
University of Portsmouth

Institute of Cosmology and Gravitation

Faculty of Technology
Doctoral Thesis

September, 2019

Tracing Galaxy Evolution
Through Internal Structures

The thesis is submitted in partial fulfilment of the requirements for
the award of the degree of Doctor of Astrophysics of the University

of Portsmouth.

Author:
Lucy Claire Newnham

Supervisors:
Prof. Karen Masters

Dr. Kelley Hess
Prof. Robert Nichol



Abstract

Galactic bars are a structure made from stars, gas and dust in elongated orbits
found in the central region of many disc galaxies; depending on the exact
definition, and wavelength considered, they can be found in ∼30%-70% of
galaxies, and the Milky Way is known to have a bar. Through the radial flows
it drives, a bar plays an important part of its host galaxy’s internal evolution.
Strong bars are more likely to be found in more massive, redder disc galaxies
suggesting a link between bars and processes which end star-formation in
discs. Galactic evolution of this kind has been somewhat overlooked in the
past, instead concentrating on external processes like mergers. But after z∼1
major mergers, are rare, so the majority of disc galaxies evolve in relative
isolation. By studying the bar and the effects that cause and are caused by
it, we can get an in depth view of the slow natural evolution of galaxies as
the universe ages. With the continued expansion of the universe, the merger
rate of galaxies will decrease and secular processes like bar driven flows will
become even more important.

In this thesis, I present research into the role of bars in galaxy evolution,
specifically the effect of a strong bar on the star-formation rates and gas mor-
phology of the host galaxies. I observe the neutral Hydrogen (HI) morphology
in barred galaxies to reveal the effects a bar has on the gas morphology. Hy-
drogen is the most abundant element in the universe and is the raw material
for the formation of new stars. By measuring the HI mass found in a galaxy
we can see the potential the galaxy has for future star-formation.
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It is unusual to find galaxies that appear to have a well defined, strong bar
and also have large reserves of HI left, since bars are more common in more
massive, redder and gas poor disc galaxies (Masters et al., 2012). Yet, these
galaxies exist. This thesis aims to find out what has made these galaxies defy
the norm in their own evolution, what has happened in their past to make them
age differently to their peers? To do this I collected a small sample of HI
Rich Barred (HIRB) galaxies to study individually. Their bar strength is found
using the visible morphological classifications from the Galaxy Zoo project
(Willett et al., 2013). Optical data is available from the Sloan Digital Sky
Survey, which reveals they have a variety of star-formation properties, from
relatively quiescent to star-forming, despite being HI rich. Total HI content
wasmeasuredwith ALFALFA (Haynes et al., 2011). Then I collected, reduced
and imaged resolved HI data for six of the identified HIRB galaxies, using
the Karl G. Jansky Very Large Array (VLA) and the Giant Metrewave Radio
Telescope (GMRT). The detail of these processes are outlined in this thesis.

I find that the HIRB’s individual HI morphologies differ from one another,
and agree with simulations of gas morphology in barred galaxies to varying
degrees. Two of the HIRBs have central HI holes, as predicted, two have
holes offset from the centre, and two have no holes at all. The HI is also
not evenly distributed in most of the HIRB galaxies. These distributions can
be explained by the bar, and some by local companion galaxies to the HIRB
sample. Four of the HIRBs had at least one companion that was also detected
in the resolved HI observations and all six however have companions within
1Mpc, which suggests tidal interaction as an alternative mechanism to cause
distortion of the HI. Tidal interactions may also trigger bar formation. These
close companions can also accrete HI onto the HIRB galaxy, making a galaxy
that was previously gas-poor, and perhaps already had a bar, become gas rich.

To find out the likely evolutionary path, we study the typical environments
of these HIRB galaxies, as well as the the average environment of galaxies
that were just barred and just gas-rich. The HIRB galaxies followed the trends
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of a gas-rich galaxy control sample, but have quite different environments to
strongly barred galaxy control sample. This similarity suggests that the HIRBs
are most likely to be gas-rich galaxies that have had a bar form due to tidal
interactions with a nearby companion, rather than barred galaxies which have
accreted HI. I discuss my findings with regards to the slow, secular evolution
of galaxies, and the impact of close companions. I also propose future work
into the study of CO in HIRB galaxies, as well as a study into the direct link
between star-formation and spiral arms in a galaxy. It has only been possible
to identify large samples of HI or CO rich galaxies in the last 10 years, making
this type of research ideal for studying galaxy evolution in the present day.
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Chapter 1

Introduction to Galaxies

1.1 What Are Galaxies?

Galaxies are systems composed of billions of stars, gas, dust and more, held
together by gravitational attraction. They have been observed throughout the
universe in many shapes, sizes, and forms.

Originally thought to be nebulae with a spiral structure in the early 1900s,
the question on astronomers’ minds was are these within the Milky Way or
beyond? Edwin Hubble observed what we now know as the Andromeda
Galaxy and found variable stars, allowing him to calculate the distance, and
thus determine that the cloudy spiralwas further than the farthest stars observed
in our Galaxy, by a significant distance (Hubble, 1929). His discovery implied
that the other ‘spiral nebulae’ must also be further than the edges of the Milky
Way.

Hubble then went on to create a comprehensive classification system for
the morphology of galaxies, the ‘Hubble Tuning Fork’ (Hubble, 1926, 1936).
Originally this was split into Ellipticals, Barred Spirals (SB) and Non-Barred
Spirals (S). The Ellipticals were further classified based on the sphericity of
their appearance, E0 was completely spherical and the ellipticity increased
until classified as E7, the most flattened. This was calculated by
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Figure 1.1: Hubble Tuning Fork. Figure from SDSS1

E = 10 ×
(
1 −

b
a

)
, (1.1)

where, a = the semimajor axis and b = the semiminor axis.
The Spirals (Non-Barred andBarred) were classified further into Sa- Sb-Sc

(and SBa-SBb-SBc), which from a to c corresponds to a decreasing bulge size
and increasing definition in the spiral arms (Hubble, 1926). This was defined
by Hubble specifically as not an evolutionary order. Figure 1.1 displays the
Tuning fork visually.

As seen in Figure 1.1, there is another type of galaxy, ‘S0’, which can be
considered an intermediate type. Named ‘Lenticular Galaxies’ they possess
a central bulge but present no spiral arms. This type of galaxy is described
along with spiral and elliptical galaxies as the three main types of galaxies in

1http://skyserver.sdss.org/dr1/en/proj/advanced/galaxies/tuningfork.asp
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Hubble (1936).
This thesis focuses on the Barred Spirals (SB), these were first observed

by Curtis (1918), and Hubble (1926) recognised that the bar would not extend
further than the start of the spiral arms, as the arms would “spring abruptly
from the ends of this bar”.

The Tuning Fork did not remain unchanged however, de Vaucouleurs
(1959) added extra classifications for bars, lenses, rings, spiral arms and more.
de Vaucouleurs renamed non-barred galaxies SA rather than S and split the
SB section in two, so rather than a galaxy being judged on whether or not a bar
was present, the strength of the bar was also taken into account. SAB became
weak barred galaxies and SB, strongly barred. Lenticular galaxies also took
on this to show whether they had a bar or not (SA0 or SB0).

de Vaucouleurs (1959) also added in classification for the presence of a
ring in the galaxy. With a ring, ‘r’ and without ‘s’. Galaxies in the transition
of gaining a ring are labelled ‘rs’. Extra classifications were given to the spiral
arms definitions, ‘Sd (SBd)’ refers to broken arms, appearing to be made from
clumpy nebulae and star clusters, and a very faint bulge in the centre. ‘Sm
(SBm)’ galaxies are irregular with no bulge and ‘Im’ are extremely irregular.
Figure 1.2 displays these additions.

A more recent review (Buta, 2011) of morphology outlines this further.
They state galaxies are extended objects with a wide variety of forms. Some
of the structures seen are due to the intrinsic morphology of the galaxy, others
due to the line of sight. This line of sight and the distances involved to
the individual galaxies complicate the classifications, and it is impossible to
know both the exact face-on and exact edge-on morphology of an individual
galaxy based solely on images. From face-on disc galaxies or galaxies with
an inclination, we can see the spiral structure and from edge-on images, we
see that this is a flattened structure.
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Figure 1.2: deVaucouleurs amendments to the Hubble Tuning Fork. Image:
Antonio Ciccolella/M. De Leo

Light profiles

Galaxies can be difficult to measure the luminosities for as they are extended
objects rather than point sources and do not have well-defined edges. Instead,
we measure the surface brightness at a specified point in the galaxy, with the
amount of light per square arcsecond across the sky. To find the luminosity in
a patch of the galaxy, the total flux can be expressed by

F =
L

4πd2 , (1.2)

where L is the patch in the sky, d is the distance to the galaxy. Therefore
the surface brightness can be defined as

I ≡
F
α2 =

L
4πd2

D2

d2

=
L

4πD2 , (1.3)

where D is the length of the side of patch L, α is the angle that this spans
on the sky, found using the small angle approximation.

As mentioned, the different areas of the galaxies will have different bright-
ness, this can be measured and displayed as light profiles. The Sérsic Profile
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(Sérsic, 1963) demonstrates the change in surface brightness I of a galaxy, as
a function of R, the distance to the centre of the galaxy,

ln I(R) = ln I0e−(
R
R0
)

1
n
, (1.4)

R is the distance to the centre of the galaxy, I0 is the intensity at R=0 and R0

is the half-light radius. n=1 represents an exponential decline in intensity the
further from the centre, and n=4 is the de Vaucouleurs law (de Vaucouleurs,
1948), representing elliptical galaxies.

1.1.1 The Fundamentals of Spirals

Spiral galaxies are some of the most beautiful and majestic of all of the
galaxies. The arms, which give these galaxies their collective name as ‘spirals’
are typically the most prominent feature. But the spiral arms are not only
decoration for these galaxies, they are also the main site of star-formation
(Elmegreen, 2011) as well as affecting the chemical composition (Watanabe
et al., 2016), the thermal balance of the interstellar gas (Marochnik et al.,
1983) and shape the dynamics of the galaxy as a whole (Buck, 2013). The
arms are responsible for gravitationally scattering stars throughout the galaxy
while distorting their orbits around the centre. They can also be responsible
for the feeding of an Active Galactic Nuclei (AGN); this is a similar property
that a stellar bar will have in a galaxy, discussed further in Section 1.6.1.

Interestingly, spiral galaxies react quite severely to even the smallest of
disturbances, it has been found that small initial disturbances to the disc will
grow larger until the disc re-stabilises (Goldreich and Lynden-Bell, 1965).
The disc will also respond to an object travelling in a circular motion within
the disc, by creating a spiral structure (Julian and Toomre, 1966). These
two observations support one another in showing that a self-rotating disc will
react to temporary disruptions and constant forces. This means that all of
the spiral structures that we observe in galaxies can be created by a variety
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of causes, clumps in the gas from the early stages of the disc’s formation,
tidal forces from nearby galactic companions, or by structure within the dark
matter halo (Sellwood and Carlberg, 1984; Elmegreen and Thomasson, 1993;
Toomre and Toomre, 1972; Elmegreen, 1991; Dubinski and Chakrabarty,
2009; Khoperskov et al., 2012). All of this supports the idea that the spiral
arms are not permanent, rather transitory. This area of study has since come
to be known as density-wave theory. This theory suggests that the spiral
pattern will rotate in a particular pattern speed, but the stars in the disc orbit
at a different speed concerning their distance from the galactic centre.

Spiral galaxies with two long, continuous and symmetric arms are labelled
grand-design galaxies. Studies show that they have been formed due to a
process that affected the whole galaxy on a large scale. M51, also known
as the Whirlpool Galaxy, is a beautiful example of a grand design spiral, see
Figure 1.3 (top left), this may be despite or perhaps because of the minor
merger currently occurring, the larger galaxy (M51) visibly ‘absorbing’ the
companion and smaller galaxy (NGC 5195). More details on minor mergers
are given in Section 1.3.1. Also in this image, we can see darker lines
throughout the entire galaxy, the spiral arms and in the centre. These lines,
called dust lanes are typically caused by the absorption of the light emitted by
the galaxy by large, dense clouds of dust and gas. These dust lanes are also
visible in the images of M100 and M81, two other examples of grand-design
spirals, shown in Figure 1.3, top right and middle left respectively.

Other than grand-design spirals, also observed have been flocculent spirals
(named by Debra Elmegreen). These galaxies do not have the well-defined
two continuous and symmetric spiral arms and instead, appear ‘flocculent’.
They appear patchy and their arms are discontinuous. Galaxies that are not
classified as either flocculent or grand-design are usually classified as multi-
armed, which is where there are more than two better-defined arms making
them non-symmetric. Often the flocculent and multi-armed categories overlap
somewhat, and the classifications are not universally agreed upon. Figure
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Figure 1.3: Non-barred galaxies. TopLeft: M51, also known as theWhirlpool
galaxy. Top Right: M100. Middle Left: M81, also known as Bode’s Galaxy.
Middle Right: M63, which is also known as the Sunflower galaxy. Lower
Left: NGC 3521. Lower Right: NGC 2841. M51, M63, NGC 3521 and
NGC 2841 were taken with the Hubble Space Telescope. M100, taken with
the Very Large Telescope. M81 image credit Adam Block/Mount Lemmon
SkyCenter/University of Arizona.
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1.3 shows some examples of non-barred galaxies. M63, also known as the
Sunflower Galaxy (Figure 1.3 middle right) is a great example of a flocculent
spiral. It has the classification SAbc for its morphology, which states that
it has a spiral structure but no bar is present. NGC 3521 (Figure 1.3 lower
left) is another great example of a flocculent galaxy, as seen by its ‘patchy’
spiral structure. The morphological classification for this galaxy is SAB(rs)bc,
meaning there is a trace of a bar (SAB), the arm structure is loosely wound
(bc) and there exists a weak ring (rs). NGC 2841 (Figure 1.3 lower right) is
another flocculent spiral galaxy, with a morphological classification of SA(r)b
meaning it is an unbarred galaxywith a spiral structure, and a defined inner ring
present. All three of these examples are proto-typical examples of flocculent
spirals. Dust lanes are visible in each of the images of the flocculent galaxies
as well as the grand-design.

1.2 Disc Galaxy Formation

There are several theories on how galaxies form, a few will be discussed
below. In most models, as a galaxy forms, it will create a disc shape, round
and quite flat while actively rotating. We call these spiral galaxies due to the
long winding structures ‘arms’ extending from the centre.

Top-down Theories

One theory suggests that disc galaxies form out of the collapse of a large
cloud of gas (Eggen et al., 1962). The early universe was filled with dark
matter with some regions denser than others, these denser regions interacted
with each other and their gravitational effects transferred angular momentum.
Eventually, baryonic matter cooled down, it condensed toward the centre, this
collapse caused the central matter to increase rotation speed. While rapidly
spinning the matter cannot condense in the plane of the rotation, making the
shape akin to a pancake. The gas that has fallen into this disc cools further
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and starts to create stars. The dark matter does not disappear and remains
distributed throughout the newly formed galaxy, now called the dark matter
halo.

Bottom-up Theories

Opposite to the ‘Top-Down’ theory mentioned above, a more recent theory
has emerged suggesting that the small clouds of matter existed before the
main galaxy. These denser regions then collided and merged creating the
galaxies that we know and love today (White and Rees, 1978). The galaxies
will then gravitate towards one another, making clusters of galaxies, as seen
in observations. This theory suggests that there will be a larger quantity of
smaller galaxies than larger ones, this is also corroborated by observations.
This theory still allows for a dark matter halo to exist and Christensen et al.
(2009) suggests that the dark matter halo itself is what prevents the galaxy
collapsing into itself. This collapse is prevented as the dark matter halo acts
as a thicker disc, which generally is more stable than thinner discs.

Furthermore, there is the ΛCDM model, often referred to as the standard
model of Big Bang cosmology. The ΛCDM model suggests that the universe
is composed of three main parts; the cosmological constant (Λ), cold dark
matter (CDM) and ordinary matter. This model can account for the large scale
structure of galaxies, the accelerating expansion of the universe, the cosmic
microwave background (CMB) as well as the amount of Hydrogen and other
gasses in the universe. This is improved upon in more recent simulations,
where the number of disc galaxies in total in the universe are better estimated,
rather than an overestimation of the number of galaxy mergers (Steinmetz and
Navarro, 2002). The ΛCDM model suggests that after the Big Bang, vacuum
quantum fluctuations started what would eventually become the structures of
the modern universe (Avila-Reese, 2007). Many works and studies have been
developed off this theory, some examples include the discovery of star-forming
galaxies around z ∼3-4, also known as the ‘Lyman-break’ galaxies (Steidel

9



et al., 1996; Adelberger et al., 1998), the luminosity function (Ellis et al.,
1996; Lilly et al., 1996; Steidel et al., 1999) the histories of star-formation
and metals (Madau et al., 1996, 1998) and much more. A cottage industry
of simulations has grown out of such work, an example of this is GALFORM,
which is a semi-analytic model, which is used to calculate the formation and
evolution of galaxies.

1.3 How Galaxies Change Over Time

Kormendy and Kennicutt (2004) display the effects of galaxy evolution into
for classifications, combinations of: Internal or External, Fast or Slow, as
follows:

• Internal and Fast: This refers to Protogalactic Collapse. Where the
particles near the edge of a very young galaxy (Protogalaxy) cool down
thus losing energy and fall into the centre, thus the Protogalaxy is falling
into itself, creating a distinct core and halo.

• Internal and Slow: This means internal secular evolution. Driven by
bar instabilities, darkmatter halos, distortions in the bar, spiral structure,
black holes, galactic winds, etc.

• External and Fast: Major galaxy mergers and Ram pressure stripping
of gas. These environmental factors have a huge effect on the galaxy
and can be catastrophic to the morphology and other properties.

• External and Slow: Environmental secular evolution. This means slow
evolution caused by factors outside of the galaxy, like the effect of minor
mergers, galaxy harassment or the infall/outflow of gas.

10



1.3.1 Galaxy Mergers: Elliptical Galaxy formation

Galactic mergers refer to a violent interaction between two or more galaxies.
These interactions occur due to the gravitational pull of each of the galaxies
towards one another. They are interesting to visualise though, as they will not
just crash together in a typical sense, like a car accident. This is because there
is a lot of space between each of the physical components of the galaxies, i.e.
galaxies are not solid objects. So as galaxies approach one another the stars
and dark matter will ‘pass through’ without physically colliding, distorting the
galaxies’ physical appearance and structure. The gas, however, will collide as
it is dissipative, inducing a burst of star-formation. The galaxies, nowmerging,
will continue to pass through and back through until they are one complete
unit. The distortion to the galaxies’ structure means quite often they no longer
resemble spiral discs, their regular rotation ceases to exist and the individual
stars, gas clumps and dust are randomly orbiting the centre. The actual effect
to the merger will depend on the galaxies’ individual properties, such as size,
velocity, composition, etc, as well as the collision speed and environmental
factors in the local area.

These mergers can be classified into main categories: binary, which in-
volves two galaxies, multiple, which involves three or more galaxies in the
merger, and also minor and major mergers. Minor mergers involve a large dis-
crepancy between the relative size of the two galaxies. This can be thought of
as the smaller galaxy getting absorbed by the larger. Quite often this will result
in the larger galaxy being able to retain some or most of its original structure,
and it will gain mass, and maybe a ‘bulky’ section, where the smaller galaxy
made contact. Some examples of this are shown in Figures 1.3 (M81) and 1.4
(NGC 7674). Minor mergers are now thought to be very important with re-
gards to the general evolution of galaxies. They are thought to be much more
common than major mergers due to the large quantity of smaller satellites
around any one large galaxy. Once a galaxy has gone through multiple minor
mergers the morphological type of that galaxy may change. All of these minor
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mergers will trigger star-formation in the region they collide. Minor mergers
are also thought to have contributed to the rapid size increase of elliptical
galaxies, especially between redshifts 1.5 and 1 (Ownsworth et al., 2014).

Major mergers are when the two galaxies have fairly similar masses, and
they merge at a suitable angle and distance. If the galaxies are too far away
from one another they will essentially ‘fly-by’ one another. This may distort
some of the galaxies’ rotation and/or gas and stars distributions, but ultimately
the galaxies should remain unscathed. With a major merger, the two galaxies
might disrupt the structure of the gas, dust and stars to such a severe extent that
the result is an elliptical (or early-type) galaxy. When galaxies merge in this
way, before they settle into their elliptical future they go through a ‘starburst
phase’. This is where the collision of all of the gas, dust and magnetic fields
result in a huge surge in star-formation. Examples of major mergers can be
seen in Figures 1.5 (the Antenna Galaxies, in the starburst phase) and 1.6 (the
Mice galaxies).

Majormergers are far less common in the universe thanminormergers, this
is because there are more small galaxies gravitationally bound to larger ones
than there are galaxies of equal size gravitationally attracted to one another.

Our Galaxy, the Milky Way and M31 (Andromeda) are moving towards
each other which will eventually result in a major merger. This will likely
destroy the structure in both of the galaxies, and together we will form one
large elliptical galaxy.

Spiral disc galaxies have been discussed in Section 1.1.1. For this Section,
I will describe elliptical galaxies and how they form. These type of galaxies,
like M105 as seen in Figure 1.7 are some of the largest galaxies that have
been observed in the universe. They typically have a supermassive black hole
(SMBH) in the centre, which is like many disc galaxies. The orbits of the
stars within elliptical galaxies are on random trajectories, unlike rotating disc
galaxies. The velocity of these stars do not result in the galaxy flattening out
like the ‘top-down’ theory of disc galaxy formation, rather these ellipticals
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Figure 1.4: NGC 7674 is a barred spiral galaxy located in the constellation Pe-
gasus, it is the larger galaxy in this image. NGC 7674 is currently involved in
a minor merger with galaxy NGC 7674A. This image was taken by the Hubble
Space Telescope as part of 56 images taken of merging galaxies, released to
coincide with the 18th anniversary of Hubble on the 24th April 2008. Credit:
NASA, ESA, the Hubble Heritage Team (STScI/AURA)-ESA/Hubble Col-
laboration and A. Evans (University of Virginia, Charlottesville/NRAO/Stony
Brook University)
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Figure 1.5: These two galaxies are in the midst of a major merger. Individ-
ually known as NGC 4038 and NGC 4039, together they are known as the
antenna galaxies. This image was taken with the Hubble Telescope. Credit:
ESA/Hubble & NASA.
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Figure 1.6: The galaxies NGC 4676 A and B, also known as theMice galaxies.
These galaxies are also going through a major merger. Credit: ESA/Hubble
& NASA.

keep their shape unless disturbed by external forces.
The evolution of elliptical galaxies can be simplified and split down to

two separate stages. The first is the growth of the SMBH, where cooled gas
is accreted onto it. After this the SMBH suppresses the gas cooling, which
stabilises the galaxy (Churazov et al., 2005).

Ellipticals are typically found in regions of denser population, i.e. galaxy
clusters. This makes sense as more galactic mergers statistically happen in
areas of a higher population.

1.3.2 Tidal Interactions

Tidal interactions can cause the early on-set of bar formation, discussed further
in Section 1.6.2. A tidal interaction involves the gravitational repercussions
of a nearby object (e.g. another galaxy). These objects will collide, or merge
with the galaxy and this disruption to the regular secular evolution can cause
the bar to form early. Sometimes, just being too close (or a fly-by) is enough
to trigger these effects.

Minor mergers and tidal interactions are also thought to assist the radial
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Figure 1.7: The galaxy M105, the largest elliptical galaxy in the Messier
catalogue outside of the Virgo cluster. This image was taken by the Hubble
Space Telescope. Credit: ESA/Hubble & NASA.
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driving of matter towards the centre of the galaxy - specifically molecular
hydrogen, which is the direct tracer of star-formation (Barnes and Hernquist,
1991). This is similar to the repercussions of the development of the bar.

1.3.3 Secular Evolution

From the beginning, evolution in galaxies was driven by dissipative collapse
(Eggen et al., 1962) andmergers Toomre (1977), these violent and dynamically
fast processes are responsible for many of the properties of individual galax-
ies today. In the distant future, these processes will become less dominant
and secular, or dynamically slow, evolution will be the main force of galaxy
evolution (Kormendy and Kennicutt, 2004). Secular evolution is thought to
play a fundamental role in an individual galaxy’s evolution. It refers to the
slow processes within a galaxy and is often thought to be driven by internal
dynamics (Kormendy, 1979). Even at the current time, it has been shown that
major mergers cannot be the most prevalent form of evolution as they would
need to be more common (Bournaud, 2011; Robaina et al., 2010).

Some of the processes of secular evolution include the formation and
growth of a bar, the distribution of gas and dust within the galactic disc, the
formation of a ring and pseudobulges and the eventual destruction of the bar
(Kormendy and Kennicutt, 2004). The effects of secular evolution are very
important in disc galaxies, this is because they are usually more isolated, so
there are less external influences and the bar, spiral arms and bulge actively
come into play. In elliptical galaxies the effect of secular evolution are less
impactful.

For this thesis we will be looking at the formation and growth of a stellar
bar, the causation and effects of the bar on the rest of the galaxy. Through
secular evolution a bar can funnel matter (stars, gas, dust, etc) toward the
centre, this is thought to be one of the reasons behind the creation of starburst
galaxies (Athanassoula, 1992; Athanassoula et al., 2013). Over time if the bar
has driven too much gas inward, a central mass concentration that is too big
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can form (Hasan and Norman, 1990; Friedli and Pfenniger, 1991; Friedli and
Benz, 1993; Hasan et al., 1993; Norman et al., 1996; Heller and Shlosman,
1996; Berentzen et al., 1998; Sellwood and Moore, 1999; Shen and Sellwood,
2004; Kormendy and Kennicutt, 2004) making the bar unstable. Other matter
is prevented from crossing the point of co-rotation by the actions of the bar.
More details on this in Section 1.6.4.

1.3.4 Galaxy Quenching

Galaxies often appear either ‘red’ or ‘blue’ on a colour magnitude diagram
(Figure 1.8). This can further be classified to either the ‘red sequence’ or the
‘blue cloud’. Typically it is thought that the galaxies in the red sequence are
red, non-star-forming, elliptical galaxies. Further research showed that there
also exists many red spirals in the red sequence (Masters et al., 2010). Both
the spirals and the ellipticals in the red sequence tend to have little or no gas
and dust. Blue cloud galaxies, on the other hand, are mostly spirals with large
gas reserves and are still actively star-forming (Blanton et al., 2003).

As mentioned in Section 1.3.1, major galaxy mergers are a reason that
elliptical galaxies form, yet this does not account for the number of galaxies
that ‘move’ from the blue cloud into the red sequence. It also does not
fully satisfy why the galaxies all completely stop star-formation. Galaxy
Quenching is a theory that explains this sudden cessation in star-formation
(Faber et al., 2007).

Section 2.7.1 will discuss the effect of cold gas in a galaxy, and how it
forms stars. So galaxy quenching refers to when a galaxy has no more cold gas
left to convert to stars, using the rate shown with Equation 2.16. Quenching
is considered to happen within ∼1 billion years, which is not enough time for
a galaxy to have converted all of the cold gas into stars on its own. Some
theories try to explain this discrepancy, suggesting that some of the gas has
essentially been ‘ejected’, so where the gas is, it is not dense enough to form
stars (Kereš et al., 2009). Or that there are other physical mechanisms in place

18



Figure 1.8: A cartoon of the Colour-Magnitude Diagram of Galaxies.
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Figure 1.9: The distances to galaxies with us at the centre, showing the
structure of galaxies in the local universe. Image credit: M. Colless (ANU)
and the 2 degree Field (2dF) Galaxy Redshift Survey.

to prevent cold gas accreting onto a galaxy through strangulation, which
has been observed in low-mass galaxies (Peng et al., 2015). There is also
another known preventative mechanism, called Virial shock heating, where
it is suggested galaxies with a large dark matter halo prevent the cooling of the
gas (Gabor et al., 2010).

1.4 Galaxy Environment

(Colless et al., 2001) shows the large scale structure of the local universe
(also shown in Figure 1.9). The redshifts of thousands of galaxies were taken
and mapped showing empty spaces (voids) and denser regions (sheets and
filaments) creating a honeycomb type appearance. Other maps have also been
created, i.e. by SDSS 2

2Map can be found at https://classic.sdss.org/legacy/
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The interaction of galaxies, or lack thereof is crucial to understanding
galaxy formation and evolution, these interactions, on a large scale, are thought
to be themain reason behind the existence of early-type galaxies, throughmajor
mergers over time, discussed in Section 1.3.1. It has been observed that early-
type galaxies are more likely to be found in denser regions, unlike late-type
galaxies, which are more often found in less dense areas. This is shown by the
morphology-density relation (Figure 1.10)(Dressler, 1980). This suggests that
galaxy evolution is heavily influenced by the environment, specifically, that the
suppression of star-formation and the transition from a spiral to an elliptical
occurs when a galaxy enters a high density environment, like a cluster. On a
smaller scale, these interactions can be held responsible for colour transitions,
driving star-formation (Bournaud, 2011), gas loss and gain (Sancisi et al.,
2008), heating gas (Cox et al., 2004), quenching (Boselli et al., 2016), the
formation of dwarf galaxies (Okazaki and Taniguchi, 2000), and much more.

There are several types of environments that galaxies can be in: isolated,
pairs or companions, groups and clusters. Below I discuss them individually.

1.4.1 Isolated Galaxies

The vast majority of galaxies are not isolated, however isolated galaxies can be
used for studying what will happen in galaxy evolution without gravitational
influence on disruption from other galaxies and mergers. Isolated galaxies are
classified as not having any luminous neighbours, which means they could be
accompanied by smaller, dimmer satellite galaxies.

An isolated galaxy can be difficult to define. The first attempt at compiling
these galaxies was by Karachentseva (1973), with the Catalogue of Isolated
Galaxies (CIG), where the main criterion was that there did not appear to
be any companions within 20 diameters in the Palomar Sky Surveys (PSS)
plates. Turner and Gott (1976) found galaxies that could not be assigned to any
groups, and thus classified them as isolated, and Huchra and Thuan (1977) did
the same on a deeper and larger sample. Vettolani et al. (1986) used stricter
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Figure 1.10: The Morphology-Density relation (Dressler, 1980).
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criteria to find isolated galaxies, having no companion within 6 Mpc, and then
checking by hand for clustering characteristics among them. The Analysis of
the interstellar Medium of Isolated GAlaxies (AMIGA, Verdes-Montenegro
et al. 2005) defines isolated galaxies as galaxies that are likely to have not
interacted with any neighbour of a significant mass within the last ∼3 Gyr.

Isolated elliptical galaxies are thought to be the remains of a group or
cluster that has merged; these are classified as fossil groups. In contrast,
isolated spiral galaxies show an interesting view on the history of a galaxy
with little or no interaction. Simulations suggest that galaxies like this will
have a small bulge, steady gas accretion and no history of mergers (e.g. Martig
et al. 2012), whereas a history including more violent merger or gas accretion
resulted in isolated disc galaxies having more prominent bulges.

It has been observed that galaxies that are isolated are subject to various
instabilities within the bar and spiral structure. As mentioned in Chapter 1,
bars and spiral arms are observed all over the universe (Marinova and Jogee,
2007;Menéndez-Delmestre et al., 2007; Barazza et al., 2008), and it is thought
that they grow through secular evolution (see Section 1.3.3). Since evolution
of this kind cannot be studied in galaxies that have been involved in major
galaxy-galaxy mergers, isolated galaxies are usually studied to understand
this.

An example of an isolated galaxy is NGC 5523 (Figure 1.11), but can be
considered an unusual case - while it is an isolated spiral, it is considered to
still be a product of merging. These mergers are thought to have been ‘soft’,
thus not damaging to the structure of the large spiral (Fulmer et al., 2017).

1.4.2 Pairs

Companions to galaxies is a term that is used with different meanings. To
some, a companion to a galaxy refers to smaller satellite galaxies surrounding
the main galaxy. The Milky way has companions of this nature, the small
and large Magellanic clouds. These are two irregular galaxies that are on
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Figure 1.11: Isolated galaxy NGC 5523, it is considered to be the result of
‘soft’ non-damaging mergers. Image from SDSS, 4.8 arcmin wide. Credit:
SDSS, DR14.
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Figure 1.12: The Small (left) and Large (right) Magellanic Clouds. Two
irregular galaxies on their first pass-by the MilkyWay. Image by the European
Southern Observatory (ESO). Credit: ESO/S. Brunier.

their first pass-by the Milky way, and thus have been disrupted greatly by the
gravitational pull. Figure 1.12 shows an image of the two Magellanic Clouds.

Some also refer to companions being any galactic body within a certain
distance, interacting gravitationally. For this thesis, this is the definition I will
use. The distance at which a galaxy can be considered interacting varies with
different studies, for example, Kauffmann et al. (2010) suggests that if there is
no companion within 1Mpc a galaxy can be considered isolated.

As mentioned in Section 1.3.1, mergers between two galaxies aid the
growth of galaxies throughout cosmic history, as well as altering properties
within those galaxies. Typically, the galaxies that have a close companion have
enhanced star-formation rates (Barton et al., 2000; Ellison et al., 2008; Woods
et al., 2010; Scudder et al., 2012; Patton et al., 2013; Davies et al., 2015),
higher AGN activity (Alonso et al., 2007; Ellison et al., 2011; Silverman et al.,
2011; Liu et al., 2012; Ellison et al., 2013; Khabiboulline et al., 2014; Satyapal
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et al., 2014), decreased metallicities (Kewley et al., 2006; Ellison et al., 2008;
Michel-Dansac et al., 2008; Kewley et al., 2010; Scudder et al., 2012; Ellison
et al., 2013) as well as other properties, when compared to isolated galaxies.

These findings are consistent with simulations of galaxy pairs and inter-
actions (Mihos and Hernquist, 1996; Springel et al., 2005; Di Matteo et al.,
2007; Cox et al., 2008; Montuori et al., 2010; Torrey et al., 2012; Scudder
et al., 2012; Hopkins et al., 2013; Patton et al., 2013; Moreno et al., 2015;
Scudder et al., 2015). These simulations also show that the effects of a merger
or ‘fly-by’ can still be seen, significantly after the event took place, so galaxies
with a companion can show the effects of interaction at a closer distance to
which they currently stand.

The further apart the two galaxies, the harder it is to determine if they
are interacting (Alonso et al., 2004; Nikolic et al., 2004; Edwards and Patton,
2012) and other neighbour galaxies now need to be taken into consideration
(Moreno et al., 2013; Karman et al., 2015).

1.4.3 Groups

A galaxy group is a collection of galaxies which are gravitationally bound to
make one large structure. Around 50% of all galaxies at the present day can be
found in a group structure (Eke et al., 2004). Their mass ranges between that of
large elliptical galaxies and galaxy clusters (Muñoz et al., 2013). Groups can
be identified usingX-ray emission from the gas within the group (Brough et al.,
2006; Finoguenov et al., 2009), percolation algorithms from photometric and
spectroscopic data (Marinoni et al., 2002; Eke et al., 2004; Adami et al., 2005;
Yang et al., 2007; Zapata et al., 2009) as well as from gravitational lensing
(Cabanac et al., 2007; Limousin et al., 2009; More et al., 2012). Figures 1.13
to 1.15 show examples of galaxy groups.

Galaxies that belong to a group or cluster are likely to contain less gas
individually than similar galaxies outside of the group environment, as well as
having lower star-forming rates (Bahé et al., 2013). Typically galaxies found
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Figure 1.13: Galaxy group HCG 87, found in the constellation Capricornus.
This group’s most identifiable members include the large edge-on disc near
the centre, the elliptical to its right, and the spiral near the top of this partic-
ular image. The smaller spiral located in the centre is likely to be a distant
background galaxy. This image is from the Gemini Observatory. Credit:
GMOS-S Commissioning Team, Gemini Observatory.
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Figure 1.14: Stephan’s Quintet, a galaxy group found in the constellation Pe-
gasus. In this imagewe can see four of the five galaxies that make up the group.
These four are thought to merge sometime in the near future. This image is
from the Hubble Space Telescope. Credit: NASA/ESA/STScI/Hubble.
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Figure 1.15: NGC 1132 is considered a fossil group galaxy, having absorbed
many of the other galaxies in what once existed a group. It is also called
The Gargantuan Galaxy due to its size. NGC 1132 also has many dwarf
galaxies and globular clusters surrounding it, which are likely to be remnants
of other galaxy groups that were disrupted and absorbed. This image is from
the Hubble Space Telescope. Credit: NASA/ESA/STScI/Hubble.
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in groups/clusters are more massive, and with differing internal morphologies
(Kauffmann et al., 2004; Blanton et al., 2005). The colour of a galaxy can also
be affected by the group environment, they are found to be in general, redder
than isolated galaxies with similar properties (Hogg et al., 2004). As colour is
influenced by star-formation, this then shows the negative correlation between
star-formation and density, often described as the ‘colour-density relation’
(Balogh et al., 2004; Poggianti et al., 2006; Balogh et al., 2007; Haines et al.,
2013; Kovač et al., 2014).

There are mixed findings on whether the local environment will affect bar
formation and growth in a galaxy. It has been shown that a companion can be
associated with a bar forming (Elmegreen et al., 1990). However, Giordano
et al. (2011) finds that the likelihood of a bar in any given disc galaxy is
not influenced by the environment, suggesting that bar formation might occur
before the growth of the galaxy group or cluster that galaxy is found in.

1.5 Galaxy Classifications With Galaxy Zoo

To study the individual processes in galaxy evolution, we need to have large
numbers of galaxies classified. This classification includes the difference
between early and late types, aswell asmore intricate details, like the number of
spiral arms, or the presence of a bar. When surveys like The Sloan Digital Sky
Survey (SDSS) started producing results, there were too many galaxies than
could be classified individually by astronomers. Having only one astronomer
classify a galaxy allowed human error to interfere with the results. This is
a very time-consuming process, which is where citizen science projects are
useful. Galaxy Zoo (Willett et al., 2013) allows the classifier to identify not
only the type of galaxy, but it proceeds to probe the classifier about other types
and strength of other features present in the galaxy. Figure 1.16 shows the order
of questions that the classifiers will be asked about each image. Each galaxy
is analysed by multiple volunteers to increase the accuracy and reliability of
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Figure 1.16: The order of questions asked of the classifiers in Galaxy Zoo
(Willett et al., 2013).

the classifications. Each volunteer is also studied to see how consistently they
agree with the majority, this is done to eliminate those who are consistently
wrong, the votes are then weighted based on this. Other classification biases
are also corrected for, all described in Willett et al. (2013).

1.6 Bars

Within a galaxy, a bar is a structure in the central region made up of stars, gas
and dust following elongated orbits. Bars are found in 30-70% of disc galaxies
within 0.01 < z < 0.1 (e.g. Menéndez-Delmestre et al., 2007; Barazza et al.,
2008; Nair and Abraham, 2010a; Masters et al., 2011). The bar is thought
to have been created through density waves from the centre of the galaxy,
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gradually building until it is self-perpetuating (Bournaud and Combes, 2002).
The stars within a self-perpetuating bar are not ‘passing through’ the bar in
the density wave fashion that created the bar. The orbits of those stars are no
longer circular, rather they have become elongated and now the stars travel
close to the centre and back out, along the bar (Lynden-Bell and Kalnajs,
1972). Bar dissolution occurs when these radial orbits are disrupted (Norman
et al., 1996).

1.6.1 Barred Spiral Galaxies

Two examples of barred galaxies are shown in Figures 1.17 and 1.18. The
classic example when referring to a barred galaxy is NGC 1300. This galaxy
beautifully demonstrates a large stellar bar, the straight structure extending
from the centre of the galaxy. The spiral arms extend from the ends of the bar,
rather than from the centre, like in non-barred galaxies. NGC 1300 is also
a grand-design galaxy, the details of which were discussed in Section 1.1.1.
Two dust lanes also follow the trend of the stellar bar, and the overall colour
of the bar is much redder, exhibiting older stars. The second barred galaxy
is NGC 986, this galaxy is also a grand-design spiral with a strong bar. The
dust lanes in this galaxy are much more prominent. This galaxy also has the
classical ‘S’ shape structure that comes with a strong bar (where the bar and
spiral arms make the galaxy appear like the letter S). Unlike NGC 1300, NGC
986 has a lot of blue sections along the bar and centre of the galaxy, suggesting
that the bar is not populated solely with older stars. Bars can also be found in
flocculent, multi-armed and irregular galaxies, which suggests their formation
is not solely due to the type of host galaxy.

As mentioned in Section 1.1.1, bars have been a known component of
galaxies since the beginning of extragalactic astronomy (Curtis, 1912). Once
classified as SB for barred or S for unbarred galaxies by Hubble, this was later
found to be inadequate as the ‘strength’ of the bar is not uniform throughout all
galaxies and the classes SAB and SA were added for those galaxies that host
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Figure 1.17: NGC 1300, a grand-design spiral with a strong stellar bar, found
in the constellation Eridanus. This image was taken by the Hubble Space Tele-
scope. Credit: NASA, ESA, and the Hubble Heritage Team (STScI/AURA).

a weaker bar (de Vaucouleurs, 1959). By definition, the terms ‘strong’ and
‘weak’ are subjective andmanyworks have objectively classified them, includ-
ing but not limited to Elmegreen and Elmegreen (1985); Ohta et al. (1990);
Martin (1995); Wozniak et al. (1995); Abraham and Merrifield (2000); Buta
and Block (2001). Eskridge (2004) compared the methods from each of these
works and found that while different from one another, each credibly defines
‘strong’ or ‘weak’ bars. Buta and Block (2001) noted that the SA/SAB/SB
classes identified by de Vaucouleurs depended solely on visual classifications,
which can be deceptively different from the actual strength of the bar. Many
works before this classified the bar’s strength based solely on blue light images,
this is not ideal as blue light highlights the young and bright stars which could
make it seem that a bar exists in a barless galaxy or it could hide the bar in a
barred galaxy. An example of a galaxy with a ‘hidden’ bar is NGC 253. Due
to the flocculent nature and inclination of this galaxy, there is no hint of a bar,
but once observed in the infrared a molecular gas bar was detected (Canzian
et al., 1988).

33



Figure 1.18: NGC 986, another example of a grand-design barred spiral
galaxy. This galaxy can be found in the constellation of Fornax. This image
was taken by the Hubble Space Telescope. Credit: ESA/Hubble & NASA.
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A stellar bar has been demonstrated to disrupt and influence the motion of
the material in the central region of a galaxy (Pfenniger and Norman, 1990;
Regan et al., 1999), as well as having an impact on the spiral arms (Schwarz,
1984; Hart et al., 2018); these impacts have been seen in many simulations
(Ostriker and Peebles, 1973; Hohl, 1976; Athanassoula, 2002; Martel et al.,
2013; Fanali et al., 2015; Carles et al., 2016; Spinoso et al., 2017; Khoperskov
et al., 2018), and are thought to affect the disc galaxy’s overall evolution
(Kormendy and Kennicutt, 2004; Athanassoula, 2013), and since this process
is slow, it is one of the processes of secular evolution of galaxies, as described
in Section 1.3.3.

Stellar bars in galaxies can be a big influence on secular evolution as they
can radially drive material in and out of the centre of the galaxy. Material
driven inwards may help stimulate active galactic nuclei (Ann and Thakur,
2005), there has also been evidence of increased centralised star-formation in
barred galaxies (Ho et al., 1997; Sheth et al., 2005; Ellison et al., 2011; Coelho
and Gadotti, 2011; Oh et al., 2012; Lee et al., 2012).

Many studies have investigated which galaxies are more likely to have
bars. In the largest recent studies, it was observed that disc galaxies that have
a larger mass and are redder in colour are the most common hosts of bars (e.g.
Nair and Abraham, 2010a; Masters et al., 2011; Cervantes Sodi, 2017). This
correlation suggests that bars formwhen a galaxy ceases to be star-forming and
is making the transition from the blue cloud to the red sequence. However, in
Nair andAbraham (2010b), the distribution is double-peaked, with bars in both
low mass and highest mass galaxies. It has also been observed that late-type
disc galaxies which have no bulge or at least a low bulge-to-total luminosity
ratio are significantly more likely to host a bar (Barazza et al., 2008) and
other results suggest no strong correlations (Erwin, 2018). These results may
appear contradictory but depend on details such as how the disc galaxies were
selected (i.e. if redder spirals are excluded by a colour selection), and what
the definition of a bar is (strong bars only, or also including weak bars).
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It has been observed that an increasing bar fraction in a galaxy population
coincides with the increase in the average time since the start of star-formation
quenching (Masters et al., 2011; Skibba et al., 2012; Smethurst et al., 2015), an
observationwhich suggests bars have some responsibility for quenchingwithin
a galaxy. Additionally, there is evidence showing, that through funnelling
gas toward the centre, bars may be the cause of morphological quenching
(Athanassoula, 1992; Sheth et al., 2005; Masters et al., 2012; Cheung et al.,
2013; Vera et al., 2016). There is even a suggestion this process may have
been important in the Milky Way’s history (Haywood et al., 2016).

1.6.2 Bar Driven Galaxy Evolution

Bar Formation

The initial formation of the bar is thought to be due to a density wave radiating
from the centre of the host galaxy. The effects of this reshape the orbits of the
inner stars, building over time and reaching stars further out. This then creates a
self-perpetuating bar structure (Bournaud and Combes, 2002). The formation
of a bar is not always a certainty in disc galaxies; after all not all spiral galaxies
host bars (Masters et al. 2011; Nair and Abraham 2010a; a fact which even
today is discussed as a puzzle as numerical simulations almost ubiquitously
form them Saha and Elmegreen 2018). The time it takes to develop a bar is
thought to vary depending on a variety of dynamical factors in a galaxy, such
as the ratio of stellar mass to halo mass, the gas content, rotational velocity,
etc (e.g, for an extensive discussion, see Athanassoula 2013). Once the bar
has formed, it will continue to grow in length and width with age, however,
simulations demonstrate that the correlation between the age of a bar and their
length is not linear in a given galaxy, nor is the relation the same between
different galaxies (e.g. Athanassoula, 2013). Thus we cannot assume the age
of a bar by looking at its physical length, or the length relative to the diameter
of the stellar disc, even though longer bars are likely to be dynamically older.
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Agalaxy’s environment has also been linked to its likelihood of developing
a bar, with bars appearing more common in higher density regions. These,
presumably tidally induced bars, may form and grow earlier than expected
(related to the stellar mass of the host galaxy; Noguchi 1988; Giuricin et al.
1993; Moore et al. 1996; Eskridge et al. 2000; Skibba et al. 2012). This is still
debated, as some research finds no such link (van den Bergh, 2002; Li et al.,
2009; Marinova et al., 2012), and some studies find only a poor link (Lin et al.,
2014).

Bar Dynamics

Bars are triaxial stellar systems. Unlike elliptical galaxies, the shape of the
bar is usually quite elongated and can be considered density waves, like the
spiral arm structural systems in disc galaxies.

Dust lanes are a dynamical effect associatedwith the bar; they are displaced
following the rotational direction of the galaxy. They are thought to originate
from shocks in the bar, allowing a flow of gas. Athanassoula (1992) simulated
that the curvature of these dust lanes corresponded to the strength of the bar.
Observations by Comerón et al. (2009) of 55 galaxies found that only galaxies
with strong bars hosted straight dust lanes, but galaxies with weak bars hosted
both straight and curved dust lanes.

At the edges of the bar are dense regions filled with gas, dust, and stars
(Kenney and Lord, 1991). Specifically, HII regions inhabit these clusters and
thus there are a lot of young bright stars and on-going star-formation (see
section 2.7.1 for more details on this relationship).

Pattern Speed

The pattern speed (Ωp km s−1 kpc−1) is the angular speed of a structure’s
rotation; bars have a well-defined pattern speed. Since bars do not trail the way
spiral arms seem to, it is not likely that winding can occur due to differential
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rotation, rather they are transitory structures. The pattern speed of a bar is
parametrised by the ratio of the co-rotation radius to the bar semi-major axis,
often called the bar-rotation rate. This can be shown by

R = RCR/ab, (1.5)

where, the co-rotation radius (Ωp = Ω(RCR)) where RCR and ab are the
radius of co-rotation and length of the bar, respectively (Elmegreen et al.,
1996). The co-rotation radius (CR) of the galaxy can be found from the
pattern speed and the circular velocity (Vc) of the disc as RCR = Vc/Ωp. The
value of R tells us about the stability of the bar. If R < 1 then the bar will
become unstable and dissolve. Within 1.0 < R < 1.4 the bars are close to the
limit and thus are considered to be fast rotating and any bar with R > 1.4 are
considered to be slow rotating (Debattista and Sellwood, 2000).

Bars have a significantly higher pattern speed than regular orbits found
in galaxies (Binney and Tremaine (2011), page 652), suggesting that bars are
really fast. It has also been simulated that the bar’s pattern speed decreases
on a time-scale of a few Gyrs (Combes and Sanders, 1981), which was also
related to the length of the bar.

Bar Strength

Throughout the thesis we will discuss the ‘strength’ of the bar, this refers to
the bar-interbar contrast ratio

K =
1 + Am

1 − Am
, (1.6)

eq. 1.6 (Elmegreen et al., 1996), where K (the bar-interbar surface bright-
ness ratio) is related to the amplitude (A) of the bar. On average K ' 3 − 6.
This Equation also works for the strength and number of spiral arms, where m

describes how many arms are present, but when used for a bar, m=2. ‘Weak’
bars are typically described as covering 30% or less of the diameter of the
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disc, with ‘strong’ bars covering 70% or more; bar length and strength cor-
relate well. Typically weak bars refer to any of the type SAB galaxies on de
Vaucouleur’s updated version of Hubble’s tuning fork. Whereas strong bars
refer to the classic SB path of the tuning fork.

Whether you look at the absolute bar length, or the length as a ratio to
the diameter of the disc or bar strength, none correlate with the age of the
bar, or the age of the galaxy (Athanassoula, 2002). Bars can form at different
stages of a galaxy’s evolution, sometimes due to certain environmental factors
like tidal interactions. The speed of a bar’s growth can also be influenced by
external factors within the environment (Noguchi, 1988; Giuricin et al., 1993;
Moore et al., 1996; Eskridge et al., 2000; Skibba et al., 2012).

1.6.3 Simulations of Bars

There have been many simulations as to the development of the bar in discs
and the effects on the galaxy’s components due to the bar’s formation and
growth.

Simulations involving bar shape

Three-dimensional models of discs with an unstable bar suggested that recent
bars will bend outside of the disc plane (Merrifield, 1995). The original
numerical simulations never showed anything like this. Raha et al. (1991)
shows that this ‘bending’ of the bar will eventually transform into random
movements in a vertical direction, creating a thick bar. If this is viewed edge
on the thick bar will appear to be ‘peanut-shaped’ or ‘boxy’ (Combes and
Sanders, 1981; Combes et al., 1990). This suggests possible misclassification
of some bulges viewed in edge-on galaxies.
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Simulations involving gas morphology of barred galaxies

Numerical simulations of bar formation in disc galaxies can now realistically
include a dissipative gas counterpart and the effects of that on the galaxy. The
formation of a bar in these is shown to aid the movement of material; with
angular momentum being transported outwards and material transported in,
towards the centre, in the inner bar regions (Bournaud and Combes, 2002).
The gas is especially influenced by this since it is dynamically cold, it responds
to gravitational perturbations (e.g. as explored in Athanassoula, 2013)

Kraljic et al. (2012), exploring zoomed-in cosmological simulations and
Athanassoula et al. (2013) uses detailed N-body and Smooth Particle Hydro-
dynamics (SPH) simulation to show the formation and growth of a bar with
hydrodynamicmodels of gas flow, and present gasmorphology as well as stars.
In particular, Athanassoula et al. (2013) and Spinoso et al. (2017) predict the
HI kinematics of strongly barred galaxies, the gas within the bar corotation
radius (bar region) infalls to the very centre (inner kpc) where it enhances
star-formation. Gas outside of this region is also prevented from entering due
to the bar, therefore creating a ‘hole’. The gas is prevented from entering the
central region as it cannot cross past co-rotation when the strong bar has been
established. The gas is also transferred along the bar towards the centre. This
agrees extremely well with the THINGS observations of M95 (Walter et al.,
2008) which show a large HI hole in the bar region. In this thesis, we will
further test the predictions of these simulations in a sample of strongly barred
gas-rich galaxies.

1.6.4 Galaxy Evolution Post Bar Formation

Section 1.3.3 briefly discussed the importance of secular evolutionwhen trying
to understand galaxy evolution as a whole. Some of the main effects that are
associated with the formation and growth of a stellar bar are outlined in this
section.
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Bulges

Bulges are common features in galaxies, found in some form in the majority
of galaxies, they are typically considered a dense spherical shape filled with
stars. A classic bulge is normally found in the centre of S0 and early-type
spiral galaxies. Some examples of spiral galaxies that host a bulge are the
Milky Way (our Galaxy) and Andromeda (our nearest neighbour galaxy).

The bulge is not rotationally supported. This means that the stars within
the bulge do not rotate regularly, rather it moves around in a random fashion,
which is called pressure supported. The size of a bulge in a galaxy has a huge
range. Some galaxies host a bulge as big as tens of thousands of light-years
across, and some only a couple hundred. Once thought to have an old stellar
population, recent publications show that there is a presence of bright, young
stars, indicating star-formation is occurring within the bulge of the MilkyWay
(Ness et al., 2014). This can be considered evidence for secular evolution,
effects of the stellar bar but also, as mentioned in section 1.3.2, can be evidence
of minor mergers or tidal interactions.

Pseudobulges

Pseudobulges, also known as ‘discy bulges’, are similar to a classical bulge in
appearance, but are associated with dissipative phenomena such as active star-
formation, young stars, rotating kinematics (Athanassoula, 2005; Kormendy
and Kennicutt, 2004). Pseudobulges are the bulge type that are likely to
be created by bars. Fisher and Drory (2016) gives a concise definition of
pseudobulges as follows:

• a bulge with a spiral or ring-like structure visible in the optical (blue
light) morphology.

• a bulge with a stellar light profile which has a Sérsic index of n<2.
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• a bulge which correlates with absorption line strengths (Peletier et al.,
2007; Ganda et al., 2007)

• a bulge where the logarithmic derivative of the velocity dispersion (σ)
profile is dlog(σ)

dlog(r) ≥ −0.1 and <v2>
<σ> ≥ 0.35.

• any bulge which is an outlier with a low surface brightness are pseudob-
ulges (Carollo et al., 2001; Gadotti, 2009; Fisher and Drory, 2010)

• a bulge is a pseudo bulge if sSFR/M∗≥ 10−11yr−1 (Fisher, 2006, 2009).

• a bulge with iron Fe5150 < 3.95Å and/or magnesium Mg b < 2.35Å

• Low σ outliers are likely to be pseudobulges.

• Very blue optical colours are likely to be pseudobulges.

AGN

As the bar moves matter toward the centre of the galaxy, this can create new
bursts of star-formation. This in-flowing matter can also start to feed a super-
massive black hole in the centre of the galaxy, resulting in the galaxy now
having an active galactic nucleus (AGN, Cisternas et al. 2015).

1.6.5 Bar Quenching

The formation and growth of a stellar bar have been shown to accelerate the
rate of quenching in the galaxy. Specifically, the red colour of the bar and
general central region of these galaxies agree with observations of quenching,
starting from the centre of the galaxy and expanding outwards (Cheung et al.,
2013; Tacchella et al., 2015). It has been shown in simulations that the co-
rotation radius of the bar creates a gas underdense region in the centre of the
galaxy (mentioned in section 1.6.3 Athanassoula et al. 2013; Spinoso et al.
2017). This type of quenching has been observed as a decrease in the specific
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star-formation rates in the central regions of these galaxies (Belfiore et al.,
2018; Spindler et al., 2018), so the redder colour of these regions is not due to
dust reddening. The discs containing a bar are significantly redder than their
unbarred counterparts (Kruk et al., 2018).

1.7 Outline and Aims of the Thesis

This thesis aims to show the work undertaken over the last 3.5 years. Chapter
2 gives an introduction to HI and Synthesis Imaging, from the history and
basic definitions of radio astronomy to the intricate details of synthesis imag-
ing. This Chapter also shows the need for synthesis imaging in the study
of galaxy evolution, by using these techniques to study the neutral hydrogen
in them, a component that is invisible in optical wavelengths. Chapter 3
gives an overview of the observation and data reduction processes of synthesis
imaging, we describe the observations, data collection and reduction that was
specifically done throughout the PhD project. It also describes the issues and
difficulties found and overcome with the data for this PhD project. Chapter
4 describes the HI morphology and dynamics of the HI Rich Barred (HIRB)
galaxy sample, which was created as a part of this PhD project, the main part
of completed analysis for this project is here in this Chapter and is presented in
paper (Newnham et al., 2019). HIRB galaxies are extremely rare and finding
them required a wide-area optical imaging survey with galaxy classifications,
as well as a wide area HI survey covering the same area of sky. Before SDSS,
Galaxy Zoo and ALFALFA this wasn’t possible. More details can be found on
all of these surveys in Chapter 4. Chapter 5 details the environmental impact
and possibility of tidal interactions for the HIRB sample, work that is ongoing
and will result in a paper soon (Newnham et al in prep). Finally, Chapter
6 shows the work undertaken towards the link between spiral arms and the
star-formation rates, using Galaxy Zoo. This Chapter also contains some ideas
for the future study of the HIRB sample, in particular, we’d like to observe
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CO in these galaxies to characterise the molecular hydrogen and get a clearer
view of the total gas content and how it correlates with star-formation in these
unusual galaxies. After this, the summary and conclusions can be found.
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Chapter 2

Introduction to HI and Synthesis
Imaging

In this Chapter, I will provide an introduction to radio astronomy and the
techniques used for the remainder of this thesis. I will discuss the HI spectral
line at 21cm, and how observations of its intensity and observed frequency
can help us address some of the questions of galaxy evolution (Chapter 1).

2.1 The History of Radio Astronomy

Using radio waves for scientific purposes became a branch of Astronomy in
the 1930s when Karl Jansky, an engineer for Bell Telephone Laboratories was
tasked with investigating some static interference in short-wavelength com-
munications. Jansky discovered a slight peak in the noise at the wavelength
14.6m which moved with the sidereal day (23 hours and 56 minutes). He
concluded that something astronomical must be sending a signal that was re-
ceived periodically with every Earth rotation, with respect to the stars. After
some investigation, Jansky found the signal came from within the constel-
lation Sagittarius and named the source Sagittarius A. Although he thought
Sagittarius A was a cloud of dust and gas, it later was recognised to be caused
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by the black hole at the centre of our Galaxy, the Milky Way. Karl Jansky
didn’t continue to work in astronomy after this discovery as he was reassigned
to work on another project, but his contribution was recognised and a unit of
flux density was named after him, the Jansky (1Jy = 10−26 Wm−2 Hz−1).

Grote Reber expanded on Karl Jansky’s work and built a functional radio
telescopemore advanced than Jansky’s antenna. Hewas the first person tomap
the sky in radio frequencies (Reber, 1944). Finally, in the 1950s and 1960s,
many more astronomers became aware of the significance radio astronomy
has with the discoveries of the CMB, pulsars, quasars and the 21-cm line.

The radio discovery of neutral hydrogen came in the 1950s. Jan Oort and
Hendrik van de Hulst noticed that any emission lines would provide great
detail about the galaxy and using quantum mechanics, predicted the existence
of the HI emission line at 1420.4058 MHz. This line was eventually observed
by Ewen and Purcell (1951), and by 1954 maps were showing the structure of
the spiral arms of the Milky Way (van de Hulst et al., 1954).

2.2 Basic Definitions

At the beginning of this section, I will discuss some of the fundamental terms
of radio astronomy. This basic review will help with the concepts discussed
in detail further in the thesis.

2.2.1 Signals

When discussing signalswe refer to the radiation from a source, which induces
a specific voltage in the antenna. The signals are created naturally and present
as a wave with a Gaussian amplitude distribution. Continuum radiation is the
most powerful, this is considered constant over the bandwidth received bymost
antenna. Other than continuum radiation, there is spectral line radiation, this is
produced by specific processes at the molecular or atomic level. Spectral line
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radiation will be detected at frequencies specific to that line, the most abundant
of which is the line of neutral atomic hydrogen which emits at 1420.405 MHz.
More on this specific spectral radiation line in section 2.7.1.

Certain emission lines are more prevalent or observed more often in radio
astronomy than others. Table 2.1 displays a list of a few of them.

Name of Chemical Formula Transition Frequency (MHz)
Deutrium D 2S1

2
,F = 3

2 →
1
2 327

Hydrogen HI 2S1
2
,F= 1→ 0 1420

Methyladyne CH 2Π 1
2
,J = 1

2 ,F=1→ 1 3335
Formaldehyde H2CO 110-111, six F transitions 4830
Methanol CH3OH 51→ 60 A+ 6668∗

Helium 3He+ 2S1
2
,F= 1→ 0 8665

Cyclopropenylidine C3H2 110-101 18343
Water H2O 616→ 523, five F transitions 22235∗

Ammonia NH3 1,1→ 1,1, eighteen F transitions 23694
Silicon Monoxide SiO υ =2, J = 1→ 0 42821∗

Carbon Monosulfide CS J= 1→ 0 48991
Hydrogen Cyanide HCN J= 1→ 0, three F transitions 88632
Formylium HCO+ J= 1→ 0 89189
Diazenylium N2H+ J= 1→ 0, seven F transitions 93174
Carbon Monoxide 12C18O J= 1→ 0 109782
Heavy Water HDO 101→ 000 464925
Carbon C1 3P1→

3P0 492162

Table 2.1: Non-specific examples of some emission frequencies from certain
atomic and molecular transitions. A full list of atomic and molecular lines is
shown in (Thompson et al., 2001). This table provides less that 0.5% of lines
below 1THz. ∗ indicates a strong maser transition.
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Figure 2.1: Non-thermal and thermal radiation intensity shown against fre-
quency. A notable difference between thermal and non-thermal radiation is
that the intensity (energy) of thermal radiation will increase with frequency,
whereas the intensity of non-thermal radiation will decrease.

2.2.2 Radio waves

‘Radio waves’ are a signal emitted from an object at a frequency between
3 kHz and 300 GHz (this is a wavelength of 100km to 1mm respectively).
Shorter wavelengths than this (γ rays, X-rays, ultraviolet rays, optical and
infrared rays) are emitted from phenomena of either thermal or non-thermal
nature. The shortest wavelengths (γ rays) will be emitted from extremely hot
objects, as the temperature decreases the wavelengths lengthen. Since radio
waves are emitted at a longer wavelength than infrared, it can measure both
thermal and non-thermal processes, see Figure 2.1.

As seen in Figure 2.2 the ‘window’ of radio wavelengths is quite large and
it is all visible with no disruption from the Earth’s atmosphere up to the iono-
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Figure 2.2: This image depicts the opacity of the atmosphere at different
wavelengths, the atmosphere does not interfere with the signals coming from
anything beyond it in the radio frequencies (Duband, 2015).

sphere cut-off. Due to its size, it is regularly split into bands of specific frequen-
cies. High Frequency (HF)- below 30MHz, Very High Frequency(VHF)- 30-
300MHz, Ultra High Frequency(UHF)- 300-1000MHz, microwaves -1000-30
000MHz, millimetre and sub-millimetre-wave. Some radio bands have their
own specific labels: K-band (∼1cm), U-band (∼2cm), X-band(∼3cm), C-band
(∼6cm), S-band (∼10cm) and L-band (∼20cm).

Thermal or Black Body Radiation

Thermal radiation refers to the emitted electromagnetic radiation caused by
the temperature of the source. The characteristics of the radiation depend on
the exact temperature of the source. Someone standing next to an open flame
will feel the heat of that fire, despite the temperature of the air around them,
this is a basic example of thermal radiation. As thermal radiation is generated
by the amount of heat from an object, we can use the intensity of the radiation
to decipher the temperature of the object - a higher intensity comes from a
hotter object. So a star emits thermal radiation at a higher intensity than a
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planet, and the combination of the received radiation from the star, and the
produced radiation from the planet gives the planet its overall temperature.
In the radio wavelengths, for bodies of any measurable temperature, we are
recording the low-frequency tail of the Black Body (or Planck) spectrum -
hence the “Rayleigh-Jeans approximation” is almost always valid, and the flux
is proportional to ν2 (explained further in section 2.2.3, Equation 2.1).

Non-Thermal Radiation

Opposite to thermal radiation, if the radiation emitted does not depend on the
temperature of the source, then it is considered non-thermal. Some of the
common types of this are:

• Synchrotron emission, where individual charged particles spin around
magnetic fields at almost the speed of light. As these particles (typically
electrons) move they change direction, which emits photons at a fre-
quency dependent on the speed, rather than temperature. Synchrotron
emission emits in radio, visible, UV and X-ray frequencies.

• Bremsstrahlung emission, also known as braking radiation is elec-
tromagnetic radiation created by a deceleration of the charged particle
(electron) once it has been deflected due to an interaction with a different
charged particle. The kinetic energy lost by the decelerating particle is
turned into radiation, a photon.

• Compton scattering is the scattering of a photon from its original path,
due to an interaction with a charged particle, typically an electron. The
photon then loses some energy (increases wavelength) which is referred
to at the Compton effect.

• Stimulated emission, where a photon interacts with a charged particle
(electron) resulting in that electron dropping to a lower level. The
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Figure 2.3: The hyperfine structure of the 1st energy state of an Hydrogen
atom. Energy level 1 is also known as the ground state.1

released energy creates a photon with the same properties of the photon
involved in the interaction.

Emission Lines

Using radio emissions, we can observe the 21cm HI spectral line, detailed in
section 2.7.1. There are specific energy values required in each energy state
or level. When the electron transitions from a lower energy level to a higher
one, it needs to gain energy, when it transitions to a lower state it emits energy.
The 21cm line is created by the ‘spin-flip transition’, which occurs when an
electron of a neutral hydrogen atom transitions between two hyperfine levels
in the ground state. Figure 2.3 shows the hyperfine structure of the ground
state, the transition requires a decrease in energy, thus the emission at 21cm
(1420 MHz).

0Image fromSDSShttps://skyserver.sdss.org/dr1/en/proj/advanced/spectraltypes/energylevels.asp
1Image from http://hyperphysics.phy-astr.gsu.edu/hbase/quantum/h21.html
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2.2.3 Flux

‘Spectral flux density’ or ‘Spectral power flux density’ refers to the strength
of the cosmic signal collected from a discrete source. Often it is just referred
to as the ‘flux density’ and is measured in watts per square metre per hertz (W
m−2 Hz−1), or Jy.

When imaging or mapping (used interchangeably in radio astronomy) the
signal from a radio object, we measure the spectral power flux density per unit
solid angle (Wm−2 Hz−1 sr−1). This is often also referred to as the ‘brightness,
intensity’ or ‘specific intensity’ (often represented by Iν or I) of the surface of
the object being observed.

We can apply radiation theory to the signal from an object. I is the
numerical value of energy flow radiated per unit time, per unit area, per unit
solid angle, per frequency bandwidth. The Planck formula denotes that the
thermal radiation from a black body is tied to the physical temperature T by,

I =
2kTν2

c2

[
hν
kT

ehν/kT − 1

]
, (2.1)

c is the speed of light, h is Planck’s constant and k is Boltzmann’s constant.
The above Equation refers to the ‘physical’ temperature only. The brightness
temperature (TB), also defined by ‘flux’ in radio astronomy, can be expressed
by the following Equation

TB =
c2I

2kν2 , (2.2)

when hν << kT the Rayleigh-Jeans approximation can be applied. In this
scenario, T = TB.

2.2.4 Angular Resolution

Angular resolution refers to the ability to distinguish details in an image from a
telescope. The higher the angular resolution, the more detail you get from the
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image. This term is used in optical, as well as radio astronomy, also cameras,
microscopes and even eyes. Astronomers typically measure sizes in terms of
an angle ‘θ’ as the distance to the object is not always available. ‘θ’ has no
units and is measured in either degrees or radians. The theoretical limit to
resolving power of a telescope is:

θ(radians) =
1.22λ

D
(2.3)

Where λ = is the wavelength and D = diameter of the dish.

2.3 Applications of Radio Astronomy

Radio telescopes can be used to make observations and images from the radio
emissions in the sky. Details on single dish instruments will be discussed in
section 2.5.1. Interferometers have their place in the field of radio astron-
omy, allowing for more angular detail to be observed than with an instrument
comprised of only one dish. Interferometers are also discussed in greater
detail in section 2.5.2. Radio waves are perfect to observe with ground-based
telescopes, as there is minimal interference from the Earth’s atmosphere. De-
velopments in technology in the future may allow for even higher resolution
observations from ground-based observatories in the optical and infrared com-
parable to radio waves today. Radio astronomy will always be an important
part of astronomy as a whole since it allows us to observe objects and phe-
nomena that do not radiate in other parts of the electromagnetic spectrum.
Especially since radio waves can pass through cosmic objects blocking the
view like galactic dust clouds.

2.4 Aperture Synthesis

Aperture synthesis or synthesis imaging is the mixing of signals frommultiple
antennas (interferometer arrays) resulting in an image with the same angular
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resolution as an antenna the size of the distance between the elements. For this
to be possible, both the amplitude and the phase need to be measured by each
of the instruments, and for radio astronomy, this can be done electronically.
Once the amplitude and phase have been accuratelymeasured, then an addition
of the Fourier components is needed (this is discussed in more detail in section
2.6) and finally, a point source will be presented as a point spread function on
a map. This makes the process similar to focusing a traditional telescope.

As discussed in the history section the earliest radio astronomy antennas
observed mainly metre wavelengths and had large areas. The beamwidths
were usually on the order of 1° or larger, meaning detections could be taken
over time with a stationary antenna, the source would just ‘move’ through it
and tracking the sidereal motion was unnecessary. When beams are smaller
and observations longer, precise sidereal tracking becomes essential, most
antennas these days are built with equatorial or altazimuth mounts (Thompson
et al., 2001).

As the need for antenna arrays became apparent, with the ever-increasing
need for higher resolution and sensitivity, the antenna arrays are built to be
able to measure a range of frequencies. As an example, centimetre wavelength
telescopes cover a few hundred megahertz to tens of gigahertz. To be able to
make all these different measurements, the antennas usually have a parabola
shape with individual receiver feeds for each receiving band.

2.5 Instrumentation

This section will describe the theory and practice of radio telescopes with a
technical perspective.

Radio astronomers use radio telescopes to measure the brightness tem-
perature of an object, taking into consideration black body radiation and
thermodynamics. To measure the signal strength coming from an object it can
be expressed using brightness temperature
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S =
kTa

Ae
, (2.4)

With:
S = The source’s brightness flux density
Ta = The antenna’s apparent brightness temperature (°K)
k = 1.38×1016 (erg/°K). Boltzmann’s constant.
Ae = The effective aperture of the antenna (m2)

2.5.1 Single Dish

Single dish radio telescopes are always comprised of a couple of things: a
mounted antenna, and some sort of receiver equipment to detect and interpret
the signals. The actual details of the individual dishes depend on the size of the
radiowave it is trying to detect. When detectingwaves that are extremely small
(i.e. millimetre waves) the dish needs to be made solid and extremely precise,
any fault or warp in these parabolas of the dish will scatter the signal, resulting
in lower resolution. When looking at larger wavelengths, the uniformity of the
dish’s surface can be less particular, they don’t even need to be solid. Some
telescopes will use a mesh surface as the holes in the surface are smaller than
the wavelength of the radio waves.

Once the light has hit the dish and has been reflected towards the focal
point it needs to be directed to the receiver. There is the option of hanging
the receiver at the focal point as some telescopes do (e.g. Arecibo) if this is
used then the signal is then fed through cables to the ground where it will be
recorded and can be analysed. The other option is to hang a secondary dish
at the prime focus to redirect the light to the very centre of the receiver (e.g
Green Bank Telescope).

As mentioned above often these dishes are mounted. The mount allows for
the dish to be rotated, enabling observations to track an object in the sky as the
Earth rotates. These mounts are typically computer-driven. For this to work
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the telescope must be steerable. Many individual dishes are, but some are
only partly steerable (e.g transit instruments) and some are entirely stationary
(Arecibo, FAST). These dishes have compromised their mobility to allow for
a substantial size of the collecting dish. This is because the larger a dish, the
higher resolution data you can collect, and the increase in sensitivity. The two
are related by the wavelength divided by the size of the antenna. To match, or
even contend with the resolution of some optical telescopes, you need a dish
that is kilometres across, this is where interferometer arrays will be used.

2.5.2 Interferometer Arrays

Individual dishes can be linked together to make a single signal, we call this
an interferometer. An interferometer’s size will not be measured by the size
of the individual dishes within the array, rather by the separation between the
individual dishes for calculations of resolution. Placing the dishes further
away from one another will allow you to resolve smaller objects in the field
of view. The signals received from each dish will need to be brought together
and correlated, making for a much more intensive reduction process than with
data collected from a single dish.

But how does this work? When two or more dishes are pointed at the same
object in the sky they receive the same signal, but with a slight time delay
(Figure 2.4). If the waves came in together with no time delay then they would
line up in phase; as there is a time delay we also get a phase shift. As the
Earth is rotating and the orientation of this two-element array rotates, thus it is
sensitive to structure in 2D rather than just a straight line. The time delay also
changes allowing us to understand some more of the structure of the object,
we call these differences phase delays. The longer the observations occur,
the more phase delays we can correlate, enhancing the angular resolution and
sampling of the image. We need to go above two elements to be sensitive to
more than a single angular scale. Once the time delays are removed the signals
do not completely match one another, we call these interference fringes.
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There is a correlator that will collect the data from the telescopes, process
it and then combine it. The signal from each dish will be combined with the
signal from each other dish separately, each combination is called a baseline.
The correlator has then created a huge number of ‘views’ of the same object
in the sky, expressed by

nb = (n2 − n)/2, (2.5)

where n is the number of antennas and nb is the number of baselines. To
get an idea of the scale of this, if an array has five dishes then there will be
10 different baselines or visibilities, but this number grows with a power-law
relationship, thus if you have 30 antennas, like the VLA or the GMRT then
you have 435 baselines. This makes for an in-depth view of a single object,
but it is still in only one snapshot in time. The longer the observation, the
more variation that will exist within the visibilities, resulting in a final image
with more accuracy.

2.6 Fourier Transform

The time delay is taken into account at this stage of the data collection. If each
antenna collects identical voltages (V(t)) from the source, one will receive the
signal earlier than the other at a specific time (τg = (D/c)sinθ) (Figure 2.4).
A time delay, with respect to the instrument (τi) is then applied to one of the
antennas so that the recognised time is τ = τg − τi, matching the other arm.
The values are determined by θ and D.

The correlator is made up of two parts, the multiplier and the integrator.
The latter adds the output from the former for a time of 2T seconds, this is
then recorded and reset, we label this a time constant of 2T . The output of
the correlator (r(τ)) has the dimensions of voltage squared. If the source is a
point source
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Figure 2.4: An interferometer with two antennas. D if the baseline between the
two dishes, and θ represents the source direction. This Figure also shows the
amplifiers that work for each dish before the signal is passed to the correlator.
It is just before this that the time delay is taken into account. Figure modified
from Thompson et al. (2001), p.53
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r(τ) = lim
T→∞

1
2T

∫ T

−T
V(t)V(t − τ)dt, (2.6)

The limit T → ∞ is required if, within 2T , a system expresses a large
variation in the amplitude of the signal.

The amplitude of the frequency spectrum from the cosmic signal can
be called the power spectrum, which is the Fourier transform of the serial
correlation of the received signal. This statement can be expressed as

| H(ν) |2=
∫ ∞

−∞

r(τ)e j2πντdτ, (2.7)

and

r(τ) =
∫ ∞

−∞

| H(ν) |2 e− j2πντdτ, (2.8)

like a Fourier Transform.
This is also called the Wiener-Khinchin relation. H(ν) is the voltage

response, therefore | H(ν) |2 is the power spectrum. τ, as above is the time
delay, meaning that the whole equation can be defined as the output of the
interferometer which is the Fourier transform of the power spectrum, as a
function of τ. This is bandlimited by the amplifiers. So far, this signal has
been considered to have a constant amplitude, H(ν) is entirely found by the
frequency response, also described as the characteristics of the passband of
the receiver.

2.6.1 The u, v-plane

In array systems, a pair of antennas (the ith and j th) will produce a baseline
vector, measured in wavelength. We define this as bi j,λ, which equates to
bi j/λ. From this we can find the ‘complex visibility’ Vi j

Vi j =

∫
A (σ)Iv(σ)e(i2πbi j,λ·σ)d2

Ω, (2.9)
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Where A is the effective antenna area, Iv is the intensity, d2Ω is the solid
angle, σ is a small vector which is normal to the reference position. More
detail on the origins of the cross-spectrum power density can be found in
Burke and Graham-Smith (1997), p.53.

The u, v-plane refers to a right-handed rectilinear coordinate system, with
components (u, v,w). u and v are the northern and eastern projections re-
spectfully and w can be defined as the unit vector, in the ‘up-down’ direction.
Meaning, this plane is perpendicular to the source direction. If a direction is
chosen as the phase tracking centre, s0, Equation 2.9 can express the corre-
lator response of an interferometer, in wavelengths (spatial frequency), thus
becoming

Vi j(s0, u, v) =
∫

4π
A (l,m)Iv(l,m)e(i2π(ul+vm+wn))d2

Ω, (2.10)

in this Equation, (l,m, n) are the direction cosines of s, in the uv-plane.
Therefore, (l,m) are the coordinates of σ and w =0 since it is perpendicular
to the direction of the tracking centre, s0. In the above Equation we also have
the solid angle, which in the uv-plane would be

d2
Ω =

dldm
√

1 − l2 − m2
, (2.11)

Including all this, the visibility in Equation 2.10 becomes

Vi j =

∫
4π

A (l,m)Iv(l,m)e(i2π(ul+vm)) dldm
√

1 − l2 − m2
, (2.12)

Which showsV(u, v) is a modified version of the source brightness, Fourier
transformed.

Vi j 

A (l,m)Iv(l,m)
√

1 − l2 − m2
, (2.13)

in radio interferometry is in a small angle form, this is because l and m

are small meaning
√

1 − l2 − m2 is close to one. Therefore, if we switch the
direction cosines with x and y in the small-angle approximation, we get
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V(u, v) ≈
∫

I(x, y)e(i2π(ux+vy))dxdy, (2.14)

V(u, v)
 I(x, y), (2.15)

This small-angle approximation is used in most observations with large
synthesis arrays, but they are approximations, thus Equations 2.14 and 2.15
should be used with caution, where antenna gain and delay-beam corrections
are not considered as they are thought negligible.

2.6.2 Filling the u, v-plane with the Earth’s Rotation

The technique of Earth rotation aperture synthesis was developed in the 1970s
to study more distant radio galaxies and quasars, as well as mapping gas
clouds in great detail and detecting faint sources. To do many of these things,
resolution of at least 1” was predicted to be necessary (Fomalont, 1973). To
get a resolution of this level from dish separation alone, will not work with a
small number of antennas unless the rotation of the Earth is used. This changes
the orientation of the array and the source being observed. Earth’s rotation
fills in the uv-plane and probes the structure of the object being observed in
two dimensions on the sky, which is what is required for a more detailed view
of a source.

The Very Large Array (VLA) is an example of a radio interferometer
with 27 antennas (there are 28, but one is in maintenance at any given time).
Figure 2.5 is an image of the VLA, taken from Google Earth, the antennas are
arranged in a ‘y’ shape, with the arms of the ‘y’ extending to 20km allowing
for a maximum baseline length of 35km to be achieved. The ‘y’ configuration
allows for coverage of the uv-plane as uniformly as possible, between the north
pole and declination δ= -30°.

As seen in Figure 2.6 the coverage of the uv-plane of a source at the zenith
provided by a short observation, thus making no use of Earth’s rotation, will
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Figure 2.5: A Google Earth view of the Karl Jansky Very Large Array, located
in Socorro, New Mexico. The VLA has 27 antennas in a ‘y’ shape.

62



Figure 2.6: a) The configuration of the VLA. b) The coverage of the uv-plane
for an observation of a source at the zenith, with the VLA . Figure from Joardar
et al. (2010).

still be more than adequate. A longer observation with the same type of in-
strument will provide fuller coverage of a tracked source, and the individual
points look more like arches as the Earth rotates. This is shown in Figure 2.7
with examples for sources at different declinations within the VLA’s observa-
tional range. We see that the UV coverage is altered by the source’s individual
location.

2.7 Using Radio Astronomy to Study Galaxies

Radio astronomy can be used to observe the emission from gas in galaxies
that can’t be seen through optical telescopes. This enables us to study other
factors of galaxy evolution beyond the starlight and dust.

2http://www.aoc.nrao.edu/ vlbacald/read.shtml
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Figure 2.7: Showing the coverage of the uv-plane for an observation of a
source, which has been tracked over a significant period of time, likely several
hours. a) Long track on a northern declination source. b) Long track on a
low declination source. c) Long track on an equatorial declination source, the
tracks are almost horizontal. d) Long track on a southern declination source.
Images from the NRAO2.
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Figure 2.8: A visual representation of the spin flip transition of neutral Hy-
drogen.

2.7.1 Radio Emitting Gas in Galaxies

There are many types of gas found in galaxies, but for this thesis, we primarily
focus on Hydrogen and its link to star-formation.

Atomic Hydrogen

Specifically for this thesis, I have been studying HI using interferometers. In
the following sections, I will discuss the details of HI and its uses in astronomy.

A Hydrogen atom, which consists of a single electron and a single proton,
will emit at a frequency of exactly 1420405751.7667±0.0009 Hz in free space
on the occurrence of a change in energy state. This is equivalent to a wave-
length of 21 cm. This change in energy state is called the Spin - Flip transition
and is detailed in Figure 2.8. It has a lifetime of ∼ 10 million years per atom.

We observe this in Radio Astronomy as hydrogen is the most abundant
element in the universe, accounting for around 75% of the atoms in the uni-
verse. The emitted HI radio waves can be ‘seen’ through things that would
block visible light, e.g.dust in other galaxies and our own. This was discussed
more thoroughly in Section 2.2.2 above. It is unsurprising that one would find
a lot of this gas within galaxies, due to this excess of it in the universe. When
this atomic hydrogen within a galaxy cools and condenses it forms molecular
hydrogen gas clouds, which collapse to form stars.
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Molecular Hydrogen

Based on the above section, we would expect the link between molecular
gas and recent star-formation to be more direct than that between atomic gas
and star-formation. But the rotational transitions of H2 are impossible to
observe so most observations of molecular gas must rely on carbon monoxide
(CO) as a tracer for H2. The reason we can use CO as a tracer is that
CO molecules are excited by H2 collisions, thus showing us where the H2

collisions are happening. The CO Legacy Database for the Galex Arecibo
SDSS Survey (COLD GASS) (Saintonge et al., 2011) is an example of a large
survey observing CO in galaxies. CO emits at mm wavelengths, the intention
to follow up the work from this thesis with CO observations will be discussed
further in Chapter 6.

2.8 The Distribution of HI in Galaxies

Gas is distributed unevenly around galaxies and the gas within the interstellar
medium (ISM) is thought to be a sum of five different components:

• Cold, dense molecular gas (T ≈ 20 K). This gas is typically found in
molecular clouds that are distributed around the galaxy, mostly found
along the spiral arms. They occupy a small fraction of the space on a
disc, but a non-proportionally larger fraction of the overall gas within
the ISM.

• Cold gas (T ≈ 100 K). This gas is found in the neutral, atomic form,
which is what this section will be focusing on. This gas is also found in
denser clouds, typically tracing the spiral arms. This gas typically has
one atom per cubic centimetre and the electron is in its ground state.

• Warm neutral gas (T ≈ 6 x 103 K). This gas can be found around the
colder clouds.
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• Warm ionised gas (T ≈ 8 x 103 K). Can be found around hot young
stars, especially in star-formation regions.

• Low density and hot gas (T ≈ 106 K). This gas is this hot due to being
excited by a supernova burst. While less dense, it takes up around 70%
of the space on the disc.

There is evidence to suggest that the gas in each of these 5 states are
in equilibrium while moving between the states. So hot gas can cool and
condense, while cold gas can be excited and heat up. As shown above, the
hotter material takes up most of the space/volume in the disc (around 70%)
but in less dense regions, whereas the remaining 30% is cold and densely
populated, containing most of the gas mass in the entire galaxy.

We use HI measurements to detect the cold dense clouds and their warm
gas envelopes. This is because the bulk of the gas in these regions emits
at 21cm, which is easily detected, and thus measurements of this kind exist
for almost every nearby galaxy. Other than neutral hydrogen and molecular
hydrogen, there exist other gasses in these clouds, some examples include
carbon monoxide (CO) and ammonia (NH3). These emit in the millimetre
range and thus can be detected as a tracer for the molecular clouds (Walmsley
and Ungerechts, 1983; Saintonge et al., 2011). Using a combination of these
measurements of the gas, along with optical observations we can get an in-
depth view of the majority of local galaxies.

An increase in star-formation rates correlates with the presence of extra
molecular gas column density. It has been suggested that the entire star-
formation rate for the main disc of a galaxy is not significantly enhanced
by the presence of spiral arms (Gusev et al., 2015). In the central parts
of spiral galaxies the HI gas density appears to be uncorrelated to the star-
formation rate, but in the outer, molecule poor regions, the two appear to be
significantly correlated (Bigiel et al., 2010). Understanding star-formation in
the internal structures of galaxies and the correlation with the abundance of
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atomic andmolecular gas is essential as it is in direct relevance to cosmological
simulations of galaxy evolution and formation.

This excess star-formation rate is mostly in proportion to the extra molecu-
lar gas column density there, without a significant change in the star-formation
rate per unit molecular gas mass. The total galactic star-formation rate in
the main disc is not significantly enhanced by the presence of spiral arms
(Elmegreen, 2011). This suggests the gas would have formed the same abun-
dance ofmolecular clouds evenwithout the arms. Outer disksmay be different.
They may have an excess of total star-formation if there are spiral arms there,
but this excess has not been observed yet. The difference between inner disks
and outer disks is that inner disks are highly molecular and star-formation
in the gas is virtually saturated. Outer discs are mostly atomic and without
star-formation, so triggering a higher rate of star-formation might be possible
with dynamical disturbances.

2.8.1 In Our Galaxy

Neutral hydrogen has been observed and mapped throughout the Milky Way
in great detail (van de Hulst et al., 1954; Westerhout, 1957; Oort et al., 1958;
Kerr, 1969; Weaver, 1970; Verschuur, 1973; Weaver, 1974; Burton, 1974;
Hartmann and Burton, 1997; Binney and Merrifield, 1998; Henderson et al.,
1982; Arnal et al., 2000; Nakanishi and Sofue, 2003; Bajaja et al., 2005;
Kalberla et al., 2005; Levine et al., 2006; Nakanishi and Sofue, 2016; Koo
et al., 2017). The original idea was to use 21cm observations in all directions,
to show the larger-scale features of the gas component of the Milky Way, this
was ideal to see if the gas also formed the spiral structure we believed the
Milky Way to exhibit in its stellar structure.

Initial observation of HI in the outer and inner parts of the Milky Way
provided the first comprehensive view of the gas content (Westerhout, 1957;
Schmidt, 1957). These papers assume that the HI is thinly distributed moving
in exact circular orbits through the galaxy, uniformly. This has been updated
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as models became more sophisticated.
A more recent map of the HI in the Milky Way can be seen in Figure

2.9 (Levine et al., 2006). Here we can see that the HI is denser in spiral-like
features along the gas disc, and not uniform throughout the galaxy.

2.8.2 In Other Galaxies

Radio and optical observations have shown us that many galaxies contain
gas and dust in their discs. This gas is shown to have been excited by hot,
young stars and detailed observations have helped to explain some of the more
intricate details of a galaxy’s evolution. Mapping an individual galaxy’s HI
distribution is possible through the synthesis imaging techniques outlined in
Section 2.4, which helps us observe the HI distributions in great detail.

Galaxies that typically have the amounts of gas required tend to be of the
spiral or irregular nature (Giovanardi et al., 1983). Lenticular or elliptical
galaxies have been shown to have dust, but mostly lack in gas - suggesting
there is a process before a galaxy reached elliptical stages, where it will shed
or use up its gas, either through accretion, or the gas has formed stars by the
time of observations. Studies have shown that some ellipticals contain trace
amounts of HI, enough to be detected (Grossi et al., 2009).

Occasionally, there have been observations showing low surface brightness
HI trails between galaxies. These trails, or ‘bridges’, are a likely result of
interaction between the neighbouring galaxies. A striking example of this is
the galaxy M81 and its companion (Figure 2.10). In the optical image (left),
we see these galaxies existing near one another, but looking at the HI map
(right) we see how intertwined they are, and they are currently going through
a major merger.
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Figure 2.9: This is a contour plot showing the density of HI in the Milky Way.
Coloured regions are more dense than the local median, grayscale regions are
less dense. The solid contour marks the line Π = 1.1. The values of Π for
the different contour levels are given by the colour bar. The missing data in a
cone shape of the plot is due to a lack of observations because of the location
with respect to the sun, in these regions the mapping procedure breaks down.
Plot from Levine et al. (2006)
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Figure 2.10: Left: Optical image of the M81 series of galaxies, Credit:
ESA/Hubble and Digitized Sky Survey 2. Acknowledgements: Davide De
Martin (ESA/Hubble). Right: A detailedHImap of theM81 series of galaxies,
Credit: Chynoweth et al., NRAO/AUI/NSF, Digital Sky Survey. It is clear
from the HI map that these galaxies are interacting with one another.

Spiral and Irregular Galaxies

There have been many studies into the link between gas content and star-
formation in spiral galaxies. Blue light from star-formation is brighter than
the red light of older stars, assuming star-formation follows the gas which is
compressed in a spiral density wave (Lin and Shu, 1964). This was the gener-
ally accepted theory in the earlier studies, but more recent work (Grand et al.,
2012) challenged this and claimed that spiral arms were material structures.
Simulations by D’Onghia et al. (2013) show support for this theory. There
is still an ongoing debate on the main formation mechanism (Peterken et al.,
2019), they suggest a global density wave would compress gas and form stars,
creating a quasi-stationary spiral pattern, but as time goes on, the young stars
would move away from the density wave peak at individual speeds dependant
on their relative position and wave.
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Lada et al. (1988) observed a HI envelope-CO core system in a spiral
arm in the galaxy M31, and in the Milky Way it has been observed that
CO clouds accumulate in the cores of HI clouds up to 107M� (Grabelsky
et al., 1987). These clouds have been observed in many other galaxies also.
The denseness of the spiral arms leads to gravitational instabilities and cloud
interaction, much more than in the inner regions of the galaxies (seen in NGC
5291 (Bournaud et al., 2007) and NGC 4650 (Karataeva et al., 2004), among
others). Using the Schmidt law (Schmidt, 1959)∑

SFR
∝ (

∑
gas
)n, (2.16)

with n = 1.4 ± 0.15 (Kennicutt, 1998b) we can find the relation between
the gas density and the star-formation rate in a given region. It shows the
star-formation rates in the inner regions to be much higher.

Within spiral and irregular galaxies we see some interesting details within
the HI maps. Unlike light distributions of many objects, including these
types of galaxies, the HI is typically not concentrated in the centre, neither
is it distributed smoothly or symmetrically throughout the galaxy, as seen in
Figure 2.11.

The HI mapped in NGC 6946 (Figure 2.11) shows the radius of the HI
exceeds that of the optical counterpart quite significantly. This is not atypical
for late-type and irregular galaxies (Hibbard and van Gorkom, 1996).

The HI distributions of late-type and irregular galaxies can have some
large scale asymmetric features. Typically these can be evident in irregular
galaxies, where the morphology has been severely distorted. It is thought that
these asymmetries are caused by tidal interactions. M81 (Figure 2.10) is an
extreme example of this, where interactions with other objects visible in the
image have influenced the distribution of the HI.

On a smaller scale, there is also variation in the HI distribution. Although
less likely to be a result of tidal interactions, observations have shown the
HI seems to break up into many smaller blobs, and those trace the spiral
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Figure 2.11: Left: colour composite of the Digitized Sky Survey plates of
galaxy NGC 6946. Right: deep (192 hours integration) HI map on the same
scale as the optical. Column densities range from 6 x 1019 cm−2 to 3.7 x
1021 cm−2 . The HI in the centre is seen in absorption against the bright core,
producing a black spot on the HI map. Image from Boomsma et al. (2008).

arms of the optical counterpart of the galaxy. The patchiness, or blobs, is
very commonly observed in late-type galaxies. It has also been observed that
low-mass objects, like the Magellanic Clouds, contain a much lower fraction
of these blobs, than massive galaxies, which might influence their irregular
appearance. These dense blobs depict star-forming regions, areas in a galaxy
where many new stars are being made (Schmidt, 1959; Kennicutt, 1998a;
Bigiel et al., 2008).

The other notable small scale variation in the HI mentioned above was
that it tends to trace spiral arms. Along with the blobs, spiral arms are known
for their star-forming qualities, where the gas and stars slow down in their
rotation around the galaxy due to the arms’ density wave structure (discussed
in Section 1.1.1).

Barred spiral galaxies are typically older, as discussed in Section 1.6.1 they
have been observed to reside in galaxies that are more massive and redder.
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Older galaxies usually have converted the majority of their gas into stars,
meaning that there is typically less gas in barred galaxies.

Early-Type Galaxies

Early-type galaxies have been observed to contain HI, but typically in lower
amounts than the spiral and irregular galaxies. Detailed mapping of these
elliptical galaxies has shown that the gas can be subject to the same dis-
morphia due to tidal interactions on a large scale, like the late-type galaxies.
Figure 2.12 shows 4 elliptical galaxies with their HI shown as contours over
their optical image. This evidently shows the HI mostly follows the shape of
the galaxy, with minor disruptions.

2.9 Previous studies into HI in Galaxies

HI within galaxies has been studied for many years, the first observations
of HI in an extragalactic source came from Kerr and Hindman (1953), with
observations of the Magellanic Clouds, showing that the HI gas content was
fairly equal in both the large and small Magellanic Clouds, meaning that their
gas to dust ratios were very different. This detection gave a numerical quantity
to the amount of HI in these two objects, but no detail on the morphology of
them; that technology would come later.

In the 1970s synthesis instruments such as the Very Large Array and
Westerbork were built and more in-depth HI mapping of galaxies began. With
these new instruments and the constant improvements to the current ones, the
importance of HI observations became apparent. Dark matter was discovered
in spiral galaxies by observing rotation curves (Freeman, 1970; Rubin et al.,
1980; Bosma, 1978, 1981a,b), the effects of tidal interactions was explicitly
shown (Eneev et al., 1973) and HI observations are a precise method to
determine the redshift of an object.
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Figure 2.12: Examples of some HI maps of nearby Elliptical galaxies. Their
HI map, taken with Arecibo, is displayed with the contours and their optical
image (from SDSS) is underlayed. Image from Grossi et al. (2009).
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2.9.1 Large HI Surveys

The HI Parkes All Sky Survey (HIPASS) used CSIRO’s 64-m Parkes Tele-
scope in Australia to observe HI (Meyer et al., 2004). The majority of the
data was collected between 1997 and 2002, finding over 5000 galaxies with a
HI detection in 71% of the sky. It was the first blind HI survey to cover the
entire southern sky. Some notable works using the data from HIPASS include
the leading arm of the Magellanic system (Putman et al., 1999), which is
likely due to the tidal interactions between the Milky Way and the Magellanic
system. Basilakos et al. (2007) found some detail in the large scale structure
of the HIPASS survey, showing that HI rich galaxies are typically found in
average and more over-dense regions of the sky and HI poor galaxies are found
in under-dense regions. A second survey, taken with the Lovell telescope at
Jodrell Bank accompanied HIPASS, called HIJASS was used to provide the
northern counterpart.
The Arecibo Legacy Fast ALFA Survey (ALFALFA) (Giovanelli et al.,
2005) has recently completed and managed to survey ∼7000 deg2 of the high
galactic latitude sky visible from Puerto Rico. This survey provided HI spec-
tral line observations with ∼ 5 km s−1 resolution, within the redshift range z
∼0.6 (-1600 km s−1to 18,000 km s−1). Some of the early results of this project
include cataloguing and analysing the HI content of early-type galaxies (di
Serego Alighieri et al., 2007), finding that they typically have a poor HI detec-
tion. Due to ALFALFA being a blind survey it allowed for an area of research,
searching for dark galaxies (Haynes, 2007) where their HI would be ‘visible’
to a radio telescope, but not seen using an optical telescope. Another example
of the HI science done with ALFALFA would be Fabello et al. (2011)’s work
on HI Content of the Host Galaxies of AGN, where they find AGN do not
influence the large-scale gas features of local galaxies, but they also find that
in redder galaxies the accretion rate and gas fraction correlate, but not in blue
galaxies. Larger statements have been made using ALFALFA, Maddox et al.
(2015) presents the relationship between MHiand M∗(see Figure 2.13), and
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Figure 2.13: MHivs M∗for the ALFALFA-SDSS galaxies, colour coded by
their dark matter halo spin parameter (Maddox et al., 2015).

shows what the gas fraction should look like for the entire population. As well
as studies on the HI properties of galaxies in general, ALFALFA has also been
used for many studies on individual galaxies or systems that fell in the region
of ALFALFA’s observations, like the Virgo Cluster (Kent et al., 2007), the
NGC4435/4438 system (Cortese et al., 2010), and NGC 4254 (Haynes et al.,
2007), to name a few.
The HI Nearby Galaxy Survey (THINGS) (Walter et al., 2008) is a survey
that used detailed observations from the VLA on 34 galaxies, to study the
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main characteristics of galaxy morphology. This study took over 500 hours
of dark time observations in B, C, and D array of the VLA. There have been
many results from this study, some include: how the star-formation efficiency
(SFE) varies against multiple factors (Leroy et al., 2008). They find that the
SFE declines exponentially with galactic radius but increases exponentially
with surface density. Bigiel et al. (2008) provides a comprehensive analysis
of the star-formation rate’s relationship with surface density and gas surface
density. Other results from THINGS include but are not limited to, detailed
dark matter distributions of dwarf galaxies (Oh et al., 2011), deep analysis
of the shapes of the HI velocity profiles (Ianjamasimanana et al., 2012), for
which they find evidence to place the molecular gas at the location of a narrow
Gaussian component. Figure 2.14 shows the HI total intensity (moment 0)
maps of the 34 observed galaxies.

As mentioned, this thesis is interested in the gaseous morphologies of
strongly barred galaxies, of the THINGS sample, one galaxy hosts a strong
bar, NGC 3351 (M95). This galaxy has a very clear hole in the centre of the
gas and dense regions tracing the spiral arms, this will be discussed further in
Chapter 4 along with the data collected in this PhD project.

2.9.2 Smaller Studies on HI in Galaxies

There has been extensive research into the amount and location of HI in the
Galactic disc. Many studies research this in individual sections of a galaxy, to
give us a more well-rounded picture.

As mentioned earlier in this Chapter there is a relationship between HI,
CO, star-formation and spiral arms. What has been observed is that the gas is
more compressed than the stars that flow through the density wave of the arms,
and since star-formation follows the gas, it makes sense that these star-forming
regions do not ‘pass through’ the arms like the stellar orbits. This makes the

3http://www.mpia.de/THINGS/THINGS_Poster_files/THINGS_Poster.pdf
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Figure 2.14: The 34 observed galaxies from THINGS, with the Milky Way’s
stars and HI in the centre for comparison. Poster from THINGS3.
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spiral arms often appear blue.
The link between gas and star-formation is explored in studies such as Gra-

belsky et al. (1987), where he showed that the CO clouds are surrounded by
envelopes of HI measuring ∼ 100M�. This was also supported by Elmegreen
and Elmegreen (1987), Lada et al. (1988) and Engargiola et al. (2003). From
this, we can infer that the densest molecular clouds are in the centre of giant
HI clouds along the spiral arms. These large clouds are likely formed gravita-
tionally, due to instabilities along the arms like the ones caused by dust lanes.
Foyle et al. (2010) showed that star-formation in the spiral arms is unlikely to
be triggered, by looking at the gas distributions. Rather, it is due to the gas
being concentrated into these dense regions.

Finally, Bigiel et al. (2008) and Leroy et al. (2008) show that there is little
difference in the relationship between CO and star-formation along the spiral
arms whether the galaxy has strong spiral arms or weak. The gas is not evenly
distributed along the arms, and often ‘HI bubbles’ or ‘HI holes’ can be found
along the arms (Brinks and Bajaja, 1986), these are thought to be due to the
rapid evolution of Type II supernovae.

Kreckel et al. (2012) looks at 60 galaxies of different classifications, ellip-
tical, edge-on and face-on spirals, and with synthesis data from Westerbork
telescope, finds that ∼ half of the HI rich galaxies show disturbed gas mor-
phology. Five are interacting with companions, four have some gas that is
not rotating with the regular rotation of the disc, five others are asymmetric,
while six have an uneven HI distribution, heavier on one side. Finally, eight
are lopsided kinematically, and three have evident warps. What this shows is
that there is a lot of differences in the morphology of the HI in galaxies.

In the central regions of galaxies, the morphology of the HI can be quite
different depending on other properties of the galaxy. In Kreckel et al. (2012)
many of the galaxies exhibited no disturbances in the HI in the centre. This
can be different in other galaxies, like barred galaxies (as mentioned in Section
1.6.1), the bar can be responsible for sweeping out the gas in the centre of the
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galaxy, creating the appearance of a HI hole in the centre, even in the galaxies
richest in HI. There are seldom detailed maps of the HI in the central regions
of barred galaxies. This hole can also appear in galaxies with a recently halted
AGN, as the black hole has absorbed the matter from the central region, and
nothing new is infalling.

In this Chapter, I have provided an Introduction to Radio Astronomical
Observations ofGalaxies, with a particular emphasis onHI observationswhich
have been the focus of this thesis. Along with Chapter 1, which provided
an Introduction to Galaxy Evolution, this Chapter includes the background
material for my thesis. In the next Chapter, I will describe the observations
and data reduction performed for this thesis, which are used in Chapters 4 and
5 to learn about the HI content, morphology and dynamics of strongly barred
galaxies.

81



Chapter 3

Observations and Data Reduction
of JVLA and GMRT data

This thesis focuses on the resolved HI, 21cm data collected for six strongly
barred and gas-rich galaxies, a sample named the HI Rich Barred (HIRB)
galaxies survey. These individual galaxies and their properties will be dis-
cussed in Chapters 4 and 5. In this Chapter, I will discuss the process from
collecting the data to producing the final images.

3.1 Synthesis Imaging Data Reduction

The concept behind synthesis imaging is that we need to produce an image
from the radio waves received by the interferometer. Image reconstruction
is the process of doing this by solving the linear system V = AI; V being
the visibility, A is the measurement operator and I is the sky brightness1.
For each baseline separation of the interferometer, one component of the
Fourier transform is output (each of these components has a unique fringe
spacing). When combined, this will show the spatial distribution of the

1More information at https://casa.nrao.edu/casadocs/casa-5.4.0/synthesis-
imaging/imaging-overview
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object’s brightness. This distribution is displayed as a map, thus showing a
visual representation of the radio data. Taylor et al. (2000) provided a detailed
review of the workings of synthesis imaging.

The fringe visibility provides the observer with details of the Fourier
transform of the sky brightness distribution. In a monochromatic system, the
fringes would have the same amplitude all over the sky. The fringe spacing
depends on the wavelength, which means at large angles the fringes can
interfere with one another. This means the availability to observe sources
lies mainly in a smaller region overhead of the antennas. The size of the
interferometer needed also relies on this; typically short baselines are sensitive
to larger angular scale structure and long baselines are needed to detect smaller-
scale structures.

3.1.1 Calibrators

As well as observing the target source (in our data a galaxy); we also need to
observe a flux and a phase calibrator at regular intervals. Observing calibrators
allows us to correct for effects that may disrupt the scientific outcome. Exam-
ples of these effects are local temporary conditions like a mobile phone signal;
or something more systemic, like a faulty antenna. The flux calibrator is used
to measure the shape of the bandpass that is the result from the interferometer;
this allows us to remove that bandpass shape from the observations. We also
use the flux calibrator to provide us with the absolute flux scale, this allows
us to accurately estimate the brightness of the target source compared to the
known brightness of the flux calibrator. The number, length and placement
of these calibration intervals is often left up to the observer or the telescope
staff, but typically there is one calibration for the flux density, broken up into
at least two scans (beginning and end), this is because there is no alternative
if it gets corrupted, rendering the data useless.

The flux scale is also linked to the phase calibrator, also known as the com-
plex gain calibrator. This calibrator allows us to correct for small differences
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in gain that occur at different times as the observation takes place. This is
needed for us to consider anything that would cause these differences in phase,
like changes in the ionosphere or instrumental faults. Amplitude and phase
have different norms based on the type of observations. Higher frequencies
need frequent calibration, whereas lower frequencies do not. Ideally, the cho-
sen calibrator for this needs to be located near the source object, as identical
atmospheric conditions are assumed.

3.1.2 Flagging and Corrections

Once the data have been collected, the first steps is to flag and correct the
calibrators - this allows for the data from these to be pristine for calibrating the
source data. This is the most time-consuming part of the reduction process.
At this time one looks too see if there are any underlying issues with specific
baseline, antenna, times and more which will affect the data collected on the
target source.

Flagging is an important part of the data reduction process as it allows us
to remove any RFI, bad antennas or any other thing that is interfering with
the data. It is important not to over flag; there is a risk of removing actual
emission from the data if it is mistaken for something else. When something
is flagged, the data is not deleted, it is stored but not used for the calibrations.

Once the flux and phase calibrators have been flagged and corrected then
the source galaxy is also flagged, in this data anything found in the calibrator
data to be an issue will also be flagged here; i.e. bad antenna, baselines,
times, etc. There may be individual areas that need to be flagged in this data
that didn’t exist in the data for the calibrators, typically short term RFI like a
mobile phone or satellite, these issues can typically be flagged as times, and
sometimes, if the RFI is local to the ground it will have only have affected a
few of the baselines.
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3.1.3 Self-Calibrating the data

Once everything has been flagged, the source is calibrated against itself, if there
is enough signal to noise (S/N). This improves the final image by reducing the
rms, and occasionally the effective sensitivity improvement may be as large as
a factor of 2. Self-calibration uses the source to better calibrate the antenna-
based complex gains with respect to time. We can also apply self-calibration
after the solutions from the bandpass and gain calibration have been applied.

The stages of self-calibration can be seen in Figure 3.1. We start by
cleaning and calibrating the phase only; if the rms decreases enough to be
considered close to the theoretical thermal noise then we can stop here, if
not continue until the rms is low enough. To decide if we will continue with
self-calibration, we examine the ratio of noise or the percentage improvement
between each iteration; if it is no longer decreasing but still above the theo-
retical thermal noise, then we clean and calibrate the phase and amplitude,
repeating until the rms is low enough. If it stops decreasing again before it is
low enough, this is as far as we can go with Self-calibration.
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Figure 3.1: Flow chart describing the various stages of Self-calibration in order.
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3.1.4 Dirty and Cleaning Images

Filling the uv-plane and the basicworkings and requirements for an interferom-
eter to work was described in Chapter 2. The dream is that an interferometer,
using its multiple dishes and the rotation of the Earth, measures visibilities
that cover the entire uv-plane, meaning that taking a Fourier transform would
leave us with a filled, ideal image. More realistically, arrays leave gaps in
the uv-plane, leaving us with a ‘dirty’ image. This means our point spread
function has too many artefacts. This can be defined as

ID(x, y) = I(x, y)~ B(x, y), (3.1)

or, the Dirty Image = The true flux density image convolved with the
Dirty Beam. Visibly, a dirty beam may look like a few concentric circles and
parallel lines, if the target is only one point source, but if the field has several
unresolved sources then the image will be complicated at this stage. The dirty
image is the emission from the sky convolved with the dirty beam. Tasks like
CLEAN have been developed to recover the best representation of the true flux
density. This locates the bright points (real emission) and subtracting a scaled
version of the dirty beam from here. This is then repeated until the map is
clearer.

3.1.5 Imaging Stages

Imaging is the final step in data processing.

Smoothing

Smoothing is also done to reduce the noise in an image. This involves a
Fourier-based convolution to ‘smooth’ the direction plane of the image. Most
data reduction software has a built-in command that does this. Some channel
averaging can be done using the task SPILT or SPLAT in AIPS. ‘Tapering’ is a

87



form of smoothing done whilst cleaning by choosing different robust param-
eters. The goal of smoothing is to balance the surface brightness sensitivity
with the resolution. The sensitivity comes from the shorter baselines and the
resolution comes from the longer baselines.

Moment Maps

At this stage, we create the moment maps. For spectral line data, like the data
we use for this project, the imaging process will produce an image cube, with
a frequency channel axis, a velocity channel axis as well as the two axes for
the sky coordinates. From this, we can make the moment maps, by extracting
the value k for either the frequency or velocity value in each pixel, i, (xi, yi).
A moment 0 map shows the amount of gas at each pixel (the column density)
and moment 1 shows the velocity field.

Specifically for this project, we used the source finder, SoFiA, the Source
Finding Application (Serra et al., 2015), to create the moment maps. SoFiA
is a HI source finding pipeline which finds and parametrises galaxies within
a HI data cube. It consists of a graphical interface but can be used from the
command line. The software is designed to be used with any spectral line
data from any telescope, but specifically with future HI surveys in mind, for
example, ASKAP (WALLABY (Koribalski, 2012), DINGO2) and APERTIF
(Oosterloo et al., 2009). SoFiA allows one to search for emission and detect 3D
sources, consider noise levels and variations, accounting for artefacts, estimate
the reliability of detections, use known 3D coordinates to look for signal, and
more (Serra et al., 2015). More specific information about the use of SoFiA
in this project can be found in Section 3.2.3.

2https://dingo-survey.org/survey-design/
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Masks

The moment maps created will also include anything in the background of the
image, and any noticeable noise. To get a clear image of the target source we
can mask everything around it, so the final image only shows the source. Then
create the moment maps with the mask applied.

3.2 Our Resolved HI Data

The data collected and used for this PhD project came from the Karl Jansky
Very Large Array (VLA) (Project ID: 13B-142) and the Giant Metrewave
Radio Telescope (GMRT) (Project IDs: 29_031 and 31_117). These are radio
interferometers and how they work was discussed earlier in Chapter 2. Our HI
observations were designed to resolve the optical bar at the centre of the galaxy
in addition to the rest of the disk. However, the scarcity of gas-rich, strongly
barred galaxies meant that the majority of our targets are at relatively large
distances (0.022 < z < 0.046) compared to typical HI interferometric targets
(z < 0.02). The small beam required to resolve the centres of these galaxies
necessitated observing with the B-configuration of the VLAwith its maximum
baseline of 10 km. The GMRT is comprised of 30 antennas similarly arranged
in a fixed “Y”-configuration with a maximum baseline of 25km but also has 14
antennas concentrated within 1 km. The combination of long baselines with
a compact core means that the performance of the GMRT is often compared
to the VLA in B-configuration. In balancing resolution with column density
sensitivity, our Galaxies were challenging targets to observe. In this Section
we describe our observing, imaging, and source finding strategies. Table 3.2
summarises the properties of the final data cubes for all six galaxies3.

3There was a seventh galaxy observed, whose data was not fully imaged. Explained in
section 3.2.2

4The data for this galaxy is not included in the analysis in this project. Details can be
found in Section 3.2.2.
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Table 3.1: Details used for the observation of the HIRB galaxies.

Galaxy Project Time on Source Flux Phase Instrument
Name ID (hrs) Calibrator Calibrator
(1) (2) (3) (4) (5) (6)

UGC 4109 13B-142 11.091 3C138 0745+1011 VLA
UGC 9362 29_031 15.802 3C286 1445+099 GMRT
UGC 9244 31_117 16.097 3C286 1445+099 GMRT
UGC 6871 13B-142 9.557 3C286 1120+1420 VLA
UGC 7383 13B-142 9.574 3C286 1254+1141 VLA
UGC 8408 31_117 15.304 3C286 1347+122 GMRT
UGC 58304 13B-142 9.399 3C286 1111+1955 VLA
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Table 3.2: Properties of the HIRB galaxy final data cubes. Columns are (1) Galaxy Name,(2) The spatial resolution of
the final image, (3) Robustness, (4) The rms of the final image, (5) The resolution of the restoring clean beam, (6) HI
column density, (7) The observatory which collected the data.

Galaxy Spectral Resolution Robustness rms Resolution HI Column Density Instrument
Name (km s−1) (Weighting) (Jy beam−1 chan−1) (arcsec) atoms cm−2 km s−1

(1) (2) (3) (4) (5) (6) (7)
UGC 4109 19.8 natural 1.8 × 10−04 8.9 × 5.1 1.1 × 1020 VLA
UGC 9362 31.9 natural 8.0 × 10−05 7.3 × 4.8 1.0 × 1020 GMRT
UGC 9244 27.5 natural 2.3 × 10−04 7.8 × 5.3 2.3 × 1020 GMRT
UGC 6871 19.8 natural 3.1 × 10−04 5.9 × 4.8 3.0 × 1020 VLA

" " smoothed 5.5 × 10−04 10.1 × 8.2 1.8 × 1020 "
UGC 7383 9.9 natural 3.9 × 10−04 10.9 × 5.1 8.5 × 1019 VLA
UGC 8408 27.5 natural 2.1 × 10−04 9.6 × 4.8 1.8 × 1020 GMRT
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3.2.1 GMRT Observations and Data Reduction

I observed UGC 9244, UGC 9362, UGC 8408 with the GMRT for 22-24
hours each including calibration, with a total of approximately 15-16 hours on
the source. The observations took place in February-March 2016 (PI: Kelley
Hess) and February 2017 (PI: Lucy Newnham), while the galaxies were up
at night to avoid solar interference and to minimise the incidence of other
ground-based radio frequency interference. We observed using the GMRT’s
spectral zoom mode with 256 channels across 4 MHz bandwidth centred on
the ALFALFA HI redshift of the galaxy. This provided 3.3 km s−1 spectral
resolution over approximately 800 km s−1. Unfortunately, due to noise at the
edges of the sideband, less of the band was usable. In the worst case, combined
with RFI, the final cube covered 460 km s−1, which fortunately included the
galaxy and a few channels for continuum subtraction.

For each of the galaxies a flux and phase calibrator needed to be selected.
The NRAO has a published list of nearby objects that are suitable for being flux
calibrators5, and we used this to select the flux calibrator for each galaxy. The
one we chose depended solely on the location; the closer it was to the source
galaxy saved time on the movement of the telescope between scans. The
phase calibrator is a source chosen nearby to the observed source and is used
for estimating and correcting for ground-based interference and atmospheric
opacity, enabling good amplitude gain calibration. This is also the only way
to take small interference like clouds into consideration. Table 3.1 lists the
flux and phase calibrators used for each of the three galaxies observed with
the GMRT.

Methodology

Each galaxy was observed over three separate occasions. This was due to
scheduling on the GMRT. Each data set refers to one of the three observations

5https://science.lbo.us/facilities/vla/observing/callist

92



of that galaxy and needed to be reduced individually before being combined
with the other data sets. The combined data would then be imaged.

The data were calibrated in the standard way using AIPS (version number
31DEC156) while on-site at the GMRT. Below are the commands and process
of reduction outlined and described. Not all of the available parameters are
described, only the ones changed from the default. An extensive description
of the tasks available in AIPS are available in the AIPS Cookbook7. CASA
was also used to view the data at various stages of the reduction, as well as for
the majority of the imaging stages for all six HIRB galaxies.

1. FITLD: loads the data set from the disc onto the AIPS software.

2. INDXR: this command creates an index table (NX) for the data set. If
there is no calibration table (CL) available - which there was not for the
data collected in this case - then INDXR also creates a null one. The
NX table is used to record times in the UV data, and to define scan
boundaries between the phase and flux calibrators, and the source.

3. LISTR: displays the UV data as an aid to evaluating the available data.
I used this with the command OPTYPE = SCAN, meaning each of the
individual scans would be shown. From this I could see the first and last
scans were of the flux calibrator, lasting ∼15 minutes each. In between
these were alternating scans of the phase calibrator (∼5 minutes) and
the source galaxy(∼30 minutes).

4. QUACK: this task will flag and remove a selected region of each scan in
the UV data. I removed 0.25 minutes (15 seconds) from the beginning
and end of each scan. This was to remove anything that might influence
the data as the dishes were settling into the new scan and/or preparing
to move to the next scan.

6Find information about AIPS at http://www.aips.nrao.edu/index.shtml
7http://www.aips.nrao.edu/cook.html

93



5. TVFLG: allows us to visualise the data and flag and remove any extremely
high or low points (interference). We could flag individual visibilities,
which appeared as pixels in this view, or baselines, or entire dishes. At
this point in the reduction we used TVFLG with the input SOURCES =

“Flux Calibrator”, as to only view whichever flux calibrator used for
these observations. Here we also select an antenna which appears to be
reading signal adequately (not too high or too low) to be the reference
antenna (REFANT) for the rest of the reduction of this data set.

6. UVFLG: used to flag entire antenna. Flagging the flux calibrator scans
only allowed us to see if any of the dishes individually were not giving
an accurate reading during our observations, allowing us to flag them
in UVFLG in the rest of the scans of the phase calibrator and the source
galaxy, saving time when it came to flag those scans.

7. SETJY: this task will enter the source information into the source table
(SU). As mentioned earlier, NRAO have a list of calibrators and we use
SETJY to load the known brightness of the chosen flux calibrator into
the data. We use the parameter OPTYPE = CALC meaning SETJY will
calculate the expected flux density of the flux calibrator selected for
these observations.

8. CALRD: this task reads the flux calibrator’s FITS image file. We select
the observed band for this task to run and create a model. One parameter
was used, BAND = L.

9. CALIB: was used to determine the calibration that was needed to be
applied to the UV data, using the model created previously with CALRD.
Right now this command is run with the following parameters:

• CALSOUR = “flux calibrator”

• ICHANSEL = the middle channel

94



• REFANT = chosen reference antenna

• SOLINT = 2. The solution interval of ‘2’ minutes

• APARM(1) = 6. 6 = the number of available antenna /2.

10. SNPLT: plots the content of the SN, TY, PC, or CL file. For this part
we selected the ‘SN’ file to be plotted, which shows the content of the
solution table (SN). This was done with the parameter OPTYPE = AMP,
where we checked for any outliers. This task was then re-run with
OPTYPE = PHAS.

11. CLCAL: this manages the SN and CL calibration tables, by applying the
solutions from any number of SN tables to the CL table, and writes this
out as a new CL table. The following parameters were used:

• INTERPOL = SELF - linear vector interpolation with SN entries
from that source, in this case, the flux calibrator.

• GAINVER = 1. The version number of the input gain

• GAINUSE = 2. The version number of the gain

• REFANT = reference antenna chosen earlier.

12. UVPLT: plots the data from the UV data set for the flux calibrator, with
the current flags and calibration applied. Here we should not see any
outliers. If it looked like there were outliers, I went back and flagged
more and then recalibrated.

13. BPASS: creates a bandpass table (BP). The BP table is a correction file
that is applied to spectral line format data to correct the frequency-
dependent part of the gains. Parameters:

• CALSOUR = “flux calibrator”

• DOCALIB = 1. The selected data here will be calibrated before the
BPASS task determines any bandpass response functions.
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• GAINUSE = 2

• SOLINT = 2

• REFANT = chosen reference antenna

• BPASSPRM(5) = 1. This parameter divides by channel ‘0’. Set-
ting BPASSPRM(5) = 1 does no division by channel ‘0’ at each
time.

• ICHANSEL = middle channel

14. POSSM: this created a plot extension file (PL). This file contains the
information needed to plot the BP spectra generated by BPASS. If there
are any spikes then more flagging is needed.

15. SPLAT: this task is used to split or assemble the sources in a multi source
file (can also be used for a single source file, but right now we are using
it for all three of the flux calibrator, phase calibrator and the source
galaxy). Parameters:

• BCHAN = The lowest channel number, chose a small fraction away
from the start.

• ECHAN = The highest channel number, chose the same amount
away from the end as BCHAN

• DOBAND = 2 Applies the bandpass calibration with the second
method. This method is to apply the bandpass spectra nearest in
time to the UV data point. This is used to correct the data.

• BPVER = 1 The bandpass table version. At this point we should
only have one.

16. CALIB: this time CALIB is run on the new SPLAT file, as are all tasks
from this point forward until otherwise stated. Once this is run, the
output should provide mainly good solutions, if there are a significant
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number of failed solutions or bad solutions then there is an issue with
the calibration. CALIB also provides an average rms with errors. Input
parameters:

• CALSOUR = “flux calibrator”

• REFANT = chosen reference antenna

• SOLINT = 2

• Also using the model created with CALRD above.

17. CALIB: now the same task is run, but on the phase calibrator. In this
case we still do not want too many failed or bad solutions, but if there
are some, it is not too big of a deal as there will be a chance to flag these
in TVFLG later on. The parameters are similar:

• CALSOUR = “phase calibrator”

• REFANT = chosen reference antenna

• SOLINT = 1. Having a smaller interval here will provide more
solutions.

18. SNPLT: now, SNPLTwill be run on the phase calibrator. Likewith the flux
calibrator, SNPLT is run with the parameter OPTYPE = AMP, checking
for outliers. And re-run with OPTYPE = PHAS. Any high points are now
noted, ready to be thoroughly checked in a flagging stage later.

19. CLCAL: this can now be run on both the flux and phase calibrators
together. Parameters:

• SOURCES = ‘flux calibrator’ ‘phase calibrator’

• CALSOUR = ‘flux calibrator’ ‘phase calibrator’

• INTERPOL = SELF

• GAINVER = 1
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• GAINUSE = 2

• REFANT = chosen reference antenna.

20. TVFLG: flagging the phase calibrator in the same way the flux calibrator
was flagged earlier. The noted high points from SNPLT can be flagged
here. Parameters:

• SOURCES = “phase calibrator”

• DOCALIB = 1

• GAINUSE = 2

21. CLCAL: now is the time to calibrate the source galaxy against the flux
and phase calibrators.

• SOURCES = ‘source galaxy’

• CALSOUR = ‘flux calibrator’ ‘phase calibrator’

• INTERPOL = 2PT. Linear vector interpolationwith no SN smooth-
ing

• GAINVER = 1

• GAINUSE = 2

22. GETJY: this task is used to determine the flux densities of sources from
the SN table, entering the results into the SU table. It also corrects the
amplitudes of the solutions already in the SN tables from CALIB. This
can only be run if SETJY and CALIB have been run on the flux calibrator.
If the model is also entered manually then SETJY and CALIB need to be
run on that too. In my case this is not needed as the model is from the
VLA calibrator list.

• SOURCES = “phase calibrator”

• CALSOUR = “flux calibrator”
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23. SPLAT: now we do splat again, but this time it is to separate out the
source galaxy from the flux and phase calibrators.

• SOURCES = “source galaxy”

• DOCALIB = 1

• GAINUSE = 2

• APARM(1) = 3. Average each CHANNEL channels.

• CHANNEL = 2. Number of channels to average, only used if
APARM(1) = 3.

• CHINC = 0. The increment in input channels for output. If 0→
CHANNEL (again only if APARM(1) = 3).

• SOLINT = 1

24. TVFLG: here we run TVFLG on the source galaxy. From here on out
we use the second SPLAT file created, with just the scans of the source
galaxy in it. It follows the same procedure as we used for the flux and
phase calibrators.

25. It is at this point that we would try self calibration. Self calibration is
usually performed to improve the imaging. The idea is to improve the
calibration by using a model of the source. Some of the data sets for my
sample had some self-calibration, but some of them had a low enough
rms, or one that didn’t decrease when self calibration was applied, so the
self calibration was disregarded. The individual steps to self calibration
are as follows:

(a) IMAGR: this task is used to visualise the data and will be used many
time throughout the reduction process. This will produce two files,
IBM001 and ICL001. Parameters for self calibration:

• SOURCES = “source galaxy”
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• BCHAN = 1. The beginning frequency channel number.

• ECHAN = 0. The ending frequency channel number.

• CHANNEL = 0. The restart spectral channel.

• NCHAV = . The number of channels to average together. In
this case, the total number of channels in the splat file.

• CELLSIZE = 2.1 2.1. (X,Y) the size of the grid in arcsec.
This size was suitable for the entire HIRB sample.

• IMSIZE = 1023 1023. Minimum image size.

• ROBUST = 5. 5 = Natural weighting.

• NITER = 5000. Maximum number of iterations in cleaning.

(b) IMSTAT: this allows us to look at the statistics of an image. Here
we find the rms of the ICL001 file.

(c) CALIB: Using the ICL001 file outputted from the previous IMAGR
as the second input. Parameters:

• CALSOUR = “source galaxy”

• REFANT = chosen reference antenna

• SOLINT = 1

• APARM(4) = 1

• SOLTYPE = L1R. The least squares solution type used in cal-
ibration routines. L1R = L1 solution

• SOLMODE = P. The solution mode for a calibration solution.
P = Phase only.

• DOAPPLY = 1. Write the output and apply it to the data.

(d) SPLAT: this is used with the latest SPLAT file as the input file.

(e) IMAGR: the same inputs as point a), but with the SPLAT file created
in step d) as the input file.

(f) IMSTAT: get the rms from the new ICL001file created from running
IMAGR in step e).
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(g) Compare the rms from point b) and point f). f) should be lower,
which shows the self calibration is working.

(h) Repeat steps a) to f) using the latest files until the rms stops de-
creasing.

26. PUTHEAD: this task allows us to edit the parameters of the image header.
I used it here to set the rest frequency of the data set to the Hz value of
HI.

27. All points up to here were performed on each data set for any of the
given galaxies, before continuing.

28. DBCON: used to combine multiple sets of data. Once all of the above
steps were completed, I used DBCON to combine the three data sets for
each galaxy.

29. SETJY: run with the combined file from all three data sets from DBCON.
This is the file I input from this point onwards, unless otherwise stated.

30. TVFLG: Although the source galaxy has already been flagged when
the data sets were still seperate from one another, here we can see if
there are any other regions to be flagged while looking at all three sets
simultaniously.

31. UVLIN: this fits and removes the continuum visibility, it can also be used
to flag, but that is not what I used it for. If the data set has been self
calibrated, I used the latest SPLAT file, else used the second SPLAT file.
Parameters:

• SOURCES = “source galaxy”

• DOCONT = -1. 1 = True, -1 = False. Whether or not to do a
contour map.
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• ICHANSEL = . A list of start and stop channel numbers plus an
increment and IF number to be used. More than one group of four
numbers can be given. I used the channels that emission from the
galaxy is not expected to be seen in, so from 0 to x, and y to the
last channel. for both the increment = 1 and the IF number = 0.

32. IMAGR: We need a dirty (not yet cleaned) image for statistical reasons.
Parameters:

• SOURCES = “source galaxy”

• BCHAN = somewhere in the middle

• ECHAN = around 9 or 12 larger than BCHAN (needs to be a multiple
of NCHAV).

• NCHAV = 3. Averages 3 channels together.

• CHINC = 3. Increment of 3 channels.

• CELLSIZE = 2 2

• IMSIZE = 512 512

• ROBUST = 5. Natural Weighting

33. IMSTAT: The input file here is the dirty image (ICL001) created from
running IMAGR on the UVLIN file on the combined data set. I need the
rms from IMSTAT for later use.

34. SPLAT: I use SPLAT here to average some of the channels together.
Parameters:

• SOURCES = “source galaxy”

• APARM(1) = 3. Averages CHANNEL channels

• CHANNEL = 4. Averages 4 channels.

• CHINC = 4. Increment of 4.
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35. IMAGR: Using the SPLAT file created in the previous step as the input file.
We are using this to box the galaxy, and other objects that are in the field
of view. This is part of the cleaning process, letting AIPS know what is
real emission or not. This will also produce an IIM001 file, where we
can get an rms through IMSTAT.

• SOURCES = “source galaxy”

• CELLSIZE = 2 2

• IMSIZE = 512 512

• ROBUST = 5. Natural Weighting.

• FLUX = 2 × the rms found from IMSTAT.

• IMAGRPRM(10) = 2. This doubles the size of the beam as to make
sure we get all of the emission in the image.

• IM2PARM(7) = 1. Resets the boxes for each channel.

36. FITTP: this task writes a file out of AIPS to the disk. The file can be
UV data or a map, and the output will be in FITS format. Here we use
this to write out the IIM001 file outputted from the previous IMAGR.

37. Opening CASA now, and using the Viewer tool to examine each channel
of the data by eye. Working out which channels the galaxy is present in
(and a couple of extra on each side in case there is some faint emission).

38. Back in AIPS, IMAGR: we can clean the image now, making the boxes
around the real emission tight, for a more precise clean. Parameters:

• SOURCES = “source galaxy”

• BCHAN = the first channel within the range found from Viewer in
CASA.

• ECHAN = the last channel

• CELLSIZE = 2 2
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• IMSIZE = 512 512

• ROBUST = 5

• NITER = 1000

• OBOXFILE = a file name to be created with the data of the boxes.

• FLUX = 1 × rms from the latest IIM001 file.

• IMAGRPRM(10) = 2

• IM2PARM(7) = 1.

39. FITTP: write out the cleaned map from the previous step (ICL001).

40. In CASA again, using the task Importfits to convert our image from
a FITS file into a CASA image (measurement set - MS).

41. Imsmooth: smoothes an image. The MS created is the input file. This
will output a smoothed file (FILENAME.imsmooth). Parameters:

• Kernel = gauss. The type of Kernel to use.

• Major = 2 ×Major axis. Found in the image header.

• Minor = 2 ×Minor axis. Found in the image header.

• PA = Position angle. Found in the image header.

42. Viewer: looking at the rms in each channel (in a random section that is
not covering the galaxy. Find an average value.

43. Immoments: this task computes moments from an image. With the pa-
rameters, moments = [0] and mask = FILENAME.imsmooth. Output
will be a .mom0 file.

44. im.drawmask: this is a tool to allow us to draw a mask for each channel.
We input the MS as the file and create a name for the outputted mask
(FILENAME.mask). The mask is binary, the area where the emission
is will be ‘0’ and without emission will be ‘1’.
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45. Immath: performs mathematical operations on images. We use this first
to find the pixels in the smoothed image that are present with the mask.
This will output a new image. Parameters:

• imagename = ‘FILENAME.imsmooth’ ‘FILENAME.mask’. This
is a list of input images.

• mode = ‘evalexpr’. This is the mode for the math operation.
‘evalexpr’ evaluates amathematical expression defined in ‘expr’.

• expr = ‘iif(IM1==1,IM0,0)’. This is the mathematical ex-
pression to be evaluated. Here we are saying if the mask (IM1)
is equal to 1, then the smoothed image (IM0) is clipped, for each
pixel individually.

46. Immath: this second iteration of Immath allows us to find any signal
above a specified value. I chose 2 × the average rms value determined
from the latest run of Viewer. The output will be the final image.
Parameters:

• imagename = ‘new image’ ‘FILENAME.imsmooth’.

• mode = ‘evalexpr’.

• expr = ‘iif(IM1>2*rms,IM0,0)’.

47. Immoments: now we create the moment 0 and 1 maps. Parameters:

• imagename = the final image created by Immath in the previous
stage.

• moments = [0,1]

3.2.2 VLA Observations and Data Reduction

UGC 5830, UGC 4109, UGC 6871, and UGC 7383 were observed with the
VLA in B-configuration between November 2013 - January 2014 (Project
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ID: 13B-142), before the start of this PhD project. Each observation was
centred on the HI systemic velocity of the galaxy measured by ALFALFA.
The bandwidth spanned 8 MHz divided into 512 channels, resulting in a
3.3 km s−1 resolution over approximately 1700 km s−1. Each galaxy was
observed for 6x2 hours, including calibration, resulting in a total of 10 hours
on-source. The data were calibrated and imaged using standard methods in
Common Astronomy Software Applications (CASA; McMullin et al. 2007).
The final images were made with natural weighting to provide the best column
density sensitivity.

Each 2-hour observing sessionwas imaged individually to inspect the qual-
ity of the data before combining all sessions. However, UGC 7383 required
special attention. Although all of the individual sessions were images and
achieved the expected rms, σ; for unknown reasons the CASA clean task was
unable to properly combine the first session with the remaining five. Instead,
the first session was imaged individually and the last five sessions together,
then the two resultign cubes were combined in the image plane, weighting
them by 1/σ2 to create a final dirty (not yet cleaned) image cube of the full
10 hours. The same weighting combination procedure was performed on the
synthesized dirty beam cubes. To clean the dirty image cubes, the data was
imported to the Astronomical Image Processing System (AIPS; Greisen 2003)
and cleaned the channels individually using the AIPS task APCLN.

For UGC 5830, after imaging it was noticed that a > 0.3 Jy source lay
at the half power point of the primary beam, causing significant difficulties
for imaging and continuum subtraction. Self-calibration was attempted on
the field, and to subtract the continuum with several higher-order polynomi-
als, but could not completely remove the interfering continuum source. It
was concluded that “third generation” calibration techniques–which include
direction-dependent gain calibration–would be required, but given the faint-
ness of the HI profile from ALFALFA (UGC 5830 has the second-highest
redshift in our sample), the time and effort to make a reliable HI map out-
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weighed the benefits, with regards to the timescale of this PhD. In the rest of
the work for this thesis, UCG 5830 is excluded from the analysis.

3.2.3 Creating the Images

Individual Galaxy Reductions

As mentioned in Section 3.1.5, imaging is the final stage in data processing.
For these purposes the data was spectrally averaged as little as possible to
be able to detect reliable signal in individual channels, while still resolving
the motion of the gas in the disk. The galaxies were imaged with natural
weighting to provide the best column density sensitivity as possible given
the long baselines. Also, UGC 9362 benefited from self-calibration in AIPS
which reduced the noise in the final image by approximately 1/3.

Despite careful flagging, there were still stripes in some of the images
suggesting bad baselines were not isolated from looking at the individual
visibilities. Stripes in the image plane are equivalent to a high point in the
UV plane, and its complex conjugate which has the same value. From the
orientation and width of the stripes, we can predict the location of the high
points in the UV plane. Thus, to eliminate the stripes, for each galaxy the
image cube was Fourier Transformed using the fft task inMiriad (Sault et al.,
2011), blanking the outlier points in the resulting UV plane data cubes (each
image cube produces an amplitude and phase cube) and performing the inverse
Fourier transform to return to the image plane. (The inverse also produces an
amplitude and phase cube but the phases of sky image are zero everywhere).
After this, the worst offending stripes were eliminated, and the noise in the
cubes was reduced by a factor of approximately 1.055.

Finally, we spatially smoothed the data of UGC 6871 so the final spatial
resolution and column density sensitivity were of comparable to those of the
other galaxies (see Table 3.2).
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Source Finding

We had relatively low signal-to-noise data and needed to create moment maps,
thus we used the automated HI source finder SoFiA, the Source Finding
Application (Serra et al., 2015). The “smooth and clip” method was used
with a large merge radius and pixel dilation to capture the large-scale low
surface brightness flux in each galaxy. The source finder works iteratively,
finding sources in the data down to a user-specified signal-to-noise, mask them,
smooth the data and search again. The mask is iterated upon and grows with
each smoothing run. Kernels which smoothed the data up to only two channels
in velocity were used, since our cubes were already averaged significantly in
velocity, and up to 12 × 12 or 24 × 24 pixels spatially. This allowed for the
identification of low column density gas in the final images, while the moment
maps are presented at full spatial resolution to resolve the central regions of
each galaxy.

3.3 Chapter Conclusion

This Chapter explores the methodology behind collecting and reducing syn-
thesis imaging data.

As well as observing the target source(s) you need to observe calibrators to
correct the data for anything that would affect the results. This could be from
antenna malfunction, satellite interference, atmospheric conditions and more.
The flux and phase calibrators need to be observed multiple times throughout
the session, but the number and length of these observations are typically
decided by the observers and the telescope staff.

Once the data has been collected initial flagging begins; where bad base-
lines, times, antenna or visibilities can be removed from the data from the
calibrators and the source. The calibrators can be corrected against each
other and themselves and then the target source will be corrected against the
calibrators.
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Section 3.1.3 details the process of performing Self-calibration on the data,
where a model of the target field is created and improved iteratively. This uses
the target source to better calibrate the complex gains from the antenna, as a
function of time. Once the model is created of the source, we can calibrate
on it, solving for the calibrations that are the closest match of the data to
the created model. This will eventually result in a lower rms value in the
data. Once all of the calibrations have been completed, the data needs to be
imaged. At this stage, we have a dirty image, where the entire uv-plane has
not been filled. The image is cleaned by locating bright points of emission
and subtracting a scaled version of the dirty beam from there, repeating this
step until the image has been thoroughly cleaned.

To create an image cube of the source, we need to then smooth the image
to reduce more of the noise, creating a binary mask only showing the area
of emission and then creating the moment maps, which allow us to view the
frequency and velocity data that is in the image cube.

This Chapter also shows the exact process used to reduce and image the
resolved HI data collected for the individual galaxies in the HI Rich Barred
(HIRB) sample (Newnham et al., 2019). The data was collected with the
GMRT and the VLA and required moderately different approaches. Chapter 4
utilises this data, finding the differences in HI morphologies in the individual
HIRB galaxies. Chapter 5 uses this data to probe the other galaxies found in
the field of view, that are companions to the HIRB galaxies.
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Chapter 4

HI Morphologies and Stellar
Properties of Strongly Barred and
HI Rich Galaxies

In this Chapter, I intend to discuss the work completed on the HI morphologies
of the six HIRB galaxies (Newnham et al., 2019). This project involved
writing telescope proposals, collecting and reducing synthesis data, as well
as analysing the final data cubes. Upon analysing these images we test the
models against the data for some of the theories and simulations discussed in
Chapter 3.

This project aimed to discover why the HIRB galaxies unusually presented
with a strong bar and a large reserve of HI. We also aimed to see how the
gas behaved (i.e. morphology, kinematics) due to the presence of the bar.
This work allowed a further understanding of the role of a bar in a galaxy in
its secular evolution as a whole. Secular evolution needs to be understood
to provide full knowledge of galaxy evolution, and it is thought to one day
become the most dominant form of galaxy evolution.

In this Chapter I discuss the selection process used for the six HIRB
galaxies, their properties, optically and radio, continuing with a summary of
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the data collection and reduction. This has been discussed earlier in Chapter
3. Section 4.3 discusses the results found with the HIRB galaxies, individually
and compared to other galaxies in the ALFALFA and Galaxy Zoo sample sets.
Section 4.4 discusses the implications of the results and Section 4.5 provides
conclusions from this part of the project.

4.1 Data

4.1.1 Sample selection

We introduce here the “HI-Rich Barred” (HIRB) galaxy sample. This sample
has been designed to investigate a rare type of disc galaxywhich is both strongly
barred and HI gas-rich. This group of galaxies are unusual and may aid our
understanding of the transitional periods in galaxy evolution, as they display
qualities of a younger galaxy (HI gas-rich) and older galaxies (strong bar).
The parent sample consisted of 2090 almost face-on disc galaxies (selected
through the Sloan Digital Sky Survey, SDSS), with HI gas content detections
from the ALFALFA 40% survey (Haynes et al., 2011, which was the part of
ALFALFA available at the time the HIRB galaxy survey was initiated) and bar
identifications from Galaxy Zoo (Willett et al., 2013, GZ2) that were the basis
of the study published in Masters et al. (2012). This sample was built from a
volume-limited subset of the Galaxy Zoo sample, with 0.01 < z < 0.05 (to
allow for reliable distance measurements and an adequate angular resolution
to detect bars in the galaxies). The SDSS spectroscopic limiting magnitude of
r = 17.7 corresponds to a volume-limited sample of galaxies with Mr < -19.0
out to z = 0.05.

For more details of the selection of the parent sample fromGalaxy Zoo and
ALFALFA see Masters et al. (2012). We show in Figure 4.1 HI gas fraction
from ALFALFA (Haynes et al., 2011) against an estimate of the stellar mass,
from K-correction fit to Petrosian magnitudes, for the entire sample (grey
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Figure 4.1: HI content (from ALFALFA; Haynes et al. 2018), expressed
relative to the stellar mass versus the stellar mass of galaxies in our sample
(See Section 4.1.1). A volume limited subset of ALFALFA100 galaxies are
plotted in grey and the orange points show all galaxies within that sample that
host a strong bar (pbar > 0.5). The blue line fits the trend between the HI mass
fraction and the stellar mass, with the black dotted line showing a trend 3σ
more gas rich than that. The individually coloured shapes represent the six
HIRB galaxies observed and detailed in this paper - the rainbow colour order
reveals the absolute bar length (see Section 4.3.1).
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points) with strongly barred galaxies highlighted in orange. Solid lines show
the best fit relation for all (blue) and strongly barred (orange) galaxies, while
the dashed line is 3σ above this mean line. Our HIRB galaxies are shown by
the large coloured stars, the colour of which, in rainbow order reveals a ranking
by the physical size of the bar (which we discuss later in Section 4.3.1).

Using this large sample we started by selecting objects which fit the criteria
to be a HIRB galaxy, namely HI-rich and strongly barred. In Masters et al.
(2012) it was shown that these are rare. We define the gas-rich sample to have
a gas fraction, log(MHi/M∗) ∼greater than 3 σ more than the mean value for
their stellar mass as shown in Figure 4.1. We find that only 2% (48 galaxies)
of the entire parent sample meet both these criteria. These 48 galaxies equate
to 17% of those galaxies with comparable HI mass for their stellar mass.

Since these strongly barred, gas-rich galaxies are rare, it is hard to find a
large sample of them nearby. We have to go to larger volumes (and therefore
higher redshifts) to have a reasonable sample. However, to be able to observe
the HI at high enough resolution to resolve the bar region and with the col-
umn density sensitivity required to detect the disk requires tens of hours of
observing for a single source at z>0.02. Due to this, we ended up observing
just seven of the nearest and/or largest in angular size sources for a total of 118
hours of telescope time on the GMRT and VLA combined. Unfortunately,
the data from one source was corrupted by a nearby continuum source (see
Chapter 3 for details on the observing and data reduction).

The properties of our final six galaxies are summarised in Table 4.1, where
you can see they still span a range of various properties, while all being gas-
rich and strongly barred. SDSS optical gri images are shown for all six in
Figure 4.2.
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Table 4.1: Properties of the seven HIRB galaxies used in sample selection. Column 4 is the debiased fraction of GZ
users identifying a bar, 7 is the global width fromALFALFA (Haynes et al., 2011) (8) Shape and colour used to represent
in plots

Name R.A. and Dec z pbar log(M? log(MHI W50 Shape and Colour
(J2000) /M�) /M�) km s−1

(1) (2) (3) (4) (5) (6) (7) (8)
UGC 5830 10 42 38.0 +23 57 07 0.044 0.62 11.17 10.40 624
UGC 4109 07 56 16.6 +11 39 41 0.046 0.91 11.04 10.46 304 Red Square
UGC 9362 14 33 17.5 +03 54 10 0.030 0.75 10.50 10.34 113 Orange Triangle
UGC 9244 14 26 08.4 +05 14 15 0.028 0.59 10.94 10.36 414 Yellow Circle
UGC 6871 11 53 46.3 +10 24 10 0.022 0.54 10.55 10.29 346 Green Star
UGC 7383 12 20 01.3 +08 36 26 0.025 0.58 10.10 10.38 294 Blue x
UGC 8408 13 23 00.3 +13 57 02 0.024 0.88 10.19 10.26 290 Purple Diamond
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Our HIRB galaxies share many properties with those in the (HI) HIghMass
Survey ongoing at the JVLA (Hallenbeck et al., 2014) in that they are unusually
massive and gas-rich, and so like HIghMass, make good z ∼ 0 analogues of
the types of galaxies which will dominate detections in SKA surveys (as well
as the similar HI mass and gas-rich galaxies in HIGHz at z ∼ 0.2; Catinella
and Cortese 2015). HIghMass galaxies were selected without any reference
to visual morphology, and there are no obvious strongly barred galaxies in
that sample. The general conclusion from the five HIghMass galaxies with
resolved HI is that they must be galaxies about to transition from a gas-rich
but relatively inactive state to a state of vigorous star-formation (Hallenbeck
et al., 2014).

There are other ongoing surveys of HI-rich galaxies which are also relevant
for comparison. The Bluedisks project (Wang et al., 2013) is usingWesterbork
Synthesis Radio Telescope (WSRT) observations to investigate the reason for
excess HI in some galaxies over that predicted from scaling relations, while
Lemonias et al. (2014) present VLA C configuration observations of a sample
ofHI rich, but not star-forming spirals (including forUGC4109 in our sample).
Meanwhile Lee et al. (2014)’s “HI Monsters” survey is a CO survey of very HI
rich galaxies. None of these surveys use information on galaxy morphology
for selection, nor comment on it in their results, while it is central to the HIRBs
selection. In both Blue disks and HI Monsters, they find that HI rich (but not
necessarily high HI fraction) spirals are simply scaled-up versions of lower
mass spirals, and sit on all the typical scaling relations. The passive HI rich
spirals of Lemonias et al. (2014), however, show more extended and lower
surface brightness HI than is typical, and it is interesting to note that roughly
half of them appear to host relatively strong bars (see their Figure 3; although
we have not explored the significance of this fraction).
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Figure 4.2: Optical SDSS gri images of each of the six galaxies in the HIRB
sample.
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4.1.2 Small Number Statistics

Galaxies that have large HI reservoirs and a strong bar are rare, as mentioned
earlier in this Chapter. Of the galaxies that fit the rest of our criteria, we
observed the closest, if we then wanted to make this sample larger we would
be required to get resolved HI data for galaxies that were further and further
away. To collect the data on these further out galaxies we would need more
time directly observing them, or stronger telescopes (this may be possible in
the future with the use of SKA, Abdalla et al. 2015).

There are several benefits of a sample this size. First, devoting this amount
of time to an individual galaxy allows for an in-depth study to the processes
occurring. Synthesis imaging of HI, in particular, requires extended time on
the source to collect enough data to see the intricate details of the gas. Less
time on the source would compromise the data quality. While the collection of
the data takes a significant amount of time, as seen in Chapter 3, the reduction
and imaging of the data will also take a large amount of time. To be able to
observe and image more galaxies to make a larger sample, we would be forced
to sacrifice the depth of the data and the care with which the data reduction
can be completed.

However, there are negative points to using a sample this small. With
only six galaxies observed and reduced to completion, it is reasonable to be
concerned our results cannot be accurately used to conclude the properties of
galaxy evolution as a whole. In other words, the sample has low statistical
power. Secondly, there is the possibility of an inflated false discovery rate,
meaning anything that is found in the subset of the observed HIRB galaxies
may be statistical anomalies, which is impossible to provewithout an increased
sample number or a prior knowledge of the expected behaviour.

With small number statistics, the effect size estimation will be inflated.
The ‘effect size’ is a way of quantifying the size of the difference between the
two groups. As we have only a small number of galaxies, the difference in
traits we observe (e.g. the per cent of galaxies that present with a hole in the
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HI) may be inflated. Next, the reproducibility of studies with a small sample
is very low, meaning that if we were to repeat the observations and analysis
with six different HIRB galaxies, it would be unlikely to get the same results.
Again these go to show why a study with a small sample cannot be naively
generalised to the larger population.

Techniques for Small Number Statistics

Several techniques can be used to allow us to statistically analyse a small
sample like ours. The following are ones applicable to the Observed HIRB
sample specifically.

• Comparing: We can compare two independent groups with small sam-
ple sizes. If we have binary data (e.g. whether or not a hole exists in the
HI, where the two samples are whether a galaxy is a HIRB galaxy, and is
not) we can use a N-1 Two Proportions test (Pearson, 1900; Campbell,
2007), which is a variation on the Chi-squared test. This test will show
us the per cent probability that the proportions are different between
the two samples. On the other hand, if we have continuous data (e.g.
the presence of a HI hole against the HI mass fraction, we can now
use a Two Sample t-test (Snedecor and Cochran, 1989), which has been
shown to be accurate for small sample sizes. This test allows for the di-
rect comparison of two continuous data distributions and the confidence
intervals for the difference in means.

• Confidence Intervals: We can use confidence intervals when we want
to know what the plausible range is for the sample. With small samples,
the confidence interval will likely be quite wide, the upper and lower
boundaries of the interval can be very useful. There are three methods
we can consider when trying to decipher a coherent confidence interval;
around binary measures, means and task time. The relevant one for the
HIRB sample would be a binary measure:
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– Confidence interval around a binary measure: For a binary
measure (e.g. Does the HIRB galaxy have a hole in the centre
of the HI) we can find an accurate confidence interval using the
Adjusted Wald interval (Price and Bonett, 2004). This method
performs well for samples of all sizes, specifically small samples
of less than 150. To get a 95% confidence interval, the Adjusted
Wald Interval will contain the observed proportion on average
about 95% of the time. The Wald test is used to see if explanatory
variables in a model are significant, the formula is

WT =
[θ̂ − θ0]

2

1/In(θ̂)
= In(θ̂)[θ̂ − θ0]

2, (4.1)

where θ is the true likelihood, θ̂ is the Maximum Likelihood Es-
timator (MLE) for the sample, and In(θ̂) is the expected Fisher
information evaluated at the MLE (Agresti, 1990). The Adjusted
Wald Interval adds half of the squared Z-critical value (which is
based off the confidence one desires - e.g. if we want confidence of
95%wewill use a Z-critical value of 1.96) to the numerator and the
entire squared critical value to the denominator before computing
the interval

x+z2

2
n + z2 , (4.2)

where x is the number of successes, n is the total number in the
sample and z is the Z-critical value.

• Point Estimates: Considered the “best estimate” when calculating the
average time or average completion rate of the data. This is based off
the number for successes in the sample (e.g. the Point Estimate for the
number of HIRB galaxies which have a hole in their HI would be 4

6 =

0.67). The “best single estimate” will still differ from the true average.
Due to this Confidence intervals are much more reliable, and more often
used for small number statistics. Different “best estimate” methods can
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be used and are justifiable in different situations: Completion rates,
rating scales and average times. The relevant one for the HIRB sample
would be completion rates:

– Completion Rates: To get the best overall average for small sam-
ple completion rates can be tricky, for example, from the six HIRB
galaxies, the question “What percent of the HIRB galaxies have a
hole in their HI?” can only have seven answers: 0%, 16.7%, 33.3%,
50%, 66.7%, 83.3% and 100%. The answer to this question with
our data is 66.7%, but with samples this size, it is not uncommon
to get 0% of 100% successes. This is more often than not far from
the true average.

Application to the Observed HIRB sample.

We applied some of these tests to the Observed HIRB sample to see how
representative they were of the other galaxies that fit the HIRB selection.
Using the N-1 Two Proportions test method above, we can find information
on binary measures of the galaxies from each sample. We will output the
percentage difference between the two samples, the 95% confidence interval
- which is likely to be wide when comparing two small samples, and a chi-
squared value. When comparing two independent samples with a pass/fail
outcome the degree of freedom is always one. We use the chi-square value
and the number of degrees of freedom to calculate the significance p-value.
The p-value will tell us if the samples are likely to be different from one
another - any value p < 0.05 means that there is a significant chance the two
samples are different, anything else means the likelihood is non-significant.

A physically motivated transition to consider would be the transition from
the blue cloud to the red sequence. The typical mass of a galaxy in this
transition would be log(M∗/M�)∼10.3 (Mendez, 2012), we classify the six
Observed HIRB galaxies and the Other HIRB galaxies as to whether their

120



mass is greater than or equal to this value (pass) or lower than (fail). We find
that 3/6 (50%) of the HIRBs pass and 32/85 (38%) of the other galaxies pass.
We find the difference between them at 12%, the 95% confidence interval
covers ∼64%which is wide (as expected) due to small sample sizes, and a chi-
square value of 0.361. This value with the number of degrees of freedom (1)
gives results in a p-value of 0.5480 - meaning there is no significant evidence
that the two samples are different from one another. All of these values can
be found in Table 4.2, Row 1. This transition can also be measured with
the optical colours against the stellar mass (Schawinski et al., 2014), classing
redder than the green valley as pass and bluer as fail. This resulted in a p-value
of 0.0864 - our significance cut-off value is 0.05, again showing no significant
evidence that the samples are different to one another with regards to their
colour, but as the p-value is still low, one would class this as borderline. Table
4.2, Row 2 displays the values used to calculate this.

Using Figure 4.1, we find that the average log(MHi/M∗) for a galaxy with
log(M∗/M�)∼10.3 would be ∼-0.2159. We test this value using above or equal
to -0.2159 as pass and below as fail. We find a p-value of 0.7893 - this shows
that there is no significant difference between the two samples with regards to
their log(MHi/M∗) at log(M∗/M�)∼10.3. All of the values used in calculating
this are found in Row 3 of Table 4.2.
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Table 4.2: Comparing the six Observed HIRB galaxies to other galaxies that also fit the HIRB selection to test how
representative our sample is. Column 0: The identifying criteria. Column 1: Number of Observed HIRB galaxies that
pass the criteria. Column 2: The number of passes in Other HIRBs. Column 3: The percentage difference between the
‘Observed HIRBs’ and ‘Other HIRBs’ columns. Column 4: The width of the 95% confidence interval. Column 5: The
Chi-square value. Column 6: The P-value.

Observed Other Difference 95% Confidence Interval Chi-square p-value
HIRBs HIRBs
(1) (2) (3) (4) (5) (6)

log(M∗/M�) ≥ 10.3 3/6 32/85 12% ∼64% 0.361 0.5480
(50%) (38%)

u - r ≥ Green Valley 3/6 68/85 30% ∼ 64% 2.941 0.0864
(Schawinski et al., 2014) (50%) (80%)
log(MHi/M∗) ≥ -0.2159 4/6 52/85 6% ∼ 63% 0.0714 0.7893

(67%) (61%)
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More tests can be run on these samples to test how representative our
Observed HIRB sample is to the wider population of HIRB galaxies - some
more are completed in Chapter 5.

4.1.3 Optical Photometry, Spectra and Morphologies

All optical photometric and spectroscopic data used in this paper is taken from
the final release of the first phase of the Sloan Digital Sky Survey (SDSS Data
Release 7, Abazajian et al. 2009), and all HIRB galaxies (and their parent
sample) are part of the Main Galaxy Sample of SDSS (MGS, Strauss et al.,
2002)

Wemake use of morphologies from the second phase of Galaxy Zoo (GZ2,
Willett et al., 2013). These come from the aggregation of classifications made
by numerous volunteers on images from the SDSS for the brightest 25% of
MGS galaxies (those with mr < 17). In GZ2 a median of 45 people looked
at each galaxy. The GZ2 classification process starts with the question: ‘Is
this galaxy simply smooth and rounded, with no signs of a disc?’, where
one of the options was ‘features or disc’, followed by ‘Could this be a disc
viewed edge-on?’. The weighted and debiased fraction of users answering a
specific way to a single question in GZ2 is denoted, pX . The sample defined
in Masters et al 2012 used pfeaturespnot edge−on>0.25. After these questions, the
citizen scientists were asked ‘Is there a sign of a bar feature throughout the
centre of the galaxy?’ From this, we can get the probability of a galaxy having
a bar. We call this pbar and define this as the percentage of ‘yes’ votes to
that question (although note that it is not exactly this, following a correction
for redshift bias as described in Willett et al. 2013). For example, a galaxy
with pbar=0.5 suggests that 50% of the people asked if there is a visible bar
responded ‘yes’. A comparison with other bar identifications is shown in
Appendix A of Masters et al. (2012, and also see Willett et al. 2013). Using
this, pbar>0.5 is classified as a strong bar (SB) which is used for the HIRB
galaxies. As discussed above, the parent sample is a subset of the Galaxy Zoo
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2 sample which overlaps with the ALFALFA 40% footprint.
SDSS provided optical photometry in ugriz-bands, and with a variety of

apertures. In the NASA Sloan Atlas Blanton et al. (2005) provide matched
aperture photometry also including NUV and FUV photometry from the
GALEX satellite (Martin et al., 2005). We use the Absolute magnitude in rest-
frame GALEX/SDSS FNugriz, from Petrosian apertures to generate colours,
and the stellar mass from K-corrected fits to Petrosian magnitudes. A colour-
mass diagram is shown for the parent sample in Figure 4.3, with the six HIRB
galaxies highlighted with the large coloured symbols. As shown from that
diagram HIRB galaxies span a range of optical colours.

The SDSS images can also be used to provide more quantitative details
of the bar structures. Following the method described in Kruk et al. (2017)
we obtained two or three component decompositions for each galaxy in the
sample. This is particularly useful in providing bar lengths and bar position
angles. We give more details on how bar lengths are obtained in Section 4.3.1
below.

We further make use of the SDSS fibre spectra to obtain measurements
related to the stellar populations and ionized gas in these galaxies. We note
that the SDSS fibre has a 3” size, which represents only 1.2–2.9 kpc at the
distance of the HIRB galaxies, as such these spectra measure the properties
of only the central parts of these galaxies, well within the bar radius. A
full spectral fitting is beyond the scope of this work, however, we make use
of line fluxes and spectral index measurements provided by the Max Planck
Institute for Astrophysics and John’s Hopkins University collaboration (MPA-
JHU)1. These star-formation rates are found using the technique described in
Brinchmann et al. (2004)while updating the procedure for aperture corrections
to obtain the total SFR. The total SFR is calculated by summing the SFRwithin
the fibre as well as outside of it. To estimate the SFR outside of the fibre, the
galaxies are divided into a colour-colour grid which is based off their fibre

1http://www.mpa-garching.mpg.de/SDSS/
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Figure 4.3: A colour-mass diagram showing the volume limitedALFALFA100
galaxies (grey), those of which are strongly barred (orange) and with the HIRB
galaxies highlighted with individual shapes and colours. Two of the HIRBs
are at the high mass end of the blue cloud, two are at opposing sides of the
green valley (within the green lines Schawinski et al. 2014) and the remaining
two are in the red sequence. The percentage numbers adjacent to each HIRB
galaxy displays the gas fraction that galaxy has.
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colours. Next, for each of the colour cells, a distribution of SFRs normalised
by i-band luminosity (SFR/Li) is made by summing the galaxies of low S/N
star-formation class that fit in the given colour cell. The SFR outside of the
fibre is derived by the colour of the galaxy outside of the fibre, which enables
us to select the appropriate colour cell. This outside SFR is the added to
the inside SFR to give the total SFR (Salim et al., 2007). More information
on the aperture corrections and the star-formation rates can be found on the
MPA-JHU DR7 Release website2.

4.2 Resolved HI Data

The data collected and used for this PhD project came from the Karl Jansky
Very Large Array (VLA) and the Giant Metrewave Radio Telescope (GMRT).
These are radio interferometers and how they work is discussed in Chapter 2.
We collect resolved 21cm data to view the morphology of the HI in 6 strongly
barred and gas-rich galaxies, we name this sample the HI Rich Barred (HIRB)
galaxies survey. More information on this sample and the individual galaxies
in Section 4.3.2.

Our HI observations were designed to resolve the optical bar at the centre
of the galaxy in addition to the rest of the disk. However, the scarcity of
gas-rich, strongly barred galaxies meant that the majority of our targets are
at relatively large distances (0.022 < z < 0.046) compared to typical HI
interferometric targets (z < 0.02). The small beam required to resolve the
centres of these galaxies necessitated observing with the B-configuration of
the VLA with its maximum baseline of 10 km. The GMRT is comprised of
30 antennas similarly arranged in a fixed “Y”-configuration with a maximum
baseline of 25 km, but also has 14 antennas concentrated within 1 km. The
combination of long baselines with a compact coremeans that the performance
of the GMRT is often compared to the VLA in B-configuration.

2https://wwwmpa.mpa-garching.mpg.de/SDSS/DR7/sfrs.html
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In Chapter 3, we discuss the methods and difficulties of collecting and
reducing this data with the GMRT and the VLA.

4.3 Results

4.3.1 Optical Properties of HIRB galaxies

Bar Lengths

The length of a bar is often difficult to define and there is no standard way of
measuring it. Commonly used techniques to measure bar sizes are based on
(1) visual bar length measurements (for example drawing a line on top of the
bar, used in Galaxy Zoo studies, (Hoyle et al., 2011), (2) bar major axis surface
brightness profiles (obtained from photometric decompositions, Kruk et al.
2018) and (3) ellipse fits to galaxy isophotes (where the bar length is assumed
to be at the maximum of the ellipticity, Sheth et al. 2003; Erwin 2005).

We have used all the three methods to determine the bar sizes for the
six galaxies in the HIRB Galaxy Survey. First, we measured the bar lengths
using visual estimation directly from the SDSS i-band images (which are less
prone to dust, and hence better probe the mass distribution). In the second
method, the bar size is assumed to be the effective radius of a Sérsic fit to
the brightness profile along the bar major axis, in a detailed disc+bar+bulge
photometric decomposition done in Kruk et al. (2018) The multi-component
decomposition also allows the position angle of the bar and the disc to be
measured. Finally, we used the iraf ellipse routine to fit elliptical isophotes
to the galaxy i-band images and determined the bar size at the maximum of the
ellipticity. The bar length measurements agree (within ∼10% of each other).
In general, the bar effective radius is shorter than the manually measured
bar length, which is shorter than the estimated value based on maximum
ellipticity. Henceforth, we use the visually measured bar lengths, which are
often the median value of the three measurement methods, while the position
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Table 4.3: Optical Properties of the HIRB galaxy sample Columns are (1)
Galaxy Name, (2) Diameter of the bar, (3) Diameter of the disc (4) Bar to
Galaxy ratio, (5) Optical (u − r)

Name Bar length 2rPetro Relative bar (u − r)

(kpc) (kpc) length
(1) (2) (3) (4) (5)
UGC 4109 14.48 48.26 0.29 2.76
UGC 9362 11.5 30.33 0.36 2.47
UGC 9244 8.22 28.60 0.28 2.75
UGC 6871 6.36 17.55 0.36 2.08
UGC 7383 5.12 14.97 0.30 1.73
UGC 8408 4.26 20.85 0.21 1.81

angles are based on the disc+bar+bulge decompositions.
While bar length cannot be used as any kind of absolute chronometer for

bar age, all simulations show a monotonic increase in bar length with time
(e.g. Athanassoula 2013; Martinez-Valpuesta et al. 2006). We therefore use
absolute bar length (measured in kpc) as a proxy for bar age, and tag the HIRB
galaxies in order of their bar length as revealed by the colour coding of their
symbols in all plots (see Figures 4.1, 4.3, 4.4, 4.5 and 4.6).

Optical Morphology

In this Section, we provide some discussion and comments on the optical
morphology of each of the six HIRB galaxies.

• UGC 4109: is a flocculent spiral which was classified as SB(r)b in
(Corwin et al., 1994, hereafter RC3), denoting an Sb type with a strong
bar and ring. In GZ2, 41/45 classifiers identified the bar, and four out
of five users asked also noted the ring (questions about rings in Galaxy
Zoo are in a submenu, often missed). According to our measurements,
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this galaxy has the longest bar of all of the galaxies in the HIRB sample
(with a length of 14.5 kpc), which stretches across 29% of the optical
extent of the galaxy. This galaxy is also one of the most massive of the
sample, with a stellar mass of 1011.0M�, and one of the ‘reddest’ of the
HIRBs. This galaxy is shown as the red square icon in all sample plots.

• UGC 9362: like UGC4109, UGC 9362 is a flocculent spiral galaxy.
It was classified as Sbc in the RC3 who somehow missed the bar on
photographic plates; 21/28 GZ2 users identified the bar. It has the
second-longest bar of the HIRB sample, with a length of 11.5 kpc which
however covers 36% of the total extent of its optical disc (i.e. more of
the galaxy than the bar in UGC 4109). This, which is the third most
massive in the HIRB sample is optically found in the green valley (close
to the red side) and is shown as the orange triangle icon in all sample
plots.

• UGC 9244: this galaxy has some obvious interaction with a very close
neighbour to theNorth-East. This has resulted in the northernmost spiral
arm being significantly distorted. UGC 9244 has two primary arms and
a third smaller one. It was classified as SBbc in the RC3. It hosts the
third-longest bar of the sample at 8.2 kpc, or 28% of the diameter of
the disc. It has a stellar mass of 1010.9M�, making it the second most
massive galaxy of the sample. It is also another of the ‘redder’ galaxies
in the sample. This galaxy is shown as the yellow circle icon in all
sample plots.

• UGC 6871: is central in the range of optical colours and stellar masses
of the HIRB sample. It has a mass of 1010.6 M� and appears to be on the
blue side of the green valley. Although UGC 6871 is another flocculent
spiral, there is a distortion in one of the arms at the lower left of the
galaxy. It appears to be stretching out from the galaxy towards the end
of the arm. Curiously the RC3 classifies this as an SB0 (perhaps due
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to the limitations of photographic images blurring the flocculent arms
together), while Nair and Abraham (2010a) classify it as Sc, missing
the bar. In GZ2, 21 out of 39 classifiers indicated the presence of the
bar. The bar is the third shortest of the sample at 6.4 kpc or 36% of the
diameter of the disc. This galaxy is shown as the green star icon in all
sample plots.

• UGC 7383: is a blue galaxy. It also has a stellar mass of 1010.1M�,
making it the least massive of the sample. Accordingly, UGC 7383
has one of the physically shortest bars of the sample at 5.1 kpc, which
however still covers 30% of the extent of the optical disc. The optical
image of this galaxy shows two defined, tightly wound spiral arms,
without much evidence of interaction with any nearby galaxies. The
RC3 classifies this as Sab, missing the bar, spotted by 22 out of 38 GZ2
classifiers. This was likely missed due to the size of the bar and the
resolution capabilities at the time. This galaxy is shown as the blue x
icon in all sample plots.

• UGC 8408: is also known as NGC 5115. This is the final HIRB galaxy
and has the shortest actual bar length at 4.26 kpc, which is less than a
third of the length of the longest bar in the sample. While UGC 8408’s
bar still covers 21% of the disc’s optical extent, this is the shortest
relative bar length of the entire sample, which hints that it might be
the most recently formed. UGC 8408 is one of the ‘bluest’ galaxies
we observed, it is also the second least massive galaxy with a stellar
mass value of 1010.2M�. There is some obvious distortion to the optical
morphology of this galaxy. It appears to be a grand design spiral, with
two main arms which are clearly defined. However, it seems to also
have an extra ‘arm’ which does not quite reach the centre. In the RC3
this galaxy was classified as SBcd. This galaxy is shown as the purple
diamond icon in all sample plots.
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Star-Formation History

The HIRB sample span a range of properties including gas fraction (Figure
4.1), galaxy total color (Figure 4.3), and star-formation rate (Figure 4.4),
despite covering a relatively narrow range in stellar mass (approximately one
order of magnitude). From Fig 4.3 we see that our Galaxies span the blue
cloud, green valley and red sequence. In the following sections, we present the
optical properties and HI morphologies in relation to the bar length to attempt
to explain how they vary with the transition of galaxies with a high HI content
from the blue cloud to the red sequence.

We explore the star-formation properties of the sample further in Figure 4.4
which makes use of star-formation rates from the MPA-JHU catalogue. These
star-formation rates are used to plot the “star-forming sequence” of galaxies.
We show the entire parent sample (ALFALFA detected GZ2 galaxies) in grey,
with those with strong bars overplotted in orange. Five of the HIRB galaxies
are highlighted, the final HIRB galaxy (UGC 7383) has an unreliable flag on
its SFR from the MPA-JHU catalogue, and so is not plotted, but its optical
colours and spectrum suggest it is star-forming. We see that only two are
clearly on the star-forming sequence, with two just below, and one well off it.
This is despite all five having significantly more HI than is expected for their
stellar mass.

While the SF rates shown in Figure 4.4 have been corrected forHα emission
from non-star-forming sources it is reasonable to wonder if the presence of the
strong barmight be feeding anAGN in these galaxies through the in-falling gas.
This was shown as likely by Oh et al. (2012), but disputed by Galloway et al.
(2015) and Cheung et al. (2015). According to a diagnostic “BPT” diagram
(Baldwin et al., 1981), all six of the HIRB galaxies and their companions have
line emission which comes almost exclusively from star-formation regions.
None of these galaxies presents any evidence for any emission from an AGN.

Another useful diagnostic diagram for the optical properties of galaxies is
Dn(4000) against HδA. Dn(4000) depicts the strength of the 4000 Å break
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Figure 4.4: The HIRB galaxies plotted on a star-formation Rate vs stellar
mass (a galaxy star-forming sequence) plot. The grey points show our volume
limited subset of ALFALFA100, while the orange points depict the strongly
barred ones, and the coloured symbols show the HIRB galaxies, with the
rainbow order indicating physical bar length.
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while HδA is the emission from hot blue stars, a sign of recent starburst activity.
This diagram is diagnostic of the fraction of star-formation in the last 2 Gyrs
which occurred in bursts, versus continuous star-formation (Kauffmann et al.,
2003). We show this in Figure 4.5, which compares the position of the HIRB
galaxies with similar HI masses (left) or similar bar properties (right). Models
from Kauffmann et al. (2003) are indicated, which show regions which are
populated by smooth star-formation histories (green), currently starbursting
(cyan) or post-starburst (blue) galaxies, with emission from galaxies with
mixed star-formation found in the middle. As is noted, the HIRBs typically lie
in the quiescent part of this diagram, as is also normal for galaxies with similar
bar properties (at right), but lie to the low star-formation side of galaxies with
similar HI masses.
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Figure 4.5: Dn(4000) versus HδA for: Left: all spiral galaxies with a strong bar (Pbar). Right: spiral galaxies with a HI
mass range similar to that shown by the HIRB’s (log(M�/MHi) = 10-10.5). Dn(4000) correlates with the global stellar
population age (larger is older), while HδA peaks in post-starburst galaxies. The background colours shows models of
Kauffmann et al. (2003); green for quiescent galaxies, cyan for starburst galaxies (burst occurred less that 0.1 Gyr ago),
blue shows post-starburst galaxies (burst occurred over 0.1 Gyr ago) and grey are all other regions covered by the model
galaxies Kauffmann et al. (2003). These values are from the 3” SDSS fiber, so we probe the stellar population in the
bulge. As with the other figures, the individual HIRB galaxies are shown by different shapes and colours.
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As will be discussed in Section 4.3.2, UGC 4109 (red square) and UGC
9244 (yellow circle) both have HI holes at their centre. This suggests the
bar has already funnelled the gas towards the very centre, which might then
lead to a concentration of H2 in the centre and therefore we expect a younger
population of stars in the centre (e.g. as was observed by Ellison et al. 2011
in a sample of barred galaxies).

The HIRB galaxies were run through the star-formation history software
tool starpy (Smethurst et al., 2015). starpy employs aBayesianmethod along
with ensemble Markov Chain Monte Carlo (Foreman-Mackey et al., 2013) to
infer the parameters describing a simple exponentially declining star-formation
history of a single galaxy. starpymakes use of the SDSS andGALEX optical,
full galaxy photometry, specifically the Petrosian magnitude petroMag u and
r wavebands, provided by SDSS Data Release 7 (Stoughton et al., 2002) and
the NUV waveband from GALEX (Martin et al., 2005). starpy requires the
observed u − r and NUV − u colours and redshift. Intrinsic dust is not taken
into consideration or modeled for. The full description and method can be
found in Section 3.2 in Smethurst et al. (2015).

Only five of the HIRB galaxies were able to go through the starpy soft-
ware. UGC 6871 was not detected with GALEX; it was right on the edge of
a field, meaning that the NUV value was not available. Three of the HIRBs
(UGC 4109, UGC 9244 and UGC 9362) have results which suggested they
started to quench very early on in their history, and the quenching proceeded
slowly so they are probably still star-forming. The other two (UGC 8408
and UGC 7383) have begun quenching more recently and relatively rapidly.
Figure 4.6 shows the HIRB galaxies placement in comparison with the sample
used in Smethurst et al. (2015), where we can see that two HIRB galaxies
are relatively normal u − r colours, while three are very red in u − r for their
NUV − u colours indicating the extremely slow quenching.

While the star-formation properties and stellar ages revealed by the optical
data on HIRB galaxies do not show a monotonic increase with bar length,
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Table 4.4: Our measurements of HI properties of HIRB Galaxies using the
GMRT/VLA. Columns are (1) Galaxy Name, (2) central velocity of HI detec-
tion, (3) HI mass , (4) Number of companions that can be seen in the resolved
HI data, (5) Whether or not a hole in the HI is visible and central.

Name Central vHI log MHi/M� # of HI HI Hole?
companions

(1) (2) (3) (4) (5)
UGC 4109 13087 10.62 0 Offset Hole
UGC 9362 8528 10.00 1 Hole
UGC 9244 8106 10.11 1 Hole
UGC 6871 6460 10.03 0 Offset Hole
UGC 7383 7177 10.59 2 No Hole
UGC 8408 7093 10.07 0 No Hole

there is clearly a general trend such that those HIRB galaxies with longer
bars (red, orange and yellow) are more likely to be passive and have old stellar
populations for their stellarmass than thosewith shorter bars (blue and purple).
This result is for the six HIRB galaxies, and thus to be statistically significant a
follow up onwithmanymore galaxies would be needed to quantify it. This was
also shown earlier in this section, where the two groups show quite different
quenching histories through STARPY (also see Figure 4.6).

4.3.2 HI Properties of HIRB Galaxies

HI Masses from Synthesis Imaging

We measure the HI mass for each galaxy in the HIRB sample using the inter-
ferometers (VLA and GMRT), and ALFALFA had already measured the HI
mass using the single dish telescope, Arecibo. The masses we measured differ
by small amounts to the masses from ALFALFA, but this is to be expected.
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Figure 4.6: A NUV −U vs u − r plot for the 5 galaxies that were run through
starpy. Compared to the Smethurst et al. (2015) sample, 3 HIRB galaxies
(UGC 4109, UGC 9362 and UGC 9244) are optically red in comparison to
their blue NUV colours.
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ALFALFA’s MHi is shown in Table 4.1, column 6, and the MHimeasured from
the resolved HI data can be seen in Table 4.4, column 3. ALFALFA’s mea-
surement was larger in four of the cases (UGC 9362, UGC 9244, UGC 6871,
UGC 8408). In the other two, where ALFALFA’s HI measurement was lower
than that collected by the interferometer (UGC 4109 & UGC 7383), the data
was collected both times by the VLA rather than the GMRT. A comparison be-
tween the HI masses measured between the single dish and the interferometer
can be seen in Figure 4.7.

In all cases, we believe the ALFALFA mass is more likely to be a good
measurement of the total HI mass. Single dish radio observations will collect
and measure all of the HI detected within the beam, which is significantly
larger than the beam of interferometers like the VLA and the GMRT. This
means the measured MHivalue may include some of the flux from HI in other
nearby galaxies or structures that are too nearby to differentiate between.
While reducing resolved HI data, we can disregard some of the HI we can
see is coming from other structures, however, synthesis imaging will also
resolve out some of the low surface brightness signal received. Because of
this, synthesis imaging is known to miss HI mass, and it is common practice
for the single dish data to be treated as a more reliable measure of total HI
mass. We have determined that any nearby galaxies to the HIRB galaxies are
outside the Arecibo beam.

HI Morphology and Velocity Field

In this section, we will describe the HI morphology and content from our
VLA/GMRT observations. According to simulations (Athanassoula, 2013),
there should exist a correlation between gas fraction, the rate of development of
a strong bar, the bar’s formation time, and the morphology of the HI remaining
in the galaxy. In this section, we investigate if this correlation is also present
from the data collected by the HIRBs survey.

The transition from cold atomic hydrogen to warm molecular hydrogen
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Figure 4.7: A comparison between the measured HI masses from the single
dish and the interferometer observations. Four of the HIRB galaxies have
more measured HI in the single dish observations, with only two having more
in the interferometer observations.
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is quite sudden, this is because gas is unstable at intermediate temperatures
(Field, 1965). Then, assuming hydrostatic equilibrium, a surface density of 3-
10M�pc−2 is the critical range to be considered the threshold for star-formation
(Schaye, 2004). The HI gas fractions (MHi/(MHi+M∗)) for our six galaxies are
shown in Figure 4.3, and the morphologies shown for each HIRB galaxy in
Figures 4.8, 4.9 and 4.10. We also summarise this data in Table 4.4.
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Figure 4.8: HI resolved data visualized for UGC 4109 and UGC 9362. For each galaxy the panels from left to right are:
(1) The HI total intensity map depiciting the column density of each pixel. The black contour depicts the star-formation
threshold at 10M�pc−2 (Schaye, 2004), (2) The SDSS r band optical image of the galaxy in greyscale with the contours
of the HI total intensity map overlayed. Contour colours are: blue = 3σ, yellow = 5σ, green = 8σ, magenta = 10σ, cyan
= 20σ, orange = 30σ, red = 50σ. (3) The HI velocity field of the galaxy, expressed in km/s. (4) A comparison of the
HI ‘double peak’ detected originally by ALFALFA (black) and by our observation with the VLA/GMRT (red).
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Figure 4.9: HI resolved data visualised for UGC 9244 and UGC 6871. For each galaxy the panels from left to right are:
(1) The HI total intensity map depicting the column density of each pixel. The black contour depicts the star-formation
threshold at 10M�pc−2 (Schaye, 2004), (2) The SDSS r band optical image of the galaxy in greyscale with the contours
of the HI total intensity map overlayed. Contour colours are: blue = 3σ, yellow = 5σ, green = 8σ, magenta = 10σ,
cyan = 20σ, orange = 30σ, red = 50σ. (3) The HI velocity field of the galaxy, expressed in km/s. (4) A comparison of
the HI ‘double peak’ detected originally by ALFALFA (black) and by our observation with the VLA/GMRT (red). The
discrepancy in the detected HI between the VLA and ALFALFA in UGC 6871 is explained in Section 4.3.2.
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Figure 4.10: HI resolved data visualized for UGC 7383 and UGC 8408. For each galaxy the panels from left to right are:
(1) The HI total intensity map depiciting the column density of each pixel. The black contour depicts the star-formation
threshold at 10M�pc−2 (Schaye, 2004), (2) The SDSS r band optical image of the galaxy in greyscale with the contours
of the HI total intensity map overlayed. Contour colours are: blue = 3σ, yellow = 5σ, green = 8σ, magenta = 10σ, cyan
= 20σ, orange = 30σ, red = 50σ. (3) The HI velocity field of the galaxy, expressed in km/s. (4) A comparison of the
HI ‘double peak’ detected originally by ALFALFA (black) and by our observation with the VLA/GMRT (red).
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Figure 4.11: Left: The HI density map of UGC 4109, UGC 9362 and UGC 9244. Middle: A slice from the data is then
taken along the bar (blue) and perpendicular to the bar (orange dashed) and the HI density is then plotted. The area of
the bar is highlighted. Right: the azimuthal average.
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Figure 4.12: Left: The HI density map of UGC 6871, UGC 7383 and UGC 8408. Middle: A slice from the data is then
taken along the bar (blue) and perpendicular to the bar (orange dashed) and the HI density is then plotted. The area of
the bar is highlighted. Right: the azimuthal average.
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It is clear from Figures 4.8, 4.9 and 4.10 that there is a variety of HI
morphology revealed by the HIRB galaxies. Figures 4.11 and 4.12 shows
the intensity of HI in a slice aligned at the position angle of the bar; the
highlighted region shows exactly where the bar is to aid in our description of
how HI morphology relates to the position of the bar.

BothUGC9362 andUGC9244 show clear large scale holes in their centres
and Figure 4.11 shows the absence of any significant amounts of HI in their
bar regions at all.

While UGC 4109, and UGC 6871 show large scale HI holes, they appear
to be significantly offset from their centres. However when looking at the
highlighted region in Figures 4.11 and 4.12 we can see that there is still a dip
in both of these galaxies’ HI intensity at the exact position of the bar. This
could suggest that the bar is working towards sweeping the central region, but
this still does not offer an explanation for the source of the large offset hole. It
may be that tidal disruption plays a role in the HI morphology shown in these
two galaxies.

UGC 4109 has also been observed by the VLA in C-configuration in
Lemonias et al. (2014). Named GASS 51390 in that study, they show the HI
intensity map in their Figure 6. While this C configruation has lower spatial
resolution than our data, we can see there exists a hole in HI. Our observations
reveal that the hole is slightly offset from the centre. On the opposite side to
the offset hole, there is a denser region - it is possible that a minor merger has
occurred resulting in the unusual HI morphology.

UGC 7383 and UGC 8408 are the HIRB galaxies with the two lowest bar
lengths, and neither appear to have a hole in the centre of their HI. Looking at
the intensity along the exact section of the bar, there is still no evidence of any
significant dip in the HI intensity. UGC 8408, on the other hand, does have
a dip, albeit small enough to not notice when looking solely at the intensity
map. So perhaps the bar is working to clear the middle of gas after all.

Our VLA observations of UGC 6871 did not detect all the gas associated
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with the blue-shifted side of the galaxy. This is evident from the HI spectrum
in Figure 4.9 (second row, fourth column), in which the emission which is
blue-shifted with respect to the systemic velocity of the galaxy is seen in the
ALFALFA spectrum, but missing from the VLA spectrum. Examining the
HI intensity map overlaid on the optical image (Figure 4.9), we see that the
blue-shifted side of the HI disk (North-West) is not as extended compared to
the stellar disk, as the red-shifted side of the gas disk is. Initially, we thought
this asymmetry was tidal in origin, however, given the missing flux in the HI
profile, we suspect that the gas may be present, but at a column density below
what we detect in the VLA observations.

In the first panel for each galaxy, we overlay a conservative threshold for
the HI density typically associated with star-formation (10 M�pc−2 shown by
the black contour). In UGC 4109 the majority of this higher density HI is
found to the left of the hole in the HI, in a dense region. UGC 9244 and UGC
6871 reach the star-formation threshold in many places in the HI however
their bar region HI holes are quite evident. Our two blue galaxies with the
shortest bars, UGC 7383 and UGC 8408 have HI above the star-formation
threshold throughout their discs, which fits with the picture of them forming
stars throughout. Finally, UGC 9362 is the only one of the six HIRB galaxies
which does not reach this star-forming in any significant area (there is a small
part which does around RA: 14h33m18.5s, Dec: 3°54’ but it is too small to
be of any significance morphologically). This galaxy does, however, appear
to be forming stars, which must be happening at a lower HI surface density
than is typical.

HI observations also provide velocity fields. We can see that the velocity
field for four of the HIRB galaxies is rotating regularly (UGC 4109, UGC
9244, UGC 7383 and UGC 8408). The remaining two galaxy’s velocities
(UGC 9362 and UGC 6871) appear to be somewhat distorted. In UGC 9362,
the ‘bluer’ velocities are distributed through the middle velocities (green)
rather than collected on one side. Similarly, UGC 6871’s ‘redder’ velocities
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are concentrated in the middle of the galaxy rather than being on one side
showing rotation. There is a clear disruption in the gas’s regular rotation. It
is possible that the source of this distortion is nearby companions to these
galaxies; this will be discussed further in a future paper (L. Newnham et al.
in prep.)

Resolution and Noise

One of the main goals of this project is to understand the distribution of the
HI in the galaxies and look for structures within it. Simulations (e.g. those
by Athanassoula et al. 2013) show that bars create HI holes by driving gas
flows into the centre of the galaxy. Looking specifically at Athanassoula et al.
(2013), they show that the diameter of the hole in the HI is roughly equal to the
length of the bar, or slightly smaller (Figure 4.13). When drawing conclusions
from resolved HI data as we have for the HIRB galaxies, it is important to
ensure that our resolution is good enough to resolve the HI hole if it exists,
as well as other structures present. In this Section, we completed a series
of resolution tests to check the robustness of our findings from the previous
section.
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Figure 4.13: Simulations from Athanassoula et al. (2013) showing the density of the disc (left), stars (middle) and gas
(right). In the 20% and 50% examples the diameter of the hole in the gas is roughly equal to the length of the bar, above
this the hole is smaller. This Figure is reproduced from Figure 4 of Athanassoula et al. (2013).
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Table 4.5: Resolution properties of our observations of the six HIRB galaxies. Columns: (1) HIRB Galaxy name, (2)
Resolution of image in Arcsecs, (3) Bar length in Arcsecs, (4) Bar length / Resolution, (5) Bar length in kpc, (6) Physical
resolution in kpc, (7) Presence of a visible hole in the HI.

Name Resolution Bar length Bar/res Bar length Physical Resolution HI Hole Detected?
Arcsec Arcsec kpc kpc

(1) (2) (3) (4) (5) (6) (7)
UGC 4109 8.9 × 5.1 15 1.7 14.4 8.6 × 4.9 Hole
UGC 9362 7.3 × 4.8 18.2 2.5 11.5 4.6 × 3.0 Hole
UGC 9244 7.8 × 5.3 15.8 2.02 8.2 4.0 × 2.8 Hole
UGC 6871 10.1 × 8.2 13.4 1.3 6.4 4.8 × 3.9 Hole
UGC 7383 10.9 × 5.1 9.6 0.88 5.1 5.8 × 2.8 No Hole
UGC 8408 9.6 × 4.8 10.4 1.08 4.3 3.9 × 1.9 No Hole
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As we can see from Column 4 in Table 4.5, each HIRB galaxy has a
different physical resolution with respect to the length of the bar. Specifically,
since we talk about some of the fine structure in the HI of the galaxies (the
HI holes, the denser regions, etc) it is important to know whether some of
those details are potentially unresolved in the galaxies with lower resolution.
Two galaxies do not appear to have a hole in their HI (UGC 7383 and UGC
8408), we need to find out if they truly do not have a hole of comparable size
to the other galaxies, or a hole could be present, but not visible due to the
resolution. To test our ability to detect a hole, we smoothed our data which
had a higher resolution with respect to the size of their bars, to the same bar
length/resolution ratio as the worst resolved galaxy in our sample. From there
if we still see the HI hole in the new, lower resolution images then we believe
our resolution is sufficient to detect a hole if one had been present and it is
safe to say there is no hidden hole to the size and depth observed in the other
galaxies in UGC 7383 and UGC 8408. If the hole is no longer visible in the
lower resolution images, then we cannot be sure if there is a hole in UGC 7383
and/or UGC 8408 that is not visible in our data.

We test this with three of the galaxies which show the prominent holes in
the HI; UGC 4109, UGC 9362, and UGC 9244. Figure 4.14 shows these three
galaxies with the bar length/resolution equal to the lowest bar length/resolution
value of the entire HIRB sample. UGC 7383 has the lowest bar length/resolu-
tion value at 0.88 (Table 4.5, Column 4), meaning that the presence of a hole
the size of the bar could potentially be unresolved. To see if this could have
happened, we make the maps for UGC 4109, UGC 9361 and UGC 9244 have
the same bar length to resolution respectively, and inspect whether or not the
holes are still evident. To do this, we reduce the resolution of UGC 4019 by
1.9× (16.9′′ x9.7′′), UGC 9362 with 2.8× less resolution (20.7′′ x13.6′′) and
UGC 9244 with 2.3× (17.9′′ x12.2′′).

The holes in the HI of these three galaxies can still clearly be seen in UGC
4109 and UGC 9244. The hole is less clear in UGC 9362 but there is still
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Figure 4.14: Lower resolution maps of UGC 4109 (top left), UGC 9362 (lower
left) and UGC 9244 (right). The holes in these galaxies are still clearly visible.
The full resolution images can be found in Figures 4.8 and 4.9.
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a very noticeable dip in density in the central region. Based on this we can
be confident that there are no holes currently in the centres of UGC 7383 and
UGC 8408 to the depth and size of the holes in these three galaxies, as there are
no noticeable dips in the column density (Figure 4.12). As mentioned above,
UGC 7383 in Figure 4.12 does show a small dip in the column density, based
off these results, this dip may be deeper than our low-resolution observations
suggest, but it is unlikely to be a full hole yet.

We also looked at the data for a more nearby galaxy, outside of the HIRB
sample, to see if reducing the resolution could hide the hole. M95 has been
observed with the VLA as part of the THINGS survey3 (Walter et al., 2008).
Of this survey, it is the only galaxy to have a strong bar, a large HI mass and a
prominent central hole. Figure 4.15 shows the data for M95 at a comparable
physical resolution to the least resolved galaxy in HIRBs data: despite all the
features that are no longer visible, the central HI hole is still clear.

3All the data for the THINGS galaxies is publicly available at
http://www.mpia.de/THINGS/Data.html
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Figure 4.15: Left: lower resolution map of M95. Right: full resolution map of M95. The HI hole as
clearly seen in the full resolution image is also evident in the lower resolution image. Data retrieved from
http://www.mpia.de/THINGS/Data.html (Walter et al., 2008).
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Noise is not part of the signal received from the source and can be caused
by a wide range of things, including: variations in the detector sensitivity,
environmental variations, the discrete nature of radiation and more. It is
inherently random, so it can’t be modelled. There is a concern that in the
HIRB galaxy data, the noise and resolution could be hiding any holes that do
exist in the HI and possibly even creating holes where they actually don’t exist.
We have considered the effect of noise and resolution in our data, and find that
the resolution and thus the column density sensitivity are the important factors
to consider, more so than the noise to understand whether we are detecting real
holes in the HI. Looking at the column density values for the three galaxies
tested above (UGC 4109, UGC 9362 and UGC 9244 - Figures 4.8, 4.9 and
4.10) we find that they are close enough to be compared directly to the two
without holes (UGC 7303 and UGC 8404). Extra consideration was given
to UGC 9244 and UGC 8408 as they are a factor of two higher, but upon
inspection, the contours of UGC 9244 are relatively steep, meaning it is highly
unlikely that there is a significant amount of missed HI in the hole. UGC 8408
will clearly never have a central hole, even with deeper observations as it has
a peak of HI at the centre.

4.4 Discussion

The HIRB study was initiated with the goal of investigating what a strong bar
does to a gas-rich galaxy, or equivalently what a significant quantity of gas in a
galaxy does to the evolution of a strong bar. Asmentioned in previous chapters,
the bar is often a product of secular evolution and enables more processes of
secular evolution to occur once it has formed and grown. Studying secular
evolution is vital to have a full understanding of galaxy evolution, and is
thought to become the dominant form of evolution in galaxies in the future.

Bar quenching is an idea which has been around in the literature for some
time (e.g. Tubbs 1982) but has recently gained more attention due to the
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observation that passive spirals have large bar fractions (Masters et al., 2010),
the strong trend of bar fraction with optical colour (Masters et al., 2011; Nair
and Abraham, 2010a), and suggestions that bars can drive secular growth of
bulges, a morphological characteristic long agreed to correlate with quenched
star-formation (e.g. Cheung et al. 2013; Kruk et al. 2018). Simulations of
the impact of a bar on gas in a galaxy, demonstrate its ability to redistribute
gas (e.g. Berentzen et al. 1998; Athanassoula et al. 2013; Combes 2008;
Villa-Vargas et al. 2010), more recently simulations have explicitly explored
the possibility for these flows to lead to global SF quenching (Gavazzi et al.,
2015; James and Percival, 2016; Spinoso et al., 2017; Khoperskov et al.,
2018; James and Percival, 2018). However, there is also a possibility that the
torques from the bar simply prevent gas from collapsing and forming stars at
the typical thresholds for star-formation (e.g. the model initially proposed by
Tubbs 1982).

In Athanassoula (2013) a galaxy’s gas fraction was found to be influential
in the rate of development of the bar itself, with higher gas fractions delaying
the formation of the bar, and resulting in a weaker bar. Evidence of this
link between gas fraction and the suppression of bar formation is present
in observations which show that bars are less likely to be found in gas-rich
spirals (or equivalently that barred galaxies have lower gas content; Masters
et al. 2012; Kim et al. 2017).

We seek to use observations of HI morphology to provide constraints on
the mechanism of bar quenching and to understand how unusual galaxies with
high gas fractions and strong bars came to be. If gas redistribution is the main
mechanism we might expect to see clear evidence for it in the HI morphology
(e.g. central holes), while if HI gas is present in large quantities and above the
typical threshold for star-formation (∼3-10M�pc−2, Schaye 2004) in galaxies
where star-formation is suppressed, we can argue that bar torques preventing
the gas from cooling and compressing may be more important.

Gas-rich and strongly barred galaxies have not been studied extensively
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with resolved HI observations, partly because most surveys for resolved HI
do not consider morphology in their selection, so are likely to miss strongly
barred galaxies, and while there are a small number of nearby galaxies with
strong bars and resolved HI observations these tend not to be particularly gas-
rich galaxies. However, there are resolved HI observations of nearby galaxies
with strong bars.

The HI Nearby Galaxy Survey (THINGS) (Walter et al., 2008) survey
reaches typical column densities of 4 x 1019 cm−2, which is comparable to the
column densities we reach with the HIRB sample. They present observations
for one HIRB-like strongly-barred galaxy, M95, showing in great detail the
distribution of the HI throughout the galaxy revealing a HI hole (and a small HI
concentration in the very centrewas also found). Recently, George et al. (2018)
took these data, along with other multi-wavelength data for M95 to argue that
redistribution of gas is likely to be the main process for bar quenching in M95
(rather than heating from bar torques).

The proto-typical strongly barred galaxy, NGC 1300, also has resolved HI
data, taken in the 1980s with the VLA (England, 1989). A re-analysis of those
data show clearly the HI hole and gas streaming (Lindblad et al., 1997). A
large HI hole is also observed in nearby barred galaxies NGC 3992 (Bottema
and Verheijen, 2002), and NGC 7479 (Laine and Gottesman, 1998), and while
there is a clear hint of a HI hole in the data on NGC 4123 presented by Weiner
et al. (2001) they also note evidence for shocks caused by gas flow in the bar
region. Contrary to this, the HI morphology in the late-type barred spiral,
NGC 3319 does not show a central hole, but rather gas and star-formation
all along its bar (Moore and Gottesman, 1998). This difference is explained
by Moore and Gottesman (1998), as NGC 3319 is a dynamically younger
galaxy than the early-type spirals with strong bars, obvious HI holes and lower
gas fractions. Indeed it has a significantly higher gas fraction that the other
galaxies (56% compared to 6% gas in M95). It is worth noting that all of these
nearby galaxies with resolved HI have typical (or even low) HI gas fractions for
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their stellar mass, unlike our HIRB sample which are all at least 3σ gas-rich
outliers in the HI mass to stellar mass relation (see Figure 4.1, where are all
HIRB galaxies are well above the mean line, while these galaxies (not shown)
would be on or below it).

We will now discuss how the data presented in this Chapter for HIRB
galaxies support, or reject the plausible bar quenching mechanisms of gas
redistribution and/or heating due to bar torques in very gas-rich galaxies. As
the HIRB sample consists of six galaxies, it is not able to be statistically repre-
sentative. This must be taken into accounts when discussing the implications
of our observations. In the Data Section (specifically Section 4.1.2) we give
an overview of some techniques when working with small samples. While
caution must be taken, we can still use the HIRBs as possible representative
samples, and the details of the individual observations can still be useful in
identifying unexpected or common features, which could be used to give ideas
for future directions or justification of the need for telescope time for a larger
sample study. Some of the needed statistical tests have been run in Sections
4.1.2 and 5.4).

We particularly compare our observations to the simulations of Athanas-
soula (2013). In that work it is shown that the time taken to develop a HI
hole will vary from galaxy to galaxy, and also depends on the details of the
gas fraction in the galaxy, with observable HI holes being slow to develop in
gas-rich galaxies even in the presence of a strong bar. In that work, the most
gas-rich galaxies did not develop clear HI holes by the end of the simulation
(at 10 Gyrs). It is also known that the bar mass impacts the ability of a bar to
evacuate HI, with Hunter (1990) showing that a bar needs to hold about 10%
of the disc mass to make a central HI depression.

We start by now considering the sample in order of HI gas fraction and
compare to the gas morphology and timescales shown in Figure 4 of Athanas-
soula (2013) (Figure 4.13):

• Gas Fraction ∼20%: From the simulations of Athanassoula (2013),
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all strongly barred galaxies that have a total gas fraction around 20%
develop the hole in the centre of the HI by 6 Gyr after the formation
of a strong bar. The HIRB sample’s two most gas-poor galaxies UGC
4109 and UGC 9244 with HI gas fractions of 21% and 17% show an
offset hole, and central hole respectively (Figures 4.3, 4.8 and 4.9).
These galaxies are therefore consistent with being at this stage of their
evolution where they formed a bar at least 6 Gyr ago. These are also
our two globally reddest galaxies, suggesting a global cessation of star-
formation, this is backed up, for the central bulge region at least, by their
fibre spectra which reveal old central stellar populations (Figure 4.5),
and further while UGC 4109 (with an offset hole) is only just below the
star-forming sequence, UGC 9244 which has the largest central HI hole
is well below the star-forming sequence (see Figure 4.4). M95, with a
gas fraction of 6% by mass (Leroy et al., 2008) appears to be another
example of this type of dynamically advanced galaxy with a strong bar.

• Gas Fraction ∼35-45%:
Three of our Galaxies have HI gas fractions around 35-45%. One of
these galaxies is in the redder edge of the green valley, one in the bluer
edge and one in the blue cloud, as seen in Figure 4.3, with UGC 9362
(orange triangle) on the red side, UGC 6871 (green star) on the blue
side and UGC 8408 (purple diamond) well in the blue cloud.

According to the simulations of (Athanassoula et al., 2013), a galaxy
with 50% of its disc mass in cold gas and a bar which formed at least
6 Gyr ago would already have a noticeable hole in the centre. Indeed
both UGC 9362 (orange triangle) and UGC 6871 (green star) have HI
holes (although UGC 6871’s is offset from the centre), however, UGC
8408 (purple diamond) does not. This suggests the bar in UGC 8408
may be dynamically younger than those in both UGC 9362 and UGC
6871, andUGC 8408’s more vigorous star-formation and younger stellar
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population paints a similar picture of a dynamically younger galaxy.

• Gas Fraction ∼70%:
Our most gas-rich galaxy, UGC 7383, despite having a stellar mass of
M? ∼ 1010M�, where gas fractions of around 30-40% are more typical,
has a gas fraction of 66% (Figure 4.3) and displays no evidence for a
HI hole in the centre. However looking at the most gas-rich galaxies
simulated in Athanassoula et al. (2013) we would not expect to see a HI
hole in this type of galaxy unless the bar formed more than 10 Gyr ago,
as galaxies with these high gas fractions were not observed to form a HI
hole before the end of the simulation.

Overall our observations support a picture where bar formation is delayed,
and therefore the development of a correspondingHI hole is delayed in galaxies
with very high gas fractions, but that bars are acting to clear HI holes in the
centres of galaxies and therefore accelerate the cessation of star-formation
globally.

We will now look at how the star-formation properties and optical mor-
phology of the galaxies correlate with the HI morphology. If the development
of HI holes is driving bar quenching in HIRB galaxies we’d expect that those
with holes are less actively star-forming relative to typical galaxies with their
properties, while those without holes may be more normal.

Four of the galaxies in the HIRB sample appear to be relatively quiescent,
despite their large HI reserves, with the other two of them appearing in the
middle of the star-forming sequence (Figure 4.4). They also show a range of
global optical colours.

• Dynamically Old Bars (HI Hole)

Two of the HIRBs show obvious central HI Holes (UGC 9362, orange
triangle, and UGC 9244, yellow circle; Figure 4.11), while two have
offset HI holes (UGC 4109, red square and UGC 6871, green star).
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These four have the longest physical bars again supporting a picture that
their bars are dynamically the oldest among the HIRB galaxies.

They do however show a range of star-formation properties, with UGC
9244 (yellow circle) well off the star-formation sequence, UGC 9362
(orange triangle) and UGC 4109 (red square) at the lower edge and
UGC 6871 (green star) appearing to still be forming stars at a typical
rate. Looking at Dn4000 as a tracer of stellar population age we again
see two galaxies with clearly old populations (UGC 4109, red square and
UGC 9244, yellow circle), while the other two are younger. Finally, the
analysis of likely quenching history using the technique of Smethurst
et al. (2015) reveals that the three galaxies with HI holes where this
could be done (UGC 6871 did not have a GALEX observation) show a
clear signature of unusually slow quenching (red u − r colours, while
remaining relatively blue in NUV − u; see Figure 4.6).

All in all, this supports the idea that a HI hole correlates with secular
(slow) quenching of star-formation, possibly caused by bar driving gas
clearing, however ,the details of the individual galaxies are, perhaps not
surprisingly hinting at a more complex picture.

We will come back to the role of the local environment in more detail
in a future paper (L. Newnham et al. in prep.), but it’s clear from the HI
morphology, and detections of companions in the wider field of our data
that local interactions may play a role in the history of these galaxies.
For example, looking at the HI distribution in UGC 9244 (Figure 4.9,
top row, first panel) we can see that it is interacting with a lower mass
companion. The HI gas is extended in the direction of the companion,
distorting the gas from an elliptical shape. This corresponds with the
distortion of the spiral arm, visible in the optical image of this galaxy
(Figure 4.2, lower right. There is also evidence of interaction in the
HI morphology of UGC 9362 with its nearby companions, NSA 18045
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(Figure 4.8, bottom row, first panel). Although the data has not picked
up any evidence of a HI bridge between the two, we can see that the HI
in NSA 18045 is heavily concentrated in the side of the galaxy closest
to UGC 9362.

• Dynamically Young Bar (No HI Hole)

Both of our HIRB galaxies with no evidence for HI holes (UGC 7383;
blue x, and UGC 8408; purple diamond) also have the shorter physical
bars (and the highest gas fractions) supporting a picture where the gas
has delayed bar formation, and the bar has not yet had time (or perhaps
is not massive enough) to sweep out cold gas in the bar region.

These galaxies are both optically blue, and UGC 4808 is found in
the normal star-forming sequence (UGC 7383 has an unreliable flag
in the MPA-JHU derived star-formation so we cannot comment on its
relative location on that diagram), they also both have relatively young
population ages, and in the models of Smethurst et al. (2015) appear on
the main locus of points with evidence perhaps for recent quenching.
The bar which has not swept out a HI hole in either of these perhaps
does not create enough heating to prevent star-formation in them either.

Currently we are not aware of simulations directly addressing the forma-
tion of lopsided HI holes in barred galaxies (like the ones we see in UGC
4109 and UGC 6871), however lopsided HI has been observed in many galax-
ies (Baldwin et al., 1980; Jog, 1997, 1999) and is commonly associated with
external tidal influences. The asymmetrical nature of the HI in these galaxies
has been thought to originate in several different ways; firstly Baldwin et al.
(1980) suggest that the lopsidedness of the gas can be associated with a lop-
sided pattern of elliptical stellar orbits, which allows the asymmetry to survive
from 1 to 5 Gyrs. This is further supported by Earn and Lynden-Bell (1996),
who showed that this ‘lifetime’ of the asymmetry could be extended long term
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by the cooperation of orbital streams of stars near resonance. Another sug-
gested mechanism for the origin of the lopsided HI is swing amplification in
gravitationally coupled stars and gas, where the seed perturbation is provided
by interaction with infalling gas (Jog, 1992; Phookun et al., 1993; Dury et al.,
2008). Other suggested mechanisms include; an instability in counter-rotating
streams of stars (Sellwood and Merritt, 1994), a gravitational instability in
the gas (Junqueira and Combes, 1996), an off-centre dark matter halo (Saha
and Jog, 2014; Prasad and Jog, 2017) and small close companion accretion
(Zaritsky and Rix, 1997; Bournaud et al., 2005; Mapelli et al., 2008; Jog and
Combes, 2009; Holwerda et al., 2011; Yozin and Bekki, 2014; Vulcani et al.,
2018). Offset bars have been observed in galaxies (Feitzinger, 1980; de Swardt
et al., 2015; Kruk et al., 2017), specifically common in low mass galaxies (de
Vaucouleurs and Freeman, 1972; van der Marel, 2001). The offset of the
bar also has several theories of origin; tidal interactions (Zhao and Evans,
2000; Pardy et al., 2016), interactions with dark satellites (Bekki, 2009) a
lopsided disc (Athanassoula, 1996; Athanassoula et al., 1997; Berentzen et al.,
2003; Besla et al., 2012; Yozin and Bekki, 2014) or misalignments/asymme-
tries between the stellar disc and halo (Jog, 1997; Levine and Sparke, 1998;
Noordermeer et al., 2001).

The HI holes observed in this work may be fully or partly filled with
molecular gas. The observations on the HIRB galaxies thus far have not
included CO observations, thus cannot detect the presence of molecular gas
in the central region, if there is any. Bigiel et al. (2008) studies the holes in
the HI of the THINGS (Walter et al., 2008) galaxies, and finds many of them
to contain some molecular gas. However, these holes typically were along the
spiral arms of the galaxy, and in other areas of the disc rather than central holes.
M95, as discussed earlier, is another example of a HI Rich and Barred galaxy
which displays a central hole in its HI morphology profile, within which, a
small concentration of molecular gas was detected. There has also been a
strong correlation between galaxy colour and the amount of CO in galaxies
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(Saintonge et al., 2011). The reddest of the HIRB galaxies, also have a large
hole in the centre, but due to the relation found by Saintonge et al. (2011),
there is a slimmer likelihood of the central holes being filled with molecular
gas. Future work into this sample will involve CO observations, which will
provide the morphology of the molecular gas in these galaxies.

Despite their higher than average HI content (at least 3σ above the average
HI content for their stellar mass as shown in Figure 4.1), not all of the HIRB
galaxies are actively star-forming. Our observations of the HI morphology of
HIRB galaxies support a picture whereas a bar forms, grows and develops it
sweeps out a hole in the HI gas. The central gas will be displaced quicker the
lower the gas fraction of the galaxy, i.e UGC 4109 and UGC 9244 both have a
low gas fraction and have evidence of a hole at their centre (UGC9244) or offset
slightly (UGC 4109). So for those two galaxies, the bar didn’t necessarily have
to age significantly before the HI morphology had been disrupted. This also
fits with our two galaxies with the shortest bars, neither UGC 7383 or UGC
8408 have obvious holes in the centre and happen to be the galaxies with the
highest gas fractions in the sample. This suggests that bars need more time
to grow to be able to sweep out the gas from the centre. We can see a slight
indent in the intensity of the HI in the centre of these two galaxies (Figure
4.11) which might hint that the bar is starting to clear the gas. As seen by
their range of optical colours (Figure 4.3) and the inconsistencies with the
star-formation trends (Figure 4.4), these galaxies are in the transition from
being star-forming and blue, becoming red and ceasing to form stars due to
the presence of the bar.

4.5 Chapter Conclusions

We have collected, reduced and imaged resolved HI data for 6 galaxies making
up the HI Rich Barred (HIRB) galaxy survey. The galaxies were selected using
the ALFALFA survey and GZ2morphologies, using the parent sample defined
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in Masters et al. (2012), and found to have a HI mass in the range of 10.25 <
log(MHi/M�) < 10.47. These values correspond to extremely high gas fractions
for galaxies of these stellar masses, with the gas fraction (MHi/M∗) more than
3σ above the average for their M∗. Strongly barred galaxies were selected
using the GZ2 bar “probability" of pbar > 0.5. Any value less than that would
not be considered a strong bar, either a bar does not exist in that galaxy, or
it is weak. This resulted in a sample of 48 galaxies which satisfied all of the
criteria, we needed to reduce the number further, to observe and reduce the
resolved HI data for them. We selected the nearest ten of these, six of which
we were able to obtain HI total intensity and velocity fields for using with
the GMRT or the VLA. These six galaxies have a range of optical colours
and bulge sizes, making the sample representative of the local massive spiral
population.

The HIRB galaxies show a variety of star-formation properties, despite
the presence of a strong bar, which usually correlates with passive spirals
(Masters et al., 2010; Fraser-McKelvie et al., 2016) and the presence of large
reserves of HI which usually correlates with strong star-formation (Saintonge
et al., 2012). While some galaxies have central fibre spectra which place them
on on the star-formation sequence of galaxies (Figure 4.4), they are all in the
quiescent region of the Dn4000 vs. HδA plot (Figure 4.5), although with a
wide range of Dn4000 values, suggesting a wide range of population ages.

Secondly, we find that as predicted by the simulations of Athanassoula
et al. (2013), not all of the HIRB galaxies have a HI ‘hole’ in the centre,
where the gas has been driven into the centre or prevented from entering the
region due to the strong bar. The simulations show that the timescale for HI
hole formation depends on the gas content, so we explain this by suggesting
some of the strong bars in the sample are in such gas-rich galaxies that the bar
formation has been delayed and they have not had adequate time to funnel all
of the gas in the central region.

We observe a correlation between the HI morphology and star-formation
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properties of the galaxy, which is divided into those which have dynamically
mature bars, HI holes and have ceased star-formation, and those which are
more gas-rich, do not have HI holes (suggesting dynamically younger bars)
and are still actively star-forming. This does support a picture in which bar
quenching plays an important role in the evolution of disc galaxies.

Through the resolved HI data we see that four of the HIRB galaxies have
nearby companions; not all were interacting from the SDSS optical images.
This seemingly high proportion of interactions suggests a close ‘fly-by’ or an
impending merger of the galaxies, and this disruption to the secular evolution
could have either tidally triggered the formation of the bar, or added HI gas to
the galaxy after the bars had formed. This process might explain as to why
those galaxies have formed their bar before they have had a chance to use all
of the HI reserves. This role of environment on HIRB galaxy evolution will
be investigated further in a future paper (Newnham et al. in prep.), and in
Chapter 5.

Galaxy evolution is a complex issue in which many physical processes
play a role. While the role that bars and other secular processes play in
galaxy evolution is not always considered in studies of the general galaxy
population, we demonstrate with our HIRB sample that it can be significant
in massive spiral galaxies, and therefore its role in the broader processes of
galaxy evolution should not be neglected. Further study with larger samples
of strongly barred galaxies with resolved gas and stellar kinematics will be
needed to fully understand the significance of this process to the broader galaxy
population.
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Chapter 5

Environments of strongly barred
and HI rich galaxies

This chapter displays the work in progress for Newnham et al. in prep.
We investigate the environments of the HI Rich and Barred (HIRB) galaxies
previously discussed inNewnham et al. (2019) andChapter 4. Early inspection
suggestedHIRBs had high fractions of nearbyHI rich companions. We discuss
the properties of those companions and using a comparison set matched in
mass, and various other properties investigate how common such companions
are. This study into the environment of the HIRB galaxies will allow us to
investigate how much environment may influence the evolution of this type
of galaxy. Thus far we have looked at the effect of internal secular evolution
on these galaxies; the impact of external environmental processes should also
be investigated to allow us to develop a more complete picture of how they
evolved into such unusual galaxies.

We begin this Chapter with a discussion of galaxy properties in different
environments (Sections 5.1 and 5.2). We present the environments of the
HIRB galaxies in Section 5.3, and compare with the comparison set in Section
5.4. We end with a Discussion (Section 5.5) and Conclusions (Section 5.6).
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5.1 A Review of Galaxy Properties in Different
Environments

5.1.1 Neutral Hydrogen (HI) Properties

Galaxies can accrete or strip gas from other galaxies gravitationally, this can
be seen through HI bridges and tails, lopsided HI discs and displaced HI
(Chung et al., 2007; Hibbard et al., 2001), but how to predict this, and to
what extent the environment has a role in this has not been quantitatively
measured in its entirety. Section 2.8.2 briefly mentions the interaction of the
HI in groups of galaxies, specifically M81 and its local companions. Figure
2.10 shows the HI bridges between the individual galaxies. Gas accretion
through major mergers, minor mergers and the infall of dwarf galaxies, allow
the gas from other galaxies to move between each other, creating a disturbed
HI profile (Bond et al., 1991; Lacey and Cole, 1993; Stewart et al., 2009;
Kazantzidis et al., 2009; Patton et al., 2000; Lotz et al., 2008; Bertone and
Conselice, 2009; Hopkins et al., 2010; Lambas et al., 2012). It is much easier
to disturb the HI within a galaxy than the stars, as it often extends further
that the optical counterpart, as mentioned in Section 2.8.2 (Hibbard and van
Gorkom, 1996). The distorted HI can be influenced by the HI from other
galaxies or the intergalactic medium (IGM). The IGM is thought to be able to
deposit gas onto galaxies through hot or cold accretion (Dekel and Birnboim,
2006; Bregman, 2007; Ocvirk et al., 2008; Kereš et al., 2009; Shull et al.,
2012). Gas accretion can also occur from the environment filaments (Kereš
et al., 2005; Kereš et al., 2009).

Disturbed HI morphology has been observed in galaxy groups (Yun et al.,
1994; Kilborn et al., 2006; Koribalski and Dickey, 2004; Hess et al., 2017,
2019) and clusters (van Gorkom et al., 1984; Warmels, 1988; Sullivan, 1989;
Cayatte et al., 1990; McMahon, 1993; Cayatte et al., 1994; Verheijen, 1996;
Dickey, 1997; Bravo-Alfaro et al., 2000). In high-density environments, it
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has been observed that the individual galaxies have less HI on average than
galaxies of similar size and type in less dense environments (Davies and Lewis,
1973; Giovanelli and Haynes, 1985; Solanes et al., 2001), and sometimes even
present as gas-poor (Gunn and Gott, 1972; Fasano et al., 2000; Bekki et al.,
2002; Bekki and Couch, 2011).

The HI in a galaxy can be distorted through several mechanisms:

1. Tidal interactions, where the galaxy will end up with warps in the spiral
structure, bar growth and asymmetrical HI distribution (Toomre and
Toomre, 1972; Larson and Tinsley, 1978; Kennicutt et al., 1987; Barnes
and Hernquist, 1992; Yun et al., 1994; Hibbard and van Gorkom, 1996;
Putman et al., 1998). There are many kinds of effects that can occur
due to tidal interactions. Whether the galaxies are spinning in the same
or different directions is important, if they are spinning in the same
direction (prograde), then there will be strong tidal tails. As the stars
that are on the closest side to the companion galaxy are moving in the
same direction, there is a small relative velocity, so tidal perturbations
occur for a longer time, allowing the response to build strongly. If the
galaxies are moving in opposite directions (retrograde) there is a larger
relative velocity, a short time for tidal perturbation to act, resulting in
lack of a build-up creating weak tidal tails (Toomre and Toomre, 1972).

2. Tidal torques on galaxies have been shown in simulations to result in
large amounts of gas to flow into the central kpc (Hernquist, 1989;
Barnes and Hernquist, 1991, 1996). Instabilities, such as bars, spiral
density waves andminor mergers have also been seen to drive this inflow
of gas (Hernquist andMihos, 1995; Bournaud et al., 2005; Eliche-Moral
et al., 2008; Younger et al., 2008). The sinking of star-forming clumps
can also produce these torques, seen in gas-rich galaxies at high redshift
(Bournaud et al., 2007; Genzel et al., 2008)

3. Ram pressure stripping, where a galaxy will remain with lopsided mor-
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phology and tails, as well as star-formation on the gas heavy side of the
galaxy (Cayatte et al., 1994).

4. Starvation, where the galaxy has had the majority of its HI stripped by
the other processes, and all that remains is the stellar disc with a low or
non-existent HI disc (Cayatte et al., 1994; Vollmer et al., 2001).

Galaxies will eventually enter an equilibrium between the inflow and out-
flows of gas that stabilise the star-formation rates (Finlator and Davé, 2008;
Schaye et al., 2010; Bouché et al., 2010; Fraternali and Tomassetti, 2012;
Davé et al., 2012; Dekel and Krumholz, 2013; Bothwell et al., 2013; Feld-
mann, 2013; Athanassoula et al., 2013; Forbes et al., 2014). The time (t) it
takes for the gas mass (Mg) to form stars can be expressed by

dMg

dt
≡ ÛMg = −(1 − R)SFR + ÛMin − ÛMout, (5.1)

ÛMin(t) is the inflow of gas and ÛMout(t) is the outflow. R represents the
amount of the gas mass returning to the interstellar medium instead of forming
stars (Edmunds, 1990; Athanassoula et al., 2013).

5.1.2 Bars in Galaxies

There have beenmany studies into the typical environments of barred galaxies,
mainly to provide evidence of bar triggering. The results differ in each study
mainly dependent on the method used. Some studies have found that there is
not a correlation of bar presence and close companions (van den Bergh, 2002;
Li et al., 2009; Aguerri et al., 2009;Méndez-Abreu et al., 2010; Giordano et al.,
2011), others find that there is a positive correlation between the existence of
a bar and a denser environment (Gerin et al., 1990; Barazza et al., 2009;
Marinova et al., 2009; Barway et al., 2011; Marinova et al., 2012; Łokas
et al., 2014; Lang et al., 2014; Łokas, 2018; Pettitt and Wadsley, 2018).
Cervantes Sodi et al. (2015) find that there is no significant overclustering in the

170



environments of barred galaxies over non-barred galaxies, but when separated
further on morphology, early-type barred galaxies do show higher rates of
overclustering compared to non-barred early-type galaxies, which was a trend
that did not occur in the late-type galaxies. The nearest neighbour approach
was also applied in this study, and they found a decrease in companions to
late-type galaxies with a bar, suggesting a suppression in the growth and even
formation of a bar.

It is thought that very fewbars in local galaxies (redshift at z∼ 0) are formed
through secular evolution and are instead formed through tidal interactions
(Peschken and Łokas, 2019). Peschken and Łokas (2019) also find that the bars
formed in this way are often stronger than their secular evolution counterparts.
Simulations show that the tidally induced bar’s strength can be enhanced or
reduced, based on the relative orientation of the bar and that of the companion
galaxy (Gajda et al., 2018). In some cases, the bar formation is triggered or
accelerated, but there is no visible difference in the bar length or the pattern
speed (Pettitt and Wadsley, 2018).

5.2 Close Companions or Pairs

As seen in the above section in this Chapter and Chapter 1, different envi-
ronmental situations can influence galaxy formation in many ways. For this
section of the thesis, I study the effect close companions, or galaxy pairs have
on one another.

5.2.1 Close Companions and Bar Formation

The idea that close companions can trigger early bar formation in galaxies has
been tested in simulations. Even the smallest perturbation in a kinematically
cool disc can induce a stellar bar (Noguchi, 1987; Gerin et al., 1990; Miwa and
Noguchi, 1998; Berentzen et al., 2004), and simulations of minor mergers and
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other interactions also show the formation of a bar (Noguchi, 1987; Steinmetz
and Navarro, 2002; Berentzen et al., 2004; Dubinski et al., 2008; Łokas et al.,
2014).

As previously mentioned, the companions can be responsible for accreting
gas onto a galaxy (Bond et al., 1991; Lacey andCole, 1993; Stewart et al., 2009;
Kazantzidis et al., 2009; Patton et al., 2000; Lotz et al., 2008; Lambas et al.,
2012; Bertone and Conselice, 2009; Hopkins et al., 2010). In simulations of
gas-rich galaxies, typically the bar will start growing much later and at a much
slower rate than their gas-poor counterparts. This helps us to understand why
bars are found in redder galaxies that are no longer star-forming (Sheth et al.,
2008; Athanassoula et al., 2013). However, galaxies that previously grew a
bar, or formed one through the encounter could still be accreting gas, making
them gas-rich (Hallenbeck et al., 2012).

The ‘Nature vs Nurture’ argument for bar formation aims to understand
the external influences causing bar triggering and differences in the evolution.
There are examples in the Universe of isolated galaxy pairs with obvious
bar features (Fuentes-Carrera et al., 2004) which is evidence supporting the
influence of the environment on bar formation. Pairs found in a larger cluster
environment have also been shown to have a larger bar fraction (Thompson,
1981). This bar triggering from companion tidal interactions has also been
seen to be influenced by the galaxy’s mass (Méndez-Abreu et al., 2012), as the
galaxy needs to be massive enough to support the bar structure developing.

5.2.2 Close Companions and star-formation

As mentioned earlier, Toomre (1976) showed galactic discs are unstable under
tidal interactions caused by a local companion. This can modify the shape
of these galaxies, from spiral to irregulars, to ellipticals and S0s. The star-
formation rates can also be affected by the interactions between the galaxies,
for example, starburst episodes can be triggered due to the gas inflow to the
central regions (Barnes and Hernquist, 1996; Mihos and Hernquist, 1996).
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Tissera et al. (2002) used cosmological hydrodynamical simulations to find
that similar starburst episodes in the star-formation histories of pre-merging
scenarios.

At low redshifts, interactions such as close companions affect the star-
formation in galaxies (Larson and Tinsley, 1978; Donzelli and Pastoriza,
1997). Studies show the star-formation activity and interaction rates will
increase with redshift, which shows the impact of the interaction on star-
formation changes as the galaxies evolve (Le Fèvre et al., 2000; Patton et al.,
2001). It is not only mergers that have these results, but close encounters also
correlate with an increase of star-formation (Barton et al., 2000; Lambas et al.,
2003; Alonso et al., 2004; Nikolic et al., 2004).

Scudder et al. (2012) study the star-formation rates and the gas phase
metalicities for galaxy pairs, finding that the disturbed gas will typically flow
toward the centre of the galaxy, eventually producing new stars. Over time the
galaxies show a significant change in the star-formation rates within 150 kpc
(Scudder et al., 2012; Patton et al., 2013).

Close interactions between galaxies can be partly responsible for increased
activity in AGNs (Mihos and Hernquist, 1996; Bahcall et al., 1997; Canalizo
and Stockton, 2001; Hopkins et al., 2008). Sanders and Mirabel (1996) find
that galaxies post interaction or merger are conductive to black hole growth.

5.3 Environments of the HIRB Galaxies

In Chapter 4 of this thesis and in Newnham et al. (2019) we discuss the HI
morphology of six HI Rich, Barred galaxies, and in Chapter 3 we discussed
their data collection and reduction. In this Chapter I discuss the environment
of these six galaxies and how that may have contributed to their current
morphology.

On an individual basis, each of the HIRB galaxies has a unique environ-
ment. Four of the HIRBs had companions that were detected by the VLA
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and the GMRT in the observations described in Chapters 3 and 4, logMHI ≥

10. We aim to get a detailed look at the rest of the environment, that had not
been detected by our HI observations. None of the six HIRBs appears to be
isolated (a generally accepted definition is galaxies that are likely to have not
interacted with any neighbour of a significant mass within the last ∼3 Gyr; see
Section 1.4.1).

We now give a detailed description of each galaxy’s environment, which
is also shown in Figures 5.1-5.6:

• UGC 4109 is relatively isolated; it has no obvious optical compan-
ions within 2 Mpc in SDSS imaging (Figure 4.2), and no HI detected
companions within 2 Mpc using the VLA (Figure 5.1).

• UGC 9362 has a companion North-East; these two appear to be inter-
acting when looking at the HI maps of them together (Figure 5.2), in
what appears to eventually be a minor merger. The HI appears to be
‘pulled’ off the smaller companion galaxy (NSA 018045), which will
be discussed further in Section 5.3.1.

• UGC 9244 is a candidate for a pre-merger state, this is evident from the
optical and HI images (Figures 4.2 and 5.3). The companion is to the
North-West in the image and is named NSA 017997.

• UGC 6871 has a smaller companion (AGC 213045) to the South-West.
The HI of UGC 6871 (Figure 5.4) does appear distorted in the direction
of this companion, but at first glance, the HI morphology of AGC
213045 appears undisturbed. A more detailed look at the morphology
of AGC 213045 is discussed further in Section 5.3.1. The companion
has enough HI to have been detected by ALFALFA.

• UGC 7383 has two companions, seen both in the optical and in the HI
map from the VLA (5.5). These two are in the North-West, with NSA
067302 in the middle of UGC 7383 and the other companion, NSA
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067301. The morphology of the HI in UGC 7383 did not appear to
be disturbed by either companion, but the HI of the middle companion
(closest to UGC 7383) does look to be distorted. This is explored in
more detail in Section 5.3.1 below.

• UGC8408 is themost isolated of theHIRBs, with no companions visible
in the optical or the HI maps within 2 Mpc. Despite this, Figure 5.6
shows that there is, in fact, some disruption to the HI morphology, and
in the optical image (Figure 4.2) we can see there is some disruption to
the lower spiral arm. This could have all been a result of a minor merger
or fly-by in the past. As mentioned in Section 5.2.1, an interaction such
as this could result in the triggering of a bar.

5.3.1 HIRB companions

The optical and HI morphology for each of the companions to the six HIRB
galaxies that had been detected with the GMRT/VLA when the observations
were initially done can be found displayed in Figures 5.7 to 5.10. From left to
right at the top is the optical image from SDSS and the spectral profile from the
GMRT/VLA and ALFALFA (where possible). From left to right at the bottom
is the HI total intensity (Moment 0) with a black contour overlayed showing
the threshold of star-formation at 10M�pc−2 (Schaye, 2004), the SDSS r band
image in greyscale with the contours of the Moment 0 map overlayed and the
HI velocity field (Moment 1). Figure 5.7 shows NSA 018045 (the companion
to UGC 9362), Figure 5.8 shows AGC 213045 (the companion to UGC 6871).
Figures 5.9 and 5.10 show the two companions for UGC 7383, NSA 067302
and NSA 067301, respectively.

• NSA 018045: Looking at the Moment 0 map for NSA 018045 (Figure
5.7), the gas reaches 10 M�pc−2 (the high end of the typical threshold
for star-formation, Schaye 2004) in only two small regions towards
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Figure 5.1: The SDSS r band optical image of UGC 4109 in greyscale with the
contours of the HI total intensity map overlayed. Contour colours are: blue =
3σ and magenta = 10σ. Image is 3.6’ × 3.6’. σ = 2×10−4 Jy/beam.
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Figure 5.2: The SDSS r band optical image of the UGC 9362 (left) and NSA
018045 (right) in greyscale with the contours of the HI total intensity map
overlayed. Contour colours are: blue = 3σ and yellow = 5σ. Image is 6.75’
× 6.8’. σ = 9.2×10−5 Jy/beam.
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Figure 5.3: The SDSS r band optical image of the UGC 9244 (bottom) and
NSA 017997 (top) in greyscale with the contours of the HI total intensity map
overlayed. Contour colours are: blue = 3σ and green= 8σ. Image is 4’ × 5.5’.
σ = 2.2×10−4 Jy/beam.
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Figure 5.4: The SDSS r band optical image of the UGC 6871 (top) and its
companion AGC 213045 (bottom) in greyscale with the contours of the HI
total intensity map overlayed. Contour colours are: blue = 3σ and green= 8σ.
Image is 6.5’ × 9.1’. σ = 5.4×10−4 Jy/beam.
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Figure 5.5: The SDSS r band optical image of the UGC 7383 (right), and its
companions NSA 067302 (middle) and NSA 067301 (top left) in greyscale
with the contours of the HI total intensity map overlayed. Contour colours are:
blue = 3σ, cyan = 20σ, yellow = 30σ and red = 50σ. Image is 5.5’ × 6.5’. σ
= 3.9×10−4 Jy/beam.
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Figure 5.6: The SDSSr band optical image of the UGC 8408 in greyscale with
the contours of the HI total intensity map overlayed. Contour colours are: blue
= 3σ and magenta = 10σ. Image is 3.5’ × 2.3’. σ = 2.3×10−4 Jy/beam.
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the centre of the gas distribution, meaning that there is not likely to
be uniform star-formation throughout the galaxy. This supported by
g − r=0.72 colour of this galaxy, suggesting it is either in the green
valley or the red sequence. In the second panel, we see that the gas is
also visibly distorted, the HI that is over the optical counterpart is denser
on the lower left side and also extends in this direction. The distortion is
likely coming from the interaction with UGC 9362, as the gas is being
‘pulled’ towards the bigger galaxy. This suggests that UGC 9362 is or
has been accreting the gas from its companion, aiding its status as a gas-
rich galaxy. UGC 9362’s HI morphology was also slightly distorted, as
visible in Figure 4.8.

• AGC 213045: The Moment 0 map for AGC 213045 (Figure 5.8) shows
that the majority of the HI is dense enough that there should be active
star-formation all over the galaxy, this fits as the galaxy is extremely
blue, with a g − r value of 0.29. It doesn’t appear to be overly distorted
other than two extended areas to the left and right of the main bulk. It is
hard to tell what the morphology of the HI looks like in this case though,
as the galaxy is an edge-on spiral, there could be significant structure in
the morphology that we are not able to see.

• NSA 067302: This is the companion closest to UGC 7383 of the two.
The Moment 0 map in Figure 5.9 shows that the HI is dense enough that
star-formation should be occurring throughout the entirety, akin to AGC
213045, although this does not strictly correlate with the colour. The
galaxy’s g−r value is 0.71, placing it in the green valley, close to the red
sequence, when typically not a lot of star-formation occurs. The optical
colour is dominated by the central part, where there might be a hole that
we are unable to resolve. There is a hint of a bluer ring in the outer area
of the disc, where the HI exists. The gas appears most dense in two
separate regions, on either side of the central bulge, as well as more gas
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existing to the right of the galaxy than the left. This is consistent with
an interaction between the two as the gas appears ‘pulled’ towards UGC
7383.

• NSA 067301: The second companion of UGC 7383, and further away.
This galaxy has enough HI to be star-forming all over, like AGC 213045
and NSA 067302. Similar to AGC 213045 and unlike NSA 067302, this
galaxy is blue, with a g − r value of 0.37, supporting the idea that it is
star-forming. The distribution of the gas is not even, as it extends to the
left (which is not in the direction of either NSA 067302 or UGC 7383).
The optical image of this galaxy (Figure 5.10, top left) shows this to be
an irregular galaxy, perhaps the result of previous mergers/fly-bys that
have left this mass greatly disturbed. Despite the irregular nature of the
galaxy, the velocity field in Figure 5.10 (lower right) still shows regular
rotation of the gas.

Based on these observations, we can see that the three of the four compan-
ions (AGC 213045, NSA 067302 and NSA 067301) appear to be star-forming
throughout most of the galaxy. Only NSA 018045 has less star-formation, in
two small regions of the galaxy. These effects could be due to the encounter
with the other galaxy, as this is known to trigger and suppress star-formation
(Hernquist and Mihos, 1995; Almeida et al., 2014), or just because these
are lower mass disc galaxies which are typically found to be HI rich and
star-forming.
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Figure 5.7: HI resolved data visualized for NSA 018045 (the companion of UGC 9362). Top left: the optical image
of this galaxy from SDSS, on the same scale as the images in Figure 4.2. Top right: the HI ‘doublepeak’ detected by
our observation with the GMRT. Lower left: The HI total intensity map depicting the HI column density in units of
atoms/cm2. The black contour depicts the star-formation threshold at 10 Mpc−2(Schaye, 2004). Lower middle: The
SDSS r band optical image of the galaxy in greyscale with the contours of the HI total intensity map overlayed. Contour
colours are: blue = 3σ and yellow = 5σ. Lower right: The HI velocity field of the galaxy, expressed in km/s. The
orange arrows in the lower three panels show the direction to the main HIRB galaxy observed.
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Figure 5.8: HI resolved data visualized for AGC 213045 (the companion of UGC 6871). Top left: the optical image of
this galaxy from SDSS, on the same scale as the images in Figure 4.2. Top right: A comparison of the HI ‘doublepeak’
detected originally by ALFALFA (black) and by our observation with the VLA (red). Lower left: The HI total intensity
map depicting the HI column density in units of atoms/cm2. The black contour depicts the star-formation threshold at
10Mpc−2(Schaye, 2004). Lower middle: The SDSS r band optical image of the galaxy in greyscale with the contours
of the HI total intensity map overlayed. Contour colours are: blue = 3σ and green= 8σ. Lower right: The HI velocity
field of the galaxy, expressed in km/s. The orange arrows in the lower three panels show the direction to the main HIRB
galaxy observed.
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Figure 5.9: HI resolved data visualized for NSA 063702 (a companion of UGC 7383). Top left: the optical image of
this galaxy from SDSS, on the same scale as the images in Figure 4.2. Top right: A comparison of the HI ‘doublepeak’
detected by Hoffman et al. (1995) (black) and by our observation with the VLA (red). Lower left: The HI total intensity
map depicting the HI column density in units of atoms/cm2. The black contour depicts the star-formation threshold at
10Mpc−2(Schaye, 2004). Lower middle: The SDSS r band optical image of the galaxy in greyscale with the contours
of the HI total intensity map overlayed. Contour colours are: blue = 3σ and red = 15σ. Lower right: The HI velocity
field of the galaxy, expressed in km/s. The orange arrows in the lower three panels show the direction to the main HIRB
galaxy observed.
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Figure 5.10: HI resolved data visualized for NSA 063701 (a companion of UGC 7383). Top left: the optical image of
this galaxy from SDSS, on the same scale as the images in Figure 4.2. Top right: A comparison of the HI ‘doublepeak’
detected by our observation with the VLA (red). Lower left: The HI total intensity map depicting the HI column density
in units of atoms/cm2. The black contour depicts the star-formation threshold at 10Mpc−2(Schaye, 2004). Lower middle:
The SDSS r band optical image of the galaxy in greyscale with the contours of the HI total intensity map overlayed.
Contour colours are: blue = 3σ, magenta = 10σ and cyan = 20σ. Lower right: The HI velocity field of the galaxy,
expressed in km/s. The orange arrows in the lower three panels show the direction to the main HIRB galaxy observed.
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5.4 HowTypical are theEnvironments of theHIRB
Galaxies?

To see whether the prevalence of close companions to the six HIRB galaxies
we observed were unusual or not we needed to compare them to environments
of a larger sample of galaxies to quantify how typical this is. We start with the
set of SDSS galaxies that had been classified by Galaxy Zoo (Willett et al.,
2013), and existed in the NASA Sloan Atlas (NSA), which totalled 222,088.
From there the sample was mass matched to the range of stellar masses in
the HIRB sample, the selection criteria can be found in detail in Section 4.1,
leaving 54,249 galaxies. Subsets were created out of the parent sample:

• ‘Strongly Barred’ where the bar fraction (Pbar) is equal to or higher than
0.5 (discussed in Section 4.1.3), this totalled 6,914 galaxies.

• ‘High Gas Fraction’, defined as a galaxy’s HI mass fraction is equal to
or more than 3σ higher than the average HI mass fraction of a galaxy of
the same stellar mass, hosting 372 galaxies.

• ‘HIRBs’ are galaxies that are both strongly barred and have a high gas
fraction (including the six HIRBs of Chapter 4), 85 galaxies.

The range of masses in these samples are tailored to match the range of
mass of the six galaxies in the original HIRB sample (Newnham et al., 2019),
this can be seen in Figure 5.11. The distribution of the samples within the
range of the six HIRB galaxies were adjusted to match the other HIRB galaxies
as best as was possible. This is because the HIRB galaxies are rare so there
are only 85 in total.

In Section 4.1.2 we show that the six HIRB galaxies are comparable to
all HIRB galaxies in stellar mass and gas fraction, and borderline bluer in
the optical colour. We perform the N-1 Two Proportions test, but this time
to test on the presence of a companion within 1 Mpc in the two samples. In
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Figure 5.11: The distribution of the masses of the galaxies in the comparison
samples. The range spans the range of masses from the original HIRB sample
(Newnham et al., 2019). The distribution within the range is set to match the
HIRBs (Purple line)
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this scenario, we are looking for any companion within 1 Mpc, later in the
section, different constraints will be added. We find that 6/6 (100%) of our
HIRB galaxies have a companion within 1 Mpc and 77/85 (91%) of the other
HIRB galaxies also do. There is a difference of 9%, a 95% confidence interval
of 47% (which is still wide - as expected for samples with small sizes) and
χ2 = 0.62 (Chi-square value). Resulting in a p = 0.43 (p-value), suggesting
that there is no significant difference between our HIRB galaxies and the other
HIRB galaxies.

From here we used the Astropy module, SkyCoord1, which allows us to
find the 3D distances between galaxies using their Right ascension, Decli-
nation and redshift. Using the 3D distances rather than the 2D projected
distance allows for more accurate results - if the redshift were not included we
would risk counting physically distant, but closely projected galaxies as close
companions, which would introduce error into our results.

5.4.1 Companions with a HI detection

HI can be moved from one galaxy to a companion through accretion (see
Section 5.2.1). The presence of a gas-rich companion in addition to the HIRB
galaxy may indicate there is some site-wide primordial gas in the cosmic
web which is accreted through flows or filaments. So galaxies that have a
companion with a detectable HI content represent a sample that could have
been or may in the future be subject to such accretion. As already stated
the HIRB galaxies are unusual as they have both a high gas content and a
strong bar, two features rarely found in the same galaxy. A companion could
be responsible for the accretion of gas onto or from the main galaxy. Figure
5.12 shows the distance to the nearest companion that has a HI detection from
ALFALFA, as well as being in the Galaxy Zoo catalogue for morphological
classifications, and in the v1_0_1 release of the NASA-Sloan Atlas (NSA),

1More information found at https://docs.astropy.org/en/stable/api/astropy.coordinates.SkyCoord.html
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for precise spectroscopic redshifts and estimates of stellar mass. The NSA
includes galaxies within all redshifts from z=0 to ∼z<0.15 and in the coverage
of SDSSDR112. We constructed a sample of strongly barred galaxies, galaxies
with a high gas fraction (at least 3σ higher than the average gas fraction at
their stellar mass), galaxies that are both strongly barred and have a high gas
fraction (labelled HIRB), and all galaxies.

Not having a detection from ALFALFA does not imply there is no HI
in those galaxies, rather that it was not detected. A deeper observation may
be able to detect smaller amounts of HI, as is apparent in the companions
NSA 018045, NSA 067302 and NSA 067301 (Figures 5.7, 5.9 and 5.10) these
galaxies HI were detected by the VLA and the GMRT, but not by ALFALFA.

If the closest neighbour with a HI detection is further than 1 Mpc away
then the galaxy is counted as not having a companion with a HI detection.
This value of 1Mpc is used in Kauffmann et al. (2010), as an upper limit for
the sphere of influence of a galaxy. 1 Mpc between galaxies roughly translates
to 1.5 Gyrs until collision, when taking into account the average speed of
galaxies.

2More information about the NSA can be found at
https://data.sdss.org/datamodel/files/ATLAS_DATA/ATLAS_MAJOR_VERSION/nsa.html
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Figure 5.12: We show distances to the nearest companion with a HI detection in four subsets (1) all galaxies, (2) galaxies
with a gas fraction 3σ above the average for their stellar mass, (3) HI-rich barred galaxies, and (4) all strongly barred
galaxies (regardless of HI content). Both the box plot and the normalised scatter plot present the same data but with a
different visualisation. On the box plot we also show the percentages of each sample that had any companion with a
HI detection within 1Mpc. The individual HIRB galaxies observed as part of this thesis are plotted with an individual
shape/colour. The vertical blue dashed line shows the radius for potential confusion in ALFALFA for the maximum
redshift of any galaxy in any of the samples, z=0.15. We note that the nearest companion to UGC 8408 (purple diamond)
is not actually within ALFALFA’s confusion radius as the pair are at a much closer redshift (z=0.02).
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Figure 5.12 shows that galaxies that have a high gas fraction aremore likely
to have a close companion (HI detected) which is closer than is typical in the
overall galaxy population. The HIRBs are also HI rich and they also follow
this trend. The ‘Strongly Barred’ galaxies on average have a close companion
that is slightly further away than the average for all galaxies. Other than that
they don’t differ too much from the overall set of galaxies suggesting that the
growth of the bar is not directly linked to whether the companion galaxy has a
HI detection. To quantify this, the median distance to the nearest HI detection
for the sample of all galaxies was 0.59 Mpc and the strongly barred sample,
0.63 Mpc, the inter-quartile range for the sample of all galaxies and for the
strongly barred samples were 0.42 Mpc. As seen by the percentages stated in
the left plot of Figure 5.12, the fraction of ‘High Gas Fraction’ galaxies with a
HI detected companion within 1 Mpc is significantly higher than the average
for all galaxies. HI rich galaxies are more likely to have HI rich companions
than HI poor galaxies.

The right-hand plot of Figure 5.12 presents histograms of the distance to
the closest companion that has a HI detection. The histograms are plotted
and normalised to one to make for easier comparison between the samples.
As expected from the volume available, there are more companions found
at larger distances than smaller. On the left-hand side, the plot shows the
same quantities, but with the per cent of the galaxies that had a HI detected
companion also displayed. It was found that 27% of the other HIRBS and
31% of the gas-rich galaxies had a companion with a HI detection within 1
Mpc, whereas only 3% of the strongly barred sample did, and only 2% of the
overall galaxy sample. The conclusions that can be made from this plot are
that strongly barred galaxies have roughly the same distribution of HI detected
companions as the overall population. Whereas, galaxies that are both HI
rich and Barred (HIRB) are more likely to follow the trends of the high gas
fraction galaxies than that of the strongly barred, in this case, having a close
companion with a HI detection.

193



We can compare our six HIRB galaxies with the other similar (HI-rich
and strongly barred) galaxies with regards to the presence of a companion.
We find that 3/6 (50%) of our HIRB galaxies have a HI detected companion
within 1Mpc while 23/85 (27%) of the comparison sample galaxies do. While
this is a difference of 23%, in the sample of six there is a 95% confidence
interval of 65% (and χ2 = 1.48). This results in a p-value of p = 0.22,
suggesting that there is no significant difference between our HIRB galaxies
and the comparison sample galaxies.

5.4.2 Companions with at least 50% mass

We now investigate the distance to the nearest galaxy, regardless of HI proper-
ties. Figure 5.13 show a similar plot to Figure 5.12, but limited to a sample
where the companion’s mass measures at least 50% of the mass of the main
galaxy. Looking for companions with a higher stellar mass is also important,
as the bigger galaxies are going to have more of a gravitational effect on the
main galaxy. The top half of Figure 5.13 shows the results, and immediatelywe
can see some differences between this figure and Figure 5.12. The differences
in the percentages are much less significant, showing that the mass of the
companion galaxy has less of an effect on the HI content of the main galaxy
than the HI status of the companion. The majority of galaxies in all subsets
are less likely to have a large companion within 1 Mpc.
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Figure 5.13: Top: Distance to the nearest companion at least 50% of the mass of the galaxy. Bottom: Showing the
distances to the nearest companion with less than 50% of the mass of the galaxy. Samples and presentation identical to
Figure 5.12.
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We run the N-1 Two Proportions test to identify a difference between
our six HIRB galaxies and the comparison sample (should any exist), when
looking at massive companions (mass >50% of the main galaxy). We find
that 3/6 (50%) of our HIRB galaxies have a massive companion within 1
Mpc, while only 12/85 (14%) of the comparison galaxies also do. This is a
difference of 36%, a 95% confidence interval of 65% and a Chi-square value
of 5.24. This gives a p-value of 0.02, which reveals that there is a statistically
significant difference between the six HIRBs and the comparison galaxies in
this measure: the HIRBs we observed are more likely to have a massive close
HI detected companion that HIRBs in general. This should be remembered
when interpreting the results.

5.4.3 Companions with less than 50% mass

In contrast to the top half of Figure 5.13, the lower half shows the distance to
the closest companion with less than 50% of the mass of the HIRBs. We note
that the distance to the companion for the ‘Strongly Barred’ galaxies sport
a similar range to that of the top plot, but there are physically fewer of the
galaxies that have a companion with a mass less than 50% of the mass of the
galaxy, within 1 Mpc. This can suggest that the large companions (at least
50% mass) are aiding the growth of the bar through tidal triggering. Next,
the ‘High Gas Fraction’ sample is more likely to have a companion within
this distance (42% of them do), and these companions are also likely to be
much closer than the average galaxies. A total of 44% of the HIRBs have
companions within 1 Mpc that are less than 50% of the mass of the galaxy.
Overall, again the HIRBs are more like the high gas fraction galaxies than
the strongly barred sample, in the properties of their low mass companions.
These less massive companions may be contributing to gas accretion onto the
main galaxy.

This final statistical test compares our six HIRB galaxies with the other
HIRB galaxies with regards to the presence of a companion with less than
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50% of its mass. Finding that 5/6 (83%) of our HIRB galaxies have a HI
detected companion within 1 Mpc and 37/85 (44%) pass rate of the other
HIRB galaxies. There is a difference of 39%, a 95% confidence interval of
58% and a Chi-square value of 3.57. This gives a p-value of 0.06, this is
a borderline score, but it does suggest that there is no significant difference
between our HIRB galaxies and the other HIRB galaxies here.

These plots are showing that the HI rich galaxies are more likely to have
lowmass companions and just as likely to have higher mass companions as the
strongly barred and overall samples of galaxies. The HIRB galaxies seem to
be less likely to have a companion at least 50% of the mass than galaxies that
are either HI rich or strongly barred. The strongly barred galaxies follow the
trends of the overall population in both of these plots, suggesting that having
a close companion may not have a large impact in this case.

5.4.4 Similarities and Differences to the HIRB Galaxies

Figures 5.12 and 5.13 show the typical environmental factors of strongly barred
galaxies, HI rich galaxies and galaxies that have both of these properties. On
all of these figures are also the individual symbols used for each of the six
HIRBs analysed in Chapter 4. From this, we can say that all six of the HIRB
galaxies do have at least one companion within ∼1 Mpc, which makes sense,
as the figures show that HIRB galaxies are more likely than the other samples
to have a companion within 1 Mpc. When it comes to the companions with
at least 50% mass (Figure 5.13, top) only UGC 4109 and UGC 9362 have
companions within 1 Mpc. UGC 8408 and UGC 6871 have companions
within 1 Mpc that have a HI detection from ALFALFA.

From this it is possible to conclude that the six HIRBs differ from one
another greatly in terms of their environment from the resolved HI maps, they
all also appear to follow the trends of the galaxies that have a high gas fraction
rather than strongly barred.
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5.5 Discussion

From Chapter 4 we noted that the HIRB study (Newnham et al., 2019) had
the original aim to investigate the effect a strong bar has on a gas-rich galaxy
and vice versa. After studying the resolved HI images for the sample it was
noted that the environment of these galaxies may be playing a larger part in
the existence of these type of galaxies than originally anticipated.

Galaxy environments have been studied for a long time and it has been
known that some evolution can be attributed to the other local galaxies and
interactions (Dressler, 1980; Okazaki and Taniguchi, 2000; Cox et al., 2004;
Sancisi et al., 2008; Bournaud, 2011; Boselli et al., 2016), as discussed in
Section 1.3. Along with secular evolution and some other evolutionary pro-
cesses (Section 1.3), these interactions can help to understand the entire story
of how galaxies evolve. There have been several methods of measuring the
environment of galaxies. When the question is about the density of the sur-
rounding environment, one can use the nth nearest neighbour approach (Baldry
et al., 2006; Cowan and Ivezić, 2008; Brough et al., 2011) or the fixed aperture
approach (Croton et al., 2005; Abbas and Sheth, 2006; Wilman et al., 2010;
Muldrew et al., 2012). These methods have been compared and remain in-
conclusive as to which approach is superior (Cooper et al., 2005; Wolf et al.,
2009; Gallazzi et al., 2009; Kovač et al., 2010;Wilman et al., 2010; Haas et al.,
2012; Muldrew et al., 2012). In this study we decided to parameterise the very
local environment by looking at the distance to the 1st nearest neighbour.

The morphology and actions of gas within galaxies has been linked to
the environment the galaxy resides. Accretion can occur between galaxies
close enough to gravitationally interact causing disturbed HI profiles (Hibbard
et al., 2001; Chung et al., 2007). In groups and clusters, it has been observed
that HI moves between all of the galaxies involved (van Gorkom et al., 1984;
Warmels, 1988; Sullivan, 1989; Cayatte et al., 1990; McMahon, 1993; Cayatte
et al., 1994; Verheijen, 1996; Dickey, 1997; Bravo-Alfaro et al., 2000), leaving
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the galaxies relatively HI poor (Gunn and Gott, 1972; Davies and Lewis,
1973; Giovanelli and Haynes, 1985; Fasano et al., 2000; Solanes et al., 2001;
Bekki et al., 2002; Bekki and Couch, 2011). Tidal interactions often results
in asymmetrical HI distributions (Toomre and Toomre, 1972; Larson and
Tinsley, 1978; Kennicutt et al., 1987; Barnes and Hernquist, 1992; Yun et al.,
1994; Hibbard and van Gorkom, 1996; Putman et al., 1998). Tidal torques
allow for large amounts of the gas within the galaxy to flow into the central
kpc (Hernquist, 1989; Barnes and Hernquist, 1991, 1996). These and other
processes can leave a galaxy ‘starved’ of gas (Cayatte et al., 1994; Vollmer
et al., 2001).

There is evidence in the form of simulations to support the tidal triggering
of stellar bars in galaxies that have a close companion, due to the gravitational
interaction of a ‘fly-by’ or major/minor mergers (Noguchi, 1987; Gerin et al.,
1990;Miwa andNoguchi, 1998;Berentzen et al., 2004; Steinmetz andNavarro,
2002; Dubinski et al., 2008; Łokas et al., 2014), but in gas-rich galaxies, this
bar formation starts later and takes a lot longer (Sheth et al., 2008;Athanassoula
et al., 2013). Barred galaxies can still accrete gas (Hallenbeck et al., 2012).
It is inconclusive whether being in a non-isolated environment is more or less
likely to stimulate the formation and growth of bars (Elmegreen et al., 1990;
Giordano et al., 2011).

In this Chapter, we discuss the companions of the HI Rich and strongly
Barred (HIRB) galaxies (Newnham et al., 2019). It is unusual that these
galaxies are both HI rich and strongly barred, it can be assumed that they
either were HI rich and a bar formed later (through various methods, like tidal
triggering) or they were strongly barred galaxies that have since been accreting
gas from their environment. The lack of visible ‘HI-bridges’, and/or ‘tails’
either means that they are not there, or that our data was not deep enough to
detect them.

We used the observations from the HIRB (Newnham et al., 2019) study to
measure the HI from some of the companions of the six galaxies in the sample.
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From these observations, wewere able to accuratelymeasure four companions,
NSA 018045 (companion to UGC 9362) AGC 213045 (companion to UGC
6871), NSA 067302 and NSA 067301 (companions to UGC 7383). There
was a companion to UGC 9244, NSA 017997, but the two are in a pre-merger
state, and all HI between the two was indistinguishable to the individual
galaxies. We expected to see interesting morphological features in the HI of
the companions due to the interaction with the HIRB galaxy, like asymmetry,
tails and bridges, and over or under dense areas. We might expect star-
formation to be suppressed or ignited, measured against the typical threshold
for star-formation (∼3-10M�pc−2, Schaye 2004).

We also used the Galaxy Zoo (Willett et al., 2013) and ALFALFA Haynes
et al. (2011) surveys to find comparison samples of galaxies. A group of all
galaxies, galaxies that were identified to have a strong bar by Galaxy Zoo,
a sample which had a high gas fraction (at least 3σ more) compared to the
average for their stellar mass, galaxies which are both strongly barred and have
a high gas fraction. All samples were within the mass range of the six HIRB
galaxies (Newnham et al., 2019). This was used to see how our six HIRBS
and other galaxies which were strongly barred and had a high gas fraction
compared to the other sample in terms of their environment.

We use these samples to investigate the distance to the nearest companion,
where the companion has certain characteristics. We cut off the search after 1
Mpc, as anything further out we do not define as a ‘close companion’. It was
found that the galaxies that were HI rich and strongly barred more often has
similar environmental traits to the high gas fraction sample than the strongly
barred sample, rather than appearing more centrally between the two. This
suggested that the HIRB galaxies in terms of environmental properties are best
described as gas-rich galaxies that happened to have a strong bar form, rather
than the other way around.

When looking at the six HIRB galaxies fromNewnham et al. (2019) we see
that they can be separated into three categories, when looking for companions
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in the resolved HI data:

• No companion: two of the galaxies, UGC 4109 and UGC 8408, had
no visible companion in the resolved HI data. This does not mean that
they are isolated, just that any companion did not have sufficient HI
levels to be registered at the GMRT or the VLA with the amount of time
spent in that field. Looking at Figure 5.12, they both have a HI detected
companion within 1Mpc. They also both have a companion within 1
Mpc greater than or less than 50% of their mass (Figure 5.13) meaning
that the bars may have been tidally triggered.

• 1 companion: three of the HIRB galaxies had one visible companion
in the resolved HI data. UGC 9362, UGC 9244 and UGC 6871 - these
companions are thought to be interacting with the main galaxy due to
the HI distribution maps of the main galaxies (Figures 4.8 to 4.10) and
the companions (Figures 5.7 to 5.10). Some of the companions are
much closer to their main galaxy, for example, NSA 017997 and UGC
9244 appear to currently be merging. All three of the galaxies with a
companion have a hole in the HI. UGC 9362 and UGC 9244 have holes
in the centre of the HI and UGC 6871 has an offset hole. While the
holes in the gas have been attributed to the dynamics of the stellar bar
(see Section 4.4) the fact that all three of these galaxies have a visible
companion could still be influencing their high gas fractions, which
results in gas around the disc to be displaced by the bar.

• Multiple companions: Only one of the six HIRB galaxies had more
than one companion visible in the resolved HI data. UGC 7383 has two
companions, both to the upper left of images (Figure 5.5). UGC 7383
had no central hole, unlike the galaxies that had one close companion
detected with the resolved HI data.

The morphology and kinematics of the HI in the four companion galax-
ies were interesting and telling of the interaction occurring. In two of the
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companions, NSA 018045 and NSA 067302, the HI is visibly ‘pulled’ in the
direction of the other galaxy, showing evidence of possible accretion onto the
HIRB galaxy. NSA 067302 also has two dense regions along the major axis of
the galaxy, with an under-dense region in the centre; this overall uneven nature
of the HI could have been caused by the interaction too. The HI distribution
is more even in AGC 213045 and NSA 067301, although it is misshapen
in the latter. The star-formation threshold (∼3-10M�pc−2, Schaye 2004) is
met throughout all of the HI in three of the companions; AGC 213045, NSA
067392 and NSA 067301. However, in NSA 018045, the threshold is only met
in two small areas, fairly central to the galaxy. These results are not unusual as
interactions have been known to trigger and suppress star-formation, even in
galaxies with large gas reservoirs (Hernquist and Mihos, 1995; Almeida et al.,
2014). The rotation of the gas in all four of the companions is fairly regular
around the centre, despite the gravitational pull from the interaction with the
HIRB galaxy. This, however, may change if the galaxies get closer together in
the future.

The number and proximity of the companions to the six HIRB galaxies
from the HIRB survey (Newnham et al., 2019) is not unusual when compared
to the environments of other HIRB galaxies. The overall view of the HIRB
galaxies is that they are more likely to have a closer companion than other
galaxies, including strongly barred but not gas-rich galaxies.

As the sample of HIRB galaxies consists of only six entries, they do not
comprise a statistically representative sample. By comparing to other galaxies
which made the HIRB selection, we can see roughly how they fit any patterns
found in this specific type of galaxy. There were 85 other HIRB galaxies
identified after cuts described in Section 5.4 (i.e redshift, bar strength, gas
content, stellar mass, inclination, and more), this is also a small sample and
thus the regular statistical tests would not be accurate if completed. In this
chapter we did compare these galaxies to our six HIRBs, to see if our HIRBs
are close to the relative ‘normal’ for galaxies with a strong bar and high HI
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content. In Section 4.1.2 I provide a more detailed overview of the possible
statistics with small number samples like the HIRBs, with some statistical tests
completed. More tests were completed in Section 5.4.

There are two possibilities for the origin of the unusual HIRB galaxies.
Either (1) they were normal gas-rich galaxies (i.e. unlikely to host a bar) in
which a bar has been triggered, or (2) they were normal barred galaxies (i.e.
unlikely to be gas-rich) which have somehow accreted gas.

Under scenario (1) HIRB galaxies are in an early stage of bar formation.
This theory details that the galaxies are gas-rich have had a bar triggered
recently and it has developed into a strong bar quickly. This tidal triggering
can happen from a small perturbation (as mentioned in Section 5.2.1), and
a companion will cause at least a small perturbation. Figures 5.12 and 5.13
show that a significant number of the HIRB galaxies have a local companion,
adding support to this theory. Once the bar has formed in the gas-rich galaxy,
the HIRB galaxy and its companion are parts of a minor merger, preserving
the shape of the HIRB galaxy. The gas then is stripped or lost from the merger
or excited by it and forms stars, lowering the galaxy’s MHi. We now have the
redder, gas-poor, strongly barred galaxies that are more common throughout
the universe.

Under scenario (2) HIRB galaxies have recently accreted material from
the intergalactic medium. As mentioned in Section 1.4 and shown by Figure
2.10, the HI can be gravitationally redistributed from one galaxy to another and
creating tails and bridges between the galaxies. The HI is faster to be disturbed
than the stars, this is often because the HI radius often exceeds the radius of
the optical counterpart in late-type galaxies (Hibbard and van Gorkom, 1996),
meaning that the interaction between the HI of the galaxies could be occurring
before there is evidence of interaction optically.

If scenario (1) is correct, we would expect the properties of the HIRBs
to resemble gas-rich galaxies in general, while under scenario (2) they would
resemble barred galaxies. What we observed (in terms of environment) is that
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they are more similar to gas-rich galaxies.
This suggests that gas accretion is not necessarily the evolutionary process

resulting in their existence. TheHIRBgalaxies do seem to resemble theHI rich
population (with and without bars) suggesting that they have previously been
gas-rich galaxies that have had a bar tidally triggered. The time since the bar
was triggered could be a reason for the differences between the morphologies
of the six HIRB galaxies, that was discussed in Chapter 4. The HIRB galaxies
may still have accreted some of the gas from the companion that triggered
the formation of the bar. Some gas accretion may also be from cold mode
accretion, which is currently undetectable, at least until we have the sensitivity
to detect extremely low column density gas with instruments such as SKA.

5.6 Chapter Conclusion

We reduced and imaged resolved HI data for four companion galaxies to
the HIRB galaxy survey (Newnham et al., 2019). These galaxies were not
known to be interacting with the HIRB galaxies initially, but found in the data,
allowing us to study the environment of the HIRB galaxies in detail. Features
of the companion galaxies were found using Galaxy Zoo, ALFALFA and The
NASA/IPAC Extragalactic Database3, optical counterparts for the HI maps
were found with SDSS. The optical morphology of the companions spans
a range of qualities, some visible blue and some red, spirals, irregular and
elliptical.

The companions show different star-formation properties, which fit with
the fact that they are interacting, altering what would have been their regular
secular evolution. While none show a direct HI bridge to the HIRB galaxy, the
distribution in several of the companions shows that they are being gravita-
tionally influenced in the direction of the HIRB galaxy. They all show regular
rotation, despite some of the distorted morphological shapes.

3http://ned.ipac.caltech.edu
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We looked at the typical environments of other galaxies. Split into samples
of strongly barred galaxies, gas-rich galaxies, other HI rich and barred galaxies
(HIRB) and all galaxies. We find that the HIRB galaxies (the six from
Newnham et al. (2019) and the other HIRBs found) tended to be more similar
to gas-rich galaxies than the strongly barred galaxies, with regards to the
environment. We found that the barred galaxies were very similar to the
overall sample of all galaxies, with the fraction that have a companion within
1Mpc, an interesting result as it shows a lower likelihood of tidal triggering of
bars occurring. Through this, we also find that gas-rich galaxies are extremely
likely to have a HI detected companion within 1Mpc, support for the idea that
these galaxies have accreted their HI to make them gas-rich.
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Chapter 6

Conclusions and Future Work

In this, the concluding Chapter of this thesis, I summarise the main results
on how this contributes to our understanding of galaxy evolution and discuss
potential future directions.

6.1 Summary of Thesis

This work aims to identify how stellar bars contribute and influence galaxy
evolution. The formation of bars is considered to be an effect of secular evolu-
tion, which is an important part of how galaxies change over time when there
are no interactions from other galaxies involved (Kormendy and Kennicutt,
2004). As the universe expands it is expected that mergers between galaxies
will become less common and secular evolution will be the dominant form
of galaxy evolution. We chose to study the morphology of HI-rich barred
galaxies, which are rare disc galaxies. Using radio interferometers we can see
the morphology of the HI in the individual galaxies, allowing us to investigate
how bars disrupt the distribution of matter in the central region.

I began this thesis with an introduction, in which I discuss how galaxies are
a collection of stars, gas, dust andmore (Hubble, 1929), and can exist in several
different forms, e.g. as identified byHubble (1926) and deVaucouleurs (1959).
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Spiral galaxies are typically young and star-forming (Elmegreen, 2011), and
these galaxies can be classified by having a stellar bar or not (Curtis, 1918;
Hubble, 1926). The bar is thought to be responsible for the redistribution
of matter in a galaxy towards the centre (Athanassoula, 1992; Athanassoula
et al., 2013), as well as prevent more matter from approaching the central
region, past the co-rotation axis (Contopoulos, 1980; Athanassoula, 1992).
Galaxy evolution is thought to occur through several mechanisms. Kormendy
and Kennicutt (2004) split the process into a combination of fast or slow, and
internal or external. For this thesis we look at the combinations: internal and
slow, which refers to secular evolution, and external and slow, referring to
environmental factors like companion galaxies triggering some tidal effects.

Secular evolution is the dynamically slow evolution that plays an important
role in a galaxy’s morphological traits (Kormendy, 1979). The formation
of a bar is thought to be one of the effects of secular evolution, as is the
distribution of gas throughout the disc (Kormendy andKennicutt, 2004), which
are two areas we investigated in this thesis. For a bar to form through secular
evolution, the galaxy needs to have sufficient time without a major merger.
Observationally, bars are associated with passive, red galaxies (Masters et al.,
2011), although they are found in all types of spiral galaxies.

It is thought that the majority of galaxies are not isolated, and exist in some
sort of cluster, group or pair (Colless et al., 2001). Environmental factors have
an important effect on the evolution of a galaxy. Tidal interactions from other
nearby galaxies can cause the early triggering of bar formation (Toomre and
Toomre, 1972; Larson and Tinsley, 1978; Kennicutt et al., 1987; Barnes and
Hernquist, 1992; Yun et al., 1994; Hibbard and van Gorkom, 1996; Putman
et al., 1998). These interactions are also thought to move matter (like gas)
toward the centre of the galaxy (Hernquist, 1989; Barnes and Hernquist, 1991,
1996). This can also trigger or suppress star-formation (Hernquist and Mihos,
1995; Almeida et al., 2014). The gravitational pull from the companion would
be enough to distort the galaxy’s morphology, making it more irregular in
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shape. The gas in either galaxy can be stripped and accreted onto the other,
which can be seen as bridges between them (Chung et al., 2007; Hibbard
et al., 2001). There is also the possibility of cold accretion of the gas from
the interstellar medium. All of these effects can have an important role in the
evolution of certain types of galaxies (including our ownMilkyWay) and thus
investigating them is interesting in the context of galaxy evolution overall.

In this thesis, I present radio interferometry observations of gas in strongly
barred galaxies. In Chapter 2, I explain how radio interferometers work,
by using a collection of antennas (an array) spread out to create a telescope
comparable to the size of the array. To be able to see internal structure in HI,
21cm emission, we needed to use radio interferometers to observe the HI in
galaxies. The study of HI, or neutral hydrogen, is also introduced in Chapter
2 as is what we know about the actions of this gas in galaxies. HI in the Milky
Way has been observed in great detail, showing that the HI is spread unevenly
throughout the galaxy, and denser along the spiral arms (Westerhout, 1957;
Schmidt, 1957; Levine et al., 2006). HI has been studied in galaxies other
than our own, showing that galaxies that tend to have larger amounts of HI
are typically spiral (Giovanardi et al., 1983). There is a positive correlation
between gas content and colour, specifically the bluer a galaxy, the more gas
it contains, resulting in more star-formation along the spiral arms (Lin and
Shu, 1964; Lada et al., 1988; Grabelsky et al., 1987). Since bars are more
commonly found in older, redder galaxies (Masters et al., 2011) they do not
have large amounts of gas, compared to similar non- barred galaxies (Masters
et al. 2012), making the galaxies that are both strongly barred and gas-rich
interesting and unusual objects.

In Chapter 3 I discuss the data collection, reduction and imaging processes
for synthesis imaging data. This thesis uses data from the GMRT and the
VLA, both of which are ∼30-dish radio interferometers which can accurately
measure 21cm signals. Three of HIRB galaxies were observedwith the GMRT
and four with the VLA, although one of those we did not image due to issues
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described thoroughly in Section 3.2.2.
TheHIRB survey (Newnham et al., 2019) is introduced in Chapter 4 (based

on an article that is under peer review at MNRAS) and is used to reveal the
morphology and kinematics of the HI in these unusual galaxies. There are
several findings from this work:

• The HIRB galaxies displayed a range of star-formation properties. This
was interesting, the presence of a bar typically occurs in red, passive
spirals (Masters et al., 2010; Fraser-McKelvie et al., 2016), and the
presence of a high MHi typically occurs within highly star-forming
galaxies (Saintonge et al., 2012).

• The population ages, found through the Dn4000 values, of the stars were
also found to be widely different for the different HIRB galaxies. When
plotting the Dn4000 vs. HδA, it was observed that the central fibres all
of the HIRB galaxies lie in the quiescent regions.

• There are holes in the centre of the HI for some of the galaxies. Accord-
ing to the simulations by Athanassoula et al. (2013), the hole caused by
the presence of the bar takes differing amounts of time to form, based
on the gas fraction. This suggests that our HIRB galaxies have bars
with different stages of formation/evolution, resulting in the different HI
morphology.

• Some of the HIRB galaxies have companions with visible HI in the
resolved data, which could be interacting with the HIRB galaxies. This
introduces the idea of gas accretion or tidal triggering of the bar as to
the reasoning behind the HI Rich and Barred status. This was explored
further in Chapter 5.

• There was a trend between the HI morphology and the star-formation
properties of the HIRB galaxies. The bars thought to be dynamically old
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(due to the presence of the hole in the HI), seemed to have ceased star-
formation, and the younger bars (no HI hole present) are still actively
star-forming.

Chapter 4 focuses mainly on the HI within the HIRB galaxy, and Chapter
5 looks at the environments of the HIRB galaxies and other similar galaxies.
Some of the main findings of Chapter 5 (which we are preparing to submit for
publication) include:

• HIRB galaxies had environmental traits more similar to other HI rich
galaxies than to other strongly barred galaxies. This can be used as
evidence for these galaxies originating as gas-rich galaxies and having
a bar tidally triggered.

• In the resolved HI data for the HIRBs and their companions we can
see some evident distortion to the morphology of the HI, specifically
lopsided, and denser in the direction of the other galaxy. This shows
that the gas from the companion may be being stripped currently or in
the future. The data was not sensitive enough to see any bridges in the
HI between the galaxies.

• All of the companions located in the resolved HI data had reached the
star-formation threshold (∼10 M�pc−2, Schaye 2004). One had only
met this in two small sections of the HI distribution, but the others had
met this throughout all of the HI. All of this can fit into expectations,
as interactions have been observed to ignite and suppress star-formation
(Hernquist and Mihos, 1995; Almeida et al., 2014)

• Not all of the HIRB galaxies had a companion visible in the resolved
HI data, but using locations of galaxies from SDSS, we find that they
do all have at least one companion within 1Mpc. This again can add to
the idea that they are gas-rich galaxies that have had their bars tidally
triggered.
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• Overall, galaxies with a high gas fraction and a strong bar are more
likely to have close companions than the overall sample of galaxies,
suggesting support for tidal triggering of bars as well as gas accretion.

In the next section, we reflect on the direction we wish to take this research
for HIRB galaxies, by looking at the CO to get a broader picture of the total gas
content and dynamics. We will also present some preliminary research into
the relationship between spiral arms and star-formation. All of these aspects
together will help give a broader understanding of the components of galaxy
evolution.

6.2 Future Work

6.2.1 CO Observations of the HIRB Galaxies

One of the most interesting ways to continue the research into the HIRB
galaxies would be by collecting CO observations for them. CO is a useful
tracer for molecular gas, allowing us to further study the location of star-
formation in the galaxies. Using the already observed HI data and the CO data
we can create total gas surface density maps.

Star-formationmainly takes place insidemolecular clouds, which aremade
up of molecular hydrogen (H2). Astronomers tend not to observe H2 directly,
as it is rarely excited, meaning it has no emission line spectrum. CO can be
used as a tracer for molecular hydrogen, as it is easier to detect. CO is the
second most abundant molecule, after H2, but the two form very differently.
CO forms in the gas phase (Sternberg and Dalgarno, 1995) and H2 is thought
to form on dust grains (Gould and Salpeter, 1963). There is a ratio between
CO luminosity and H2 mass, but it has been shown that this varies (Röllig
et al., 2007). Despite the variations, there is a good correlation between CO
luminosity and H2 mass (Dickman, 1978; Sanders et al., 1984; Solomon et al.,
1987; Strong and Mattox, 1996; Dame et al., 2001). It would be interesting
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to find out if the holes in the HI have CO in the middle, this was the case
for M95 when the observations were completed by THINGS (Walter et al.,
2008). CO observations are expensive and time-consuming, COLD GASS is
the largest CO survey currently, measuring the molecular gas content of 366
galaxies using the IRAM 30-m telescope. This single dish instrument can
collect spectral line data, but it will not have the resolution to see any of the
internal structure within the galaxies. In comparison to HI, ALFALFA, the
large single dish survey of HI, has measured ∼31,500 sources (Haynes et al.,
2018). Never-the-less, in the era of ALMA, synthesis imaging of CO in nearby
galaxies is becoming more routine and is certainly possible for galaxies at the
distance and angular scale of the HIRBs (Lin et al., 2017). The southernmost
galaxies HIRB sample will provide an interesting sample for ALMA followup
in the future. This study of the molecular hydrogen morphology compared
to the atomic hydrogen morphology may also support the theory that some
HIRB galaxies may have accreted some of the HI from local companions.

Optical IFU data would also be valuable for the HIRB galaxies, it would
further allow us to decipher the intricate internal morphology of the galax-
ies. Studies such as MaNGA (Bundy et al., 2015) provide two-dimensional
maps of many properties in a galaxy, some examples include: stellar velocity
and velocity dispersion, mean stellar age and star-formation history, stellar
metallicity, element abundance ratio, stellar mass surface density, ionised gas
velocity, ionised gas metallicity, star-formation rate, dust extinction and more.
One of the Six HIRB galaxies (Newnham et al., 2019) is currently on the target
list for scheduled MaNGA observations, for the others targeted optical IFU
data would be desirable (e.g. using MUSE, Bacon et al. 2010).

6.2.2 Spiral arm strengths and star-formation properties

The link between spiral arms and star-formation was mentioned in Chapter 1.
In a spiral density wave, the gas is typically compressed, even more so that the
stars. Section 2.8 discusses how once theHI andH2 are compressed, stars form
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(Bigiel et al., 2008; Leroy et al., 2008). Young, hot stars will emit blue light,
and these stars do not live long. This makes blue light an accurate way to see
the location of star-formation in a galaxy, and why many galaxies’ spiral arms
are blue (Conselice, 2006; Mignoli et al., 2009). Like bars (Section 1.6.1), the
spiral arms are an internal structure that can influence, and be influenced by
the host galaxy’s morphology and evolution.

We use a sample of galaxies selected by a cross match between the Galaxy
Zoo classifications (Willett et al., 2013) and the NASA Sloan atlas (NSA;
Blanton et al. 2011). The sample was volume limited at 0.01 < z < 0.05,
choosing only face-on spirals (log

( a
b

)
> 0.5) and that the majority of vol-

unteers say the galaxy had notable features (Pfeatures > 0.5). This sample
consisted of 76,393 galaxies.

We use the Hα flux and optical colours as tracers of star-formation and use
the fraction of votes onwhether the galaxy has spiral arms (Pspiral) as an indica-
tor as to how strong the arms appear. Pspiral is a Galaxy Zoo classification be-
tween 0 and 1, with 1 being a 100% agreement that there are spiral arms. Typi-
cally the higher the Pspiral fraction, the stronger the spiral arms, as they show in
the imagemore clearly. We use only theHα flux that we can reasonably assume
comes from star-formation, rather than an AGN, using the BPT diagram (Bald-
win et al., 1981), which states a galaxy is star-forming if log(NII/Hα) > 0.05
and log(OIII/Hβ) < ((0.61/(log(NII/Hα) − 0.05)) + 1.3).

Early Results

Some early results of this work show the observed correlation between Pspiral

and colour, Hα and M∗. Figure 6.1 shows that against Hα the average Pspiral

doesn’t alter much, this is an interesting finding, as one expects the more spiral
a galaxy, the more Hα from star-formation would be emitted. Against the
colours, g − r , u − r , Nuv − r and Nuv − u we see that the bluer the colour
the higher the value of Pspiral. There is also a dip in Pspiral at the bluest end of
the plots, which could suggest spiral arms become harder to distinguish in the
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most star-forming galaxies due to the impact of star-formation clumps. Pspiral

vsM∗ has a very slight positive correlation, but negligible for this sample, this

is not too unusual, as early-type galaxies had been removed from the sample,
mentioned in Section 6.2.2. It is interesting how there is little direct correlation
between Pspiral and M∗ observed in Figure 6.1, but in Figure 6.2 we can see

how separating the sample by mass results in changes of the correlations with
colour and Hα flux. Figure 6.2 again shows Pspiral against Hα and colour,
but with the sample split by mass into low mass (M∗≤ 3×109), medium mass
(3×109 ≤ M∗≤ 3×1010), and high mass (M∗≥ 3×1010). From the Pspiral vs
Hα plot (top left) we see that the highest mass sample (magenta) have the
highest Pspiral and the lowest Hα, the medium (cyan) and low (orange) mass
samples seem to have a more similar spread along the Hα axis, but the low
mass galaxies have the lowest Pspiral. In the colour plots, the higher mass has
higher Pspiral, and are typically redder. The reddest galaxies in all of these
plots appear to have the lowest Pspiral values also, this supports the theory that
these galaxies could be moving from blue star-forming discs into red, dead,
early-type galaxies.
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Figure 6.1: Plots showing the average Pspiral in the sample against the Hαflux,
M∗and colours; u − r and Nuv − r .

215



Figure 6.2: The same plots as Figure 6.1, but with the M∗separated into low
mass (M∗≤ 3×109), medium mass (3×109 ≤ M∗≤ 3×1010), and high mass
(M∗≥ 3×1010).
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Figure 6.3: Example galaxies with different Pspiral values . From left to right, Pspiral = 0, Pspiral = 0.5, Pspiral = 0.8,
Pspiral = 0.9. Credit: SDSS
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Figure 6.3 shows examples of galaxies with increasing Pspiral. The spiral
arms get visibly clearer the higher the Pspiral gets.

6.3 Conclusions

To conclude this thesis, I present the work completed over the last 3.5 years
into the study of galaxy evolution. Specifically this thesis studies the effect
of internal structures, such as bars and spiral arms, the morphology and
kinematics of HI gas, and the effect of companion galaxies on these structures.
These studies aim to aid the understanding of galaxy evolution on a larger
scale. By studying the secular evolution (internal) of the galaxy, as well as the
influences of the environment (external) we help to provide a well-rounded
view galaxy evolution. The work produced one submitted paper (Newnham
et al., 2019), and two papers in draft stages.

The HI Rich Barred (HIRB) galaxy survey was created as part of this
thesis. Resolved HI data was collected, reduced, imaged and analysed, the
results of which were presented in Newnham et al. (2019) and in Chapters 4
and 5 here. The sample was selected using stated morphologies from Galaxy
Zoo 2 (Willett et al., 2013) and ALFALFA 40% (Haynes et al., 2011), and
further selection criteria as outlined in Masters et al. (2012). They all have
high gas fractions compared to the average gas fraction for their stellar mass,
corresponding to a HI mass in the range of 10.25 < log(MHi/M�) < 10.47.
From here we chose galaxies that had a strong bar, with a bar “probability" of
pbar > 0.5, fromGalaxy Zoo. This gave us a sample of 48, which we narrowed
to 10, and collected and reduced the data for six using the VLA and the GMRT.
These six galaxies have a range of optical colours and bulge sizes, making the
sample reasonably representative of the local massive spiral population.

The galaxies have a range of star-formation properties, which may make
sense as they are both gas-rich and strongly barred, things that individually
correlate with active star-formation and passivity respectively. (Masters et al.,

218



2010; Fraser-McKelvie et al., 2016; Saintonge et al., 2012). The details of this
can be seen in Figures 4.4 to 4.6. The gas properties, found by the resolved
HI observations, painted a picture not entirely consistent with the simulations
(Athanassoula et al., 2013). Not all of them had a central hole, where the bar
is expected to have displaced the gas in that region. However, in simulations,
it is observed that this is not a fast process, so a recently or quickly formed bar
may not have created this hole yet.

There is a correlation with the galaxies, those that have a hole in the centre
of the HI (suggesting a more mature bar) and have ceased star-formation,
and those that have no hole (suggesting a younger bar), have a significantly
higher gas fraction and are actively star-forming. This shows support for the
theory that the formation and growth of the bar is somewhat responsible for
the cessation of star-formation, even when large reservoirs of gas remain.

We observe a correlation between the HI morphology and star-formation
properties of the galaxy, which is divided into those which have dynamically
mature bars, HI holes and have apparently ceased star-formation, and those
which aremore gas-rich, do not haveHI holes (suggesting dynamically younger
bars) and are still actively star-forming. This does support a picture in which
bar quenching plays an important role in the evolution of disc galaxies.

The resolved HI data also showed that four of the six HIRBs have at least
one close companion galaxy that is detected in our HI observations, either an
impending merger or a close ‘fly-by’. We suggest that the reason for these
galaxies having such a strong bar and a high gas fraction may be due to
tidal triggering of the bar, or perhaps accretion of gas from the companion
galaxy. The properties of these companion galaxies differ between them, from
early to late-type or optically blue to red. Like the six HIRB galaxies, the
four companions displayed different star-formation properties. There was no
visible bridge of HI between the galaxies but that may be due to the column
density sensitivity of the final images. However, there is a visible distortion
to the morphology and velocity fields of the companions that can be used to
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suggest interaction.
The typical environment of the six HIRB galaxies was studied using the

environments of 85 other strongly barred and gas-rich galaxies. Considering
the rarity of these objects, this is a large comparison sample. They were
also compared to the typical environments of other strongly barred galaxies,
and other gas-rich galaxies as well as an overall sample of galaxies. Our six
HIRBs were not atypical for other HI Rich Barred galaxies, and the entire
sample of HIRB galaxies tended to follow the environmental trend of the gas-
rich galaxies, more so than the strongly barred sample. The barred sample, on
the other hand, was not atypical to the overall sample of galaxies, which was
surprising, as it doesn’t support the idea of tidal triggering of bars.

There are many aspects to consider when looking at the evolution of
galaxies. Some areas include the formation of a bar, the environment and the
abundance of gas, but there is also much more. Internal secular processes are
not often considered to be the most influencing factor, but with the work in this
thesis, we show that it can be significant. With more study into the individual
components of galaxies at different stages, the full extent of the significance
of secular evolution will be revealed.
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