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Abstract

Supernova remnants (SNRs) are an important part of the stellar feedback cycle that

regulates star formation and influences the evolution of galaxies. They disperse the

heavy elements formed in the cores of massive stars back into the interstellar medium,

are responsible for forming and destroying large quantities of dust, and are believed

to be the dominant source of Galactic cosmic rays. It is widely accepted that there is

a significant discrepancy between the number of SNRs that have been discovered in

our Galaxy and the number that models predict we should be able to detect at radio

frequencies. This is often referred to as the “missing supernova remnant problem”.

Most of the known Galactic SNR population has been observed in the radio and thus,

discoveries of new Galactic SNRs have historically been driven by the development of

more sophisticated radio telescopes. Improvements in the resolution and sensitivity

of these telescopes allow us to detect smaller and/or fainter sources that likely would

have been missed in previous surveys. Based on our current catalogues, the missing

SNR population is believed to mostly consist of low surface brightness sources and

sources located in regions with complex backgrounds and high concentrations of other

Galactic radio sources, like HII regions. There may also be SNRs located at high

latitudes that have been missed in previous surveys of the Galactic plane.

In this thesis, we present pilot data from the EMU and POSSUM sky surveys,

conducted using the Australian Square Kilometre Array Pathfinder (ASKAP). We

use this pilot data as a test case to assess the capabilities of these surveys to uncover

new SNR candidates and to develop techniques that can be used to search for and

study SNRs with the full surveys as data become available. The results show remark-
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able success as we detect 21 SNR candidates in a field that previously only contained

7 known SNRs. If these candidates are confirmed, this will quadruple the number of

SNRs in this small test field. By comparing our candidates to the known Galactic

SNR population, we demonstrate that ASKAP should be capable of detecting many

of the faint sources that likely comprise the majority of the missing SNR population.

We believe that new SNRs discovered using these surveys will contribute to our un-

derstanding of the Galactic SNR population by allowing us to build a more complete

census and conduct statistical studies of the distribution of SNRs in the Galaxy.
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Chapter 1

Introduction

Supernovae and their remnants play an important role in the formation and evolution

of galaxies. They are responsible for ejecting large amounts of energy and matter

into their surroundings, thereby enriching the interstellar medium (ISM) with heavy

elements and playing an important role in ISM dynamics [1]. Thus, observations of

supernova remnants (SNRs) and their properties are crucial in producing accurate

models of interstellar phenomena, from the relatively small scale studies of molecular

clouds to the large scale studies of galactic evolution.

Within our own Galaxy, we have currently only discovered 300−400 SNRs [2,

3] while various models indicate that we should be able to detect >1000 at radio

frequencies [4]. It is generally believed that this discrepancy is due to limitations in

our observing capabilities, rather than in our understanding of the Galactic supernova

rate or SNR evolution [5–7]. Indeed, while the exact size of the discrepancy is not well

constrained, various modeling approaches agree that a significant discrepancy exists

[4, 8–10]. Part of the solution to this “missing supernova remnant problem” lies in

the detection of new Galactic SNRs using the latest generation of radio telescopes.

Galactic SNRs are most often first observed at radio frequencies, so improvements

in the resolution and sensitivity of these telescopes can drive new discoveries. The

data used in this thesis come from one of these new telescopes, the Australian Square

Kilometre Array Pathfinder (ASKAP) located in Western Australia.
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This chapter will provide a brief overview to the physics governing supernova rem-

nants as well as our current understanding of the Galactic SNR population. Sec-

tion 1.1 outlines the supernova process in which SNRs are formed. Section 1.2

provides a basic introduction to supernova remnant evolution and morphology. In

Sections 1.3−1.5, I describe SNR emission mechanisms across the electromagnetic

spectrum and what we can learn from these multi-wavelength observations, with a

focus on radio emission and how it is used to detect new SNRs. In Section 1.6,

I discuss our current knowledge of the Galactic SNR population, the missing SNR

problem, and how we can attempt to uncover some of these missing SNRs. Section 1.7

covers the role of the ASKAP telescope and the EMU and POSSUM radio sky surveys

in our search for Galactic SNRs. Most of the research conducted for this thesis has

been published in a paper, which is included as Chapter 2. Finally, in Chapter 3 I

summarize our conclusions and plans for future work.

1.1 Supernovae

Supernova remnants are formed in the aftermath of stellar explosions known as su-

pernovae (SNe). SNe are usually classified based on the mass of the progenitor

star and the explosion mechanism. Iron core-collapse supernovae (CCSNe) occur

in massive (≳ 9 M⊙; 1 M⊙ = 2 × 1030 kg) stars when nuclear fusion in the core

becomes insufficient to prevent gravitational collapse [11–13]. In intermediate mass

stars (∼ 8−10 M⊙), core-collapse may occur at an earlier stage in the star’s evolution

due to a process known as electron-capture. In these stars, electrons are captured by

nuclei in the oxygen-neon-magnesium core, decreasing the electron degeneracy pres-

sure that supports the core and resulting in gravitational collapse [14, 15]. In either

of these cases, gravitational collapse will eventually be halted by the repulsive nuclear

strong force, causing the core to rebound and send a shock wave into the infalling

outer layers [16]. This shock loses energy as it propagates outward through the disso-

ciation of heavy elements and the emission of neutrinos. As a result, the shock may
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stall and must be revived through another mechanism [16].

A thermonuclear runaway (or Type Ia) supernova can occur when nuclear fusion

is reignited in a white dwarf. There is not a single proposed progenitor model or

explosion mechanism that can explain all observations of Type Ia SNe and different

subclasses of this type of SN may exist [17]. The most prominent progenitor models

are the single degenerate and double degenerate cases, though other possible progeni-

tor scenarios have been proposed [18, 19]. In the single degenerate scenario, the white

dwarf accretes matter from a larger companion star in a binary system, gaining mass

until it approaches the Chandrasekhar mass limit (∼ 1.4 M⊙) [20] at which point

nuclear fusion is reignited. The double degenerate scenario involves the merging of

two white dwarfs in a binary system which triggers a thermonuclear explosion if the

combined mass exceeds the Chandrasekhar limit. The exact explosion mechanism is

currently not well understood and largely depends on whether white dwarfs explode

at or below the Chandrasekhar limit [17].

Supernovae release huge amounts of energy (∼ 1051 erg) into the ISM. The result

is an expanding shock wave that travels at supersonic speeds and sweeps up gas

and dust, forming what is known as a supernova remnant. To be able to predict

the number of SNRs we expect to be visible in the Galaxy, it is useful to have an

estimate of the Galactic SN rate. CCSNe can occur on much faster timescales than

Type Ia because massive stars have relatively short main sequence lifetimes of only a

few million years. Because of this, in galaxies with active star formation, CCSNe are

much more common [9]. Additionally, only white dwarfs that are in binary systems

where they are able to accrete enough mass to exceed the Chandrasekhar limit will

produce SNe. Thus, the SN rate depends on both the luminosity of a galaxy, which

is related to the number of progenitor stars, and on its Hubble type, which is related

to the galaxy’s ratio of old stars to massive ones [9]. Because we have a reasonable

understanding of our Galaxy’s luminosity and Hubble type, we are able to make a

good estimate of the Galactic SN rate. Based on these properties and observations of
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other galaxies, a supernova is expected to occur in the Milky Way once every 30−50

years [9]. Statistics based on X-ray observations of Galactic SNRs appear to confirm

this with an implied birth rate of 1 every 35 years [21].

1.2 Supernova Remnants

1.2.1 Stages of Evolution

A supernova remnant is formed following a supernova explosion when the cloud of

expanding ejecta, traveling at supersonic velocities, interacts with the circumstel-

lar/interstellar medium (CSM/ISM). This large release of energy forms a shock front

that sweeps up interstellar material and magnetic fields as it travels. As the amount of

swept up mass becomes comparable to the ejecta mass, the shock decelerates. Even-

tually, radiative losses become significant, the shock’s energy is dissipated, and the

remnant merges with the surrounding ISM [22]. The lifespan of an SNR is generally

broken up into the following phases.

Ejecta-Dominated or Free Expansion phase: In this phase, the remnant is able

to expand freely, without significant deceleration, as the mass of the ejecta dominates

over the mass swept up by the forward shock. The speed of the expansion is typically

on the order of ∼10,000 km/s [23]. The swept up material, which is accelerated,

compressed, and heated, pushes back on the ejecta and creates a reverse shock, which

propagates inward in the frame of the expanding shock [24]. Between the forward

shock and the reverse shock lies a contact discontinuity, separating the colder ejecta

from the hotter shocked ISM, as shown in Figure 1.1. Most of the explosion’s kinetic

energy is contained in the freely expanding, cold ejecta [25]. This phase typically

lasts for a few hundred years, though this can vary depending on the density of the

surrounding ISM [23]. SNRs can be difficult to detect in this phase as they are

relatively small.
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Figure 1.1: Schematic view of a supernova remnant. The forward shock expands into
the ISM, sweeping up interstellar material as it travels. The reverse shock travels
back into the remnant and heats the ejecta. CCSNe will also leave behind a compact
object, typically a neutron star, that will initially be found near the remnant’s centre,
though it may travel over time.

Adiabatic or Sedov-Taylor (S-T) phase: Eventually the swept up mass will be-

gin to dominate over the ejecta mass, slowing the shock. The explosion energy is now

mostly contained in the hot, expanding shell [25]. Radiative losses are still insignifi-

cant compared to the internal and kinetic energy of the shell, thus the expansion is

considered to be adiabatic. This is referred to as the S-T phase because the shock

wave can be well-described by a self-similar (Sedov-Taylor) solution [26]. The reverse

shock propagates towards the centre of the remnant and results in the destruction of

large quantities of dust. This phase typically lasts for 20−80 kyrs, though the exact

timescale continues to depend on local ISM conditions [10].

Radiative Pressure-Driven Snowplow: When the shock velocity has deceler-

ated to ∼200 km/s, radiative energy losses increase significantly [25]. This is because
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the drop in the gas temperature allows electrons to recombine to form atoms, pro-

ducing bright optical and ultraviolet emission in the form of recombination lines.

This results in significant radiative losses, cooling the shock wave even further and

resulting in a runaway feedback loop [23, 27]. The cool shell continues to expand,

now pushing a significant amount of ISM material, like a snowplow. This phase is

governed by conservation of momentum, as conservation of energy can no longer be

assumed due to substantial radiative losses [25].

Dissipation or Merging phase: When the blast wave velocity approaches the

sound speed of the surrounding gas, the shock wave slowly disappears, the shell

expands subsonically, and eventually the remnant merges with the ISM [25]. This

typically occurs after around 1 Myrs [23].

The amount of time an SNR spends in each phase mainly depends on the local

environment, particularly the CSM/ISM density and the ambient magnetic field.

Typically, SNRs are detected in the S-T phase, where they spend most of their radio

visible lifetimes [10, 28, 29]. Once a remnant reaches the radiative phase, it is expected

to lose energy quickly and fade, becoming undetectable. While SNRs may not fully

merge with the ISM for 1 Myrs, they typically become undetectable within ∼100

kyrs.

1.2.2 Morphology

Determining the SN origin type of an SNR can be difficult and usually requires X-ray

or optical spectroscopy to probe the ejecta composition [25]. Unless a neutron star or

PWN is found within the remnant, it is generally not possible to infer the SN origin

type from radio observations alone [30]. Therefore, supernova remnants are typically

classified based on a more readily observable property, their radio morphology. There

are four main types of radio SNR morphology:

6



(a) Shell-type
(G327.4+1.0)

(b) Filled-centre
(G328.4+0.2)

(c) Composite
(G326.3−1.8)

Figure 1.2: SNR images demonstrating radio SNR morphologies. These are radio
images of known SNRs from the ASKAP pilot data at a frequency of 933 MHz.

1. Shell-type: These are the most common type of remnant, making up around

80% of the known Galactic SNR population [31]. Because we are seeing a two-

dimensional projection of a spherical shell, the emission appears as a brightened

outer ring with well-defined edges, produced by the shock. These shell structures

are often asymmetric, as in the SNR shown in Figure 1.2a, due to variations in

the surrounding gas density and interstellar magnetic fields [30]. The magnetic

field inside the shell will be strongest where the SNR is expanding perpendic-

ular to the ambient magnetic field and thus, the shell may exhibit a bilateral

structure with brighter emission coming from regions where the magnetic field

is stronger [32].

2. Filled-centre: For these remnants, there is no visible emission coming from the

outer shell. Instead the emission comes from a smaller nebula located within

the SNR, as seen in Figure 1.2b, known as a pulsar wind nebula (PWN, see

Section 1.2.3). This type of SNR can only form when a pulsar is created in a

core-collapse SN explosion. They are the rarest type of SNR, comprising only

3% of the Galactic SNR population [31]. The shell may be absent because it was

never formed, due to a low ambient density, or it may have already disappeared,
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fading into the surrounding ISM [30]. In some cases, the PWN may have already

escaped its host SNR.

3. Composite (or Plerionic composite): As the name suggests, these sources are a

composite of the shell-type and filled-centre type. Both the PWN and the outer

shell are visible at radio frequencies, as illustrated in Figure 1.2c. Around 13%

of known Galactic SNRs exhibit a composite morphology [31].

4. Mixed-Morphology (or Thermal composite): This class of remnants, first pro-

posed by Rho & Petre [33], are sources that exhibit a shell-type morphology

when viewed in the radio and a filled-centre morphology when viewed in X-

rays. These remnants are typically found interacting with molecular or HI

clouds [33]. The cause of this morphology is not well understood, but several

hypotheses have been suggested to explain this phenomenon. One possibility

is that they are remnants expanding in cloudy environments, where the X-ray

emission is produced through the gas evaporated from these clouds [30]. An-

other hypothesis is that while the shell may have cooled so that it is no longer

X-ray detectable, thermal conduction in the hot interior produces “fossil” radi-

ation [33]. According to SNRcat [3], there are 45 mixed-morphology or possible

mixed-morphology SNRs and SNR candidates.

1.2.3 Pulsar Wind Nebulae

A pulsar is a rapidly rotating, highly magnetized neutron star that can be created in

a core-collapse supernova explosion. The pulsar emits a magnetized, relativistic wind

that travels through the slower moving supernova ejecta. This forms a termination

shock where electron-positron pairs can be re-accelerated to relativistic velocities,

producing a synchrotron emitting nebula known as a pulsar wind nebula (PWN) [34].

PWNe appear soon after the creation of the pulsar. We expect young PWNe to

appear in the radio as roughly spherical nebulae located near the center of a shell-
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type remnant. However, in observations of young SNRs, we almost never see both

the PWN and the shell [34].

Initially, the PWN expands supersonically through the cold, unshocked ejecta [35]

and is not influenced by the SN shock. As discussed in Section 1.2.1, the deceleration

of the forward SN shock leads to the formation of a reverse shock, which moves

back through the remnant and heats up the ejecta. Eventually, typically after a few

thousand years [36], the reverse shock will interact with the PWN, compressing the

bubble and producing oscillations. Due to asymmetries in SN explosions, pulsars

are often born with a velocity kick of several hundreds of km/s. As a result, by the

time the reverse shock encounters the PWN, the PWN has usually traveled away

from the remnant’s center. Thus, this interaction typically occurs asymmetrically

and over a period of time, with timescales of up to several kyrs [34]. The oscillations

that are produced in the PWN can impact both its position and morphology, causing

distortions in its previously spherical shape [35]. An example of a PWN that has been

observed to have undergone this type of asymmetric interaction with the reverse shock

of its host SNR, G327.1−1.1, can be found in Temim et al. [37].

After the reverse shock has passed, the pulsar continues to power the PWN, which

continues to expand into the hot shocked SN ejecta, though now at subsonic speeds

[35]. The next phase of the pulsar’s life depends on its velocity and spin down

luminosity [34]. If the pulsar has a high enough velocity, it may have traveled far

enough that it has left behind its original wind bubble, leaving behind what is known

as a relic PWN. In this case it may generate a new, smaller PWN at its current

position [35]. Some pulsars have high enough velocities that they are able to escape

their host SNRs entirely, traveling supersonically through the ISM. This scenario may

produce what is known as a bow-shock nebula, where the pulsar drags a PWN along

with it as it travels, leaving behind a long tail of radio emission.
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Figure 1.3: Diagram of synchrotron emission showing the helical path traveled by
an electron around the magnetic field lines. An observer will only see the radiation
emitted from the particle when the beam is aligned with the observer’s line of sight.
Image by Emma Alexander. (Available from https://commons.wikimedia.org/wiki/
File:Emmaalexander synchrotron.png; CC-BY)

1.3 Radio Emission from Supernova Remnants

SNRs emit across all wavelengths, but they are most readily observed in the radio.

Approximately 95% of the known Galactic SNR population has been observed in the

radio [30]. Part of the challenge of finding new SNRs is distinguishing them from

other radio-emitting nebulae, such as HII regions and planetary nebulae. Luckily,

SNRs and HII regions produce radio emission through different mechanisms so we

can identify SNRs by looking for signatures of nonthermal synchrotron emission. Ex-

tended Galactic radio sources with steeply decreasing spectra and linear polarization

are almost definitely SNRs.

1.3.1 Synchrotron Emission from SNRs

Nonthermal synchrotron emission is created when charged particles moving at rela-

tivistic speeds interact with a magnetic field. The uniform circular motion caused by
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the magnetic field combined with a particle’s velocity along the field lines causes the

particle to move in a helical path around the magnetic field lines [38]. This accelera-

tion results in the emission of photons with frequencies related to the energies of the

particles.

Due to relativistic effects, in an observer’s frame of reference, synchrotron radiation

from a single particle will appear to be beamed in the direction of the particle’s

motion. The observer will only see significant radiation when the particle’s velocity

vector lies within an angle of about 1/γ to the observer’s line of sight, where γ

represents the Lorentz factor [39]. This beaming effect is shown in Figure 1.3. The

pitch angle α̃ refers to the angle between the magnetic field vector and the velocity

vector of the particle. As the particle spirals along the magnetic field lines, the emitted

radiation will be confined within an angle of 1/γ to a “velocity cone” of half-angle α̃

[38].

In supernova remnants, charged particles are accelerated to relativistic speeds

through multiple crossings at the shock front in a process known as diffusive shock ac-

celeration (DSA) or first-order Fermi acceleration [30, 40]. The fast moving particles

generate Alfvén waves, wave-like variations in the magnetic field, that the particles

scatter off of, preventing them from escaping the shock front and allowing them to

reach relativistic speeds [41, 42]. This acceleration mechanism results in an energy

distribution of relativistic electrons that is well-approximated by a power-law distri-

bution [39]:

n(E)dE ∝ E−pdE,

where n(E) represents the number of particles with energy E. This produces emission

that also follows a power-law distribution:

S(ν) ∝ B(p+1)/2ν−(p−1)/2,

where S(ν) is the flux density at frequency ν and B represents the magnetic flux

density [39]. Radio spectra are usually characterized by a spectral index α relating
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the frequency to the flux density as S(ν) ∝ να. The synchrotron spectral index can

then be written:

α = −1

2
(p− 1),

and thus depends only on the particle energy distribution. Most shell-type SNRs

have spectral indices in the range α = −0.5±0.2 [30]. Because most SNRs have steep

synchrotron indices, they are usually much brighter, and therefore easier to detect,

at low radio frequencies.

1.3.2 Polarization

Synchrotron emission from SNRs can be distinguished from thermal radio emission

by its characteristic linear polarization. The polarization state of light describes how

the electric field waves are oriented in space. A set of values known as the Stokes

parameters, I, Q, U , and V , can be used to characterize the polarization state of light.

Stokes I represents the total intensity, StokesQ and U describe the linear polarization,

and Stokes V describes the circular polarization. In particular, Q represents the

degree to which the light is horizontally (Q > 0) or vertically (Q < 0) polarized,

U represents the light’s tendency towards +45◦ polarization (U > 0) versus −45◦

polarization (U < 0), and V describes whether the light is more right-hand circularly

polarized (V > 0) or left-hand circularly polarized (V < 0) [43]. The degree of

polarization P can then be written as [38]:

P =

√︁
Q2 + U2 + V 2

I
.

Polarization can carry information about how the light was created. Synchrotron

emission from a population of particles along a highly-ordered magnetic field should be

linearly polarized, meaning the electric field is confined to a plane along the direction

of propagation. For a single relativistic particle, synchrotron emission is elliptically

polarized. It may be right-handed or left-handed, depending on whether the line

of sight lies just inside or outside the velocity cone [38]. For a population of high-
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energy particles, the distribution of pitch angles is assumed to be isotropic [39]. When

averaging over the distribution of particles (pitch angles), the elliptical components

of the polarization cancel out as the emission cones will contribute equally from both

sides of the line of sight [38]. This results in partial linear polarization.

The degree of linear polarization for a power-law energy distribution of electrons,

as defined in Section 1.3.1, can be written as [39]:

Π =
p+ 1

p+ 7/3
.

Thus, for a typical SNR with a spectral index of α = −0.5 (p = 2), we would expect

the degree of polarization to be around 70%.

In reality, the emission will experience some amount of depolarization as it travels

to the observer. When we are observing within our own Galaxy, these effects can

be quite significant. Particularly of concern to us is differential Faraday rotation. A

linearly polarized wave can be broken down into a right circular polarization compo-

nent and a left circular polarization component. When passing through an external

magnetic field, these components will travel with different velocities. This results in

a rotation of the plane of polarization known as Faraday rotation [38]. The degree of

rotation is proportional to the wavelength squared and thus, depolarization becomes

more significant at low frequencies [39]. The strength of this effect is characterized

by the rotation measure (RM) [39]:

RM = 8.12× 103
∫︂ l

0

NeB||dl,

where Ne represents the electron number density in particles m−3, B|| represents

the parallel component of the ambient magnetic field in teslas, and integration is

performed along the line of sight in units of parsecs. Observations have shown po-

larization of Galactic SNRs can be up to 70% [44]. We are more likely to detect

polarization from sources that are nearby or that are located at a far distance from

the Galactic plane, where the line of sight to the source traverses less interstellar
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material. Because of the frequency-dependence of these effects, we are more likely to

detect polarization when observing at higher radio frequencies.

1.3.3 Studying SNRs in the Radio Band

As discussed, radio observations are a powerful tool for detecting new supernova

remnants, both within our own Galaxy and within other Local Group galaxies. In

addition to making new discoveries, radio observations can be used to study properties

of SNRs and their environments. For example, the most commonly used method for

determining distances to SNRs is through the measurement of neutral hydrogen (HI)

absorption spectra. Additionally, having a larger sample of remnants in the radio

allows for statistical studies to be performed, analyzing population characteristics

such as sizes, distances, ages, and spectral indices [45, 46].

Radio synchrotron emission can be used to study the shock front and its role as a

particle acceleration mechanism, as well as the orientation and strength of interstel-

lar magnetic fields [30]. As an example, while most SNRs have radio spectral indices

around −0.5, consistent with the predictions of DSA, there are clear exceptions that

cannot be accounted for by measurement errors. In particular, young remnants tend

to have steeper radio spectra, while mixed-morphology remnants tend to have flatter

spectra [25]. The causes of these trends are not currently well understood, but these

outliers have prompted further research studying the SNR shock process. Potential

explanations include differences in DSA efficiency, the amount of compression by the

shock, and post-shock turbulent reacceleration [25]. Further insights into the syn-

chrotron process at the shock front may be gained through studying these anomalies.

The magnetic field responsible for producing synchrotron emission in SNRs is the

ambient interstellar field, which is compressed by the shock. The change in rotation

measure across the remnant can be used to determine the orientation of the ambient

magnetic field [32]. The energy from synchrotron radiation is primarily contained in

the kinetic energy of the relativistic particles and in the magnetic field. Thus, if we
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know the approximate energy requirements of a radio-emitting synchrotron source,

we can make an estimate of the magnetic field strength [30]. Overall, radio obser-

vations have been particularly useful for studying SNR shocks and the environments

they interact with, as well as for conducting larger population studies of SNR char-

acteristics.

1.4 Emission from PWNe

PWNe also produce synchrotron emission at radio frequencies. The interaction of the

pulsar wind with the supernova ejecta accelerates particles to relativistic speeds, in a

similar but not identical process to that which occurs at the SN shock front, resulting

in a different particle energy distribution. PWNe typically exhibit broken power-law

spectra with flatter radio indices and steeper X-ray spectra [47]. A “cooling break”

in the spectrum is expected because high-energy synchrotron-emitting particles have

relatively short lifetimes compared to the lifetime of the PWNe. However, the breaks

typically observed in PWNe spectra are not consistent with what is predicted by

synchrotron cooling and thus are not well understood [34, 35]. Most PWNe have

radio spectral indices within the range −0.3 < α < 0.0, though in some cases they

can be as steep as −0.7 [34]. These steep spectra PWNe may have an additional

acceleration mechanism, perhaps related to the reverse shock, that re-accelerates

particles, but this is an open question [34].

As a PWN ages, it is thought that its spectrum shifts from being synchrotron

dominated to being inverse Compton (IC) dominated. When relativistic electrons

collide with low energy photons, they may transfer energy to the photon to produce

X-ray or gamma ray emission in a process known as IC scattering. IC scattering is

the dominant emission mechanism for PWN at high frequencies, and thus this shift

represents a transition towards a gamma ray dominated spectrum [48]. In fact, it

may be possible to classify the evolutionary state of PWNe based on their X-ray to

gamma ray luminosity ratios [49].
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1.5 SNR Emission in Other Bands

While supernova remnants are most often discovered in the radio, they emit across the

entire electromagnetic spectrum. Although observations in other bands are generally

not as useful for detecting new SNRs, they can be used to study SNR properties such

as ejecta composition, dust production, density, temperature, and shock velocity.

1.5.1 Infrared Emission

Supernova remnants produce infrared (IR) emission mostly in the form of thermal

continuum emission from heated dust grains and line emission from large molecules

like polycyclic aromatic hydrocarbons (PAHs). For remnants that are very bright,

synchrotron emission may also be detected at IR frequencies. The dominant emission

mechanism for a particular remnant primarily depends on its evolutionary stage with

emission from older remnants being dominated by line emission and emission from

younger remnants being dominated by thermal continuum [50].

Core-collapse SNe and their remnants are known to produce significant quantities

of dust. SNRs are also believed to be responsible for the destruction of large amounts

of dust, as only a fraction of the dust survives the passage of the reverse shock. The

balance between these processes has important implications for the impact of SNe

on ISM evolution. The amount of dust that survives depends on properties like the

characteristics of the explosion, the size distribution and composition of the dust

grains, and the density of the surrounding ISM. Model predictions can vary greatly

based on these variables from less than 1% to greater than 99% [51–54]. However, it

should be noted that for SNRs in which significant dust masses have been observed,

the dust found has not yet been processed by the reverse shock, indicating that the

reverse shock likely plays a significant role in dust destruction [50]. It is generally

believed that SNe are net destroyers of dust under standard ISM conditions [55, 56].

In addition, most of the dust that does survive is in a relatively cold state [56].
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Most SNRs are not detectable at IR frequencies. Confusion with thermal emis-

sion from the ISM makes the IR detection of Galactic SNRs even more challenging.

Because of this, IR surveys of Galactic SNRs use catalogues of known remnants, dis-

covered in the radio, to search for IR counterparts. These studies have typically found

detection rates of around 20−30%, with detections being more common in younger

SNRs [57–59].

Perhaps the most well-studied SNR in the infrared is the core-collapse remnant

G111.7−2.1, also known as Cassiopeia A (Cas A). Cas A is young (<400 yrs [60]),

relatively nearby, and bright making it an optimal candidate for IR observations. IR

studies of Cas A have been an important link between models of dust formation and

destruction in SNRs and observations [53, 61, 62]. For example, the IR emission from

Cas A indicates that the dust production mostly occurred after the SN explosion, in

the ejecta, and that this dust is mostly composed of silicates [25, 61]. Cas A also

has a developed reverse shock meaning we are able to estimate pre- and post-shock

dust masses and therefore dust destruction efficiency, which Priestley et al. [62] found

to be around 92−98%. These types of findings are important for understanding the

role that core-collapse SNe play in the Galactic dust budget. Generally, observations

indicate that Type Ia SNe are not large producers of dust and that the dust grains

they do produce are largely destroyed by the reverse shock [50].

1.5.2 Optical and UV Emission

Optical and ultraviolet (UV) emission from SNRs, in the form of spectral lines, can

provide valuable information about remnants’ composition and evolutionary state,

and can be used to estimate distances. This line emission comes from both the shock

front itself and the cooling recombination zone downstream from the shock front [63].

There are at least 250 spectral lines in the IR to UV range that have been identified

in SNRs [64]. For older SNRs that have entered the radiative phase, line emission

from shocks plays an important role in cooling. When the primary shock encounters
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denser regions in the ISM, secondary shocks with shorter cooling times are created in

these denser regions [63]. These secondary shocks become radiative and their spectra

contain information about parameters of the shock and the ISM.

SNR line emission typically has a filamentary or clumpy morphology, likely related

to the distribution of dense gas [65]. Non-radiative shocks, shocks for which the

radiative cooling time is long compared to dynamical timescales, appear in the optical

as faint filaments of Hα emission [63]. These filaments are particularly of interest as

the width of the Hα line can be used to obtain measurements of the shock velocity,

which then can be used to obtain distance estimates.

Extinction effects make Galactic observations of SNRs in the optical and UV bands

challenging and generally they are only possible for remnants that are nearby or

located at latitudes far from the Galactic plane. Around 30% of known Galactic

radio SNRs have been detected in the optical [31] and even fewer have been detected

in the UV. Observations show that Galactic SNRs may be most successfully detected

in the UV at high latitudes [66].

1.5.3 X-ray Emission

Approximately 40% of radio SNRs have also been detected in X-rays [31]. X-ray

emission from SNRs can be produced both thermally, from the shock-heated plasmas,

and non-thermally, from the shell in the form of synchrotron emission. The thermal

emission is a combination of bremsstrahlung and line emission. For young remnants,

line emission from alpha-elements (O, Ne, Mg, Si, S, Ar, Ca) and iron-group elements

(mainly Fe, Ni) dominates and can provide useful information about the composition

and spatial distribution of these heavy elements in SN ejecta [67]. Core-collapse and

thermonuclear SN ejecta have different compositions and morphologies, which can be

studied using their X-ray spectra.

For older SNRs, line emission becomes less prominent and X-ray spectra are dom-

inated by emission from the shocked CSM/ISM [67]. The slowing of the shock re-
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sults in cooling of the plasma and therefore the X-ray emission is softer. Eventually

UV line emission dominates, resulting in runaway radiative cooling and the forma-

tion of filaments that are too cool to emit in X-rays. As discussed in Section 1.2.2,

mixed-morphology SNRs are sources that appear to be shell-type in the radio but

centre-filled in X-rays. One possible explanation for this is that the shell has become

too cool to emit X-rays but the shocked ejecta in the interior is still hot enough to

produce thermal X-ray emission.

X-ray synchrotron emission can be produced by PWNe and in the shells of young

SNRs. The maximum energy particles obtain through acceleration at a shock front

may be limited by either time or radiative losses. The corresponding synchrotron

cut-off frequency is said to be either age-limited or loss-limited [68]. Because of this,

high shock velocities (>2000 km/s) are required and only the shells of young SNRs

can produce X-ray synchrotron emission [69].

1.5.4 Gamma Ray Emission

Supernovae and their remnants are believed to be responsible for producing the ma-

jority of cosmic rays (CRs), highly energetic particles moving at ultra-relativistic

speeds, particularly at energies below a spectral feature known as the “knee”, around

1015 eV [70]. DSA at the shock front combined with magnetic field amplification is

believed to be capable of accelerating protons to the necessary velocities [71]. These

high energy protons interact with the ISM to produce pions, which then decay into

gamma rays. Gamma radiation can also be produced through inverse Compton scat-

tering between ultra-relativistic electrons and cosmic microwave photons, a process

that is especially efficient at TeV energies [71]. Around 10% of radio SNRs have been

detected in gamma rays using data from the Fermi Large Array Telescope [72].

The gamma ray spectra of SNRs can be very diverse with spectral shapes largely

influenced by SNR evolutionary state and local ISM density. According to Yuan et

al. [73], in low density environments IC emission dominates the gamma ray spectrum,
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while in high density environments pion-decay dominates. Gamma radiation at GeV

energies is detected in middle-aged SNRs that are interacting with molecular clouds.

This emission is dominated by pion decay and is evidence of the acceleration of CRs

in supernova shocks [71]. At TeV energies, we mostly detect young SNRs that have

also been identified as sources of non-thermal X-ray emission [71].

Observations of the evolution of gamma ray spectra can also be used to study the

DSA process and how acceleration efficiency changes as SNRs evolve [71]. Generally,

acceleration efficiency decreases as the shock slows and the drop in the magnetic field

allows particles to escape [74]. To account for the Galactic CR flux, around 10% of

the SN energy must be converted to cosmic rays, and thus the efficiency of DSA is an

important factor. While observations generally support SNRs as a dominant source

of cosmic rays [75], there are still open questions related to acceleration efficiency and

the maximum energy of shock-accelerated particles [71], whether SNRs truly are the

dominant source of CRs up to the knee and potentially beyond [71, 76], and the role

of line of sight effects when observing in our own Galaxy [76].

1.6 The Galactic SNR Population

1.6.1 The Missing SNR Problem

It is widely accepted that there is a discrepancy between the number of SNRs we have

observed in the Galaxy and the number that are believed to exist [5, 77–79]. This

discrepancy is difficult to exactly quantify due to challenges that arise from observing

sources in the Galactic plane. Specifically, the radio visible lifetime of an SNR varies

depending on local properties of the ISM, particularly the density and magnetic fields.

Radio visibility is also affected by the presence of other radio-bright sources, mainly

HII regions. Quantitative estimates of the size of the Galactic SNR population will

be further explored in Section 2.2.

Based on X-ray observations, the young Galactic SNR population is believed to
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be mostly complete [21]. Thus, we expect the missing SNR population to mainly be

comprised of sources that are old and faint. These SNRs will vary in angular size,

depending on the distance they are located at and the local ISM environment. It

is also likely that we will find sources located at high latitudes, above or below the

Galactic plane, that may not have been covered by previous surveys.

1.6.2 Identifying Galactic SNRs

Galactic supernova remnants are almost always detected in the radio. The biggest

challenge is distinguishing them from other extended Galactic radio sources, most of

which are HII regions. HII regions are clouds of hydrogen that have been ionized

by hot, massive stars, and they can produce strong radio emission through thermal

processes. To distinguish between SNRs and HII regions, we rely on the fact that

they produce radio emission through different mechanisms that have distinct radio

signatures. Generally, SNR candidates are first identified by comparing radio and

mid-infrared (MIR) fluxes. As discussed in Section 1.5.1, most SNRs are not de-

tectable in the IR and those that are detected are usually young and relatively faint.

Contrarily, HII regions contain large quantities of hot dust and large IR-emitting

molecules and are therefore IR bright. Therefore, a lack of IR emission indicates

that a source is probably not an HII region. Additionally, because radio emission

from SNRs is non-thermal synchrotron emission and radio emission from HII regions

is thermal, we can also use polarization and spectral indices to distinguish between

these two types of sources. Further descriptions of how we use these techniques to

identify SNR candidates are provided in Section 2.4.2.

1.6.3 The Distribution of Galactic SNRs

We expect the distribution of core-collapse SNRs to be closely related to the distribu-

tion of young, massive stars and star forming regions. We expect a higher density of

SNRs along spiral arms and that the remnants will mostly be confined to the Galactic
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Figure 1.4: The locations of known SNRs in the Galactic plane. The sizes of the
points are proportional to the radio angular sizes of the SNRs. Data are taken from
Green [2].

plane. Type Ia remnants may be located at further distances, as their progenitors

have had more time to travel through the ISM. From Figure 1.4 we see that indeed

the majority of known remnants are located near the Galactic plane, though there

are outliers at high latitudes. However, it is important to note that selection effects

may also play a role here as surveys of the Galactic plane often do not cover these

higher latitude regions. It is also true that the majority of known remnants are lo-

cated in denser regions, particularly around the Galactic centre. Looking towards the

Galactic centre we have a longer line of sight through the Galaxy, meaning that our

field of view encompasses a larger volume of the Galaxy and thus a higher quantity

of remnants.

Determining Distances to Galactic SNRs

Having accurate distance measurements to Galactic SNRs is highly desirable, as they

can provide information about other physical properties such as size, age, and lu-
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minosity, and allow us to map the locations of SNRs within the Galactic disk. De-

termining distances to remnants is challenging and these estimates are often poorly

constrained. Many different techniques for estimating SNR distances have been ex-

plored as there is no one method that can be applied to every source. The most reliable

technique involves measuring radial velocities and proper motions [25]. The challenge

with this method is that radial velocities are determined through the measurement of

Doppler shifts of hydrogen emission lines and thus require optical observations, which

cannot be obtained for most Galactic SNRs. Radio recombination lines (RRLs) can-

not be used as RRLs from SNRs are expected to be very weak [80] and detection

of RRLs indicates that the emission is likely thermal [6]. When RRLs are used for

finding SNR distances, it is generally to determine the distance to an HII region that

can be shown to be physically associated with the SNR, thus providing an indirect

distance estimate [81].

Distances to Galactic SNRs are most commonly estimated by studying the 21 cm

spectral line, created through absorption by clouds of neutral hydrogen (HI) [82].

The distance to the cloud can be determined through the shift in the absorption line.

If this line is present in the SNR spectrum, then it must lie beyond the absorbing

cloud. If it is not, it must be closer than the cloud. Thus, constraints can be placed

on the locations of SNRs that lie between clouds of HI. However, as warm HI can also

produce 21 cm emission, this technique only works if the SNR is bright enough that

SNR absorption can be distinguished from HI self-absorption.

The radio surface brightness to diameter, or Σ − D, method assumes that the

surface brightness of an SNR (Σ) is related to its physical diameter (D) through

Σ = ADβ

with constants A and β calibrated using SNRs with known distances [83]. The use of

this technique is controversial, however, as SNR properties can be highly variable and

there is a large scatter in the Σ − D data distribution. Additionally, observational
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selection biases may mean that a non-representative sample was used for calibration

[79]. In fact, when compared to more reliable methods, this technique has been shown

to produce an average discrepancy of around 50% [46].

A variety of other techniques have been utilized to estimate SNR distances. These

include HI emission at the shock front, interstellar X-ray or optical absorption, and

association with an object of known distance such as a spiral arm, HII region, or

molecular cloud [25]. All of these techniques can only be applied in the right condi-

tions. As a result, only around half of Galactic SNRs have distance estimates included

in the catalogues [2, 3]. This presents a huge challenge to studying SNRs and their

properties, as well as their distribution throughout the Galaxy. Because we do not

have a complete understanding of the properties of known Galactic SNRs, this limits

our ability to characterize the missing SNR population.

1.7 ASKAP Observations with EMU & POSSUM

This thesis uses data from EMU (The Evolutionary Map of the Universe) and POS-

SUM (The Polarization Sky Survey of the Universe’s Magnetism), radio surveys of the

southern sky that are being observed with ASKAP. EMU is a radio continuum survey

centred around ∼1 GHz that aims to compile a census of radio sources [84]. POS-

SUM is a continuum polarization survey aimed at studying magnetic fields through

the measurement of Faraday rotation measures [85]. The surveys are being observed

commensally and should cover around 60% of the Galactic plane.

New SNR discoveries have generally been driven by technological improvements. In

the northern sky, recent SNR candidate lists have been compiled using the THOR [6]

and GLOSTAR [86] surveys, conducted with the VLA (Very Large Array). The last

significant southern Galactic plane survey was the second epoch Molonglo Galactic

Plane Survey (MGPS-2) conducted using MOST (the Molonglo Observatory Synthesis

Telescope) [78], which uncovered 23 SNR candidates of angular sizes ≥ 5′. More

recently, GLEAM, a low-frequency southern sky survey, was used to perform follow-
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up work on 101 candidates, definitively confirming 10 as SNRs, but this work was

limited by its relatively poor angular resolution of 2′ [87]. The EMU and POSSUM

surveys will offer improved resolution and sensitivity when compared to these previous

southern sky radio surveys, allowing for the detection of smaller and fainter sources.

ASKAP also was designed to have a large field of view and thus a fast survey speed

without sacrificing sensitivity. This is important for detecting old (faint) SNRs as

well as high latitude SNRs that are located at far distances from the Galactic plane.

1.7.1 The Australian Square Kilometre Array Pathfinder

ASKAP is an interferometer comprised of 36 12−meter dishes with baselines of up

to 6 km. An interferometer is a type of telescope that combines the signals from

a set of antennas to produce images with the angular resolution of a much larger

telescope. The angular resolution of a single dish telescope can be approximated

using the Rayleigh criterion as:

θ ≈ λ

D

where λ is the wavelength of light being observed, D is the diameter of the telescope,

and θ is the angular resolution with a smaller value indicating smaller sources can be

resolved. Because radio wavelengths are long, this means large telescopes are required

to achieve a high angular resolution, which presents practical construction challenges.

For an interferometer, the resolution depends on the baseline, the separation between

the antennas, rather than the size of the individual dishes. Thus, we are able to

achieve the resolution of a much larger single dish telescope than we could ever real-

istically build. The main drawback to using interferometers is that, because there are

gaps in the light collecting surface, they do not collect as much light as the single dish

equivalent would. When we observe extended diffuse structures, missing short spac-

ings as a result of incomplete coverage can create negative bowls of emission around

bright peaks [88]. This presents a challenge to our work, in particular to the observa-

tions of large, faint remnants, which appear as extended diffuse sources. One solution
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to this problem is to fill in the missing emission by supplementing interferometer data

with observations from a single dish telescope [89, 90].

Each ASKAP antenna is equipped with a phased array feed (PAF), a checkerboard

of 188 individual receivers. The PAF signals are digitized and combined to simul-

taneously form 36 separate beams [91]. This allows the telescope to collect more

information from each antenna, increasing the field of view and therefore the survey

speed. ASKAP has an instantaneous field of view of around 30 deg2 [91], making it a

particularly effective tool for conducting large-scale, high resolution surveys at a fast

speed.

ASKAP is a relatively young instrument, with pilot observations taking place from

2019−2022 and full operations commencing in late 2022. The data used in this thesis

comes from the second pilot observations of the EMU and POSSUM surveys. The

coverage of our small Galactic pilot field, which we use as a test case for work with

the full data, is shown in Figure 1.5. The full surveys will take place over the next

several years, with data being released as it is collected. We hope that the techniques

and procedures developed in this project will serve as groundwork for future projects

studying SNRs with the full surveys.
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Figure 1.5: Diagram of the Milky Way Galaxy. The shaded region indicates the
EMU/POSSUM pilot field, observed by ASKAP, that will be the focus of this thesis.
Image adapted from NASA/JPL-Caltech/R. Hurt (SSC/Caltech). (Available from:
https://solarsystem.nasa.gov/resources/285/the-milky-way-galaxy/)
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Chapter 2

A Catalogue of Radio Supernova
Remnants and Candidate
Supernova Remnants in the
EMU/POSSUM Galactic Pilot
Field

This chapter has been published as Ball et al. (2023): “A catalogue of radio supernova

remnants and candidate supernova remnants in the EMU/POSSUM Galactic pilot

field”, Monthly Notices of the Royal Astronomical Society, Volume 524, Issue 1,

September 2023, Pages 1396–1421, https://doi.org/10.1093/mnras/stad1953. The

paper is reproduced here with changes made to only the formatting to match thesis

guidelines. Appendices A and B of the paper have been moved to appear at the end

of this work as appendices of the thesis.

2.1 Abstract

We use data from the pilot observations of the EMU/POSSUM surveys to study the

“missing supernova remnant (SNR) problem”, the discrepancy between the number

of Galactic SNRs that have been observed and the number that are estimated to exist.

The Evolutionary Map of the Universe (EMU) and the Polarization Sky Survey of the

Universe’s Magnetism (POSSUM) are radio sky surveys that are conducted using the
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Australian Square Kilometre Array Pathfinder (ASKAP). We report on the properties

of 7 known SNRs in the joint Galactic pilot field, with an approximate longitude and

latitude of 323◦ ≤ l ≤ 330◦ and −4◦ ≤ b ≤ 2◦ respectively, and identify 21 SNR

candidates. Of these, 4 have been previously identified as SNR candidates, 3 were

previously listed as a single SNR, 13 have not been previously studied, and 1 has been

studied in the infrared. These are the first discoveries of Galactic SNR candidates

with EMU/POSSUM and, if confirmed, they will increase the SNR density in this

field by a factor of 4. By comparing our SNR candidates to the known Galactic SNR

population, we demonstrate that many of these sources were likely missed in previous

surveys due to their small angular size and/or low surface brightness. We suspect

that there are SNRs in this field that remain undetected due to limitations set by the

local background and confusion with other radio sources. The results of this paper

demonstrate the potential of the full EMU/POSSUM surveys to uncover more of the

missing Galactic SNR population.

2.2 Introduction

Supernovae and supernova remnants (SNRs) are the most significant sources of chem-

ical enrichment in the interstellar medium (ISM) of our Galaxy. More than half of

the material in the Milky Way has been processed by supernovae and their remnants

[92]. Thus, our knowledge of the Galaxy and its evolution is necessarily informed by

our understanding of the Galactic SNR population.

In this paper we seek to investigate the so-called “missing supernova remnant

problem,” which refers to the discrepancy between the number of SNRs that are

believed to exist in our Galaxy and the number that have been discovered [5, 77–79].

The exact size of the discrepancy is unknown, as accurately quantifying this problem

is challenging due to variations in SNR density and radio visibility across the Galactic

plane. Based on observations of extra-galactic supernovae, we know that in galaxies

like ours a supernova should occur every 30 to 50 years [9]. We can combine this rate
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with the expected SNR radio lifetime to obtain an estimate of the number of SNRs

that should be detectable at radio wavelengths.

The radio-visible lifetime of a supernova remnant is difficult to estimate, however,

as it likely varies based on local conditions and depends on the frequency of the

observations. By studying associations between supernova remnants and pulsars,

Frail et al. [93] estimated the mean radio SNR lifetime to be about 60,000 years.

More recent work has shown that the majority of observed remnants in the Milky

Way and Local Group galaxies are believed to be in the Sedov-Taylor (S-T) phase of

evolution [29]. Thus, in many cases the S-T lifetime may serve as a useful proxy for

the radio visible lifetime with a characteristic timescale of 20−80 kyrs dependent on

the local ISM density [10]. However, adopting these age limits may result in estimates

which are too conservative. Around 25% of known Galactic SNRs with age estimates

are believed to be older than 20 kyrs [3]. Additionally, there have been discoveries of

Galactic SNRs, observable at radio wavelengths, that are well beyond the S-T phase

[44]. In comparing the Sarbadhicary et al. [10] model predictions to observations,

Leahy et al. [94] found the model to be insufficient in reproducing observed radio

emission.

According to Ranasinghe et al. [4], predictions for the total number of SNRs in

the Galaxy should generally be >1000, so we adopt this as a lower limit. We form a

conservative upper limit based on the supernova rate and S-T lifetime and estimate

that at any given time, 1000 to 2700 radio supernova remnants should be detectable

in our Galaxy. So far we have only discovered somewhere in the range of 300 to 400 [2,

3]. We aim to detect some of these missing SNRs and, by studying their properties,

gain further insight into the nature of this discrepancy.

The majority of supernova remnants (approximately 95%) discovered in our Galaxy

have been detected in the radio [30]. Thus, radio observations play an important role

in the search for Galactic SNRs. Because of the limitations in working with radio data

due to the relatively poor angular resolution and sensitivity when compared to obser-
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vations at shorter wavelengths, sources with a small angular size and/or low surface

brightness are more likely to be missed. It is therefore reasonable to expect that these

types of sources may comprise a significant portion of the missing SNR population.

This is especially true in regions of the Galaxy where radio emission is dominated by

thermal sources, such as HII regions, and distinguishing SNRs becomes more difficult.

X-ray observations of young Galactic SNRs are believed to be fairly complete with

an implied Galactic SNR birth rate of ∼1/35 years, consistent with the supernova

explosion rate [21]. Thus, we mostly expect to find old, faint SNRs of varying angular

sizes, dependent on the distance to the source and the local environment.

Confusion with other extended radio sources, particularly HII regions, presents a

significant challenge to confidently identifying SNR candidates. To address this, we

adopt a commonly used methodology involving the comparison of radio and mid-

infrared (MIR) fluxes. This technique has been used by many other Galactic SNR

surveys, as well as in follow up studies of SNR candidates [5, 6, 77, 78, 86, 87,

95]. While SNRs and HII regions often have similar radio morphologies, HII regions

produce strong MIR emission from warm dust and polycyclic aromatic hydrocarbons

(PAHs). Conversely, SNRs have been found to produce little to no MIR emission

[95–97]. The absence of an MIR counterpart is therefore evidence that a potential

SNR candidate is not an HII region.

The Evolutionary Map of the Universe (EMU) and the Polarization Sky Survey of

the Universe’s Magnetism (POSSUM) are radio surveys that will be observed together

with the Australian Square Kilometre Array Pathfinder (ASKAP). Because of the

improved resolution and sensitivity when compared to previous southern sky radio

surveys, such as the MGPS-2 [78], the EMU/POSSUM surveys should be expected to

uncover some of these small and faint sources. Additionally, ASKAP’s large field of

view and good uv-coverage should allow for the detection of old SNRs that are large

with low surface brightness. Here we utilize data from the pilot observations of these

surveys to search for supernova remnants within a small field of the Galactic plane.
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In this paper, we aim to (1) validate the quality of the EMU/POSSUM Galactic

pilot field data by studying the properties of known supernova remnants in the field,

(2) identify new supernova remnant candidates and uncover some of the missing SNR

population, and (3) develop analysis techniques that can be used to study supernova

remnants and search for new candidates with the full EMU/POSSUM sky survey data

as they become available. Descriptions of the data used in this paper can be found

in Section 2.3. In Section 2.4 we present the data and describe how SNR candidates

were identified. We also discuss the known SNRs and their properties. In Section 2.5

we present our SNR candidates and in Section 2.6 we provide some analysis and

comparison to the known Galactic SNR population. The conclusions are summarized

in Section 2.7.

2.3 Methods and Observations

2.3.1 The EMU and POSSUM Observations with ASKAP

We use data from the ASKAP telescope [91], an interferometer with 36 12-meter

dishes equipped with phased-array feeds (PAFs). These data were obtained during

the commissioning phase of the telescope, specifically from the second pilot observa-

tions of the commensal EMU [84, 98] and POSSUM surveys [85, Gaensler in prep.].

These observations use a full 10-hour track having full Stokes with 288 MHz band-

width, centred at 933 MHz. Imaging is performed using ASKAPsoft and the standard

commensal EMU/POSSUM imaging parameter set [84], which produces both a multi-

frequency synthesis (MFS) band-averaged Stokes I image for the EMU survey, and

full Stokes I, Q, U, and V frequency cubes with 1 MHz channels for POSSUM. The

cubes have been convolved to a common resolution of 18” across all PAF beams and

all frequency channels. The observations for this particular pilot II survey field were

observed on 06 November 2021 (Scheduling block 33284). Primary beam correction

in all Stokes parameters are performed using beam models derived from standard ob-
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Figure 2.1: The top image shows the EMU/POSSUM Galactic pilot II field as ob-
served by ASKAP at 933 MHz in total intensity with an angular resolution of 18”.
The bottom image shows the same field in polarized intensity.
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Figure 2.2: Faraday depth spectrum of the pulsar J1551−5310, which is located inside
SNR candidate G328.0+0.7.

servatory holography observations from 20 June 2021 (Scheduling block 28162). The

long period of time between the holography and the observations resulted in a poor

leakage correction, and therefore this field was re-observed on 07 September 2022 (SB

43773). This field was corrected using holography observations from 28 July 2022

(SB 43057). This improved correction mitigates leakage from Stokes I into Stokes Q

and U at around the 1% level or less over most of the field. The top image in Figure

2.1 shows the Stokes I image from the original pilot II observation and the bottom

image shows the same field in polarized intensity (PI). The polarized intensity was

taken from the peak of the Faraday depth (FD) function for each pixel.

For the known supernova remnants and our candidates, we did not use the FD

cube from the POSSUM pipeline, but calculated them ourselves. We used the Q

and U data cubes from scheduling block 43773. Instead of a Fourier transform, we

de-rotated the Q and U data in each frequency channel for each rotation measure

(RM). We probed an RM range from −2000 to +2000 radm−2 with a step size of

1 radm−2. A sample FD function is shown in Figure 2.2. This was taken towards

the pulsar PSR J1551−5310 inside our SNR candidate G328.0+0.7. The RM for this
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pulsar is catalogued by Han et al. [99] to be −1023.3 ± 6.3 radm−2. In our data we

find RM = −1017± 5 radm−2.

2.3.2 Ancillary Data

In addition to the radio data from ASKAP, we utilize images of the same field of the

Galactic plane from two other sky surveys. Comparing radio and mid-infrared (MIR)

fluxes is a commonly used technique for identifying supernova remnants. Thus, we

make use of 12 µm infrared data from WISE (Widefield Infrared Survey Explorer)

[100] with an angular resolution of 6.5” as part of the candidate identification process,

further outlined in Section 2.4.2. We use 12 µm data because it traces emission from

hot dust and PAHs, both of which are expected to be abundant in HII regions [101]

and largely destroyed in SNRs [55]. Pixel values in WISE data are measured in digital

number (DN) units, which are designed for relative photometric measurements [102]

and are sufficient for our purposes.

We use low frequency (198 MHz) data from GLEAM (The GaLactic and Extra-

galactic All-sky MWA survey) [103] to calculate spectral indices for some remnants,

the details of which are provided in Section 2.4.2. The angular resolution of the

GLEAM data (∼169”×149”) is relatively poor compared to the resolution of ASKAP

so while we are able to calculate spectral indices for six of the known remnants, we

can obtain indices with these data for only two of our candidates.

2.3.3 Flux Integration

To calculate total intensity flux densities, we use a combined map that was created

by averaging data from the two ASKAP second pilot observations. This was done to

minimize the effect of background fluctuations.

Because of the complexity of the background, different methods for calculating flux

densities and performing background subtraction were explored. Integrating over ra-

dial profiles using Karma software [104] did not allow us to properly account for
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variations in the background or surrounding bright sources. Attempting to use a

circular aperture to define the source with multiple circular apertures defining the

background, as done by Anderson et al.[6], presented similar challenges and lacked

consistency. Ultimately, flux integration was performed using the Polygon Flux

software, which was developed by Hurley-Walker et al. [87] for the GLEAM survey

to deal with extended sources that have complicated backgrounds. The software cal-

culates the flux density within a chosen region, subtracts user-selected point sources,

and performs background subtraction, allowing the user to select surrounding regions

that should not be included as part of the background.

For each source, the calculations were performed multiple times in order to obtain

a more accurate flux value and an error estimate. Three different definitions of the

background were used to estimate the systematic uncertainty due to flux aperture

definition. The calculations were run using backgrounds defined as 4 to 10, 10 to 16,

and 16 to 22 pixels from the source (with a pixel size of 2”). Additionally, the source

and background selection process was performed at least twice for each source to

account for uncertainties resulting from the definition of the source perimeter. Thus,

the flux density calculations were run at least six times per source. The flux densities

in Table 2.1 were taken as the median values of these calculations and the errors were

determined by the range between the extrema. Instrumental uncertainties in the

fluxes were found to be relatively insignificant compared to the systematic estimates

and were not included.

2.4 Results

2.4.1 The EMU/POSSUM Galactic Pilot Field

Figure 2.3 shows the EMU/POSSUM Galactic pilot II data as observed by ASKAP

and the same field in the mid-infrared as observed by WISE [100]. The field looks

across the Galactic plane, with an approximate longitude and latitude of 323◦ ≤ l ≤
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330◦ and −4◦ ≤ b ≤ 2◦ respectively, along a tangent to the Norma arm and across

several other spiral arms. This gives us a long line of sight through the inner Galaxy,

up to distances of about 18 kpc.

The annotations shown in Figure 2.3 indicate the locations of the known SNRs

(green) and HII regions (blue) within this field as well as the locations of our 21

SNR candidates (white). The known SNRs are taken from the Green [2] radio SNR

catalogue and the HII regions come from the WISE Catalogue of Galactic HII regions

[101]. There are 8 known SNRs in this field, including one that we believe should be

reclassified as multiple sources (discussed further in Section 2.5). One of the known

SNRs lies at the edge of the field and is only partially imaged in the combined map

as shown.

This field was selected in part because it can be broken into two regions that are

visually and meaningfully distinct in both the radio and MIR. The upper left part

of the field looks along a tangent to the Norma arm and thus we see a high density

of HII regions and thermal emission. The lower right part of the field is noticeably

fainter with less background emission and a lower density of HII regions. This allows

us to test our ability to detect SNR candidates in each of these regions. Since we are

primarily expecting to find low surface brightness sources, it is probable that there are

candidates in the upper left region of the Galactic plane that we are unable to detect

due to the high concentration of thermal emission. The locations of the candidates

in Figure 2.3 support this as they are clearly concentrated in areas with fewer HII

regions and less background emission.

2.4.2 SNR Identification and Verification

A supernova remnant is formed in the aftermath of a stellar explosion as the ejected

material expands into the ISM bounded by a supersonic shock wave that sweeps up

interstellar material and magnetic fields as it travels. At the shock front, electrons

are accelerated to relativistic speeds and interact with the magnetic field to produce
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Figure 2.3: The top image shows the EMU/POSSUM Galactic pilot II field from
ASKAP at 933 MHz in total intensity. The bottom image shows the same field in
the mid-infrared from WISE (12 µm). The green circles show the locations of known
SNRs, taken from Green [2]. The blue circles indicate the locations of known HII
regions, taken from WISE [101]. The white circles indicate the locations of our SNR
candidates.
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highly linearly polarized synchrotron emission that is best observed in the radio [105].

A supernova remnant can typically be identified by the distinctive shell-like structure

that is formed through this interaction between the supernova shock and the ISM.

The structural evolution of the remnant will depend on factors like the characteristics

of the explosion, the density of the surrounding ISM, and the ambient magnetic field

[24, 32, 106]. While these factors may result in asymmetries, we generally expect to

see well-defined rounded edges, produced by the shock, with fainter emission coming

from the remnant’s centre.

Here we identify supernova remnant candidates primarily by looking for radio-

emitting shell-like structures that lack clear mid-infrared counterparts. After identi-

fying candidates, we attempt to find further evidence that they are supernova rem-

nants. First, the presence of a young pulsar indicates that a supernova explosion

has recently occurred so spatial coincidence of a candidate with this type of star can

significantly increase our confidence in its classification. Second, radio emission from

SNRs is primarily non-thermal synchrotron emission that can be differentiated from

thermal emission using polarization and spectral indices. Non-thermal synchrotron

emission is associated with a steep negative spectral index and linear polarization

while thermal optically thin free-free emission is associated with a flat, unpolarized

spectrum. As we are observing at relatively low radio frequencies, we can also expect

to find compact HII regions with optically thick free-free emission and steep positive

spectral indices.

Radio and MIR Emission

Comparing radio and MIR fluxes is a commonly used technique for distinguishing non-

thermal SNR emission from thermally emitting sources like HII regions [6, 77, 78, 95].

HII regions produce MIR emission primarily through stochastic heating of small dust

grains and the vibrational and bending modes of polycyclic aromatic hydrocarbons

(PAHs) [107]. Supernovae are known to produce significant amounts of dust and
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SNRs can also produce MIR emission through these thermal processes. However, this

emission is relatively weak. This is in part because most dust (> 90%) found in SNRs

is in the dense, cool gas phase, rather than the X-ray emitting plasmas, resulting in

a spectral energy distribution that peaks at longer wavelengths than studied here

[56]. Additionally, while the supernova shock can heat dust grains, it can also result

in the destruction of a significant amount of dust and large molecules like PAHs

[55]. According to Bianchi et al. [51], only 2−20% of the initial dust mass survives

the passage of the reverse shock, depending on the density of the surrounding ISM.

Therefore, dust emission from SNRs is typically expected to be weak, if it is detectable

at all, and importantly it has been shown that SNRs have significantly lower MIR to

radio flux ratios when compared to HII regions [95, 97]. Thus, while some SNRs do

emit in the MIR, sources that lack MIR emission are unlikely to be HII regions.

We began our search for SNR candidates by comparing the radio data from ASKAP

to MIR data from WISE. The images used can be found in Figure 2.3. Because of the

small size of the field, we were able to perform a detailed search by eye, specifically

looking for shell-like structures in the radio that do not have MIR counterparts. This

was done separately by two of the authors before comparing results. To simplify

the search, we eliminated sources that had already been classified as HII regions.

The WISE Catalogue of Galactic HII Regions [101] was used to identify all known

HII regions in the field. The catalogue was made using 12 µm and 22 µm data from

WISE and includes over 8000 Galactic HII regions and HII region candidates. We use

Version 2.2 of the catalogue, downloaded from http://astro.phys.wvu.edu/wise/, and

include all listed entries. We did not find any sources in our field that we believe to be

HII regions that were not already part of the WISE HII region catalogue. Specifically,

we did not find any new extended sources that were clearly visible in both radio and

MIR. Thus, the radio to MIR comparison was not used to rule out any potential

candidates but instead served primarily as evidence that our candidates are not HII

regions.
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Spectral Indices

Spectral indices can help to differentiate thermal and non-thermal emission. We

assume the relation S(ν) ∝ να where S represents the flux density, ν represents

the frequency, and α represents the spectral index. The synchrotron spectral index

is determined by the power-law energy distribution of relativistic particles which

are accelerated through multiple crossings at the shock front in a process known

as diffusive shock acceleration (DSA) [41, 42]. For a shell-type remnant, linear DSA

predicts a spectral index of −0.5 and observations show that most catalogued Galactic

SNRs have a spectral index within the range α = −0.5 ± 0.2 [108, 109]. However,

there is significant uncertainty in many of the measured values and outliers do exist.

Thermally-emitting HII regions are expected to have flatter spectral indices for op-

tically thin free-free emission, generally around −0.1, or steep inverse spectra, around

+2, for optically thick. Pulsar wind nebulae (PWNe), or centre-filled supernova rem-

nants, tend to have flatter spectra as well, usually within the range −0.3 ≤ α ≤ 0.0,

though in rare cases they can be as steep as −0.7 [34]. PWNe accelerate relativis-

tic particles through a different mechanism, the interaction of the pulsar wind with

the supernova ejecta, which typically results in a flatter particle energy distribution.

Thus, PWNe can be more difficult to distinguish from thermal sources when they do

not have a visible shell component. This is not the only inherent bias against detect-

ing these types of sources as they are also generally smaller and have a less visually

distinct morphology. In fact, only 3% of catalogued Galactic SNRs are shell-less

PWNe [30].

We calculate spectral indices using data from GLEAM [103] for sources that are

large enough and bright enough to be detected in the highest frequency band of the

GLEAM survey. These appear to be sources that are at least 5’ in diameter with

a flux density of around 1 Jy in the GLEAM band. This includes all of the known

supernova remnants in the field but only two of our SNR candidates. The GLEAM
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flux densities were calculated using the method outlined in Section 2.3.3. These

spectral indices can be found in Table 2.1 with errors based on the uncertainties of

the flux densities. Attempts were made to calculate in-band spectral indices with the

ASKAP pilot II data but the uncertainties were too significant to produce meaningful

results. Follow up observations at a second frequency would be valuable in allowing

for the calculation of spectral indices for sources that are not visible in the GLEAM

survey.

Polarization

Detection of linearly polarized radio emission is strong evidence that an extended

Galactic radio nebula is a supernova remnant. SNRs emit highly linearly polarized

synchrotron emission. The degree of polarization can be intrinsically more than 70%.

For the SNR G181.1+9.5, in both the Effelsberg 5 GHz observations and 1.4 GHz

observations with the synthesis telescope at the Dominion Radio Astrophysical Ob-

servatory (DRAO ST), Kothes et al. [44] find polarization of about 70%. G181.1+9.5

is a highly evolved SNR with a highly compressed and very regular magnetic field in

its shell. Conversely, young SNRs typically have much lower intrinsic degrees of po-

larization as they display significant turbulence in their expanding shells. The lowest

polarization observed at a high radio frequency in an SNR is possibly the 2% observed

in SNR G11.2−1.1 at a frequency of 32 GHz [110].

EMU and POSSUM observe at radio frequencies between 800 and 1087 MHz.

At these low frequencies, Faraday rotation strongly affects polarized signals. There

is foreground Faraday rotation in the magneto-ionic medium between us and the

nebula and there may be internal effects inside the SNR’s shell. In the SNR’s shell we

find a mix of synchrotron emitting and Faraday rotating plasmas, which means that

internally the synchrotron emission may be affected by different amounts of Faraday

rotation depending on where the emission comes from within the shell. Integrating

this emission along the line of sight through the emission region may lead to significant
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depolarization. These effects become significantly worse at low frequencies as the

amount of depolarization is inversely proportional to the frequency squared. Faraday

rotation in the foreground ISM may also lead to depolarization, especially if the

foreground path traverses turbulent ionized areas such as HII regions, or even spiral

arms.

Because we are observing at a relatively low frequency, failure to detect polariza-

tion should not be considered evidence that a candidate is not an SNR, especially

considering that many of our candidates are small or faint sources that may be located

at far distances across the Galactic plane. The probability of detecting polarization

from our SNR candidates is higher for high latitude sources, as their foreground likely

does not contain any turbulent ionized regions. SNRs located close to the plane of the

Galaxy may suffer from foreground depolarization caused by overlapping HII regions

in the foreground or parts of a spiral arm between the SNR and us as spiral arms

contain enhanced electron densities and magnetic fields.

Distinguishing between real and instrumental polarization is an additional chal-

lenge. As shown by the polarized intensity data in Figure 2.1, we see evidence of

instrumental effects at the positions of known HII regions. Particularly for bright

sources, we believe that polarization with a smooth structure that closely resembles

what is seen in total power is potentially the result of Stokes I leakage. Polarization

that has a speckled appearance is more likely to be real as this indicates a changing

rotation measure, or intrinsic polarization angle, on small scales. For further evidence

of real polarization, we look for structures that are contained entirely within the SNR

and that appear similar in the polarized intensity and rotation measure maps. Real

polarization from the SNR should be distinct from what is seen in the surrounding

background in intensity and rotation measure.

We detect polarized signal significantly above the noise from all known SNRs in our

field, but we are not convinced that all of it is real. Further details for each source are

provided in Section 2.4.3. Similarly to Dokara et al. [111], we are mostly unsuccessful
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Figure 2.4: Comparing radio and MIR emission from an HII region and an SNR. From
left to right, the top images show an HII region in radio (from ASKAP), MIR (from
WISE), and a combined image with radio in red and MIR in blue. The bottom images
show the same data for a known SNR, G327.1−1.1, and demonstrate the absence of
an MIR counterpart.

in detecting polarization from Galactic SNR candidates. We are only able to detect

what we believe to be real polarization from one of our SNR candidates, G328.0+0.7.

The details of this can be found in the candidate description in Section 2.5.1.

2.4.3 Characteristics of Known Supernova Remnants

As discussed in Section 2.4.2, supernova remnants can be identified by looking for

extended radio sources that lack a mid-infrared counterpart. The top images in

Figure 2.4 show a known HII region that could potentially be misidentified as an

SNR based solely on its radio morphology. The presence of a clear counterpart in
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Figure 2.5: 933 MHz images of the 7 known SNRs with Galactic longitude on the
x-axis and Galactic latitude on the y-axis. For more detailed images with colour bars,
see Appendix A.

the MIR helps to correctly identify this source as an HII region. The bottom images

in Figure 2.4 show a known SNR, G327.1−1.1, and its clear lack of MIR emission.

A small HII region can be seen along the right edge of the SNR images in both the

radio and the MIR, further illustrating this distinction.

There are eight known supernova remnants in the EMU/POSSUM Galactic pilot

II field that appear in the Green [2] catalogue. We believe G323.7−1.0 should be

reclassified as three separate sources so it is discussed under the candidates section.

Our observations of the other seven known SNRs are discussed here. The 933 MHz

ASKAP images of the SNRs can be found in Figure 2.5. More detailed images of the

known SNRs in both radio and MIR, which include coordinate axes and colour bars,

can be found in Appendix A.

G323.5+0.1 This source is a shell-type supernova remnant that lies at the edge of

our field. It is only fully imaged in the ASKAP data at low frequencies so it has not

been studied here in-depth and thus does not appear in Table 2.1. Figure A.1 was

made using a 48 MHz wide channel centred at 823.5 MHz since the source is not fully
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visible in the higher frequency channels. The source overlaps with a bright HII region

that can be seen in MIR.

G326.3−1.8, MSH15−56 This SNR is a composite source, a bright pulsar wind

nebula with a well-defined radio shell. It is the largest supernova remnant in the field

with a size of 38′. Bright filamentary emission can be seen coming from the shell. The

PWN is offset to the west of the remnant’s centre and is elongated in the north-south

direction (Figure A.2). The source is estimated to be at a distance of 3.5 − 5.8 kpc

[4]. There is clear polarization, mostly concentrated around and extending from the

PWN (Figure 2.6a). This can be seen in both the polarized intensity and rotation

measure maps. There is also some polarization coming from the east side of the shell.

We believe all of this polarization is real since it is not smooth and aligns with what is

expected from total power without mirroring it exactly, which could indicate leakage.

It also has a high negative RM and there is almost no polarized emission coming from

the background in this part of the field it could be confused with.

G327.1−1.1 This SNR is another composite source with a bright pulsar wind neb-

ula and a relatively faint shell that is likely missing some short spacings in the ASKAP

data. This is evidenced by the negative bowls of emission, seen in Figure A.3. There

is a bright HII region located to the west of the SNR. The remnant is believed to be

located at a distance of 4.5 − 9 kpc [112, 113], indicating it is likely located within

or near the Norma arm. There is obvious polarization coming from the PWN but no

clear polarization coming from the shell (Figure 2.6b). We believe this polarization

to be real because it is contained entirely within the PWN and is not smooth.

G327.2−0.1 This source is believed to be a shell-type remnant associated with

a young magnetar, J1550-5418, located near its centre [114]. The magnetar has a

characteristic age of 1.4 kyrs and a rotation measure of −1860 ± 20 rad/m2 [115,

116]. Distance estimates for the shell are between 4− 5 kpc [117] while the magnetar
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(a) G326.3−1.8 (b) G327.1−1.1

(c) G327.2−0.1 (d) G327.4+0.4

(e) G327.4+1.0 (f) G328.4+0.2

Figure 2.6: For each source, the left image shows polarized intensity and the right
image shows Faraday rotation measure. The contours are used to indicate the total
power structures.
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has been estimated to be at a distance of 9 kpc [115]. The source lies on a larger

filament of emission that is likely unrelated to the SNR (Figure A.4). While we were

not able to detect any clear real polarization coming from the shell due to confusion

with the background, there does seem to be real polarization coming from the centre

(Figure 2.6c). Specifically, there are two peaks in the rotation measure for the central

point source. We believe the first peak, around −1820 rad/m2, comes from the pulsar

and we speculate that the second peak, around 15 − 30 rad/m2, may come from a

previously undetected pulsar wind nebula.

G327.4+0.4, Kes 27 This shell-type SNR exhibits multiple shell structures and

many internal filaments. There is a small overlapping HII region that can be seen in

both radio and MIR (Figure A.5). HI absorption suggests the SNR is located at a

distance of 4.3− 5.4 kpc [118] while optical extinction suggests a distance of 2.8 kpc

[112]. We detect polarization coming from several parts of the remnant (Figure 2.6d).

We believe the polarization seen along the northeast edge of the remnant to be real

as it is distinct from the total power structure, and thus cannot be leakage, and has

a high positive rotation measure that is distinct from the RM found in the rest of the

image. The polarization in the southeast may be real as well but this is not certain as

the smoother appearance and flatter RM may indicate that it is instrumental. There

is also some polarization near the centre of the remnant that has a high negative RM

and may be real but this is also unclear.

G327.4+1.0 This source is an asymmetrical shell that is brightest along the north-

western edge. There is also some faint central emission with filaments that curve in

the same direction as the shell (Figure A.6). There is potential polarization coming

from the centre of the remnant but it is not strong enough to be definitively distinct

from the background features seen in the south (Figure 2.6e). However, the positive

RM seems to be mostly confined to the source with some extending to the north of
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the remnant. This extension is somewhat mirrored in total power, possibly indicating

that some of this polarization is real but this is not conclusive.

G328.4+0.2, MSH15−57 This SNR is believed to be the largest and most radio

luminous pulsar wind nebula in our galaxy [119]. It has no visible shell but there is a

central bar structure that runs in the southeast to northwest direction (Figure A.7).

It is believed to be located at a distance of over 16.7 kpc [4] placing it along the outer

edge of the Galaxy. The source appears to be polarized but because it is so bright

we believe this is likely the result of leakage. In RM we see two components, a high

negative component and a low positive component. The high negative component

extends over the remnant and has a similar structure to what is seen in PI. The low

positive component seems to be concentrated to the west side of the PWN (Figure

2.6f).

2.4.4 Spectral Indices of Known Remnants

For each of the known SNRs, we calculate a spectral index using the 933 MHz flux

density from ASKAP and the 198 MHz flux density value from GLEAM. These indices

can be found in Table 2.1. Figure 2.7 shows the ASKAP and GLEAM flux densities

calculated in this paper plotted with flux densities taken from Green’s catalogue[31]

and references therein. The spectral indices seen on the plots are calculated using the

slopes of the fit lines, which are made using the literature values as well as the ASKAP

and GLEAM values. We use this second method of calculating spectral indices to

evaluate whether or not the indices found using only the ASKAP and GLEAM data

are reliable.

G326.3−1.8 is a composite source that has been shown to have an intermediate

index (∼−0.3) with a flatter component coming from the PWN and a steeper com-

ponent coming from the shell [120]. The values we obtain are in moderate agreement

with each other and are consistent with the expected value for this source.

49



(a) G326.3−1.8 (b) G327.1−1.1

(c) G327.2−0.1 (d) G327.4+0.4

(e) G327.4+1.0 (f) G328.4+0.2

Figure 2.7: Flux densities of known SNRs. The red and orange data points are the
values calculated in this paper using ASKAP and GLEAM data respectively. The blue
data points represent the flux densities of known SNRs taken from Green’s catalogue
[31] and references therein. 20% errors are assumed if none were given. α represents
the spectral index as determined by the slope of the linear fit.
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G327.1−1.1 is also a composite source that is believed to have an intermediate

index [−0.36, 121]. The flux value we obtain from the GLEAM data appears to be

too low, as demonstrated by the plot, resulting in a spectral index that is likely too

flat. The value obtained from the fit is consistent with what is expected and is likely

more reliable.

G327.2−0.1 is believed to be a shell-type remnant though it is associated with

a known magnetar and could be a composite source. The values we obtain are in

moderate agreement though they have relatively large errors. Both are consistent

with what is expected for non-thermal emission from a shell-type remnant.

G327.4+0.4 is also a shell-type remnant. The values we obtain are not in agreement

though both are consistent with the expected index of a shell-type remnant. The plot

appears to indicate that the GLEAM flux value may be too low.

G327.4+1.0 is a shell-type remnant for which there was previously only one flux

measurement [95] so the spectral index derived from the linear fit may be less reliable.

The values we obtain are consistent with each other and although they are flat for

a shell-type remnant, they are not unreasonable for this type of source. Given that

many of the GLEAM fluxes seem to be lower than expected, and because our fit is

based on only three data points, the spectral index of this source may be steeper than

the values we have calculated here.

G328.4+0.2 is a shell-less PWN that has been shown to have a flat spectral index

[119, 122]. The values we obtain are consistent with each other and with what is

expected for a typical pulsar wind nebula.

While the spectral indices we calculate using these two methods are generally in

agreement with each other and with the expected values for the corresponding SNR

types, many of these values have relatively large errors. The values obtained from

the linear fit should be considered to be more reliable than the values provided in

Table 2.1 as the deviations seem to mostly be the result of lower than expected values

for the GLEAM fluxes, particularly for the fainter remnants. Thus, the spectral
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indices we calculate for our candidates using this data should be viewed with a level

of skepticism. High resolution data at a second frequency will likely be required to

produce reliable spectral indices for the SNR candidates.

2.5 SNR Candidates

The locations of our SNR candidates are indicated in Figure 2.3. Notably, the candi-

dates are highly concentrated in the lower right corner of the image. We believe we

were able to detect more candidates in this part of the field because of the relatively

low density of HII regions compared to the upper left half of the image. This may

seem to contradict what is expected as the true SNR density is likely to be higher

within spiral arms, not away from them. Thus, we believe it is highly probable that

there are faint sources within the Norma arm region of the field that we were unable

to detect due to the high concentration of thermal emission and HII regions.

Data collected for known and candidate supernova remnants is shown in Table 2.1.

Right ascension and declination are determined by fitting an ellipse to the source

using CARTA software [123] and taking the central coordinates of the ellipse. The

sizes of the sources are determined by taking the major and minor axes of these

ellipses.
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Name RA Dec Size Flux Density Surface Brightness Polarization Spectral Index

(J2000) (J2000) [’] [Jy at 933 MHz] [10−21Wm−2Hz−1sr−1] Detected (with GLEAM)

Known SNRs

G326.3−1.8 15:52:59 −56:07:27 38 148± 3 15.4± 0.3 Y −0.27± 0.02

G327.1−1.1 15:54:26 −55:05:59 18 7.3± 0.2 3.4± 0.1 Y −0.1± 0.1

G327.2−0.1 15:50:57 −54:18:00 5 0.50± 0.05 3.0± 0.3 Y? −0.4± 0.1

G327.4+0.4 15:48:23 −53:46:13 21 26.1± 0.4 8.9± 0.1 Y −0.44± 0.01

G327.4+1.0 15:46:53 −53:19:51 14 1.92± 0.07 1.47± 0.05 Y? −0.3± 0.1

G328.4+0.2 15:55:32 −53:17:02 5 15.3± 0.3 92± 2 N/A** −0.1± 0.1

SNR Candidates

G323.2−1.0 15:31:40 −57:23:42 7 0.32± 0.01 0.97± 0.04 N

G323.6−1.1* 15:34:03 −57:21:42 34× 20 N/A N/A N

G323.6−0.8* 15:32:56 −57:02:53 28× 23 < 1 < 0.3 N

G323.7+0.0 15:30:39 −56:19:26 3 0.07± 0.02 1.1± 0.3 N

G323.9−1.1* 15:36:24 −57:08:45 29× 18 < 1 < 0.3 N

G324.1−0.2 15:33:34 −56:13:59 10× 9 0.26± 0.03 0.43± 0.06 N

G324.1+0.0 15:32:37 −56:03:05 11× 7 1.0± 0.1 1.9± 0.2 N −0.3± 0.2

G324.3+0.2 15:32:45 −55:47:45 4 0.120± 0.008 1.13± 0.08 N

G324.4−0.4 15:36:00 −56:14:08 18× 13 0.44± 0.09 0.28± 0.06 N
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G324.4−0.2 15:35:26 −56:04:08 3× 2 0.006± 0.001 0.14± 0.02 N

G324.7+0.0 15:36:06 −55:46:29 4 0.055± 0.005 0.52± 0.04 N

G324.8−0.1 15:37:07 −55:45:03 25× 20 < 1 < 0.3 N

G325.0−0.5 15:39:43 −55:58:29 34× 28 < 6 < 0.9 N

G325.0−0.3 15:39:14 −55:49:52 4 0.19± 0.01 1.7± 0.1 N

G325.0+0.2 15:37:02 −55:26:56 5 0.11± 0.01 0.66± 0.08 N

G325.8−2.1 15:52:03 −56:46:04 36× 30 N/A N/A N

G325.8+0.3 15:41:15 −54:54:26 28 N/A N/A N

G327.1+0.9 15:45:59 −53:32:33 2 0.019± 0.004 0.7± 0.1 N

G328.0+0.7 15:51:41 −53:10:11 8 0.50± 0.06 1.2± 0.1 Y?

G328.6+0.0 15:57:31 −53:22:05 34× 19 3.5± 0.9 0.8± 0.2 N −0.75± 0.06

G330.2−1.6 16:12:32 −53:27:01 9 0.08± 0.02 0.14± 0.04 N

Table 2.1: Known SNRs and SNR candidates in the EMU/POSSUM Galactic pilot II field. Surface brightnesses are given at
933 MHz. Spectral indices are calculated using the 933 MHz flux value from ASKAP and the 198 MHz flux value from GLEAM.
*Currently classified as a single source (G323.7−1.0). **Leakage.
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2.5.1 Characteristics of SNR Candidates

Here we list 21 supernova remnant candidates, three times the number of known

SNRs in this field. We believe some of these sources to be strong SNR candidates

while others are weaker and will require further observations to determine if they are

indeed SNRs. We define the strength of our candidates based on whether or not we

are able to find evidence of other expected SNR properties, such as polarization or a

steep negative spectral index. Only two of the candidates were visible in the GLEAM

data, allowing us to calculate spectral indices, and only one shows clear evidence of

real polarization. The 933 MHz images of the candidates can be found in Figure 2.8.

More detailed images of the SNR candidates in both radio and MIR, which include

coordinate axes and colour bars, can be found in Appendix B.

G323.2−1.0 This source has the morphology of a pulsar wind nebula with a very

faint shell. As shown in Figure B.1, there is an infrared source that overlaps with the

PWN but the IR source has a different morphology and has been identified as a star

by Cutri et al. [0]. The shell is roughly circular and the PWN has a similar shape

to the PWN of G326.3−1.8, but elongated along the east-west axis. This source was

listed as an SNR candidate by Whiteoak et al. [95] but was not confirmed and no

image was provided.

G323.6−1.1, G323.6−0.8, G323.9−1.1 This object is currently classified as a

single source in Green’s catalogue, G323.7−1.0 [78]. The ASKAP observations have

revealed faint filamentary structures that were previously not visible, leading us to

believe that it is actually three separate overlapping sources. As shown in Figure

B.2, there are two brighter, elliptically shaped sources, one located to the north-

west (G323.6−0.8) and the other to the southeast (G323.9−1.1). The third source

(G323.6−1.1) appears to lie behind the other two sources and only a faint south-

western edge can be seen. Because this source is very faint and overlaps with the
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Figure 2.8: 933 MHz images of the 7 known SNRs with Galactic longitude on the
x-axis and Galactic latitude on the y-axis. For more detailed images with colour bars,
see Appendix B.
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other sources, it was not possible to obtain a flux estimate. For the two brighter

sources, only rough upper limits could be obtained for the flux densities. It is unclear

if all three sources are supernova remnants but none of them has an obvious MIR

counterpart.

G323.7+0.0 The source shown in Figure B.3 is a small shell-like structure that is

roughly circular and brightest along the southern edge. There is a small amount of

overlap with a known HII region in the southeast and a larger HII region can be seen

to the northeast. There is some faint MIR emission to the east that could be related

to the radio emission. Since the emission is faint and the relation is not entirely clear,

we include the source in our list of candidates.

G324.1−0.2 This candidate does not have a clear shell-structure but it has a

roughly circular shape with well-defined rounded edges, characteristic of a shock front

(Figure B.4). There are several overlapping point sources and a bright HII region can

be seen in the northwest. There is no clear MIR counterpart.

G324.1+0.0 This source was originally identified as an SNR candidate byWhiteoak

et al. [95] but an image was not included. Green et al. [78] have also listed it as a

candidate and provided an image but there was insufficient evidence for it to be

included in the Green [2] catalogue. The source, seen in Figure B.5, is an elliptical

shell, elongated in the east-west direction, with the brightest emission coming from

the north and a fainter shell visible in the south. Multiple HII regions can be seen

in the image and there is some overlap between the SNR candidate and HII regions

in the northwest and northeast. This candidate is visible in the GLEAM data and a

spectral index of −0.3 ± 0.2 was determined. The index indicates the emission may

be nonthermal but the uncertainty is too large to be conclusive. Because this source

has been studied previously and has a very clear shell-like morphology, we believe it

should be classified as an SNR.
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G324.3+0.2 The source shown in Figure B.6 has a shell structure that is almost

perfectly circular, with some brightening towards the southeast. Based on the distinct

morphology and clear lack of an MIR counterpart, we believe this candidate should

be classified as an SNR. A large, bright HII region can be seen to the west of the

source.

G324.4−0.4 In Figure B.7 we see an elliptical shell with brightening along the

southwest edge. There are many overlapping point sources and a couple of known

HII regions located to the northeast. There is overlapping emission in the MIR but

nothing that clearly mirrors the shell structure seen in the radio.

G324.4−0.2 The source shown in Figure B.8 is a very small, faint shell-like struc-

ture with an overlapping point source. It is located just north of G324.4−0.4 and can

also be seen in Figure B.7. There is no obvious MIR counterpart.

G324.7+0.0 This candidate is a partial shell that arcs in the southern direction

with no clear northern counterpart though some faint emission can be seen extending

north from the southern shell (Figure B.9). There is a bright overlapping point source

in the east. Several bright point sources can be seen in the MIR but the shell has no

counterpart.

G324.8−0.1 As shown in Figure B.10, this source consists of faint filaments that

form a large ellipse. The source overlaps with G324.7+0.0 and with a large HII region

in the northeast. Because of this overlap, only a rough upper limit could be obtained

for the flux. The rounded filaments do not appear to have an MIR counterpart.

G325.0−0.5 This candidate, shown in Figure B.11, is composed of filaments that

form a roughly elliptical structure. Many overlapping sources can be seen, including

G325.0−0.3 and several HII regions. A long filament, which can be seen in MIR
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and is thus likely thermal, runs from the northeast to the southwest. The filaments

that form the edges of the ellipse are not visible in MIR. Because of the overlapping

emission, only an upper limit could be obtained for the flux.

G325.0−0.3 This candidate was originally identified by Whiteoak et al. [95] (with

no image) and later studied by Green et al. [78] who provided an image but the source

is not included in the Green [2] catalogue. In Figure B.12 a clear shell structure can

be seen that is brightest to the east. A filament of emission can be seen to the east

of the candidate but it is likely thermal and unrelated. The candidate has no MIR

counterpart. Based on our observations and the previous studies, we believe this

source should be classified as an SNR.

G325.0+0.2 This source consists of roughly circular emission that is brightened to

the west where the edge of the source is the most well-defined (Figure B.13). A bright

overlapping point source can be seen to the east. Emission can be seen in the MIR

but it does not have the same rounded structure as the radio source.

G325.8−2.1 This object is composed of very faint filaments of emission found to the

southwest of the bright known SNR G326.3−1.8. As shown in Figure B.14 the source

overlaps with negative bowls of emission, likely caused by missing short spacings.

The filaments can be seen most clearly in the southeast but some faint structures are

also visible in the northwest. This source is only visible because it is located at a far

distance from the Galactic plane and there is little thermal emission. The source was

too faint to obtain an estimate of the flux density.

G325.8+0.3 This candidate is composed of rounded filamentary structures that

can be seen to the north and southeast in Figure B.15. The source overlaps with

a large HII region and many point sources. Missing short interferometer spacings

generate a negative bowl around these strong emitters. Because of this, and because
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Figure 2.9: 933 MHz ASKAP data, 12 µm WISE data, and 24 µm MIPS data for
G327.1+0.9.

the filaments are so faint, we were unable to obtain a flux estimate for the source.

G327.1+0.9 This candidate is a small, roughly circular source that appears to have

a brightened shell-like edge to the east (Figure B.16). This is our smallest source with

a size of 2’ and we believe that this marks the approximate lower size limit of sources

in which we would be able to detect a shell-like structure, given the resolution of our

data. This source appears in Gvaramadze et al. [0] in their table of 24 µm nebulae

compiled using data from the Multiband Imaging Photometer for Spitzer (MIPS).

There is a circular MIR nebula at 24 µm (diameter of 1.6′) with a total flux of 1.4

Jy [0], with a compact source in the infrared visible at the centre. Since there is no

counterpart at the WISE 12 µm image (see Figure 2.9, F12 < 0.05 Jy), the source

meets our criteria for a candidate. However, Gvaramadze et al. [0] identify this source

as a possible wind driven bubble around a Wolf-Rayet (WR) star. The dusty nebulae

around WR stars can be bright at 22 µm and relatively faint at ∼ 12 µm, with

spectroscopy studies suggesting that most emission toward WR nebulae at ∼ 12 µm

comes from material along the line of sight [e.g., 0]. Since the winds from Wolf-Rayet

stars can be detected in the 1.4 GHz radio continuum [e.g., 0], this candidate could be

a dusty WR nebula. However, G327.1+0.9 is an extended shell-like radio source and
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Figure 2.10: Total power, PI, and RM maps for G328.0+0.7 with total power contours
to indicate where emission overlaps. The green circle indicates the location of the
young pulsar, which is polarized and has a high rotation measure.

the radio emission from Wolf-Rayet winds is typically centrally peaked and does not

extend much further than 1000 stellar radii [0]. In this case we propose that there are

three possible explanations for G327.1+0.9. The first would be a late stage HII region

produced by the central Wolf-Rayet star. The second would be a planetary nebula

[0]. Finally, it could be the SNR of a supernova that exploded in a binary system.

Follow-up polarimetric observations at high radio frequencies with ATCA should help

to solve this mystery, as only the SNR would show linearly polarized radio emission.

G328.0+0.7 The source shown in Figure B.17 is composed of roughly circular emis-

sion with a well-defined edge that is brightest in the northern part of the shell. There

is a point source located near the centre of the candidate that coincides with the

location of the known young (∼ 37 kyrs) pulsar J1551−5310 [0]. Several HII regions

can be seen in the south. There is possibly polarization associated with the northwest

edge of the shell but it cannot be definitely differentiated from the background emis-

sion, as shown in Figure 2.10. We do see clear polarization coming from the central

pulsar with a rotation measure of −1017± 5 rad/m2, consistent with the catalogued

value of −1023.3± 6.3 rad/m2 [99]. Because of the possible association with a young
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pulsar and detectable polarization, we believe this source should be classified as a

supernova remnant.

G328.6+0.0 This source was observed by McClure et al. [118] and is listed by

Green [2] as an SNR candidate but it does not appear in the actual catalogue. Here

we see elongated filaments that form a roughly elliptical shape, which could be two

separate sources (Figure B.18). There is a well-defined shell-like edge in the southwest

and less defined shell-like filaments in the northeast. There are several overlapping

HII regions and an unidentified bright point source located near the geometric centre

of the southwest arc that may be polarized. The very bright source to the northwest

of the image is G328.4+0.2. This source is visible in the GLEAM data and a steep

negative spectral index of −0.75 ± 0.06 was determined, indicating the emission is

likely nonthermal. We believe this source should also be classified as a supernova

remnant.

G330.2−1.6 This source, shown in Figure B.19, is very faint but it is located at a

far distance from the Galactic plane making it detectable. It has a clear circular shell-

like structure with little to no emission coming from the centre and no obvious MIR

counterpart. The filamentary emission seen in the southeast appears to be unrelated

and may instead be a radio galaxy, with a bright core, two external bright spots, and

internal lobes, indicating jet precession.

2.6 Discussion

2.6.1 Estimating the SNR Density of the Galactic Disk

Based on our estimate of the size of the Galactic SNR population, we can roughly

estimate the theoretical SNR surface density of the Galactic disk. Since most SNRs

should be found within the star-forming disk, we assume a Galactic radius of 12.5

kpc, which encompasses 95% of the stellar mass of the Milky Way disk [0]. We
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estimate that the Milky Way should have at least 1000−2700 radio-bright SNRs. This

corresponds to an average Galactic SNR surface density between 2.0−5.5 SNRs/kpc2.

We can compare this range of values to the density of known Galactic SNRs. The

University of Manitoba’s SNRcat [3] currently lists 383 SNRs and SNR candidates.

Of these, 369 have been detected in the radio. Thus, the Galaxy has an average

known SNR surface density of only 0.75 radio-bright SNRs/kpc2.

To gain further insight into the missing SNR population, we can analyze how the

known SNRs are distributed within the Galaxy by quadrant. Quadrants I and IV look

towards the Galactic centre and encompass a larger, but denser, part of the Galactic

plane. Quadrants II and III look away from the Galactic centre with shorter lines of

sight and less emission. The known SNR surface density distribution can be broken

down by quadrant as follows:

• Quadrant I (0◦ ≤ l < 90◦): 0.74 SNRs/kpc2

• Quadrant II (90◦ ≤ l < 180◦): 1.23 SNRs/kpc2

• Quadrant III (180◦ ≤ l < 270◦): 0.63 SNRs/kpc2

• Quadrant IV (270◦ ≤ l < 360◦): 0.72 SNRs/kpc2

We see that Quadrant II has a noticeably higher density of known SNRs than the other

quadrants. It is likely higher than Quadrants I and IV because SNRs in Quadrant II

are closer (on average) and there is less thermal emission in this direction. Quadrant

II is also relatively well-surveyed which may explain why it has a higher density of

known SNRs than Quadrant III.

The EMU/POSSUM Galactic pilot II field (323◦ ≤ l < 330◦) has 7 known SNRs

giving it an SNR surface density of 0.34 SNRs/kpc2, around a factor of 2 lower than

the Quadrant IV average. To achieve the theoretical average Galactic SNR density

of 2.0 − 5.5 SNRs/kpc2 we would need to find 34 − 106 new SNRs in this field. If
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we include our 21 SNR candidates, the density of known SNRs is brought up to 1.36

SNRs/kpc2, which is comparable to the SNR density we see in Quadrant II.

2.6.2 The Known Galactic SNR Population

Figure 2.11 shows how the angular sizes and flux densities of our SNR candidates

compare to the known Galactic SNR population, not including the candidates for

which we were unable to determine a reliable flux density. This plot was made using

data from Green’s catalogue [2], omitting sources where no flux estimate was given.

It should be noted that 1 GHz flux densities are provided in Green’s catalogue and

our 933 MHz values were not adjusted to this frequency since we do not have spectral

indices for most of the candidates. However, given the small frequency difference rela-

tive to the scale of the plot, the changes in the positions of the points are insignificant,

even for sources with steep spectra.

The shaded regions of the plot indicate what we estimate to be the limits of what

can be detected with our data. The minimum size was chosen to be 2’ as this is the size

of our smallest source and we believe it would be difficult to detect shell-like structures

for smaller sources given the 18” resolution. The minimum surface brightness was

based on an estimate of the minimal thermal noise (taken to be σ = 40 µJy/beam),

though variations across the image likely set different limits for different regions. The

grey dotted lines in the plot represent the σ and 3σ surface brightness limits. Because

we are studying extended sources, rather than point sources, we are able to detect

sources below the theoretical thermal noise limit.

Our results support that there is likely still a large population of undetected su-

pernova remnants within our Galaxy. Figure 2.11 demonstrates that many of our

candidates are smaller and fainter than most known SNRs. This may be evidence

that some of the missing SNR population was missing because it was previously un-

detectable. Improvements in the angular resolution and sensitivity of radio telescopes

should then allow for the detection of some of these SNRs in future sky surveys. It
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Figure 2.11: Sizes and flux densities of our SNR candidates compared with the known
SNR population as a function of quadrant (data from Green’s catalogue [2], sources
without flux estimates omitted). The “Known SNRs” are the six SNRs that are
fully imaged in our field. The “Candidates” are the 18 SNR candidates listed in this
paper for which we were able to obtain flux estimates. Note that for some candidates
the error bars are too small to be visible and others have arrows to indicate that
the values should be taken as upper limits. The dashed lines are lines of constant
surface brightness. Shaded regions indicate the approximate limits of what we believe
we should be able to detect with ASKAP at this frequency. The grey dotted lines
represent the σ and 3σ thermal noise limits.
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may be that improvements in angular resolution are more important as the techno-

logical surface brightness lower limit is approaching the limit set by the background

emission [6, 7]. However, future improvements in angular resolution may also have

limited impact in Galactic SNR observations. Given that we have shown we are ca-

pable of detecting shell-like structures in sources as small as 2’, even at the farthest

Galactic distances within this field (∼18 kpc) we should be able to detect sources with

linear sizes as small as 10 pc. Based on observations of other Local Group galaxies

[28, 0] and given that X-ray observations of young (small) Galactic SNRs are believed

to be fairly complete [21], it is unlikely that there are many undetected sources be-

low this size limit. Thus, any remaining missing SNRs in this field are most likely

obscured by superimposed radio-bright sources, particularly HII regions.

The impact of background emission on SNR detection can be further demonstrated

by the fact that we were not able to detect new sources in the brighter part of the

field that we believe to be associated with the Norma arm. In fact, almost all of

our candidates are in the lower right corner of the field, as shown in Figure 2.3.

Theoretically, there should be a higher density of supernova remnants within and

near spiral arms. If we compare the bright upper left half of the image to the lower

right half, including our candidates the former has an SNR density of ∼1 SNR/kpc2

while the latter has a density of ∼2 SNRs/kpc2, which is the theoretical lower limit we

derived in Section 2.6.1. While the actual SNR density should be higher in the upper

left half, we find the observed SNR density to be higher in the lower right half. This

indicates there is likely still a population of SNRs within the bright part of the field

that we were unable to detect. Further, this demonstrates the impact of background

emission in setting detectability limits and supports that technological improvements

in sensitivity may no longer be as effective for detecting new radio SNRs in these

types of regions.
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2.7 Conclusions

In this paper we used pilot data from ASKAP to study the known supernova remnant

population in a small field of the Galactic plane. We also found 21 SNR candidates,

three times the number of known SNRs in this field. Of the candidates, 13 have

not been previously studied, 4 have been studied as SNR candidates, 3 classed as a

single SNR, and 1 studied as an MIR nebula. For most candidates, observations at a

second, ideally higher, frequency are required to confirm the sources as SNRs as these

observations would likely provide more information about polarization and spectral

indices.

The results of this paper demonstrate the potential for the full EMU/POSSUM

surveys, taking place over the next few years, to fill in some of the missing Galactic

supernova remnant population through the detection of small and/or faint sources.

We were able to detect sources that seem to have been missed in previous surveys due

to their small angular size and/or low surface brightness. Comparing the properties of

our candidates to the known Galactic SNR population further supports this. Future

work using ASKAP data to expand upon the size of the surveyed Galactic field will

likely detect more of these types of sources, allowing for a better characterization of

the Galactic SNR population. In this field we have uncovered approximately 1 new

SNR/kpc2. The full EMU/POSSUM surveys will cover roughly 60% of the Galactic

plane meaning they could hypothetically uncover around 300 new SNRs. However, it

is important to note the impact of background emission and the challenges we faced

in detecting low surface brightness SNRs in complex regions. Because a significant

portion of the surveyed area will be in the direction of the Galactic centre, it is

unlikely that we will be as successful in these denser, brighter fields.

The missing supernova remnant problem and the size of the Galactic SNR popula-

tion remain difficult problems to exactly quantify. While technological advancements

have continued to lead to new SNR detections, there is likely a population of SNRs
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that will never be observed due to detection limits set by the local background. Esti-

mates of the size of the Galactic SNR discrepancy should then exclude these types of

sources as they may be considered undetectable. In future work we hope to further

explore this problem, utilizing the full EMU/POSSUM surveys to study variations in

SNR detectability across the Galactic plane.
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Chapter 3

Conclusions and Future Work

3.1 Conclusions

While the missing SNR problem remains difficult to exactly quantify, there are clearly

still Galactic SNRs left to be discovered. Historically, these discoveries have been

driven by technological advancement and the invention of better radio telescopes.

Based on our results, this appears to still be the case. In this work we have shown that

ASKAP is capable of detecting many new SNR candidates in the southern sky, sources

that probably would not have been detected with previous instruments. However,

we may be reaching the point where improvements in radio telescopes will be less

effective for detecting new Galactic SNRs. The resolution of telescopes like ASKAP,

MeerKAT, and the VLA are good enough that we should be able to detect all but

the smallest, and thus youngest, Galactic SNRs. As the young SNR population is

believed to be mostly complete, future improvements in angular resolution may have

limited impact.

We expect the remaining missing SNRs to have low surface brightness, as bright

sources have most likely already been discovered. This is consistent with our find-

ings in this work, as our candidates have relatively low surface brightnesses when

compared to the rest of the Galactic SNR population. This is clearly evidenced in

Figure 2.11. These faint sources are challenging to detect, particularly in regions

with complex backgrounds. Most Galactic SNRs should be created in core-collapse
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SNe, meaning we expect to find them near regions of active star formation, and thus

within a high concentration of HII regions. As we demonstrate here, most of our

candidates are located in the faint part of our field, even though we expect the true

SNR density should be higher in the bright part. This indicates that the complexity

of the background may now play an important role in determining what is detectable.

Confusion from the diffuse background emission is also likely to make future detec-

tions more challenging. It may be that with instruments like ASKAP, detections of

high latitude, probably large and faint, SNRs become more common, as confusion

with the Galactic background is less of an issue. ASKAP is well-suited to observing

these types of sources due to its large field of view.

3.2 Future Work

In this thesis, we used pilot data from ASKAP to demonstrate its capabilities for

detecting new SNR candidates. In future work, we aim to apply the methods devel-

oped for this project to the full EMU/POSSUM surveys. We hope that with the new

data we will be able to make better use of polarization and spectral indices as tech-

niques for SNR identification, potentially utilizing data in a second frequency band,

as collected by POSSUM. With these surveys, we should be able to help build a more

complete census of the Galactic SNR population through the detection of low surface

brightness, and possibly high latitude, sources. Identifying a larger sample of sources

will allow us to conduct statistical studies of the distribution of SNRs in the Galaxy

and their environments. This should help to refine parameters and models that go

into the SNR radio evolutionary simulations. It will also help to tie SNRs to regions

of star formation and the distribution of massive stars in our Galaxy. Understanding

these factors may help to put constraints on our estimates of the missing Galactic

SNR population.

It is also important to acknowledge that some Galactic SNRs will never be detected

because of where they are located in the Galactic plane. SNRs in regions with high
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densities of thermal emission, and particularly those located near the Galactic centre,

will be difficult, if not impossible, to detect. Thus, it is important that our predictions

of the number of radio-detectable SNRs account for this. Putting better constraints on

SNR distances and thus locations, possibly using HI data, will help to develop these

models. Perhaps data from WALLABY, an HI sky survey being conducted with

ASKAP, could be useful in this endeavor. Ultimately, an improved understanding

of the locations of known SNRs will allow us to better characterize their sizes, ages,

luminosities, and the relationships they have to their surrounding environments. This

will not only help us to understand the known SNR population but also allow us to

make better predictions about what kinds of Galactic SNRs are missing from our

surveys and the reasons why.
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[17] Z.-W. Liu, F. K. Röpke, and Z. Han, “Type Ia Supernova Explosions in Binary
Systems: A Review,” Research in Astronomy and Astrophysics, vol. 23, no. 8,
082001, p. 082 001, Aug. 2023. doi: 10.1088/1674-4527/acd89e. arXiv: 2305.
13305 [astro-ph.HE].

[18] W. Hillebrandt and J. C. Niemeyer, “Type IA Supernova Explosion Models,”
Annual Reviews of Astronomy & Astrophysics, vol. 38, pp. 191–230, Jan. 2000.
doi: 10.1146/annurev.astro.38.1.191. arXiv: astro-ph/0006305 [astro-ph].

[19] D. Maoz, F. Mannucci, and G. Nelemans, “Observational Clues to the Progen-
itors of Type Ia Supernovae,” Annual Reviews of Astronomy & Astrophysics,
vol. 52, pp. 107–170, Aug. 2014. doi: 10.1146/annurev-astro-082812-141031.
arXiv: 1312.0628 [astro-ph.CO].
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[0] M. Güdel, “Stellar Radio Astronomy: Probing Stellar Atmospheres from Pro-
tostars to Giants,” Annual Reviews of Astronomy & Astrophysics, vol. 40,
pp. 217–261, Jan. 2002. doi: 10.1146/annurev.astro.40.060401.093806. arXiv:
astro-ph/0206436 [astro-ph].

[0] A. Ingallinera et al., “High-resolution Very Large Array observations of 18
MIPSGAL bubbles,”Monthly Notices of the Royal Astronomical Society, vol. 463,
no. 1, pp. 723–739, Nov. 2016. doi: 10.1093/mnras/stw2053. arXiv: 1609.00003
[astro-ph.GA].

[0] G. Hobbs et al., “The Parkes multibeam pulsar survey - IV. Discovery of 180
pulsars and parameters for 281 previously known pulsars,” Monthly Notices
of the Royal Astronomical Society, vol. 352, no. 4, pp. 1439–1472, Aug. 2004.
doi: 10.1111/j.1365-2966.2004.08042.x. arXiv: astro-ph/0405364 [astro-ph].

[0] R. N. Manchester, G. B. Hobbs, A. Teoh, and M. Hobbs, “The Australia Tele-
scope National Facility Pulsar Catalogue,” The Astronomical Journal, vol. 129,
no. 4, pp. 1993–2006, Apr. 2005. doi: 10.1086/428488. arXiv: astro-ph/0412641
[astro-ph].

[0] J. Binney and E. Vasiliev, “Self-consistent models of our Galaxy,” Monthly
Notices of the Royal Astronomical Society, vol. 520, no. 2, pp. 1832–1847,
Apr. 2023. doi: 10.1093/mnras/stad094. arXiv: 2206.03523 [astro-ph.GA].

[0] K. S. Long et al., “The Chandra ACIS Survey of M33: X-ray, Optical, and
Radio Properties of the Supernova Remnants,” The Astrophysical Journal
Supplement, vol. 187, no. 2, pp. 495–559, Apr. 2010. doi: 10 . 1088 / 0067 -
0049/187/2/495. arXiv: 1002.1839 [astro-ph.GA].

84

https://doi.org/10.1111/j.1365-2966.2010.16496.x
https://doi.org/10.1111/j.1365-2966.2010.16496.x
https://arxiv.org/abs/0909.0458
https://doi.org/10.1088/0004-6256/139/4/1542
https://doi.org/10.1088/0004-6256/139/4/1542
https://arxiv.org/abs/1002.4421
https://doi.org/10.1051/0004-6361/201525706
https://arxiv.org/abs/1503.06878
https://arxiv.org/abs/1503.06878
https://doi.org/10.1146/annurev.astro.40.060401.093806
https://arxiv.org/abs/astro-ph/0206436
https://doi.org/10.1093/mnras/stw2053
https://arxiv.org/abs/1609.00003
https://arxiv.org/abs/1609.00003
https://doi.org/10.1111/j.1365-2966.2004.08042.x
https://arxiv.org/abs/astro-ph/0405364
https://doi.org/10.1086/428488
https://arxiv.org/abs/astro-ph/0412641
https://arxiv.org/abs/astro-ph/0412641
https://doi.org/10.1093/mnras/stad094
https://arxiv.org/abs/2206.03523
https://doi.org/10.1088/0067-0049/187/2/495
https://doi.org/10.1088/0067-0049/187/2/495
https://arxiv.org/abs/1002.1839


Appendix A: Known Supernova
Remnants

This appendix is a reproduction of Appendix A from Ball et al. (2023). In Figures A.1

to A.7 we present images of the known SNRs in the EMU/POSSUM Galactic pilot II

field. Here we show the 933 MHz radio images from ASKAP, the same region in the

MIR at 12 µm using data from WISE, and a composite image with radio emission

shown in red and MIR in blue.

Figure A.1: G323.5+0.1
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Figure A.2: G326.3−1.8

Figure A.3: G327.1−1.1

Figure A.4: G327.2−0.1
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Figure A.5: G327.4+0.4

Figure A.6: G327.4+1.0

Figure A.7: G328.4+0.2
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Appendix B: Supernova Remnant
Candidates

This appendix is a reproduction of Appendix B from Ball et al. (2023). In Figures B.1

to B.19 we present images of the SNR candidates in the EMU/POSSUMGalactic pilot

II field using the same format described in Appendix A. These are sources that do

not appear in the Green [2] radio SNR catalogue.

Figure B.1: G323.2−1.0
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Figure B.2: G323.6−1.1, G323.6−0.8, G323.9−1.1

Figure B.3: G323.7+0.0

Figure B.4: G324.1−0.2
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Figure B.5: G324.1+0.0

Figure B.6: G324.3+0.2

Figure B.7: G324.4−0.4
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Figure B.8: G324.4−0.2

Figure B.9: G324.7+0.0

Figure B.10: G324.8−0.1
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Figure B.11: G325.0−0.5

Figure B.12: G325.0−0.3

Figure B.13: G325.0+0.2
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Figure B.14: G325.8−2.1

Figure B.15: G325.8+0.3

Figure B.16: G327.1+0.9
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Figure B.17: G328.0+0.7

Figure B.18: G328.6+0.0

Figure B.19: G330.2−1.6
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