.4 Multi-trial search for GRB remnants

In a realistic search for GWs from GRB remnants, the large uncertainties that af-

fect the post-merger / post-explosion physics need to be taken into account. Even

though CoCoA allows tuning of sensitivity/robustness so that some degree of un-

certainty can be tolerated on the expected time-frequency track of the GW signal

(see Section 3.1), larger departures from such a track would cause the search to

fail. In this Section we address the need for a large parameter space exploration,

give an order-of-magnitude estimate for the implied computational cost of a search

spanning such space, and describe the practical implementation of a multi-trial de-

tection statistic for CoCoA.
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Figure 3.4: CoCoA tests on real O2 data from two detectors (LL and LH) in the stochastic (top),
matched-filter (center), and semi-coherent (with 4 coherent segments; bottom) limits. Grey his-
tograms are background distributions normalized by the variance in equation (3.17) in the stochas-
tic limit, and byCχ in equation (3.23) for non-stochastic searches. Black-dashed lines are: a normal-
ized Gaussian with zero mean (top); a central χ2 with 2 d.o.f. (center); a central χ2 with 2Ncoh = 8
d.o.f. (bottom). Red histograms are normalized (by Cχ, Cχ/Ncoh and the variance for the matched-
filter, semi-coherent and stochastic limits, respectively) distributions of real data when CM09long
is injected at a distance such that FAP=0.1% and a FDP=50%, assuming optimal source orien-
tation. Red lines are: a normalized Gaussian with mean as in equation (3.16) (top); a non-central
χ2 with 2 d.o.f. (center) and non-centrality parameter λ as in equation (3.24); a non-central χ2

with 2Ncoh = 8 d.o.f. (bottom) and non-centrality parameter λ.

3.4.1 Remnant properties and timing uncertainties

For the specific case of GWs from bar-mode instabilities of rotating magnetars

discussed in Section 3.2, a realistic search with CoCoA should be performed over a
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template bank spanning the possible range of parameters (β, M , R, B, ton), where

ton accounts for the uncertainty on the onset time of the secular bar-mode instabil-

ity, something not considered in [32].

In Coyne et al. [32] we have shown that, for searches based on CM09long, the

maximum errors one could tolerate on the assumed magnetar properties are of

the order of ∆M ≈ 5 × 10−3 M�, ∆B ≈ 1012 Gauss, ∆R ≈ 2 × 10−2 km. With

these errors, the sensitivity of a CoCoA semi-coherent search with optimized Tcoh

approaches that of a stochastic search on a perfectly matching template3.

For GRBs observed on-axis and forming a long-lived, secularly unstable mag-

netar, the expected X-ray plateau duration and luminosity depend on the initial

values of β, B, and R, which can thus be constrained to some specific ranges by

comparison with the observations [156]. Moreover, as demonstrated in the case

of GW170817 [33], for short GRBs some constraints on the remnant mass M can

be derived from the analysis of the pre-merger signal itself. The optimal case, of

course, would be that of a short GRB with an observed X-ray plateau for which an

in-spiral signal is also detected. In this case, joint electromagnetic and GW obser-

vations would enable us to set some constraints on all relevant parameters.

Regarding the uncertainty on ton, for long GRBs formed from collapsing massive

stars we can reasonably assume that the delay between the collapse (and formation

of the remnant) and that of the GRB trigger itself is of order 120 s [157, 158]. Thus,

tGRB − 120 s. tcollapse . ton . tGRB (where tGRB is the GRB trigger time in γ-rays).

In the case of short GRBs from merger of compact objects, the delay between the

merger and the GRB trigger time is expected to be of the order of a few seconds,
3The last is also comparable to the maximum sensitivity of more robust and less computationally

expensive algorithms that don’t rely on any prior knowledge of the signal time-frequency evolution
(e.g. STAMP; see [33]).
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thus we assume tGRB− 6 s. tmerger . ton . tGRB [157, 158]. The timing uncertainty

on ton may be further reduced when tcollapse or tmerger are more distinctly known

through the detection of GWs produced by the merger/collapse. This was the case

for GW170817, in which tGRB − tmerger = 1.74± 0.05 s [4].

Motivated by the above considerations, in this analysis we vary ton between

tGRB − tunc (where tunc is 120 s for long GRBs and 2− 6 s for short GRBs) and tGRB,

in steps of ∆ton = Non∆TSFT.

3.4.2 Computational cost: Order-of-magnitude estimate

Here we present an order of magnitude estimate of the computational cost for a

multi-trial CoCoA search that accounts for the uncertainties described in the pre-

vious Section (see also Chapter 5). For this estimate we consider a post-merger

search similar to that performed by [33] for GW170817. The last assumed fixed

values of β and M , and large uncertainties in B and R (see also Bar1-Bar6 in Table

3.1). With a parameter space resolution of ∆B ≈ 1012 G and ∆R ≈ 2× 10−2 km for

the magnetic field and NS radius, respectively, ranges of B = 1013− 5× 1014 G and

R = 12−14 km, (see Section 3.2 for discussion of this range) could be spanned with

a total of ∼ 5 × 104 templates. With tunc = 2 s and ∆ton = 0.25 s we take 10 trials

to cover the full timing uncertainty, making the total number of templates become

∼ 5× 105 (see Section 3.5.1).

A search with FAP of 1% requires running on order 2500 background realiza-

tions per template. This number of realizations ensures that the ρ probability dis-

tribution above the FAP threshold is populated with 25 events, thus resulting in

an error of ≈ 20% for the corresponding detection efficiency.
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A CoCoA search on a single time-frequency track (as described in Section 3.1)

with FAP of 1% and 2500 background realizations is estimated to require ∼ 1.5

core-hours or “Standard Units” (SUs4) when making use of a semi-coherent corre-

lation approach with a coherence time of . 10 SFT durations. So a GRB search at

1% FAP on a template bank with ∼ 5 × 105 time-frequency tracks would require

∼ 0.75 MSUs. Assuming . 2− 3 potentially nearby GRBs with X-ray plateaus and

good LIGO Hanford/Livingston data in a 1 yr run, we estimate a full-run multi-

trial GRB search to require (1.5−2.25) MSUs, which is similar to the computational

cost of other LIGO searches (e.g., [131]). As stated in Section 3.1 the correlation

method employed for a search affects the computational cost of the search. Thus,

for a search that makes use of the stochastic approach the ∼ 0.75 MSUs calculated

above would decrease to ∼ 0.65 MSUs, whereas with a matched filter approach

the cost would increase to ∼ 12 MSUs. We note that CoCoA is currently designed

to make use of parallel processing on computing clusters given the computational

cost of a search.

For a two-detector CoCoA search with a template bank similar to the GW170817

post-merger analysis described here, constructing 2500 independent background

realizations per template requires & 10.5 d of coincident background data. This is

comparable to e.g. what was used in [33], where 5.6 d of background data were

derived from non-continuous stretches of LL and LH coincident data from 2017

August 13-21 UT. We estimate that the SFTs of a ≈ 10.5 d-long stretch of data will

consume ∼ 80 GB of disk space per detector.

4An “SU” is an XSEDE Service Unit on Stampede, equal to 1 CPU core-hour on a 2.7 GHz E5-
2680 Intel Xeon (Sandy Bridge) processor E.g., a 1 hour allocation on a 8-core Stampede CPU would
consume 8 SUs.
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3.4.3 Multi-trial detection statistic

When uncertainties on the signal properties are large and searching over multi-

ple time-frequency tracks (template bank) becomes necessary, the detection statis-

tic of CoCoA needs to be modified to account for the larger number of trials. Here-

after, a CoCoA search on a single template in a bank (see Section 3.1) will be re-

ferred to as a single trial.

To cover a given template bank, one performs a total of Ntrial searches, each re-

turning a certain value of the single-trial ρ statistic defined as in Section 3.1. In

general, the probability distribution of ρ changes across the template bank be-

cause it depends on the properties of the time-frequency tracks that constitute the

bank itself. It is thus convenient to introduce a normalized ρ statistic, which in the

stochastic limit we define as

ρ̃m =
ρm
σρ,m

, (3.31)

where ρm is a Gaussian random variable calculated along the m-th template as in

equation (3.15), with mean and standard deviation µρ,m and σρ,m given by equa-

tions (3.16) and (3.17), respectively. In the matched filter limit, we define the nor-

malized statistic as:

ρ̃m =
ρm
Cχ,m

, (3.32)

where Cχ,m and ρm are calculated along the m-th template as in equations (3.20)

and (3.21), respectively, with ρm a random variable distributed as a χ2 with two

degrees of freedom and with non-centrality parameter λm given by equation (3.24).
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Finally, in the semi-coherent approach we set:

ρ̃m =
Ncohρm
Cχ,m

, (3.33)

where Cχ,m and ρm are calculated along the m-th template as in equations (3.20)

and equation (3.25), respectively, with ρm a random variable distributed as a χ2

with 2Ncoh degrees of freedom, and non-centrality parameter λm given by equation

(3.24). In the above definition, we also assume that the same Ncoh is adopted (and

optimized) across trials (see Section 3.5).

With the above normalization, we define the maximum ρ statistic as ρ̃max=max(ρ̃m)

for m = 0, ..., Ntrial − 1, which we use to identify the most statistically promising

detection candidates. Generally speaking, in the presence of a signal, we expect

the template that is most similar to the signal to return the maximum value of the

ρ̃m statistic. For a given choice of FAP , we thus set the corresponding detection

threshold as: ∫
ρ̃max≥ρ̃th

P (ρ̃max)dρ̃max = FAP (ρ̃th), (3.34)

where P (ρ̃max) is the probability that any of the templates in the bank (trial) returns

the largest value ρ̃max. For completely independent trials, this probability reads:

P (ρ̃max) =

Ntrial∑
n=1

pn(ρ̃max)

Ntrial−1∏
m 6=n

∫
ρ̃m≤ρ̃max

pm(ρ̃ m)dρ̃m

 , (3.35)

where pm is the probability distribution of ρ̃m.

In the absence of a signal, the probability distribution of the normalized ρ statis-

tic is the same for all trials, thus pm(ρ̃m) = p(ρ̃m) for all m and above equation
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simplifies to [159]:

P (ρ̃max) = Ntrial × p(ρ̃max)

 ∫
ρ̃m≤ρ̃max

p(ρ̃m)dρ̃m

Ntrial−1

(3.36)

Integrating both sides of the above equation, and considering equation (3.34), we

get:

FAP (ρ̃th)

Ntrial

=

∫
ρ̃max≥ρ̃th

p(ρ̃max)

1−
∫

ρ̃m≥ρ̃max

p(ρ̃m)dρ̃m

Ntrial−1

dρ̃max.

(3.37)

If the FAP is small, then
∫

ρ̃m≥ρ̃max

p(ρ̃m)dρ̃m � 1 for ρ̃max ≥ ρ̃th and we can approxi-

mate equation (3.37) as:

FAP (ρ̃th)

Ntrial

≈
∫

ρ̃max≥ρ̃th

p(ρ̃max)dρ̃max = FAPsingle trial(ρ̃th). (3.38)

The above approximation is useful as it shows that the FAP threshold of a multi-

trial search can be estimated analytically from the FAP threshold of a single trial

search. We finally note that for searches where the individual trials are not fully in-

dependent, the probability of a given ρ̃max is generally lower than what is predicted

in equation (3.35), so one can define an effective number of trials Neff,trials . Ntrial.

In the case of GRB magnetars, templates are fully independent only when their

time-frequency tracks as determined by (β, M , R, B, ton) do not intersect.
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3.5 CoCoA multi-trial search tests

As discussed in Section 3.4, in a post-GRB search for GWs from secularly unsta-

ble magnetars, it is necessary to build a multi-trial search that accounts not only

for the uncertainties on the magnetar properties (β, M , R, B), but also for the

uncertainty that affects the timing between the GRB trigger time as established by

γ-ray observations, and the onset of the bar-mode instability. Hereafter, we present

the results of tests aimed at verifying the agreement between the analytical expec-

tations for the CoCoA multi-trial statistic described in Section 3.4 and the actual

code performance on simulated data, as well as demonstrating the sensitivity of a

CoCoA search. Our tests proceed as follows:

1. We simulate colored Gaussian noise with PSD matching that of LIGO O2,

sampled at fs = 4.096 kHz. We assume two detectors with identical PSDs,

use ∆TSFT = 0.25 s, and set FAP=1% for determining our detection threshold

(see equation (3.34)).

2. We simulate a region of data extending between tGRB−tunc and tGRB+twaveform,

where tGRB is an arbitrary GRB trigger time, tunc is the timing uncertainty

between the collapse/merger and the GRB trigger time and twaveform is the

duration of the waveform being searched for. We take two values for tunc,

120 s to simulate a standard long GRB and 2 s to simulate an event similar to

GW170817 (see Section 3.4.2).

3. We assume a known GRB sky location and set F+ = −0.092 and F× = −0.91

for LIGO Hanford, and F+ = 0.26 and F× = 0.79 for LIGO Livingston (com-

parable to those of GW170817 [51, 33]).
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4. When constructing a template bank for the search we vary ton in the range

[(tGRB− tunc), tGRB] (see Section 3.4.1) for each choice of (β,M,R,B). We sam-

ple this range in steps ∆ton that are multiples of ∆TSFT i.e., ∆ton = Non ×

∆TSFT. The choice of ∆ton is made with computational cost in mind given

that the smaller ∆ton, the larger the number tunc/∆ton + 1 of templates re-

quired to account for the timing uncertainty.

5. To estimate our detection efficiency, we inject signals in the simulated O2

data assuming we are aligned with the GRB jet axis (i.e., ι = 0 in equations

(3.7)-(3.8)), as expected for GRBs with X-ray plateaus. The injection time tinj

is set to always fall exactly in between the onset times of two randomly cho-

sen, temporally adjacent templates in the bank, i.e. tinj− ton,n = ton,n+1− tinj =

∆ton/2 = Non × ∆TSFT/2. With this choice, we maximize the temporal mis-

match between the injected signal and the closest template in the bank, thus

obtaining a conservative estimate of CoCoA’s detection efficiency.

6. Similarly to what is done in [32], for each waveform we calculate the de-

tection efficiency as a function of luminosity distance, and derive a distance

horizon by requiring a false dismissal probability FDP = 50% (see Figure

3.5).

3.5.1 Timing uncertainties

In order to first isolate the effects of timing uncertainties only, here we carry

out a multi-trial CoCoA search where the signal we search for is assumed to be

produced by a magnetar with exactly known parameters (β, M , R, B), but with
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Figure 3.5: Example of detection efficiency (1 − FDP ) vs distance d for a semi-coherent search
of waveforms with small changes in physical parameters to CM09long when CM09long is injected
as in Section 3.5.2. In this example, (Non = 60, and Tcoh = 4 s which is the coherence time that
produces the largest distance found from a search of CM09long as in Figure 3.10. The distance
corresponding to a 50% FDP is marked in green. Error in distance is taken by first finding the
error in efficiency through the DKW inequality. Efficiency errors are then connected through the
sygmoid function to find errors in distance at the chosen FDP (50% in this example). See 3.5.1 or
[32] for more discussion.

unknown onset time ton. We thus define a template bank composed of CM09long-

like/CM09short-like waveforms (see Section 3.2) whose onset time is varied as

described in the previous Section.
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Figure 3.6: Effect of timing uncertainties on a multi-trial CoCoA search: results for the back-
ground statistic. We use simulated LIGO data with (colored) O2 PSD and set ∆TSFT = 0.25 s. In
order to keep the number of trials fixed, for searches with tunc = 120 s we take Non = 60, and for
searches with tunc = 2 s we take Non = 1. We compare recovered results in the absence of a signal
(grey histograms) to the analytical expectations derived in Section 3.4.3 (black lines). To match the
recovered results, we define an effective number of trials for equation 3.36 that accounts for depen-
dencies between trials (red lines). In the first row we search for CM09long, only varying the start
time of the waveform for each trial, taking identical values of Tcoh = 4 s, but using different values
of Non. In the first column we search for the same waveform and use identical values of Non = 60,
but show different values of Tcoh. Lastly in the second column we search with identical values of
Non = 1 and Tcoh = 4 s, but search for different waveforms (CM09long/CM09short).
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3.5.1.1 Background statistic

As shown in Figure 3.6, in the absence of a signal, the recovered multi-trial back-

ground statistic (grey histogram) for various choices of Tcoh and Non can show de-

viations from the analytical expectations described in Section 3.4.3 (black dashed

line; see also equation (3.36)). Those expectations assumed that trials are com-

pletely independent (see equation (3.36)), which is not always the case. Indeed,

varying the onset times of otherwise identical time-frequency tracks can introduce

dependencies between trials, which in turn imply that the recovered background

distribution is equivalent to a predicted background distribution with an effective

number of trials that is lower than the one obtained assuming that all templates in

the bank are independent.

Dependencies among templates become more important for smaller values of

Non, as evident by comparing the top-left and top-right panels of Figure 3.6. The

recovered probability distribution (grey histogram) agrees well with the predic-

tions discussed in Section 3.4.3 (black-dashed line) for large Non (top-left panel).

However, for smaller Non in an otherwise identical search (top-right), the recov-

ered results deviate from the expected ones.

To describe the actual recovered background statistic for a non-fully indepen-

dent template bank, we thus introduce an effective number of trials determined as

described in Appendix D. The red-dashed lines in Figure 3.6 show that this effec-

tive background distribution agrees well with the recovered one (histogram; note

that in the top-left panel the black- and red-dashed lines overlap completely).

Other factors affecting the effective number of trials include the rate at which

the considered waveform evolves. For example, in a search for the faster evolving
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waveform CM09short, the time-frequency tracks of different trials in the bank are

less likely to have significant overlaps (and thus related trial dependencies) even

for small values of Non (bottom-right panel in Figure 3.6). Finally, smaller values

of Tcoh result in a larger degree of statistical dependence between templates (com-

pare the top-left and bottom-left panels in Figure 3.6). Indeed, for a given number

of overlapping time-frequency bins between two templates in a bank, the smaller

the coherence time, the larger the fraction of dependent pairs (i.e. pairs generated

from cross-correlation products containing time-frequency bins in the overlapping

portion of the templates time-frequency track) to the total number of pairs entering

in the computation of ρ along each template. Incidentally we note that, conceptu-

ally, this effect is similar to what is behind the larger robustness of semi-coherent

searches with smaller coherence timescales: if only a few time-frequency bins over-

lap between the injected signal and the closest template in a bank, smaller coher-

ence times imply that cross-correlation products from these few overlapping bins

have a larger relative weight in the computation of ρ along the template.

3.5.1.2 Detection efficiency and search sensitivity

Our goal with CoCoA is to use its tunability so that we can maximize detection

efficiency and ensure that the achieved distance horizon for a semi-coherent multi-

trial search is always larger than even the most sensitive stochastic (and thus less

computationally expensive) search, i.e. a single-trial stochastic search with a tem-

plate perfectly matching the injected waveform. This justifies the use of CoCoA

over less computationally demanding stochastic algorithms [34, 151, 160, 161, 152,

33]. In what follows, we demonstrate that we can reach this goal in a multi-trial

CoCoA search accounting for timing uncertainties.
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tunc = 120 s

Figure 3.7: Figure continued on next page

In Figures 3.7-3.9 we quantify the sensitivity of a CoCoA search incorporating

timing uncertainties in the presence of CM09long/CM09short signals for a source

located at the GW170817 position (see Section 3.5). Specifically, in the various pan-

els of Figures 3.7-3.9 we show the distance horizon corresponding to a FDP of 50%

as a function of the coherence time Tcoh of the search, for the CM09long/CM09short

waveforms with different values of timing uncertainties, tunc = 2− 120 s.
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Figure 3.7: Horizon distances at 50% FDP and FAP of 1% for a source located at the sky
position of GW 170817, and for a search of CM09long with tunc = 120 s and different values of
Non. The computational time of a search scales withNtrials. CoCoA distance horizons are compared
with those of a single-trial stochastic search on an perfectly matching waveform (no temporal or
physical uncertainties; blue-dashed lines).

tunc = 120 s

Figure 3.8: Horizon distances at 50% FDP and FAP of 1% for a source located at the sky
position of GW 170817, and for a search of CM09short with tunc = 120 s and different values of
Non. The computational time of a search scales withNtrials. CoCoA distance horizons are compared
with those of a single-trial stochastic search on an perfectly matching waveform (no temporal or
physical uncertainties; blue-dashed lines).
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tunc = 2 s

Figure 3.9: Horizon distances at 50% FDP and FAP of 1% for a source located at the sky
position of GW 170817, and for searches of CM09long (left) and CM09short (right) with tunc = 2 s
and Non = 1. CoCoA distance horizons are compared with those of a single-trial stochastic search
on an perfectly matching waveform (no temporal or physical uncertainties; blue-dashed lines).

Unsurprisingly, the best sensitivities (largest distance horizons) are achieved

when Non is equal to a single SFT baseline (as this implies minimizing the dif-

ference between the injected waveform and the closest template in the bank). Note

also that the smaller the Non, the larger the optimal coherence time of the search.

This is to be expected as larger coherent times improve sensitivity at the expense of

robustness against signal uncertainties. Thus, we can afford larger coherence times

for smaller differences between the closest template in our bank and the injected

waveform, i.e. for smallerNon. These Figures also show that a coarser choice ofNon

reduces the computational cost of the search, as larger Non correspond to smaller

Ntrials. This occurs at the expense of sensitivity: indeed, for Non ≈ 160, the CoCoA

distance horizon with optimized coherence time approaches the stochastic-like

horizon (blue-dashed line). On the other hand, smaller Non greatly improve sensi-

tivity but imply larger number of trials and increased computational cost. To make
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a concrete example, the distance horizon we achieve for a search on CM09long

with 120 s of timing uncertainty and Non = 1 in O2-like data is 20.6 ± 0.5 Mpc

(top-left panel in Figure 3.7). However, such a search would require nearly 500

individual trials just to account for the timing uncertainty, and it would quickly

become prohibitively costly computationally if one were to also account for un-

certainties in the magnetar physical parameters (see Section 3.4.2). Thus, a more

realistic search for CM09long and tunc = 120 s would be one with Non = 60, as this

produces 9 trials, which can be handled computationally even when uncertain-

ties on the magnetar physical parameters are considered (see Section 3.4.2). We

note that an Non = 60 CoCoA search with timing uncertainties produces a distance

horizon of 12.8±0.5 Mpc. The last, rescaled for an optimally located source and for

Advanced LIGO nominal sensitivity (as in [115]), corresponds to ≈ 29 Mpc (only

slightly less than the actual distance of GW170817).

If the timing uncertainty can be reduced to tunc = 2 s (see Section 3.4.1), as was

the case for GW170817, then a search with Non = 1 produces only 9 trials, and

would be computationally accessible even considering uncertainties on the post-

GRB magnetar properties (see discussion in Section 3.4.2). We stress that the hori-

zon distance of a search with tunc = 2 s and Non = 1 is 25.3 ± 0.5 Mpc (see Fig-

ure 3.9), or ≈ 57 Mpc for an optimally oriented source and for Advanced LIGO

nominal sensitivity. We note that this is comparable to the sensitivity of a single-

trial search of CM09long with Advanced LIGO nominal sensitivity and the same

choices of Tcoh and TSFT, which produces a distance horizon of ≈ 63 Mpc with a

FAP of 1%.
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Finally, as shown in Figure 3.8, faster evolving waveforms (such as CM09short)

with large timing uncertainties (tunc = 120 s) are more effectively searched for with

a stochastic-like algorithm rather than with a semi-coherent CoCoA approach as

the last produces horizon distances smaller than the stochastic-like horizon (blue-

dashed lines) for Non & 1. However, as evident from Figure 3.9, when the timing

uncertainty can be reduced tunc = 2 s (as for GW170817), CoCoA can achieve large

distance horizons (≈ 45 Mpc) for a very reasonable number of trials. This implies

that a search for a CM09short waveform for an optimally oriented source with

Advanced LIGO at nominal sensitivity could reach distances of order 100 Mpc. We

note that this is comparable to the sensitivity of a single-trial search of CM09short

with Advanced LIGO nominal sensitivity and the same choices of Tcoh and TSFT,

which produces a distance horizon of ≈ 140 Mpc with a FAP of 1%.

3.5.2 Uncertainties in both timing and magnetar properties

In this Section we follow an approach similar to what is described in the previous

one to quantify the CoCoA sensitivity and detection efficiency in the presence of

both timing uncertainties and uncertainties in the physical parameters of the GRB

remnant (see Section 3.4.1). Namely, we inject CM09long/CM09short in simulated

data with sensitivity matched to LIGO O2, and run a search using a template bank

that accounts for both tunc and uncertainties on (β, M , R, B). The last are taken

into account by constructing a template bank where waveforms corresponding to

steps of sizes ∆B = 1012 G, ∆R = 0.02 km, ∆M = 5× 10−2M� around the values

of CM09long/CM09short are used (see also [32]). All combinations of shifts to

M , R, and B are included in our template bank, giving a total of 26 unique time-

frequency tracks per each of the CM09long and CM09short waveforms. We note
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that we do not include the exact injected waveform in our template bank so as to

derive a conservative estimate of the detection efficiency.

Figure 3.10: Horizon distances at 50% FDP and 1% FAP , and sky position of GW 170817
for a search of 26 sets of magnetar physical parameters obtained by shifting of ∆B = 1012 G ,
∆M = 5×10−2 M� , and ∆R = 0.2 km, the values of (B, M , R) for CM09long/CM09short. The
searches assumes tunce = 120 s and Non = 60 for CM09long (left), and tunc = 2 s and Non = 1
for CM09short (right), giving 9 trials for each choice of physical parameters and 234 total trials.
CoCoA distance horizons are compared with those of a single-trial stochastic search on an perfectly
matching waveform (no temporal or physical uncertainties; blue-dashed lines).

In Figure 3.10 (left) we show the results of a search for CM09long with Non = 60

and tunc = 120 s, which produces 9 trials accounting for timing uncertainties per

each of the 26 possible choices of steps in M , R, and B accounting for uncertainties

in these parameters. This yields a total of 234 trials. As evident by comparing the

results in Figure 3.10 (left panel) with those shown in the center-right panel of Fig-

ure 3.7, in spite of the increased number of trials, when all possible uncertainties

are considered overall the template in the bank closest to the injected waveform

has a smaller mismatch than it would have by only considering timing uncertain-

ties. In other words, small shifts in magnetar parameter values can compensate

the mismatch introduced by timing uncertainties.
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Similar results are found for a search of the CM09short waveform, with tunc =

2 s, Non = 1 (compare the right panel in Figure 3.10 to the right panel in Figure 3.9).

In this case we find that for a fast-evolving waveform such as CM09short, small

shifts in magnetar parameters combined with small shifts in the start time of GW

emission may still compensate eachother, potential error of the onset time of GW

emission is smaller than a single SFT. This is a surprising, yet welcome result as this

compensation provides an even higher degree of sensitivity to our search. Indeed,

this result provides a distance horizon of 51.3 ± 0.7 Mpc, which scales above 110

Mpc for an optimally oriented source with Advanced LIGO nominal sensitivity.

3.6 Order-of-magnitude comparison with previous GW170817 post-merger

results

Searches for post-merger GWs from secularly unstable magnetars with param-

eters matched to those of Bar1-Bar6 (see Section 3.2) have been performed for

GW170817 using the Stochastic Analysis Multi-detector Pipeline (STAMP) [152,

151, 33]. STAMP searches for excess power in time-frequency maps by cross-

correlating data streams of different detectors and using pattern recognition al-

gorithms rather than a template bank of time-frequency tracks. For the pattern

recognition, STAMP uses both seed-based (Zebraguard) and seedless (Lonetrack)

algorithms. Because STAMP searches are most similar to the CoCoA stochastic

limit, here we compare expectations for a stochastic-limit CoCoA search on Bar1-

Bar6 with STAMP results on these same waveforms reported in [33].

While a full CoCoA GW170817 post-merger search is conducted in Chapter 5

here we consider a CoCoA search similar to that described in Section 3.5, with

TSFT = 0.25 s, and FAP and FDP matching those used for the STAMP search
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in [33] and estimate the sensitivity of the CoCoA pipeline in such a search to

compare to STAMP’s results. An appropriate template bank for such as CoCoA

search would include waveforms Bar1-6, as well as a range of other waveforms

with same M and β but spanning ranges of R = 12 − 14 km for the NS radius,

and B = 1013 − 5 × 1014 G for the magnetic field, in steps of ∆B = 1012 G and

∆R = 0.02 km (see Section 3.5.2). For this choice in step size the CoCoA template

bank would contain 100 templates to span the possible values of R, and 490 tem-

plates to span the possible values of B. Temporal uncertainty can be accounted

for by choosing tunc = 2 s, which is comparable to the delay between the merger

time of GW170817 and its associated GRB 170817A (see Sections 3.4.2 and 3.5.1 for

more discussion). With ∆ton = 0.25 s (as in Section 3.5), this would result in 9

choices of ton for each (β, M , R, B). Thus, we expect a CoCoA search to include

Ntrials = 100× 490× 9 = 441× 103 trials.

In order to estimate the sensitivity of a CoCoA search without spending a large

amount of computational time, we compute our background statistic using a re-

duced template bank that only considers Bar1-6 and all combinations of physical

parameters that are one step away from Bar1-6. The background is built using 9.1

days of coincident detector data during the O2 LIGO run, starting 20 days before

the GW170817 merger and ending 1 hour before. The results are displayed in Fig-

ure 3.11. From the grey histogram in this Figure we calculate the ρ̃th corresponding

to a FAP = 1% and find this to be in excellent agreement with what expected from

simulated Gaussian noise with O2-like sensitivity (pink histogram in Figure 3.11).

Next, we use equation (3.38) to estimate the ρ̃th of a search with Ntrials = 441× 103

(see above) and FAP = 1%. We then estimate the CoCoA distance horizon for

72



Texas Tech University, Eric Sowell, August 2020

Bar1-Bar6 by injecting those signals in the longest O2 stretch of data closest to the

trigger time of GW170817 (starting at GPS time 1186898000), and searching with

a template bank that considers all combinations of physical parameters one step

away from the injected waveform (this is similar to what is done in Section 3.5.2).

The results of this test are compared to STAMP’s results for GW170817 in Figure

3.12.

From Figure 3.12 we see that CoCoA (blue bars), even in its least sensitive stochas-

tic limit, is more sensitive than STAMP. But, the gained sensitivity comes at the

expenses of computational cost. This is ultimately related to the fact that while

CoCoA is a template-based search that considers the expected physics behind the

time-frequency tracks it searches for, STAMP time-frequency maps are build us-

ing analytic methods that do not consider specific models. While this reduces the

STAMP search sensitivity, it makes it computationally more feasible in the pres-

ence of large signal uncertainties. Indeed, the red and green bars in Figure 3.12

show the results of the STAMP search reported in [33]. The last targeted bar-like

GWs starting at the time of the GW170817 merger and ending ∼ 8.5 days after the

merger, thus allowing for a tunc much greater than the 2 s considered for a CoCoA

search (light and dark blue bars). The STAMP search was carried out using time-

frequency maps of duration 500 s, ton times with 50% overlap from the previous

time-frequency map, and an SFT duration of 1 s, for a total of 1250 × 103 trials.

If we were to build a CoCoA search with the same choice of tunc ∼ 8.5 days and

keeping ∆ton = 0.25 s, we would need ∼ 3 × 106 choices of ton for each (β, M , R,

B) and 144 × 109 trials for the full search (Figure 3.12, light blue). A search of this
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Figure 3.11: The combined background distribution of the ρ̃max statistic for a search on O2 data
that considers Bar1-6, the waveforms with all combinations of (β,M,R,B) one step away from
those of Bar1-6, and 9 choices of ton, for a total number of trials of Ntrial = 481. The grey his-
togram shows the results of the search over 9.1 days of real O2 data before the time of the merger of
GW170817. This background is used to set the FAP threshold for the comparison to STAMP test.
The pink histogram shows the background when using simulated O2-like Gaussian noise similar to
what is used in Section 3.4. The thresholds for a FAP of 1% for both the real and simulated data are
show using black- and red-dashed lines, respectively.

magnitude would cost 250 GSUs, which is 5 orders of magnitude larger than other

LIGO searches, (e.g., [131]) and is therefore computationally unfeasible.
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Figure 3.12: Horizon distances for STAMP as in [33] compared to the ones of a CoCoA stochastic
search. CoCoA (dark and light blue), even with the less sensitive stochastic limit, is more sensitive
than STAMP (red and green). But, the gained sensitivity comes at the expenses of computational
cost. A CoCoA search with tunc = 8.5 d (light blue), like that used by the STAMP search presented
in [33], produces a number of trials 6 orders of magnitude larger. Similarly, a CoCoA search with
tunc = 2 s (dark blue) produces a number of trials only about a factor of two smaller than a STAMP
search with a much longer timing uncertainty of tunc = 8.5 d. We note that the Coherent Wave
Burst (cWB) pipeline [39] has also produced upper-limits for the GW170817 post-merger search
that are comparable to the STAMP ones shown here (see [33]).

In conclusion, we can say that the STAMP and CoCoA approaches are comple-

mentary, and we advocate for running searches with both as the most likely way

for maximizing chances of detecting intermediate-duration post-merger signals.
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CHAPTER 4

TESTING CoCoA ON LIGO DATA AND LSC REVIEW

As described in the previous Chapter, a significant part of this Thesis is the de-

velopment of CoCoA. Within the LSC, any new data analysis algorithm is required

to undergo an internal review so it can become an official data analysis tool of the

collaboration. The LSC review of CoCoA and the tests performed to satisfy such

review are the topic of this Chapter.

The LSC review of CoCoA began in January of 2020 and was completed in May

of the same year. The goal of CoCoA’s review was to ensure that the pipeline works

as expected and that it is ready to be utilized for LSC searches of post-merger /

post-collapse GWs from significant GRBs and/or merger events. The review pro-

cess concluded that CoCoA works as designed through end to end code tests, as

well as tests of specific functionalities. The review was conducted via a combina-

tion of seminar style review telecons that explained each portion of the code and its

functionality/output, and of code tutorials aimed at enabling the reviewers to use

the code itself. Tests of specific functionalities of the code included sanity checks

of the background distribution produced by CoCoA, of the injections, of the ef-

fects of template mismatch compared to signal injection, and of the code behavior

for different FAP and FDP thresholds. Extensive tests of signal recovery using

model templates was performed and the pipeline demonstrated clear efficacy for

the purposes of detection.
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Hereafter we highlight some of the most significant tests that were performed

during the code review. These were all conducted on LIGO O2 data publicly avail-

able on the LIGO Open Science Center (LOSC) [155].

4.1 Tests of detection efficiency, false alarm probability, and injection time

The first set of tests performed as part of the LSC review demonstrate how the

performance of CoCoA changes by adjusting certain key variables. Specifically, we

consider (i) changing the FDP from 50% to 10% and (ii) randomizing the injection

time tinj rather than having it always fall exactly in between two adjacent SFT bins

(a choice that maximizes the mismatch between injections and templates). We test

these changes on two representative searches. A first search of CM09long with

tunc = 120 s, Non = 60, and Tcoh = 1 s; and a second search of CM09short with

tunc = 2 s, Non = 1, and and Tcoh = 4 s. These coherence time values are chosen

based on the optimization procedure shown in Figures 3.7 and 3.9.

Our results are reported in Table 4.1, where for reference we also show the dis-

tance horizons obtained for FDP = 50%, for injections times matching exactly the

start times of the template waveforms (which eliminates the mismatch between

the injected signal and searched for template; see d90%
nomis and d90%

nomis in Table 4.1), and

for injection times always in between adjacent SFT bins (which maximizes the mis-

match between injected and template waveforms; see d90%
maxmis and d90%

maxmis in Table

4.1).

Unsurprisingly, when the onset time is randomized, the sensitivity of the search

(see d50%
randinj and d90%

randinj in Table 4.1) falls in between the two extremes of no mis-

match and maximized mismatch. Also unsurprisingly, we find that decreasing the
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Table 4.1: CoCoA performance with varying FDP and injection times. See Section 4.1 for
discussion.

Waveform tcoh tunc Non d50%
nomis d90%

nomis d50%
maxmis d90%

maxmis d50%
randinj d90%

randinj

(s) (s) (Mpc) (Mpc) (Mpc) (Mpc) (Mpc) (Mpc)
CM09long 1 120 60 15.0 ± 0.5 12.3 ± 0.4 12.8 ± 0.5 10.4 ± 0.4 13.6 ± 0.5 11.5 ± 0.4
CM09short 4 2 1 60.0 ± 0.7 46.0 ± 0.7 45.5 ± 0.7 37.9 ± 0.6 52.8 ± 0.7 42.6 ± 0.6

allowed FDP reduces the sensitivity of the search, so the distance horizons for

FDP = 10% are ∼ 15%− 30% smaller than for FDP = 50%.

Additional tests involved taking Bar1 (see Table 3.1) and injecting it at many

different distances in order to measure detection horizons as explained in Chapter

3.

In Figure 4.1 we find the distance horizons of Bar1 at 50% efficiency for three

individual choices of FAP (5%, 1%, and 0.5%). The distances that correspond to

50% detection efficiency for each value of FAP are ≈ 43 Mpc for FAP = 5%,

≈ 37 Mpc for FAP = 1% and ≈ 34 Mpc for FAP = 0.5%. When the signal is

injected at a distance matching the recovered distance horizon, we measure the

efficiency to verify that it is≈ 50%. At 43 Mpc and FAP = 5% the efficiency is 48%,

at 37 Mpc and FAP = 1% the efficiency is 47%, and at 34 Mpc and FAP = 0.5%

the efficiency is 50%. As all efficiencies lie within 5% of the expected efficiency

(the calculated error for the number of injections performed in this test) and as

distances scale appropriately with changes in FAP , we conclude that CoCoA’s

code appropriately considers the FAP .

In Figure 4.2 we find the distance horizons with FAP = 1% and three differ-

ent values of FDP (10%, 25%, and 50%). The distances for each chosen value of

FDP are ≈ 28 Mpc for FDP = 10%, ≈ 31 Mpc for FDP = 25%, and ≈ 37 Mpc

for FDP = 50% (the same as the previous example). We further measure the ef-
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Figure 4.1: Detection efficiency (1 − FDP ) vs distance d for a semi-coherent search with Bar1
injected. Different colored dots (blue, red, black) measure efficiency from a FAPth measured from
different choices of FAP (5%,1%,0.5% respectively). Squares note the distance at 50% detection
efficiency for each unique choice of FAP .

ficiency when the signal is injected at each of the listed distance horizons to see if

the measured efficiency (1 − FDP ) matches what is expected. When injected at

≈ 28 Mpc we measure an efficiency of 90%, when injected at≈ 31 Mpc we measure

an efficiency of 73%, and when injected at ≈ 37 Mpc we measure an efficiency of

47%. Again, all efficiencies match what is expected within 5%, and the FDP scales

as expected. Thus, we conclude that CoCoA correctly handles different choices of

FDP .
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Figure 4.2: Detection efficiency (1 − FDP ) vs distance d for a semi-coherent search with Bar1
injected and a FAP of 1%. Different dotted lines mark different choices of FDP and thus different
choices of detection efficiency. Colored squares are placed at distances that correspond with the
colored choice of FDP

4.2 Data Quality Choices and Their Effects on CoCoA Sensitivity

From known spectral lines to random short duration glitches, ground-based

GW detectors like LIGO are notorious for noisy output. Noise sources must be

taken into account by any algorithm that makes use of LIGO data. Fortunately,

the quality of data output by the LIGO detectors is an area of continued investiga-

tion [162, 163]. As such, many techniques have emerged in dealing with the most

important noise features [109, 111, 112, 155, 164]. As part of the LSC review of
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CoCoA, we have tested the effect that different data quality choices have on the

sensitivity of the search.

As discussed in Section 2.2.2, noise transients can have various effects on the

LIGO data. ’Spectral lines’, or persistent narrow peaks in the strain sensitivity as a

function of frequency are not found to cause any significant deviations to CoCoA’s

output. However, short-lived noise transients that cover a broad spectrum (such

as the one shown in Figure 4.4) can be shown to impact the shape of CoCoA’s

background distribution. In our first test of the pipeline over a significantly long

stretch of data, we took raw O2 detector data and built a background with ≈ 2500

realizations of the noise that one would measure in a search based on a template

bank made of∼ 60 templates with parameters varying in ranges relevant for a

GRB magnetar search. Two different background distributions were built using

the semi-coherent and stochastic CoCoA approaches (see Sections 3.1.2 and 3.1.4

respectively) and were compared to results on simulated Gaussian noise. From

Figure 4.3 we can see that there is good agreement between the background when

real and simulated data is used for the stochastic search, however when the semi-

coherent approach is used a large number of outliers, indicated by a red circle in

the Figure, exist in the background distribution. These outliers are generated from

the self-pair correlation of short lived glitches present in the data (see Figure 4.4

for example).

In order to ensure that the number of outliers that populate the background of

a search are minimized (and to ensure that data that contains glitches is excluded)

we apply the following data quality techniques. First, we veto all data that do

not pass burst category-3 vetoes. Category-3 vetoes are applied to data where
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Figure 4.3: A ≈ 2500 realization background where ∼ 60 templates that will be used in the
GW170817 search (see Chapter 5) are considered. The grey histogram represents the background
from real O2 detector data that is not edited in any way. The pink histogram represents the back-
ground from simulated noise as in Chapter 3.3. Left is the background when a semi-coherent ap-
proach is used, right considers stochastic correlation. The red circle indicates a number of outliers
in the the real semi-coherent background.

statistical coupling between a sensor/auxiliary channel and the strain channel is

not well understood. Data vetoed from category-3 also includes data that failed

category-1 vetoes (data with a critical issue, i.e. a key detector component not

operated in its nominal configuration) and category-2 vetoes (data where there is

a known, understood physical coupling between a sensor/auxiliary channel that

monitors excess noise) [155].

Following the removal of all data that does not pass burst category-3 veto tests,

we apply a data gating procedure that is commonly used for LIGO data analy-

ses (see e.g. [2, 121]). Gating works by identifying glitches with a high-pass filter

and removes them using an inverse Planck windowing function [121]. For our
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Figure 4.4: A spectrogram plot of the detector data from H1 at GPS time = 1186572480. The color
axis shows the normalized PSD (a normalized PSD of 1 implies that the PSD at a given frequency
matches the average PSD for the detector across the data used for the full background). The dark
blue coloring indicates a strong abnormality in the detector data near the stated GPS time. We state
that this abnormality is a glitch and should be excluded from the background.

purposes we choose a high-pass filter of 15 times the median for the stretch of

data used in each detector, 1 s SFTs for the planck window, and 0.25 s half-width
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time duration of the window in which the time series is set to zero. By apply-

ing category-3 vetoes and gating the remaining data, we successfully remove all

outliers as shown in Figure 4.5.

Figure 4.5: A ≈ 2500 realization background when ∼ 60 templates that will be used in the
GW170817 search (see Chapter 5) are put through the algorithm using a semi-coherent approach.
The grey histogram represents the background from real O2 detector data that is both vetoed and
gated. The pink histogram represents the background from simulated noise as in Chapter 3.3. All
outliers identified in Figure 4.3 have been removed.

In order to ensure that gating does not affect the sensitivity of a search, we test

whether or not data with the signal injected is altered by the gating procedure. We
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take three 225 second sections of cat-3 approved data and inject a Bar1 signal of

duration 224 s, starting 0.125s after the noise begins. We inject the waveform at

various distances, ranging from 1 Mpc to 100 Mpc, to see if the amplitude of the

signal has an effect on the procedure. We then gate the data and look for differ-

ences in the data stream before gating and after. The result is as expected that no

differences are found between gated and non-gated data. We conclude that gating

has no effect on the intermediate duration signals CoCoA is interested in searching

for.

While gating has no effect on the sensitivity of CoCoA it is obvious how includ-

ing category-3 vetoes can decrease the sensitivity of our algorithm. Vetoes can

occur at any time, including during times when a signal is expected to occur. To

measure the change in sensitivity due to this issue, we perform a search on a Bar1

injected signal, where the data centered around the signal peak are vetoed for var-

ious time periods. In Figure 4.6 we see how vetoes of various durations diminish

the sensitivity of a CoCoA search. If the glitch has a short duration, CoCoA’s sen-

sitivity is not strongly affected. However, if the veto duration is significant com-

pared to the duration of the expected signal, the sensitivity of any CoCoA search is

significantly impaired. This implies that before beginning any CoCoA search one

must carefully consider if the data quality around the time of interest (GRB trigger

time) is sufficiently good.
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Figure 4.6: These sets of plots show the results of a test that demonstrates how CoCoA loses
sensitivity if data during the time of a GW event is vetoed. The plots on the left show the h(t)
evolution of the Bar1 signal for vetoes of varying duration. The plots on the right show the sygmoid
efficiency curve for a search of the waveforms surrounding Bar1 in the parameter space if the data
is vetoed as in the plot directly to its left. The veto durations from top to bottom are as follows: 0 s,
5 s, 20 s, 100 s, 180 s.
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4.3 The Effects of Template Overlap

Templates that assume similar parameters are likely to produce time-frequency

tracks with significant overlap. As CoCoA builds its detection statistic through

the summation of cross-correlated SFT pairs, time-frequency tracks that contain a

significant number of the same frequency bins will produce values of ρ̃ that are

not completely independent of each other. Likewise, as there is statistical variance

in the value of ρ̃ even when a signal is injected it is possible that any template

with significant overlap with the true GW signal may generate the loudest value

of ρ̃. While overlap was mentioned briefly in Chapter 3.5.1, in what follows we

define how overlap is calculated, present the overlap found in different templates

throughout our parameter space, then test how templates with different values of

overlap with an injected signal behave using our algorithm.

In order to measure overlap between templates we introduce the overlap ratio,

Oratio, to quantify how similar two separate time-frequency tracks are to each other.

For this ratio we assume that one set of time-frequency bins belongs to the searched

for template and another is the ’true’ signal or the signal that is injected into the

noise from the source. For a monochromatic wave one could simply take the ratio

of identical SFT bins in both the template and the signal to the total number of

SFTs. However, the signals that CoCoA is designed to consider are not monochro-

matic. CoCoA’s algorithm is more sensitive to SFTs that occur at times where the

GW strain is larger compared to the rest of the signal. If the searched for template

overlaps the true signals time-frequency bin for a given SFT time, the overlap ratio

must increase proportionally to the signal’s GW strain at that time. Thus, we make

use of a weighted average to compute Oratio, where the weight of each SFT is com-
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puted by taking the GW strain at the time of that SFT and dividing by the average

strain across the full signal:

Oratio =
1

NSFT

NSFT∑
I

h(TI)

< h(t) >
δk(I),k′(I) (4.1)

where I is the time index, k(I) (k′(I)) is the frequency index corresponding to the

frequency bin at which all of the signal (template) power is concentrated at time

TI , and δk,k′ = 1 if k = k′ or zero otherwise. In the sum above, h(TI) represents

the GW strain for the signal at the central time of the I-th bin. Thus, templates

with Oratio = 1 match the injected signal completely and templates with Oratio = 0

share no frequency bins with the injected signal and will produce a value of ρ̃ that

matches what one would expect if only noise were present in the detector.

As an example of the overlap, we take the signal produced by a secularly-unstable

NS with R = 13 km, and B = 3× 1013 G, and templates with slightly different val-

ues of magnetic field and radius, along a grid of values with steps determined as

discussed in Section 3.4.2. As evident from Figures 4.7 and 4.8, after a few steps in

our parameter space grid, templates do not overlap significantly. From Figure 4.8

a clear correlation between magnetic field and start time is seen. Because a higher

magnetic field speeds up the evolution of the secularly unstable magnetar along

a given sequence of ellipsoidal deformations which is determined solely by the

other NS parameters, if the template’s value ofB is smaller than the injected value,

one may compensate the mismatch by having the slower template time-frequency

track (lower value of B) start earlier than the injected one. This effect is shown

directly in Figure 4.9. Changes in the initial radius of the NS do not compensate

shifts in the other two parameters as R controls how the star spins and thus the
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GW frequency that the model predicts. As in the GW170817 search (see Chapter

5 and section 3.4.1) we allow a maximum timing uncertainty of 2 s in start time.

From Figure 4.8 we see that even with the maximum timing uncertainty, templates

& 10 steps in magnetic field will not overlap the true signal significantly.

Figure 4.7: Overlap of time frequency bins in our parameter space. The Y-axis shows steps in R
(1 step is 20 meters) and the X-axis shows steps in B (1 step is 1012 G). The color scale shows the
Oratio between the template at the dot’s location and the central template. A yellow dot represents a
template that perfectly overlaps the ’true’ signal (i.e. the template and injected signal have identical
time-frequency tracks), black dots represent templates with Oratio ≤ 0.75 to the injected signal
(templates with less than 0.75 overlap ratio are not expected to produce significant values of ρ̃).
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Figure 4.8: Template overlap with the central injected signal waveform when the template assumes
a different start time than the signal injection time. Left plots assume the template starts after the
signal start time, right side assumes the template start time is before signal start time. Top assumes
a difference in start time of one SFT bin (0.25 s), bottom plots assume difference in start time equal
to the maximum timing uncertainty of 2 s.

Next, we inject the waveform with B = 3× 1013 G and R = 13 km into 10 unique

stretches of real data and perform a search with all templates in Figure 4.7, while
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Figure 4.9: A comparison of the time-frequency evolution generated from a signal with B =
3 × 1013 G and R = 13 km (blue line) compared to the time-frequency evolution template built
from those same parameters plus (red) or minus (green) one step in B. The SFT bins that capture
the time-frequency evolution of the central waveform are shown by rectangles with black borders.
When the start time of the f-t track is set to either begin before (red) or after (green) the blue line
we can see that the time-frequency evolution is better matched (time-frequency tracks with different
start times are displayed through dashed lines of the appropriate color).

also allowing up to 1 s difference in start time between templates with same NS pa-

rameters, sampled at steps of 0.25 s. . The results are displayed in Figures 4.10 and

4.11. As evident from these Figures, templates with greater overlap correspond to

larger values of ρ̃, which shows that CoCoA works as expected. More specifically,

from the right plot of Figure 4.11 we can see that signals with ∼ 95% overlap are

within one standard deviation of the value of ρ̃ produced when the template over-
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Figure 4.10: A signal with physical parameters = 3 × 1013 G and R = 13 km is injected at a
distance of 20 Mpc in 10 unique stretches of O2 data and searched for using templates with various
overlap ratios. The x-axis shows the time the template starts relative to the injection time, and the
y-axis displays the mean value of ρ̃ (see equations 3.33 and 3.25) produced from that particular
template for the 10 unique injections. The template Oratio is displayed via the color of the dot. The
FAP = 1% threshold is displayed with the horizontal black dotted line for reference. As evident
from this Figure, templates with greater overlap correspond to larger values of ρ̃, which shows that
CoCoA works as expected.

laps the signal perfectly. Thus, as expected, due to statistical fluctuations, signals

with significant overlap can sometimes produce the loudest trigger, even when a

different template matches the true signal better.
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Figure 4.11: The results of the same test as in Figure 4.10 are displayed again in the Figures
above. In the plot on the left the mean value of ρ̃ from each template is displayed on the x-axis and
Oratio for that template is displayed on the y-axis. The mean value of the template’s ρ̃ generated
from the 10 on-source like windows ± the standard deviation in ρ̃ is displayed to estimate the error
in ρ̃ (right).
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CHAPTER 5

GW170817 POST-MERGER SEARCH USING CoCoA

In what follows we describe an ongoing search for the remnant of GW170817

using CoCoA. The results of this chapter will be included in a paper currently in

preparation, to be submitted to the Astrophysical Journal (“A CoCoA search for

a secularly-unstable magnetar remnant from GW17081”, Sowell et al. 2020). As

previously mentioned, this search is motivated by the results described in Chapter

3/[41], which demonstrate that the CoCoA pipeline is likely to improve substan-

tially on the results of currently published searches for post-merger remnants in

GW170817 (see [33, 36]). In Section 5.3 we compare upper limits from our CoCoA

search to upper limits of other pipelines that considered the same signals and data.

We note that at the time of writing this Thesis, we have not yet analyzed the on-

source window (or the stretch of data closest to the GW170817 merger time where

we expect a potential GW signal from the remnant to be) to make a detection /

non-detection statement. This on-source analysis will however be included in the

paper currently in preparation. All data used for the search here presented are

publicly available from the LOSC ([155, 165]).

5.1 A template bank of secularly unstable magnetars

Our search is designed similarly to what is described in Chapter 3 (see Sections

3.4.2 and 3.6). The parameter space of the search is built under the assumption that

a magnetar forms shortly after the binary NS merger that triggered GW170817, and

that the magnetar remnant undergoes a secular bar-mode instability as described

in Section 3.2.
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Figure 5.1: The parameter space spanned by this search in blue. All signals must span at least
560 s during the duration in which 99.9% of the total GW energy is radiated.

Similarly to what was done in the first GW post-merger search published by

the LSC [33], we set fixed values of M = 2.6 M� and β = 0.2 (for the reasons

stated in sections 3.2 and 3.4.2) and span a range of plausible values for B, R, and

t0 (see Table 3.1). We use discrete steps of ∆B = 1012 G and ∆R = 0.02 km.

While the first LSC-authored post-merger search of GW170817 spanned a range of

magnetic field values between 1013 to 5× 1014 Gauss and the radii ranged from 12-

14 km, here for each value of the radius, R, we set an upper-bound on the possible
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corresponding value of B so as to ensure that the waveforms have durations that

the CoCoA pipeline is designed to search for & 500 s. More specifically, in Figure

3.12 it was demonstrated that Bar2, the slowest evolving signal, was the signal

with the greatest CoCoA distance horizon. By applying the same test considered

in Section 3.5.1, we find it is optimal to search for a signal like Bar2 by setting

Tcoh = 2.5 s, Ncoh = 256, and Tobs = 560 s. We thus restrict our template bank by

ensuring all signals in the template bank extend for a duration of 560 s without

radiating away more than 99.9% of their GW energy (see the purple area in Figure

5.1).

We then take ∆TSFT = 0.25 s to ensure that the time-frequency evolution of

the fastest evolving signals in the template bank can be assumed to be quasi-

monochromatic throughout the duration of the SFT (see Table 3.1). The range of

t0 is set as described in Section 3.4 by assuming that a magnetar acting as the cen-

tral engine which powers a GRB must form between the time of the triggering

event (BNS merger) and the prompt emission of the associated burst of gamma-

rays (GRB). In the case of GW170817, this assumption leaves an ∼ 2 s total uncer-

tainty on t0, which we sample at intervals of ∆ton = 0.25 s, equal to the value of

∆TSFT. Thus, our full search considers 168390 unique templates.

We note that the full parameter space will be spanned with CoCoA so that tem-

plates in the grey area in Figure 5.1 will also be probed. This will require searching

on a smaller common Tobs compared to the 560 s used in the search of the purple

region, and would likely yield less promising results in terms of distance reach.
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5.2 Search procedure

In order to match the previous GW170817 postmerger searches performed on

this class of signals [33], we set the false alarm probability, FAP , of our search

at 1% and the false dismissal probability, FDP , of our search at 50%. The on-

source window of the search, or the stretch of data where we expect the signal to

appear, has duration Tobs + tunc = 562 s. In order to simulate ≈ 2500 independent

background realizations we take ∼ 900000 s (∼ 10 days) of non-continuous O2

LIGO detector data that has passed burst category-3 vetoes beginning on July 24,

2017 at GPS time 1184870000 and ending at GPS time 1186939000, approximately

20 hours before the merger. Any remaining high amplitude peaks in the data of

both the on and off-source windows are removed through gating as described in

Section 4.2.

The search then proceeds as follows:

1. A background is built for each template using ≈ 2500 unique realizations

of 562-second long stretches of data (hereafter dubbed background realiza-

tions). Each realization of the background is spaced such that there is no

overlap in the time-frequency domain (see Figure 3.3 for an example).

2. A combined background distribution is built from all the templates, by se-

lecting ρ̃max for each realization of the background (see Section 3.4).

3. A FAP threshold is set by determining the value of ρ̃max above which only

1% of the background distribution lies (see Figure 5.2).

4. Signals matching waveforms Bar1-4 are injected into the background data

at different distances. These signals represent the evolution of a secularly
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Figure 5.2: The grey area represents the background built from the largest value of ρ̃. The dashed
black line represents the cumulative distribution function (CDF) of the background. The dotted
black line represents the FAP threshold for a FAP of 1%, which corresponds with a FAP threshold
of ρ̃ ≈ 642.

unstable magnetar with physical parameters that fall within the parameter

space of this search. Bar1 and Bar3 have R = 12 km, while Bar2 and Bar4

have R = 14 km. In terms of magnetic field, Bar1 and Bar2 have B = 1013 G,

while and Bar3 and Bar4 have B = 1014 G see (Table 3.1).
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5. A new statistical distribution for ρ̃max is built by searching through the data

where the signals have been injected using a reduced template bank that con-

siders only the templates that matches the signal that was injected and tem-

plates with similar time-frequency tracks (similar to what is done in Section

3.4).

6. The detection efficiency is determined for each injection distance by finding

the probability that the search produced a ρ̃max larger than the FAP thresh-

old.

7. Efficiency vs.injection distance data points are fit to a sygmoid curve and

the distance that corresponds to the (1-FDP ) efficiency is reported as the

distance horizon for that particular signal.

The majority of the search’s computational cost is in the generation of the com-

bined background. Each template requires ∼ 0.5 core hours or “Standard Units”

for ≈ 2500 background realizations plus one on-source realization. The full search

with 168390 templates required ∼ 85000 SUs of computing power.

5.3 Results

5.3.1 Upper limits and comparison to other pipelines

The 50% distance horizons obtained from this search are shown in Figure 5.3.

The distance horizons range between 22.3 ± 0.3 Mpc (Bar3) and 25.5 ± 0.3 Mpc

(Bar2), a factor of ∼ 10 better than the detectable distance for the same signals in the

first GW170817 post-merger search published by the LSC [33]. Using simulated data

we estimate that, once LIGO reaches its advanced design sensitivity, the horizon

distances of a CoCoA search for these same signals will reach ≈ 44 and ≈ 52 Mpc,
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Figure 5.3: A bar graph that shows the upper limits from the 4 barmode waveforms included in
both this search and the first LIGO post-merger search (see table 3.1). The distance horizons are
calculated with 1% FAP and 50% FDP . CoCoA results from this search are in blue. Distances
from the STAMP pipelines Lonegard and Zebratrack from the first GW170817 postmerger search
are in green and red respectively.

respectively. These results are encouraging as an event like GW170817 (located

at 40 Mpc) would be within horizon. We stress again that these results are only

achieved by CoCoA when the types of signals considered by the search are con-

strained within the parameter space described in Section 5.1. Other LSC pipelines

such as STAMP may detect signals with a range of time-frequency evolutions (es-

pecially faster-evolving ones) with smaller computational cost, though with re-

duced sensitivity.
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Our upper-limits can be equivalently expressed in terms of root-sum square am-

plitude at the Earth, hrss, of the corresponding signals, namely:

hrss =

√√√√NSFT∑
I

h2(TI), (5.1)

where h(TI) is the value of h(t) calculated from equation 3.30 at the central time of

the I-th SFT and at the 50% distance horizon of the signal in question.

Figure 5.4: The hrss value at 50% detection efficiency of each Bar-mode waveform searched for
during both this search and the first LIGO post-merger search. The hrss value is contrasted with
the average amplitude spectral density for the off-source data used to build the background of this
search. The colored lines matching the legend colors of each waveform represent the full frequency
range of the time-frequency track at the 50% detection efficiency found by the CoCoA pipeline in
this search. Downward facing triangles are placed at the CoCoA 50% detection hrss value and at the
average frequency (f̄ ), while squares and circles represent the hrss values from the STAMP detectors
respectively.
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We finally note that the prospects for CoCoA remnant searches will continue

to improve as further progress is made with GW detectors. With all 3 planned

LIGO detectors (H1, L1, and the detector currently planned in India) at nominal

advanced sensitivity and the VIRGO detector at nominal sensitivity, CoCoA can

reach horizon distance between ∼ 60 and 70 Mpc. Further enhancements in LIGO

sensitivity beyond the nominal advanced one are also planned [116, 117, 118], and

are expected to further improve our chances for an astrophysical detection.
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CHAPTER 6

DISCUSSION AND CONCLUSION

The work done as part of this thesis has advanced CoCoA from an early-stage

formulation to a tool that has now been formally approved by the LSC, and is

being used for a real targeted GRB remnant search. Compared to the results orig-

inally presented in [32], CoCoA has been substantially developed to ensure it can

run on real GW detector data, and that it can incorporate a multi-trial statistic

allowing for searches spanning a large bank of templates accounting for signal un-

certainties [41]. All CoCoA results have been shown specifically for the case of

bar-mode instabilities of millisecond magnetars formed in GRBs [28], but can be

easily generalized to other time-frequency tracks of similar durations, associated

with quasi-monochromatic GW signals (see e.g., [29, 30, 146]).

The results of the GW170817 post-merger search are particularly noteworthy.

For a binary NS merger rate in the range (0.32 - 4.760)×10−6 Mpc−3 yr−1 [166,

51], we expect 0.004 - 0.08 events yr−1 within the range of distances that we can

probe with data collected during O2 (when GW170817 occurred). However, with

three GW detectors at nominal Advanced LIGO sensitivity and VIRGO also at

nominal advanced sensitivity as projected in Chapter 5, we can expect 0.07 - 1.68

events yr−1. These prospects improve further when considering signal types such

as CM09short which is shown in Chapter 3 to potentially be detectable within

100 Mpc. These signals may become of relevance in future post-merger searches.

Based on current limited estimates of short GRBs opening angles (e.g., [167]), we

expect . 10% of all short GRBs to launch jets aligned with our line of sight which

104



Texas Tech University, Eric Sowell, August 2020

could thus show X-ray plateaus that would enable us to set even more stringent

constraints on a potential magnetar remnant. Thus, a targeted CoCoA search for

short GRB remnants that employs a full parameter space at full advanced detec-

tors’ sensitivity may soon be capable of either making detections, or else signifi-

cantly constraining the most optimistic theoretical models.

Magnetars may also be formed in long-duration GRBs. Thus, long GRBs (and

specifically those with the characteristic X-ray plateau), will also provide inter-

esting targets for CoCoA. Long-duration GRBs are estimated to have observed

rates in the range 0.7-103 Gpc−3 yr−1 (depending on luminosity; see e.g. [19, 168,

169]). Using the nominal Advanced LIGO horizon distance for a CoCoA search of

CM09long of (30 Mpc; see Section 3.5.1), we can expect . 0.1 events yr−1. Indeed,

the closest detected long GRB, GRB 980425, occurred at a distance ≈ 39 ± 1 Mpc

[170], indicating that long GRBs at a distances of order 30 Mpc would be rare, but

possible. Overall, targeted searches for magnetars formed in long GRBs will likely

need to wait for second or third generation ground-based detectors in order for the

event rate to be significant [116, 117, 118]. Currently planned and funded upgrades

for Advanced LIGO may reach up to seven times the space volume the design sen-

sitivity detectors would be able to explore [116]. Such an increase would make long

GRB searches with CoCoA come into reach on far more reasonable timescales.

Overall the results presented in this thesis are encouraging, and improve greatly

on what was previously presented e.g. in [33], though with stricter constraints on

the parameter space that can be constrained. As underlined in Chapter 1, these

results have been presented in two published refereed journal articles [33, 41], and

are the subject of one paper currently in preparation. I have personally adver-
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tised the work here presented in a total of five presentations to LCS collaboration

meetings and conferences. Finally, thanks to the fact that my work has been car-

ried out within the larger scope of the LSC, I have also co-authored 32 additional

peer-reviewed journal articles (see appendix A).
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APPENDIX B

MISMATCH RATIO

In Chapter 3 we detailed different ways in which a CoCoA search may correlate

pairs, with the stochastic and matched filter limits making up the extremes. While

we have stated that the stochastic limit is the most robust against signal uncertain-

ties and the matched filter limit is the least robust, we have done so without any

formal proof. In this section we present a mathematical based reason to explain

the change in robustness against signal uncertainties when different correlation

methods are considered.

As can be seen from Eq. (3.14) the Npair directly correlates to the value of ρ. If the

template is very close to matching the time-frequency track of the actual signal,

then the Npair is directly correlated with the sensitivity of the search. However,

if the template incorrectly assumes the frequency of the GW signal for a given

SFT then every term which contains that SFT in the summation of the ρ-statistic is

similar to what would be expected from the correlation of detector noise. Thus, the

robustness of the search, or the amount of sensitivity that is lost for mismatched

SFT, is related to the ratio of pairs that contain a mismatched SFT, to the total Npair,

i.e.:

MMratio =
NMM,pair

Npair

(Bi)

Where MMratio is the ratio of mismatched pairs and NMM,pair is the number of

pairs which contain at least one mismatched SFT. Robustness can then be esti-

mated based on how the MMratio changes for a given number of mismatched SFTs,
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NMM,SFT. We note that the MMratio is not a perfect measure of the loss of sensitiv-

ity due to mismatch, as GW signals often have time-dependent amplitudes (see fig.

3.1). Instead, the MMratio serves as a rudimentary way to compare the robustness

of different correlation methods with the assumption that the same time-frequency

track is employed for all correlation methods.

As per 3.1.2, in the stochastic limit we correlate SFTs from different detectors at

the same time and the number of correlated pairs in Eq. (3.14) is Npair = Ndet ×

NSFT. As the signal is aligned in all detectors, so too should mismatched SFTs be

aligned at the same times. This means that NMM,pair = Ndet×NMM,SFTs, making the

mismatch ratio in the stochastic limit:

MMratio =
NMM,SFT

NSFT

(Bii)

In the matched-filter limit we correlate all possible pairs, including self-pairs,

giving Npair = (Ndet × NSFT)2. In this limit a mismatched SFT is correlated with

itself exactly once and with all other SFTs twice (the SFT will serve as both I and J,

see Eq. 3.15). Thus, theNMM,pair = N2
det(2NSFTNMM,SFT−N2

MM,SFT) and the mismath

ratio is:

MMratio =
2NSFTNMM,SFT −N2

MM,SFT

N2
SFT

=
2NMM,SFT

NSFT

−
N2

MM,SFT

N2
SFT

(Biii)

Which shows clearly that MMratio in the matched-filter limit is larger than in the

stochastic as in the matched-filter limit,MMratio is twice MMratio in the stochastic

limit with the subtraction of a small squared factor. This shows that the stochastic

limit is more robust against signal uncertainties than the matched filter limit.
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In the semi-coherent limit we correlate pairs within a bin, coherently and then

add the results of each bin incoherently, creating Npair = (Ndet × NrmSFT )2/Ncoh.

One may view the semi-coherent limit as ’quarantining’ mismatched SFTs within

their respective coherent bins. Thus, the NMM,pairs will depend on how the mis-

matched SFTs are distributed throughout the template and within each coherent

bin. Within each coherent bin the number of mismatched pairs behaves in a similar

way as described by the matched filter limit. For a coherent bin, I, that contains a

number of mismatched SFTs =NMM,I we produceNMM,pairs = N2
det(NMM,INSFT/Ncoh−

N2
MM,I). The mismatch ratio may then be represented as the sum of mismatch ratios

within each coherent bin.

MMratio =

Ncoh∑
I

Ncoh(2NMM,INSFT/Ncoh −N2
MM,I)

N2
SFT

=
1

NSFT

Ncoh∑
I

2NMM,I −
N2

MM,INcoh

NSFT

(Biv)

If Ncoh = 1, then this equation reduces to Eq. (Biii) and if Ncoh = NSFT/Ndet

and if we assume the GW signals are properly aligned in different detectors then

this equation reduces to Eq (Bii). For all other values of Ncoh, the MMratio will fall

between the extremes of the matched-filter and stochastic limits, with MMratio ap-

proaching the matched filter limit as Ncoh approaches 1 and MMratio approaching

the stochastic limit as Ncoh approaches NSFT/Ndet
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APPENDIX C

OVERLAP RATIO BETWEEN DIFFERENT TEMPLATES

In Chapter 3.5.1 we discuss how overlapping time-frequency templates may ef-

fect the background distribution, creating an effect where the probability distribu-

tion better matches an effective number of trials from Eq. (3.37) rather than the true

number of trials. From these tests it was discovered that the way in which SFTs are

correlated has a notable effect on the change in the number of effective trials (see

Fig. (3.6)). In this appendix we explore why the number of effective trials is af-

fected by the correlation method used by the search and present a mathematical

formulation to better understand our results.

The altering of the probability distribution when SFTs are overlapped in differ-

ent templates is not caused solely by the fact that the SFTs are overlapped, but

rather because correlate pairs in different templates produce identical results if

both SFTs in the pair are found in the individual templates. This can be seen from

Eqn. (3.14), where we can imagine that the same SFT data exists in two distinct

templates. If these SFTs are correlated it produces the same value within the sum-

mation of ρ, and we can no longer say that these two templates produced inde-

pendent detection statistic values. Thus, we re-purpose the overlap ratio, Oratio,

to describe the ratio of the number of pairs which contain two SFTs that are over-

lapped in another template, NO,pair, to the total Npair used in the search:

Oratio =
NO,pair

Npair

(Ci)
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When Oratio = 0, the templates are entirely independent and Neff,trials = Ntrials.

When Oratio = 1 then the templates are identical and Neff,trials = 1. We stress that

Oratio is not a direct way to measure the number of effective trials in a search. In-

stead Oratio correlates inversely with the Neff,trials, meaning that Oratio may provide

an easy and straightforward way to demonstrate how overlapping time-frequency

tracks causes a difference in Neff,trials assuming the only difference between two

example searches is the correlation choice. In what follows we describe Oratio as-

suming an arbitrary number of overlapping SFTs, NO,SFT, between two templates

in the stochastic, matched filter, and semi-coherent limits.

In the stochastic limit the total Npair = Ndet × NSFT. Likewise, as pairs are only

correlated across detectors at the same time we have NO,pair = Ndet×NO,SFT giving

a ratio of:

Oratio =
NO,SFT

NSFT

(Cii)

In the matched-filter limit we correlate all possible pairs giving a total Npair =

(Ndet×NSFT)2. As all SFTs that overlap with another template are paired, NO,pair =

(Ndet ×NO,SFT)2. The overlap ratio in the matched-filter limit is then:

Oratio =
N2

O,SFT

N2
SFT

(Ciii)

Comparing Eqs. (Cii) and (Ciii) we can see clearly that for 0 < NO,SFT < NSFT

the overlap ratio will always be closer to 1 in the stochastic limit. This means

that reduction in the Neff,trials is greater in stochastic searches as compared to MF

searches.

Lastly, in the semi-coherent limit we show that the overlap effect scales between

a stochastic search whenNcoh is maximized and a matched-filter whenNcoh is min-
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imized. In the semi-coherent limit we correlate all pairs that can be created within

a coherent bin. The number of pairs created when correlating in this manner is

Npair = (Ndet × NSFT)2/Ncoh. As pairs are only correlated within coherent bins,

NO,pair varies from bin to bin. However, for any Ith coherent bin, we may say the

NO,pair = (Ndet × NO,I)
2, where NO,I represents the number of overlapped SFTs in

that bin. As the bins are then added incoherently, we may likewise express Oratio

as the incoherent sum of coherent bins:

Oratio = Ncoh

Ncoh∑
I

N2
O,I

N2
SFT

(Civ)

If Ncoh = NSFT/Ndet this equation reduces to Eq. (Cii) and if Ncoh = 1 this equa-

tion becomes Eq. (Ciii). For all choices of Ncoh between the stochastic and MF

limits we would generate an intermediate value for Oratio, which would be closer

to 1 the greater the value of Ncoh as is shown in Fig. (3.8).
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APPENDIX D

EFFECTIVE NUMBER OF TRIALS AND DETECTION EFFICIENCY ERROR

ESTIMATION

In Section 3.5.1 and Figure 3.6 we discuss results of the CoCoA background dis-

tribution from multi-trial tests. These results show a difference in the expected

probability distribution (as in Eq. (3.36)) and the recovered distribution. This dif-

ference is caused by overlapping time-frequency tracks of different templates in

the template bank, and is quantified in Figure 3.6 via the definition of an effective

number of trials. The method we use to calculate the effective number of trials is

defined below.

We start by solving Equation (3.36) for many different probability distribution

functions (P(ρ̃max)) using values of effective trials (Neff,trials) ranging from 0.1 to the

true Ntrials + 1 with steps of 0.1 trials. After generating the probability function

in Equation (3.36) for each sampled value of Neff,trials we take the integral of the

probability function to generate the cumulative distribution function (CDF1). The

CDF for each value of Neff,trials is then compared to the empirical cumulative dis-

tribution function (ECDF2) from the recovered results. The comparison is done by

1Integration performed using the python scipy integration tool cumtrapz, which
uses cumulative trapezoidal integration technique. For more information see https:
//docs.scipy.org/doc/scipy/reference/tutorial/integrate.html [171]

2ECDFs are calculated using the python library statsmodels’ ECDF func-
tion in the distributions sub-library. For more information see https:
//www.statsmodels.org/stable/generated/statsmodels.distributions.empiricaldistribution.ECDF.html
[172].
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using the coefficient of determination (R2) which is defined by:

R2 = 1−

∑
i

(yi − fi)2∑
i

(yi − y)2
, (Di)

where y refers to observed data, y refers to the mean of observed data and f refers

to expected data [173]. In our case y refers to the ECDF from recovered results and

f refers to the analytic CDF generated from a given value of Neff,trials. The Neff,trials

that produces an R2 value closest to 1 is taken as the chosen value of Neff,trials.

The error on the effective number of trials is calculated considering that an

ECDF has an error bound by the Dvoretzky-Kiefer-Wolowitz (DKW) inequality

[174, 175]. The DKW inequality is a concentration inequality which provides bounds

on how a variable deviates from its expected value. Specifically, the error ε on the

ECDF (such that the true ECDF lies between the recovered ECDF + ε and the re-

covered ECDF - ε), is defined as:

ε =

√
ln( 2

α
)

2n
, (Dii)

where 1 − α is the associated probability, n is the number of samples (in our case

the number of background realizations as in Section 3.4.2). To estimate the error

on Neff,trials we thus perform R2 tests similarly to what described above, but using

the ECDF ±ε. The difference between the Neff,trials found when performing the R2

test on the ECDF and those found when performing the same test on the ECDF ±ε

is taken as the error in Neff,trials. As the R2 test only considers discretely sampled

values of Neff,trials, 0.1 effective trials apart, we also add an additional systematic

error of 0.05 on the estimated Neff,trials.

The DKW inequality is also used in the calculation of errors on the detection

efficiency and distance horizons. Because the FAP threshold for a given search
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makes use of the ECDF, the ε in Equation (Dii) also puts bounds on our error on the

detection efficiency for a chosen FAP (red errors bars in Figure 3.5). The recovered

efficiencies at each injected distance, as well as their upper- and lower-error ranges

are then fit to sygmoid curves (see the dashed lines in Figure 3.5). The distance that

corresponds to the point where the chosen FDP level (black-dotted line in Figure

3.5) crosses the sigmoid fit to the detection efficiency (black-dashed line in Figure

3.5), is then taken as the distance horizon for that given FDP (marked in green in

Figure 3.5). The error on such distance is estimated by using the points where the

sygmoids fits to the upper and lower bounds of the efficiency curve (red-dashed

lines in Figure 3.5) cross the chosen FDP (black-dotted line in Figure 3.5).
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