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Abstract

Context. High Velocity Clouds (HVCs) are a proposed solution to how extragalactic
gas enters into star-forming galaxies. However, the presence of enveloping magnetic
tields is hypothesised to explain how HVCs can travel through the halo without being
torn apart by ram pressure. This hypothesis, in the context of HVCs, is referred to as
‘magnetic draping’.

Aims. This report aims to detect the signature of magnetic draping in HVCs and eval-
uate the strength of magnetic fields enveloping HVCs - in both cases using a newly
constructed rudimentary algorithm applicable to the broad range of HVCs expected
to be observed in upcoming radio surveys. A secondary goal of the report is to inves-
tigate of image processing of interpolated rotation measure data to solve anticipated
resolution issues with higher-quality SKA-era interpolated Faraday rotation measure
data.

Data. Faraday rotation measure data was retrieved in May 2024 from the Polarisation
Sky Survey of the Universe’s Magnetism (POSSUM) and HVC data was retrieved from
the Galactic All Sky Survey (GASS). An interpolation of legacy rotation measure data
was retrieved from the Galactic Faraday rotation sky 2020.

Methods. The Kolmogorov-Smirnov test, assuming a spherical HVC morphology, was
used to detect magnetic draping by determining the difference between in-HVC and
out-HVC rotation measure populations. Two new statistical methods to evaluate the
magnitude of magnetic draping were proposed, in addition to the use of a previ-
ous method sanctioned by literature. Several image processing techniques, including
Fourier analysis, were visually and statistically analysed as to their efficacy at im-
porving interpolated rotation measure data in the context of foreground correction.
Results. Of 13 HVCs analysed, a magnetic field signature of 11 HVCs was found to
within 99.9% confidence. One of the proposed methods, called 'variance subtraction’
displayed statistical agreement with the traditional weighted mean method. The av-
erage HVC magnetic field is an order of magnitude greater than or equal to than in
simulations, at scales of 1 pG. The results of the derivation should be taken with great
caution, however, due to large uncertainties in resultant magnetic field estimates. A
two-dimensional bandpass method was found to be adequate at preserving the rota-
tion measure foreground, with potential for it to correct for identified errors.
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Chapter 1

Introduction

The question of how gas is accreted into galaxies, fuelling star-formation, is a puzzle
that has perplexed astronomers for decades [Lockman et al., 2008; Grennow et al.,
2017]. Due to the complexities in the structures of star-forming galaxies, there are
many factors involved in the process of, and potential sources of, accretion. What as-
tronomers do know, at least, is that star-forming galaxies require a continuous supply
of fresh gas to continue their star formation [Lockman et al., 2008; Grennow et al.,
2017; Putman et al., 2012].

Due to observational constraints, astronomers attempt to answer this question by
examining the behaviours of the Milky Way and Local Group environment, assuming
the Milky Way is typical of a star-forming galaxy.

A major factor to consider when answering this question is where fresh pristine
gas comes from, and by what mechanism it takes to enter the disks of star-forming
galaxies [Wakker & van Woerden, 1997; Lockman et al., 2008; Hill et al., 2009]. High
Velocity Clouds (HVCs) have been a suggested mechanism for Galactic gas accretion
[Moss et al., 2013; Putman et al., 2012]. However, HVCs are expected to collapse
as they travel through the Galactic halo without the introduction of magnetic fields
[Dursi & Pfrommer, 2008; Jones et al., 1996; Konz et al., 2002; Grennow et al., 2017,
2018; Jung et al., 2022; Chandrasekhar, 1981]. This report aims to evaluate the via-
bility of HVCs as a method of Galactic gas accretion by analysing the presence of
hypothesised magnetic fields.

1.1 High Velocity Clouds

HVCs are clouds of gas found in the Milky Way’s Circumgalactic Medium (CGM)
and Galactic halo. They have a high peculiar velocity relative to the Galactic Standard
of Rest (GSR), typically 70-90 kms~! [Wakker, 1991; Wakker & van Woerden, 1997].
As will be shown in section 1.2.1, this increased speed, and its interaction with halo
magnetic fields, is hypothesized to allow the HVC to survive as it travels through the
CGM and halo so it can reach the Galactic disk and Interstellar Medium (ISM) of the
Milky Way.

There are a few hypothesises as to where HVCs originate. Putman et al. [2012] sug-
gests that HVCs originate from the Intergalactic Medium (IGM) surrounding the local

1
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Figure 1.1: From Konz et al. [2002], figure 2. An example of a typical HVC shape and
structure, specifically that of HVC125+41-207. The contour lines and shading indicate
HI column density.

group. However, there is also a belief that some HVCs likely "tore off” from satellites
like the Magellanic Clouds, due to the presence of their own dark matter subhaloes,
and the existence of HVCs in the Magellanic Stream and Leading Arm [Kaczmarek
et al., 2017; McClure-Griffiths et al., 2010]. Recent simulations from TNG50 have in-
dicated that HVCs mainly have their origins in the warm-hot CGM, formed through
cooling from thermal instabilities [Lucchini et al., 2024].

HVCs typically have a neutral mass gas content of 10° — 3 x 10° M, [Putman et al.,
2012]. They are generally shaped like comets, with a primary bulb that is approxi-
mately 0.5-15 kpc in diameter - a value that is highly dependent on distance to the
Galactic midplane, which can range from approx. 2 - 25 kpc [Putman et al., 2012;
Konz et al., 2002]. Furthermore, HVCs have tail-like structures that account for one
eighth the baryonic mass of the HVC [Konz et al., 2002]. These tails leave behind
long streams of gas that remain after collision with the Galactic disk [Putman et al.,
2012]. This size-distance correlation, comet-like structure, and long streaming tails
suggest quite conclusively that HVCs shed large quantities of material as they make
their journey to the ISM.

Figure 1.1 is from Konz et al. [2002], which provides a typical example of what a
HVC looks like in HI, specifically using the example of HVC125+41-207.

1.2 Magnetic Fields

The primary issue facing HVCs as an explanation for gas accretion is its capacity
to remain whole as it travels through the CGM and Galactic halo. As discussed, in
section 1.1, HVCs can loose a lot of size and mass as it approaches the Galactic disk,
with the long trails it leaves behind being evidence for ram-pressure stripping as the
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HVC collides with the gas present in the halo [Jones et al., 1996; Grennow et al., 2017,
2022]. Heitsch & Putman [2009] demonstrates that without anything to counter this
effect, HVCs with masses under 10*° M, would completely disperse within 10 kpc of
halo travel.

Additionally, HVCs are subject to Kelvin-Helmholtz (K-H) instabilities, which is
triggered by the nature of the HVC being a cloud of cold gas travelling at high speeds
through a medium of hot halo gas [Chandrasekhar, 1981]. These K-H instabilities are
a significant factor that would lead a to HVC dispersal before reaching the Galactic
disk [Jones et al., 1996; Grennow et al., 2017, 2022].

1.2.1 Draping

The proposed solution to handle this dissipation problem is magnetic fields. The
Galactic halo is magnetised to some degree [Mao et al., 2010; Han & Qiao, 1994; Jung
et al., 2023; Beck et al., 2012]. It is hypothesised that HVCs accumulate these existing
magnetic fields in the Galactic halo, causing them to cloak the HVC with a shield
that protects against ram pressure stripping and supresses K-H instabilities [Dursi
& Pfrommer, 2008; Jones et al., 1996; Konz et al., 2002; Grennow et al., 2017, 2018;
Jung et al., 2022; Chandrasekhar, 1981]. This phenomenon is referred to as ‘magnetic
draping’.

There is not enough observational evidence to support the magnetic draping hy-
pothesis. However, with recent advancements in: RM surveys and analysis [Gaensler
et al., 2010, 2024; Vanderwoude et al., 2024; Moss et al., 2013; Westmeier, 2018; Taylor
et al., 2009; Finkbeiner, 2003; Hutschenreuter & Enfdlin, 2020; Hutschenreuter et al.,
2022]; the analysis of ram pressure stripping [Jones et al., 1996; Grennow et al., 2017,
2022]; measurement and estimation of magnetic fields [Betti et al., 2019; Gronnow
et al.,, 2017, Mao et al., 2010; Jones et al., 1996; Hill et al., 2013; Schnitzeler, 2010];
and simulations of HVCs [Konz et al., 2002; Grennow et al., 2017, 2018, 2022; Jung
et al., 2022] — it is now possible to attempt to observe and analyse the role of magnetic
draping in HVCs observationally.

Previous and recent simulations include the papers produced by Grennow et al.
[2017, 2018, 2022] (henceforth referred to as the “Grennow et al. simulations”) that
provide detailed insight onto how a magnetic draping protects HVCs from collapse,
complementing earlier work by Konz et al. [2002]; Jones et al. [1996]. It is shown from
the Gronnow et al. simulations that magnetic fields of about 0.3-1 pG can provide
stability to HVCs.

However, increasing magnetic field strength beyond a certain threshold can result
in less stability; magnetic fields can accelerate the effects of Rayleigh-Taylor (R-T)
instabilities and the magnetic pressure applied by the draped fields can also slow
down a HVC to the point that it no longer is fast enough to continue the process
of sweeping up these magnetic fields. From the Grennow et al. simulations, the
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upper threshold where these effects start increasing instability is on the order of 1 nG
(specifically stating a maximum of approx. 3 pG), thus HVCs should ideally have a
“Goldilocks” magnetic field strength on the order of magnitude of 0.1nG, with 1pG
being too high, and 0.01pG being too low.

The simulations by Jung et al. [2022] predict higher magnetic field strengths on
the order of 1 puG. It is very clear that even in simulations, the specific strengths of
magnetic fields surrounding HVCs have high uncertainty. The results of this report
will still compare against the Gronnow et al. simulations despite this.

The effectiveness of magnetic draping is affected by the morphology of these fields
and the physical properties of the HVC. The Grennow et al. simulations state that
both the orientation of the magnetic field with respect to the direction of motion of
the HVC, and where the magnetic field is located are important considerations. It is
expected that the HVC is not entirely covered in a magnetic field, only the part that
is front facing in the direction of travel. While it is possible to draw tenative conclu-
sions about the survivability of a HVC from the strength of the magnetic field alone,
modelling is required to confirm the accuracy of such conclusions [Betti et al., 2019].
The Gronnow et al. simulations also predict that metallicity can affect the HVC’s
survivability, via affecting phase transitions, with high-density metal-rich clouds and
low-density metal-poor clouds being more unstable than HVCs of the opposite com-
positions.

1.2.2 Faraday Rotation

Magnetic fields cannot directly be imaged by a telescope. Instead, researchers can
use the phenomenon of Faraday Rotation to quantify the line-of-sight magnetic field
strength. Polarised radiation tends to rotate as it travels through a magnetic field.
This effect is quantified by equation 1.1.

Ap = pA2 (1.1)

Where A is the wavelength of radiation, ¢ is the faraday depth and Ay is the
change in polarisation angle. Thus, by recording the Stokes parameters of incom-
ing light from distant radio sources, one can derive the Rotation Measure (RM) of
incoming radiation, which is a statistical quantifier of Faraday Rotation and faraday
depth [Vanderwoude et al., 2024; Brentjens & de Bruyn, 2005]. For the purposes of
this report, rotation measure and faraday depth are treated as equivalent henceforth,
despite their subtle differences.

For illustrative purposes, a schematic diagram of how Faraday Rotation is mea-
sured by telescopes on Earth with the aim of analysing HVCs are shown in figure
1.2.

Vanderwoude et al. [2024] describes the method by which this report’s data main
source, the Polarisation Sky Survey of the Universe’s Magnetism (POSSUM), obtained
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its RMs from radio observations. There is a direct connection between RM and line-
of-sight magnetic field strength, quantified by equation 1.2 [Betti et al., 2019; Vander-
woude et al., 2024; Hill et al., 2013; Kaczmarek et al., 2017; Mao et al., 2010].

RM = 0.812 —rad m~2 (1.2)

Sobserver

In which, B)| is the line-of-sight magnetic field strength, RM is the Rotation Mea-
sure, and 7, is the electron density of the medium as a function of line-of-sight dis-
tance s. The analysis of this equation, its solutions, and the use of it in calculating the
magnitude of line-of-sight magnetic fields is discussed in chapter 4.

Faraday Rotation also occurs in the ISM of the Milky Way, due to the slight mag-
netisation of the ISM [Ferriére, 2001; Mao et al., 2010; Schnitzeler, 2010]. This mag-
netisation is antisymmetric with galactic longnitude and appears in the foreground of
the RM sky [Mao et al., 2010]. Hence it is also important to remove the foreground
from RM observations.

When making radio observations of RMs, a principal factor to consider is the ob-
servational signal to noise ratio and detector sensitivity. Radio sources tend to appear
in the field after high exposure times as point-like sources. These point-like sources
are then collated into an “RM grid” which has a particular grid density measured in
sample points per square degree. The sensitivity of a detector and total integration
time determines the number of source points observed as seen in figure 1.3 [Loi et al.,
2019].

Signal to noise is of primary concern when measuring the effect of Faraday Ro-
tation. At low enough signal-to-noise ratios, it is possible to encounter noise peaks
which do not accurately represent the real RM [Macquart et al., 2012]. Figure 1.4 gives
a visual illustration of this phenomenon. The issue in question is that any observation
of RM grids is going to dip below the signal-to-noise threshold of approx. 6, which
can introduce an intrinsic scatter in collected RM grid data. In this work, the dataset
masks out all RMs below a signal to noise of 8, which is considered conservative
[Gaensler et al., 2024].

As will be discussed in section 2.1, the POSSUM dataset is the first dataset with
30 RMs per square degree versus legacy surveys which had only 1 RM per square
degree.

1.3 Temperature, Chemical Properites, and Emission

The temperature, composition, and emission properties of HVCs affect their observ-

ability, physics, and suitability as star-froming material. Thus it is important to at

least mention the research conducted on analysing the physical properties of HVCs.
Due to their hypothesised origins in extragalactic gas, HVCs contain mostly hydro-
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Extragalactic
Radiation
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Field of View

Telescope

Figure 1.2: An schematic diagram illustrating how the RM of incoming radio radiation
is observed, notably around HVCs. Note that the extragalactic radiation will appear
as randomly distributed across the field of view.

gen gas such as HI, which can be seen with 21 cm emission [Wakker, 1991; Wakker
& van Woerden, 1997; Westmeier, 2018]. The proportion of ionised gas in HVCs is
still heavily debated. HVCs also emit H-alpha, however due to extinction effects, it is
difficult to observe [Bland-Hawthorn & Maloney, 1999; Finkbeiner, 2003].

HVCs have a temperature relationship with proximity to the Galactic midplane,
with an average HVC temperature of 10000 K and a range of temperatures ranging
from 8000 — 12000 K [Hill et al., 2009; Madsen et al., 2006]. The temperature of a HVC
is in the region in which atomic hydrogen transitions from neutral (HI) to ionised
(HII), suggesting that HVCs may be partly ionised [Hill et al., 2009; Madsen et al.,
2006; Kawaguchi, 1952]. This temperature relationship is dependent on their position
with respect to the Galactic midplane, with HVCs closer to the midplane generally
being cooler [Madsen et al., 2006]. This temperature is contrasted by the Galactic
halo temperature, which varies from ~ 10* — 10° K [Putman et al., 2012]. This is an
important factor in creating K-H instabilities [Chandrasekhar, 1981].

There is evidence that HVCs can contain alpha group elements. Hill et al. [2009];
Madsen et al. [2006] found the presence of [NII] 6583A, [SII] 6716A, and [OIII] 5007A
emission lines — with a conclusion that Nitrogen abundance is 0.15-0.44 times solar
abundance levels. The observation of these emission lines can help constrain the
metallicity of any HVC [Hill et al., 2009]. Metallicity is important in both how HVCs
act as fresh gas supplies for star formation, as well as the mechanism by which HVCs
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Figure 1.3: From Loi et al. [2019], figure 4. A graph of the relationship between the

sensitivity at 1.4 GHz (x-axis) and the average mimumum number of RM sample

points per square degree (y-axis). The black points are not relevant to the report, but
the purple line and equation describe the determined relationship.
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Figure 1.5: From Lockman et al. [2008], figure 1. A HI image of the Smith Cloud taken
from the Green Bank Telescope at a local standard of velocity rest of 100 kms~!. The
purpose of the arrows are not meaningful to this paper.

can survive their transit through the CGM [Grennow et al., 2018]. While HVCs can
contain heavier elements Hayakawa & Fukui [2024] finds that these concentrations
are low enough that HVCs can remain as viable candidates for fuelling star formation
via gas accretion.

1.4 Smith Cloud

Previous RM surveys have lacked the capacity to observe magnetic fields surrounding
HVCs, owing to their low areal density of RMs. the Smith Cloud is an exception to
this rule due to its size and proximity to the Milky Way ISM.

The Smith Cloud is a large HVC that is in the process of colliding with the Galactic
disk [Lockman et al., 2008; Tepper-Garcia & Bland-Hawthorn, 2017; Lockman, 2008].
Unlike most HVCs it is quite large in both mass (at least 10°M, in HI mass) and
angular size (the main bulb covering an area of approx. 144 square degrees) [Lock-
man et al., 2008; Tepper-Garcia & Bland-Hawthorn, 2017; Lockman, 2008]. It has a
predicted physical size of 3 square kpc, which is large for a HVC close to the Galac-
tic disk [Lockman et al., 2008]. Due to its proximity and size, the Smith Cloud has
been used as a source point of analysis for most of the properties already discussed.
For example, metallicity tracers and alpha-group elements in Madsen et al. [2006];
Hill et al. [2009] were determined by analysing the Smith Cloud. The figure from
Lockman et al. [2008] appears in appendix as figure 1.5.

Simulations by Grennow et al. [2017] and observations by Hill et al. [2013] both
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agree on an effective magnetic field of ~8 pG. Note that this number is well above the
Goldilocks zone mentioned in section 1.2.1 — indicating the potential exceptionality of
the Smith Cloud.

While there are other HVCs that have been observed in the past, the Smith Cloud
has been the main source of information pertaining to HVCs. This is a problem, as the
Smith Cloud is an outlier amongst most HVCs — evidenced by its unusual size and
magnetic field strength - compared to predictions - both factors being related. There
is a necessity to analyse more typical nearby HVCs to gain an understanding of the
effects of magnetic fields.

1.5 Report Outline and Objectives

The primary objective of this report is to (a) construct a rudimentary algorithm for
evaluating the prescence of detectable magnetic field profies in HVCs found in the
CGM and halo and, (b) use this base algorithm to come up with a very rough estimate
for the magnetic field strength surrounding typical HVCs. The primary source of
data will be POSSUM, with its newfound grid densities allowing for the fullfilment
of the primary objective. Despite these new data, there is a lack of ability to measure
magnetic fields to high prescision. Significant assumptions are still required to allow
for an initial estimate of the field strength for any individual HVC. The best-case
scenario is an estimate that is accurate within a single order of magnitude. Hence,
the aim of this report is to lay the foundations for a future, more detailed analysis of
numerous HVCs (up to 1693 objects as discussed in section 2.3).

There is a secondary objective that is integral to completing the primary objec-
tive: that of RM foreground removal. Past research, specifically within the analysis
of HVCs, has relied on the interpolation of legacy RM grid data to obtain a RM
foreground to use in corrections [Schnitzeler, 2010; Hill et al., 2013]. However, as
researchers move onto measurements of higher quality RM grids that demand more
accuracy, foreground removal needs to equally match that growing need for accuracy
— thus this report also aims to investigate avenues for improving foreground subtrac-
tion techniques.

This report is split into six chapters plus an appendix. Chapter 2 describes the
process of how and which data was obtained to achieve the research question, and
how this data was collated. Chapter 3 summarises the investigation into foreground
removal, which is the secondary aim of the research. Chapter 4 describes how the
magnetic fields for HVCs were detected and derived. Chapter 5 discusses the viability
of the methods described in the report, along with broader scientific and statistical
considerations. Lastly, chapter 6 concludes and outlines the many possible directions
for future research. Appendix A lists information on how to obtain the program data
and algorithms used in research.
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Chapter 2

Data

To achieve the goals listed in section 1.5 - namely to detect and measure the mag-
netic field profiles of HVCs and improve RM foreground removal techniques - several
sources of data are required including RM grid data, interpolations, and HVC cata-
logs. Furthermore, work needs to be done to collate the data.

2.1 Faraday Rotation Measures

The Australian Square Kilometre Array Pathfinder (ASKAP) represents a recent de-
velopment in the progress of the field of radio astronomy. It is a part of a new
generation of southern-hemisphere telescopes building towards the Square Kilometre
Array (SKA), as described by Hotan et al. [2021]; Gaensler et al. [2010, 2024].

POSSUM is an ongoing project using ASKAP with a key aim of measuring the RM
southern sky. The benefit of using ASKAP as opposed to previous RM sky surveys is
the RM grid density ASKAP can provide. Previous surveys such as the NRAO VLA
Sky Survey (NVSS) were only able to record an RM grid density of 1 sampling point
per square degree, with POSSUM providing a density 30 times greater. The higher
grid density allows for the analysis of regular-sized HVCs in the CGM, as opposed to
only the largest HVCs like the Smith Cloud.

POSSUM is set to cover a region of the southern sky that has seldom been recorded
properly in previous RM grid surveys, primarily due to the lack of RM radio astron-
omy in the southern sky [Hutschenreuter & Enfslin, 2020; Hutschenreuter et al., 2022;
Gaensler et al., 2010, 2024]. This allows for the analysis of HVCs which otherwise
would not be analysed under legacy data.

POSSUM data is mostly recorded using the ASKAP radio frequency band 1 at
880-1088 MHz. The POSSUM grid data used in this report represents all collected
and processed RMs by the POSSUM survey as of May 2024, with a total RM source
count of 188842. Figure 2.1 represents this entire sample on an Aitoff projection in
Galactic coordinates.

11
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Figure 2.1: An Aitoff projection of all portions of the RM sky observed by ASKAP for

the POSSUM survey. The map is up to date as of May 2024 and all RMs in this map

are used in the production of this report. The value of these RMs are indicated by
colour.

2.2 Ancillary Data

2.2.1 The Galactic Faraday Rotation Sky 2020

The process of estimating RM foreground contributions, to background objects like
HVCs, typically requires the use of of an interpolation between RM grid point mea-
surements. More modern research has been done in interpolating the POSSUM data
set, for example the recent paper by Khadir et al. [2024]. However, due to POSSUM’s
lack of complete sky coverage, it was determined as better to use a whole-sky RM in-
terpolation of legacy data - as a complete interpolation is needed for image processing
analysis. It was furthermore considered and the desirable to rely on more established
techniques. The most recent RM sky interpolation was produced by Hutschenreuter
& Enfilin [2020]; Hutschenreuter et al. [2022], which combined all previous sources of
RM grid data with free-free emission from the Planck survey. This RM sky reconstruc-
tion will be refered to as the “Hutschenreuter map”. Most notably, the Hutschenreuter
map has a large 'blind spot’ near the terrestrial southern pole, with the use of free-free
emission to constrain the data better [Hutschenreuter & Enfslin, 2020; Hutschenreuter
et al., 2022]. This does not disqualify the merits of using the Hutschenreuter map,
but should encourage further research into improvements on existing interpolations
of the RM sky.
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Figure 2.2: Histograms representing the intensity of observed H-alpha (Left) and HI
(Right) observations from Beck et al. [2012] and Westmeier [2018] respectively. The HI
histogram specifically removes zero-flux observations.

2.2.2 HI and H-alpha Emission Data

Both HI and H-alpha maps of the sky were obtained in the process of data collection.
Both maps were used in previous literature to detect HVCs and inform interpolations
of the RM sky. HI is the primary method of identifying HVCs.

The HI sky was taken from the HI4PI 21 cm survey, with modifications done by
Westmeier [2018] to filter for high-velocity HI sources (above a column density of
2 x 10cm~2). This modification allows for the better detection and viewing of HVCs
in the sky.

The H-alpha sky was taken from Finkbeiner [2003], which was a collage of three
smaller H-alpha surveys. Unfortunately, this map is also limited by the same prob-
lems as the Hutschenreuter map, with a notable lack of coverage near the terrestrial
south pole. It was decided that the H-alpha map would be included in the process of
collation for the purposes of future research potential, for example, improving inter-
polation models like in Hutschenreuter et al. [2022]; Hutschenreuter & Enfilin [2020].

The flux distributions of both HI and H-alpha are shown in figure 2.2. Both distri-
butions appear to follow a poisson distribtion, with the HI data appearing to have a
high rate of occurence - thus forming an approximant normal distribution.

All data sources collected were first converted to a FITS file under the cartesian
projection. The location of individual point-values will not be affected by a cartesian
projection, however it can introduce distorions at a high Galactic lattitude. These
distortions in data do need to be accounted for.
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2.3 Selection of HVCs from the Galactic All Sky Survey
(GASS)

HVC-specific data was obtained from Moss et al. [2013] (hereafter referred to as the
“Moss catalogue”) — a catalogue of all HVCs found using GASS. The Moss catalogue
is a primary source of data, for the location and size analysis of HVCs.

The Moss catalogue includes a total of 1693 HVCs, of which most are not viable
candidates for analysis. There are several reasons why a particular HVC may intro-
duce significant analysis errors. The first consideration is size. Exceptions to halo
HVC sizes cannot be included in HVC analysis as they may not be representative of a
typical HVC. For example, the Smith Cloud, due to its size, has an abnormally large
corresponding magnetic field. Thus, HVCs that were not in an apparent area range
of (1, ) degrees squared were masked out. The lower limit exists to guarantee that
there are enough RMs covering the cloud itself, to perform statistical searches for RM
excesses associated with the clouds. This reduces the sample to 151 HVCs.

Other considerations made when filtering HVCs were their overlap with the cur-
rent POSSUM RM grids. Not every HVC is properly covered by the current RM grid,
since the POSSUM survey is presently only 20% complete. HVCs were filtered out
if their centres (obtained from the Moss catalogue) were more than one degree sep-
arated from the nearest RM sampling point. This further reduced the sample size to
26 HVCs.

There is a major increase in scatter with POSSUM RMs and interpolated RMs
closer to the Galactic midplane [Schnitzeler, 2010]. This is explored in later sections;
however, figure 2.3 shows this effect. Because of this, HVCs close to the Galactic mid-
plane must be eliminated to reduce scatter — specifically HVCs located with Galactic
Latitudes |b| < 20° were excluded. This reduced the sample size to 15.

Cartesian projections can distort data at high Galactic latitudes, resulting in bad
data. HVCs located at Galactic latitudes |b| > 80° were also eliminated from the
sample set. This removed HVC G298.0-81.7+127 and gave a sample size of 14.

Lastly, it was clear that HVC G282.3-38.3+117 had no detectable HI emission ac-
cording to the provided HI data. It was removed on the basis that it could not be
analysed properly. This reduced the final sample to 13 HVCs.

2.4 Data Collation

Once the data was obtained, coordinate calculations were done using the
astropy.wcs pipeline. For every RM point in the sky, the estimated foreground RM
from the Hutschenreuter map, the HI column density, and the H-alpha flux, including
all associated errors were attached to that particular RM sampling point.
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Figure 2.3: (Left) A graph of all ~180000 RMs plotted against their corresponding

Galactic lattitude; (Right) The corresponding graph of all Hutschenreuter map faraday

depths matched to the POSSUM RMs. Both graphs represent a significant level of
scatter present in RMs collected near the Galactic midplane.

2.4.1 HVC Image Overlays

For each HVC, the HI, H-alpha, Hutschenreuter map, and RM grid was ’cropped’ to
a field twice the size of the maximum HVC source x and y extents. This allows for
analysis of both RMs in the HVC and surrounding the HVC. This is shown later in
chapter 4, in figure 4.1.
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Chapter 3

Foreground Subtraction

Foreground subtraction remains an open question in the field of RM radio astronomy.
Due to the inherent magnetisation of the Galactic halo and the ISM, as discussed in
sections 1.2.1 and 1.2.2, there are significant contributions to observed RMs from the
Galactic foreground across the entire sky. To correctly determine the magnetic field
surrounding objects of interest, one must first remove this source of systematic error.
A prime example of the consequences of not correctly accounting for foreground
RM contributions is the paper by McClure-Griffiths et al. [2010], which attempted to
estimate the magnetic field strength surrounding HVCs in the Leading Arm. How-
ever, as from Jung et al. [2021], this result is possibly erroneous due to the obstruction
of the nearby Antila supernova remnant region. While the analysis of multiple HVCs
is more likely to prevent these errors from compounding to invalidate the conclusions
of the report, it is still useful to account for these contributions as much as possible.

3.1 Foreground Reconstruction via Interpolation

All previous work on magnetic field analysis of HVCs, and more broady on radio
objects of interest, involve the use of interpolation [Moss et al., 2013; Betti et al., 2019;
Westmeier, 2018; Hill et al., 2013; Anderson et al., 2024]. Interpolations are beneficial
due to their ability to convert a discrete distribution of RM grid points into a con-
tinuous distribution of the RM sky. Interpolations also benefit from a ‘smoothing’
effect; that interpolated maps can smooth out small-scale imperfections in the RM
grid that may not correspond to actual foreground objects [Hutschenreuter & Enfilin,
2020; Hutschenreuter et al., 2022; Khadir et al., 2024]. This smoothing can occur be-
cause of the interpolation algorithm itself, or the lack of RM grid density to resolve
objects on a particular scale.

The primary issue with interpolation is that they are too effective a technique at
reconstructing the RM foreground. Despite the smoothing effects that they can pro-
vide, there is no way one can confirm that the RM sky has not included background
structures in the foreground reconstruction; an interpolated RM sky could contain
the RM profiles of objects of interest. This has the effect of making interpolated maps
sourced from high-density RM grids inappropriate for foreground correction, as the
original intention of interpolation is to subtract out foreground contributors to RMs —

16
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not the objects of interest themselves.

Thus, with the increased RM grid density afforded by the POSSUM survey, and
future SKA-era projects, it is of high importance to investigate how these issues can
be solved.

3.2 Annulus Subtraction

The immediate alternative to interpolation-based methods is annulus subtraction.
This is a method employed across all fields of astronomy, including radio astronomy,
being most applicable to single-object analysis. The method generally involves se-
lecting a series of RM sampling points surrounding any given central RM grid point,
averaging the selected RMs, and subtracting the average from the central RM grid
point.

There are two sub-methods to consider when performing annulus subtraction:
fixed-size annulus subtraction and fixed-sampling annulus subtraction. Fixed-size an-
nulus subtraction involves defining an annulus with a constant inner and outer radius
and averaging the RMs exclusively within this radial range. Fixed-sampling annulus
subtraction involves defining an inner radius and then selecting a fixed amount of
RM grid points that are closest to the central point, but still outside the inner radius.
Assuming a constant grid density everywhere in the field, a relationship between the
two methods can be quantified, as in equation 3.1.

R = 72 + ﬁ
V' (3.1)

Where n is the RM grid density in deg 2, r is the inner radius of the annulus
in degrees, R is the outer radius of the annulus in degrees (which is directly fixed
under the fixed-size regime), and N is the number of RM grid points used (which is
directly fixed under the fixed-sampling regime) and is unitless. This means that under
a constant RM grid density, these two methods should be approximately equivalent.

There are benefits to both methods. On one hand, fixed-size methods can be
described mathematically as convolutions, making them linear. However, they can
run into measurement and calculation errors when there is a low amount of RM
grid points surrounding the central RM. On the other hand, fixed-sampling methods
guarantee a consistent uncertainty and the existence of an average. However, this
method is both non-linear and prone to including RM grid points very far away from
the central point.

The primary issue with annulus subtraction is determining the size of the annulus,
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Figure 3.1: An Aitoff projection of all portions of the RM sky observed by ASKAP
for the POSSUM survey similar to 2.1, filtered through a proprietary fixed-sampling
algorithim with inner radius of 0.4" and a samplinig constant of 50.

or the amount of RM sampling points to select - i.e. what counts as the foreground
versus the object, or what is an effective smoothing of the foreground model. This is
what leads the above-mentioned errors in both methods. The logical response is either
to select a large-area annulus that completely removes the objects” RM contributions
(in the case of the sample HVCs this would correspond to an annulus of 1 — 77 square
degrees in area), or to select a small radius with numerous RM points to capture the
foreground contributions both overlapping the object and isolated in the field. Both
methods will be analysed in this paper, with the former being discussed in section
3.3.3 and the latter being shown in figure 3.1 1.

The specific choice of parameters in the fixed-sampling regime selected were an
inner radius of 0.4 arcseconds and a sample size of 50 grid points — corresponding to
an outer radius of approx. 0.728°. These values were selected to test for small-annulus
corrections to RM grid points. Anderson et al. [2024] provides motivations for these
parameter choices.

3.3 Fast Fourier Transforms (FFTs)

Many of the methods for foreground subtraction beyond interpolation have a common
intersection point in the form of image-based signal processing. Thus, the introduc-
tion of Fourier Transforms (FTs) may be a very useful direction for analysis, as they are

The fixed-sampling annulus subtraction was proprietary data collected from the supervisor. How-
ever, the quantitative and qualitative analysis of the viability of this method is original work.
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the foundation for most signal processing methods [Pulfer, 2019]. The benefit of FTs
is their linearity, which in several ways can reduce computational expense: the trivi-
alisation uncertainty calculations (quantified in equation 3.3); the linear combination
of several kernel techniques; signal processing in separate orthogonal dimensions;
and consistent scaling relationships. FTs also can utilise both convolutional blurring
and bandpassing separately, with convolutions already being discussed with annulus
subtractions.

FFTs extend the benefits of FTs by providing a FT algorithm of O(nlogn) complex-
ity and allowing FTs to be performed over discrete sets of data. This allows for the
analysis of high-definition pixellated images, which is not unlike the standard format
and use-case of a FITS file, especially when using a cartesian projection of the sky.
Thus, by applying 2-dimensional FFTs to interpolated RM sky images, it is possible
to solve the problem introduced by interpolated high-density RM grids.

3.3.1 Non-Uniform Fast Fourier Transforms (NUFFTs)

FFTs can further be extended to the analysis of non-uniform data sets. Standard
FFTs rely on the assumption that the grid of sampling points is uniform, and resul-
tantly output uniform-density frequency distributions. NUFFTs do not require the
assumption of uniformity, nor do they need to output uniform-density frequency dis-
tributions [Bagchi & Mitra, 1996; Greengard & Lee, 2004]. This means that instead of
relying on interpolations at all, FTs can be applied directly to the RM grid itself. The
primary sources for NUFFTs used in this paper are Bagchi & Mitra [1996]; Greengard
& Lee [2004], with heavy reliance on the python module PyNUFFT (see appendix D for
more).

There are three types of NUFFT: Forward, Adjoint, and "True" 2. The forward and
adjoint types are inverses of each other — forward NUFFTs take a uniform image and
a set of sampling points and return a non-uniform frequency distribution. Adjoint
NUFFTs reverse that process. True NUFFTs take a non-uniform distribution and out-
put a non-uniform frequency distribution. True NUFFTs are not generally useful for
the purposes of this report.

Applying a forward and then an adjoint NUFFT to a set of RM grid sampling
points should perform the same task as creating an interpolation. From there, the
intermediary step of a bandpass or kernel can be applied to the frequency distribution
to produce an interpolation with objects of a particular angular scale removed from
the field.

The important first step in determining if this method can create a reliable inter-
polation on its own. First, an image was selected, specifically a grayscale and cropped

There is no generally accepted nomenclature for type 3 NUFFTs that align with the single-adjective
terminology. So "True" is used because it is an accurate descriptor for the type, involving both non-
uniform x and k spaces.
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Figure 3.2: (Right) A cropped and grayscale image of the CMB. (Left) The same image
after being fed through a forward then adjoint NUFFT. The amount of sample points
total to 27000. Both plots share a common intensity colourbar for refrence.

image of the Cosmic Microwave Background (CMB) from the Planck mission (see ap-
pendix C for more). This was chosen as the test image due to the CMB being able to
replicate a noisy and 'blobby” structure, the CMB has also been analysed using FFTs
for unrelated cosmological purposes.

Then, a random set of sampling points were selected and treated as the "'mock
RMs’, with the colour of the background corresponding to the intensity of the RM
at that point. The image and the sampling points were then given to the PyNUFFT
module and transformed in and out of the frequency domain. Figure 3.2 represents
the outcomes of this analysis, performed on a sample of simulated RM grids with
size 30° x 30°. Ignoring the grid-like structure in the recreated image (a consequence
of the random point generation algorithm), even with a very high sampling point
density or large field, the image is still very low-quality.

This does not disqualify the NUFFT as an analysis technique. Instead, it means
that this technique can only work on a very large continuously connected RM set i.e.
a complete or partially complete RM grid map of the sky. However, due to the lack
of POSSUM data in its early stages, this is a method that must be investigated in the
future. Hence its in-depth inclusion in this report despite its apparent shortcomings.

3.3.2 Bandpass Filtering

A simpler method is to directly alter the Hutschenreuter map itself using normal
FFTs. First, a 2-D FFT was applied to the Hutschenreuter map. A crosshatch-shaped
bandpass was created. This crosshatch imitates a bandpass commonly applied to
1-dimensional signals, where regions of a particular angular area are eliminated by
removing all frequencies corresponding to that angular area in the k-space. Equation
3.2 quantifies the relationship between frequency and angular area.
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1

kave = ek (3.2)

Where kgyc is the spatial frequency in deg ™!, 8yyc is the angular size of the HVC
in degrees, and R is the pixel resolution of the axis, in pixels per degree. Assuming
all RM sky images exist in a 2:1 cartesian space, due to the range of Galactic latitude
and longitude, the value of R is constant across the two axes. The HVC angular size
chosen was 1 — 77 deg.

The crosshatch is shaped such that, when multiplied by the original k-space, ob-
jects of a particular size are either eliminated or reduced in prevalence in the RM
foreground model. This method also guarantees the linearity of the crosshatch "func-
tion’. After this, the inverse FFT is applied to give a resulting foreground map, seen
in figure 3.3.

However, bandpassing introduces ripples into the Hutschenreuter map. This effect
is expected but undesirable. There are two methods to remove this: either to apply the
crosshatch at a certain ‘opacity’ i.e. the crosshatch is not eliminating all the k-space in
its region, but instead is reducing those frequencies by a percentage; or using a more
complex window than a Top Hat, such as a Tukey window or Gaussian window. The
effects of the former are seen in figure 3.3. The latter was not investigated due to time
constraints.

When applying FTs to any interpolated image, it is important to maintain the
corresponding uncertainty map’s accuracy. This is where one can take advantage of
linearity. Equation 3.3 determines how uncertainties can be calculated.

Ooutput = 371 {B (3 [Uoriginaﬂ ):| (33)

Where B: ¢ — 0 is the bandpass function, doutput and original 18 the uncertainty
images for the output and input respectively in radm 2, and § is the FT.

3.3.3 Kernel Filtering

The same techniques from above can be applied via convolutions, where the aim is
to convolve the Hutschenreuter map with a defined kernel. Two-dimensional convo-
lutions have a time complexity of O(n*), depending on the kernel size, whereas the
FFT has a complexity O(nzlogzn). By performing a FFT on both the kernel and the
Hutschenreuter map separately, then multiplying the two k-spaces together, and ap-
plying an inverse FFT, the result is a faster application of a convolution with a kernel.
This was the chosen method to demonstrate the large fixed-size annulus subtraction
method, with an inner radius of 1 degree and an outer radius of 7w degrees Figure 3.4
displays the results of this method.
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Figure 3.3: Crosshatch-Bandpassed versions of the interpolated RM sky at various
opacity gradings - where "original" means 0% opacity. The term "opacity" refers to
the effect of the bandpass e.g. 100% opacity means the bandpass completely removes
selected frequencies and 50% opacity means that the bandpass halves the presence of

selected frequencies.
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Figure 3.4: Cartesian plots of the interpolated RM sky (Top) compared against the

Annulus-Bandpassed version of the interpolated RM sky (Bottom). The annulus ker-

nel used sums to unity, making it act like a unitary operator, standard for blurring
techniques [Pulfer, 2019]. The annulus size ranged from 1-7r degrees.

3.4 Characterising Methods to Improve Interpolations

As seen from figures 1.4 and 2.3, there are several ways in which the RM grid can
have 'bad data” — most notably in RMs derived from data with low signal-to-noise
and the inherent scatter induced by the dense ISM when observing near the Galactic
midplane. Thus, the final step of this chapter is to both characterise the POSSUM RM
data and to compare the subtraction methods against each other.

Figure 3.5 represents a simple residual histogram comparison between all the
methods discussed in this chapter. The desired result is seen in the residuals between
the interpolated or crosshatch-bandpassed RMs and the actual RMs - appearing as a
distribution centred at zero (which does not look gaussian). This is the same for the
annulus-bandpassed RMs, and is opposed to the annulus-convolved method, which
does not appear to interact with the RM grid in a desirable manner.

Figure 3.6 demonstrates the similarities between the crosshatch-bandpass and un-
altered Hutschenreuter map, with them being related to each other in a linear manner,
specifically with a gradient of approximately unity. This is ideal, as it means that the
crosshatch-bandpass method is not deviating significantly from the Hutschenreuter
map, only altering it subtly. The figure also demonstrates how scattered the RMs
become near the Galactic midplane, hence it being plotted for colour to delineate
between RMs near and far away from the midplane.
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Figure 3.5: Residual histogram plots of the actual POSSUM RMs compared to the cor-
responding various foreground removal methods: unaltered interpolation (Top left);
crosshatch-bandpassed (Top right); annulus-bandpassed (Bottom left); and annulus-

convolved (Bottom right).
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Figure 3.6: Corner plots of the RM data, describing the relationship between the sev-

eral associated and modelled RM values and the Binned Maximum Absolute Galactic

lattitude indicated by colour. Here, a comparison between POSSUM RMs, Hutschen-
reuter RMs, and Crosshatch-Bandpassed RMs is displayed.

Figure 3.7 compares the unaltered Hutschenreuter map with the annulus-
convolved method (a.k.a. the fixed-size annulus method). From the bottom two
graphs, the annulus-bandpass is similar to the crosshatch-bandpass, leaving most
RMs as correlated.

Figure 3.8 compares the unaltered Hutschenreuter map with the annulus-
convolved method (a.k.a. the fixed-sampling annulus method). There is a somewhat
linear relationship between the actual RMs and the annulus-convolved RMs, ignor-
ing the heavy scatter closer to the midplane. From all three maps, it appears that
there is not much of a correlation between the Hutschenreuter and POSSUM RMs.
This implies a lot of smoothing is already performed by the Hutschenreuter map, as
anticipated in section 3.1.

3.5 Statistical Comparison of Foreground Removal
Methods

The corrected RM histograms for both bandpass methods displayed in figure 3.5 do
not follow a Gaussian distribution or a Cauchy distribution, but do follow a Student’s
t-distribution. This has been seen before in past analysis of residual RMs [Anderson
et al., 2024]. By eye, it is quite clear that this is not the case for the annulus-convolved
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Figure 3.7: Corner plots of the RM data, describing the relationship between the sev-

eral associated and modelled RM values and the Binned Maximum Absolute Galactic

lattitude indicated by colour. Here, a comparison between POSSUM RMs, Hutschen-
reuter RMs, and Annulus-Bandpassed RMs is displayed.
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Figure 3.8: Corner plots of the RM data, describing the relationship between the sev-

eral associated and modelled RM values and the Binned Maximum Absolute Galactic

lattitude indicated by colour. Here, a comparison between POSSUM RMs, Hutschen-
reuter RMs, and Annulus-Convolved RMs is displayed.
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Figure 3.9: The sample of all RMs corrected with the Hutschenreuter Interpola-
tion (Blue) and Crosshatch-Bandpassed Interpolation (Red). A bootstrap fitted t-
distribution is drawn on the graph for each respective residual RM set.

method, hence why no statistical analysis was conducted on it beyond an R? calcula-
tion. A chi-squared test can be used to compare the residual RM distributions with
the t-distribution, with the t-distribution being fitted via a bootstrapping method.
1000 resamplings with replacement were used. Table 3.1 displayed the resulting t-
distribution fit and Pearson’s chi-squared statistic, which tests for similarity instead
of difference. The p-values for both were extremely small, despite the clear visual
incongruency in the model and data set in figure 3.9. This is most likely caused by
the t-distribution fitting very well with the tails and mid-section of the histogram.

The Pearson R? test can be performed in comparing the Hutschenreuter map with
its corrected versions. This includes the annulus-convolved method despite a greater
visual correlation with POSSUM RMs from figure 3.8. Ideally, the R? statistic should
be somewhat close to unity, as not a lot of sub-degree variations are expected (due to
the single-degree scales of the Hutschenreuter map’s sources). Table 3.1 presents the
R? statistics for a series of compared cases.

3.6 Other Methods

There are other methods for foreground removal were not considered viable options
or of enough importance to numeerically analyse in this report. However, they may
still offer useful methods for future researchers. The first is median filtering, which
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. t-Distribution Fit
Residual Set Centre d.o.f. Scale
Straight Interpolation 1.461 £ 0.190 1.040 £ 0.0039 14.24 £ 0.0606
Crosshatch-Bandpassed 1.648 + 0.047 1.046 £ 0.0039 14.47 £ 0.0608
Annulus-Bandpassed 1.617 £ 0.195 1.054 + 0.0040 14.67 £ 0.0630

. x> Results

Residual Set Statistic p-value
Straight Interpolation 0.01432  1.0442E-166
Crosshatch-Bandpassed 0.01460 2.671E-166
Annulus-Bandpassed 0.01385 2.105E-167

Methods R? Statistic
Interpolation vs. Crosshatch-Bandpassed 0.9279
Interpolation vs. Annulus-Bandpassed 0.8701
Interpolation vs. Annulus-Convolved 0.003866

Table 3.1: (Top) Student’s t-distribution fit parameters for the residual histograms as

displayed in figure 3.9. (Middle) Results of the x? test comparing residual histograms

with the t-distrubution. (Bottom) R? statistics comparing the Hutschenreuter map
with the other methods detailed in this section.

is like previously discussed convolutional blurring methods. Huang et al. [1979] pro-
vides a description of a fast median filtering algorithm for two-dimensional images.
Arias-Castro & Donoho [2009] is also a reference describing the potential benefits of
median filtering, including a more robust removal of noise due to the robust statis-
tical properties of the median. It was disregarded in this report due to its inherent
non-linearity, leading to more computational complexity, and the debatable nature of
whether this disadvantage is worth the advantages it can bring. Linear decomposition
of line-of-sight RMs are also possible, attempted in Schnitzeler [2010]. However, it is
also quite mathematically complex and may not be conducive to a generalised algo-
rithm, hence the lack of focus on this technique in this report. Despite the methods
presented in the report, in chapter 4, a non-altered Hutschenreuter map will be used
with the justification found in section 4.3.
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Chapter 4

Analysis and Results

In constructing an algorithm to detect the signature of, and to further estimate the
strength of magnetic draping in HVCs, as in section 1.5, it is important to pay attention
to the validity of the methods being employed, as there has been no well-established
precedent for doing so on large samples of HVCs.

4.1  Kolmogorov-Smirnov (KS) Testing

Before estimating the strength of the magnetic draping signature on HVCs, it is im-
portant to first confirm that there is a detectable magnetic field to analyse. To do
this, the KS test was employed. The set of RM grid points for each HVC collated in
section 2.4.1 include any grid point within 26x degrees of the HVC centre, where dx is
the HVC angular diameter, the average value between the Moss catalogue’s ‘dx” and
‘dy” values (i.e. its cartesian dimensions), shown in appendix table A and in figure
4.1. Two separate populations can be formed by delineating RMs inside and outside a
distance dx from the HVC centre. All sampling points within the defined circle makes
the “HVC RMs” population, and the ones outside the circle makes the “Background
RMs” population.

An assumption is made here that HVCs can be represented by a circular region in
the sky. Allowing for methods to distinguish between the surrounding backgrounds
and HVC RM grids. As seen from the HI plots in figure 4.1, this assumption appears
to only be correct in particular cases. But do note that the HI background discrimi-
nates for high-VLSR HI emission. The HI background is a visual tool, and it cannot
be used as a one-to-one tracer of ionised gas.

A two-sample, two-tailed, KS test was performed comparing both the background
and HVC RM distributions. A critical p-value of 0.001 was assumed to determine if a
significant magnetic field was detected. This would correspond to 99.9% significance
of difference. Table 4.1 shows the KS test results applied to each HVC. Out of the 13
HVCs tested, 10 HVCs (77%) had a significant difference between both populations
in the corrected RM case.

For uncorrected RMs, the KS test determined that 12 HVCs had a significant differ-
ence between both populations. No HVC had both a significant detection for the un-
corrected case and a non-significant detection for the corrected case. This implies that

29
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Figure 4.1: All 13 HVCs used in analysis. The HI column density is represented using
a greyscale image background. The RMs are represented by circular markers, their
size equal to the magnitude and the colour representative of their sign with red being
positive, and blue being negative. The black circle is the deliniation between in-HVC
and out-HVC populations, and the green 'x” indicates the centre of the HVC. Each
HVC image includes the centre and the chosen Jx value as discussed in section 4.1.
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Figure 4.2: The same set of HVCs in HI with RM overlays, displayed the same as in

4.1. However, instead of using the Hutschenreuter map as a method of correction,

the mean of the uncorrected RM values in the frame is subtracted out from each RM
point.
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Corrected RMs Raw RMs

Name Statistic p-value Statistic p-value

G038.7-37.3-241  0.207 3.52E-09 0.198 1.98E-08
G038.8-33.2-261  0.311 1.39E-08 0.516 8.69E-24
G043.4-30.4-230  0.241 3.61E-11 0.174 5.20E-06
G089.0-64.7-311  0.374 1.51E-02 0.499 2.96E-04
G133.5-75.6-294  0.461 4.57E-08 0.485 6.34E-09
G248.9+36.8+181 0.081 4.53E-01 0.110 1.32E-01
G261.5-34.5+237  0.289 5.96E-08 0.324 6.28E-10
G262.4-26.2+143 0.213 1.22E-06 0.221 4.48E-07
G264.6-53.3+224 0.320 4.07E-05 0.346 6.04E-06
G267.1-38.4+263 0.343 2.32E-11 0.348 1.14E-11
G271.6-48.4+297 0.125 5.09E-05 0.155 1.69E-07
G271.7-53.1+254  0.227 3.40E-04 0.246 7.62E-05
(G323.0+25.6+122  0.099 1.51E-02 0.187 4.79E-08

Table 4.1: A table describing the KS test results for each HVC.

using the corrected RMs makes the KS test more selective. The use of the Hutschen-
reuter map is justified as it means false positives are less likely to appear.

There appears to be a moderate correlation between the KS statistic and the abso-
lute Galactic lattitude for each HVC, with a calculated R? statistic of 0.6039. When
determening correlation with respect to p-value instead of KS statistic, the R? statistic
drops to 0.4489. The KS test does not appear to be correlated with VLSR or VGSR,
having an R? statistic of 0.03023 and 0.008367 respectively.

4.2 Assumptions

Due to the significant limitations in available data, the use of assumptions is neces-
sary to lay the groundwork for increasingly robust analysis. Without assumptions, it
becomes difficult to construct methods for the estimation of magnetic fields. Hence,
the four primary assumptions below allow for the formation of a working method,
with the explicit description meant to point to how the method can be improved.

The first major assumption is that the ionisation fraction of the Galactic halo is
approximately constant, i.e. gas in the halo is well-mixed. This does not account for
major sources of heterogeneity caused by HVCs (a desired outcome) or other ionised
regions such as the Magellanic Clouds (an undesired outcome).

Simulation data can be used to analyse the problematic nature of assuming a con-
stant ionisation fraction [Grennow et al., 2017]. However, it is difficult to apply sim-
ulation data to observational data due to the amount of variables that need to be
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controlled for. Similar to the method employed in Grennow et al. [2017], it will be
assumed that the ionisation fraction is high and constant.

The second major assumption is that the weighted average of the HI column den-
sity on a HVC is linearly proportional to, and biased towards the peak column density
in the centre of the HVC. This is an approximation that aims to simplify calculations
to the analysis of a single data point provided in the Moss catalogue. A more com-
plex estimation of average HI column density requires a significantly more in-depth
analysis. HI column density is certainly not uniform within clouds, as mentioned in
Heitsch et al. [2021]. It also neccessitates some level of correlation between line-of-
sight magnetic fields and their uncertainties (a consequence of Poisson noise).

Both above assumptions sacrifice accuracy for simplicity, and is allowable primar-
ily due to the method of calculation explained by Kaczmarek et al. [2017] and in
section 4.3. In this report, the simplicity does not disqualify the results of the inves-
tigation, but it does remove its ability to be definitive. The result of applying both
assumptions is that the line-of-sight magnetic field strength is linearly proportional
to the faraday depth with a scaling constant unique to each HVC — as demonstrated
in section 4.3.

The third assumption was the same one employed in section 4.1 - that HVCs ap-
pear as approximately circular in the field of view. All three additionally meet the
desired goal of creating method that can adapted and refined for future use. As dis-
cussed in section 5.2.2 and chapter 6, all three assumptions can be dropped in the
presence of more detailed data or more rigorous methodologies manipulated from
the one described in this paper. Lastly, a very typical assumption made is that the
RM contribution along a line of sight is added along said line of sight. This is not
necessarily correct; however, it is a fair assumption that most past literature has made
to deconstruct equation 1.2 [Kaczmarek et al., 2017; Moss et al., 2013; Hill et al., 2013].
This makes the fourth assumption.

4.3 Derivation of Line-of-Sight Magnetic Fields

As from equation 1.2, there is a relationship between the line-of-sight magnetic field
and the faraday depth. By removing foreground contributions to the faraday depth,
one can isolate the specific contribution of the line-of-sight magnetic field made by
the HVC. At the same time, the fourth assumption can be used to solve the integral
in equation 1.2, resulting in equation 4.1 [Hill et al., 2013].

uG 081 (ne) Ly+

<BH> (RMcor) (4.1)

Where <B H> is the average line-of-sight magnetic field in pG, RMc, is the cor-
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rected RM in radm_2, 1, is the electron density in cm 3, and Ly+ is the HVC ionised
path length in pc. From this equation, Kaczmarek et al. [2017] derives a simplified
equation that eliminates the need to calculate the electron density and ionised path
length, as seen in equation 4.2.

RMcor
X (Nyrp)

Where X is the unitless ionisation fraction, and (Npj) is the weighted average HI
column density over the region being analysed, measured in cm~2. This equation can
only be derived under the first assumption. Additionally, the use of the average HI
column density is intrinsically tied to the second assumption.

Applying both assumptions one and two and utilizing equation 4.2 demonstrates
that the line-of-sight magnetic field is linearly proportional to the faraday depth.
Thus, an RM denoting the singular faraday depth associated with any given HVC,
and any given background surrounding the HVC. These two RM values can be sub-
tracted from each other and converted into a magnetic field via multiplication of a
constant factor to create what is refered to as the ‘'master RM’".

Despite the detailed analysis conducted in chapter 3, it was decided that the non-
altered Hutschenreuter map be used to correct RM contributions. This is due to
most already-existing literature relying on interpolations. From figure 4.3, which dis-
plays histograms of the corrected and uncorrected line-of-sight magnetic field points
surrounding HVCs, it is demonstrated that the Hutschenreuter map can remove the
anisotropy of the ISM by turning an uncorrected bimodal symmetric distribution into
a t-distribution centred at zero.

Figure 4.1, presents HI images of all 13 HVCs and the overlapping RM grids.
The filtered Moss catalogue, including all 13 HVCs is displayed in appendix B. It is
apparent that once the foreground is removed, ridge-like structures appear in the data
which may correspond to the turbulent mixing of gas in the halo [Heitsch et al., 2021;
Mao et al., 2010].

BII 18
—1L =380 % 10 (4.2)
uG

4.4 Mathematical Methods to Evaluate HVC Magnetic
Fields

It is highly important to seperate the techniques performed in this section, as opposed,
to the detection method outlined in section 4.1. A faliure of the methods described
here to significantly determine the strength of the magnetic fields do not imply a fal-
iure in detection of a magnetic draping signature. This is further elaborated in the
discussion section 5.2.4. This is important to point out given the size of the uncer-
tainties in table 4.2 being large enough to reasonably have a magnetic field value of
zero.
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Figure 4.3: Two histograms describing the RM sample within a certain distance to the
13 sample HVCs. The red histogram uses uncorrected RMs. The blue histogram uses
corrected RMs.

For the HVCs which did have detectable magnetic fields, the next step is to esti-
mate the strength of the magnetic field draping over each HVC. Previous analyses of
the Smith Cloud, such as in Betti et al. [2019]; Hill et al. [2013], utilises a weighted av-
erage of RMs to obtain the "Master RM’. This may not be transferable to a generalised
algorithm. While the background RM population will generally follow the expected
normal distribution, the in-HVC population distributions can vary depending on the
orientation of the HVC with respect to the observer. For more face-on HVCs, RMs
may form a ring of RM values ranging from positive to negative around the ring,
resulting in a zero weighted average. These can also be refered to as 'coffee stain” RM
tields, similar to what was seen with magnetised HI superbubbles from Jung et al.
[2024].

In Betti et al. [2019]; Hill et al. [2013], due to analysing one single and large object,
it is possible to divide the object into several smaller sections for analysis. It is not
possible to do this especially given the limitations created by assumption three.

The more complex HVC RM distribution combined with the oversimplified spher-
ical morphological model means that using a weighted average may underestimate
strengths - the same applies to most forms of modal analysis including gaussian fit-
ting i.e. any method that can not account for antimodal or multimodal analysis. This
report proposes two new methods to determine the magnetic field strength surround-
ing HVCs under the simplified spherical morphological model, which can overcome
the potential issues with the weighted average. Sections 4.4.1 and 4.4.2 attempts to
justify the mathematical validity of these two methods, and section 4.5 shows both
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Figure 4.4: A diagram representing the physical intuition of the KS-EDF method. The

graph shows the EDFs of inside and outside populations for an example HVC. The

lines drawn on the diagram represent the statistic value and the KS-EDF "master RM’
value.

the results of using these methods, with some further post-hoc justifications demon-
strated via statistical analysis in 4.5.2.

Despite the potential shortfalls of the weighted average, it is a method that is
sanctioned by literature and is still a valid method to use and compare other methods
to. It is only an important limitation to pay attention to in the analysis of HVCs.

4.4.1 KS-EDF Method

The first proposed method relies on both the results of the KS test and the Empirical
Distribution Functions (EDFs) of the in-HVC and out-HVC populations required to
evaluate the KS statistic. The x-axis location of the KS statistic is where the distribution
of the two populations differ the greatest. And thus, it is not unreasonable to state
that the magnetic field strength corresponds to this location in some manner. This
is shown in figure 4.4, where the red line denotes the KS statistic’s length and x-axis
position.

The second step in this method is to further remove background interference as
explained in section 4.3. This can be done by finding the x-axis location at which
the density in the background population EDF equals that of the density of the HVC
population EDF at the KS-derived x-axis location. This step has the effect of removing
any potential deviation from zero that the magnetic field in the background has due
the ridge-like structures, which will appear in the EDF as either (i) any deviation
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from a standard normal distribution, or (ii) a deviation from the centre of the normal
distribution as a function of its uncertainty.

This is shown in figure 4.4 with the black line — the length of the black line rep-
resenting the final assessed magnetic field value. In this case, the background popu-
lation in orange is approximately normal. So, case (ii) from the paragraph above is
demonstrated.

The second step is not always valid, as RM values can vary due to turbulence,
creating an inherent variability in the EDFs. Hence the necessity of further statistical
analysis.

4.4.2 Variance Subtraction

Another method involves the reverse-propagation of uncertainties. An assumption
can be made that for some HVCs, there is an inherent variation in the magnetic field
as one looks at different locations in the defined morphological circle, appearing as
the afformentioned ’coffee stain’ shape. This inherent variance is denoted as 2.

Additionally, each RM measurement comes with a measurement uncertainty, de-
noted as Omeas.. Propagating these two uncertainties would give what should be the
observed variance, 0’c2)bs, as shown in equation 4.3.

2

2 2
Tobs = Otrue T Tmeas. (4.3)

The observed uncertainty can be calculated by taking the statistical standard de-
viation of the population. The measurement uncertainty can be averaged to give a
whole-population measurement uncertainty approximation. This allows for equation
4.3 to be reversed to derive the "true’ variance in the RM population - see equation
44.

Otrue = \/ Var (RM) — (ogum)? (4.4)

By definition of standard deviation, the corresponding true variance can be ap-
proximated as the average separation between RMs in the population, thus quantify-
ing the inherent variation in the HVC magnetic field, i.e. the magnetic field strength.

The same can be done to the background population, instead to detect the potential
interferences of the ridge-like structures of the halo magnetic field. This can be used
to subtract out the background interferences that were included in the derivation of
the true in-HVC variance.

A clear potential source of error in this method comes in the fact that the stan-
dard deviation is positive, affecting the validity in two separate ways: (i) cases where
the average measurement uncertainty is larger than the statistical standard deviation,
resulting in a non-real uncertainty; (ii) cases where the line-of-sight magnetic field
strength should be negative but is calculated as positive (before the true background
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Abs. Magnetic Field |B)| (uG)

Name Wgt. Avg. KS-EDF  ¢-Sub.

G038.7-37.3-241 2564+ 1.88 115+ 1.12  1.174 1.07
G038.8-33.2-261 1254+ 126 0364 075 1.13+ 0.70
G043.4-30.4-230 2304+ 1.75 0314093 1.61+ 0.93
G133.5-75.6-294 1794+ 1.54 124+ 129 076+ 1.27
G261.5-34.5+237 7.084 870 3.88+ 455 3394 4.39
G262.4-262+143 5014 6.13 1093+ 8.64 3.944 2.77
G264.6-53.3+224 2124 344 0114258  2.18+ 226
G267.1-384+263 9414 6.69 384+ 373 348+ 3.9
G271.6-484+297 0594+ 1.98 013+ 124  0.08+ 1.21
G271.7-53.14254 2404 3.60 057+ 243  0.024 2.22

Table 4.2: A table describing the magnetic field derivations for each HVC. HVCs from
the sample of 13 that had no significant KS test detection, or an invalid variance
subtraction result are removed.

variance is subtracted) i.e. the field vectors point away from the telescope. Case (i)
does not invalidate the method outright but does mean that ‘bad data” had to be
thrown out. This happened in only one case as seen in section 4.5. Case (ii) is ir-
relevant in the conclusion, as the parity of the magnetic field is not a factor being
analysed. However, if the main concern is if the background and HVC true variances
differ in sign. This is not of concern because if there is a sign difference, the back-
ground ridge-like structures would cancel-out the presence of HVC magnetic fields,
resulting in every invalidating occurrence of case (ii) necessarily leading to case (i).

To reiterate, the caveats and assumptions described in this derivation may appear
as mathematically or intuitively valid, however it is worthwhile to test things via
statistical analysis and modelling (see section 5.2.4).

4.5 Magnetic Field Results

The results of each method are compiled in table 4.2.

The distributions of the results are displayed in the boxplots of figure 4.5. The
Smith Cloud magnetic field as discussed in section 1.4 is marked with a red line, and
the upper bound as discussed by the Grennow et al. simulations in section 1.2.1 is
marked in blue. Both values at 8 and 3 pG respectively act as suggested upper bounds
for the strength of these HVCs.

From figure 4.5, the magnetic field strengths are overall higher compared to the
hypothesised estimate of being on the order of magnitude of 0.1 pG from the Gron-
now et al. simulations. The three methods appear to visually agree with each other
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Figure 4.5: A boxplot representing the absolute-value magnetic field of each HVC

for both derivational methods. The red and blue dotted lines indicate two predicted

upper bounds, one set by the Grennow et al. simulations, and the other by the Smith

Cloud respectively. Displayed is the mean (green triangle) and median (orange line)
for each method of evaluation.

approximately, with the KS-EDF having a generally higher estimate for the magnetic
field value, the Variance Subtraction having the greatest spread, and the Weighted Av-
erage having the largest tail. It is important to note that due to the logarithmic scale
used, the mean is inherently biased to visually appear at higher values. However, the
use of a logarithmic scale is still justified due to the order-of-magnitude levels of error.

4.5.1 Uncertainties

With each method comes a unique derivation of uncertainties. The uncertainty in the
weighted mean is given as trivial — calculated separately for the HVC and background
populations, and then propagated. When calculating RM uncertainties, an intrinsic
uncertainty of 7 radm 2 must be added. This value comes from Schnitzeler [2010],
being the extragalactic radio source scatter, post-correction.

The uncertainty in the KS-EDF statistic reflects the inherent variability in the
method and is calculated by the Euclidean addition of the average measurement un-
certainty of both the HVC and background populations. This corresponds to the
propagation of RM uncertainties shown in figure 4.4, where the black line considered
to vary as the EDF varies in shape from resampling. The uncertainty in the vari-
ance subtraction method was estimated via bootstrap resampling with replacement.
The number of samples generated per population is equal to the size of the popula-
tion being analysed. Once the HVC and background population uncertainties were
evaluated, the two uncertainties were propagated to produce the listed result.

Note that when uncertainties are greater than the magnetic field values, as seen in
table 4.2, it does not mean the detection is invalid, but that the stated method cannot
confidently estimate the field strength. This comes back to the understanding that the
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Difference (nG)

Methods Mean Upper Bd. Lower Bd. p-value
Var. Sub. KS-EDF -1.199 -2.783 0.3853 0.8259
Wgt. Mean KS-EDF  -1.675 -3.259 -0.09067 0.9643
Wgt. Mean Var. Sub. -0.476 -2.06 1.108 0.2455

Table 4.3: A table describing the Tukey Multiple Comparison of Means test results for
the HVCs with magnetic field detection.

assumptions greatly decrease precision, but that these values can be improved.

4.5.2 Statistical Comparison of Methods

Two statistical tests were used to compare the three methods” derived magnetic field
values (instead of master RM values, which is linearly proportional to the magnetic
tield value due to assumption 2). A weighted ANOVA test was employed as it can
compare multiple methods against each other, with the weights allowing for the ac-
counting of uncertainties. The F-Statistic calculated from the weighted ANOVA test
was 3.375, with a corresponding p-value of 0.0388, meaning there is only a 95% confi-
dence interval of similarity, but is still fairly weak. See appendix E for further detail.

The weighted ANOVA test results were also fed into a Tukey multiple compar-
isons of means test. The results of this test are shown in table 4.3. Note that here,
the p-value is a measure of the likelihood that the two data sets are different. It
is clear that an alternative hypothesis, that two given distributions are different, is
not met to 95% confidence in all cases except when comparing the weighted mean
and KS-EDF method. However it is clear that the KS-EDF method does not match
well with the other two cases in-general. To better quantify the agreement between
the weighted mean and variance subtraction methods, a reduced chi-squared statis-
tic was calculated using the independent propagation of uncertainties. The resulting
reduced chi-squared statistic was 1.088 - which is very close to an ideal value of unity.

The reason for the weighted ANOVA test as a whole giving a weak significance
of similarity compared to only one of three values in the Tukey test giving strong
evidence of similarity, is due to the ability of the weighted ANOVA test to ‘bridge the
gaps’ created by two data points with no overlapping uncertainties and a third data
point in the centre. This is why a three-way comparison is needed. The primary three
sources for the weighted ANOVA and Tukey test is provided in the papers by Kutner
et al. [2005]; Tukey [1949]; Montgomery [2019].
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Chapter 5

Discussion

Like the rest of the report structure, this section is split under the two different re-
search questions investigated in this thesis, starting with the secondary goal of the
report and finishing with the primary goals of the report.

5.1 Foreground Removal

A major shortfall of the foreground subtraction investigation is the lack of supporting
statistical analysis, which will be a common theme throughout this section. In some
cases, this is justified, as statistical analysis in not needed if, by eye, the method
clearly does not work. At the same time, this investigation is limited from a lack of
characterisation of the true RM sky, including simulations to predict the distribution
of corrected RMs and more high-quality data to interpolate with.

This report is not meant to act as a definitive conclusion on research into fore-
ground subtraction techniques, but to point out important considerations to make as
research moves into the SKA era, and to conduct a preliminary analysis of how to
tackle these predicted problems as outlined in section 3.1. Section 3.1, highlights how
higher-definition data will inevitably result in issues involving foreground correction
for objects of a particular angular size. Thus, the need to extend beyond interpolation
techniques when conducting SKA-era analysis.

The NUFFT method is one example of a method that can be assessed visually, and
without the need for statistical analysis. Figure 3.2 clearly shows that even carrying
out an interpolation using a NUFFT requires a large sample size or uniform sky cov-
erage to be adequate. It would not be appropriate to completely discount NUFFTs as
an interpolation and bandpass technique, as with a more complete POSSUM dataset,
and future SKA RM projects, millions of RM points would be adequate to interpolate
and bandpass using a NUFFT.

Given that the Hutschenreuter map interpolates data that is at a spatial sampling
frequency of 1 sampling point per degree squared, attempting to remove objects on
the scale of 1 degree should not alter the interpolation at all. However, there are sev-
eral factors that prevent a perfect correlation between pre and post analyses: H-alpha
inclusion providing more detailed information; more RM sources being detected by
telescopes close to the Galactic midplane; and distortion effects occurring on the edges
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of the cartesian version of the map. The latter two can be accounted for by perform-
ing the filtering on a reduced form of the dataset that does not include extremes in
Galactic latitude. Additionally, from figure 2.3, it is clear that RMs near the Galactic
midplane can become quite scattered. Even though this is true for the Hutschenreuter
map, it still is a demonstration of the scatter present near the Galactic midplane.

This is the justification for the use of a Pearson’s R-squared statistic for correlation,
as it can determine how similar the pre and post bandpass and convolution methods,
as discussed throughout section 3.5, are at preserving the broader RM sky. The expec-
tation is that the R-squared statistic is close to unity but not exactly unity. One major
downside is that there is no way to quantify the appropriate R-squared statistic that
should be desired. Thus, only a high R-squared statistic is possible qualifier.

It is clear from the R-squared statistics from table 3.1 that, even with a less-
exact method of determining validity, both the Crosshatch-Bandpass and Annulus-
Bandpass methods are viable as an interpolation correction method. It can be pointed
out that it may be unfair to compare the Annulus-Convolved method to the raw in-
terpolation. However, it is justified in the sense that the raw interpolation has been
used as the primary method in past literature, and from figure 4.3, it is demonstrably
useful at removing the anisotropy produced by the ISM.

The Annulus-Bandpass method should not immediately be adopted as a method
without further experimentation. The Crosshatch-Bandpass method is another viable
method that should not be discounted. However, with the rippling effects shown in
tigure 3.3, there are improvements that can be made. The Fourier Transform of a top-
hat function is inevitably going to introduce rippling. This may not be as much of
the case with the Tukey or Gaussian windows, which is much more common in other
signal processing analyses. The choice to reduce the bandpass opacity is another
option that clearly removes ripples, at the cost of dampening the intended goal of
using FFT signal processing methods. Some combination of these may be useful for
future research relying on RM-correction.

The interesting result provided in Anderson et al. [2024] is that corrected RMs
follow a t-distribution, which is replicated with a repeated analysis on the Hutschen-
reuter map. There is still little reason for why corrected RMs take a t-distribution
shape, or if this is meant to be the true distribution of RMs post ISM correction. It
is rather crucial that research be conducted into what the true distribution of ISM-
corrected RMs should be. It is trivial to understand why the distribution should be
symmetrical and centred at zero, as extragalactic polarisation is effectively random
and not biased based on sign. The Student’s t-distribution is one of many different
distributions satisfying these properties that are viable candidates for representing
corrected RMs, it could be that the central limit theorem applies here but that there is
a subpopulation of RMs that are intrinsically higher [Vanderwoude et al., 2024].

Under the assumption that it is already known why that the t-distribution is a
correct reflection of reality, both the original and the bandpass filters of the Hutschen-
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reuter map align with the expected t-distribution incredibly well, as seen from table
3.1, with the parameters for the t-distribution fit being similarly identical. As men-
tioned in section 3.5, despite the clear visual incongruence, the important property
of the t-distribution which appeared to not work with other distributions centred at
zero, is the tailed prevalence. This ultimately gave a small p-value in the Pearson’s
chi-squared test. Both distributions additionally are centred close to zero, with the
systematic error being most likely a consequence of measurement bias or a conse-
quence of the POSSUM dataset covering only a specific proportion of the sky. The
latter can be seen in how the ISM’s anisotropic distribution does not seem exactly
symmetric in figure 4.3, connecting it with the amount of RMs recorded by POSSUM
in a specific quadrant of the southern hemisphere, seen in figure 2.1. This is specula-
tion, as any higher-order structure can create the same effect.

The results concerning foreground correction techniques may not immediately
show utility in the broader radio polarisation community for the next year or two.
However, with more accurate interpolation techniques, like the one seen in Khadir
et al. [2024], the pre-SKA and SKA-era analyses of the RM sky will greatly benefit
from the preliminary research direction opened by this report.

5.2 Magnetic Field Derivation

A key theme in this report is the distinction between validity and accuracy of a par-
ticular given method. As is common with first attempts at estimation, the lack of data
and methodological development is apparent. This is the primary motivation for the
report’s focus - less on agreement and accuracy, but more on consideration of new
methods and their mathematical validity. There is plenty of future work available,
particularly in-terms of expanding upon the methodology of this report. The way
this section is sturctured aims to step through each component of the process in the
analysis of results: the limitations of the data from the onset; a justification of the as-
sumptions employed in both detection and derivation; an assesment of the detection
and derivation methods themselves; and lastly the implications this has on broader
research.

5.2.1 Limitations of Collected Data

The current POSSUM completeness is a major hinderance to achieving the stated
research objectives. With the survey in its early stages, a significant proportion of the
sky is yet to be covered. This does not prevent viable analysis from being performed,
however it does limit the scope of the analysis, and can affect the accuracy of the
evaluation. A large proportion of documented HVCs could not be analysed.

The HI Westmeier [2018] map was used to display the HVCs and verify their
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suitability for analysis, with two HVCs being eliminated for: a lack of detection (HVC
(G282.3-38.3+117); and cartesian map distortions (HVC G298.0-81.7+127). However,
the choice to use a HI map which filters out HI emission below a VLSR threshold
(equivalent to a given column density threshold) can make it difficult to utilise the
HI map for masking — a common method of isolating in-HVC and out-HVC RM
populations. It is potentially difficult to do this even with a non-filtered HI map, since
the boundary of the magnetic field profile may not be the same as the HI boundary.
Masking would only be a first step, with the need to include RMs near but not on the
HVC’s HI boundary due to magnetic draping occurring outside the physical cloud
itself. Any algorithm that can adapt itself to outline the specific shape of any given
HVC and select the RMs within and around said outline would have to be highly
complex, and beyond the scope of this report.

The use of the Hutschenreuter map is justified given the use of similar interpola-
tions in past research [Moss et al., 2013; Betti et al., 2019; Westmeier, 2018; Hill et al.,
2013; Anderson et al., 2024], and the correlation analysis performed from table 3.1. It
is clear as well that the Hutschenreuter map can eliminate the most important source
of foreground interference — that of the ISM. This is evidenced indirectly by figure 4.3,
with the elimination of the ISM’s key feature being its innate anisotropy [Mao et al.,
2010]. It is expected that what remains after correction is a more accurate depiction
of the magnetic fields of the halo and halo objects, which is shown in the ridge-like
structures in figure 4.1. However the interpolation is likely to add its own level of
standard measurement error.

Removing the ridge-like structures from figure 4.1 is neccesary, as the halo itself
provides further random interference that is smoothed out via interpolation. This is
why the term "background" is used in distinction to "foreground", as the halo along
the line-of-sight surrounds the HVCs. It is much more difficult to remove this and
must be done during the calculation of the line-of-sight magnetic field strengths.
When determining a significant detection however, it is not of concern. This is be-
cause the HVC’s contribution to the RMs are superimposed onto the background RM
tield, meaning that a detection can still be made even if the background interferes
with the HVC. The exception to this rule is if the background is so noisy or strong,
that any variation of RMs created by the HVC is eliminated. While this is rare, it
can potentially bias results towards HVCs with notably higher line-of-sight magnetic
field strengths, an effective form of Malmquist bias. Despite this, HVCs which do not
have significant contributions compared to the background should not be considered
in the estimation process, as there is naturally less evidence to verify if the HVC is ex-
periencing magnetic draping. Since most HVCs did have significant detections from
the p-values in table 4.1, however, it is not of concern to the outcome of specifically
this report.

Figure 4.1 and Moss et al. [2013] shows that HVCs come in a large variety of sizes,
and so the selection criteria was designed to ensure the RM analysis and foreground

Honours Thesis — 24 October 2024



§5.2 Magnetic Field Derivation 45

correction was tractable. Despte it necessarily limiting the generality of the conclu-
sions. As RM analysis techniques mature in future, a more representative sample of
HVCs can be studied.

5.2.2 Neccesity of Assumptions

As mentioned in section 4.2, four major assumptions were employed in the analysis,
post-HVC selection and RM foreground correction: (i) the Galactic halo is well-mixed;
(i) the weighted average of a given HVC’s HI column density is approximately equiv-
alent to its peak value; (iii) HVCs are approximately spherical; and (iv) the RM contri-
bution along the line of sight is an additive. There are both reasons for the necessity
of these assumptions, and the blind spots that they present.

While there is evidence that the Galactic halo has an ionisation fraction close to
unity [Grennow et al., 2017], the main reason for this being labelled an assumption is
that there is very little evidence demonstrating this, and whether the halo is homoge-
neous. There is evidence to suggest that the gas surrounding HVCs themselves have
very complex mixing patterns Heitsch et al. [2021]; Jung et al. [2023]. The ridge-like
structures found in the RM background of each HVC image is evidence to suggest
a lack of homogeneity, however, it could be a consequence of turbulence captured at
an instantaneous moment as well. Until there is better data on the ionisation fraction
surrounding HVCs and in the halo itself, the results from table 4.2 are likely to be
inaccurate to within an order of magnitude. Note that by decreasing the ionisation
fraction, the estimated magnetic field strengths become increasingly larger, meaning
that changing the ionisation fraction would imply even larger magnetic field values,
deviating even further from simulation predictions [Grennow et al., 2018].

The second assumption exists due to limited information. It is difficult to mor-
phologically analyse HVCs given their HI profiles from Westmeier [2018], with the
only other data being the peak HI column density from the Moss catalogue. HI data
received by telescopes, even filtering for VLSR, is limited by Poisson noise. This natu-
rally leads to higher HI values being weighted more in a weighted average. Equation
4.2 from Kaczmarek et al. [2017] utilises the weighted average HI column density, so
it is somewhat reasonable to say that weighted HI column density is biased towards
the peak value. The use of a single number is at least mathematically valid from the
equation 4.2. Before applying equation 4.2, a single ‘master RM’ value for the HVC
is constructed from the statistical aggregation of background and in-HVC RMs. This
ensures that the HVC’s master RM is the best representation of the RM contribution
of only that HVC. The issue is that the signals from background RMs do not traverse
the same HI region, and thus the respective column density would have starkly differ-
ent values. If one were to convert each RM source to magnetic field before combining
them into a singular value, a completely different value would be achieved. This may
introduce error in the calculation of the magnetic field as it effectively homogenises
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the HI column density across the HVC image. The idea is that this concern is coun-
teracted by the fact that the background is only used as a tool to isolate the HVC’s
RM contribution, so that by subtracting the background RM aggregate any potential
influence from the background magnetic fields can be removed.

The third and fourth assumptions are more trivial in-terms of their purpose. With-
out the use of masking, and with the requirement of a generalised algorithm to dis-
tinguish in-HVC and out-HVC populations, the most logical first step is to pick a
simple shape to act as the boundary delimiting these regions. Given that HVCs are
comet-like structures [Konz et al., 2002], it is also reasonable to estimate the main
bulb of HVCs as a sphere. The shortfall of this assumption is simply in how it may
not correctly distinguish RM populations in more malformed HVCs, which as men-
tioned, are less likely to appear due to the method of HVC selection chosen. The last
assumption is used very often in past research [Kaczmarek et al., 2017; Moss et al.,
2013; Hill et al., 2013; Betti et al., 2019]. Thus, it is not of great concern in how it may
affect the outcomes of this report. It is a fair approximation to make, given that most
non-HVC RM contributions are corrected for.

5.2.3 Validity of Detection Methods

As mentioned in section 3.1, the Hutschenreuter map at mid-latitudes (20° < |b| <
80°) can have variations on one square degree. This may be problematic, as it means
that the Hutschenreuter map may introduce variations in the corrected RM grid on
such a scale. In fact, the ridge-like structures of the background may be caused by
spatial variations in interpolated data instead of it representing the true non-ISM
RM contributions. This is why a visual comparison is made between the corrected
RMs and the RMs post-average subtraction in figures 4.2 and 4.1. By taking an av-
erage of all the RMs within a neighbourhood of the HVC, subtracting it out, and
confirming that it looks visually like the corrected RMs, it can be demonstrated that
the Hutschenreuter map is like subtraction using a constant factor i.e. the Hutschen-
reuter map introduces no spatial variations because of interpolation. Two statistical
tests in this report can further validate the qualitative analysis from figure 4.2. The
Crosshatch-Bandpassed, and raw, Hutschenreuter map is correlated significantly (as
seen with the R-Squared statistic in table 3.1). This means that the Hutschenreuter
map is likely not creating additional spatial variations. It can also be seen that in the
mid-latitudes in figure 3.6, the linear correlation is stronger.

The subtraction of a constant value, that being the mean of all RMs in the field,
would not alter the KS statistic or the p-value when the KS test is applied to un-
corrected RMs. In addition to this, the KS test on uncorrected RMs from table 4.1
consistently has smaller p-values in all cases, meaning that this KS test is less selec-
tive than the corrected-RM KS test. Thus it can be quantitatively verified that these
spatial variations are not significantly affecting the results. Note that while the KS
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test is more selective for corrected RMs, this implies that the Hutschenreuter map is
better at correcting the foreground than no foreground correction at all, not that it
introduces its own spatial interference.

Due to the current patchy coverage of POSSUM, even surrounding HVCs that
overlap with the existing POSSUM dataset, there is a potential issue created from the
Missing Completely at Random (MCAR) data. With this missing data, the full picture
of foreground interferences or ridge-like structure variations cannot be determined
and can cause the KS test to flag significant differences (detections) where detections
may otherwise not be. While there are statistical methods to quantify the effect of
MCAR data, such as Little’'s MCAR test [Li, 2013], it is far too speculative to essentially
predict what the full POSSUM dataset may look like and is much more worth waiting
a few more years to repeat the analysis performed by this report.

From section 4.1, there appears to be a moderate correlation between the results
of the KS test and the HVC’s Galactic latitude (~0.6). Fortunately, this correlation is
weaker when comparing the p-value with Galactic lattitude (~0.4). Any level of cor-
relation implies that the KS test itself is biased towards HVCs of a particular Galactic
latitude, which can damage the credibility of detections made by the KS test. Part
of this could be due to a low sample size or a limited Galactic latitude range, which
may artificially increase the correlation. Another possibility may be that due to RMs
at mid-latitudes being less scattered and disorted, the KS test is more robust at deter-
mining a difference i.e. there is less noise in the calculated background — this case is
what may introduce bias. Due to the small sample size of HVCs, whether the KS test
is related to latitude cannot be determined, but it is important for future researchers
to pay attention to this problem. There does not appear to be a correlation with other
HVC properties like VLSR or VGSR.

5.2.4 Validity of Derivation Methods

To further distinguish the differences between accuracy and validity, there is the no-
tion of mathematical, statistical, and experimental validity. Because a method may be
valid in a mathematical abstract does not mean that it may be experimentally valid.
Mathematical derivations necessarily introduce small assumptions, on top of the ma-
jor four listed in the report. These assumptions may cause the method to fail when put
into practice. Here, there is an expectation that all three derivation methods (Variance
Subtraction, KS-EDF, Weighted Mean) have specific points of failure for any given
scenario. For example, the weighted mean mathematically underestimates the master
RM for situations where the HVC is face-on, as explained by the coffee-stain analogy
in section 4.4. This idea is in doubt given the weighted mean having a reasonable
magnetic field value range in figure 4.5 — although it does appear to return small
values for some HVCs indicated by the lower quartile whisker of the box plot, and
the uncertainties. The KS-EDF method overestimates due to the strongest deviation
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between populations likely occurring after a stationary point on the PDF, or inflexion
point on the EDF, due to a delayed rise in the cumulative proportion. As a visual
representation, note that the location of the x-statistic in figure 4.4 is off its nearest in-
flexion point by about 0.5 — 1 radm 2. All three tests in mathematically abstract and
idealised situations work for most cases they may face. This is why to statistically
validate the results, a three-way method of analysis is required.

The use of the Weighted ANOVA test is crucial to the statistical validation of data.
It allows for a three-way simultaneous comparison of the calculated values for each of
the three methods while accounting for their uncertainties. If the Weighted ANOVA
test returns a significance, it means that despite the apparent points of failure each
method may have for a particular HVC, and the variations between each of the three
methods, in general, the three methods agree with each other to some degree. Here,
there is a weak agreement between each of the three methods — resulting in a 2-sigma
confidence. This not as strong as a result as one may desire, but it is a starting point
to demonstrates all three methods are headed in approximate agreement.

The use of the Tukey test (as seen in table 4.3) is meant to compare each method
with each other [Tukey, 1949; Montgomery, 2019]. This two-way comparison can pro-
vide greater insight into which methods are more likely to agree or disagree with
each other. As from section 4.5, it is quite apparent that the KS-EDF method is the
worst performing of the three methods, which can be seen both visually and nu-
merically. When comparing the KS-EDF method against the weighted mean, a 95%
confidence of a statistically significant difference is obtained — which is may be prob-
lematic given that the weighted mean is established in the literature [Betti et al., 2019;
Hill et al., 2013]. From this, it is reasonable to conclude that the KS-EDF method is the
odd one out of the three and should be disfavoured in future research. Comparing
the weighted mean and variance subtraction using the reduced chi-squared statistic
produced a very well-aligned goodness of fit (i.e. close to unity).

Despite the statistical confirmation of validity, there is ultimately no way to de-
termine the experimental validity of each of these three methods without modelling.
This is a recommended direction for future research. As expected, from table 4.2
the uncertainties are relatively large. There is no decent way at visually representing
this statement due to how cluttered any given graph would be. These uncertainties
are large, but for both variance subtraction and weighted mean, the calculation of
uncertainties are mathematically justified. It was more difficult to obtain KS-EDF un-
certainties, leading to a potential over-estimation of error. This only further supports
the conclusion that the KS-EDF method is disfavourable.

For all three methods, some of the uncertainties in table 4.2 imply a nonexistent
magnetic field within one sigma. However, it is important to distinguish between the
methods that aim to merely detect magnetic fields, versus those that estimate their
strength. As mentioned in section 4.5.1, if the estimation produces such large uncer-
tainies, it does not imply a lack of detection - instead it implies that the evaluation
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method is imprecise - something anticipated by the assumptions laid out in section
4.2. All three methods are non-physical and not designed to test for the prescence
of magnetic field signatures, unlike the KS test. At the same time, it has been high-
lighted that each method can have multiple points of faliure like as discussed with the
weighted mean in section 4.4, where by some consequence of morphology and ori-
entation, the evaluation returns zero despite there clearly being a unique signature.
This is the primary factor that influences the uncertainties to be so large, as without
a paring complex morphological analysis, a precise estimate of value is unacheivable,
despite the clear marking of a signature from a simple statistical comparison.

5.2.5 Implications of the Results

The methodologies proposed in chapter 4.4 play a role in how researchers will esti-
mate the effect of magnetic draping, with the clear requirement of more techniques
or ‘angles of attack” to solving the problem of calculation for an arbitrary HVC, of ar-
bitrary orientation, size, shape, and angular size. Effectively the goal of developing a
generalised algorithm as discussed in section 1.5 is necessary to allow for astronomers
to estimate magnetic draping. An important caveat being that the four major assump-
tions being reduced in future contributions to systematic or random errors.

The implications of the magnetic draping hypothesis have significant ramifications
on the future of galactic archaeological research. It would necessarily mean that HVCs
are protected by magnetic fields, which confirms a lot of qualitative conclusions of past
research done on modelling and predictions of HVC survivability (Grennow et al.
simulations). It additionally aligns with observations of the Smith Cloud [Betti et al.,
2019; Hill et al., 2013]. While it supports the conclusions made by past research, it can
help bring astronomers one step closer to understanding the origins of pristine gas
for star-forming galaxies, with a proven method for how galaxies can obtain said gas.
A small proportion of HVCs that did not have significant magnetic field detections
— specifically HVCs G089.0-64.7-311 and G248.9+36.8+181. If this was not caused by
methodological error, a re-examination of both HVCs is required.

While the conclusions point towards magnetic draping signatures to three sigma
confidence, the order of magnitude higher magnetic field values compared to the
Grennow et al. simulations is of notable interest. It also implies that the Smith Cloud
is less exceptional of a HVC than initially beleived. This order of magnitude increase
should result in other consequences - most notably both Rayleigh-Taylor instabilites
in the HVC gas and a significant slowing effect of HVCs due to magnetic pressure.
The former of these could explain the complex mixing around HVCs [Bron, Emeric
et al., 2021]. The methods detailed in this report extend beyond HVCs, but on other
astronomical objects, such as in molecular clouds or magnetised HI superbubbles
[Tahani et al., 2024; Jung et al., 2024]. It is still clear that these conclusions cannot be
definitive due to the size of the uncertainies calculated.
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Chapter 6

Conclusions

Of 13 HVCs analysed in this report, a statistical detection of a magnetic field signature
of 11 HVCs was found to within 99.9% confidence. Two new methods to evaluate
the magnitude of magnetic fields were proposed (KS-EDF, and variance subtraction),
in addition to the use of a previously sanctioned method (weighted average). All
three methods agree with each other to within 95% confidence. Despite this, the
KS-EDF poses more problems for uncertainty calculation and magnetic field strength
estimation. Whereas both the variance subtraction and weighted mean methods agree
with each other, having a reduced chi-squared statistic of 1.088. The mean and median
HVC magnetic field is on the order of magnitude of 1 pG — a factor of 10 larger than
in some of the provided simulations (Grennow et al. simulations), but reasonable
in recent simulations by Jung et al. [2022]. There are large uncertainties in all the
calculation methods, so conclusions about their efficacy need to be taken with caution.

The investigation focused on a small sample size of HVCs, with a very specific
Galactic latitude range - while this is neccesary for preliminary analysis, repeating
the estimation but with more HVCs and more data is needed to assess the efficacy
of this report’s conclusion. The circular HVC assumption is an approximation that
should be improved on by a more complex morphology analysis algorithim. Per-
haps the use of artificial intellegence, or dimensional analysis, can provide a more
definitive deliniation of HVC shape. HI and H-alpha maps can be used to addition-
ally remove the shortfalls of assuming a singular HI column density for each HVC.
Further research needs to be done in the gathering of ionisation fraction data, like in
Bron, Emeric et al. [2021]. A more accurate estimate of ionisation fraction can help im-
prove the reliability of the magnetic field estimates. Modelling should be conducted
to validate the methods of estimation discussed in this report.

A secondary focus was on the investigation of image processing to solve the prob-
lem of separation of foreground and target RM signatures along a given sightline.
It was found that a two-dimensional bandpass filter was effective at preserving the
rotation measure distribution of a lower-quality interpolations. The next step is ap-
plying FTs to high-definition interpolations to test their efficacy at removing objects
of interest from the foreground. Future investigation should also be done on different
Crosshatch-Bandpass window shapes and opacities, to reduce rippling effects. While
the use of NUFFTs were shown to be ineffective as a combined interpolation and
filtering method, it may be more useful when the POSSUM dataset is larger.
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Appendix

Appendix

A Developed Code and Data

All developed code and data is found in a publically-available GitHub repository as
shown here: https://github.com/Olivex727 /hve-magnetic-honours-programs.

B All HVCs

The filtered Moss catalogue is displayed in table A. The table has been modified from
what was originally retrieved for display and formatting purposes. The actual Moss
catalogue data can be found at VisieR: https://vizier.cds.unistra.fr/viz-bin/VizieR-3?
-source=J/ApJS/209/12.

C Planck Mission Cosmic Microwave Background Im-
ages

The source for the Planck mission’s CMB temperature map is available on this website:
https://www.esa.int/ESA _Multimedia/Images/2013/03/Planck_ CMB/.

D PyNUFFT Python Module

The pyNUFFT Python Module, which was used in the investigation for foreground
removal, has its main documentation page here: https://pynufft.readthedocs.io/en/
latest /index.html
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Name RAJ200 DEJ2000 VLSR VLSR Error VGSR V Dev.
G038.7-37.3-241 | 211548.32 -115019 -2414 1.0 -131.9 -203.9
G038.8-33.2-261 | 2101 03.36 -100023 -261 1.0 -145.6 -223.5
G043.4-30.4-230 | 2058 09.18 -051607 -230.7 1.0 -100.4 -193.2
G089.0-64.7-311 | 235611.31 -053613 -311.7 1.0 2179 -274.2
G133.5-75.6-294 | 01021156 -130021 -294.1 1.8 -254.6 -261.6
G248.9+36.8+181 | 1008 09.38 -082150 181.6 4.6 17.3 139.1
G261.5-34.5+237 | 052203.94 -535752 237 2.7 57.8 194.5
G262.4-26.2+143 | 0619 11.01 -540025 143.6 19 -52 101.1
G264.6-53.3+224 | 03173252 -513315 2242 22 93.3 186.7
G267.1-38.4+263 | 04 51 25.06 -58 0639 2639 11.5 91.9 226.4
G271.6-48.4+297 | 033217.39 -574507 297 1.1 151.1  259.5
G271.7-53.1+254 | 03032454 -551430 2543 2.6 1224 216.8
G323.0+25.6+122 | 1418 59.71 -334342 1222 1.3 3.1 84.7
Name FWHM T, Fit Ngj Npj Error Area dx dy
G038.7-37.3-241 | 12.2 0.87  3.00E+19 1.00E+18 1.5 42 3.0
G038.8-33.2-261 | 20.7 094 4.00E+19 2.00E+18 2.2 49 39
G043.4-30.4-230 | 229 0.64 3.00E+19 2.00E+18 1.6 34 3.0
G089.0-64.7-311 18.9 0.5 2.00E+19 2.00E+18 1.4 34 3.1
G133.5-75.6-294 | 26.8 0.42 2.00E+19 3.00E+18 1.3 42 14
G248.9+36.8+181 | 22.4 0.13 1.00E+19 2.00E+18 1.1 21 1.6
G261.5-34.5+237 | 26.6 028 6.00E+18 3.00E+18 1.5 26 2.0
G262.4-26.2+143 | 19.5 0.28 1.00E+19 2.00E+18 1.6 31 26
G264.6-53.3+224 | 22.6 0.28 1.00E+19 2.00E+18 1.7 26 27
G267.1-38.4+263 | 30 0.07 9.00E+18 3.00E+18 1.9 30 3.0
G271.6-48.4+297 | 21.5 0.53 2.00E+19 2.00E+18 1.8 21 4.6
G271.7-53.1+254 | 26.4 0.28  1.00E+19 3.00E+18 1.2 22 1.8
(G323.0+25.6+122 | 20.8 043 2.00E+19 2.00E+18 1.4 21 24

Table A: Numerical values for all 13 HVCs being analysed in the report. Retrieved
from Moss et al. [2013].
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E Statistical ANOVA Tests

The R language was used to calculate all tests mentioned in 4.5.2, the file is avail-
able here: https://github.com/Olivex727/hvc-magnetic-honours-programs/blob /main/
KS_confirmation/wgt anova.R. This R-Code, in addition to the research of the
Weighted ANOVA and Tukey HSD test was aided by the ANU SSN Consultancy
Group. See the Acknowledgements for more.

The specific R code output when running this file is as follows:

> summary(base_V2_aov)

Df Sum Sq Mean Sq F value Pr(>F)

data_new$variable.x 2 44,7 22.349 3.375 0.0388 x
Residuals 87 576.1 6.622

Signif. codes: 0 ’xxx’ 0.001 'xx’ 0.01 'x’ 0.05 '." 0.1 " "1
> tukey.test

Tukey multiple comparisons of means

95% family-wise confidence level

Fit: aov(formula = data_new$Estimate ~ data_new$variable.x,
weights = data_new$prescision)

$‘data_new$variable.x’

diff lwr upr p adj
Var_Sub-KS_EDF -1.199 -2.783335 0.38533482 0.1741072
Wgt_Mean-KS_EDF -1.675 -3.259335 -0.09066518 0.0357301
Wgt_Mean-Var_Sub -0.476 -2.060335 1.10833482 0.7544765

A copy of this text output is available in the file: https://github.com/Olivex727/
hve-magnetic-honours-programs/blob/main/KS _confirmation/chisq.txt.
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of Science for assesment as an Honours Thesis. To whom who reads this thesis, I
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