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"Two roads diverged in a yellow wood,
And sorry I could not travel both
And be one traveller, long 1 stood

And looked down one as far as I could

To where it bent in the undergrowth;

Then took the other, as just as fair,
And having perhaps the better claim,
Because it was grassy and wanted wear;
Though as for that the passing there

Had worn them really about the same,

And both that morning equally lay

In leaves no step had trodden black.

Oh, I kept the first for another day!
Yet knowing how way leads on to way,

I doubted if I should ever come back.

I shall be telling this with a sigh
Somewhere ages and ages hence:
Two roads diverged in a wood, and I—
I took the one less travelled by,

And that has made all the difference."

—Robert Frost



Abstract

Pulsars are highly magnetised, rapidly rotating neutron stars most
frequently observed in radio wavelengths as their emitted beam path
crosses an observer’s line-of-sight. Millisecond pulsars (MSPs) demonstrate
exceptional rotational stability over long timescales, rivalling the accuracy
of the best terrestrial atomic clocks. Pulsar timing investigations can
uncover a wealth of knowledge when high-precision, such as 1 us or better,
is achieved. In this thesis we present the novel approach of using a
combination of state-of-the-art, high-precision pulsar timing tools for
polarimetric calibration, mitigation of radio frequency interference (RFI),
pulse time-of-arrival (TOA) analysis, and post processing into one pulsar
processing pipeline (PSRPL). We have integrated the COASTGUARD
algorithm for RFI excision, performed instrumental -calibration via
Measurement Equation Template Matching (METM) followed by the
Matrix Template Matching (MTM) algorithm for producing TOA
estimates, and analysed the resulting TOAs with TEMPO2 and

TEMPONEST. Our method has been applied to a sample of five pulsars that
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are highly susceptible to calibration errors, as predicted by van Straten
(2013): PSR J0437-4715, PSR J1022+1001, PSR J1045-4509, PSR
J1600-3053, and PSR J1643-1224. Approximately 8 years of historical,
observational data were analysed from the Parkes 64-m radio telescope’s
CASPSR backend (or instrument) for each pulsar in our sample. We have
improved the timing residuals of all MSPs in our sample (e.g. achieving
60-ns timing residuals for PSR J0437-4715), with four out of five better
than predicted, and shown that PSRPL is the optimal pipeline for
high-precision pulsar timing over those using conventional methods (e.g.
the Ideal Feed Assumption (IFA) and Scalar Template Matching (STM)
algorithms). This result is an important step in the search for low frequency
(nHz) Gravitational Waves (GWs) using Pulsar Timing Arrays (PTAs). We
conclude by discussing possible further improvements to PSRPL and its
intended application for both new and historical data from Parkes PTA
instruments, as well as international telescopes such as MeerKAT, as we

have demonstrated that PSRPL can improve timing results.
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Chapter 1

Introduction

Throughout this chapter, the most important topics relevant to this thesis
will be discussed in detail to provide the reader with a comprehensive
understanding of the subject matter. Each topic will be provided in an
order that is aimed to gradually guide the reader toward the main aims and
objectives considered in this research. Section §1.1 will provide the reader
with an overview of the processes associated with star formation, their life,
their death via supernova explosions, and the nature of their afterlife
counterparts (i.e. White Dwarfs (WD), Neutron Stars (NS) and Black
Holes (BH)). Section §1.2 details the nature of Gravitational Waves (GW) -
ripples in the fabric of space-time predicted by Albert Einstein in his theory
of General Relativity (GR), the cwrrent and near-future instruments
capable of detecting these GWs, and the latest discoveries obtained with

these instruments. Section §1.3 discusses pulsar timing and the process of



data analysis including the implementation of timing conversions and delay
corrections which are required for retrieving relevant information from
pulsar observation data. Section §1.4 dives deeper into the importance of
GR and the strong field tests attainable by observing NS and/or Super
Massive Black Hole (SMBH) mergers. And finally, Section §1.5 will wrap
the chapter with a detailed description of both the scope and purpose of

this research.

1.1 Compact Stars

A single glimpse of the night sky by an unaided eye is enough to provide
anyone with an awareness of the undeniably vast abundance of stars
presiding in the heavens above. Astronomy - the study of these stars as well
as other observable celestial objects and phenomena in the cosmos - has
been considered one of the most ancient of the natural sciences, playing an
imperative role in religion, culture, and navigation since the very beginning

of recorded ancient civilisation.

Let us fast forward to when the first optical telescope was invented in 1608
by Hans Lipperhey to magnify objects by three times their original size. A
year later, in 1609, astronomer Galileo Galilei improved upon this model to
allow twenty times the magnification. Galileo used this device to closely

observe the Sun, Moon, and some planets, for which he recorded their



positions and other physical characteristics.  These findings justified
Nicolaus Copernicus’s theory from 1532 that the solar system was
heliocentric - the Earth and other planets revolve around the Sun [27]. This
invention also led to Galileo’s famous discovery of Jupiter’s four moons:
Callisto, Europa, o, and Ganymede [39]. Issac Newton later discovered the
laws of motion from which he derived the theory of Universal Gravitation
in 1687 to describe the forces that act on all matter in the universe as a
function of both mass and distance [82|. Albert Einstein did not believe
gravity to be a force, instead suggesting in his widely accepted 1916 theory

of GR that this effect is a distortion in the fabric of space-time [34].

These inventions, theories, centuries of improved instrumentation, and the
extension of observational wavelengths beyond optical into other bands of
the electromagnetic (EM) spectrum (i.e. radio, x-ray, v-ray, and infrared),
as well as many great discoveries since, have led to the knowledge that
billions of stars (including our own Sun) - large, incandescent orbs of
plasma - inhabit our galaxy, the Milky Way. Furthermore, we are now fully
aware that space consists of billions of galaxies, each filled with their own
great scores of stars, populating the farthest reaches of the known universe.
Stellar evolution describes the complex nature and processes around the
birth, life and death of stars which is heavily influenced by a star’s mass

and the transformations of this mass that occur with age [108].



1.1.1 Stellar Evolution

Within the heart of hot, dense molecular clouds of accumulated interstellar
gas and dust, the primary stage of stellar evolution begins.  These
slow-rotating stellar nurseries contain an abundance of Hydrogen and
Helium, the primal fuel that helps young stars flourish [78]|. Star forming
regions become incredibly compact, increasing in both rotational speed and
temperature until the clouds start to collapse under their own weight, the
primary stage in stellar evolution [131]. The heat and pressure will continue
to rise until the thermonuclear process of nuclear fusion - the release of
atomic energy by combining lighter elements to create heavier atoms - can
occur which ignites the core and marks the birth of a new star [109]. The
outflow of energy from the stellar core, created during this process,
maintains "hydrostatic equilibrium" by countering the inward pressure of

gravity and preventing further collapse under its own weight [133].

The several billion stars in our Milky Way galaxy are comprised of varying
ages, sizes, and masses. Stellar lifetime can be determined from its initial
mass, e.g. greater mass stars typically have shorter life cycles as they burn
through their fuel supply faster [108]. Standard main-sequence stars like
our Sun with solar mass Mg ~ 2 x 1030 kg can live for millions to billions of
years and shine bright due to the continued nuclear fusion occurring deep
within their cores |[78]|. Stellar attributes such as magnitude, luminosity,

and temperature determine its position on the Hertzsprung-Russell (H-R)
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diagram (see Figure §1.1). The H-R diagram was created by Enjar
Hertzsprung and Henry Russell in 1914 to show the relationship between a
star’s absolute magnitude (intrinsic brightness) and its colour. The colour
index is closely related to the star’s surface temperature, with hottest to
coldest stars positioned from left to right [93]. These diagrams are also
useful in depicting the phase of stellar evolution for main-sequence stars
[99]. At the end of a long life, after many millions of years, a star will have
exhausted the extent of its Hydrogen supply. Once the majority of these
lighter chemicals are depleted, energy will cease to flow, triggering the final
phase of stellar evolution - an inevitable demise. As the last nuclear fusions
occur, where elements up to Iron can form, a star will commence swelling
and reddening, becoming a red giant star [109]. At this stage, a star is
incapable of generating enough energy to maintain hydrostatic equilibrium
[131]. The fusion history of most red giants only goes as far as converting
Helium to Carbon and Oxygen, whereas red supergiants will continue to
fuse elements until an Iron core is produced. At this point, for the red
supergiants, their inner star has an onion-like cross section of increasingly
large atoms (from hydrogen and helium in the outer-most "atmosphere" to
iron and nickel in the inner-most core). When this degenerate core
(supported only by electron degeneracy) can no longer support itself
against gravity, the stars core will then collapse under its own weight,
resulting in one of the most chaotic events to occur throughout the expanse

of the cosmos [133], a supernova - a violent explosion accompanied by a
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Figure 1.1: An H-R diagram with data from the Hipparchus data
catalogue [93]. The diagram shows the stellar evolution of main-
sequence and red giant stars as a function of absolute magnitude
against colour index (B-V). A stars location on the diagram can be
used to indicate its luminosity, spectral type, colour, temperature,
mass and age [99].

great burst of light as luminous as 10 billion Suns - expelling all its
chemically rich nutrients throughout the surrounding universe. These
nutrients may eventually seed molecular clouds where new stellar life will

begin to form [108].

Depending on the mass of the red supergiant star, either a NS or BH is



formed during supernovae. However, WDs are not formed during
supernovae. Rather, most form from red giants that blow away their shell
in a stellar wind (forming a planetary nebula) as the core continues to cool
and "settle" into a compact configuration supported only by electron
degeneracy pressure, but there is no implosion/explosion like the one that
forms a NS or BH. For a star with similar or less mass than our Sun, it is
destined to become a WD - a dense stellar core about the size of Earth
[131]. Above this mass, electron degeneracy pressure is not capable of
preventing further collapse of the star. However, neutron degeneracy
pressure prevents further collapse of progenitor stars with masses between
1.4 Mg and less than 3 M the Tolman-Oppenheimer-Volkoff limit [121][85]
- the upper bound - supporting the formation of a NS [131]. For any star
greater than 3 M, no known force can prevent further collapse, resulting in
a stellar mass BH - the densest known object to reside within the universe
after SMBHs like Sagittarius A* at the centre of our Milky Way galaxy
[108].

1.1.2 The Nature of Neutron Stars

NS are stellar remnants that originate within the aftermath of supernova
explosions, the dying bursts of main-sequence stars whose masses were
greater than 1.4 Mg, the Chandrasekhar limit [22], when undergoing
gravitational collapse [73]. Neutron degeneracy pressure prevents further

collapse resulting in a small ~20 km diameter, incredibly dense
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3 compact star with mass ~1.4 Mg [63]. NS were first

~10° g cm™
proposed as supernova remnants in 1934 by Walter Baade and Fritz Zwicky
who stated: "With all reserve we advance the view that a super-nova
represents the transition of an ordinary star into a NS, consisting mainly of

neutrons. Such a star may possess a very small radius and an extremely

high density" [10].

During an investigation on scintillation - an effect caused by the irregular
structure of ionised gas in the interplanetary medium - of compact radio
sources in 1967, Anthony Hewish and Jocelyn Bell Burnell detected an
unusual signal that passed overhead each day at the same sidereal time,
indicating the source to not be of terrestrial origin. Further investigation
revealed the signal consisted of 0.3 s lengths repeating every 1.337 s with
incredible accuracy. Three more of these periodic sources were found to
exhibit similar behaviours, suggesting a common source. The stability of
the signal’s oscillations showed regular periodicity with only some very
small irregularities over time. Hewish and Bell observed these periodic,
pulsating radio waves to be propagating from within our Milky Way galaxy
|46]. Their discovery provided the first observational evidence for the
existence of the neutron stars that had been predicted by Baade and

Zwicky [10].

Pulsars are a type of NS that exhibit fast rotational periods (s to ms),

11



incredibly strong magnetic fields (10* to 10 Tesla), and average densities
around p < 37/GP? where G = 6.674x107"" m? kg™ s72 is Newton’s
gravitational constant [73|. It may be that most NSs share these properties
and pulsars are simply the ones from which we detect pulsed emission (e.g.
others might also be emitting, but their beams do not sweep past Earth).
The first models to constrain the physical properties of NSs were proposed
in 1939 by Robert Oppenheimer and George Volkoff [85]. However, after
the discovery of pulsars, better models were presented in 1968 by Thomas
Gold, which described the lighthouse model of pulsars [41], and Franco

Pacini, detailing the pulsar spin down rate.

dE... —4m2IP
dt  P3 (1.1)

where P is the spin period derivative [87]. Both described the misalignment
between a pulsar’s magnetic dipole from its rotational axis, resulting in
narrow beams of accelerated particle emission to sweep out and along their
magnetic axes, similar to a lighthouse [87][41]. These emissions can be
observed with radio telescopes on Earth as the beams pass across the
line-of-sight path between the pulsar and an observer [73]. A pulsar’s rapid
spin period is a consequence of the conservation of angular momentum
during the core collapse of its progenitor star [63]. The magnetic field is
also preserved and compressed during the supernova, resulting in a highly

magnetized stellar object [73|. Over the last few decades, many theories
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have been put forward in an attempt to explain the physics of NS interiors,
but the most commonly accepted proposes that a supernovae remnant
would consist of both a super fluid and superconducting core, encapsulated

within a thin, fragile crust (a crystalline type structure) [62].

A pulsar is an extremely stable, highly accurate, space-based atomic clock
due to its high moment of inertia. The narrow beams of emission radiate
out and along their magnetic poles, observable in the optical, radio, x-ray,
and ~-ray spectra. They are extremely useful, natural laboratories for
various areas of astrophysical research. Assuming pulsar rotation exhibits
braking due to magnetic dipole radiation - a pulsar’s surface magnetic field

can be determined from the spin period P and its derivative P.
B, =32 x 10V PP (1.2)

where P measured in seconds and By in Gauss [73]. The braking index
n = ¢v/v* depends on the braking mechanism for pulsar spin-down, where
measured values span orders of magnitude. Magnetic dipole braking is n = 3,
and braking due to gravitational radiation (i.e. GW emissions) is n = 5 [98].

A pulsar’s characteristic age 7 can also be derived from P and P.

13



These values help determine the two distinct pulsar populations; young or
"normal" pulsars, and millisecond pulsars (MSPs), the latter of which are
believed to be older recycled pulsars spun-up through accretion of material

from a companion star in binary systems [73].

In 1975, Russell Hulse and Joseph Taylor discovered the first pulsar in a
binary system, PSR B1913+16, providing the first opportunity to calculate
accurate pulsar mass measurements, as well as to study the physics of
compact stars and binary systems as PSR B1913+16 is a natural
laboratory for testing Einstein’s theory of GR in a high-speed system with
an accurate clock, eccentric orbit and strong gravitational field [55]. The
study of this binary system yielded the first evidence for the emission of
GWs (see Section §1.2), inspiring many techniques used for pulsar timing

(see Section §1.3) analysis today [73].

The discovery of the first MSP [11] raised challenging questions regarding
its origin. After ruling out all other possibilities, PSR B1937+21 is believed
to be spun-up through the transfer of energy and momentum from a
companion star in a binary system. This companion star is thought to have
gained the necessary escape velocity during the transfer. PSR B1937+421
has provided the basis of our understanding behind accretion systems in
binary compact star systems - the birthing environment for MSPs. About

2800 pulsars have been recorded to date, mostly all residing within the
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Figure 1.2: Pulsar PP diagram [70] with data from the Australian
Telescope National Facility (ATNF) pulsar data catalogue [76].
This plot shows the recorded radio pulsar population as a
function of spin period P (seconds) versus the spin derivative P
(dimensionless) on a log-log scale. The general cluster in the
top mid-to-right of the diagram represent the "normal" pulsar
population, with MSPs in bottom left cluster. Pulsars in a binary
system are distinguished by open circles. Superimposed lines are
the characteristic ages lines (dash-dotted), the magnetic field lines
(dashed), and the pulsar death line (dotted) estimated by Chen
and Ruderman [24].
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Milky Way galaxy [76]. There are two main species of pulsar (see Figure
§1.2), distinguished by comparing their observed pulse periods: (i) normal,
with pulse periods from 0.3 to 30 s, and (ii) recycled, predominantly binary
pulsars with pulse period between 1 to 100 ms [73]. MSPs (also known as
"recycled" pulsars) have gone through a specific evolutionary path that
included mass transfer, and therefore mostly occur in binaries. However,
you can find both normal pulsars in binaries, as well as solitary MSPs.
Although not constant as rotational kinetic energy is released through
relativistic particle winds and the emission of radiation, the stability of
pulse periods and the corresponding/correlated predictability over long
timescales are consequences of the extremely large pulsar moment of inertia
[112]. Many pulsar parameters, including the rate of slowdown P, can be
derived from pulse time of arrival (TOA) measurements made over long
time intervals [63]. High-precision timing observations for MSPs, combined
with improved instrumental capabilities and accuracy will enable deeper
understanding of pulsars e.g. contributing to the understanding the NS
equation of state [28], and improve detection sensitivity in the search for

low frequency GWs [125].

1.1.3 The Nature of Black Holes

Einstein first predicted the existence of BHs in 1916 while formulating his
theory of GR [34]. There a two main species of BHs known to astronomers:

(i) stellar mass BHs and (ii) SMBHs. However, GR includes the possibility
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that BHs could exist at any mass.

Supernova  explosions of stars with mass greater than the
Tolman-Oppenheimer-Volkoff limit [121][85] constrain the entirety of the
star within an infinitely dense singularity. This "point of no return" is
referred to as a stellar mass BH. The singularity is a point with no volume,
encapsulated within an event horizon - the region where nothing can escape
its gravitational force, not even light [45]. Stellar mass BHs are fascinating
stellar artefacts with physical conditions that would be impossible to

replicate on Earth.

For a non-rotating stellar mass BH, the event horizon is defined by the
Schwarzschild radius Rs (named after Karl Schwarzschild who discovered

this parameter),
_2GM

2

Rs

(1.4)

c
where G is the gravitational constant, M is the star’s mass before
supernova, and ¢ = 2.99x10% m s™! is the speed of light [104]. Things are
even more complicated for a rotating BH. The only properties determinable

are the mass, spin and electric charge [45].

Stellar mass BHs are modelled as Kerr BHs, named after the New Zealand

astronomer Roy Kerr who found the first exact solutions to Einstein’s field
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equations in 1963, describing the physics of rotating BHs. Kerr’s solution to
the equation of state is a dimensionless spin parameter a of a rotating
stellar mass BH.

cJ

where J is the angular momentum [59]. A non-spinning BH would then
have the solution a/M = 0 [104], and a spinning one would have a/M =1
for maximum rotation. Kerr BHs are modelled with a ring singularity and
some static limit which describes the boundary between the ergosphere - an
egg shaped region where space-time at the ergosurface moves at the speed
of light (this speed decreases within) - and normal space (see Figure §1.3)
[59]. Objects within the ergosphere may be ejected from the BH if they gain
enough rotational energy here, but once an object passes over the outer sphere
of the event horizon, it will be lost forever [104]. Even radiation is unable to
escape the gravitational pull inside the event horizon, therefore most stellar
mass BHs are observed in binary systems where the accretion of gas can be
measured by x-ray and v-ray, allowing for indirect detection of the system
[106]. GWs emitted during stellar mass BH binary inspirals and mergers
provide the best method for studying their complex nature [68]. SMBHs
are rarer, containing a million to a billion times more mass than stellar mass
BHs [80]. These objects reside within the heart of all large galaxies, including
our Milky Way (i.e. Sagittarius A* with a mass approximately 4x10% M)

[108]. Over 100 have determined masses [100]. SMBHs can also radiate
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Figure 1.3: Artistic rendition of a Kerr BH [91] with a ring
singularity (red), inner (blue) and outer (yellow) event horizons,
encapsulated within the ergosphere (purple), and the static limit,
or boundary between the ergosphere and normal space [59].
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energy through the annihilation and creation of particle and anti-particle
pairs, providing a calculable measure of temperature 7', which was derived
by Stephen Hawking in 1964.

hed

T = - 1.
& kBGM ( 6)

where h is Planck’s constant and kg is Boltzmann’s constant [45]. It is still
uncertain how SMBHs form. These objects may have birthed within the
massive gas and dust clouds present in the early stages of the universe [80],
or grew from stellar mass BHs over billions of years by consuming enormous
amounts of energy from: interstellar gas, dust, stars, and other stellar
objects. Alternatively, they may have formed from stellar mass BH binary

mergers |108].

The first observational evidence, GW150914 (see Section §1.2.3), for the
existence of BH binary systems that inspiral and merge within a hubble
time was discovered by the Laser Interferometer Gravitational wave
Observatory (LIGO) collaboration [6], providing unique information about
the nature of BHs and testing our understanding of gravity and galaxy
evolution. Until early 2019, no BH was ever directly detected. The first and
only image was captured by the Event Horizon Telescope (EHT) of a BH
residing in the centre of the neighbouring galaxy MS87, located ~55 Mly

from Earth [40]. Before the recent EHT direct detection of a BH, only
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Figure 1.4: The first direct image of a BH taken by EHT in early
2019 [40].

indirect evidence existed, mostly gained from observations of high-energy
producing quasars in active galactic nuclei [106]. Quasars, quasi-stellar
objects, were discovered in 1962 by Martin Schmidt [103]. These are the
brightest objects in the Universe next to supernovae and ~-ray bursts.
Quasars are believed to be powered by SMBHs and the observable light
comes from the accretion disks of materials being pulled into the BH from
surrounding stars [40]. Quasars are also observable in the radio spectrum as
radio waves are emitted through the quasar’s jets [108]. These objects
radiate a trillion times more energy than the Sun, thus suggesting that the
only mechanism capable of producing such immense energy must be

SMBHs converting gravitational energy into light [80].
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1.2 Gravitational Waves

The young Issac Newton first discovered gravity whilst deep in thought about
the forces of nature, when a lone apple fell from the tree under which he sat,
landing on his head and bringing him to a realization that there must be
some invisible force acting upon falling objects (or so the story goes). By
1687, Newton had developed the theory of Universal Gravity to describe the
physical attraction between two bodies, equivalent to the product of their
respective masses divided by the square of distance between them; i.e.

mimes
2

F=G

(1.7)

r

where F' is the gravitational force acting on two objects, m; and msy the
objects masses, and r is the distance between them [82]. This fundamental
theorem was later improved upon by Albert Einstein, who realised that
gravity and acceleration are synonymous, leading to his 1916 theory of GR.
GR differs from Newton’s Universal Gravity theory by incorporating
gravity into the space-time metric, resulting in the curvature of both space
and time in the presence of some mass [34]. For example, in scenarios
where more mass is confined within a limited volume of space (i.e. a
compact star), more space-time fabric curvature is expected within and
around the region [45]. In extreme cases such as the merger of compact
stars, the accelerating objects swirl inwards towards coalescence, causing

convulsions throughout the curvature which results in "ripples" - the
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propagation of GWs [6]. These ripples cause fluctuations in the observable
distance between a source emitting GWs and an observer. These
fluctuations are the stretching and contracting fabric of space-time [79].
GWs are the fundamental ramification of GR, where space and time are
married in such as way that GWs are predicted to generate within

supernovae and coalescing compact star binaries [80].

1.2.1 The Nature of Gravitational Waves

GWs propagate outward from large disturbances in the fabric of space-time
usually caused by phenomena that accelerate masses far off from Earth, in
the distant cosmos. The propagating waves decrease in amplitude as they
travel through space, making them very weak and difficult to detect by the

time they reach Earth [68].

Only a small number of GW emitting sources have been detected to date.
Most notably is the binary pulsar-NS system discovered by Hulse and
Taylor in 1974. Their Noble Prize winning discovery involved novel
techniques for timing the pulsars where they discovered a systematic
variation in the timing, indicating a binary system [55].  Further
observations of the pulsar PSR B1913-+16, by Taylor and his colleague Joel
Weisberg in 1981, revealed an orbital period rate of change and loss of
energy within the system [130]. This discovery was the first indirect

evidence of GWs, supporting the claims of GR, that orbital properties of

23



coalescing binaries change as energy of the system is carried away in the
form of gravitational radiation [34]. Even with binary systems providing
verification of the existence of GWs, there was a need for incredibly
sensitive instruments to assist in their detection as direct detections

remained elusive.

GWs are now confirmed to be small deformities of the four-dimensional
space-time metric that propagate away from the most extreme catastrophic
events in the Universe (i.e. supernovae or the inspiral, coalescence and
ring-down periods of compact star binary mergers) [66]. The power dE/dt

emitted from a coalescing compact star binary system is:

d_E_ 32G*
dt — 5cdrd

The rate of decreased distance dr/dt between two masses, is given by:

dr 64G3
% = —5c5—r5m1m2(m1 + mz) (19)

and thus the orbital frequency dw/dt increases at a rate of

dw wdr %G%mlmg(ml +m2)%

dt~ 2rdt b Sra

(1.10)

indicating the emission of GWs during a binary pair’s inspiral [25]. This

derivation was verified by observations of PSR B1913+16, showing the
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pulsar-NS binary system’s orbital period to decrease by 2.4x10712 s 571

[130]. In the final seconds before a binary undergoes coalescence, the orbital
period will become as small as a few milliseconds, and the majority of the

system’s orbital energy gets released in the form of GWs [80)].

In September 2015, after many decades of planning, testing and improving
the instrumentation, a new era of GW astronomy began with the first
direct detection of high frequency GW emissions from two stellar mass BHs
coalescing by LIGO [6]. With this discovery, gravity was elevated to
"important messenger" status, providing useful information from the
distant Universe [80].  Since then, direct detections have continued,
informing astronomers that Einstein’s theory of GR was correct, paving the
way for new opportunities to study both GWs and the Universe itself in

more depth than ever before [68]

Detection of phenomena in different bands of the EM spectrum (i.e. visible,
radio, x-ray, v-ray, and ultra violet light), provides detailed understanding
of the Universe. Direct detection of GWs, has however, extended the limits
of our understanding of the universe |5]. Unfortunately, most bands of the
EM spectrum are somewhat unusable due to the refraction and/or
reflection of a signal as it travels between the source and an observer [112].
GWs are not effected by intervening matter and therefore provide clear and

precise details of the sources generating them [80]. With the direct
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detection of GWs, previously unexplored territories are becoming available
for investigation, as they provide insights into the complex nature of the
most catastrophic events to occur within the farthest reaches of the cosmos
[77]. These investigations include: the formation of BHs [129], testing the
constraints of GR [132][120], searching for a stochastic GWB [9][8], and

understanding the physics of NS interiors [112].

GWs cannot yet be detected directly at visible or radio frequencies. Large
ground-based laser interferometers are currently the most sensitive
observatories to GWs, allowing direct detections of binary compact star
system mergers and possibly even unfamiliar sources that are yet to be
discovered [4]. However, future plans include a Pulsar Timing Array (PTA)
that could provide the best means for detection in the radio regime [77][79].
GW observations with PTAs will be able to detect low frequency (nHz)
GWs from SMBH binary systems and higher frequency (kHz) GWs from
compact stellar objects. Therefore PTAs are the crucial next step for
gaining greater understanding of the physics and inner workings of compact
stellar objects [48]. GW astronomy may also provide insights into areas of

cosmology as a possible window for observing the early Universe [80].

1.2.2 Grayvitational Wave Detectors

Detecting GWs is equivalent to measuring a motion 10,000 times smaller

than an atomic nucleus [66]. This is because the amplitude decreases (1/r)
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with distance away from the source, so even the most catastrophic of events
may only yield signals that fade to minuscule amplitudes by the time they
reach Earth, if not sooner [68]. Due to the extremely low frequency of GWs,
they are incredibly difficult to detect and even detection by a single
detector would not provide any means for distinguishing the source’s
location [4]. Therefore multiple detectors must be implemented to discern
the signal’s direction, as a few milliseconds of difference in arrival times is

enough to estimate the direction with satisfactory precision [68].

The first method for direct GW detection was proposed in 1960 by Joseph
Weber, the Weber bar - a large, solid, suspended aluminium bar replicating
a giant tuning fork [129]. This idea was later discredited, but may have
inspired further research towards GW detection and attempts at
proving/disproving GR. With the advancement of technology, large
ground-based interferometers were designed. Interferometers detect, collect
and study the wealth of astrophysical data gathered in the form of GWs
[77]. These instruments are two long identical tunnels at 90° of separation
(see Figure §1.4). As a GW passes through the Earth, the laser beams
transmitting down each tunnel will detect the compression or stretching of
space, resulting in a light pattern formed in the recombined beam at the

detector [68].
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Ground-based Interferometers

The first ground-based interferometer was built in 1999, initial LIGO
(iLIGO), comprising of two identical observatories positioned 3000 km
apart in: (i) Livingston, Louisiana and (ii) Hanford, Washington of the
United States of America [6]. Both observatories have two 4 km long, 1 m
wide vacuum chamber tunnels (see Figure §1.5) [68]. iLIGO was
operational between 2002 and 2010, with assistance from smaller
interferometers: Virgo (Italy), TAMA300 (Japan), and GEO600 (Germany)
|74]. However, no GWs were detected [4], requiring higher sensitivity and
further knowledge to distinguish between a real signal and unwanted
instrumental or local environment interference (i.e. seismic/thermal noise,

electrical disturbances, and structural expansion/contractions) [68].

The iLIGO operational run provided many insights that were used to
improve and refine the model. Redesign provided 10 times greater
sensitivity [4]. iLIGO was renamed to advanced LIGO (aLIGO) for its first
observational run from September 2015 to January 2016. During this
period, aLIGO (with assistance from Virgo) detected three separate stellar
mass BH binary mergers: GW150914 (see Figure §1.5) [6], GW151012 [1],
and GW151226 [2|. Multiple detectors allow for triangulating the source’s

direction by measuring the arrival time differences between detectors [4].

Even with the sensitivity of ground-based interferometers, the noise from
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Figure 1.5: Diagram of the LIGO detector with a) location and
orientation of detectors, and b) instrumental strain noise variation
over frequency in the detectors [6].

seismic activity and other environmental disturbances impact the ability to
detect GWs [4].  However, these limitations can be overcome with

space-based interferometers [77].

Space-based Interferometers

In December 2015, the National Aeronautics and Space Administration
(NASA) and the European Space Agency (ESA) launched the first
space-based GW detector, the Laser Interferometer Space Antenna (LISA

Pathfinder) [74]. This pathfinder mission has been successful,
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demonstrating better sensitivity than expected, so its successor, evolved
LISA (eLISA) will be set to launch by 2030. eLISA consists of three
spacecraft configured in an equilateral triangle with 2.5 Mkm long laser
arms emitting between each satellite.  eLISA trails the Earth in a
heliocentric orbit [20]. Complementing ground-based detectors (i.e. aLIGO
and Virgo) which operate in the Hz to kHz bands, eLISA will monitor GWs
over uHz to 1-Hz frequencies [74]. To put this into perspective, where
aLLIGO has detected the final moments of a binary system’s merger
(followed by some ring-down), the higher sensitivity of eLISA will allow for
observations of different types of sources, as well as, mergers occurring a

number of years prior ground-based detections [20].

A collaboration of ground- and space-based GW data will allow researchers
to make better predictions of mergers and merger rates throughout the
cosmos [48]. Not only do these measurements provide tests for GR [66], but
sources with precise sky localisation can be used as standard candles - a
baseline - to measure the rate of cosmic expansion to high redshift [112].
Other areas of possible research include: studying the formation and
evolution of compact binary systems within our Milky Way [102], mapping
the geometry of SMBHs [68][79][106], performing dark matter tests [45]|[74],
searching for exoplanets [14], and searching for a GWB that could be

carrying information about the primordial universe [9][25][66][80][105].
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Pulsar Timing Arrays

Pulsars are the most precise clocks in the Universe due to their extreme
rotational regularity, especially MSPs which have a nearly constant spin
period [48]. Therefore, a known, well-timed population of MSPs may enable
the detection of nHz GWs (inaccessible to LIGO/LISA) as the wave’s path
would induce small variations in pulse frequency [105]. PTAs are therefore
the next ambitious target in GW research, complementing both ground and

space-based observatories [66]. High-precision timing of PTAs is expected
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Figure 1.6: Diagram of the characteristic strain sensitivity for GW
detectors as a function of frequency. Predicted GW signals from
astrophysical phenomenon are shown [80].

to provide the detection of GWs from a population of SMBH binaries with

masses ranging from 107 to 10'° My [37]. PTAs will operate over the
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frequency regime from several to 100-nHz, so deviations in TOAs due to
GWs are of the order of tens of nanoseconds. The periods of the GWs are of
the order of years to decades [105]. By modelling the spectrum of the
stochastic GWB (see Figure §1.6), theorists predict that they will be able
to learn more about the history of SMBH binary mergers over cosmological
timescales. LISA and LIGO will never be sensitive to such low-frequency
waves; e.g. billion solar mass BH binaries never emit waves in the
LIGO/LISA bands (million solar mass BH binaries are predicted to be
detectable by LISA) [80]. In an effort to achieve this goal, many
collaborations have formed: the European Pulsar Timing Array (EPTA)
|66], Parkes Pulsar Timing Array (PPTA) [77], and the North American
Nanohertz Observatory for Gravitational Waves (NANOgrav) [8], members
of which are also now working together towards an International Pulsar

Timing Array (IPTA) collaboration [48].

1.2.3 Gravitational Wave Detections

The first direct detection of a GW was made by aLIGO on the 14th of
September 2015 (GW150914). This GW was generated by the inspiral and
merger of two stellar mass BHs (36 and 29 M), approximately 1.3 billion
light years from Earth, merging into a single 62 M, BH. During the event,
3 Mg radiated away in the form of GWs [6]. A second and third merger
event (GW151226 and GW151012) were also detected during alLIGO’s first

observation run, also from stellar mass BH binaries merging [4]. During
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aLLIGO’s second observational run, a further three stellar mass BH binaries
mergers were detected (GW170104, GW170814, and GW170608), as well as
the first direct detection of GWs produced from a NS binary system
coalescing (GW170817) [3].

Each new measurement provides a unique view of the physical properties of
GW sources, including their: mass, rotation speed, and orbital diameter -
all factors that affect the shape and strength of the detected GW. These
properties are determined from the moment to moment changes in the
signal observed during the inspiral, merger and ring-down of binary systems
|4]. The distance to a source is derived from the luminosity distance of the
GW, typically measured in the megaparsec scale (i.e. million of light years
from Earth) [80]. Future detections and the amalgamation of ground and
space-based data with PTA measurements will be needed to advance this

fascinating area of astrophysics [105].

1.3 Pulsar Timing

Pulsars are monitored approximately monthly for a year or more to
determine properties such as spin period, distance, mass, etc. They are
observable in the optical, radio, x-ray and ~-ray frequencies of the EM
spectrum as they emit narrow beams of EM radiation out and along their

magnetic poles [26]. As the star rotates, these beams are detectable if they
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sweep along the line-of-sight of an observer [73].

Pulsars have been used for a number of applications and research, including
but not limited to: the search for nHz GWs [52][66][77][105], testing GR
with relativistic binary systems [112][120], exoplanet discovery [14],
measuring the electron density distribution within the Interstellar Medium
(ISM) through use of the Dispersion Measure (DM) [74], refining the
equation of state for dense matter [105][121], and studying the highly
magnetized plasma of the magnetosphere and physics of pulsar interiors
[62][63]. All of these applications rely heavily on the high precision and

accuracy of pulsar timing [80]. The basic concept of pulsar timing (see
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Figure 1.7: The fundamental process for pulsar observations. Pulses
recorded by a radio telescope are dedispersed and added to form a
mean pulse profile [70].

Figure §1.7) involves measuring TOAs and disentangling the many
phenomena that affect them, primarily: orbital motion and dispersion

effects within the ISM [125]. An MSP’s average TOAs can be measured to
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considerable precision, better than 1 us [97]. Pulsar signals are given a
time-stamp based on the local time of an observatory’s clock; they are then
dedispersed to reverse the effects of propagation through the ISM, and
finally added together to form a stable mean pulse profile [30]. The mean
pulse profile for most MSPs is stable at any given frequency and is typically
cross-correlated with a template profile of high signal-to-noise, obtained
over many observations at a given frequency [112]. This correlation yields a
time offset that can then be added to a reference point on the profile,
creating the required high-precision TOA measurement [125]. For
high-precision TOAs, observations require large, highly sensitive
instruments [112]. To model long-term variations also requires a series of
TOA measurements that span timescales from years to decades [123].
Precision here is referring to beating down the noise (with large bandwidth,
cyrogencially-cooled receiver, high gain antenna, etc.), but high-precision
pulsar timing also requires accuracy. Accuracy is about beating down the
systematic errors (polarization calibration, clock synchronization, accurate
location of telescope, accurate modelling of Earth’s location with respect to

the solar system barycentre, etc.) [123].

Pulsar timing solutions for newly discovered binary systems can take many
months to over a year to disentangle the binary system parameters from
astrometric parameters. The basic progression of physical parameters that

can be derived are: (i) upon discovery, there is an estimate of spin period
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and DM; it may also be possible to determine the rotation measure in a
single full-polarization follow-up observation, (ii) depending on the orbital
period, it may be possible to determine some of the Keplerian orbital
parameters within days (for highly relativistic systems with binary periods
of the order of hours) or weeks (for MSPs with WD companions and binary
periods of the order of days), (iii) it takes about half a year to separate the
spin period derivative from the astrometric parameters (right ascension and
declination), and (iv) it takes more than a year to get precise astrometric
parameters and start measuring things like parallax (requires high
precision), and proper motion (requires high precision or very long time
spans). If the observed pulsar is in a binary system, the timing solution will
also include five Keplerian orbital parameters: orbital period, projected
semi-major axis, eccentricity, time of periastron passage, and the argument
of periastron [97]. For better precision, pulsar timing considers each
rotation over very long timescales. However, the spin period is not constant
as rotational kinetic energy gets released primarily as magnetic dipole
radiation and through relativistic particle winds [38|. Pulsar astronomers
have derived NS masses and companion masses, placed limitations on the
equation of state of nuclear matter, and performed tests of GR using pulsar

timing without any need for GW detection [71].
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1.3.1 Timing Conversions and Delay Corrections

Cross-correlation techniques are used to compare the average pulse profile
to the template profile in the frequency domain. This yields an estimated
phase shift ¢ for the observation, which is an added offset to the time of a
fiducial point in the pulse profile observations, providing the required TOA
measurement [123]. The initial component of the timing model is then defined

by a Taylor expansion of the pulsar’s rotational phase ¢ over time ¢.

1
¢ = d(to) +v(t —to) + 50t - to)? + ... (1.11)
where v = d¢/dt is the rotation frequency, v representing its time

derivative, and tg is a chosen reference epoch [12]. This description relies on
observations taken from an inertial reference frame, but due to the Earth’s
rotation and its orbit around the Sun, ground-based observatories are not
inertial reference frames. Therefore, TOAs require a number of timing
conversions and delay corrections to both convert time to an inertial
reference frame, and to undo any relativistic and dispersion delays [76]. In
order to effectively remove these rotational and orbital motions of the
Earth, each measured TOA must be converted to the solar system’s
barycentre, providing the best approximation of an inertial reference frame
|51]. For example, by modelling and correcting for such uncertainties in
planetary orbits (mostly Jupiter), NANOGrav have improved the solar

system ephemeris by narrowing down the barycentre to within 100 m [122].
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A number of delay corrections must also be applied to improve the initial
timing model, namely; Einstein delay Ag_ from relativistic reference frame
transformations, Roemer delay Ag, from the observatory’s motions,
Shapiro delay Ag, from the presence of bodies in the solar system and their
gravitational potential, and the frequency dependant ISM dispersion delay
Apy [120].  The transformation between a telescope’s measured pulse
observation time togs and proper pulsar emission time tpgg in an
approximately inertial reference frame - typically the solar system’s

barycentre - is modelled by:

tpsr = toss + Acrock — Apm + A, + Ar, + As, + Apmary  (1.12)

where Acpock is the correction accounting for differences between the
observatory and the solar system’s barycentric time standard (regularly
updated), and Aginary accounts for additional delays if the pulsar is in a

binary system [33].

Dispersion Delay

Dispersion delay Apy occurs when radio waves propagate through the
ionized gas within the ISM, which causes a timing delay in the EM wave
[73]. This delay (see Figure §1.8) is a function of radio frequency and the

density of charged particles in the ISM along the line-of-sight between the

38



source and an observer [70]. Dispersion delay can be estimated using
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Figure 1.8: Pulse dispersion delay measurement of the 128
millisecond pulsar B1356-60 with DM of 295 cm™® pc™!. The
integrated pulse profile is shown across the bottom of the plot
[73].

observations at different frequencies, where the inherent properties of the
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pulsar can be modelled [112]. The delay between two signals at different

frequencies is modelled as:

Apy = 4.15 ms x [<GVI‘11Z)_2 . (Gﬁ)_g} x (Cn?_l\?)&pC) (1.13)

between frequencies v; and v».

DM is defined as the column density of free electrons in the ISM along the
line-of-sight as:

d
DM — / ol (1.14)
0

where n, is the free electron density (in electrons per cm™2), and d the
distance (in parsecs) to the pulsar [118]. Then the pulsar distance may be
derived using a model of galactic free electron distribution. The DM must
also be calculated at different epochs as the ISM is not stationary [119].
Ultimately, DMs limit timing precision, so these perturbations must be

corrected to improve the TOA model fit accuracy [70].

Einstein Delay

The transformation of the reference frame from an observer’s point of view to
that of an observer at the solar system’s barycentre is fairly straightforward in
regards to correcting for the difference in time. However, these two points of
reference are affected differently by relativistic time dilation from the rotating
Earth, as well as gravitational redshift caused by the presence of the Sun and

planets. Gravitational redshift may also arise from a companion star if the

40



pulsar is in a binary system[33]|. Einstein delay Ag_ accounts for and corrects

the time dilation of the solar system|[112].

Roemer Delay

Roemer delay Agr, accounts for the extra time that the pulsar signal takes
to reach the Solar system’s barycentre after being detected by an
observer|70].  This measurement requires prior knowledge of: (i) the
observatory’s position with respect to the Earth’s centre, (ii) the Earth’s
position from the barycentre, and (iii) the position of the pulsar, in order to

effectively model and remove this effect [48].

Shapiro Delay

Shapiro delay Ag_ accounts for the variation in the speed of pulsar signal
as it propagates through the curvature of space-time caused by the presence
of some body of mass within the solar system - mostly the Sun and major
planets (see Figure §1.9). The total Shapiro delay from all masses is the sum

of all individual delays Ag,.

As, =Y As, (1.15)

where

M.
Ag, = Gcg I[R(1 + cos 6) (1.16)
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Here M; is the mass of the i’th object, R the magnitude of the vector between
observatory and the object, and 6 the pulsar-observatory mass angle[48].
Calculated Ag,, Agr,, and Ag, can be seen in the form of signatures in
timing residual plots as phase differences between observed and predicted

TOAs [112].
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Figure 1.9: Shapiro delay measurement from a pulsar binary system
where a pulsar (red), emits the EM radio beam (yellow), past a
binary companion (blue) when propagating along a path towards
the Earth. The sharp peak in pulse delay occurs when the line-
of-sight passes closest to the companion star of the binary pair
[30].

Binary Delay

The binary delay Aginary, represents each of the Roemer, Einstein, and
Shapiro delays in regards to the orbital effects of a pulsar in a binary
system. Binary system orbital parameters are described by five of the
Keplerian parameters: orbital period decay P, orbital eccentricity e,

relativistic time dilation Tj, longitude of periastron w, and the projected
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semi-major axis .

Modern relativistic pulsar timing models include post-Keplerian (PK)
parameters (time derivatives of Keplerian parameters) to effectively model
the binaries orbital phase, defined by an eccentric anomaly u, true anomaly

Ae(u), and longitude w:

u—esin(u) =27 tese = To\ _ D (tese = To i
B, 2 P,

1 1/2
(1 +e) tan g] (1.18)
— €

w = wo + (%) A () (1.19)

(1.17)

A.(u) = 2tan™"

where wy is the reference value of w at time T,. The Apnary terms are then

measured as follows:

Ag = 7ysin(u) (1.20)
Ag = zsin(w)[cos(u) — e(1 + 6,)] + 2[1 — e2(1 + da)%*/? (1.21)

Ag = —2rlog{l — ecos(u) — s[sin(u)(cos(u) — €) + (1 — €)? cos(w) sin(u)]}

(1.22)
where ~ represents the combined time dilation and gravitational redshift
due to a pulsar’s orbit, s = sin(i) (where i is the inclination angle) is the

shape and r the range of the Shapiro delay [112]. The inherent properties of
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a binary pulsar are modelled with respect to the solar system’s barycentre,
and with all appropriate orbital delays corrected for. Timing residuals are
produced for each TOA, describing the difference between observed and
predicted TOAs [97].

Pulsar timing residuals can be corrected for by applying the least squares

algorithm to minimize the model goodness-of-fit,
N 2
R;
=) (;) (1.23)
i=1 '

where o; is the standard deviation, R; the timing residual of the i*" TOA in

proper time, where N; is the nearest integer turn [48].

R =~ (1.24)

With sufficient signal-to-noise, timing residuals are expected to exhibit
white Gaussian noise if the model parameters perfectly describe the data
[123]. Investigations of time and frequency variations provide the basis of
all pulsar timing, where variations could indicate errors within the model or
the observing instrument. The TOA estimates are then used to update the
pulsar timing model parameters [120]. The Root Mean Squared error
(RMSE) statistic characterizes the residuals, which include both noise and

systematic errors. The best RMSE values are typically below 100ns over
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time scales of 5 or more years [97].

1.4 General Relativity

The Universal Gravity theory postulates that mass takes either one of two
forms: (i) gravitational mass m, or (ii) inertial mass m;, where motion of
free falling objects in the gravitational field of a spherical body of mass M

takes the form:

ﬁ_ m;

d?*v mg M
=y (1.25)

where 7 is the radius and 7 the position vector from position a to position b
[82]. Galileo investigated the motion of free falling objects to find them
identical regardless of mass or structure, (i.e. m, o< m; being proportional
for all bodies), implying free fall universality at 9.81 m s~2 near the Earth’s

surface [39][81].

In GR, Einstein assumed Galileo’s observation to be universally valid - a
fundamental principle - for all physical processes. He called this the
"principle of equivalence" sometimes referred to as the "uniqueness of free
fall principle", which states that m, and m; masses are the same (i.e.
acceleration and gravity are synonymous). The equivalence principle is now
the foundation of GR, where the difference between Newton’s and
Einstein’s view are considered as the "weak" and "strong" equivalence

principles respectively [34]. The weak equivalence principle holds equality
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of gravitational and inertial masses if restricted to Newton’s laws of free
falling bodies in a non-accelerated reference frame, whilst Einstein’s
equivalence principle includes the Lorentz and positional invariance factors,
and applies to all laws of nature which must obey this principle. Because
other gravitational theories may come along and disprove either some parts
or all of GR, a structured set of protocols have been set up to determine

possible violations [112].

The process of testing a theory involves formulating a predicted hypothesis
to match against experimental data, where a single contradiction could
discredit the idea. Unfortunately, methods used to test theories do not shed
light on information like which features are determining success or failure in
a given experiment. In 1922, Sir Arthur Eddington created the
Parametrized Post-Newtonian (PPN) method for the purpose of testing
GR, by invoking Einstein’s non-linear gravity equations as lowest-order
deviations from Newton’s Universal Gravity, allowing some approximations
to be determined when studying gravity in weak-field conditions. PPN
parametrized the GR space-time curvature 4**N produced in the presence

BPPN of the law of Universal

of mass, and non-linearity in superposition
Gravity [32] as:

BPPN — fyPPN -1 (126)
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This was later updated by Kenneth Nordtvedt Jr. (1969) and Clifford Will
(1971) to include eight extra parameters describing other violations of
symmetry in GR, including; Lorentz invariance (§), preferred inertial frame

effects (ay, g, a3) and the conservation of energy and momentum of a

system (1, G2, €3, Ca), so that:

== =a3=0=0=03=0u=0 (1.27)

with higher order terms added for increased accuracy [83|[132]. However,
the additional eight-dimensional PPN parameter space overly constrain tests
of GR in solar system experiments due to the extremely weak gravitational

BYEN observed from light

fields under these conditions. The time delay
deflection effects of the Sun (discovered by testing GR with observations
from the Cassini space probe [14]) and perihelion precession deviations v*FN
(exhibited by Mercury) were compared to those predicted by Newtonian
physics [34] as:

BTN — 11 <6 x 1074 (1.28)

VPPN 1) <2x 1073 (1.29)

1.4.1 Testing GR with NS-NS Binary Systems

Pulsars are also excellent natural space-based laboratories that can be
utilized for testing Finstein’s theory of GR and other feasible theories of

gravitation [126]. Pulsar timing provides a means to track the rotational
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phase of pulsars to high precision and make incredibly accurate astrometric
measurements which assist in testing gravitational theories in the
strong-field regime. GR tests via pulsar timing can be classified into weak-
and strong-field equivalence principles, or by verifying that PK parameters
match GR predictions over alternative theories [112]. Timing analysis of
pulsar signals provides a means for measuring five Keplerian, and a number
of PK orbital parameters. The PK parameters are relativistic corrections to
the orbital description of a binary NS system [61]. If two PK parameters
are measured, relevant parameters of a binary system can be derived,

whereas three or more PK parameters provide new tests of GR [113].

PSR B19134-16

The 1974 discovery of the first double NS system PSR B1913+4-16 by Hulse
and Taylor, one of which is a pulsar, revealed a decrease in the orbital
period at a rate consistent with the GR prediction of energy loss as GW.
This discovery provided strong indirect evidence that supported Einstein’s
prediction [55]. PSR B1913+16 is in a highly eccentric 7.75 hr orbit with

another NS at 3.3l s separation and with velocities ~400 km s*

, providing
the perfect system and parameters to test GR in the strong-field regime
[112]|. For this system, the advance of periastron w, gravitational redshift -,
and orbital period derivative P, are well measured and are in agreement

with predictions from GR (see Table §1.1). The main thing to note here is

that P, confirms the loss of energy within this system in the form of GWs
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[130].

Parameter Value

Orbital period, B, 0.322997462727 (days)
Projected semi-major axis, = 2.341774 (sec)
Eccentricity, e 0.6171338

Longitude of periastron, w 226.57518 (deg)

Epoch of periastron, T 46443.99588317 (MJD)
PK Parameter Value

Advance of periastron, w 4.226607 (deg/yr)
Gravitational redshift, 4.294 (ms)

Orbital period derivative, P, (107'2) -2.4211

Table 1.1: PSR B1913-+16 Paramters

PSR B1534+12

A similar test was repeated in 1997 for the much closer and brighter double
NS system PSR B1534+12, which has a wider, less eccentric and longer
10.1 hr orbit. The narrow peak pulse profile observed here enables timing
measurements to higher precision than PSR B1913+16. The edge-on
orientation of PSR B1534+12 provided three PK parameters (see Table
§1.2) and also the additional measurements of the Shapiro delay

parameters: range r and shape s, providing a different test of GR [113].

PSR J0737-3039

The first double pulsar system, PSR J0737-3039, was found in 2003 consisting
of two radio pulsars, PSR J0737-3039A with a period of 22 ms, and PSR

J0737-3039B with a period of 2.7 s. These pulsars are in a tight orbit with
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Parameter Value

Orbital period, P, 0.420737299122 (days)
Projected semi-major axis, = 3.729464 (sec)
Eccentricity, e 0.2736775

Longitude of periastron, w 274.57679 (deg)
Epoch of periastron, T 50260.92493075 (MJD)
PK Parameter Value

Advance of periastron, w 1.75578 (deg/yr)
Gravitational redshift, v 2.070 (ms)

Orbital period derivative, P, (107'2) -0.137

Shape of Shapiro delay, s 0.975

Range of Shapiro delay, r 6.7 (us)

Table 1.2: PSR B1534-+12 Parameters

a 2.4 hr period. This is classed as an exotic system as this is the first of
which both NS are observed as pulsars. The almost edge-on orientation of
this binary, as viewed form Earth, provides a unique testing ground for GR
[18]. In addition to running tests of GR similar to those for PSR B1534-+12
with PK Shapiro delay parameters, the double pulsar system allows projected
semi-major axis measurements (see Table §1.3) from both pulsars yielding a
new test of gravitation theories due to the extra constraint. This constraint
is obtained by computing a precise mass ratio R of the system, derived from
Kepler’s third law as:
ma

R=—2=1.069 M, (1.30)

mp
where m, and mp represent the masses of PSR J0737-3039A, and PSR
JO737-3039B respectively [61]. The measured relativistic corrections of PSR

J0737-3039 assigned to a Keplerian description of the system’s orbital motion

20



Parameter Value

Orbital period, P, 0.102251563 (days)
Projected semi-major axis, = 1.41504 (sec)
Eccentricity, e 0.087779
Longitude of periastron, w 73.805 (deg)
Epoch of periastron, T 52870.0120589 (MJD)
PK Parameter Value

Advance of periastron, w 16.9 (deg/yr)
Gravitational redshift, v 0.38 (ms)

Orbital period derivative, P, (107'2) -1.2

Shape of Shapiro delay, s 0.9995

Range of Shapiro delay, r 5.6 (us)

Mass Ratio of System, R 1.069 (Mg)

Table 1.3: PSR J0737-3039 Parameters

finds that PK parameters agree with GR predictions, confirming Einstein’s
predictions to within 0.05% uncertainty, the most precise gravitational test

result to date [60].

1.4.2 Testing GR with a NS-WD Binary System

In exceptional cases, the orbital geometry of a binary pulsar system can be
verified by determining the system’s orientation using a classical geometric
model, thus providing an independent prediction of relativistic effects. PSR
J0437-4715, the closest and brightest millisecond pulsar known to date,
resides within a nearly circular orbit with a low-mass helium WD
companion. High-precision timing of this MSP led to the determination of
the three-dimensional structure of its orbit and confirmation that the

observed Shapiro delay is consistent with the geometrically derived

o1



constraint on the system’s orbital inclination [126].

The importance of accurate instrumental calibration for high-precision
pulsar timing was also first highlighted during an analysis of PSR
J0437-4715 (amongst the most highly susceptible pulsars to calibration
errors [123|), where systematic effects were shown to influence the pulsar’s
timing residuals. Calibration errors between linear and circular polarization
states were also shown to affect the pulse shape when forming the total
intensity profile of the pulsar signal. Simply put, calibration errors result in
pulse TOA errors, where a 1% calibration error can produce a 100ns shift in
the measured TOA [101]. This relationship between the level of timing
precision and polarimetric calibration motivated the efforts of Britton
(2000), who proposed the Stokes invariant interval for pulsar timing
[15][17].  These efforts are the main reason why we can achieve the

sensitivity required for testing GR with PSR J0437-4715.

Following on from and improving upon these efforts, further developments
have led to state-of-the-art polarimetric techniques; MEM [125] (see Section
§2.1.2), MTM [124] (see Section §2.1.3), and METM [123] (see Section
§2.1.4) which have been integrated throughout the research undertaken

during this thesis.
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1.5 Thesis Outline

A list of pulsars, for which polarization calibration is important, was
identified by van Straten in 2013 [123]. These pulsars were determined
based on the fraction their current timing residuals that could be improved
by removing instrumental calibration errors. For this research, we have
processed five of these pulsars - the most susceptible to instrumental
calibration errors - using state-of the-art, high fidelity polarimetric
calibration techniques. The data used are available from the Parkes Pulsar
Data Archive [50], a large archive of high quality pulsar observation data
spanning years to decades. These data are freely and public available, and
therefore no new observations were required. Our analysis required some
configuration of the software. Firstly, we needed to adapt the METM
scripts that were configured on Swinburne University’s old gSTAR
supercomputer, to run on their new OzSTAR supercomputer. This required
rewriting the software’s scripts from PBS to SLURM commands. Secondly,
we needed to integrate COASTGUARD - a Python application for
performing the desired automated Radio Frequency Interference (RFI)
excision [65] - into the Pulsar Calibration Pipeline (PSRPL). Thirdly, once
our data was cleaned, integrated and calibrated for the chosen pulsars, we
produced the pulse TOA estimates and analysed them with two software
packages: (i) TEMPO2 [51] to model the white noise, and (ii) TempoNest

|66] to model the red noise in the data. Finally we compared the TOA
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residual data achieved through PSRPL between the typical method of
calibration, which is based on the Ideal Feed Assumption (IFA), and van
Straten’s (2013) METM calibration method using Scalar Template
Matching (STM) and Matrix Template Matching (MTM) techniques. Each
combination (i.e. IFA/STM, IFA/MTM, METM/MTM and METM /STM)
produces an RMSE and reduced (x?/N) statistic for each model. By
comparing these results we aimed to show that METM paired with MTM
will improve the PTA experimental sensitivity over long periods of time,

compared to the other conventional models.
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Chapter 2

Research Design

This chapter describes the methodology, instrumentation, software, and
analysis procedures used to improve pulsar timing residuals by employing
better instrumental calibration techniques.  Section §2.1 provides an
overview of polarimetric calibration and the methods of polarimetry for
high precision, high-fidelity pulsar timing used, tested and compared on our
chosen pulsar timing data. Section §2.2 details the instrumentation and
additional software used throughout this research, including how it will be
applied to the data and for what reasons or benefits. Section §2.3 discusses
the development and deployment of PSRPL and the procedures used
therein to improve instrumental calibration. And finally, Section §2.4 will
explain the methods of analysis and the importance of the statistical data

retrieved throughout this thesis.
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2.1 Background

Pulsars emit weak, narrow beams of EM radiation out and along their
magnetic poles, and these beams are detectable if they sweep across an
observer’s line-of-sight as the pulsar rotates [73]. By modelling the phase of
this periodic signal, the pulsar’s spin period and spin-down rate can be
determined to relatively high precision [90]. Noise can be present in the
instruments used for detection (i.e. radiometer noise and other instrumental

effects) which causes artefacts to be produced during observations [125].

Known pulsars are observed regularly on at least a monthly basis over long
periods of time (i.e. spanning years to decades) [50]. For frequently
observed pulsars, a series of pulses can be averaged over time to increase
the signal-to-noise ratio, driving down the noise in the data to obtain
clearer (less noisy) signals [112]. This technique produces an average pulse
profile which is purely derived from observational data. An average pulse
profile is considered inherently stable and can be cross-correlated with a
model pulsar template to provide accurate TOA measurements. Timing
residuals - errors in the timing model indicating poor model fit - are then
calculated from the resulting TOAs minus the timing model. Incorrectly
modelled or unmodelled physical phenomena and noise (see Section §2.4.1)
in the timing model tends to show as some apparent structure in the timing

residuals. With longer observations and regular updates to the timing
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model, these discrepancies can be better constrained and parametrised to
improve TOA measurements. The process of template matching -
comparing predicted TOAs against a noise-free model template against a
timing model yields a pulsar’s physical parameters [123]. Timing models
describe a pulsar system and account for the numerous delays encountered
by EM radiation when propagating between the source and observer [51].
The model fitting method implements least-squares minimisation which
aims to minimise the reduced x?/N statistic which is an objective measure

of goodness-of-fit (see Section §2.4.2) [123].

TOA precision is heavily dependent on the telescope, the back-end receiver
used, and the intrinsic properties of the pulsar. This means that a pulsar is
only detectable if the pulse produced exceeds the noise in the signal,
especially the noise generated in the telescope receiver. The system
equivalent flux density (ASys in Jy) - the observable strength of a source
due to system temperature (Tis) - is given by the radiometer equation,

which is used to derive the sensitivity of the radio receiver to pulsar signals.

Tiys
y (2.1)

ASsys = o
G nptobsAf

where Ty is the system temperature (in Kelvins), t.,s is the integration
time, n, is the number of polarizations used, G is the gain of the telescope

(Jy K7') and Af is the observational bandwidth (MHz). Calculating ASgys
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yields the performance of a system. The Parkes 64-m radio telescope’s
20-cn Multibeam receiver has an system performance ASg, of 30 Jy [71].
To maximise sensitivity the receiver should be cooled [75].  Longer
observations in wider bandwidths with both polarisations recorded are

required to improve the measured TOA estimates to high-precision [111].

A pulsar’s intrinsic properties can also affect TOA precision. For example,
brighter pulsars with narrow mean pulse profile produce the lowest timing
errors [70]. While taking these factors into consideration, pulsar timing
aims to measure and model the pulse phase as a function of time for every
single rotation of the star to a high level of accuracy in order to predict
future TOAs [49].  Precision TOAs will provide improved detection
sensitivity in the search for low frequency GWs via PTAs [123].
High-precision pulsar timing requires many TOA measurements from the

brightest and fastest MSPs as they exhibit sharp, narrow pulse profiles [69].

2.1.1 Polarimetric Calibration

EM waves are composed of both an electric and magnetic field with
orthogonality (at right angles to each other). Polarisation identifies the
geometrical orientation of waves oscillations. Polarisation of a transverse
EM wave e.g. a pulsar signal, refers to the direction (linear and/or circular
polarisation states) of the electric field. The linear plane of polarization can

change as the wave propagates along the line-of-sight path between the
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source and a distant observer. The circular polarisation describes the
constant rate of rotation, either left- or right-handed, as the plane as the

wave travels [95]. These changes in orientation of light are caused by

Figure 2.1: A conceptual diagram of a beam of polarised EM
radiation passing through a birefringent material such as the gas
and dust clouds in the ISM, with known length and applied
magnetic field strength [35].

Faraday rotation or the Faraday Effect (see Figure §2.1), named after its
discoverer Michael Faraday who found the link between light and
magnetism in 1845. Faraday rotation is a magneto-optical phenomenon
which occurs when light passes through birefringent materials, such as radio

waves through the ionised ISM, within the presence of a parallel magnetic
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field. Faraday depth ¢ is used to describe the amount of Faraday rotation

along the line-of-sight and is related to the rotation measure, RM, by
¢ = RMM? (2.2)

where A is the wavelength (in meters) and the Faraday rotation measure RM

(in rad s72) is defined by
D
RM = 0.81/ nB - dl (2.3)
0

where D is the pulsar distance (pc), n. is the electron density (cm™3), B is
the magnetic field vector in uG and dl is the elemental vector along the
line-of-sight between the pulsar and observer [43]. Faraday rotation
measures of linearly polarised pulsar radiation have been used to study the
ISM and measure the diffuse, large-scale galactic magnetic fields of our

Milky Way galaxy [43][44][84].

Polarisation measurements are important for providing insights into the
propagation and emission of radio waves through the ISM, and combined
with pulse profile shapes can be used to describe the pulsar emission
properties [23]. The polarisation state of a signal is represented by the four

Stokes parameters, named after Sir George Gabriel Stokes [115] who first
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defined them, as

Se| |1
s
s— | = |¢ (2.4)
S| U
S| v

where [ is the total intensity of the signal, @), U and V' measures the difference
in the flux densities of the; horizontal and vertical linear polarisations, £+45
degree linear polarisations, left and right circular polarisations respectively

(see Figure §2.2). These Stokes parameters can be characterised as the sums

100% Q | 100% 100% V
+Q y MTHE RYRE

X ta X '//— \N X

; > 7

Q<0;U=0;V=0 Q=0,U<0,V=0 Q=0;U=0;V=<0
(b) (d) (f)

Figure 2.2: Stokes Q, U and V parameters and their relationship for
polarisation ellipse, its orientation, and the direction of rotation
[23].
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and differences of measured electric field vectors for a signal, by

E2+ E;

2 2

E; - E,
2E,E, cos Ag

<= @ QO 0~

2E,E,sin A¢

where A¢p = ¢, — ¢, is the phase difference at time ¢ = 0, and the E, and
E, terms are the amplitudes of the two complex-valued components of the

transverse electric field vector [23]

with measurable properties of e(t) described by the coherency matrix

p=(e(t) @el(t)) (2.7)

where angle brackets denote time averaging, ® denotes the tensor product
and 1 indicates the Hermitian transpose of e(t). The coherency matrix is

also the linear combination of Hermitian basis matrices, defined by

3
_1 _(5000+S-0')
P=3 g:o SOk, = 5 (2.8)
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with oo as the identity matrix, o = (01, 09, 03) is a three-vector with
matrix-valued components, oy, 0o, o3 are the Pauli spin matrices, Sy is the
total intensity (i.e. Stokes I), and S = (51, S2,53) [16]. The polarisation
measurement equation - the basis by which pulsar polarisation is used to
model an unknown instrumental response - is based on the congruence

transformation of the coherency matrix [125],

p = JpJt (2.9)

where J is the complex-valued Jones matrix

g= |Jee e (2.10)

jyx jyy

The Ideal Feed Assumption (IFA) is the typical assumption model amongst
the radio astronomy community for dealing with radio sources and their
polarisation states. IFA assumes the receptors have perfect orthogonal
polarisation, the reference noise source is 100% linearly polarised, and that
the artificial noise source (e.g. noise diode) used to calibrate the response
illuminates both receptors equally (equal in phase and amplitude) [94].
During the reception of radio waves, instrumental distortion is introduced

and must be corrected. The instrumental response can be determined by
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observing at least two calibrated, well known sources of polarised radiation;
this response can then be inverted to calibrate observations of other
sources.  Alternatively, in the scenario where there are not enough
calibrator sources, instrumental calibration can be performed by fitting
polarimetric data to a predictive model. = This method is known as

Measurement Equation Modelling (MEM) [125].

2.1.2 Measurement Equation Matching

MEM was developed by van Straten (2004) to determine the polarimetric
response exhibited by radio observatory instrumentation [125].  The
polarization measurement equation forms the basis through which
measured quantities are related to the intrinsic polarisation of radio sources

and are used to model the unknown instrumental response [42].

Radio pulsar observations exhibit exceptional stability over much longer
time-scales than calibration observations. Multiple on-pulse longitudes from
single pulsars may be included as unique and stable input source
polarizations. Any non-pulsed background polarization is also effectively
eliminated by subtracting the off-pulse mean from each integration pulse
profile. For these reasons, radio pulsar observations are an excellent source
for constraining the polarization measurement equation. The conventional
means for solving this equation is through least-squares minimisation which

requires a scalar figure-of-merit function (i.e. the reduced x*/N) to indicate
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goodness-of-fit, and the calculation of both its gradient and curvature with

respect to the model parameters [125].

MEM was used to determine the instrumental response of the Parkes
Multibeam receiver which has an artificial reference noise source (e.g. noise
diode) to ideally inject 100% linearly polarised signal into the telescopes
receiver feed horn with a position angle of 45°. Dual-polarisation
observations were taken with Parkes for the nearest and brightest MSP
discovered to date, PSR J0437-4715, and the bright radio galaxy 3C218,
known as Hydra A. These observations took place on the 19th and 20th of
July, 2003. The two 64-MHz bands were centred at 1341 and 1405 MHz,
and were two-bit sampled and processed by the second generation of the
Caltech-Parkes-Swinburne Recorder (CPSR-II). The detector’s power and
sampling thresholds were monitored and updated every second. The Stokes
parameters were derived from the signal’s polarisation and integrated as a
function of topocentric pulse phase - pulse phase measured from a
particular point on the earth’s surface - with data averaged over 5 minute
intervals. The produced mean pulse profiles were uncalibrated with 2048
phase bins (equivalent to a time resolution of approximately 2.8 us. Results
indicated that the reference signal produced by the Parkes Multibeam
receiver’s noise diode was not actually 100% linearly polarised, but
approximately 90% linear and 3% circularly polarised. The position angle

was also shown not to be exactly 45°. The edges of the observing band were
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severely depolarised as a result of frequency aliasing and scattered power (a
digitisation effect [123|) during down conversion. To model the reference
signal, Stokes I was set to unity to produce an intermediate flux scale, while
Stokes Q, U and V varied as free model parameters. The reduced x?/N
merit function was evaluated at 1.05, indicating a good fit across each
frequency channel. From here, assuming the measured Stokes parameters
are normally distributed, the standard errors in each model parameter

could be derived [125].

2.1.3 Matrix Template Matching

Matrix Template Matching (MTM) was developed by van Straten (2006) as
a new method for improving pulsar timing analysis. @ Compared to
conventional methods based on only the total intensity (i.e.  Scalar
Template Matching (STM)), the MTM method takes additional timing
information from the polarisation data of a pulsar signal by modelling the
transformation between two polarised light curves in the Fourier domain
|124], where STM measures TOAs using only the observed total intensity
light curve [125]. This technique models the transformation between
calibrated pulsar timing templates with high signal-to-noise and the
uncalibrated pulsar observations, effectively estimating the instrumental
response and improving pulsar timing precision. A number of MSPs are
predicted to exhibit greater precision and accuracy of TOA estimates

derived from polarimetric data using MTM compared to those derived from
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only the total intensity using conventional methods [124].

For MTM, a high signal-to-noise pulse profile was obtained by averaging
over many pulse profiles, creating a template to which individual
observations are matched. The best fit phase shift from this method of
template matching was then used to compute the pulse TOAs [125]. For
MTM, by taking the observed Stokes parameters derived from the pulsar
signal and their discrete Fourier transforms, one can model the phase shift
between the template and observed total intensity profiles in the Fourier
domain. The best fit model parameters for minimising the merit function
(i.e. the reduced x?/N statistic) can then be determined using the
Levenberg-Marquardt method. TOA estimates derived from the
polarisation profile are expected to have greater precision than those
derived from the total intensity profile alone. However, the effectiveness of
MTM depends on both the degree of polarisation and the variability of the
polarisation vector as a function of pulse phase, as these properties
determine the extent to which the phase shift is correlated with the free
parameters in the timing model. Furthermore, instrumental distortions seen
in the analysis of STM are predicted to produce systematic timing errors of
the same order as the RMSE timing residuals in the current best data sets.
These errors are completely eliminated using MTM. Therefore, it is
expected that MTM will perform better than conventional methods in the

majority of experiments. MTM also allows for fully calibrating the
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instrumental response using a single observation of a well-determined pulsar

[124].

2.1.4 Measurement Equation Template Matching

METM was developed by van Straten (2013) combining the temporal
variations built into MEM [125] with the stability of MTM [124]
polarimetric calibration models to further improve the precision and
accuracy of pulse TOAs. METM derives the instrumental response of the
64-m Parkes radio telescope from regular observations of the MSP PSR
J0437-4715 whose mean polarised emission is assumed to be constant over
time. METM provides high-fidelity polarimetry over long time scales. This
technique was applied to calibrate 7.2 years of high-precision PSR
J1022+1001 timing data followed by MTM for TOA estimation and
demonstrated improved timing residuals compared to conventional
methods. METM’s high level of precision allowed for the first
measurements of the secular variation of the projected semi-major axis, the

precession of periastron, and the Shapiro delay [123].

2.2 Instrumentation

In addition to the use of METM [123] for instrumental calibration, and MTM
[124] for estimating TOAs, a number of other software and instrumentation

are worth discussing as they are a key component in our TOA analysis. This
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section will discuss each of these tools and their use/benefits for improving

the timing solutions.

2.2.1 The Parkes Observatory

The Parkes Observatory is a 64-m radio telescope (see Figure §2.3) located
in Parkes, New South Wales, Australia. Led by the Commonwealth Scientic
and Industrial Research Organisation (CSIRO), Parkes began operations in
1961 as part of the Australian Telescope National Facility (ATNF). The
64-m parabolic dish is the second largest single-dish radio telescope in the
southern hemisphere. Since it was commissioned, Parkes is now 10,000
times more sensitive with many upgrades made over the past decades to
keep up with the ever-evolving, cutting edge of radio astronomy |7|. Parkes
typically operates at cm wavelengths, although can be used from 80-MHz to
22-GHz frequencies. Parkes has discovered more than 1000 radio pulsars

[88].

There are two main receivers on the Parkes telescope, the 2l-cm
Multibeam, and the Ultra Wide-bandwidth Low (UWL) receiver. The
Multibeam receiver was introduced in 1996 consisting of 13 circular beam
horns, to allow simultaneous observations of 13 independent patches of sky,
configured in a hexagonal cluster at the prime focus of the 64-m dish. Each
beam is capable of detecting the orthogonal linear polarisations of a signal.

The Multibeam receiver was primarily designed to achieve low system noise
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temperatures for making deep, large area surveys of neutral hydrogen

emission from external galaxies to high precision [114]. The UWL receiver

Figure 2.3: The Parkes 64-m telescope [89]

began operations in 2018, providing continuous coverage over a wide

frequency range from 700 MHz to 4.2 GHz [31].

Pulsar observations recorded at Parkes are stored in the CSIRO Data
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Access Portal. The Parkes Pulsar Data Archive contains all of the observed
pulsar data recorded at Parkes, including the metadata describing these
observations and the recorded signal from the instrument [7]. All data in
the archive are stored in a standard PSRFITS format based on the Flexible
Image Transport System (FITS). PSRFITS is one of the file formats used by
PSRCHIVE, an open source object-orientated data analysis software tool for
viewing, editing, and pre-processing pulsar data for timing analysis.
PSRCHIVE also allows for data calibration, statistical analysis and

producing quality plots for data visualization [53].

Pulsar data were processed using the Swinburne University of Technology’s
Centre for Astrophysics and Supercomputing has operated a supercomputer
facility since 1998, providing tools for a range of astronomical research,
including processing of radio telescope data. These supercomputers are
available to Swinburne University researchers and their collaborators. Until
the latest supercomputer was installed in 2018, its predecessor, the GPU
Supercomputer for Theoretical Astrophysical Research (gSTAR) was the
show-runner, performing to well beyond 100 Teraflop/s.  The next
generation of supercomputer, OzSTAR, was designed with Petaflop/s
performance to assist in the computational efforts required for research by
Swinburne’s Centre of Excellence in Gravitational Wave Discovery
(OzGrav). The OzSTAR supercomputer is one of Australia’s most powerful

computers with a peak performance of 1.2 Petaflop/s, empowering OzGrav
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to pursue the detection of GWs from SMBHs [21].

2.2.2 CoastGuard

The first stage in our signal processing pipeline is Radio Frequency
Interference (RFI) mitigation.  Developed by Lazarus in 2006 [64],
COASTGUARD is a python scripted, automated pipeline for the application
of sophisticated RFI mitigation techniques. COASTGUARD is compatible
with PSRCHIVE to read and write data files, allowing good-quality RFI
removal to be integrated with relative ease. COASTGUARD implements a
number of RFI excision algorithms that can be applied simultaneously to
clean pulsar timing data. These algorithms are: (i) the RCVRSTD algorithm
which zero-weights any unnecessary frequency channels beyond the range of
the telescope’s receiver response, or channels within bad frequency
intervals, (ii) the SURGICAL algorithm which finds and removes profiles
corrupted by RFI, (iii)) the BANDWAGON algorithm which removes any
sub-integrations and/or channels that have a large portion of masked data,
and (iv) the HOTBINS algorithm which replaces any off-pulse profile phase
bin outliers with locally sourced noise. Both RCVRSTD and SURGICAL
algorithms were intended to be used in dual application for RFI mitigation,
where standard deviation, mean, range, and maximum amplitudes of the
Fourier transform are computed for each sub-integration and channel pair’s
mean-subtracted residuals, in order to remove any biases that could be

present in the software.
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These algorithms were chosen for being highly sensitive to radio frequency
interference signals, and for each metric a Ny, X Nepg, matrix is produced
where any trends among the columns and rows are removed as they account
for slow variations in time and shape of the band-pass filter. Any outlier
values of 5 o from the median are removed, as well as any pulse profiles
that are determined to be outliers. Both BANDWAGON and HOTBINS are
optional algorithms for quality control, to be used in the case of
observations that may still require to be cleaned manually after RCVRSTD
and SURGICAL are complete. This feature allows the user to detect any

observations over-contaminated by RFI that may have been overlooked [64].

2.2.3 Tempo2

Pulsar TOAs are measured from radio observatory data acquired over many
years [50|. Systematic deviations in the timing residuals may appear when
calculating the differences between the actual TOAs and best-fit model
TOAs, indicative that the model does not fully describe the true pulsar
parameters [120]. These discrepancies may be caused by a number of
different effects: (i) pulsar spin irregularities (e.g. timing noise and
glitches), (ii) orbital dynamics, (iii) astrometry, (iv) ISM (e.g. DM
variations), (v) solar system delays, (vi) time delays, (vii) instrumental
noise, and (viii) GWs. The precision of estimated model parameters can be

improved with longer data sets that span years to decades; therefore,
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long-term stability is also a key requirement of high-precision pulsar timing

[51].

The TEMPO software package was designed as a mathematical model for
pulse arrival time analysis. TEMPO was introduced with the demand for
better pulsar timing models, which grew with the number of pulsar
detections and discoveries being made. However, TEMPO algorithms used to
perform the necessary timing conversions and delay corrections (see Section
§1.3) were implemented with limited accuracy. Additionally, the software
was capable of analysing only one pulsar at a time and yielding timing
residuals of ~100 ns. With a need for improving pulsar timing to greater
precision, especially for GW detection via PTAs, TEMPO2 was born, with
design based on the original TEMPO but with improved algorithms and the

added ability to analyse multiple pulsars simultaneously [33].

TEMPO2 uses an initial model to generate a set of pre-fit residuals. The
timing model parameters are then adjusted via linear least-squares
minimization to improve the model fit. During the fitting process, TOAs
are modelled as the sum of a deterministic signal based on a timing model
and a white noise component that describes the TOA uncertainties.
However, for realistic data, this assumption is rarely true. For example, if
either: additional stochastic processes (e.g. the GWB), or red noise

intrinsic to the pulsar (e.g. rotational irregularities in the NS), are present
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in the data, then these contributions will bias the timing model and will
affect the overall accuracy of pulsar parameter estimates [51]. This issue is
addressed by the TEMPO2 plug-in TEMPONEST [67]| which enables analysis
of linear or non-linear red noise, and/or additional stochastic parameters in
the timing model, using the Bayesian inference tool, MULTINEST [36],

while still using TEMPO2 to evaluate the timing model [67].

2.3 Methodology

Research began with the following question in mind: "By how much can
pulsar timing precision and accuracy be improved through better
polarimetric calibration?". To answer this question, we first developed and
extended PSRPL, which was originally designed and maintained by van
Straten and colleagues since 2006 [116]. We introduced state-of-the-art RFI
mitigation algorithms and analysis software for performing the necessary
timing conversions and delay corrections, as well as for modelling the white
and red noise components in the timing data. This is a novel idea, as these
respective software are designed with individual capabilities for improving
the performance of pulsar timing techniques, yet they have never before
been used collaboratively. PSRPL largely automates the processing and
analysis of large amounts of pulsar timing data. We then both tested and
configured PSRPL with PSR J0437-4715 data from the Parkes Observatory

Pulsar Data Archive which was recorded using the CASPSR instrument on
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the Parkes 64-m dish, spanning approximately 8 years for each pulsar in

our analysis [50]. PSRPL is freely available for use.

PSRPL was originally operating on Swinburne’s gSTAR supercomputer via
Portable Batch System (PBS) [117] command scripts. However, gSTAR
was decommissioned sometime between late 2018 and early 2019 rendering
PSRPL obsolete. In order to resurrect PSRPL, these scripts had to be
adapted to wuse SLURM [110] commands on the new OzSTAR
supercomputer [56]. These scripts automate the process launching multiple
data analysis tasks in parallel on the cluster, and issue commands as
required to perform the different steps required for polarimetric calibration
and pulsar timing analysis. Once the PSRPL environment is set up, the
CoastGuard RFI mitigation software [64] was integrated to clean the data.
With RFI excised data in hand, five-minute integrations can then be
produced for a chosen pulsar (e.g. PSR J0437-4715) and a calibrator (e.g.
HYDRA), then divided into observing sessions. When the five-minute
integrations are prepared and any bad integrations are removed for both
the pulsar and calibrator, then the data is ready for polarimetric
calibration. From this point, one can either use PSRPL to calibrate pulsar
observations using only the pulsed noise diode (IFA) or the METM
procedure [123], in which a high signal-to-noise, well-calibrated, template
polarization profile for PSR J0437-4715 is created and used to generate a

large set of models for calibrating the remaining pulsars in our sample.
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The calibrated archives have integration lengths of approximately one hour.
The data are zapped to remove any faulty edges, and then integrated over
frequency. A template profile is chosen from the produced list, determined
by highest signal-to-noise ratio for the integrated total of each observing

session. MTM [124] is then used to produce TOA estimates.

At this stage in the pipeline, we are ready for analysis and plotting using
the TEMPO2 [51] and TEMPONEST [67] software. TEMPO2 will perform the
necessary timing conversion and delay corrections, and also allows for the
modelling of the white noise component in the timing data [51].
TEMPONEST is then used to perform the analysis of any additional

stochastic parameters and model the red noise component [67].

To summarize, our research question will be addressed using a quantitative
research methodology that includes analysis of existing data and
comparison of descriptive statistics that characterise different aspects of the
noise that are important in pulsar timing experiments. Our experimental

procedure includes the following steps [116]:
1. Download and configure the PSRPL environment
2. Clean up the data (using CoastGuard)

3. Prepare five-minute integrations
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4. Calibrate the data
a) Apply IFA to all pulsars
b) Apply MEM to PSR J0437-4715 and produce a well-calibrated
template
¢) Apply METM to PSR J0437-4715 and produce a database of
solutions

d) Apply METM solutions to all pulsars

5. Produce TOA estimates
a) Using STM
b) Using MTM

6. Analyse TOAs
a) Using TEMPO2

b) Using TEMPONEST

2.4 Analysis

In this research, we study 5 pulsars observed with roughly a monthly cadence
using the Parkes 64-m radio telescope |7]. We selected the top pulsars (listed
in Table §2.1) that are most susceptible to calibration error, as predicted
by van Straten (2013), relative to the arrival time precision reported in the
PPTA second data release (2020). The pulsar observations used throughout

this analysis were obtained using the 20-cmm Multibeam receiver [114], with
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Table 2.1
Relative Arrival Time Uncertainties and Systematic Timing Error

PSR 75 (ns) | o, (ns) T5/0; 0y

J0437-4715 205 116 1.77 0.85
J1744-1134 108 385 0.28 1.56
J2129-5721 225 964 0.23 1.15
J1600-3053 119 572 0.21 0.90
J1022+1001 278 1555 0.18 0.68
J2145-0750 147 955 0.15 0.95
J1730-2304 196 1322 0.15 0.71
J1909-3744 22 152 0.14 1.02
J1045-4509 338 2570 0.13 0.88
J1643-1224 269 2248 0.12 0.91
J1732-5049 74 635 0.12 0.96
J1603-7202 143 1316 0.11 0.85
J1857+4-0943 121 1208 0.10 0.89

Table 2.1: Predicted Timing Error for 1% Calibration Error
A list of PPTA pulsars observed at 20-cm which are susceptible to
calibration errors. 75 is the predicted timing error for a 1% calibration error
[123]. o, is the current best timing precision recorded in the PPTA second
data release [58]). 73/0, is the fraction of current timing residual that could
be due to calibration error. o, is the relative uncertainty of MTM versus
STM [123].
256 MHz of bandwidth divided into 1024 frequency channels and folded into

1024 phase bins. Each pulsar is observed for about an hour depending on its

flux density [53].

2.4.1 Arrival Time Estimates

If all physical effects are correctly modelled and all sources of experimental

uncertainty are accounted, then ideal pulsar timing residuals will be
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consistent with zero. Pulsar timing residuals which have deviated from zero
are the result of either: (i) incorrect parameters in the timing model, (ii)
inadequate estimation of TOA errors, or (iii) incorrectly or incompletely
modelled physical phenomena affecting TOAs.  We characterise the
precision and accuracy of our TOA estimates via the reduced x?/N and
weighted RMSE (wRMSE) (see Section §2.4.2) of the post-fit residuals
[123].

Estimated uncertainties are correct if the recorded profiles are characterised
solely by white noise (i.e. radiometer noise) and if the profile template
precisely represents the intrinsic shape of the integrated pulse profile [51].
Unfortunately, a number of other factors can lead to errors in the
uncertainty estimations, including: unmitigated RFI, temporal variations
(e.g. in mean profile shape), artefacts from instrumental instabilities,
and /or imperfect profile templates [69]. Therefore, we use TEMPONEST to
evaluate the scalar multiplicative correction factor (EFAC) and
quadrature-added error (EQUAD) terms (see Section §2.4.3), which
mathematically model the uncorrelated noise from physical processes that
introduce uncertainty in the TOAs [67]. In summary, we first used TEMPO2
[51, 33] to model the arrival time estimates and produce best-fit timing
parameters for each pulsar, starting with the timing parameters that were
used to fold the CASPSR data. We then used TEMPONEST to model the

additional white noise (described by EFAC and EQUAD) and red noise (a
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power law described by A,.q, and ) in the signal from each pulsar, starting
with uniform priors on the logarithms of the white and red noise model
parameters (see Section §2.4.4) [67]. After subtracting the red noise model
produced by TEMPONEST, we computed the post-fit reduced x?/N and
wRMSE statistics. These statistics, combined with EFAC and EQUAD,
should then fully describe the white noise, and the timing solutions should

have reduced x?/N equal to unity."

2.4.2 Statistical Parameters

The reduced x?/N statistic is a test for measuring the goodness-of-fit between
experimental data and a best fit timing model. Optimal model parameter

values are obtained by minimising the reduced y?/N statistic.

X3/N = Z(‘x;—;‘y (2.11)

where N represents the degrees-of-freedom (i.e. the number of observations
minus the number of fitted parameters), x; represents the i*® observation,
p; is the model prediction for the i*® value, and o; is the estimated
uncertainty of the i*" observation. In general, the reduced y*/N statistic
should approach unity when there is a good fit between the data and the
model. A reduced x?/N > 1 indicates that either the model does not fully
describe the data or the uncertainty has been underestimated, while

x?/N < 1 indicates that the data have been over fitted (i.e. the model is

81



improperly fitting the noise) or the error variance is overestimated [12].

As uncertainties of TOAs can significantly vary, it is customary to compute

a wRMSE value,

where o, represents the i'" weight.

2.4.3 EQUAD and EFAC

Each TOA is treated as the sum of the timing model (deterministic terms),
plus white noise (radiometer noise, pulse-phase jitter, and instrumental
effects), plus red noise (GWs, pulsar spin noise, and noise from the ISM).
The uncertainties of timing residuals typically reflect the uncorrelated
radiometer noise. Therefore, TOA estimates typically underestimate the
errors induced by unmitigated RFI, temporal variations in profile shape,

instrumental instabilities, and /or imperfect pulsar templates [69].

These underestimations can directly affect the timing model parameter
estimates. To overcome this problem, EFAC can be applied to TOAs to
adjust uncertainties by a constant scale factor. A second possible solution is
to increase the uncertainties by EQUAD, adding a constant noise level to
account for any additional scatter in the TOAs. To improve the TOA

uncertainties for a given pulsar, the EQUAD (Q) and EFAC (F) parameters

82



can be applied to counter any additional noise and provide optimal TOAs

by adjusting the uncertainty as:
0% =Foj+Q (2.13)

EFAC and EQUAD values are typically applied to all TOAs in a pulsar
data timing set and are adjusted until the reduced x?/N of the fitted model

reaches unity [107].

2.4.4 Red and White Noise Amplitudes

TEMPONEST models correlated red noise, intrinsic to the pulsar, if and when
present in TOAs. Red noise in TOAs may be present due to a stochastic
GWB dominating the timing residuals. Unfortunately, the presence of red
noise in the signal would cause fluctuations and delays in GW detections
by PTA’s by possibly 10 or more years when compared to predicted TOAs
from white noise dominated models [67|. However, although the underlying
processes behind red noise are unknown [69], the red noise in TOAs can be
parametrised based on the red noise amplitude (Ayeq in units of yr(3/ 2)) and
spectral index () [90]. TEMPONEST uses Bayesian methods to model TOAs
in the presence of red noise as a power law red noise model [67]. The power
law is derived as follows:

2
o Ared

= oo (i)ﬂ (2.14)

P.(f) [
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where fy, is a reference frequency of 1 cycle per year [90]. This technique is
used to model the red noise in TOAs and better determine the timing model

parameters [67].
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Chapter 3

Results

Throughout this chapter we present the results of our analysis on a sample
of five MSPs, chosen based on their high levels of susceptibility to
calibration errors (see Table §2.1), as predicted by van Straten (2013). Our
analysis has involved the novel approach of incorporating both new and
improved (i.e. state-of-the-art) pulsar timing tools into one optimal pulsar
timing polarimetric calibration pipeline, PSRPL, with the aim of reducing
such calibrations errors and improving pulsar timing precision and
accuracy. Our prime method of instrumental calibration is the METM
algorithm [123], followed by MTM for TOA estimation [124]. Our findings
are compared to the TOA residuals derived using conventional methods
(i.e. IFA and STM), given the same 20-cm CASPSR data from Parkes. The
results for each pulsar are: (i) tabulated as the red and white noise timing

data statistics, (ii) plotted as the post-fit uncertainty-weighted timing
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residuals, (iii) plotted as the white (i.e. red noise reduced) timing residuals,
and (iv) plotted as corner plots that depict the two-dimensional likelihood
surfaces and one-dimensional marginalised distributions for each of the
white noise and red noise parameters of interest, as derived from the chains
output by the MultiNest Bayesian inference tool used by TempoNest to
explore the joint parameter space. All results provided are derived from
TEMPO2 [51] and TEMPONEST [67] with some additional post processing
used to produce the corner plots. The sections in this chapter are separated
as follows: Section §3.1 PSR J0437-4715, §3.2 PSR J1022+1001, §3.3 PSR
J1045-4509, §3.4 PSR J1600-3053, and §3.5 PSR J1643-1224. A discussion

of these results is then provided in the next chapter (see Section §4.1).

3.1 PSR J0437-4715

Our first target is the closest, brightest MSP and is one of the most
precisely located objects beyond the solar system. Located 157 pc
(4.8x10% km) from Earth [127], PSR J0437-4715 is named by its right
ascension (RA) 04:37:15 (h:m:s) and declination (DEC) -47:15:08 (deg:m:s)
coordinates on the celestial sphere. This neutron star is in a 5.7 day orbital
period binary system with a low mass WD companion. Furthermore, PSR
J0437-4715 is an MSP, completing one full rotation every 5.75 ms [57]. The
long-term rotational stability of PSR J0437-4715 is among the most

accurate of the known pulsars, rivalling the timing stability of even the best
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man-made atomic clocks [71]. Observable across visible, x-ray, and radio
wavelengths, this binary MSP is one of (if not the most) frequently
observed pulsars to date, due to its location and brightness [126]. At 20-cm
wavelengths, PSR J0437-4715 has a full-width half-maximum of 130 us and
an average flux density of 140 mJy, making it a prime target for
high-precision pulsar timing research. In the van Straten (2013) paper, this
object is predicted to be one of the most susceptible (207 ns) to 1%

calibration error [123].

Table 3.1
METHOD | wRMSE| RMSE| EFAC | EQUAD | log,o(Awea) | B
(ks) (1) (k)
METM/MTM| 0.468 | 0.061 | 2.8(4) | 0.057(6) | -13.52(6) -3.0(3)
METM/STM | 0.522 | 0.149 | 9.5(1) | 0.02(2) | -13.8(2) -4.0(9)
IFA/MTM | 0.466 | 0.068 | 3.0(3) | 0.065(5) | -13.56(7) -3.2(3)
IFA /STM 0.783 | 0.580 | 12.4(6)| 0.48(6) | -13.8(5) -4(2)

Table 3.1: PSR J0437-4715 Timing Noise Statistics for 340 TOAs
The columns are defined as follows: wRMSE the weighted post-fit timing
residual RMSE, RMSE the white noise (red noise removed) timing residual
RMSE, EFAC the scalar multiplier by which all error bars are scaled,
EQUAD the quadrature-added error, A,oq the (dimensionless) red noise
amplitude, and [ the red noise slope.
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(a) METM/MTM (b) METM/STM

(¢c) IFA/MTM (d) IFA/STM

Figure 3.1: PSR J0437-4715 Post-fit Residuals
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3.2 PSR J102241001

The second target, and second highest of susceptible pulsars, PSR
J1022+41001, has a predicted timing improvement of 282 ns for 1%
calibration error through the use of better instrumental calibration [123].
Similar to PSR J0437-4715, this neutron star is a 16.5 ms MSP in a 7.8 day
period orbit binary system with a low mass WD companion [19].
Historically, the pulsar has also been known to exhibit poor timing
properties [54].  However, van Straten (2013) demonstrated improved
post-fit residuals with uncertainty-weighted standard deviation of 880 ns for
PSR J1022-+1001, two times smaller than conventional methods of
instrumental calibration (e.g. IFA) and TOA estimation (e.g. STM),
through his use of the METM polarimetric calibration technique and MTM

TOA estimation method [123].

Table 3.2
METHOD WRMSE| RMSE| EFAC| EQUAD | log,o(Ared) | 3
) (11s) (11s)

METM/MTM| 1.294 | 1.178 | 0.8(1) | 1.1(1)
METM/STM | 1.711 | 1.647 | 1.5(1) | 1.1(2) — —
IFA/MTM | 1.309 | 1.279 | 0.9(1) | 1.1(1)
IFA /STM 2.015 | 2.015 | 1.3(1) | 1.5(2

Table 3.2: PSR J1022+1001 Timing Noise Statistics for 173 TOAs
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Figure 3.4: PSR J1022+41001 Post-fit Residuals
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Figure 3.5: PSR J102241001 White Noise Residuals
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3.3 PSR J1045-4509

The binary MSP PSR J1045-4509 has a pulse period of 7.5 ms, is a pulsar
with a low mass companion in a 4.1 day orbital period, is located 3.2 kpc
from Earth, has a strong mean flux density of 30 mJy at 400-MHz, and is
therefore one of the most luminous pulsars [13]. Furthermore, van Straten
(2013) predicts that PSR J1045-4509 is the most susceptible to calibration
error (388 ns for a 1% calibration error), but is also the noisiest with an RMSE
of 2.57 ps (20 times larger than the timing error due to 1% calibration error),
suggesting it would take a very large calibration error for METM to have a

significant impact [123].

Table 3.3
METHOD | wRMSE| RMSE| EFAC] EQUAD | log,o(Aweq) | B
(k) (1) (1)
METM/MTM| 4.044 | 1.616 | 0.6(2) | 0.6(6) “12.4(1) 2.6(8)
METM/STM | 7.442 | 4.829 | 0.5(7) | 5.4(5) -12.3(2) -2.4(9)
IFA/MTM | 4.274 | 1.624 | 0.7(1) | 0.5(5) -12.3(1) -2.4(7)
IFA /STM 5167 | 4.191 | 1.1(7) | 4(1) -12.2(1) -1.5(9)

Table 3.3: PSR J1045-4509 Timing Noise Statistics for 137 TOAs
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Figure 3.9: PSR J1045-4509 Corner Plots
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3.4 PSR J1600-3053

PSR J1600-3053 is both dim and distant from Earth with a relatively low
flux density of 3.2 mJy at 20-cm wavelengths. However, Ord et al. (2016)
were capable of achieving sub-millisecond timing residuals for this pulsar
after finding a very narrow feature in its pulse profile through coherent
de-dispersion [86]. PSR J1600-3053 is also a 3.6 ms pulsar in a binary
system with a 14.3 day orbital period. An 115 ns error in TOA estimation
is predicted (for a 1% calibration error for this pulsar) by van Straten

(2013) [123].

Table 3.4
METHOD wRMSE| RMSE| EFAC| EQUAD | logyo(Aweq) | B
(1s) ) (13)
METM/MTM]| 1.160 | 0.295 | 0.7(2) | 0.1(1) “13.3(2) 2.54
METM/STM | 1.321 | 0.485 | 0.8(5) | 0.4(1) — —
IFA/MTM 1.391 | 0.300 | 0.8(2) | 0.1(1) ~13.4(2) 2.76
IFA /STM 1411 | 0.349 | 1.1(5) | 0.2(2) — —

Table 3.4: PSR J1600-3053 Timing Noise Statistics for 141 TOAs
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Figure 3.12: PSR J1600-3053 Corner Plots
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3.5 PSR J1643-1224

PSR J1643-1224 is a luminous pulsar with a 4.6 ms rotational period, in a
circular binary orbit of 147 days, with a low mass companion between 0.1-
0.3 Mg, at least 5 kpc from Earth [72|. The low eccentricity of this pulsar
results in a covariant longitude and epoch [128] causing PSR J1643-1224 to
exhibit long-term rotational variability (i.e. the pulse profile exhibits changes
over long time scales) [8]. This effect, intrinsic to the pulsar, could also be
detrimental to the accuracy of pulsar timing analysis [128]. PSR J1643-1224
is predicted to have a 266 ns timing error to 1% instrumental calibration

error, the third highest pulsar susceptibility predicted in van Straten (2013)

[123].
Table 3.5

METHOD | wRMSE| RMSE| EFAC| EQUAD | log,o(Ared) | /3

(ks) (1) (k)
METM/MTM| 1.985 | 0.600 | 0.4(4) | 0.4(3) ~12.60(7) 1.7(3)
METM/STM | 2.197 | 1.041 | 1.2(4) | 0.5(4) -12.43(7) -1.2(4)
TFA/MTM | 1.999 | 0.642 | 0.5(4) | 0.4(3) -12.64(8) -1.8(3)
IFA/STM 2.250 | 1.075 | 1.0(6) | 0.8(4) ~12.45(7) -1.3(4)

Table 3.5: PSR J1643-1224 Timing Noise Statistics for 143 TOAs
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Chapter 4

Conclusions

We have taken the novel approach of incorporating state-of-the-art pulsar
timing tools into one pulsar calibration pipeline, PSRPL, and applied this
improved methodology on a sample of MSPs predicted by van Straten (2013)
to be the most susceptible to calibration error [123|. We have performed this
analysis and compared the results across four models: (i) calibration via
METM followed by MTM for predicting TOA estimates, and similarly, (ii)
METM/STM, (iii) IFA/MTM, and (iv) IFA/STM. For each pulsar in our
sample, we have shown that METM and MTM vyield arrival times with the
highest precision and accuracy (e.g. the least white noise and red noise),
and should be incorporated in TOA analyses over conventional methods for

obtaining high-precision, high-fidelity TOA measurements.
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4.1 Discussion

For PSR J0437-4715, we have calibrated 8.169 years of 20-cm CASPSR
data from Parkes using PSRPL to produce a total of 340 TOA estimates. It
is important to note, that the reduced x?/N parameter is no longer a
meaningful statistic for model comparison, as TEMPONEST is effectively
pushing this value towards unity, by tweaking the EFAC and EQUAD
parameters. Large values of EFAC mean that TEMPONEST has determined
that the error bars on TOAs are underestimated [67], which is apparent for
PSR J0437-4715 (see Table §3.1), where TEMPONEST has determined these
error bars should be approximately 9 and 13 times larger than estimated
for METM and IFA models respectively. Therefore, EFAC shows that
MTM does a much better job of estimating the uncertainty in TOAs. Such
additional noise is typically attributed to pulse jitter. However, pulse jitter
should equally impact MTM because jitter is intrinsic to the pulsar and not
modelled by MTM. Of the MTM-derived TOAs, the combination of METM
and MTM algorithms appears to produce the best uncertainty estimates.
IFA/STM is the worst-case scenario (see Figure §3.2) and therefore our
baseline for model comparison with a white noise TOA residual RMSE of
589 ns. The METM/STM model (149 ns) indicates that METM has
corrected systematic distortions to the total intensity profile which has
reduced the noise by about 75% from IFA/STM. METM/MTM (66 ns)

shows that MTM is able to further reduce the noise by another 56%, better
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than the 15% improvement predicted in column 3 of Table 1 in van Straten
(2006) or column 2 of Table 1 in van Straten (2013). It could be that MTM
is also mopping up residual calibration errors. IFA/MTM (68 ns) is also
showing that MTM is capable of performing well and mopping up any
calibration errors in IFA-calibrated data, performing 88% better than STM
for the IFA-derived models. Additionally, the corner plots (see Figure §3.3)
show the correlation, if any, between white noise (i.e. EFAC and EQUAD)
and red noise (i.e. A,q and () parameters which are determined for each
model via TEMPONEST. Here we see a strong anti-correlation between the
white noise parameters EFAC and EQUAD, where as EFAC increases,
EQUAD decreases, and vice versa. For STM-derived solutions,
TEMPONEST has also determined a correlation between the red noise
parameters A,.q and . However, this correlation is not clearly present in

the MTM-derived TOA solutions.

From the 8.229 years of 20-cm CASPSR data, 173 TOA estimates were
produced through PSRPL for PSR J1022+1001.  Our results show
IFA/STM to be our baseline model for comparison with a white noise TOA
residual RMSE of 2.015 pus (see Figure §3.5). METM/STM (1.647 us) has
reduced the noise by 18%. IFA/MTM (1.279 us) has improved upon
IFA/STM by 36.5%. METM/MTM has produced the best white noise
RMSE of 1.178 us, 28.5% better than METM /STM, and although less than

the predicted 32% improvement by van Straten (2013), has performed 8%
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better than IFA/MTM. This may be explained by the fact that the
400 MHz bandwidth of our CASPSR data is more than 6 times larger than
that of the two 64-MHz CPSR2 bands analysed by van Straten (2013) [123].
PSR J1022+1001 is known to exhibit strong variations in profile shape as a
function of radio frequency [29] and, when coupled with interstellar
scintillation, these spectral variations translate into temporal variations of
the average pulse profile formed by integrating over all frequencies (e.g.
Ramachandran & Kramer 2003 [96]). Dividing the 400-MHz CASPSR band
into sub-bands and/or employing frequency-dependent template matching
methods (e.g.  Pennucci 2019 [92]) may improve the results for PSR
J1022+1001 in future work. As indicated by the rectangular uniform
distribution of RedAmp versus RedSlope in Figure 3.6, our data fail to
constrain A,.q and (8 for all models, even after searching over many orders
of magnitude (see Figure §3.6). It is important to note here that we varied
the orthometric amplitude (H3) and ratio (STIG) parameters in TEMPO2
only for the MTM-derived TOA data and then held these values fixed at

the best-fit MTM-derived solutions when analysing STM data.

In the cases of PSR J1045-4509 and J1600-3053, we find that METM /STM
produces the worst case scenarios of white noise TOA residuals with an
RMSE of 4.829 us and 485 ns respectively. In the case of PSR J1045-4509,
approximately a years worth of data is missing around 56500-56900 MJD

for this MSP, which could affect the ability to accurately determine the red
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noise signal from the data. For PSR J1600-3053, the corner plots of the
STM-derived TOAs presented in Figure §3.12 appear to indicate that the
red noise parameters are not constrained by the data. Therefore, these
values are not reported in Table §3.4. The fact that the red noise
parameters are constrained in the MTM-derived TOAs leads us to suspect
that the STM-derived TOAs may be contaminated by one or more outliers
that must be identified and excised after developing an objective method
for doing so in future work. However, the METM/MTM-derived white
noise TOA residuals are the best for both pulsars with RMSE of 1.616 us
for PSR J1045-4509 and 295 ns for PSR J1600-3053. METM/MTM has
performed 66.5% and 39% better than METM/STM in both cases
respectively, better than the respective 12% and 10% improvements

predicted by van Straten (2013).

The final pulsar in our sample of MSPs, PSR J1643-1224, has shown a
strong relationship between EFAC and EQUAD, and between A.,.q and (8
(see Figure §3.15). IFA/STM is the baseline model with a white noise
RMSE of 1.075 us. METM/STM yields a white noise RMSE of 1.041 us for
a 3% improvement. IFA/MTM (642 ns) has improved upon IFA/STM by
40%. The METM/MTM-derived solutions (600 ns) are 42% better than
METM/STM, and 6.5% better than IFA/MTM. This is a large
improvement compared to the predicted improvement of 9% for 1%

calibration error by van Straten (2013). METM has corrected systematic
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timing distortions of the total intensity profile for all the pulsars in the

sample, where MTM has also mopped up any residual calibration errors.

For two pulsars in our sample (PSR J0437-4715 and PSR J1643-1224),
MTM has marginally decreased the red noise in the timing residuals. For
the METM-calibrated data of PSR J0437-4715 and for both METM- and
IFA-calibrated data of PSR J1643-1224, the MTM-derived TOAs have a
red noise amplitude that is smaller than that of the STM-derived TOAs (by
about 1 standard deviation). In both cases, the exponent on the power-law
relation that is used to model the red noise is also smaller, but this is not

statistically significant.

We have shown that utilising METM for instrumental calibration, followed
by MTM produces the best TOA estimates, yielding a significant reduction
in noise which should, in principle, increase experimental sensitivity. With
increased sensitivity, one may estimate new model parameters that were
previously unattainable in a pulsar system, such as the Shapiro delay
measured for PSR J10224-1001 by van Straten (2013) [123|. Furthermore,
we notice that for each pulsar in our sample, data calibrated using IFA
followed by MTM can produce TOAs nearly as good as those derived from
the MEE'TM calibrations.
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4.2 Future Work

The results presented in this paper report on our analysis undertaken using
the 20-cm band CASPSR dataset from Parkes. In future, we could expand
the scope of this analysis to apply PSRPL to different PPTA data and
instruments, such as the historical datasets taken with the Parkes Digital
Filter Bank (PDFB) to test for increased sensitivity due to better
instrumental calibration methods. The PDFB shows evidence of non-linear
response that introduces around 5% to 10% over-polarization that cannot
be calibrated using MEM. By extending PSRPL with new model
parameters that describe non-linear instrumental response (to first order),
we may be able to better understand this by studying it in more detail.
Similarly, PSRPL can be applied to new data from observations taken with
the Parkes Ultra Wide-bandwidth Low (UWL) receiver [47]. Instrumental
calibration via METM should also be applied to different telescopes

internationally.

The METM instrumental calibration method used throughout this research
produces a 1-Dimensional mean pulse profile template based on the
polarization of the signal [123]. A 2-Dimensional method has been
developed by Pennucci (2019), which includes: (i) a frequency-dependent
rotation to account for DM variability averaging bandwidth, (ii) using

Principle Component Analysis to find a reduced basis in which to quantify
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spectral variation of the mean pulse profile, (iii) selecting eigenvector
profiles based on signal-to-noise, to indicate the number of orthogonal
elements (in addition to the mean pulse profile) needed to capture the
profile evolution, (iv) wavelet smoothing the mean and eigenvector profiles
to produce smooth, high-fidelity templates, and (v) using B-splines to
interpolate the frequency evolution of projected coordinate coefficients used
in the linear combinations of eigenprofiles. Pennucci’s template matching
method is able to model the profile variations in the frequency domain
while simultaneously measuring the DM variation and phase shift of the
observation [92]. We propose combining this method with MTM to create
something that models the: (i) variation of pulse shape with frequency, (ii)
differential DM at epoch, and (iii) possible residual calibration errors that

vary with frequency by modelling all four Stokes parameters.

Another interesting area of investigation would be to test and determine
the optimal method for RFI mitigation as RFI is an ongoing problem in
radio astronomy through the overuse of the radio spectrum by the
communications industry; to date, no ideal method has been determined.
For the analysis reported in this thesis, PSRPL utilised the COASTGUARD
algorithm [65] for RFI excision. We propose the integration of multiple RFI
mitigation packages and employing different combinations of them through

different versions of the PSRPL pipeline to determine the optimal one.
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Finally, we come back to our ultimate goal of the thesis, which was to
increase the sensitivity of PTAs to low frequency (nHz) gravitational waves.
We have shown that improved high-fidelity, high-precision pulsar timing
through better instrumental calibration (for a small sample of MSPs
predicted to be the most susceptible to polarimetric calibration errors)
achieves better precision than predicted by van Straten (2013). The next
step is to then develop this finding to see if we have increased sensitivity to
such an extent that we can place more stringent constraints on the

stochastic GWB.
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GLOSSARY

ACRONYM Words

aLLIGO advanced LIGO

ARC Australian Research Council

ATNF Australian Telescope National Facility

BH Black Hole

CASPER Collaboration for Astronomy Signal Processing
and Electronics Research

CASPSR CASPER-Parkes-Swinburne Recorder

CPSR-II Caltech-Parkes-Swinburne Recorder (Gen. II)

CSIRO Commonwealth Scientific and Industrial Research
Organisation

DM Dispersion Measure

EFAC Scalar Multiplicative Error Correction Factor

EHT Event Horizon Telescope

EQUAD Quadrature-added Error

116



ACRONYM

Words

eLISA
EM
EPTA
ESA
FITS
GR
GW
GWB
H-R
iLIGO
IFA
IPTA
ISM
LIGO
LISA
MEM
METM
MSP
MTM
NANOgrav
NASA

evolved LISA

Electromagnetic

European Pulsar Timing Array

European Space Agency

Flexible Image Transport System

General Relativity

Gravitational Wave

Gravitational Wave Background
Hertzsprung-Russell

inital LIGO

Ideal Feed Assumption

International Pulsar Timing Array
Interstellar Medium

Laser Interferometer GW Observatory
Laser Interferometer Space Antenna
Measurement Equation Matching
Measurement Equation Template Matching
Millisecond Pulsar

Matrix Template Matching

North American Nanohertz Observatory for GWs

National Aeronautics and Space Administration
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ACRONYM Words

NS Neutron Star

0zGRAV ARC Centre of Excellence in GW Discovery
PBS Portable Batch System

PDFB Parkes Digital Filter Bank

PK Post-Keplarian

PPN Parameterized Post-Newtonian

PSR Pulsar

PSRPL Pulsar Calibration Pipeline

RMSE Root Mean Squared Error

SMBH Supermassive Black Hole

STM Scalar Template Matching

TOA Time-of-arrival

UWL Ultra Wide-bandwidth Low-frequency
WD White Dwarf

wRMSE Weighted Root Mean Squared Error
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