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Egy langot adok, apold, add tovéabb;
Csillaggal almodik az éjszaka,

Es lidércfénnyel almodik a lap

Es oroktiizzel almodik a szivem.
Egy langot adok, apold, add tovabb,
Es gondozd hiven.

— Reményik Sandor, Orokt(iz

I’'m giving you a flame, tend it, and pass it on;
The night is dreaming with stars,

As the marsh dreams with will-o’-the-wisp
And my heart burns with an eternal fire.

I’m giving you a flame, tend it, and pass it on,
And to this be true.

— Reményik Sandor, Eternal Fire



Introduction

The Transient Radio Sky

The most extreme physics of our universe occurs in transient events. These exotic phenomena can
range from stars exploding in fiery deaths to compact objects merging to produce gravitational
waves detected billions of light years away, to black holes that rip apart matter that wanders too
close to them. These events allow us to probe the physics of environments which are impossible
to reproduce on Earth, and can play out over time scales ranging from a fraction of a second to
longer than a human lifetime. This thesis focuses on the physics that occurs in transients on the
long time scales of years to decades, and on the technical challenges that we face to identify them.

This thesis is possible because we live in a golden age of transient astronomy. What began
with the occasional “guest stars” recorded by Chinese astronomers thousands of years ago has
evolved into a period where hardly a day passes without an interesting transient event. Satellites
have made the observation and rapid follow-up of Gamma-Ray Bursts (GRBs) two decades ago
routine. Surveys like the All Sky Automated Survey for SuperNovae (ASAS-SN) and Zwicky
Transient Facility (ZTF) discover new optical transient events every night. And a large fraction
of the world’s astronomical resources are used routinely to follow up gravitational wave alerts
from the Laser Interferometer Gravitational-Wave Observatory (LIGO).

Compared to other parts of the electromagnetic spectrum, studies of the transient and variable
radio sky have lagged.! This is due to limits with traditional radio telescopes. However, this is
rapidly changing with advances in the field, such as increased computation and sensitivity. The
maturing nature of radio astronomy is also an asset: while the field was pioneered in the 1930s,
mJy level astronomy only became more routine in the 1970s. This means that transients that
occur over long time scales can be subject to monitoring over their full transient because data is
now available over a period of decades.

1The words transient and variable are used somewhat interchangeably in this thesis, as they are in much of
the literature. Typically “transient” refers an event where the radio flux appears and disappears, and “variable” is
when the flux is always present, but varies.
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Figuur 1 The phase space for various radio transients from Pietka et al. [2015], where radio
luminosity is plotted against the time-scale of the various included events. The dividing line
between coherent (white) and incoherent (blue) emission is the brightness temperature T, [0
K. It should be noted that the shortest time scales are dominated by coherent emission, whereas
emission on longer time scales is dominated by incoherent emission.

Radio-Emitting Transients

Many radio transients emit through a process called called synchrotron emission. It is produced
by the acceleration of ultra-relativistic electrons spiraling in a magnetic field due to the Lorentz
force, and is powered by shock interaction between fast ejecta and the ambient medium. The
frequency for synchrotron radiation depends on the electron energy and strength of the magnetic
field.

Synchrotron radiation is a form of incoherent emission, meaning that the electrons are acting
independently from one another and that the resulting emission has no phase relationship. A
coherent emission process occurs when electrons instead accelerate in phase, and in turn produce
photons with the same direction and phase. Coherent and incoherent processes are separated by
the maximum constant brightness temperature, T, [CI0'2 K, which is the theoretical upper limit
for incoherent emission (Figure 1).

Typically, radio transients with coherent emission have a brief duration of < 1 second, such
as pulsars and fast radio bursts (FRBs; see section below), and are typically observed through
time-series techniques. On the other hand, transients with incoherent emission evolve over longer
time scales, and are observed in the image plane. Beyond the type of emission, the duration of
the transient depends on several factors, such as the energy scale of the initial event, whether the
explosion was relativistic or non-relativistic, the type of outflow, the density in the surrounding
region, ejecta profile, and whether the explosion is on or o[—akxis in the direction of Earth. The
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phase space in luminosity, time, and frequency of these various transients can be seen in Figure 1.
Additionally, interstellar scattering and scintillation of radio waves can also be observed, due to
a turbulent interstellar medium (ISM) along the line of sight [Rickett, 1977]. This phenomenon
is independent of the transients themselves, but can result in observed variations on the order of
seconds to centuries.

There are several types of radio transients, both on short and long time scales. Those covered
in this thesis are listed below, roughly in order of time scales associated with the event. We define
short term transients as those occurring on time scales ranging from a fraction of a second to
months-long time scales, and long-term transients are events longer than those.

Short Term

Pulsars are rapidly rotating neutron stars which produce beamed radio emission from their mag-
netic poles. As the pulsar rapidly rotates, this beam briefly crosses our line of sight on Earth, like
a cosmic lighthouse. Pulsars are a famous example of coherent emission, and as mentioned above
are typically observed via time series techniques [Hewish et al., 1968]. Pulsars can have a period
as short as milliseconds, and the longest known duration for a pulsar is 23.5 seconds [Tan et al.,
2018].

In more recent years, an enigmatic class of brief transients has emerged in FRBs. FRBs are
brief pulses of coherent emission of millisecond duration, extragalactic origin, and high luminosity.
Theories regarding the origins of FRBs are numerous, and range from diverse sources such as
magnetars, supernova remnants, flare stars, black holes, and others. Although FRBs were first
found using time series methods, the bursts can also be directly imaged [Chatterjee et al., 2017].

As of May 2019, less than 100 FRBs are in the published literature, and two repeating FRBs
have been reported [Platts et al., 2018; Petro[at al., 2016].% It is not yet understood if the
repeating and non-repeating FRBs have the same emission mechanism. It should be noted that
so far only the first repeating FRB, known as FRB 121102, has been localized to a position of a
star forming region in a faint dwarf galaxy (r = 25.1 mag) at a redshift of 0.19273 [Bassa et al.,
2017; Tendulkar et al., 2017]. There also appears to be a persistent radio counterpart consistent
with the star forming region to [40lpc [Chatterjee et al., 2017]. Finally, it should be noted that
the spectral profile of FRBs is uncertain: although FRB emission has been detected down to 400
MHz [Platts et al., 2018], searches for FRBs at lower frequencies have so far been unsuccessful
[Sokolowski et al., 2018; Houben et al., 2019]. As such, it is not clear if and where a spectral
turnover occurs in FRB signals, which could be due to processes such as scintillation or an intrinsic
property related to the FRB emission mechanism [Sokolowski et al., 2018].

Progress in this field is severely hampered by the limited number of FRBs known. Systematic
radio surveys for them need to understand the technical details behind their radio telescopes to
ensure they are correctly seen by the observer (see Chapter 3).

Supernovae

2The current number can be found at http://www.frbcat.org; see Petro Cet al. [2016] for more info.
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Figuur 2 An example of CSM surrounding the Eta Carinae nebula, as seen with the Hubble Space
Telescope. It is thought that this system is near the end of its life, and will explode as a supernova
on an astronomically soon time scale. Image credit: Jon Morse (University of Colorado) & NASA
Hubble Space Telescope.

A supernova (SN) is the violent explosion of a star. A single supernova event can shine
brighter in optical light than all the other stars in a galaxy. Many questions surround supernova
events, particularly in relation to the circumstances leading up to the final explosion. Supernovae
(SNe) also play an important role in their environments by triggering new star formation in their
surroundings, and by enriching the surrounding interstellar medium with heavier mass elements.

Radio emission from SNe originates from synchrotron emission as the blast wave from the
supernova interacts with surrounding material, with radio luminosity proportional to the density
of material present [Chevalier, 1982a]. The material in the immediate surroundings is the circum-
stellar material (CSM) that was shed by the star itself before the SN explosion. This means that
the CSM closest to the explosion was the material ejected the most recently, and older material
ejected at earlier times is further out. After the prompt emission from the supernova fades, this
shockwave/ CSM interaction can continue for decades.

Studying the CSM surrounding a supernova is important because mass loss is common in
stellar evolution for supermassive stars that will explode in a supernova, especially for binary
systems [Smith, 2014]. Further, eruptive mass loss does appear common in SNe- 36.5 + 6% of all
core collapse SNe are “stripped envelope"SNe which have lost much of their outer envelope before
explosion, and 9 & 3% are of Type IIn, which underwent a large amount of mass loss a few years
before the SN [Li et al., 2011b]. These eruptions appear to be a prelude to the final core collapse,
and may be due to severe instabilities during the star’s last stages, but details behind this process
are not well understood [Smith, 2014]. Figure 2 shows an example of what the CSM surrounding
such a star is thought to look like, surrounding n Carinae. It is a binary star 7,500 light years
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Figuur 3 Hertzsprung-Russell diagrams for SN progenitors, where the solid lines show evolution
tracks for stars with their initial masses. Here, the the red, yellow, and blue regions are the
expected locations for SN progenitors for Type 1P, other Type Il, and Type Ib/c, respectively.
The left hand panel shows the parameter space for a single star scenario, and the right hand shows
scenarios for binary systems. In both plots, the points with errors show the locations of observed
SN progenitors. | have circled the location of SN 1987A on both plots for reference. Image credit:
Eldridge et al. [2013].

distant from us, thought to be in the end stages of its life, and it shed = 12 — 20M ) under a
decade during the 19th century [Smith & Owocki, 2006].

Another large factor in supernova dynamics is the system’s binarity and subsequent e Ledts
stemming from the binary companion. This is because a binary system is often required to explain
the CSM observed around the SN [Smith, 2014]. We can see an example of this in Figure 3, which
shows cartoon Hertzsprung-Russell (HR) diagrams for SN progenitors and the expected locations
for various SN progenitors assuming a single star (left) or binary (right) system. A binary star
system model not only covers a greater section of the HR diagram, but can also the only way to
explain the explosion of the progenitor in many cases and supernova types [Eldridge et al., 2013;
Smith, 2014]. The nature of a binary companion is also crucial for producing a thermonuclear
(Type la) SNe, as we shall cover below and in Chapter 2. However, much about these binary
companions is still unknown.

Further, one of the great di Cculties in supernova studies is their rarity: it is estimated that 2-3
SNe occur in the Milky Way every century [Li et al., 2011a]. Although several “guest stars” have
been recorded over the centuries, the last supernova event observed in our own galaxy was Kepler’s
Supernova in 1604.2 This luminosity means that most observed SNe are at great distances from

3This does not mean that this was the last supernova in the Milky Way: the bright radio remnant Cassiopeia A
corresponds with an unrecorded supernova in the late 17th century, and the remnant G1.9+0.3 exploded sometime
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Figuur 4 SN 1987A and its surrounding CSM structure, as seen with the Hubble Space Telescope.
The complex ring structure is thought to originate from CSM loss from the progenitor prior to
the supernova explosion. We note that the bright innermost yellow-white ring of emission is the
equatorial ring in the shockwave interaction discussed in Chapter 1. Image credit: ESA/Hubble
& NASA.

Earth.
The categories of SNe of interest to this thesis are as follows.

Core-Collapse Supernovae

A core-collapse supernova (CC SN) occurs when a massive star (> 8M )js at the end of its
thermonuclear evolution and no longer creates the energy required to counteract gravitational
forces. At this point, the star collapses, and depending on the mass of the star either a neutron
star or black hole is created at the core. The supernova is triggered when the compressed inner
core exceeds the Chandrasekhar mass limit (= 1.4M ppand the outer layers rapidly collapse at
[20% the speed of light, bounce o [the incredibly dense core, causing the infalling matter to
rebound. This creates the light and heat from the supernova event, as well as the shockwave
which subsequently interacts with surrounding CSM.

Radio emission has been observed from many nearby core collapse supernovae [Weiler, 2003].
However, the majority of SNe are typically detected at distances that make radio detection di [=_1
cult. Most radio SNe appear as point sources, and to date there are less than 10 spatially resolved

between 1890 and 1908. In the case of both, large amounts of dust between the supernova and Earth was likely
su [cieht to block optical light from reaching us at the time.
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radio SNe. This means much is still unknown about the shockwave/CSM interaction over time,
and the supernova to supernova remnant (SNR) transition.

To date, our best picture of what a supernova and its surroundings look like are from SN
1987A, discovered on February 24, 1987 by University of Toronto astronomer lan Shelton and
Oscar Duhalde at Las Campanas Observatory, and independently by amateur astronomer Albert
Jones in New Zealand [Kunkel et al., 1987]. Occurring in the Large Magellanic Cloud, 170,000
light years from Earth, it was the closest supernova to Earth and the first observed with the
naked eye since the invention of the telescope. This has allowed us an unprecedented view into
the process of how a supernova occurs, and how the SN shockwave interacts with its surroundings
in the decades after the prompt emissions fade.

SN 1987A has also raised several questions about supernova physics that are still unresolved.
It was for example the first time in history the progenitor star of a SN explosion was identified, a
blue supergiant star named Sanduleak -69 202 [West et al., 1987], which shocked the astronomical
world because a blue supergiant progenitor contradicted all stellar evolution theories at the time
[Trimble, 1988]. SN 1987A was subsequently interpreted as having undergone a red supergiant
phase prior to becoming a blue supergiant, as evidenced by its metallicity and mass loss [Arnett
et al., 1989]. Further, SN 1987A was the first sub-luminous SN (Mg = -15), and ultimately
became the prototype for the Type Il-pec (for “peculiar”) sub-class of SNe [Smith, 2014].

Observations with the Hubble Space Telescope (Figure 4) show a complex CSM structure
ejected in the tens of thousands of years prior to the supernova, possibly from a binary merger
event [Morris & Podsiadlowski, 2007]. Such a merger would be doubly interesting in the context
of occurring just before the supernova because, as seen in Figure 3, a single star system does not
make sense in the context of stellar evolution. The CSM environment surrounding SN 1987A is
the key to understanding what happened prior to the explosion. Radio observations play a key
role in this by tracing the ejecta/CSM interaction, which can also be compared to observations
in X-ray and radio. Understanding the details seen in radio due to factors such as clumps in the
CSM, potential asymmetry in the shockwave, and changes in density are key to interpreting other
radio SNe further away where seeing detail is impossible.

It should also be noted that, to date, a compact object has not been detected at the center
of SN 1987A [Alp et al., 2018]. We do know a neutron star was created because SN 1987A was
also the first time neutrinos were detected from outside the solar system. However, whether the
compact object remained a neutron star, or collapsed further into a black hole, is unknown.

Type la Supernovae

A Type la Supernova (SN la) is caused by the explosion of a carbon-oxygen white dwarf [(WD);
Nomoto et al., 1997]. Type la SNe have become an important cornerstone of cosmological studies
as “standard candles” for cosmological distance calculations via the measured luminosity distances
of SNe la as a function of redshift [Nomoto, 1982; Howell, 2011]. This has been used as evidence
for an accelerating universe that is dominated by a mysterious dark energy [Perlmutter et al.,
1999]. More recently, the Type la distance scale has been used to suggest a discrepancy in the
Hubble Constant between local scales and that derived from the Cosmic Microwave Background
[Riess et al., 2018; Burns et al., 2018].
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Despite their importance in cosmology, both the progenitor systems and explosion mechanism
of Type la SNe are still debated. There are two main scenarios, and both involve binary systems
with a WD and second companion [Hillebrandt & Niemeyer, 2000; Wang, 2018]. The first is a
single degenerate (SD) scenario, where a WD interacts with a non-degenerate, main sequence
stellar companion [Holmbo et al., 2018]. The second is the double degenerate (DD) scenario,
where the second companion is also a WD [Maoz et al., 2014]. The term "double degenerateis
broad and currently encompasses multiple possible combinations of progenitor binary systems
and explosion mechanisms, such as a collision [Kushnir et al., 2013], hydrodynamic instability
[Glasner et al., 2018], re-ignition as the combined mass post-merger exceeds the Chandrasekhar
mass [Shen et al., 2012], and others. It is also unclear if the majority of Type la SN explode
at the Chandrasekhar mass, or whether sub-Chandrasekhar WDs can also explode as SNe la
while undergoing double detonations or violent mergers. Some observations show evidence for a
population of sub-Chandra explosions [Nomoto, 1982; Scalzo et al., 2019].

Like core-collapse SNe, any radio emission from Type la SNe is expected to be from a
shockwave interacting with CSM surrounding the blast. Such CSM could reflect the nature of the
SN progenitor system, as it would be present due to mass transfer, or pre-supernova activity such
as stellar winds or outbursts. However, for decades searches for CSM around SNe la in X-ray,
optical, and radio have been consistent with very low-density environments, which would be the
most constraining if the CSM is ejected in a stellar wind from a SD progenitor [Chomiuk et al.,
2016; Margutti et al., 2014].

However, most of these observations have focused on detecting CSM just a few hundred days
after the event [Chomiuk et al., 2016]. This is in spite of how we know that SNe la in our own
galaxy have been observed to “turn on” in radio wavelengths as they transition to the supernova
remnant (SNR) stage, although whether this is due to CSM ejected by the progenitor system, or
ISM interaction not related with the original system, is still debated. For example, G1.9+0.3, a SN
la which is the most recent supernova known within our galaxy, was first discovered by the VLA
and is estimated between 125 and 140 years old [Reynolds et al., 2008]. Additionally, Kepler’s
Supernova is radio bright [400 years after the event [DeLaney et al., 2002]. Most recently,
[Sarbadhicary et al., 2019] made deep radio images of the SN 1885A area in the Andromeda
Galaxy (M31; 0.785 £ 0.025 Mpc distant). The resulting upper limits constrain SN 1885A to be
fainter than G1.9+0.3 at a similar timescale of years post-explosion, placing strict limits on
the density of the ambient medium and the transition to the SNR stage.

The question of the CSM environment surrounding SNe la has also become more complex in
recent years as blue-shifted Na | D absorbing material has been detected in some SNe la spectra,
which is interpreted as CSM surrounding the SNe la which has been ionized [Patat et al., 2007;
Blondin et al., 2009]. Modeling has indicated the material is likely not distributed continuously
with radius, as expected from a stellar wind centered at the explosion site, but instead is more
likely distributed in a shell-like structure with a radius = 101 cm [Chugai, 2008]. Such absorbing
material is estimated to have a total integrated mass of [_IM {$ternberg et al., 2011].

In addition, a small, new class of supernovae has been recognized (SNe la-CSM). These spec-
troscopically resemble SNe la but have strong hydrogen emission lines, as expected if there is
significant interaction between the blast wave and a large amount ( [(fewr M )—pf circumstellar
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material [Silverman et al., 2013]. SNe la-CSM are very rare, and the most nearby (SN 2012ca; [801
Mpc distant) is the only SN la detected in X-ray to date [Bochenek et al., 2018]. Most recently,
there has been evidence of CSM interaction surrounding SN 2015cp at [730 days post-explosion,
consistent with a CSM shell [Graham et al., 2019], and the detection of Ha in a late-time nebular
spectrum, which was interpreted as the signature of CSM excited by the SN ejecta slamming into
it [Kollmeier et al., 2019].

While the very early and very late times after Type la SNe have been probed, the intermediate
age period (103100 years) for SNe la has not yet been examined in radio wavelengths. This is
despite the fact that limits during this period could provide important evidence for or against
various Type la progenitor models. We shall discuss this more in Chapter 2.

Other Transients
Active Galactic Nuclei (AGN)

The majority of radio sources in the sky with brightness S > 1 mJy at 1.4 GHz are active galactic
nuclei [AGN; Becker et al., 1994], which are supermassive black holes at the centers of galaxies
which are accreting material. In optical light, all types of broad-line AGN are known to vary by
several factors on timescales ranging from weeks to years [Matthews & Sandage, 1963; Hovatta
et al., 2008]. The same also holds for radio AGN, and low-luminosity or quiescent AGN activity
accounts for [60% of all AGN [Padovani et al., 2011].

It is also possible to have variability over longer time scales due to the fueling of AGN, which
can lead to larger variations by a factor of three or more [Tadhunter, 2016]. These are due to
intermittencies in the fuel supply for the AGN, where a lack of fuel can trigger a phase where
the central AGN has a lower luminosity, or even switches o [Caltogether. The time scales of these
changes depends on the sizes of the AGN components considered. For example, the torus of a
typical radio AGN is [Q.L-100 pc, corresponding with a light crossing time of [0.3-300 years,
whereas the large AGN radio lobes are [0.05- 1 Mpc with a light crossing time of 1.5 — 3 x 108
light years. This means that if the fuel supply were to completely stop powering the AGN, an
observer would see a significant decrease in radio flux from the torus in the first weeks or decades,
but emission from the radio lobes would continue to last for thousands of years.

Other Transients
Tidal Disruption Events

A tidal disruption event (TDE) occurs when a star gets su [ciehtly close enough to a black hole’s
event horizon that it is pulled apart by the black hole’s tidal forces. In this process, about half of
the star becomes unbound from the system, while the remainder of the stellar mass is bound in
highly eccentric orbits [Giannios & Metzger, 2011]. During the process, jets are formed that are
detectable in the radio [Zauderer et al., 2011; Cenko et al., 2012]. O [=akis TDEs should also be
visible at radio wavelengths [Generozov et al., 2017].

There are still many questions surrounding TDEs relating to the formation of the jet and their
energy distributions, which observations over several years of a TDE would be able to constrain
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[Generozov et al., 2017]. TDEs are, however, relatively rare when compared to GRBs and neutron
star mergers [Metzger et al., 2015].

Radio Afterglows from Gamma-Ray Bursts (GRBSs)

GRBs are very luminous and energetic bursts of gamma radiation that occur at cosmological
distances. When one occurs— roughly once a day- it will briefly be the brightest source in the
gamma-ray sky. There are two primary categories of GRBs, known as “long” and “short” GRBs,
with the distinction between the two drawn at [2deconds. Short GRBs are created during the
merger process of two neutron stars [Eichler et al., 1989; Abbott et al., 2017]. Long GRBs, on
the other hand, are created by some CC SNe when the core of a massive star collapses to form a
black hole, and two very powerful, beamed relativistic jets are created [Mészaros & Rees, 1997].

The afterglow of a GRB can be observed at radio frequencies when the ejected matter collides
with the surrounding environment, and forms a spherically expanding shell emitting via the
synchrotron process [Frail et al., 1997; Chevalier & Li, 1999]. If the initial GRB beam is not
pointed in the direction of Earth, it is still possible to detect the so-called “orphan” GRB afterglow.
The first candidate orphan afterglow, FIRST J141919+394036, has confirmed an orphan GRB’s
radio emission evolves over a decades-long time scale [Law et al., 2018].

The Tools of the Radio Astronomy Trade

Radio Telescopes Used In This Thesis

In this thesis | have used several radio interferometers to study radio transients and to explore
their technical challenges. We shall highlight the ones used below.

The Low Frequency Array (LOFAR)

The Low Frequency Array [LOFAR; van Haarlem et al., 2013a] is an interferometer located
primarily in the Netherlands, although external stations are located across Europe. LOFAR
operates between 10 MHz and 250 MHz, with the exception of the FM radio band from 80-120
MHz. This split also corresponds with the two dilerknt types of dipole antennas: the low band
antennas (LBA, 10-80 MHz) and high band antennas (HBA, 120-250 MHz). The LBA stations
(Figure 5) consist of 96 dipoles, of which 48 can be actively beamformed (Broekema et al.,2018).
For the HBA, dipoles are in a 4 x 4 tile with an analog beamformer, and are grouped into stations
where each one forms an independent phased array (Figure 6). There are 24 stations in the core
of LOFAR, which are connected via fiber to a central clock, and thus their signals can be added
coherently to form a telescope with a maximum baseline of 3.5 km. The stations in the innermost
350 m are known as the Superterp.

LOFAR is a “software telescope,"with no moving parts, and the radio signals arriving at the
telescope are processed via the correlator for radio imaging. This makes LOFAR an excellent test
case for the feasibility of the technical challenges for future radio telescopes such as the Square
Kilometer Array (SKA), which will be heavily software reliant.

10
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Figuur 5 LOFAR Low-Band Antennas near Exloo, NL.

Figuur 6 Field work on LOFAR antenna CS013 on October 22, 2015, a high band antenna. Each
square contains a low frequency dual-polarization dipole.

11
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Figuur 7 Part of the VLA in New Mexico as seen on a site visit in November 2018, when it was
in D configuration.

The Karl G. Jansky Very Large Array (VLA)

The Karl G. Jansky Very Large Array (VLA) is located 64 kilometers west of Socorro, New
Mexico, USA. The telescope is an interferometer that consists of 27 individual antenna dishes,
each of which is 25 meters in diameter and weighs about 200,000 kg (or 220 tons). A close-up of
a VLA antenna, with part of the full array behind it, can be found in Figure 7.

The VLA antennas sit in three arms in a “Y” shape, and the length of the arms can be changed
by moving the antennas on a rail track with a specially designed locomotive. There are four
principal array configurations, A through D, along with hybrid configurations. A configuration
has the longest baselines, where the telescopes extend over the full 21 kilometer length of each
arm, and corresponds to the highest possible angular resolution observations at a given observing
frequency. In D configuration, on the other hand, all the telescopes are within 0.6 km of the array
center, which translates to a high surface brightness sensitivity. The layout seen in Figure 7 is D
configuration.

The VLA was constructed in the 1970s, and inaugurated in 1980. It was upgraded in 2012,
at which point the expanded VLA was renamed the Karl G. Jansky Very Large Array. As the
upgrade significantly increased the telescope’s sensitivity, to avoid confusion in this work we will
refer to pre-upgrade observations as from the “historic VLA

The VLA is an excellent telescope for transient astronomy due to its sensitivity and resolution.
It has also conducted several surveys of the sky, including the NRAO-VLA Sky Survey [NVSS;
Condon et al., 1998], the Faint Images of the Radio Sky at Twenty-cm [FIRST; Becker et al.,
1994], and the currently ongoing Very Large Array Sky Survey (VLASS). Additional surveys of
smaller areas of sky for transients have also been conducted over the years [see Hodge et al.,

12



Introduction

2011, for one such example]. Further, all VLA data after an initial proprietary period are
publicly available via the National Radio Astronomy Observatory’s archival website. This means
observations from approximately 1980 are accessible, which is an invaluable asset in the study of
long-term transients.

The Australia Telescope Compact Array (ATCA)

The Australia Telescope Compact Array (ATCA) is a radio telescope located a few kilometers
from Narrabri, New South Wales, Australia, which is about 500 kilometers northwest of Sydney.
ATCA consists of six 22 meter antennas, and operates at frequencies from 1.1 to 105 GHz.

ATCA is a very useful telescope for long-term transient projects because it first opened in
1988, and for many years was the only such interferometer in the southern hemisphere. As such,
observations on the long-term evolution of sources such as SN 1987A have been taken since this
source was first visible by ATCA. However, care must be taken for observations from before 2009,
which have much less bandwidth compared to the Compact Array Broadband Backend (CABB;
Wilson et al. 2011) upgrade.

Radio Frequency Interference

Radio Frequency Interference (RFI) corresponds to radio signals of man-made origin detected by
radio telescopes. RFI has been ubiquitous in radio astronomy since its earliest founding experi-
ments, when Oliver Lodge abandoned his e [arts to detect radio waves from the sun due to local
interference, and Karl Jansky reported interference rendered observations at certain frequencies
impossible [Lodge, 1900; Jansky, 1932]. RFI is of major concern in radio astronomy because
man-made signals are typically many times brighter than the celestial signals of interest.

Several frequency bands of interest to radio astronomy are protected by regulation, such as the
21-cm HI line at 1420 MHz. However, as modern radio telescopes have a very large bandwidths,
it is impossible to rely on spectrum management alone, and RFI is an inevitable complication in
observations. For example, the RFI occupancy at LOFAR is 2% in the low band, and 3% in the
high band, and originates from sources such as emergency pagers, radio transmitters, aircraft,
and even reflected signals from windmill turbines [O [rihga et al., 2013a]. Even radio telescopes in
very remote locations are not immune to RFI, as such signals can originate from aircraft, meteor
scatter, or satellites.

In practice, this means all radio telescopes have some processes in place for RFI mitigation.
For smaller data sets, identifying and flagging RFI can be conducted by hand, which is common
for radio telescopes such as ATCA (see Chapter 1). For larger data sets where manual flagging
is unfeasible, RFI detection can be conducted using software. Such software is employed to find
RFI contamination in frequency or time, and can flag sections of data that meet the criteria for
RFI. These automatically flagged sections are then ignored in any further analysis.

This Thesis

This thesis focuses on two broad challenges for radio transient searches:
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Introduction

= What physical processes can we study on di Lerent time scales?

= What technical challenges do we face to identify transients on diLerknt time scales?

These questions are pertinent for several reasons. The first is defined by the physics, and how
the processes that produce radio emission on di [erknt time scales can be vastly di [erknt from one
another. Physics that occurs on short time scales in radio (seconds to months) has been the focus
of much research in the past in the form of pulsars, flaring stars, FRBs, and others. However,
due to the nature of the time scales involved, it is much less understood how events on the scale
of years to decades unfold (supernovae, AGN variability, TDEs, orphan GRBs, etc).

The technical challenges relate to our successful observations of the processes outlined by the
first paragraph. The technical challenges in studying these objects are particularly imperative
to understand the physical results at all radio telescopes, but all radio telescopes and their
instruments are dilerknt and located in unique environments. Considerations can also change
at the same radio telescope over diLerent time scales- one second of interference in a several hour
observation causes minimal issues, for example, but could be enough to ruin the data of someone
searching for brief transients if not properly considered.

With this motivation, the thesis is divided as follows:

Chapter 1 focuses on radio results from the most famous astronomical transient of the 20th
century, SN 1987A. Although our data set covers over 25 years of observations, we will focus
primarily on the most recent observations (2013-2017) during which the supernova entered
a new phase in its evolution in a remnant, in order to understand how changes on shorter
time scales contribute to long term variability. We discover the shockwave from SN 1987A
has left the dense equatorial ring of CSM, and is re-accelerating as it begins to interact with
CSM beyond the dense inner ring.

Chapter 2 continues this trend by focusing on two nearby intermediate aged Type la SNe,
SN 1895B and SN 1972E, and establishing a data set of VLA archival observations covering
> 30 years. We constrain the surrounding CSM to levels consistent with ISM, and shells
> 0.1M —surrounding SN 1972E, which allows us to eliminate several progenitor scenarios
for these la SNe.

Chapter 3 transitions to the technical challenges of transient radio astronomy searches
in the form of automatic RFI flagging algorithms. We discuss the e [edts of RFI flagging
on transient searches such as those undertaken by the LOFAR Transients Key Science
Project, and describe a potential solution for detecting when the flagging algorithms may
be mistakenly flagging genuine transients as RFI.

Finally, Chapter 4 discusses the technical challenges in monitoring for long-term transients
and variability that occur over several years at minimum, by reporting our results for the
monitoring of a catalog of luminous radio sources seen toward galaxies using data from
VLASS and other radio telescope surveys. | also cover the di Lculities in identifying variable
sources hidden amongst more mundane sources on these time scales, and consider how
multiple radio surveys over decades can be used to monitor long-term behavior.
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Future Outlook

As this thesis shows, radio astronomy has now matured as a field to the point where we can study
transient events over decades. This trend will continue to the future as more data are taken over
longer time scales and the sensitivity of radio telescopes improves. The evolution of the transients
that we have studied will also continue: SN 1987A continues to brighten in radio wavelengths, and
is now entering a new phase of its evolution as the shockwave continues to expand into new areas
of CSM. It will continue to be the best picture of the supernova to supernova remnant transition
until a new supernova is detected in our own galaxy. In the case of Type la SNe, we have raised the
guestion as to whether emission may be detected at later times via dedicated observations. VLA
time is secured for a dozen of the nearest la SNE that are 20-120 years post-SNe (project code:
19A-398), which will yield a statistical sample of the environments surrounding intermediate-aged
SNe la for the first time.

The future of radio astronomy will also present its own technical challenges with the next
generation of radio telescopes, such as the Next Generation VLA (ngVLA) and the SKA. As we
increasingly rely on automatic data pipelines to process prodigious amounts of data, automatic
RFI mitigation will play a crucial role. Care will have to be taken to ensure at these stages that
no astronomical signals are flagged that are of interest to the astronomer. Consideration will
also have to be given on how data storage will occur with such large volumes, particularly in the
context of long transient events over many years that rely on data over a long range of time.

In the far future, radio astronomy on the far side of the moon may also eliminate some current
technical challenges in radio astronomy. For example, such a radio telescope would be shielded
from terrestrial RFI by the moon itself. Data collected by the Netherlands-China Low-Frequency
Explorer [NCLE; Jia et al., 2018] — the first radio astronomy experiment on the far side of the
moon, currently ongoing- will hopefully demonstrate the feasibility of such a radio telescope.
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Abstract

We report on updated radio imaging observations of the radio remnant of Supernova
1987A (SN 1987A) at 9 GHz, taken with the Australia Telescope Compact Array
(ATCA), covering a 25-year period (1992-2017). We use Fourier modeling of the su-
pernova remnant to model its morphology, using both a torus model and a ring model,
and find both models show an increasing flux density, and have shown a continuing
expansion of the remnant. As found in previous studies, we find the torus model most
accurately fits our data, and has shown a change in the remnant expansion at Day
9,300 £210 from 2,300 200 km/s to 3,610 240 km/s. We have also seen an increase
in brightness in the western lobe of the remnant, although the eastern lobe is still the
dominant source of emission, unlike what has been observed at contemporary optical
and X-ray wavelengths. We expect to observe a reversal in this asymmetry by the
year [20R0, and note the south-eastern side of the remnant is now beginning to fade,
as has also been seen in optical and X-ray data. Our data indicate that high-latitude
emission has been present in the remnant from the earliest stages of the shockwave
interacting with the equatorial ring around Day 5,000. However, we find the emission
has become increasingly dominated by the low-lying regions by Day 9,300, overlapping
with the regions of X-ray emission. We conclude that the shockwave is now leaving
the equatorial ring, exiting first from the south-east region of the remnant, and is re-
accelerating as it begins to interact with the circumstellar medium beyond the dense
inner ring.
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Hoofdstuk 1 : The Reacceleration of the Shock Wave in the Radio Remnant of
Supernova 1987A

1.1 Introduction

Supernova 1987A (SN 1987A) is the closest observed supernova to Earth since the invention
of the telescope. The initial supernova event was observed on February 23, 1987, and since
then monitoring of the supernova remnant (SNR) at multiple wavelengths has provided crucial
information in understanding the remnant’s evolution [McCray & Fransson, 2016]. The SNR has
been shown to evolve on a time scale of months to years, and its relatively near distance in the
Large Magellanic Cloud ( 50 kpc) has allowed for many details in the structure to be visible.

The progenitor star for SN 1987A, Sanduleak -69°202, was surrounded by an unusual structure
of material, believed to be emitted by the progenitor before the supernova explosion. The most
striking optical feature consists of two outer rings forming an hourglass structure and one dominant
equatorial ring (ER) [Burrows et al., 1995]. The origin of these rings is unclear, but it is thought
they could originate from a binary merger some [20J000 years ago [Urushibata et al., 2018; Menon
& Heger, 2017; Morris & Podsiadlowski, 2009, 2007], or perhaps a fast-rotating progenitor star
[Chita et al., 2008]. These rings became visible during the ionizing flash of photons released by
the supernova event [Burrows et al., 1995], and the ER is located on the shock front boundary
between the HII region of the red supergiant (RSG) progenitor and the RSG free wind [Chevalier
& Dwarkadas, 1995]. The density in the polar directions is thought to be somewhat lower, and
little is known about the region beyond the ER [Chevalier & Dwarkadas, 1995; Mattila et al.,
2010a].

The first radio emission from SN 1987A was detected two days after the supernova event
(February 25, 1987) by the Molonglo Observatory Synthesis Telescope (MOST) [Turtle et al.,
1987]. This emission reached a peak four days after the explosion, then faded below a 30 detection
limit some [200 days after the explosion [Ball et al., 1995]. Emission was then detected again
1,200 days after the supernova event (mid-1990), both with MOST and the Australia Telescope
Compact Array [ATCA,; Ball et al., 1995; Staveley-Smith et al., 1992]. Since then, constant
monitoring in the 9 GHz band shows that the radio remnant has steadily increased in radio
emission, thought to originate from synchrotron emission as electrons are accelerated by the
expanding shockwaves from the original supernova explosion [Ball & Kirk, 1992]. Continuous
multi-wavelength monitoring suggests that the shockwave reached the optical inner ring around
day 5,500-6,500, which corresponded with an increase in observed radio luminosity [Zanardo et al.,
2010].

Recent data at both visible and X-ray wavelengths suggest that the SNR is now reaching the
end of its current phase of passing through the ER. Fransson et al. [2015] reported that the most
dense clumps of the emission region have been fading since Day [8,000, with di[ude emission and
hot spots appearing outside the optical ring around Day [9,300. They predicted that the inner
ring of the supernova will be destroyed by [20P5. In the X-ray, Frank et al. [2016] report that the
0.5-2 keV light curve has remained constant since Day 9,500, and that the south-eastern side of
the ER is fading, which is consistent with optical observations. This suggests that the blast wave
is indeed leaving the ER, and that the SNR is expanding into the surrounding region. Potter
et al. [2014] recently presented a model for radio emission which included the fact that the shock
is expanding above and below the ER.

In this paper, we are interested in the most recent evolution of the SN 1987A radio remnant at
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1.2 Observations and Data Reduction

9 GHz, as part of a series of continuing monitoring [Gaensler et al., 1997; Ng et al., 2008; Zanardo
et al., 2013; Ng et al., 2013]. The most recent observations of the SNR showed a potential break
in the expansion of the remnant, which was perhaps due to a change in emission morphology [Ng
et al., 2013]. Furthermore, a decreasing trend in the east-west surface emissivity of the remnant
was observed, with predictions that the western lobe of the SNR would soon dominate in radio
emission [Ng et al., 2013; Potter et al., 2014]. The eastern side of SN 1987A has always been
brighter in earlier epochs, typically attributed to faster shocks in the east [Gaensler et al., 1997;
Zanardo et al., 2010], which were possibly caused by an asymmetric explosion [Zanardo et al.,
2013]. Ng et al. [2013] first noted the decrease in the ER asymmetry at Day 7,000, which was
attributed to these faster shocks in the east encountering the ER, then slowing down and exiting
the ER faster than shocks in the west. We seek to identify whether these trends have continued,
and also whether there is evidence of the shockwave leaving the ER as was reported at optical
and X-ray wavelengths.

In this paper, we report on the updated radio observations of SN 1987A through Day 10,942
after the supernova explosion, using 9 GHz ATCA data from January 1992 to February 2017. In
Section 3.3.1, we discuss our observations and data reduction. In Section 3, we show our resulting
images, and discuss our analysis of the remnant including Fourier modeling techniques, and the
subsequent results. In Section 4.4 we discuss the physical implications of our results, and compare
SN 1987A to the handful of other spatially resolved radio supernovae.

1.2 Observations and Data Reduction

Our radio observations are part of a continuing ATCA imaging project at 9 GHz of SN 1987A,
which has been bright enough for imaging since Day 1,786 [Staveley-Smith et al., 1993]. These
observations are taken using 6-km configurations only, with typically [I0 hr of on-source time.
This publication covers all observations taken to February 2017 of the source, with observations
prior to 2013 July 18 also discussed by Ng et al. [2013]. Our new observations are summarized in
Table 1.1.

Observations before 2009 in this monitoring campaign were made in two bands centered at
8.512 GHz and 8.896 GHz, respectively, with a usable bandwidth of 104 MHz each. Since the
Compact Array Broadband Backend [CABB; Wilson et al., 2011] upgrade, which enables obser-
vations on 2-GHz bandwidth on each band, we have restricted the analysis of 9-GHz monitoring
data to two 104-MHz sub-bands that match the older observation settings.

The data were reduced using the MIRIAD software package [Sault et al., 1995], first using
standard flagging and calibration techniques, and then implementing self-calibration [see Gaensler
et al., 1997; Ng et al., 2008]. We averaged the visibility data first in one-minute intervals, and
formed intensity maps from the visibility data using a maximum entropy algorithm [Gull &
Daniell, 1978]. Finally, we applied a super resolution technique by restoring the cleaned maps
with a FWHM beam of 0.4"based on the method outlined by Briggs [1994, 1995].
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