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Abstract

The study of Supernova Remnants (SNRs) is fundamental to understanding the chemical

enrichment and magnetism in galaxies, including our own Milky Way. In an effort to

understand the connection between the morphology of SNRs and the Galactic Magnetic

Field (GMF), we have examined the radio images of all known SNRs in our Galaxy

and compiled a large sample that have an axisymmetric morphology, which we define to

mean SNRs with a bilateral or barrel-shaped morphology, in addition to one-sided shells.

We selected the cleanest examples and model each of these at their appropriate Galactic

position using two GMF models, one of which includes a vertical halo component, and

another that is oriented entirely parallel to the plane. Since the magnitude and relative

orientation of the magnetic field changes with distance from the Sun, we analyze a range

of distances, from 0.5 to 10 kpc in each case. Using a physically motivated model of

an SNR expanding into an ambient GMF that includes a vertical halo component, we

find it is possible to reproduce observed morphologies of many SNRs in our sample.

These results strongly support the presence of an off-plane, vertical component to the

GMF, and the importance of the Galactic field on SNR morphology. Our approach also

provides a potentially new method for determining distances to SNRs, or conversely,

distances to features in the large-scale GMF if SNR distances are known.

The mechanism for acceleration of cosmic rays in SNRs is another outstanding question

in the field. To investigate this, the same sample of axisymmetric SNRs was again

modelled, but this time using two competing, and physically motivated, Cosmic Ray
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Electron (CRE) acceleration cases: quasi-perpendicular and quasi-parallel. We find

that the quasi-perpendicular CRE acceleration case is much more consistent with the

data than the quasi-parallel CRE acceleration case, with G327.6+14.6 (SN1006) being

a notable exception. We propose that SN1006 may be an example of a case where both

quasi-parallel and quasi-perpendicular acceleration is simultaneously at play in a single

SNR.
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1. Introduction

1.1. Motivation

Supernova explosions are some of the most significant and transformative events in our

Universe. Understanding SNRs, the remains of these explosions, is fundamental to

understanding the chemical enrichment and magnetism in galaxies, including our own

Milky Way. SNRs are an extremely important component of the Interstellar Medium

(ISM); they energize the ISM and compress its magnetic field. Shaped by energetic

supernova explosions in the Circumstellar Medium (CSM) or the ISM, SNRs provide a

powerful tool to study the intrinsic properties of the explosion and the environment in

which they are expanding. Since the radio emission from SNRs originates primarily from

synchrotron radiation of relativistic particles in the presence of compressed magnetic

fields, radio observations are particularly useful for probing their magnetic fields and

connection to the Galaxy (see Reynolds et al., 2012 and references therein for a review).

We know that magnetic fields are ubiquitous in space, playing what must be crucial,

but often poorly understood, roles in many astrophysical processes such as solar flares,

stellar evolution, galaxy dynamics, and even the evolution of the universe. Humans have

been familiar with the concept of magnetism for thousands of years, yet it is only in

the last couple centuries that we have begun to understand it! Today, magnets play a

significant, but often invisible, role in our every day lives that is much more than notes

on refrigerators: speakers, motors, medical imaging (MRI) and computer memory all

use magnets. SNRs represent some of the most extreme environments in the universe,
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with conditions unlike anything we can duplicate on Earth. It is here, that particles are

accelerated close to the speed-of-light and then speed through space as cosmic rays, some

finding their way to Earth. Magnetic fields play a critical role in cosmic ray acceleration,

though the exact mechanisms remain unclear.

In this thesis the radio emission from SNRs is modelled in an effort to understand the

magnetic field in these objects. To this end, the emission is modelled in the context of

the Milky Way Galaxy. This is accomplished by using existing models of the ambient

density and ambient magnetic field of the Milky Way Galaxy, which includes directional

dependence that comes from the geometry of our Galaxy. A SNR can then be created in

a particular direction and at a particular distance by “blowing a bubble” in the ambient

medium at that location. Then, the radio emission can be simulated and compared to

actual data.

The goals of this research are to understand the 3D geometry and strength of magnetic

fields and distribution of CREs, particularly in SNRs, but also more generally in the

Milky Way Galaxy and also to understand the connection between the magnetic fields

in SNRs, the GMF, and the Galaxy’s dynamics. This research focuses on the important

intersection of comparing models and observations.

1.2. Axisymmetric SNRs

The analysis in this thesis focusses on a subclass of SNRs, referred to as the bilateral or

barrel-shaped, which are characterized by a symmetry axis (also referred to as “axisym-

metric” by some authors) that divides two opposing limbs of radio emission (see Figure

2.4 for examples). Many SNRs exhibit this distinctive appearance and several authors

have proposed a connection between this characteristic morphology and the Galactic

magnetic field (GMF) (e.g., Gaensler 1998; van der Laan 1962; Whiteoak and Gardner

1968) and cosmic ray density (e.g., Bocchino et al. 2011; Petruk et al. 2009; Reynoso

et al. 2013). An open question in SNR research is whether the magnetic field of the
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Galaxy plays a significant role in the morphology of these axisymmetric SNRs or if local

variations and the magnetic field of the progenitor star are dominant.

A historical view, first proposed by van der Laan (1962, see also Whiteoak and Gardner

1968), is that a SNR that is expanding in a relatively uniform magnetic field will sweep

up and compress the field where the expansion is perpendicular to the field lines. Re-

gions where the field is more compressed will produce higher intensity radio synchrotron

emission and thus these regions are responsible for the appearance of the bright limbs.

Kesteven and Caswell (1987) suggested that the majority of SNRs would have this barrel

shape and that distorted remnants were the result of an inhomogeneous ISM. Further

to this, Orlando et al. (2007) show that asymmetries in bilateral SNRs can be explained

by gradients of ambient density or magnetic field strength. Thus we consider unilateral

SNRs (ones observed with a single well-defined limb, e.g., G024.7–00.6, or ones having

two limbs with one much brighter than the other, e.g., G127.1+00.5) as having their ori-

gin from the same processes as the bilateral type. We therefore include as axisymmetric

those objects where we can draw a line across the image, to separate two approximately

symmetric structural forms, even if the intensity of those forms differs. As such, we

consider for this study SNRs where the structure on one side of the symmetry axis is

quite faint.

Gaensler (1998) pointed out that some early studies (Leckband et al. 1989; Manch-

ester 1987; Shaver 1982; Whiteoak and Green 1996) concluded that there was no clear

relationship between the angle of the axis of bilateral symmetry and the Galactic plane

(hereafter called the bilateral axis angle, ψ). Gaensler’s analysis used a tightly con-

strained sample of bilateral SNRs to conclude that there was a significant tendency for

the bilateral axes of these SNRs to be aligned with the Galactic plane. However, even

with a somewhat restrictive selection criterion, which constrained the sample to 17 bi-

lateral SNRs, some are still significantly misaligned. One prime example is G327.6+14.6

(SN1006), which is perhaps the cleanest and most distinct example of an SNR with
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bilateral symmetry, and which is rotated almost 90° to the direction of the Galactic

plane.

These previous studies were selective in their sample of axisymmetric SNRs, and in

the modelling they did not account for an off-plane, vertical component of the Galactic

field. The work reported here scrutinizes radio images of all known SNRs in our Galaxy,

providing a more objective and complete sample of axisymmetric SNRs, and makes use

of the most comprehensive GMF model to date. In addition to the magnetic field, we

also examine the impact of several different CRE distributions, including an isotropic

CRE distribution, and the so-called quasi-parallel and quasi-perpendicular distributions,

which are commonly considered in the literature.

In this modelling, we account for complexities such as varying Galactic latitude, which

will introduce a projected component that is perpendicular to the line of sight, and the

effect of an intrinsic vertical GMF component. We find that these additions are very

important for a global analysis of the morphology of axisymmetric SNRs. We also in-

vestigate the global effects on SNRs in the context of the GMF at varying longitudes.

Using a global sample of SNRs there is the suggestion of a correlation between the bilat-

eral axis angle, ψ, and the orientation of the Galactic magnetic field. This relationship

has the potential to reveal important information on the Galactic field as Kothes and

Brown (2009) have previously suggested. For example, the presence of a reversal will

imply an abrupt change in ψ. This is because the field model includes sign flips in the

spiral component of the disk field, which alone would not change the morphology of the

SNR, but when added to the smooth toroidal component, the total field orientation (not

just the sign) changes. This in turn implies an abrupt change in ψ. This also gives

a potential new method to place constraints on distances to SNRs; in particular those

at Galactic longitudes where the direction of the magnetic field, and thus the model

SNR morphology, is changing rapidly along the line-of sight. SNRs, whose distances are

known, could also be used to place constraints on distances to features, such as reversals,
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in the GMF.

1.3. Outline of this thesis

The thesis is organized as follows:

Chapter 2 gives an overview of what we know about SNRs in our Galaxy, including the

various classifications. The selection of the sample used for the analysis in this

thesis is also discussed.

Chapter 3 discusses the relevant background material needed to understand the details

of the thesis. This includes mechanisms of radiation relevant to SNRs, which

includes synchrotron emission and polarization. A literature review of magnetic

fields both in SNRs and the Galaxy, and of CRE distributions is also presented.

Chapter 4 describes the details of the modelling used in this thesis, including the Ham-

murabi code and the coordinate transformation method used to create the SNR

bubble.

Chapter 5 presents the results of comparing the models to data for the three CRE

distributions: isotropic, quasi-parallel, and quasi-perpendicular.

Chapter 6 presents a case study of the bright, historical-type SNR, G327.6+14.6 (SN1006).

Chapter 7 gives the conclusions and describes future work.
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2. SNRs in the Galaxy

A supernova is the catastrophic explosion of a massive star that results in a total reorga-

nization of the stellar matter. The conditions within these explosions represent extremes

of temperature and density not studied in a laboratory.

Supernova explosions are divided into two broad categories based on their spectra and

light curves. The first category of supernovae, the so-called Type Ia explosions, which

are thought to be caused by the explosion of a white dwarf in a binary system, will

disrupt the star totally. These explosions do not produce a compact object (pulsar or

neutron star). The second category, which is thought to be the explosion of a massive

star (greater than about 8 solar masses) called core-collapse events will leave behind a

compact object. To the present date, a total of 6,320 supernova explosions have been

observed and recorded by the International Astronomical Union Central Bureau for

Astronomical Telegrams. Almost all of these have occurred in external galaxies; in the

last 1,000 years, only six events have been observed and recorded within the Milky Way

Galaxy as shown in Table 2.1.

The explosion itself is assumed to release about 1051 ergs of kinetic energy into the

ISM as first calculated by Ohyama (1963) and later by Tucker (1970), and is based

on theoretical calculations that make assumptions about the total power released by

the oxygen and carbon layers of the exploding star. See also more recent simulations

by Herant et al. (1994) and Fryer (1999). This energy ejects matter that expands at

velocities on the order of 5,000 km/s for core collapse events to 10,000 km/s for Type
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2. SNRs in the Galaxy

Figure 2.1.: Observational examples of the SNR types. Far left: SN1006, shell-type.
Data is VLA radio (red), Chandra soft X-ray (cyan) and Chandra hard X-ray
(purple). Image credit: J. West. Centre: SNR G326.3–01.8, composite-
type. Data is MOST radio (cyan) and ROSAT X-ray (purple). Image
credit: J. West. Far right: The Crab Nebula (SN1054), PWN . Data is
Chandra X-ray (purple), Hubble Optical (green) and Spitzer Infrared (red).
Image credit: NASA. X-ray: NASA/CXC/ASU/J.Hester et al.; Optical:
NASA/ESA/ASU/J.Hester & A.Loll; Infrared: NASA/JPL-Caltech/Univ.
Minn./R.Gehrz

Ia explosions (Reynolds et al., 2012). The explosion sets up a shock wave that sweeps

up matter as it expands into the surrounding ISM. The object is now called a SNR. As

the SNR continues to age and expand it will undergo several distinct evolutionary stages

that are described in Appendix A. Eventually, after about 106 years, the material will

cool and return to equilibrium with its surroundings.

SNRs consist of either one or both of two main components: a shell, which is thought

to be the shock wave propagating through the ISM and a Pulsar Wind Nebula (PWN)

(also called a plerion) that is confined to a small region around the central compact

object (see Figure 2.1).

According to supernova catalogues (Ferrand and Safi-Harb, 2012; Green, 2009), there

are 378 known SNRs in the Galaxy (Ferrand and Safi-Harb, 2012, as of 16/01/21).

More than half of these are known to be shell type remnants and about 50 are purely

PWNe with no shell component (referred to as filled-centre). The remainder are either a

combination of both types (referred to as plerionic composite and/or thermal composite)
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Table 2.1.: Historical supernova remnants (data from SNRcat, Ferrand and Safi-Harb,
2012)

Designation l(◦) b(◦) Date Distance (kpc) Height (kpc) Type

SN1006 327.6 14.6 1006 1.6-2.2 0.6 shell
Crab 184.6 -5.8 1054 1.5-2.5 0.2 PWN
SN1181
(3C58)

130.7 3.1 1181 2-3.2 0.43 PWN

Tycho 120.1 1.4 1572 1.7-6 0.15 shell
Kepler 4.5 6.8 1604 3-6.4 1.2 shell

or their type is uncertain (unknown type) due to insufficient observations. The thermal

composites exhibit thermal X-ray emission in the SNR interior, but lack the shell seen

at radio wavelengths.

This thesis will focus on the shell-type SNRs, with the inclusion of composite-types

(including plerionic and thermal composites) with a clearly defined shell component.

Observations used for comparisons will be primarily at radio wavelengths. The physics

of PWNe is dominated by the close proximity of the neutron star and is entirely different

from the shell-type SNRs and therefore, PWNe are not suitable for this study.

2.1. Evolutionary phases of SNRs

This section is based on material that can be found in Dyson and Williams (1997).

In a supernova explosion, a rapidly expanding shell of hot gas is ejected into space.

This expanding gas collides with the surrounding interstellar medium and sets up a

shock front as the surrounding gas is swept-up and compressed. Commonly, several

simplifying assumptions about the explosion are made:

1. An instantaneous release of energy. This is verified by modelling, which predicts

timescales for core-collapse events on the order of a few tenths of a second.

2. A spherically symmetric shock wave. This assumption may not be true as asym-

metries are seen observationally in many SNRs. However this may be due in part to

point 3, below.
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3. The shell is expanding into a uniform medium. We know this assumption is not true

in many cases, however for the development of the analytical theory it is reasonable. Non-

uniformities result in perturbations to the symmetrical structure and may be explored

numerically.

SNRs evolve through a number of phases as the shock wave decelerates. Initially the

shock is in free-expansion, which lasts for the first 1,000 years or so (depending on the

ambient density) of the SNRs lifetime and is a time period when the shock velocity

remains constant. As the shock begins to slow, the SNR enters a phase known as the

Sedov phase, which can be described by the Sedov-Taylor point blast-wave solution

(Korobeinikov, 1991; Sedov, 1959). This phase is also called the adiabatic phase; the

total energy remains constant since the cooling timescale is very long and the SNR is

not yet losing energy through radiation. As the SNR ages to the point where the cooling

timescale becomes important, the SNR will lose energy by radiating. This phase is

known as the radiative or “snow-plow” phase, where the total momentum is conserved

and the shock has become isothermal.

Figure 2.2 shows the parameters of mass, radius, and shock velocity plotted as a

function of time for the first 40,000 years (see Appendix A for further details) and for

an ambient density, ρ0 = 1.67 × 10−24 g cm−3 (n0 ≈ 1 cm−3), which is typical of the

ISM. The plots illustrate a number of points. First, from the mass plot it can be seen

that the swept up mass increases quickly during the free-expansion phase and it becomes

dominant after a short time. Once the SNR enters the Sedov phase, the swept-up mass

is already several times larger than the initial ejecta mass. Thus in the models, it is

a reasonable approximation to ignore the ejecta mass and consider only the swept-up

mass. We can also see the characteristic radius of a SNR in the Sedov phase ranges

from 5 to 20 pc, which is a useful parameter for the modelling. The velocity plot is a

useful reference when considering quantities, like temperature, that depend on the shock

velocity.
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As can be seen from these plots, the Sedov phase has a long duration (∼ 1, 000−30, 000

years) relative to the total lifetime of a SNR, which is on the order of 100,000 years. As

a result, a large proportion of SNRs will be in this phase and thus it is justified to focus

on this phase for the modelling.

2.2. Selection of the axisymmetric sample

This thesis examines the extent to which the SNR morphology and radio synchrotron

emission are related to the regular component of the GMF that has been compressed by

the SNR shock wave. Hence, for the initial analysis only the cleanest and most clearly-

defined shells are included. These are cases where the shell morphology is more likely not

to be significantly altered through interaction with local enhancements in surrounding

gas, turbulence in the GMF, nor influenced by a pulsar or a PWN. In order to examine the

appearance of the SNRs, we have searched the literature and data archives to collect the

best-available radio images of all SNRs, excluding the pure shell-less PWNe; i.e., those

that are classified as any type other than the filled-centre type as defined by Ferrand

and Safi-Harb (2012)1 and Green (2014). This is a total of 293 objects (see Table B.1 in

Appendix B). All radio images are compiled in a companion website, Supernova remnant

Models & Images at Radio Frequencies (SMIRF)2 and also in Appendices B, C, and D.

In Table 2.2 the numbers of SNRs of each type are summarized. This table represents

the up-to-date numbers at the time of this writing; however the website is dynamic and

classifications and exact counts of SNRs of various types are subject to change.

The focus is on radio data for the physical reason that we are dealing here with

synchrotron emission from ∼GeV electrons. The inclusion of X-ray data complicates the

analysis since there is the possibility of confusion between the thermal X-ray emitting

population and non-thermal emission from particles having TeV energies. In addition,

1SNRcat: http://www.physics.umanitoba.ca/snr/SNRcat/
2SMIRF: http://www.physics.umanitoba.ca/snr/smirf/
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Figure 2.2.: Radius, mass, and shock velocity plotted as a function of time for the first
t = 4×104 years. These plots have been calculated using an explosion energy
of E∗ = 1051 ergs, an initial expansion velocity of Vs = 5, 000 km s−1, and
an initial mass density ρ0 = 1.67 × 10−24 g cm−3. The various phases are
colour coded: Phase I: free expansion (blue), Phase II: Sedov (green), Phase
III: radiative (red). The solid line represents the behaviour of the SNR while
the dotted line is the extrapolation of the other phases to earlier/later times.
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due to the availability of large scale radio surveys, there is more complete sample of SNRs

that are relatively consistent in quality. In the case of X-ray data, in many cases there is

no data available (or the data has very poor sensitivity) and where high quality data is

available, it often covers only a portion of the SNR. The only cases where the X-ray data

should be taken into consideration are those where it can be shown to be non-thermal.

There are only four such cases in our sample that have non-thermal X-ray emission:

G001.9+00.3, G028.6–00.1, G156.2+05.7, and SN1006 (Ferrand and Safi-Harb, 2012,

and references therein).

In the cases of G028.6–00.1 and G156.2+05.7 the X-ray emission is diffuse and does

not exhibit the same bilateral morphology that is observed in radio. On the other hand,

G001.9+00.3 and SN1006 are both very young and their X-ray emission does have a

clear bilateral morphology. Thus these SNRs deserve special consideration and both are

discussed later on in Chapter 6. G001.9+00.3 is the youngest in the sample and has the

peculiar property that the brightest areas of X-ray and radio emission are anti-correlated.

Thermal composite-type (also called mixed-morphology), plerionic composite-type,

and unknown-type SNRs are considered, but with caution since these objects may involve

more complex physics due to the presence of a central compact object and/or local

enhancements of the ISM.

The thermal composite-type SNRs exhibit thermal X-ray emission in the SNR interior,

but lack the shell seen at radio wavelengths. While the mechanisms responsible for their

X-ray emission are still not fully understood, these remnants are generally found to be

interacting with nearby dense interstellar structures, thus complicating our modelling

and analysis. There are five thermal composites that have a very clearly defined axisym-

metric morphology: G021.8–00.6, G116.9+00.2, G166.0+04.3, and G359.1–00.5, plus

G093.3+06.9 that is also labeled as a plerionic composite (see Table 2.2) for a summary

of the numbers of thermal composite SNRs of each type).

The plerionic composite-type may be influenced by the central compact object and
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surrounding nebula. These are included only in cases where it is convincing that the shell

is large compared to the PWN and the central pulsar is far enough away from the shell

walls that its influence can be judged to be negligible. Only one plerionic composite-type

SNR is considered to be very clearly defined: G119.5+10.2 (plus G093.3+06.9 mentioned

above).

We also looked at SNRs with unknown type. None of these are clearly defined, but four

have possible, though poorly defined axisymmetric morphology. A notable one in this

category is G039.7–02.0 (W50), which could possibly be an example of an axisymmetric

type with jets from the binary source SS433.

There are 199 SNRs that are defined as shell-type (Ferrand and Safi-Harb, 2012).

Based on the images that were reviewed, the morphology of 112 are not consistent with

what we call axisymmetric (i.e., a clear double- or single-sided shell), and we do not

consider them further3. Some of these non-axisymmetric type SNRs have a completely

undefined structure, while others have a defined, yet filamentary structure, which has

significant emission through the centre of the shell instead of just at the edges. Still

others have a ring-like or round appearance (there are 15 out of 293 that are considered

to have a very clearly defined or somewhat defined round appearance). These may

prove to be interesting SNRs to analyze in future work, as they may be cases where the

magnetic field is directed along our line-of-sight (see Section 3.3 for further discussion),

but we disregard them for the present analysis. This leaves 87 out of the 199 shell-type

SNRs that are classified as axisymmetric.

In total, there is a sample of 112 SNRs with an axisymmetric (or possibly axisym-

metric) morphology (see Figure 2.3), including the selected thermal composite, plerionic

composite, unknown, and shell-type objects (see Table 2.2). We assigned a level of

uncertainty to the classification using the labels: very clearly defined (33 SNRs, see Fig-

ure 2.4), somewhat defined (21 SNRs), and not clearly defined (58 SNRs). All 112 SNRs

3These are labeled as “Not axisymmetric” in Table 2.2
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have been modelled and those models are available on the companion website (SMIRF:

www.physics.umanitoba.ca/snr/smirf/, see also Appendix D). The analysis in this

thesis will only include the 33 SNRs with very clearly defined, clean morphology (Chapter

5 and Appendix C), however models for the complete sample of 293 SNRs are included

in Appendix D.

We have examined the ages of the SNRs in our sample. With the exception of

G001.9+00.3 and possibly SN1006, all the SNRs (with known ages) are expected to

be beyond the ejecta-dominated phase and well into the Sedov-Taylor phase of their

evolution. Most of the SNRs in the sample have an unknown explosion type, but four

of these are thought to be core-collapse (CC) type explosions where the mass-loss of the

progenitor may have perturbed the surrounding medium and magnetic field. However

with the possible exception of G332.4–00.4, all of these SNRs are old enough and large

enough that the compression of the ISM is expected to dominate. Two SNRs are thought

to be Type Ia: G001.9+00.3, which is suspected to be Type Ia (Reynolds et al., 2008),

and SN1006, which is confirmed to be Type Ia (Schaefer, 1996; Winkler et al., 2003 and

references therein). These two SNRs are also unique for other reasons and these are

discussed separately in Chapter 6.
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Figure 2.3.: The selection of the 112 axisymmetric SNRs.
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Figure 2.4.: The selection of the 33 very clearly defined axisymmetric SNRs.
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2. SNRs in the Galaxy

Table 2.2.: Number of SNRs with the various classifications and of the various
types.

SNR type
Axisymmetric Not

axisymmetric
Total

Very
clearly
defined

Somewhat
defined

Not clearly
defined

Shell 27 17 43 112 199
Plerionic-
composite

1 0 9 31 41

Thermal-
composite

4 3 2 27 36

Thermal &
plerionic-
composite

1 0 1 5 7

Unknown 0 1 3 6 10

Total 33 21 58 181 293

This table represents the up-to-date (as of October, 2015) numbers at the time of
this writing, but the companion website is dynamic and classifications and exact
counts of SNRs of various types are subject to change. The axisymmetric SNRs
include both the so-called bilateral SNRs with two distinct limbs of emission and
also the one-sided shells. The morphology of the other SNRs are not consistent
with this definition, thus we refer to these as not-axisymmetric. This includes SNRs
with a round appearance, of which there are 43 candidates (33 shell, 7 plerionic
composite, and 3 thermal composite). Only 15 of these candidates are considered
to be very clearly defined or somewhat defined, with the remainder (28 candidates)
being not clearly defined.
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3. Background material

3.1. Synchrotron radiation

A more detailed discussion of synchrotron radiation can be found in many sources (e.g.,

Bowers and Deeming, 1984; Rybicki and Lightman, 1979; Wilson et al., 2012). The

necessary background to understand the material in this thesis is presented here.

Early in the history of radio observations, it was noticed that the radiation from radio

emitting sources falls into two broad categories: the radio intensity of some sources in-

creased as observations were made at higher frequencies, and for other sources the radio

intensity decreased as frequency increased. It was recognized that different emission

mechanisms were responsible for these observations. Those that radiate via thermal

mechanisms fall into the first category and those that radiate via non-thermal mech-

anisms, like SNRs, fall into the second. Radio emission from SNRs is dominated by

synchrotron emission, which tends to be highly polarized (up to 70% intrinsic) and in

particular, is dominated by linear polarization with a negligible component of circular

polarization (Beck, 2001).

Highly energetic electrons moving in a magnetic field are responsible for this form

of radiation. Much of the theory of synchrotron radiation was developed in the early

1900s by a British mathematician, George Adolphus Schott under the name magneto-

bremsstrahlung. This form of radiation was not observed until 1947 when it was first

seen in synchrotron particle accelerators and it was then that it was given the name

“synchrotron radiation”.
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3. Background material

Synchrotron emission occurs when relativistic charged particles, typically free elec-

trons, spiral along the field lines in a strong magnetic field. Empirically, observations

tell us that the number of electrons, N as a function of the energy, E, N(E) is well

described by a power law spectrum. For astrophysical cases, it is common to make the

assumption that the distribution is homogeneous and isotropic and

N (E) dE = κE−sdE (3.1)

where κ is a constant that depends on the spatial distribution of CREs and s is the

power law index.

The synchrotron radio intensity, Sν , is expressed as

Sν ≈ κ · l · ν−(s−1)/2B
(s+1)/2
⊥ (3.2)

where ν is the frequency of observation, l is the thickness of the source, and B⊥ is the

component of the magnetic field that is in the plane of the sky. The spectral index, α

of the radio emission, is defined as

α =
s− 1

2
. (3.3)

Observationally, the spectral index of shell-type SNRs has a mean value of α ≈ 0.5±0.2

(Green, 2009; Reynolds et al., 2012). For the ambient Galaxy, s = 3 is a typical value

(e.g., Bennett et al., 2003). The Hammurabi synchrotron modelling code1, which is used

in this thesis, uses these equations to calculate the intensity of the synchrotron emission.

1http://sourceforge.net/projects/hammurabicode/, see Section 4.2, Appendix E, and also Waelkens
et al. (2009)
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3.2. Polarized radiation

In 1852, Sir George Stokes introduced one method of describing the state of polarization

(the polarization ellipse) using four observable parameters: I, Q, U, and V that have

collectively become known as the Stokes parameters. In this representation a polarized

wave is characterised by a combination of its linearly and circularly polarized compo-

nents. The four parameters can be expressed in terms of the amplitudes and phase of

the wave vectors (E0x, E0y, and δ) as follows:

I = E2
0x + E2

0y

Q = E2
0x − E2

0y

U = 2E0xE0y cos δ

V = 2E0xE0y sin δ

(3.4)

The Stokes I parameter measures the total power of the wave and can be expressed

in terms of the other three, where

I2 ≥ Q2 + U2 + V 2. (3.5)

This is applicable to a partially polarized wave, where the total power is greater than

the sum of the polarized components.

Stokes Q and Stokes U represent the two orthogonal components of the linearly polar-

ized component of the wave and Stokes V represents the circularly polarized component.

The polarization angle, or the tilt of the polarization ellipse, Ψ, may be expressed in

terms of the Q and U parameters as

Ψ =
1

2
arctan

(
sin(2Ψ)

cos(2Ψ)

)
=

1

2
arctan

(
U

Q

)
. (3.6)

Similarly, the intensity of the linearly polarized component of the wave, called polar-
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ized intensity (PI) may be determined by

PI =
√
Q2 + U2 (3.7)

3.2.1. Polarized intensity

As described above, synchrotron emission, which is emitted when fast moving electrons

are spiralling in a magnetic field, is highly polarized. The emission is nearly entirely

linearly polarized with very little circularly polarized component and thus observation-

ally, the Stokes Q and U components are more important, with the Stokes V component

often not considered. Such emission originates in the ambient Galactic medium but also

in localized regions like SNRs. HII regions on the other hand contain a high density of

thermal electrons and thus their emission is dominated by thermal radiation. They are

not strong emitters of polarized radiation.

Synchrotron radiation is highly polarized, with the fraction of the emission that is

polarized, p, given by

p =
s+ 1

s+ 7/3
. (3.8)

For typical values of s = 2 (α = 0.5), p = 0.69; and for s = 3.0 (α = 1.0), p = 0.75.

Since the radiation at radio frequencies is dominated by synchrotron emission both from

SNRs and from the Galactic background one might expect that the observed polarized

fraction, PI/I, would be close to 70% as shown above. This is not the case and in fact

the detected polarized emission is much less than this, often less than 10% (Kothes

et al., 2006). Furthermore, observations often show an anti-correlation between total

power and polarized intensity. These observations can be explained, at least in part, by

understanding that it is possible for the polarization vectors to add up in a way that

cancels much of the detected polarized intensity.
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3.2.2. Polarization angle

Since polarized radiation is a vector quantity, the polarization angle is as significant a

quantity as polarized intensity. Polarized radiation is emitted with some intrinsic angle,

Ψ0, but can undergo rotation along the line of sight in a process known as Faraday

rotation. The amount of rotation is determined by a combination of electron density,

ne (cm−3), the line of sight magnetic field component, B‖ (µG) the distance along the

line of sight, dl (pc), and the wavelength of the radiation, λ (m) as

∆Ψ = KΨλ
2

ˆ
neB‖dl. (3.9)

where KΨ is a constant with a value equal to 0.812.

A quantity known as rotation measure, RM [rad m−2], is defined: ∆Ψ = RM · λ2.

Thus,

RM = KΨ

ˆ
neB‖dl (3.10)

In general the ambient Galactic background emission combined with regions of local

enhancement means that polarized radiation is being emitted everywhere at some level.

Regions that rotate the radiation overlap with the background emission, thus the rotating

regions co-exist with the emitting regions, further complicating the problem.

The direction of polarization (i.e., the polarization angle, Ψ) reflects the orientation of

the electric field. Thus from observing the Stokes parameters, one can make a plot of the

orientation of the magnetic field from observations by first computing Ψ, correcting for

the RM, and then plotting lines with an orientation given by Ψ+90◦ where the radiated

electric field is 90◦ from the magnetic field (note that only the orientation and not the

direction of the magnetic field can be recovered from these types of observations.) These

types of plots are examined in this thesis and can be seen in Chapter 5 (Figure 5.9).
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3.3. Magnetic fields of SNRs

It is recognized that magnetic fields play an important role in the dynamics and evolution

of SNRs and of the Galaxy. Solutions to the full magnetohydrodynamics (MHD) equa-

tions are complex and must be computed numerically. This process is computationally

intensive and it is only beginning to be possible to calculate full 3D solutions. However,

some simplifying assumptions can be made to obtain order of magnitude estimates of

the magnetic field. One assumption that is often made is that of charge neutrality over

volume elements that are macroscopically small though microscopically large. This as-

sumption is made to justify the use of simpler hydrodynamic equations (vs MHD) to

describe the evolutionary stages of SNRs.

Another common assumption (one that is significant to this thesis) that is made about

the magnetic field in astrophysical scenarios is that the magnetic field lines are frozen into

the plasma, also called flux freezing. Flux freezing can be used to estimate the change

in magnetic field across a shock (Dyson and Williams, 1997). If B0 is the magnetic field

upstream of the shock and B1 is the magnetic field downstream of the shock then flux

freezing implies that the number of field lines passing through a unit volume dV will

remain constant so we have

B0dV0 = B1dV1. (3.11)

Recognizing that an analogous relationship for the mass density, ρ, exists from mass

conservation and using the result that in the case of a strong, 1-D planar adiabatic shock

it can be shown that

ρ1 = 4ρ0 (3.12)

(Dyson and Williams, 1997). Using this we find that the magnetic field in the shocked

gas should be four times the magnetic field present in the ambient medium
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B1 = 4B0. (3.13)

By this analysis, B1 should have values ∼ 10− 20µG given as the Galaxy’s magnetic

field has been measured to have a strength that is on order of a few µG (see next Section).

It is important to note that when a supernova explosion occurs in a region with a

regular magnetic field component, such as is thought to exist in the Milky Way Galaxy,

then flux freezing would imply a magnetic field that is tangential to the rim of the SNR

shell. But depending on the orientation, this geometry could appear radial (i.e., when

observed from the end; see Figure 3.1). We see this in the models, which use the idea of

flux freezing to blow the SNR bubble.

Observations have shown that in the cases of some SNRs (e.g. Tycho, SN1006),

thin rims of X-ray emission with a non-thermal spectrum imply very high magnetic

fields in the range 50 − 200µG or even higher (Reynolds et al., 2012). Some process of

magnetic field amplification is thought to be responsible for these high magnetic fields.

These features are, however, isolated features present in a few objects. One such case is

SN1006, which is discussed further in Chapter 6.

Observationally, one can find examples of shell-type SNRs with magnetic fields ori-

ented both radially (e.g., G120.1+01.4 (Tycho), G111.7–02.1 (CasA)) and tangentially

(e.g., G119.5+10.2 (CTA-1) and G065.1+00.6) (see Reynolds et al., 2012). Milne’s atlas

of SNR magnetic fields (1987) includes magnetic field maps of 15 shell-type SNRs (see

Section 5.2 for further discussion and examples). Of these, seven have clear radial fields,

four have clear tangential fields, and the other four have fields that cannot be classified

as either radial or tangential. There are also cases where both radial and tangential field

geometries can be observed in the same SNR. For example, observations by Reynoso

et al. (2013) of G327.6+14.6 (SN1006) show that the field appears predominantly radial

at least within the interior of the SNR. These observations also show evidence for a

tangential field running along the outer edge of the shell. Kothes and Reich (2001) show
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Figure 3.1.: Plot of the same field lines from a SNR “bubble” as viewed from the side
(top) and end (bottom) illustrating how the viewing geometry can create
the appearance of a tangential or radial magnetic field, respectively.
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that G011.2–0.3 also has a similar magnetic field structure with a radial interior and

tangetial appearance at the edge of the shell.

Milne (1987) first suggested that radial fields are a property of young SNRs. The

implication is that the magnetic field transitions to a tangential geometry as the SNR

ages, more ambient material is swept up, and the magnetic field lines become more

compressed. One explanation given for the presence of radial fields in young SNRs is

that turbulence leads to selective amplification of the radial component of the magnetic

field (e.g., Inoue et al., 2013), although Reynolds et al. (2012) state that the origin of

radial fields, particularly those observed immediately at the remnant edges, remains

unclear.

If the model of the compressed ambient field is correct, then the orientation of an SNR

should be an excellent tracer of the direction of the GMF. Whiteoak and Gardner (1968)

showed that a magnetic field viewed from the side (i.e., completely perpendicular to the

line of sight) produced a tangential magnetic field with bilateral appearance and, when

viewed end-on (i.e., completely parallel to the line of sight), produced a radial magnetic

field with circular appearance. We would expect to observe SNRs from all orientations,

and thus, if this model is true, there should exist at least some cases where an observed

radial field can be attributed to the viewing angle rather than the youth of the SNR.

3.4. Magnetic field of the Milky Way Galaxy

Observations of external spiral galaxies have shown that galaxies have a large scale

magnetic field and that the shape traces the basic spiral pattern (Beck et al., 1996).

An observational example of this large scale pattern in the spiral galaxy M51 is shown

in Figure 3.2. The primary theory for the origin of this field is a dynamo theory that

induces the field from the moving ionized plasma that makes up the interstellar medium.

An alternative/competing theory is the primordial theory that argues the field existed

prior to the formation of the galaxy. Beck et al. (1996) identify two main categories
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Figure 3.2.: Left: Hubble optical image of M51 overlaid with vectors indicating the mag-
netic field orientation from λ = 6.2 cm polarization observations with the
VLA (Fletcher et al., 2011). Right: Magnetic field lines of the edge-on
galaxy NGC891 and contours of the total radio emission at 3.6cm observed
with the 100-m telescope in Effelsberg. The radio map is overlaid on an
optical image of NG891 taken with the Canada-France-Hawaii Telescope.
MPIfR, M. Krause & CFHT/ Coelum

of magnetic field patterns that can are observed in external galaxies: the axisymmetric

spiral (ASS) and the bisymmetric spiral (BSS). Sketches of these two patterns are shown

in Figure 3.3.

In this work, we consider SNRs in the global context of the Galactic magnetic field.

Much work has been done in recent years on the global magnetic field of the Galaxy,

through studies of the rotation measures (RMs) of background sources and modelling

of the Galactic synchrotron radiation (e.g., Brown (2002); Page et al. (2007); Sun et al.

(2008, hereafter Sun08); Jaffe et al. (2010); Pshirkov et al. (2011); Sun and Reich (2009,

2010); Van Eck et al. (2011); Jansson and Farrar (2012a, hereafter JF12); and Jansson
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axisymmetric bisymmetric
(i) (ii) (iii) (iv)

Figure 3.3.: The two main categories of magnetic field patterns that are observed in
external galaxies: the ASS and the BSS (Reproduced with permission from
Brown, 2002).

and Farrar (2012b); see also Haverkorn (2015) for a review.) Observations using the RMs

of extragalactic sources (Brown and Taylor 2001; Van Eck et al. 2011) imply the presence

of reversals, which are abrupt changes in the direction of the large scale magnetic field

of the Galaxy. These observations have shown that the Galaxy’s magnetic field has a

strength that is on order of a few µG. The field consists of both random and regular

components with the strengths thought to be comparable (Haverkorn, 2015).

Most current models and observations do not provide much information about the

vertical component of the Milky Way’s magnetic field. However, observations of nearby,

edge-on galaxies reveal an X-shaped halo component in all cases studied thus far (Beck,

2009; Beck and Wielebinski, 2013; Krause, 2015) (see Figure 3.2). Analysis of observa-

tions of the Milky Way Galaxy’s North Polar Spur also indicate the need for a vertically-

oriented component to explain the RM signature of the Spur (Sun et al., 2015).

Of the above models, JF12 is the most recent Galactic field model that has been

systematically fitted to data. To date, this is the only model that includes a vertically

oriented halo component. We also initially considered an alternate model by Sun08 for

this study. This model uses a magnetic field in the disk that has a constant pitch angle

and uniform strength in azimuth with reversals and a toroidal halo component, but lacks

any vertical component. As discussed in detail in Chapter 5, we find that the JF12 model
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gives overall superior fits to our sample. We therefore choose to use JF12 for our final

analysis.

The effect of the turbulent component on the global morphology of SNRs must also

be considered as it is thought to be about twice as strong as the regular component.

However, the turbulent power spectrum shows a scale of only a few parsecs within the

spiral arms of the Galaxy (although this scale goes up to 100 pc in the halo; Haverkorn,

2015), and since nearly all SNRs are confined to the disk, most likely in the spiral arms2,

and most are much larger than a few parsecs (our model SNRs are 40-60 pc in diameter,

see Table 4.1 in Chapter 4), we would expect the field to be dominated by the regular

component in most cases. Not all SNRs are well-described by our model and this may be

due to the turbulent component. The effect of turbulence on SNRs shapes, particularly if

they are young and small, or if they are located in inter-arm regions where the turbulence

scale can be large (e.g. Ohno and Shibata, 1993; Rand and Kulkarni, 1989), could be

significant in some cases, however investigating the effect of this is beyond the scope of

this work.

3.4.1. Sun08 model

Sun08 developed several models that are modified versions of the ASS model. These

models are the ASS+RING and ASS+ARM, which include reversals in the magnetic

field direction plus the addition of a halo field-component. It is important to note that

this halo-component is not a Z-component. Rather it introduces a Z-dependence for the

values of BX and BY .

Sun08 use the Hammurabi synchrotron modelling code to generate simulated Stokes

I, Q, and U observations of their magnetic field models, using the NE2001 code as a

model for the electron density (Cordes and Lazio, 2002). The simulated data are then

2G327.6+14.6, has the highest latitude and is thought to be relatively nearby at a distance of 1.6-2.2
kpc (Ferrand and Safi-Harb, 2012) and thus a height of about 400-550 pc above the plane, or very
close to the disk-halo boundary.
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compared to observations from the Wilkinson Microwave Anisotropy Probe (WMAP)

and measurements from the Canadian Galactic Plane Survey (CGPS). Sun08 also use

Hammurabi to simulate observations based on other models including the unmodified

ASS model, BSS model, and Page et al. (2007) model. They show that their ASS+RING

model provides the best fit to available observations of the models they tested.

We used this model for some initial tests to investigate how the bilateral axis angle, ψ

(see Chapter 5 for a description of how ψ is measured), varied as a function of Galactic

longitude, l, for a fixed Galactic latitude, b, and distance, d. Figure 3.4 shows the results

of two such tests for distances of d = 3.5 kpc and d = 6.0 kpc, and b = 10◦. The

values of ψ from the sample of SNRs in Gaensler (1998) is also included on this plot. A

relatively high latitude (b = 10◦) was chosen to emphasize how ψ changes with Galactic

longitude, since for latitudes close to zero, the line of symmetry stays close to parallel

with the Galactic plane and ψ stays close to zero. At higher latitudes, there is a small

projected component that is perpendicular to the Galactic plane (i.e., in the Z-direction)

that results in a larger angle for some longitudes. The correlation between the model

and observations was quite striking and motivated the need for further and more robust

modelling at the specific positions (l, b) of the SNRs and for a range of distances. It

was hypothesized that a more complete model that includes a Z-component in the GMF

may improve the fit between the model and data. Thus, the JF model was selected to

use for further modelling and to compare to results from the Sun08 ASS+RING model.

3.4.2. JF12 model

The large-scale regular field of JF12 is comprised of a disk component, a toroidal halo

component, and an out-of-plane, X-shaped, halo component. The field is set to zero for

r > 20 kpc and for a 1 kpc radius sphere centred on the Galactic centre. See Figure 3.5

for an illustration and Section 4.2.1 for a description of the coordinate system.
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Figure 3.4.: Bilateral axis angle, ψ shown as a function of Galactic longitude for dis-
tances of d = 3.5 kpc and d = 6.0 kpc, for b = 10◦, and for the Sun08
GMF. Data points from Gaensler (1998) are shown in comparison. The
blue and purple curves are for the parameters b= 10◦, d= 3.5 kpc and
b= 10◦, d= 6.0 kpc respectively.
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Figure 3.5.: Plots of the magnetic field from JF12. Top panel: Top view of the X-
Y plane of the Galaxy cut through Z = 0. Centre panel: X-Z plane
cut through Y = 0. Bottom panel: GMF lines are shown as cut along
l = 296.5◦. Distances to 10 kpc in 1 kpc steps are marked along the line-of-
sight (green line). The red and blue dots mark the positions of the Galactic
centre and the Sun respectively.
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In this figure, the long, solid arrows (green) show the x-y coordinate system for SNR

G296.5+10.0. The dashes on the x-axis are marked at 1 kpc intervals. The purple,

dashed arrows show other longitudes, l = 55◦, where the GMF is primarily along the

line of sight and l = 170◦ and l = 355◦, where the GMF is primarily perpendicular to

the line of sight. The filled, red circle marks the Galactic centre and the filled, green

circle marks the position of the Sun. In the centre panel, the X-Z plane is shown cut

through Y = 0. As in the top panel, the filled, red circle marks the Galactic centre

and the filled, blue-green circle marks the position of the Sun. Here, the shape of the

X-field can be seen. The bottom panel shows the GMF lines as cut along l = 296.5◦.

Here the horizontal axis of this plot is in the X-Y plane of the Galaxy along l = 296.5◦.

The vertical axis of this plot shows the z-axis of the Galaxy. As in the top panel, the

green arrows show the transformed coordinate system, in this case the x-z coordinates,

for the case of SNR G296.5+10.0, which has b=10.0°. The dashes on the x-axis are

marked at 1 kpc intervals as in the top panel. Here, one can see that for d = 1 kpc, the

GMF vectors are more aligned along the z-axis. See also Section 5.1 of JF12 for a more

detailed description of this model and its parameters.

The disk component is purely in the X-Y plane and includes a molecular ring between

3 kpc and 5 kpc (Galacto-centric radius) that is purely azimuthal with a constant field

strength, bring = 0.1µG. Beyond 5 kpc, there are eight logarithmic spiral regions at

radii: 5.1, 6.3, 7.1, 8.3, 9.8, 11.4, 12.7, and 15.5 kpc (the radii where the spiral arm

boundaries cross the negative X-axis). The disk field extent is symmetrical with respect

to the mid-plane and transitions to the toroidal halo field at a height of ∼0.40 kpc.

The toroidal component is a purely azimuthal halo component that is characterized

by separate field amplitudes in the north (Bn = 1.4µG, with a transition radius rn =

9.22 kpc) and south (Bs = −1.1µG, with a transition radius rs > 16.7 kpc), and with a

vertical scale height of ∼ 5.3 kpc (see Eq. 6 of JF12).

The out-of-plane halo component is described by an X-shaped field, primarily moti-
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vated by radio observations of haloes in external edge-on galaxies (Beck, 2009; Beck and

Wielebinski, 2013; Krause, 2015). This component is axisymmetric and has a poloidal

shape, lacking any azimuthal form since this is included in the toroidal field component.

The X-field component takes the form:

Br,X−field = BX−field cos (ΘX−field)

 1, Z > 0

−1, Z < 0

BZ,X−field = BX−field sin (ΘX−field) ,

(3.14)

where ΘX−field is the elevation angle, which is a function of radius and ΘX−field = 90°

at r = 0 and ΘX−field = 49° at r = 4.8 kpc, and BX−field = 4.6µG (field strength of

the X-field component at the origin).

The total GMF is then the sum of the three components (as illustrated in Figure 3.5):

Br = Br,disk +Br,X−field

Bφ = Bφ,disk +Bφ,tor

BZ = BZ,X−field.

(3.15)

The JF12 model does have limitations and it should be noted that aspects of it are

not fully physically possible. For example, the description of the large-scale regular field

as a ring plus eight logarithmic spirals with discrete jumps in field strength between the

spirals, and the distinction between a disk component and a toroidal component, with

the very different scale heights of the two components are both somewhat unphysical

assumptions. The model also does not include the Galactic warp, which is known to

exist (e.g., Foster and Cooper, 2010) and may impact the geometry and strength of

vertical component of the GMF for some Galactic longitudes. Despite the limitations,

this model is still a reasonable choice for the present work. The discrete jumps in field

strength in the spiral arms will not have a significant impact on our conclusions as the
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qualitative SNR morphology does not depend on the total field strength. Rather, it is

the orientation of the field, which depends on the pitch angle and the relative strengths of

the components, that determine the morphology of the SNR. The JF12 model describes

the global, large-scale component of the Galactic field, which is the focus for this study;

i.e., whether the large-scale, regular component dominates in the cases of clearly defined

SNR shell limbs. While the morphology of individual SNRs may be affected by the

specific features of the GMF model, taken as a whole, useful conclusions can still be

drawn.

3.5. Cosmic ray electron distribution

The mechanism for acceleration of cosmic rays in SNRs is an outstanding question in the

field. A popular idea is that the distribution of the CREs is responsible for determining

the morphology of the so-called, bilateral SNRs (e.g., Bocchino et al., 2011; Petruk et al.,

2009; Reynoso et al., 2013).

There are primarily two acceleration scenarios that are considered in the literature:

quasi-perpendicular, where CREs are most efficiently accelerated when the shock normal

is perpendicular to the post-shock magnetic field; and quasi-parallel where CREs are

most efficiently accelerated when the shock normal is parallel to the post-shock magnetic

field (Fulbright and Reynolds, 1990; Jokipii, 1982; Leckband et al., 1989 and references

therein). The morphology of these two cases differs in that the axis of bilateral symmetry

of the radio synchrotron emission is rotated by 90◦ with respect to the direction of the

ambient magnetic field. In the quasi-perpendicular case, the axis of bilateral symmetry

is aligned with the ambient field, whereas in the quasi-parallel case the axis of bilateral

symmetry is perpendicular to the ambient field (see Figure 3.6).

The most common way to model these two scenarios is to scale the CRE distribution

by a factor that depends on the angle between the shock normal and the post-shock

magnetic field, φBn2 (see Fulbright and Reynolds, 1990; Leckband et al., 1989). In the
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Quasi-perpendicular

Quasi-parallel

Isotropic

Magnetic field lines (black) 
and cosmic ray electron 
distribution (green)

Simulated radio 
synchrotron emission

Figure 3.6.: Geometry of CRE distributions for quasi-perpendicular shocks (top), quasi-
parallel shocks (middle), and the isotropic case (bottom) and the correspond-
ing simulated synchrotron emission, which has been normalized for display
purposes. This cartoon is intended to qualitatively show the distribution of
the CREs with respect to the magnetic field geometry. It is not intended to
be representative of the precise quantitative distributions.
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quasi-parallel case this factor is given by

cos2 φBn2 (3.16)

and for the quasi-perpendicular case it is

sin2 φBn2. (3.17)

One of the main conclusions of Fulbright and Reynolds (1990) was that models of the

quasi-parallel scenario produces images that are unlike any observed SNRs and thus, this

study was supportive of the quasi-perpendicular case. Several studies since then have

looked at these two cases, but there is disagreement about which case is favoured. For

example, Petruk et al. (2011) pointed out that the odd morphologies predicted by Ful-

bright and Reynolds (1990) would be expected to be fainter and less likely to be observed.

Most of these recent studies have focused on G327.6+14.6 (SN1006), which is one of the

brightest SNRs with excellent quality multi-wavelength data across the electromagnetic

spectrum. This well studied, historical SNR has one of the most clearly defined bilateral

structure of all SNRs. Two studies present evidence in favour of the quasi-perpendicular

case: Petruk et al. (2009), who compare the azimuthal brightness profile of radio maps

to models, concluding that quasi-perpendicular injection is favoured, and Schneiter et al.

(2010), who compare both radio and X-ray emission to MHD models to conclude that

the Galactic magnetic field (GMF) is most likely perpendicular to the Galactic plane.

Conversely, several other studies are supportive of the quasi-parallel scenario. These

include Rothenflug et al. (2004), who suggest that the quasi-parallel scenario is a better

fit on the basis of a geometrical argument regarding the limb-to-centre brightness ratios;

Bocchino et al. (2011), who compare the radio morphology to 3D MHD simulations and

conclude that the bright limbs are polar caps; and most recently Schneiter et al. (2015)

who focus on a comparison of Stokes Q data to models of this polarization parameter.
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The addition of this extra observable, lead these authors to support the quasi-parallel

case.

Simulations of diffusive shock acceleration (e.g., Caprioli and Spitkovsky 2014; Mat-

sumoto et al. 2012, 2013) show that electrons are more efficiently accelerated in quasi-

perpendicular shocks, whereas protons and other nuclei are more efficiently accelerated in

quasi-parallel shocks. Thus, it is proposed that one would expect to find large, turbulent

magnetic fields downstream of parallel shocks, and simple, compressed fields in the case

of quasi-perpendicular shocks. In terms of SN1006, these authors argue that the obser-

vations of Reynoso et al. (2013) agree with their findings and favour the quasi-parallel,

polar-cap, scenario of SN1006. However, they also point out that further, detailed,

multi-wavelength observations are necessary to conclusively prove this scenario.

As pointed out above, most studies on this topic in the context of SNRs have fo-

cussed on SN1006 and there are no studies that undertake a global study of these two

CRE acceleration scenarios in the context of many other SNRs with a similar, bilateral,

appearance.

Radiation from SNRs at radio wavelengths should be dominated by synchrotron ra-

diation, the intensity of which is dependent on the CRE distribution as well as the

magnetic field component that is in the plane of the sky. The first part of this study

uses an isotropic CRE distribution, which can be used to investigate whether that the

morphology of the clearly defined, axisymmetric SNRs is dominated by the large scale

GMF. However, since an isotropic CRE distribution is not considered to be physically

motivated and the quasi-perpendicular and quasi-parallel CRE acceleration scenarios

discussed above are usually considered more realistic (e.g., Fulbright and Reynolds,

1990), it is important to extend the investigation, and consider the impact that the

quasi-perpendicular and quasi-parallel CRE acceleration scenarios have on morphology

for the same sample of 33 axisymmetric SNRs.
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4.1. Overview of the modelling procedure

We use the Hammurabi code1 (Waelkens et al., 2009, also Appendix E) to model the

Stokes I, Stokes Q, and Stokes U synchrotron emission at the coordinates of each of our

selected SNRs for eleven discrete distances: 0.5, 1, 2, 3, 4, 5, 6, 7, 8, 9, & 10 kpc. The

SNR is modelled as a spherical shock or bubble, which deforms the field lines of the GMF

model at the SNR location (see Section 4.3). Since the Galaxy’s magnetic field varies

with distance, the model SNRs show differences in morphology as a function of distance

as well. This potentially provides a constraint on the distance of an SNR based on its

morphology. For each SNR position and distance, the modelling process is as follows:

1. Run Hammurabi to output the GMF model (JF12 or Sun08) and the NE2001

(Cordes and Lazio, 2002) thermal electron density model for the direction of an

SNR on a particular line of sight (i.e., for a particular set of Galactic coordinates).

The field is written with a resolution of 1 pc per voxel. The total size of the volume

is determined by the assumed radius of the model SNR and the distance. Table 4.1

summarizes the physical and angular sizes for the SNR bubbles modelled at the

various distances. These sizes were chosen to be consistent with the approximate

average size expected for an SNR in the Sedov phase. At nearer distances, a smaller

size is chosen to reduce computation time (reduces the overall size of the volume)

1http://sourceforge.net/projects/hammurabicode/
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and reduce the angular size to something that is consistent with the observations

(the SNR with the largest angular scale in our sample is G315.1+02.7, which has

a size of 190′).

Note that the integration that computes the total Stokes I, Stokes Q, and Stokes

U parameters is not done at this stage. Rather, Hammurabi is used at this stage

only to write the magnetic field components and thermal electron density at each

point along a particular line of sight to a file.

2. Using Matlab, read the portion of the magnetic field and thermal electron density

data files (output from Hammurabi) at the position of the SNR and apply the

numerically defined coordinate transformation function (see Section 4.3) to these

voxels. These sections of the files are then overwritten with the newly calculated

transformed magnetic field and thermal electron density values.

3. Run Hammurabi a second time. This time the magnetic field and thermal electron

density data files are passed as input to Hammurabi. In addition, an analytical

model of the distribution of CRE is defined within the code. The ambient CRE

density is defined as in Section 4.2 while the CRE within the shell of the SNR is

compressed uniformly around the shell as the thermal electrons in the isotropic

CRE case or scaled according to Equation 3.16 (quasi-parallel CRE case) or Equa-

tion 3.17 (quasi-perpendicular CRE case). Hammurabi then numerically integrates

and produces output for the model Stokes I, Q, and U parameters, which is de-

scribed in more detail in the next section.

4.2. Hammurabi code description

The Hammurabi code (Waelkens et al., 2009) has been used previously to model the

large-scale structure of the GMF. It is an open source code that models the synchrotron

emission and Faraday rotation given an input 3D magnetic field, thermal electron distri-
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bution, and CRE distribution. We added the necessary functions (see Appendix E) to

transform the components of a magnetic field from the Galaxy’s reference frame to the

local, line-of-sight coordinate frame to extract the GMF in a particular direction, which

is critical for this work (see Section 4.2.1). We use the GMF models of Sun08 and JF12

and the thermal electron density distribution defined by the NE2001 code, which is the

same thermal electron model used in both Sun08 and JF12. Since both Sun08 and JF12

also used Hammurabi for their GMF modelling, these GMF models, as well as NE2001,

are already included in the base Hammurabi code.

The CRE model defines the spectral index and the CRE spatial density distribution at

all points in the volume. These quantities are defined separately for the region inside the

model SNR bubble and for the surrounding Galactic medium. For the ambient Galaxy,

we use the power law spectral index, s = −3 (defined here as dN/dE ∼ Es, recall

Equation 3.1; note the change of sign of s as this is the convention used in Hammurabi.)

as this is the typical value used in other Galactic models and is the value adopted by JF12.

For the spatial density, we use the distribution from WMAP (Page et al., 2007) since

it is the default distribution available in Hammurabi. The ambient CRE distribution

serves only to provide the surrounding background emission. Since all available models

vary smoothly on the scale of the SNRs the choice of the specific model will not impact

the SNR morphology nor will it affect the conclusions. For the CREs in the SNR, the

distribution is scaled according to the model being tested (i.e., isotropic, quasi-parallel,

and quasi-perpendicular cases). In the isotropic case, it is assumed that the CRE density

is compressed in the shell and that this compression is spherically symmetric around the

whole shell.

The Hammurabi code uses the HEALPIX pixelization scheme (Gorski et al., 2005),

which divides the sky into pixels of equal areas. The angular resolution, ∆θ ≈
√

3
π

3600′

NSIDE
,

is determined by setting the parameter NSIDE (where NSIDE is a power of 2). We use

NSIDE = 8192, which corresponds to an angular resolution of 0.5′. The step size along
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Table 4.1.: Summary of the physical and angular sizes for the model SNRs bubbles at
the various distances.

Distance (kpc) Physical Radius (pc) Angular Diameter (′)

0.5 40 275
1 40 137
2 40 69
3 40 46
4 60 52
5 60 41
6 60 34
7 60 29
8 60 26
9 60 23
10 60 21

the line of sight, ∆r is set to 1 pc and the maximum distance along the line of sight,

rmax is set to 1 kpc further than the distance to the SNR for a particular model (for

example for modelling an SNR at 4 kpc, we would set rmax = 5 kpc). This assumes

that the SNR dominates the emission in any given field and thus, the Galactic emission

missing from behind the SNR does not affect the analysis.

Hammurabi calculates a number of quantities, assuming an optically thin medium. For

this work we analyze the total radio synchrotron emission, Stokes I, and the polarization

vectors Stokes Q and Stokes U. These are expressed as (Waelkens et al., 2009):

Ii = CIB
(1−s)/2
i,⊥ ν(1+s)/2∆r

Pi = CPB
(1−s)/2
i,⊥ ν(1+s)/2∆r

∆RMi = 0.81neBi,‖∆r

χi = χi,0 +

j=i∑
j=1

RMjλ
2

Qi = Pi cos (2χi)

Ui = Pi sin (2χi) .

(4.1)

Here, i corresponds to the i-th volume element, s is the power-law spectral index
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(see above), CI and CP are factors that are dependent on s (see Rybicki and Lightman

(1979); Waelkens et al. (2009)), ν is the frequency of observation, which for this work is

set to 1.4 GHz, Pi is the polarized specific intensity, RM is the rotation measure, ne is

the thermal electron density and λ is the wavelength of observation (0.21 m corresponds

to 1.4 GHz). The total Stokes I, Stokes Q and Stokes U parameters are then found by

summing the volume elements, i, along the line of sight.

4.2.1. Coordinate system definition

The Hammurabi code uses the conventional coordinate system of a top-down plot as

viewed from above the North Galactic Pole. In this view, the X-Y plane represents

the plane of the Galaxy, and the Z-axis is directed perpendicular to the plane (see

Figure 3.5). Many Galactic field models, including the models of Sun08 are pure toroidal

models that do not include an intrinsic Z-component (however the magnitude of the X-

and Y -components do depend on Z). That is, all of the magnetic field vectors are parallel

to the disk of the Galaxy.

When one observes in some arbitrary direction with Galactic longitude, l, and latitude,

b, it is more useful to consider the component of the magnetic field that is along the line

of sight (local reference frame), which we call x, and the components in the plane of the

sky, which we will call y and z (see Figure 3.5). We transform the coordinates from the

X, Y , Z cartesian coordinate system to the x, y, and z line-of-sight coordinate system

via the following rotation equations:

x = X cos(b) cos(l) + Y cos(b) sin(l) + Z sin(b)

y = −X sin(l) + Y cos(l)

z = −X sin(b) cos(l)− Y sin(b) sin(l) + Z cos(b).

(4.2)

For observations at b = 0◦, one is looking directly into the Galactic plane and thus the

line-of-sight coordinate, x, is entirely in the plane and the x-y plane is coincident with
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the X-Y plane. In this case, the z-component is equivalent to the Z-component, which is

intrinsic to the particular magnetic field model being used (i.e., for Sun08, BZ = Bz = 0,

but for JF12, BZ = Bz 6= 0). For non-zero Galactic latitudes, the x-y plane is tilted with

respect to the X-Y plane by the angle b. This introduces a projected Bz−component

that depends solely on the line-of-sight component. In particular, for longitudes where

the magnetic field is primarily along the line of sight (e.g., l = 50◦, see Figure 3.5) Bx

is maximum and By is close to zero. The Bz-component is exactly zero at b = 0◦ but

it increases rapidly as |b| increases and the azimuthal component gets projected onto

the plane of the sky. For longitudes where the line-of-sight component is close to zero

(e.g., l = 170◦ and l = 355◦, see Figure 3.5), Bx and Bz are close to zero and By is a

maximum. The By-component is perpendicular to the rotation, and thus does not get

projected.

4.3. SNR modelling

For the purposes of this study, we initially choose to use an isotropic distribution where

the CREs are distributed uniformly in a shell. This will reveal the SNR morphology as

if it were dependent solely on the compressed magnetic field. The overall shape of the

morphology of the radio synchrotron emission in the quasi-perpendicular case, which

despite it being more physically motivated than the isotropic case, is qualitatively the

same as the isotropic case in a shell (see Figure 3.6 and also Fulbright and Reynolds,

1990 and references therein). Although quantitatively these two cases are different, the

goal of the first part of this study is a qualitative analysis to show whether the morphol-

ogy of SNRs obtained from the compressed GMF alone is consistent with the observed

morphology in a large sample. An analysis of this case is presented in Section 5.1. We

then investigate the difference between the quasi-parallel and quasi-perpendicular cases

and these are presented in Section 5.2.
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4.3.1. SNR Model: Coordinate transformation code

After the initial supernova explosion, the conventional description is that the SNR is

ejecta-dominated until the swept-up mass exceeds the mass of the ejecta. It is at this

point, roughly 1,000 years after the explosion (depending on the progenitor, explosion

energy, and ambient density), that the blast wave can be described using a Sedov-Taylor

solution (Korobeinikov, 1991; Sedov, 1959). This solution has the advantage of being

self-similar with a well-defined analytical form that describes the thermal electron mass

density as a function of radius (see Figure 4.1). We model the thermal electron density

and magnetic field of a spherical shell compressed by a Sedov-Taylor blast wave. It should

be noted that some SNRs in the sample are either quite young (e.g., G001.9+00.3) or

possibly in a radiative phase of expansion (e.g., the thermal composites), and as a result,

are likely not in the Sedov-Taylor phase. It can be argued, however, that the ambient

medium is still compressed enough that their morphology can be approximated by using

the Sedov-Taylor density model. Furthermore, here we are mostly concerned with their

overall morphology at radio wavelengths, rather than an absolute measurement of their

emission in radio or other wavelengths.

In order to compute the magnetic field in the shell, we assume that the magnetic

field vectors are frozen-in to the ambient plasma, which is a common assumption for

ionized plasma (see Section 3.3). We then adopt the method of Franzmann (2014),

who developed a coordinate transformation technique to model the magnetic field in

molecular cloud cores (see Appendix E).

The transformation, presented in more detail below, takes an initial 3D magnetic

field, B, which is compressed by a spherical shock that drags the field lines and gives

the appropriately transformed magnetic field, B′. While the initial thermal electron

mass density is assumed to be constant in the region surrounding the SNR, the initial

magnetic field is not required to be uniform (as illustrated in the example shown in

Figure 4.1); it can have an arbitrary distribution. The SNR can thus be modelled in the
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Figure 4.1.: Illustration of the technique used to determine the coordinate transformation
matrix (Jacobian) and using it to transform the magnetic field vectors. The
model uses the values from the NE2001 thermal electron density model (both
local to the SNR and elsewhere along the line of sight). The technique
assumes that the initial thermal electron mass density is constant locally
around the SNR, which is approximately true for the NE2001 model.
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context of the Galaxy by using this method to transform the model GMF and insert an

SNR at a particular location.

The process of using this coordinate transformation to alter the magnetic field results

in an output that is compressed at the edges. The magnetic field is not compressed at

locations where the shock normal is oriented parallel to the magnetic field as illustrated

in Figure 4.1. Recent X-ray observations show that the magnetic field is amplified by

a much larger factor than predicted by a pure compression model, which is most likely

due to local turbulent acceleration that amplifies the already compressed field (Reynolds

et al., 2012; Uchiyama and Aharonian, 2008; Uchiyama et al., 2007). This additional

amplification is not taken into account, but this would impact the quantitative result,

and not the qualitative morphology that is the focus of this work.

4.3.2. Details of the coordinate transformation code

A coordinate transformation is used to add the SNR into the GMF for a particular

location. The assumption is that a region of uniform thermal electron mass-density is

transformed into a region with a mass density described by some well defined profile,

which in this case is the Sedov-Taylor solution. Then, we can define two coordinate

systems that describe how the thermal electron mass is distributed in these two frames

and solve for the transformation that would convert from one frame to the other. The

initial thermal electron mass-density distribution is uniform and the explosion occurs at

a point r = 0. In this frame, the r-coordinate has uniform spacing on a numerical grid.

Using conservation of mass, a new coordinate system, called r′, is defined by numerically

integrating concentric spheres and comparing the mass to the uniform system. The mass

of the two systems is related by

4

3
πρr3 = 4π

ˆ
ρ′r′

2
dr′, (4.3)
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where ρ is the thermal electron mass density in the uniform system and ρ′ is the mass

density in the transformed system (i.e., the spherical shell compressed by a Sedov-Taylor

blast wave).

The original uniformly distributed mass is rearranged to follow the density function

defined by a standard self-similar Sedov-Taylor solution. Using the original r-coordinate

(uniform density) and the new r′-coordinate (Sedov density profile) we numerically solve

for a coordinate transformation matrix (Jacobian) that transforms r to the new r′-

coordinate system that is given by

J =


∂x′

∂x
∂x′

∂y
∂x′

∂z

∂y′

∂x
∂y′

∂y
∂y′

∂z

∂z′

∂x
∂z′

∂y
∂z′

∂z

 (4.4)

(e.g., Boas, 2005). This coordinate transformation matrix can then be applied to trans-

form the vector field (magnetic field vectors) where

B′ =
J

detJ
B. (4.5)

It can be shown that this form exactly agrees with analytical expressions for an SNRs

magnetic field as previously derived in van der Swaluw and Achterberg (2004, Eq. 30);

also Fulbright and Reynolds (1990); Reynolds (1998); Reynolds and Chevalier (1981)

(see Appendix F).
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We present results of modelling 33 SNRs distributed around the Galaxy (See Figure 5.1

and Appendix C). The data and the model are compared using two parameters. The

first parameter is the angle ψ, which is the projected angle between the axis of bilateral

symmetry and the Galactic plane. ψ is measured using the convention that ψ = 0◦ when

the axis of symmetry is parallel to the Galactic plane. As the symmetry axis is rotated

clockwise the angle increases from 0◦ to 90◦, where ψ = 90◦ when it is perpendicular to

the Galactic plane. Angles from ψ > 90◦ to ψ = 180◦ are labeled as negative (i.e., −89◦

to −0◦ respectively).

The second parameter is the ratio of the peak brightness level between the two sides.

For the models, the angle, ψ was found by measuring the mean value of the intensities

of the pixels along a line extending across the diameter of the model SNR. The line was

rotated in 1° increments and the position where the mean of the pixels along the line

has a minimum value was taken as the angle through the symmetry axis. The real data

images are not as clean as the model images as they contain background emission, point

sources, and noise. Thus we did not obtain good results measuring the angle ψ on the

real data using this method and it was found that a by-eye method resulted in a better

measurement.

To minimize bias and further verify the results of these by-eye measurements, we

make use of the Zooniverse1 citizen science platform to have many volunteers make in-

dependent measurements of each SNR. The results from this analysis are discussed in

1https://www.zooniverse.org/
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Figure 5.1.: The position of the 33 SNRs in our sample showed plotted on the Galaxy
with field vectors from JF12 drawn for z = 0, b = 0. The Sun’s position
shown is at −8.5 kpc from the Galactic centre. The thin lines represent the
distance estimate from the literature while the thicker, lighter coloured lines
represent the best fit distance from the models.
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Appendix G. Table G.1 shows a detailed comparison between our measured values and

the mean values of the Zooniverse measurements. They are consistent with our own

measurements, with the exception of a few cases that have only marginal disagreement,

and which do not impact the conclusions. The Zooniverse results were obtained after

performing the analysis for the isotropic CRE case and therefore, for consistency, we

choose to continue to use our measured values rather than the mean value of the Zooni-

verse measurements. For the uncertainties, we choose to use the values that are derived

from the standard deviation of the Zooniverse measurements (shown in Table 5.1), as

these are a more reasonable indication of the true uncertainty.

Through the careful selection of the sample, the objective is to use only the clearest

cases where the axis of bilateral symmetry can be unambiguously identified. For the

double-limbed cases, the axis of bilateral symmetry is defined as the line running between

the two limbs. The limbs are defined to be the brightest region of radio emission, where

a corresponding limb on the other side can be identified. For example, in the case of

G054.4–00.3, although there is a bright region near the top-centre of the image, it has

no corresponding emission on the opposite side and thus the axis is defined to be between

what appear to be two limbs. However, in the case of G302.2+00.7, although it could

be argued that there may be a second set of faint limbs oriented at 90◦ to the bright

regions, the axis-of-symmetry is defined based on the brightest regions (for consistency).

In some cases only a single limb is visible, where no counterpart can be detected on the

opposite side. Here, the “symmetry” axis is chosen to be parallel to the brightest area of

emission. This makes the assumption that there is a corresponding limb on the opposite

side that is not detected. While this assumption may not be true in all cases, we must

be consistent and use the same method for determining the orientation of the symmetry

axis.

We measured ψ by using a rectangular box sized to fit the gap between the lobes. The

box was rotated in 1° increments and the best angle was determined based on how well
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it apparently divides the emission into two distinct lobes. We estimate the uncertainty

of this measurement to be ±5°. This estimate is based on the variation resulting from

repeated independent measurements.

After the angle is determined, a circular region with 8 pie-slice shape wedges is defined,

centred on the SNR (this procedure was done for both the models and the data). Two

of the slices are centred on the symmetry axis, which means two other slices should be

centred on the bilateral lobes. We then found the ratio of the mean brightness in the two

wedges for the SNR lobes on opposite sides (i.e., mean north limb divided by mean south

limb). This ratio was measured for all of the models using the automatically determined

best-fit angle and for the data using the by-eye best-fit angle in each case.

If the SNR were perfectly symmetrically bilateral the ratio should be 1. If this ratio is

> 1 it means the SNR/model is brighter in the north, and if this ratio is < 1 it means

it is brighter in the south. We determined the best-fit model overall by looking first at

the best fitting angles and then comparing the ratios. If two models had an angle with

an equally good fit (i.e., models showing the same orientation), then the ratio was used

to select the best model overall. These results are summarized in Table 5.1.

5.1. Isotropic case

In this section, the results of modelling 33 SNRs for the case of isotropic CRE distribution

are presented. Models were computed using both the JF12 and Sun08 models. As

demonstrated in next sections (Section 5.1.1 and Section 5.1.3), the JF12 model produces

a much better fit to the data and thus the analysis presented here is focussed on the

JF12 model.

As shown in Appendix C, most of the models have a symmetric, bilateral appearance

with two well separated limbs of uniform brightness. This is because the magnetic field

is relatively uniform at the particular location where the SNR was modelled and thus

the compressed field is more or less equal on both sides. However some of the models
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5. Comparisons of models to data

Table 5.2.: Image References
Image Reference

1 Reynolds et al. (2008)
2 Very Large Array via NRAO Science Data Archive
3 The NRAO VLA Sky Survey (NVSS, (Condon et al., 1998))
4 MAGPIS: A Multi-Array Galactic Plane Imaging Survey (Helfand et al., 2006)
5 Canadian Galactic Plane Survey, (CGPS, (Taylor et al., 2003))
6 Landecker et al. (1999)
7 The Westerbork Northern Sky Survey (WENSS, (Rengelink et al., 1997))
8 Urumqi 25 m telescope (Xu et al., 2007)
9 The Molonglo Observatory Synthesis Telescope (MOST) Supernova Remnant Cata-

logue, (Whiteoak and Green, 1996)
10 The Parkes-MIT-NRAO surveys (Condon et al., 1993).

have a circular morphology or other unusual features.

In some cases, the models have a round or circular appearance, for example, the case

of G036.6+02.6 at d = 5 kpc (see Appendix C). This is due to the magnetic field being

primarily directed along the line of sight at those locations (i.e., the vectors are coming

directly at the observer or pointing directly away from the observer). These round

models should be intrinsically fainter since the observed synchrotron emission depends

on the perpendicular component of the magnetic field. This brightness difference is not

apparent in the figures since the model images have been normalized for the purpose of

comparing them to the observed SNR morphology.

In other locations, we find that the model SNRs have one limb significantly brighter

than the other; for example, G028.6–00.1 at distances of 2–4 kpc (see Appendix C).

This brightness difference can be explained by asymmetries in the magnetic field model.

In some cases, if the field is changing, there can be a difference between the two limbs

where the field has a larger line-of-sight component on one side and a larger perpendicular

component on the other. In this case the limb with the stronger perpendicular component

will be brighter. In other cases, the magnitude of the field is stronger on one side

compared to the other, which will also result in an asymmetry in the brightness.

For some models, some sharp and dark features appear in the images. For example,
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5. Comparisons of models to data

for the case of G317.3–00.2, the model images up to 6 kpc show such a feature. These

apparent lines are the result of sharp transitions in the magnetic field model and can be

emphasized by the vector addition of the various components of the model (see Section

3.4.2). These transitions will appear sharper and somewhat unphysical in these models.

It is possible that such transitions are present in the real Galactic field although they

would likely be smoother and less abrupt.

Figure 5.2 shows several models at the position of G317.3–00.2 at a distance of 2 kpc to

show the impact of excluding the various field components. In this example, the X shape

is contributing a line-of-sight component, in addition to a vertical GMF component.

Thus, the model that includes the X-field shows strong asymmetry with the southern

limb of the SNR being much brighter, which is consistent with the data. This figure

shows that for this particular example, the asymmetry is due primarily to the inclusion

of the X-field and illustrates the impact of including this component.

5.1.1. Results and discussion

We find that 25 out of the 33 SNRs have an angle that agrees with the angle from

the Galactic model within 10° (see Figure 5.3). When the brightness is compared, we

find that for 23 out of 33 SNRs the models and data agree in the sense that they are

brighter/fainter on the same side (i.e., both would be bright in the North or both bright

in the South). In five of the cases the brightness difference is border-line where both the

model and data have values close to one (i.e., equally bright on both sides). There are five

cases (G021.8–0.6, G046.8–00.3, G054.4–00.3, G166.0+04.3, G327.4+1.0) where there is

a significant disagreement between the brightness distribution between the model and

the data in terms of this measurement. It is important to note that at least two of these

cases (G021.8–0.6 and G166.0+04.3) are known to be thermal composites interacting

with a molecular cloud.

The fact that nearly 75% of the clean sample of axisymmetric SNRs is well modelled
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5. Comparisons of models to data

z

y

z

yy

z

Figure 5.2.: Top: Models at the position of G317.3–00.2 and for a distance of 2 kpc
showing the impact of excluding the various magnetic field components.
Bottom: The corresponding magnetic field vectors shown in the z-y plane
(i.e., the plane of the sky, see Section 4.2.1) and cut through the centre of
the SNR bubble. Left panel: Only the disk field, Bdisk has been included.
The two limbs are more or less uniform in brightness (slightly brighter in
the north). Centre panel: The toroidal halo field, Btor has been included.
There is now some asymmetry introduced since the magnetic field is stronger
in the south with the addition of the toroidal halo component. Right panel:
The X-field, BX−field, has now been included. The vector sum of these
components has now made the field in the northern half of this SNR much
smaller in magnitude and the direction has changed (there is now a much
stronger line-of-sight (x) component in the northern half, though that is
not visible on this figure). Thus the model SNR shows a high degree of
asymmetry, which strongly resembles the data.
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Figure 5.3.: Histogram of the differences, ψmodel − ψdata, for the best fitting models of
JF12 (top) and Sun08 (bottom). In the case of JF12, out of 33 SNRs, 25 have
a difference that is < 10◦, which are in agreement within our uncertainty.
In the case of Sun08), only 10 SNRs have a difference that is < 10◦.
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5. Comparisons of models to data

with the JF12 model provides strong support for the impact of the GMF on SNR mor-

phology, as well as the need for a vertical component for Galactic field models. The

reader is reminded that the clean sample was purposely selected for this investigation in

order to minimize observational bias based on poor-quality data.

We did a preliminary review of the other 113 SNRs in the axisymmetric sample (see

Chapter 2.2) to compare the models and data based on a visual inspection. Even though

in many cases it is difficult to judge the fit due to poor quality data, we find that there

are intriguing matches for a number of SNRs between model and data that are good

prospective case studies. The models for all 113 SNRs can be reviewed in Appendix C

and on the companion website (SMIRF: www.physics.umanitoba.ca/snr/smirf/).

Nearly 25% of the sample of 33 is clearly not well fitted by the Galactic field model,

implying that other effects are in play. Aside from local electron acceleration effects (e.g.,

associated with quasi-parallel/perpendicular mechanisms) and turbulence that are not

accounted for in this initial analysis, additional factors in affecting the SNR morphology

include the SN progenitor and expansion into the CSM. This is particularly expected

for the youngest SNRs that are still under the influence of the progenitor’s mass-loss

history (e.g., Chevalier, 1982). Significant departures from the standard Sedov-Taylor

evolutionary phase can also arise from the SNR expansion into stellar wind bubbles

blown by the pre-supernova progenitor. In fact, it has been argued that SNRs resulting

from explosions of very massive stars can spend a significant fraction of their lifetime

in their progenitor bubbles, which would then affect their evolution and morphology for

tens of thousands of years (see e.g., Dwarkadas 2005, 2011). Therefore, they interact

with the ISM at a much later stage in comparison to the type Ia remnants expanding

normally in a less complex CSM. Some of these SNRs could also represent cases where

local variations in the GMF are dominating.

It is likely that the reasons for disagreement in these 25% of cases are many and varied.

Since no single reason can account for all of the discrepancies, individual case studies
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5. Comparisons of models to data

are needed. A systematic study of the SNR sample taking into account known age and

classification (Ia vs core-collapse) may help address this question, however in most cases

the classification is not known. It is also possible that in some cases the progenitor bubble

itself is carved by the GMF. Interesting case studies include G296.5+10.0 whose striking

bilateral morphology has been suggested to be affected by a magnetized progenitor wind

(Harvey-Smith et al. 2010).

Overall, we can successfully model the morphology of an impressively large number of

axisymmetric SNRs and while these other effects can have a significant bearing on the

appearance of an SNR, the GMF still seems to be the dominant factor.

5.1.2. Distance constraints

Depending on the longitude of the SNR, the orientation (pitch angle) of the GMF model,

and how the model varies along the line of sight for that direction, the models can fairly

tightly constrain the distance in some cases (for example G003.7–00.2, G093.3+06.9,

G296.5+10.0, G327.6+14.6, and G350.0–02.0); while in other cases, a much larger range

of distances could account for the observed emission. As outlined in Chapter 3.4.2 there

are significant uncertainties in the specific features of the JF12 model, thus one must be

cautious with interpreting these results for individual SNRs and dedicated case studies

are necessary for constraining the distance uncertainties in specific instances. This is

particularly true for SNRs near the Galactic centre where the GMF is more uncertain

and may be dominated by turbulent magnetic fields.

The best fit distances are determined by comparing the angles and brightness ratios

of the data with the model. These are summarized in Table 5.1. Local variations in

the magnetic field could change the distance interpretation but we expect that the large

scale field would dominate in most cases, particularly in these cases where the shell is

clear and well-defined.

When we compared the distances for the best fit of the model with the distances given
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5. Comparisons of models to data

in the literature (and compiled in SNRcat, Ferrand and Safi-Harb, 2012) we find that

out of the 33 SNRs, 18 have some distance estimate published in the literature and our

results agree with 15 of the 18 distance estimates. These results are summarized in

Table 5.1 (see also Figure 5.1). Only 3 SNRs have quite poor agreement: G065.1+0.6,

G332.0+0.2 and G359.1–00.5.

G065.1+0.6: The distance to the shell is estimated to be 9–9.6 kpc (Tian and Leahy,

2006) whereas our best-fit model gives 5+2
−2 kpc. We do note that the distance to a nearby

pulsar (PSR J1957+2831), possibly associated with the shell, is estimated to be 7 kpc,

which is in agreement with the upper limit of our range. This published distance is

based on a possible association with HI emission that has yet to be confirmed. Further

investigation of the distance to this remnant and its association with the pulsar is needed.

G332.0+0.2: This SNR is estimated to be at > 6.6 kpc (Caswell and Haynes, 1975),

which is a kinematic distance based on measurements of OH absorption. This disagrees

with our best-fit model distance of 1+2
−1 kpc. Given that the size of the radio shell is

12′, at a distance of 1 kpc, the shell’s physical size would be 3.4 pc, which would imply

that the object is quite young. Further investigation and a new distance estimate are

required.

G359.1–00.5: The Suzaku X-ray study of this object (Ohnishi et al., 2011) implies

a location close to the Galactic centre and the authors assume a distance of 8.5 kpc,

which is in agreement with other work that puts the distance at 8–10.5 kpc (Frail, 2011;

Uchida et al., 1992). Our best fit model puts the distance at 1+2
−1 kpc, but note that the

JF12 model does not attempt to model the GMF right at the Galactic centre (see also

the models in Appendix C showing that there are no model fits for distances between 7

and 10 kpc, which bracket the distance from observations).

The fact that the distance agrees in the majority of cases supports the use of this model

as a distance indicator in cases where the distance to the SNR is unknown. Conversely,
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5. Comparisons of models to data

quality imaging of SNRs, combined with good distance information, can give valuable

input to determination of distances to features of the GMF.

5.1.3. Comparison with Sun08

In addition to JF12, we computed models for all axisymmetric SNRs using the GMF

model of Sun08, which does not include a Z-component. These two GMF models were

both derived from fits to observations and the models both use the same spiral pitch

angle. Since the field strength does not come into this analysis, the main difference

between the two models is the geometry, namely the distances and directions of the

reversals and the addition of the X-field in JF12. For each model we selected the distance

that matches best, but in many cases, no good match was available, especially for the

models using Sun08. Figure 5.3 illustrates that the JF12 model provides a substantially

better fit to the data, particularly in terms of ψ, in nearly all cases.

In the sample of 33 SNRs, there are about nine cases where the Sun08 model gives

a reasonably good fit. In most cases this occurs where the orientation of the symmetry

axis of the SNR is parallel to the Galactic plane and where the Galactic latitude is small

(< |2◦|). Figure 5.4 shows a comparison of the two field models for three illustrative

SNRs: one at relatively high latitude, G296.5+10.0; one at a mid-range latitude, G016.2–

02.7; and one in the galactic plane, G046.8–00.3.

5.1.4. Magnetic fields of the SNRs

The model observations give us simulated Stokes Q and U polarization parameters.

These are used to produce polarized intensity (PI =
√
Q2 + U2) and polarization angle

(Ψ = 1
2 tan−1 U

Q) values that are used to make plots of the simulated magnetic field as

in Figure 5.4 (where the Ψ gives the orientation of the electric field).

Of the 33 SNRs in the very well defined sample, 13 have a magnetic field that has

been observed through polarization studies. Of these, 9 have been observed to have
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Figure 5.4.: Comparison of SNR models for three example SNRs: G296.5+10.0 (high-
latitude), G016.2-2.7 (mid-latitude), and G046.8-0.3 (in the plane). All
models from 0.5 to 10 kpc are shown for both GMF models, Sun08 and
JF12. The orange box highlights the best fit in each case. Below the model
strips we show the data (left) as well as the corresponding best fit model
for JF12 (centre) and Sun08 (right) . The model polarization magnetic field
vectors are overlaid in green.
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a tangential magnetic field: G016.2–02.7, G065.1+00.6, G093.3+06.9, G119.5+10.2,

G127.1+00.5, G156.2+05.7, G166.0+04.3, G182.4+04.3, and G296.5+10.0. In every

one of these cases, simulated magnetic field plots for the models also show a tangential

magnetic field. Two such cases, G016.2–2.7 and G296.5+10.0, are shown in Figure 5.4

(see also Figure 5.9 in the next section, which compares the observed magnetic fields of

SNRs to models for the quasi-perpendicular and quasi-parallel cases).

Roger et al. (1988) suggest that a vertically oriented field may be responsible for the

appearance of SNRs G296.5+10.0 and G327.6+14.6 (SN1006) and this study supports

this conclusion. RM observations by Harvey-Smith et al. (2010) lead those authors to

conclude that G296.5+10.0 has a toroidal field, possibly due to the progenitor star.

However the observations have very poor UV coverage, which means that they are only

sensitive to smaller structures making this conclusion uncertain. Additionally, RM ob-

servations are sensitive only to the line-of-sight component of the magnetic field. We

propose that a twisted vertical field could explain both the RM result and still be con-

sistent with a vertically oriented tangential field as shown by Milne (1987).

Three SNRs in the sample have what we term mixed magnetic fields, where the

field is not obviously tangential or radial. These are G021.8–00.6, G054.4–00.3 and

G116.9+00.2. Both G021.8–00.6 and G116.9+00.2 are thermal composite-type SNRs.

In addition, two of these SNRs G021.8–00.6 and G054.4–00.3 were noted above as hav-

ing poor fits in terms of the brightness ratio, which is perhaps not surprising since they

seem to be more complex cases. G054.4–00.3 in particular is interesting in that the

morphology of the model bears a striking similarity to the data despite the fact that the

brightness ratios do not agree. The simulated polarization vector plots for these SNRs

(Figure 5.5) also show deviations from a purely tangential field and thus would also be

considered to have mixed magnetic fields.

Only two SNRs in the sample have been observed to have radial fields: G046.8–

00.3 and G327.6+14.6 (SN1006). It is interesting that in the case of G046.8–00.3, the
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Figure 5.5.: Simulated polarization vectors for SNRs where observations show that they
have mixed magnetic fields. These are all shown for a distance of 4 kpc,
which is the best-fit distance for G054.4–0.3 and G116.9+0.2. In the case
of G021.8–0.6, the best fit distance is at 5 kpc. The magnetic field at that
distance is tangential, but at 4 kpc, which is still a reasonable fit, the field
shows more characteristics of being mixed.

simulated polarization vector plot for the JF12 is tangential, but the plot using the

Sun08 model at the corresponding distance (4 kpc) does indeed show a radial magnetic

field (see Figure 5.4).

G327.6+14.6 (SN1006) has also been observed to have a radial field (Reynoso et al.,

2013), but the observations also reveal the suggestion of a tangential field at the edges.

In the model, the simulated polarization vector plot for the JF12 field is tangential. This

is discussed further in Chapter 6

5.2. Quasi-parallel and quasi-perpendicular cases

The previous section assumes the simple case of an isotropic CRE distribution. In this

section, local acceleration effects are included, comparing the quasi-perpendicular and

quasi-parallel CRE distributions. The most common way to model these two scenarios

is to scale the CRE distribution by a factor that depends on the angle between the shock

normal and the post-shock magnetic field, φBn2 (see Section 3.5).

The quasi-perpendicular case is sometimes called the “equatorial belt”, where the
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5. Comparisons of models to data

CREs are distributed around the region where the magnetic field is subject to maximum

compression. The quasi-parallel case is sometimes referred as “polar caps”, since the

CREs are distributed near the poles of a compressed magnetic field as illustrated in

Figure 3.6.

5.2.1. Results and Discussion

The results of the modelling for the quasi-perpendicular and quasi-parallel CRE distri-

butions are presented in Appendix C along with the results for the isotropic distribu-

tion, at all distances, and for the GMFs of Sun08 and JF12. Here one can see that in

terms of the morphology, the quasi-perpendicular case is very similar to the isotropic

case for most models. Although some small differences do exist, these are in terms of

intensity differences and not overall morphology. The side-by-side comparison of the

quasi-perpendicular and quasi-parallel CRE acceleration cases is important to visualize

the significant morphological differences between these two cases.

For both the data and the models the bilateral axis angle, ψ, which is the projected

angle between the axis of bilateral symmetry and the Galactic plane is measured by-

eye. In the previous section, an automated method was used to measure the angles for

the models, however this automated method fails on many of the models for the quasi-

parallel case, thus we simply use the by-eye method in all cases since the results are very

similar for the two methods.

Figure 5.6 shows a histogram plot, that compares the values of ψ for the models and the

data in the quasi-perpendicular and quasi-parallel scenarios. The results for the quasi-

perpendicular case are very similar to the isotropic case, as expected. While there are

some slight differences in the intensity pattern for the two cases, the overall morphology

is the same in all cases. Thus, as for the isotropic case, the quasi-perpendicular case has

about 75% of the models that have a good match to the data and most are consistent

with published distance estimates to the SNRs.
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Figure 5.6.: Histogram of the differences in bilateral axis angle, ψmodel − ψdata, for the
best fitting models using the quasi-perpendicular CRE case and the magnetic
field model of JF12 (top), the quasi-parallel CRE case and JF12 (centre),
and the quasi-parallel CRE case and the magnetic field model of Sun08
(bottom).

Since it could be argued that single-limb SNRs may be interpreted as a double limb

that has merged, which would impact the interpretation of the axial orientation, we

also show histograms for the double-limbed and single-limbed sub-sample of SNRs for

comparison. For both the double-limbed and single-limbed SNRs, the results show that

there is greater agreement in the quasi-perpendicular case compared to the quasi-parallel

case for both GMF models. There are so few of the single-limb cases (6 SNRs) that the

statistics are very small, nevertheless all but one of the six cases agree within 20◦ in the

quasi-perpendicular case, but only two of the six cases agree within 20◦ in the quasi-

parallel case.

The results for the quasi-parallel case, however, show that there are fewer matches
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Figure 5.7.: Histogram for the sub-sample of SNRs with a double limb showing the differ-
ences in bilateral axis angle, ψmodel−ψdata, for the best fitting models using
the quasi-perpendicular CRE case and the magnetic field model of JF12
(top), the quasi-parallel CRE case and JF12 (centre), and the quasi-parallel
CRE case and the magnetic field model of Sun et al., 2008 (bottom).
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Figure 5.8.: Histogram for the sub-sample of SNRs with a single limb showing the dif-
ferences in bilateral axis angle, ψmodel − ψdata best fitting models using the
quasi-perpendicular CRE case and the magnetic field model of JF12 (top),
the quasi-parallel CRE case and JF12 (centre), and the quasi-parallel CRE
case and the magnetic field model of Sun et al., 2008 (bottom).
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between the models and the observations as the quasi-parallel case produces some strange

morphologies that are not matched by any SNR, as was pointed out by Fulbright and

Reynolds (1990). In many cases, no reasonable match between the data and the model

can be found. These results are summarized in Table 5.1. We also tested the quasi-

parallel case for the GMF model of Sun08 and found an even poorer correspondence

between model and data than the JF12 model.

The quasi-perpendicular case also has better consistency with published distances.

While there are eight cases (G001.9+00.3, G028.6–00.1, G093.3+06.9, G116.9+00.2,

G119.5+10.2, G127.1+00.5, G327.6+14.6, and G332.4–00.4) where the quasi-parallel

case has a reasonable morphological match, the distances in these cases are inconsis-

tent with the published results. For these cases, the quasi-perpendicular case matches

both in morphology and distance. There are three cases (G065.1+00.6, G156.2+05.7,

G332.0+00.2) where the quasi-parallel case is consistent for both morphology and dis-

tance, but in the case of G156.2+05.7, the quasi-perpendicular case is also a reasonable

fit. G065.1+00.6 and G332.0+00.2 are the only two cases where the quasi-parallel case is

consistent for both morphology and distance but the quasi-perpendicular case is not. In

the case of G065.1+00.6, the best fit quasi-perpendicular case is not in agreement with

the published distance (see Section 5.1.2). See Table 5.3 for a summary of the results of

the distances combined with the differences in the best-fit angles.

We searched the literature to find all available magnetic field observations of this

sample of 33 SNRs to compare to the magnetic field predicted by the best fitting models.

In Figure 5.9, the data and the models are presented showing that in 13 out of 15

cases, the observed magnetic field is more consistent with the quasi-perpendicular model.

Moreover, in all but one of these cases, the distance is also in agreement with the best

quasi-perpendicular model within the uncertainty. G065.1+00.6 is again the one case

that disagrees in terms of distance, but as discussed above, the published distance to

G065.1+00.6 is unconfirmed.
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5. Comparisons of models to data

Table 5.3.: For the SNRs with published distances, summary of the results of ψmodel −
ψdata shown with whether there is agreement (i.e., the model distance ranges
overlap) with the published distance for the quasi-perpendicular and the
quasi-parallel cases. Cases that agree are highlighted in gray.

Quasi-perpendicular Quasi-parallel
SNR ψmodel − ψdata (◦) Dist.

agrees?
ψmodel − ψdata (◦) Dist.

agrees?
Distance determination method

Double-limbed

G021.8–00.6 25 yes no good model no Association with molecular
cloud (Zhou et al., 2009).

G028.6–00.1 16 yes -16 no Column density of hard X-rays
(Bamba et al., 2003a).

G046.8–00.3 4 yes no good model no HI absorption feature (Sato,
1979).

G054.4–00.3 3 yes no good model no Association with HI shell (Park
et al., 2013).

G065.1+00.6 2 no 0 yes Association with HI feature
(Tian and Leahy, 2006).

G093.3+06.9 5 yes 42 no HI column density (Foster and
Routledge, 2003).

G116.9+00.2 32 yes 34 no Association with HI feature
(Yar-Uyaniker et al., 2004).

G119.5+10.2 -25 yes -3 no Association with HI shell
(Pineault et al., 1993).

G127.1+00.5 4 yes 17 no Association with HI feature
(Leahy and Tian, 2006).

G156.2+05.7 -7 yes -16 yes X-ray spectral fitting (Ya-
mauchi et al., 1999).

G296.5+10.0 -1 yes 55 yes Association with HI feature (Gi-
acani et al., 2000).

G327.6+14.6 -4 yes -51 no Optical spectra (Nikolić et al.,
2013).

G332.0+00.2 -1 no -29 yes OH emission (Caswell and
Haynes, 1975).

G332.4–00.4 4 yes 25 no Association with HI feature
(Reynoso et al., 2004).

G359.1–00.5 2 no -41 no X-ray spectral fitting (Ohnishi
et al., 2011).

Single-limbed

G166.0+04.3 3 yes no good model no Association with HI feature
(Landecker et al., 1989).

G182.4+04.3 20 yes no good model no HI column density (Kothes
et al., 1998).

G315.1+02.7 2 no no good model no Association with Hα feature
(Stupar et al., 2007).
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The other cases where the direction of the magnetic field is inconsistent are G046.8–0.3

and G327.6+14.6 (SN1006). In the case of G046.8–0.3, polarization data reveals a radial

magnetic field (see Figure 5.9), however this dataset is of very low resolution compared

to the best available radio image (see image in Appendix C). As noted in the previous

section, the simulated polarization vector plot using the JF12 model is tangential, but it

is interesting that the plot using the Sun08 model at the corresponding distance (4 kpc)

does show a radial magnetic field (see Figure 5.4). The case of SN1006 is discussed

in the following section. It should also be noted that SN1006 is the only case where

the magnetic field predicted by the quasi-parallel model is at all consistent with the

observations.

Overall, these results are consistent with the morphology of clean, axisymmetric SNRs

being the result of quasi-perpendicular shocks in a simple, compressed GMF.

5.2.2. Brightness parameters

Other authors (e.g., Petruk et al., 2009; Rothenflug et al., 2004) have used brightness

parameters such as the limb-to-centre ratio and the radial brightness profiles as a variable

to help distinguish between the two CRE scenarios, and we looked at the feasibility of

using these parameters in the context of this study.

Rothenflug et al. (2004) use a geometrical argument to claim that the quasi-parallel

scenario is the only one consistent with observations. They argue that in the quasi-

perpendicular scenario, the limb-to-centre brightness ratio must be at least 0.5 because

emission is coming from the equatorial belt around the whole perimeter of the SNR.

Since the X-ray observations of SN1006 reveal a ratio that is smaller than this (i.e., 0.3)

they claim that the quasi-perpendicular scenario is ruled out. However, this study also

showed that the radio data of SN1006 has a ratio of 0.7, which is quite different from the

X-ray observations. Based on the radio data alone, this ratio is not inconsistent with

the quasi-perpendicular scenario. Since this study is focussed on radio observations, and
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G016.2 2.7 d = 0.5 kpc G016.2 2.7 d = 7 kpcd = unknown

G021.8 0.6 d = 5 kpc G021.8 0.6 d = 1 kpcd = 5.2 - 5.5 kpc

G046.8 0.3 d = 5 kpc G046.8 0.3 d = 1 kpcd = 4.3 - 8.6 kpc

Figure 5.9.: Comparison of the magnetic fields for all cases where a magnetic field has
been measured. Magnetic field vectors are plotted on top of polarized in-
tensity emission. Data (left column) from top to bottom: G016.2–02.7 (Sun
et al., 2011a), G021.8–00.6 (Sun et al., 2011a), G046.8–00.3 (Sun et al.,
2011a). Where the data is presented in equatorial coordinates, it has been
rotated to Galactic coordinate for consistency with the models. Centre:
Best-fit quasi-perpendicular case using the JF12 model. Right: Best-fit
quasi-parallel case using the JF12 model. In some cases there are no rea-
sonably matching models and the model is shown as blank in these cases.
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G054.4 0.3 d = 4 kpc G054.4 0.3 d = 1 kpcd = 3.3 - 9 kpc

G065.1+0.6 d = 5 kpc G065.1+0.6 d = 9 kpcd = 9.0 - 9.6 kpc
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Fig. 5.9 continued. Data (left column) from top to bottom: G054.4–00.3 (Sun et al.,
2011a), G065.1+00.6 (Gao et al., 2011), G093.3+06.9 (Milne, 1987), G116.9+00.2

(Reich, 2002).

73



5. Comparisons of models to data

G119.5+10.2 d = 1 kpc G119.5+10.2 d = 5 kpcd = 1.1 - 1.7 kpc

G127.1+0.5 d = 1 kpc

Atlas of SNR Magnetic Fields 

6' on 
0\ -'-' 

§ 

+63°00' 

+62°20' 

01 h28m 

G184.6-5.8 
01 

(m) 

01 h22m 

(0) 

+64°38' 

+64°34' 

G130.7+3.1 

02h02m 
G189.1+2.9 

" Vi"" 

781 

02 hOl m 
(P) 

+22°00' 
.5 
] 

+22°12' 1 
., ". ,*!' "".', ! "'I 

o 

08h15m 

0" 
+2P 56 " ,- I v=:-e: 'jJ 

,j 
05h31 m44s 

. 
05h31m20S 

(q) 
G260.4-3.4 

-42°20' 

-43°20' 

18h24m 

-60°20' 

-60°30' 

18h18m llhllm Right ascension (1950) 
Figs 3m-3r 

08h13m 

(r) 

11 h09m 

G127.1+0.5 d = 4 kpcd = 1.1 - 1.3 kpc

G156.2+5.7 d = 3 kpc

2
0
0
2
n
s
p
s
.
c
o
n
f
.
.
.
.
1
R

G156.2+5.7 d = 1 kpcd = 1.0 - 3.0 kpc

G166+4.3 d = 5 kpc G166+4.3 d = 3 kpcd = 3 - 6 kpc

Fig. 5.9 continued. Data (left column) from top to bottom: G119.5+10.2 (Sun et al.,
2011c), G127.1+00.5 (Milne, 1987), G156.2+05.7 (Reich et al., 1992), G166.0+04.3

(Gao et al., 2011).

74



5. Comparisons of models to data

G182.4+4.3 d = 6 kpc G182.4+4.3 d = 3 kpcd = >3 kpc

G296.5+10 d = 1 kpc

782 

D. K. Milne 

G296.5+10.0 

(8) 
G315.4-2.3 

.- . 
0:' 

. CIJI·· 

-62°00' 

-52°00' 

-62°30' 

l 

14h42m 

-53°00 " . _h'. I , 

1 ) 
0 

,:' :.r 
. 

0 

• 

S 
on 
0'1 -'-' 
8 'p 
as 

= 
u 

Cl 

-60°00' 

I .'" , I I 
I 

14h38m 

(w) -41°30' 

I -55°45' 

15 h50m 

-42°00' 

15h47m 
15hOl m Right ascension (1950) 

Figs 3s-3x 
14h58m 

G296.5+10 d = 2 kpcd = 1.3 - 3.9 kpc

G327.6+14.6 d = 1 kpc G327.6+14.6 d = 0.5 kpcd = 1.6 - 2.2 kpc

G332.4 0.4 d = 3 kpc

19
96
AJ
..
..
11
1.
.3
40
D

G332.4 0.4 d = 7 kpcd = 3.4 kpc

Fig. 5.9 continued. Data (left column) from top to bottom: G182.4+04.3 (Sun et al.,
2011a), G296.5+10.0 (Milne, 1987), G327.6+14.6 (Reynoso et al., 2013), G332.4–00.4

(Dickel et al., 1996).

75



5. Comparisons of models to data

non-thermal X-rays are not observed in nearly all the SNRs in the sample (see previous

section), the limb-to-centre brightness ratio is not useful for distinguishing between the

two scenarios in the cases we are studying.

One other issue with this argument in the context of this study, is that the Rothenflug

et al. (2004) argument is only valid for the case of isotropic synchrotron emission found

in a region with a disordered magnetic field. In this study, we are assuming an ordered

field, and in addition, its initial orientation could include changes of direction (such

as a bend) within the region where the SNR is inserted. For the data, there are also

other associated uncertainties in determining the value of the limb-to-centre ratio. This

variable could be affected by a non-uniform background level and the presence of regions

of the ISM of varying density where emission can be enhanced. The localization of

these regions is difficult to determine, but it is reasonable to assume that they will not

be uniform around the equatorial belt and these enhancements could occur anywhere

along the line-of-sight, in front or behind the SNR. Additionally, all of the radio data

in this study is interferometry data, which in many cases is lacking the addition of

short spacings information and thus impacting the limb-to-centre ratio. These factors

combined with the uncertainty introduced by the magnetic field’s directional dependence

on the synchrotron emission means that this parameter is not useful for this study.

Petruk et al. (2009), use azimuthal brightness profiles to favour the quasi-perpendicular

scenario, however these profiles can depend on the specific CRE distribution model used.

In addition, this model does not account for magnetic field amplification, which is known

to modify the non-thermal emission. For these reasons, the azimuthal brightness is also

not useful for discriminating between the two CRE distribution scenarios.

Instead of using these quantitative ratios, this study takes the approach of a qualitative

analysis that includes the orientation and magnetic field information.
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Being a very bright, historical SNR with a very well-defined bilateral structure, SN1006

has been the subject of many previous studies, and thus it is important to address this

SNR in particular. SN1006 has an observed diameter of 30′ and a distance of 1.6–2.2 kpc

(Ferrand and Safi-Harb, 2012, and references therein), although Nikolić et al. (2013) set

an upper limit on the distance of 2.1 kpc. The remnant is oriented at an angle of

83◦ ± 5◦ with respect to the Galactic plane, which has led to controversy over whether

the ambient magnetic field local to SN1006 is oriented perpendicular or parallel to the

Galactic plane, depending on whether the quasi-perpendicular or quasi-parallel case is

favoured by the particular study.

Two such studies present evidence in favour of the quasi-perpendicular case: Petruk

et al. (2009), who compare the azimuthal brightness profile of radio maps to models,

concluding that quasi-perpendicular injection is favoured, and Schneiter et al. (2010),

who compare both radio and X-ray emission to MHD models to conclude that the

Galactic magnetic field (GMF) is most likely perpendicular to the Galactic plane.

Conversely, several other studies are supportive of the quasi-parallel scenario. These

include Rothenflug et al. (2004), who suggest that the quasi-parallel scenario is a better

fit on the basis of a geometrical argument regarding the limb-to-centre brightness ratios;

Bocchino et al. (2011), who compare the radio morphology to 3D MHD simulations and

conclude that the bright limbs are polar caps; and most recently Schneiter et al. (2015)

who focus on a comparison of Stokes Q data to models of this polarization parameter.
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6. Case study: G327.6+14.6 (SN1006)

The addition of this extra observable, lead these authors to support the quasi-parallel

case.

The models presented in Appendix C show that for the quasi-perpendicular case there

is a very reasonable morphological fit at a distance of 1±1 kpc, which is in agreement

with the range of published distances and given the uncertainties in the JF12 model.

However, for the quasi-parallel case, there is no reasonable fit for any distance modelled,

although the 0.5 kpc case is the closest match in terms of orientation.

6.1. Modelling of SN1006

Any model of SN1006 must be able to account for all observations, including observations

of radio polarization. Reynoso et al. (2013) published detailed observations of this SNR

that show that the magnetic field is radial in appearance. The availability of the Stokes

Q radio polarization parameter from Reynoso et al.’s (2013) observations led Schneiter

et al. (2015) to model this additional parameter and conclude that the quasi-parallel

case was closer to observations than the model for the quasi-perpendicular case. This

conclusion, based on these new observations, was contrary to earlier results from the same

authors (Schneiter et al., 2010) that supported the quasi-perpendicular case, highlighting

the need to include all available observations.

The Hammurabi code also provides model Stokes Q and U images, which together

may be used to produce a simulation of the magnetic field vectors that would be ob-

served. I compare the models simultaneously to the following observables: total intensity

(Stokes I) emission, the polarized intensity emission, and the magnetic field vectors (i.e.,

polarization angle +90◦).

The JF12 model likely does a good job of modelling the global properties of the GMF,

however local variations are not included so it is possible that the model will not be

correct at the position of some individual SNRs. If it is assumed that this is the case for

the position of SN1006, then the magnetic field may have some arbitrary configuration.
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6. Case study: G327.6+14.6 (SN1006)

We model SN1006 using a uniform magnetic field that is defined by Bx (line-of-sight

component), By (horizontal component), and Bz (vertical component) to find a model

that takes into account all of the observable properties described above.

Since SN1006 is tilted by 83◦ with respect to the Galactic plane, the By and Bz

components must have a specific relationship in order to give the model SNR the correct

bilateral axis angle, ψ = 83◦. For the quasi-perpendicular case, tan(ψ) = Bz/By and

for the quasi-parallel case, tan(ψ) = −By/Bz. For example, in our models of the quasi-

parallel case, By is set to 1 µG, which means Bz must be 0.12 µG to give the correct

orientation whereas in the quasi-perpendicular case, Bz is set to 1 µG, which means

By must be -0.12 µG for the same reason. The absolute values of By and Bz are not

significant; it is the ratio that matters since we are interested in a more qualitative

analysis.

By altering the Bx component, one changes the centre-to-limb brightness ratio and the

radial brightness profiles. Figure 6.1, shows several quasi-parallel and quasi-perpendicular

models that have the correct orientation, but with varying values of Bx.

In the quasi-parallel case, Bx must be less than By, otherwise the centre of SNR is

completely filled in and the limbs are not defined. We show two cases that show that the

pattern of the magnetic field vectors is radial in the limbs, as in the data, and remains

essentially unchanged for all cases where Bx < By.

In the quasi-perpendicular case, the pattern of the magnetic field vectors is tangential

to the limbs for most cases, except when the Bx component gets large (Figure 6.1,

bottom row), the magnetic field pattern changes to a radial pattern. The morphology

of the polarized intensity emission also changes significantly for this case, becoming

inconsistent with the data. Also, the morphology of the emission changes from bright

limbs to ring-like. In Figure 6.1 three quasi-perpendicular cases shows this transition

from tangential to radial magnetic field and illustrates that it is not possible to match

both the intensity pattern and the magnetic field at the same time.
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Figure 6.1.: Observations of G327.6+14.6 (SN1006) compared to a selection of grid-
based models. The magnetic field is defined by the components Bx (line-of-
sight component), By (horizontal component), and Bz (vertical component),
where it is the ratio between the By and Bz-components that determines
the orientation of the bilateral symmetry axis. Top row: Observations of
SN1006. Left: Stokes I total intensity (MOST). Centre: polarized intensity
(Reynoso et al. 2013). Right: Magnetic field vectors shown with total inten-
sity contours in the background (adapted from Reynoso et al. 2013). 2nd
row: Quasi-parallel model with Bx = 0.03 µG, By = 1.0 µG, and Bz = 0.12
µG. 3rd row: Quasi-parallel model with Bx = 0.55 µG, By = 1.0 µG, and
Bz = 0.12 µG.
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Figure 6.1 continued. 1st row: Quasi-perpendicular model with Bx = 1.28 µG,
By = −0.12 µG, and Bz = 1.0 µG. This is very close to the case at the location
of SN1006 in the JF12 GMF model. 2nd row: Quasi-perpendicular model with
Bx = −3.84 µG, By = −0.12 µG, and Bz = 1.0 µG. Bottom row: Quasi-
perpendicular model with Bx = −12.5 µG, By = −0.12 µG, and Bz = 1.0
µG. The models are arranged as the data with far left: Stokes I total intensity,
centre: polarized intensity, and right: magnetic field vectors shown over total
intensity emission.
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6. Case study: G327.6+14.6 (SN1006)

This modelling does not include detailed quantitative analysis or optimization of pa-

rameters such as comparison of the limb-to-centre brightness ratio or radial brightness

profiles. Such analyses are done in previous works (described in the previous section)

with conflicting conclusions as to which CRE acceleration scenario is supported. Instead,

the models are presented here for qualitative comparison between the morphology to-

gether with the magnetic field pattern.

6.2. Discussion of SN1006

These models agree with Schneiter et al. (2015) in that the quasi-parallel model most

closely matches the complete set of observations. Thus, we conclude that the quasi-

parallel case is indeed the better fit in the case of SN1006, which is different from the

results for most of the other SNRs in this study. In the majority of the other cases the

quasi-perpendicular case has better fit.

We do note that the quasi-parallel case is not perfect in describing the observations. In

particular, the magnetic field vectors for the quasi-parallel model converge at the poles

but this is not observed in the high resolution magnetic field vector map by Reynoso

et al. (2013).

It may be that SN1006 and possibly G001.9+00.3 as well (further discussed below;

see also Chapter 5), both being very young SNRs may be different. Young SNRs would

be expected to be dominated by turbulence and it is likely that in these young cases the

Rayleigh-Taylor instabilities are playing a major role.

The magnetic fields of SN1006, and other young SNRs, are seen to be amplified at

the bright limbs (Bamba et al., 2003b, 2004, 2006; Reynolds et al., 2012). These models

have not accounted for this turbulent amplification, nor do those of other authors (e.g.,

Schneiter et al., 2015). It has been suggested that turbulence can lead to selective

amplification of the radial component of the magnetic field (e.g., Inoue et al., 2013). This

could alter the observed properties, particularly the polarized emission and observed
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6. Case study: G327.6+14.6 (SN1006)

magnetic-field vectors. The turbulence must not be so significant as to destroy the

regular, bilateral appearance, but it may be possible that it imparts the apparent radial

magnetic field pattern.

Furthermore, observations of SN1006 show non-thermal X-ray and γ-ray emission

(Acero et al., 2010; Koyama et al., 1995) in correspondence to the bright limbs. Caprioli

and Spitkovsky (2014) suggest that the γ-ray emission could indicate ion-acceleration

and thus could further support the quasi-parallel scenario given the prediction that ions

are more efficiently accelerated in quasi-parallel shocks.

From this work, the following observations are made:

1. that the quasi-parallel case is favoured for SN1006,

2. that the quasi-perpendicular case is favoured for the majority of other axisymmet-

ric SNRs,

3. that the JF12 model gives a good fit to the total intensity emission for the quasi-

perpendicular CRE case and for a distance that is consistent with other measure-

ments,

4. that neither the quasi-parallel nor quasi- perpendicular cases can convincingly

reproduce the observed pattern of the magnetic field, and

5. that there is disagreement in the literature as to whether the quasi-parallel or quasi-

perpendicular CRE case is favoured with evidence supporting both scenarios.

We therefore suggest that the regular bilateral morphology of SN1006 is due to the

compressed GMF, and that this compression is around the equatorial belt. The observed

radial magnetic field pattern may be imparted by turbulence that does not destroy the

morphology that is due to the direction of the regular component of the field.

Additionally, these results suggest that it is possible that both quasi-parallel and quasi-

perpendicular acceleration could be simultaneously at play together in the same SNR.
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6. Case study: G327.6+14.6 (SN1006)

That is, the initial, compression of the GMF leads to quasi-perpendicular acceleration of

electrons, which leads to the synchrotron radio emission. Then, turbulence in the young

SNR may lead to local magnetic field amplification, that results in a radially oriented

magnetic field component. At this point, quasi-parallel acceleration can occur, leading

to the acceleration of ions and the presence of the γ-ray emission at the limbs, coincident

with the radio emission. It may be that young, energetic SNRs, like SN1006 could be

cases where both quasi-parallel and quasi-perpendicular acceleration are occurring at the

same time, and in the same SNR. Investigating this scenario requires further modelling

that is beyond the scope of this work.

6.2.1. Discussion of G001.9+00.3

Since G001.9+00.3 shares some similarities with SN1006, such as being a young SNR

with non-thermal X-ray emission that shows bilateral structure. G001.9+00.3 is a very

young SNR, thought to be the youngest in the Galaxy at only 150 – 220 yr (Carlton

et al., 2011; Gómez and Rodŕıguez, 2009; Green et al., 2008; Reynolds et al., 2008) and

located at a distance of 8.5 kpc (Reynolds et al., 2008). This SNR has the peculiar

property that the brightest areas of X-ray and radio emission are anti-correlated. Using

the method described above (where the axis of bilateral symmetry is defined as being

parallel to the brightest region of radio emission, where a corresponding limb on the

other side can be identified) the axis of symmetry would be inclined at a large angle

(∼ −85◦), making it nearly vertical. However, looking at the X-ray data (see Reynolds

et al., 2008), which in the case of this SNR is mostly non-thermal, it is clear that the

X-ray data shows a symmetry axis that is close to parallel with the Galactic plane.

For completeness, we have included G001.9+00.3 in the modelling. However, the

extreme youth of this SNR means that is almost certainly has not reached the Sedov

phase of its evolution. Also the fact that we are modelling radio emission and that the

X-ray and radio emission are anti-correlated, makes this SNR a unique case where the
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6. Case study: G327.6+14.6 (SN1006)

modelling does not apply.
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7. Conclusions

This study has focused on the cleanest and most complete sample of Galactic axisym-

metric SNRs, i.e., those showing an axis of symmetry often referred to in the literature

as bilateral or barrel-shaped SNRs. We have modelled these remnants using the com-

prehensive GMF model of Jansson and Farrar (2012a, JF12), which takes into account

for the first time an off-plane, X-shaped component of the GMF that is motivated by

observations of the magnetic field in external galaxies. We have made all of these im-

ages and models available (searchable and filterable) on a companion website (SMIRF:

www.physics.umanitoba.ca/snr/smirf/). It should be stressed that it is not the de-

tails of the JF12 model that matter the most for this modelling, but rather the presence

of the vertical, X-shaped component that is not included in previous models. We have

demonstrated that:

1. The observed morphologies of individual SNRs, in particular the bilateral axis

angle, can be reproduced through a simple and physically motivated model of

an SNR expanding into the ambient GMF. In addition to the morphology, the

magnetic fields predicted by the models (i.e., tangential or radial) are consistent

with the observed magnetic fields in nearly all cases.

2. If the large scale Galactic field is known, this method can predict distances to

SNRs, or conversely, if SNR distances are known, they could constrain the large-

scale GMF at their position.
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3. A systematic comparison of a sample of SNRs at different positions in the Galaxy

in combination with this modelling method can distinguish between two large-scale

GMF models, even given the uncertainties in the distances.

4. A large-scale GMF model without a vertical component is not consistent with

our sample of SNRs. Therefore, either the large-scale Galactic field must have a

vertical field component, or the simple and physically motivated model of SNR

expansion into the ambient field is missing an element that must not only alter

the morphologies of individual SNRs (e.g., ambient density changes) but must do

so in a systematic way throughout the Galaxy. It is difficult to envision such

a mechanism that is as simple and natural (and motivated by observations of

external galaxies) as an X-shaped field component. Although it is suggestive,

these results do not conclusively prove that the vertical field must have an X-

shape. Nevertheless, this thesis strongly supports the presence of a vertical halo

component in the Milky Way Galaxy.

5. The results support the conclusion of Fulbright and Reynolds (1990) that the quasi-

parallel scenario produces images that are unlike any observed SNRs. The large

majority of the models, about 75%, have a good match to the data for the quasi-

perpendicular CRE case and most are consistent with published distance estimates

to the SNRs. In the quasi-parallel CRE case, there is very poor agreement between

the appearance of the models and the data. Thus we conclude that the radio

morphology of most axisymmetric SNRs is the result of quasi-perpendicular shocks

in a simple, compressed GMF.

6. SN1006 is a notable exception, and neither of the simple, quasi-parallel nor quasi-

perpendicular CRE cases, can fully describe the observations of SN1006; although

given a single choice, the quasi-parallel CRE case is the better option. Given that

the JF12 GMF model with the quasi-perpendicular CRE case gives a good fit to
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the morphology of SN1006 at a distance that is consistent with published distance

to SN1006, we suggest that the regular radio morphology of this SNR, like the

majority of other axisymmetric SNRs, is due to the compressed GMF, and that

this compression is around the equatorial belt. The deviations from the quasi-

perpendicular model, which includes the observed radial magnetic field pattern,

may be imparted by a turbulent magnetic field component that is in addition to the

regular magnetic field component. SN1006, and possibly other young, energetic

SNRs that show non-thermal X-ray and γ-ray emission, may be an example of

a case where both quasi-parallel and quasi-perpendicular acceleration could be

simultaneously at play.

7.1. Future work

This work is quite successful at reproducing the observed morphologies of a large ma-

jority of individual SNRs using a physically motivated model of a Sedov phase SNR

expanding into the ambient GMF. But while the JF12 model may do a reasonable job at

describing the large-scale component of the GMF, the morphology of individual SNRs

may be affected by specific local features. Some research questions that we plan to

address in future research includes (but are not limited to):

7.1.1. Further investigations of turbulence and the GMF

The models used in this study (Sun08 and JF12) include only the regular component of

the GMF, and do not include any turbulent component that would be associated with

the large-scale Galactic field or local-to-the-SNR acceleration mechanisms. The impact

of turbulence on SNR morphology should be investigated. Since the sample of Galactic

SNRs represents a range of different ages and thus different scales, SNRs can be used as

a tool to investigate the scale of the turbulence. In particular, an SNR with a size that

is much smaller than the scale of the GMF turbulence may see the turbulent component
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as a regular component. In that case the SNR may still show axisymmetric morphology,

but at an angle consistent with the local turbulent magnetic field (Gwenael Giacinti

2015, private communication). Thus a careful analysis of SNRs at various scales may

give some important clues to the outer scale of the turbulence spectrum in the GMF.

Other possible extensions of this work include investigating global properties of the

GMF such as the pitch angle of the spiral pattern, the precise shape of the vertical field,

and the Galactic warp, which may prove particularly important as the warp extends up

into the halo and thus would introduce an additional vertical component to the field.

Another exciting future extension is to conduct an analysis of SNRs with well-constrained

distances from other robust methods, to estimate distances to features in the GMF such

as reversals and transitions.

7.1.2. SNR case studies

In order to use this method to say something meaningful about the magnetic fields

of individual SNRs, more detailed analysis is necessary. In addition to the simple,

symmetric cases there are many very interesting and more complex cases where specific

features of the models seem to match the appearance of the data quite well (e.g, see

G036.6+02.6 and G054.4–00.3 in Figure C.1). These are cases where features such as

transitions and reversals in the GMF model are coincident with observed bright and

faint regions in the synchrotron emission from the SNR. It is not clear whether these

features are real or simply artifacts in the model that only coincidentally resemble the

total intensity radio data.

One approach to verify individual cases is to examine radio polarization data and

compare with simulated polarization maps. The angle of polarization can reveal the

projected orientation of the magnetic field, while the frequency dependence of the po-

larization (i.e. rotation measure) reveals the line-of-sight component. If the polarization

data matches the simulated maps this would be very strong evidence that the model
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magnetic field is correct, which would reveal an unprecedented level of detail about the

geometry of the magnetic fields in specific SNRs. Moreover, it would support the finer

scale details of the magnetic field models being used (JF12 in this case), which is quite

significant.

It is also worth investigating the reasons why 25% of the axisymmetric sample of SNRs

did not fit the model. These may be cases that are impacted by the supernova progenitor

and/or by turbulence, be it local to the supernova shock or global in the interstellar

medium. Polarization studies could also help understand these cases by examining the

data and investigating their environments. They may also represent cases where the

Galactic field model deviates from the large scale pattern.

Data for such studies is available in some cases. Many SNRs are included in surveys like

Galactic Arecibo L-band Feed Array Continuum Transit Survey (GALFACTS), which

has wide frequency coverage that may be used for rotation measure studies. There also

exists data of other SNRs from a successful proposal at the Dominion Radio Astro-

physical Observatory. The addition of high-energy observations can contribute further

information about the magnetic fields and locations of cosmic rays in these SNRs to

further refine the picture.

One such study that we have already begun is an analysis of G074.0–08.5 (Cygnus

Loop). This study combines modelling with data from GALFACTS and the Planck

satellite to provide further evidence that this SNR can be the result of two supernova

explosions as first suggested by Uyaniker et al. (2002).

7.1.3. Round SNRs and radial magnetic fields

SNRs with a ring-like or round appearance are also an interesting area for future study

with this modelling to investigate whether some of them may be a result of line-of-

sight magnetic fields. Polarization observations show that some SNRs, like SN1006,

have radial magnetic fields, the origins of which remains unclear (Reynolds et al., 2012).
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They are most commonly explained as a property of young SNRs with turbulence leading

to selective amplification of the radial component (e.g., Inoue et al., 2013). The magnetic

field may then transition to a tangential geometry as the SNR ages and the magnetic

field lines become more compressed. Adding turbulence to this model may be able to

show whether this model can reproduce the observations.

Alternatively, Whiteoak and Gardner (1968) proposed that radial fields are the result

of a geometrical effect: a magnetic field viewed from the side (i.e., perpendicular to the

line-of-sight) appears as a tangential field with bilateral appearance and when viewed

end-on (i.e., parallel to the line-of-sight) appears as a radial field with a round appear-

ance. This work excluded SNRs with a ring-like or round appearance, even though some

models also show this. A global study focussing on the round candidates could reveal

whether some of them may be a result of line-of-sight magnetic fields, which will impact

the understanding of the origins of radial fields.

7.1.4. Differentiating between type-Ia and core-collapse supernova

explosions

Although there are ≈400 SNRs known in the Galaxy, very little is known about the

progenitor explosion in most cases. The role that the explosion plays in shaping the

SNR morphology versus the role of the CSM is an outstanding question in the field. Our

searchable image catalogue (SMIRF) may prove to be a useful tool in investigating this

question.

7.2. Future outlook

Measuring magnetic fields is notoriously difficult and yet essential to understanding

interstellar processes. Cosmic magnetism is a key science goal of existing and upcoming

diffuse radio polarization surveys such as GALFACTS, the Square Kilometer Array

(SKA) pathfinders and the future SKA. These surveys have the potential to revolutionize
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our understanding of cosmic magnetic fields, yet diffuse polarization data are complex

and very difficult to interpret. This type of modelling will become even more essential

as polarization data increasingly becomes available.

Better data should also lead to a much larger sample of SNRs. Observations show that

in galaxies that are similar to our Milky Way, the expected rate of supernova explosions

is approximately once every 30-50 years. Foster et al. (2013) calculated that there should

be 1,200 to 2,000 SNRs in our Galaxy, assuming a radio lifetime of a SNR of 60,000 years.

However, there are currently less than 300 SNRs observable at radio wavelengths in the

Milky Way (Green 2009, also Ferrand & Safi-Harb 2012). The large discrepancy between

observed and expected SNRs can be explained by a strong bias towards bright resolved

objects in observations towards the inner Galaxy. In addition, low-surface brightness

SNRs can easily be missed, because they are below the sensitivity limit of the survey

or they are confused by other nearby objects. These issues are much less of a problem

in the outer Galaxy because objects are both closer and suffer less confusion due to the

smaller amount of material in this direction. However, a lack of data in the outer Galaxy,

especially in the range of Galactic longitudes between 200◦ < l < 300◦ means that there

are likely undetected SNRs in this region as well. Additional observations are needed to

compile a complete census of SNRs in the outer Galaxy and their properties. This will

help determine how many SNRs are truly missing in existing SNR catalogues.
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A. Equations describing the SNR

evolutionary phases

Note that full derivations for the following relationships can be found in Dyson and

Williams (1997).

A.1. Phase I - Free expansion

In the initial expansion, the density of the ejecta is much greater than the ISM and

the motion of the shock wave is essentially free-expansion, which is characterized by a

constant shock velocity,

dR(t)

dt
= VS . (A.1)

Since VS is a constant, we can write R = VS · t. The total ejected mass, Me, can be

expressed in terms of the total volume of the spherically symmetric ejecta and the initial

density, ρ0, and thus

Me =
4

3
πR3ρ0. (A.2)

The free expansion phase will end when the swept up mass is comparable to the initial

ejecta mass. This will occur for a radius

R =

(
3

4πρ0
Me

)1/3

. (A.3)
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Figure A.1.: The range of radii a SNR can have at the end of the free expansion phase.

Figure A.1 illustrates the range of radii a SNR can have at the end of the free expansion

phase. The plot was computed using ρ0 = 1.67 × 10−24gcm−3 (n0 ≈ 1cm−3), which is

the typical density of the ambient interstellar medium and using values for Me that vary

from 0 to 20 solar masses, M�. This shows that for most stars with Me < 20M�, the

radius at the end of the free expansion phase is relatively small (R < 5pc). Even in the

case of extremely massive stars (Me = 100M�), the radius is still less than 10 pc.

A.2. Phase II - Sedov Phase

Once the swept up mass is equivalent to the initial ejecta mass, the velocity will slow

down and the SNR will enter a phase that is characterized by a period of adiabatic

expansion where energy is conserved and the SNR does not suffer losses due to radiation.

For a thin shell in the Sedov Phase it is possible to derive a simple relationship between

the shell thickness and the total radius,

δr

R
≈ 1

12
. (A.4)
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Using energy conservation, it is also possible to derive expressions for how the radius

and shock velocity will vary with time. The total energy in the SNR can be computed

by taking the total mass and multiplying by the total energy per unit mass, the specific

energy, which yields the following result for the total energy

ET =
3

4
πρ0R

3Ṙ2. (A.5)

Since energy is conserved, the total energy is equivalent to the explosion energy, E∗.

We also have a boundary condition that at a time t → 0, R → 0. Using this boundary

condition we can integrate over time and solve for R to find that

R =

(
25E∗
3πρ0

)1/5

t2/5. (A.6)

The expression for the shock velocity is found by taking the time derivative to get

Ṙ =
2

5

(
25E∗
3πρ0

)1/5

t−3/5. (A.7)

Thus unlike in the free expansion phase where we had a constant shock velocity, in the

Sedov phase we can see that the shock velocity is slowing with time.

A.3. Phase III - Radiative Phase

As the SNR ages, the shock velocity continues to slow and the temperature also decreases

since T ∝ V 2
S . In addition, the cooling is further accelerated since there are more ions

available to cool the gas via collisional excitation of lines. Eventually the rate of cooling

via radiation exceeds the cooling rate due to the expansion. Such cooling is dramatic

and it is assumed that a thin shell of cool material forms behind the shock. As this

cool shell expands, it sweeps up material in a way such that the total momentum of the

shell is conserved. This is often described as the snow-plow phase. From conservation
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of momentum, p, we can see that the total mass of the shell multiplied by the shock

velocity must be a constant

p0 =
4

3
πR3ρ0Ṙ = constant. (A.8)

If it is assumed that the thin shell is formed instantaneously at a time, t = t0, and

radius, R = R0, with shock velocity, Ṙ = Ṙ0, we have

p0 =
4

3
πρ0R

3Ṙ =
4

3
πρ0R

3
0Ṙ0. (A.9)

If we then integrate over time and rearrange we can then find expressions for R, and

also Ṙ:

R = R0

(
1 + 4

Ṙ0

R0
(t− t0)

)1/4

Ṙ = Ṙ0

(
1 + 4

Ṙ0

R0
(t− t0)

)−3/4

.

(A.10)

The SNR is in this phase once cooling dominates and a significant fraction of the energy

has been radiated away. At this time the shock velocity has significantly slowed to a few

hundred km per second.
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B. Table of refined SNR centres and sizes

Table B.1 lists the SNR parameters used in this thesis. This includes the SNR type and

distances, which are compiled in SNRcat (Ferrand and Safi-Harb, 2012). The magnetic

field information and images were compiled specifically for this thesis. Tables B.1, B.2

and B.3 gives the complete list of references and frequencies for the various data (all

of these are between 0.33 GHz to 4.85 GHz). The images referred in this table (see

also Appendices C and D) represent the best data that was available through public

archives and in some cases through contacting original authors (see Table B.2). The

shell morphology (bilateral, unilateral, filamentary, or round) and associated uncertainty

(very clearly defined, somewhat defined, or not clearly defined) is assigned by scrutinizing

each image individually. In some cases the shell morphology could not be discerned at

all due either to poor quality data (low resolution or poor sensitivity) or complicated

morphology, and in these cases, no shell morphology is assigned.

For the online SMIRF catalogue, the thumbnail images are generated using the Astro-

nomical Plotting Library in Python (APLpy) package. This requires the SNR coordinate

centres and sizes to be defined. Initially the coordinate centres are taken from the SNR’s

name, and sizes from SNRcat (Ferrand and Safi-Harb, 2012) and Green (2014). In some

cases, these centres and sizes were further refined by reviewing the images. There are

cases where the coordinates given by Green (2014) lack the necessary precision to accu-

rately mark the SNR centre. In other cases these coordinates represent the peak emission

of the SNR. We made the assumption that emission is coming from the SNR limb and
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therefore the peak emission would not necessarily be at the centre. Some examples of

cases where the coordinates are redefined are shown in Figure B.1. The coordinates and

sizes given in Table B.1 are the refined coordinates.

Table B.1.: Complete table of SNRs.

SNR ID SNR
Type

l(◦) b(◦) Size
(′)

Min
Dist.
(kpc)

Max
Dist.
(kpc)

Morphology(?) B Data
source

Freq.
(GHz)

G000.0+00.0 TC 359.96 -0.05 3.5 8 8 ? - - NVSS 1.42
G000.1-00.1 TC/PC 0.10 -0.10 - - - ? - - NVSS 1.42
G000.3+00.0 S 0.33 0.04 15 8.5 8.5 ? - - NVSS 1.42
G000.9+00.1 PC 0.87 0.08 8 8.5 10 unilateral (2) - VLA0 1.45
G001.0-00.1 S 1.00 -0.13 8 8 8 ? - - NVSS 1.42
G001.4-00.1 S 1.46 -0.15 10 - - ? - - NVSS 1.42
G001.9+00.3 S 1.87 0.32 1.5 8.5 8.5 bilateral (0) - VLA1 1.42
G003.7-00.2 S 3.79 -0.29 14 - - bilateral (0) - VLA0 1.42
G003.8+00.3 S 3.82 0.40 18 - - bilateral (2) - NVSS 1.42
G004.2-03.5 S 4.12 -3.55 26 - - unilateral (1) - NVSS 1.42
G004.5+06.8 S 4.52 6.82 4 2.9 4.9 round (1) rad.1 VLA0 4.86
G004.8+06.2 S 4.78 6.24 18 - - round (1) - NVSS 1.42
G005.2-02.6 S 5.20 -2.60 18 - - unilateral (2) - NVSS 1.42
G005.4-01.2 PC 5.40 -1.20 35 4.3 5.2 round (2) rad.2 NVSS 1.42
G005.5+00.3 S 5.50 0.30 15 - - ? - - VLAH 1.42
G005.7-00.1 S 5.70 -0.10 12 3.1 3.2 ? - - VLAH 1.42
G005.9+03.1 S 5.88 3.12 20 - - unilateral (2) - NVSS 1.42
G006.1+00.5 S 6.10 0.40 18 - - unilateral (2) - VLAH 1.42
G006.4-00.1 TC 6.40 -0.10 48 1.6 2.2 unilateral (1) tan.2 VLAH 0.33
G006.4+04.0 S 6.40 4.00 31 - - unilateral (1) - NVSS 1.42
G006.5-00.4 S 6.52 -0.48 18 - - filamentary (2) - VLAH 0.33
G007.0-00.1 S 7.08 -0.10 17 - - unilateral (2) - VLAH 1.42
G007.2+00.2 S 7.20 0.20 12 - - unilateral (2) - VLAH 1.42
G007.5-01.7 TC/PC 7.50 -1.70 49 1.7 2 ? - - EFFL 2.72
G007.7-03.7 S 7.74 -3.74 25 3.2 6 round (2) tan.2 NVSS 1.42
G008.3-00.0 S 8.30 -0.09 5 - - unilateral (2) - VLAH 1.42
G008.7-00.1 TC/PC 8.70 -0.10 45 3.2 6 filamentary (2) - VLAH 0.33
G008.7-05.0 S 8.74 -5.00 26 - - bilateral (0) - NVSS 1.42
G008.9+00.4 S 8.90 0.40 24 - - ? - - VLAH 0.33
G009.7-00.0 S 9.70 -0.08 15 - - filamentary (2) - VLAH 0.33
G009.8+00.6 S 9.76 0.59 14 - - bilateral (2) - VLAH 1.42
G009.9-00.8 S 9.96 -0.81 12 - - bilateral (2) - VLAH 0.33
G010.5-00.0 S 10.46 0.00 6 - - ? - - VLAH 1.42
G011.0-00.0 S 11.04 -0.05 8 - - unilateral (1) - VLAH 1.42
G011.1-00.7 S 11.16 -0.74 11 - - unilateral (2) - VLAH 0.33
G011.1-01.0 S 11.16 -1.08 18 - - unilateral (2) - VLAH 0.33
G011.1+00.1 PC 11.17 0.12 10 - - unilateral (2) - VLAH 1.42
G011.2-00.3 PC 11.18 -0.34 5 5 10 round (1) - VLAH 1.42
G011.4-00.1 S 11.38 -0.06 8 - - filamentary (2) - VLAH 1.42

SNR Type: TC = thermal composite, PC = plerionic composite, S = shell. The morphology is indicated
with an uncertainty, (designated in brackets), where 0 = very clearly defined, 1 = somewhat defined, and
2 = not clearly defined. Image and magnetic field (B) references are included in Tables B.2 and B.3,
following below. The distance and SNR Type are from SNRcat (Ferrand and Safi-Harb, 2012).
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SNR ID SNR
Type

l(◦) b(◦) Size
(′)

Min
Dist.
(kpc)

Max
Dist.
(kpc)

Morphology(?) B Data
source

Freq.
(GHz)

G011.8-00.2 S 11.89 -0.21 4 - - ? - - VLAH 1.42
G012.0-00.1 S 11.96 -0.10 7 - - round (2) - VLAH 1.42
G012.2+00.3 S 12.26 0.30 6 - - unilateral (1) - VLAH 1.42
G012.5+00.2 PC 12.59 0.22 6 - - ? - - VLAH 0.33
G012.7-00.0 S 12.71 0.00 6 - - ? - - VLAH 1.42
G012.8-00.0 PC 12.82 -0.02 3 4 - round (2) - VLAH 1.42
G013.3-01.3 S 13.30 -1.30 70 2 4 ? - - EFFL 2.72
G013.5+00.2 S 13.45 0.14 5 - - filamentary (0) - VLAH 1.42
G014.1-00.1 S 14.18 -0.12 15 - - unilateral (2) - VLAH 1.42
G014.3+00.1 S 14.32 0.13 3 - - unilateral (2) - VLAH 1.42
G015.1-01.6 S 15.10 -1.60 30 2.2 - ? - - EFFL 2.72
G015.4+00.1 PC 15.44 0.16 15 3.8 5.8 unilateral (2) - VLAH 0.33
G015.9+00.2 S 15.90 0.20 7 8.5 8.5 round (2) - VLAH 1.42
G016.0-00.5 S 16.00 -0.50 15 - - ? - - VLAH 1.42
G016.2-02.7 S 16.14 -2.64 19 - - bilateral (0) tan.3 NVSS 1.42
G016.4-00.5 S 16.41 -0.55 13 - - filamentary (2) - VLAH 0.33
G016.7+00.1 PC 16.74 0.08 5 10 14 round (2) - VLAH 1.42
G017.0-00.0 S 17.03 -0.03 5 - - ? - - VLAH 1.42
G017.4-00.1 S 17.47 -0.11 9 - - unilateral (2) - VLAH 1.42
G017.4-02.3 S 17.40 -2.20 30 - - unilateral (2) - NVSS 1.42
G017.8-02.6 S 17.88 -2.65 24 - - unilateral (2) - NVSS 1.42
G018.1-00.1 S 18.15 -0.18 8 4 6.3 round (2) - VLAH 1.42
G018.6-00.2 S 18.62 -0.28 6 4 5.2 unilateral (1) - VLAH 1.42
G018.8+00.3 S 18.76 0.40 17 6.9 15 filamentary (0) rad.2 VLAH 1.42
G018.9-01.1 PC 18.95 -1.18 35 2 2 ? - - VLAH 0.33
G019.1+00.2 S 19.10 0.20 27 - - ? - - VLAH 0.33
G020.4+00.1 S 20.46 0.15 10 - - ? - - VLAH 1.42
G021.0-00.4 S 21.03 -0.47 9 - - bilateral (1) - VLAH 1.42
G021.5-00.1 S 21.55 -0.10 5 - - ? - - VLAH 1.42
G021.5-00.9 PC 21.50 -0.88 5 4.3 5.1 ? - rad.2 VLA0 1.42
G021.6-00.8 S 21.62 -0.82 13 - - unilateral (1) - VLA2 1.42
G021.8-00.6 TC 21.84 -0.52 20 5.2 5.5 unilateral (0) mix.2 VLAH 1.42
G022.7-00.2 S 22.70 -0.20 26 4 4.8 ? - - VLAH 0.33
G023.3-00.3 S 23.27 -0.30 29 3.9 4.5 bilateral (2) - VLAH 0.33
G023.6+00.3 ? 23.60 0.30 15 - - ? - - VLAH 1.42
G024.7-00.6 S 24.80 -0.63 17 - - unilateral (0) - VLAH 1.42
G024.7+00.6 PC 24.67 0.60 20 - - bilateral (2) - VLAH 1.42
G025.1-02.3 S 25.30 -1.90 80 - - unilateral (1) - EFFL 2.72
G025.2+00.3 PC 25.50 0.00 - - - ? - - VLAH 1.42
G027.4+00.0 S 27.39 0.00 6 7.5 9.8 round (1) - VLAH 1.42
G028.6-00.1 S 28.63 -0.10 6.5 6 8.5 bilateral (0) - VLAH 1.42
G028.8+01.5 TC 28.80 1.50 100 - - ? - - EFFL 2.72
G029.4+00.1 PC 29.37 0.10 9 5.2 15.8 ? - - VLAH 1.42
G029.6+00.1 S 29.56 0.12 5 - - ? - - VLAH 1.42
G029.7-00.3 PC 29.70 -0.24 4 5.1 7.5 bilateral (2) - VLAH 1.42
G030.7-02.0 ? 30.70 -2.00 16 - - ? - - NVSS 1.42
G030.7+01.0 S 30.70 1.00 24 - - ? - tan.3 VLAH 0.33
G031.5-00.6 S 31.50 -0.60 18 - - ? - - VLAH 0.33
G031.9+00.0 TC 31.88 0.02 9 7.2 8.6 filamentary (2) - VLAH 1.42

SNR Type: TC = thermal composite, PC = plerionic composite, S = shell. The morphology is indicated
with an uncertainty, (designated in brackets), where 0 = very clearly defined, 1 = somewhat defined, and
2 = not clearly defined. Image and magnetic field (B) references are included in Tables B.2 and B.3,
following below. The distance and SNR Type are from SNRcat (Ferrand and Safi-Harb, 2012).
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SNR ID SNR
Type

l(◦) b(◦) Size
(′)

Min
Dist.
(kpc)

Max
Dist.
(kpc)

Morphology(?) B Data
source

Freq.
(GHz)

G032.0-04.9 S 31.92 -4.61 60 1.8 1.8 ? - - CHIP 1.42
G032.1-00.9 TC 32.10 -0.90 40 - - ? - - VLAH 0.33
G032.4+00.1 S 32.40 0.10 6 17 17 ? - - VLAH 0.33
G032.8-00.1 S 32.80 -0.06 19 4.8 4.8 ? - - VLAH 1.42
G033.2-00.6 S 33.18 -0.55 18 - - unilateral (2) - VLAH 1.42
G033.6+00.1 TC 33.67 0.05 13 7.1 7.1 filamentary (2) - VLAH 1.42
G034.7-00.4 TC/PC 34.70 -0.40 35 2.5 2.8 filamentary (2) rad.2 VLAH 1.42
G035.6-00.4 S 35.60 -0.40 15 3.2 4 ? - - VLAH 1.42
G036.6-00.7 S 36.60 -0.70 25 - - ? - rad.3 NVSS 1.42
G036.6+02.6 S 36.65 2.60 15 - - bilateral (0) - NVSS 1.42
G038.7-01.3 TC 38.70 -1.40 32 4 4 ? - - NVSS 1.42
G039.2-00.3 PC 39.23 -0.32 8 6.2 6.2 filamentary (0) tan.3 VLAH 1.42
G039.7-02.0 ? 39.70 -2.40 130 4.5 6.5 bilateral (1) rand.4 VLA4 1.42
G040.5-00.5 S 40.50 -0.50 22 1 - ? - - NVSS 1.42
G041.1-00.3 TC 41.12 -0.32 5 10.3 10.3 filamentary (0) - VLAH 1.42
G041.5+00.4 S 41.48 0.36 12 - - filamentary (2) - VLAH 1.42
G042.0-00.1 S 41.95 -0.04 10 - - bilateral (2) - VLA0 0.33
G042.8+00.6 S 42.80 0.67 24 - - unilateral (1) - VLA3 0.33
G043.3-00.2 TC 43.27 -0.19 4 8 11 filamentary (2) - VLAH 1.42
G043.9+01.6 S 43.90 1.60 60 - - ? - - VLA0 0.33
G045.7-00.4 S 45.60 -0.38 22 - - ? - - VLAH 1.42
G046.8-00.3 S 46.78 -0.28 17 4.3 8.6 bilateral (0) rad.3 VLAH 1.42
G049.2-00.7 TC 49.14 -0.60 30 4.3 6 ? - - NVSS 1.42
G053.6-02.2 TC 53.60 -2.20 38 2.3 6.7 filamentary (2) tan.3 CGPS 1.42
G054.1+00.3 PC 54.09 0.27 12 5.6 7.2 bilateral (2) - VLA0 1.52
G054.4-00.3 S 54.48 -0.27 45 3.3 3.5 bilateral (0) mix3 CGPS 1.42
G055.0+00.3 S 55.11 0.42 20 14 14 ? - - CGPS 1.42
G055.7+03.4 S 55.65 3.44 26 - - bilateral (2) - CGPS 1.42
G057.2+00.8 S 57.24 0.80 12 - - unilateral (2) - CGPS 1.42
G059.5+00.1 S 59.58 0.12 17 - - bilateral (2) - CGPS 1.42
G059.8+01.2 ? 59.80 1.20 20 - - unilateral (2) - CGPS 1.42
G064.5+00.9 S 64.52 0.95 9 11 11 round (1) - CGPS 1.42
G065.1+00.6 S 65.20 0.50 85 9 9.6 unilateral (0) tan.4 CGPS 1.42
G065.3+05.7 TC 65.30 5.40 220 0.8 0.8 unilateral (1) - GB6S 4.85
G065.8-00.5 S 65.84 -0.55 10 - - ? - - CGPS 1.42
G066.0-00.0 S 66.00 0.00 31 - - ? - - CGPS 1.42
G067.6+00.9 S 67.60 0.90 50 - - ? - - CGPS 1.42
G067.7+01.8 S 67.75 1.82 15 7 17 bilateral (2) tan.3 CGPS 1.42
G067.8+00.5 ? 67.80 0.50 7 - - unilateral (2) - CGPS 1.42
G068.6-01.2 ? 68.60 -1.20 23 - - unilateral (2) - CGPS 1.42
G069.0+02.7 PC 68.50 2.35 100 1.1 2.1 unilateral (2) tan.4 CGPS 1.42
G069.7+01.0 S 69.70 1.00 16 - - round (2) tan. CGPS 1.42
G073.9+00.9 S 73.90 0.90 27 1 2 unilateral (1) tan.3 CGPS 1.42
G074.0-08.5 S 74.00 -8.50 230 0.46 0.64 bilateral (2) tan.2 EFFL 2.72
G078.2+02.1 PC 78.20 2.10 60 1.7 2.6 filamentary (0) - CGPS 1.42
G082.2+05.3 TC 82.20 5.30 95 - - filamentary (0) mix4 CGPS 1.42
G083.0-00.3 S 83.00 -0.27 9 - - ? - - CGPS 1.42
G084.2-00.8 S 84.20 -0.80 20 4.5 4.5 filamentary (2) tan.3 CGPS 1.42
G085.4+00.7 TC 85.37 0.78 40 2.5 4.5 unilateral (1) - CGPS 1.42

SNR Type: TC = thermal composite, PC = plerionic composite, S = shell. The morphology is indicated
with an uncertainty, (designated in brackets), where 0 = very clearly defined, 1 = somewhat defined, and
2 = not clearly defined. Image and magnetic field (B) references are included in Tables B.2 and B.3,
following below. The distance and SNR Type are from SNRcat (Ferrand and Safi-Harb, 2012).
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SNR ID SNR
Type

l(◦) b(◦) Size
(′)

Min
Dist.
(kpc)

Max
Dist.
(kpc)

Morphology(?) B Data
source

Freq.
(GHz)

G085.9-00.6 TC 85.90 -0.60 24 3.2 6.4 filamentary (0) tan.3 CGPS 1.42
G089.0+04.7 TC 88.84 4.79 130 0.8 1.7 filamentary (0) mix2 CGPS 1.42
G093.3+06.9 TC/PC 93.25 6.90 29 1.7 2.7 bilateral (0) tan.2 DRAO 1.42
G093.7-00.2 TC 93.70 -0.20 80 1.5 1.5 filamentary (0) mix4 CGPS 1.42
G094.0+01.0 S 94.00 1.00 30 4.5 5.2 filamentary (0) tan.3 CGPS 1.42
G096.0+02.0 S 96.05 1.96 26 4 4 unilateral (1) - CGPS 1.42
G106.3+02.7 PC 106.30 2.70 60 0.8 0.8 ? - rad.4 CGPS 1.42
G107.5-01.5 S 107.50 -1.50 45 1.1 1.1 unilateral (2) - CGPS 1.42
G108.2-00.6 S 108.20 -0.60 70 2.6 3.8 ? - - CGPS 1.42
G109.1-01.0 TC 109.10 -1.00 34 3 3.4 filamentary (2) rad.3 CGPS 1.42
G111.7-02.1 S 111.74 -2.13 5 3.3 3.7 round (1) rad.2 VLA0 4.87
G113.0+00.2 ? 113.00 0.20 40 3.1 3.1 filamentary (0) mix3 CGPS 1.42
G114.3+00.3 S 114.30 0.30 90 0.7 0.7 unilateral (2) rad.4 CGPS 1.42
G116.5+01.1 S 116.50 1.10 80 1.6 1.6 unilateral (2) tan.4 CGPS 1.42
G116.9+00.2 TC 116.94 0.20 37 1.6 3.5 unilateral (0) mix3 CGPS 1.42
G119.5+10.2 PC 119.50 10.20 94 1.1 1.7 bilateral (0) tan.5 WENS 0.33
G120.1+01.4 S 120.09 1.42 10 1.7 5 round (1) rad.2 CGPS 1.42
G126.2+01.6 S 126.20 1.60 70 4.5 4.5 filamentary (0) - CGPS 1.42
G127.1+00.5 S 127.10 0.55 50 1.15 1.3 bilateral (0) tan.2 CGPS 1.42
G130.7+03.1 PC 130.73 3.08 9 2 3.2 ? - tan.2 CGPS 1.42
G132.7+01.3 TC 132.62 1.51 90 2 3 filamentary (0) - CGPS 1.42
G152.4-02.1 S 152.60 -2.00 100 1 1 bilateral (2) - CGPS 1.42
G156.2+05.7 S 156.20 5.70 110 1 3 bilateral (0) tan.6 SINO 5.01
G159.6+07.3 S 159.60 7.30 240 - - bilateral (2) - WENS 0.33
G160.9+02.6 TC 160.30 2.70 140 0.4 1.2 filamentary (0) tan.4 CGPS 1.42
G166.0+04.3 TC 166.13 4.35 35 3 6 bilateral (0) tan.4 CGPS 1.42
G178.2-04.2 S 178.20 -4.20 75 2.9 2.9 bilateral (1) - DRAO 1.42
G179.0+02.6 S 179.00 2.60 75 - - round (1) rad.4 CGPS 1.42
G180.0-01.7 PC 180.00 -1.70 190 1.1 1.5 filamentary (0) - CGPS 1.42
G182.4+04.3 S 182.40 4.30 50 3 - unilateral (0) tan.3 CGPS 1.42
G189.1+03.0 TC/PC 189.03 2.98 60 0.7 2 filamentary (0) rad.2 CGPS 1.42
G189.6+03.3 PC 189.60 3.30 78 1.3 1.7 ? - - CGPS 1.42
G190.9-02.2 S 190.97 -2.13 70 1 1 ? - - CGPS 1.42
G192.8-01.1 S 192.80 -1.10 80 - - ? - - GB6S 4.85
G205.5+00.5 S 205.50 0.50 220 0.6 1.6 ? - tan.4 SINO 5.01
G206.9+02.3 S 206.90 2.30 50 2.2 2.2 unilateral (1) rad.4 GB6S 4.85
G213.0-00.6 S 213.00 -0.60 160 - - ? - - EFFL 1.42
G260.4-03.4 S 260.40 -3.40 60 2.2 2.2 round (2) rad.2 GB6S 4.85
G261.9+05.5 S 261.90 5.50 40 2.9 2.9 round (1) - MOST 0.87
G263.9-03.3 PC 263.90 -3.30 255 0.25 0.3 ? - mix7 STOC 1.42
G266.2-01.2 S 266.20 -1.20 120 0.5 1 bilateral (2) - GB6S 4.85
G272.2-03.2 TC 272.20 -3.20 15 2 10 ? - - MOST 0.87

G276.5+19.0 S 276.50 19.00
1440

0.06 0.34 ? - - NVSS 1.42

G279.0+01.1 S 278.63 1.22 95 - - ? - - GB6S 4.85
G284.3-01.8 S 284.30 -1.80 24 2.9 2.9 filamentary (2) - MOST 0.87
G286.5-01.2 S 286.40 -1.20 26 - - unilateral (2) - MOST 0.87
G289.7-00.3 S 289.70 -0.30 18 - - filamentary (0) - MOST 0.87
G290.1-00.8 TC 290.10 -0.75 19 3.5 11 filamentary (0) - MOST 0.87

SNR Type: TC = thermal composite, PC = plerionic composite, S = shell. The morphology is indicated
with an uncertainty, (designated in brackets), where 0 = very clearly defined, 1 = somewhat defined, and
2 = not clearly defined. Image and magnetic field (B) references are included in Tables B.2 and B.3,
following below. The distance and SNR Type are from SNRcat (Ferrand and Safi-Harb, 2012).
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SNR ID SNR
Type

l(◦) b(◦) Size
(′)

Min
Dist.
(kpc)

Max
Dist.
(kpc)

Morphology(?) B Data
source

Freq.
(GHz)

G291.0-00.1 PC 291.02 -0.08 15 3 10 filamentary (0) rad.2 MOST 0.87
G292.0+01.8 PC 292.03 1.75 12 6 6 ? - - MOST 0.87
G292.2-00.5 TC/PC 292.16 -0.56 20 8 8.8 bilateral (2) - MOST 0.87
G293.8+00.6 PC 293.80 0.60 20 - - round (2) - MOST 0.87
G294.1-00.0 S 294.10 0.00 40 - - round (2) - MOST 0.87
G296.1-00.5 S 296.10 -0.50 37 2 2 round (2) - MOST 0.87
G296.5+10.0 S 296.50 10.00 90 1.3 3.9 bilateral (0) tan.2 MOST 0.87
G296.7-00.9 S 296.68 -0.95 14 9.1 10.9 ? - - GB6S 4.85
G296.8-00.3 S 296.90 -0.35 20 9 10.2 filamentary (0) - MOST 0.87
G298.5-00.3 ? 298.53 -0.33 5 - - ? - - MOST 0.87
G298.6-00.0 S 298.58 -0.07 12 - - round (2) - MOST 0.87
G299.2-02.9 S 299.20 -2.90 18 5 5 ? - - GB6S 4.85
G299.6-00.5 S 299.60 -0.45 13 - - unilateral (1) - MOST 0.87
G301.4-01.0 S 301.40 -1.00 37 - - round (0) - MOST 0.87
G302.3+00.7 S 302.30 0.72 19 - - bilateral (0) - MOST 0.87
G304.6+00.1 TC 304.59 0.13 8 9.7 - filamentary (2) - MOST 0.87
G306.3-00.9 S 306.31 -0.89 4 8 8 ? - - MOST 0.87
G308.1-00.7 S 308.12 -0.68 15 - - round (2) - MOST 0.87
G308.4-01.4 S 308.45 -1.40 14 9.1 10.7 unilateral (2) - MOST 0.87
G308.8-00.1 PC 308.80 -0.10 30 - - filamentary (0) - MOST 0.87
G309.2-00.6 S 309.18 -0.70 15 2 6 round (1) - MOST 0.87
G309.8+00.0 S 309.80 0.00 25 - - filamentary (0) - MOST 0.87
G310.6-00.3 S 310.62 -0.28 8 6.9 6.9 round (2) - MOST 0.87
G310.6-01.6 PC 310.59 -1.60 2.5 5 10 ? - - MOST 0.87
G310.8-00.4 S 310.81 -0.46 14 5.1 5.1 filamentary (2) - MOST 0.87
G311.5-00.3 TC 311.53 -0.34 5 6.6 - round (2) - MOST 0.87
G312.4-00.4 S 312.40 -0.40 38 6 - filamentary (2) - MOST 0.87
G312.5-03.0 S 312.50 -3.00 20 - - round (2) - MOST 0.87
G315.1+02.7 S 315.10 3.00 190 1.7 1.7 unilateral (0) - GB6S 4.85
G315.4-00.3 ? 315.40 -0.30 24 - - filamentary (2) - MOST 0.87
G315.4-02.3 S 315.40 -2.30 42 2.3 3.2 round (1) rad.2 MOST 0.87
G315.9-00.0 PC 315.90 0.00 25 - - unilateral (2) - MOST 0.87
G316.3-00.0 S 316.30 0.00 29 7.2 - bilateral (1) mix2 MOST 0.87
G317.3-00.2 S 317.30 -0.24 13 - - bilateral (0) - MOST 0.87
G318.2+00.1 S 318.20 0.10 45 3.5 9.2 bilateral (2) - MOST 0.87
G318.9+00.4 PC 318.90 0.40 30 - - filamentary (0) - MOST 0.87
G320.4-01.2 PC 320.40 -1.20 35 3.8 6.6 filamentary (0) rad.2 MOST 0.87
G320.6-01.6 S 320.68 -1.54 60 - - filamentary (2) - MOST 0.87
G321.9-00.3 S 321.90 -0.30 31 - - bilateral (0) - MOST 0.87
G321.9-01.1 S 321.89 -1.07 32 - - bilateral (2) - MOST 0.87
G322.1+00.0 S 322.13 0.03 9 4 11 round (2) - MOST 0.87
G322.5-00.1 PC 322.46 -0.11 15 - - round (1) - MOST 0.87
G323.5+00.1 S 323.48 0.08 13 - - round (2) - MOST 0.87
G326.3-01.8 PC 326.30 -1.73 38 3.4 5.8 filamentary (0) rand.2 MOST 0.87
G327.1-01.1 PC 327.08 -1.05 18 9 9 filamentary (0) - MOST 0.87
G327.2-00.1 S 327.24 -0.13 5 4 5 round (2) - MOST 0.87
G327.4+00.4 TC 327.30 0.54 23 4.3 6.5 filamentary (0) mix2 MOST 0.87
G327.4+01.0 S 327.40 1.00 15 - - unilateral (0) - MOST 0.87
G327.6+14.6 S 327.58 14.57 32 1.6 2.2 bilateral (0) rad.8 MOST 0.87

SNR Type: TC = thermal composite, PC = plerionic composite, S = shell. The morphology is indicated
with an uncertainty, (designated in brackets), where 0 = very clearly defined, 1 = somewhat defined, and
2 = not clearly defined. Image and magnetic field (B) references are included in Tables B.2 and B.3,
following below. The distance and SNR Type are from SNRcat (Ferrand and Safi-Harb, 2012).
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B. Table of refined SNR centres and sizes

SNR ID SNR
Type

l(◦) b(◦) Size
(′)

Min
Dist.
(kpc)

Max
Dist.
(kpc)

Morphology(?) B Data
source

Freq.
(GHz)

G329.7+00.4 S 329.70 0.40 40 - - filamentary (0) - MOST 0.87
G330.0+15.0 S 330.00 15.00 180 0.15 0.4 ? - - STOC 1.42
G330.2+01.0 S 330.17 0.98 11 5 - filamentary (2) - MOST 0.87
G332.0+00.2 S 332.00 0.18 13 6.6 - bilateral (0) - MOST 0.87
G332.4-00.4 S 332.43 -0.38 10 3.1 3.1 bilateral (0) tan.9 MOST 0.87
G332.4+00.1 S 332.40 0.12 17 7.5 11 bilateral (2) tan.2 MOST 0.87
G332.5-05.6 S 332.58 -5.58 35 2.2 3.8 bilateral (2) - MOST 0.87
G335.2+00.1 S 335.20 0.10 23 1.8 1.8 filamentary (2) - MOST 0.87
G336.7+00.5 S 336.75 0.54 14 - - filamentary (2) - MOST 0.87
G337.0-00.1 S 336.95 -0.11 14 11 11 ? - - MOST 0.87
G337.2-00.7 S 337.20 -0.72 6 2 9.3 ? - - MOST 0.87
G337.2+00.1 PC 337.19 0.07 3 14 14 ? - - MOST 0.87
G337.3+01.0 S 337.33 0.96 15 5 5 round (1) - MOST 0.87
G337.8-00.1 TC 337.80 -0.10 9 12.3 12.3 filamentary (2) - MOST 0.87
G338.1+00.4 S 338.08 0.42 15 - - unilateral (0) - MOST 0.87
G338.3-00.0 PC 338.33 -0.05 8 8 13 round (2) - MOST 0.87
G338.5+00.1 ? 338.50 0.10 9 11 11 filamentary (2) - MOST 0.87
G340.4+00.4 S 340.40 0.44 10 - - round (2) - MOST 0.87
G340.6+00.3 S 340.59 0.34 6 15 15 unilateral (2) - MOST 0.87
G341.2+00.9 PC 341.19 0.86 22 - - filamentary (0) - GB6S 4.85
G341.9-00.3 S 341.86 -0.30 7 - - unilateral (1) - MOST 0.87
G342.0-00.2 S 341.96 -0.20 12 - - filamentary (0) - MOST 0.87
G342.1+00.9 S 342.10 0.90 11 - - round (2) - MOST 0.87
G343.0-06.0 S 343.00 -6.00 250 1 1.5 filamentary (0) - GB6S 4.85
G343.1-00.7 S 343.08 -0.59 33 - - round (2) - MOST 0.87
G343.1-02.3 PC 343.10 -2.30 32 - - ? - - MOST 0.87
G344.7-00.1 TC 344.68 -0.18 10 6.3 14 filamentary (2) - MOST 0.87
G345.7-00.2 S 345.73 -0.18 6 - - filamentary (2) - MOST 0.87
G346.6-00.2 TC 346.63 -0.21 8 5.5 11 round (2) - MOST 0.87
G347.3-00.5 S 347.30 -0.50 65 1 1 filamentary (0) - MOST 0.87
G348.5-00.0 S 348.55 0.00 10 - 6.3 unilateral (2) - MOST 0.87
G348.5+00.1 TC 348.40 0.10 15 6.3 12.5 bilateral (2) - MOST 0.87
G348.7+00.3 S 348.65 0.39 14 13.2 13.2 unilateral (1) - MOST 0.87
G349.2-00.1 S 349.13 -0.07 9 - - bilateral (2) - MOST 0.87
G349.7+00.2 S 349.72 0.16 1.5 11.5 12 ? - - VLA0 1.51
G350.0-02.0 S 350.00 -2.00 45 - - unilateral (0) - GB6S 4.85
G350.1-00.3 S 350.08 -0.34 4 4.5 9 ? - - VLAH 5.01
G351.2+00.1 PC 351.27 0.16 9 - - unilateral (2) - MOST 0.87
G351.7+00.8 S 351.70 0.80 18 12.7 13.7 unilateral (2) - MOST 0.87
G351.9-00.9 S 351.93 -0.98 12 - - unilateral (2) - MOST 0.87
G352.7-00.1 TC 352.75 -0.12 8 6.8 8.4 bilateral (2) - MOST 0.87
G353.6-00.7 S 353.56 -0.65 30 2.4 4 ? - - SGPS 1.42
G353.9-02.0 S 353.95 -2.09 15 - - bilateral (0) - NVSS 1.42
G354.1+00.1 PC 354.19 0.15 15 - - ? - - MOST 0.87
G354.8-00.8 S 354.86 -0.76 20 - - unilateral (0) - MOST 0.87
G355.4+00.7 S 355.40 0.70 25 - - round (2) - MOST 0.87
G355.6-00.0 TC 355.69 -0.08 8 - - round (2) - MOST 0.87
G355.9-02.5 S 355.95 -2.55 15 - - round (2) - MOST 0.87
G356.2+04.5 S 356.20 4.47 23 - - bilateral (0) - NVSS 1.42

SNR Type: TC = thermal composite, PC = plerionic composite, S = shell. The morphology is indicated
with an uncertainty, (designated in brackets), where 0 = very clearly defined, 1 = somewhat defined, and
2 = not clearly defined. Image and magnetic field (B) references are included in Tables B.2 and B.3,
following below. The distance and SNR Type are from SNRcat (Ferrand and Safi-Harb, 2012).
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B. Table of refined SNR centres and sizes

SNR ID SNR
Type

l(◦) b(◦) Size
(′)

Min
Dist.
(kpc)

Max
Dist.
(kpc)

Morphology(?) B Data
source

Freq.
(GHz)

G356.3-00.3 S 356.30 -0.35 11 - - filamentary (2) - MOST 0.87
G356.3-01.5 S 356.30 -1.50 20 - - unilateral (2) - MOST 0.87
G357.7-00.1 TC 357.70 -0.10 8 11.8 11.8 ? - - MOST 0.87
G357.7+00.3 S 357.70 0.30 24 6.4 6.4 ? - - MOST 0.87
G358.0+03.8 S 358.00 3.80 38 - - round (1) - NVSS 1.42
G358.1+00.1 S 358.10 0.10 20 - - ? - - MOST 0.87
G358.5-00.9 S 358.58 -1.00 17 - - ? - - MOST 0.87
G359.0-00.9 S 359.00 -0.95 26 - - unilateral (2) - MOST 0.87
G359.1-00.5 TC 359.10 -0.50 24 5 8.5 bilateral (0) - MOST 0.87
G359.1+00.9 S 359.10 0.99 12 - - ? - - NVSS 1.42

SNR Type: TC = thermal composite, PC = plerionic composite, S = shell. The morphology is indicated
with an uncertainty, (designated in brackets), where 0 = very clearly defined, 1 = somewhat defined, and
2 = not clearly defined. Image and magnetic field (B) references are included in Tables B.2 and B.3,
following below. The distance and SNR Type are from SNRcat (Ferrand and Safi-Harb, 2012).
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B. Table of refined SNR centres and sizes

Figure B.1.: Examples of cases where the coordinates are redefined. G006.1+00.5 (VLA
data, top) and G332.0+00.2 (MOST data, bottom) with the SMIRF cata-
logue SNR centre/size (magenta circles) shown in comparison to the SNR
centre/size from Green (2014) (cyan circles).
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B. Table of refined SNR centres and sizes

Table B.2.: Complete Image References for all 293 SNRs
Image Reference

CHIP CHIPASS 1.4 GHz radio continuum map (Calabretta et al., 2014).
CGPS Canadian Galactic Plane Survey (using the 1420 MHz data) using the Dominion Radio

Astrophysical Observatory Synthesis Telescope (Taylor et al., 2003).
DRAO Dominion Radio Astrophysical Observatory - Same data specifications as CGPS, but not offi-

cially part of the survey. Acknowledgements to Roland Kothes for the image of G093.3+06.9.
EFFL Effelsberg 100m Telescope via MPIfR’s Survey Sampler.
GB6S 4850 MHz Survey/GB6 via NASA’s SkyView facility, (Condon et al., 1991, 1994; Condon

et al., 1993).
MOST The Molonglo Observatory Synthesis Telescope (MOST) Supernova Remnant Catalogue (843

MHz) (Whiteoak and Green, 1996)
NVSS NRAO VLA Sky Survey via NASA’s SkyView facility (Condon et al., 1998)
SINO Sino-German 6 cm survey (Gao et al., 2010; Sun et al., 2011b; Xiao et al., 2011; Xu et al.,

2007)
STOC Stockert Galactic plane survey (2720 MHz) via MPIfR’s Survey Sampler.
SUMS Sydney University Molonglo Sky Survey (843 MHz) via NASA’s SkyViewfacility (Bock et al.,

1999)
SGPS Southern Galactic Plane Survey (Haverkorn et al., 2006)
VLA0 Very Large Array via NRAO Science Data Archive.
VLA1 Very Large Array via CHANDRA Supernova Remnant Catalog
VLA2 Very Large Array. Acknowledgements to Michael Bietenholz for the data of 021.6-00.8.
VLA3 Very Large Array. Acknowledgements to David Kaplan for the data of G042.8+00.6.
VLA4 Very Large Array. Acknowledgements to Samar Safi-Harb for the data of G039.7-02.0.
VLAH Very Large Array data via The Multi-Array Galactic Plane Imaging Survey (Helfand et al.,

2006).
WENS Westerbork Northern Sky Survey (325 MHz Continuum) via NASA’s SkyViewfacility (Ren-

gelink et al., 1997)

Table B.3.: Magnetic Field References
Magnetic
Field

Reference

1 Matsui et al. (1984)
2 Milne (1987)
3 Sun et al. (2011a)
4 Gao et al. (2011)
5 Sun et al. (2011c)
6 Reich et al. (1992)
7 Milne (1980)
8 Reynoso et al. (2013)
9 Dickel et al. (1996)
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C. Models and images for the 33 very

clearly defined SNRs

Figure C.1 shows data in comparison to simulated images for all modeled distances. In

each case the data are shown on the left (image references are summarized in Table 5.2).

The angle of the green box was determined visually and its angle represents the bilateral

axis of the data. The angle is measured from the horizontal and is set to a positive value

if it is in the first quadrant, and to a negative value if it is in the second quadrant.

To the right of the image is the strip of models that were made for the position of

the particular SNR and at the various distances as labeled (in kpc). Models are shown

for the isotropic (top), quasi-perpendicular (centre), and quasi-parallel (bottom) CRE

cases. In some cases the Galactic field model is undefined at a location and so the model

image will show blank. This affects G001.9+00.3, G003.7–0.2, G354.8–00.8 and G359.1–

00.5, which are blank due to the magnetic field model being zero in central region of

the Galaxy and G156.2+05.7, G166.0+04.3, and G182.4+04.3 due to the fact that the

thermal electron/CRE density model is set to zero for distances beyond 17 kpc from the

Galactic centre. The set of best fitting models, based on the visual appearance of the

angle is highlighted with an orange box, while the overall best fit model that takes all

parameters into account is indicated by a green line that is drawn at the angle ψ that

was measured for that particular model. Where a published value for the distance is

available, the range is indicated by an arrow above the models (distances from SNRcat,

Ferrand and Safi-Harb (2012)).
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C. Models and images for the 33 very clearly defined SNRs

1 2 3 4 5 6 7 8 9 100.5

G001.9+00.3

1 2 3 4 5 6 7 8 9 100.5

G003.7-00.2

1 2 3 4 5 6 7 8 9 100.5

G008.7-05.0

1 2 3 4 5 6 7 8 9 100.5

G016.2-02.7

Figure C.1.: Data (left) shown in comparison to models at distances of 0.5, 1, 2, 3, 4,
5, 6, 7, 8, 9, and 10 kpc (left to right) showing the isotropic (top), quasi-
perpendicular (middle) and quasi-parallel (bottom) CRE acceleration case
for each of the 33 very clearly defined SNRs.
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C. Models and images for the 33 very clearly defined SNRs
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Fig. C.1 continued.
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C. Models and images for the 33 very clearly defined SNRs
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Fig. C.1 continued.
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C. Models and images for the 33 very clearly defined SNRs
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Fig. C.1 continued.
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C. Models and images for the 33 very clearly defined SNRs
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Fig. C.1 continued.

113



C. Models and images for the 33 very clearly defined SNRs
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Fig. C.1 continued.
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D. Supernova remnant Models & Images

at Radio Frequencies (SMIRF)

The website, Supernova remnant Models & Images at Radio Frequencies, SMIRF, lo-

cated at http://www.physics.umanitoba.ca/snr/smirf/, was created as a compan-

ion to this thesis and related papers. It provides access to the images and mod-

els for all 293 SNRs and for both the Sun08 and JF12 GMF models (isotropic case

only). It is filterable and integrated with SNRcat (Ferrand and Safi-Harb, 2012, http:

//www.physics.umanitoba.ca/snr/SNRcat/) to provide easy access to the information

compiled in that catalogue for the individual SNRs.

For completeness, included here is a snapshot of the main webpage and the full output

of the catalogue. For each SNR the data appears to the left, the models using Sun08

appear in the top row and the models using JF12 appear on the bottom row. The models

shown are for distances 0.5, 1, 2, 3, 4, 5, 6, 7, 8, 9, and 10 kpc from left to right.
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D. Supernova remnant Models & Images at Radio Frequencies (SMIRF)
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G000.1-00.1    (Image: NVSS)     --     Type: thermal & plerionic composite, ?     Distance: -     Size: 999' [Diameter: 289.71pc@1kpc]

G000.3+00.0    (Image: NVSS)     --     Type: shell, ?     Distance: 8.5 - 8.5     Size: 15' [Diameter: 4.35pc@1kpc]

G000.9+00.1    (Image: VLA0)     --     Type: plerionic composite, unilateral?     Distance: 8.5 - 10     Size: 8' [Diameter: 2.32pc@1kpc]

G001.0-00.1    (Image: NVSS)     --     Type: shell, ?     Distance: 8 - 8     Size: 8' [Diameter: 2.32pc@1kpc]

G001.4-00.1    (Image: NVSS)     --     Type: shell, ?     Distance: -     Size: 10' [Diameter: 2.9pc@1kpc]

G001.9+00.3    (Image: VLA1)     --     Type: shell, bilateral     Distance: 8.5 - 8.5     Size: 1.5' [Diameter: 0.435pc@1kpc]

G003.7-00.2    (Image: VLA0)     --     Type: shell, bilateral     Distance: -     Size: 14' [Diameter: 4.06pc@1kpc]



G003.8+00.3    (Image: NVSS)     --     Type: shell, bilateral?     Distance: -     Size: 18' [Diameter: 5.22pc@1kpc]

G004.2-03.5    (Image: NVSS)     --     Type: shell, unilateral?     Distance: -     Size: 26' [Diameter: 7.54pc@1kpc]

G004.5+06.8    (Image: VLA0)     --     Type: shell, round?     Distance: 2.9 - 4.9     Size: 4' [Diameter: 1.16pc@1kpc]

G004.8+06.2    (Image: NVSS)     --     Type: shell, round?     Distance: -     Size: 18' [Diameter: 5.22pc@1kpc]

G005.2-02.6    (Image: NVSS)     --     Type: shell, unilateral?     Distance: -     Size: 18' [Diameter: 5.22pc@1kpc]

G005.4-01.2    (Image: NVSS)     --     Type: plerionic composite, round?     Distance: 4.3 - 5.2     Size: 35' [Diameter: 10.15pc@1kpc]

G005.5+00.3    (Image: VLAH)     --     Type: shell, ?     Distance: -     Size: 15' [Diameter: 4.35pc@1kpc]



G005.7-00.1    (Image: VLAH)     --     Type: shell, ?     Distance: 3.1 - 3.2     Size: 12' [Diameter: 3.48pc@1kpc]

G005.9+03.1    (Image: NVSS)     --     Type: shell, unilateral?     Distance: -     Size: 20' [Diameter: 5.8pc@1kpc]

G006.1+00.5    (Image: VLAH)     --     Type: shell, unilateral?     Distance: -     Size: 18' [Diameter: 5.22pc@1kpc]

G006.4+04.0    (Image: NVSS)     --     Type: shell, unilateral?     Distance: -     Size: 31' [Diameter: 8.99pc@1kpc]

G006.4-00.1    (Image: VLAH)     --     Type: thermal composite, unilateral?     Distance: 1.6 - 2.2     Size: 48' [Diameter: 13.92pc@1kpc]

G006.5-00.4    (Image: VLAH)     --     Type: shell, filamentary?     Distance: -     Size: 18' [Diameter: 5.22pc@1kpc]

G007.0-00.1    (Image: VLAH)     --     Type: shell, unilateral?     Distance: -     Size: 17' [Diameter: 4.93pc@1kpc]



G007.2+00.2    (Image: VLAH)     --     Type: shell, unilateral?     Distance: -     Size: 12' [Diameter: 3.48pc@1kpc]

G007.5-01.7    (Image: EFFL)     --     Type: thermal & plerionic composite, ?     Distance: 1.7 - 2     Size: 49' [Diameter: 14.21pc@1kpc]

G007.7-03.7    (Image: NVSS)     --     Type: shell, round?     Distance: 3.2 - 6     Size: 25' [Diameter: 7.25pc@1kpc]

G008.3-00.0    (Image: VLAH)     --     Type: shell, unilateral?     Distance: -     Size: 5' [Diameter: 1.45pc@1kpc]

G008.7-00.1    (Image: VLAH)     --     Type: thermal & plerionic composite, filamentary?     Distance: 3.2 - 6     Size: 45' [Diameter: 13.05pc@1kpc]

G008.7-05.0    (Image: NVSS)     --     Type: shell, bilateral     Distance: -     Size: 26' [Diameter: 7.54pc@1kpc]

G008.9+00.4    (Image: VLAH)     --     Type: shell, ?     Distance: -     Size: 24' [Diameter: 6.96pc@1kpc]



G009.7-00.0    (Image: VLAH)     --     Type: shell, filamentary?     Distance: -     Size: 15' [Diameter: 4.35pc@1kpc]

G009.8+00.6    (Image: VLAH)     --     Type: shell, bilateral?     Distance: -     Size: 14' [Diameter: 4.06pc@1kpc]

G009.9-00.8    (Image: VLAH)     --     Type: shell, bilateral?     Distance: -     Size: 12' [Diameter: 3.48pc@1kpc]

G010.5-00.0    (Image: VLAH)     --     Type: shell, ?     Distance: -     Size: 6' [Diameter: 1.74pc@1kpc]

G011.0-00.0    (Image: VLAH)     --     Type: shell, unilateral?     Distance: -     Size: 8' [Diameter: 2.32pc@1kpc]

G011.1+00.1    (Image: VLAH)     --     Type: plerionic composite, unilateral?     Distance: -     Size: 10' [Diameter: 2.9pc@1kpc]

G011.1-00.7    (Image: VLAH)     --     Type: shell, unilateral?     Distance: -     Size: 11' [Diameter: 3.19pc@1kpc]



G011.1-01.0    (Image: VLAH)     --     Type: shell, unilateral?     Distance: -     Size: 18' [Diameter: 5.22pc@1kpc]

G011.2-00.3    (Image: VLAH)     --     Type: plerionic composite, round?     Distance: 5 - 10     Size: 5' [Diameter: 1.45pc@1kpc]

G011.4-00.1    (Image: VLAH)     --     Type: shell, filamentary?     Distance: -     Size: 8' [Diameter: 2.32pc@1kpc]

G011.8-00.2    (Image: VLAH)     --     Type: shell, ?     Distance: -     Size: 4' [Diameter: 1.16pc@1kpc]

G012.0-00.1    (Image: VLAH)     --     Type: shell, round?     Distance: -     Size: 7' [Diameter: 2.03pc@1kpc]

G012.2+00.3    (Image: VLAH)     --     Type: shell, unilateral?     Distance: -     Size: 6' [Diameter: 1.74pc@1kpc]

G012.5+00.2    (Image: VLAH)     --     Type: plerionic composite, ?     Distance: -     Size: 6' [Diameter: 1.74pc@1kpc]



G012.7-00.0    (Image: VLAH)     --     Type: shell, ?     Distance: -     Size: 6' [Diameter: 1.74pc@1kpc]

G012.8-00.0    (Image: VLAH)     --     Type: plerionic composite, round?     Distance: 4 -     Size: 3' [Diameter: 0.87pc@1kpc]

G013.3-01.3    (Image: EFFL)     --     Type: shell, ?     Distance: 2 - 4     Size: 70' [Diameter: 20.3pc@1kpc]

G013.5+00.2    (Image: VLAH)     --     Type: shell, filamentary     Distance: -     Size: 5' [Diameter: 1.45pc@1kpc]

G014.1-00.1    (Image: VLAH)     --     Type: shell, unilateral?     Distance: -     Size: 15' [Diameter: 4.35pc@1kpc]

G014.3+00.1    (Image: VLAH)     --     Type: shell, unilateral?     Distance: -     Size: 3' [Diameter: 0.87pc@1kpc]

G015.1-01.6    (Image: EFFL)     --     Type: shell, ?     Distance: 2.2 -     Size: 30' [Diameter: 8.7pc@1kpc]



G015.4+00.1    (Image: VLAH)     --     Type: plerionic composite, unilateral?     Distance: 3.8 - 5.8     Size: 15' [Diameter: 4.35pc@1kpc]

G015.9+00.2    (Image: VLAH)     --     Type: shell, round?     Distance: 8.5 - 8.5     Size: 7' [Diameter: 2.03pc@1kpc]

G016.0-00.5    (Image: VLAH)     --     Type: shell, ?     Distance: -     Size: 15' [Diameter: 4.35pc@1kpc]

G016.2-02.7    (Image: NVSS)     --     Type: shell, bilateral     Distance: -     Size: 19' [Diameter: 5.51pc@1kpc]

G016.4-00.5    (Image: VLAH)     --     Type: shell, filamentary?     Distance: -     Size: 13' [Diameter: 3.77pc@1kpc]

G016.7+00.1    (Image: VLAH)     --     Type: plerionic composite, round?     Distance: 10 - 14     Size: 5' [Diameter: 1.45pc@1kpc]

G017.0-00.0    (Image: VLAH)     --     Type: shell, ?     Distance: -     Size: 5' [Diameter: 1.45pc@1kpc]



G017.4-00.1    (Image: VLAH)     --     Type: shell, unilateral?     Distance: -     Size: 9' [Diameter: 2.61pc@1kpc]

G017.4-02.3    (Image: NVSS)     --     Type: shell, unilateral?     Distance: -     Size: 30' [Diameter: 8.7pc@1kpc]

G017.8-02.6    (Image: NVSS)     --     Type: shell, unilateral?     Distance: -     Size: 24' [Diameter: 6.96pc@1kpc]

G018.1-00.1    (Image: VLAH)     --     Type: shell, round?     Distance: 4 - 6.3     Size: 8' [Diameter: 2.32pc@1kpc]

G018.6-00.2    (Image: VLAH)     --     Type: shell, unilateral?     Distance: 4 - 5.2     Size: 6' [Diameter: 1.74pc@1kpc]

G018.8+00.3    (Image: VLAH)     --     Type: shell, filamentary     Distance: 6.9 - 15     Size: 17' [Diameter: 4.93pc@1kpc]

G018.9-01.1    (Image: VLAH)     --     Type: plerionic composite, ?     Distance: 2 - 2     Size: 35' [Diameter: 10.15pc@1kpc]



G019.1+00.2    (Image: VLAH)     --     Type: shell, ?     Distance: -     Size: 27' [Diameter: 7.83pc@1kpc]

G020.4+00.1    (Image: VLAH)     --     Type: shell, ?     Distance: -     Size: 10' [Diameter: 2.9pc@1kpc]

G021.0-00.4    (Image: VLAH)     --     Type: shell, bilateral?     Distance: -     Size: 9' [Diameter: 2.61pc@1kpc]

G021.5-00.1    (Image: VLAH)     --     Type: shell, ?     Distance: -     Size: 5' [Diameter: 1.45pc@1kpc]

G021.5-00.9    (Image: VLA0)     --     Type: plerionic composite,     Distance: 4.3 - 5.1     Size: 5' [Diameter: 1.45pc@1kpc]

G021.6-00.8    (Image: VLA2)     --     Type: shell, unilateral?     Distance: -     Size: 13' [Diameter: 3.77pc@1kpc]

G021.8-00.6    (Image: VLAH)     --     Type: thermal composite, unilateral     Distance: 5.2 - 5.5     Size: 20' [Diameter: 5.8pc@1kpc]



G022.7-00.2    (Image: VLAH)     --     Type: shell, ?     Distance: 4 - 4.8     Size: 26' [Diameter: 7.54pc@1kpc]

G023.3-00.3    (Image: VLAH)     --     Type: shell, bilateral?     Distance: 3.9 - 4.5     Size: 29' [Diameter: 8.41pc@1kpc]

G023.6+00.3    (Image: VLAH)     --     Type: unknown, ?     Distance: -     Size: 15' [Diameter: 4.35pc@1kpc]

G024.7+00.6    (Image: VLAH)     --     Type: plerionic composite, bilateral?     Distance: -     Size: 20' [Diameter: 5.8pc@1kpc]

G024.7-00.6    (Image: VLAH)     --     Type: shell, unilateral     Distance: -     Size: 17' [Diameter: 4.93pc@1kpc]

G025.1-02.3    (Image: EFFL)     --     Type: shell, unilateral?     Distance: -     Size: 80' [Diameter: 23.2pc@1kpc]

G025.2+00.3    (Image: VLAH)     --     Type: plerionic composite, ?     Distance: -     Size: 999' [Diameter: 289.71pc@1kpc]



G027.4+00.0    (Image: VLAH)     --     Type: shell, round?     Distance: 7.5 - 9.8     Size: 6' [Diameter: 1.74pc@1kpc]

G028.6-00.1    (Image: VLAH)     --     Type: shell, bilateral     Distance: 6 - 8.5     Size: 6.5' [Diameter: 1.885pc@1kpc]

G028.8+01.5    (Image: EFFL)     --     Type: thermal composite, ?     Distance: -     Size: 100' [Diameter: 29pc@1kpc]

G029.4+00.1    (Image: VLAH)     --     Type: plerionic composite, ?     Distance: 5.2 - 15.8     Size: 9' [Diameter: 2.61pc@1kpc]

G029.6+00.1    (Image: VLAH)     --     Type: shell, ?     Distance: -     Size: 5' [Diameter: 1.45pc@1kpc]

G029.7-00.3    (Image: VLAH)     --     Type: plerionic composite, bilateral?     Distance: 5.1 - 7.5     Size: 4' [Diameter: 1.16pc@1kpc]

G030.7+01.0    (Image: VLAH)     --     Type: shell, ?     Distance: -     Size: 24' [Diameter: 6.96pc@1kpc]



G030.7-02.0    (Image: NVSS)     --     Type: unknown, ?     Distance: -     Size: 16' [Diameter: 4.64pc@1kpc]

G031.5-00.6    (Image: VLAH)     --     Type: shell, ?     Distance: -     Size: 18' [Diameter: 5.22pc@1kpc]

G031.9+00.0    (Image: VLAH)     --     Type: thermal composite, filamentary?     Distance: 7.2 - 8.6     Size: 9' [Diameter: 2.61pc@1kpc]

G032.0-04.9    (Image: CHIP)     --     Type: shell, ?     Distance: 1.8 - 1.8     Size: 60' [Diameter: 17.4pc@1kpc]

G032.1-00.9    (Image: VLAH)     --     Type: thermal composite, ?     Distance: -     Size: 40' [Diameter: 11.6pc@1kpc]

G032.4+00.1    (Image: VLAH)     --     Type: shell, ?     Distance: 17 - 17     Size: 6' [Diameter: 1.74pc@1kpc]

G032.8-00.1    (Image: VLAH)     --     Type: shell, ?     Distance: 4.8 - 4.8     Size: 19' [Diameter: 5.51pc@1kpc]



G033.2-00.6    (Image: VLAH)     --     Type: shell, unilateral?     Distance: -     Size: 18' [Diameter: 5.22pc@1kpc]

G033.6+00.1    (Image: VLAH)     --     Type: thermal composite, filamentary?     Distance: 7.1 - 7.1     Size: 13' [Diameter: 3.77pc@1kpc]

G034.7-00.4    (Image: VLAH)     --     Type: thermal & plerionic composite, filamentary?     Distance: 2.5 - 2.8     Size: 35' [Diameter: 10.15pc@1kpc]

G035.6-00.4    (Image: VLAH)     --     Type: shell, ?     Distance: 3.2 - 4     Size: 15' [Diameter: 4.35pc@1kpc]

G036.6+02.6    (Image: NVSS)     --     Type: shell, bilateral     Distance: -     Size: 15' [Diameter: 4.35pc@1kpc]

G036.6-00.7    (Image: NVSS)     --     Type: shell, ?     Distance: -     Size: 25' [Diameter: 7.25pc@1kpc]

G038.7-01.3    (Image: NVSS)     --     Type: thermal composite, ?     Distance: 4 - 4     Size: 32' [Diameter: 9.28pc@1kpc]



G039.2-00.3    (Image: VLAH)     --     Type: plerionic composite, filamentary     Distance: 6.2 - 6.2     Size: 8' [Diameter: 2.32pc@1kpc]

G039.7-02.0    (Image: VLA4)     --     Type: unknown, bilateral?     Distance: 4.5 - 6.5     Size: 130' [Diameter: 37.7pc@1kpc]

G040.5-00.5    (Image: NVSS)     --     Type: shell, ?     Distance: 1 -     Size: 22' [Diameter: 6.38pc@1kpc]

G041.1-00.3    (Image: VLAH)     --     Type: thermal composite, filamentary     Distance: 10.3 - 10.3     Size: 5' [Diameter: 1.45pc@1kpc]

G041.5+00.4    (Image: VLAH)     --     Type: shell, filamentary?     Distance: -     Size: 12' [Diameter: 3.48pc@1kpc]

G042.0-00.1    (Image: VLA0)     --     Type: shell, bilateral?     Distance: -     Size: 10' [Diameter: 2.9pc@1kpc]

G042.8+00.6    (Image: VLA3)     --     Type: shell, unilateral?     Distance: -     Size: 24' [Diameter: 6.96pc@1kpc]



G043.3-00.2    (Image: VLAH)     --     Type: thermal composite, filamentary?     Distance: 8 - 11     Size: 4' [Diameter: 1.16pc@1kpc]

G043.9+01.6    (Image: VLA0)     --     Type: shell, ?     Distance: -     Size: 60' [Diameter: 17.4pc@1kpc]

G045.7-00.4    (Image: VLAH)     --     Type: shell, ?     Distance: -     Size: 22' [Diameter: 6.38pc@1kpc]

G046.8-00.3    (Image: VLAH)     --     Type: shell, bilateral     Distance: 4.3 - 8.6     Size: 17' [Diameter: 4.93pc@1kpc]

G049.2-00.7    (Image: NVSS)     --     Type: thermal composite, ?     Distance: 4.3 - 6     Size: 30' [Diameter: 8.7pc@1kpc]

G053.6-02.2    (Image: CGPS)     --     Type: thermal composite, filamentary?     Distance: 2.3 - 6.7     Size: 38' [Diameter: 11.02pc@1kpc]

G054.1+00.3    (Image: VLA0)     --     Type: plerionic composite, bilateral?     Distance: 5.6 - 7.2     Size: 12' [Diameter: 3.48pc@1kpc]



G054.4-00.3    (Image: CGPS)     --     Type: shell, bilateral     Distance: 3.3 - 3.5     Size: 45' [Diameter: 13.05pc@1kpc]

G055.0+00.3    (Image: CGPS)     --     Type: shell, ?     Distance: 14 - 14     Size: 20' [Diameter: 5.8pc@1kpc]

G055.7+03.4    (Image: CGPS)     --     Type: shell, bilateral?     Distance: -     Size: 26' [Diameter: 7.54pc@1kpc]

G057.2+00.8    (Image: CGPS)     --     Type: shell, unilateral?     Distance: -     Size: 12' [Diameter: 3.48pc@1kpc]

G059.5+00.1    (Image: CGPS)     --     Type: shell, bilateral?     Distance: -     Size: 17' [Diameter: 4.93pc@1kpc]

G059.8+01.2    (Image: CGPS)     --     Type: unknown, unilateral?     Distance: -     Size: 20' [Diameter: 5.8pc@1kpc]

G064.5+00.9    (Image: CGPS)     --     Type: shell, round?     Distance: 11 - 11     Size: 9' [Diameter: 2.61pc@1kpc]



G065.1+00.6    (Image: CGPS)     --     Type: shell, unilateral     Distance: 9 - 9.6     Size: 85' [Diameter: 24.65pc@1kpc]

G065.3+05.7    (Image: GB6S)     --     Type: thermal composite, unilateral?     Distance: 0.8 - 0.8     Size: 220' [Diameter: 63.8pc@1kpc]

G065.8-00.5    (Image: CGPS)     --     Type: shell, ?     Distance: -     Size: 10' [Diameter: 2.9pc@1kpc]

G066.0-00.0    (Image: CGPS)     --     Type: shell, ?     Distance: -     Size: 31' [Diameter: 8.99pc@1kpc]

G067.6+00.9    (Image: CGPS)     --     Type: shell, ?     Distance: -     Size: 50' [Diameter: 14.5pc@1kpc]

G067.7+01.8    (Image: CGPS)     --     Type: shell, bilateral?     Distance: 7 - 17     Size: 15' [Diameter: 4.35pc@1kpc]

G067.8+00.5    (Image: CGPS)     --     Type: unknown, unilateral?     Distance: -     Size: 7' [Diameter: 2.03pc@1kpc]



G068.6-01.2    (Image: CGPS)     --     Type: unknown, unilateral?     Distance: -     Size: 23' [Diameter: 6.67pc@1kpc]

G069.0+02.7    (Image: CGPS)     --     Type: plerionic composite, unilateral?     Distance: 1.1 - 2.1     Size: 100' [Diameter: 29pc@1kpc]

G069.7+01.0    (Image: CGPS)     --     Type: shell, round?     Distance: -     Size: 16' [Diameter: 4.64pc@1kpc]

G073.9+00.9    (Image: CGPS)     --     Type: shell, unilateral?     Distance: 1 - 2     Size: 27' [Diameter: 7.83pc@1kpc]

G074.0-08.5    (Image: EFFL)     --     Type: shell, bilateral?     Distance: 0.46 - 0.64     Size: 230' [Diameter: 66.7pc@1kpc]

G078.2+02.1    (Image: CGPS)     --     Type: plerionic composite, filamentary     Distance: 1.7 - 2.6     Size: 60' [Diameter: 17.4pc@1kpc]

G082.2+05.3    (Image: CGPS)     --     Type: thermal composite, filamentary     Distance: -     Size: 95' [Diameter: 27.55pc@1kpc]



G083.0-00.3    (Image: CGPS)     --     Type: shell, ?     Distance: -     Size: 9' [Diameter: 2.61pc@1kpc]

G084.2-00.8    (Image: CGPS)     --     Type: shell, filamentary?     Distance: 4.5 - 4.5     Size: 20' [Diameter: 5.8pc@1kpc]

G085.4+00.7    (Image: CGPS)     --     Type: thermal composite, unilateral?     Distance: 2.5 - 4.5     Size: 40' [Diameter: 11.6pc@1kpc]

G085.9-00.6    (Image: CGPS)     --     Type: thermal composite, filamentary     Distance: 3.2 - 6.4     Size: 24' [Diameter: 6.96pc@1kpc]

G089.0+04.7    (Image: CGPS)     --     Type: thermal composite, filamentary     Distance: 0.8 - 1.7     Size: 130' [Diameter: 37.7pc@1kpc]

G093.3+06.9    (Image: DRAO)     --     Type: thermal & plerionic composite, bilateral     Distance: 1.7 - 2.7     Size: 29' [Diameter: 8.41pc@1kpc]

G093.7-00.2    (Image: CGPS)     --     Type: thermal composite, filamentary     Distance: 1.5 - 1.5     Size: 80' [Diameter: 23.2pc@1kpc]



G094.0+01.0    (Image: CGPS)     --     Type: shell, filamentary     Distance: 4.5 - 5.2     Size: 30' [Diameter: 8.7pc@1kpc]

G096.0+02.0    (Image: CGPS)     --     Type: shell, unilateral?     Distance: 4 - 4     Size: 26' [Diameter: 7.54pc@1kpc]

G106.3+02.7    (Image: CGPS)     --     Type: plerionic composite, ?     Distance: 0.8 - 0.8     Size: 60' [Diameter: 17.4pc@1kpc]

G107.5-01.5    (Image: CGPS)     --     Type: shell, unilateral?     Distance: 1.1 - 1.1     Size: 45' [Diameter: 13.05pc@1kpc]

G108.2-00.6    (Image: CGPS)     --     Type: shell, ?     Distance: 2.6 - 3.8     Size: 70' [Diameter: 20.3pc@1kpc]

G109.1-01.0    (Image: CGPS)     --     Type: thermal composite, filamentary?     Distance: 3 - 3.4     Size: 34' [Diameter: 9.86pc@1kpc]

G111.7-02.1    (Image: VLA0)     --     Type: shell, round?     Distance: 3.3 - 3.7     Size: 5' [Diameter: 1.45pc@1kpc]



G113.0+00.2    (Image: CGPS)     --     Type: unknown, filamentary     Distance: 3.1 - 3.1     Size: 40' [Diameter: 11.6pc@1kpc]

G114.3+00.3    (Image: CGPS)     --     Type: shell, unilateral?     Distance: 0.7 - 0.7     Size: 90' [Diameter: 26.1pc@1kpc]

G116.5+01.1    (Image: CGPS)     --     Type: shell, unilateral?     Distance: 1.6 - 1.6     Size: 80' [Diameter: 23.2pc@1kpc]

G116.9+00.2    (Image: CGPS)     --     Type: thermal composite, unilateral     Distance: 1.6 - 3.5     Size: 37' [Diameter: 10.73pc@1kpc]

G119.5+10.2    (Image: WENS)     --     Type: plerionic composite, bilateral     Distance: 1.1 - 1.7     Size: 94' [Diameter: 27.26pc@1kpc]

G120.1+01.4    (Image: CGPS)     --     Type: shell, round?     Distance: 1.7 - 5     Size: 10' [Diameter: 2.9pc@1kpc]

G126.2+01.6    (Image: CGPS)     --     Type: shell, filamentary     Distance: 4.5 - 4.5     Size: 70' [Diameter: 20.3pc@1kpc]



G127.1+00.5    (Image: CGPS)     --     Type: shell, bilateral     Distance: 1.15 - 1.3     Size: 50' [Diameter: 14.5pc@1kpc]

G130.7+03.1    (Image: CGPS)     --     Type: plerionic composite, ?     Distance: 2 - 3.2     Size: 9' [Diameter: 2.61pc@1kpc]

G132.7+01.3    (Image: CGPS)     --     Type: thermal composite, filamentary     Distance: 2 - 3     Size: 90' [Diameter: 26.1pc@1kpc]

G152.4-02.1    (Image: CGPS)     --     Type: shell, bilateral?     Distance: 1 - 1     Size: 100' [Diameter: 29pc@1kpc]

G156.2+05.7    (Image: SINO)     --     Type: shell, bilateral     Distance: 1 - 3     Size: 110' [Diameter: 31.9pc@1kpc]

G159.6+07.3    (Image: WENS)     --     Type: shell, bilateral?     Distance: -     Size: 240' [Diameter: 69.6pc@1kpc]

G160.9+02.6    (Image: CGPS)     --     Type: thermal composite, filamentary     Distance: 0.4 - 1.2     Size: 140' [Diameter: 40.6pc@1kpc]



G166.0+04.3    (Image: CGPS)     --     Type: thermal composite, bilateral     Distance: 3 - 6     Size: 35' [Diameter: 10.15pc@1kpc]

G178.2-04.2    (Image: DRAO)     --     Type: shell, bilateral?     Distance: 2.9 - 2.9     Size: 75' [Diameter: 21.75pc@1kpc]

G179.0+02.6    (Image: CGPS)     --     Type: shell, round?     Distance: -     Size: 75' [Diameter: 21.75pc@1kpc]

G180.0-01.7    (Image: CGPS)     --     Type: plerionic composite, filamentary     Distance: 1.1 - 1.5     Size: 190' [Diameter: 55.1pc@1kpc]

G182.4+04.3    (Image: CGPS)     --     Type: shell, unilateral     Distance: 3 -     Size: 50' [Diameter: 14.5pc@1kpc]

G189.1+03.0    (Image: CGPS)     --     Type: thermal & plerionic composite, filamentary     Distance: 0.7 - 2     Size: 60' [Diameter: 17.4pc@1kpc]

G189.6+03.3    (Image: CGPS)     --     Type: plerionic composite, ?     Distance: 1.3 - 1.7     Size: 78' [Diameter: 22.62pc@1kpc]



G190.9-02.2    (Image: CGPS)     --     Type: shell, ?     Distance: 1 - 1     Size: 70' [Diameter: 20.3pc@1kpc]

G192.8-01.1    (Image: GB6S)     --     Type: shell, ?     Distance: -     Size: 80' [Diameter: 23.2pc@1kpc]

G205.5+00.5    (Image: SINO)     --     Type: shell, ?     Distance: 0.6 - 1.6     Size: 220' [Diameter: 63.8pc@1kpc]

G206.9+02.3    (Image: GB6S)     --     Type: shell, unilateral?     Distance: 2.2 - 2.2     Size: 50' [Diameter: 14.5pc@1kpc]

G213.0-00.6    (Image: EFFL)     --     Type: shell, ?     Distance: -     Size: 160' [Diameter: 46.4pc@1kpc]

G260.4-03.4    (Image: GB6S)     --     Type: shell, round?     Distance: 2.2 - 2.2     Size: 60' [Diameter: 17.4pc@1kpc]

G261.9+05.5    (Image: MOST)     --     Type: shell, round?     Distance: 2.9 - 2.9     Size: 40' [Diameter: 11.6pc@1kpc]



G263.9-03.3    (Image: STOC)     --     Type: plerionic composite, ?     Distance: 0.25 - 0.3     Size: 255' [Diameter: 73.95pc@1kpc]

G266.2-01.2    (Image: GB6S)     --     Type: shell, bilateral?     Distance: 0.5 - 1     Size: 120' [Diameter: 34.8pc@1kpc]

G272.2-03.2    (Image: MOST)     --     Type: thermal composite, ?     Distance: 2 - 10     Size: 15' [Diameter: 4.35pc@1kpc]

G276.5+19.0    (Image: NVSS)     --     Type: shell, ?     Distance: 0.06 - 0.34     Size: 1440' [Diameter: 417.6pc@1kpc]

G279.0+01.1    (Image: GB6S)     --     Type: shell, ?     Distance: -     Size: 95' [Diameter: 27.55pc@1kpc]

G284.3-01.8    (Image: MOST)     --     Type: shell, filamentary?     Distance: 2.9 - 2.9     Size: 24' [Diameter: 6.96pc@1kpc]

G286.5-01.2    (Image: MOST)     --     Type: shell, unilateral?     Distance: -     Size: 26' [Diameter: 7.54pc@1kpc]



G289.7-00.3    (Image: MOST)     --     Type: shell, filamentary     Distance: -     Size: 18' [Diameter: 5.22pc@1kpc]

G290.1-00.8    (Image: MOST)     --     Type: thermal composite, filamentary     Distance: 3.5 - 11     Size: 19' [Diameter: 5.51pc@1kpc]

G291.0-00.1    (Image: MOST)     --     Type: plerionic composite, filamentary     Distance: 3 - 10     Size: 15' [Diameter: 4.35pc@1kpc]

G292.0+01.8    (Image: MOST)     --     Type: plerionic composite, ?     Distance: 6 - 6     Size: 12' [Diameter: 3.48pc@1kpc]

G292.2-00.5    (Image: MOST)     --     Type: thermal & plerionic composite, bilateral?     Distance: 8 - 8.8     Size: 20' [Diameter: 5.8pc@1kpc]

G293.8+00.6    (Image: MOST)     --     Type: plerionic composite, round?     Distance: -     Size: 20' [Diameter: 5.8pc@1kpc]

G294.1-00.0    (Image: MOST)     --     Type: shell, round?     Distance: -     Size: 40' [Diameter: 11.6pc@1kpc]



G296.1-00.5    (Image: MOST)     --     Type: shell, round?     Distance: 2 - 2     Size: 37' [Diameter: 10.73pc@1kpc]

G296.5+10.0    (Image: MOST)     --     Type: shell, bilateral     Distance: 1.3 - 3.9     Size: 90' [Diameter: 26.1pc@1kpc]

G296.7-00.9    (Image: GB6S)     --     Type: shell, ?     Distance: 9.1 - 10.9     Size: 14' [Diameter: 4.06pc@1kpc]

G296.8-00.3    (Image: MOST)     --     Type: shell, filamentary     Distance: 9 - 10.2     Size: 20' [Diameter: 5.8pc@1kpc]

G298.5-00.3    (Image: MOST)     --     Type: unknown, ?     Distance: -     Size: 5' [Diameter: 1.45pc@1kpc]

G298.6-00.0    (Image: MOST)     --     Type: shell, round?     Distance: -     Size: 12' [Diameter: 3.48pc@1kpc]

G299.2-02.9    (Image: GB6S)     --     Type: shell, ?     Distance: 5 - 5     Size: 18' [Diameter: 5.22pc@1kpc]



G299.6-00.5    (Image: MOST)     --     Type: shell, unilateral?     Distance: -     Size: 13' [Diameter: 3.77pc@1kpc]

G301.4-01.0    (Image: MOST)     --     Type: shell, round     Distance: -     Size: 37' [Diameter: 10.73pc@1kpc]

G302.3+00.7    (Image: MOST)     --     Type: shell, bilateral     Distance: -     Size: 19' [Diameter: 5.51pc@1kpc]

G304.6+00.1    (Image: MOST)     --     Type: thermal composite, filamentary?     Distance: 9.7 -     Size: 8' [Diameter: 2.32pc@1kpc]

G306.3-00.9    (Image: MOST)     --     Type: shell, ?     Distance: 8 - 8     Size: 4' [Diameter: 1.16pc@1kpc]

G308.1-00.7    (Image: MOST)     --     Type: shell, round?     Distance: -     Size: 15' [Diameter: 4.35pc@1kpc]

G308.4-01.4    (Image: MOST)     --     Type: shell, unilateral?     Distance: 9.1 - 10.7     Size: 14' [Diameter: 4.06pc@1kpc]



G308.8-00.1    (Image: MOST)     --     Type: plerionic composite, filamentary     Distance: -     Size: 30' [Diameter: 8.7pc@1kpc]

G309.2-00.6    (Image: MOST)     --     Type: shell, round?     Distance: 2 - 6     Size: 15' [Diameter: 4.35pc@1kpc]

G309.8+00.0    (Image: MOST)     --     Type: shell, filamentary     Distance: -     Size: 25' [Diameter: 7.25pc@1kpc]

G310.6-00.3    (Image: MOST)     --     Type: shell, round?     Distance: 6.9 - 6.9     Size: 8' [Diameter: 2.32pc@1kpc]

G310.6-01.6    (Image: MOST)     --     Type: plerionic composite, ?     Distance: 5 - 10     Size: 2.5' [Diameter: 0.725pc@1kpc]

G310.8-00.4    (Image: MOST)     --     Type: shell, filamentary?     Distance: 5.1 - 5.1     Size: 14' [Diameter: 4.06pc@1kpc]

G311.5-00.3    (Image: MOST)     --     Type: thermal composite, round?     Distance: 6.6 -     Size: 5' [Diameter: 1.45pc@1kpc]



G312.4-00.4    (Image: MOST)     --     Type: shell, filamentary?     Distance: 6 -     Size: 38' [Diameter: 11.02pc@1kpc]

G312.5-03.0    (Image: MOST)     --     Type: shell, round?     Distance: -     Size: 20' [Diameter: 5.8pc@1kpc]

G315.1+02.7    (Image: GB6S)     --     Type: shell, unilateral     Distance: 1.7 - 1.7     Size: 190' [Diameter: 55.1pc@1kpc]

G315.4-00.3    (Image: MOST)     --     Type: unknown, filamentary?     Distance: -     Size: 24' [Diameter: 6.96pc@1kpc]

G315.4-02.3    (Image: MOST)     --     Type: shell, round?     Distance: 2.3 - 3.2     Size: 42' [Diameter: 12.18pc@1kpc]

G315.9-00.0    (Image: MOST)     --     Type: plerionic composite, unilateral?     Distance: -     Size: 25' [Diameter: 7.25pc@1kpc]

G316.3-00.0    (Image: MOST)     --     Type: shell, bilateral?     Distance: 7.2 -     Size: 29' [Diameter: 8.41pc@1kpc]



G317.3-00.2    (Image: MOST)     --     Type: shell, bilateral     Distance: -     Size: 13' [Diameter: 3.77pc@1kpc]

G318.2+00.1    (Image: MOST)     --     Type: shell, bilateral?     Distance: 3.5 - 9.2     Size: 45' [Diameter: 13.05pc@1kpc]

G318.9+00.4    (Image: MOST)     --     Type: plerionic composite, filamentary     Distance: -     Size: 30' [Diameter: 8.7pc@1kpc]

G320.4-01.2    (Image: MOST)     --     Type: plerionic composite, filamentary     Distance: 3.8 - 6.6     Size: 35' [Diameter: 10.15pc@1kpc]

G320.6-01.6    (Image: MOST)     --     Type: shell, filamentary?     Distance: -     Size: 60' [Diameter: 17.4pc@1kpc]

G321.9-00.3    (Image: MOST)     --     Type: shell, bilateral     Distance: -     Size: 31' [Diameter: 8.99pc@1kpc]

G321.9-01.1    (Image: MOST)     --     Type: shell, bilateral?     Distance: -     Size: 32' [Diameter: 9.28pc@1kpc]



G322.1+00.0    (Image: MOST)     --     Type: shell, round?     Distance: 4 - 11     Size: 9' [Diameter: 2.61pc@1kpc]

G322.5-00.1    (Image: MOST)     --     Type: plerionic composite, round?     Distance: -     Size: 15' [Diameter: 4.35pc@1kpc]

G323.5+00.1    (Image: MOST)     --     Type: shell, round?     Distance: -     Size: 13' [Diameter: 3.77pc@1kpc]

G326.3-01.8    (Image: MOST)     --     Type: plerionic composite, filamentary     Distance: 3.4 - 5.8     Size: 38' [Diameter: 11.02pc@1kpc]

G327.1-01.1    (Image: MOST)     --     Type: plerionic composite, filamentary     Distance: 9 - 9     Size: 18' [Diameter: 5.22pc@1kpc]

G327.2-00.1    (Image: MOST)     --     Type: shell, round?     Distance: 4 - 5     Size: 5' [Diameter: 1.45pc@1kpc]

G327.4+00.4    (Image: MOST)     --     Type: thermal composite, filamentary     Distance: 4.3 - 6.5     Size: 23' [Diameter: 6.67pc@1kpc]



G327.4+01.0    (Image: MOST)     --     Type: shell, unilateral     Distance: -     Size: 15' [Diameter: 4.35pc@1kpc]

G327.6+14.6    (Image: MOST)     --     Type: shell, bilateral     Distance: 1.6 - 2.2     Size: 32' [Diameter: 9.28pc@1kpc]

G329.7+00.4    (Image: MOST)     --     Type: shell, filamentary     Distance: -     Size: 40' [Diameter: 11.6pc@1kpc]

G330.0+15.0    (Image: STOC)     --     Type: shell, ?     Distance: 0.15 - 0.4     Size: 180' [Diameter: 52.2pc@1kpc]

G330.2+01.0    (Image: MOST)     --     Type: shell, filamentary?     Distance: 5 -     Size: 11' [Diameter: 3.19pc@1kpc]

G332.0+00.2    (Image: MOST)     --     Type: shell, bilateral     Distance: 6.6 -     Size: 13' [Diameter: 3.77pc@1kpc]

G332.4+00.1    (Image: MOST)     --     Type: shell, bilateral?     Distance: 7.5 - 11     Size: 17' [Diameter: 4.93pc@1kpc]



G332.4-00.4    (Image: MOST)     --     Type: shell, bilateral     Distance: 3.1 - 3.1     Size: 10' [Diameter: 2.9pc@1kpc]

G332.5-05.6    (Image: MOST)     --     Type: shell, bilateral?     Distance: 2.2 - 3.8     Size: 35' [Diameter: 10.15pc@1kpc]

G335.2+00.1    (Image: MOST)     --     Type: shell, filamentary?     Distance: 1.8 - 1.8     Size: 23' [Diameter: 6.67pc@1kpc]

G336.7+00.5    (Image: MOST)     --     Type: shell, filamentary?     Distance: -     Size: 14' [Diameter: 4.06pc@1kpc]

G337.0-00.1    (Image: MOST)     --     Type: shell, ?     Distance: 11 - 11     Size: 14' [Diameter: 4.06pc@1kpc]

G337.2+00.1    (Image: MOST)     --     Type: plerionic composite, ?     Distance: 14 - 14     Size: 3' [Diameter: 0.87pc@1kpc]

G337.2-00.7    (Image: MOST)     --     Type: shell, ?     Distance: 2 - 9.3     Size: 6' [Diameter: 1.74pc@1kpc]



G337.3+01.0    (Image: MOST)     --     Type: shell, round?     Distance: 5 - 5     Size: 15' [Diameter: 4.35pc@1kpc]

G337.8-00.1    (Image: MOST)     --     Type: thermal composite, filamentary?     Distance: 12.3 - 12.3     Size: 9' [Diameter: 2.61pc@1kpc]

G338.1+00.4    (Image: MOST)     --     Type: shell, unilateral     Distance: -     Size: 15' [Diameter: 4.35pc@1kpc]

G338.3-00.0    (Image: MOST)     --     Type: plerionic composite, round?     Distance: 8 - 13     Size: 8' [Diameter: 2.32pc@1kpc]

G338.5+00.1    (Image: MOST)     --     Type: unknown, filamentary?     Distance: 11 - 11     Size: 9' [Diameter: 2.61pc@1kpc]

G340.4+00.4    (Image: MOST)     --     Type: shell, round?     Distance: -     Size: 10' [Diameter: 2.9pc@1kpc]

G340.6+00.3    (Image: MOST)     --     Type: shell, unilateral?     Distance: 15 - 15     Size: 6' [Diameter: 1.74pc@1kpc]



G341.2+00.9    (Image: GB6S)     --     Type: plerionic composite, filamentary     Distance: -     Size: 22' [Diameter: 6.38pc@1kpc]

G341.9-00.3    (Image: MOST)     --     Type: shell, unilateral?     Distance: -     Size: 7' [Diameter: 2.03pc@1kpc]

G342.0-00.2    (Image: MOST)     --     Type: shell, filamentary     Distance: -     Size: 12' [Diameter: 3.48pc@1kpc]

G342.1+00.9    (Image: MOST)     --     Type: shell, round?     Distance: -     Size: 11' [Diameter: 3.19pc@1kpc]

G343.0-06.0    (Image: GB6S)     --     Type: shell, filamentary     Distance: 1 - 1.5     Size: 250' [Diameter: 72.5pc@1kpc]

G343.1-00.7    (Image: MOST)     --     Type: shell, round?     Distance: -     Size: 33' [Diameter: 9.57pc@1kpc]

G343.1-02.3    (Image: MOST)     --     Type: plerionic composite, ?     Distance: -     Size: 32' [Diameter: 9.28pc@1kpc]



G344.7-00.1    (Image: MOST)     --     Type: thermal composite, filamentary?     Distance: 6.3 - 14     Size: 10' [Diameter: 2.9pc@1kpc]

G345.7-00.2    (Image: MOST)     --     Type: shell, filamentary?     Distance: -     Size: 6' [Diameter: 1.74pc@1kpc]

G346.6-00.2    (Image: MOST)     --     Type: thermal composite, round?     Distance: 5.5 - 11     Size: 8' [Diameter: 2.32pc@1kpc]

G347.3-00.5    (Image: MOST)     --     Type: shell, filamentary     Distance: 1 - 1     Size: 65' [Diameter: 18.85pc@1kpc]

G348.5+00.1    (Image: MOST)     --     Type: thermal composite, bilateral?     Distance: 6.3 - 12.5     Size: 15' [Diameter: 4.35pc@1kpc]

G348.5-00.0    (Image: MOST)     --     Type: shell, unilateral?     Distance: - 6.3     Size: 10' [Diameter: 2.9pc@1kpc]

G348.7+00.3    (Image: MOST)     --     Type: shell, unilateral?     Distance: 13.2 - 13.2     Size: 14' [Diameter: 4.06pc@1kpc]



G349.2-00.1    (Image: MOST)     --     Type: shell, bilateral?     Distance: -     Size: 9' [Diameter: 2.61pc@1kpc]

G349.7+00.2    (Image: VLA0)     --     Type: shell, ?     Distance: 11.5 - 12     Size: 1.5' [Diameter: 0.435pc@1kpc]

G350.0-02.0    (Image: GB6S)     --     Type: shell, unilateral     Distance: -     Size: 45' [Diameter: 13.05pc@1kpc]

G350.1-00.3    (Image: VLAH)     --     Type: shell, ?     Distance: 4.5 - 9     Size: 4' [Diameter: 1.16pc@1kpc]

G351.2+00.1    (Image: MOST)     --     Type: plerionic composite, unilateral?     Distance: -     Size: 9' [Diameter: 2.61pc@1kpc]

G351.7+00.8    (Image: MOST)     --     Type: shell, unilateral?     Distance: 12.7 - 13.7     Size: 18' [Diameter: 5.22pc@1kpc]

G351.9-00.9    (Image: MOST)     --     Type: shell, unilateral?     Distance: -     Size: 12' [Diameter: 3.48pc@1kpc]



G352.7-00.1    (Image: MOST)     --     Type: thermal composite, bilateral?     Distance: 6.8 - 8.4     Size: 8' [Diameter: 2.32pc@1kpc]

G353.6-00.7    (Image: SGPS)     --     Type: shell, ?     Distance: 2.4 - 4     Size: 30' [Diameter: 8.7pc@1kpc]

G353.9-02.0    (Image: NVSS)     --     Type: shell, bilateral     Distance: -     Size: 15' [Diameter: 4.35pc@1kpc]

G354.1+00.1    (Image: MOST)     --     Type: plerionic composite, ?     Distance: -     Size: 15' [Diameter: 4.35pc@1kpc]

G354.8-00.8    (Image: MOST)     --     Type: shell, unilateral     Distance: -     Size: 20' [Diameter: 5.8pc@1kpc]

G355.4+00.7    (Image: MOST)     --     Type: shell, round?     Distance: -     Size: 25' [Diameter: 7.25pc@1kpc]

G355.6-00.0    (Image: MOST)     --     Type: thermal composite, round?     Distance: -     Size: 8' [Diameter: 2.32pc@1kpc]



G355.9-02.5    (Image: MOST)     --     Type: shell, round?     Distance: -     Size: 15' [Diameter: 4.35pc@1kpc]

G356.2+04.5    (Image: NVSS)     --     Type: shell, bilateral     Distance: -     Size: 23' [Diameter: 6.67pc@1kpc]

G356.3-00.3    (Image: MOST)     --     Type: shell, filamentary?     Distance: -     Size: 11' [Diameter: 3.19pc@1kpc]

G356.3-01.5    (Image: MOST)     --     Type: shell, unilateral?     Distance: -     Size: 20' [Diameter: 5.8pc@1kpc]

G357.7+00.3    (Image: MOST)     --     Type: shell, ?     Distance: 6.4 - 6.4     Size: 24' [Diameter: 6.96pc@1kpc]

G357.7-00.1    (Image: MOST)     --     Type: thermal composite, ?     Distance: 11.8 - 11.8     Size: 8' [Diameter: 2.32pc@1kpc]

G358.0+03.8    (Image: NVSS)     --     Type: shell, round?     Distance: -     Size: 38' [Diameter: 11.02pc@1kpc]



G358.1+00.1    (Image: MOST)     --     Type: shell, ?     Distance: -     Size: 20' [Diameter: 5.8pc@1kpc]

G358.5-00.9    (Image: MOST)     --     Type: shell, ?     Distance: -     Size: 17' [Diameter: 4.93pc@1kpc]

G359.0-00.9    (Image: MOST)     --     Type: shell, unilateral?     Distance: -     Size: 26' [Diameter: 7.54pc@1kpc]

G359.1+00.9    (Image: NVSS)     --     Type: shell, ?     Distance: -     Size: 12' [Diameter: 3.48pc@1kpc]

G359.1-00.5    (Image: MOST)     --     Type: thermal composite, bilateral     Distance: 5 - 8.5     Size: 24' [Diameter: 6.96pc@1kpc]



E. Modifications to the codes

The project described in this thesis made use of several different existing computer codes

written in different languages (C, C++, and Matlab). These codes required some mod-

ifications and customization to allow them to work together and to allow for modelling

SNRs.

E.1. Modifications to Hammurabi

Hammurabi is designed to model the Galactic synchrotron emission including the linearly

polarized components (Stokes Q and U). In its normal mode of operation, it produces

simulated Stokes I, Q, and U images as output. Hammurabi was designed to model the

whole Galaxy by calculating the synchrotron emission at every point using an internal

definition of the GMF and CRE distributions, in addition to using the NE2001 code

(Cordes and Lazio, 2002) for the thermal electron density distribution. Since the Sun08

and JF12 used the hammurabi code for their GMF models, these models have already

been implemented in the code, defined as analytical functions. The particular model

that the user wishes to use is defined in a parameter file.

My modifications/additions to Hammurabi are now part of the official public re-

lease of the code (to be released in Spring, 2016, which will be available at: http:

//sourceforge.net/projects/hammurabicode/). The most significant contribution

that I made is the ability to write out the magnetic field and thermal electron density

to a file (specified as a cartesian grid) that is rotated into the local reference frame of
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E. Modifications to the codes

specified Galactic coordinates, (l, b); and also, to take a similar set of arrays as input.

This modification was tested by ensuring that the output magnetic field for a particular

set of (l, b) coordinates agrees with the analytically defined model. In addition, the

resulting images produced when calling the model directly (i.e., the normal mode of

operation) must produce images identical to those made by first running the code with

the magnetic field model written as an output array, and then running the code a second

time where the output array from the first run is then used as the input.

The other significant contribution I made was to create a new definition of the CRE

distribution. For the GMF models of Sun08 and JF12, a smoothly varying CRE distri-

bution function is defined for the whole Galaxy. The CRE distribution is computed in

the code using the spectral index. The new CRE definition that I created uses JF12’s

Galactic model everywhere except for within a spherical shell-shaped region at the po-

sition of the SNR. Within this region, a distinct spectral index (that is defined in the

parameter file) is specified. As discussed at the end of Section 3.1, the average spectral

index for SNRs is quite different compared to the value of the ambient Galaxy. The

precise values of these spectral indices is not so important for this mainly qualitative

study, rather the important point is that the values are different (and that α is smaller

for the SNR). This portion of the code was tested by comparing the output images with

and without the spherical shell added. If the size and position of the spherical shell is

incorrect, there is an obvious misalignment in the appearance of the simulated images.

My CRE definition also included a parameter to specify the CRE case, including the

isotropic, quasi-parallel, and quasi-perpendicular cases. In these cases, a scaling factor is

computed (according to Eqn. 3.16 (quasi-parallel) and Eqn. 3.17 (quasi-perpendicular))

and used to scale the existing calculation of the CRE distribution. These cases were

verified by comparing the output for the simple cases to existing published results (e.g.,

Fulbright and Reynolds, 1990; Leckband et al., 1989).
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E.2. Modifications to the coordinate transformation code

I made use of parts of PolCat, a code by Franzmann (2014), which includes a coordinate

transformation technique that she used for modelling the magnetic field in molecular

cloud cores. The portion of the code that I used performs the following tasks:

1. takes as input three 3D arrays describing the magnetic field (i.e., one for each

component) and one 3D array with the initial thermal electron density (i.e., as

written by Hammurabi).

2. numerically integrates the final thermal electron density (given by the Sedov-Taylor

distribution, see below) and input thermal electron density. These arrays are

compared to solve for r′ (see Eqn. 4.3).

3. computes the elements of the Jacobian from Eqn. 4.4.

4. uses Eqn. 4.5 to transform the input arrays.

5. writes the transformed array back to the file.

I made use of a code written in C by A. Haque (University of Chicago, FLASH

centre for computational science) to compute the Sedov-Taylor the mass density pro-

file. This code is no longer available online, but there is a python version, based on

A. Haque’s code (https://github.com/Lowingbn/iccpy/blob/master/flash/sedov_

analytic.py). The Sedov-Taylor solution is very well known and the solution is rel-

atively easy to verify by comparing the output to existing published plots. The full

solution is relatively straight-forward, although algebraically cumbersome. Rather than

include the full analytical solution here, I refer the reader to Sedov (1959).

Using a model function from PolCat, I wrote a new function that integrates the Sedov

mass density profile and solves for r′. I also had to implement a new section of code to

read and write the arrays. Since the boundaries of the arrays are not modified by the

coordinate transformation process (i.e., since the SNR is localized in the centre), I could
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ensure that the read and write functions were working correctly since the values at the

boundaries must remain unchanged through the process.
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F. SNR modelling: comparison to the

analytical case

van der Swaluw and Achterberg (2004, Eq. 30) showed that for the assumption of frozen-

in magnetic field lines, the relationship between the initial and final magnetic field has

the form:

Bi
′

ρ′
=
∑3

j=1

∂xi
′

∂xj

Bj

ρ
(F.1)

where i=1,2,3. This can be written as

B′

ρ′
= J · B

ρ
. (F.2)

In spherical coordinates, the Jacobian in Equation 4.4 can be written as,
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For the case of a purely radial expansion, this simplifies to:

J =

∣∣∣∣∣∣∣∣∣∣
∂r′

∂r 0 0

0 r′

r 0

0 0 r′

r

∣∣∣∣∣∣∣∣∣∣
(F.4)
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and:

detJ =
∂r′

∂r

r′2

r2
. (F.5)

From the mass conservation condition we have

4πρr2dr = 4πρ′r′2dr′ (F.6)

and rearranging gives

dr′

dr
=

ρr2

ρ′r′2
. (F.7)

Therefore, combining together we have

detJ =
ρ

ρ′
=
∂r′

∂r

r′2

r2
. (F.8)

Using Eq. F.2 and F.8, we have

B′ =
J

detJ
B (F.9)

and substituting Eq. F.4 and F.8, we can write Eq. F.9 as

B′ =

∣∣∣∣∣∣∣∣∣∣
r2

r′2
0 0

0 ρ′r′

ρr 0

0 0 ρ′r′

ρr

∣∣∣∣∣∣∣∣∣∣
B, (F.10)

which agrees with van der Swaluw and Achterberg (2004, Eq. 30); also Fulbright and

Reynolds (1990); Reynolds (1998); Reynolds and Chevalier (1981).
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G. Determination of uncertainties

As a verification for the by-eye method of determining the symmetry axes in our SNR im-

ages, we use the crowd-sourcing, citizen-science platform, Zooniverse1. The Zooniverse

approach has been utilized in nearly 100 peer-reviewed publications for classifications

and measurements of images in cases where an automated method is difficult or imprac-

tical to devise. Fortson et al. (2012) discuss the first use of this platform, the galaxy

classification project Galaxy Zoo, and the associated difficulties with constructing an

automated method for this task. The use of this platform has since been extended to

dozens of other projects both astronomically related, such as detection of bubbles in the

Galactic disc (Simpson et al., 2012), and beyond with studies such as investigating lion

density in Serengeti National Park (Cusack et al., 2015) to deciphering the text in war

diaries (Grayson, 2016).

We use this method to measure the symmetry axes on the images for our sample

of SNRs. Since a single person’s view may have a bias we rely on many eyes to view

our images and make many measurements of each SNR. With some brief instructions,

as shown in Figure G.1, participants were asked to draw a line that represented the

symmetry axis for each SNR. We collected an average of 31 classifications per SNR.

This is comparable to the number collected for Galaxy Zoo, where an average of 38

classifications per galaxy were obtained (Fortson et al., 2012). A summary of the results

are presented in Table G.1.

We find that there are only four cases where the measurements made by our citizen

1https://www.zooniverse.org/
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G. Determination of uncertainties

scientists do not agree with our original measurements within the uncertainty: G054.4–

00.3, G093.3+06.9, G332.4–00.4, and G353.9–02.0. In all of these cases the disagreement

is marginal and these differences do not impact the conclusion of this work as can be

seen by inspecting Table 5.1 and the quasi-parallel versus quasi-perpendicular models in

Appendix C.
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G. Determination of uncertainties

Table G.1.: Summary of the measurements of the bilateral axis angle, ψ, from Zooniverse
(ψzoo) compared to the original measurements (ψ0).

SNR ψ0 (◦) ψzoo (◦) |ψ0 − ψzoo| (◦)

G003.7-00.2 7± 5 6± 4 1
G008.7-05.0 −35± 5 −39± 5 4
G016.2-02.7 −20± 5 −21± 5 1
G021.8-00.6 36± 5 46± 7 10
G024.7-00.6 −87± 5 −88± 8 1
G028.6-00.1 63± 5 61± 4 2
G036.6+02.6 −24± 5 −25± 4 1
G046.8-00.3 46± 5 41± 8 5
G054.4-00.3 47± 5 24± 9 23
G065.1+00.6 40± 5 39± 4 1
G093.3+06.9 6± 5 16± 3 10
G116.9+00.2 −62± 5 −66± 19 4
G119.5+10.2 36± 5 45± 8 9
G127.1+00.5 15± 5 19± 7 4
G156.2+05.7 −66± 5 −83± 34 17
G166.0+04.3 0± 5 −1± 9 1
G182.4+04.3 −17± 5 −24± 12 7
G296.5+10.0 81± 5 78± 2 3
G302.3+00.7 45± 5 48± 5 3
G315.1+02.7 65± 5 62± 5 3
G317.3-00.2 −35± 5 −40± 12 5
G321.9-00.3 −35± 5 −42± 4 7
G327.6+14.6 83± 5 84± 3 1
G327.4+01.0 −40± 5 −38± 8 2
G332.4-00.4 11± 5 29± 9 18
G332.0+00.2 −10± 5 −20± 7 10
G338.1+00.4 −57± 5 −60± 9 3
G350.0-02.0 6± 5 8± 3 2
G353.9-02.0 −33± 5 −13± 14 20
G354.8-00.8 −21± 5 −16± 14 5
G356.2+04.5 −34± 5 −38± 8 4
G359.1-00.5 −36± 5 −29± 5 7
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G. Determination of uncertainties

Figure G.1.: Instructions given to Zooniverse participants.
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