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Abstract

This thesis is a study of giant pulses from the Crab pulsar. The Crab pulsar is
a relatively young pulsar known for its giant pulse emission. Giant pulses are
short duration radio bursts consisting of complex superpositions of nanosecond-
and microsecond-scale impulses. The short duration of these giant pulses imply
broadband emission and very high brightness temperatures. We have investigated
the broad band nature of the Crab giant pulses with the Murchison Widefield
Array and the Parkes radio telescope, as well as their spectral behaviour at low

radio frequencies.

The first part of this thesis focuses on simultaneous observations of the Crab
pulsar’s giant pulses with the MWA operating at a centre frequency of 193 MHz
with 15 MHz bandwidth and the Parkes radio telescope operating at center fre-
quency of 1382 MHz with 340 MHz bandwidth. We detected 55 giant pulses at
the MWA and 2075 at the Parkes radio telescope. We estimated a power-law
index of f = —3.35 £0.35 and 8 = —2.85 4 0.05 for the fluence distribution of
the giant pulses observed at the MWA and Parkes respectively.

A search for coincident pulses was performed on the giant pulses detected
at the MWA and the Parkes radio telescope. We detected 51% of the MWA
giant pulses at Parkes, with spectral indices («) in the range of —3.6 > a >
—4.9. We performed a Monte Carlo analysis to investigate the less than 100%
correlation observed between the MWA and Parkes observations. The analysis
supports the conjecture that the giant pulse emission in the Crab is intrinsically
broadband, a reduced correlation is seen due to the relative sensitivities of the
two instruments and the width of the spectral index distribution. Our results are
consistent with the hypothesis that the spectral index of giant pulses is drawn
from normal distribution of standard deviation 0.6, but with a mean that displays
an evolution with frequency from -3.0 at 1382 MHz, to -2.85 at 192 MHz.

Finally, we simultaneously observed the Crab pulsar at three frequency bands
within the full bandwidth of the MWA, centred at 120, 165, and 210 MHz. We
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detected two pulses simultaneously in all the three frequency bands, while eight
pulses were observed simultaneously at 165 and 210 MHz bands, with spectral
indices in the range of —1.27 +£0.14 > a > +1.34 £ 0.24. The observed spectral
indices are significantly shallower than the results obtained from MWA and Parkes
simultaneous observations, and suggest an evidence of a possible turnover in giant

pulse spectra at low frequencies.
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Chapter 1

Introduction

1.1 Motivation

Pulsars are among the most fascinating astrophysical objects in the Universe.
They offer opportunities to study a range of astrophysical phenomena. For in-
stance, pulsar studies have confirmed the existence of extra-solar planets (Wol-
szezan and Frail, 1992), demonstrated the effect of gravitational waves (Hulse
and Taylor, 1975), and have provided some of the most stringent tests of general
relativity (e.g. Kramer et al., 2006). The timing stability of millisecond pulsars is
unsurpassed, which makes them the objects of choice for tests of general rel-
ativity in the strong-field regime and detection of ultra-low-frequency
gravitational wave experiments (e.g. the pulsar timing arrays; Manchester
et al., 2013). The study of pulsars is also useful in characterising the electron den-
sity distribution in the Galaxy, helping to determine the Galactic magnetic field,
and in understanding the polarisation properties of radio pulsar signals. Analysis
of single pulses from some objects (e.g. the Crab pulsar) provide valuable in-
sights into the poorly understood astrophysical plasma processes associated with
the pulsar emission mechanism (e.g. Hermsen et al., 2013). Finally, the observed
changes in single pulses with frequency and time are valuable tools in probing the
properties of the interstellar medium via scattering, dispersion, and scintillation
(Rickett, 1990; Bhat et al., 2003; Cordes et al., 2004).

Pulsars were originally discovered via radio pulsations at a low radio frequency
of 81.5 MHz (Hewish et al., 1968). Subsequent observations have shown that they
emit radiation across the electromagnetic spectrum from as low as 17 MHz and
up to 87 GHz (e.g. Bruck and Ustimenko, 1977; Morris et al., 1997) in the radio,
and at optical, X-ray, and y-ray frequencies (e.g. Thompson, 2008; Abdo et al.,
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2013; Breton et al., 2013; Bogdanov et al., 2014). Although pulsars were first
discovered at low radio frequencies (<100 MHz), the challenges of observing and
studying pulsars in this frequency regime (see § 2.1.6) have led to the study of the
majority of them at higher frequencies. Although the effects of scattering is
still problematic, the challenges of observing and studying pulsars at
low frequencies can now be fairly mitigated by modern computational
capabilities and modern electronics.

The radio astronomy community has recently deployed new radio telescopes
operating below 300 MHz, using interferometers of simple dipole antenna ele-
ments. Such telescopes include the Low Frequency Array (LOFAR) in the Nether-
lands (van Haarlem et al., 2013), the Precision Array for Probing the Epoch of
Re-ionisation (PAPER) in South Africa (Pober et al., 2011), the Long Wave-
length Array (LWA) in the Southwestern United States (Taylor et al., 2012), and
the Murchison Widefield Array (MWA) in Western Australia (Lonsdale et al.,
2009; Tingay et al., 2013). The MWA is a low frequency interferometric phased
dipole array operating within the frequency range of 80 to 300 MHz. This new
generation of low frequency interferometers is now being used for a wide range of
pulsar science. For instance, Hassall et al. (2012) performed a wide-band
simultaneous study of four pulsars with LOFAR to test the accuracy
of the dispersion law over a broad frequency range of 40-190 MHz.
Coenen et al. (2014) performed two pilot survey for pulsars and fast
transients with LOFAR, in which they discovered two new pulsars and
reported the first low-frequency fast-radio burst limit. Recently, Bhat
et al. (2014) reported on the low-frequency characteristics of a timing
array pulsar PSR J0437—4715 observed with the MWA.

Based on these considerations, the primary motivation for this thesis is to
explore the capability of the MWA for single pulse studies of radio pulsars, taking
advantage of its low frequencies where pulsars tend to be intrinsically
brighter. This thesis will focus on the observations and analysis of giant pulses

from the Crab pulsar.

1.2 Scope of the Thesis

The main aim of this thesis is to perform single pulse studies of the Crab
pulsar (PSR B0531+21). For this thesis, we used the MWA and the Parkes radio

telescope to examine the broad band nature of giant pulses from the Crab pulsar
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and attempted to determine their spectral indices. In the following section, we

briefly give a general overview of the Crab pulsar’s giant pulses.

1.2.1 Giant Pulses from the Crab Pulsar

While the pulse amplitudes of most pulsars follows a normal distribution, some
show bimodal distributions with a finite probability of zero flux density (see Lyne
and Graham-Smith, 1998), and others display asymmetric distributions, with a
long tail towards very high values of flux density (Luo and Melrose, 2001). The
Crab pulsar is a classic example of the latter. It emits radiation across the
electromagnetic spectrum from radio to «-ray energies (see Figure 1.1; Moffett
and Hankins, 1996), displaying the different radiation processes in the pulsar
magnetosphere, such as synchrotron (radio), incoherent synchrotron (optical and
X-ray), and incoherent curvature (y-ray). The pulsar was originally discovered via
its remarkably bright single pulses (Staelin and Reifenstein, 1968), subsequently
dubbed “giant pulses”.

The giant pulses can exceed the average pulse flux density by factors of hun-
dreds or thousands. Inferred brightness temperatures are of the order of 103°=32 K
reaching up to ~10% K in observations made at 0.4 ns time resolutions (Hankins
et al., 2003; Kostyuk et al., 2003; Cordes et al., 2004; Hankins and FEilek, 2007;
Bhat et al., 2008). The pulsar emission mechanism is not well understood; physics
underlying giant pulse emission is therefore complex. The giant-pulse emis-
sion have been attributed to the spatial variations in relativistically
streaming pulsar plasma, which are likely to affect the emission pro-
cess and further propagate the radio waves. The observed characteris-
tic scale of the plasma inhomogeneities for the micro- and nano-pulses
are ~3 km and ~3 m (Popov et al., 2002; Hankins et al., 2003) respec-
tively. These plasma inhomogeneities are usually associated with the
soliton-like structures which may arise in the strong turbulent plasma
of pulsar magnetosphere and collapse of wave packets (e.g. Asseo et al.,
1990; Asseo, 1996; Weatherall, 1997, 1998; Hankins et al., 2003)

Also, the giant pulses are believed to result from the inhomogene-
ity of the angular pattern of the emission cone, which manifest as
the pulsar rotates. This theory is strongly supported by observations:
the timescales of microstructure are proportional to the pulsar period
(Hankins, 1996; Popov et al., 2002), implying the same characteris-

tic angular scale of the emission pattern. Increased pair production
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Figure 1.1: The average emission profiles of the Crab pulsar from radio to y-ray,
showing the mainpulse (left peak) and the interpulse (right peak) phase of the
pulsar rotation. Source: Moffett and Hankins (1996)

in the pulsar magnetosphere is also believed to be responsible for the
additional beaming of radiation. Induced Compton scattering of radio
emission off the secondary particles of the ultrarelativistic highly mag-
netized plasma leads to substantial focusing of the radio photons, so
that the resultant beam appears squeezed up to a few hundred times
(see Petrova, 2004). This focusing effect is believed to be responsible
for the timescales of the observed microstructure as well as its polar-
ization properties (Petrova, 2004). Other theories of the giant pulse
emission mechanism includes: (1) linear plasma instabilities such as

curvature emission and beam instabilities (e.g. Melrose, 1996; Gedalin
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et al., 2002), and (2) linear mode conversion (Melrose and Gedalin,
1999; Cairns et al., 2001). Although these models exists, there is no
satisfactory explanation for the occurrence of the giant pulses, nor is

there a complete theory of the pulsar emission mechanism in general.

Historically, the giant pulse phenomenon was thought to be a peculiar prop-
erty of the Crab pulsar. However, the phenomenon has since been observed
in small number of millisecond pulsars PSR B19374+21 and PSR B1821—24
(Cognard et al., 1996; Romani and Johnston, 2001) and the LMC pulsar, PSR
B0540—-69 (Johnston and Romani, 2003). For the millisecond pulsars, the high-
est measured pulse flux density is ~ 103 Jy at 430 MHz (Romani and Johnston,
2001), while the highest measured pulse flux density for PSR B0540—69 is ~ 4
Jy (Johnston and Romani, 2003).

The Crab giant pulses have been observed across a wide range of radio
frequencies. Unlike regular pulses, their temporal occurrence is random, occur-
ring in narrow pulse phase windows within the main-pulse and inter-pulse phase
windows that are often aligned with the peaks of pulses seen at X-ray and ~-ray
energies (Lundgren, 1994). Giant pulses are not seen to occur in the radio pre-
cursor nor at the phases of the high radio frequency components described by
Moffett and Hankins (1996), (see also Cordes et al., 2004).

Based on the Heisenberg-Gabor limit (Gabor, 1946), the short duration (rang-
ing from a few ns to a few us) of the giant pulses implies broad band emission.
Different experiments have been performed to determine the emission bandwidth
of the Crab giant pulses. For instance, in the early days of pulsar observations,
Comella et al. (1969) reported 50% correlation of giant pulses detected at 74 and
111 MHz. Although simultaneous detection of the giant pulses at two different
frequencies has subsequently been reported by a number of studies, high degree
of correlations has only been observed for relatively small frequency separations
(Sallmen et al., 1999; Bhat et al., 2008) with low percentage correlation for widely
separated observations (Popov et al., 2006; Mickaliger et al., 2012).

To further investigate this as part of this thesis, we simultaneously observed
the Crab pulsar with the MWA and Parkes radio telescopes, in order to determine
the emission bandwidth of the Crab pulsar giant pulses (see Chapter 3). As a
follow-up project, we also performed a multi-frequency study of the Crab pulsar
giant pulses with the MWA.



1.3 Thesis Outline

In Chapter 2, a theoretical background for the analysis carried out in this the-
sis is presented. First, a literature review of pulsars is discussed, where all relevant
aspects, including propagation effects on pulsar signals and the methodology are
discussed. The second part focuses on radio astronomy instrumentation.

Chapter 3 presents simultaneous observations of Crab giant pulses conducted
with the MWA and the Parkes radio telescope (Oronsaye et al., 2015).

In Chapter 4, a multi-frequency study of the Crab pulsar with the MWA is
presented.

Chapter 5 contains the overall conclusions of the thesis.

1.4 Statement of Originality

Studying pulsars at low frequencies (<300 MHz) is a challenging task. With
the development of modern telescopes and software, these challenges can now be
overcome. This thesis represents one of the first such studies in the modern era,
with a new generation of low frequency radio telescopes. This thesis presents the
first analysis of giant pulses with the MWA and the first coordinated pulsar study
between the MWA and another radio telescope. The original results of this thesis

have been published in the peer reviewed literature (Oronsaye et al., 2015).



Chapter 2

Background Theory and

Instrumentation

2.1 Literature Review of Pulsars

2.1.1 Introduction

Pulsars are highly magnetised, rapidly spinning (the spin period ranging from
a few milliseconds to a few seconds) neutron stars, which are the end products of
the evolutionary stages of massive stars after supernova explosions. As the star
collapses, the density becomes large, giving rise to an object that consists mainly
of neutrons, with a mass of ~ 1.4 My and a radius of ~ 10 km (Lattimer and
Prakash, 2001); they have inferred surface magnetic fields of the order of 10 -
10'* G (Beskin and Gurevich, 1993).

Pulsar studies began in 1967 when Jocelyn Bell and Antony Hewish serendip-
itously discovered strange regular flashes of energy emanating from distinct parts
of the sky via pen-chart recordings taken during an interplanetary scintillation
survey of the radio sky at 81.5 MHz (Hewish et al., 1968). The periodic signals
observed have been remarkably linked with the electromagnetic radiation gen-
erated by a rotating neutron star (Gold, 1968; Pacini, 1968). Since then, there
have been numerous searches over the past four decades, which have led to the
discovery of over 2000 pulsars (e.g. Manchester et al., 2001, 2005; Cordes et al.,
2006; Keith et al., 2010). The majority of pulsars are located within the Galactic
plane in a layer about 1 kpc thick and within about 10 kpc from the centre of the
Galaxy (Lorimer and Kramer, 2004). Only a very few pulsars have been found

outside the Milky Way (Globular clusters, large and small magellanic clouds).
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This is not surprising, owing to the faint nature of their radio emission
(typically 0.1 - 1 mJy at 1400 MHz and 1-10 mJy at 400 MHz; for
pulsars within a distance of few kpc; 1 Jy = 1 x 10*®* Wm? Hz!), and a
host of propagation effects in the interstellar medium (see § 2.1.6) which further

limit the prospects of finding them, particularly the distant ones.
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Figure 2.1: P — P diagram showing the distribution of the known pulsar popula-
tion, consisting of radio pulsars, “radio-quiet” pulsars, soft-gamma repeaters and
anomalous X-ray pulsars. The binary systems are circled, and pulsar-supernova
remnant associations are shown by the stars. The diagonal lines show loci of
constant dipole magnetic field and spin-down age. Also indicated here are the
“Vela-like” and “Crab-like” (the subject of this thesis) pulsars.

2.1.2 The Pulsar Magnetosphere

The mechanism that creates pulsar emission is not well understood, but it is

generally believed to occur in the pulsar’s magnetosphere. The magnetosphere is
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a plasma-filled region around the star, dominated by magnetic fields co-rotating
with the star. At any point within the co-rotating magnetised plasma, the force-
free condition E+4 (v xr) x B = 0 is satisfied (Goldreich and Julian, 1969); where
c is the speed of light, v is the rotation frequency, r is the position vector relative
to the centre of the star, and E and B are the electric and magnetic fields of
the magnetised plasma, respectively. This theory implies that the magnetic field
lines that extend beyond the so-called light cylinder! (r = ¢/1) cannot remain
connected, and are therefore “open”, connecting with the ambient magnetic fields
around the pulsar (see Lorimer and Kramer, 2004). The field lines within the
light cylinder are “closed”. This closed region of the field lines is filled with
sufficient plasma to provide the co-rotation electric field E = -(vx r) x B. The
open field line region defines the polar cap on the surface of the pulsar which is
centred on the magnetic pole. The observed beam of radiation occurs as a result
of the acceleration of high-energy particles along the open magnetic field lines.
The mechanism responsible for this beam of radiation is not fully understood,
but the excitation of normal modes of the pair plasma in the polar-cap region by
instabilities are believed to be responsible. The region of radio emission is believed
to be relatively close to the inner acceleration gap near the pulsar surface, while
the high-energy emission region is thought to be in the outer acceleration gap
near the light cylinder (Cordes, 1992).

A simplified version of the model of a pulsar and its magnetosphere is shown
in Figure 2.2, where the magnetic and rotation axes are seen to be substantially
misaligned. Based on classical electrodynamics (see Jackson, 1998), a rotating
magnetic dipole generates electromagnetic waves at the rotation frequency and

loses energy at a rate

: 2
Edipole = @|m|2V4SiD2Oé, (21)

where |m/| is the magnetic dipole moment and « is the angle between the magnetic
and the rotation axes. This accounts for the main loss in rotation energy and
the observed slow-down in the rotation speed of pulsars (see Kaspi et al., 1994;
Espinoza et al., 2011).

Since their discovery, a variety of pulsar emission signatures have been observed
(e.g. Gavriil et al., 2002). This has led to the classification of pulsars discussed

in the following section.

!The maximum distance the co-rotating speed equals the speed of light.
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Figure 2.2: Illustration of essential features of a pulsar magnetosphere where the
rotation and magnetic axis are misaligned. The electromagnetic radiation is gov-
erned by high-energy particles that are constrained to move along the open field
lines over the magnetic poles. The pulses are often highly polarised, and inte-
grated pulse profiles are formed by summing many successive pulses and polarised

components appropriately (Lorimer and Kramer, 2004).

2.1.3 Classification of Pulsars
2.1.3.1 Rotation Powered Pulsars

This group of pulsars forms the most prominent class within the pulsar pop-
ulation and the most commonly observed (e.g. Manchester et al., 2001; Cordes
et al., 2006). They are powered by the rotational kinetic energy intrin-
sic to the neutron star, and release electromagnetic radiation due to their
time varying magnetic fields. The rotation powered pulsars emit radiation over
a broad spectrum from radio to high energy v-ray frequencies. The radiation is
mainly observed in the radio frequency band, hence they are often called “radio

pulsars”. A number of them have also been observed in the optical, infrared, X-
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ray and y-ray energy spectrum (e.g. Archibald et al., 2009; Papitto et al., 2013).
The emitted radiation is at the expense of the rotational kinetic energy of the
pulsar, and results in the gradual slow-down of pulsars. Although most pulsars
in globular clusters appear to be spinning up due to their acceleration in the
gravitational potential of the cluster (Wolszczan et al., 1989; Biggs et al., 1994),
most rotation powered pulsars are observed to be slowing down steadily with a
positive period derivative, P (e.g. PSR B0531+421, PSR B0154+61; Espinoza
et al., 2011) though glitches (sudden increase in rotation rate, often followed by
quasi-exponential period recovery) and timing noise (continuous, erratic fluctu-
ation in rotation behaviour) have been observed in some young pulsars (Cordes
and Helfand, 1980; Lyne, 1987; Lattimer and Prakash, 2004; Hobbs et al., 2010).

2.1.3.2 Magnetic Powered Pulsars

Magnetic Powered Pulsars, generally referred to as magnetars, are
thought to predominantly derive their power from the magnetic field
decay of the neutron star. This class of pulsars is believed to possess surface
magnetic fields that are two or three orders of magnitude greater than the surface
magnetic field (10 < B < 10 G) of rotation powered pulsars. The decay of
this extreme magnetic field powers a high-luminosity burst and also a considerable
fraction of the steady X-ray emission (Woods and Thompson, 2006). Two groups
of pulsars, Anomalous X-ray Pulsars (AXPs) and Soft Gamma-ray Repeaters
(SGRs), are believed to be magnetars (see Kouveliotou, 2003; Woods et al., 2004).

SGRs were first discovered in 1979 as bursts of gamma-rays, and were origi-
nally classified as classical Gamma-Ray Bursts (GRB) with a short duration and
a soft spectrum (Mazets and Golenetskii, 1981). It was realised in 1986 that
these bursts were SGRs, a class of objects different from the classical gamma-ray
bursts (Atteia et al., 1987). The SGRs are high energy transient burst sources
that are spinning down rapidly. They are characterised by repetitive emissions of
bright bursts of soft gamma-rays of short duration, ~ 0.1 s and peak luminosities
of ~ 10*! ergs s~! which is higher than the Eddington limit for a 1.4 M pulsar
(Woods and Thompson, 2006).

Much like the SGRs, the AXPs emit multiple, regular pulsations with a spec-
trum softer than the SGRs emissions (Camilo et al., 2006). They have long
spin periods in the range of 5 to 9 s, and exhibit a slow-down in rotation speed
(Woods and Thompson, 2006). They emit transient bursts similar to the SGRs.
The nature of this class of pulsars was first established in 1995 (Mereghetti et al.
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1995) when it was realised that a handful of X-ray pulsars share a set of common
characteristics different from the accretion powered pulsars (next section).

The similarities in the observed properties of SGRs and AXPs show that they
are fundamentally the same type of objects. Their X-ray emission is substantially
higher than can be accounted for by their slowdown energy, the source of energy
for their radiative output being magnetic decay (Harding and Lai, 2006; Woods
and Thompson, 2006).

2.1.3.3 Accretion Powered Pulsars

Accretion Powered Pulsars are highly magnetized rapidly rotating neutron
stars that capture matter from a binary companion either by Roche-lobe overflow
or by wind accretion (Frank et al., 2002). As a result of the conservation of
angular momentum, the accreting matter does not fall directly onto the star,
but forms an accretion disc around it (see Figure 2.3), such that the angular
momentum is transported outwards as the matter spirals in (e.g. Wijnands, 1999).
First observed in the early 70’s (Giacconi et al., 1971; Tananbaum et al., 1972),

Figure 2.3: A neutron star accreting from a companion star that has reached
its Roche lobe. Matter is transferred from the companion star onto the neutron
star to form an accretion disc around the star. Angular momentum from the
companion star is also transferred to the neutron star during this process, thereby
increasing the rotation rate of the neutron star. The resulting pulsars are usually

millisecond pulsars in this case (credit: ESA space images).

accretion powered pulsars are the brightest objects in the X-ray sky. Their strong
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electromagnetic radiation is powered by the gravitational potential energy of the
accreted matter. The accreting matter is directed by the magnetosphere onto the
magnetic poles of the star, thereby increasing its energy and angular momentum
in the process. The rapid slowdown of the accreting matter at the polar surface of
the star releases gravitational potential energy as X-rays, and the rotation of these
X-ray hot spots across our line of sight gives rise to the observed periodic emission.
Some pulsars have been observed to switch between the accretion and
rotational powered states (e.g. Papitto et al., 2013).

The subclasses of these pulsars are the high mass X-ray binaries (HMXBs)
and the low mass X-ray binaries (LMXBs). In the LMXBs, the mass of the binary
companion is usually < 1M, while the mass of the companion star in the HMXBs
usually exceeds 10 My (Wijnands, 1999). accretion powered pulsars can display
some changes in their rotation frequency as a result of accretion torque (see Frank
et al., 2002). The observations of Bildsten et al. (1997) show that all accreting
pulsars exhibit stochastic variations in their spin frequencies and luminosities;
while some of these pulsars show secular spin-up, others display spin-down on
longer timescales. These behaviours of accretion powered pulsars obscure the
conventional distinction between disk-fed and wind-fed accretion powered pulsars
(Bildsten et al., 1997).

2.1.4 The Internal Structure of a Neutron Star

Neutron stars consist of matter at the highest densities in the known Universe.
Although their composition and properties are not well understood, observations
and theoretical predictions have shown that their masses are in the range of 1.2
to 2.0 Mg (Thorsett and Chakrabarty, 1999; Stairs, 2004; Demorest et al., 2010;
Lattimer, 2012), with a radius of approximately 10 - 15 km. A typical pulsar
with a mass of 1.4 M, has a radius of ~ 10 km, and a moment of inertia, I ~ 10%
g cm?® (Lorimer and Kramer, 2004). The internal structure of a model 1.4 M
pulsar is shown in Figure 2.4.

The internal structure of a pulsar consists of the crust and the core. The
crust is further subdivided into the outer and the inner crust. The outer crust is
a very rigid and crystalline lattice with an approximate density, (p) of 10° < p <
10t g em™. At these densities, electrons penetrate the nuclei and combine
with protons to form neutron-rich nuclei, surrounded by electrons (Lattimer and
Prakash, 2001). As the density increases further in the inner crust, a lattice of

heavy neutron-rich nuclei is completely immersed in a neutron fluid (superfluid)
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Figure 2.4: A schematic section of the internal structure of a typi-
cal pulsar of mass 1.4 Mg and radius 10 km. The rigid crust and
the superfluid core are believed to be responsible for rotational irregu-
larities (glitches and timing noise) observed in some pulsars.  (Source:

www.mssl.ucl.ac.uk/www_astro/lecturenotes/hea/pulsars/sld021.htm)

and relativistic electron gas (e.g. Pines and Alpar, 1985; Lattimer and Prakash,
2001; Newton, 2013). At the densities (up to 4.3 x 10! g cm™) present in
this inner crust region of the star, the superfluid is isotropic; and above 2 x
10 g em™3, a lattice of nuclei can no longer exist. Therefore, the core of a
pulsar is expected to consist mainly of superfluid neutrons, with an admixture
of a few percent of superconducting protons and normal electrons (see Pines and
Alpar, 1985; Haensel et al., 2007; Newton, 2013). The core of a pulsar is several
kilometres in radius, and accounts for the largest fraction of the stellar mass. It
is subdivided into the outer and the inner core. The outer core is made up of
matter density in the range of 1.4 x 10 < p < 5.6 x 10 g ecm ™2, while the inner
core occupies the central part of the stellar interior with p > 5.6 x 10 g cm™
(Potekhin, 2010). The composition and the properties of matter in the inner core
and still uncertain; however, there exist the possibilities of exotic matter such as
hyperons and deconfined quark matter (see Lattimer and Prakash, 2004; Newton,
2013).

The observed rotational behaviour in pulsars is remarkably linked to the prop-
erties of their internal structure. We discuss the general overview of pulsar dy-

namics in the following section.
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2.1.5 Pulsar Dynamics

The rotational kinetic energy of pulsars is generally lost by magnetic dipole
radiation or by the outflow of energetic particles accelerated by electromagnetic
induction (Lorimer and Kramer, 2004). For magnetic dipole radiation, the rate of
loss of rotational kinetic energy, E, is obtained by differentiating the rotational

kinetic energy E,; = Iv?/2 with respect to time as derived in Lorimer and
Kramer (2004),
: dE, o d(1v?/2) . Ax?IdP/dt
dt dt o p-3 (22)
where [ is the moment of inertia, v = 27/ P is the rotational angular frequency,

U is the spin-down rate, and P is the rotational period. Equation 2.2 applies
reasonably well even if part of the energy outflow is carried by energetic particles.
E quantifies the spin-down luminosity and it describes the total energy output of
the pulsar. For a typical pulsar with the canonical moment of inertia, I = 10% g

cm?,

. P
E~395x10%pP3 (10_15> ergs !, (2.3)

where P is the period derivative of the pulsar. From equation 2.2, F is directly
proportional to v, implying that the most energetic pulsars have high angular
frequencies. While a large fraction of the rotational energy is converted into
magnetic dipole and high energy radiations, a tiny fraction of it is converted into
radio emission (Lorimer and Kramer, 2004).

The expected spin frequency is derived by equating F with equation 2.1

E = Edipolea (24)
Iy = ol 2.5)

= 32 m|“ v sina, .

, 2lm|%sina\
vV = — (T 14 5 (26)
v=—kv" (2.7)
where | |2 )
2lm|“sin“«

k= ————— 2.8
31c3 (2.8)

is a positive constant which depends on the angle between the rotation and the
magnetic axes, the moment of inertia, and the magnetic dipole moment of the

pulsar; n is the braking index which depend upon the physics of the braking
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mechanism. From equation 2.6, n = 3 for pure magnetic dipole braking or par-
ticle loss from a completely aligned rotator. The value of n can be determined

experimentally by differentiating equation 2.7. This yields

U= —knv" ' =nv 12 (2.9)

Nobs = %, (2.10)
where n,;s is the observed value of the braking index, and ¥ is the second spin
frequency derivative. Only a few young pulsars have had their braking indices
measured precisely, and all have values of n < 3 (see Lyne et al., 2015). These
departures of the observed braking indices from the predicted value had been
attributed to pulsar timing irregularities which often manifest as glitches and
timing noise. Glitches are almost instantaneous increases in rotation rate, often
followed by a quasi-exponential period recovery and some associated temporal
behaviours; they have their origin in the neutron star interior (see Espinoza et al.,
2011), while timing noise is seen as slow erratic fluctuations in rotation rate and
arise from magnetospheric instabilities (Lyne et al., 2010). These changes in the
rotation rate occurs on a timescale of months to years, and have a significant effect
on the accuracy of the frequency and period derivatives measurement, which in
turn affects the observed values of the braking indices of pulsars. The departure
of the observed braking indices from the predicted value is also attributed to the
time variability of one or more of the parameters I, m and « in equation 2.6 (see
Blandford and Romani, 1988; Allen and Horvath, 1997; Lyne et al., 2013). It
is also believed that the equation is insufficient to accurately describe the spin
evolution of pulsars, since angular momentum can also be lost through mechanical
processes such as an outflowing jet or interaction with an external fall-back disc
of supernova remnants (e.g. Menou et al., 2001). Harding et al. (1999) and Chen
and Li (2006) pointed out that a combination of these processes may account for
the deviation of the observed braking indices from the predicted value in young
pulsars.

Assuming the pulsar has a constant dipole magnetic field with the spin-down
due entirely to magnetic dipole braking, and has an angular velocity that is
initially very high at birth, such that the Py, << Piow, equation 2.7 can be

integrated to give

1

T=—(n-— 1)_1 vt = (n — 1)_1 (PP>_ . (2.11)
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This equation can also be expressed as

1

ro= 5 (/v) = % (P/P). (2.12)

The parameter 7. is termed the characteristic age of the pulsar. The charac-
teristic ages of pulsars are interpreted with caution as this does not necessarily
reflect the true age of the pulsar, seeing that the braking index generally deviates
significantly from the predicted value. Moreover, 7. will not reflect the true age

of the pulsar if the current spin period is close to the initial spin period.

2.1.6 Propagation Effects of Radio Pulses

The radio pulsations from pulsars are the valuable clues readily available to
pulsar astronomers for probing their physical nature, as well as the interstellar,
galactic and intergalactic media. These signals are often distorted via dispersion,
multipath scattering, and scintillation as they propagate through the interstellar
medium (ISM). These phenomena often distort the time-frequency characteristics

of the signals, and are briefly discussed below.

2.1.6.1 Dispersion

Dispersion is due to the frequency dependence of the refractive index of the
ionised interstellar gas. This causes signals emitted at high frequencies to prop-
agate faster than those at low frequencies, and smears out pulses in time (e.g.
Lorimer and Kramer, 2004). This effect manifests as a quadratic sweep from
high to low frequencies in the arrival time of the observed pulsar signal (Figure
2.5). Dispersion also leads to a broadening of the pulse and consequent weakening
of pulse intensity, making it more difficult to detect. The dispersive delay At,

between two frequencies f; and f, both measured in GHz is

11
At ~ 4.15 x 107 DM (f_22 - f—12> s (2.13)

where the DM is the dispersion measure in units of cm™ pc, defined as
d
DM = / nedl. (2.14)
0

where n, is the free electron density, and dl is the infinitesimal path length along
the line of sight. Equation 2.13 gives the delay between the arrival time of the

pulses at two separate frquencies. Although dispersion adversely effects pulsar
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Figure 2.5: Dispersion of pulsar J1644-4559. The observing bandwidth was chan-
nelised into 96 frequency bands, 3 MHz wide each, centred at 1380 MHz. As
can be seen from the figure, the signal at high frequency arrives before the signal
at lower frequency (Source: Lyne and Graham-Smith, 2005). The lower panel
shows the de-dispersed signal.

signals, it is a useful tool in characterising its pulses against the background of
locally generated radio frequency interference.

The effects of dispersion can be corrected by a process known as de-dispersion,
which can either be performed coherently or incoherently. The degree of de-
dispersion depends on the technique used. Coherent de-dispersion is an exact
de-chirping of the received signal using all available phase information (Hankins
and Rickett, 1975). The received electric field has a phase introduced through dis-
persion. Coherent de-dispersion requires the multiplication of the Fourier ampli-
tudes by the inverse phase function. On the other hand, incoherent de-dispersion
involves splitting the observing bandwidth into a large number of frequency chan-
nels. The frequency channels can then be shifted by applying the appropriate time
delay in order to correct for the quadratic sweep. This procedure is limited
by the width of the individual frequency channels which inherently re-

tain a small fraction of the dispersion delay. This can be detrimental
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in searching for short pulses. For the Crab’s DM, the DM smearing at
the 10 kHz channel of the MWA, from 165 to 165.010 MHz is ~1 us.
Pulses shorter than this will be detected with reduced S/N. Although
coherent de-dispersion is preferable to incoherent de-dispersion, it has
a high computational burden and is further complicated by the presence of RFI.

For the work presented here, the incoherent de-dispersion approach was used.

2.1.6.2 Scintillation

Scintillation is due to inhomogeneities in the ionised interstellar electron den-
sity distribution. This phenomenon leads to phase perturbations of the signals
passing through it and can result in constructive or destructive interference of
radio pulses (Lyne and Rickett, 1968), causing the observed pulse intensity to
vary (see Figure 2.6) in time and frequency (v* oc 1/7,) with characteristic scales
of A7y and Av, respectively. In an optimistic scenario, a pulsar that is in-
trinsically too weak to be detectable can become observable (and vice

versa in a less favourable scenario).
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Figure 2.6: Dynamic spectrum of the radio signal from PSR J0437-4715 observed
with the MWA at a centre frequency of 192.6 MHz, with a bandwidth of 15.36
MHz. The variation in intensity is a result of interstellar scintillation. The

signal is a function of frequency and time. (Source: Bhat et al., 2014)
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2.1.6.3 Multipath Scattering

Anisotropies in the electron density distribution of the interstellar medium
result in refractive index fluctuations. These variations in refractive index in
turn scatter the radio signals passing through it, and cause the signals to arrive
via multiple paths (see Rickett, 1990), a phenomenon generally referred to as
multipath scattering. This results in temporal broadening of the pulse profile of
radio pulsars (Bhat et al., 2004). Scattering convolves the original pulse profile
emitted by a pulsar with a one-sided exponential tail e ¥/, where 7, is the
scattering time (see Lorimer and Kramer, 2004). The amount of scattering is
strongly dependent on the observing frequency (7. oc f~%), with the lowest
frequencies showing very high degree of scattering, where o« ~ 4. The amount of
scattering is positively correlated with DM (Bhat et al., 2004).

Unlike dispersion, there is no well established technique to completely remove
scattering from the signal because the phase of the radio signal is randomised
along each of many propagation paths. Some authors have suggested procedures
for mitigating the effect of scattering. For instance Bhat et al. (2003) applied
a procedure analogous to the CLEAN algorithm to deconvolve interstellar pulse
broadening from radio pulsars. Demorest (2011) demonstrates the application
of cyclic spectral analysis techniques in removing interstellar scattering from the
pulse profiles of radio pulsars. While pulse broadening provides valuable infor-
mation for evaluating the galactic structure of electron density fluctuations, it is
detrimental to observations of distant, short period pulsars in the galactic plane
whose pulses can become undetectable when observing at low frequencies. This
propagation effect is a major challenge when searching for pulsars at low frequen-

cles.

2.1.6.4 Radio Frequency Interference

Pulsar signals are often contaminated with terrestrial radio frequency inter-
ference (RFT), making it difficult to identify weaker pulsar signals amidst strong
background interfering signals. This effect is particularly problematic for pulsar
searching, as it degrades the signal to noise ratio (S/N) of the observation, and
can produce many false positives. Many sources of RFI produce periodic broad-
band noise analogous to that of pulsars, thereby making it difficult to extract
pulsar signals. Sources of human-made RFI range from the radio emission from
broadcasting stations to those from cell phones and Wi-Fi, power lines, airplanes

and satellites. The frequencies of these signals are often within the frequency
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range of radio pulsar emission.

2.2 Instrumentation

This section presents the main instrumentation employed in this thesis. We
begin by introducing the basic characteristics of radio telescopes, with a brief
description of the telescope subsystems relevant to the work presented in this
thesis. Radio pulsar observations require a telescope with high sensitivity, wide
observing bandwidth, and high time and frequency resolution. The application of
low frequency dipole arrays for pulsar observations will be discussed. It should be
noted that the purpose of this section is not to provide a detailed treatment of the
theory behind radio telescopes, but to provide a synopsis of the instrumentation
employed in this thesis. A detailed treatment of the concepts presented here can
be found in Kraus (1966); and Lorimer and Kramer (2004).

2.2.1 Basic Characteristics of Radio Telescopes

A radio telescope consists of: the antenna, the sub-system that intercepts the
electromagnetic waves; the receiver, which filters, amplifies and digitises the ana-
log signal (fluctuating voltage) from the antenna; and the back-end which consists
of digital recording devices and data processing elements. These subsystems are

briefly described below.

2.2.1.1 Antennas

Radio telescope antennas intercept incident radio waves from astronomical
sources of interest and convert them into electrical signals at the antenna termi-
nals or feeds. This weak fluctuating voltage is fed through a transmission line to
the receiver electronics, consisting of amplifiers and filters.

Radio telescope antennas range from smooth spherical or parabolic reflecting
dishes to simple dipole elements. The reflecting parabolic dishes are the most ver-
satile and powerful antennas popularly used in pulsar astronomy. The parabolic
nature of the dish reflecting surface focuses incoming radio waves to the feed.
The dishes are often used at short observing wavelengths (Asps < 1 m). At longer
wavelengths (A,s > 1 m), dipole antennas are more practical to use. They con-
sist of two terminals or “poles” that are symmetric about the feed points. The

poles are of equal lengths and extend in opposite directions from the feed point.
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In order to maintain sensitivity to the different polarisations of the radio waves,
two dipoles, placed perpendicular to each other are used. When a radio wave is
incident on a dipole antenna, it causes the electrons inside the antenna to oscil-
late along the direction of the electric field component of the wave, inducing a
time-varying voltage which is transmitted to the feed. Dipole antennas are often
used as feeds for reflector antennas (Cheng, 2009).

All radio telescope antennas have a characteristic property known as the an-
tenna pattern P(n) . The antenna pattern is the directional dependence of radi-
ation (or reception for receiving antennas) from the antenna. It is the geometric
pattern of the relative strengths of the field received or emitted by the antenna.
In practice, normalised power pattern P,(n) is used more frequently and it is
obtained by dividing the power pattern by its maximum value P,,..(n). For a
given direction in the sky, the normalised power pattern of an antenna in the

reception mode is

Pa(0,6) = ——, (2.15)

where 6 and ¢ are the orthogonal direction coordinates. Figure 2.7 is a typical

normalised power pattern of an antenna in rectangular coordinates. It consists
of the main beam (or main lobe) and the side lobes. Two quantities frequently
used as measures of the main beam width are the half power beamwidth (HPBW)
and the beamwidth between first nulls (BWFEN) (see Kraus, 1966). The HPBW
is the angular separation at which the magnitude of the power pattern decreases
to half the value at the peak of the main beam, while the BWFN is the angular
separation at which the magnitude of the power pattern drops to zero between
the main lobe and the first side lobe, from the main beam. For a uniformly

illuminated circular aperture antenna (Kraus, 1966),

A
HPBW = 1.225(mdz’ans) (2.16)

BWFN = 2.44%(Tadicms), (2.17)

where A is the observing wavelength and D is the diameter of the aperture.
In general, the electromagnetic signal at frequency v, arriving at the aperture
of any given radio antenna can be described in terms of the intensity 7,, in units

of Wm™2 Hz~! st7!, integrated over a delta function solid angle
S, — /Ide, (2.18)

where S,, in units of W m=2 Hz™!, is the flux density?. Since a radio telescope

2A convenient unit of flux density is Jansky (Jy). 1 Jy = 10726 W m~2Hz~!.
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Figure 2.7: A typical normalised power pattern of an antenna in rectangular
coordinates, with horizontal axis showing angle from the aperture axis in radians.

The aperture axis is an axis perpendicular to the aperture plane.

antenna is used in the reception mode, it is natural to think of it as an area
intercepting a power flux and yielding a received power P,... The power received

by the antenna for a randomly polarised source with flux density .S, is
1
Prec = §SVAeffAV, (219)

where A, is the effective area of the antenna, and the factor of 1/2 accounts for
the fact that any single polarisation captures half of the available signal (Gold-
smith, 2002). A.ss is a function of direction which depends on the direction
measured with respect to the main beam axis (see Burke and Graham-Smith,
2010), and it describes how much power is captured from a given EM wave. A,y
is related to the antenna gain, G by

)2

Acsy = -G, (2.20)

where ) is the observing wavelength. The sensitivity of a radio telescope AS,..s,
(rms noise fluctuations in the system) is dependent on G (see Lorimer and
Kramer, 2004), such that

5 Tsys

G\ / NptintAV 7
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where [ is a factor that incorporates both losses due to the quantization of the
signal and other systemic effects and is assumed to be unity, N, is the number
of polarisations, t;,, is the integration time, Av is the observing bandwidth, and

Tiys is the system temperature, the sum of the receiver and sky temperatures.

2.2.1.2 Receivers

The receivers filter and amplify the incoming signal from the antenna. After
being brought to focus by the telescope antenna, the radio waves are converted
to a fluctuating voltage (RF) by the antenna feed. The feed consists of two recep-
tors sensitive to orthogonal polarisations, linear or circular (Lorimer and Kramer,
2004). The weak RF is amplified by a low-noise amplifier with a characteristic
frequency response centred at a radio frequency vgrp within a frequency band.
Signals or harmonics of out-of-band interference are removed from the amplified
RF by passing it through a bandpass filter. The filtered vgrp signal can then be
converted to a lower frequency with a mixer for the purpose of efficient transmis-
sion. The mixer beats the vrp signal with monochromatic signal v, provided
by a local oscillator. This yields an intermediate frequency v;p, at the sum and
difference of vgr and vpp. The difference is used for the purpose of down con-
version, such that v;p = vgr — vro (see Lorimer and Kramer, 2004). The vyo is
usually less than the vgrp, so that the resulting v;r which is the upper sideband

has the frequency level as the RF. The v is further amplified and recorded.

2.2.1.3 Backends

Generally speaking, the telescope backends are data acquisition devices such
as the filterbank spectrometers or correlators, depending on the nature of the
radio observations. The analog filterbank spectrometer is commonly used as a
data acquisition device for incoherent de-dispersion, where the broad band signal
is divided into adjacent frequency channels. The frequency channels are then
digitised separately (see Lorimer and Kramer, 2004). The digitisation process
is achieved by using analog-to-digital converters (ADCs). The ADCs typically
have quantizations levels of 8-12 bits but can accomodate only relatively narrow
input bandwidths. The simplest digitisation scheme is a one-bit sampling, and
can result in a positive or negative output level. This is referred to as “hard
clipping”, and can result in a lower signal-to-noise ratio since only part of the
information contained in the input is retained (Wilson et al., 2009). Multi-level

quantization of an input will preserve more information and will thus result in an
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improved signal-to-noise ratio. The digitised data can then be recorded to disk
or processed in real time. For this thesis, the polyphase filter bank (PFB) was

used as data acquisition device.

2.2.2 Telescopes used in this Thesis

This section presents a brief description of the main instruments used in this
thesis.

2.2.2.1 The Murchison Widefield Array

A single reflecting parabolic dish is the simplest telescope popularly used in
pulsar astronomy (e.g. the Parkes radio telescope), and provides an angular
resolution of approximately A/D radians. The largest radio telescope of this
kind, operating at ~1 m wavelength, is the 305 m Arecibo telescope; it gives
a resolution of ~15 arcmins which is far worse than the resolution achieved by
ground-based optical telescopes (typical angular resolution of ~0.1 arcsecond,
assuming the atmosphere can be ignored). To achieve a higher resolution similar
to that of an optical telescope, a radio telescope has to be larger by ~5 orders of
magnitude, i.e. a radio telescope with an aperture of several hundred kilometres.
While that is practically impossible, it is possible to synthesise an equivalent
aperture (for angular resolution) by building an array of receiving dishes or dipole
elements. This forms the basis of aperture array synthesis. This technique was
used in designing LOFAR (van Haarlem et al., 2013), LWA (Taylor et al.,
2012), and the MWA (Tingay et al., (2013); the primary instrument
used in this thesis for pulsar observations). The details of the principles
of interferometry and aperture array synthesis can be found in Thompson et al.
(2007).

The MWA is a low frequency interferometric phased dipole array. It consists
of 2048 dual-polarisation dipole antennas, arranged as 128 tiles, each of 16 (4 x 4)
antennas. Each of the antenna tiles has an analog beamformer which combines
the signals from the 16 dipoles to produce an electronic steerable beam on the
sky, with a HPBW of approximately 25 degrees at 150 MHz for a zenith pointing
(Tingay et al., 2013). The large number of receiving antennas of the MWA (see
Figure 2.8) provides a significant collecting area and a wide field-of-view on the
sky. It is designed to operate within the frequency range of 80 and 300 MHz, with
an instantaneous bandwidth of 30.72 MHz at a spectral resolution of 40 kHz. The
MWA is sited at CSIRO’s Murchison Radio-astronomy Observatory (MRO) in
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Figure 2.8: A photograph of the MWA antenna tiles, with analog beamformer
seen as a box on each of the tiles. Each tile (a 4 x 4 dipole array mounted on a
5 x 5 m wire mesh) is laid directly on the ground, with 16 dipoles clipped onto
the mesh (credit: Chris Thorne).

Western Australia. This site was chosen due to its low level of human-made RFI,
especially in the FM band which is the lower end of the radio frequency range at
which the MWA operates. The instrument is designed for the detection of the
redshifted neutral hydrogen 21-cm signal from the Epoch of Reionization (EoR),
Galactic and extragalactic surveys, Solar, heliospheric and ionospheric studies, as
well as transient and pulsar studies (Lonsdale et al., 2009; Bowman et al., 2013;
Tingay et al., 2013).

As earlier pointed out, the analog beamformer attached to each of the MWA
antenna tiles sums all signals from the 16 antennas, producing two wideband
electronic steerable beams, representing the two orthogonal X and Y linear po-
larisations of the dipole antennas. The beam covers up to about 1000 sq.deg at
150 MHz on the sky. All the antenna tiles are distributed across 3 km, giving an
angular resolution of ~3" at 150 MHz. The 128 tiles are split into 16 groups of 8

tiles, each with a separate receiver.

The signal path from the antenna to the data acquisition/storage device is
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Figure 2.9: MWA signal path for pulsar observations.

such that the radio frequency signals from the antenna tiles are transmitted to the
receiver via coaxial cable. The receiver digitises the signals and performs coarse
frequency channelisation before transmitting the digitised signals to a central
processing unit via fibre optic cable (Prabu et al., 2015). 30.72 MHz of bandwidth
is processed, usually in the form of correlation, calibration, and imaging (see Ord
et al., 2015; Tingay et al., 2013).

The MWA backend for pulsar observations consists of a second polyphase filter
bank (PFB) and a voltage capture system (VCS; Tremblay et al., 2015). The first
PFB channelises the digitised signals from the receiver into 24 coarse channels
with a resolution of 1.28 MHz. Each of these coarse channels is further divided
into 128 fine channels, with a frequency resolution of 10 kHz. The channelised
signal is then passed to the VCS, a system which allows the raw complex voltages
to be written directly to disk for signal detection and further processing (see
Figure 2.9). The details of the VCS are presented in Tremblay et al. (2015).

The sensitivity for pulsar observations with the MWA depends on the mode of
signal processing, either coherent combination of the signals from all the antenna
tiles or the incoherent combination of the signals. In the incoherent case, the

voltage signals from each antenna tiles are first detected and subsequently added

N
to form a single incoherent beam, By = > V2, where By is the total signal,
i=1
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N is the number of antenna tiles, V; is the voltage signal from the ith antenna.
The incoherent beam is large on the sky (equivalent to the beamwidth of a single
antenna tile) as shown in Figure 4.4a, but with sensitivity proportional to v N

according to the equation

3 (16V)

Ginco = )
2k

(2.22)

where G, is the incoherent gain, A is the wavelength of the observation, and

k is Boltzmann’s constant. In coherent beamforming, the signals from the an-

(a) (b)

Figure 2.10: Pictorial representation of the MWA main beams. (a) Incoherent
beam, HPBW ~ 30°at 150 MHz. (b) Coherent beam, HPBW ~ 3'at 150 MHz.

N
tenna tiles are added before detection By = (3. V;)?. While the phase of the
i=1
incoming signal is retained in coherent beamforming, it cannot be recovered in

the incoherent procedure. In this case, the beam is narrow on the sky (limited
field-of-view) as shown in Figure 4.4b, with a higher sensitivity proportional to

N (van Leeuwen and Stappers, 2010) according to the relation

2 (16N)
_ 27
o = g (2.23)

where G, is the gain of the coherent beam.

2.2.2.2 The Parkes Radio Telescope

The Parkes radio telescope is operated by the Commonwealth Scientific and
Industrial Research Organisation (CSIRO) as part of the Australia Telescope
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National Facility (ATNF) network of radio telescopes. It is a 64-m single-dish
parabolic reflector (Figure 2.11) situated near the town of Parkes in New South
Wales, Australia. The Parkes Radio Telescope is a fully-steerable radio telescope,
and among the largest single-dish radio telescopes in the world. The telescope
was built in 1961, but only its basic structure has remained unchanged. The
surface, control system, focus cabin, receivers, computers and cabling have all
been upgraded to keep the telescope current (see Staveley-Smith et al., 1996;
Keith et al., 2010). The telescope is equipped with a multi-beam receiver. The
receiver consists of 13 feeds at the prime focus of the 64-m single-dish, organized
as a central feed surrounded by two hexagonal rings (see Keith et al. (2010) for
details). Although it is an altitude-azimuth mounted telescope, it is steered by
following the motion of a small equatorially mounted telescope located within
the structure of the main telescope. The telescope is one of very few large radio
telescopes capable of seeing the extensive portion of the Galactic plane which lies
at southern declinations. Since the inception of the telescope, different backends
have been developed for pulsar observations; one of such backends is the Berkeley-
Parkes Swinburne Recorder (BPSR; Keith et al., 2010) which was employed in
this thesis.

The BPSR is a digital backend consisting of 26 digital spectrometers con-
nected to 13 server-class workstations that format the data and write it to disk.
Each spectrometer consists of two analog-to-digital converters and two polyphase
filters. The polyphase filters implemented on the field-programmable gate array
(FPGA) in the BPSR channelise the digitised data into 1024 channels with a
spectral resolution of 390 kHz. Each of these channels is subsequently detected

and integrated over 25 samples to yield a time resolution of 64 us.

2.2.3 Considerations in single pulse studies

Although pulsars are well known for their precise periodicity, some pulsars
have been found to occasionally emit strong individual pulses, often >>10 times
stronger than their average pulse, called the giant pulses. A single pulse search
procedure is applied to detect these pulses rather than periodicity search methods
(not described here). In this section, we briefly discuss aspects of single pulse
search studies relevant to this thesis. Descriptions specific to the research done
in this thesis are given in more detail in chapters 3 and 4. The discussion here
closely follows the procedures described in Cordes and McLaughlin (2003).

The intrinsic widths and temporal shapes of detected radio pulses are influ-
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Figure 2.11: Parkes 64-m single-dish radio telescope. Credit: CSIRO/Shaun
Amy.

enced by a combination of propagation effects and signal-processing. The factors
influencing the temporal shape, width, and intensity of a radio pulse are the
frequency dependent broadening due to dispersion, interstellar scattering, de-
dispersion error broadening, and broadening resulting from the use of finite-sized
frequency channel widths. The effective time resolution of a pulse is a quadratic
sum of these effects (Cordes and McLaughlin, 2003), such that the observed ef-

fective width of a pulse is

Aty = \/ Ay + A2y + AR, + 72, (2.24)

The first term in equation 2.24 is the amount of DM smearing across a finite

bandwidth Av at a centre frequency of v GHz, and it is given by
Atpy = 8.3 Av DM v~ ps. (2.25)

For optimal detection, the DM smearing across the observing bandwidth needs

to be removed from the measured signal by compensating time delays. This was
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achieved in this thesis by shifting the signal from each frequency channel by the
predicted dispersive delay, tqelay = 4.15 DM V(_;IQ{Z for a particular DM, a procedure
generally referred to as incoherent de-dispersion (see § 2.1.6). In a blind search
for single pulses, the DM is not known beforechand. As a result, a range of DM
trials is generally used to de-disperse the data. In this procedure, if the trial DM
is in error by 0DM, the pulse will be smeared by the second term in equation 2.24
given by

tspm = Atpy(6DM/DM). (2.26)

While searching for pulses over a large DM step can significantly broaden
the pulses and hence cause loss of sensitivity, a very small DM search step can
result in waste of computational power in generating and searching de-dispersed
timeseries that are effectively identical (see Lorimer and Kramer, 2004). As a
result, it is imperative to make a choice of DM step that is not too large or too
small. The best choice of DM step is one in which the time delay between the
high and low frequency sub-bands equals the data sampling interval. The 7}

value of the DM, in terms of the Ar and v can then be written as
DM; = 1.205 x 10~ "empe(i — 1)t gamp(1*/ AV), (2.27)

where tg4m, is the sampling interval. The de-dispersed timeseries for each DM
is obtained by averaging in frequency at each particular time (i.e. “down” all

4

frequency rows at a particular time). For a “zero DM” timeseries, i = 1, and it
is often used to identify RFT in pulsar data.

Each of the de-dispersed timeseries are then searched for pulses with ampli-
tudes above a signal-to-noise (S/N) threshold. The mean, variance, and stan-
dard deviation of the timeseries are first computed. For a timeseries z(t) =

x1, s, ..., Ty, where N is the number of samples in the timeseries, the mean is

o= % Z i (2.28)

and the variance is

o’ =

Z(azi — )2 (2.29)

=z =

The standard deviation is simply the square root of the variance. The signal-to-

noise ratio for a sample in the timeseries is then given by

(%) S (2.30)
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The term, Ata,, in equation 2.24 is as a result of the Fourier relation between
time resolution and frequency sampling. The use of finite sized frequency channels

yields a temporal smearing given by Cordes and McLaughlin (2003) as
Atp, ~ (Av) ™' = (Avym,) ' ps. (2.31)

The last term, 7,, in equation 2.24 is the broadening of the pulse due to
multipath scattering in the interstellar medium discussed in § 2.1.6. This effect is
highly dependent on direction, distance as well as the frequency of observation,
and may be estimated as a statistical function of DM as given by Cordes and
Lazio (2002)

logT, = —3.72 + 0.411 logDM + 0.937 (logDM)? — 4.4 logvgn, ps.  (2.32)
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Chapter 3

Simultaneous Observations of
Giant Pulses from the Crab
Pulsar, with the MWA and the

Parkes Radio Telescope

This Chapter has been published in The Astrophysical Journal, 809 (1), 51,
as an article entitled ‘Simultaneous Observations of Giant Pulses from the Crab
Pulsar, with the Murchison Widefield Array and Parkes Radio Telescope: Impli-
cations for the Giant Pulse Emission Mechanism’ by Oronsaye, S. I., S. M. Ord,
N. D. R. Bhat, et al. (2015).

3.1 Introduction

The Crab pulsar (PSR B0531+21) was first revealed by its exceptionally bright
pulses (Staelin and Reifenstein, 1968). These so-called “giant pulses” are short
duration (ranging from a few ns to a few us) radio bursts, occurring only at the
main-pulse (MP) or the inter-pulse (IP) phases of the pulsar rotation (Hankins
et al., 2003; Hankins and FEilek, 2007; Bhat et al., 2008; Karuppusamy et al.,
2012). The giant pulse amplitudes and energies typically exceed those of regular
pulses by two to four orders of magnitude. While the pulse energy distribution of
normal pulses follows an exponential or log-normal distribution (Burke-Spolaor
et al., 2012), giant pulses instead were originally observed to obey a power-law
(Argyle and Gower, 1972; Hesse and Wielebinski, 1974; Ritchings, 1976) sug-

gesting that they are created by a different mechanism. However, subsequent
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observations (Cordes et al., 2004) indicate that this power-law interpretation is
an oversimplification only valid over small separations in radio frequency.

The intrinsic properties of giant pulses are often obfuscated by interstellar
scintillation and scattering. For instance, observations at low frequencies are
significantly affected by pulse broadening that arises from multi-path scattering
in the interstellar medium (ISM; Bhat et al., 2007; Stappers et al., 2011; Ellingson
et al., 2013). Other than the well-known Crab, giant pulse emission has also been
observed from the LMC pulsar PSR B0540-69 (J0540-6919), and a number of
millisecond pulsars including PSR B1937+21 (J1939+2134) (Wolszczan et al.,
1984; Romani and Johnston, 2001; Knight et al., 2006). Large amplitude pulses
of millisecond widths have also been observed in some long-period pulsars (Ershov
and Kuzmin, 2005).

In the case of the Crab, giant-pulse emission is seen over a broad
range of radio frequencies, from a few MHz to a few GHz. However,
the physics governing the emission mechanism is still not well understood (Cordes
et al., 2004; Bilous et al., 2011). Inferred brightness temperatures are of the order
of 103732 K even when observations are affected by scattering or instrumental
broadening, reaching up to ~10*" K in observations made at ultra-high time
resolutions (i.e. sub-ns) (Hankins et al., 2003; Kostyuk et al., 2003; Cordes et al.,
2004; Hankins and Eilek, 2007; Bhat et al., 2008).

The short duration of each giant pulse implies broadband emission as inferred
from the Heisenberg-Gabor limit (Gabor, 1946). Simultaneous observations of
the Crab pulsar at widely separated frequencies have been employed to investi-
gate the validity of this assumption. Comella et al. (1969) first reported 50%
correlation of giant pulses detected at 74 and 111 MHz. Different degrees of cor-
relation have since been observed from as low as 3% to as high as 70% (Sallmen
et al., 1999; Popov et al., 2006; Bhat et al., 2008; Mickaliger et al., 2012).

In order to investigate how correlated giant pulses are across wide frequency
separations, we have performed an experiment using the Murchison Widefield
Array (MWA) and the Parkes radio telescope. We report observations performed
simultaneously with the MWA, at a frequency of 193 MHz (15 MHz bandwidth)
and the Parkes radio telescope, at a frequency of 1382 MHz (340 MHz band-
width). The MWA is a low frequency (80-300 MHz) interferometric array of 128
aperture array tiles designed for the detection of the redshifted neutral hydrogen
21-cm signal from the Epoch of Reionization, Galactic and extragalactic surveys,
Solar, heliospheric and ionospheric studies, as well as transient and pulsar stud-
ies (Lonsdale et al., 2009; Bowman et al., 2013; Tingay et al., 2013). The MWA
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entered into its full operational phase in mid 2013.

In this chapter, we independently determine the time-of-arrival of pulses for
each instrument. Twenty three coincident giant pulses were detected. We com-
pare our results to those in the literature, determine an intrinsic giant pulse spec-
tral index distribution via a Monte Carlo analysis, and discuss the constraints we

can place on giant pulse emission mechanisms.

3.2 Observations

3.2.1 Parkes Observations

The observations presented here were made on 23 September 2013 with the
20-cm multibeam receiver system on the Parkes radio telescope. These data were
recorded with a digital backend in use for the ongoing High Time Resolution
Universe survey, the Berkeley-Parkes Swinburne Recorder (BPSR; Keith et al.,
2010), from UTC 20"12™50° to UTC 21"02™10°, with a break of 245 s to allow
for system calibration (from UTC 20"39™05° to UTC 20"43™10%). The data were
recorded over a bandwidth of 340 MHz centered at 1382 MHz at each of the
two linear polarisations. The polyphase filters implemented on the FPGA in the
BPSR channelize the digitized data into 1024 channels with a spectral resolution
of 390 kHz. The individual channels were subsequently detected and summed
over both polarizations and 25 samples to yield a 64 us resolution time series.

See Table 3.1 for a summary of the observation parameters.

3.2.2 MWA Observations

The MWA observations presented here were recorded from UTC 20%11™08°
to UTC 20%55™06°, using the MWA Voltage Capture System (VCS). The details
of the VCS are presented in Tremblay et al. (2015).

We used the VCS to record complex voltages in 10 kHz channels at the
Nyquist-Shannon rate, resulting in one complex voltage sample every 100 us.
The 10 kHz channels were arranged in 12 groups of 128 channels (each group
representing a 1.28 MHz sub-band in the MWA system). From each 1.28 MHz
sub-band, the central 88 channels were recorded owing to a limitation in our data
recording during the commissioning of this observing mode. Voltages for both

linear polarizations were recorded for 15.36 MHz (half the maximum bandwidth
of the MWA system) centered at 192.64 MHz for all 128 tiles. See Table 3.1 for
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Table 3.1: Observation parameters.

Parameters MWA | Parkes
Teys (K) 268 23
Gain (KJy™) 0.012* | 0.74
HPBW 24° 14/
Center Frequency (MHz) | 192.64 | 1382.00
Bandwidth (MHz) 15.36 | 340.00
PTime resolution (us) 400 128
Number of detected pulses | 55 2075
Average pulse rate

(pulses/minute) 1.25 42.35

2The net Gain is ~0.042 K Jy~! for zenith pointing.

PResolution of the timeseries giant pulse search was performed on.

a summary of the observation parameters.

3.3 Data Analysis and Results

3.3.1 Parkes Data Analysis

The data were searched in real-time for giant pulses using the HEIMDALL
single pulse processing software!, following procedures similar to those described
in Burke-Spolaor et al. (2011). The giant pulse topocentric arrival times were
recorded, along with other properties including signal to noise ratio, dispersion
measure (DM), and matched filter width (128 us). A total of 2075 giant pulses
above a signal to noise ratio (S/N) of 6.5 were detected. This detection threshold
is a default setting by the instrument’s hardware due to the RFI environment.

Assuming the noise is Gaussian, we can estimate the number of false positives
above the detection threshold using the Gaussian distribution function. The

probability, P, that we obtain an event above a threshold of no is

Po(z > no) = /ﬂ :On P(a)dz %erfe {%1 | (3.1)

where o is the rms fluctuations in the noise, p is the mean noise level, and erfc

thttp: / /sourceforge.net /projects/heimdall-astro
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is the complementary error function. The number of false positives N, above a
threshold of no is the product of the probability P,, of obtaining a false positive
above this threshold from one sample, and the total number of samples. Above
6.50, we estimated the number of false positives to be significantly less than one.
Throughout the Parkes observations, we detected 3 events above 6.50 in the off-
pulse region. Which is higher than predicted, and probably indicative of radio
frequency interference. However the on-pulse region, to which we restrict our
detections, is less than 1 percent of this extent. We therefore do not expect any

false positive detections in our data set.
The flux density, S of each giant pulse was calculated using the radiometer
equation

S = % (3_2)

\/ nptintAl/’

where Sy is the system equivalent flux density, n, = 2 is the number of polar-
isations, t;,;, = 128 us is integration time, and Av = 340 MHz is the observing
bandwidth. Given that the size of the radio telescope beam (See Table 3.1) is
only about three times larger than the characteristic size of the Crab Nebula
(~5.5"), the Sys is dominated by the flux contribution from the Nebula. Follow-
ing Bietenholz et al. (1997), the flux contribution is Scy = 9550727 Jy. The

total system equivalent flux density is therefore

Ssys = Ssyso + SCN7 (33)

where Sgyso = Tsyso/G is the system equivalent flux density in the absence of the
Crab Nebula, T}y, is the system temperature in the absence of the Nebula, and

G is the gain of the telescope. This translates to a Sy, of 906 Jy.

Although pulsars are in general stable rotators, the Crab pulsar is not. It
is a young pulsar and subject to abrupt changes in rotation rate (Lyne et al.,
1993). Therefore a precise ephemeris, valid for the day of observation, had to be
obtained in order to measure the rotation rate of the pulsar. In this case we used
the time of arrival of the giant pulses at Parkes, all of which are unresolved, as
markers of the pulsar rotation rate. The pulsar timing package TEMPO2 (Hobbs

et al., 2006) was used to obtain a pulsar folding ephemeris for the observations.
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3.3.2 MWA Data Analysis

3.3.2.1 Incoherent Beamforming and De-dispersion

Post-observation, the voltage samples for the two polarizations across the 128
tiles were squared to form powers and then summed in each 10 kHz channel
for each 100 s time step to form an incoherent beam. The sum was inverse-
variance weighted to maximise the signal to noise. This incoherent summing of
the MWA tiles yields a large field-of-view, 24°(each tile beam oc A/d, where A is
the observing wavelength, and d is the size of the tile), but a sensitivity that is
VN times smaller than that achievable by coherent combination of the full array,
where N is the number of tiles.

The incoherent beam was then converted into the PSRFITS data format
(Hotan et al., 2004). The files were then processed using the pulsar exploration
and search toolkit (PRESTO; Ransom 2001). We averaged in time to 400 us,
de-dispersed the data, and generated a time series at the nominal DM of the Crab
pulsar (56.70 pc cm™3).

Figure 3.1 shows the brightest giant pulse from our observations, where the
scattering tail extends to ~50 ms, which is longer than the pulsar rotation period
of 33 ms. Further analysis of scattering and comparison with the previously

published observations are discussed in § 3.3.4.

3.3.2.2 Measuring the Properties of Giant Pulses

The Crab Nebula is an extended radio source, measuring about 5.5" in diam-
eter, with a flux density of ~9550~927Jy (Bietenholz et al., 1997), where v is the
frequency in GHz. In our case, the Nebula occupies only a tiny fraction (~0.2%)
of the telescope beam. The nominal sky temperature at our observing frequency
and for our pointing was evaluated from the global sky model (de Oliveira-Costa
et al., 2008) to be 243 K; this value explicitly includes the contribution from the
Crab Nebula. At 200 MHz, our receiver temperature is 25 K (Tingay et al., 2013).
The incoherent gain (Gy,eo) of the instrument is given by the expression

RA6VN)

o 2n Y i
Glinco ok sin“6, (3.4)

where A is the observing wavelength, N is the number of antenna tiles, k is the
Boltzmann’s constant, and 6 is the elevation angle. For a nominal G, of 0.012
KJy~! at the Crab’s elevation (41.42°), the system equivalent flux density (Ssys
= Tyys/Ginco) of our telescope is ~22000 Jy.
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Figure 3.1: Dedispersed time series for the strongest giant pulse in the MWA data.
The yellow (lighter) portions were used to estimate the off-pulse baseline shown
by the red line. The off-pulse baseline was determined by the method of
least square with a chi-square value of 3.8. The gray (darker) area is the
region that was integrated over to measure the total pulse energy. The plot spans

180 ms and has a time resolution of 400us.
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The phase of each giant pulse was determined from the arrival times of the
giant pulses and the pulsar ephemeris derived from the Parkes data (see § 3.3.1).
We find giant pulses only at the MP and IP phases of the pulsar rotation, con-
sistent with earlier results (Lundgren et al., 1995; Cordes et al., 2004; Soglasnov
et al., 2004; Popov et al., 2006; Bhat et al., 2008; Karuppusamy et al., 2012).

The total flux density was measured by integrating over a 40 ms window for
every pulse period, beginning just before the leading edge of the pulse.
The integration window was determined by estimating the timescale over which
the amplitude of the brightest pulse fell below the 1 ¢ noise level of the baseline.
This corresponded to 40 ms, approximately 6 e-folds of the estimated scattering
timescale (see § 3.3.4). The baseline was determined by a linear least square fit to
the off-pulse power across a series of five windows, each 12ms wide, distributed
before and after every pulse period in the timeseries (see Figure 1).

The resulting distribution of integrated flux density is consistent with the noise
distribution of the integrated timeseries, because the number of giant pulses are
few compared to the number of the observed periods (~80,000 periods). The root-
mean-square noise variation (rms) was determined by estimating the standard
deviation of the distribution, and the S/N was subsequently determined. The
integrated flux density of each giant pulse was then calibrated using equation 3.2.

In order to determine the number of false positives our pipeline generated, we
simulated a noise dominated timeseries using the mean, and the variance of our
data. We then subjected the simulated timeseries to the same analysis described.
The number of false positives generated by this experiment above 3.50 was two,
a false positive rate we deemed acceptable where ¢ is the rms of the distribution.
At this threshold, our minimum detectable flux density is ~70 Jy.

In the actual analysis of the observed data-set, above a threshold of 3.50,
45 giant pulses were recovered from the MP phases and 10 giant pulses were
recovered from the IP phase. The majority of giant pulses, 84%, occur at the
phase of the MP and the remaining 16% occur at the IP phase. This is in
agreement with previous results published in the literature (Popov and Stappers,
2007; Bhat et al., 2008; Mickaliger et al., 2012).

3.3.3 The Giant Pulse Fluence Distribution

We now make the assumption, common in the literature, that the measured
giant pulse energy is drawn from a power-law distribution, and attempt to de-

termine the power-law index. We are in fact measuring the time integrated flux
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density, or fluence, which is a quantity directly proportional to pulse energy re-
ceived by a given collecting area and will use this quantity in our analysis.

A power-law index is often determined geometrically by a least squares fit of
a straight line to logarithmically binned data (Bhat et al., 2008). This is not the
most reliable method of estimating this parameter and is generally considered to
generate biased values of the power-law index (Goldstein et al., 2004). In order
to remove subjectivity and to limit bias we have chosen to use Hill’s estimator
as a maximum likelihood estimator (MLE) of the index of the underlying fluence
distribution. With n measurements of fluence, z;, we determine the index, B, of

the underlying power-law distribution via:

n -1
B:1+n<21n i ) . (3.5)
=1

Lmin

Hill’s estimator is sensitive to the determination of the power-law cut-off
(Zmin), but geometric methods are also very sensitive to this and often the power-
law cut-off is chosen somewhat subjectively. To limit this subjectivity we have
chosen to follow a method of minimising the Kolmogorov-Smirnov distance be-
tween the fitted distribution and the measured distribution, as a function of the
power-law cut-off, in order to determine the optimum value of z,;,. The stan-
dard error in the power-law index estimate, 6 = (3 —1)/v/n, was also determined
analytically. Using this method we determined the power-law index of fluence
distribution detected at the MWA to be —3.35 + 0.35.

The cumulative distribution (CDF) of the main-pulse phase giant pulses de-
tected with the MWA is shown in Figure 3.2. The slope of the CDF of giant pulse
fluences can also be used to determine the index of the underlying power-law dis-
tribution, although error prone, this method is often used in the pulsar literature
(Popov and Stappers, 2007; Karuppusamy et al., 2010). The gradient is equal
to 1+ 3, but as the index is formed from a least squares fit of a straight line to
logarithmic bins that are not independent, the error in the index is difficult to
determine. In this case we find a gradient of —2.22 which would predict a /5’ of
—3.22, consistent with our MLE analysis.

We applied the MLE method to our observations of the Parkes pulses (at
1382 MHz) and obtained an index of —2.85 4 0.05, which is consistent with that
obtained by Karuppusamy et al. (2010); it is slightly steeper than the —2.33+0.14
and 2.20£0.18 at 1300 and 1470 MHz reported by Bhat et al. (2008), but is within
the range of —2.1 £ 0.3 to —3.1 £ 0.2 as given by Mickaliger et al. (2012).
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Figure 3.2: The cumulative distribution of the MP giant pulses detected with the
MWA. Also shown here is MLE power-law fit to the distribution, with a power-
law index of —2.35 4 0.35. The shaded region is a +0.35 error in the power-law

index.

3.3.4 Pulse Shape and Scattering

Scattered pulse shapes are typically modelled as convolutions of intrinsic
pulse shapes with the broadening functions characterising multi-path scattering
through the ISM and the instrumental response. By applying a deconvolution
method as described in Bhat et al. (2003) to the pulse shown in Figure 3.1, we
estimate a pulse broadening time, 7, ~ 6.1 £ 1.5 ms, which can be compared
to ~ 0.67 £ 0.10 ms reported previously by Bhat et al. (2007) from observations
made with an early prototype built for the MWA. Our estimated 7, is thus nearly
10 x larger than that measured earlier with the 3-tile prototype MWA and 5 x
larger than the extrapolated value from the observations of Karuppusamy et al.
(2012) at a nearby frequency of 174 MHz. However, it is a factor of two less than
that expected based on recent observations by Ellingson et al. (2013) with the
LWA and their re-derived frequency scaling index, 74 o< #=37. As highlighted by
Bhat et al. (2007) and Ellingson et al. (2013), the Crab pulsar is well known for
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Figure 3.3: Distribution of the MP giant pulses detected with the Parkes radio
telescope. The plotted errors of fit might be underestimated. The solid line is
the MLE power-law fit to the data with a power-law index of —2.85 + 0.05. The

shaded is region is a £0.05 error in the power-law index.

highly variable scattering, on timescales of the order of months to years, which
can be attributed to ionised clouds or filaments within the nebula crossing the

line of sight.

3.3.5 Coincidences in the MWA and Parkes Giant Pulse

Arrival Times

A search for coincident giant pulse arrival times was performed. Of the 55
giant pulses that were detected with the MWA | 45 were detected during the period
of simultaneous observations with the Parkes radio telescope, and 1681 giant
pulses were detected at Parkes. Due to the dispersive nature of the interstellar
medium, the high frequency component of broadband giant pulses will arrive at
the Parkes observing frequency earlier than at the MWA frequency. The MWA
data is dominated by scattering (see § 3.3.4), determining a precise
DM will be difficult and may be biased, as a result, we used the Jodrell
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Bank monthly ephemeris® (Lyne et al., 1993) which provides a DM of
56.77440.005 pc cm 3. The relative delay in pulse arrival time for this DM is
therefore 5.746+0.008 s between 1382.00 and 200.32 MHz (upper band edge for
the MWA).
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Figure 3.4: A plot showing the search for coincident giant pulses in the MWA and
the Parkes arrival times. We identify a 36.000 s clock error in the timestamps of
the recording machine used at Parkes at the time of this observation (see text).
We used the arrival times of the Parkes giant pulses to search for coincidence in
the MWA pulse arrival times. As can be seen in the figure, we found strong peak
corresponding to 23 pulses at —30.248 s. Correcting for the 36 s offset yields 5.75
s which corresponds to the time delay between the arrival times of the MWA and

the Parkes pulses.

In order to search for coincident giant pulses observed at the MWA and the
Parkes radio telescope, we performed a correlation analysis between the arrival
times of the MWA and the Parkes giant pulses. This analysis revealed that the
backend used for data recording at Parkes had a clock error of 36.000 s in the
timestamps at the time of this observation®. As a result, the timestamps for the

Zhttp://www.jb.man.ac.uk/pulsar/crab.html
3The server that was time-stamping BPSR observations had a problem with it’s
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Parkes pulses are ahead of UTC by 36.000 s. We found 23 coincident giant pulses
at —30.248 s (see Figure 3.4). Correcting for the 36.000 s error yields 5.752 s
delay (MWA trailing Parkes), consistent with the dispersive time delay between
the arrival times of the MWA and the Parkes giant pulses.

The 23 coincident giant pulses detected at the MWA and Parkes implies 51%
correlation, since 45 giant pulses were detected with the MWA during the com-
mon observing period. Our observations are therefore consistent with previous
observations (e. g. Comella et al. (1969); Sallmen et al. (1999)), see § 3.4.2 for

comparison.

3.3.6 Spectral Indices of Coincident Giant Pulses

The spectral indices of the giant pulses detected simultaneously at the MWA
and the Parkes radio telescope were estimated using S, o v, where S, is the
fluence of the giant pulse at frequency v and « is the spectral index. The values
derived here are presented in Figure 3.5, and display a range between —3.6 and
—4.9, which are steeper than the limits obtained by Karuppusamy et al. (2010),
—1.44 4+ 3.3 and —0.6 + 3.5 for the MP and IP, respectively. Our limits are
consistent with Sallmen et al. (1999), based on their simultaneous detections of
29 giant pulses at 610 and 1400 MHz. Sallmen et al. (1999) constrain the spectral
index spread to be within the range —2.2 > o > —4.9. The difference in the lower
limit is discussed in §3.4.2.

3.4 Discussion

3.4.1 The Fluence Distribution
3.4.1.1 Comparison with the Literature

We detected a total of 55 giant pulses at the MWA | and estimate a power-law
index of § = —3.35 £+ 0.35 for their pulse fluence distribution, using the maxi-
mum likelihood estimator method. For the Parkes data, in which we detected a
total of 2075 pulses, application of this method yields = —2.85 4+ 0.05. In the
published literature, however, the reported power-law index for the giant pulse
fluence distribution covers a wide range. Different distributions have been con-

sidered, including pulse peak amplitude, average flux density, and pulse fluence,

NTP service during the observing period, and because this backend is not used for

pulsar timing, the error was not detected until this analysis
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Figure 3.5: The fluence in Jy-s of the coincident giant pulses detected with the
MWA and Parkes. The error bars indicate the uncertainty in the sky temperature
measurement for the MWA (which translate to £0.08 Jy s in this case), which is
negligible at the Parkes frequency. The vertical and the horizontal dash lines are
the detection thresholds for the MWA and the Parkes observations. The solid
lines are spectral indices @ = -3.6 and o = -4.9. This figure is similar to Figure
7 of Sallmen et al. (1999), in which they constrained the spectral indices within
the range of —2.2 > a > —4.9.

although a degree of proportionality exists between these different measures di-
rect comparison is difficult. Our power-law index of —3.35 4 0.35 for the pulse
fluence distribution at 193 MHz is steeper than the range from —1.51 + 0.05 to
—2.39 £ 0.12 that was reported by Karuppusamy et al. (2012) at 110-180 MHz.
This can be attributed to the increased scattering measure between
the two observing epochs, resulting in less sensitivity to weak pulses,
and steep power-law index. However, within a 20 error, the power-law
indices for both observations are consistent. Cordes et al. (2004) estimate
—2.3 for the index of giant pulse peak amplitude distribution at the main-pulse
phase; their observation was made at 430 MHz and they note that the distribu-

tion only obeys a power-law for a limited range of pulse flux density. However

46



our estimated f is in good agreement with a value of —3.46 + 0.04 determined
by Lundgren et al. (1995) for the average flux density distribution from their
extensive observations at 800 MHz.

We propose that the majority of the published variation in power-law indices
arises from the underlying distribution not following a simple power law over a
large range of fluences and also from inconsistencies in the subjective determina-
tion of the power-law cut-off. The MLE based method that we used here has the

virtue of removing some subjectivity from this analysis.

3.4.1.2 Effects of Scintillation

Observed radio pulses are often influenced by interstellar scintillation (Lyne
and Rickett, 1968; Cordes et al., 2004). Under unfavorable conditions, this effect
can strongly modulate the observed fluence of giant pulses. In our case, this effect
may arise from refractive modulation since short-term diffractive modulations
will be highly quenched over our observing duration and bandwidth, at both
MWA and Parkes frequencies. Cordes et al. (2004) report Ay, < 0.8 MHz and
Aty = 2545 secs at 1.48 GHz; where Av, and Aty are the diffractive scintillation
bandwidth and timescale respectively. At the MWA frequency these will be orders
of magnitude smaller and are therefore no longer relevant. As for refractive
modulation, Rickett (1990) report a time scale of ~ 83 £ 50 days at 196 MHz
and ~ 6 — 12 days at their highest frequency of 610 MHz. Even if we consider
a factor of two variability as a possible worst case scenario at our frequencies, it

may not still significantly alter our spectral index analysis and conclusions.

3.4.2 Correlated Detections and Intrinsic Giant Pulse Spec-

tral Index Distribution

Simultaneous observations of the Crab pulsar at multiple frequencies have
been reported in the literature. This includes the work of Comella et al. (1969)
from early pulsar observations, at 74 and 111 MHz, to observations that reach
frequencies as high as 8.9 GHz (Mickaliger et al., 2012). The level of correlation
presented does vary. Observations by Ellingson et al. (2013) using the LWA with
4 x 16 MHz observing bands spread from 28 MHz to 76 MHz contain 33 giant
pulse detections, only one of which was observed in all 4 bands, but almost all
were observed in at least 2. Based on observations with the Green Bank 25-metre

telescope and the Very Large Array, Sallmen et al. (1999) reported the detection
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of 70% of giant pulses seen simultaneously at both 600 and 1400 MHz. Popov
et al. (2006) report 27% simultaneous detections at their observing frequencies
of 23 and 600 MHz but only 16% at 111 and 600 MHz. Bhat et al. (2008) found
70% correlation between the the giant pulses observed at 1300 MHz and 1470
MHz, similar to the result obtained by Sallmen et al. (1999). The observations
of Mickaliger et al. (2012) at larger frequency separations show a significantly
smaller fraction, 3% to 5% between 1.2 GHz and 8.9 GHz for the MP and IP
giant pulses, respectively.

Our observations display a correlation of 51% between the pulses detected
at Parkes and at the MWA, but the range of spectral indices displayed by the
detected pulses (—3.6 to —4.9) is considerably narrower than reported by Sall-
men et al. (1999). It is likely that the paucity of pulses with spectral indices
shallower than —3.6 is due to the sensitivity limit of the MWA telescope and
consequently that the intrinsic degree of correlation is likely to be much higher
than 50%. We hypothesise that the apparent reduction of correlation is due to
the wide range of spectral index displayed by the giant pulses, coupled with the
sensitivity limits of the two telescopes.

In order to investigate this further, a Monte Carlo simulation was conducted
using the Parkes data as the known distribution of giant pulse fluence. Attempts
were made to predict the number of pulses detected coincidentally at the MWA
and their spectral index distribution using a two sample Komolgorov-Smirnov
(KS) test.

We first determined the most likely intrinsic distribution of giant pulse spec-
tral indices. As reported by both Sallmen et al. (1999) and Karuppusamy et
al. (2010), the scatter in individual giant pulse spectral indices is large. The
hypothesis that the intrinsic giant pulse spectral indices could have been drawn
from a uniform distribution between —2.2 and —4.9 was immediately discounted;
it reproduced the range of detected spectral indices (—3.6 to —4.9) however it
over-estimated the number of coincident detections by a factor of 20. The broad
distributions favoured by Karuppusamy et al. (2010) were also discounted by this
analysis, as although they could reproduce the number of coincident detections,
the distribution of predicted spectral indices were not compatible with the ob-
servations. A normal distribution of spectral indices was a much more successful
hypothesis. It simultaneously satisfied the constraints of the detected spectral
indices and the number of detections. We chose to investigate this further and
determine the parameters of such a distribution that would best fit our data. We

allowed the mean of the distribution to vary between —2.0 and —3.6, but held
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the standard deviation to 0.6, consistent with the observations of Sallmen et al.
(1999), and investigated the predicted number of coincident detections and their
spectral indices.

For each of the Parkes giant-pulse detections we randomly drew a spectral
index from the distribution under test and predicted the fluence of the pulse at
the MWA. If the predicted fluence was above the MWA detection threshold we
registered a detection and the spectral index that was associated with it. This
was repeated for every pulse. Each trial distribution was tested 1000 times and

the results combined.

Monte Carlo Analysis Results

L 1 KS-distance

iﬁwﬁggggﬁ% ¢ ¢ KS-pvalue
i ?‘5&%

......

100

=

1] T TAATTT

X 1 Predicted MWA GPs
¢ ¢ Predicted Concidence Fraction (%)

Tm}glf& |

{40

{80

60 60

| Coincidence Fraction

a0}

Observed GP = Tzﬁmggg
T

20F

Coincidence Fraction

120

Percentage Correlation

L L L L L L 0
-29 -30 -31 -32 -33 -34 =35

Mean of Spectral Index Distribution

0 L L
-26 2.7 -2.8

Figure 3.6: The results of the Monte Carlo analysis to determine the best fit
intrinsic mean spectral index of the giant pulses. The three constraints, number
of coincident detections (23), observed correlation factor (50%) and distribution

of observed spectral indices cannot be satisfied by the same input distribution.

As we have recorded observations at both telescopes we can reverse this anal-
ysis and use the MWA detected pulse and spectral index distribution to predict
the coincident pulses at Parkes, and thereby determine the percentage of corre-
lated pulses. We are only observing the steep spectrum end of the giant pulse
distribution at the MWA | as evidenced by inspecting the measured spectral index
distribution. We can infer that some pulses detected at the MWA will have a
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combination of fluence and steep spectral index that would bring them below the
detection threshold at Parkes. This feature would be the reason for the less than
100% correlation in pulse detections.

In Figure 3.6, the lower panel shows the predicted number of GPs detected at
the MWA for each trial spectral index distribution as triangles and the percentage
of coincident GPs between the MWA and Parkes. There are also two lines rep-
resenting the observed number of GPs and the observed coincidence fraction. To
satisfy the observations, a trial spectral index distribution should simultaneously
satisfy both these constraints. The error bar is the standard deviation about this
average prediction. The upper panel shows the results, both distance and p-value,
for the two-sample KS test between the predicted spectral index distribution of
the coincident pulses and the measured distribution; the error bar is the standard
error. The p-value can be interpreted as the probability that the distance is as
large as observed, if the null hypothesis is true (being that both populations are
drawn from the same distribution). The null hypothesis is typically not rejected
if the distance is below a critical value for the two distributions under test. These
results show that, for those distributions with a significant p-value, we cannot
reject the null hypothesis and that the observed and simulated spectral index
distributions are consistent with same parent distribution.

Without any fine tuning, the simulations predict the following:

e The detected spectral index distribution at the MWA is best replicated by
an input spectral index distribution of -2.85 with a standard deviation of
0.6

e The observed 50% correlation is best replicated by a spectral index distri-

bution closer to -3.15

e Both these input distributions over-estimate the number of coincident pulses
by a factor of 2 to 3

3.4.2.1 Fine Tuning the Analysis

The simplest, and most reasonable fine tuning is to reflect the lack of flux den-
sity calibration and assume some less-than-theoretical detection sensitivity. We
can align the number of MWA detections with the best fit spectral index distri-
bution, using the MWA detection threshold as a fit parameter. Raising the MWA
detection threshold by 10% generates a best fit mean spectral index distribution

of -2.8, and correctly predicts the number of MWA detections. However it cannot
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simultaneously replicate the correlation percentage, which is now reproduced by
invoking a source spectral index distribution with a mean of -3.2.

Altering the width of the model spectral index distribution does not provide
the required fine tuning. The width of 1.2 is wide enough that it produces features
similar to that generated by a uniform distribution of spectral indices. In that
we can reproduce the number of detections at the MWA but the distribution of
observed spectral indices differs too greatly. In the case of the narrow distribution,
it is difficult to reproduce the number of detections unless we adjust the relative
sensitivity of the telescopes beyond what would be considered reasonable.

A distribution that satisfies the constraints in predicting the Parkes pulse
survival to the MWA observing frequency is therefore still inconsistent with the
distribution that satisfies the degree of correlation. A more sophisticated fine-
tuning would be to invoke some evolution in the distribution as a function of
frequency. We have found that this evolution does not have to be extreme in
order to remove the inconsistency. A 5% flattening in the spectral index, on av-
erage, between the two frequencies is all that is required to match the observed
pulse coincidence rate, while maintaining a spectral index distribution consistent
with that observed. We obtained this estimate using the previous Monte Carlo
analysis, but including an average reduction factor in the randomly drawn indi-
vidual pulse spectral index when predicting the observed fluence at the MWA.
We incorporated the same factor in the inverse experiment.

Incorporating this fine tuning, our observations are consistent with the hy-
pothesis that the spectral index of giant pulses is drawn from normal distribution
of standard deviation 0.6, but with a mean that displays an evolution with fre-
quency from -3.00 at 1382 MHz, to -2.85 at 192 MHz. Note this estimation only
includes the integrated effect of the evolution in spectral index, and therefore does
not incorporate curvature. It would be consistent with these results if the low
frequency spectral index were considerably flatter, or the high frequency steeper,
than that estimated here, but that would require a rapid evolution, such as a
turn-over, to be present. Figure 3.7 shows the results of the analysis including

the fine tuning and we summarise the results here:

e The MWA detection threshold is 10% less sensitive than our theoretical

prediction

e There is a 5% flattening in the mean of the spectral index distribution from
-3.00 to -2.85 between 1382 MHz and 192 MHz, the spectral index distri-

bution in this analysis has width of 0.6, but this has not been constrained
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Monte Carlo Analysis Results
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Figure 3.7: Fine tuning the Monte Carlo analysis by incorporating an overesti-
mate of the MWA sensitivity by 10% and a mild (5%) evolution in the spectral
index as a function of frequency produces an internally consistent estimate for
the mean of the spectral index distribution(—3.00 at 1382 MHz, to greater than
—2.85 at 192 MHz).

by the fits

e This distribution correctly predicts the number of coincident detections and

the 50% correlation between the two observations

The average emission from pulsars typically obeys a simple power-
law with a mean index of —1.4 (Bates et al., 2013). However, the MP
and IP components of the Crab pulsar have much steeper spectral indices of
-2.8 and -3.7 when measured between 410 and 1660 MHz (Manchester et al.,
1971). A flattening in the spectra of normal pulsar emission is commonly observed
and many young pulsars have been found to display complex spectra and low
frequency (~100MHz) spectral turn-overs (Malofeev et al., 1994; Kijak et al.,
2007). The phase averaged emission from the Crab pulsar is complicated due
to the multi-component structure. We are unaware of any observed flattening of

MP component at lower frequencies but suspect that this is confused by the rapid
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evolution of precursor. The cause of the spectral turnover in these objects is not
known and experiments are complicated by the difficulty of observing complex

pulse profiles at low frequencies.

3.4.3 Propagation Effects within the Nebula

Our measurements of the scattering timescale (§3.3.4) indicate that the envi-
ronment of the nebula continues to affect the observations of the pulsar, as already
observed by Rankin and Counselman (1973), Isaacman and Rankin (1977), Bhat
et al. (2008), Kuz'min et al. (2008) and Ellingson et al. (2013). Free-free absorp-
tion within the filamentary structures, evident in observations of the Crab nebula,
has already been reported by Bridle (1970) and Bietenholz et al. (1997). We now
investigate whether this effect could be responsible for the modest flattening in
spectral index that has been indicated by our analysis. The free-free absorption
coefficient (af) in the Rayleigh-Jeans regime can be numerically approximated
(in cgs units) to be:

o = 0.0187732 2% nensv 2 g¢ (3.6)

where Z is the atomic number of the absorber, n, and n;, are the number density
per cm™3 of the electrons and ions respectively, and T is the temperature in K
(Rybicki and Lightman, 1979). gg is the Gaunt factor, which in this regime (the
high temperature or quantum limit ) is approximated by Gayet (1970):
V3 ( 4kT )

gg = —In
9t T hve

(3.7)

where £ is Boltzmann’s constant, h is Planck’s constant, and v is Euler’s constant.
At these temperatures and frequencies the Gaunt factor is approximately 10. The

optical depth 74 is given by:

z(pc)
= / ol dz, (3.8)
0

where z is the path length, and the absorption factor is subsequently calculated
as e "

The nebula has an approximate radius of 1.7 pc and if all the observed DM
(56.70 cm~3pc) were due to the nebula, then n, would be 56.7/1.7 or 33.4 cm ™.
Assuming the nebula is predominantly Hydrogen, Z = 1, n, = n; = 33.4 cm™? at
a temperature 10*K, then at our observing frequency (192 x 10° Hz) the free-free

1

absorption coefficient is ~ 5.4 x 10723 em~!. This is insufficient to account for

any absorption even at these very high Gaunt factors.
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The ionised material is not evenly distributed, and this inhomogeneity will
strongly influence the level of free-free absorption. The filamentary structures
of the nebula that have been observed to display free-free absorption in spectral
index maps by Bietenholz et al. (1997), have been estimated to have an electron
density in excess of 200 cm~3. These are arcsecond size structures, implying a size
scale of 0.02 pc. Each of these filaments would contribute 1.2 x 10~* to the optical
depth and attenuate the intensity by a factor of 0.9998, which also cannot supply
the necessary absorption even if several hundred filaments intercept the line of
sight. Davidson and Tucker (1970) use line intensities to estimate the filamentary
ne to be ~ 1000 cm ™2, however each filament now contributes ~ 10 cm=3pc to the
dispersion measure so only a small number of crossings are permitted, therefore
these structures cannot provide the level of absorption required.

There is also evidence of very small (AU) scale filamentary structures with
electron densities in excess of 10* cm™ (Smith and Terry, 2011). If many tens
of these small filaments are intercepted, they are capable of generating the few
percent level absorption required. They would also not contribute more than
10 cm3pc to the pulsar dispersion measure. However it is unlikely that these
structures exist in sufficient numbers to contribute at this level (Smith and Terry,
2011).

In summary it is unlikely that free-free absorption within the filamentary neb-
ula is capable of attenuating the pulse intensity sufficiently to explain our pre-
dictions, and therefore any variation in the spectra of the giant pulses is unlikely

to be propagative in nature.

3.5 Conclusion

In this chapter, we report observations performed simultaneously with the
MWA, at a frequency of 193 MHz (15 MHz bandwidth) and the Parkes radio
telescope, at a frequency of 1382 MHz (340 MHz bandwidth). We detected a total
of 55 giant pulses at the MWA, and estimate a power-law index of 5 = —3.35+0.35
for their pulse fluence distribution. 23 of the pulses were detected at both the
MWA and at Parkes radio telescope. These results are consistent with the spectral
index of the giant pulses being drawn from normal distribution, the parameters
of which are frequency dependent. The mean of the spectral index distribution
varies from —3.00 to —2.85 between 1382 MHz and 192 MHz. It is unlikely that

this flattening can be caused by any propagative effects within the nebula.
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In this work we have proposed that the less than total correlation observed
is simply a function of the spread in giant pulse spectral indices and the rela-
tive sensitivities of the two instruments, but have not proposed a mechanism by
which this large range of spectral indices may be generated. Giant pulses are
thought to comprise complex temporal substructures on nano-second to micro-
second timescales (Hankins et al., 2003). Eilek et al. (2002) have noted that these
substructures are strongly correlated at two observing frequencies with a small
fractional bandwidth, and less correlated as the fractional bandwidth increases,
suggesting a complex behaviour as a function of frequency, cannot be ruled out
by the behaviour we see in this experiment.

The MWA'’s large frequency coverage and flexible system design offer unique
opportunities to further investigate the wide-band properties of giant pulses.
With the full-bandwidth VCS recording now feasible (Tremblay et al., 2015),
it is possible to perform sensitive observations simultaneously at multiple fre-
quencies within the 80 - 300 MHz range, by suitably spreading out the 30.72
MHz observing band across a large range in frequency. This will allow us to
conduct observations that span large fractional bandwidths, with the prospects
of determining the emission bandwidth and spectral nature of giant pulses at low
frequencies.

Combining all the MWA tiles coherently, we will realise a factor of ~11 im-
provement in sensitivity over this experiment. With an increase in gain by this
factor, as well as increase in bandwidth by a factor of 2, the instrument is ex-
pected to detect about 10,000 pulses in a one hour observation. This also implies
that about 600 pulses are expected to be detectable in a 1.28 MHz subband of the
MWA. This increase in sensitivity means that a higher percentage of coincident
pulses will be detectable when observing in the coherent mode with the MWA
full bandwidth.
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Chapter 4

Multifrequency Study of Crab
Giant Pulses with the MWA

4.1 Introduction

Single-pulse studies has proven to be excellent way of investigating
the emission properties and the radiation mechanism of radio pulsars
(e.g. Weatherall, 1997; Eilek et al., 2002; Hankins et al., 2003; Petrova,
2004). While the properties of the average profiles of most pulsars are often
determined by geometrical factors (Manchester, 2009), the intrinsic properties of
the single pulses are often obfuscated by propagation effects (Cordes et al., 2004).
Analysis of data obtained at several frequencies simultaneously offers a possibil-
ity of distinguishing between propagation effects and the intrinsic properties of
the radiation process (Popov et al., 2006; Karuppusamy et al., 2010), and also
provides the opportunity of studying their spectral behaviour.

Although knowledge of the spectral behaviour of the Crab pulsar provides
useful constraints on the emission mechanism (Malofeev and Malov, 1980), only
the spectral behaviour of the average profile is well known (Maron et al., 2000;
Kijak et al., 2007), but information about the dynamical processes is lost during
averaging. Therefore studying the radio spectrum of the giant pulses via multi-
frequency simultaneous observations provides an in-depth understanding of the
dynamical process of their emission mechanism. Also, a better understanding
of the spectral behaviour of the giant pulses can assist in putting constraints on
theoretical models for the emitting particles.

In the previous chapter, a dual-frequency observations of the Crab pulsar

with the MWA and the Parkes radio telescope was presented. We concentrated
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on the broad band nature of Crab giant pulses, and determined the spectral
indices of those detected simultaneously at the MWA and Parkes. In that work,
some evidence for a spectral flattening at low frequencies was found. In this
chapter, we present a multi-frequency observation of the Crab giant pulses with
the MWA, and attempt to determine the spectral indices of the giant pulses

detected simultaneously across the MWA frequency range.

4.2 Observation

We observed the Crab pulsar with the MWA on November 7, 2014, from UTC
17114m00° to UTC 18"14™38%. The data were recorded with the MWA Voltage
Capture System (Tremblay et al. 2015), from three frequency bands, centred at
120, 165, and 210 MHz. Each band consisted of 6x1.28 MHz coarse channels.
The coarse channels were divided into 128 fine channels, resulting in a frequency
and time resolution of 10 kHz and 100 us respectively. The voltages for the two
linear polarisations were recorded for each frequency band. The observational

parameters are summarised in Table 4.1.

Table 4.1: Observation parameters.

Subbands
Parameters 120 MHz | 165 MHz | 210 MHz
Teys (K) 570 310 170
Centre frequency (MHz) 120.96 165.76 210.56
Bandwidth (MHz) 7.68 7.68 7.68
Number of giant pulses detected | 2 18 13

The voltage samples in each 10-kHz channel for both polarisations were de-
tected and summed incoherently. This incoherent summation resulted in a large
field-of-view on the sky. The size of the beam depends strongly on the frequency
of observation, and it is largest at the lowest observing frequency band. Although
the beam is large on the sky, the sensitivity is a factor of v/N less than the achiev-
able sensitivity by the coherent addition of all the MWA antenna tiles, where N is
the number of tiles. The incoherent summation was written out in the PSRFITS
data format (Hotan et al., 2004).
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4.3 Data Processing and Analysis

The data processing and analysis presented below closely follow those pre-

sented in detail in the previous chapter. We therefore only briefly describe the

analysis, largely pointing out where the analysis differs significantly from that in

Chapter 3.
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Figure 4.1: Single-pulse search result for 165 MHz band. The top left plot is a
histogram of S/N of the detected pulses. The top middle plot is the number of
pulses as a function of DM. The top right plot is a scatter plot of the S/N and
DM. The bottom panel is a plot of DM as a function of time.

The PSRFITS files for the different bands were processed using a standard
pulsar software package, PRESTO (Ransom, 2001). The data were averaged in
time to 400 ps and were then dedispersed across a range of trial DMs around
the DM of the pulsar (56.7759 pc cm™?) obtained from the Jodrell Bank monthly

ephemeris! (Lyne et al., 1993). A single-pulse search was subsequently performed

thttp: //www.jb.man.ac.uk/pulsar/crab.html
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using the PRESTO software following the procedure described in Cordes and
McLaughlin (2003).

Figure 4.1 is the single-pulse search result for one of our observed frequency bands.
The detected giant pulses are seen clustered around the DM of the pulsar. Also
visible in this plot is some broadband RFI. The top panels show the number of
detected pulses as a function of DM, and the pulse signal-to-noise as a function
of DM. Both plots show a strong peak at the DM of the pulsar.
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Figure 4.2: A plot showing a broad band giant pulse observed simultaneously
in the three observed frequency bands, 210, 165, and 120 MHz from top to the
bottom, after removing the baseline. The dispersive time delay between the bands

has been removed.

The observed giant pulses at the MWA frequencies are often dominated by
interstellar scattering (Ellingson et al., 2013; Oronsaye et al., 2015). As a result,
the flux densities of the giant pulses are often under-estimated by the PRESTO
software due to the presence of a long scattering tail (Figure 4.2). In order to
accurately measure the energy of the giant pulses, the on-pulse regions in our
timeseries were integrated. The calibration procedure described in Chapter 3
was employed here, with the following details changed: integration windows of
205, 72, and 28 ms were used at 120, 165, and 210 MHz, respectively; Ty, at
120, 165, and 210 MHz of 520, 260, and 120 K were used.
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A search for simultaneous giant pulses was performed on the three observed
frequency bands. As a result of the dispersive effect of the ISM, the high frequency
giant pulses will arrive earlier than in the low frequency band. We estimated the
time delay between 210 and 165 MHz, 210 and 120 MHz, and 165 and 120 MHz
to be 3.067 s, 10.012 s, and 6.945 s, respectively. Of the thirteen giant pulses
that were detected in the 210 MHz band, eight of them were also detected at
165 MHz band, while the two detected giant pulses in the 120 MHz band were
also found in the 210 and 165 MHz bands. Thus, only two giant pulses were
detected simultaneously across all bands. The spectral indices of the simultaneous

detections were evaluated and are described in the following section.

4.4 Giant Pulse Spectral Indices

The spectral indices of the giant pulses detected simultaneously across the
bands were evaluated after correcting for the primary beam at the various fre-
quency bands.
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Figure 4.3: Plots of the spectra of the detected giant pulses at all three frequen-
cies. The filled circles denote the pulses that were detected simultaneously in
the three frequency bands, 120, 165, and 210 MHz. The blue colour indicates
the beam-corrected fluence, while the black colour is the uncorrected fluence.
The error bars reflect the relative measurement uncertainty in the fluence. We
acknownledge that the fluence at the lowest frequency band may be

underestimated due to the increased scattering.

The beam characteristics of a dipole array telescope is a function of the observing

frequency and the pointing direction relative to the zenith. This dependency has
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significant influence on the relative gain and therefore as well as the measured
flux density of the observed pulses.

In order to account for this effect and accurately determine the flux density
of each giant pulse in our data, we used the MWA beam model to correct for
the primary beam at the various frequency bands, and subsequently evaluate the
relative gains throughout the observing epoch. The relative gains were then used

to estimate the flux density of the detected giant pulses at the various frequency
bands.

Table 4.2: Spectral indices of the giant pulses detected across the bands.

Giant pulse spectral indices

Pulse toa (s) | 210 & 165 MHz | 210 & 120 MHz | 165 & 120 MHz
948.0370 -0.78 +0.21 -1.06 £0.09 -1.27 £0.14
1379.7004 -0.02 +0.22 -0.73 +£0.09 -1.26 +0.15
1702.5156 -0.15 4032 | ----- | -----
2014.3073 0.84 £0.30  |----- | -----
2107.3197 1.09 026  |----- | -----
2149.8497 081 028 | ----- | -----
2176.1997 1.34 £024 | ----- | -----
2296.5793 1.08 £0.24 | ----- | -----

The radio spectrum of the giant pulses observed simultaneously across the
three bands are displayed in Figure 4.3. We performed a linear regression and
obtained gradients of —1.09 +0.09 and —0.81 + 0.10. Figure 4.4 shows the spec-
trum of the giant pulses observed simultaneously in two frequency bands (165
and 210 MHz). Although the six pulses observed simultaneously at 165 and 210
MHz were not observed at 120 MHz, the upper limits of detection are indicated
in the plots. The non-detection of these pulses at 120 MHz can be attributed to
the effect of scattering and intrinsic spectral index.

The spectral index, «, describes the frequency dependence of flux measure-
ments. The derived spectral indices are presented in Table 4.2, and show a range
of —0.02 and +1.34 for the pulses detected in the 165 and 210 MHz bands. The
table also shows a range of —1.06 and —0.73 for the two pulses detected simulta-
neously at 120 and 210 MHz bands, as well as —1.27 and —1.26 for those detected
simultaneously at 120 and 165 MHz bands. The values of the spectral in-
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dices derived here are considerably flatter than the values obtained by
Oronsaye et al. (2015), based on their simultaneous detections at 193
and 1382 MHz. This can be interpreted as a sign of low frequency
flattening or turnover.

We investigate this further by splitting each of the original band
into smaller bands and determine the spectral indices across the bands.
Each of the original frequency band (120, 165 and 210 MHz) was di-
vided into two subbands with a bandwidth of 3.84 MHz at centre
frequencies of 118.40, 122.24, 163.20, 167.04, 208.00, and 211.84 MHz
respectively. A single pulse search was performed in each of the band
following the procedure described previously. We found six simulta-
neous pulses at 163.20, 167.04, 208.00, and 211.84 MHz, non were
detected at 118.40 and 122.24 MHz. The spectral indices across the
band were subsequently determined. The derived values are presented
in Table 4.3, and display a range between +1.14 and —1.96. This re-
sult is indicative of spectral flattening and turnover at low frequencies,

consistent with the values obtained previously.

Table 4.3: Spectral indices of the giant pulses detected across the bands.

Giant pulse spectral indices

Pulse toa | 211 & 163 MHz | 211 & 167 MHz | 211 & 208 MHz | 167 & 163 MHz
(s)

948.03640 | -0.82 £0.15 -1.50 £0.10 -0.75 £0.55 -0.27 +0.82
1379.7000 | -0.94 +0.27 -1.15 £0.41 0.98 4+0.32 -0.33 £0.68
2107.3196 | -0.35 £0.24 -0.67 £0.33 -0.63 £0.40 1.14 £0.51
2149.8492 | -1.96 +0.34 -1.38 £0.10 1.11 £0.61 -1.10 +£0.65
2176.2004 | -0.20 £0.22 -0.38 £0.30 0.54 +£0.42 0.80 £0.41
2296.5788 | -0.79 £0.28 -1.35 £0.28 -1.09 £0.32 0.38 +0.54

As noted by Bates et al. (2013), the observed spectral indices may be

greatly influenced by the selection effects connected to the frequency-
dependent sensitivity of pulsar observations. The spectral indices de-
rived in this analysis are remarkably shallower than the values obtained
previously by Sallmen et al. (1999) and Oronsaye et al. (2015). This dif-
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ference may be partially attributed to the small fractional bandwidth
used in this experiment compared to their large fractional bandwidth.
Nevertheless, this result is consistent with the extrapolation of Elling-
son et al. (2013), in which they indicated that the dependence of flux

V+2'7

density on frequency may be considerably less than at low fre-

quencies.

4.5 Summary and Conclusion

In this chapter, a multi-frequency observation of the Crab pulsar with the
MWA is presented. The observation was first performed with three frequency
bands, centred at 120, 165 and 210 MHz; with a bandwidth of 7.68 MHz each. We
detected eight giant pulses simultaneously at 165 and 210 MHz bands, of which
two pulses were detected in all three frequency bands. A linear regression on the
two pulses observed in all the frequency bands yield index values of —1.09 £ 0.09
and —0.81 +0.10. We also observed six simultaneous giant pulses across
four frequency bands, centred at 163, 167, 208 and 211 MHz, each with
a bandwidth of 3.84 MHz. The spectral index of the simultaneous giant
pulses are in the range of —1.96 £0.34 > a > +1.14 £+ 0.51.

Different range of spectral indices have been reported for the Crab
giant pulses (see Sallmen et al., 1999; Popov et al., 2006; Karuppusamy
et al., 2012; Oronsaye et al., 2015). A comparison of previous results
with the results obtained in this analysis shows a remarkable variation
in the range of spectral index of the giant pulses. These variations
suggests that the shape of the giant pulse radio spectrum may not be
fully described by a simple power-law.

The derived spectral indices are considerably flatter than the re-
sults obtained for simultaneous detections by Sallmen et al. (1999) and
Karuppusamy et al. (2012). Spectral flattening and turnovers based
on the average pulse profiles are frequently observed at low frequen-
cies (<300 MHz; see Izvekova et al., 1981; Maron et al., 2000; Bilous
et al., 2015). Although we cannot make direct comparison between the
spectral of the average pulse profiles and that of the individual giant
pulses, the result of this analysis underscore the difficulty of detecting
giant pulses at low frequencies. Our findings are consistent with the re-

sult of Ellingson et al. (2013), in which they suggested that the dependence of
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flux density on frequency is possibly less than v*27, and appears to confirm the
evidence found in Oronsaye et al. (2015) that the spectral index of Crab giant

pulses flattens at low frequencies, compared to high frequencies.
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Figure 4.4: Plots of radio spectra of the detected giant pulses at 165 and 210 MHz.
Also shown here is the upper limit (inverted arrow) at 120 MHz band where the
pulses were not detected. The blue colour indicates the beam corrected fluences,
while the black colour indicates the uncorrected fluences. The error bars reflect

the relative measurement uncertainty in the fluences.
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Chapter 5

Conclusions and Future Work

5.1 Conclusions

In this thesis, we have successfully observed Crab pulsar giant pulses with the
MWA (a new radio telescope operating at low radio frequencies) and the Parkes
radio telescope. The main focus of this thesis was to investigate the broadband
nature of the Crab giant pulses and their spectral behaviour. The observations
discussed in the previous chapters (chapters 3 and 4) revealed that the Crab giant
pulses are intrinsically broadband and that their spectral indices are drawn from
a normal distribution. Our investigation of the giant pulse spectral behaviour
at low frequencies showed that their spectral indices are significantly shallower
than at higher frequencies, and show evidence of frequency turnover in the radio
spectrum at low frequencies.

In chapter 3, the Crab pulsar was observed with the MWA and Parkes radio
telescope simultaneously. We detected 55 giant pulses at the MWA, and used
the maximum likelihood estimator approach to estimate a power-law index of
£ = —3.35 £ 0.35 for their fluence distribution. The same approach was used
to determine a power-law index of § = —2.85 £ 0.05 for the fluence distribution
of the 2075 giant pulses detected at Parkes. The reported power-law index for
the giant pulse fluence distribution covers a wide range, from —1.51 £ 0.05 to
—2.39 4+ 0.12 that was reported by Karuppusamy et al. (2012) at 110-180 MHz,
up to —3.46 +0.04 that was reported by Lundgren et al. (1995) for their average
flux density distribution observed at 800 MHz. This variation in the published
power-law indices may be as a result of the underlying distribution not following a
simple power law over a large range of fluences, coupled with the inconsistencies

in the subjective determination of the power-law index. The maximum likeli-
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hood estimator approach that we have employed in this thesis has the virtue of

removing some subjectivity from power-law index analysis.

In probing the broad band nature of the giant pulses, a search for coincident
pulses was performed on the giant pulses detected at the MWA and the Parkes
radio telescope. Simultaneous observations at widely separated frequencies have
been employed to investigate the broad band nature of the Crab giant pulses
(e.g. Comella et al., 1969; Sallmen et al., 1999). The published simultaneous
detections has varying degree of correlation, from as low as 3% to as high as
70% (Sallmen et al., 1999; Popov et al., 2006; Bhat et al., 2008; Mickaliger et al.,
2012). In this thesis, we detected 51% of the MWA giant pulses at the Parkes
radio telescope with spectral indices in the range of —3.6 > a > —4.9. The
spectral index range derived here is narrower than the result of Sallmen et al.
(1999). We performed a Monte Carlo analysis to investigate the less than 100%
correlation observed between the MWA and Parkes observations. The analysis
supports the conjecture that the giant pulse emission in the Crab is intrinsically
broadband, the less than 100% correlation being due to the relative sensitivities
of the two instruments and the width of the spectral index distribution. Our
results are therefore consistent with the hypothesis that the spectral index of
giant pulses is drawn from normal distribution of standard deviation 0.6, but
with a mean that displays an evolution with frequency from -3.00 at 1382 MHz,
to -2.85 at 192 MHz.

In chapter 4, we investigated the spectral behaviour of the Crab giant pulses at
low frequencies with the MWA. The Crab pulsar was observed simultaneously at
three frequency bands within the full bandwidth of the MWA, centred
at 120, 165, and 210 MHz. Two of these bands (165 and 210 MHz)
were further subdivided into two subbands each (163, 167, 208, and
211 MHz). Two giant pulses were detected simultaneously at 120, 165
and 210 MHz frequency bands, eight were detected simultaneously at
165 and 210 MHz bands (see Table 4.2), while six pulses were observed
simultaneously at 163, 167, 208 and 211 MHz bands (see Table 4.3).
The estimated spectral indices of the simultaneous giant pulses are in the range
of —1.96 +£ 0.34 > a > +1.34 £+ 0.24. The observed spectral index values are
considerably shallower than at higher frequencies, and show evidence of a turnover
in giant pulse spectra at low frequencies. This result is in agreement with the
extrapolation of Ellingson et al. (2013), in which they hypothesized that the

dependence of flux density on frequency is significantly less than v 27,
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5.2 Future Work

This thesis provides an initial understanding of the broad band nature of the
Crab giant pulses and their spectral behaviour at low frequencies. However, im-
provements can be made. Frequency turnovers in radio spectra are phenomenon
in pulsar science. Some pulsars show a low-frequency turnover in their spectrum
with the peak frequency occurring in the range of 100 to 400 MHz (Malofeev
et al., 1994). Although this study is the first to report a spectra turnover in giant
pulse spectra at low frequencies, the peak frequency is not determined. Future
work should be targeted at performing more sensitive observations of the Crab
pulsar with better frequency coverage in order to determine the peak frequencies

and other characteristics of the giant pulse radio spectrum.
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