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DISSERTATION ABSTRACT
Matthew Ball
Doctor of Philosophy in Physics

Title: Using Gravitational Waves as a Probe into the Interior of Isolated Neutron
Stars

The ever-increasing sensitivity of the Advanced LIGO detectors presents
a host of new challenges and opportunities within gravitational wave (GW)
astronomy. The ability to observe more of the universe also opens the door to
unexpected outcomes. This will likely range from new types of astrophysical signals
that shed light on new physics to new types of background noise that require
novel techniques to mitigate. Both categories present new challenges that must be
overcome to best understand the vast amount of information that future observing
runs will bring. This dissertation explores my role in tackling problems in both of
these categories.

One of the worst potential noise sources in a GW detector network is
one that is coherent between multiple detectors. Modern analyses rely on the
assumption that real GW events will be coherent across long distances, but noise
artifacts will not. The transient magnetic fields generated by individual lightning
strokes can propagate great distances at nearly the speed of light potentially
causing unwanted noise artifacts coherent between detectors. We examine the
effects of this on current and future detectors.

The internal structure of neutron stars is largely unknown. GWs emitted
by oscillations within the star could teach us much about this structure. Highly

magnetized neutron stars emit X-ray flares that may be associated with these



oscillations. We present methods for extracting astrophysical parameters from these
signals that would augment future searches for GWs that target these objects.

These oscillations may also be generated by the process that causes glitches
in rotating pulsars. We augment our previous methods to consider pulsar glitches
and include a model for longer duration continuous waves that may also be
emitted. We perform a search for short duration GWs associated with a glitch in
the Vela pulsar from December 2016 and attempt to place limits on the neutron
star parameters. We then repeat this for the collaboration search for GWs from the
April 2024 Vela pulsar glitch.

This dissertation contains previously published and unpublished material.
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CHAPTER I
INTRODUCTION

On September 14, 2015, the Laser Interferometer Gravitational Wave
Observatory (LIGO) measured a fluctuation of spacetime smaller than the width
of a proton created by the merger of two black holes nearly one and a half billion
lightyears from Earth (B. Abbott et al., 2016b)). With this, the era of gravitational
wave astronomy had begun. The first and second observing runs (O1 and O2
respectively) would detect a total of 11 binary mergers (B. Abbott et al., |2019)
including the first binary neutron star merger (B. P. Abbott et al., [2017b]) along
with the coincident measurement of a gamma-ray burst (B. P. Abbott et al., 2017a;,
2017c)), ushering in the era of multimessenger astrophysics.

The third observing run was a bit tamer, bringing 39 candidates during
the first half (referred to as O3a) (R. Abbott et al., |2021d)) and an additional
35 candidates during O3b (R. Abbott et al. 2023)). While not capturing any
multimessenger detections, O3 did still bring two new binary neutron star mergers
(R. Abbott et al., 2021e) as well as the largest binary black hole merger observed
(R. Abbott et al., 2020). So far, the fourth observing run has continued the trend
of even more detections, with the most interesting detection being the merger of a
neutron star with a mass-gap object (Abac et al.l 2024)).

This dissertation tells the story of my path through GW astrophysics. In
Chapter [T} I lay the groundwork for how general relativity leads to gravitational
waves. [ also discuss how we measure them as well as describe a few common
sources. Then, in Chapter [[T]} T detail the smaller projects I worked on during my
time at the LIGO Hanford observatory in 2019. In Chapter [V] I present my first

major project, where I examined the effects of the magnetic fields from lightning
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strikes on the LIGO detector network as a source of coherent noise. In Chapter [V] I
pivot into astrophysical data analysis with a project seeking to improve searches for
GWs associated with magnetar flares through methods for performing parameter
estimation to extract neutron star parameters from results. Chapter [VI modifies
and extends this work to GWs associated with pulsar glitches, now combining long
duration continuous wave search results with short duration burst search results

in a first-of-its-kind analysis. I also apply these methods to the April 2024 Vela
pulsar glitch during O4. Finally, in Chapter [VII] I give some final thoughts on this

journey and some lessons learned.
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CHAPTER II
BACKGROUND

This chapter will provide an overview of how gravitational waves
mathematically arise from general relativity following discussions from Hartle
(2002); |[Landau and Lfshitz (1975); [Misner, Thorne, and Wheeler| (1973). This
chapter will also discuss various sources of gravitational waves as well as how they
are measured.
2.1 General Relativity and the Mathematics of Gravitational Waves

In classical, Newtonian mechanics, gravity is a force exerted by massive
objects on each other. In the simplest two-body system, the force is proportional
to the product of both masses and inversely proportional to the square of the
distance between them. G is the gravitational constant, approximately equal to

6.67 x 10~ "'Nm?kg 2.

Fo = G“:;"? (2.1)

Since the force of gravity is a conservative force, it can be expressed in terms
of a scalar field ®: F' = —V®. We can generally express this gravitational field in

terms of the mass distribution (density) p:

V20 = 4mp (2.2)

From a reductionist point of view, this roughly says that the curvature of
the gravitational field is equal to the mass distribution. We might then ask: what is

actually curving here?
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2.1.1 The Einstein Field Equations. General relativity suggests
that this medium is a 4-dimensional spacetime, and that this relation can instead
be written as in Equation [2.3] where G is the gravitational constant again, and c is

the speed of light.

Guy = 71—}“, (23)

Here, the curvature of the scalar gravitational field V2® and the scalar
mass,/density distribution p are replaced by the rank-2 tensors G, and 7},
respectively, where pu,v = 0,1,2,3. G, is referred to as the Einstein curvature
tensor and 7}, is the stress-energy tensor. As these are a four-dimensional tensors,
this actually represents 16 coupled, partial differential equations (though, since the
tensors are symmetric, there are only 10 unique equations).

Let’s break down these tensors a little. Starting with the stress-energy
tensor 7),,, we can divide it up into four primary pieces. Here, we let 7,5 = 1,2,3
in contrast to our previous definition(s) of y and v. T% is the scalar energy density.
T% is the momentum density along direction i. 7% is energy flux along direction j,
although since T" is symmetric, these two quantities are equivalent. Lastly, 7%/ is
the mechanical stress tensor, which describes the ¢th pressure applied to a surface
in direction j.

To understand the Einstein tensor G, we need to define a few quantities.
The backbone of general relativity is the metric tensor g,,, which describes how
displacements in one coordinate axis change as you vary other coordinates. The

metric tensor connected to the line element ds which describes the spacetime

distance of an infinitesimal displacement.
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ds® = g, dxtdx” (2.4)

For a flat spacetime in Cartesian coordinates, the metric is diagonal and the

line element takes the form:

ds® = — (cdt)? + dz® + dy? + d2* (2.5)

In a coordinate space described by some g,,,, we can describe the motion of

particles in free-fall via the geodesic equation:

d?x dzt dx?
MR I i ———— 2.6
ds? ' ds ds (2:6)

Where I'*,, are the Christoffel symbols, defined as

1
Fa;w = 59045 (augﬁu + augﬁu - aﬁgm/) (27)

We can then introduce the Riemann curvature tensor Rqgs,.,

Raﬂw = Yoy (aﬂlﬂﬁu - aVFVBM + Fvéurtsﬁu o Fvéuréﬁu) (2'8>

From the Riemann tensor, we can define the Ricci curvature tensor R, as a

partial contraction of the Riemann tensor:

R, =R, = 0.1°%, —0,1%,+T° arﬁw — Faﬁyrﬁw (2.9)

We can contract this further to define the Ricci scalar curvature

20



R=R" (2.10)

I

With these definitions, we can properly define the Einstein curvature tensor:

1 1
G;u/ = Gu~ (RWU — E(WVR) = R/“, — EgMVR (211)

2.1.2 Linearized Gravity. For weak-field situations, we consider a

perturbation to a flat spacetime of the form:

Gpw = M + Py | <<1 (2.12)

where 7, is the flat Minkowski metric (see Equation [2.5). Under this substitution,

the Christoffel symbols become:

7

1
re, = 577&5 (8uhsu + Ouhg, — Oshy) + O (B?) . (2.13)

We can also do this for the Ricel tensor:

Ry = 0,1, — 8,I%,, + O (h?)

1 (2.14)
=3 (&x&,hay + 0,0,h%, — 0,0%h,,, — @L@,,haa)
and the contracted Ricci scalar:
R = "Ry ~ 1" Ry = 0,0°h%; — 0,0°° (2.15)

Substituting this into the Einstein field equation gives (in geometric units

where c = G = 1)

21



1
G = 5 (DaDh®, + 00Dk, = 0ad s = DuDh = N 0ad Wy + M 0ad* B ) = 87T,
(2.16)
We can make the transformation (Equation [2.17)) where h = n*"h,,.
— 1
h;w = hf,uu - 577,uuh' (217)
We can then write the linearized field equation as:
OaOu", + 0u0uR" ) — 000" Ry — 1w 0a0°R" 5 = 167T},, (2.18)
This can be further simplified after considering gauge and coordinate
transformations. Consider the infinitesimal coordinate transformation
o =gt 4 En (2.19)
The metric will transform according to
o o 8:(:“ ax’/
G (7%) = g (@ )_(99(:”’ p (2.20)
This works out to
guv' ($a/) - gp’u’(xa) - az/gu’ - au’&/’ + O ((65)2) (221>

If we consider that our coordinate transformation is infinitesimal, then only

the perturbation should transform under this coordinate transform:

G (%) = Ny + Ry (%) = Ol — 0w + O ((9€)?) (2.22)
22



For this linearized gravity to hold under such a coordinate transformation,

we must require that the perturbation satisfy

h;rieuw = hzl;l - augu - au€l/

If we transform this back in terms of h, we get

—new —old a
h;w = h,uz/ - ugu - augu + mzﬁaﬁ

We can then introduce the gauge condition:

—hew Lo

Ouh =0

Imposing this gauge condition on Equation [2.24] gives

—new po

Ouh = 0,

—old pa
h

—9,0%€" =0

D 0" = 9, h"

(2.23)

(2.24)

(2.25)

(2.26)

As long as our choice of " satisfies this condition, we are free to use this

gauge transformation. The linearized field equations then reduce to

—00%hy,, = 167T),,

(2.27)

2.1.3 Plane Wave solutions in Vacuum. In the simplest case, we

consider how the perturbation metric E;w behaves in vacuum where 7, = 0

0a0%h,, =0

23
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This is simply a wave equation, so the simplest solution is a monochromatic,

plane wave:

h, = Re (auyeikaxa) (2.29)

where the values a,, and k, are constants that satisfy the requirements:

ko k™ =0
(2.30)
auk® =0
These conditions describe a transverse, plane wave with frequency w = kg =
(k:g—l—kf/—l—kf)l/ 2 traveling at the speed of light in the direction of the spatial 3-vector
k; with amplitude a,, .
2.1.4 Gravitational Wave Polarization. From the freedom of our
gauge transformation (Equation , we can choose functions £* such that we
can impose the extra constraints o/, = 0 and a,,u® = 0, where u* is a 4-velocity
representing a specific global Lorentz frame. Also, recall that h,, is symmetric, so
a,, must also be symmetric.
It helps to consider a stationary frame where u° = 1 and v’ = 0. The
two gauge-induced constraints tell us a few things about the amplitude a,,. The

condition in Equation 2.3 tells us that only the spatial components of a,, are non-

zero. The condition in Equation tells us that the trace of a,, must be zero.

Ayt =0
g (2.31)

CLMOZO
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(2.32)

Let’s also consider the case where the vector k' is pointing only in the +2z

direction, k' = (0,0,w). The constraint in Equation then becomes Equation

which tells us that all z-components of a,, must also be zero

auk® =0

ajgzO

(2.33)

After considering these constraints, we are left with

0 0

0 a1

=
|

pv
0 a12

0 0

0

Q12
—a

0

0
0
0
0

ezt (2.34)

The gauge transformations that let us reduce the metric perturbation to this

are referred to as the transverse-traceless gauge, which we will denote by 2. The

remaining amplitude terms are usually written as a;; = A, and a5 = Ay, alluding

to the two polarization vectors. We can visualize the effect of these polarizations

best by considering a ring of test particles and watching how they move as the wave

passes through the ring. From the components of a,,, we can estimate the effect by

essentially reading off the non-zero components. The polarization we call "plus"

represents the a,, and a,, components, so we might expect the ring to deform

along the x- and y-axes directly. Similarly, the "cross" polarization represents the
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e | O | () S
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Figure 1. Phase evolution of the effect of a GW passing through a ring of particles.
The two polarzations are shown separately. Here, we denote the plus polarization
by the unit vector e, and the cross polarization by the unit vector e,.

agy and a,, components, so we might expect the ring to deform along the y = £z
directions. Figure [I| shows this deformation explicitly.

2.1.5 Minimum Necessary Conditions for Emission. To consider
the emission of gravitational waves, we need to look at more general solutions to
the linearized field equations (Equation , this time without simplifying to a

vacuum solution. Integrating Equation gives Equation [2.35]

—w w4 o /
B (t,m):ﬁ/d%'T (L= |2 =2/ x) (2.35)

o~
Since, in practice, any measurement of gravitational waves will be far from

the source, we consider the far-field limit in Equation [2.36]

—uv 4G
e &

/ ELT(E — /e, o) (2.36)
From Equation [2.31 we know that far from the source in vacuum, only the
spatial part of s non-zero, so we need only consider the spatial components of

Equation [2.36 We can write it as
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_7'.7 3 I
W(tw) — /d Tt —r/e,a) (2.37)
In the limit of a flat spacetime, the stress-energy tensor obeys conservation

of energy and momentum (Equation [2.38]).

05T =0 (2.38)

We can break this up into time and spatial components and differentiate

with respect to time to get

52700 92T
o2 Oxidxi

(2.39)

Multiplying this by x'z7 and integrating over all space, we get the relation:

. 1 d? o
/d3:1:T”( )= SR 22! T (x) (2.40)

To get the far-field approximation in Equation [2.36] we implicitly assumed
that the wavelength of the radiation was large compared to the length scale of the
source. This has the added caveat of implying that the source must be slowly
varying, ie. the source is non-relativistic. We can safely assume that the total
energy of the source T%(x) will be dominated by the rest-mass energy of the source
w(x). Making this substitution, and we have the definition of the second moment of

the mass distribution:
IV = /dg’x,u(w)xixj (2.41)
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The far-field approximation for the gravitational wave metric can then be

written as:

—ij 2G d* .

We actually want this in the transverse-traceless gauge, h;fFjT as opposed to

77 We do this with the projection operator

Py = Ot — Wi my = 2 /7 (2.43)

We transform the second moment of the mass distribution /;; as

1
L' = Pulim Prj — 5 L (Pondmt) (2.44)

We go one step further by defining the reduced quadrupole moment

1

We can then write the perturbation metric in the transverse-traceless gauge

_2 dPFT(t—r)

TT
hij (tv 33) r dt?

(2.46)

2.1.6 Sources of Gravitational Waves. One of the most efficient
emitters of gravitational radiation is an orbiting binary system. Let’s consider two
point masses my and ms in the z; — x5 plane orbiting at a constant distance from
the origin r and 7y, respectively. We define the orbital separation a = r{ + o,
the total mass M = mj + may, the angle ¢ = wt between the x; axis and the

position vector of mass m; and linearly increases in time, and the reduced mass
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i = mymy/M. The non-zero components of the inertia tensor I;; are shown in

Equation [2.47|

1
I = Q’MGQ (14 cos2yp)

1
Iy = §ua2 (1 —cos2yp) (2.47)

1
[33 = §ILLCL2 sin 2%0

Plugging these into Equation m (and restoring factors of G and c¢), we get

Equation [2.48

L, cos2p sin2¢ 0
AGua w

T _
hij (ta 33) = A

sin2p —cos2p 0 (2.48)

0 0 0

The two polarizations can be read from the tensor components to get

Equation [2.49|

4G 2,2
hy = —# cos 2¢
cir
2.49
4G ua’w? | (2.49)
hy = ———F——sin2p
cir

The gravitational waves will be emitted at twice the orbital frequency
few = w/m. The GW polarizations are often written in terms of ¥ = aw which
from Kepler’s third law, can be written as v = (1GM fow)'/?. Equation m
also include a geometric correction for off-axis observation, parameterized by the
inclination angle ¢.

B 2Gu

2
h, = 5 (1 + cos? L) (Z> cos 2¢p
cr c

2Gp

(2.50)
hy = —

A 2
COSL(—) sin 2
c
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We can get an order of magnitude estimate of what this looks like in a
more tangible scenario. Consider two 25.0 M objects in a circular binary system
separated by 200 km at a distance of 30 Mpc from our detector and optimally
oriented (¢ = 0). This gives a dimensionless strain of approximately 2.9 x 10720
at about 290 Hz.

2.1.7 The First Detection of Gravitational Waves. Theory
was finally realized in September 2014, gravitational waves were observed from a
binary black hole merger (B. Abbott et al., | 2016b). This was the start of the first
observing run (O1), which ran until January 12 2016 with an angle-averaged BNS
sensitivity range of 80 Mpc. The second observing run (O2) began on November
30, 2016 and ran until August 25, 2017, with the Virgo detector joining briefly
near the end (the LIGO detectors reached a BNS sensitivity of around 100 Mpc
and Virgo reached about 30 Mpc). The third observing run began on April 1, 2019,
took a commissioning break during October 2019, and ran until March 26, 2020,
ending prematurely due to the COVID-19 pandemic. O3 sensitivity ranged from
100 — 140 Mpc for the LIGO detectors and 40 — 50 Mpc for the Virgo detector. The
fourth observing run (O4) began on May 24, 2023 and is currently underway. The
LIGO detectors are reaching a sensitivity of 150 — 160 Mpc and Virgo is reaching
50 — 80 Mpc. This timeline is represented graphically in Figure [2|

Since observation began, many more events have been detected, and by

the end of 03, 90 total candidates had been reported (B. Abbott et al., |2019;

R. Abbott et al.| 2021d} [2023|, 2024a)). All of these detections have been some

form of compact object binary inspiral, be it a standard binary black hole merger
(BBH), a binary neutron star merger (BNS) (B. P. Abbott et al., 2017b), or a black

hole and a neutron star (NSBH) (R. Abbott et al., 2021e).
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Figure 2. Timeline of the LIGO observing runs with approximate sensitivity ranges
(Shoemaker, Arnaud, & Sawadal, 2025)). Breaks during observing runs are marked
in gray. Also included are the observing timelines for the Virgo detector in Italy
and the KAGRA detector in Japan.

2.1.8 Other Astrophysical Sources of Gravitational Waves.

Sources of gravitational radiation are typically organized into categories based on

the duration of the signal (Creighton & Anderson, 2011} K. Thorne, 1987)). Signals

where the emission is characterized by only a few cycles are referred to as bursts.
Signals consisting of a few discrete frequencies persisting for a long duration are
referred to as continuous waves (CWs). Signals consisting of many, incoherent
frequencies persisting for a long duration are referred to as stochastic signals.
2.1.8.1 Burst Sources. Burst sources include a variety of potential

astrophysical phenomena. Modern LIGO searches consider binary inspirals (see eg.

R. Abbott et al. (2023)), supernovae (B. Abbott et al., 2016al [2020), cosmic string

interactions (Aasi et al., 2014} B. Abbott et al., [2018; B. P. Abbott et al., 2009;

R. Abbott et al., 2021c)), and oscillatory modes from isolated neutron stars (see

eg. R. Abbott et al.| (2021b, |2024b)). While these are all fascinating fields, in this

thesis, I will focus on the signals from isolated neutron stars.
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2.1.8.2 Continuous Wave Sources. One of the simplist sources
one can imagine for a system with a non-zero second derivative of the moment of
inertia is a spinning nearly rotationally symmetric system either speeding up or
slowing down. At lower frequencies (below a few Hz), the primary example of this
are binary systems where the binary partners are quite distant from each other
(such that the orbital frequency remains relatively stationary). At frequencies in
the LIGO sensitivity band, the primary system is a rotating, non-axisymmetric
neutron star (Creighton & Anderson, 2011). Like burst sources, these types of
signal would originate from singular sources, and thus many searches for these
sources are targeted at known objects (see eg. R. Abbott et al.| (2022b))).

2.1.8.3 Stochastic Sources. Long-duration signals that are not a
discrete set of coherent frequencies may be described as stochastic. The primary
stochastic GW source is a gravitational wave background (GWB). This background
falls into two categories: isotropic and anisotropic. An isotropic GWB would
be Gaussian, unpolarized, and stationary. This would be characterized by some
background GW energy density spectrum. An anisotropic GWB would be
directional, where the background energy originates from some set of locations,
or is non-uniform in source location. In this case, the GWB would be characterized
by a similar energy density spectrum, but it would also be dependent on the source
location. LIGO has previously searched for both isotropic (R. Abbott et al., 2021f)
and anisotropic (R. Abbott et al.| [2022a]) backgrounds, with no candidates so far.
However, evidence for a GWB has ben found using pulsar timing arrays (Agazie et
al, 2023)), though this is in a much lower frequency band than the LIGO detectors

are sensitve to.
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A possible source for an isotropic GWB background would be some
distribution of individual sources, such as binary black hole mergers, which cannot
be distinguished and instead sum together into a "popcorn" background.

2.2 Gravitational Wave Interferometry and LIGO

At the end of Section I gave a simple, but somewhat realistic, example
of the approximate strain for a binary system in a circular orbit. With the binary
optimally oriented, we required a background strain below 1072° at approximately
300Hz. I will use this as a target sensitivity for this discussion.

2.2.1 The LIGO Detectors and Measuring Gravitational Waves
with Laser Interferometry. To measure fluctuations in spacetime at such a
small scale, a device capable of measuring small variations in distance is necessary.
Early designs of GW detectors considered measuring the strains within bulk matter
due to the gravitational radiation (Weber} [1960)). This was expanded upon into the
first network of resonant-mass detectors which relied on the gravitational radiation
exciting a resonant mode of a solid metallic cylinder (Allen et al., [2000)). These
early detectors did not reach the sensitivities necessary to successfully measure
gravitational waves. An improved detector would use laser interferometry to
determine if spacetime had been expanded or contracted. This discussion closely
follows that in (Creighton and Anderson (2011)).

We start with the simple Michelson interferometer where a laser is split
down two orthogonal arms to distant mirrors and reflected back. The reflected
beams recombine and interfere with each other based on the difference in optical
path lengths of the two arms. Consider a Michelson interferometer with two arms
of identical length. The effect of a gravitational wave on this setup will be the

asymmetic contraction/expansion of the arms, creating a difference in optical path.
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If we call this optical path difference Al and the length of the arms [, then the
metric perturbation will be h = Al/l. A measurable path length difference will be
on the scale of a single wavelength of light, so if we assume an infrared laser with a
wavelength of 1um and arm lengths of 1 km then we can estimate the sensitivity of
the interferometer to be about 1072, which is far below what is required to measure
the effect of gravitational waves.

We can improve this in two ways: increase the effective arm length and
reduce the minimum measurable length difference. There is a maximum arm length
such that the gravitational metric does not significantly change during the time a
photon is traveling. This gives an upper limit on the arm length of | ~ Agy/, which
is about 1000 km for few = 300 Hz. From a design point, building a 1000 km arm is
not feasible, but creating an optical cavity such that photons bounce back and forth
several times along the arm is. This is a Fabry-Pérot cavity, and relies on creating
a ‘locked’ resonant state within the arms. Our interferometer has test mass mirrors
at both the end of the arms and at the beginning of the arms to create this cavity.
The measurement of the length difference is limited by the ability to measure the
interference - ie. what is the smallest difference in the interference pattern that can
be measured. The limitation here is shot noise. For a digital readout, a sensor will
count incident photons for a discrete amount of time. The photon arrival rate is a
Poisson process, so confident measurements require greater than NV, Y2 measured.

photons

This gives an approximate optical path difference of

1/2

Al ~ NPE%AI (2.51)
photons

To measure a gravitational wave with sample rate f; ~ fow ~ 300 Hz from a

laser with power P.er, we collect approximately
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Plaser 1
hc//\laser fGW

photons. For a 1 W laser at a wavelength of Ajaser = 1 pum, this gives Nppogons & 10

(2.52)

Nphotons ~

photons. This gives an approximate strain sensitivity of 1072, which is much closer
to the target strain level.

There are a few more features that can improve a real detector. Since the
reflected beams in each arm recombine at the beam splitter, half of that light
will travel back towards the laser source. A power recycling mirror can reflect
some of that back into the interferometer. Quantum shot noise can be reduced by
introducing quantum squeezing. Higher laser power adds more photons to improve
the shot noise as well. Figure [3] shows a schematic layout of the Advanced LIGO
detector layout with many of the features discussed in this section (The LIGO
Scientific Collaboration, 2015).

2.2.2 Sources of Noise in the LIGO Detectors. The LIGO

noise curve is dominated by a few key sources of background. Here, we will briefly
discuss a handful of the major ones. At high frequencies, the main limiting factor is
quantum noise. This encompasses both the statistical uncertanties in photon arrival
times (known as shot noise) and radiation pressure fluctuations due to variations
in photon number. At intermediate frequencies, the background is dominated by
coating Brownian noise in the test masses. This is due to the Brownian motion of
molecules in the coating layers applied to the test masses (Creighton & Anderson,
2011; The LIGO Scientific Collaboration, 2015). Figure 4| shows how the sum of
many of the dominant noise sources creates the signature "bucket" shape of the

LIGO noise curve.
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Figure 3. Schematic of the aLIGO layout going into the third observing run.
Notable sections include the 4 km Fabry-Perot cavities in each arm, the input

mode cleaner and output mode cleaner to remove higher-order modes in the beam,
the power recycling cavity, and the signal recycling cavity. Image from The LIGO |
Scientific Collaboration| (2015).
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Figure 4. Sum of the dominant noise sources in alLIGO. These effects are the

primary reason for the "bucket" shape of the noise curve. Image from

|Scientiﬁc Collaborationl (]2015[).
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Many sources of noise are not necessarily intrinsic to the detector.
Environmental effects can place significant limits on the sensitivity of the detector.
One of the major ones is seismic noise caused by the propagation of vibrations
through the ground. This primarily affects the low frequency regime of the
detectors (as seen in Figure . This is primarily mitigated by a quadruple
suspension system for the mirrors (Figure E[) Due to the potential impact, it
is necessary to monitor environmental effects in order to prevent false positives
and ideally eliminate environmental contamination. An array of auxillary sensors
around the detectors monitor seismic activity via seismomenters, the movement
of individual components via accelerometers, acoustic effects via microphones,
magnetic field effects via magnetometers, voltages via voltmeters, as well as wind
speed, humidity, and even cosmic rays (Effler et al., [2015; Nguyen et al., 2021)).
2.3 Isolated Neutron Stars as Sources of Gravitational Waves

One potential source of both continuous wave and burst-like gravitational
waves is an isolated neutron star. The extreme internal dynamics of a neutron star
creates an environment where large amounts of stress and potential energy can
be built up and potentially released through the emission of gravitational waves.
The precise internal dynamics are dictated by the relationship between the energy
density and the internal pressure, which is known as the equation of state. The two
main categories of neutron stars I consider are magnetars and pulsars.

2.3.1 Neutron Star Equation of State. The behavior of the
material inside of a neutron star is dictated by the equation of state. At a
fundamental level, this describes how the material behaves under pressure. More

specifically, the equation of state describes the relationship between the pressure

Image from https://www.ligo.caltech.edu/page/ligo-technology, modified from (Aston
et al., 2012).

38


https://www.ligo.caltech.edu/page/ligo-technology

Metal masses
(15t & 2" pendulums)

“Main Chain”
Side

“Reaction Chain”
Side

Penultimate mass/

(3@ pendulum)

0.4 mm fused
silica fibers

Test mass
(4t pendulum)

Figure 5. Quadruple suspension system for the LIGO mirrors (]Aston et al.|, |2012[).

and energy density, P(p). Since the extreme density of a neutron star will create
enormous pressures, the precise details of these relations can have significant
effects on the global structure of the star. Neutron star equations of state can be
categorized in several ways. One of the simplest is "hot" vs "cold," corresponding
to an assumption of finite temperature or zero temperature, respectively. Hot
equations of state are typically intended to describe newly born stars, whereas
older, stable stars are typically described as cold. For the stable neutron stars we
will discuss, cold equations of state will be appropriate. Equations of state are also
typically described as "hard" or "soft." A neutron star with a hard (soft) equation

of state would have a greater (smaller) pressure at a given energy density, leading

to larger (smaller) radii and larger (smaller) maximum masses (Sumiyoshi, Kojo, & |

Furusawa, 2023).
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2.3.2 Magnetars. A subclass of neutron stars with exceptionally

strong magnetic fields (> 10™G) are referred to as magnetars (Duncan & |

Thompson, 1992)). While their formation mechanism is debated (Ferrario, Melatos, |

& Zrake, |2015; [Mereghetti, Pons, & Melatos, |2015), a prominent theory suggests

that they may be formed by the collapse of highly magnetized Wolf-Rayet stars

(Shenar et al., [2023)). First known as soft gamma repeaters due to their regular

emission of X- and v-rays (Mazets & Golenetskii, 1981} Mazets, Golenetskij, & |

\Guryan|, [1979; Mazets, Golentskii, Ilinskii, Aptekar, & Guryan|, [1979)), magnetars

are now known to be a subclass of neutron star, with 30 | known and categorized

at the time (Olausen & Kaspi, 2014)).

Magnetars are known for the bursts of X-rays they can emit. These bursts,

or flares, are believed to be due to interactions between the strong magnetic field

and the exotic matter in the interior (Thompson & Duncan) [1996)). These flares

can have isotropic energies of 10%¢ to 10*® ergs (Kaspi & Beloborodov, 2017)), and

some exceptionally large flares, simply referred to as giant flares, can have energies

of 10* to 10%° ergs (Hurley et all, 2005, [1999; Mazets, Golentskii, et al., [1979).

However, these giant flares are much rarer. The light curve of the 2004 giant flare

from SGR 1806-20 as measured by the Swift Burst Alert Telescope (BAT) is shown

in Figure [6] (Palmer et all, [2005).

The unknown connection between these large flares and the internal
structure of the stars leaves room for interpretation. At least for giant flares, theory
suggests that magneto-hydrodynamic deformation in the interior of the star may

release built up stress and release the energy into the magnetosphere through

crust-cracking (de Freitas Pacheco, [1998; |Levin & Van Hoven| 2011; Thompson & |

Zhttp:/ /www.physics.mcgill.ca/ pulsar/magnetar/main.html
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Figure 6. Swift BAT count rate for the 2004 giant flare from SGR 1806-20 (Palmer |
et al], [2005). The peak amplitude was large enough that it saturated the BAT

SENnsor.

Duncan, [1995)). The internal reconfiguration could potentially release energy both

through the flaring as well as gravitational waves (Corsi & Owen, 2011; [Iokal, [2001]).

While no gravitational waves have ever been measured near a magnetar

flare (B. P. Abbott et al., 2019; |R. Abbott et al., [2024Db), a variety of potential

emission forms have been suggested. The most anticipated form is that from the
vibration of excited fluid pressure modes. The fundamental mode (f-mode) is the

lowest order of the non-radial oscillations and is predicted to have the strongest

coupling to gravitational wave emission (McDermott, Van Horn, & Hansen, 1988)).

It should be monochromatic at a few kHz (de Freitas Pacheco, (1998} Lindblom & |

Detweiler}, [1983), and be short lived (Levin, [2006). Other types of GW emission,

while predicted to be smaller in amplitude, include higher order pressure modes (p-

modes) (Andersson & Kokkotas|, [1998), much higher frequency buoyancy modes (g-

modes) (Reisenegger & Goldreich| |1992), lower frequency crustal and shear modes

(Duncan, 1998; |Pirol [2005), and the longer duration Alvén plasma modes below 1

kHz (Lasky, Zink, & Kokkotas|, 2012). These Alvén modes are of interest due to the

similarity between the expected frequency and observed quasi-periodic oscillations

(QPOs) observed in the tails of some magnetar flares.

41



2.3.3 Pulsars. Pulsars are a class of rapidly rotating neutron stars
characerized by, from the perspective of an observer on Earth, periodic radio
emission. First measured in 1967, the periodic behavior was believed to be due to
pulsations within a compact object such as a neutron star or white dwarf (Hewish,
Bell, Pilkington, Scott, & Collins, |1968]). This hypothesis was rejected by [Pacini
(1967), who argued that pulsations within a neutron star would damp out in a few
seconds due to gravitational radiation; the periodic behavior should instead be due
to a constant EM emission from a rotating object, such that the emission would
only periodically point at the observer. This was later confirmed by observations of
the Crab pulsar (Gold, [1968]).

Since then, the periodic behavior of hundreds of pulsars are tracked by
regular observation from radio telescopes, and their rotation rates can be very
precisely measured (Kaspi, Taylor, & Ryba, [1994; Ryba & Taylor} [1991a) [1991b).
Continuous measurements of these objects has allowed for significant advancements
in understanding neutron star properties. Pulsars in binary systems are subject to
relativistic effects. Some of the first measurements of neutron star masses are due
to measuring the Shapiro delay of the pulses due to the companion object (Ryba &
Taylor], 1991al). This technique has been one of the most reliable methods to place
constraints on the mass of neutron stars. Recently, more advanced implementations
of this techinque have made measurements of the largest recorded neutron star at
2.35 + 0.17M;, (Romani, Kandel, Filippenko, Brink, & Zheng| 2022).

While the rotation of pulsars can be very consistent, many pulsars
experience sudden changes in rotation rate, referred to as "glitches" (Fuentes et
al., [2017; Haskell & Melatos, 2015} |Zhou, Gligercinoglu, Yuan, Ge, & Yu, 2022)).

In a glitch, the rotation rate of the pulsar suddenly jumps and is followed by an
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accelerated spindown rate until it returns to nearly the original rate. These jumps
are typically parameterized in terms of the fractional change in the rotation rate
(Af/f) and can range from roughly 107'° to 107¢ [J| (Basu et al [2021). These
glitches are unique among known neutron star transient events, in that they are
not associated with a change in the radiation properties - the pulses before and
after a glitch are still very similar. This is unlike observed glitches in magnetars,
which are typically associated with some sort of EM emission (Keith, Shannon, &
Johnston|, |2013; Livingstone, Ng, Kaspi, Gavriil, & Gotthelf, [2011; [Lyne, Hobbs,
Kramer, Stairs, & Stappers, [2010; Weltevrede, Johnston, & Espinozaj, 2011]).

There are a handful of models that attempt to explain the origin of these
glitches, all of which depend on the internal structure of the pulsar. One of the
earlier models suggested that the outer layers of the neutron star crust form a
rigid crystalline structure as opposed to a more fluid interior. As the pulsar slowly
spins down, the fluid interior is able to adapt to the change, but the rigid crust
does not, and subsequently experiences discrete star quakes as it restructures itself
(Ruderman, {1969; Smoluchowski, [1970)).

A more modern model considers the interior as a superfluid, created by
the intense pressures within the star. A superfluid exhibits little to no viscosity,
so interior changes can take a long time to propagate to the surface, which
would explain the long glitch recovery times observed (Baym, Pethick, Pines, &
Rudermanl, [1969). One key property of superfluids is that they are irrotational,
and circulation is presented as quantized vortices. For angular momentum to be
lost, a discrete number of vortices must be lost. This more modern model suggests

that interactions with the crust "pin" the vortices and prevent movement. This

3http://www.jb.man.ac.uk/pulsar /glitches.html
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prevents the loss of angular momentum from the superfluid, which ultimately leads

to unpinning events, which present as glitches (Alpar, Pines, Anderson, & Shaham,

11984; |Anderson & Itohl |1975).

Pulsar glitches are thought to be sources of multiple types of transient
gravitational waves. These fall into two main categories: short duration bursts
caused by the initial jump in spin rate, and long duration waves caused by the slow

emission associated with the long recovery time measured in EM. The short bursts

are typically considered to be f-modes (Andersson & Kokkotas| |1998; [Ho, Jones, |

'Andersson, & Espinoza, 2020; Wilson & Ho| 2024; Yim & Jones, 2022). These are

the same high-frequency, short-duration signals discussed in Section The

long duration transients are predicted to arise from either an Ekman flow driven

mechanism (Bennett, Van Eysden, & Melatos, 2010; [Singh, 2017; [Van Eysden & |

Melatos, |2008) or due to the decay of an induced ellipticity, known as a "mountain"
| : y pticity,

(Yim & Jones|, 2020)).

Searches have been performed for both classes of GW emission but with

no success. One of the first targeted GW searches was from the 2006 Vela glitch

(Abadie et al., 2011b). For various reasons, there have not been other targeted

searches for short duration GWs associated with pulsar glitches. However, there

have been more recent searches for long duration transients (R. Abbott et al.|

2022¢; Keitel et al., 2019)), also with no detections.
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CHAPTER III
DETECTOR CHARACTERIZATION
3.1 On-Site Detector Work

In the summer of 2019, I was a Fellow at the LIGO Hanford observatory.
During this time, I worked on several day-to-day tasks as well as two major
projects: working with the commissioning team to mitigate angular cross-coupling
in the quadruple pendulum suspensions and working with Robert Schofield to
identify and mitigate a mysterious 48 Hz noise peak in the spectrum.

3.1.1 Angular Cross-Coupling Modeling. The LIGO quadruple
pendulum suspensions (see Figure |5| for a schematic diagram of the suspensions)
are intended to reduce environmental vibrational noise from reaching the test mass
(TST). In order to maintain stability, the calibration feedback loop involves pushing
on the penultimate mass (PUM). This can introduce unexpected effects due to to
the construction of the suspensions. Mitigating movement along some degrees of
freedom can couple with others, introducing instabilities and unwanted noise. In
particular, we looked at reducing the effect of linear motion of the PUM along the
beam line (referred to simply as "length") on pitch angular motion of the TST, the
effect of pitch motion of the PUM (referred to simply as "angle") to length motion
of the TST, and the potential advantages of changing the frequencies of the active
dither system (ADS) lines injected for calibration.

The LIGO control loops employ a series of digital filters in order to remove
unwanted cross-coupling between different stages of the quadruple suspensions.
However, these filters in conjunction with complicated coupling dynamics, can
introduce unwanted features and instabilities in the detector. One particular set

of filters was intended to mitigate motion generated in the upper intermediate mass
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Figure 7. Schematic diagram of the old drive-align system. Digital filters are
marked in blue, and mechanical transfer functions are marked in red. The scalar
offset of the beam spot is marked in purple.

(UIM) that crosses over into the PUM but actually adds instabilities to the control
loop. These instabilities are created by a parasitic "length-to-angle-to-length
coupling" where linear motion in an upper stage causes both linear and angular
motion in the test mass, and when filters push on the upper mass they introduce
additional linear and now angular motion in the upper stage which couples further
to the test mass (Driggers, [2019).

The general structure of the coupled feedback loop (referred to as the
"drive-align system") at the start of the third observing run is shown in Figure
[, where F(f) are digital filters, 7(f) are mechanical transfer functions, and m is
the linear offset of the main laser.

In practice, the beam offset m was larger than anticipated, magnifying the
effect of TST angular motion on DARM. The simple approach to resolve this was
to have a large scalar value for F4_.;, to compensate. This increased the effect of
angular signals, but the location of the Fy_, 4(f) filter did not balance this increase

on the length scales, creating instabilities. Additionally, the Fy_, 4(f) filter was
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not designed with large beam offsets in mind, so this added extra instabilities.
Ultimately the Fy_,4(f) filter was disabled entirely in order to have a stable
interferometer at the cost of cross-coupling. We can describe the coupling from
PUM motion to DARM as simply Cp_,pary = Fr—r(f) X 7o under this regime.

In Kissel and Dwyer| (2019), two fixes were proposed:

— Redirect the output of the Fi_, 4(f) filter into the angular signal input,
thereby feeding it into the Fa_; and Fa,4(f) directly. This would help to
reduce instability by balancing the angular effect of a large beam offset with

an appropriate length effect.

— Split the F4_, filter into the sum of a scalar spot-position term and a

frequency-dependent term to improve decoupling.

3.1.1.1 Length-to-Angle Rerouting. The rerouted drive-align system
is shown in Figure |8l Rather than just combining the effects of the F4_,4(f) and
Fra(f) filters, the output of the Fr_,4(f) filter is fed into both the F4_,;, and
Faa(f) filters.
The cross-coupling between PUM linear motion and DARM motion under
the new geometry can be described by Equation where F(f) are digital filters,
7(f) are mechanical transfer functions, and m is the linear offset of the main laser.

Clearly, the new geometry is a bit more complex!

Croparm = Froalf) [Fasa(f) (tase + 7asam) + Faso(f) (Toor + Tam))

+ Fron(f) (Toosp + T5am)
(3.1)
We performed an initial test of this rerouting framework during a short

maintenance window. We tested the change for both pitch and yaw angular motion
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Figure 8. Schematic diagram of the new drive-align system with the F_, 4
rerouting in place. Digital filters are marked in blue, and mechanical transfer
functions are marked in red. The scalar offset of the beam spot is marked in purple.
to see how stability of the interferometer would change. During this test, the
detector maintained a locked state, something that may not have occurred using
the old regime (Ball & Dwyer, 2019)). We further tested this new topology with a
low-frequency "boost" at the UIM suspension stage actuator intended to reduce
actuation in the PUM associated with lockloss events associated with saturation at
this stage. Figure [9] shows a timeseries the PUM stage motion when the boost was
tested, showing a reduction in PUM motion after the boost was activated at time
—923.192.
Calibration measurements taken with the new topology and the UIM

boost show the elimination of the low-frequency instability (see Figure |10 taken
from [Kissel (2019)). The new topology allows for a non-zero frequency-dependent
Fr—a(f) filter while removing instabilities it formerly introduced.

3.1.1.2 Angle-to-DARM Filter Improvement. In either topology,

the cross-coupling between PUM angular motion and DARM motion is given by

Equation [3.2]
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Figure 9. Timeseries of PUM actuation before and after the activation of a low-
frequency "boost" at the UIM stage. The boost was activated at the vertical dotted
line halfway through the plot — marked as —923.192.

Cassparm = Fasa(f) (tasam + 1asr) + Faso(f) (tosam + 101) (3.2)

To completely eliminate this unwanted cross-coupling, the ideal

representation of Fa_,r(f) is given by Equation

~ Fasalf) (rasalf)m + 1asn(f))
Tr—a(f)m 4+ 750(f)

Unfortunately, the dependence on the beam spot spot miscentering m is

(3.3)

J_-'AHL, ideal(f) =

non-trivial. A more usable scenario would be a linearized version of the form
Fasn(f) = Fa(f)m + Fo(f), where there are two separate frequency-dependent
filters. This is optimal to easily change the filter as the beam spot offset m may

change. To first order, the ideal filter can be expressed as in Equation [3.4]

FaoalDracalf) - Fasalf)rasnlf) (3.4)

TL—>L(f) TL—>L(f)

The F4_, 4 filter is already in use in the feedback system, and estimates of

FA%L,real(f) =

the suspension transfer functions can be computed using a numerical model of the
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Figure 10. Calibration measurements taken by Jeff Kissel comparing measurements
of the DARM feedback loop to the calibration model estimate of PUM actuation
with and without the re-routed length-to-angle topology. Measurement of the
original topology with the old frequency-dependent Fy_,4(f) is marked in blue,
showing the low-frequency instability that emerges due to the beam spot position.
A measurement of the original topology with 7,4 = 0 is shown in orange,
showing early attempts to remove the instability. A more recent measurement of
the same scenario is shown in green. Measurement of the new topology with the old
frequency-dependent F1, 4(f) and the UIM boost activated is shown in red. The
re-routed topology eliminates the low-frequency instability and allows a non-zero
frequency-dependent Fr_,4(f).
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Figure 11. Frequency (top) and phase (bottom) shape of the ideal Fa_,1(f). Both
the ideal and linearized versions are shown with functionally no difference. Here, we
used a beam offset of m = —0.016012 m which was the beam offset at the time.
suspension systems. Here, we used a version in MATLAB initially developed for
GEO 600 by Torrie (2000) and updated for advanced LIGO (Barton, Torrie, Strain,
& Robertson, 2012). Using this model, we can compute the transfer function

for any degree of freedom between any suspension level. We use this to estimate
Tasa(f), Tasr(f), Tea(f), and 7o L(f).

With all of the pieces, we compute a frequency-dependent F,_,;, filter as
shown in Figure [11} Figure [12|shows the difference in the PUM pitch to DARM
length cross-coupling with the previous scalar F4_,; and the new frequency-
dependent Fa_,r(f).

Despite the apparent success of the new filters, they were never activated
while I was on-site. They were saved and ready to be deployed (Ball, |2019), but

were never activated. When I finished my stay, the detector was about to go down
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Figure 12. Comparison of the PUM angle to DARM cross-coupling with the old
scalar scalar F4_,;, and the new frequency-dependent F4_,7(f). The blue curve
shows the cross-coupling when the F,4_, filter was a scalar value. The orange curve
shows the coupling when using the new frequency-dependent filter, demonstrating a
significant decrease in the coupling below 10 Hz.
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Figure 13. Daily gravitational wave amplitude spectral density from September 24,
2019 showing the "bump" at 48 Hz.
for a commissioning break at the midpoint of the third observing run. I later found
out that the filters had been forgotten until the run-up to the fourth observing run,
when they were finally activated 2022)).

3.1.2 Mitigation of the 48 Hz Peak. In LIGO’s 13th engineering
run in the lead up to the third observing run, a new feature in the LHO detector
spectrum was discovered. Elevated activity at 48.3 Hz and higher harmonics

were discovered during the data quality shift that monitored detector output

(Bidler, Smith, & Walker], 2018]). At the time, this was seemingly ignored in lieu

of monitoring other behaviors that resulted from detector upgrades. Later on,

[Fritschel| (2019) re-discovered the 48 Hz peak along with its first harmonic at 96

Hz. They also noted that the feature was a wandering line, which varied up to a

couple Hz in frequency on the timescale of a few seconds. The effect on detector

sensitivity was quantified by Mansell (2019)) to be about 2 Mpc. This feature is

visible in the spectrum plot in Figure
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Initial investigations found that the peak could be excited acoustically and
suggested that the source of the noise was near the vertex of the interferometer
(Schofield, Nguyen, et al., |2019). These studies also found that the peak amplitude
seemed to be correlated with times when the HVAC system was active.

My initial involvement with this work was to pursue the correlation with the
HVAC system. I (along with fellow Oregon graduate student Adrian Helmling-
Cornell) mounted temporary accelerometers on different pieces of the northern
HVAC chiller units. Spectrograms of these accelerometers showed how the fans
within these units stepped through different frequencies, and when compared
to spectrograms of DARM, many of these frequency steps showed up directly
overlapping the 48 Hz feature. Despite being mounted on springs to seismically
isolate them, the units were still coupling into the interferometer (Schofield,

Ball, Helmling-Cornell, & Warner, |2019). One initial solution was to change

the frequency of the fans, to prevent them from stepping into the problematic
frequency range. However, this quickly fell through when we learned the units were
already in their low-noise configuration and there was no direct way to control what
frequency the fans ran at (McCarthy, 2019)).

The next approach was to address the coupling site and prevent this
unwanted noise from getting into the interferometer. As mentioned above, previous
studies had placed the coupling site near the vertex of the interferometer. To
quickly narrow down the possible sites, we developed a new injection technique
utilizing speakers and shakers operating at slightly different frequencies near 48 Hz
to create a beat envelope. Figure [14] shows the two speakers and Figure 15[ shows
the two shakers. The two noise sources were separated such that there would be

a location-dependent phase difference in the beat envelopes when viewed on an
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(a) Small speaker (b) Big speaker

Figure 1. The two speaker set up in separate locations to produce beating.

accelerometer. The coupling point would then have an accelerometer beat envelope
that temporally matched the beats in the gravitational wave readout.

We compared the beat envelopes of static accelerometers mounted around
the vertex to initially find which vacuum chamber best matched DARM. This
resulted in the HAM 3 chamber as the most likely coupling site. From there,
multiple temporary accelerometers were mounted at various locations on the
chamber to identify the precise spot where the coupling was occuring. As the
coupling mechanism was already believed to be some sort of stray light reflecting
off the chamber walls, this would identify where exactly said stray light was
reflecting. Figure [I6] shows the location of the final accelerometer that had the
best match to the DARM beats along with spectrograms of the beat envelopes
compared to DARM. The best matching accelerometer identified the coupling site
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(a) Small shaker (b) Big shaker

Figure 15. The two shakers mounted to the vacuum chambers
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as the HAM 3 illuminator viewport (Schofield, Ball, Helmling-Cornell, Shoemaker, |

Gt al} BOT9).

When we looked through the illuminator viewport, we found a milliwatt-

scale "beam" directly hitting that spot. Stray light was hitting other parts of
the chamber walls, including a second viewport. We inserted black glass into the

illuminator viewport to prevent the stray light beam from reflecting back into the

interferometer which entirely elliminated the 48 Hz peak (Helmling-Cornell, Ball, & |

'Schofield, [2019; [Schofield, Ball, Helmling-Cornell, Shoemaker, et al., 2019). Figure

[I7 shows the daily GW spectra after the removal of the 48 Hz peak.
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Figure 16. Beat envelopes observed in the gravitational wave channel compared

to beats witnessed by accelerometers mounted to the vacuum chambers. Due to

the finite travel time of the shaker vibrations in the material, there is a temporal
offset of the beat envelopes strongly depending on the location of the accelerometer.
The accelerometers here, despite having considerable beat offsets, were all mounted
to different parts of the same vacuum chamber. The site of the coupling would be
the location where the beat envelope of an accelerometer matches the envelope
measured in DARM. In this case, the accelerometer in the center of the chamber
door was the best match, indicating that the coupling site was very near to the
illuminator viewport.
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CHAPTER IV
THE IMPACTS OF CORRELATED MAGNETIC FIELDS FROM LIGHTNING

4.1 Forward

On the last full day of my time at the LIGO Hanford Observatory, Robert
Schofield asked me to take a look at the magnetometers at both sites. There had
been a gigantic jet lightning stroke observed near Puerto Rico, and he was curious
if it showed up at the sites. Lo and behold, there it was! Multiple magnetometers
at both sites showed a broadband signal at nearly the exact same time. This sent
me down the journey to quantify this effect on the detectors as a source of coherent
noise. While I initially began the project only considering gigantic jets specifically,
since they are not well documented, this was expanded into considering the effects
of any lightning stroke. This section contains material previously published in
Janssens et al.| (2023).
4.2 Introduction

One of the worst forms an unwanted signal can take in a gravitational wave
detector is one that is coherent or correlated between multiple distant detectors.
Some of the earliest known potential sources for this kind of signal are the
Schumann resonances, a set of electromagnetic resonances in the Earth-ionosphere
waveguide (Himemoto & Taruyal, 2019). As these are generally persistent signals,
they are of most concern to searches for a stochastic gravitational wave background
(Christensen, 2018} |(Coughlin et al} 2016, 2018; [Himemoto & Taruyal 2017,
2019; Thrane, Christensen, & Schofield] [2013; Thrane, Christensen, Schofield, &
Effler, 2014). These signals occur in the 6-25 Hz band and have been measured as
coherent across Earth-scale distances. The impacts of these on GW detectors have

been studied before (Kowalska-Leszczynska et al., 2017)).
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The primary mechanism for these signals to contaminate GW detectors is
via either direct magnetic coupling to permanent magnets in actuation systems or
by coupling to electronics and cabling (Nguyen et al., [2021; Thrane et al.| 2013,
2014)). In order to measure the effects of magnetic fields on the detectors, advanced
LIGO installed low-noise LEMI-120 magnetometers at the LIGO Hanford and
LIGO Livingston observatories (Aasi et al., 2015). These had primarily been used
to monitor the Schumann resonances (Coughlin et al., 2018)). Here, we study the
effects of 1-1000 Hz magnetic field fluctuations for the LIGO detectors, specifically
focusing on the effects of magnetic fields from individual lightning strokes [

In Section [4.3] we investigate the correlations and properties of individual
lightning strokes. In Section 4.4 we quantify the effect of individual lightning
strokes on searches for burst GWs, both current and future. Finally, in Section [4.6]
we discuss the mechanism through which these magnetic fields may contaminate
GW detectors.

4.3 Magnetic coherence between LIGO sites produced by the
superposition of individual lightning strokes
4.3.1 Establishing LIGO detections of individual lightning
strokes. Electromagnetic waves created by individual lightning strokes have
signatures in both the 3Hz-3kHz Extremely Low Frequency (ELF) band and the
10-20kHz Very Low Frequency (VLF) band (Simoes, Pfaff, Berthelier, & Klenzing),
2012)). Traditionally, the VLF band is used by lightning detection networks to track

individual lightning signals, but the ELF band has also been shown to be usable for

IThe term "strike" is colloquially used for lightning. However, in the technical literature,
"stroke" describes both cloud-to-cloud and cloud-to-ground lightning. "Strike" only refers to
cloud-to-ground. Later in this paper we will use the Vaisala GLD360 database (Said, Cohen,
& Inan| [2013) which detects "strokes" in general, so we use this term to refer to all detected
lightning events here (Holle, [2020).
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this purpose (Simoes et al., 2012)) and has some unique propagation characteristics
(Gotkowski et al., 2018]). The ability of the ELF band to travel long distances
implies that these signals could be picked up by sensitive magnetometers at GW
detectors, even if the lightning occurs several hundreds to thousands of kilometers
away. This naturally raises the question whether the global lightning background
could impact GW detectors.

In the remainder of this section, we will focus on coherence between LHO
and LLO. Here, coherence takes the standard form in equation where CSDy,
is the cross-spectral density between data I an J and PSDj is the one-sided power

spectral density of data I.

2
COh[J(f) _ ‘CSDIJ(fM

= BSD,(/)PSD, () (4.1)

We establish these correlated short-duration signals by identifying magnetic
signals at individual magnetometers at each LIGO site. We then reduce these
to magnetic signals coincident between sites to build a set of LIGO-measured
magnetic signals. We then compare these to the GLD360 lightning dataset from
Vaisala (Said et al., [2013) as a confirmed reference. GLD360 data for the week of
September 23, 2019 was provided for this section.

To identify lightning signals coincident between sites, we use the Omicron
transient detection tool (Robinet et al., [2020) to select periods of excess noise
in the LEMI-120 magnetometers located at LHO and LLO during the week of
September 23, 2019. The LEMI-120 magnetometers are low-noise, sensitive up
to around 400 Hz, and sampled at a rate of 4096 Hz. Each site has two of these
magnetometers, one aligned with each orthogonal arm of the interferometer, and

the Omicron tool was run on each magnetometer independently. The Omicron
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tool looks for excess energy (deviation from the average background) via sine-
Gaussian fits. This gives a time-frequency grid of energy for the data. SNR values
are computed for each pixel of the grid, and those exceeding a minimum threshold
are recorded. Individual pixels adjacent in time are clustered as combined events.
Omicron returns the start and end time of each of these events (referred to as
triggers) with the minimum and maximum frequency of the pixel cluster. It also
returns the time and frequency of the maximum energy pixel of the trigger which
are recorded as "peak times" and "peak frequencies" (Robinet et al., 2020).

A comprehensive list of coincident LEMI signals was collected by selecting
Omicron triggers meeting time coincidence criteria. For triggers in different
magnetometers at the same site, we want trigger times to be effectively identical.
For triggers at different sites, we want triggers to be separated by no more than
the travel time for a wave propagating at 75% of the speed of light along the
surface of the Earth. This accounts for the frequency-dependence of the signal
propagation that decreases to as low as 0.75¢ at ~ 10 Hz (Kemp), [1971)). To account
for uncertainties in Omicron time clustering, these thresholds are loosened to 5ms
(20 LEMI samples) between magnetometers at the same site and twice the light
travel time for magnetometers at different sites. This large uncertainty on the
timing of the lightning is caused by the fact that Omicron combines both time
and frequency information. Whereas the frequency information can give more
insight on the spectral behaviour of the event it comes at a cost with respect to the
time resolution. Because each site has two orthogonal magnetometers, we selected
triggers that were detected in at least three of the four total magnetometers subject
to the aforementioned time delays. The peak time at each site was recorded for

each coincident trigger to preserve the relative time delay between sites. This set
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of triggers, those coincident between LHO and LLO magnetometers, we refer to as
"HL coincident triggers."

We match the HL coincident triggers to the Vaisala GLD360 lightning
detection database (Said et al., 2013). This dataset is collected by a broad network
of GPS-synchronized sensors which use matched waveforms to estimate the location
of a lightning stroke as well as the peak current. The current is estimated with a
resolution of O(kA), with polarity determined by the direction of the electric field
— a negative current is assigned for an electric field pointing toward the Earth (Said
et al.| 2013). The GLD360 network claims an 80% detection efficiency in identifying
cloud-to-ground strokes in the Northern Hemisphere and between 10% and 80%
detection efficiency in the Southern Hemisphere (Demetriades, Murphy, & Cramer)
2010; Naccarato et al., 2010). Worldwide lightning strokes with 10 km spatial and
1 s temporal resolution were provided for the week of September 23, 2019 to
match the HL coincident triggers. The required signal travel time for each GLD360
lightning stroke to each detector is computed assuming the minimum frequency-
dependent travel speed of 0.75¢ (Kemp, |1971). This is used as an upper limit for
the time difference between signals at each site and the detected lightning. A lower
limit is set similarly assuming a signal travel speed of c.

Directly trying to identify coincidences between the GLD360 lightnings and
HL coincident triggers on an event-by-event basis leads to a tremendous amount
of false coincidences. This is caused by the large amount of GLD360 lightnings
as well as HL. coincident triggers, in combination with the large time window for
identification due to LEMI sampling (4096 Hz) and Omicron time clustering.

To decrease the number of false positives, lightning strokes are broken up

into 24 hour segments and clustered by location via K-means clustering (Hartigan),
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1975). A cluster can roughly be compared to all the lightnings in a thunderstorm.
For each cluster of lightnings, an event-by-event comparison is made between the
HL coincident triggers and GLD360 strokes. In this comparison a time slide up to
+ 2 s is applied to the GLD360 strokes and the number of coincidences between
the GLD360 strokes and the HL coincident lightnings is counted as a function
of the time slide duration. In case of a physical coincidence one would expect to
observe a large number of coincidences when the time offset is zero and a lower
number of coincidences for a non-zero time offset. In the case of purely chance
coincidences, no larger amount of coincidences is expected for a zero time offset.
By selecting regional lightning clusters where the zero time-offset peak is more than
two times the number of background coincidences, we reject coincidences which are
likely to be spurious. Afterwards, the individual coincident lightnings for accepted
clusters are selected and these LHO-LLO-Vaisala coincidences, will be referred to as
"lightning-coincident triggers."

From the two-site coincidence check, we find 314928 total HL: coincident
triggers. When compared to the 45007030 total GLD360 lightning strokes, we
find 268971 total lightning-coincident triggers. We estimate a false-coincident
rate of approximately 1 in 1200. This value is estimated from the average rate of
background coincidences over the week, measured from the time slides, multiplied
by coincidence time window.

In some clusters the background coincidences are about 0.5% — 1% of the
number of lightnings in that given cluster. With the total number of lightnings this
would lead to a number of coincidences which is of the same order of magnitude

as the amount of HL. coincident triggers. This highlights the need of the clustering
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Figure 18. Map of all GLD360 lightning strokes during the week of Sept 23, 2019.
Red (black) marks are events that did (not) align with HL coincident triggers. The
presence of coincident events highlights North America as the primary sensitivity
region.

and time-sliding analysis as a method to reject false coincidences when comparing
the GLD360 strokes and the HL coincident triggers.

As seen in Fig. [18] the coincident lightning strokes were primarily confined
to the Americas and Pacific. Over 97% of these were in North and Central
America, suggesting that this is the approximate sensitive region for individual
lightning signals observed at the LHO and LLO sites.

The distribution of global lightning strokes is generally balanced between
positive and negative currents; however, the strokes that match the HL coincident
triggers tend heavily toward negative currents (see Fig. . Negative currents in
the GLD360 are assigned to electric fields pointing toward the Earth (Said et al.,
2013)). Strokes matched to HL coincident triggers have a noticeable dip near zero
likely due to lower current strokes generating weaker magnetic fields and not being
witnessed by magnetometers at both sites. The magnetic field fluctuations from
lightning have durations below 10 ms and amplitudes of a few nT. Fig. shows

an example of a signal measured at both LHO and LLO believed to originate from
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Figure 19. Distribution of global lightning stroke currents reported in GLD360.
Grey distribution shows the current distribution of all lightning strokes in GLD360
not matched to an HL coincident trigger (corresponding to black locations on

Fig . Red distribution shows the current distribution of lightning strokes that
were coincident with HL coincident triggers (corresponding to red locations on Fig
18]). The dip at 0 in the matched strokes is likely due to lower current strokes not
generating strong enough fields to be witnessed by magnetometers at both LIGO
sites.

the Caribbean Sea. Spectra of the LHO magnetometers are shown in Fig[2I] where
excess amplitude can be seen in the range 1 — —1000 Hz.

Lightning-coincident triggers are highly diurnalﬂ in occurrence, as shown in
Fig. The shaded region marks local night in the central United States. The
hourly lightning-coincident trigger rate exceeds 2000 coincidences per hour at

times. This diurnal rate is most likely a mixture of the local lightning rate (since

most strokes are localized spatially and occur during local night) and a diurnal

2Throughout this paper we will use the term diurnal to refer to the daily variations in lightning
strikes as is done in literature (Blakeslee, Mach, Bateman, & Bailey}, |2014)).
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Figure 20. Timeseries of a lightning stroke witnessed by magnetometers oriented
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line is LHO. This is a lightning-coincident trigger linked to a lightning stroke in the
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Figure 21. Amplitude spectral density from a magnetometer oriented along the
LHO X-arm for the event shown in Fig. 20 Excess energy reaches from below 1
Hz to over 1kHz. The blue curve shows 0.1s surrounding the lightning event; the
orange curve shows 0.1s of background before the event. These have been corrected
for the LEMI response curve, which has decreasing sensitivity at higher frequencies
\LEMI Sensors: Induction coil magnetometer| (2011)).
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Figure 22. Hourly rate of HL magnetic triggers coincident with GLD360 lightning
strokes for the week of Sept 23, 2019. Shaded regions mark approximate local night
(1-13 UTC) halfway between LHO and LLO. X-axis ticks correspond to 24 hour
increments at 0 UTC.

variability in the ionosphere conductivity due to solar radiation (Simoes et al.,
2012)). This high diurnal variability in coincident signals suggests that magnetic
coherence between sites may also be diurnal. Fig. shows the magnetic cross
spectral density (CSD) between the X-arm aligned magnetometers at the LIGO
sites when broken up along the day/night cycle shown in Fig. . Below 200 Hz,
the CSD observed during the day (red line) averages about 20% larger than at
night, whereas above 200 Hz the nighttime CSD (black line) averages about 180%
larger than day time.

4.3.2 Reducing inter-site magnetic coherence by excluding
times with lightning strokes . We can demonstrate the effect of lightning

strokes on inter-site magnetic coherence by vetoing short time periods that
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Figure 23. Magnetic CSD between the LIGO sites divided into times aligned with
day and night in Fig. for the entire O3 run. At frequencies above ~ 200 Hz the
CSD observed during local day (1-13 UTC, red) is smaller than the CSD observed
during local night (14-0 UTC, black). The broad peaks below 60Hz are produced
by the Schumann resonances. Peaks at multiples of 60 Hz are due to mains power
lines and their harmonics.
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contain individual strokes. Fig. shows the coherence between LHO and LLO
magnetometers over the course of the week of Sep. 23 2019 with and without vetoes
of individual lightning signals. HL coincident trigger times were zeroed in the time-
domain with an inverse-Tukey window in one channel (to prevent elevated low
frequency coherence due to coincident vetoes) and replaced with Gaussian noise

for the duration of the trigger, up to a maximum of 1s, modulated by an equivalent
Tukey window. This removes a small number of very long outliers with durations
up to 1 second. However, the majority of the triggers have durations less than 0.1s,
with 90% shorter than 0.4s. While this reduces the magnetic correlation between
LHO and LLO, it did not fully account for the excess, so we also removed times
directly tied to GLD360 lightning, accounting for the light travel time from the
specific location of the stroke. This was done for GLD360 strokes in a 4000 km
radius circle that best encompassed the sensitivity region shown in Fig. [18] We also
repeated this, but with all strokes in a 10000 km radius circle, centered on the same
point (far enough to reach to Europe). All GLD360-informed vetoes had durations
less than 0.06s. To show that removing magnetic events is the cause of the reduced
coherence, we also applied the same number of triggers randomly to the data and
recalculated the coherence. The results are shown in the bottom plot of Fig. [24]
and we see little to no reduction in the coherence.

The top plot in Fig. shows the reduction in coherence as a function of the
lightning vetoes used. HL coincident triggers accounted for 0.7% of the globally
detected lightning during this time, and represent removing about 7.5% of the
observation time. GLD360 strokes in the 4000 km radius circle accounted for 21.8%
of globally detected lightning, and the vetoes removed 37.4% of the observation

time. The GLD360 strokes in the 10000 km radius circle accounted for 44.9% of
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Figure 24. Top: Coherence (LHO and LLO magnetometers) spectra for the week
of Sept 23, 2019 with varying amounts of lightning events vetoed. In the absence
of correlated noise, one expects this to be consistent with Gaussian noise given by
the number of averages (N) used to make the coherence spectrum, indicated by
the black dashed line. Bottom: Randomly applying the same number of trigger
vetoes to the data has minimal impact oi72he coherence spectra suggesting that
lightning is the direct source of high frequency coherence. We note that near 1 Hz
the coherence of the data with randomly shifted vetoes is lower. The origin of this
is unknown.



global lightning, and the vetoes removed 70.9% of the observation time. Massively
increasing the amount of lightning vetoed does reduce the coherence by over an
order of magnitude but also removes the majority of the observation time, which

is unfeasible in practical application. Whereas going from using HL coincident
triggers to using GLD360 detections has a significant impact up to around 300 Hz —
nearly double the reduction in some frequency ranges — it has negligible impact on
reducing the coherence above a few hundred Hz and requires removing over 9 times
as much observation time.

4.4 Impact on transient GW searches

We can estimate the effect of the individual lightning strokes on the GW
strain using outside-to-inside magnetic coupling functions and inside-to-GW
channel coupling functions for internal magnetometers. We present the budget for
LLO in Fig. 251 We chose LLO to examine here due to greater nearby lightning
activity relative to LHO as well as stronger observed magnetic coupling. This
combination allows us to examine the worst case scenario for coupled lightning
events.

To date, LIGO has not observed excess noise in GW strain due to individual
lightning events (Davis et al., |2021; [Schofield, [2016)), whereas Virgo has (Acernese
et al., [2022)). Note that vibrational effects from thunder have been observed both
at LIGO as well as Virgo (Acernese et al., 2022} Davis et al., [2021). With the
increasing sensitivity of the current and future GW detectors, it is important to
understand if additional mitigation efforts will be required.

We use the scalar value of the outside-to-inside magnetic coupling function
measured from the ratio of the amplitudes of individual lightning events as

described in Appendix [4.6] The inside-to-GW channel magnetic coupling functions
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include both directly measured values as well as upper limits. Measured values are
log-normal with a factor of 2 uncertainty, and upper limits are treated as uniform

uncertainties from 0 to the upper limit value in each frequency bin (Nguyen et al.
2021).

Fig. includes theoretical noise curves for current and future detectors
(Barsotti, Fritschel, Evans, & Gras, [2018a, 2018b; Hild et al., [2011; |Srivastava et
al, 2022)). The predicted contribution to the GW channel spectrum of the loudest,
100th loudest, and 10000th loudest individual lightning-induced magnetic events
are shown (red, dark blue, and light blue, respectively) for the week analyzed (out
of the 268971 total HL coincident triggers). The width of these shaded regions
represents the 68% confidence interval of the predicted contribution to the GW
channel, based on the combined uncertainty in the product of the outside-to-inside
and the inside-to-GW channel coupling functions. The downward triangles show
the high value of the 68% confidence interval for values of the outside-to-inside
coupling function with the upper limit inside-to-GW channel coupling function,
which, as an upper limit, we assume has no uncertainty. All of these loudest events
fall below the real O3 background but exceed the A+ design sensitivity below
20 Hz. If, in the future, lightning would couple significantly to the GW sensitive
channel at one of the detectors, the event would also be measured by multiple
magnetometers at each site. Such events would be identified in the standard PEM
vetting system by estimating their impact on the GW sensitive channel (Nguyen et
al, 2021)). Once identified, It may be possible to subtract these glitches, though the
coupling variability may make this subtraction difficult. However, glitch subtraction

is performed for other types of glitches (Davis et al 2022) and subtraction by
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Wiener filtering has been investigated for Schumann resonances (Coughlin et al.,
2016, 2018; [Thrane et al., 2013} 2014]).

The correlated power due to lightning could bias both unmodeled burst
as well as modeled CBC searches. As an illustration, if the magnetic coupling for
third generation detectors remains the same as those for the current detectors,
O(10°) magnetic transients per week would appear in the data. It is expected that
binary neutron star mergers could be in the sensitivity band for O(10%s) in the
case of third generation detectors (Hall et al., 2021} [Li, Heng, Chan, Messenger, &
Fan| 2022). Modeling these coherent lightnings as a Poisson process, it is nearly
guaranteed that at least one lightning transient will overlap with one of these
BNS signals, with over 160 overlapping lightnings expected on average for a single
event. While these coherent magnetic signals may be vetted using magnetometer
measurements, their presence and rate could interfere with transient GW searches
and parameter estimation. This could be mitigated to some extent by reducing the
magnetic couplings, since fewer magnetic transients coupling into the GW data
stream will reduce the total impact on searches and analyses. However, we also
recommend more detailed investigations into how to efficiently subtract these short
transients from future longer events.

For third generation detectors, it may be important to consider facilities
designs that could reduce the outside-to-inside coupling. Construction materials
may need to be selected with this coupling in mind. For example, buildings could
be constructed without using large ferromagnetic I-beams.

The lightning-induced beam tube currents discussed in Appendix are
probably particularly insidious because the beam tubes carry currents right into the

heart of the detector where they generate magnetic fields in the most magnetically
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sensitive regions. The lightning-induced beam tube currents might be reduced by
increasing the resistance of the beam tube path through the building and reducing
the resistance between the beam tube and ground, or by active cancellation.

The coupling of lightning-induced beam tube currents might also be reduced by
distancing the primary coupling sites, like the magnets in magnetic actuators and
the cable trays that carry signal cables, from the beam tubes. Other structures may
also carry induced currents, and ferromagnetic structures such as I-beams may even
locally amplify the correlated magnetic fields.

Furthermore, one can try to reduce the amount of magnets and
ferromagnetic components attached to the test masses, as well as moving them
higher up in the seismic suspensions stages. Finally, additional shielding can be
considered as a complementary method to reduce the magnetic coupling (Cirone et
al., 2019)).

4.5 Conclusion

In this work, we have demonstrated the effects of transient magnetic fields
from lightning on Earth-scale measurements of correlated magnetic transients and
magnetic coherence. We have shown that magnetometers located at the LIGO
Hanford and LIGO Livingston GW detectors likely measured these effects.

We quantified the effect of these fields on GW searches by using measured
magnetic coupling functions and large-scale magnetic field fluctuations. While
LIGO’s third observing run was free of magnetic contamination, future more
sensitive runs could be affected by this correlated noise source. Future detectors
suh as Cosmic Explorer and the Einstein Telescope are especially at risk if the

magnetic coupling mechanism is similar to that of current detectors.
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Figure 25. Estimates of the strain noise produced by individual lightning strokes
for LIGO and, assuming the same magnetic coupling, for future detectors. The
wide bands were made by projecting LEMI magnetic field spectra from the 1st,
100th, and 10000th highest amplitude lightning strokes detected by Omicron
projected into the main GW strain channel through the outside-to-inside and
inside-to-GW channel magnetic coupling functions as measured at LLO. Spectra
represent 0.5s around lightning event. Shaded regions represent the 68% confidence
interval for the spectra at frequencies where the inside-to-GW channel coupling
functions are fully measured. Downward triangles represent the spectra at
frequencies where only an upper limit for the inside-to-GW channel coupling

is known. Upper limits are the maximum potential value of the inside-to-GW
channel coupling when an injection does not generate a response in the GW strain
readout. These estimates are shown against O3 background (blue line), the A+
design sensitivity (light orange line), and sensitivity estimates of Cosmic Explorer
(dark orange line) and the Einstein Telescope (green line). The coupling at these
planned facilities could potentially be reduced from the levels measured at LLO by
further separating magnetic coupling sites, like cables and actuation magnets, from
lightning-induced currents on the beam tubes.
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Additional research is still needed to decrease the magnetic coupling, both
the outside-to-inside and inside-to-GW mechanisms. The magnetic coupling
could be reduced by shielding of the test masses (Cirone et al., 2019) and further
optimization of eddy current shielding from building cladding. The reduction of
lightning induced beam tube currents, as discussed in Sec. and Appendix
should also be further investigated. Finally, for third generation detectors the
placement of magnets and ferromagnetic components in the suspension design
should be carefully considered.

In the event that complete mitigation of coupling cannot be achieved,
further research will be needed on methods for how to eliminate contamination
from data analysis. Data subtraction has been proposed as a solution, but the
variation and uncertainty in the coupling functions make this quite difficult. For
stochastic analyses, the intrinsic diurnal and seasonal vaiariation in the magnetic
coherence could be used to distinguish between real astrophysical sources and these
environmental effects.

4.6 Appendix: The outside-to-inside magnetic coupling function

Presently, we produce estimates of the inside-to-GW channel coupling of
magnetic fields around the detector to the main GW strain readout by generating
large fields (much larger than the magnetic fields generated by lightning) inside
the buildings that house the sensitive regions of the detector, and then comparing
the amplitude of the resulting signals from the GW strain readout and from the
magnetometers in the buildings. In order to estimate the signal in the GW strain
readout using the outdoor LEMI magnetometers, which are away from the noisy

buildings and sensitive to the small inter-site correlated fields, we need to be able
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to estimate the amplitude of the fields inside, around the detector, from the fields
measured by the outside LEMI magnetometer.

Previous estimates of this outside-to-inside magnetic field coupling were
based on a comparison of outside and inside magnetometers for magnetic injections
made using a generating coil that was set up at multiple locations outside of the
vertex building (R. Abbott et al., 2021f). However, these coil-generated fields differ
from the fields from distant lightning in time-scale and field uniformity. Lightning
detection networks make it possible to identify lightning - generated magnetic
field transients and thus to measure the outside-to-inside coupling specifically for
magnetic fields from lightning.

To estimate this outside-to-inside coupling, individual lightning strokes
were selected from the GLD36(P| at ranges exceeding 200km from LLO. The
distance requirement serves to reduce any vertically-oriented field since the outdoor
magnetometers are designed to detect Schumann resonance fields and have no
vertical axis. We chose to calculate this for LLO due to the greater abundance of
nearby lightning events. The events with the largest estimated ratio of current to
distance were picked to ensure the signal was clearly witnessed by both outside and
inside magnetometers. Signals were selected with an SNR exceeding 10 as measured
outside and greater than 6 inside. Notch filters were used to remove all harmonics
of the 60Hz mains line. All axes were added in quadrature (including the vertical
components for interior magnetometers), and the result was high-passed to remove

any DC offset from the quadrature sum.

3For this measurement additional GLD360 data was provided by Vaisala for the week of July
8 to 14, 2019 as well as December 29, 2021 to January 3, 2022, January 25 to 27, 2022, and
February 3 to 5, 2022.
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Figure 26. Histogram of outside-to-inside coupling function values estimated from
individual lightning strokes.

Time series of an example lightning event are shown in the two top panels
of Fig. 271 The ratio of the peak amplitudes of these processed time series was
used to estimate a scalar value for the outside-to-inside coupling function. Using
multiple lightning events results in a log-normal distribution of coupling values
with mean value 0.7703nT/nT (Figure . The power-law estimate from static
coil injections discussed earlier agrees strongly with this estimate, falling within the
uncertainty limits for our frequency range.

Some interior magnetometers witnessed significant vertically-oriented

magnetic fields for some lightning signals, primarily at LLO. Significant vertical

fields are not expected for distant lightning (Silber, Price, Galanti, & Shuval,

2015) and are not monitored by the external magnetometers. Horizontal fields may

produce vertical fields through induced currents or field distortions associated with
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ferromagnetic structures. The vertical fields that were observed in the building
were roughly consistent with a simple model in which the distant lightning would
induce currents in a loop consisting of the beam tube, the beam tube grounding,
and the earth beneath the beam tube. This induced current would generate fields
around the beam tube inside of the buildings. The existence of beam tube current
transients coincident with distant lightning was confirmed using current probes
clamped on beam tube grounding cables. GLD360 lightning events from distances
greater than 200 km from the site were selected and the magnetic fields measured
on site for these events were identified in our magnetometers in coincidence with
currents measured on the beam tube. Fig. shows one such signal witnessed by
both exterior and interior magnetometers and the beam tube grounding current

monitor.
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Figure 27. Top: Filtered magnetometer measurement of magnetic field believed to
be from a lightning stroke as measured by outdoor magnetometers at LLO. Center:
The same lightning-generated field as measured by an interior magnetometer,
showing a strong vertical component. Bottom: Measurements from current probes
clamped to beam tube grounding cables at various locations on the X-arm (CS:
corner station, EX: X end station). At the location of the magnetometer, the

field from a current on the beam tube would mainly be vertical. The observed
delay in the LEMI magnetometer is believed to be an instrumental effect due to an
additional fiber-optic transmission step in recording the data.
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CHAPTER V
PARAMETER ESTIMATION OF GRAVITATIONAL WAVES FROM NEUTRON
STAR F-MODE OSCILLATIONS

5.1 Forward

During my time investigating the impacts of lightning on the detectors, I
began to get involved in searches for gravitational wave bursts associated with
magnetar flares (specifically, I was an analyst for R. Abbott et al. (2024c)). 1
found the models the team considered to be fascinating, but I was disappointed
by the rather underwhelming results that would be reported. Since no signals were
detected, the results were simply the integrated strain of test waveforms that the
searches were able to recover when injected into the data. These strain values
had little physical meaning, and I questioned how the search might be able to say
something more interesting, ideally regarding direct parameters of the magnetars
in question. I was also disappointed when I realized that there did not seem to
be a real plan for what to do if a signal was ever detected. I decided to attempt
to answer these questions myself with this project. This section contains material
previously published in Ball, Frey, and Merfeld| (2024).
5.2 Abstract

Magnetar vibrational modes are theorized to be associated with energetic
X-ray flares. Regular searches for gravitational waves from these modes have
been performed by Advanced LIGO and Advanced Virgo, with no detections so
far. Presently, search results are given in upper limits on the root sum square
of the integrated gravitational-wave strain. However, the increased sensitivity of
current detectors and the promise of future detectors invite the consideration of

more astrophysically motivated methods. We present a framework for augmenting
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gravitational wave searches to measure or place direct limits on magnetar
astrophysical properties in various search scenarios using a set of phenomenological
and analytic models.

5.3 Introduction

Magnetars are a subclass of neutron stars observed to possess magnetic
fields with strengths of 10'* G to 10'® G (Duncan & Thompson, 1992)) and may
be responsible for the highly energetic emission of X-rays and soft v-ray flares.
Presently, there are 30 known galactic magnetarsﬂ found via these (and other) types
of emission (Olausen & Kaspi, [2014)). These flares are short duration and believed
to be due to interactions between the powerful magnetic field and the exotic matter
of the star (Thompson & Duncan, (1996)). Flaring behavior typically falls into two
primary categories: flares with equivalent isotropic energies of 10%¢ to 10%3 ergs (see
Kaspi and Beloborodov]| (2017) and references therein for a review) and the far rarer
giant flares with isotropic energies of 10** - 10%6 ergs (Hurley et al., 2005, [1999;
Mazets, Golentskii, et al., [1979). Figure @ shows the light curve measured by Swift
BAT for the 2004 giant flare of SGR 1806-20 (Palmer et al., 2005).

The detailed internal structure of neutron stars, and magnetars in
particular, remains uncertain. Gravitational wave (GW) observations of merging
extragalactic binary neutron star systems have already contributed to constraints
on the neutron star equation of state (B. P. Abbott et al., 2017b], 2018). GWs
emitted from isolated galactic neutron stars would provide a promising new method
to explore neutron star astrophysics. The LIGO-Virgo-KAGRA network of GW
detectors has carried out a series of searches for GWs associated with magnetar

X-ray flares (Abadie et al. 2011a; B. Abbott et al., [2007; [B. P. Abbott et al.,

"http://www.physics.mcgill.ca/ pulsar/magnetar/main.html
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2019; R. Abbott et al., [2024b; Macquet, Bizouard, Burns, et al.| 2021). While no
direct detections have resulted and only limits on the integrated root sum squared
GW strain at 50% and 90% detection efficiencies have been placed, the increasing
sensitivity of the detectors begs the question whether such observations are likely
in the near future, or with proposed next-generation detectors such as Cosmic
Explorer (CE), Einstein Telescope (ET), or the Neutron Star Extreme Matter
Observatory (NEMO) (Ackley et al.l 2020; Hild et al., [2011} |Srivastava et al. 2022).

Unlike binary neutron star mergers, the mechanism(s) for transient GW
emission from isolated neutron stars is uncertain. Given the uncertainties, the GW
searches to date have made few assumptions regarding specific waveform models.
However, Giant flares present a uniquely promising scenario of observing GW
emission in the form of f-modes with the extreme energy release from magnetars
observed as giant X-ray flares.

Giant flares in particular are thought to be due to two connected
mechanisms: powerful magneto-hydrodynamic deformations within the interior of
star triggered by the cracking of the thin crust of the star, and a reconfiguration of
the exterior magnetosphere (Levin & Van Hoven| 2011)). Magneto-hydrodynamic
deformation models predict that a neutron star has fundamental equilibrium
states and can suddenly experience a reconfiguration of the internal structure
when changing to a different state. This reconfiguration can potentially release
an enormous amount of energy emitted through flares and gravitational waves
created by the deformation (Corsi & Owen|, 2011; lokal 2001). Such deformation
can be triggered by a large-scale cracking of the crust (de Freitas Pacheco, 1998}

Thompson & Duncan|, 1995)), which also serves to provide a channel for the
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magneto-hydrodynamic wave to propagate from inside the star to the exterior

magnetosphere (Gill & Heyl, 2010j Levin & Van Hoven|, 2011} Lyutikov, 2006)).

The vibrational modes excited within the neutron star are believed to be
predominately fluid pressure modes. The fundamental mode (f-mode) is the lowest

order (I = m = 2) quadrupole pressure mode, potentially being the strongest

contribution to the generation of gravitational waves (McDermott et al., 1988)),

expected to be nearly monochromatic in the approximate range of 1 to 3 kHz

Freitas Pachecol [1998; Lindblom & Detweiler], 1983). These excitations are expected

to be short-lived since pressure oscillations within the star are expected to couple
with the core and primarily decay through GW emission, causing the oscillations to
potentially last for between a fraction of a second and a few seconds , .
Theoretical calculations have estimated the total energy released during a
giant flare and predict that the GW energy could be high enough to be detectable

by near-future detectors by assuming that all available flare energy is released in

the GW channel (Corsi & Owen 2011). Other, less optimistic calculations give

GW energies far below what is detectable for sources at around 1kpc with even

proposed future GW detectors (Ciolfi & Rezzolla, 2012} Levin & Van Hoven, 2011;

Zink, Lasky, & Kokkotas|, 2012).

In previous analyses (B. P. Abbott et al., [2019; R. Abbott et al., 2024b)),

short-duration, targeted searches use the coherent analysis algorithm X-Pipeline

(Sutton et al., 2010; Was, Sutton, Jones, & Leonor|, 2012). Other analyses have

considered longer duration signals using PYSTAMPAS (Macquet, Bizouard, Burns,|

et al, [2021) (see, for instance [Macquet, Bizouard, Christensen, and Coughlin|

(2021))) or all-sky, untargeted searches for f-modes associated with pulsar glitches

using COHERENT WAVEBURST (Drago et al., 2021} Lopez et al|, 2022). Here, we
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focus on X-Pipeline for consistency with previous targeted, short-duration searches.
X-Pipeline is a targeted, minimally-modeled, coherent search algorithm. Data from
multiple detectors are transformed into time-frequency coherence maps, and the
most energetic clusters of pixels which still meet pipeline coherence thresholds

after data quality vetoes are recorded. For a nearly monochromatic signal, one
might expect a detection to appear as a line of constant-frequency pixels centered
on the central frequency of the signal with a narrow bandwidth of only a few Hz.
Given the astrophysical uncertainties associated with magnetars and their potential
GW emission, we assume here that f-mode emission will be identified by such a
minimally-modeled search.

In this paper, we explore the detectability of these f-mode signals. As
detector sensitivity improves, the probability of detecting a GW signal from a non-
compact-binary event increases. In the event such a signal is confidently observed,
more sophisticated analysis, possibly including detailed waveform models, will be
required to properly understand the underlying astrophysics. The goal of this paper
is to provide a framework for follow-up study and potential parameter estimation
for a future f-mode detection.

This paper is organized as follows: In Section [5.4] we discuss the various
fitting functions and analytic models that can allow us to create a fuller picture
of the gravitational waves from an f-mode. In Section 5.5 we will explore how this
picture can be used to evaluate the plausibility of f-mode emission for detection
candidates identified in a minimally modeled search such as X-Pipeline. In Section
[6.5.1] we perform Bayesian analysis similar to that done by [Clark, Heng, Pitkin,
and Woan| (2007) but extended to a larger frequency/damping time space and

focused more on direct parameter estimation and future detector sensitivity. This

87



section is also similar to recent work done by Pradhan, Pathak, and Chatterjee
(2023)); however, we focus on EOS-independent relations for f-modes from X-
ray flares and consider recovery in the context of an initial, unmodeled search
result. Finally, in Section we will explore how these measurements stand to
be improved with future detectors.
5.4 Methods

We consider a magnetar with a monochromatic oscillatory mode at
frequency vy spontaneously excited at time ¢ = 0 and decaying with a timescale
Tew. Following the derivation of |[Echeverrial (1989) and Finn| (1992), we can express

the gravitational wave emission of an f-mode as a damped sinusoid of the form in

Equation [5.1]

0 fort <0
h(t) = (5.1)

hoe~ /76w sin (2mvgwt) for t >0

The emission is then characterized by an amplitude hg, a characteristic
frequency vgw, and a characteristic damping time 75y,. While no model currently
exists that properly describes the parameters (mass, radius, magnetic field
strength) of this system due to the unknown neutron star equation of state
(EOS), attempts have been made to form EOS-independent fitting functions to
approximate these parameters. These fitting functions utilize numerical simulations
to map such physical parameters to measurable quantities.

5.4.1 Frequency and Damping Time Fitting Functions. A

variety of attempts have been made to compute relationships between GW
observables like frequency and damping time and physical properties like mass

and radius. These typically involve performing numerical simulations at a variety
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of different EOS’s and finding a best-fit function that relates these properties (see

eg. |Andersson et al| (2011); /Andersson and Kokkotas (1996)); Benhar, Ferrari, and |

\Gualtieri (2004)); [Doneva, Gaertig, Kokkotas, and Kriiger (2013)); Gaertig and |

Kokkotas| (2011); K. D. Kokkotas, Apostolatos, and Andersson| (2001)); Kriiger |

and Kokkotag| (2020)); [Tsui and Leung] (2005)). We choose to consider the fitting

functions of |/Andersson and Kokkotas (1998)) (with an updated frequency function

provided by K. Kokkotas| (2023))) as most other calculations either arrive at similar

results or they expand to include fast rotation — which we do not consider as none
of the known magnetars are in this fast regime and the rotating fits converge to

the non-rotating models in the zero spin limit. These fitting functions are shown in

Equations |5.2 and [5.3| where M = M/1.4M, and R = R/10 km.

M 1/2
R
—3 —
1 M M
7(s) R R

Assuming a mass range of [0.8 My, 2.5 M| and a radius range of [8 km,
20 km], this model allows f-modes to exist in the frequency range [0.80 kHz, 3.58
kHz| and damping time range [0.087 s, 10 s|. This includes constraints on the
parameter space requiring the damping time and frequency to be positive (as the

algebraic fitting functions would technically allow negative values) and for the

mass and radius to satisfy Buchdahl’s bound (Buchdahl, 1959). Since the algebraic

fitting functions would technically allow damping times as high as 2500 s, we
impose a constraint when sampling this parameter space that the damping time

must be less than 10s as calculations predict damping times below this limit (Levin,
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2006)), and the numerical simulations the fitting functions were drawn from do not
give damping times greater than this (Andersson & Kokkotas, 1998)).

We note here that these relations do not give unique solutions for
all frequency/damping times. For a small part of parameter space (roughly
between 1800 — 2800 Hz and damping times below around 0.23 s), the same
frequency /damping time can correspond to multiple mass/radius values.

5.4.2 Theoretically motivated amplitude model. A simple

Newtonian model can describe the amplitude of the oscillation. By modeling
the oscillation as a reconfiguration of the internal magnetic field triggered by
some impulse, the energy of an f-mode oscillation can be expressed as (Levin &

Van Hoven| [2011)]

&t a2B'R!
77 12872 qu M2

(5.4)

where ¢y is vacuum permittivity. Here, «,, represents the scale of the magnetic field
reconfiguration, with «,, = 1 corresponding to a complete reconfiguration of the
entire field, and the quantity gp,M is the effective mass of the oscillating mode,
which is dependent on the specific equation of state, the mass, and the radius. The
magnetic field strength B here is a characteristic value of the surface magnetic field

of the magnetaif’|

2While the model presented by [Levin and Van Hoven| (2011) is Newtonian and the universal
relations from |[Andersson and Kokkotas| (1998) were constructed from fully general relativistic
simulations, we believe that the uncertainty in how neutron star matter behaves outweighs
these model differences. This same argument is made by |[Levin and Van Hoven| (2011) when they
combine the two sets of functions.

3This may not be the same magnetic field as estimated from spindown measurements which
assume a dipole field subject to magnetic braking. The spindown measurements are where field
strengths of order 104 G come from, but this surface field value may be different.
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We connect this energy to the peak amplitude in Equation via the
gravitational wave luminosity as a function of source distance given in equation
21 of |(Owen| (2010) when including a damping term, and integrating from ¢ = 0 to

t = oo which gives Equation as in (Ho et al., |2020)).

(5.5)

1 (5(; EGW> 1/2
ho = il
wdvgw

A Tew
If we assume that all of the energy of the f-mode is radiated as gravitational
waves (Detweiler| 1975; K. S. Thorne, |1969), then we can let £y = FEguy and
combine Equations and to get a full description of the wave amplitude.
Given that «a,,, qur, and the magnetic field strength B are degenerate with
each other, we can improve things by fixing B to the dipole magnetic field strength
estimated from measurements of the spindown of the source magnetar (Olausen
& Kaspi, [2014); however, this may not be the best choice since the surface field
and the dipole field may be quite different. Nonetheless, if we let these fields be
comparable, this constraint would allow us to incorporate information on the
source magnetar into analyses and focus on the ratio of the reconfiguration scale
oy, to the effective mode mass ¢y, which is related to the equation of state (Levin
& Van Hoven| 2011). In the limit of a complete magnetic field reconfiguration
(v, — 1) and a mode mass in the range 0.02 < ¢y < 0.07, the amplitude of
an f-mode oscillation computed using the above model agrees with the results of
numerical simulations for oscillations due to magnetic re-configurations performed
by [Lasky et al.| (2012)).
The degeneracy in mass/radius mentioned in Section can be potentially
broken by this amplitude term. Since the amplitude has a dependence on these
parameters through the frequency and damping time, the degeneracy can be
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eliminated to some extent by constraining the magnetic field if that information
is known.
5.5 Applications in GW Scenarios
In the event search pipelines do find an astrophysical candidate, it is

desirable to connect the putative candidate with astrophysical source parameters.
We can construct three levels of analysis for different degrees of candidate
strength. In the event the candidate is of high enough amplitude to perform full
Bayesian parameter estimation, we need to know what level of precision source
parameters can be extracted and what thresholds need to be met to perform
further analyses. In the event a candidate event is detected, but too weak for
full Bayesian parameter estimation, we need some method of determining source
parameters without full parameter estimation. Finally, in the event a search returns
no GW candidates, we consider any interesting limits on astrophysical parameters.

5.5.1 Usage in a Full Detection. A full detection would take the
form of a search result with sufficiently high probability of an astrophysical source.
In this case, we consider how to extract astrophysical information from the data. In
particular, we can make statements on the consistency of the signal with an f-mode

with reasonable astrophysical parameters.

(1 + cos®¢) h(t)

DN | —

ha(t) =

hy(t) = costh(t)

(5.6)

If we include a Newtonian quadrupole inclination term in our model to
transform from the linearly polarized source frame to the detector frame, we
differentiate plus and cross polarization amplitudes (Equation [5.6] where ¢ is the

angle between the quadrupolar axis and the line of sight — see K. Thorne| (1987)).
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This allows us to use the fitting functions as forward model for full parameter
estimation.

We evaluate the recoverability of various f-mode waveforms using the
BiLBY Markov-Chain Monte Carlo infrastructure (Ashton et al., 2019)) and the
LALINFERENCE package (Veitch et al., 2015). This lets us identify the range
of parameter space where a signal inserted into simulated detector noise can be
recovered and with what level of confidence. A range of signals was generated
using the model presented above and coherently injected into simulated, Gaussian
detector noise using packages in LALINFERENCE with noise sensitivity estimates
for the third observing run (Buikema et al., 2020). Using the known location and
sensitivity of the two LIGO detectors, we construct simulated background noise
for each detector. The source orientation and sky location of injected signals were
chosen to optimize the response of this network of detectors. We consider a galactic
source at a distance of 10 kpc. We then used BILBY to attempt to recover the
parameters of the injected signals.

Injections were performed over a somewhat physically motivated parameter
space, with masses ranging from 1.0 to 2.6 M, radii ranging from 10 to 14 km,
and surface magnetic field strengths ranging from 10* to 107 G — which is beyond
what is generally considered possible, but may not be that optimistic in light of
more recent measurements of field strengths above 3 x 106 G (Sob’yanin, [2023).
All injections were performed assuming a fixed distance of 10 kpc as mentioned
above, an optimal inclination angle, and a fixed sky location, chosen to maximize
the antenna response in both LIGO detectors. This represents a best-case detection

scenario such that the limiting factors of recovery would be intrinsic source
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parameters. This is also consistent with previous GW searches (B. P. Abbott et
al., 2019; R. Abbott et al., 2024b)).

For our simulated recoveries, the prior distributions for the core parameters
were as follows: mass was uniform from 0.5 to 3.0 Mg, radius was uniform from
8 to 16 km, and the magnetic field was log uniform from 10%* to 10" G. We also
assumed a full magnetic field reconfiguration such that a,, = 1, as this gives the
maximum f-mode amplitude in this model. These priors are wider than the range of
injections to allow for proper sampling.

A general quantity used to reflect the amplitude of a signal is the integrated
root sum squared strain h. (Equation . This quantity can be compared to the
background amplitude spectral density of the detectors at the peak frequency of
the signal (see eg. R. Abbott et al. (2021a) and |R. Abbott et al.| (2024b) for recent

analyses).

For each injection recovery, BILBY produced a log Bayes factor E| for
how well the model was preferred over the null hypothesis. The set of injection
recoveries are shown in Figure |28, Each injection is shown as a single point in
frequency-h,s parameter space, corresponding to the frequency of the damped
sinusoid (Equation and the hy of the waveform (Equation [5.7)), respectively.
The points are colored by the log Bayes factor with a color scale centered on a log
Bayes factor of 8. This value of 8 is typically chosen as the threshold of ‘strong
evidence’ (Jeffreys, [1998), so we consider this our threshold for recovery. In this

regime, injections that were recovered with confidence are colored red, and those

4All log Bayes factors reported in this paper are in the natural log.
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that were not recovered are blue. This gives an approximate h, threshold of

3 x 10722 Hz~Y2. In a frequency-independent picture, Figure [29| shows how the log
Bayes factor directly compares to the optimal matched-filter signal-to-noise ratio
(SNR) of the injections and shows the clear recoverability threshold SNR of 8. The
SNR is computed in the standard method in Equation 5.8 where h(f) is the Fourier
transform of the waveform and Sy (f) is the background noise spectral density. This

is similar to the thresholds estimated by [Clark et al. (2007).

s, [T RN
p _4/0 s (5.8)

Due to fluctuations in detector noise, the log Bayes Factor is not a fixed
value. We performed 100 additional injection recoveries with different realizations
of the background noise for a single set of parameters near the recovery threshold
and find that the log Bayes Factor can fluctuate with a standard deviation
of £35%. When we repeat this for a set of parameters recovered with higher
confidence (log Bayes Factor of around 1000), the effect decreases to £4.5%. This
level of error does not significantly affect our results.

In terms of recovery accuracy, above an SNR of 8, the true injected mass
and radius values were within the 90% confidence interval of the recovered posterior
distributions for each injection but the width of this confidence interval was
frequency-dependent due to detector sensitivity. For example, one injection with
(M,R) = (1.0M,, 14km) at a frequency of approximately 1600 Hz with a magnetic
field of 3 x 10'°G had an SNR of 13. This injection was recovered with a 90%
confidence interval (M,R) = (1.137018Mg, 14.9790km). Another injection
with (M,R) = (1.8M,, 14km) at a frequency of approximately 1900 Hz with a
magnetic field of 3 x 10%G had an SNR of 16. This injection was recovered with
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Figure 28. Frequency space representation of injection recoverability for the LIGO
H1-L1 network at the sensitivity of the third observing run (Buikema et al., 2020).
Each point represents one injection, identified by the frequency and h,s of the
signal and the log Bayes factor of the recovery. The h, threshold for recovery is
around 3 x 10723 Hz /2. The color scheme of the log Bayes factor is truncated

at 22 to emphasize the recovery point despite many injections recovered with far
higher log Bayes factors.

(M,R) = (1.9709 M), 14.7111km). The difference in SNR here is due to the effect of
the mass and the frequency on the amplitude.

Since real detector noise contains non-Gaussian elements (Davis et al.|
2021)), the use of Gaussian noise here means this represents an optimistic scenario,
and any attempts to recover a signal from real data will likely see a higher A,

threshold for recovery. The analysis done here is meant to form a baseline for later

examination of predicted sensitivity curves of future detectors (see Section 5.6]).
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Figure 29. Matched-Filter SNR vs log Bayes factor for a range of signals injected
into simulated Gaussian noise for the LIGO H1-L1 network at the sensitivity of the
third observing run (Buikema et al., [2020)). Injected signals ranged in mass, radius,
and magnetic field strength, but given a known distance of 10 kpc. The log Bayes
factor sharply increases at an SNR of 8.
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5.5.2 Usage in a Marginal Detection. A marginal detection may
take the form of a search result where a pixel cluster is identified by X-Pipeline
as a candidate, but the probability of an astrophysical source is near or just
below the threshold for proper detection. In this case, full Bayesian parameter
estimation is unlikely to give log Bayes factors above 8, and analyses will be limited
to what could be allowed given the time-frequency range identified by the search.
Preliminary estimates of the signal morphology could be made with an unmodeled,
coherent signal reconstruction algorithm like BAYESWAVE (Cornish & Littenberg,
2015) which attempts to reconstruct a signal coherent between different detectors
using Morlet-Gabor wavelets. If this reconstruction results in a waveform similar
in morphology to the model discussed earlier, we can use it to make estimates for
the range of astrophysical parameters permitted by the time-frequency shape of the
candidate despite not being able to perform full Bayesian parameter estimation.

Under a hypothetical analysis, we can use Monte Carlo techniques
to generate random f-mode waveforms based on physically motivated source
distributions and check if these could match the time-frequency range of a marginal
candidate. Without amplitude restrictions (as search algorithms rely nearly entirely
on coherence statistics), the frequency range of a marginal candidate can be used to
place constraints on what astrophysical parameters would allow such a candidate if
it were an f-mode. Figure 7?7 shows what the mass-radius restriction looks like for
hypothetical frequency ranges centered on different central frequencies of 1.5, 2.0,
and 2.5 kHz using Equation [5.2]
Including damping time constraints using Equation could allow

analyses to focus in on where in the mass-radius band the source could exist, but

determining damping time from the time duration of the trigger is not an obvious
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task. Time-frequency pixel clusters identified by X-Pipeline show the precise
amount of time that the loudest 1% of pixels were clustered together, which is
not necessarily the decay time of a damped sinusoid. We can make preliminary
estimates for an analysis, such as limiting the damping time to some range of
values estimated from the cluster duration. We may be able to increase accuracy
via signal reconstruction algorithms like BAYESWAVE, which may be able to
more precisely estimate the damping time and constrain our model estimates.

If there is a candidate duration of several tens of seconds, it is unlikely that it
could be adequately explained by this model. In Figure 77, we demonstrate how
the parameter space can be constrained with estimates of frequency and damping
time. Shaded regions show examples of how a frequency-only limit can constrain
the mass-radius parameter space. This constraint can be further refined with the
damping time constrained to some range, representative of a limit consistent with
uncertainties from X-Pipeline. This is shown by the black-dashed regions in the
plot.

5.5.3 Usage in a Non-Detection. In the event that there are no
confident candidates returned by the search, astrophysical information can still
be extracted from the non-detection. Previous searches (Abadie et al., [2011a;

B. Abbott et al| [2007; B. P. Abbott et al., 2019; R. Abbott et al., 2024b; |Macquet,
Bizouard, Burns, et al., 2021) have placed h.s limits at 50% and 90% detection
efficiency on the signal via injections at different frequencies (which we will refer to
as "50%" or "90% upper limits" respectively for the remainder of this paper). In
our hypothetical analysis, we use the 50% upper limits to constrain the amplitude
of a signal and sample our physically motivated parameter space with the only

restriction being that the h,s at some frequency is below the upper limits set by
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Figure 30. Physically plausible parameter space for a signal given frequency limits
from a targeted, unmodeled, search using simulated data. Masses and radii for
different f-modes were generated and those with frequencies permitted by simulated
search results are shown. Narrow frequency ranges around central frequencies of
1500, 2000, and 2500 Hz show clear mass-radius relations that can be extracted
from a potential marginal detection. Marked regions are when we assume the
damping time can be constrained to a range of 0.3 s < 7 < 0.4 s, representative of
limits that might be placed from an X-Pipeline detection.
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the search and a maximum damping time of 10 s. Since the source distance is likely
known, this primarily can place limits on the three degenerate terms: magnetic
field strength B, scale of magnetic reconfiguration a,, and oscillation mode mass
fraction qy;.

If the dipole magnetic field estimated from spindown measurements is
assumed to be equal to the surface magnetic field that modulates the amplitude of
the f-mode, some of the degeneracy of the model can be removed. In this case, o,
and ¢j; may have limits placed. Further constraints can be placed by restricting the
mode mass to values calculated for modern equations of state allowing for limits to
be placed on the scale of magnetic reconfiguration.

Figure [31] shows an example of a comparison we can make in the event of
a non-detection in a hypothetical analysis. 50% upper limits for the h.g of short-
duration waveforms for a non-detection from a flare potentially associated with
1 RXS J170849 (as done in R. Abbott et al. (2024b)) at a distance of 3.8 kpc
are compared to what the model would allow for a hypothetical magnetic field
of 10*° to 10'® G. The maximum allowed h,¢ meets the search upper limits
at low frequencies in this example, which might suggest that a low-mass, high-
radius neutron star (required for a lower frequency) is right at the threshold
of detectability. The upper limits are also scaled to the predicted sensitivity of
future observing runs and detectors (Barsotti et al., [2018a; [Buikema et al., 2020
Srivastava et al., [2022; The LIGO Scientific Collaboration| 2022). LIGO A+ (O5)
and 3rd generation detectors like Cosmic Explorer (CE) will have the potential to
place strong exclusion limits on the allowed parameter space in the event of non-
detections. This is a very optimistic scenario, as of the 30 known magnetars, only

one has a magnetic field in this range, and of the magnetars with known distances,
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Figure 31. Example results using interpolated 50% upper limits from one target of
the search in the third observing run (R. Abbott et al., [2024b) with an estimated
source distance of 3.8 kpc, assuming a magnetic field of between 10'° to 10 G (far
greater than the estimated field strength of the original source). The red region
shows the maximum allowed h,s when forcing the mode mass fraction to be 0.046
for the SLy equation of state (as calculated in |Levin and Van Hoven| (2011)) and
the magnetic field reconfiguration scale to be 1 for a complete field reconfiguration.
The damping time was only constrained to less than 10s, allowing for multiple
mass/radius combinations per frequency. Projections of these upper limits onto
future detector sensitivities are also shown.
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only about six are comparable to or nearer than this distance (Olausen & Kaspi,
2014).

5.5.4 Something Unexpected. In the event a candidate is present
that exists outside of the parameter space allowed by f-mode models, a few
scenarios can be considered. A first approach for an unexpected candidate would
be to attempt to extract a general waveform using an unmodeled reconstruction
algorithm like BAYESWAVE (Cornish & Littenberg, 2015). With a candidate
reconstruction, the h,s and the gravitatitonal-wave energy assuming isotropic
emission from the source trigger distance can be calculated. From this energy
estimate, energetics arguments could be made about whether or not the candidate
is astrophysically plausible. (Corsi and Owen| (2011) estimated the limits of energies
that an internal magnetic reconfiguration could reach. The energy of an f-mode is
limited by the energy released by changes in magnetic deformation, so a magnetic
reconfiguration that drives an f~mode cannot expend more energy than available in
the reservoir. If the energy of a candidate exceeds what can possibly be stored in
the deformation reservoir, it is unlikely to be physical.

If a short-duration, monochromatic candidate is found that occurs outside
of the allowed frequency space of this model, it may be possible to make arguments
that the candidate was due to a different vibrational mode of the neutron star.
While the f-mode models considered here are believed to be most likely for GW
emission (Detweiler, 1975; [McDermott et al., |1988]), frequencies above a few kHz
are expected to be where one might find higher order pressure modes (p-modes)
(Andersson & Kokkotas| 1998). Frequencies below 1 kHz are where Alfvén modes
are predicted that are potentially associated with quasi-periodic oscillations

observed in electromagnetic measurements. However, these are complex and have
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not been fully modeled (Lasky et al., [2012). Crustal and shear modes are also
hypothesized to occur in this range (Duncan) 1998; Piro, 2005), as are g-modes
with buoyancy as the restoring force (Reisenegger & Goldreich) [1992), though these
are unlikely to decay via the emission GWs as efficiently as the f-mode (McDermott
et al., [1988).

Another possibility is a candidate with appropriate frequency and duration
but with an amplitude exceeding what the model allows. In the search for GWs
associated with flaring magnetars in the third observing run of the LIGO-Virgo-
KAGRA collaboration, the most significant candidate was a short burst of bright
coherent pixels between 1560 and 1608 Hz lasting 63 ms (R. Abbott et al., 2024b).
The frequency and duration fall right in the region expected for an f-mode, but
the burst candidate was excluded as an astrophysical candidate for data quality
reasons. However, it is instructive to consider what it would imply if the burst
candidate had not been a data quality artifact.

While the frequency constraint of 1560 - 1608 Hz fits well within the
model discussed here, a damping time of 63 ms is below the minimum damping
time allowed by the model. If we consider the case where less than one complete
damping time was detected by a search pipeline, then we could have a damping
time greater than this value. The source magnetar for the triggering flare was SGR
193542154 which has an estimated dipole magnetic field strength of 2.2 x 10** G
(Israel et al., 2016)) and an estimated distance of 9.0 4+ 2.5 kpc (Zhong, Dai,
Zhang, & Deng| 2020). If we sample this physically motivated part of parameter
space, we get a maximum h of ~ 7 x 10727 Hz~"/? and a maximum isotropic
energy of 1.5 x 103! ergs at 9.0 kpc. This is well below the 50% upper limits set

by the search at 1.1 x 10722 Hz~'/? at 1600 Hz (R. Abbott et al., [2024b). If an
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astrophysically motivated model with the same time-frequency shape as a candidate
has an h, over 4 orders of magnitude below the candidate, the candidate is either
not astrophysical, or not described by the f-mode model. The discrepancy here
demonstrates the ability of the model to help vet potential candidates with a more
astrophysical motivation.

Another way of thinking about the burst candidate is that to get the
astrophysically motivated model to match the amplitude set by the upper limits
of the search, the magnetic field strength would need to be increased by about
2 orders of magnitude and the distance reduced to about 4 kpc. While not
astrophysically feasible as an f-mode event for the targeted magnetar (SGR
193542154 at 9.0 £+ 2.5 kpc), the burst candidate would not be unfeasible within
the context of this f-mode model for a magnetar at the distance of 1 RXS J170849
(3.8 kpc) but with a magnetic field of ~ 10'% G, which is at the very upper limit
of what magnetars could reach in some estimates (Sob’yanin, 2023). Likewise, if it
were due to magnetar with 10'® G at a distance of 10 pc — which is about 100 times
closer than the nearest magnetar, it could also be consistent with the model.
5.6 Discussion and Conclusions

The relationship between SNR and log Bayes factor shown in Section
allows us to estimate sensitivity to potential signals for future detectors.
Using predicted detector sensitivities (Barsotti et al., 2018a; Buikema et al., 2020
Srivastava et al., [2022), we can quantify how future detectors will improve searches
for these signals.

Figure 29 shows that at a matched-filter SNR of about 8, the log Bayes
factor spikes to nearly 10 for injection recovery. We can compute what signal

parameters would give a particular SNR using predicted future detector sensitivity
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estimates to investigate the prospects for future observing runs. Figure [32] shows
the frequency-distance parameter space for a giant flare-induced f-mode with a
fixed surface magnetic field strength of 10'® G and magnetic reconfiguration scale
of 1, allowing the mass, radius, and effective mass of the oscillating mode to vary
within astrophysically motivated ranges, where at least 10% of the randomly
generated waveforms in a distance-frequency bin have an SNR greater than 3. This
3 o threshold was chosen to correspond to the p-value threshold used for potentially
interesting X-pipeline clusters to follow-up on, which is about 1% (Sutton et
al 2010). A giant flare from a high-magnetic field magnetar is similar to what
was observed from SGR 1806-20 — though it has a slightly weaker field strength
(Hurley et al., 2005)). The strong frequency dependence is primarily due to the
frequency dependence of the sensitivity curves of the detectors. This parameter
space represents what searches might expect to see in the event of a possible
candidate: a known source distance, and a frequency space for the candidate. By
comparing a potential candidate with the potential detection ranges for different
detectors, we can make astrophysical arguments about why a signal may or may
not be an f-mode. The loudest candidate from the third observing run (R. Abbott
et al., 2024b)) described in Section is included for comparison.

Here, we have demonstrated applications for a more complete description
of the gravitational wave emission from neutron star f-modes associated with
magnetar X-ray flares. We have shown that in simulated LIGO noise, full
parameter estimation may be possible above a matched-filter SNR of 8 which
occurs at an h, of around 3 x 10723 Hz /% at the sensitivity of the third observing
run. We have shown the limits that could be placed on a mass-radius relation

in the event of a marginal detection with just frequency information. We have
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Figure 32. Regions of the distance-frequency parameter space that future detectors
could be sensitive to assuming a complete magnetic field reconfiguration and source
magnetic field strength of 10'® G. The parameter space used in section was
sampled and binned in signal frequency and distance. The fraction of samples in
each bin with an expected SNR above a threshold of 3 was calculated, and the
region where at least 10% meet this threshold are shaded. The strong frequency
dependence is primarily due to the frequency dependence of the sensitivity curves
of the detectors. Potential detections can be compared to such a calculation to

vet the plausibility of a real signal. The loudest candidate from the analysis in

the third observing run (O3) is marked as a dotted box and falls squarely within
the Cosmic Explorer and NEMO detection thresholds. This suggests that for

such a candidate to have been from a magnetar f-mode with realistic source
parameters, the detector would have needed to be at third generation detector
sensitivity. Due to the considerable similarity in this frequency regime between
Cosmic Explorer and the Einstein Telescope, only the Cosmic Explorer estimate is
shown to represent these third generation detectors (Hild et al., 2011} Srivastava |
et al [2022). It is also worth noting that NEMO is comparable to third generation
detectors in the frequency space of these signals and should prove quite useful in
future analyses (Ackley et al., [2020)).

107



demonstrated how non-detections may be able to constrain the astrophysical
parameter space as sensitivity improves. We have also explored how this model can
be used to vet potential candidates using astrophysically motivated predictions.
Lastly, we have shown how the available search space will improve with the

increased sensitivity of future detectors.
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CHAPTER VI
METHODS FOR ESTIMATING NEUTRON STAR PARAMETERS USING
MULTIPLE MECHANISMS FOR GRAVITATIONAL WAVE EMISSION
ASSOCIATED WITH PULSAR GLITCHES
6.1 Forward
Motivated by news of the April 2024 Vela glitch, this chapter expands
upon the methods developed in the previous chapter for deriving astrophysical
implications from a neutron star f-mode. The f-mode model is slightly different due
to the different source (pulsar glitch vs magnetar flare). This source was promising
due to how close the Vela pulsar is (287 pc compared to > 1kpc for the average
magnetar). Since the LIGO Continuous Wave subgroup was planning on running a
search as well, I decided to look into how I might be able to fold their search results
in as well. This chapter contains as yet unpublished work (Ball & Frey, in prep.).
6.2 Abstract
Pulsar glitches are believed to be associated with the emission of
gravitational waves (GWs). This emission may be split between long duration
continuous waves and short duration bursts. Searches for GWs associated with
pulsar glitches have previously only considered one emission mechanism and
place observational limits based only upon that mechanism. The increasing
sensitivity of the detectors and the prospects of future detectors suggest that more
astrophysically motivated analyses may be necessary. Here, we present a framework
for combining two simple models for GW emission - long duration continuous waves
and short duration bursts - to derive more constraining astrophysical implications
than a single model would allow. We apply these methods to the December 2016

Vela pulsar glitch and make predictions for how well future observing runs and
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detectors would improve results. As part of this analysis, we performed a direct
search for GW bursts associated with this glitch and find no signal.
6.3 Introduction

Neutron stars are comprised of matter potentially exceeding nuclear density,
but the details are poorly understood. Gravitational waves (GWSs) present a
promising probe into this exotic matter. There are many methods through which
a neutron star can emit GWs, but one particularly promising mechanism is a
glitching pulsar (Haskell, [2017} |Link, Epstein, & Van Riper, 1992).

Pulsar rotation is typically a slowly varying process, but glitches are sudden
changes in the rotation rate without a clear cause (Fuentes et al., 2017). Models
have been proposed (Haskell & Melatos, [2015)), but the precise mechanism is
still poorly understood. These models typically describe some purely internal
mechanism that induces a spontaneous change in the star’s moment of inertia.

This would account for the lack of measurable emission and the sudden change
in the rotation rate. A rearrangement of matter capable of changing the moment of
inertia could create the necessary conditions for the emission of GWs.

Pulsar glitches have been considered for gravitational wave sources since
the early days of LIGO (Abadie et al., 2011b). Modern searches are designed
to separately target both long and short duration GWs using dedicated search
algorithms. Long duration searches focus on GWs with durations lasting from hours
to months (Keitel et al., [2019)), and no targeted short duration searches have been
performed on pulsar glitches recently (although all-sky searches for GWs potentially
associated with pulsar glitches have been performed (R. Abbott et al., 2021b;
Lopez & the LIGO, Virgo, and KAGRA collaborations, [2024; Lopez et al., [2022)).

The techniques that would be used to search for short-duration GWs from pulsar
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glitches would be similar to or the same as searches that target other transient
neutron star phenomena such as magnetar flaring (see e.g. R. Abbott et al.| (2024c);
Macquet, Bizouard, Burns, et al. (2021)), and as described in the previous chapter.

Given that there is interest in both long and short duration GWs from
pulsar glitches, the question may naturally arise: what information is gained by
combining these emission mechanisms? Both types of emission are potentially
attributable to the same type of object, so in the event of a pulsar glitch, the
same source could emit both long and short duration GWs. This means that there
should be an overlapping set of astrophysical parameters, and the combination of
measurements from both types of search should place stronger limits on parameters
of the pulsar. This paper seeks to combine measurements of both long and short
duration GWs from a common pulsar glitch to place stronger constraints on the
astrophysical parameters than those attainable by considering the two sets of
results separately.

This paper is organized as follows. In Section [6.4.1, we describe the analysis
techniques that would be used in a targeted glitch search. Then, in Section [6.4.2]
we detail the GW waveform models we will consider for astrophysical implications.
In Section [6.5] we describe how we use the results of a search to inform a Monte
Carlo simulation to explore the parameter space permitted by the observations. In
Section we apply these methods to the 2016 Vela pulsar glitch, which occurred
during LIGO’s second observing run. Finally, in Section [6.7, we consider what
measurements made with more sensitive detectors may teach us.

The analysis we consider here consists of two distinct steps: an initial set of

searches and the inference of astrophysical parameters from the search results. We
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give a brief overview of standard search techniques, but the main focus of this work
is the interpretations step.
6.4 Background

6.4.1 Search Techniques. Since the two GW emission models are
very different in time scale, they require different search techniques. Here, we
discuss the search techniques used for each type of signal and give a more detailed
description of the waveforms of interest.

The two primary waveforms take the form of slowly decaying sinusoids: a
longer duration, continuous wave created by the decay of an induced ellipticity in
the neutron star, and a very short duration wave created by pressure oscillations
within the neutron star.

The slowly decaying waveform is expected to occur at twice the rotation
rate and damp out on the scale of days. This model is often referred to as the
"mountain" model.

The short-duration waveform is expected to occur in the range of 1000 to
3000 Hz and damp out in under a second. This oscillation is referred to as the "f-
mode."

6.4.1.1 Search for Continuous Waves. The long-duration search
for Continuous Waves (CW) integrates days of data to perform a very narrowband
search around 1x and 2x the neutron star rotation frequency. The primary search
pipeline is the matched-filter transient F-statistic search algorithm (implemented in
PYFSTAT) (Ashton, Keitel, Prix, & Tenorio, [2020)). This algorithm is designed to
report the dimensionless strain amplitude hy of the GW with a maximum likelihood

(Jaranowski, Krolak, & Schutz, |1998; |Prix, Giampanis, & Messenger, 2011)).
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In the event of a non-detection, the pipeline places limits on the amplitude
that could have been detected. PYFSTAT performs signal injections of different
durations to measure how well the algorithm recovered them. These take the form
of sigmoid-like curves of the fraction of recovered waveforms at different values of
ho. The value of hy at around 90% detection efficiency is usually reported as the
"upper limit."

In previous searches, astrophysical implications generally take the form
of estimating what fraction of the glitch energy could have been emitted as
gravitational waves. Upper limits are compared to the spindown limit assuming
that all available glitch energy was radiated away through the GW emission. The
energy of the spindown limit is given by Equation (eg. Prix et al.| (2011)) where
ho(t) is the time-dependent peak amplitude of the signal. The upper limits of the

search are then compared to this spindown limit (see eg. Keitel et al. (2019)).

2m2e3

s / o (£)2t (6.1)

6.4.1.2 Search for Gravitational Wave Bursts. The short-duration

Eow =

search for burst signals looks at multi-detector time-frequency correlations in
the seconds to minutes after the glitch time, targeting GW frequencies in the
range of ~ 100Hz to 4000Hz. These searches are minimally modeled to account
for unexpected waveforms. Two primary algorithms for this are COHERENT
WAVEBURST (CWB) (Drago et al 2021; Lopez et al., 2022)) and X-PIPELINE
(Sutton et al., 2010; Was et al., 2012)). Both of these searches, in the case of a
detection, would return time-frequency ranges of the signal with an associated

integrated root-sum-square strain h,s (Equation [6.2)).
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In the case of a non-detection, waveform injections are performed over a
range of different signal morphologies. For the purposes of this analysis, we will
only consider the ringdown waveforms, as they are most similar to the damped
sinusoid shape associated with f-modes.

Standard analyses report upper limits on the strain and compare them to
the energy estimated by electromagnetic observations. For burst searches, the A
upper limits would be converted to an energy assuming emission via Equation (6.3
(Sutton), 2013). This would then be converted to an estimate of the glitch energy
(Equation [6.4]) using a fiducial value for the moment of inertia (for instance Z,, =

10%g cm?) to predict how close to detection the source was (see eg. 7).

2.3
2m4c 9

S A (6.3

Egw =

6.4.2 GW Waveform Models. In order to make quantitative claims
about neutron star source parameters when there is no detection, we need to make
an assumption of a model for each emission mechanism. Here, we consider the
"mountain" model for CW emission, where the glitch induces some ellipticity that
slowly damps out, and a simple damped sinusoid for the f-mode emission.

In both cases, we assume some fraction of the total glitch energy Fgqiten is

emitted in the respective channel. The total glitch energy is given by Equation [6.4
where Z,, is the moment of inertia, v, is the rotation rate of the neutron star, and

Av, is the change in rotation rate from the glitch.
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EGlitch = 47"-2-’Z-szsAVs (64)

Whereas previous searches have used a fiducial value of 10*°g cm? for Z,,,
we will use the equation of state independent relation in Equation to relate the
moment of inertia to direct mass and radius estimates (in geometric units where
a; = 1.317, ay = —0.05043, az = 0.04806, and ay = —0.002692) (Yagi & Yunes,
2017)).

4 —k
]{223 => (%) (6.5)
k=1
6.4.2.1 CW Waveform. The mountain model suggests that the
sudden change in rotation rate associated with the glitch induces an ellipticity e
which slowly damps out through the emission of GWs, initially suggested by [Prix
et al. (2011). This amplitude is parameterized in Equation , where € is the

ellipticity.

412G (2u)?
hO,mtn - A Izz d € (66)

Note that this is independent of the decay time. The amplitude limits set by
these searches in the past are often compared to the spin-down limit, which is the
limit where all energy from the loss of angular momentum in the glitch (Equation
is emitted over the course of some damped decay.

An amplitude can be calculated by integrating the GW luminosity as a
function of distance for a damped sinusoid. We use the relatively simple model
proposed by [Yim and Jones (2020) to parameterize the emission. Equation

shows the spindown limit and its relation to the total energy emitted by the
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waveform. Here, 7oy is the damping time of the waveform. Previous searches for
CWs near Vela pulsar glitches have placed upper limits on hy at approximately

1 — 2 x 1072 for signal durations of around 100 days (Keitel et al., [2019).

1 [5G Egiitcn
h = .
050 o du, ATow (6.7)

6.4.2.2 f-mode Waveform. We consider f-mode GW emission in the

form of a monochromatic damped sinusoid parameterized by a frequency vy and
a damping time 7y, excited at time ¢ = 0. This follows the parametrization of

Echeverria (1989)) and Finn (1992)) and is shown in Equation

0 fort <0
h(t) = (6.8)

ho pe~t/7 sin (27vst)  for t >0
We can relate the f-mode frequency vy and damping time 7 to the mass via
the equation-of-state independent fitting functions in Equations and [6.10, where

M = M/1.4M and R = R/10 km (Pradhan, Chatterjee, Lanoye, & Jaikumar,

2022).
i 1/2
vio(kHz) ~ 0.535 + 1.646 (?> (6.9)
_3 R
1 M M
— A~ [21.19 —13.41 <:)] (6.10)
71(s) R R

As any targeted pulsar would have a measured rotational period, we include
a slight shift to the f-mode frequency from |[Kriiger and Kokkotas (2020). We
assume a co-rotating oscillation, as this is the "stable" case. For slowly rotating

pulsars, this effect is almost negligible, but we include it here for completeness in
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Equation [6.11} where v is the frequency of the f-mode GW, vy is the non-rotating
f-mode frequency, and € is the rotation frequency of the neutron star, all in units of

kHz.

0 0 \?2
vr =g (1 +0.220 (—) —0.0170 (—> ) (6.11)
Vro Vfo

Similar to the CW case, and as calculated by (Owen| (2010), the amplitude
of the f-mode is calculated by integrating the GW luminosity for a damped
sinusoid (Equation . It is quite similar to Equation as both start with the
assumption of a simple damped sinusoid, but here, the f-mode frequency vy is not

twice the rotation rate.

1 ([5G Egws\'"?
ho ¢ = — 6.12
0.f 7le/f ( 3 Ty ( )

We can also assume that the energy carried by the f-mode Egw ¢ is equal to
the glitch energy in Equation if it is the only emission.

To simplify things a bit, we will only be considering the mountain model
parameterized by |Yim and Jones (2020) discussed above as a potential CW
emission, even though other forms of long-duration emission have been considered
(see eg. |Haskell and Jones (2024)); Yim, Shao, and Xu (2024))). We will also assume
that the only short duration burst emission is the f-mode, ignoring other potential
emissions.

We treat each emission mechanism independently, and model the available
energy for a particular channel as some fraction F of the total pulsar glitch energy

in Equation [6.4, The fraction of the energy in the CW channel is f cw and the
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fraction of the energy in the f-mode channel is F fu04e. These fractions are not

required to add up to 1. The total energy of the system is then:

Eow = Ecw + Egmode = F cw Eaiiteh + F fmode EGlitch (6.13)

Previous searches for continuous GWs near a Vela pulsar glitch placed upper
limits on hg e, that approach but do not quite meet the spindown limit (Keitel et
al., 2019).

In the event that the total energy of the glitch is not sufficient to explain the
observations, we can let f cw and F gnode €xceed unity.

The inclusion of F cw and F gpoqe explicitly gives Equations and [6.15]

1 5GF cw Eaiiten
h = 6.14
05 o du, \/ STow (6.14)
1 5G FfmodeEGlitCh 12
ho ¢ = — 6.15
0.f 7le/f ( 3 Ty ( )

6.5 Methods

Each type of search has a unique type of output and will require a different
approach to use the result for source parameter estimation. Here, we consider
different cases for the outcomes of the different searches and how the result can
be used for follow-up analysis.

6.5.1 Parameter Estimation. We perform Monte Carlo simulations

to generate random samples of astrophysical parameters. Since the CW and f-
mode models we use should have common parameters for a common source, we

have shared prior distributions for mass, radius, glitch size, distance, the mountain
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energy fraction F cw, the f-mode energy fraction F gnoqe, and the inclination angle ¢.
The CW likelihood will require an additional prior for 7oy .

We can use Bayes’ Theorem to compute a posterior distribution on the
astrophysical parameters of the source pulsar. More detailed methods for how this
is done in practice are given in Section [6.6.2]

6.5.2 Adapting Continuous Wave Search Results. A CW
detection will likely take the form of a posterior distribution on hg ¢, and 7ew. To
convert this posterior into a likelihood for follow-up analysis, we need to normalize
by the prior. Bayes’ theorem in the context of gravitational-wave parameter

estimation takes the form

L(d|0)x(6) _  L(d|0)7(0)
Z [ L(d|0)7(6)do

p(f]d) = (6.16)

where p(6|d) is the posterior probability density function of the source parameters
0 given the data d, 7(#) is the prior probability density function, L(d|6) is the
conditional probability density function of the data given the source parameters,
and Z is the evidence, which is just a renormalization factor, only dependent on
the data which can be folded into the likelihood. To use an existing posterior
distribution for our purposes, we need to calculate the conditional likelihood
L(d|#). We can then treat this as any ordinary likelihood in our MCMC code. The

piece we want is simply

Lcw(d|0) _ pcw(md)
Z m(0)

(6.17)

We can perform this operation to extract the likelihood of different values

of homtn and Tow, which we can evaluate based on computed values from the
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prior distribution. This likelihood function can be used with conventional MCMC
analysis techniques to compute the posterior distribution for astrophysical source
parameters. This likelihood function can be combined with the relevant likelihood
from a burst search result to create a joint likelihood function that appropriately
combines both searches.

A non-detection by a pipeline such as PYFSTAT will be reported as upper
limits on hg e, from injection recovery at different amplitudes and signal durations.
These upper limits are computed by performing injections at different amplitudes
and fitting a sigmoid curve to the recovery fractions. We can combine these
detection efficiencies through simple linear interpolation to create a function that
gives a detection efficiency for any set of astrophysical parameters. In the event of
a non-detection, we will use this function subtracted from unity to weigh a set of
sampled parameters (using the priors in Table |3) by how likely they were to not be
detected by the search. This process is explained in more detail in Section

6.5.3 Adapting Burst Search Results. A burst detection (from
X-Pipeline specifically) will take the form of a time-frequency box centered on the
f-mode frequency. For a narrow-band signal like the damped sinusoid of an f-mode,
the bandwidth should be quite small, only a few Hz at most. The duration should
be comparable to the f-mode damping time.

In this case, we use a conventional noise-weighted likelihood for the f-mode
model on the GW data directly. We choose an 8 second on-source window such
that the trigger start time is 2 seconds into the window and 32 times as long for
an off-source window to compute the background spectra. Within the on-source
window, we set our signal start time prior to be the trigger time from the search

pipeline, and perform MCMC sampling, marginalizing over the start time.
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A non-detection from the burst search will be reported as upper limits
on the h, for different waveforms. Specific waveforms are injected into data at
different amplitudes to determine how well the search pipeline recovers them. For
the purposes of this analysis, we only consider "ringdown" waveforms, which are
damped sinusoids, similar to the expected form of an f-mode. Each unique injection
waveform is set at different frequencies and damping times to build an estimate
of the parameter-dependent sensitivity. For each waveform, a detection efficiency
curve is generated, representing the amplitude at which some fraction of injected
waveforms were recovered. We can perform a linear interpolation of the curves at
each parameter to construct a proper function of the signal parameters. With this,
we can estimate the detection efficiency for any set of parameters, computing the
frequency with Equation [6.9 the damping time with Equation [6.10 and the h,
with Equation

Since parts of the astrophysical parameter space may create frequencies or
damping times outside of what was considered for the injections performed by the
search pipelines, we use a nearest-neighbor approximation for parts of parameter
space outside of the linear interpolation.
6.6 Example: The 2016 Vela Glitch

Let us consider the 2016 Vela glitch as an example. At 11:38:23.188 UTC
on December 12, 2016, the Vela pulsar underwent a glitch with fractional change in
the rotation rate Av/v = 1.431 x 107¢ (Basu et al., 2019, [2021} Giigercinoglu, Ge,
Yuan, & Zhou, 2022} [Palfreyman, Dickey, Hotan, Ellingsen, & Van Straten, 2018)E]
This glitch occurred during LIGO’s second observing run and was analyzed for

long-duration transient GWs (Keitel et al., 2019). However, the LIGO Livingston

! Aggregate glitch time and glitch size taken from http://www.jb.man.ac.uk/pulsar/
glitches.html

121


http://www.jb.man.ac.uk/pulsar/glitches.html
http://www.jb.man.ac.uk/pulsar/glitches.html

detector was not taking data at the exact time of the glitch, so no search for short-
duration GW bursts was performed at the time.

The long-duration transient search set upper limits at 90% detection
efficiency for waveforms at twice the pulsar rotation frequency with durations of
up to 120 days.

6.6.1 Targeted Burst Search. Since we lack two-detector
coincidence at the exact time of the glitch, we assume there would have been no
detection. This is a reasonable assumption since, given a fiduciary moment of
inertia of 10%*° g cm?, this glitch would signify a loss of approximately 7.07 x 10*2 ergs
in rotational energy. Assuming all of this energy goes into a short-duration GW
burst, this would give an approximate h.s = 7.51 x 10723 at 1 kHz (from
Equation . This is below even the most sensitive limits set during similar short
duration searches performed in LIGO’s third observing run (see eg. [R. Abbott et
al.| (2024c)).

To estimate the background sensitivity near this glitch, we perform a mock
search using the X-PIPELINE targeted search pipeline (Sutton et al., 2010) on a
window of two-detector coincidence approximately 3.5 hours after the glitch time.
This should be a reasonable estimate of what limits would have been set by a
proper targeted search had both detectors been observing. We run this on public
data available for the second observing run (Rich Abbott et al., [2021). The quoted
uncertainty on the glitch time was o = 2.5s (Palfreyman et al., |2018]), so we choose
an on-source window to cover the 30 region of +7.5s.

To estimate the sensitivity of the search, we perform injections of ringdown
waveforms - damped sinusoids with a smooth ramp. We inject at frequencies

ranging from 650 Hz to 3100 Hz with damping times of 0.1s, 0.5s, and 1.0s. This
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Central Frequency [Hz| ‘ Prss.00 (Hz ™ 1/?) ‘

850 2.547 x 10722
1100 3.640 x 10722
1350 3.310 x 10722
1600 3.489 x 1072

Table 1. The h, values at 90% detection efficiency for ringdown waveforms with
damping times of 0.5s for the off-source targeted search. This search was intended
to estimate the detector network sensitivity had both interferometers been in
observing at the time of the glitch.

Central Frequency [Hz| ‘ Prgs.00 (Hz ™ /?) ‘

850 1.837 x 10721
1100 3.286 x 1072t
1350 2.593 x 1072
1600 3.338 x 102!

Table 2. The h,y values at 90% detection efficiency for ringdown waveforms with
damping times of 0.5s for the single detector on-source targeted search.

should cover the majority of the potential parameter space of f-modes and capture
the most important frequency and duration based effects. The h, value at 90%
detection efficiency are shown in Figure [33] For ringdown waveforms with damping
times of 0.5s, we place 90% upper limits on the h,g as shown in Table [1]

For completeness, we also performed a single-detector search at the exact
glitch time, using only used LIGO Hanford data. This search did not result in any
candidate events. For ringdown waveforms with damping times of 0.5s, we place
the 90% upper limits on the h,e shown in Table [2]

6.6.2 Joint Implications. We linearly interpolate the X-PIPELINE
detection efficiency curves for ringdown waveforms at multiple different frequencies
and damping times to estimate the detection efficiency as a function of the

frequency, the damping time, and the h.
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Figure 33. 90% detection efficiency limits for the targeted X-Pipeline search.
Ringdown injections were used to approximate sensitivity to f-mode waveforms.
Upper limits are shown for damping times of 0.1s, 0.5s, and 1.0s. Background

sensitivity for LIGO Hanford and LIGO Livingston are shown in red and blue,
respectively.
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We estimate the detection efficiency curves at different signal durations from
the O2 long duration transient search (Keitel, |2024; |Keitel et al., |2019). We then
interpolate these to estimate the detection efficiency of a CW as a function of the
duration/damping time 7oy and the amplitude hq.

In order to estimate the part of parameter space permitted by the absence of
a detection, we assume that a GW was emitted in both channels but not detected
by either search. Under this assumption, we want the probability that the GW
associated with some arbitrary set of pulsar parameters would not be detected by a
search.

We perform Monte Carlo simulations to generate random samples of
pulsar parameters from the prior distributions in Table [3] For each sample,
we compute the f-mode frequency vy (Equation , f-mode damping time 7
(Equation , and f-mode amplitude hg ; (Equation to compute a waveform
(Equation and the h,ss (Equation . We also compute the CW amplitude
hosp (Equation . The f-mode h,, frequency and damping time are used
to compute an estimated detection efficiency from the interpolated X-PIPELINE
detection efficiency curves. The CW amplitude and damping time 7¢y are used to
compute an estimated detection efficiency from the interpolated PYFSTAT detection
efficiency curves. This gives a probability that this sample would be detected by
each search. We subtract these probabilities from unity to get the probability that
the sample would not be detected by each search.

From these probabilities, we perform rejection sampling on the initial prior
samples. For each sample in the prior, we start by computing the probability of
non-detection by the CW transient F-statistic search, then probabilistically reject

samples based on this likelihood. For each of the samples that remain, we compute

125



‘ Parameter ‘ Meaning ‘ Prior Distribution

M Neutron Star Mass U(0.9M,2.6M)
R Neutron Star Radius U(8km, 16km)
Vs Neutron Star rotation rate d(11.19Hz)
Av, /v, Glitch-induced spin change N(p=1.431 x 1075 0 = 10719)
L Inclination angle N(u=63.6°,0=0.6°)
d Distance N(p = 287pc, o = 9.5pc)
Tow CW decay time U(0.5,120) days
F ow Fraction of glitch energy in CW mode LogUni form(1073,10)
F fmode Fraction of glitch energy in f-mode U(0,100)

Table 3. Prior distributions used for this analysis. The energy scaling factors
F fmode and F cw extend to values above 1 in order to demonstrate the effects of
the methodology for the search limits. Additional constraints on this prior space
were enforced such that the f-mode frequency is restricted to be between 800 and
3200 kHz (or the expected frequency bounds of a GW candidate), the f-mode
damping time is restricted to between 0 and 10 seconds (matching the limits from
the numerical simulations of |Andersson and Kokkotas (1998)), and the mass/radius
values are restricted to a neutron star that obeys causality.
the probability of non-detection by the X-PIPELINE search, then probabilistically
reject samples based on this second likelihood. The samples that remain represent a
posterior distribution according to Bayes’ Theorem.

Figure [34] shows the posterior distribution on the mass, radius, F fmede, and
F cw using the mountain detection efficiency curves from (Keitel et al., [2019)) and
the ringdown detection efficiency curves from the X-pipeline search performed on a
two-detector window near the glitch time (Figure [33).

From this result, it is easy to see that if no detection is made when F goqe &
100 and F cw =~ 1, then significant constraints could be placed on other parameters
of the model. We consider how the constraints on the neutron star mass and radius
might look if we assume that F gpoqe = 100 and F cw = 1 are fixed values. Figure

shows the 90% confidence region for the mass and radius posterior distribution

when making these assumptions. We consider 3 scenarios: F fnoge = 100 and F cw =
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Figure 3. Mass, Radius, F fnode, and F cw posterior distribution for the two-
detector, off-source sensitivity. The different colors show how the prior space (blue)
compares to the posterior (orange). Note that the F gnoqe and F ow terms are a
fraction of the total glitch energy FEgiiten, S0 values greater than 1 would imply more
energy than actually released in the glitch.
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0 to represent the constraints from only the f-mode upper limits, F fnoqe = 0 and

F cw = 1 to represent the constraints from only the CW upper limits, and F fnoqe =
100 and F cw = 1 to represent the constraints from including both sets of limits.
We also include several equations of state for reference. In this example, the H4
equation of state is permitted when only considering one model at a time but is not
when considering both.

6.6.3 Hypothetical f-mode Detection. We also consider what the
results might have looked like for a hypothetical detection of an f-mode near the
limits of detection. In this case, we choose a 1.0M neutron star with a 15.0 km
radius with f gnoqe = 100. Although unrealistic for a glitch of this size, this serves
as a demonstration of what the follow-up analysis of a significant candidate may
look like. The black contour in Figure [35| shows what the 90% confidence region in
mass-radius parameter space could look like for a detection.

6.7 Discussion and Conclusions

6.7.1 Future Observing Runs and Detectors. In order to estimate
the sensitivity of future observing runs and detectors, we wanted to project
optimistic results from O2 data to future detector sensitivities. Due to the nature
of the CW search, we can use the same upper limits from the original search. For
the burst search, we performed an additional targeted search with X-Pipeline on
02 data but using parameters for an optimally oriented source. We chose a sky
location and on-source search time to maximize the quadrature sum of the plus-
and cross- polarization antenna patterns for the two LIGO detectors while having
similar detector noise as the Vela targeted search performed for Section [6.6] The
target window was then December 12 13:25:39 UTC with a right ascension of

0.0099718° and a declination of —39.3668°.
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Figure 85. 90% confidence region on mass and radius for different analyses.

The blue contour shows the constraints placed when only considering the upper
limits from the X-Pipeline search when assuming F 040 = 100 and without
considering CW results. The red contour shows the constraints placed when only
considering the upper limits from the CW search when assuming F cw = 1 and
without considering burst results. The green contour shows the constraints when
considering both burst and CW limits when assuming F 040 = 100 and F ow = 1.
Dotted lines show the mass/radius curves for different sample equations of state
for reference. Notice, that in this (exaggerated) example, the H4 equation of state
is consistent with the confidence intervals when considering either GW model

on its own. However, when combining both models, H4 is no longer consistent.
The black contour shows the constraints when an f-mode is detected. Here, an f-
mode was injected into detector data for a 1.0 M neutron star with a 15.0km at
F fmode = 100.
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We take the 90% confidence limits on h,s (burst) and hy (CW) as our
threshold for detection. We generate Monte Carlo samples from a restricted prior
distribution. Here, we consider only a 1.0M neutron star with a 15.0 km radius
with Fow = 0.1 and F groge = 0.9. The distance prior is uniform between 0 and
5kpc and the fractional glitch size is logarithmically uniform between 2.0 x 107!
and 1.0 x 107° to effectively span the range of glitch sizes for exhibited by the Vela
pulsaif]

These amplitudes are compared to the 90% values, interpolated across
different injections, to determine if the parameters of a particular sample meet
the threshold for detection. We require samples to meet the detection threshold
for both types of searches simultaneously so we can assess the potential for an ideal
dual-detection.

To assess future detectors, we project these upper limits to future detectors
via the ratio of the ASDs at each frequency bin for each injection waveform. We
compare our samples to these new thresholds to assess the dual-detectability
for future detectors. Figure [36| shows the 90% confidence interval for dual-
detection in current and future observing runs and detectors. Here, we compare
02 sensitivity (black) (Martynov, 2016)) to O4 sensitivity (red) (Capote et al.,
2025), O5 sensitivity (blue) (Barsotti et al., 2018a), and Cosmic Explorer sensitivity
(green) (Srivastava et al., [2022)). We predict that a glitch with the properties of the
2016 pulsar glitch (blue star) could have been simultaneously detectable by both
burst and CW searches at O5 sensitivity.

6.7.2 Benefits of Joint Analysis. We have demonstrated that for

pulsar glitches, where a single object could emit multiple types of GWs, considering

Zhttp://www.jb.man.ac.uk/pulsar/glitches.html
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Figure 36. 90% confidence interval for the distance-glitch size parameter space

for a Vela-like pulsar. This assumes a 1.0M neutron star with a 15.0 km radius
with Focw = 0.1 and F fnoqe = 0.9. The purple star denotes the 2016 Vela pulsar
glitch, showing that, under these assumptions, this glitch could have produced fully
detectable burst and CW gravitational waves at the estimated sensitivity of LIGO’s
fifth observing run.
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both models simultaneously can place stronger constraints on the underlying
astrophysics than either separately. Figure [35] shows theoretical constraints for
the burst search only (blue) compared to constraints for the CW search only (red)
and the constraints when considering the combined analysis (green). Each model
is sensitive to different parts of the parameter space, so using both sets of search
limits places stronger limits than either individual search on their own.

Considering specific models offers more interesting astrophysical implications
than remaining model independent. Compared to conventional limits on hq for
CW searches or the h, of ringdown waveforms for burst searches, constraints on
the mass and radius of the neutron star are more tangible quantities and probe
the underlying physics of the problem. The models that we have considered
are not chosen at random, but instead have been chosen to best match pre-
existing practices from previous GW searches. We believe that until a detection
is made, the best way to improve searches for these GW sources is to begin making
assumptions and placing newer, more interesting constraints.

6.8 Applying these Methods to the April 2024 Vela Pulsar Glitch

This section contains results that have not been reviewed or approved by
the LIGO scientific collaboration (Abac et al in prep.). I will not be discussing
the results of the search directly, only the implications on astrophysical parameters
based on the sensitivity estimates of the searches.

On April 29, 2024, the Vela pulsar experienced a large glitch, first observed
(Zubieta et al., 2024; Zubieta et al., [2025) by the Argentine Institute of Radio
Astronomy (Zubieta et al., [2023) and subsequently confirmed by several other
observatories and precisely timed by the Mount Pleasant Observatory of the

University of Tasmania (Palfreyman| 2024). This glitch happened shortly after

132



the two Advanced LIGO detectors (The LIGO Scientific Collaboration, 2015) had
restarted observations for the second half (O4b) of their fourth observing run
(Capote et al., 2025)) and were joined also by Advanced Virgo (Acernese et al.,
2015)). The searches conducted that the subsequent astrophysical limitations are
based upon only include data from the Advanced LIGO detectors, as Advanced
Virgo was not included.

For this analysis, we use the results of the X-PIPELINE targeted search
(Sutton et al., 2010)) for limits on the f-mode h.s and the results of the time-
domain Bayesian search (Dupuis & Woan| 2005 Pitkin, Isi, Veitch, & Woan) 2017
implemented in CWINPY (Pitkin, [2022)) for limits on the CW hg. In the case of
CWINPY, we use the posterior distribution on amplitude hg and CW damping
time 7cw produced by CWINPY for an exponential decay profile, fixed orientation,
and fixed at twice the pulsar rotation frequency. This likelihood distribution is
interpreted as the probability that a given parameter would generate a waveform
consistent with background noise. This is comparable to the CW likelihood
computed from interpolated detection efficiency curves described in Section [6.6.2]

To sample the parameter space for the joint f-mode and transient mountain
inference, we use the following priors. The mass prior is uniform from 0.9 M, to
2.6 M. The radius prior is uniform from 8 km to 16 km. Constraints are enforced
such that the mass and radius obey causality and the neutron star does not
collapse to a black hole. The prior for the glitch-induced spin change A f,o/ frot is a
Gaussian distribution centered at 2.377 x 107% with o = 4.47 x 107, We choose
the inclination angle ¢ prior to be a double-peaked Gaussian distribution with peaks
at 1.1048 and 2.0368 radians and ¢ = 10.5mrad in order to match the prior used

by the CWINPY search. The distance d prior is a Gaussian centered on 287 pc with
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o = 9.5pc. The mountain decay time 7w prior is uniform from 1 hour to 120 days.
The prior for the mountain energy scaling factor f cw is log-uniform from 1073 to
1.0 and the prior for the f-mode energy scaling factor [ gpoqe is uniform between 0
and b

Figure [37] shows that the search results set far stronger constraints on the
F cw than F gyoqe- The CW limits push below the spindown limit (defined in
Equation when Fcw = 1). On the other hand, the burst search only pushes
below the glitch energy threshold at frequencies below where this model is defined.
This leads to upper limits on F gnode at values greater than 1, implying that for an
f-mode to be detected, it would have required more total energy than the glitch
contained.

Given the CW-limited nature of this search, we ask what sorts of limits on
the allowed mass and radius values could be placed when fixing the f-mode energy.
We perform a second analysis, this time fixing f o4 to 0.8 and allowing F cw
to freely vary. Figure |38 shows 90% confidence intervals on the mass and radius
for different binned values of F cw. Larger values of F cw lead to smaller values
for both the mass and radius. This is driven by the moment of inertia relation in
Equation [6.5 Increasing f cw requires a smaller I,, to compensate. This tells us
that, given these search results, assuming that a CW carried a larger fraction of the
glitch energy requires a smaller moment of inertia and, consequently, a smaller mass

and radius.

134



= Prior

== Posterior

I T
—2.5 0.0

M, [M@] Ry [km] Fnode 10%10 Fow

Figure 37. Posterior and prior distributions of mass, radius, F fnode, and log,o(F cw)
when allowing F cw to vary between 0 and 1 and F g0qe to vary between 0 and

5. After including the search results, there is little effect on the allowed f-mode
energy in the region (F fmode < 1) but a measurable effect on the allowed CW

energy (F ow)-
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Figure 38. Mass and radius values allowed for different ranges of F ow with fixed

F tmode = 0.8. Under the very restrictive assumptions we have made, depending

on the fraction of the pulsar glitch energy emitted in the mountain channel, the
mass and radius of the Vela pulsar could be heavily constrained. The trend towards
lower mass/radius values stems from the moment of inertia relationship, which
peaks at higher mass/radius. For a given F cw bin, the search results favor lower
energy values, so smaller moment of inertia values are more strongly supported.

As the minimum F ¢w increases, the preferred moment of inertia decreases.

Mass /radius curves for different equations of state are shown for comparison.
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CHAPTER VII
CONCLUSION

The ever increasing sensitivity of gravitational wave detectors will bring
great boons for astrophysics, but it will also introduce new problems that must
be overcome. These problems will be unlike anything we have seen with the
current generation of detectors. New noise sources that threaten the foundational
assumptions of our search algorithms will need to be addressed and mitigated.
Never before seen types of GW signals will need infrastructure built to properly
process and derive new the new physics they will reveal. In this dissertation, I have
explored several of these new concerns.

In Chapter [[V] I showed how a correlated magnetic background created
by global lightning strikes may cause issues with both unmodeled coherent GW
searches as well as longer duration binary inspiral analyses. While it was not an
issue during O3 and will not likely be an issue during O4, there is potential for
magnetic contamination during O5. If third generation detectors have similar
magnetic coupling mechnisms as the current generation, magnetic contamination
will be a serious issue.

In Chapter [V] I showed the potential for magnetar f-mode oscillations to
place strong constraints on the neutron star matter equation of state. A single
detection would allow for the most precise measurement of both the mass and
radius of a neutron star ever. While searches for these signals are performed
every observing run, no candidate events have been found. Unfortunately, at
current sensitivity, even the most marginal candidates would likely correspond to
unphysical magnetar parameters, so it is unlikely that the current generation of

GW detectors will make a measurement for any realistic source distance (2 1kpc).
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However, third generation detectors like Cosmic Explorer have the senstivity to
potentially measure signals from a significant fraction of magnetars in our galaxy.
When that time comes, we will be ready to process the signal and learn new
physics.

But magnetars are not the only potential source of f-mode oscillations.
In Chapter [V I expanded on my previous work and explored the case of pulsar
glitches. By improving on the method of processing search upper limit results, I
presented a more statistically robust method of estimating astrophysical parameters
in the case of a non-detection. Combining this method with a simple model
for continuous gravitational radiation, I presented a new method for infering
astrophysical parameters by combining two different forms of graviational waves
emitted by a single object. This can significantly improve limits placed on the
neutron star mass and radius should both long- and short- duration searches be
possible. I performed a first-of-its-kind joint estimation on the 2016 Vela pulsar
glitch using existing public data and followed it up with joint parameter estimation
for the 2024 Vela pulsar glitch in a collaboration analysis. With this method, I
predict that the first confident measurement of this type of object could realistically
occur as soon as O5, a significant improvement over the magnetar case.

My work has shown that even though the next generation of gravitational
wave detectors has not been built yet, there is still much to be done to prepare
for the improvement to sensitivity. New construction methods or noise mitigation
efforts will be needed to avoid unwanted contamination, and techniques for
analyzing new types of signals are needed for when a new detection inevitably

occurs. Even if I am not around to work on these problems, I hope that I have
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started a path for others to carry on this work so that gravitational wave and

multimessenger astrophysics can continue to develop.
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