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Abstract

Spiral galaxies are the most numerous type of massive galaxy in the low-redshift Uni-
verse. There have been a number of mechanisms proposed for their origin, including
global density waves and swing amplified arms growing around local density pertur-
bations. In order to understand the origin of arms fully, one requires a detailed study
of all types of spiral structure. This thesis examines the global properties of the spiral
galaxy population in large, complete samples of low-redshift galaxies. We utilise data
from Galaxy Zoo, which provides visual classifications for a flux-limited sample of
Sloan Digital Sky Survey (SDSS) galaxies, complete for mr ≤ 17.0.
In order to study galaxy morphology, we developed techniques to measure the two
fundamental properties to fully describe spiral arms: the arm number and pitch angle
(how tightly wound the arms are). Accurate arm number measurements were obtained
from the Galaxy Zoo 2 dataset. This required the development of a new method to re-
move the effect of redshift-dependent classification bias, an effect that galaxies viewed
from further away have more difficult to distinguish features. To measure pitch angles,
we used a tool called SPARCFIRE. This automatically detects spiral arms in input im-
ages, and measures a number of properties of the detected arms, including pitch angles.
Accurately measuring pitch angles required the use of a machine learning algorithm
trained on a subset of images checked by human inspection. Our method achieves a
completeness of 75 per cent and contamination of 19 per cent in detecting real spiral
arms in images.
Using these data, the demographics of spiral galaxies with different spiral arm numbers
are compared. It is found that whilst all spiral galaxies occupy similar ranges of stellar
mass and environment, many-armed galaxies display much bluer colours than their
two-armed counterparts. I also combined UV and mid-IR photometry from GALEX
and WISE to measure the rates and relative fractions of obscured and unobscured star
formation in a sample of low-redshift SDSS spirals. Total star formation rate has little
dependence on spiral arm multiplicity, but two-armed spirals convert their gas to stars
more efficiently. I find significant differences in the fraction of obscured star formation:
an additional ∼ 10 per cent of star formation in two-armed galaxies is identified via
mid-IR dust emission, compared to that in many-armed galaxies. The latter are also
significantly offset below the IRX-β relation for low-redshift star forming galaxies. I
present several explanations for these differences versus arm number: variations in the
spatial distribution, sizes or clearing timescales of star forming regions (i.e., molecular
clouds), or contrasting recent star formation histories.
I also compare overall demographics with respect to arm pitch angle. A stellar mass-
complete sample of ∼ 6, 000 SDSS spiral galaxies was selected. The star formation
properties of galaxies vary significantly with arm number, but not pitch angle. We find
that galaxies hosting strong bars have spiral arms substantially (4− 6°) looser than un-



Abstract ii

barred galaxies. Accounting for this, spiral arms associated with many-arm structures
are looser (by 2°) than those in two-arm galaxies. In contrast to this average trend,
galaxies with greater bulge-to-total stellar mass ratios display both fewer and looser
spiral arms. This effect is primarily driven by the galaxy disc, such that galaxies with
more massive discs contain more spiral arms with tighter pitch angles. This implies
that galaxy central mass concentration is not the dominant cause of pitch angle and arm
number variations between galaxies, which in turn suggests that not all spiral arms are
governed by classical density waves or modal theories.
Finally, I confront analytical predictions for swing amplified arms. By using a number
of measured properties of galaxies, and scaling relations where there are no direct
measurements, I model samples of SDSS and S4G spiral galaxies in terms of their
relative halo, bulge and disc mass and size. Using these models, I test predictions of
swing amplification theory with respect to directly measured spiral arm numbers from
Galaxy Zoo 2. We find that neither a universal cored or cuspy inner dark matter profile
can correctly predict observed number of arms in galaxies. However, by invoking a
halo contraction/expansion model, a clear bimodality in the spiral galaxy population
emerges. Approximately 40 per cent of unbarred spiral galaxies at z . 0.1 and M∗ &
1010M� have spiral arms that can be modelled by swing amplification. This population
displays a significant correlation between predicted and observed spiral arm numbers,
evidence that they are swing amplified modes. The remainder are dominated by two-
arm systems for which the model predicts significantly higher arm numbers. These are
likely driven by tidal interactions or other mechanisms.
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Chapter 1

Introduction

This thesis primarily studies the visual characteristics of spiral galaxies. With the ad-
vent of large surveys in astronomy, morphological galaxy studies have become some-
what challenging. Measuring galaxy colours and luminosities accurately in these sur-
veys is comparatively simple, meaning that studies of galaxy colours vs. other prop-
erties are popular. Accurate visual morphologies instead require detailed inspection
of galaxy images, which proves to be a time consuming task. Thus, studies of spiral
galaxies are usually limited to samples of order ∼ 1000 galaxies or less. In order to
measure morphologies in large, complete samples, I make use of the visual classifi-
cations of Sloan Digital Sky Survey (SDSS;York et al. 2000) galaxies using the data
collected from Galaxy Zoo (Lintott et al., 2008). This was a citizen science project
in which members of the public were asked a number of questions about the physical
appearance of low-redshift galaxies, including whether or not they had bars and spiral
arms, and how many spiral arms there were. This approach means that we have visual
classifications for complete samples of low-redshift galaxies in the SDSS regions.
Galaxy Zoo has already proven to be a valuable resource for understanding the galaxy
morphology, with ∼ 50 papers published by the collaboration itself, and hundreds of
others using its published data for their own studies. The detailed information about
spiral arm morphology was, however, an untapped resource at the commencement
of the work presented in this thesis. The goal of this thesis is to use these data to
investigate spiral galaxies in a more complete, unbiased manner than ever before. The
links between visual spiral morphology and global galaxy properties, including stellar
mass, star formation rate, colour and environment, are presented for large samples
of SDSS galaxies, with particular emphasis on their implications for how spiral arms
form.
The relevant background material and motivation for the work in this thesis are sum-
marised in the rest of this chapter. Section 1.1 details a historical overview of morpho-
logical galaxy studies. Section 1.2 presents a summary of our current understanding
of how spiral arms form and evolve, combining the perspectives from observational
data, theory, and simulations. In chapter 2, I present all of the data that is used in this
thesis. In chapter 3, details of new statistical techniques are described with the goal
of converting raw citizen science data products to clean, unbiased datasets. Chapters 4
and 5 describe how I used these data to study the overall properties of galaxies with re-
spect to two fundamental properties of visually classified spiral structure, arm number
(chapter 4) and pitch angle (chapter 5). Chapter 6 describes work confronting direct
predictions of swing amplification theory (introduced in section 1.3.2) with our mea-
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sured properties of galaxies. Finally, the key conclusions of the thesis in the context
of relevant theory, and future work related to the work presented are summarised in
chapter 7.
Throughout this thesis, the cosmological parameters are the concordance values of
ΩΛ = 0.7, Ωm = 0.3 and H0 = 70 kms−1Mpc−1 as supported by WMAP and Planck
(Spergel et al., 2003; Planck Collaboration et al., 2016). All logarithms are base-10,
unless otherwise specified.

1.1 Galaxy morphology
The classification of galaxies into different groups by their appearance is a science
older than the firm conclusion that galaxies exist outside our own Milky Way. The
existence of ‘nebulae’ with distinct spiral features dates back to Rosse (1850), where
observations of the galaxy M51 were obtained with a 6-foot reflecting telescope. Rosse
identified a distinct spiral structure and point sources in M51, shown in Fig. 1.1, indi-
cating that these nebulae were not simply gas clouds. It was not until the 1920s that
distances to these nearby nebulae could be accurately measured with Cepheid variables
to prove that these objects were galaxies outside of our own (Hubble, 1926a, 1929).
The first comprehensive attempt to organise galaxies by their visual appearance was
detailed in Hubble (1936). The Hubble classification scheme broadly separated galax-
ies by the presence of two components: bars and spiral arms. Early-type galaxies,
labelled E0–E7, are typically spheroidal objects. Later type galaxies, labelled as ‘S’
are instead characterised by the presence of a bulge and disc component. S0 galaxies
have discs with no arms, S galaxies have spiral arms and SB galaxies have arms and
flat bar features in the centres of galaxies. An entire sample of galaxies can be clas-
sified with T-types –5 to 10, with values T < 0 indicating early-type morphology, T
= 0 indicating S0/lenticular morphology and T > 0 indicating late-type morphology.
Spiral galaxies are assigned a T-type between 0 and 10, depending on either the promi-
nence of their bulge and/or how tightly wound the arms are (this is discussed in more
detail in section 1.2.2). The Hubble classification scheme with subsequent updates to
account for features not observed in Hubble’s original work, such as diffuse irregular
spiral arms and rings (de Vaucouleurs, 1959, 1963), is still the most commonly applied
technique for purely visual classification of galaxies.
The complicating factor for any study of visual morphology concerns the means by
which one classifies galaxies. The largest atlases of galaxies have historically relied
upon the inspection of galaxy images by individuals or small teams of professional as-
tronomers (e.g. Sandage 1961; de Vaucouleurs et al. 1991). However, measurement of
morphology is subjective – the classifications of a single object by two individuals can
vary by as much as 1–2 Hubble T-types (Naim et al., 1995; Nair & Abraham, 2010).
In order to achieve less subjectiveness, more quantitative measures of visual morphol-
ogy have been sought. In principle there are two ways in which this can be achieved.
The first measures a number of statistics on galaxy images (e.g. Lahav et al. 1995;
Ball et al. 2004; Abraham, van den Bergh & Nair 2003; Conselice 2006; Sreejith et al.
2018). These techniques use a number of measured parameters including colour, asym-
metry and spectral features to group galaxies. These measures cannot, however, give a
true sense of the morphology of galaxies, given that there may be unquantifiable biases
in these proxies for galaxy morphology (Lintott et al., 2008, 2011). The most notable
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Figure 1.1: Sketch of nebula M51. Figure reproduced from Observations on the Nebulae (Rosse,
1850).

example is red spirals – elliptical galaxies are generally redder than spirals, so this leads
to a mis-classification of a subsample of the red galaxy population as ellipticals, even
if they actually show strong spiral features (Masters et al., 2010a). A more promis-
ing approach that has been developed in recent years is the use of machine learning
based algorithms. These have been shown to be able to recover galaxy morphological
information to high accuracies of & 90 per cent (Dieleman, Willett & Dambre, 2015;
Domı́nguez Sánchez et al., 2017), and unsupervised algorithms even predict the two
distinct groups of early and late-type galaxies as devised by Edwin Hubble (Hocking
et al., 2018). In order to obtain more detailed classifications and classify more subtle
variations between galaxies to, for example, reproduce the Hubble sequence requires
supervised learning. However, these classifiers are usually trained on images where
there is a clear consensus in morphology; it remains to be seen whether they can also
produce accurate classifications for objects where the classification is more uncertain.

1.1.1 Galaxy properties with respect to morphology

The importance of galaxy morphology in the study of galaxy evolution stems from
the idea that both secular and environmental processes can change a galaxy’s structure
(Kormendy & Bender, 2012; Buta, 2013). That galaxy morphology is linked to the
physical mechanisms responsible for galaxy evolution dates back to Holmberg (1958),
where it was discovered that spiral galaxies are bluer in colour than elliptical galax-
ies, which was linked to differing rates of star formation and star formation histories
(SFHs) in Roberts (1963). Subsequent studies confirm a clear, systematic trend be-
tween Hubble type and galaxy colour (Kennicutt, 1983; Romanishin, 1990; Roberts &
Haynes, 1994; Blanton & Moustakas, 2009).
More recent surveys show that galaxy colour-magnitude and colour-mass distributions
are bimodal, with a red sequence of passive galaxies and a blue cloud of star-forming
galaxies (Strateva et al., 2001; Baldry et al., 2004, 2006). The red population is gen-
erally more massive, with a clear offset towards the more massive end observed in the
galaxy stellar mass function (GSMF) for the red population. Morphologically, a simi-
lar trend is observed – early-type galaxies have greater stellar masses than more disc-
dominated late-type galaxies (Kelvin et al., 2014a). A clear environmental dependence
is also observed with respect to both morphology and colour (Dressler, 1980; Kauff-
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mann et al., 2004), indicating that the red population may consist of elliptical galaxies
formed by dry mergers (Brinchmann et al., 2004). If one instead considers kinematics,
then red galaxies can generally be subdivided into rotationally supported ‘fast rotators’
and dispersion dominated ‘slow rotators’ (Emsellem et al., 2007; Cappellari et al.,
2007). According to the ATLAS3D project, ∼ 80 − 90 per cent of early-type galaxies
(defined as galaxies without spiral arms) are fast rotators (Emsellem et al., 2011). The
massive end of the red sequence consists of more slow rotators, which can be consid-
ered as classical elliptical galaxies. The lower mass end of the red sequence instead
consists of a majority of fast rotators – these galaxies must have transitioned from red
to blue via processes that have ceased star formation yet kept the rotation of the galaxy
intact, and can thus be considered as quenched discs. Additionally, the existence of
a passive population of red spirals shows that the morphological transformation of
galaxies may take much longer than the processes which cease the star formation and
transform galaxies from blue and star-forming to red and passive (Bamford et al., 2009;
Masters et al., 2010a).

1.2 Spiral galaxies
Through the fitting of galaxy profiles, it has been shown that galaxies often comprise a
rotationally supported, kinematically cool disc and a hotter, pressure supported bulge
(e.g. Tabor et al. 2017). Rotationally supported discs with in-situ star formation and
spiral arms have been observed as far as z = 2 − 3 (Jones et al., 2016; Yuan et al.,
2017). Given that the majority of stars in the Universe formed in discs (van der Wel
et al., 2014), the role of spiral structure in regulating and arranging star formation is
an important question. In this section I outline the origins of discs and spiral arms in
galaxies, and outline some of the key influences that spiral arms are predicted to have
on their discs.

1.2.1 The growth of discs

Current theory postulates that galaxy formation is hierarchical. The smallest dark mat-
ter potential wells formed from density perturbations in the early Universe, and ac-
creted to form the larger structures we see at z ∼ 0 (White & Rees, 1978). These
initial dark matter haloes gain angular momentum via their gravitational interactions
with other haloes (Silk, 2003). These haloes then accrete gas, from which stars can
begin to form. In high mass galaxies (M∗ & 1010M�), smooth ‘hot mode’ accretion
dominates (Fall & Efstathiou, 1980). As gas accretes onto a halo, it is heated by dy-
namical friction to high enough temperature that it is in dynamical equilibrium with
the dark matter. This gas then radiates away its thermal energy, losing its pressure sup-
port and settling into a disc. In lower mass galaxies, gas accretion is instead dominated
by ‘cold mode’ accretion along filaments (Binney, 1977; Katz, Quinn & Gelb, 1993;
Katz et al., 1994; Kereš et al., 2005), where gas is not heated by friction. Both modes
of accretion lead to the formation of a dynamically cool disc from which stars, and
subsequently galaxies, form.
Star formation in discs can usually be modelled by two phases. The first is often
referred to as a growth phase. The growth phase is characterised by a slowly declining
total star formation rate (SFR) in normal star-forming galaxies (Noeske et al., 2007b).
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Galaxies generally lie on a well-defined stellar mass-SFR plane, often described as
the ‘star formation main sequence’ (SFMS). The SFR for a given stellar mass falls
in the time between z ≈ 1 and z ≈ 0. The second phase is a ‘quenching’ phase,
where galaxies experience a decline in star formation, putting them well below the
main sequence. The most massive galaxies exhaust their gas supply most quickly
(Noeske et al., 2007a; Saintonge et al., 2016), and are therefore more likely to be
red, passive galaxies. It is well established that discs have negative colour gradients
(Gonzalez-Perez, Castander & Kauffmann, 2011; Kennedy et al., 2016; Garcı́a-Benito
et al., 2017). This leads to a natural conclusion that discs either grow or quench ‘inside-
out’ (i.e. either stars form earlier or star formation ceases earlier at smaller radii).
Recent studies show that in order to reproduce the range of observed colour gradients
at low-redshift, discs must form via an inside-out mechanism (Lian et al., 2017; Ellison
et al., 2018).
During the growth phase, discs are not simply smooth features. The light profile of
discs indicate that secular processes alter the shape of discs. Classically, discs were fit
with single exponential profiles (de Vaucouleurs, 1959). However, it was soon shown
that some discs were not well fit by the single exponential profile, and require inner and
outer disc profiles (Freeman, 1970). Therefore, a smoothly varying inside-out mecha-
nism falls short in explaining disc growth. This is evidence that secular processes are
at play during a disc’s growth phase. Disc profiles can be described as the result of sec-
ular processes such as bars and spiral arms causing radial migration of stars (Debattista
et al., 2006; Roškar et al., 2008a,b).
With the gas accretion mechanisms discussed above, one might expect star formation
to be an efficient process. However, star formation is inefficient, with only ∼ 2 per
cent of the mass in molecular clouds converted into stars (Evans et al., 2009). Results
from the FIRE simulation suggest that feedback from young stars regulates star forma-
tion, meaning that the process is relatively inefficient (Hopkins, Quataert & Murray,
2011; Hopkins et al., 2014). It is now well established that galaxy morphology is an
important factor in regulating star formation. The broad morphological evolution from
late-type disc to early-type spheroid can significantly reduce total SFRs in galaxies
(Kawata, Cen & Ho, 2007; Martig et al., 2009, 2013). One reason for this is the ef-
fect of shear. Differential rotation acts to shear star-forming features in the disc and
effectively stretch them out, which significantly reduces the star formation efficiency.
Galaxies with falling rotation curves have high shear, and galaxies with rising rotation
curves have low shear. Stable discs have much lower rates of shear than spheroids
(Martig et al., 2013), so actively form stars. Another reason why total SFRs typi-
cally falls in spheroid-dominated systems is because there is less total molecular gas,
which means that the gas density is lower for a given total gas mass (Combes, Young
& Bureau, 2007; Krips et al., 2010; Saintonge et al., 2011). Spiral arms also have
a significant impact on the regulation of star formation. They are able to grow from
gravitationally unstable regions via a swing amplified mechanism (see section 1.3 for
detailed discussion about the mechanisms from which arms can form), and would not
be present if the rate of shear was too high. The role that arms play in star formation is
discussed further in section 1.2.3.
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1.2.2 Classifying spiral galaxies

Classic studies of spiral galaxies focused on the link between the galaxy bulge and
the spiral arms in the disc. In the Hubble sequence, discs are classified from Sa–
Sc (or given a T-type between 0–10) depending on two criteria: the prominence of
the bulge and the pitch angle of the spiral arms. A correlation between these two
quantities is expected from theory, if one considers the shear in a galaxy disc. If there
is a high level of shear, caused by a greater central mass concentration, the spiral arms
should be tighter. A strong correlation has been proven between black hole mass and
spiral arm pitch angle (Seigar et al., 2006; Davis, Graham & Seigar, 2017; Mutlu-
Pakdil et al., 2018), albeit with small samples of nearby spirals with two-arm, grand
design structure. There is an established correlation between black hole mass and
bulge mass (e.g. Kormendy & Richstone 1995; Ferrarese & Merritt 2000; Gebhardt
et al. 2000; Häring & Rix 2004). This holds when there is a massive disc present, as
the growth of a disc affects both the growth of the central black hole and compresses
the bulge, increasing its velocity dispersion (Debattista, Kazantzidis & van den Bosch,
2013). One might therefore expect a strong correlation between bulge-to-total ratio
(mass ‘concentration’) and spiral arm pitch angle. However, if one considers the entire
population of spiral galaxies, rather than a small sample of grand design spirals, there
is no correlation between the two fundamental quantities underpinning the Hubble
classification of spirals (Kennicutt, 1981; Seigar & James, 1998b; Masters et al., in
prep).
A more comprehensive spiral galaxy classification was described in Elmegreen &
Elmegreen (1982). Unlike the Hubble classification scheme, this scheme is only con-
cerned with the spiral arms in galaxies, rather than any correlations between the spiral
arms and other galactic properties. This Elmegreen classification scheme principally
groups galaxies into three types: grand design, many-arm and flocculent. Grand design
spiral structure is associated with two symmetric spiral arms; multiple-armed structure
is associated with more than two spiral arms and flocculent structure describes galax-
ies with many, shorter, less well-defined arms. The distinct advantage to classifying
spiral galaxies in this way is that contrasting physical mechanisms are thought to play
a role in the formation of these different types of spiral structure. Grand design spirals
are thought to be induced secularly by density waves or the growth of strong bars in
galaxy discs (Kormendy & Norman, 1979). They can also be induced via tidal in-
teractions between galaxies (Dobbs et al., 2010). Many-arm structures instead arise
readily in simulations, and tend to grow due to more local gravitational processes in
discs, such as swing amplification (Carlberg & Freedman, 1985). More details about
these mechanisms can be found in section 1.3. The most recent simulations show that
flocculent structure may actually be a transient feature of spiral galaxies, with spiral
arms continually being made and destroyed (Bottema, 2003; Baba et al., 2009; Grand,
Kawata & Cropper, 2012a; Baba, Saitoh & Wada, 2013; D’Onghia, Vogelsberger &
Hernquist, 2013), rather than a single, long-lasting structure. Evidence for these dif-
fering formation mechanisms came from early observations: grand design spirals are
more common in higher density environments where interactions are frequent, and in
galaxies with bars (Elmegreen & Elmegreen, 1982; Elmegreen, Elmegreen & Dressler,
1982; Elmegreen & Elmegreen, 1987b). Despite this clear dichotomy between grand
design and many-arm/flocculent structures, many-arm galaxies can still exist with bars
and in high density environments, and grand design galaxies can exist in low density
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environments without bars (Elmegreen & Elmegreen, 1982). A potentially complicat-
ing factor is the wavelength of the observation – earlier studies suggested that galaxies
with many-arm structures in the younger optical stellar population may be grand de-
sign in the near-infrared old stellar population (Block & Wainscoat, 1991; Block et al.,
1994; Thornley, 1996). A more recent study of a large sample of galaxies has, however,
suggested that this phenomenon is rare (Elmegreen et al., 2011).

1.2.3 Star formation in spiral galaxies

In the low-redshift Universe, overall SFRs follow scaling relations with respect to
galaxy stellar mass (Brinchmann et al., 2004; Salim et al., 2007) and gas density (Ken-
nicutt, 1998). The tightness of the relationship between total SFR and stellar mass
indicates that the processes responsible for star formation are regulated (Bouché et al.,
2010; Lilly et al., 2013; Hopkins et al., 2014), and apply to all galaxies, irrespective of
morphology. Further relations between SFR density and gas density within individual
galaxies (Kennicutt, 1998; Bigiel et al., 2008; Leroy et al., 2008) and of SFR with total
gas mass (Saintonge et al., 2016) indicate that the current SFR of low-redshift galaxies
is primarily tied to the availability of gas to form new stars (Saintonge et al., 2013;
Genzel et al., 2015), and that star formation efficiency varies little within or between
galaxies (Kennicutt, 1998; Saintonge et al., 2011).
In the interstellar medium (ISM) of the Milky Way, a warm ionised medium of hy-
drogen in the form of ionised hydrogen (HII) and neutral hydrogen (HI) exists. The
coldest structures are molecular clouds, from which stars form (Kennicutt & Evans,
2012). These clouds form via self-gravity (Tan, 2000; Kim & Ostriker, 2002; Dobbs,
2008) and cloud-cloud interactions (Casoli & Combes, 1982; Dobbs, 2008). Obser-
vations of the Milky Way show that these clouds are highly filamentary, with gravity,
turbulence and magnetic fields all playing a role in the formation and suppression of
cloud formation (e.g. Padoan et al. 2016; Burkhart, Stalpes & Collins 2017). Dense
cores exist inside these molecular clouds, the sites of the formation of individual stars
(Williams, Blitz & McKee, 2000). Inside these molecular clouds, dust grains grow and
attenuate the light from young stars, making the overall spectrum of a galaxy redder.
Standard radiative transfer models predict that dust primarily exists in two components
– a warm component associated with the HII clouds where stars form, which emit at
shorter wavelength (Silva et al., 1998), and a more diffuse component that emits at the
longer wavelength, far-infrared end of the spectrum (Charlot & Fall, 2000; Popescu
et al., 2000). The existence of both components is required to match both the colour
and the total IR (infrared) luminosity in nearby galaxies (Calzetti, Kinney & Storchi-
Bergmann, 1994; Tuffs et al., 2004; Wild et al., 2011).
Spiral arms have been associated with star formation since the discovery that the Milky
Way’s arms have enhanced concentrations of young stars (Morgan, Whitford & Code,
1953). CO cores of mass ∼ 107M� are located in the spiral arms of the Milky Way
and nearby galaxies (McGee & Milton, 1964; Grabelsky et al., 1987; Elmegreen &
Elmegreen, 1987a; Lada et al., 1988; Pety et al., 2013; Bolatto et al., 2017). Given
that molecular gas density and SFR correlate tightly down to sub-kpc scales (Schruba
et al., 2010; Onodera et al., 2010; Khoperskov & Vasiliev, 2017), then it follows that
spiral arms are the primary sites of star formation in disc galaxies. Calzetti et al.
(2005) presented maps of dust and star formation features in M51 indicating the young
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stars (measured at UV (ultraviolet) wavelength with the GALEX FUV band) and the
dust emission (measured in the Spitzer 24µm mid-IR band). Both are tracers of the
star formation, and both are primarily located in the spiral arms of M51. The mid-
IR emission is strongly associated with the cores of the spiral arms, coincident with
the Hα emission, the most direct measure of star formation (Hao et al., 2011; Murphy
et al., 2011). The UV emission from young stars free of dust obscuration is also located
in the spiral arm regions, albeit at the edge of the arms. Spiral arms are the locations
where stars preferentially form in discs, and their inner regions are also locations where
the dust opacity is high (Holwerda et al., 2005).
The role that the spiral arms play in the conversion of gas to stars is still unclear.
Vogel, Kulkarni & Scoville (1988) and Elmegreen (2002) argue that total SFRs are
consistent across the entire population of spirals. This is because the majority of the
gas within discs that can turn molecular in shielded regions at low enough pressure
already does so, irrespective of whether there are any arms present. Spiral arms cannot
enhance the efficiency of formation of molecular clouds, and thus the efficiency of star
formation. Star formation can therefore be thought of as saturated (Elmegreen, 2011).
Evidence that this is the case can be found from hydrodynamical simulations. The
presence of stronger spiral arms increases the frequency of cloud-cloud collisions in
galaxies, meaning clouds merge frequently. Without strong spiral arms, clouds tend
to condense from gravitational instabilities alone. Strong spiral arms tend to form
fewer, larger molecular clouds, without increasing the total SFR in the host galaxy
(Dobbs, Burkert & Pringle, 2011; Dobbs, Pringle & Burkert, 2012), in agreement with
the picture described in Elmegreen (2011). Preliminary observational evidence that
molecular cloud properties vary between galaxies was demonstrated in Hughes et al.
(2016) – local massive spirals such as M51 have more massive giant molecular clouds
(GMCs) than low-mass irregular galaxies. Resolved studies of M51 also show that
GMC masses are greater in the centre of spiral arms (Colombo et al., 2014).
The picture becomes more complex when one considers resolved studies of individual
arms of nearby galaxies. Weaver (1970) demonstrated that the arms of nearby galaxies
are actually irregular structures, with several clumpy spurs. These spurs are usually
coincident with extinction features, called feathers (Lynds, 1970; La Vigne, Vogel &
Ostriker, 2006), and molecular gas overdensities (Corder et al., 2008). Schinnerer
et al. (2017) presented a high resolution study of the molecular gas and star formation
geometry along a spiral arm of M51, showing the clear presence of spur and feather
features. Molecular clouds were more bound, with a higher fraction of the gas in GMCs
than in the arm itself, with massive star formation preferentially located in these spurs.
This suggests that spiral arms themselves may not be ideal sites for star formation,
possibly caused by an increase in the dynamical pressure due to a streaming motion
through spiral arms (Meidt et al., 2013). The potential origin of such a streaming
motion is discussed in section 1.3.1.

1.3 Spiral theory
There are a number of theories of why spiral arms exist in disc galaxies. Generally, they
can be considered as one of two types. The first describes a global phenomenon across
the disc of galaxies. This usually predicts a long-lived, symmetric, two-arm mode in
the disc, with visible spiral arms being the regions where the density is greatest. These
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arms are often referred to as quasi-stationary density waves. The second describes a
more bottom-up approach to spiral arm formation. In this scenario, spiral arms grow
around any small density enhancements in discs. Discs can display spiral arms of this
type for long periods of time, but individual modes are usually of much higher order
and more short-lived than those predicted in two arm spirals.

1.3.1 Density wave theory

One theory to explain the presence of spiral arms in galaxies is density wave theory. If
spiral arms are material structures, then a problem exists often described as the ‘arm
winding problem’. Measurements of local disc galaxies such as M31 had already es-
tablished that the rotation curves of discs were flat (Babcock, 1939). Stars and gas
at all radii rotate with similar orbital speeds, V (r), but because stars further from the
galactic centre move in larger orbits, they take longer to complete a single rotation.
Thus, a material arm will ‘wind up’ over time, and eventually become indistinguish-
able from the galaxy disc. Prendergast & Burbidge (1960) explained that one of the
following three statements must be untrue: that all material moved on circular orbits
in discs; their velocities remain constant over time and that material which starts in a
spiral arm remains in that same spiral arm over several rotations. Density wave theory
was proposed as a way in which arms could form, by violating the third of the state-
ments in Prendergast & Burbidge (1960). As suggested by Oort (1962), arms are able
to be sustained if matter is to be constantly added to their inner edges, and lost from
their outer edges.
Density waves can exist in a number of configurations. Density wave-driven spiral
arms which evolve over time are often described as kinematic density waves, whereas
spiral arms which retain their structure (arm number and pitch angle) over several
rotations can be described as quasi-stationary density waves. Density wave theory is
rooted in the early works of Bertil Lindblad. His earliest works demonstrated that
an oval distortion to a galaxy disc, or an external perturber, causes a disc to grow an
inner lens-like structure with density waves extending outwards into the disc (Lindblad,
1927). Lindblad (1963, 1964) demonstrated an N-body model of a flat disc with a long-
lived, trailing two-arm system with stars flowing through the spiral arms, as expected
from a self-consistent density wave theory.
Quasi-stationary density wave theory reached its maturity in the early 1960s in the pub-
lication of Lin & Shu (1964) (meaning it is often referred to as the Lin-Shu hypothesis).
This paper has often been described as ‘elementary’ to understanding spiral structure
(Bertin & Lin, 1996; Pasha, 2004). These arms are described as quasi-stationary, as
they rotate around the galactic centre and do not wind up over time. Lin & Shu (1964)
further demonstrated the existence of long-lived spiral patterns in galaxy discs directly
from arguments from fluid dynamics. This paper demonstrated stable two-arm modes
in between inner and outer Lindblad resonance radii. An early diagram of a density
wave pattern in this region for the Milky Way is shown in Fig. 1.2. If particles are
moving on elliptical orbits, then their motion can be described by two parameters. The
first is Ω, the frequency of the orbit. Elliptical orbits also mean that the radius to the
centre of the system varies. The frequency of these oscillations is denoted with κ. The
corotation radius rc is the radius where the pattern speed of the spiral matches the ro-
tation speed of the galaxy, i.e. Ω(rc) = Ωp. The Lindblad resonances occur at the radii
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Figure 1.2: Diagram of a density wave pattern for the Galaxy (Lin & Shu, 1967), with the Galaxy’s
rotation curve measured in Schmidt (1965). The model is a quasi-stationary density wave with
Ωp = 11 kms−1kpc−1. The quantity ω̃ is the radius from the Galactic centre. The inner Lindblad
resonance (the radius at which the arms start) is 3.75 kpc.

where Ωp = Ω± κ
2
.

1.3.2 Swing amplification theory

An altogether different theory to explain the existence of spiral arms in galaxies is
swing amplification theory. This differs from density wave theory in that it is princi-
pally concerned with local density variations in galaxy discs, rather than the existence
of global density wave modes. Swing amplification is a theory via which any insta-
bility can grow, so can be considered relevant in all types of spiral galaxy. The key
motivation for this alternative to the Lin-Shu hypothesis is the requirement for a theory
to explain all of the types of spiral structure in the local Universe, from grand design
to many-arm structures (Goldreich & Lynden-Bell, 1965).
Swing amplification predicts that spiral arms start as local material instabilities in discs,
but grow to form non-stationary kinematic density waves. Some of the earliest work
described in Julian & Toomre (1966) showed that small overdensities could be ampli-
fied to form arm-like structures due to self-gravity in the disc. A diagram of a dense
spiral arm region growing around a local gravitational instability is shown in Fig. 1.3.
A more complete analysis of a rotating disc outlined in Toomre (1981) showed that as
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Figure 1.3: Diagram of a spiral arm overdensity caused by swing amplification (Julian & Toomre,
1966). The diagram is for a galaxy with a flat rotation curve (Vrot(r) = constant, shear = 1). The
contours show lines of equal stellar density.

Figure 1.4: Diagram of a swing amplified feature undergoing rotation (Toomre, 1981). The points
indicate the positions of stellar particles. The shear of the feature means that star particles linger in
small circular orbits, amplifying spiral arms.

the disc rotates, the self-gravity of an enhanced density region causes stars to fall into
the dense arm region and stay trapped in there for a 56 per cent longer time period than
expected from the linear equations described in Julian & Toomre (1966). The diagram
of the ‘shearing wavelet’ presented in Toomre (1981), which depicts the orbits of stel-
lar particles temporarily trapped by the swing amplification mechanism, is shown in
Fig. 1.4. Swing amplification itself is a manifestation of a balance between shear and
self gravity. Shear tends to break up the largest structures over time, and can also sup-
press the formation of molecular clouds (Seigar, 2005): spiral arms form in unstable
regions where self gravity dominates, but are eventually broken up by the disc shear.
The shear in the galaxy disc causes an initial gravitational instability to form a distinct
trailing spiral arm as the disc rotates. Such a phenomenon was predicted in both the
gas component (Goldreich & Lynden-Bell, 1965) and the stellar component of discs
(Julian & Toomre, 1966).
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1.3.3 Tidally induced spiral arms

It may of course be the case that spiral structures do not arise internally in the discs of
galaxies; rather, they may be triggered by an outside influence of a companion galaxy.
Initial evidence for this was presented in section 1.2.2, that grand design spiral arms
are more common in higher density environments where interactions are more fre-
quent. Kendall, Clarke & Kennicutt (2015) showed that the arm vs. inter-arm contrast,
or strength of grand design spiral features, is tightly correlated with the tidal forcing
from companion galaxies, evidence that galaxy-galaxy interactions may play a role in
inducing grand design spiral structure in discs. That interactions between galaxies can
alter their morphology is well established. Historically, the presence of tidal bridges
and tails between interacting galaxies has been noted (Arp, 1966; Hodge & Merchant,
1966), and recent works statistically confirm that galaxies are more asymmetric when
a close companion (projected distance rp . 50 kpc) is present (Ellison et al., 2010;
Casteels et al., 2013; Patton et al., 2016; Holincheck et al., 2016). Models of interact-
ing galaxies producing tidal bridges and tails have long been established (Toomre &
Toomre, 1972a,b). Examples of spiral arms produced in this way are shown in Fig. 1.5.
High resolution N-body simulations (Oh et al., 2008; Oh, Kim & Lee, 2015) and full
hydrodynamical simulations (Dobbs et al., 2010) show that the classic grand design
two-arm pattern can be achieved by interaction between two galaxies. M51 is a classic
example of a supposed tidally interacting spiral structure – both its morphology and its
orbit can be well explained with a tidal interaction between it and its companion, NGC
5195 (Salo & Laurikainen, 2000; Theis & Spinneker, 2003; Dobbs et al., 2010).
Rather than considered as a separate type of spiral structure, the arms produced by
galaxy-galaxy interactions may instead be similar to the arms generated secularly.
Simulations show that the spiral arms produced by interactions are initially material
in nature, but form two-arm density wave structures over time (Sundelius et al., 1987;
Dobbs et al., 2010). The produced density waves are, however, different to those pro-
duced by the Lin-Shu hypothesis, and do wind up over time, albeit more slowly than
material arms. Both simulations and observations predict that tidally induced spiral
arms are themselves transient phenomena, lasting ∼ 0.1 − 1 Gyr (Merrifield, Rand &
Meidt, 2006; Oh et al., 2008; Struck, Dobbs & Hwang, 2011). From measurements
of the fraction of grand design spirals in groups, Elmegreen & Elmegreen (1983) pre-
dicted that grand design spirals should last ∼ 5 Gyr, or that the interaction distance for
triggering grand design structure must be several galactic radii. Given the measure-
ments of the persistence of grand design arms by interactions discussed here, fleeting
interactions must play a significant role in producing spiral arms.

1.3.4 The role of bars

Bars are a common feature in disc galaxies: the fraction of spiral galaxies which have
strong bars is reported to be ∼ 0.3 from traditional ‘by-eye’ morphological measure-
ments (de Vaucouleurs et al., 1991; Barazza et al., 2009; Masters et al., 2011), increas-
ing to ∼ 0.6 if weaker bars are considered (Sellwood & Wilkinson, 1993; Moles, Mar-
quez & Perez, 1995). Bars have a significant impact on the evolution of galaxy discs,
as they are theorised to transfer angular momentum in discs (Combes & Sanders, 1981;
Weinberg, 1985; Debattista & Sellwood, 2000; Berentzen, Shlosman & Jogee, 2006;
Debattista et al., 2006; Roškar et al., 2008a,b). This potentially leads to gas inflows
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Figure 1.5: N-body simulation of the encounter between a disc and a companion (Toomre & Toomre, 1972a). The massive disc is rotating counter-clockwise. Each
encounter is a parabolic passage of a companion of a quarter of the disc mass. The inclination, i, of the encounter plays a significant role in the shape of tidal bridges and
tails and the resulting spiral arms.
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towards the centre of galaxies, causing episodes of star formation (Hawarden et al.,
1986; Kruijssen et al., 2014; Krumholz & Kruijssen, 2015) and the growth of galac-
tic bulges (Weinzirl et al., 2009; Masters et al., 2011). This process has been used to
explain observational results that bars exist in redder (Giordano et al., 2010; Masters
et al., 2011; Hoyle et al., 2011) and more gas poor galaxies (Davoust & Contini, 2004;
Masters et al., 2012), as bars exhaust the gas supply, and therefore the raw materials
for star formation.
The link between bars and spiral arms has been established since the discovery that
grand design spiral arms are more common when bars are present (Elmegreen &
Elmegreen, 1982). That bars can influence spiral arms is not surprising, given that bars
have been predicted to alter the underlying kinematics of discs (Miller, Prendergast &
Quirk, 1970; Hohl, 1971). A common interpretation is that bars directly drive spiral
arms (bar forcing) due to resonances between the rotation of the bar and disc. Bar forc-
ing occurs when the ends of the bars are at the corotation radius of galaxies, causing
corotating spiral waves to trail outwards into the disc (Elmegreen & Elmegreen, 1985).
A related mechanism is called invariant manifold theory (Romero-Gómez et al., 2006,
2007; Athanassoula, Romero-Gómez & Masdemont, 2009; Athanassoula et al., 2009,
2010; Athanassoula, 2012). This describes a scenario where spiral arms emanate not
as extensions of the bar, but from two unstable Lagrangian points at the ends of the bar.
The orbital paths that stars take in order to maintain kinetic energy and angular mo-
mentum are governed by manifolds, which take the form of trailing ring-like or spiral
arm-like structures. The bar causes any stars near the Lagrangian points to take these
specific orbits, invoking arm structures without the need for density waves or swing
amplification. Bar forcing is predicted to have a profound influence on spiral structure.
Spiral arms produced in this way are likely to appear connected to the ends of bars,
and be more material in nature than those produced by density waves (Roca-Fàbrega
et al., 2013). This could lead to the spiral arms not having a typical logarithmic spiral
shape, instead having a hyperbolic spiral shape (Seiden & Gerola, 1979; Kennicutt,
1981). Athanassoula et al. (2010) also predict that galaxies with stronger bars should
have looser spiral arms, and stronger arm vs. inter-arm contrasts.
The exact nature of the bar-spiral arm relationship is not yet fully understood. Some
studies report clear evidence for the bar driven spiral mechanisms described above,
with correlations between bar strength and spiral arm strength (Block et al., 2004; Salo
et al., 2010), whereas others find no clear correlation (Seigar & James, 1998b; Kendall,
Kennicutt & Clarke, 2011). The existence of other theories predicting a non-linear cou-
pling between the bar and spiral arms (Tagger et al., 1987; Sellwood & Sparke, 1988;
Masset & Tagger, 1997), and that bars need to grow sufficiently strong before they
can influence spiral structure (Grand, Kawata & Cropper, 2012b; Roca-Fàbrega et al.,
2013) means that a single theory may not explain the wide variety of bar-spiral pat-
terns in discs (Rautiainen & Salo, 1999). This does, however, highlight the importance
of bars when one considers studies of spiral galaxies: some galaxies will be strongly
influenced by the bar, so care must be taken if one wants to study the role of spiral
arms alone, independent of the effect of bars.
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1.3.5 Spiral modes

Spiral structure can often be described in terms of ‘modes’. Modes can be considered
as standing waves reflecting at two ends. An ingoing trailing mode travelling from
corotation to the galaxy centre can be reflected into a swing amplified leading wave
travelling from the galaxy centre to corotation. These modes can grow over time, and
are described as cavity modes (Sellwood & Carlberg, 2014).
Of key concern to this thesis is the difference between long-lived disc modes, that
persist over several rotations of the galaxy, or randomly excited, short-lived waves.
Generally speaking, a quasi-stationary, grand design two arm pattern can be considered
as a long-lived m = 2 mode, where m denotes the number of spiral arms. Conversely,
many-arm patterns tend to fluctuate over time, and can be considered as somewhat
random, short-lived modes.

1.3.6 Models of long-lived spiral structure

Simulations have the potential to shed some light on what mechanisms are at play in
spiral galaxies. Disc simulations give us a unique opportunity to study how forces
act to introduce or amplify spiral arms. The pioneering work of Sellwood & Carlberg
(1984) and Sellwood (1985) showed that N-body simulations of isolated galaxy discs
can lead to the growth of spiral modes which form arm-like spiral structures, through
gravitational mechanisms such as swing amplification. These simulations suggested
that spiral patterns are short-lived, many-arm features. Although these early simula-
tions could not produce long-lived patterns, they did show that spiral arms are indeed
possible simply due to gravitational processes in the disc, without an explicit require-
ment for gas and star formation feedback. The most recent disc simulations are now at
the stage where realistic spiral arm patterns can be modelled in galaxy discs. Advances
in simulation resolution have also shown us that discs can sustain spiral structure over
many rotations, and the short-lived nature was an artefact of the low resolution in the
earlier simulations (Sellwood, 2011; Fujii et al., 2011).
That local gravitational instabilities can grow to form sheared spiral arm structures
is predicted from the most recent simulations of secularly evolving disc galaxies. A
simulation of particular interest for this thesis is the one presented in D’Onghia, Vo-
gelsberger & Hernquist (2013). The simulation consisted of a live disc of stars in a
rigid dark matter halo. In order to create spiral arms, a number of GMCs randomly
form throughout the disc – these form the initial density fluctuations. Spiral arms then
grow around these initial density fluctuations due to swing amplification, leading to
kinematic density waves. In order for such structures to persist for longer than one
or two rotation periods, and solve the ‘winding problem’, individual spiral arms have
to be short-lived features that can be replenished over time. The disc forms ‘self-
perpetuating’ spiral arms – even after the removal of the initial density fluctuation, the
model predicts spiral arms which break and replenish over time. This effect is shown
in Fig. 1.6. Spiral arms created in this way cannot be considered as long-lived modes:
they are short-lived features that are constantly broken and remade.
When simulating spiral structure, two-arm modes must be given strong consideration.
Evidence suggests that the majority of spirals at low-redshift exhibit two-arm spiral
structure (see section 1.2.2). A number of studies have therefore attempted to pro-
duce long-lived, quasi-stationary density waves in discs. The earliest N-body simula-
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Figure 1.6: Simulation of self-perpetuating spiral arms in a disc galaxy. The simulation is of a thin exponential stellar disc comprising 108 stars and a static Hernquist
dark matter halo using the GADGET-3 code (Springel, 2005). Stars are randomly selected to form GMCs of mass 9.5 × 105M� and spiral arms form via gravitational
instabilities. At t = 0 Myr, these GMCs are removed and replaced with stellar particles. Despite the removal of the initial perturbation, the disc forms self-perpetuating,
dynamic, swing amplified arms.
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tions struggled to produce realistic spiral arms, with two-arm modes quickly leading
to the growth of a bar (Miller, Prendergast & Quirk, 1970; Hohl, 1971; Kalnajs &
Athanassoula-Georgala, 1974; Zang, 1976). In order to stop the rapid formation of a
bar, Ostriker & Peebles (1973) (and also Hohl 1976) demonstrated that the addition of
a spherical dark matter halo component makes cold discs more stable. A more recent
simulation of has shown that two-arm structure can persist for long periods of time.
Roškar et al. (2012) ran high resolution simulations of discs with gas and dark matter
particles. As stars generally become dynamically hot compared to the disc over time,
an injection of cool gas from which dynamically cool young stars can form is required
in order to sustain spiral structure, a phenomenon first noted in Sellwood & Carlberg
(1984). Over the lifetime of the spiral simulation, a number of spiral modes were ex-
cited. High order modes existed for short periods of time, but a long-lived two-arm
mode persisted for the lifetime of the simulation (10 Gyr). This spiral mode cannot be
considered as a quasi-stationary density wave, as the two-arm spiral pattern changed its
structure over time, and even briefly disappeared for 1 Gyr. It does, however, provide
the first evidence that long-lived, two-arm modes can be sustained in discs.
A potential uncertainty in any analysis of spiral structure concerns the existence of
multiple modes in discs. The most obvious case of this concerns galaxies with both
spirals and bars. Simulations have often formed spiral arms of this type, and bars
and spirals often appear to join up in such simulations (Sellwood, 1985; Sellwood &
Athanassoula, 1986; Sparke & Sellwood, 1987). One may therefore believe that the
spiral arms and the bars form a single extended structure with a constant pattern speed.
Further analysis of the bar and spiral arms reveal that they comprise two separate struc-
tures, with an rapidly rotating inner bar and a more slowly rotating outer m = 2 spiral
pattern. The existence of multiple modes in what seem to be single spiral patterns has
also been noted: Grand, Kawata & Cropper (2012a) presented a spiral simulation with
extended spiral arms. However, the arms cannot be considered as long-lived modes as
they change their shape over time. Further analysis proved this to be the case: Sell-
wood & Carlberg (2014) demonstrated that spiral arms formed in this way actually
consist of multiple modes at different radii throughout the disc, with varying pattern
speeds. For the purposes of this thesis, we generally consider spiral arms as single
mode structures. Understanding the complex interplay of multiple modes in galaxies
requires complicated analysis. We instead draw upon measurements which provide
single measurements of spiral arm number for each galaxy, and pitch angle for each
spiral arm. Whilst this is an approximation, it gives an idea of the dominant behaviour
of the modes in each spiral galaxy, and can give an insight into the role spiral arms
play across the entire low-redshift galaxy population.

1.3.7 Observational expectations

A common prediction of density waves is that gas can be ‘shocked’ into star formation.
Fundamental to this argument is the role of gas and stars in the discs of galaxies. Gas
in spiral arms has less pressure than stars, so the density contrast between the arm and
inter-arm regions caused by density waves can be much larger. Simulations suggest
gas is underdense in the regions entering density wave driven arms and overdense in
the regions exiting the arms. Density waves can also cause vertical compression of
gas inside the corotation radius (Debattista, 2014). Gas under the influence of density
waves can therefore reach very high densities, dense enough to induce star formation
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in spiral arms (Fujimoto, 1968; Roberts, 1969). Observationally, one would therefore
predict that galaxies with stronger two-arm structures, indicative of stronger density
waves, should have enhanced SFRs compared with galaxies where little or no density
wave is present. One would also predict a clear gradient in the age of the stellar pop-
ulation across a spiral arm. Pour-Imani et al. (2016) describe this scenario in terms of
spiral arm pitch angle (pitch angle is introduced in more detail in chapter 5). If one
were to look at an image of the gas distribution of a galaxy, it would be on the leading
edge of the spiral arm, as it precedes the formation of stars (Haynes et al., 2011). The
star formation should trail this gas, and an older stellar population should trail further
still, leading to a tightening of the spiral arm pitch angle with age of the component.
Evidence for the first of these predictions was provided by Romanishin (1985), where
galaxies with strong two-arm structures were found to be bluer and hence more star-
forming than many-arm structures. However, subsequent work on a larger sample of
galaxies with measurements of both colour and Hα-derived SFR showed that there was
no correlation between SFR and Elmegreen arm class (Elmegreen & Elmegreen, 1986;
Kendall, Clarke & Kennicutt, 2015). Evidence for clear age gradients across the arms
of nearby galaxies including M51 and M81 have also proven to be inconclusive (Foyle
et al., 2010, 2011; Choi et al., 2015). If density waves are indeed present, they do not
seem to significantly trigger or enhance star formation, but instead serve only to move
the star-forming material around in galaxy discs (Vogel, Kulkarni & Scoville, 1988;
Elmegreen, 2002; Moore et al., 2012; Dobbs, Burkert & Pringle, 2011).
If spiral arms exist as swing amplified random instabilities, we expect that the spi-
ral arm number should be affected by the mass distribution in galaxies. Although
spiral arms can be broken and remade, the average total spiral arm number, or dom-
inant mode, will exist beyond the lifetime of a single spiral arm. The nature of this
dominant mode is directly related to the underlying mass distribution of galaxy discs.
Notably, swing amplified models have predicted that spiral arm number should depend
on the relative bulge, disc and halo mass distributions in spiral galaxies (Athanassoula,
Bosma & Papaioannou, 1987; Athanassoula & Bosma, 1988; Bosma, 1999). The most
obvious example of this is the prediction presented in D’Onghia (2015), where spi-
ral arm number is predicted with respect to the properties of the bulge, disc and halo.
However, there is no prior confirmation that such a relationship does exist and that
many-arm spirals exist in this way.
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Data

2.1 Overview
This thesis primarily investigates the visual morphology of galaxies. The main inten-
tion is to study large populations of galaxies in statistically meaningful ways, with
thought given to sample completeness. For this, a statistically complete sample of
visual classifications is required.
An approach that has been successfully employed to visually classify galaxies in large
surveys is citizen science, which asks many volunteers to morphologically classify
galaxies rather than relying on a small number of experts. Galaxy Zoo 1 (GZ1; Lintott
et al., 2008, 2011) was the first project to collect visual morphologies using citizen
science, by asking volunteers to classify galaxies from the SDSS as either ‘elliptical’
or ‘spiral’. Using this method, each galaxy is classified by many (typically > 40)
individuals, and a likelihood or ‘vote fraction’ of each galaxy having a particular fea-
ture is assigned as the fraction of classifiers who saw that feature. GZ1 classifications
collected in this way have been used to compare galaxy morphology with respect to
colour (Bamford et al., 2009; Masters et al., 2010a,b), environment (Bamford et al.,
2009; Skibba et al., 2009; Darg et al., 2010a,b), and star formation properties (Tojeiro
et al., 2013; Schawinski et al., 2014; Smethurst et al., 2015).
Following from the success of GZ1, more detailed visual classifications were sought,
including the presence of bars, the presence of spiral arms, and spiral arm winding and
multiplicity properties. Thus, Galaxy Zoo 2 (GZ2) was created (Willett et al., 2013,
hereafter W13), in which volunteers were asked more questions about a subsample
of GZ1 SDSS galaxies. The main difference between GZ2 and GZ1 was that visual
classifications were collected using a ‘question tree’ in GZ2, to gain a more exhaustive
set of morphological information for each galaxy. GZ2 has already been used to com-
pare the properties of spiral galaxies with or without bars (Masters et al., 2011, 2012;
Cheung et al., 2013), look for interacting galaxies (Casteels et al., 2013), and look
for relationships between spiral arm structure and star formation (Willett et al., 2015).
This ‘question tree’ method has since been used in a similar way to measure the pres-
ence of detailed morphological features in higher redshift galaxy surveys (e.g. Melvin
et al. 2014; Simmons et al. 2014), and other citizen science projects. These Galaxy
Zoo data were used for visual classifications for the majority of this thesis. Section 2.2
outlines the sample selection and raw photometric data used in this thesis. Section 2.3
describes the GZ2 classifications in more detail. Section 2.4 describes any derived data
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products employed in this thesis, including stellar mass and SFR estimates.

2.2 Sample selection and photometry
Galaxies with reliable visual classifications are taken from the GZ2 data catalogue. The
galaxies classified by GZ2 were taken from the SDSS Data Release 7 (DR7; Abazajian
et al. 2009). All galaxies are taken from the SDSS main galaxy sample (MGS, Strauss
et al. 2002). The primary sample used in GZ2 consisted of the brightest ∼ 250, 000
galaxies in the SDSS region. To ensure that galaxies were bright enough to see detailed
features, several cuts were employed. The final sample contains essentially all well-
resolved galaxies in DR7, with spectroscopic redshifts in the range 0.0005 < z ≤
0.25, Petrosian half-light magnitudes brighter than mr = 17.0 and R90,r (90 per cent
Petrosian light radius) greater than 3 arcsec. Deeper imaging data were obtained for
the Stripe82 region, with limiting magnitudes down to mr = 17.77. For the purpose of
this thesis, we exclude these deeper images from any analysis, instead using only the
normal depth imaging.
Petrosian aperture photometry in optical ugriz filters is obtained from the SDSS DR7
catalogue. Rest-frame absolute magnitudes corrected for Galactic extinction are those
computed by Bamford et al. (2009), using KCORRECT (Blanton & Roweis, 2007).
These magnitudes were available for all galaxies in the SDSS sample described above.
In chapters 4 and 5, photometry from the UV, near-IR (NIR) and mid-IR (MIR) were
also used. UV absolute magnitudes are obtained from the GALEX GR6 catalogue
(Martin et al., 2005). These are included in the NASA Sloan Atlas (NSA; Blanton
et al. 2011). NIR and MIR photometry are from the AllWISE catalogue of galaxies
from the WISE mission (Wright et al., 2010), and obtained from the reduced catalogue
of Chang et al. (2015). We only match WISE detections to galaxies where there is only
one WISE source within 6 arcsec of a galaxy, in line with Donoso et al. (2012), Yan
et al. (2013) and Chang et al. (2015).

2.3 Galaxy Zoo
In this section I outline the main steps involved in obtaining visual morphology mea-
surements with Galaxy Zoo. A full description is included in the GZ2 data release
(W13). The key steps relevant to this thesis are described below.1

2.3.1 Image creation

In Galaxy Zoo, images of individual SDSS galaxies were presented to users or classi-
fiers via a web-based interface.2 Each image was a gri composite colour image, with
each filter scaled with an asinh function using a modified version of the SDSS Sky-
Server asinh stretch code (Lupton et al., 2004). To alleviate any potential resolution-
dependent bias, all images were presented with 424×424 pixels, with each pixel scaled
to 0.02× R90,r. Some randomly selected example composite images that were classi-
fied in GZ2 are shown in Fig. 2.1.

1All data products from Galaxy Zoo described in this chapter are available from data.galaxyzoo.org
2The current version of Galaxy Zoo is at www.galaxyzoo.org
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Figure 2.1: Eight randomly-selected GZ2 images presented to users. The images are created as
gri composite images scaled by an asinh function. All images are scaled to the galaxy’s Petrosian
radius to ensure there is no systematic size effect in classifications.

2.3.2 Classification

In GZ2, morphological information for each galaxy was obtained by asking partic-
ipants to answer a series of questions. The structure of this question tree is shown
in Fig. 2.2. No user will explicitly answer every question in the tree for a particular
galaxy; they instead follow a specific branch of the tree. To reach the questions further
down the tree, it is required that another question has been answered with a specific
response. For each question, the responses are each represented by the ‘vote fraction’,
p, assigned to each possible answer. For any given question, the sum of the vote frac-
tions for all possible answers adds up to one. Considering the ‘edge-on’ question (T01
in Fig. 2.2), a classifier would only answer that question if they answered ‘features or
disc’ for T00. For example; if a galaxy was classified by 40 people, and 30 of those
said they saw features, whilst the other 10 claimed it was smooth, then the correspond-
ing vote fractions are pfeatures = 0.75 and psmooth = 0.25. Only the 30 classifiers who
saw ‘features’ would then answer the ‘edge-on’ question (T11 of Fig. 2.2). If 15 of
those said the galaxy was edge-on, and 15 said it was not, the corresponding vote frac-
tions would be pedge−on = 0.5 and pnot edge−on = 0.5. The GZ2 main sample finished
with a median of 44 individual classifications per galaxy, with 99.9 per cent of galaxies
having ≥ 28 classifications.
In order to reduce the influence of unreliable classifiers, W13 down weighted indi-
vidual volunteers who had poor agreement with the other classifiers. Throughout this
thesis, these weighted vote fractions are referred to as the ‘raw’ quantities. Before us-
ing these GZ2 vote fractions to study the galaxy population, we must first consider the
issue of classification bias, as we shall see in section 3.2.2.
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Figure 2.2: Diagram of the question tree used to classify galaxies in GZ2. The tasks are colour-
coded by their depth in the question tree. As an example, the arm number question (T10) is a
fourth-tier question – to answer that particular question about a given galaxy, a participant needs to
have given a particular response to three previous questions (that the galaxy had features, was not
edge-on and had spiral arms).
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2.4 Ancillary data

2.4.1 Stellar masses

In principle, there are a number of ways in which one can measure the stellar mass of
a galaxy. At different stages, I use three independently derived stellar mass estimates.
The first stellar mass estimates are from the colour-luminosity technique of Baldry
et al. (2006). A simple relation was used, with a constant assumed mass-to-light ratio
as a function of colour similarly to Bell & de Jong (2001). A simple relationship
between the two quantities was obtained by fitting to the stellar masses obtained from
more sophisticated models presented in Kauffmann et al. (2003) and Glazebrook et al.
(2004), which used stellar population synthesis models.
The work in section 4.2 uses only galaxies where reliable NIR and MIR photometry
were obtained from the WISE data. As the NIR is usually the wavelength of choice
for accurate stellar mass estimates of galaxies (Glazebrook et al., 2004; Eskew, Zarit-
sky & Meidt, 2012; Meidt et al., 2012), IR derived stellar masses were used. These
are obtained from Chang et al. (2015), and used full photometric fits of the galaxy
spectra from the optical (SDSS ugriz) and the IR (WISE 3.4, 4.6, 12 and 22µm) with
MAGPHYS (da Cunha, Charlot & Elbaz, 2008).
For chapters 5 and 6, bulge+disc mass estimates were required. Stellar masses were
from the Mendel et al. (2014) method, which fit optical ugriz photometry with GIM2D
(Simard et al., 2002). Given that three separate stellar mass estimates are used at vari-
ous points of this thesis, we check their consistency in Fig. 2.3. All galaxies with stellar
mass estimates in the redshift range 0.02 < z ≤ 0.055 are used for this purpose, and
the sample consists of 43,534 galaxies. I note here that the Baldry et al. (2006) stellar
mass estimate uses a Kroupa (2001) IMF, different to the other stellar mass estimates
that both use a Chabrier (2003) IMF. For the purpose of this comparison, the Baldry
et al. (2006) stellar masses are scaled down by –0.03 dex to account for the IMF dif-
ference, as suggested in Zahid et al. (2012) and Speagle et al. (2014). The three stellar
mass estimates are generally very consistent with scatter of∼ 0.1 dex between the dif-
ferent estimates. The Chang et al. (2015) and Mendel et al. (2014) are systematically
slightly higher by 0.10 and 0.14 dex respectively, but there appears to be no errant
behaviour – galaxies more massive with one measure are generally more massive with
another, with little scatter. These small differences are consistent enough to justify that
there are no significant deviations depending on which estimate was used.

2.4.2 Star formation rates

In chapters 4 and 5, I derive a measure of SFR directly from UV and MIR fluxes,
which indicate the emission directly from young stars and dust heated by star forma-
tion respectively. I also use another measure of SFR from the widely-used MPA-JHU
catalogue. These are obtained from the SDSS spectra of the inner region of galaxies.
Any missed star formation from outside the fibre are corrected using galaxy colours
and colour gradients, trained on UV-optical SED fits (Brinchmann et al., 2004; Salim
et al., 2007). Comparisons with more recent SED models confirm that these SFRs are
likely the most accurate measures of total SFR for SDSS galaxies (Salim et al., 2016).
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Figure 2.3: Comparison of stellar mass estimates used in this thesis. All galaxies in the redshift
range 0.02 < z ≤ 0.055 which have mass estimates in all three catalogues, irrespective of mor-
phology, are shown in this figure. The grey contours show the regions where 20, 40, 60 and 80
per cent of the galaxies lie in each sub plot. The stellar mass estimates are consistent, despite the
differences in the techniques employed to measure them.

2.4.3 HI fluxes and masses

For SDSS galaxies, measurements of HI flux and associated errors are from the Arecibo
Legacy Fast ALFA survey (ALFALFA; Giovanelli et al. 2005; Haynes et al. 2011). The
survey has significant overlap with the North Galactic Cap region of Sloan, the princi-
pal region of the GZ2 dataset, as shown in Fig. 2.4. The published α70 data was used,
which included all of the data for ∼ 70 per cent of the total ALFALFA survey area. At
the time of the publication of the work using the ALFALFA data, the collection and
reduction of the full α100 dataset had not yet been completed. I selected reliable HI
detections using objects with ALFALFA detcode = 1 or 2 (described in Haynes et al.
2011) and a single SDSS matched optical counterpart in the galaxy sample within the
redshift range 0.02 ≤ z ≤ 0.05. Objects with detcode = 1 are considered as reliable
detections and objects with detcode = 2 are described as ‘priors’ – these are objects
with a lower signal-to-noise than the threshold required to be a reliable detection, but
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Figure 2.4: Footprints of the SDSS and ALFALFA surveys. The red regions show the foot-
print of SDSS DR7, and the blue regions show the footprint of α100 upon completion. As
the Arecibo telescope is static, it cannot survey the entire SDSS region. Image obtained from
http://egg.astro.cornell.edu/index.php/images/alfalfa sdss coverage.jpg.

have a matched optical counterpart, making them likely to be real detections. Only de-
tections with z < 0.05 are considered because detections above this redshift suffer with
contamination due to radio interference caused by the San Juan airport radar (Haynes
et al., 2011). Due to the restrictions on the α70-SDSS footprint and the imposed lim-
iting redshift of z ≤ 0.05, not all galaxies have been surveyed by ALFALFA – the
fraction of galaxies with reliable detections are discussed in section 4.2.6. HI fluxes
were converted to HI masses using the conversion outlined in Haynes et al. (2011):

MHI = 2.356× 105D2
MpcS21, (2.1)

where S21 is the integrated 21cm line HI flux density, and DMpc is the distance to the
galaxy measured in Mpc.



Chapter 3

Methods for measuring morphologies
and data analysis

All work described in this chapter which relate to spiral arm number was first published
in Hart et al. (2017a). The work related to spiral arm pitch angle was published in
Hart et al. (2017b). All work was undertaken by the author with advice from Steven
Bamford, Wayne Hayes, and the co-authors of the aforementioned papers. The creation
of SPIRALSPOTTER was the work of Steven Bamford with the ZOONIVERSE project
builder interface. The creation of the input images for SPIRALSPOTTER was the work
of the author with advice from Steven Bamford. The running of the SPARCFIRE

code was performed by Wayne Hayes. Technical assistance in the writing of the GZ2
debiasing code was provided by Steven Bamford.

3.1 Overview
Grouping and studying galaxies by their visual appearance has been a well established
science since the work of Hubble (1926b). The appearance, or morphology of galaxies
gives us an insight into the physical processes that shape the evolution of galaxies: the
processes that affect how stars and gas evolve in galaxies can also leave lasting im-
prints on their structure. This leads to broad correlations between galaxy morphology
and other fundamental characteristics, including colour and gas fraction (Roberts &
Haynes, 1994).
The advent of the largest surveys, including the SDSS (York et al., 2000) and the
Galaxy and Mass Assembly survey (GAMA, Robotham et al. 2010) presents a chal-
lenge to studying visual morphologies in galaxies. The majority of visual morphol-
ogy catalogues compiled throughout the 20th century required by eye visual inspec-
tion by individual astronomers or small groups of astronomers (Sandage, 1961; de
Vaucouleurs et al., 1991). Even the largest catalogues of professionally inspected
SDSS galaxies consist of only ∼ 104 galaxies, approximately two orders of magni-
tude smaller than the number of classifiable galaxies in the SDSS (Fukugita et al.,
2007; Nair & Abraham, 2010). In principle, one can approach the problem of obtain-
ing visual morphologies of large galaxy samples in two ways. The number of people
classifying galaxies can be increased or one can develop a computer algorithm to au-
tomatically sort galaxies. I describe examples where these two methods have been
applied in this chapter, to measure both spiral arm numbers and pitch angles.
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3.2 Galaxy Zoo visual morphologies

3.2.1 Quantifying morphology in Galaxy Zoo

In GZ1, galaxies were classified as simply spiral or elliptical. In GZ2, morphological
information for each galaxy was obtained by asking participants to answer a series of
questions. The structure of this question tree is shown in Fig. 2.2. Typically, each
image was viewed by >∼ 40 people (W13), although no user will explicitly answer
every question in the tree for a particular galaxy. The way in which classifications
were combined to give a vote fraction was introduced in section 2.3.2.
Traditional morphologies assign each galaxy to a specific class, usually determined by
one, or occasionally a few, experts. In contrast, Galaxy Zoo provides a large number of
independent opinions on specific morphological features for each galaxy. This allows
one to consider both the inherent ‘subjectiveness’ and observational uncertainties of
galaxy morphology, and hence control the compromise between sample contamination
and completeness.
There are two principal ways in which galaxy morphologies can be quantified using
Galaxy Zoo vote fractions. The first is to consider averages of the vote fractions over
specific samples or bins divided by some other property. These average vote fractions
can then be used to study variations in the morphological content of the galaxy popu-
lation. Individual galaxies are not given specific classifications. There is no population
of ‘unclassified’, and hence ignored, galaxies. This approach has been taken by Bam-
ford et al. (2009), Casteels et al. (2013), Willett et al. (2015), and various other studies.
With this method, the vote fractions of all galaxies can be considered together; even
galaxies with a small (but non-zero) vote fraction for a given property count towards
the statistics. Effectively, this approach considers the vote fractions as an estimate of
the probability of a galaxy belonging to a particular class.
The second approach is to divide the galaxy sample into different morphological cate-
gories, either by applying a threshold on the vote fractions, or choosing the class with
the largest vote fraction. Such methods have been used by Land et al. (2008), Skibba
et al. (2009), Galloway et al. (2015) and many more. One advantage of this approach
is that each galaxy is assigned to a definite class, with the threshold tuned to ensure a
desired level of classification certainty. However, a set of ‘uncertain’ or ‘unclassified’
galaxies may remain. In some analyses these require special attention.
These different approaches are also relevant for how questions at different levels in the
tree are combined. For example, a participant is only asked if they can see spiral arms
when they have already answered that they can see features in the galaxy and that the
galaxy is not an edge-on disc. The vote fraction for spiral arms therefore represents the
conditional probability of spiral arms given that features are discernible and that the
galaxy is not edge-on. When considering whether a galaxy displays spiral arms, one
should account for the answers to these previous questions in the tree. One can treat
vote fractions as probabilities, multiplying them to obtain a combined ‘probability’ that
a galaxy displays any features, is not edge-on and possesses spiral arms. Alternatively,
one may select a set of galaxies that display features, are not edge-on and possess spiral
arms, by applying some thresholds to the vote fractions for each question in turn. (See
Casteels et al. (2013) for a more thorough discussion of these issues.)
The primary morphological features we use in this thesis are the apparent number of
spiral arms displayed by a galaxy and how tightly wound those arms are (T09 and
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T10 of Fig. 2.2). Some of the classes for spiral arm number, contain a relatively low
fraction of the total spiral population, however. In addition, the vote fractions for the
preferred answer are often fairly low, with votes distributed over several answers. In
such cases, averaging the vote fractions over the full sample does not work particularly
well, as noise from more common galaxy classes overwhelms the subtle signal from
rarer classes. In this thesis we often prefer to assign galaxies to morphological samples
by applying a threshold or taking the answer with the largest vote fraction for this
reason.

3.2.2 Biases in the Galaxy Zoo sample

An issue that arises in both visual and automated methods of morphological classifi-
cation is that detailed features are more difficult to observe in lower signal-to-noise
images (i.e. observed from a greater distance). In Galaxy Zoo, this has been termed as
classification bias. If a sample is significantly biased, it leads to issues with contam-
ination and incompleteness. Incompleteness and contamination are defects that arise
in a sample where an inherent redshift bias affects the classifications. Incompleteness
affects the ‘harder to see’ features: the vote fractions for these features decrease with
redshift, leaving us with poor number statistics for a sample we wish to define as hav-
ing that feature. Contamination is the converse effect that appears in the ‘easier to
see’ categories. For these responses, the vote fractions decrease with redshift, mean-
ing that any samples defined using the Galaxy Zoo classifications will also include
mis-classified galaxies that should have actually been included in one of the ‘harder to
see’ categories. Any intrinsic differences between samples that one wishes to compare
may therefore be negated. If galaxies are not correctly assigned into the correct cate-
gories, then the samples will be contaminated and any significant differences between
the categories can be significantly reduced.
In GZ1, there was a clear example of redshift-dependent classification bias. Galaxies
of a given size and luminosity appear fainter and smaller in the SDSS images if they are
at higher redshifts. Galaxy images in GZ1 and GZ2 are scaled by Petrosian radius (see
section 2.3.1). As this means that equivalent galaxies at further distances are scaled to
have the same angular size, their pixel resolution is lower. Detailed features can there-
fore be more difficult to distinguish in galaxies at higher redshift. As a result, visual
galaxy classifications are biased, as fewer galaxies are classified as having the more
detailed features at higher redshift, making a sample of galaxies with the these features
incomplete. In GZ1, galaxies at higher redshift had lower ‘spiral’ vote fractions, which
were corrected using a statistical method developed in Bamford et al. (2009).
Debiasing the GZ2 data is, however, somewhat more complicated for two reasons. In
GZ1 morphologies are a binary choice of spiral or elliptical; this is not the case for
GZ2. Many of the GZ2 questions have multiple possible answers, including the spiral
arm number and spiral arm tightness questions which are of principal concern in this
chapter. Any debiasing method must distribute the votes among all of the categories
fairly. Secondly, a number of the questions depend on questions which have come
previously. Again, the spiral arm questions fall into this category – these are ‘fourth
order’ questions, so depend on how the questions further up the tree were debiased.
It should be noted that such biases are not exclusive to Galaxy Zoo. Difficulty in de-
tecting faint features in lower signal-to-noise images is an inherent property of any
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Figure 3.1: Histograms of vote fractions for the ‘features’ response to the ‘smooth or features’
question in GZ2. In each of the panels, the blue filled histogram shows the raw vote distribution for
a low-redshift 0.03 ≤ z < 0.035 slice of the luminosity-limited sample. The unfilled histograms
show the equivalent distribution for a higher-redshift 0.08 < z ≤ 0.085 sample. The vertical lines
show the mean vote fractions.

visual or automated method of galaxy classification. The advantage of using Galaxy
Zoo classifications is that they give a statistical method of measuring galaxy morphol-
ogy. As each of the galaxies in the full sample has been visually classified by a number
of independent observers, the apparent evolution in the presence of features can be
modelled, and biases corrected accordingly.
The effect of redshift bias is shown in Fig. 3.1a, where the answer to the ‘smooth or
features’ question is compared for high and low-redshift samples in GZ2. This sample
is a luminosity-limited sample in the redshift range 0.03 < z < 0.085, complete for
galaxies brighter than Mr = −21. The redshift range of the SDSS sample is shal-
low enough to argue that there should be minimal change in the overall population of
galaxies (Bamford et al. 2009; W13). In a luminosity-limited sample, the level of com-
pleteness should also be the same at all redshifts, meaning that the overall populations
of the high and low redshift samples should be equivalent. However, Fig. 3.1a shows
that the higher redshift vote fractions are dramatically skewed to lower values – gen-
erally, people have greater difficulty in detecting the presence of features in the higher
redshift images. Thus, there are fewer votes for galaxies showing ‘features’ and conse-
quently more votes for galaxies being ‘smooth’. If one wished to compare a sample of
galaxies with ‘features’ against one that is ‘smooth’ using the raw vote fractions, the
number of galaxies with ‘features’ would be incomplete relative to the low redshift bin
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and the ‘smooth’ sample would be contaminated.

3.2.3 The previous method for redshift bias correction

The previous debiasing procedure applied to both GZ1 and GZ2 focused on correcting
the vote fractions of the galaxy samples by adjusting the mean vote fractions as a
function of redshift. The method was first proposed in Bamford et al. (2009), and
updated for GZ2 in W13. The method successfully adjusts the mean vote fractions
for questions with two dominant answers, as can be seen from the vertical lines in
Fig. 3.1b: the mean of the debiased high-redshift sample is much closer to the mean of
the low-redshift sample than for raw vote distributions (Fig. 3.1a).
However, this technique has two limitations that make it unsuitable if we want to divide
a galaxy sample into different morphology subsets. The first issue is that adjustment
of the mean vote fraction does not necessarily lead to correct adjustment of individual
vote fractions. This can be seen in Fig. 3.1b. Although the mean vote fraction for
the high-redshift sample has been correctly adjusted to approximately match the low-
redshift sample, the overall distribution does not match. There is an excess of debiased
votes in the middle of the distribution, and fewer votes for the tails of the distribution at
p ≈ 0 and p ≈ 1. This effect is important if we wish to divide the sample into different
subsets by morphological type. As the shape of the histograms is not consistent with
redshift, the fraction of galaxies with pfeatures greater than a given threshold can also
vary with redshift, which will affect any cuts we wish to make by combining questions
at various stages in the question tree.
As described in section 3.1, GZ2 utilises multiple-answer questions to obtain more
detailed classifications than GZ1. In cases where the votes are split between multiple
categories, the debiasing method from W13 does not always adjust the vote fractions
correctly. I show this effect for the ‘spiral arm number’ question (T10 of Fig. 2.2),
in Fig. 3.2. We select a sample of ‘secure’ spiral galaxies with pfeatures · pnot edge−on ·
pspiral > 0.5, (with the vote fractions corresponding to the debiased values from W13),
and plot the mean vote fractions with respect to redshift for each of the arm number
responses. A clear trend in pm (where m is the spiral arm number) is observed: the
mean vote fractions vary systematically with redshift, even after the W13 correction
has been applied. For this question, the answers with more spiral arms (3, 4, or 5+
spiral arms) are the ‘harder to see’ features, equivalent to the spiral response in GZ1.
This means that there are fewer votes for these categories at higher redshift, which
instead increase the 1 and 2 arm vote fractions. The 3, 4 and 5+ spiral arm samples of
spiral galaxies therefore suffer from incompleteness. This is of particular importance in
this case for two reasons. Firstly, three questions must have been answered ‘correctly’
previously for a galaxy to be classified as spiral as this is a ‘fourth order’ question,
as can be seen in Fig. 2.2. This means the sample size is limited. Secondly, the 3,
4 and 5+ arm responses have low mean vote fractions overall, of . 0.1. Thus, the
number statistics for these categories are very low, meaning they will suffer from high
levels of noise. Correspondingly, the 1 and 2 armed spiral samples would suffer from
contamination from galaxies that should have been classified as 3, 4 or 5+ armed.
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Figure 3.2: Mean vote fractions for each of the responses to the ‘arm number’ question (T10
in Fig. 2.2). The sample consists of galaxies from the luminosity-limited sample, with pfeatures ·
pnot edge−on · pspiral > 0.5 (with vote fractions taken from the W13 debiased catalogue). The solid
lines show the mean arm number vote fractions obtained using the raw vote classifications, and
the dashed lines indicate the same quantity obtained using the W13 debiased values. The shaded
regions indicate the 1σ error on the mean.

3.2.4 A new method for correcting redshift bias

Given the limitations described in section 3.2.3, I constructed a new method of debias-
ing the GZ2 data more effectively. As discussed in section 3.2.1, there are two distinct
ways in which one can quantify morphology with the GZ2 dataset. When considering
a question further down the question tree with low number statistics, such as the spiral
arm question, a thresholding technique is preferred rather than using the weighted vote
fractions (see section 3.2.1). The spiral arm number question is an example where this
thresholding technique is applied later on in this thesis. Fig. 3.2 shows that the ‘2 spi-
ral arms’ response dominates the overall vote fraction, making up ∼ 60 per cent of the
votes, even at the lowest redshifts. The rarer responses of 3, 4 or 5+ arms have much
lower number statistics overall, with only ∼ 10 per cent of the votes. The mean values
can therefore be affected by the noise in the dominant category, which will be much
larger than the noise for the rarer categories. I therefore divide the galaxy sample into
different sub-samples when comparing galaxies by spiral arm number.
Unlike the debiasing method in W13, my new method aims to make the vote distribu-
tions themselves as consistent as possible rather than purely aiming for consistency in
the mean vote fraction values. As each galaxy is classified by 40 or more volunteers
(W13), I have enough data to model the evolution of the vote distributions as a function
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of redshift. Different classifiers will have different sensitivity to picking out the most
detailed features. Thus, as samples at higher redshift are considered, and hence with
poorer image quality, I expect the vote fraction distributions to also evolve as some
classifiers become less able to see the most detailed features. I aim to account for this
bias by modelling the vote fraction distributions as a function of redshift, and correct-
ing the higher redshift vote distributions to be as similar as possible to equivalent vote
distributions at low redshift.

3.2.4.1 Sample selection for each question

As GZ2 morphologies are classified with a decision tree (see section 2.3), not all of
the questions were answered by each of the volunteers for a given galaxy. Answering
the spiral arm number question is not appropriate for all of the galaxies in the sample:
if a galaxy has no spiral features, yet a volunteer answered the spiral arm question,
that galaxy would contribute ‘noise’ to the answers to that question. To avoid ‘noise’
introduced by incorrectly classified galaxies, clean galaxy samples are defined with
p > 0.5. For the first question, this corresponds to all of the galaxies, as each classifier
answered that particular question for each galaxy. However, when questions further
down the tree are considered, this is not the case. The equivalent p > 0.5 for the spiral
arm question would only include the galaxies with pfeatures · pnot edge-on · pspiral > 0.5.
For each of the questions in turn, I define a sample of galaxies with which I will
apply the new debiasing procedure. These samples are defined using a cut of p >
0.5 (corresponding to pfeatures · pnot edge-on · pspiral > 0.5 for the spiral arm question for
example). A further cut of N ≥ 5 (where N is the number of classifications) is also
imposed to ensure that each galaxy has been classified by a significant number of
people to reduce the effects of Poisson noise. In this case, the vote fractions must
be the debiased vote values, to ensure each sample is as complete as possible (see
section 3.2.2) as I look at each question. The order in which the questions are debiased
is important: to define a complete sample of galaxies to be used for the debiasing of a
particular question, all questions further up the question tree must have been debiased
beforehand.

3.2.4.2 Binning the data

It must be noted that such a method could still be limited by small-number statistics,
which is particularly common at higher redshifts. In the case that a feature’s vote
fraction drops to zero, I can not ‘add’ votes for a feature – it is only possible to debias
the galaxies with p > 0, where there is evidence for a feature being present. This
remains a problem for the categories where the vote fractions are lowest, such as in the
responses to the odd feature question (T06 in Fig. 2.2).
It is expected that the ability to discern the presence of a particular feature will depend
on intrinsic galaxy properties. For example, larger, brighter galaxies may be easier to
classify over a wider redshift range. Conversely, fainter galaxies may show stronger
features, as both overall galaxy morphology (Maller, 2008; Bamford et al., 2009) and
spiral arm morphology (Kendall, Clarke & Kennicutt, 2015) have stellar mass depen-
dences. To account for this, the galaxy sample for each question was divided into
bins of galaxies with similar overall surface brightness properties. This is achieved by
Voronoi binning the sample by the intrinsic properties of size (r-band Petrosian half
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Figure 3.3: Voronoi bins for the 5+ arms (A4) answer to the spiral arm number question (T10). The
sample is defined using the method described in section 3.2.4.2, and binned in terms of log(R50)
and Mr. Different bins are defined with different colours. Each Voronoi bin is further subdivided
into several redshift bins.

light radius, R50) and brightness (r-band Petrosian absolute magnitude, Mr). I used
the voronoi 2d binning package from Cappellari & Copin (2003), to ensure the
bins will have an approximately equal number of galaxies. Fig. 3.3 shows an example
of the Voronoi binning for the 5+ arms response to the arm number question. When
Voronoi binning the data for each of the answers, only the galaxies with p > 0 are in-
cluded (Ngal), meaning that the ‘signal’ of galaxies is evened out over all of the Voronoi
bins. I aim to have ∼ 30 Voronoi bins for each of the questions, so the desired number
of galaxies in each bin is given by Ngal/30. After Voronoi binning the data in terms of
their intrinsic properties of size and brightness, I further divide each bin into redshift
bins, to allow us to study how the vote distributions change with redshift. Each redshift
bin is constrained to contain ≥ 50 galaxies, with an exception for the case where the
number of galaxies in a Voronoi bin was< 250 – in this case, the galaxies were divided
into 5 bins with the same number of galaxies in each redshift bin. This binned data is
used for the debiasing methods described in section 3.2.4.3.

3.2.4.3 Modelling redshift bias

For each of the possible responses to each question, a method is applied to correct for
the redshift bias in the sample, aiming to make the vote distributions for each answer
consistent with redshift. In this thesis, I developed two methods to achieve this task,
which are detailed in this section.
The first method I utilised to remove redshift bias simply matches the shapes of the
histograms on a bin-by-bin basis. The cumulative distribution for the lowest redshift
sample in a given Voronoi bin is used as a reference for how the shape of the histogram
would look if it were viewed at low redshift. An example of this method is shown in
Fig. 3.4, in which the ‘features or disc’ answer to the ‘smooth or features’ question is
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considered – in section 3.2.2, I showed that this is an example of where the previous
debiasing method failed to reproduce the vote distribution correctly, which may be-
come an issue further down the question tree. For both the low redshift bin and each
of the high redshift bins in turn, the vote fractions are ranked in order of low to high.
Each of the galaxies in each high redshift bin is then matched to its low redshift equiv-
alent by finding the galaxy with the closest cumulative fraction in the low redshift bin.
An example of this technique is shown by the vertical lines of Fig. 3.4. In this case, a
galaxy with cumulative fraction of ≈ 0.8 in the high redshift bin has pfeatures ≈ 0.18.
A galaxy at the same cumulative fraction in the low-redshift bin has pfeatures ≈ 0.65, so
this is the debiased value assigned to that galaxy. This is repeated for each galaxy and
for each of the high redshift bins in turn. Applying a vote fraction threshold for a given
response gives the same fraction of the population above that threshold in all of the
redshift bins, with the galaxies most likely to have a feature making up the population
of galaxies above that threshold.
The main strength of this method is that any vote distribution can be modelled in this
way, irrespective of the overall shape. However, a potential weakness is that noise can
be introduced due to the discretisation of the data. To limit this issue, each redshift
bin has a ‘good’ signal of ≥ 50 galaxies. This effectively ‘blurs’ any trends with
redshift, and can actually lead to an over-correction of vote fractions, which can be
seen in Fig. 3.1c. Although the overall histogram shape is well matched when a slice
at 0.08 ≤ z < 0.085 is considered, there are too many galaxies with p ≈ 1 compared to
the low redshift data. This issue is purely caused by the discretisation of the individual
bins: although the trends can be modelled overall, any trends within individual bins
cannot. If there is a redshift trend within a bin, then the fraction of galaxies with the
more difficult to see features will preferentially reside in the lower redshift ends of
the bins. This effect leads to an overestimate of the number of galaxies with the more
difficult to see features. Fig. 3.6a shows the debiased trends of the ‘features or disc’
question, which was debiased using the ‘bin-by-bin’ method, which shows that the
method slightly over-corrects the redshift trend in the number of galaxies classified
with pfeatures > 0.5.
A potential solution would be to bin the data more finely. However, there is no ‘ideal’
solution to this problem, as fewer galaxies in each bin would mean that the redshift
range that each bin occupies is smaller, but the noise in each of the bins is larger.
To correct this problem with the bin-by-bin method, I also developed a technique to
model all of the distributions with functions, whose parameters can be modelled with
respect to size, luminosity and redshift. For each of the redshift bins, I plot a cumu-
lative histogram of log(p) against the cumulative fraction. Examples of some of these
cumulative histograms are plotted as the solid lines in Fig. 3.5. It can be seen that there
is a clear variation in the distributions with redshift. This effect is most prominent
in the 4 and 5+ arms responses, where the distributions shift so that there are fewer
galaxies with higher vote fractions. Each of the cumulative histograms can be fit to an
analytic function, and the parameters of the function modelled in terms of Mr, R50 and
z. After much experimentation, two functions were used to model the distributions:

f(p) = ekp
c

, (3.1)

and
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Figure 3.4: An example of vote distributions for an example Voronoi bin for the ‘features or disc’
answer to the ‘smooth or features’ question at high and low redshift. Each of the galaxies in the
high-redshift bin (red dashed line) is matched to its closest equivalent low-redshift galaxy (blue
solid line) in terms of cumulative fraction. The dotted lines indicate the ‘matched’ values for an
example galaxy with log(p) ≈ −0.8, and an equivalent low-redshift value of log(p) ≈ −0.2
(corresponding to praw = 0.18 and pdebiased = 0.65). log(p) is plotted on the x-axis rather than p
to make the two distributions more easily discernible.

f(p) =
L

1 + e−kp+c
, (3.2)

where k and c are parameters fit to each of the curves. The parameter L in Eq. 3.2
is given by L = 1 + ec for the function to be correctly bounded (i.e. go through
log(p) = 0, cumulative fraction = 1). In practice, Eq. 3.1 does a better job of mod-
elling the distributions with higher overall vote fractions (e.g. the m = 2 case), and
Eq. 3.2 models the rarer classes better (e.g. all but the m = 2 case for the arm num-
ber question). Best-fit k and c values are found for each of the bins, indicated by the
dashed lines in Fig. 3.5. When fitting, the cumulative histogram is sampled evenly in
log(p) to avoid the fit being weighted to the steepest parts of the curves.
After finding k and c for each of the bins, I attempt to quantify how these parameters
change with respect to Mr, log(R50) and z. A 2σ clipping is applied to all of the k and
c values to remove any fits where discrepant k or c values have been found. The data
is then fitted using a continuous function of the following form:

Afit(Mr, R50, z) = A0 + AM(fM(−Mr)) + AR(fR(log(R50))) + Az(fz(z)), (3.3)

where A corresponds to either k or c and fM , fR and fz are functions that can be either
logarithmic (log x), linear (x) or exponential (ex). The values A0, AM , AR and Az
are constants that parameterise the shape of the fit with respect to each of the terms.
When fitting the data, Mr, log(R50) and z correspond to their respective mean values
calculated using all of the galaxies in that bin. The best combination of functions is
chosen by calculating A0, AM , AR and Az for each combination of fM , fR and fz, and
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Figure 3.5: An example of a single Voronoi bin function fit for the arm number question. The red line indicates the highest redshift bin, and the blue line indicates the
lowest redshift bin. The solid lines indicate the raw p histograms, and the dashed lines show the best fit function to each of them. The dotted lines show the corresponding
approximation from the continuous fit to the k and c values.
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selecting the function that has the lowest squared residuals. I then clip any values with
a > 2σ residual to this fit and re-fit the data to find a final functional form for k and c
with respect to Mr, R50 and z. The resulting modelled cumulative histograms for the
spiral arm number question are shown by the dotted lines of Fig. 3.5. Limits are also
applied to k and c to avoid unphysical fits at extreme values of MR, R50 and z, set by
the upper and lower limits of all of the fit k and c values within the 2σ clipping.
After finding a functional form for k and c with respect to Mr, log(R50) and z, each of
the galaxies in the sample is debiased to find its equivalent value at low redshift. To do
this for an individual galaxy, a cumulative histogram is estimated using kfit(Mr, R50, z)
and cfit(Mr, R50, z), where Mr, R50 and z are the properties for that particular galaxy,
giving the cumulative fraction for a galaxy’s raw vote fraction. The equivalent cumu-
lative histogram at z = 0.03 (the low redshift limit of the luminosity-limited sample)
is also found, using kfit(Mr, R50, 0.03) and cfit(Mr, R50, 0.03). The vote fraction for
the corresponding cumulative fraction is read off from the low redshift cumulative his-
togram in a similar way as in the ‘bin-by-bin’ method, this time using the fitted curves
rather than the raw histograms. This is repeated for each of the galaxies in the sample
to generate a set of debiased values for the full sample of galaxies.
As mentioned previously, function fitting avoids issues related to the discretisation of
the data. However, it does introduce its own biases, as an assumption is made that the
cumulative histograms can all be well-fit by a particular set of continuous functions.
This may not always be the case, so I must consider which of the above methods does
the best overall job of removing redshift bias. To do this, the distributions of votes
for a low-redshift reference sample are compared to the distributions of higher redshift
bins. Using the luminosity-limited sample, which is free from redshift bias across all
Mr − R50 bins, a reference sample with 0.03 ≤ z < 0.035 is defined. The rest of
the luminosity-limited sample is then split into 10 redshift slices, and the total square
residual of the vote fractions from the bin-by-bin debiasing method is compared to the
resulting distributions from the fitting methods using the two different functional forms
(Eqs. 3.1 and 3.2). The method with the lowest total square residual is used to compute
the final debiased values.

3.2.5 Results from the new debiasing method

To test how successful the new debiasing method is at defining populations of galaxies
above a given threshold with redshift, the fraction of galaxies with p > 0.5 for each
of the questions is plotted in Fig. 3.6. It can be seen that in most cases, the new
debiasing method does keep the fraction of the population with p > 0.5 constant with
redshift, as expected. This effect is most evident when looking at the ‘spiral’ question
(T03 in Fig. 2.2), in Fig. 3.6d. The original debiasing method does not adequately
remove redshift bias, with fewer galaxies exhibiting spiral structure at higher redshift.
However, my new method does keep this fraction approximately constant with redshift,
which means the spiral sample will be more complete if we wish to use a thresholding
technique to define a sample of galaxies with spiral structure.
Fig. 3.6 only shows the specific example of the threshold of p > 0.5. This does not
give any insight into the overall vote fraction distribution, which can vary with redshift
as shown in Fig. 3.1. Therefore, overall distributions are compared for two redshift
slices in Fig. 3.7. The new method does not always ‘match’ the low and high redshift
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samples exactly, an effect that is most obvious in the ‘spiral’ question. Rather than
getting an excess of votes towards the middle of the distribution, excesses are more
generally seen at the tails of the distributions at p ≈ 0 and p ≈ 1. This is because
my method preferentially matches the p ≈ 1 end of the distribution. As can be seen
by the ‘spiral = yes’ response in Fig. 3.7, the top ends of the distributions are usually
correctly matched; the scarcity of votes for the intermediate values of p are caused by
the excess of galaxies with p = 0 that cannot be corrected.
In order to use the outputs from the new debiasing method described in this chapter,
the data is output to a table. Alongside the raw vote fractions, the new debiased vote
fractions are listed, as well as a gz2 class and flags for ‘securely’ detected spiral or
elliptical galaxies – these are galaxies where pspiral or psmooth are greater than 0.8. A
portion of the full table is shown in Table 3.1. A string-format overall morphology
description is also provided, described in detail in W13.
If the debiasing procedure worked perfectly, then we would expect convergence be-
tween the raw and debiased lines as we approach z = 0. We can see from the dotted
lines that this is not the case for the W13 method (e.g. the ‘smooth or features?’ ques-
tion in Fig. 3.6a). This is because the W13 method does not make a low redshift cut, so
all values are debiased to z ≈ 0, rather than z = 0.03 which we use in this thesis. We
also see that our debiasing method does not converge perfectly for all questions. This
is an artefact of the fitting method we employ, which means that we may smooth out
subtle variations, and may not perfectly match the behaviour as we approach z = 0.03.
However, we do see that for the majority of questions the method does a good job of
converging close to the expected fractions for z = 0.03.

3.2.5.1 The spiral arm number question

As a final check, particular focus is put on the spiral arm number question. The new de-
biasing procedure must make the sample sizes of galaxies with more spiral arms, which
tend to drop off with redshift (see Fig. 3.2), as consistent as possible with redshift. In
order to compare different spiral samples, we defined a secure sample of spirals. The
sample is defined by selecting galaxies with pfeatures · pnot edge-on · pspiral > 0.5. A fur-
ther cut is also imposed where only galaxies with Nspiral −Ncan′t tell ≥ 5 are selected,
meaning that at least five people classified the spiral arm number of each of the spi-
ral galaxies, reducing the effects of noise due to low numbers of classifications. Each
galaxy is then assigned a specific spiral arm number m, of either 1, 2, 3, 4 or 5+ arms,
depending on which response has the highest debiased vote fraction. For the purpose
of these plots, we removed the can’t tell responses, and the response of the other five
questions with the highest fraction was used. The debiased vote fractions for each of
the arm number responses are hereafter referred to as pm, where m is either 1, 2, 3, 4
or 5+.
The debiasing procedure applied to this question has shifted the vote fractions for the
multiple-armed (m = 3, 4, 5+) answers upwards overall, as can be seen in Fig. 3.8.1

1Cameron (2011) describe a method for estimating binomial confidence intervals for populations.
The paper argues that the ‘normal approximation’ (also described as the Poisson error) significantly
underestimates the confidence interval, particularly for small samples. The paper suggests that bino-
mial distributions can be well-modelled by β-distributions, examples of which can be seen in Fig. 1 of
Cameron (2011). Errors on binomial quantities (i.e. fractions) are estimated using this method for the
remainder of this thesis.
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Figure 3.7: Vote distribution histograms for each of the answers in the GZ2 question tree for raw
and debiased data from the old and new method. The blue filled histogram shows the distribution
for galaxies with 0.03 < z ≤ 0.035, which should have minimal redshift-dependent bias. The
black solid, red dotted and red dashed histograms show the distribution of galaxies at 0.08 < z ≤
0.085 using the raw, W13 debiased, and debiased data from the method described in this chapter,
respectively. All samples use only galaxies with p > 0.5 (as described in section 3.2.4.1) from the
luminosity-limited sample.
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Table 3.1: Example portion of the output table from the new debiasing method, showing the results from the ‘smooth or features’ question (T11), and ‘smooth’ answer
(A0). The full, machine-readable version of this table is available at http://data.galaxyzoo.org. The columns are: (1) DR7 object ID in the SDSS database, (2) Right
ascension (SDSS DR7), (3) Declination (SDSS DR7), (4) GZ2 classification (described in W13), (5) The number of unique volunteers that classified the galaxy, (6) Total
number of unique classifications for all questions – note this is larger than Nclass as each volunteer is asked a number of questions, (7) Total number of ‘smooth’ (A0)
responses to the ‘smooth or features’ question (T00), (8) Fraction of the raw votes that responded ‘smooth’ (A0) to the ‘smooth or features’ question (T00), (9) Debiased
vote fraction, (10) Flag for a given feature – flag = 1 means that the debiased vote fraction to a given question ≥ 0.8.

DR7 ID RA Dec gz2 class N class N votes wt count wt fraction debiased flag
588017704028406071 15:44:20.31 +08:17:57.3 Sc?t 44 250 12 0.273 0.179 0
587736812059230542 15:27:47.42 +09:37:29.7 Ei 38 126 31 0.832 0.818 1
587728905564061741 07:59:47.02 +35:31:11.8 Ei 59 191 54 0.915 0.864 1
587745404153757824 10:07:27.51 +15:45:21.9 Sb?t 40 290 7 0.175 0.026 0
587739380448952526 14:14:05.56 +31:07:09.1 SBb?t 33 185 11 0.333 0.123 0
587745402529382865 08:03:41.70 +07:33:21.0 SBd?t(m) 38 284 4 0.109 0.098 0
587739158721462480 08:54:58.92 +26:29:24.2 SBb2m(r) 44 346 3 0.068 0.022 0
587739506079170741 12:05:11.01 +32:47:08.3 Sc3t 36 269 2 0.056 0 0
587739382595453056 14:05:53.53 +33:10:15.1 Er 41 129 39 0.951 0.905 1
587729652884439063 16:26:24.95 +42:07:23.1 Ei 43 156 33 0.767 0.74 0
587732470919856500 07:59:53.83 +26:47:20.6 SBc?t 47 296 12 0.255 0.104 0
587738197189984364 08:02:03.96 +55:51:03.2 Ei 45 157 38 0.863 0.818 1
587738066730680717 07:58:26.06 +52:50:04.6 SBb2l(u) 31 177 7 0.226 0.047 0
587732590104019128 11:52:18.78 +59:12:08.3 SBb2m 36 215 11 0.288 0.333 0
588017702394265643 12:06:21.21 +11:26:19.9 SBc2m 50 325 11 0.22 0.282 0
587729777446420748 14:37:43.25 -02:08:25.7 Sb?t 44 264 14 0.318 0.036 0
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This has the effect of making each of these samples more complete with redshift, and
increasing their respective overall vote fractions. However, in the m = 5+ arms case,
the sample is still somewhat incomplete, as the overall fraction of galaxies that are
assigned to this category decreases with redshift. The vote fractions for m = 5+ fall
to 0 far more quickly with redshift than any of the other categories, as can be seen from
the dashed line in the bottom panel of Fig. 3.8, making the modelling of this redshift
bias difficult. Despite this, the fraction of galaxies that make up the m = 5+ category
are still significantly improved compared to the sample sizes that would be defined
using either the raw or previously debiased vote fractions.
Examples of some securely classified spiral galaxies are shown in Fig. 3.9, where each
galaxy has a dominant vote fraction of pm > 0.8. The samples of galaxies assigned to
each of the differentm-values are referred to as the arm number samples. As a compar-
ison, a less securely selected sample with pm > 0.5 is also shown in Fig. 3.10. Running
from left to right, the galaxies are binned in redshift, and running down the page the
galaxies are separated from low to high spiral arm numbers. The main result of this
debiasing is that galaxies with low vote fractions for the many-armed answers are in-
cluded in the many-armed categories when they were not before. As a consequence,
the population of m = 2 galaxies is less contaminated by galaxies that actually have
3, 4 or 5+ spiral arms. This effect is illustrated in Fig. 3.10, where a selection of spiral
galaxies with 0.5 < pm ≤ 0.6 are shown. It can be seen that the m = 4 and m = 5+
spiral samples at higher redshift include spiral galaxies that initially had much lower
overall vote fractions. As an example, if one were to use the raw vote fractions to
select ‘secure’ galaxy samples with pm > 0.5, then the galaxy in Fig. 3.10y would be
unclassified, as its highest value of pm would only be 0.27 (which is actually for the
m = 4 response). Using my debiased values, it has a modal value of pm = 0.55 for the
m = 5+ armed response, so would be in the m = 5+ sample. Even in the case of the
less secure samples of Fig. 3.10, the galaxies classified as m = 4 or m = 5+ clearly
have more spiral arms than those in the m = 2 category.
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Figure 3.8: Fraction of galaxies in the luminosity-limited spiral sample defined in section 4.1.1
classified as having 1, 2, 3, 4, or 5+ spiral arms as a function of redshift. The solid lines indicate the
fractions from the debiased values in this chapter, and the dashed line indicates the same fractions
using the raw vote fractions. Errors are calculated using the method described in Cameron (2011).
The horizontal dotted lines show the mean fractions using the debiased values averaged over all of
the bins.
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Figure 3.9: A securely classified (pm > 0.8) sample of galaxies classified with m = 1, 2, 3, 4
or 5+ spiral arms as a function of redshift. Galaxies are taken from the luminosity-limited spiral
sample defined in section 4.1.1, are all in the stellar mass range 10.0 < log(M∗/M�) ≤ 11.0 and
are binned by redshift. Each galaxy has a debiased modal arm number vote fraction pm > 0.8.
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Figure 3.10: A less securely classified (pm > 0.5) sample of galaxies classified with m = 1, 2, 3,
4 or 5+ spiral arms as a function of redshift. Galaxies are taken from the luminosity-limited spiral
sample defined in section 4.1.1, are all in the stellar mass range 10.6 < log(M∗/M�) ≤ 11.0 and
are binned by redshift. Each galaxy has a debiased modal arm number vote fraction of pm > 0.5.
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3.3 Measuring spiral arm pitch angles
In order to further quantify the spiral structure in SDSS spiral galaxies, a reliable mea-
sure of spiral arm pitch angle is required. In GZ2, the only data available is the re-
sponse to the ‘arm tightness’ question (T09 in Fig. 2.2). However, these data cannot
be converted to a quantitative measure of spiral arm pitch angle easily, given there are
only three qualitative responses to that question. Despite the advances that Galaxy Zoo
has made in terms of the study of galaxy morphology in large samples of low-redshift
galaxies, measures of spiral arm pitch angles for such large samples remain elusive.
Automated methods offer an interesting prospect for measuring pitch angles in large
galaxy samples. Although they still cannot measure overall morphological parameters
to the same level as human inspection, they do give an opportunity to study spiral arm
geometries in more detail (e.g. Considere & Athanassoula 1988; Puerari & Dottori
1992; Saraiva Schroeder et al. 1994; Rix & Zaritsky 1995; Davis et al. 2012).
I use a machine-based algorithm to measure spiral arm pitch angle. Spiral arcs for all
of the galaxies were measured using the automated method from SPARCFIRE (Davis
& Hayes, 2014). Given an input image, SPARCFIRE automatically draws isophotal
ellipses to deproject the galaxy to be face-on, and make all galaxies the same size.
SPARCFIRE then identifies and fits logarithmic spiral arc structures. The code was
run on a set of SDSS r-band images. The r-band was chosen as it has the greatest
integrated filter response of all of the SDSS ugriz bands. The outputs include several
arcs that have been deemed to be a set of spiral arc features in a galaxy. Realistically,
only some of the arcs were true spiral arms. An example of this can be seen in Fig. 3.11.
Two arcs (1 and 2) clearly map the spiral structure very well, whereas the other two
arcs (3 and 4) are instead spurious structures that do not trace a clear spiral arm. In
order to use SPARCFIRE, a method was required to distinguish between the two, so
that only the real spiral arms contribute to the measured pitch angle.

3.3.1 The training dataset

Previously, Davis & Hayes (2014) used the GZ2 data to decide on how best to select
true spiral arms in the SPARCFIRE outputs. They concluded that to match the spiral
arm number in GZ2, a length cut of 75 pixels was appropriate. In this thesis, I devel-
oped a new technique to identify real spiral arms, which takes into account a number of
parameters, rather than simply the length of spiral arms. For this, a visually inspected
‘true’ dataset was required. With this aim, a subsample of spiral galaxies from the
stellar mass-limited sample described in section 5.2 was presented to volunteers in an
interface called SPIRALSPOTTER,2 created using the ZOONIVERSE project builder.3

Volunteers were presented with an image of a spiral galaxy, with the identified arcs
from SPARCFIRE overlaid. An example of one of these images is shown in Fig. 3.11.
In total, 252 galaxies and 640 arcs had three or more unique visual inspections (i.e.
at least three different people classified the galaxy/arm). The volunteers were asked
about each SPARCFIRE-identified arc, with six possible responses. They could indi-
cate that arcs were good matches to real spiral arms (good), poor matches to real arms
(poor), matches to weak spiral arms (weak), extensions of previously identified arms

2www.zooniverse.org/projects/uon/spiral-spotter
3www.zooniverse.org/lab
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Figure 3.11: An example of a galaxy image presented to volunteers in SPIRALSPOTTER. The grey
scale image is the SDSS r-band image of the galaxy deprojected to face-on in SPARCFIRE (see
Davis & Hayes 2014 for details of this process). The coloured curves indicate where SPARCFIRE
identified arcs in the image, each of which are assigned a number. Each arc was assigned a unique
colour and number for volunteer classification.

Table 3.2: Summary of the SPARCFIRE-identified arc statistics identified by SPIRALSPOTTER.
People were asked whether arcs were good, poor, weak, extensions, junk or missing. The total
number of classifications for each of these classes are shown in the second column. The third
column shows the number of spiral arcs classed as one of these categories, using the category
which had the greatest fraction of the votes.

class Nclicks Narcs

good 1088 (16.4 per cent) 244 (15.1 per cent)
poor 298 (4.5 per cent) 17 (1.1 per cent)
weak 713 (10.8 per cent) 85 (5.3 per cent)

extension 669 (10.1 per cent) 104 (6.4 per cent)
junk 1175 (17.8 per cent) 190 (11.8 per cent)

missing 2673 (40.4 per cent) 678 (41.9 per cent)

(extension), fits to features that were not spiral arms (junk) or not present in the image
(missing). The Nclicks column of Table 3.2 shows how the total number of votes were
distributed for all arcs. Each arc is identified as one of the six categories, depending
on which response received the greatest number of votes. The number of arcs in each
category was shown in column Narcs of the table (any arcs where the majority vote
was split between multiple categories were excluded). It is notable from this table that
most of the arcs that SPARCFIRE identified were not good matches to real spiral arcs:
only 15 per cent of arcs were classified as ‘good’. It was therefore imperative that a
technique was developed that removes the poorly matched spiral arcs in SPARCFIRE

to obtain accurate spiral arm pitch angles, which I discuss in the section 3.3.3.
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3.3.2 Demographics of true spiral arms

Given the statistics from SPIRALSPOTTER, the overall characteristics of good arms are
assessed. We select good arcs as those where more than half of the votes were ‘good’
(pgood ≥ 0.5), with the rest being poor arcs. The resulting distributions are shown in
Fig. 3.12. From these distributions, true spiral arms can be identified by the following
characteristics:

1. L (arc length): this is the primary way in which true spiral arcs have been dis-
tinguished from noise in Davis & Hayes (2014). Generally, it is expected that
longer arcs are more likely to be real objects. The SPIRALSPOTTER analysis
shows that this is indeed the case.

2. ∆r (radial arm range): generally, true spiral arcs are more likely to cover a wider
range of the galaxy’s radius.

3. ψarc (arc pitch angle): true spiral arcs seem to preferentially occupy the range
10 < ψarc < 40°. This is similar to the range observed in other samples of
nearby galaxies (e.g. Seigar et al. 2008).

4. rstart (initial arc radius): generally, true spiral arcs are more likely to emanate
from closer to the centre of galaxies.

5. rend (end arc radius): this parameter appears to have little influence, but true
spiral arcs tend to end at ∼100 pixels. SPARCFIRE scales all images using
an isophotal ellipse fitting routine, so these distances are similar relative to the
galaxy size in all galaxies.

6. ∆θ (angular extent of the arms): true spiral arms have longer ∆θ values, meaning
that they wrap further around the centre of the host galaxy.

7. Npixels (number of pixels that the SPARCFIRE arc mask comprises): true spiral
arms are drawn through regions made up of more pixels.

These data can be used to identify the overall characteristics of true spiral arms. The
data does, however, form a high-dimensional space, meaning a complex model was
required to best define true spiral arms and spurious detections.

3.3.3 Identifying true spiral arms

From the SPIRALSPOTTER statistics, good arcs were selected as those where the ma-
jority of volunteers indicated that they were good matches to true spiral arms in galaxy
images. Thus, each arc had a label of whether it visually corresponded to a real spi-
ral arm or not. I trained two models with the aim of selecting only the spiral arcs
from SPARCFIRE that correspond to real arm features. The first model simply aimed
to identify a suitable length cut to select only the longest arcs (as in Davis & Hayes
2014). The second model used a more sophisticated support vector machine approach
(SVM) trained upon more of the properties associated with each arc.
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Figure 3.12: Distributions of the demographics of real and spurious spiral arms. This includes
distributions of the seven parameters listed in section 3.3.2 for arcs that have been visually identified
as poor arcs (pgood < 0.5, grey filled histograms) and good fits to real spiral arms (pgood ≥ 0.5,
blue stepped histograms).

In order to assess how well a classifier is performing, I used two statistics, complete-
ness and contamination. The completeness is given by

completeness =
tp

tp+ fn
, (3.4)

and the contamination is given by

contamination =
fp

tp+ fp
. (3.5)

The parameters are given by:

• tp: true positive, an arc which was deemed to be good by inspection, and was
classified as good by the SVM.

• fp: false positive, an arc which was deemed as poor by inspection, but was
classified as good by the SVM.
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• tn: true negative, an arc which was deemed as poor by inspection and was clas-
sified as poor by the SVM.

• fn: false negative, an arc which was deemed to be good by inspection, but was
classified as poor by the SVM.

In theory, there are two ways in which a classifier can be tested – either the complete-
ness can be maximised or the contamination minimised. There is a trade-off between
these statistics, in that including more positives in a sample will generally improve the
completeness, but also increase the level of contamination. One can also define the
accuracy with:

accuracy =
tp+ tn

tp+ fp+ tn+ fn
. (3.6)

This is the fraction of arcs which were correctly classified (either negative or positive).
A useful piece of information that I also used to identify real arc features is galaxy
chirality (whether arcs wind clockwise or counter-clockwise), assuming that all of the
arms in a single spiral galaxy must wind the same way. Any galaxies where the chiral-
ity between spiral arms did not agree were instead likely to be disturbed systems, rather
than normal star-forming spirals which are the focus of the work presented in this the-
sis. With SPARCFIRE, there are a number of statistics that one can use to quantify the
dominant chirality in a galaxy – one can choose to use the chirality of the longest arc,
the most common chirality amongst all of the arcs within a single galaxy, or the most
common chirality weighted by arc length. In order to select the best statistic, I used the
GZ1 statistics – each galaxy was inspected by volunteers, and not only was the pres-
ence of spiral arms noted, but also the arm chirality. From the galaxies in the stellar
mass-complete sample, 4801 were fit in SPARCFIRE (fit state = ‘OK’), of which 4779
(99.5 per cent) were visually classified by ≥5 people in Galaxy Zoo 1 (GZ1; Lintott
et al. 2011).
The SPARCFIRE suggested statistic that best agreed with the GZ1 measured chiralities
was the ‘weighted pitch angle sum’. The sum of all pitch angles was calculated (with
clockwise arcs given positive values and counter-clockwise arcs given negative values),
and weighted by the arc length. If the sum was positive, then a galaxy is deemed to have
clockwise dominant chirality, and if it is negative, the dominant chirality was deemed
to be counter-clockwise. There was strong agreement between the SPARCFIRE and
GZ1 measured chiralities, with 4112/4779 (85.8 per cent) galaxies in agreement, or
3676/3967 (92.5 per cent) when considering only galaxies where ≥ 80 per cent of
GZ1 classifiers agreed. I therefore had the option to remove any arcs which do not
agree with dominant chirality of the galaxy as measured by SPARCFIRE, if I wished
to clean the sample further.

3.3.3.1 Support Vector Machine classification

In order to improve on the simple length cut, a technique was developed to fold in
all of the parameters listed in section 3.3.2. The high dimensionality (including seven
separate parameters with potential correlations between them) means that defining cuts
in the parameters can become complicated. Instead, a machine learning classifier was
trained upon the input characteristics defined in section 3.3.2. After evaluating all
possibilities, we elected to use a support vector machine or SVM, using the SVM.SVC

package from SCIKIT-LEARN (Pedregosa et al., 2011).
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A Support Vector Machine (SVM) is a discriminative classifier for separating a hyper-
plane. Given a set of input parameters, and a labelled input dataset, it computes an
optimal boundary or hyperplane between the differently labelled training data (Ivezić
et al., 2014). The hyperplane is optimised to maximise the distance between distinct
classes or uniquely labelled points. In the case regarded here, the classes or labels
were defined as ‘true’ or ‘false’ arcs and the space in which the hyperplane was com-
puted was the space defined by the seven input parameters detailed in section 3.3.2.
The SVM includes a number of tunable parameters to optimise the fitting, which affect
how the vectors are penalised. We set the choice of kernel to be a radial basis function
kernel (RBF). There were two tunable parameters of note that needed to be optimised.
The first was C, which smoothed the decision boundary between true and false spiral
arcs (a lower C value meant that the plane had a simpler form) and the second was
gamma, which weighted points by how far away they were from the fitted plane. With
little information about which of these parameters would be best, optimal parameters
were selected using three-fold cross-validation on the input dataset. To select the ideal
set of parameters for the SVM, the accuracy parameter introduced in section 3.3.3 was
maximised.
From SPIRALSPOTTER, there were 252 galaxies where each of the arcs were visually
inspected (see section 3.3.1). Training the SVM required a training set and an indepen-
dent test set to check its results. The training set was a randomly selected set of 200
galaxies and the test set was made up of the remaining 52 galaxies (an approximately
80:20 split). The test set was kept separate from the training set and the SVM was
trained on four subsamples, including 50, 100, 150 and 200 galaxies respectively, to
check its performance as more data was included. The completeness and contamina-
tion for the SVM trained on each of the subsamples are shown in Fig. 3.13. Includ-
ing more galaxies delivers a marginal improvement in terms of completeness, and the
contamination stays relatively constant. The SVM was therefore trained on these 200
galaxies, as adding in more galaxies does little to improve the performance of the SVM
classifier. This trained SVM was then applied to the full sample of galaxies discussed
in section 3.3.1 to identify reliable logarithmic arcs in galaxies.

3.3.4 Results from spiral arm classification

3.3.4.1 Comparison to length thresholding

Using a simple threshold to measure arcs, Davis & Hayes (2014) suggested that 75
pixels is the best length for finding a good agreement between arc number and arm
number as measured by GZ2. Applying this threshold to the 252 galaxies in the
SPIRALSPOTTER subset achieved a completeness of 0.97 (0.92 only selecting arcs
which agree with the dominant chirality) and a contamination of 0.57 (0.51). Using
the trained SVM method, the model achieved a completeness of 0.75 (0.73 only select-
ing the dominant chirality) and contamination of 0.19 (0.19). For comparison, a length
cut of 125 pixels achieved a similar level of completeness of 0.74 (0.72), but suffered
from a greater level of contamination, with values of 0.34 (0.28).
Given the statistics listed above, the trained SVM method was preferred as it min-
imised the level of contamination better than the simple length cut. Any arcs which
did not agree with the dominant galaxy chirality were also removed for the reasons
discussed in section 3.3.3. In total, 3028/6222 of the spiral galaxies from the stellar
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Figure 3.13: Completeness (thin blue line) and contamination (thick red line) of the test set of
galaxies, for the SVM trained on samples of different sizes. The solid lines indicate the the statistics
when all spiral arcs are considered, and the dashed line shows the same statistics when only arcs
with agreement with the dominant galaxy chirality (discussed in section 3.3.3) are considered.

mass-complete sample had one or more reliably identified spiral arc. For the entire
sample of arcs in the SPIRALSPOTTER set, there were 163 true positives (SPIRAL-
SPOTTER = good arc, SVM = good arc), 39 false positives (SPIRALSPOTTER = poor
arc, SVM = good arc), 83 false negatives (SPIRALSPOTTER = good arc, SVM = poor
arc) and 1332 true negatives (SPIRALSPOTTER = poor arc, SVM = poor arc). Some ex-
amples of the SPIRALSPOTTER galaxy images with their SPARCFIRE identified spiral
arcs are shown in Fig. 3.14.

3.3.4.2 Checking for redshift dependent bias

In GZ2, the effects of redshift-dependent classification bias were carefully considered.
In section 3.2 a new technique was developed for modelling and removing biases due
to resolution and signal-to-noise effects, building on the work of Bamford et al. (2009)
and W13. This ensured that the GZ2 classifications were stable with redshift. However,
such biases are not unique to visual classifications. The fraction of galaxies for which
SPARCFIRE finds at least one ‘reliably identified’ arc (as defined in section 3.3.3.1)
is plotted as a function of redshift in Fig. 3.15a. A luminosity-limited sample is used
for this analysis, complete for all galaxies in the redshift range 0.02 < z ≤ 0.055
brighter than Mr = −19.95. There are 9275 galaxies in this sample. Fewer galaxies
have arcs detected by SPARCFIRE at higher redshift: 59 ± 3 per cent of the sample
have one or more arcs in the lowest redshift bin at z ≈ 0.02, whereas only 41 ± 2 per
cent have detected arcs at the high redshift limit of the sample at z ≈ 0.055. SPARC-
FIRE rarely detects all of the spiral arms in a galaxy, as can be seen in Fig. 3.14, and is
less likely to reliably detect spiral arms in lower resolution images, resulting in greater
incompleteness at higher redshift.
To address this incompleteness, in section 5.3.2 an alternative method of determining
spiral galaxy pitch angle using the GZ2 statistics alone was developed, which can
be applied to all the spiral galaxies in the sample. As a further check of whether
redshift-dependent incompleteness or measurement issues could bias the results (e.g.
if galaxies with looser or tighter arms are more or less likely to be lost), the measured
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m = 2 m = 3 m = 4 m = 5+

Figure 3.14: Examples of true positive, false positive, false negative and true negative arcs iden-
tified by SPIRALSPOTTER. Galaxies were a randomly selected subsample of galaxies from the
SPIRALSPOTTER sample with m = 2, 3, 4 or 5+ spiral arms as identified by GZ2. Arcs are
coloured by their status as true positive (SPIRALSPOTTER = good arc, SVM = good arc, lime
green arcs), false positive (SPIRALSPOTTER = poor arc, SVM = good arc, blue), false negative
(SPIRALSPOTTER = good arc, SVM = poor arc, orange) and true negative (SPIRALSPOTTER =
poor arc, SVM = poor arc, red).

pitch angles are compared vs. redshift in Fig. 3.15b. There is no significant redshift
trend in either the SPARCFIRE or GZ2-derived pitch angles. These checks, along with
the GZ2 calibrated measurements, ensure that the results are robust to the details of the
pitch angle measurements.

3.3.4.3 Completeness vs. spiral arm pitch angle

An artefact of using the SVM classifier may be that our level of completeness and con-
tamination may show residual dependencies on other arc properties. Of most concern
is spiral arm pitch angle: we may be p mis-classifying spiral arcs with certain prop-
erties. In order to check this, I compared the completeness and contamination of the
252 galaxies from the training dataset (see section 3.3.1) in bins of ψ, the spiral arc
pitch angle. The level of contamination remains steady at≈ 0.2 for all spiral arm pitch
angles. The level of completeness is constant in the range 10° . ψ . 40°, at ≈ 0.8.
We do see a slight drop off at the extrema of ψ < 10° and ψ > 40° to completenesses
of ≈ 0.4. However, these affect only the very edges of the range of pitch angles we
see, and are rare cases of true spiral arms as can be seen from Fig. 3.12.
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Figure 3.15: (a) Fraction of galaxies with at least one good arc as a function of redshift. The solid
line indicates the fraction in each bin, and the shaded region shows the error as calculated from the
method described in Cameron (2011). Fewer galaxies have detected arcs in SPARCFIRE at higher
redshift. (b) Average pitch angle as a function of redshift for SPARCFIRE measured pitch angles
(green line with filled errors) and GZ2 measured pitch angles discussed in section 5.3.2 (purple
line with dashed errors). The lines show the mean for each bin, and the errors indicate one standard
error on the mean.

3.4 Matching in stellar mass
It is often desirable to compare the properties of samples irrespective of their stellar
mass. For this reason, we often like to select galaxies so that their stellar mass distribu-
tions match. A technique I employed in section 4.1 was to bin the galaxies in terms of
stellar mass, and select the appropriate number of galaxies from each bin to match the
distributions. Although this does an adequate job, it relies on a user-defined bin size. If
the bins are too large, then any subtle features in the stellar mass distributions will not
be seen; if the bins are too fine, then we may overfit the noise in the distribution. This
is often described as a trade-off between variance and bias. For the work described
in chapter 5, I developed a new method, with the aim of removing any user input and
matching distributions automatically.
To mass-match, I used a method that we call KDE-matching.4 This process matches
two distributions by a given statistic, which I call the reference sample and the match
sample. In the example of chapter 5, the reference sample is them = 4 subsample, and
the match sample is each of the other subsamples in turn. We convolve each distribu-
tion with a kernel density estimate (KDE) using the KERNELDENSITY package from
SKLEARN. In a KDE, each point is represented by a kernel with a given bandwidth,
rather than an individual point.
KDEs of the reference sample and the match sample are produced, using Gaussian
kernels with the ideal bandwidth selected via five-fold cross validation, balancing bias
(underfitting caused by selecting a too wide kernel that washes out subtleties in a distri-

4The source code for this method is publicly available at http://doi.org/10.5281/zenodo.815850
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Reference: Ngal=1000, µ = 9.72, σ = 0.74

Match: Ngal=1000, µ = 10.01, σ = 0.97
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(b) Reference KDE
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(c)
Reference: Ngal=1000, µ = 9.72, σ = 0.74

Matched: Ngal=642, µ = 9.72, σ = 0.77

Figure 3.16: Example of the KDE-matching process. (a) Distributions of two Gaussian stellar
mass distributions. The filled histograms show the distributions, and the solid lines indicate the
KDE of the distributions. (b) KDEs for the reference and match distributions (thinner solid lines)
and the resulting probability of inclusion as a function of stellar mass is shown by the thicker dotted
black line. (c) Resulting distributions following matching.

bution) and variance (selecting a too narrow kernel that overfits causing a noisy distri-
bution). The match KDE is then divided by the reference KDE, and each galaxy in the
match sample now has an associated probability. These probabilities are normalised so
that the 95th percentile of all of the match probabilities equals one. All galaxies in the
top 5th percentile are set to probability p = 1 and all other galaxies have probabilities
0 < p < 1. Galaxies are then sampled from the match sample, with probability, p of
being included in the final matched sample.
This process is shown in Fig. 3.16. Two example samples are created, each with 1000
galaxies. The first is centred on 9.75 with spread 0.75, the second centred on 10.00,
with spread 1.00. In Fig. 3.16a, we model each distribution with a KDE: critically,
this requires no input from the user, and the optimum distribution is automatically
calculated. In Fig. 3.16b, we show the result of dividing the match distribution by the
reference distribution – there is an excess of massive galaxies in the match distribution,
so we sample so that these galaxies are less likely to be included in the final matched
sample. Sampling from the match sample with the probability given in Fig. 3.16b gives
the final distributions in Fig. 3.16c: the mass bias has been effectively removed.



Chapter 4

Demographics and star formation
properties of spiral galaxies by arm
number

The analysis and results in this chapter have been previously presented in Hart et al.
(2016) and Hart et al. (2017a). The work makes use of the debiased statistics first
presented in Hart et al. (2016) and chapter 3 of this thesis to study the overall demo-
graphics of spiral galaxies with respect to their arm number (Hart et al., 2016) and
to understand the star formation properties of spiral galaxies with varying numbers of
spiral arms (Hart et al., 2017a). The work was undertaken by the author of this thesis,
with advice from Steven Bamford and the co-authors of the aforementioned papers.

4.1 The demographics of spiral galaxies with respect to
spiral arm number

Spiral galaxies are the most common type of massive galaxy observed in the local
Universe (Nair & Abraham 2010; Lintott et al. 2011; W13; Kelvin et al. 2014a).
However, the term ‘spiral’ encompasses a large range of galaxies with different vi-
sual morphologies. Of principal concern in this chapter is how galaxy demographics
depend on spiral arm number. Overall correlations with morphology exist in the local
galaxy population, with earlier type galaxies being redder (and thus less star-forming,
Holmberg (1958); Roberts & Haynes (1994)), more luminous (and thus more massive,
Binggeli, Sandage & Tammann (1985, 1988)) and more common in higher density
environments (Dressler, 1980; Postman & Geller, 1984; Whitmore & Gilmore, 1991;
Whitmore, Gilmore & Jones, 1993) than later type spiral galaxies. The main aim of
this chapter is to look for similar trends looking exclusively at spiral arm number in
galaxies. Of particular interest is the difference between two-arm ‘grand design’ and
many-arm spiral galaxies.

4.1.1 Sample selection

For the work presented in this chapter, stellar masses are taken from the Baldry et al.
(2006) calibrations. The work also draws upon the SDSS DR7 rest-frame ugriz pho-
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tometry discussed in chapter 2.
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Figure 4.1: Limits of the Luminosity-limited sample for studying spiral arm demographics. The
r-band luminosity vs. redshift distribution of the full sample is shown by the blue points, with the
region enclosing the 0.03 < z < 0.085, Mr ≤ −21 luminosity-limited sample indicated by black
lines.

In order to study galaxy properties in a representative manner in this chapter, I define a
luminosity-limited sample, complete within a given redshift range and above a certain
luminosity. The upper redshift limit is effectively a trade-off between sample size and
sample reliability. A larger upper redshift limit means that more galaxies are included
in the sample, yet morphologies are less likely to be reliable at higher redshift (see
section 3.2.2 for a description of these issues). A higher upper redshift limit also
introduces incompleteness issues – only the brightest galaxies are luminous enough to
be included in the sample at higher redshift. For this work, an upper redshift limit of
0.085 was selected, which is complete for galaxies brighter than Mr = −21.0. These
limits approximately maximize the sample size, given the mr ≤ 17 limit on the full
sample. The luminosity versus redshift distribution of the full sample, and the limits of
the luminosity-limited sample, are shown in Fig. 4.1. The lower redshift limit avoids
a small number of galaxies with very large angular sizes, and hence accompanying
morphological, photometric and spectroscopic complications. The upper redshift limit
also corresponds to that for which there is reliable galaxy environmental density data
from Baldry et al. (2006), which will be used in section 4.1.4
The luminosity-limited sample is incomplete for the reddest galaxies at log(M∗/M�) <
10.6 (calculated using the method in Bamford et al. 2009). With this in mind, a stellar
mass-limited sample of 41,801 galaxies is also considered, created by applying a limit
of log(M∗/M�) ≥ 10.6 to the luminosity-limited sample.
Galaxies were selected as spiral using the debiased GZ2 statistics, by selecting galaxies
with pfeatures · pnot edge−ok · pspiral > 0.5 and Nspiral − Ncan′t tell ≥ 0.5 as described in
section 3.2.5.1. The spiral arm number was defined as the response to the ‘arm number’
question which had the greatest fraction of the debiased votes. The overall numbers of
galaxies with different arm numbers, and their relative fractions, stellar masses, colours
and environmental densities are shown in Table. 4.1.
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Table 4.1: Overall properties of galaxy populations with different numbers of spiral arms. The number of galaxies with 1, 2, 3, 4 and 5+ arms are shown for both the
luminosity-limited and stellar mass-limited spiral samples. Mean stellar masses, colours and local densities are shown for each of the populations, with 1σ standard
deviations indicated in parentheses. Errors on the mean (σ/√Ndebiased) are all of order < 0.01.

m Nraw fraw NW13 fW13 Ndebiased fdebiased M∗(log(M/M�)) g − i Σ(Mpc−2)
Luminosity-limited 12554 1.00 14297 1.00 17957 1.00 10.62 (0.25) 0.82 (0.17) -0.24 (0.56)

1 563 0.04 670 0.05 926 0.05 10.63 (0.28) 0.83 (0.19) -0.25 (0.54)
2 9044 0.72 10073 0.7 11157 0.62 10.63 (0.24) 0.86 (0.17) -0.21 (0.57)
3 1778 0.14 2158 0.15 3552 0.2 10.59 (0.26) 0.75 (0.15) -0.28 (0.53)
4 615 0.05 751 0.05 1162 0.06 10.60 (0.26) 0.74 (0.15) -0.30 (0.51)

5+ 554 0.04 645 0.05 1160 0.06 10.65 (0.27) 0.75 (0.16) -0.30 (0.53)
Stellar mass-limited 6683 1.00 7226 1.00 9413 1.00 10.81 (0.16) 0.91 (0.14) -0.18 (0.57)

1 290 0.04 331 0.05 500 0.05 10.84 (0.16) 0.94 (0.14) -0.19 (0.53)
2 4852 0.73 5191 0.72 6059 0.64 10.80 (0.15) 0.94 (0.13) -0.15 (0.59)
3 886 0.13 991 0.14 1654 0.18 10.82 (0.16) 0.83 (0.12) -0.23 (0.53)
4 335 0.05 366 0.05 565 0.06 10.82 (0.16) 0.82 (0.12) -0.25 (0.53)

5+ 320 0.05 347 0.05 635 0.07 10.85 (0.18) 0.82 (0.13) -0.26 (0.53)
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4.1.2 Fraction of galaxies with different arm numbers

Generally, spiral arm multiplicity is not usually studied with respect to a specific arm
number, with Elmegreen-type classifications usually preferred as discussed in sec-
tion 1.2. Spiral arm multiplicity does not map exactly to a specific Elmegreen-type for
two reasons. Firstly, the arm number itself does not give any indication of the promi-
nence of spiral arms, so cannot be used to distinguish between a galaxy with many
well-defined arms and one with more flocculent spiral structure, which are usually
defined differently (Elmegreen & Elmegreen, 1982, 1987a). The second issue is that
arm structure may not necessarily be consistent at all radii (Grosbøl, Patsis & Pompei,
2004) or at all wavelengths (Block & Wainscoat, 1991; Block et al., 1994; Thornley,
1996) within a galaxy disc, meaning that assigning a single m-value of arm number
may not give a complete picture of the overall spiral arm structure. The most ‘easy-to-
map’ categories are them = 2 population and galaxies classified as grand design in the
literature, as grand design structure is usually associated with two well-defined arms
across the entire disc (Elmegreen & Elmegreen, 1982). In the luminosity-limited spiral
sample, 62.1 ± 0.4 per cent of the galaxies with 10.0 < log(M∗/M�) < 11.5 show
two-armed spiral structure. This result is consistent with optical visual classifications
(Elmegreen & Elmegreen, 1982) and IR classifications (Grosbøl, Patsis & Pompei,
2004), which suggest that ∼ 60 per cent of local spiral galaxies exhibit grand design
spiral structure.

4.1.3 Comparison of stellar masses

Galaxy stellar mass is known to correlate with galaxy morphology (Bamford et al.,
2009; Kelvin et al., 2014b), and spiral galaxy Hubble type (Muñoz-Mateos et al.,
2015). It has been demonstrated that the central mass of spiral galaxies can play a role
in the type of spiral structure exhibited in spiral galaxies. In particular, the pitch angle
of spiral arms is related to both the SFR in spiral galaxies (Seigar, 2005), and the cen-
tral mass concentration of the spiral galaxies (Seigar et al., 2006, 2014). Total galaxy
stellar mass has also been found to correlate with observed spiral structure, with the
strength of the m = 2 mode in spiral galaxies being stronger in galaxies with greater
physical size (Elmegreen & Elmegreen, 1987a) and stellar mass (Kendall, Clarke &
Kennicutt, 2015). In this section, any stellar mass differences between galaxies with
different spiral arm numbers in a complete, low-redshift luminosity-limited sample are
investigated.
The method for measuring stellar mass, described in Baldry et al. (2006), uses the
u−r andMr values from the SDSS. To avoid contamination of galaxies with uncertain
stellar masses due to poor flux detection in these bands, only galaxies with F/δF > 5
(where F is the flux in a given band, and δF is the equivalent error on the flux) in both
u and r are included in this analysis.
The distributions of stellar mass for each of the arm number samples are shown in
Fig. 4.2a. The overall distributions for each of the galaxy samples show that there is
little evidence for a dependence of spiral arm number with respect to host galaxy stellar
mass; each of the samples contains galaxies across the entire range of stellar mass from
10.0 . log(M∗/M�) . 11.5. A slight excess of low stellar mass galaxies is found in
the m = 3 and m = 4 samples, as well as an excess of high stellar mass spiral galaxies
for the m = 5+ sample.
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Figure 4.2: Stellar mass dependences with respect to spiral arm number. Left: distributions of stellar mass for the luminosity-limited spiral sample. The solid lines
indicate the distributions for each of the arm number samples. The grey filled histograms show the equivalent distribution for all of the spiral galaxies for reference. The
black dotted line indicates the stellar mass values above which the sample is complete in stellar mass. Right: fraction of the stellar mass-limited spiral sample classified
as having each spiral arm number, in 20 bins of stellar mass. The shaded regions indicate the 1σ standard error on the mean calculated using the method described in
Cameron (2011).
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The distributions of Fig. 4.2a show the distributions from the luminosity-limited spi-
ral sample, so are therefore incomplete for galaxies with stellar masses lower than
M∗ . 1010.6M� (see section 4.1.1), indicated by the black dotted line. As we shall
see in section 4.1.5, lower mass galaxies are bluer, and hence more luminous for a
given stellar mass. They are thus over-represented at low mass in a luminosity-limited
sample. To look for trends in terms of stellar mass, the overall fraction of the stellar
mass-limited spiral sample is shown in Fig. 4.2b. Now, it can be seen that there do
appear to be some trends between spiral arm number and host galaxy stellar mass. A
significant increase in the fraction of galaxies with 5+ spiral arms is observed from the
overall mean value of 0.068 ± 0.002 to 0.15 ± 0.02 for the highest stellar mass bin of
log(M∗/M�) = 11.2 ± 0.1. Here the ± denotes one standard error on the mean. The
m = 3 and m = 4 samples hint at similar, but much weaker trends. Conversely, the
fraction of galaxies with two spiral arms decreases from 0.642 ± 0.004 for the total
population to 0.53± 0.02 in the highest stellar mass bin.
One possibility why higher mass spirals may exhibit more spiral arms is that this could
purely be an effect from the visual classifications. It has already been identified that
the many-armed spiral features are the most difficult to detect, so may be more easily
identifiable in the largest, brightest spiral galaxies. Spiral arms are already known
to have greater amplitudes (i.e. be more prominent) in galaxies with larger stellar
masses (Kendall, Clarke & Kennicutt, 2015). It has already been demonstrated in
section 3.2.5.1 that the m = 5+ sample is the most incomplete of the samples divided
by spiral arm number. Thus, galaxies with greater stellar mass, that are therefore larger
and brighter, may be preferentially put in this category, even after debiasing.
Another interesting scenario may be that the population of galaxies with the high-
est stellar mass are a population of unquenched spiral galaxies as in Ogle et al. (2016).
Such galaxies still have their discs intact, so have no signatures of tidal interactions. As
galaxy-galaxy interactions have been linked to both the inducement of two-armed spi-
ral structure (Dobbs et al., 2010; Semczuk, Łokas & del Pino, 2017), and the depletion
of gas and therefore quenching (Di Matteo et al., 2007; Li et al., 2008), then one may
conclude that the discs of these galaxies have not been disturbed. A possible expla-
nation for this is that lower-mass galaxies are more susceptible to environment effects
(Bamford et al., 2009), so high mass discs are undisturbed, star-forming, many-arm
galaxies.

4.1.4 Local environment

It is already well established that there is a clear dependence of the type of spiral
structure that galaxies exhibit with respect to their local environment. Observational
evidence from comparison of visually classified galaxies has found that grand design
galaxies are more prominent in high density group environments and in binary sys-
tems where a close companion galaxy is present (Elmegreen, Elmegreen & Dressler,
1982; Elmegreen & Elmegreen, 1987b; Seigar, Chorney & James, 2003; Elmegreen,
2011). These results suggest that a mechanism is responsible for the transformation
of spiral structure as galaxies enter the highest density environments, with a plausible
explanation being that two-armed spiral structure is the result of a recent gravitational
interaction. N-body modelling of galaxies has shown that two-armed spiral structure
can occur as a result of galaxy-galaxy interactions (Sundelius et al., 1987; Dobbs et al.,
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Figure 4.3: Dependence of spiral arm number on local environmental density. Left: distributions of local density (Σ) for the stellar mass-limited spiral sample. The solid
lines indicate the distributions for each of the arm number samples for each of arm numbers. The grey filled histograms show the equivalent distribution for all of the
spiral galaxies for reference. Right: fraction of the stellar mass-limited spiral sample classified as having each spiral arm number, in 20 bins of Σ. The shaded regions
indicate the 1σ standard error on the mean calculated using the method described in Cameron (2011).
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2010). However, the timescales of the persistence of such structures are thought to be
relatively short-lived (Oh et al., 2008; Dobbs et al., 2010), meaning that an enhance-
ment in the fraction of grand design galaxies is only observed in the highest density
environments where interactions can happen on a frequent enough basis to sustain such
structures (Elmegreen & Elmegreen, 1987a).
To compare spiral arm structure as a function of environment, we use a mean of Σ4

and Σ5 as an estimate of local density, as in Baldry et al. (2006) and Bamford et al.
(2009), denoted as Σ. This Σ is calculated as the mean of the density enclosed within
the projected distance to the 4th and 5th neighbour and is hence an adaptive scale that
probes both large scales outside groups and local scales within groups.
The distributions of galaxy local densities for each of the arm number samples are
shown in Fig. 4.3a. Here, the stellar mass-limited spiral sample is used to define the
total population, as stellar mass and density are closely related (Baldry et al., 2006), so
any biases in terms of the stellar mass distributions may have an effect on the complete-
ness of the galaxy sample in terms of environment. The distributions show a modest
dependence of spiral arm number with local density. However, as was the case for
stellar mass, each of the arm number samples spans the entire range of local density
defined by Σ.
The fraction of spiral galaxies which exhibit each of the spiral arm numbers as a func-
tion of log Σ are shown in Fig. 4.3b. A clear trend is observed, with the number of two-
armed spiral galaxies increasing for the highest values of local density from 64.3± 0.5
per cent for the overall population to 75 ± 2 per cent for the highest density bin of
log Σ = 1.1 ± 0.2. Conversely, all of the many-armed samples with m = 3, 4 or 5+
all show the opposite trends, with their respective fractions decreasing with Σ. These
results therefore seem to be in qualitative agreement with Elmegreen, Elmegreen &
Dressler (1982) and Ann (2014), in which the fraction of galaxies displaying grand
design spiral structure increases in the highest density environments. As the increase
seems to be most distinct in the very highest densities, this could be indicative that
two-armed spiral structure is a short-lived phase induced by galaxy-galaxy interac-
tions, as described in Elmegreen & Elmegreen (1983). Interestingly, there is no clear
enhancement in the fraction of galaxies with a single spiral arm at the highest densi-
ties, as found in Casteels et al. (2013). However, Casteels et al. (2013) found the most
significant enhancements in m = 1 galaxies when galaxies have a close companion,
which is not probed by this measure of environment. A more complete analysis of spi-
ral structure with local environment, accounting for both interaction probabilities and
local density will need to be considered to look for more significant trends of spiral
arm structure with environment. This is discussed fully in section 7.2.2.

4.1.5 Galaxy colours

Colours primarily indicate stellar population ages in galaxies, although dust extinction
can also have an effect. Star formation properties have been hypothesised to corre-
late with spiral arm properties, where galaxies with more prominent spiral arms show
enhanced star formation (Seigar & James, 2002; Kendall, Clarke & Kennicutt, 2015).
The presence of a density wave in a galaxy disc has been proposed as a method of
inducing star formation, but the lack of evidence for a clear enhancement of star for-
mation in grand design spiral galaxies (Elmegreen & Elmegreen, 1986; Foyle et al.,
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2010; Willett et al., 2015) or a clear age gradient within spiral arms (Foyle et al., 2011;
Dobbs & Baba, 2014; Choi et al., 2015) suggests that this is not the case.
Galaxy colour is already known to relate to stellar mass (e.g. Kauffmann et al. 2004;
Baldry et al. 2006), environment (e.g. Kauffmann et al. 2004; Baldry et al. 2004) and
overall galaxy morphology (e.g. Aaronson 1978; Glass 1984; Bamford et al. 2009).
As spiral arms are associated with recent star formation, and also the presence of dust
(Grosbøl & Dottori, 2012), it is expected that their properties will also correlate with
colour. Thus, galaxy colour correlates with the presence of spiral arms, with spiral
galaxies being bluer in colour than ellipticals (Bamford et al., 2009; Schawinski et al.,
2014). The colour distributions are now compared to look for any trends with recent
SFH in Fig. 4.4a. The colours that are plotted here are the SDSS g − i optical colours,
which should probe recent star formation in galaxies. To avoid contamination from
poor detections, only the galaxies with F/δF > 5 in both g and i are included. Unlike
the distributions of local density and stellar mass, a strong trend is found between
colour and arm multiplicity. The two-armed spiral galaxies show the reddest overall
colours, with mean g − i of 0.94 and a standard deviation of 0.13 in the stellar mass-
limited spiral sample. Them = 3, 4 and 5+ armed samples have corresponding colours
of 0.83, 0.82 and 0.82, with corresponding standard deviations of 0.12, 0.12 and 0.13.
Thus, each of the many-armed spiral samples is ≈ 1 standard deviation bluer than the
two armed spiral galaxy population. A population of barred red spirals in Galaxy Zoo
have been found before in Masters et al. (2010a). As grand design spiral structure is
associated with two spiral arms (Elmegreen & Elmegreen, 1982), this red spiral galaxy
population may be composed of strongly barred, grand design spiral galaxies.
To further compare the overall galaxy colours, the fraction of the stellar mass-limited
spiral sample with each of the spiral arm numbers with respect to g − i is shown in
Fig. 4.4b. Here, a clear trend is observed with the fraction of galaxies displaying two
spiral arms with respect to colour. In the bluest bin (g − i = 0.67± 0.07), only 32± 2
per cent of galaxies have two spiral arms; in the reddest bin (g − i = 1.17 ± 0.05),
84± 2 per cent have two spiral arms.
As described above, a strong dependence of colour with stellar mass is well-known
(e.g. Baldry et al. 2006). However, as described in section 4.1.3, the samples only show
very weak trends with stellar mass. As further proof that galaxy colours are not driven
by any stellar mass differences between the samples, the different arm number samples
are matched in terms of total stellar mass. The samples are matched to the m = 4
sample, as this is the sample with the fewest number of galaxies other than the m = 1
sample, which are known to be a unique case usually associated with galaxy mergers
(Casteels et al., 2013). The arrows in Fig. 4.4a show how the mean and standard
deviation change for the samples matched in stellar mass – a strong dependence on
galaxy colour is still present, irrespective of the stellar mass differences between the
samples.
To further test whether any of the colour differences between the samples can be at-
tributed to differences in stellar mass, g − i colour is plotted against stellar mass in
Fig. 4.5. The results show that the colour differences cannot be explained by the stellar
mass differences between the arm number samples: for a given stellar mass, the many-
armed spiral galaxies are much bluer in the g− i band. The samples were also matched
in terms of stellar mass, and the mean and standard deviations are indicated by the ar-
rows in Fig. 4.4. The colour differences are still ≈ 1 standard deviation bluer in the
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Figure 4.4: SDSS g − i colours with respect to spiral arm number. Left: distributions of g − i colour for the stellar mass-limited spiral sample. The solid lines indicate
the distributions for each of the arm number samples for each of arm numbers. The grey filled histograms show the equivalent distribution for all of the spiral galaxies for
reference. Right: fraction of the stellar mass-limited spiral sample classified as having each spiral arm number, in 20 bins of g − i. The shaded regions indicate the 1σ
standard error on the mean calculated using the method described in Cameron (2011). The arrows indicate the mean and 1 standard deviation scatter for samples matched
in stellar mass.
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many-armed spirals compared to the two-armed spirals, after matching the samples by
stellar mass.

4.1.6 Star formation histories

Using a single colour only gives a broad indication as to how the star formation proper-
ties of galaxies differ. To try to gain a more detailed understanding of the star formation
in each of the arm number samples the u− r and r− z bands are compared for each of
the different arm numbers, and the results are plotted in Fig. 4.6. Similar cuts in F/δF
to the u, r and z bands as described in section 4.1.3 are used to define the samples, this
time applied to the u, r and z bands. It can be seen that the differences are stronger in
r − z than in u− r. The most significant differences are observed between the m = 2
and m = 5+ samples, where there is a significant offset in r − z for a given u− r.
In order to gain an insight into how star formation can have affected the galaxy colours,
the m = 2 and m = 5+ u − r vs. r − z distributions are plotted in Fig. 4.7, with
τ -model SFHs for reference. Spectral energy distributions (SEDs) are derived from
Bruzual & Charlot (2003), for a range of ages and SFHs using the initial mass function
from Chabrier (2003).
In principle, the colour differences in our galaxy samples could be caused by signif-
icant metallicity variations in spiral populations with different arm numbers. It has
long been established that the colours of red giant branch stars depend on the stellar
population metallicity, where larger metal content causes stars to be cooler and have
later spectral types (Hoyle & Schwarzschild, 1955; Sandage & Smith, 1966). Line
blanketing also reddens observed colours of stellar populations, where metals in stel-
lar atmospheres preferentially absorb blue light (Melbourne, 1960; Krishna Swamy,
1968). Both of these effects act to make stellar populations appear bluer. On galactic
scales, a strong relationship exists between stellar mass and metallicity, often called the
mass-metallicity or MZ relation (Tremonti et al., 2004). The cause of this correlation
has been interpreted as a selective loss of metals from galaxies in low mass galaxies
with shallow potential wells (Larson, 1974; Tremonti et al., 2004). From Fig. 4.2, we
see that there is no strong stellar mass dependence with respect to spiral arm number.
We therefore expect the metallicities of our stellar populations to be consistent, sug-
gesting that this is not a significant reason for the colour differences we observe. For
star-forming galaxies in the SDSS, the mean stellar metallicity varies from Z ≈ 0.7Z�
for M ≈ 1010.6M� (the lower limit of the stellar mass-limited sample) to Z ≈ Z� for
M ≈ 1011M� (Peng, Maiolino & Cochrane, 2015). Most spirals are blue star-forming
galaxies (e.g. Bamford et al. 2009), so the metallicity adopted is Z = Z�. Two dust
extinction magnitudes of AV = 0 (dustless) and AV = 0.4 (dusty) are considered,
using the Calzetti et al. (2000) dust extinction prescription. The dust extinction curve
can vary from galaxy to galaxy and also in individual regions in a galaxy. The Calzetti
et al. (2000) law may therefore not include the level of complexity of the dust obscu-
ration in the galaxies, but serves as an overall indication of the total dust extinction. A
more complete analysis of dust and star formation is presented in section 4.2. Equiva-
lent colours for each of the star formation and dust extinction models are calculated for
each of the SDSS ugriz filters (Doi et al., 2010). The SFH models are for a quenching
galaxy, defined with two parameters, t and τ , where t is the time of quenching onset
and τ is the quenching timescale (a shorter τ means a faster quenching). For each
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Figure 4.5: Stellar mass vs. g − i colour for galaxy samples classified by spiral arm number in the luminosity-limited sample. The black dotted line indicates where the
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80 per cent of the points.

1.5 2.0 2.5 3.0
u− r

0.2

0.4

0.6

0.8

r
−
z

m=1 (479 galaxies)

1.5 2.0 2.5 3.0
u− r

m=2 (5854 galaxies)

1.5 2.0 2.5 3.0
u− r

m=3 (1617 galaxies)

1.5 2.0 2.5 3.0
u− r

m=4 (551 galaxies)

1.5 2.0 2.5 3.0
u− r

m=5+ (621 galaxies)
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Figure 4.7: u − r vs. r − z for the m = 2 and m = 5+ samples, with different SFHs and dust
attenuations overlaid. Contour plots are for them = 2 (red solid contours) andm = 5+ (blue filled
contours) samples as in Fig. 4.6. Three evolutionary tracks for Bruzual & Charlot (2003) stellar
population models with different quenching timescales (τ ) are plotted in black, yellow and green
lines, indicated in the plot legend. Each point is coloured by the relative age of the SFH models (t),
indicated in the colourbar. The green arrow indicates how the evolutionary curves would change
colour with dust extinction AV .

of the three timescales, the dust extinction AV is set to zero. Full details of how the
models are derived can be found in Duncan et al. (2014).
In Fig. 4.7, the u − r vs. r − z colours are plotted for the m = 2 and m = 5+
samples, which showed clear colour differences in Fig. 4.6. Overlaid are three SFHs
with different quenching timescales (τ = 0.1, 0.5 and 2.0 Gyr). The plot indicates
that both populations are consistent with SFH model colours, but that the quenching
process is much longer in the m = 2 population (indicated by a longer τ ) than in the
m = 5+ population. The m = 5+ population has therefore undergone a shorter, more
recent phase of star formation. There is also a significant population of galaxies that
are red in u− r and blue in r− z, which cannot be explained by a τ -model, even with
a quickly declining SFR. A model with a recent, short burst superimposed on a longer,
smoother SFH may be more suitable.
The role of dust must also be considered. A reference dust attenuation of AV = 0.4 is
shown by the green arrow of Fig. 4.7. The arrow indicates that extinction by dust could
account for the some of differences in the colours of the galaxies if the attenuation is
higher in the m = 2 population than the m = 5+ population. However, such a
scenario would seem unlikely, as dust opacity is greater within spiral arms (Holwerda
et al., 2005). Therefore, one would expect that the spiral galaxies with more spiral
arms to have a greater level of dust attenuation overall. Galaxies with greater levels of
dust attenuation are also expected to have higher SFR (Garn & Best, 2010), with the
most passive spiral galaxies being the most dust deficient (Rowlands et al., 2012). In
order to check whether dust is indeed the dominant factor, a more detailed analysis is
presented in section 4.2.
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4.2 Star formation vs. spiral arm number
In the low-redshift Universe, overall SFRs follow scaling relations with respect to
galaxy stellar mass (Brinchmann et al., 2004; Salim et al., 2007) and gas density (Ken-
nicutt, 1998), with the former known as the ‘star formation main sequence’ (SFMS).
The tightness of the relationship between total SFR and stellar mass indicates that the
processes responsible for star formation are regulated (Bouché et al., 2010; Lilly et al.,
2013; Hopkins et al., 2014), and apply to all galaxies, irrespective of morphology. Fur-
ther scaling relations between SFR density and gas density within individual galaxies
(Kennicutt, 1998; Leroy et al., 2008; Bigiel et al., 2008) and of SFR with total gas mass
(Saintonge et al., 2016) indicate that the current SFR of low-redshift galaxies is tied to
the availability of gas to form new stars (Saintonge et al., 2013; Genzel et al., 2015),
and that star formation efficiency varies little within or between galaxies (Kennicutt,
1998; Saintonge et al., 2011).
In this section, the link between total SFRs and gas densities are explored with respect
to the spiral arm number. Spiral arms can theoretically arise in many different ways,
which affect the star formation properties of galaxies. Strong spiral density waves
are a candidate mechanism for the formation of two-armed spiral structure, and were
suggested to trigger star formation in the neighbourhoods of individual arms (Lind-
blad, 1963; Lin & Shu, 1964; Roberts, 1969). However, there is little evidence for
the triggering of star formation globally in galaxies by spiral arms (Romanishin, 1985;
Elmegreen & Elmegreen, 1986; Stark, Elmegreen & Chance, 1987), or within the arms
of individual local galaxies (Foyle et al., 2011; Dobbs, Burkert & Pringle, 2011; Eden
et al., 2012; Choi et al., 2015). Alternatively, grand design spiral patterns could arise
when the Toomre Q value in discs reaches ∼ 1, and be subject to swing amplification
(Toomre, 1964, 1981), be remnants of recent tidal interactions (Sundelius et al., 1987;
Dobbs et al., 2010), or form via bar instabilities (Kormendy & Norman, 1979). Many-
armed or flocculent spiral patterns, however, form via different mechanisms, and it
has been proposed that they are more transient, short-lived structures in gas rich discs
(e.g., Sellwood & Carlberg 1984; Baba, Saitoh & Wada 2013; D’Onghia, Vogelsberger
& Hernquist 2013). Given the little evidence for triggering of star formation by any
of these mechanisms, spiral arms appear to concentrate the star-forming material into
the arm regions. Star formation reflects the distribution of gas, but the arms do not
affect the overall star formation in the host galaxy (Vogel, Kulkarni & Scoville, 1988;
Elmegreen, 2002; Moore et al., 2012).

4.2.1 Sample selection

In this section, all galaxy morphological data once again uses the debiased GZ2 statis-
tics outlined in section 3.2. Rest-frame absolute SDSS ugriz and GALEX FUV (far-
UV) and NUV (near-UV) photometry are obtained from the NASA Sloan Atlas (Blan-
ton et al., 2011). WISE photometry is obtained from Chang et al. (2015). More details
on these data are included in section 2.2. Galaxy stellar masses are obtained from the
SDSS-WISE SED fitting of Chang et al. (2015) for all galaxies in the full sample. The
consistency of these stellar mass estimates with respect to the other mass estimates
used in this thesis are outlined in section 2.4.1. In total, there are 62,903 NSA galaxies
in the redshift range 0.02 ≤ z ≤ 0.055 which were visually classified in GZ2. With
the restrictions applied in section 2.2, 45,192 (71.8 per cent) of the NSA galaxies with
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measured morphologies have unambiguous WISE matches with reliable photometry.
For the remainder of this chapter, I refer to this selection as the full sample. To inves-
tigate the gas properties of the galaxies in the full sample, measured gas masses from
the α70 data release of the ALFALFA survey (Giovanelli et al., 2005; Haynes et al.,
2011) are used. These are described in more detail in section 2.4.3. Due to the restric-
tions on the α70-SDSS footprint and the imposed limiting redshift of z ≤ 0.05, 20,024
galaxies from the full sample are targeted by ALFALFA and 5,570 of those galaxies
have reliable HI fluxes.
As was the case in section 4.1.1, the aim is to study a complete sample of galaxies in
a representative manner. The NASA Sloan Atlas reduces the upper redshift limit to
z = 0.055. For a complete luminosity-limited sample, this corresponds to a limiting
absolute magnitude of Mr < −19.95 for the SDSS completeness limit of mr = 17.0.
The stellar mass completeness is given by:

log(M∗,lim) = 2.17 log(z) + 12.74 , (4.1)

which is indicated by the curved line of Fig. 4.8b. The corresponding stellar mass
completeness limit at the upper redshift limit is log(M∗) = 10.0 log(M�). The sample
is still incomplete for the reddest galaxies at log(M∗/M�) < 10.0. Therefore, a stellar
mass-limited sample is selected for this analysis, selecting all galaxies brighter than
Mr = −19.95 and more massive than 1010.0M�. The limits of the sample are indicated
by the red box region in Fig. 4.8b, and it includes 25,063 galaxies in total.
Similar completeness limits apply to the ALFALFA data: at a given redshift, the sam-
ple is incomplete for the least luminous HI sources. For a source of profile width
200 kms−1 ALFALFA has a 5σ completeness limit of Slim ≥ 0.72 (Giovanelli et al.,
2005), where S is the HI flux density. ALFALFA fluxes are converted to gas masses
using Eq. 2.1 and the estimated completeness limit at a given distance can therefore be
described by:

log(MHI,lim) = 0.72× (2.356× 105D2
Mpc) . (4.2)

The limiting HI mass with redshift is shown by the curved green line of Fig. 4.8c. As
many of the galaxies in α70 are targeted, yet undetected, an HI upper limit can be
measured for a galaxy at a given distance using Eq. 4.2.
Having defined the galaxy samples, a set of spiral galaxies are selected using the visual
statistics of GZ2. Galaxies with pfeatures · pnot edge on · pspiral > 0.5 and Nspiral ≥ 5 are
selected in accordance with section 4.1. It is desirable to study galaxies with respect to
spiral arm number only in this section, rather than other morphological differences. To
this end, strongly barred galaxies are excluded from the sample, which have pbar > 0.5.
This cut has been used in the past to select strongly barred galaxies from GZ2 (Masters
et al., 2010a).
As galaxy SFR is related to total stellar mass (e.g., Brinchmann et al. 2004; Salim
et al. 2007; Guo, Zheng & Fu 2013), samples must be consistent in total stellar mass
to ensure that any differences in star formation properties are due to the morphological
properties studied in this chapter. A boxplot for each of the stellar mass distributions is
shown in Fig. 4.9. Here we note that the derived stellar masses are those from Chang
et al. (2015), different from those used in section 4.1 (see section 2.4.1 for details).
For the stellar mass range considered in this chapter, the stellar mass distributions
are consistent with spiral arm number. The m = 2 sample has median stellar mass
of 1010.50M�, whereas the m = 3, 4 and 5+ samples have medians of 1010.46M�,
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Figure 4.8: Sample selection for the star formation analysis. (a) Plot of absolute magnitude vs.
redshift for the full sample of galaxies. The curved blue line indicates the luminosity limit as a
function of redshift. Galaxies enclosed within the blue box make up the luminosity-limited sample.
(b) Stellar mass distribution of the full sample vs. redshift. The curved line shows the calculated
stellar mass completeness limit. Galaxies in the red boxed region are included in the stellar mass-
limited sample. (c) Gas mass vs. redshift for all galaxies matched in α70 to the full sample. The
curved line shows the calculated HI mass completeness limit and galaxies. Galaxies in the green
boxed region are included in the HI mass-limited sample.

1010.44M� and 1010.49M�. The only sample with a significantly higher median stellar
mass is the m = 1 sample, where the corresponding value is 1010.60M�. However, this
is the sample with the fewest galaxies (224), and the difference is still much less than
the overall spread in the data (the 84th–16th percentile range for all galaxies in the
stellar mass-limited sample is ∼ 0.7 dex). For these reasons, all galaxies in the stellar
mass-limited sample of spirals are kept for this analysis, as there is no significant stellar
mass dependence on spiral arm number. The overall numbers of galaxies included in
the stellar mass-limited sample with each spiral arm number, and the numbers with
ALFALFA detections, are listed in Table. 4.2.

4.2.2 Inclination dependence on morphological classification

Another issue that may affect the results is the galaxy inclination – more inclined
galaxies may have much greater levels of dust extinction (Masters et al., 2010b). More
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Figure 4.9: Stellar mass distributions (using the measurements of Chang et al. 2015) for each
of the arm number subsamples from the stellar mass limited sample. The boxes show the 25th
quartile, 75th quartile and the median, and the vertical lines indicate the extent of the 5th and 95th
percentiles.

Table 4.2: Sample sizes for each of the samples in the star formation analysis. The columns are
(1) Sample morphology from GZ2 (2) Number of galaxies in 0.02 < z ≤ 0.055 (3) Number of
galaxies in the stellar mass-limited sample (4) Number of galaxies with an ALFALFA detection in
the stellar mass-limited sample.

Morphology Full sample M∗-limited α70 detected
All 45192 25063 5570

Spiral 6333 3889 1792
m = 1 482 224 106
m = 2 3298 1953 859
m = 3 1263 805 391
m = 4 534 357 165
m = 5+ 756 550 271

inclined galaxies may also be more likely to be classified in a certain way; the aim
here is to select an inclination threshold above which the morphological classifications
are consistent. Any galaxies with loose spiral arms are excluded, by removing any
galaxies where the debiased fraction for the ‘loose’ response (A2 in Fig. 2.2) to the
‘arm winding’ question (T10) was greater than 0.2. These are likely merger driven,
which may alter the intrinsic isophotal shape of the galaxy (Casteels et al., 2013).
The SDSS DR7 isophotal axis measurements were used to quantify the inclination, as
was used in Masters et al. (2010b). In Fig. 4.10, the axial ratio distribution, (b/a)g,
of galaxies classified as spiral for the is shown, separated by spiral arm number. All
galaxies from the luminosity-limited sample which have measured axial ratios in SDSS
DR7 and are classified as spiral are included. The number of galaxies that are classified
as spiral falls drastically when considering more inclined galaxies, as the majority of
these galaxies are classified as ‘edge-on’ further up the question tree. We also see
that there are more m = 2 galaxies when the axial ratio is smaller (i.e. the galaxy
is more inclined). In Fig. 4.11, the fraction of the votes for m = 2 is shown as a
function of galaxy inclination – the distribution is relatively flat until (b/a)g ≈ 0.4.
This corresponds to an inclination i < 70° for disc thickness q = 0.22, (e.g. Unterborn
& Ryden 2008). For galaxies more inclined than this, the vote fraction starts to increase
for galaxies having two spiral arms as the arm structure becomes more difficult to see.
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Figure 4.10: Distributions of galaxy axial ratios separated by spiral arm number from the
luminosity-limited sample. The coloured histograms show the distributions for each spiral arm
number, and the grey histograms show the distributions for all spiral galaxies regardless of spiral
arm number for comparison. Galaxies with smaller axial ratios are more likely to be classified with
two spiral arms.

For this reason, a threshold of (b/a)g ≥ 0.4 is used for selecting spiral galaxies for the
rest of the work in this chapter. This is the same threshold that Masters et al. (2010a)
found for reliably identifying bars in galaxies.

4.2.3 Measuring star formation rates

In principle, there are a number of ways to measure the total SFR in galaxies. The
most commonly used SFRs in the SDSS are from the MPA-JHU catalogue (Brinch-
mann et al., 2004): these SFRs were used in Willett et al. (2015) to confirm that there
was no spiral arm number dependence on total SFR. Hα derived SFRs are obtained
from MPA-JHU measurements of SDSS spectra (Brinchmann et al., 2004; Salim et al.,
2007), corrected for absorption using the Balmer decrement and for aperture effects
using estimates derived from photometric galaxy colour gradients. Reliable Hα mea-
surements rely on spectra averaged across entire galaxies, which are not available from
SDSS data alone (the SDSS fibre size is 3 arcsec in diameter; the median r-band Pet-
rosian aperture diameter of galaxies in the stellar mass-limited sample is 7.6 arcsec).
In order to account for this, the MPA-JHU catalogue applies a correction to the fibre
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Figure 4.11: Fraction of votes for m = 2 vs. axial ratio. Galaxies with (b/a)g . 0.4 have more
votes for m = 2. The black dotted vertical line indicates the cut we employ to reliably select spiral
galaxies.

measured Hα flux using photometry measured outside the fibre (Salim et al., 2007),
and thus provide reliable total SFRs of star-forming galaxies (Salim et al., 2016).
Alternatively, one can measure the SFRs of galaxies using galaxy photometry rather
than spectra. The UV and the MIR are usually the wavelength ranges of choice, as
they are both dominated by emission from bright, young stars. The UV continuum
is almost completely flat (Kennicutt, 1998), and arises from the direct photometric
emission of the youngest stellar population. There are several published conversion
factors to convert from UV flux to SFR; I used the conversion factor of Buat et al.
(2008, 2011) to measure unobscured SFRs:

SFRFUV = 10−9.69(LFUV/L�) . (4.3)

In order to get a reliable measure of SFR, however, the amount of UV emission that
is obscured by dust must be corrected for. As dust absorbs UV photons and re-emits
the energy at longer wavelengths, then one can also measure the SFR using the MIR
emission. Again there are several published conversion factors; I used the following
prescription from Jarrett et al. (2013):

SFR22 = (1− η)10−9.125(L22/L�) , (4.4)

where L22 is the luminosity measured in the WISE 22µm band, and η is the fraction
of MIR emission that originates from the absorption of radiation from the older stellar
population. Here, I used η = 0.17 measured in Buat et al. (2011). This conversion is
for a Kroupa (2001) IMF, which is converted to a Chabrier (2003) IMF by adjusting
the SFR by −0.03 dex as suggested in Zahid et al. (2012) and Speagle et al. (2014).
To reliably measure the total SFR, the 22µm-derived SFR is then be added to the
unobscured FUV measured SFR (e.g., Wang & Heckman 1996; Heckman et al. 1998;
Hao et al. 2011; Jarrett et al. 2013; Clark et al. 2015):

SFRtotal = SFRFUV + SFR22 . (4.5)

The specific SFR is given by sSFR = SFRtotal/M∗.
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Figure 4.12: SFRs from Eq. 4.5 compared to the values measured from the MPA-JHU catalogue
(Brinchmann et al., 2004) for galaxies in the redshift range 0.02 < z ≤ 0.055 with SNR > 2 in the
GALEX FUV and WISE 22µm bands. The shaded grey contours show the regions enclosing 20,
40, 60 and 80 per cent of the data points, and the thinner black line shows the expected one-to-one
relationship.

To check the reliability of the SFRs obtained from this measure and to ensure the re-
sults are consistent with Willett et al. (2015), I compare the SFRs from Eq. 4.5 with
the MPA-JHU Hα estimates in Fig. 4.12. The plot shows all galaxies in the redshift
range 0.02 < z ≤ 0.055 which have SNR ≥ 2 in both the GALEX FUV and the
WISE 22µm. The GALEX FUV band is complete for galaxies with LFUV ≥ 108.5L�
at z = 0.02 and LFUV ≥ 108.9L� at z = 0.055. The WISE 22µm band is complete for
galaxies with LFUV ≥ 107.5L� at z = 0.02 and LFUV ≥ 108.4L� at z = 0.055. There
is good agreement between the FUV+MIR derived SFRs and those inferred from the
Balmer lines, with Pearson’s r coefficient of 0.74, indicative of a strong linear corre-
lation between the variables. The scatter is 0.11 dex. There is also no significant off-
set between the measurements (the median difference is < 0.01 dex), suggesting that
these SFR measurements are indeed comparable. However, there is a slight tendency
for galaxies at the lower end of SFRMPA−JHU to have higher SFRs measured from
Eq. 4.5. Salim et al. (2016) attributes galaxies with higher SFRs measured in Chang
et al. (2015) to galaxies with low measured fluxes in WISE being overestimated. How-
ever, this effect is unlikely to dominate as there is strong agreement between the SFR
indicators using a single value of η = 0.17 from Buat et al. (2008), with the only dif-
ferences observed for galaxies with low SFRs (. 0.5 M�yr−1). This issue affects only
a small fraction of galaxies in the sample, with < 10 per cent of galaxies having more
than 0.5 dex disagreement between the two SFR measures. All galaxies with SNR ≥ 2
in both the GALEX FUV and the WISE 22µm are therefore kept in the in the sample
as galaxies with reliably measured total SFRs.
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4.2.4 The star formation main sequence

The SFMS describes the SFR of the galaxy population as a function of stellar mass.
In the low-redshift Universe, this correlation has been shown to be very tight for nor-
mal star-forming galaxies (Brinchmann et al., 2004; Salim et al., 2007; Chang et al.,
2015). Galaxies with significantly enhanced star formation are usually associated with
merging or interacting systems (Sanders & Mirabel, 1996; Veilleux, Kim & Sanders,
2002; Engel et al., 2010; Kaviraj, 2014; Willett et al., 2015), with the rest of the dif-
ference across the main sequence attributable to differences in the gas content and star
formation efficiency of galaxies (Saintonge et al., 2011, 2016).
In order to test whether the morphology of the galaxies affects the total SFR, the SFMS
is plotted using the definition of sSFR defined in section 4.2.3. Specific SFR (sSFR)
is plotted rather than SFR, as this more clearly demonstrates how efficiently stars are
formed in star-forming galaxies with respect to stellar mass, M∗. Galaxies at low-
redshift can be considered bimodal in terms of their colour and SFR properties (Baldry
et al., 2006; Schawinski et al., 2014; Morselli et al., 2016). To plot the SFMS, a set
of star-forming galaxies must therefore be selected. I choose to use the definition of
Chang et al. (2015), who define star-forming galaxies using SDSS ugriz photometry.
Using this definition, galaxies with (u−r)rest < 2.1 or (u−r)rest < 1.6(r−z)rest +1.1
are selected as star-forming. The majority of spiral galaxies (78.3 per cent) are found
to be star-forming using this method. The resulting plot of log(M∗) vs. log(sSFR) is
shown in Fig. 4.13. As expected, there is a tight relationship, as galaxies with greater
stellar masses have lower sSFRs. The best-fit linear model to the data is given by:

log(sSFRexpected) = −0.49 log(M∗/M�)− 5.06 , (4.6)

and the scatter is 0.19 dex. This relationship can now be used to assess whether galaxies
have systematically high or low sSFRs for their stellar mass, by defining the best-fit
line as the expected sSFR for a galaxy of a given stellar mass. Given this information,
the sSFRresidual is described by:

log(sSFRresidual) = log(sSFRtotal)− log(sSFRexpected) , (4.7)

where log(sSFRexpected) is given in Eq. 4.6. If a given galaxy lies above the sSFRexpected

line, it has a higher sSFR for its stellar mass compared to the total star-forming galaxy
population, and a positive value for sSFRresidual. Conversely, galaxies below the
line can be considered as being deficient in sSFR, and have a negative value for
sSFRresidual.
Using Eq. 4.6 and 4.7, the effect that spiral galaxy morphology has on the total sSFRs
of galaxies is now considered. For this analysis, the spiral galaxies are divided into
arm number subsamples as described in section 4.2.1 for galaxies in the stellar mass-
limited sample.
As discussed in section 4.2.3, cuts are imposed in SNR to ensure that we have flux
measurements that are not dominated by noise to get a reliable estimate of SFR in
both the FUV and the MIR. It is therefore important to first check the completeness of
each of the samples that I compare. The fraction of galaxies that meet the minimum
SNR ≥ 2 threshold in the GALEX FUV filter, the WISE 22µm filter, and both filters,
are shown in Fig. 4.14. The overall completeness of each of the samples is similar,
with ∼ 70 − 80 per cent of galaxies having a detection in both filters. Many-armed
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Figure 4.14: Fraction of galaxies with SNR ≥ 2 detection in the GALEX FUV (blue circles),
WISE 22µm (red squares), and both (black triangles), for each of the arm number subsamples
taken from the stellar mass-limited sample of spiral galaxies. The error bars show the 1σ errors,
calculated using the method of Cameron (2011).

samples (m = 3, 4 or 5+) have a greater fraction of galaxies with reliable fluxes in
both the 22µm and the GALEX FUV than the m = 1 and m = 2 samples, however.
Thus, galaxies with one or two spiral arms are more likely to have undetectable MIR
or FUV emission and thus low SFRs.
The resulting distributions of sSFRresidual for each of the arm number subsamples are
shown in Fig. 4.15. Here I plot all spiral galaxies, and make no cuts on selecting only
star-forming galaxies. It is immediately apparent that there is no strong dependence of
sSFRresidual on spiral arm number – the median of the m = 2 distribution compared
with the m = 3, 4 and 5+ distributions shift by . 0.05 dex, which is much smaller
than the scatter in the SFMS of 0.19 dex. This result is perhaps surprising, given that
in section 4.1.5, it was shown that the many-armed samples are much bluer in colour
compared to their two-armed counterparts, an effect which was suggested to be related
to the star formation properties of the galaxies. The m = 1 sample of spiral galaxies
has the highest median value of sSFRresidual of 0.02 ± 0.05, and is the only sam-
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ple which lies above the defined SFMS, although this is the arm number subsample
with the lowest number of galaxies with reliable FUV and 22µm measurements (148
galaxies). These high sSFRs are likely because GZ2 classified m = 1 spiral galaxies
are associated with tidally induced features (Casteels et al., 2013), which are in turn
associated with enhanced star formation (Sanders & Mirabel, 1996; Veilleux, Kim &
Sanders, 2002; Engel et al., 2010). This result is consistent with Willett et al. (2015),
who showed that spiral arm number does not affect the position of the SFMS, albeit
using the spectroscopic SFRs of Brinchmann et al. (2004). Merger systems, on the
other hand, did show SFRs above the SFMS in the Willett et al. (2015) study. It should
also be noted that each of the galaxy distributions lie very close to the SFMS. In this
comparison of spirals, no cuts are employed to only select star-forming galaxies, yet
the medians of each of the spiral galaxy subsamples are within . 0.1 dex of the SFMS,
where we specifically selected star-forming galaxies. The majority of spiral galaxies
are observed to be ‘passively’ star-forming (i.e. either lie on the SFMS, or show blue
optical colours), but a significant population of passive red spirals also exists (Mas-
ters et al., 2010a; Fraser-McKelvie et al., 2016; Kuchner et al., 2017). Masters et al.
(2010a) measures that ≈ 6 per cent of spirals are red and passive. From our results,
this population cannot be attributed to galaxies of a specific spiral arm number – the
majority of galaxies with any spiral arm number are actively star-forming.

4.2.5 Comparing obscured and unobscured star formation

As discussed in section 4.2.3, the different SFR indicators in Eq. 4.5 correspond to the
combination of emission from the youngest, hottest stars (measured in the UV), and
emission originating from the radiation absorbed by interstellar dust and re-emitted at
longer wavelengths (the MIR). Although both sources of emission arise from young
stars of order ∼ 10 Myr in age (Hao et al., 2011; Rieke et al., 2009), their relative
contributions actually trace different phases in the molecular gas clouds from which
they form. Calzetti et al. (2005) noted that the MIR emission from galaxies traces
the Hα emission, which itself originates from absorption of photons of the youngest
stars (< 10 Myr in age), suggesting that warm dust emission is attributable to the
star-forming regions of galaxies. UV emitting populations are instead visibly offset
from the most active star-forming regions (Calzetti et al., 2005). The processes via
which the UV population become exposed take some time, and are highly dependent
on the gas and star formation conditions of the molecular clouds from which stars form
(Parravano, Hollenbach & McKee, 2003).
To give an insight into the relative fractions of obscured and unobscured star formation
in the galaxy samples, the FUV and MIR contributions to sSFRtotal are compared in
Fig. 4.16. Each of the arm number subsample populations lie close to the SFMS, even
with no cuts on only selecting star-forming galaxies, so the expectation is that they
are dominated by normal star-forming galaxies with little contribution from starburst
populations. The amount of unobscured FUV star formation relative to the amount
of obscured MIR measured star formation is shown in Fig. 4.16 for each of the arm
number subsamples. Here, a clear trend is observed – many-armed spiral galaxies
have less obscured star formation than the m = 2 sample of spiral galaxies. The
m = 1 sample has the lowest median log(SFRFUV/SFR22) value of −0.28 ± 0.05,
corresponding to a mean of 34 ± 1 per cent of the SFRtotal being measured by the
young stars unobscured by dust in the FUV. The m = 2, 3, 4 and 5+ values for
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Figure 4.15: Residual sSFRs for each of the arm number subsamples taken from the stellar mass-
limited sample, calculated using Eq. 4.6 and 4.7. All spiral galaxies are included, with no cuts
made to only select star-forming galaxies. The solid histograms show the distributions for each
subsample, and the filled grey histograms indicate the same distributions for the entire sample
of star-forming galaxies for reference. The vertical dotted lines indicate the 16th, 50th and 84th
percentiles.

log(SFRFUV/SFR22) are−0.15±0.01,−0.13±0.01,−0.03±0.02 and 0.04±0.02,
corresponding to 40± 1, 42± 1, 47± 1 and 51± 1 per cent of the total star formation
being measured in the FUV. All of the many-armed spiral galaxy subsamples have
significantly higher fractions of their total SFR measured in the FUV – the KS p-
values are ∼ 10−3, ∼ 10−7 and ∼ 10−26 between the m = 2 sample and the m = 3,
4 and 5+ samples, respectively. The many-armed spiral samples have less obscured
star formation than the two-armed sample, with a greater fraction of the SFR measured
from young stars unattenuated by dust in the FUV.

4.2.5.1 The IRX-β relation

A common parametrisation of the amount of dust obscuration in star-forming galaxies
is through the IRX-β relation (Calzetti, Kinney & Storchi-Bergmann, 1994; Meurer,
Heckman & Calzetti, 1999; Calzetti et al., 2000). The quantity IRX refers to the in-
frared excess, and corresponds to the ratio of MIR emission originating from warm
dust to the UV emission from exposed young stars. The quantity IRX is defined by
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Figure 4.16: Ratio of FUV and MIR measured SFRs for spirals from the stellar mass-limited
samples. The grey filled histogram shows the same distribution for all galaxies in the stellar mass-
limited sample, irrespective of morphology. The vertical lines show the median, 16th and 84th
percentiles for each of the arm number subsamples.

Boquien et al. (2012) as:
IRX = log(Ldust/LFUV) . (4.8)

The quantity β measures the slope in the UV continuum of galaxies, which depends
on both the intrinsic UV slope, β0, and the UV slope induced by dust reddening, and
is defined in Boquien et al. (2012):

β =
MFUV −MNUV

2.5 log(λFUV/λNUV)
− 2 . (4.9)

For starburst galaxies, the relationship between IRX and β has been shown to be very
tight, with galaxies with greater IRX having a greater UV slope (Meurer, Heckman
& Calzetti, 1999; Kong et al., 2004; Overzier et al., 2011). Quiescently star-forming
galaxies, however, lie below the IRX-β law for starburst galaxies, and show signifi-
cantly more scatter. Contributions to both the MIR and the UV from ageing stellar
populations, variations in the dust extinction properties or variations in SFHs of star-
forming regions have all been hypothesised as reasons why star-forming galaxies show
this scatter (Bell, 2002; Kong et al., 2004; Boquien et al., 2009, 2012).
The y-axis of the IRX-β relation is the total dust emission divided by the UV flux. The
total dust emission, Ldust, is taken from the catalogue of Chang et al. (2015), which fit
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Figure 4.17: IRX (from Eq. 4.8) vs. β (from Eq. 4.9), for each spiral arm number. The underlying grey contours show the same distribution for all galaxies in the
stellar mass-limited sample with detections in the GALEX FUV and the WISE 22µm, regardless of morphology. The solid lines show the same values for the stellar
mass-limited spiral sample, split by spiral arm number. The black dashed line shows the IRX-β relation measured for starburst galaxies (Kong et al., 2004) and the black
dotted line shows the relationship for low-redshift star-forming galaxies (Boquien et al., 2012).
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stellar and dust emission curves to SDSS+WISE photometry for each of the galaxies.
Only galaxies with SNR ≥ 2 in the WISE 12 and 22µm bands are included in this
analysis, in order to ensure a good constraint on the total dust emission. The resulting
IRX-β relations for the arm number subsamples are shown in Fig. 4.17.
All of the spiral galaxy populations lie below the starburst IRX-β relation from Kong
et al. (2004), with no significantly enhanced starburst-like formation. In order to mea-
sure how closely each of the samples lie to the expected quiescent IRX-β relation of
Boquien et al. (2012) (the dotted lines in Fig. 4.17), the median offset from the rela-
tion for a given β is calculated: if a galaxy population lies below the relation, it has a
negative offset, and if it lies above the line, the offset is positive. For reference, the full
sample of galaxies irrespective of morphology (shown by the filled grey contours in
Fig 4.17) has a median offset of −0.01± 0.01, indicating that this population is repre-
sentative of a normal star-forming galaxy population that follows the IRX-β relation of
Boquien et al. (2012). The corresponding offsets for each of the arm number subsam-
ples are −0.01± 0.04, −0.05± 0.05, −0.09± 0.01, −0.14± 0.02 and −0.20± 0.01.
Each of the spiral galaxy populations actually lie below the IRX-β relation, indicating
that they are less luminous in the MIR than expected for their β. There is also a clear
trend with spiral arm number – the m = 1 and m = 2 populations lie much closer
to the IRX-β relation for normal star-forming galaxies, whereas galaxies with more
spiral arms lie further below the relation, indicating that they have more UV emission
relative to MIR emission than expected for their measured β. This will be discussed
further in section 4.3.1

4.2.6 Gas properties of spiral galaxies

The amount of gas that galaxies contain is usually related to both the current star forma-
tion activity (Huang et al., 2012; Saintonge et al., 2011, 2013, 2016) and galaxy mor-
phology (Helmboldt et al., 2004, 2005; Saintonge et al., 2012; Masters et al., 2012).
However, the amount of gas in galaxy discs has little dependence on the presence
of spiral structure or its type, with spiral structure instead believed to rearrange the
star-forming material in galaxies (Vogel, Kulkarni & Scoville, 1988; Elmegreen, 2002;
Dobbs, Burkert & Pringle, 2011; Moore et al., 2012). By using the atomic gas mass
measurements of ALFALFA (Giovanelli et al., 2005; Haynes et al., 2011), I consider
whether spiral structure has any link to an excess or deficiency of gas in the spiral sam-
ples. The HI fraction, fHI = MHI/M� exhibits a strong dependence on stellar mass,
with more massive galaxies having lower gas fractions (Haynes & Giovanelli, 1984;
Cortese et al., 2011; Saintonge et al., 2016). It is therefore useful to define the expected
gas fraction as a function of stellar mass, in order to define whether a galaxy is defi-
cient in HI for its stellar mass. The value for log(MHI/M�)expected can be calculated in
a similar way to sSFRexpected in section 4.2.4, by fitting a line to the plot of log(M∗)
vs. log(MHI/M∗). The parent sample for this comparison comprises galaxies in the
stellar mass-limited sample, including all galaxies with an HI detection, regardless of
morphology. In order to probe the entire range of gas fractions, all galaxies from the
stellar mass-limited sample with a reliable HI detection are used, giving 2,434 galaxies
in total. Galaxies that fall below the HI completeness limit with MHI < 109.89M� are
weighted by 1/Vmax. The plot of gas fraction vs. stellar mass for this sample is shown
in Fig. 4.18. The best fit line to the data, with each point weighted by 1/Vmax, yields
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Figure 4.18: Gas fraction as a function of stellar mass for all galaxies in the stellar mass-limited
sample with an HI detection. The filled grey contours show where 20, 40, 60 and 80 per cent of the
galaxies lie, weighted by each galaxy’s 1/Vmax-value. The green line shows the best fit line to the
data, with each point again weighted by 1/Vmax. The dashed black line indicates the lower stellar
mass limit of the dataset.

the following relationship:

log(MHI/M∗)expected = −0.70 log(M∗/M�) + 6.61 . (4.10)

The scatter in this relationship is 0.26 dex. One can now measure the HI deficiency
using (Masters et al., 2012):

log(MHI/M∗)deficiency = log(MHI/M∗)expected − log(MHI/M∗) , (4.11)

where log(MHI/M∗)expected is given in Eq. 4.10. Galaxies with higher gas fractions
than expected for their stellar mass have negative HI deficiency, and galaxies with low
HI fractions have positive HI deficiency.
As in section 4.2.4, the first comparison is for the completeness of the arm number
subsamples. The fraction of the stellar mass-limited sample of ALFALFA targeted
spiral galaxies with a single detection in the α70 catalogue as a function of arm number
is shown in Fig. 4.19. As was the case in for the FUV and MIR fluxes, there is a
preference for more of the many-armed galaxies to have measured HI fluxes. However,
as in section 4.2.4, the overall completeness is similar, with each of the samples having
detection fractions of ∼70–80 per cent.
To compare whether the spiral galaxy samples are deficient in gas for their stellar
mass, the measured gas fractions for the stellar mass-limited sample of spirals are
compared, and the distributions are plotted in Fig. 4.20. Only galaxies with ALFALFA
detections are included, giving 1,066 spiral galaxies in total. To ensure that a full range
of gas masses is probed, all α70 detections are included and a Vmax weighting to the
HI detections that fall below the HI complete mass of log(MHI) = 9.89 log(M�) is
applied. The resulting HI deficiency distributions are plotted in Fig. 4.20. The median
HI deficiencies are −0.15 ± 0.08, −0.05 ± 0.02, −0.10 ± 0.03, −0.18 ± 0.05 and
−0.24±0.04 for m = 1, 2, 3, 4 and 5+ respectively. There is a trend that many-armed
spiral galaxy samples are more HI rich than m = 2 galaxy samples. Although the null
hypothesis that the m = 3 sample is from the same parent distribution as the m = 2
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Figure 4.19: Fraction of galaxies in the α70-SDSS footprint with a reliably detected HI flux, in
accordance with Haynes et al. (2011) as a function of spiral arm number. The error bars show the
1σ error calculated in accordance with Cameron (2011).

sample cannot be ruled out, as the KS p-value is 0.31, it is unlikely that this is the case
for them = 4 andm = 5+ arm number subsamples with respect to them = 2 sample,
where the corresponding p-values are ∼ 10−2 and ∼ 10−4.

4.2.7 The role of bars

One of the key features via which a grand design spiral pattern may emerge is via
a bar instability (Kormendy & Norman, 1979). The exact nature of the dependence
of grand design spiral structure on the presence of a bar in a galaxy disc is not fully
understood, since many-armed spiral galaxies can still exist in the presence of a bar,
and not all grand design spiral galaxies host strong bars (this was discussed in detail
in section 1.3.4). Nonetheless, bars are more common in grand design spiral galaxies
(Elmegreen & Elmegreen, 1982, 1987b). Bars can affect the gas and star formation
properties of their host galaxies (Athanassoula, 1992; Oh, Oh & Yi, 2012; Masters
et al., 2012). Previously, strong bars were removed from the analysis. Given the
dependences found in the earlier parts of this chapter, the final piece of analysis is to
assess the potential impact of bars in driving these dependencies. To assess the impact
that the presence of bars have on spiral galaxies and understand whether the differences
in the galaxy populations are driven by the presence of bars with spiral structure, the
properties of barred and unbarred galaxies are now compared.
GZ2 has been used to define galaxies with and without bars. I use the same prescription
of Masters et al. (2011) by selecting galaxies with pbar > 0.5 as barred. The fraction
of galaxies with bars is significantly higher for the m = 2 sample, with 50 ± 1 per
cent of galaxies having bars, compared to 16−25 per cent for each of the many-armed
samples. This confirms the results of previous studies (e.g., Elmegreen & Elmegreen
1982, 1987b) for my sample: two-armed grand design spiral galaxies are more likely
to host a bar than many-armed spiral galaxies.
Each of the many-armed samples comprise fewer galaxies than the two-armed galaxy
sample, and only a small number of those have bars. In order to compare the properties
of barred and unbarred samples of galaxies with different arm numbers with good
number statistics, the 3, 4, and 5+ armed spiral galaxies are grouped into a single,
‘many-arm’ category. I deem this to be reasonable, since any trends seen in each of the
many-armed spiral galaxy samples have been shown to be similar, and contrast with the
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Figure 4.20: HI deficiency, calculated using Eq. 4.10 and 4.11, for each of the arm number sub-
samples. The underlying grey histograms show the distributions for all galaxies with detected HI,
irrespective of morphology and the solid lines show the same distributions for all galaxies split by
spiral arm number. Each HI detection is weighted by 1/Vmax. The dotted vertical lines show the
median, 16th and 84th percentiles of each of the distributions.

m = 2 sample. In this analysis, all galaxies classified as spiral are included, retaining
those with pbar > 0.5, which were removed for the earlier results. As was the case in
sections 4.2.4 and 4.2.6, the first stage is to compare the completeness fractions. They
are shown in Fig. 4.21. The overall completeness of each of these measures decreases
for strongly barred galaxies, yet the detection fractions are still consistently higher for
many-armed spirals irrespective of pbar.
In order to check whether the presence of bars in the galaxy arm number samples
affect the IRX-β trends in section 4.2.5.1, the samples are divided into four bins of
bar strength, defined using the GZ2 pbar statistic. The resulting IRX-β relations for
the m = 2 and the m > 2 samples are shown in Fig. 4.22. The median offsets from
the Boquien et al. (2012) relation are −0.06 ± 0.01, −0.02 ± 0.02, 0.00 ± 0.02 and
0.00± 0.02 for each of the bar strength bins for two-armed spirals. The corresponding
offsets for the many-armed spirals are −0.15± 0.01, −0.10± 0.02, −0.11± 0.02 and
−0.17 ± 0.03. These results therefore show that with or without the presence of a
bar, many-armed spirals are more UV luminous than expected for normal star-forming
galaxies than two-armed spiral galaxies.
It is evident from the top row of Fig. 4.22 that bars affect both IRX and β in two-armed
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Figure 4.21: GALEX FUV, WISE 22µm and ALFALFA HI detection fractions for barred and
unbarred galaxies. Top panel: fraction of galaxies with GALEX FUV and WISE 22µm detections
for each of the barred and unbarred spiral samples. Bottom panel: fraction of the galaxies in
the α70 survey region with a reliable detection. The error bars show the ±1σ errors, calculated
according using the method of Cameron (2011).
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spirals, without causing any significant deviation away from the IRX-β relation for
normal star-forming galaxies.

4.3 Discussion
In this chapter, the overall demographics of spiral galaxies were first considered. The
total stellar masses of spiral galaxies are consistent, irrespective of the spiral arm num-
ber. This result is unsurprising if one considers swing amplification theory (Toomre,
1981). This suggests that it is not the overall size and mass of a galaxy that deter-
mines the spiral arm number. Instead, the galaxy bulge, disc and halo relative sizes
and masses determine the overall spiral arm number, following a relation strongly de-
pendent on the disc fraction, fd (Carlberg & Freedman, 1985; Bottema, 2003; Fujii
et al., 2011; D’Onghia, Vogelsberger & Hernquist, 2013). In this brief analysis, the
overall bulge and disc masses have not been considered in any detail. A weak trend
was found that two-arm spiral galaxies are more common in higher density environ-
ments, which may be related to tidally induced spirals (Chamberlin, 1901; Toomre &
Toomre, 1972b,a; Tully, 1974; Oh et al., 2008). The strongest result was observed in
the overall galaxy colours. Given that we expect metallicity does not play a significant
role (see section 4.1.6), there are two ways in which the colours of galaxies can be
changed – either the recent SFHs can differ, or a larger dust fraction may be present.
The relative roles that each of these play are discussed below.

4.3.1 Total SFRs

In section 4.2.4, overall SFRs with respect to spiral arm numbers were compared.
There were only marginal differences between the samples. I note that galaxies with
different spiral arm numbers occupy similar ranges of stellar mass (see Fig. 4.2 and
4.9) and find no enhancement in the measured SFR of the two-armed spirals relative
to the many-armed spirals. On the other hand, galaxies with more spiral arms have
slightly higher detection fractions (and hence less likelihood of very low SFR) in both
the UV and MIR. For galaxies with secure measurements, 3- and 4-armed galaxies
have marginally higher average sSFRs than those in the two-armed sample.
Many-armed spiral patterns occur readily in simulations of undisturbed discs, and tend
to be transient in nature (Bottema, 2003; Baba et al., 2009; Grand, Kawata & Crop-
per, 2012b; Baba, Saitoh & Wada, 2013; D’Onghia, Vogelsberger & Hernquist, 2013;
Roca-Fàbrega et al., 2013). In contrast, stable two-armed spiral patterns usually re-
quire some form of perturbation (Sellwood, 2011), in the form of a tidal interaction,
bar instability or density wave. An enhancement in the current SFR would be ex-
pected if strong density waves were responsible for the triggering of star formation
(Roberts, 1969), bars were triggering star formation in the galaxy centre (Athanas-
soula, 1992) or if there were ongoing tidal interactions (Barton, Geller & Kenyon,
2000; Ellison et al., 2008) in two-armed galaxies. Such mechanisms should not be
evident in many-armed galaxies. My results show no strong evidence for any SFR
enhancement in two-armed spiral galaxies. These results therefore support those of
Elmegreen & Elmegreen (1986), Stark, Elmegreen & Chance (1987) and Willett et al.
(2015), where it was found that different forms of spiral structure do not lead to a devi-
ation from the total SFR relations of local galaxies. They are also consistent with Foyle
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et al. (2011) and Choi et al. (2015), where there was no conclusive evidence for the
triggering of star formation by grand design spiral arms themselves. Instead, my results
favour a scenario where spiral arms simply reflect the arrangement of star-forming ma-
terial in galaxies, without being directly responsible for the triggering of star formation
(Vogel, Kulkarni & Scoville, 1988; Elmegreen, 2002; Moore et al., 2012).

4.3.2 Obscured vs. unobscured star formation

In section 4.2.5 it was shown that although the total SFRs are consistent with spiral arm
number, the fraction of the young stars that are obscured by dust differs significantly.
At a given SFR, two-armed spirals display more MIR dust emission, indicating that a
greater proportion (∼ 10 per cent) of their young stellar population resides in heavily
obscured regions. This is likely due to different relative distributions of star formation
and dust in galaxies with different numbers of spiral arms.
Considering the IRX-β diagram, (unbarred) galaxies with all numbers of arms have
similar β distributions, indicating that the amount of extinction affecting the observed
UV light does not vary substantially with spiral structure. On the other hand, IRX
varies substantially, indicating more extinction for two-armed spirals. In order to avoid
modifying β, this additional extinction must be in the form of heavily obscured regions,
from which almost no UV escapes. Therefore, it is the relative distribution of young
stars and regions of high extinction which varies with arm number.
However, regions of very high dust extinction are the same places in which stars form,
and so their distributions are closely related. A number of possibilities seem to be ad-
mitted by my results. Consider a single star-forming molecular cloud within a galaxy
spiral arm. The fraction of young stars which are heavily obscured could depend on
the covering fraction of surrounding, but otherwise unrelated, molecular clouds. Alter-
natively, it may depend on the degree to which the young stars have escaped their own
birth cloud. In the first case, the obscured fraction is determined primarily by geome-
try: by the relative spatial distribution (and perhaps sizes) of star-forming regions. In
the second scenario, the obscured fraction is related to the time since the region com-
menced star formation, and perhaps other physical properties of the molecular cloud.
Grand design spiral arms are typically better defined and higher-contrast than many-
arm structures (Elmegreen, 2011). I have also seen that, despite having fewer arms,
they have similar total SFRs. These observations imply that two-arm spirals have
more, or larger, star formation regions in a given volume of spiral arm. This could
result from mechanisms associated with grand design spiral structure, such as a strong
density wave, that act to gather more gas and dust into spiral arm regions. For example,
simulations suggest that the presence of density waves leads to the formation of more
massive molecular clouds (Dobbs, Burkert & Pringle, 2011; Dobbs, Pringle & Burkert,
2012). Since the molecular clouds present a larger local cross section, a greater fraction
of young stars are obscured by dust. The ratio of MIR to UV emission (i.e. IRX) is
therefore higher.
Alternatively, the obscured fraction may be related to the recent SFH. If this is more
bursty in nature, then more of the resulting luminosity is emitted in the MIR than in
the UV: the IRX-β relation is displaced upwards (Meurer, Heckman & Calzetti, 1999;
Kong et al., 2004). If star formation in grand design spirals is driven by a triggering
mechanism – such as a tidal interaction with a companion galaxy (Sundelius et al.,
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1987; Dobbs et al., 2010) or a density wave (Seigar & James, 2002; Kendall, Clarke &
Kennicutt, 2015) – while many-armed spirals are not subject to the same mechanisms,
then one would expect their recent SFHs to differ. Boquien et al. (2012) show that
the scatter in IRX-β for star-forming galaxies is attributable to the intrinsic UV slope
β0, which is sensitive to the recent SFH. Kong et al. (2004) suggests that for a period
of ∼ 1 Gyr following a starburst, galaxies will occupy a lower position in the IRX-β
plane: as the new stars escape their molecular birth clouds the galaxy becomes UV
bright, and the declining MIR emission is not replaced by further star formation. As
many-armed spirals lie lower in the IRX-β plane, it is possible they are associated
with a (mild) post-starburst state. In Fig. 4.7, it was shown that a recent, rapid decline
in SFR was required to produce the observed optical colours for many-armed spirals,
which would be consistent with these observations.
A further possibility is that the dispersal time of molecular clouds varies with spiral
arm number. Although both UV and MIR emission are associated with recent star
formation (e.g., Hao et al. 2011; Kennicutt & Evans 2012), they actually probe dif-
ferent timescales in the evolution of star-forming regions. In nearby galaxies, UV
emission is displaced from the Hα emission that traces the most recent star forma-
tion, whereas MIR emission arises from regions much closer to the brightest Hα knots
(Helou et al., 2004; Calzetti et al., 2005; Crocker et al., 2015). To observe UV emis-
sion, the parental molecular cloud must be dispersed, a process that takes ∼ 7 Myr
in local spirals (Grosbøl & Dottori, 2012). However, more massive molecular clouds
may take longer to disperse. The dispersion of molecular clouds may thus be a more
rapid process in many-armed galaxies, with weaker spiral structure, meaning that the
UV emitting population emerges more quickly.
The radial geometry of the star formation in spiral galaxies may also be affected by the
presence of differing forms of spiral structure. Since the level of dust obscuration is
greater towards the centre of galaxies (e.g., Boissier et al. 2004; Roussel et al. 2005;
Boissier et al. 2007) these results could imply that star formation occurs more centrally
in two-armed spiral galaxies, which is proposed to be the case for barred spirals (e.g.,
Athanassoula 1992; Oh, Oh & Yi 2012). Given that bars are also associated with two-
armed spiral structure (Kormendy & Norman, 1979), this may have a strong influence
on the observed properties of galaxies. However, in section 4.2.7 the influence that the
presence of strong bars has on the IRX-β diagram was investigated, and I found that
the presence of bars in the galaxies led to no differences in the offset from the IRX-β
relation. This suggests that the spiral structure itself is responsible for the observed
offsets from the normal IRX-β relation, rather than bars and the radial geometry of
star formation.
Discerning between the possibilities outlined above will require a more careful con-
sideration of the distribution, properties and evolution of molecular clouds within indi-
vidual galaxies. However, with further synthesis of empirical results and sophisticated
modelling, further progress in understanding how spiral arms relate to star formation
seems promising. I discuss future possibilities for further analysis of these results in
section 7.2.2.
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4.3.3 HI fractions

Gas plays a critical role in sustaining spiral structure in discs. Gas in discs contributes
to the growth of spiral perturbations via swing amplification in both grand design and
many-armed spirals (Jog, 1992, 1993). The accretion of cool gas onto galaxy discs
can also help sustain many-armed patterns. The role that the amount of gas plays in
galaxies with different spiral arm numbers was considered in section 4.2.6. Given that
gas could potentially amplify or sustain both two-armed (Ghosh & Jog, 2015, 2016)
and many-armed spiral structure (Jog, 1993), then it is expected that all of the galaxy
samples should contain significant quantities of HI. I found that many-armed spiral
galaxies are the most gas rich, whereas two-armed spirals are the most gas deficient.
Given that the total SFRs are similar for all of the samples, this implies that HI is
converted to stars more efficiently in two-armed spirals than in many-armed spirals.
As swing amplification (theoretically) acts to amplify all types of spiral structure, it is
unclear why different spiral arm patterns would be more or less gas rich. It is perhaps
the case that a higher gas fraction is required to sustain a many-armed spiral pattern in
galaxy discs.
Another factor to be considered is the presence of bars in the spiral galaxies. In this
analysis, I remove all strongly barred galaxies, yet still see a trend for two-armed
galaxies, which are usually associated with bar instabilities, to be the most gas poor
(Davoust & Contini, 2004; Masters et al., 2012). Therefore, variation in the gas frac-
tion must also relate directly to differences in spiral arm structure or to the presence of
weak bars.



Chapter 5

The demographics of galaxies with
respect to spiral arm pitch angle

In this chapter, I present the results that were first presented in Hart et al. (2017b). All
of the work undertaken in this chapter was performed by the author, with advice from
Steven Bamford and the other co-authors listed in Hart et al. (2017b).

5.1 Overview
In general, spiral arms can be described by two quantities – the spiral arm number, and
the spiral arm pitch angle (Dobbs & Baba, 2014). The latter quantity is a measure of
how tightly wound spiral arms are, and is the main focus of this chapter. Spiral arms
can usually be described by one of two equations. The first is the logarithmic spiral,
given by (eg. Seigar & James 1998b; Davis et al. 2012)

r = r0e
tan(ψ)θ, (5.1)

in circular polar co-ordinates. The second is the hyperbolic spiral function, given by

r = r0/θ. (5.2)

A hyperbolic spiral can be thought of as a log spiral with a varying pitch angle which
tightens towards the centre. This effect is shown in Fig. 5.1a. The quantity r0 scales
the size of the spiral structure. The second quantity in Eq. 5.1, ψ is called the spiral
arm pitch angle and affects how tightly wound the spiral arms are: smaller pitch angles
mean tighter spiral arms. The effect of varying the pitch angle is shown in Fig. 5.1b.
In the extreme case of ψ = 0°, the spiral pattern is a circle of radius r0; when ψ = 90°,
it is a straight line emanating from the centre of the circle. The form of the equation
describing the path of a spiral arm offers information on the underlying processes that
are responsible for the spiral arm. Logarithmic spiral arms are usually indicative of
density waves, including kinematic density waves from swing amplified mechanisms,
whereas material arms can usually be described by a hyperbolic function. The latter
function is directly proportional to the galaxy rotation velocity if the rotation curve
is flat, as material arms rotate rigidly with the galaxy disc (Kennicutt, 1981). It has
been demonstrated that most spiral arms can be well described by log spiral arcs (Rots
& Shane, 1974, 1975; Boeshaar & Hodge, 1977; Kennicutt & Hodge, 1982; Davis &



Pitch angle 93

−7.5 −5.0 −2.5 0.0 2.5 5.0 7.5
x

−7.5

−5.0

−2.5

0.0

2.5

5.0

7.5

y

(a)

Log spiral (ψ = 10o)

Hyperbolic spiral

−7.5 −5.0 −2.5 0.0 2.5 5.0 7.5
x

(b)

Log spiral (ψ = 10o)

Log spiral (ψ = 20o)

Figure 5.1: Diagrams of logarithmic and hyperbolic spiral patterns. In each panel, a logarithmic
spiral with ψ = 10° is shown for reference. (a) Comparison with a hyperbolic spiral. (b) The effect
of changing the pitch angle. r0 = 1 in all cases.

Hayes, 2014), which in turn suggests that spiral arms are density enhancements due
to the presence of density waves or other similar mechanisms, and are not material in
nature (Seigar & James, 1998a,b; D’Onghia, Vogelsberger & Hernquist, 2013).
Given the difficulties in measuring pitch angle in large samples of galaxies, small
samples with typically . 100 galaxies have been used to study how it varies with
other galaxy properties (e.g. Seigar 2005; Seigar et al. 2006; Martı́nez-Garcı́a 2012;
Savchenko & Reshetnikov 2013). These studies of local galaxies reveal interesting
trends relating spiral arm geometry with fundamental galaxy properties. It has been
established that spiral arm pitch angle is strongly correlated with the rotation prop-
erties of galaxies: galaxies with higher rotation velocities have more loosely wound
spiral arms (Kennicutt, 1981), and pitch angles are even more closely correlated with
the central mass concentration which alters the rate of shear in galaxies (Seigar, 2005;
Seigar et al., 2006). These results imply that the underlying mass distribution of galax-
ies directly affects the shapes of spiral arms (Seigar et al., 2008, 2014; Berrier et al.,
2013), explaining why galaxies with more tightly wound arms are often associated
with greater central mass concentrations (Hubble, 1926b). Although this link has been
clearly established, it has only been observed in small samples of nearby grand design
spirals. Galaxies which display different types of spiral structure could have a different
explanation.
Simulations show that many-arm structures should have larger pitch angles (D’Onghia,
Vogelsberger & Hernquist, 2013; Grand, Kawata & Cropper, 2013) and there is evi-
dence that weaker, multi-arm spiral patterns are looser (Puerari & Dottori, 1992). In
these simulated galaxies, spiral arms wind up, becoming tighter over time, meaning
that pitch angle may also indicate the age of the arm feature (Pérez-Villegas et al.,
2012; Grand, Kawata & Cropper, 2013). Strong bars can also influence the pitch an-
gles of spiral galaxies (Athanassoula, Romero-Gómez & Masdemont, 2009; Martı́nez-
Garcı́a, 2012; Baba, 2015). If a bar is strong enough and its corotation radius extends
beyond the disc, the nature of spiral arms could change completely, from density waves
to material arms amplified at the end of the bar (Roca-Fàbrega et al., 2013). Another
factor to consider is galaxy-galaxy interactions – such interactions can morphologically
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disturb galaxies (e.g. Ellison et al. 2010; Kaviraj 2014; Patton et al. 2016), leading to
looser arms in galaxy-galaxy separations . 100 kpc (Casteels et al., 2013). Testing the
effects that the aforementioned processes have on the structure of spiral arms requires
statistically complete samples of spiral galaxies with measured arm pitch angles.
In this chapter, I use the pitch angle measurements as described in chapter 3 to measure
pitch angles in a large sample of low-redshift galaxies. Using these data, I look at
how various morphological features affect spiral arm pitch angle, including spiral arm
number, the presence of bars, and central mass concentrations.

5.2 Sample selection
Spiral galaxies are selected using the same criteria of chapter 4, by selecting galaxies
with pfeatures · pnot edge on · pspiral ≥ 0.5 and Nspiral ≥ 5. I also limit my sample to
galaxies with redshift 0.02 < z ≤ 0.055 to select the most reliably identified spiral
galaxies, and to ensure the greatest reliability in the Mendel et al. (2014) bulge-disc
mass measurements. I ensure all of our galaxies are relatively face-on by using a cut
of (b/a)g > 0.4, where a and b are the isophotal semi-major and minor axes in the
g-band. The reasoning behind the selection of this cut was discussed in section 4.2.2.
Galaxy Zoo statistics can reliably identify bars (Masters et al., 2011) and spiral arms
(section 4.2.2) for galaxies more face-on than this threshold. Galaxies were also sub-
divided into barred, weakly barred and unbarred subsamples using the GZ2 statistics.
The presence of bars in our galaxies is measured using the response to the ‘is there
a bar?’ question in GZ2. A continuous statistic for this purpose is the quantity pbar,
defined as the fraction of responses that said a bar was present in a galaxy. The bar
question has been shown to be an effective method for measuring not only the presence
of bars, but also the strength of bars in galaxies (Skibba et al., 2012). In some of our
analysis, we will compare galaxy properties irrespective of the presence of bars. I
therefore use cuts of pbar > 0.5 to define a subsample of strongly barred galaxies,
0.2 < pbar ≤ 0.5 to define weakly barred galaxies and pbar ≤ 0.2 to define unbarred
galaxies in the spiral sample (Masters et al., 2011; Skibba et al., 2012). The numbers
of galaxies in subsamples made using these cuts are detailed in Table 5.1.
In order to study galaxy properties in a representative manner, I define a sample of
spiral galaxies complete in stellar mass. The Mendel et al. (2014) catalogue contains
galaxies with 14 < mr ≤ 17.77. In GZ2, a faint magnitude limit of mr ≤ 17 is also
applied. All galaxies with 0.02 < z ≤ 0.055 with magnitudes 14 < mr ≤ 17 are
included in the luminosity-complete sample. The thin blue line in Fig. 5.2a shows the
faint magnitude limit as a function of redshift, and the thicker red line shows the bright
end limit imposed in Mendel et al. (2014). In total, there are 9570 spiral galaxies with
0.02 < z ≤ 0.055 in the luminosity-complete sample.
In order to define a sample complete in stellar mass, the stellar mass completeness
limits are computed with redshift. In this chapter, I used the bulge+disc stellar masses
from Mendel et al. (2014), assuming that all galaxies have a bulge and disc component.
I followed the method of Pozzetti et al. (2010), later used in a low-redshift SDSS sam-
ple in Weigel, Schawinski & Bruderer (2016), to define the stellar mass completeness
and the steps are outlined below. Spiral galaxies were binned by redshift in bins of
∆z=0.0025. Each galaxy in a bin was then assigned a limiting mass, M∗,lim, defined as
the mass the galaxy would have if its luminosity was that of the faint luminosity-limit
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Figure 5.2: Galaxy magnitude and stellar mass completeness for the study of pitch angles. (a)
Galaxy redshift vs. absolute r-band magnitude. The black points show individual galaxies. The
thinner blue line indicates the faint magnitude limit (mr=17), and the thicker red line shows the
bright magnitude limit (mr = 14). (b) Galaxy redshift vs. total galaxy stellar mass (Mendel et al.,
2014). The black points show individual galaxies. The red squares show the upper mass limits in
bins of ∆z=0.0025, and the blue circles show the lower mass limits. The vertical dashed black
lines show the redshift limits of 0.02 < z ≤ 0.055. The best fit lines to the red squares is shown
by the thicker red line, and the best fit to the blue circles is shown by the thinner blue line. In both
panels, a subset of 4,000 galaxies are shown for clarity.

of the survey at the galaxy’s redshift, given its own mass-to-light ratio, M∗/Lr. I then
selected the faintest 20 per cent of galaxies in the bin. The stellar mass completeness
limit, M∗,lower, was measured as the mass below which lay 95 per cent of the M∗,lim
values of this faintest 20 per cent subsample. This was computed for each bin in turn,
and they are shown by the blue circles in Fig. 5.2b. As the sample also includes a
bright magnitude limit, I computed the upper mass limit, M∗,upper, by calculating the
maximum mass galaxies could have, M∗,lim max, and measuring the mass above which
95 per cent of the limiting masses of the 20 per cent brightest galaxies in each bin lay.
These are shown by the red squares in Fig. 5.2b. The limiting masses with redshift
were then measured by fitting a log curve to the upper and lower mass limits, and they
take the form

log(M∗,lower/M�) = 2.07(±0.15) log(z) + 12.64(±0.21), (5.3)

and
log(M∗,upper/M�) = 2.45(±0.08) log(z) + 14.05(±0.12). (5.4)

The ± values indicate the error in each fitted parameter, obtained from the covariance
matrix. These lower and upper mass limits are shown by the thin blue line and thicker
red line in Fig. 5.2b. In total there are 6339 galaxies in the stellar mass-complete
sample between these limits.
In order to sample fairly for all stellar masses, a volume correction was applied. This
means the stellar mass-complete sample can mimic a stellar mass-limited sample. For
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each galaxy, the maximum volume is calculated using the upper and lower redshift
bounds where a galaxy with its stellar mass could fall within the stellar mass com-
pleteness limits defined above. Each galaxy is then assigned a 1/Vmax weighting. I
removed any galaxies that lie in a very small volume, and thus having large 1/Vmax

corrections, by only selecting galaxies in 9.45 < log(M∗/M�) ≤ 11.05 (correspond-
ing to 1/Vmax ≤ 10). In total, 117 (1.8 per cent) of the galaxies were removed for this
reason, leaving a final stellar mass-complete sample of 6222 spiral galaxies. These
samples are further subdivided into spiral galaxies with different arm numbers and
bar probabilities. The number of spiral galaxies in each subsample of the stellar mass-
complete sample is given inNgal of Table 5.1, and the median, 16th and 84th percentile
stellar masses is given in the log(M∗/M�) column of Table 5.1.
In Table 5.1, it can be seen that there is a small residual dependence of stellar mass
on galaxy morphology, with galaxies with more spiral arms and stronger bars having
greater stellar masses. In this chapter, we wish to study properties of galaxies with
respect to galaxy morphology only, with none of our results dependent on stellar mass.
For this reason, I chose to match all of the subsamples in stellar mass to ensure there are
no residual dependencies driving our results in later sections. The four-arm unbarred
subsample is selected as the sample to match to (denoted by a * in Table 5.1) as it is
the one with the fewest galaxies. I note that there are actually fewer one-arm spirals,
but these are a special case of galaxy, usually associated with mergers (Casteels et al.,
2013), so contribute little to our analysis later in the paper. I used the KDE-matching
method described in section 3.4 to match up the samples in stellar mass to the m = 4
sample. The number of galaxies, and their associated stellar masses, for each mass-
matched subsample are given in the columns Ngal (M∗-matched) and log[M∗/M�]
(M∗-matched) of Table 5.1.

5.3 Assessing the reliability of pitch angle measurements
In this section, I assess how reliable the spiral arm pitch angles derived from section 3.3
are. In section 5.3.1, I consider how reasonable the pitch angle distributions are, and
in section 5.3.2 I look at how they compare directly to another measure of pitch angle.

5.3.1 Pitch angle distributions

Using the arcs identified in section 3.3, the overall pitch angles of the spiral galaxies
are compared. I use two statistics to define pitch angles. The quantity ψarc is the pitch
angle assigned to each arc. To define a galaxy-level pitch angle, ψgalaxy, I use the same
length-weighted average pitch angle as Davis & Hayes (2014), this time restricted to
the arcs which I deemed reliable thanks to the work described in section 3.3. The
statistic is defined by

ψgalaxy =
Narcs∑
n=1

Lnψn
Ltotal

, (5.5)

whereNarcs is the total number of well-identified arcs, Ln is the length of each individ-
ual arc, ψn is the pitch angle of each detected arc and Ltotal is the sum of all of the arc
lengths. In order to compare the distributions of pitch angles covering all of the broad
morphological characteristics identified in GZ2, the stellar mass-complete sample is
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Table 5.1: Galaxy sample parameters for all of the samples of galaxies in this chapter. For the N columns, the first number indicates the total number of galaxies, and the
bracketed number indicates the fraction of those galaxies with at least one good spiral arm in SPARCFIRE (see section 3.3). In the stellar mass columns, the first number
indicates the median stellar mass, and the bracketed values are the 16th and 84th percentiles. The * next to the m = 4 (spiral) sample indicates that it is the sample that
was used as the reference sample for matching in stellar mass.

subsample N (all) log[M∗/M�] (all) N (M∗-matched) log[M∗/M�] (M∗-matched)
spiral (all) 6222 (48.7 per cent) 10.27 (9.89, 10.64) 4908 (48.2 per cent) 10.26 (9.92, 10.58)
m = 1 (all) 243 (25.9 per cent) 10.18 (9.78, 10.57) 151 (20.5 per cent) 10.25 (9.92, 10.56)
m = 2 (all) 4014 (46.6 per cent) 10.26 (9.88, 10.63) 3208 (45.6 per cent) 10.26 (9.93, 10.58)
m = 3 (all) 1108 (56.9 per cent) 10.32 (9.93, 10.66) 876 (57.5 per cent) 10.25 (9.91, 10.56)
m = 4 (all) 405 (54.6 per cent) 10.31 (9.93, 10.67) 337 (55.5 per cent) 10.26 (9.92, 10.56)
m = 5+ (all) 452 (53.8 per cent) 10.27 (9.88, 10.62) 336 (53.3 per cent) 10.24 (9.93, 10.57)

spiral (pbar ≤ 0.2) 2237 (48.4 per cent) 10.23 (9.89, 10.56) 1920 (47.6 per cent) 10.26 (9.92, 10.57)
m = 1 (pbar ≤ 0.2) 135 (20.7 per cent) 10.18 (9.76, 10.54) 93 (16.1 per cent) 10.3 (9.98, 10.58)
m = 2 (pbar ≤ 0.2) 1034 (46.9 per cent) 10.19 (9.87, 10.53) 879 (44.7 per cent) 10.25 (9.91, 10.57)
m = 3 (pbar ≤ 0.2) 570 (53.5 per cent) 10.27 (9.93, 10.58) 514 (54.1 per cent) 10.26 (9.93, 10.57)
m = 4 (pbar ≤ 0.2)* 221 (52.0 per cent) 10.26 (9.93, 10.59) 221 (52.0 per cent) 10.26 (9.93, 10.59)
m = 5+ (pbar ≤ 0.2) 277 (53.8 per cent) 10.25 (9.88, 10.58) 213 (53.1 per cent) 10.27 (9.93, 10.58)

spiral (0.2 < pbar ≤ 0.5) 1858 (50.4 per cent) 10.25 (9.89, 10.61) 1554 (50.3 per cent) 10.25 (9.93, 10.56)
m = 1 (0.2 < pbar ≤ 0.5) 79 (27.8 per cent) 10.24 (9.81, 10.6) 43 (27.9 per cent) 10.24 (9.87, 10.5)
m = 2 (0.2 < pbar ≤ 0.5) 1226 (48.2 per cent) 10.23 (9.89, 10.57) 1081 (47.5 per cent) 10.26 (9.94, 10.57)
m = 3 (0.2 < pbar ≤ 0.5) 330 (60.0 per cent) 10.34 (9.94, 10.65) 256 (60.2 per cent) 10.27 (9.89, 10.56)
m = 4 (0.2 < pbar ≤ 0.5) 115 (59.1 per cent) 10.32 (9.9, 10.66) 88 (61.4 per cent) 10.26 (9.91, 10.51)
m = 5+ (0.2 < pbar ≤ 0.5) 108 (53.7 per cent) 10.27 (9.91, 10.61) 86 (54.7 per cent) 10.21 (9.92, 10.52)

spiral (pbar > 0.5) 2127 (47.4 per cent) 10.35 (9.89, 10.72) 1434 (46.7 per cent) 10.26 (9.92, 10.6)
m = 1 (pbar > 0.5) 29 (44.8 per cent) 10.17 (9.83, 10.82) 15 (26.7 per cent) 10.08 (9.89, 10.43)
m = 2 (pbar > 0.5) 1754 (45.3 per cent) 10.33 (9.88, 10.69) 1248 (44.6 per cent) 10.27 (9.93, 10.6)
m = 3 (pbar > 0.5) 208 (61.1 per cent) 10.51 (9.99, 10.8) 106 (67.9 per cent) 10.2 (9.9, 10.54)
m = 4 (pbar > 0.5) 69 (55.1 per cent) 10.6 (9.96, 10.81) 28 (64.3 per cent) 10.18 (9.87, 10.51)
m = 5+ (pbar > 0.5) 67 (53.7 per cent) 10.38 (9.85, 10.75) 37 (51.4 per cent) 10.24 (9.92, 10.66)
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Figure 5.3: Distributions of SPARCFIRE derived galaxy pitch angles (ψgalaxy) for four samples
of spiral galaxies: (a) two-arm weakly barred/unbarred, (b) two-arm barred, (c) many-arm weakly
barred/unbarred and (d) many-arm barred. The grey histogram in each panel show the distributions
for the S4G sample of low-redshift galaxies. The vertical dashed black lines show the median pitch
angle of the S4G sample, and the dotted vertical coloured lines show the median for each of the
subsamples.

divided into four categories: two-arm weakly barred/unbarred (m = 2 and pbar < 0.5),
two-arm barred (m = 2 and pbar ≥ 0.5), many-arm weakly barred/unbarred (m > 2
and pbar < 0.5) and many-arm barred (m > 2 and pbar ≥ 0.5), and the distributions
of ψgalaxy are shown in Fig. 5.3. The mean pitch angle is 18.0° with 16th and 84th
percentiles of 12.2° and 26.1° for the entire sample of spirals. For comparison, the
Herrera-Endoqui et al. (2015) S4G sample is shown. As there is no additional infor-
mation about arm length here, I measure ψgalaxy as the mean pitch angle of all of the
arcs in each galaxy. For this comparison sample, the mean pitch angle is 19.0°, with
16th and 84th percentiles of 13.5° and 25.7°. The overall distributions match well
with observed spiral arms in S4G, with the peak pitch angles at ∼ 15 − 20° in all
cases and KS p-value > 10−2 in all but the GZ2 two-arm unbarred subsample, where
the distribution is clearly offset to smaller pitch angles. I note that we also see very
few galaxies with ψgalaxy < 10° and ψgalaxy > 40°, as expected from observations of
nearby galaxies (Seigar et al., 2008).

5.3.2 Comparing SPARCFIRE and GZ2 derived pitch angles

In order to check the reliability of our pitch angle measurements, we wish to compare
our pitch angles to independently derived pitch angle measurements. In GZ2, there are
two characteristics of the spiral structure that have been classified by eye: the number
of spiral arms and how tightly wound the spiral arms are. The latter gives a qualitative
measure of pitch angle in galaxies. In GZ2, volunteers were asked whether the arms
they saw were ‘tight’, ‘medium’ or ‘loose’. Here, it should be expected that galaxies
classified with ‘loose’ arms have larger galaxy pitch angles.
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To measure how tightly wound the spiral structure is in GZ2, I defined two statistics.
The first is w, which is defined as the response to the arm winding question which had
the highest debiased vote fraction, and can take the values ‘t’, ‘m’ or ‘l’ (tight, medium
or loose). The second statistic I defined was the average winding score, wavg. This is
defined as

wavg =
3∑

w=1

wpw. (5.6)

If a galaxy has perfect agreement and all classifiers said the spiral arms were tightly
wound, wavg = 1, and if everyone classified the arms as loose, then wavg = 3. It is
sometimes desirable to define a more continuous statistic for measuring arm number,
which does not have discrete values. We therefore define mavg, which is the average
of all of the arm number responses, given by

mavg =
5∑

m=1

mpm, (5.7)

where m is the value assigned to each response in turn (1, 2, 3, 4 or 5+) and pm is the
fraction of votes for that response. The statistic can take any value in the range 1–5,
where mavg = 1 means all volunteers said a galaxy had one spiral arm, and mavg = 5
means all classifiers said a galaxy had 5+ spiral arms.
In Fig. 5.4, the winding scores from GZ2 are compared with the directly measured
pitch angles, ψgalaxy, derived from SPARCFIRE. The black lines in each of the panels
of Fig. 5.4 represent the entire population of 3190 galaxies from the stellar mass-
complete sample with reliable arcs identified by SPARCFIRE, with no cuts made in
arm number or bar probability. A clear correlation does exist between the two statistics
(Spearman rank statistics rs = 0.30, p < 10−3). Such a result is expected if both mea-
surements are reliable methods for measuring spiral arm pitch angle. To check whether
this relation holds for all types of spiral structure, I subdivide this full sample into the
same four broad spiral morphological subsamples as in section 5.3.1. The winding
score vs. pitch angle relation is plotted for each of these subsamples in Fig. 5.4. The
correlation between these two measures still exist (rs = 0.35, 0.30, 0.26 and 0.25,
p < 10−3), no matter which type of spiral structure is present in the galaxy disc. These
results therefore offer encouragement that the SPARCFIRE derived pitch angles are
physically meaningful. It is also interesting to note that pitch angle estimates are also
obtainable from the GZ2 data alone, given the tight relationship between the GZ2 and
SPARCFIRE measured statistics. One can do this using a fit to the GZ2 data. A linear
best fit yields

ψGZ2 = 6.37wavg + 1.30mavg + 4.34. (5.8)

This calibration depends on both the GZ2 arm winding score and the arm number.
As can be seen from Fig. 5.4a and 5.4c, there is an offset from the black line for
all galaxies that depends on spiral arm number. Arm number was therefore included
in the fit to avoid a systematic uncertainty with arm number. From the distributions
of ψgalaxy vs. ψGZ2, I find that the RMS scatter between the two galaxy pitch angle
measurements is ±7°. Given that this covers a significant range of true observed pitch
angles (see Fig. 5.3), I advise that these pitch angle measurements should not be used
for small samples of galaxies. However, using Eq. 5.8 on large samples of galaxies
should give accurate measurements of galaxy pitch angle across the population, which
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Figure 5.4: GZ2 measured arm tightness (wavg) vs. SPARCFIRE measured galaxy pitch angle
(ψgalaxy) for the stellar mass-complete sample of spirals. The lines indicate the mean value for
each bin, and the errors indicate 1 standard error on the mean. The black line with grey-filled errors
represent the full stellar mass-limited spiral sample, and the thicker coloured lines with dashed
errors show the same values for four subsamples (a) two-arm weakly barred/unbarred, (b) two-arm
barred, (c) many-arm weakly barred/unbarred and (d) many-arm barred. A strong correlation is
observed between the GZ2 arm winding statistic and the measured pitch angle in all cases.

can be seen from the tightness of the standard error on the mean in the black lines in
Fig. 5.4.

5.4 Pitch angle vs. galaxy structural parameters
In this section, galaxy structural properties and their relation to spiral arm pitch angles
are investigated. Of particular note are two statistics that have been derived from the
GZ2 classifications of our galaxies: the number of spiral arms and the presence of bars
in galaxy discs. Other galaxy structural properties, including galaxy bulge and disc
massses as well as SFRs, are also considered here.

5.4.1 Spiral arm number

Simulations of modal spiral arms predict many-arm structures will have looser spiral
arms than spirals with fewer arms (Grand, Kawata & Cropper, 2013). On the other
hand, given that some two-arm structures are associated with galaxy-galaxy interac-
tions, which are in turn associated with loose structures (Casteels et al., 2013), the
two-arm population may include galaxies with looser arms.
In Fig. 5.5a, I plot spiral arm number, m, vs. pitch angle for all of our spiral galaxies.
The stellar mass-matched sample is used for this, as galaxy stellar mass properties
influence the pitch angles of spiral galaxies (e.g. Seigar et al. 2006, 2014). Spiral
galaxies with one spiral arm are removed from this analysis, as there are only 31 one-
arm spirals with reliable arms in the stellar mass-matched sample. There is a weak
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trend that galaxies with more spiral arms have looser spiral structures – two-arm spirals
have mean pitch angle 18.6 ± 0.2°, whereas the corresponding values for each of the
many-arm categories are 19.2 ± 0.3, 19.2 ± 0.5, 19.4 ± 0.6° for m = 3, 4 and 5+
respectively. The ± values denote one standard error on the mean.
Bars could potentially influence the pitch angles of spiral arms, and are more com-
mon in grand design, two-arm spiral galaxies (e.g. Elmegreen & Elmegreen 1982;
Elmegreen et al. 2011). I investigate the role of bars in more detail in section 5.4.2.
In this section, I still control for the bar influence on our arm number comparisons by
using cuts on the GZ2 pbar statistic described in section 5.2. In Fig. 5.5b-d, I show
the arm number vs. pitch angle relationship for unbarred, weakly barred and strongly
barred galaxies separately. Removing barred galaxies has little effect on the spiral arm
pitch angle of many-arm galaxies: for three arm galaxies, the mean pitch angles are
18.7±0.4°, 20.9±0.6° and 19.4±0.8° for unbarred, weakly-barred and strongly-barred
galaxies. For four-armed galaxies, the mean pitch angles are 18.7 ± 0.6°, 19.5 ± 1.0°
and 19.9± 1.7°, and for five or more armed galaxies they are 19.1± 0.8°, 19.5± 1.2°
and 19.7 ± 2.4° respectively. However, the galaxy pitch angle does depend on bar
strength in two-arm galaxies: the mean pitch angles are 17.0 ± 0.3°, 17.7 ± 0.3° and
20.0± 0.3°. From Fig. 5.5, it can be seen that unbarred two-arm galaxies are between
1.7° and 2.1° tighter than each of the many-arm subsamples.
In Fig. 5.6a-d, the spiral arm number vs. pitch angle relation is investigated, this time
using the average arm number mavg, rather than the absolute arm number. Similar
results are observed, where galaxies with more spiral arms have a tendency to have
looser arms. As was the case in Fig. 5.5a, a weak correlation is observed when I
include all spiral galaxies in Fig. 5.6a (rs = 0.02, p = 0.33). However, a clear trend
is observed where the arms of many-arm spirals are looser than in two-arm spirals for
unbarred (rs = 0.12, p < 10−3) and weakly barred galaxies (rs = 0.13, p < 10−3)
in Fig. 5.6b-c. The trend disappears when one considers strongly barred galaxies and
galaxies with fewer arms actually have looser pitch angles (rs = −0.12, p = 10−3).

5.4.2 The influence of bars

Bars can affect the types of spiral structures observed in galaxies. In Fig. 5.7, I plot the
GZ2 measured bar fraction, pbar for two subsamples of galaxies with measured pitch
angles from SPARCFIRE. The thin orange line with filled errors shows how the galaxy
pitch angle depends on the GZ2 bar probability for all galaxies in the stellar mass-
complete spiral sample, irrespective of spiral arm number. Here there is a correlation,
where galaxies with stronger bars tend to have looser arms (rs = 0.12). If one instead
focuses on only the galaxies with two spiral arms, indicated by the thicker blue line
in Fig. 5.7, then a stronger correlation emerges (rs = 0.20). For all spiral galaxies,
the mean pitch angle varies from 17.9 ± 0.4° for the bin with the lowest bar fraction
to 22.1 ± 0.7° for the bin with the highest bar fraction, a difference of 4.1°. In the
two-arm case, it varies between 16.2± 0.5° and 22.1± 0.8°, a significant difference of
5.9°.
Here, there are two competing effects which affect the galaxy pitch angle. In sec-
tion 5.4.1, respect to arm number was only observed in weakly barred or unbarred
galaxies. Although two-arm spirals generally have tighter pitch angles, bars are also
more common in these galaxies. When considering unbarred spirals, there is a popula-
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Figure 5.7: GZ2 bar fraction, pbar vs. pitch angle, ψgalaxy. The orange line with filled errors
indicates the relation for all spiral galaxies in the stellar mass-limited sample. The thicker blue line
with dashed errors show the same relation for only galaxies with two spiral arms in GZ2 (m = 2).
The lines indicate the mean for each of the bins, and the errors show one standard error on the
mean. Galaxies with stronger bars have looser spiral arms.

tion of two-arm spirals with arms with tight pitch angles, and a many-arm population
with arms with looser pitch angles. Adding barred galaxies introduces a population
of galaxies with looser arms, which preferentially have two spiral arms. This means
the two-arm population has only slightly tighter spiral arms when one considers the
overall population including barred galaxies.

5.4.3 Galaxy stellar mass properties

There is evidence that the central mass concentration affects the shear in galaxy discs,
which in turn directly influences the spiral arm pitch angle, both in grand design spirals
(Seigar et al., 2006, 2014) and in modal many-arm structures (Grand, Kawata & Crop-
per, 2013). Using the stellar mass properties of galaxies from Mendel et al. (2014), I
investigate any correlations between central mass concentration and spiral arm struc-
ture.
Some of the spiral galaxies in our sample include bars, which often require a sepa-
rate component to be fit (Gadotti, 2009; Kruk et al., 2017), potentially affecting the
accuracy of bulge and disc mass measurements. For this reason, any strongly barred
galaxies are removed from this analysis (removing galaxies with pbar ≥ 0.5). Since
all of the galaxies are visually classified spirals, then it is expected that they should be
bulge-disc systems, with two distinct components. Therefore, all galaxies in the stellar
mass-complete sample which have a bulge and disc component fit are used. This leaves
a sample of 4095 unbarred spirals, 2019 of which have spiral arm measurements from
SPARCFIRE. The spiral arm number is compared for four mass characteristics of our
stellar mass-complete spiral sample: the bulge mass (log[MB]), disc mass (log[MD]),
the total mass (log[Mtotal] = log[MB +MD]) and the bulge-to-total ratio (MB/Mtotal).
These quantities are compared to the average arm number in Fig. 5.8a-d. A clear trend
is observed in Fig. 5.8, where galaxy mass concentration does seem to have a con-
nection to spiral arm number: galaxies with greater bulge fractions tend to have fewer
spiral arms (rs = −0.10, p < 10−3). There is also a weak trend that more massive
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Figure 5.8: Bulge, disc and total stellar mass vs. average spiral arm number and pitch angle. (a)-(d) Galaxy mass parameters vs. average arm number (mavg) for the
stellar mass-complete sample. Left to right: galaxy bulge mass, galaxy disc mass, galaxy total mass, galaxy bulge fraction. The black line shows the mean and the shaded
black region indicates one standard error on the mean. Each galaxy is weighted by 1/Vmax. (e)-(h) Galaxy mass parameters vs. pitch angle for the stellar mass-complete
sample. The thinner green line with shaded errors show the pitch angles derived from SPARCFIRE, and the thicker purple line with dashed errors show pitch angles
measured from the GZ2 calibration. The strongest trends I observe are that galaxies with more massive discs have more spiral arms and tighter pitch angles.
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galaxies also tend to have more spiral arms (rs = 0.05, p = 10−3), a result first ob-
served in chapter 4, albeit with a different stellar mass indicator. From Fig. 5.8a-b,
these results appear to be driven by differences in disc mass, rather than bulge mass –
there is a stronger positive trend that galaxies with more massive discs have more spiral
arms (rs = 0.12, p < 10−3) and a much weaker trend that galaxies with less massive
bulges have fewer spiral arms (rs = −0.03, p = 10−2). Galaxy mass properties do
seem to affect the spiral arm number of galaxies but these differences are mainly due
to galaxy disc mass variations, rather than any variations in bulge mass.
In Fig. 5.8e-h, the same four mass characteristics are plotted against the two measures
of spiral arm pitch angle defined in sections 5.3.1 and 5.3.2. The first, ψgalaxy from
SPARCFIRE is a directly measured quantity, but is only available for the 2019 galaxies
with measured good arms in SPARCFIRE. The alternative GZ2 derived pitch angle
(see section 5.3.2) is available for all 4095 spiral galaxies. As was the case with respect
to spiral arm number, there are some correlations with respect to stellar mass. There
is a weak positive trend that galaxies with greater bulge fractions tend to have looser
spiral arms (rs = 0.08 for SPARCFIRE, 0.19 for GZ2; p < 10−3 in both cases). There
are also weak negative correlations that galaxies with greater total stellar mass have
tighter arms (rs = −0.03 and −0.19, p = 0.21 and < 10−3). Comparing Fig. 5.8e-f
shows that it is the galaxy disc mass that is responsible for these trends, as was the
case for the dependence of spiral arm number on stellar mass. There is a negative
correlation between disc mass and pitch angle (rs = −0.06 and −0.29, p = 10−2,
< 10−3), but there is little or no correlation between bulge mass and galaxy pitch angle
(rs = 0.03 and 0.01, p = 0.19 and 0.71).
It is interesting to note that these trends are the opposite to what one would expect
if pitch angle differences were driven purely by spiral arm number. In Fig. 5.5 and
Fig. 5.6 it was shown that galaxies with more spiral arms had looser structures, so one
would expect galaxies with more massive discs to have looser spiral arms. Galaxy
central mass concentration does seem to affect both arm number and pitch angle, but
the disc mass is the main reason for the observed differences, rather than the bulge
mass.

5.4.4 Star formation rates

The star formation properties of galaxies have been shown to correlate with the prop-
erties of the spiral arms. For example, in section 4.2, it was shown that galaxies with
fewer spiral arms have a greater level of dust obscured star formation. Studies of grand
design spirals also show that SFR is lower in galaxies with high shear (Seigar, 2005),
which in turn means that spirals with the tightest arms have lower SFRs. The star for-
mation properties of spiral galaxies are now compared with respect to both the spiral
arm number and the spiral arm pitch angle in galaxies.
There are two photometrically derived SFRs used in this chapter. The first is the
FUV measured SFR, SFRFUV, which measures the amount of unobscured star for-
mation in galaxies. The second is the MIR measured SFR, SFR22, which measures
the amount of dust obscured star formation. Full details of these SFRs are described
in section 4.2.3. These measures can be added to measure the total SFR, SFRtotal,
and the ratios of these indicators describe the fraction of the star formation that is dust
obscured. In the left hand side of Fig. 5.9, four measures of SFR are presented as a
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function of average arm number, mavg. They are SFRFUV, SFR22, SFRtotal, and the
fraction of the SFR which is obscured (SFR22/SFRtotal) vs. average arm number.
The stellar mass-matched sample of m = 1, 2, 3, 4 and 5+ arm galaxies was used
for this analysis, as there is a stellar mass dependence on total SFR which I wish to
control for (e.g. Brinchmann et al. 2004; Salim et al. 2007). Fig. 5.9a-d show the al-
ready established correlation seen in chapter 4, this time using a continuous statistic to
measure arm number. Galaxies with fewer spiral arms have more MIR star formation
(rs = −0.14, p < 10−3) and less FUV star formation (rs = −0.21, p < 10−3). The
total SFRs remain consistent, with a sharp upturn below mavg = 2. One-arm spirals
are associated with galaxy-galaxy interactions (Casteels et al., 2013), which explains
this trend.
In Fig. 5.9e-l, I plot the same four SFR quantities vs. spiral arm pitch angle, rather
than arm number. I again use two measures of spiral arm pitch angle: Fig. 5.9e-
h show the SPARCFIRE derived pitch angles Fig. 5.9i-l show the GZ2 derived pitch
angles. There are no strong correlations that SFR varies in galaxies with different pitch
angles, measured from both GZ2 and SPARCFIRE. Although spiral arm number has
a strong influence on the amount of dust obscured star formation in galaxies, galaxies
with different pitch angles all show consistent SFRs and fractions of obscured star
formation.

5.4.5 Pitch angle variations within individual galaxies

If many-arm spirals are caused by multiple swing-amplified features, and two-arm
spirals are caused by a single dominant long-lived mode, then we may find clues to this
in the spiral arm pitch angles. If single modes are responsible for two-arm structures
then we would expect the pitch angles of spiral arms in individual galaxies to be the
same; this would not necessarily be the case for many-arm structures. In order to test
this, I isolate galaxies with two or more arcs identified by SPARCFIRE from the stellar
mass-complete sample of unbarred galaxies. From this sample, 555/2237 (24.8 per
cent) have two or more arcs with measured pitch angles. This is the case for 256/1034
ofm = 2 galaxies (24.8 per cent) and 291/1068 of galaxies withm > 2 (27.2 per cent).
Note here that the m = 1 galaxies have been excluded. We can now compare the pitch
angle of the dominant arc (the longest arc) with each of the other identified arcs in
each galaxy. This quantity is denoted by the value ∆ψ. For the m = 2 spirals, the
distribution of ∆ψ is centred on 0.6° and the 84th–16th percentile range is 18.3°. For
the m > 2 case, the distribution of ∆ψ is centred on 0.0° and the 84th–16th percentile
range is 25.6°, 7° broader than the m = 2 case. Therefore, the spread in pitch angles
within individual galaxies is broader in many-arm spirals. This could be preliminary
evidence that two-arm spirals are more likely to be single, long-lived modes in discs.
However, we cannot rule out other possibilities: the arms of many-arm galaxies are
likely to be weaker, making accurate pitch angles more difficult to determine. This
would lead to a greater error in the measurement of the pitch angle for each individual
spiral arm, broadening the ∆ψ distribution.
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Figure 5.9: (a)-(d) Spiral arm number vs. galaxy SFR properties for the stellar mass-matched
sample of spirals. From top to bottom, the properties are FUV SFR, MIR SFR, total SFR and
MIR SFR fraction. The same four quantities are plotted vs. SPARCFIRE derived pitch angles in
(e)-(h) and GZ2 derived pitch angles in (i)-(l). The solid line in each subplot shows the mean, and
the errors indicate one standard error on the mean. Although SFR properties vary with spiral arm
number, there is no clear correlation with pitch angle.

5.5 Discussion

5.5.1 SPARCFIRE derived spiral arms

In section 5.3.1, the overall spiral arm pitch angle distributions were compared to those
from Herrera-Endoqui et al. (2015). Using the raw SPARCFIRE output combined
with our by-eye classified galaxies, it was shown that the range of spiral arms that
our SVM deems reasonable agrees well with this independent survey of spiral arm
pitch angle. Given that S4G (Sheth et al., 2010) is a volume-limited local survey with
no cuts on galaxy morphology and Herrera-Endoqui et al. (2015) fitted their sample
of 482 spirals by eye, this should provide a set of reliable arc measurements for a
representative sample of local spirals. This means that the spiral arms being detected
by SPARCFIRE do seem to have the same range of pitch angles as those observed
using other methods. There are very few galaxies with ψgalaxy < 10° (7.5 per cent
of galaxies) or ψgalaxy > 40° (1.1 per cent of galaxies). This agrees remarkably well
with both the most open spiral structure of 40− 45° (Seigar & James, 1998b; Block &
Puerari, 1999; Seigar, 2005), and the tightest of 7−10° (Block & Puerari, 1999; Seigar,
2005) observed in other studies of nearby spirals. Seigar et al. (2008) attributed these
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limits to the range of the shear in spiral galaxies – the shear in the discs of galaxies
is closely related to the central mass concentration and galaxies with little or no bulge
have ψ ≈ 10°. Conversely, the loosest observed pitch angles correspond to the smallest
central mass concentrations observed in galaxies. Our distributions of spiral arm pitch
angles imply that these naturally occurring limits do exist in a statistically complete
sample of spiral galaxies in the local Universe, and that these limits extend to all types
of spiral structure, rather than just grand design spirals.

5.5.2 Pitch angle and galaxy structure

In section 5.4, the spiral arm pitch angles were compared for a number of different
galaxy structural parameters. The first measure that was compared was the spiral arm
number of the host galaxy, measured using the GZ2 visual morphologies. Many-armed
galaxies generally have looser spiral arms than their two-armed counterparts, irrespec-
tive of host galaxy stellar mass. Studies of local grand design spiral galaxies such
as M51 show us that many two-arm structures are genuine density waves (Colombo
et al., 2014; Schinnerer et al., 2017). Many-arm structures are instead usually con-
sidered to be modal structures arising in gas rich discs (Carlberg & Freedman, 1985;
Baba, Saitoh & Wada, 2013). Arm number vs. pitch angle correlations have been noted
before, where a dependence of pitch angle on Elmegreen spiral arm class has been ob-
served. Garcia Gomez & Athanassoula (1993) noted that there is a correlation, where
many-arm and flocculent spiral arms are looser than two-arm structures. Our results
confirm the correlation of Garcia Gomez & Athanassoula (1993) for a large statisti-
cally complete sample of spiral galaxies, with two-arm grand design spirals having
tighter spiral arms than each of the many-arm categories, which we expect to include
both many-arm and flocculent Elmegreen-type spirals.
A potential explanation for the differences in spiral arm pitch angles in different galaxy
structures is due to the varying timescales over which spiral arms exist. Simulations
of many-arm structures show that the pitch angle of individual spiral modes wind up
over time (e.g. Wada, Baba & Saitoh 2011; Grand, Kawata & Cropper 2012a,b; Baba,
Saitoh & Wada 2013). Many simulations also predict that these structures are usually
short-lived phenomena and are usually broken or merged into other structures after
∼ 100 Myr (Baba, Saitoh & Wada, 2013; D’Onghia, Vogelsberger & Hernquist, 2013),
where spiral arms with ψ > 20° likely to be more transient features (Pérez-Villegas
et al., 2012) than those with ψ ≤ 20°. However, the mechanisms responsible for
two-arm structures are different from those in many-arm galaxies. The timescale over
which two-arm structures can exist is still debatable, with some studies suggesting they
are also transient phenomena (Merrifield, Rand & Meidt, 2006) but can potentially
persist for longer when considering the gas component of galaxy discs (Ghosh & Jog,
2015, 2016). Two arm structures can also be tidally induced and wind up and decay
over ∼ 1 Gyr (Oh et al., 2008; Struck, Dobbs & Hwang, 2011). It may therefore be
the case that the tightly wound unbarred spirals are the remnants of long-lived internal
structures or the later stages of tidal features.
Another reason for the observed differences in pitch angle with spiral arm number may
be related to the rotation curves of galaxies. Seigar (2005) demonstrated that spiral
arm pitch angles can be directly related to the shear in the discs of galaxies: discs with
falling rotation curves have tighter spiral arms than discs with rising rotation curves.
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Some tentative evidence that many-arm galaxies have steeper, rising rotation curves
has been found before (Biviano et al., 1991), so these results may also indicate that
many-arm structures arise in discs with lower shear rates (with rising rotation curves).
However, galaxy shear rates are closely related to the central mass concentrations in
galaxies (Seigar, 2005), which are in turn related to spiral arm pitch angles (Seigar
et al., 2008). We see no trend for galaxies with greater central mass concentrations
having tighter spiral arm pitch angles. We instead observe a weak trend opposite to
this, where galaxies with greater central mass concentrations actually have looser spiral
arms. This suggests that these differences are not driven by differences in the central
mass concentrations.

5.5.2.1 The role of bars

In section 5.4.2, the SPARCFIRE measured spiral arm pitch angles were related to the
presence of bars in the discs of galaxies, finding that galaxies with bars have looser spi-
ral arms. This trend is particularly apparent when considering the two-arm population
of spirals. Since grand design, two-arm structures are usually linked with both bars and
companions (Kormendy & Norman, 1979; Seigar & James, 1998a; Kendall, Kennicutt
& Clarke, 2011), and bars can be tidally induced (Semczuk, Łokas & del Pino, 2017),
one possibility is that loose spiral arms in barred galaxies can potentially be the re-
sult of a galaxy-galaxy interaction disturbing the structure. Spiral arms formed in this
way would form from the remnants of tidal tails and bridges, and therefore be either
material in nature or kinematic density waves (see section 1.3.4). Although bars are
more common in higher density environments (Skibba et al., 2012; Smethurst et al.,
2017), GZ2 statistics from Casteels et al. (2013) suggest that the combination of loose
arms and bars are not due to pair interactions. Casteels et al. (2013) showed that bars
are suppressed, but the frequency of two-arm structures and loose spiral arms actually
increases in close galaxy pairs. We therefore do not favour this scenario where pair
interactions cause both bars and loose spiral arms.
A second possibility is that the presence of bars may have a strong influence on the
dynamics within the discs of galaxies. Of particular interest is the ‘invariant manifold
theory’ discussed in section 1.3.4. (Romero-Gómez et al., 2006, 2007; Athanassoula,
Romero-Gómez & Masdemont, 2009; Athanassoula et al., 2009, 2010). A key predic-
tion of this theory is that galaxies with stronger bars will have looser spiral arms than
those with weak bars. Interpreting the GZ2 pbar statistic as a relative measure of bar
strength, the result presented in section 5.4.2 would be in direct agreement with this
prediction. I do, however, note that this evidence is somewhat tentative, as there are
also other possibilities related to the dynamics of spiral galaxies that could give rise
to this result. For example, Baba (2015) shows a full hydrodynamical simulation of
a barred grand design spiral galaxy. Fig. 4 of Baba (2015) shows that the spiral arm
amplitude is out of phase with the spiral arm pitch angle. They suggest that spiral arms
are more strongly amplified as they come closer to the bar, and this amplification is
stronger at larger pitch angles. We may be seeing this effect in our results, with bars
causing an amplification of looser spiral arm modes. Another possibility is that the
dynamics of spiral arms are altered when the bar becomes prominent (Roca-Fàbrega
et al., 2013). In this case, it has been suggested that the arms are better fit with a rigidly
rotating disc, which would lead to arms which have hyperbolic rather than logarithmic
patterns (Seiden & Gerola, 1979; Kennicutt, 1981), potentially closing to ring-like fea-
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tures which cannot be described by a spiral equation with a single pitch angle (Buta,
1986, 2017). In this set of SPARCFIRE models, only logarithmic spirals are used to
measure arms, so in principle the differences in pitch angle could arise as an artefact
of mis-fitting the arms with a function that does not represent the spiral arm. If the
logarithmic spiral equation was not the correct equation to fit, one would expect fewer
galaxies to have detected arms. However, there is no difference in the number of galax-
ies with detected spiral arms with respect to pbar, meaning that spiral arms in barred
galaxies are log spiral arcs, disfavouring the possibility that they are rigidly rotating
arms.

5.5.2.2 Galaxy mass concentrations

In section 5.4.3, the mass properties of unbarred galaxies were compared with respect
to their spiral arm morphologies. Galaxies with more massive discs have more spiral
arms, which in turn means that galaxies with lower bulge-to-total ratios have more spi-
ral arms. However, there is no trend with respect to bulge mass. Given that pitch angle
correlates with arm number, one naively would expect a positive correlation between
pitch angle and disc mass. Instead, there is a weak negative trend that galaxies with
more massive discs and lower bulge-to-total ratios have tighter spiral arms. This result
is perhaps surprising when considering simulations of modal spiral arms, which sug-
gest that when galaxies have more massive bulges, higher order modes (more spiral
arms) will dominate (Grand, Kawata & Cropper, 2013; D’Onghia, 2015). These mod-
els usually consider isolated galaxies and some assumed dark matter halo profile. The
dominant spiral arm mode will actually depend on the scale and mass of the dark mat-
ter halo as well as the mass of the disc and bulge, requiring a more complex analysis.
Our first impression suggests that the spiral arms in galaxies are not modal in nature,
but driven by other processes, such as density waves or galaxy interactions. However,
a more complete analysis of these models, including all of the relevant parameters is
required to confirm this result – these are considered in chapter 6.
That greater central mass concentrations lead to looser spiral arms would also appear
to contradict the idea that galaxies with greater levels of shear have more tightly wound
spiral arms (Seigar, 2005; Seigar et al., 2008). These studies are usually done on small
samples of nearby galaxies, with clear, unbarred grand design spiral arms. My result
that bulge mass has no influence on arm pitch angle suggests that this relation does
not hold for the entire spiral galaxy population, and that spiral arm pitch angle is more
heavily influenced by other properties, such as disc mass, arm number and the potential
presence of a bar, rather than just the central mass concentration.

5.5.3 Star formation rates

Galaxies with more spiral arms tend to have more UV and less MIR emission, indicat-
ing that the SFR is less obscured by dust in many-armed galaxies, but that the overall
SFRs are similar in all types of spiral galaxies. The reasons for these trends are dis-
cussed in more detail in chapter 4, and can be related to the geometry of star formation
and molecular clouds in galaxies. In this chapter, I also found that SFRs are consistent
in spiral galaxies irrespective of arm number, other than when the number of spiral
arms was less than two. In this case there is an increase in both the MIR and total SFR.
Given that one-arm galaxies in GZ2 have been associated with merger remnants (Cas-
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teels et al., 2013), this would suggest that high SFRs are triggered by galaxy-galaxy
interactions (Barton, Geller & Kenyon, 2000; Ellison et al., 2008; Willett et al., 2015).
Despite the strong, clear trends with spiral arm number, I found no differences in the
SFRs with spiral arm pitch angle.
In grand design spiral galaxies, shear rates are related to spiral arm pitch angles (Seigar
et al., 2008, 2014). If the shear is too high, galaxies have been shown to have lower
total SFRs (Seigar, 2005). One would therefore expect galaxies with tighter spiral arms
to have lower total SFRs if shear was responsible for the differences in spiral galaxy
pitch angle. Given that I find no relation between SFR and pitch angle, this would
suggest that shear is not responsible for pitch angle differences between galaxies. I
also find no enhancements in the SFRs of spirals with looser arms, meaning that the
loosest arm spirals are not likely to be dominated SFR-promoting interactions, unlike
one-arm spirals.



Chapter 6

Testing predictions of swing
amplification theory

The analysis and results in this chapter are presented in Hart et al. (2018). The work
looks at number of analytic predictions, which have been verified by disc simulations,
for the spiral arm number and pitch angle as a function of the properties of the bulge,
disc and halo. I test the validity of these models with a sample of SDSS galaxies. All
work was performed by the author, with advice from the co-authors of the above paper.

6.1 Overview
In section 1.3.2, I introduced a swing amplified mechanism for spiral arm formation.
In this scenario, spiral arms form due to unstable regions where self gravity dominates,
but are eventually broken up by the disc shear. Despite the transient nature of individual
arms, a long-lived mode can exist in galaxy discs (Grand, Kawata & Cropper, 2012a;
D’Onghia, Vogelsberger & Hernquist, 2013; Sellwood & Carlberg, 2014). Simulations
predict that although spiral arms can be broken and remade, the average total spiral arm
number, or dominant mode, will exist beyond the lifetime of a single spiral arm. The
nature of these long-lived modes are related directly to the underlying mass distribution
of these galaxy discs – the mathematics of swing amplification predict an expected
spiral arm number (D’Onghia, Vogelsberger & Hernquist, 2013; D’Onghia, 2015) and
pitch angle (Baba, Saitoh & Wada, 2013; Michikoshi & Kokubo, 2014, 2016), given
the mass distribution in a galaxy.
A key issue for any simulation is directly reproducing observable properties of spi-
ral galaxies. There is still much conflict, with disc simulations usually predicting
dominant many-arm modes in galaxy discs. Observations instead suggest that even
in unbarred galaxies, two-arm spirals are the most common type of spiral structure
(Elmegreen & Elmegreen, 1982) which do not arise as readily in the simulations
(D’Onghia, 2015). Therefore, there may be a number of mechanisms responsible for
the different spiral arm structures we observe, and all spiral galaxies may not be gov-
erned by a dominant swing amplified mode.
The aims of this chapter are twofold. We first carefully obtain predictions from swing
amplification for samples of real galaxies. These predictions are then compared to
observed spiral arm properties, in order to evaluate the performance of the swing am-
plification model. Swing amplification predicts both the spiral arm number and the
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pitch angle in galaxies with respect to the relative masses and sizes of the dark matter
halo, disc and bulge in galaxies. I combine measurements of bulge and disc masses and
sizes with published dark matter halo scaling relations to predict the arm properties of
galaxies (these are discussed fully in section 6.2). I utilise a large sample of spirals
from the SDSS (York et al., 2000) and a smaller sample of S4G (Sheth et al., 2010)
spiral galaxies. Using these data, predicted spiral arm numbers and pitch angles are
compared to the same observed quantities.

6.2 Data
The model I employ in this chapter has three main components – a galaxy bulge, disc
and dark matter halo. Measurements and models for these components are outlined in
the rest of this section.

6.2.1 Sample selection and visual morphologies

6.2.1.1 SDSS

The main galaxy sample is taken from the GZ2 SDSS sample outlined in section 2.3.
I employ an upper redshift limit of z = 0.085 in accordance with Willett et al. (2015),
a general limit to which classifications remain reliable. In this chapter, I am only
concerned with how the relative sizes and masses of components affect the overall
galaxy spiral arm morphology. For this reason, I make no further completeness cuts to
the sample, selecting all galaxies in the redshift range 0.02 < z ≤ 0.085 brighter than
mr = 17.0.
Galaxy morphological data are obtained from GZ2. I use the debiased statistics from
section 3.2 to ensure the results are free of resolution-dependent redshift bias. I apply a
cut of pspiral ≥ 0.5 to select a reliable sample of spiral galaxies (see section 3.2.5.1 for
examples of spiral galaxies selected in this way). An inclination cut of (b/a)g > 0.4
is also used to ensure we only select face-on spirals with reliable spiral morphology
estimates (see section 4.2.2). The principal concern of this chapter is spiral structure,
without the influence of bars, so I also define a clean, unbarred sample of galaxies, with
pbar ≤ 0.2. This cut has been used in GZ2 papers before to select unbarred galaxies
(Galloway et al., 2015; Kruk et al., 2018).
Spiral arm numbers are obtained from the GZ2 catalogue, depending on the fractional
responses to the ‘how many spiral arms are there?’ question. I make use of two arm
number statistics in this chapter. The first is m, the response which had the greatest
debiased vote fraction. The second is mavg, the average arm number from the classifi-
cations, which was introduced in section 5.3.2.
Given the lack of directly measured pitch angles in GZ2, I use the SPARCFIRE method,
introduced in section 3.3, to measure spiral arm pitch angles, ψ. Any galaxies which
had no reliable spiral arms detected are removed from further analysis of spiral arm
pitch angle. I define the spiral arm pitch angle for each galaxy as the arc-length
weighted average pitch angle, ψavg, introduced in section 5.3.1.
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6.2.1.2 S4G

In order to check the GZ2 obtained results with an independent dataset, I also include
a sample of spiral galaxies from the S4G sample (Sheth et al., 2010; Muñoz-Mateos
et al., 2013; Querejeta et al., 2015). This is a low-redshift, volume-limited sample
complete for galaxies closer than D = 40 Mpc, brighter than mB = 15.5 and diameter
larger than D25 = 1 arcmin. Unlike the SDSS sample, this sample is observed in the
NIR, specifically the Spitzer 3.6µm and 4.5µm bands. The visual morphologies are
from the classifications of Buta et al. (2015). These statistics include an F value, with
greater F meaning a galaxy has a stronger bar. I select galaxies with F < 0.25 for
the unbarred spiral sample. The spiral arm structure is also listed in this catalogue,
with galaxies listed as either grand design (G), many-arm (M) or flocculent (F). Spiral
arm pitch angles are obtained from Herrera-Endoqui et al. (2015). All of the galaxies
in S4G were visually inspected, and logarithmic spiral arms were drawn and fit to the
galaxies. Given that we expect all features to be real spiral arms in these galaxies, the
galaxy pitch angle is given by the mean pitch angle of all of the measured spiral arms
in each galaxy.

6.2.2 Baryonic masses and sizes

Galaxy stellar masses and sizes for the SDSS sample are obtained from the photo-
metric decompositions of Simard et al. (2011) and Mendel et al. (2014). These were
introduced in section 2.4.1. The Mendel et al. (2014) catalogue gives an estimate of
the the total stellar mass content of the SDSS galaxies in the bulge and disc compo-
nents. To avoid any spuriously fit galaxies, only galaxies where Mendel et al. (2014)
deemed the fit to be either a disc system (type = 2) or a bulge+disc system (type =
3) were included in any samples used later in this chapter. Using the bulge+disc fits
assumes that all galaxies have two distinct components, but this is not always the case
(Simmons et al., 2013; Simmons, Smethurst & Lintott, 2017). With this in mind, for
galaxies where the F -test statistic for a two-component fit is ≤ 0.32, the disc-only fit
is used, and the bulge mass component is set to 0 – motivation for this cut is given in
section 6.2.2.1.
Relative sizes of the bulge and disc components are taken from the Simard et al. (2011)
fits to the r-band of galaxies. Simard et al. (2011) provides measurements of scale
length for the disc and half light radius for the bulge. For the Hernquist bulge, scale
lengths are measured by dividing the half light radius by a factor of 1+

√
2, as described

by Eq. 4 of Hernquist (1990). I note that the r-band does not directly trace the overall
stellar mass, with light dominated by younger stars. I therefore correct the sizes of
the bulge and disc components by dividing by a factor of 1.5±0.2, given that the NIR
is usually ∼1.5 times smaller than the optical component in galaxies (Vulcani et al.,
2014).
For the S4G sample, photometric bulge+disc decompositions are again used to de-
termine the masses and sizes of the stellar component of galaxies. Bulge and disc
photometry are obtained from the fits to the 3.6µm band from Salo et al. (2015). I
select only galaxies where either a single disc component or a disc and bulge compo-
nent are well-fit (quality = 5). Given that the NIR component follows the underlying
stellar mass distributions of galaxies closely, I use the 3.6µm fits directly, without a
scaling like that used for the SDSS sample (Eskew, Zaritsky & Meidt, 2012; Meidt
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Figure 6.1: (a) Modal value of response to the bulge prominence question in GZ2, B, vs. fraction
of discs classified with only a disc (black circle points with a thin black line) and median F -test
value (red squares with a thicker dashed line). (b) As in (a), but using the continuous average bulge
prominence statistic, Bavg. We see a strong correlation that galaxies with less prominent bulges in
GZ2 are more likely to be fit with a single bulge component.

et al., 2012). The fraction of the mass in the bulge and disc component is simply the
fraction of the 3.6µm light in each component from Salo et al. (2015), and the sizes of
each of the components are simply the sizes of the components measured at 3.6µm.

6.2.2.1 The use of one or two component fits

I use already derived bulge and disc mass estimates from Simard et al. (2011) and
Mendel et al. (2014) as parameters in the galaxy model. The Mendel et al. (2014)
catalogue usually fits galaxies with two components, but also includes single fit mod-
els. The catalogue provides a statistic, the F -test statistic, to determine which model
is more appropriate. The paper also advises that this statistic is not perfect, and argu-
ments from what is expected from the physical properties of galaxies should instead
be used if possible. I do, however, want to avoid the fitting of a bulge+disc to a system
where the galaxy has little or no bulge. The reliability of galaxy bulge size measure-
ments have already been shown to correlate well with a visually characterised bulge
prominence statistic in GZ2 (Masters et al., in prep). In order to check whether the
F -test statistic can reliably identify bulge-less systems, I use the same visual statistic.
I define the bulge prominence using the ‘is there any sign of a bulge?’ question in GZ2.
I define Bavg in the same way as Masters et al. (in prep):

Bavg = 0.0pno bulge + 0.2 · pnoticeable + 0.8 · pobvious + 1.0 · pdominant, (6.1)

and the statisticB which corresponds to which response to the bulge prominence ques-
tion got the most votes. In Fig. 6.1, I check how both the median F -test statistic and
the fraction of galaxies with F < 0.32, fdisc only changes with GZ2 bulge prominence.
Here there is a strong correlation (rs(Bavg, fdisc only) = −0.41) between the two statis-
tics, meaning that galaxies with a higher probability of having no bulge from the GZ2
statistics are much more likely to require the single component model. I therefore use
the F -test statistic to define whether we use a bulge+disc or disc only model for the
SDSS galaxies.
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6.2.2.2 HI masses and sizes

For the SDSS sample, a set of HI measurements of galaxies is also available. This can
help address any missing baryonic mass in galaxies, given that a fraction of the mass in
galaxy discs is gaseous rather than stellar. For a fraction of the SDSS sample, there are
HI masses available from ALFALFA survey measurements of the HI 21cm line. These
masses are obtained from the α70 data release of the ALFALFA survey (Giovanelli
et al., 2005; Haynes et al., 2011), and were first introduced in section 2.4.3. For the
galaxies with no direct measurement, I use HI masses estimated from other galaxy
properties. Teimoorinia, Ellison & Patton (2017) fitted an artificial neural network
(ANN) to 15 input galaxy parameters to estimate HI masses. These estimates do not
rely on a single parameter such as stellar mass or colour, which have been shown to
vary systematically with spiral arm number (e.g. chapter 4), meaning they should be
valid estimates for all galaxies. Different HI estimates have different uncertainties,
described by the quantity Cfgas in Teimoorinia, Ellison & Patton (2017). I therefore
select reliable estimates as galaxies with Cfgas ≥ 0.5 and including an uncertainty of
0.22 dex, in accordance with Teimoorinia, Ellison & Patton (2017).
HI disc size estimates are obtained from the following scaling relation between HI size
and galaxy disc size from Lelli, McGaugh & Schombert (2016):

log(RHI) = (0.86± 0.04) log(Rd) + (0.68± 0.03), (6.2)

where RHI is the radius at which the HI surface density falls to 1 M�pc−2. It has also
been demonstrated that the HI scale length, rs,HI, is closely related to RHI – I therefore
use a further scaling relation to equate the two quantities from Wang et al. (2014):

rs,HI = (0.19± 0.03)RHI. (6.3)

Using these relations, we can create exponential stellar + HI discs. The total disc mass
is given by adding the HI mass to the stellar disc mass, and the disc scale length is
given by the scale length of the best fitting exponential profile to the stellar plus gas
disc systems. Discs created in this way are referred to as SDSS+HI samples for the
rest of this chapter.

6.2.3 Dark matter haloes

The final component that requires consideration is the dark matter halo, the only com-
ponent in the model that is not observable. I use published scaling relations between
the galaxy dark matter halo mass and galaxy stellar mass to estimate the dark matter
halo mass for each galaxy. I use the relation of Dutton et al. (2010), which combined
abundance matching studies and various observational studies of dark matter haloes
from satellite kinematics and weak lensing. The best fit line to observational studies
from Mandelbaum et al. (2006), Conroy, Ho & White (2007) and More et al. (2011)
for late-type galaxies yielded the following scaling relation:

y = y0

( x
x0

)α[1

2
+

1

2

( x
x0

)γ](β−α)/γ

. (6.4)

The quantity x is the galaxy total stellar mass, Mstar, and the quantity y is the halo-to-
galaxy mass, y = M200/M∗. For late-type galaxies, the parameters are α = −0.50+0.025

−0.075,
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β = 0.0, log(x0) = 10.4, log(y0) = 1.89+0.14
−0.12 and γ = 1.0. I calculate the total halo

mass for each of our galaxies using Eq. 6.4 and the total galaxy stellar mass defined
in section 6.2.2. These are then converted to virial radii, R200, with (e.g. Huang et al.
2017):

R200 =
[ 3M200

4π · 200ρcrit

]1/3

, (6.5)

where ρcrit is the critical density of the Universe at z = 0. The ± values here denote
the scatter in this relation, so are the expected errors on any dark matter halo estimate
for a single galaxy. To convert this to a halo scale radius, ah, I use the relation

R200 = c200ah. (6.6)

In order to measure a scale radius, one requires knowledge of the halo concentration.
I again rely on a published scaling relation, this time from N-body simulations which
form NFW profiles. The halo concentration is related to the halo mass using the abun-
dance matching equation of Dutton & Macciò (2014):

log(c200) = 0.905− 0.101 log(M200/[1012h−1M�]). (6.7)

From these scaling relations, I compute the total halo mass, M200, and the scale length,
ah, for each of our galaxies.

6.2.3.1 Halo profiles

For mathematical simplicity, I consider two dark matter profiles in this analysis. The
first is the Hernquist (1990) dark matter halo, referred to as ‘Hernquist’ hereafter. This
halo has the desirable quality that it closely matches the cusped NFW dark matter
haloes (Navarro, Frenk & White, 1996) in the inner regions. In the outer regions, the
dark matter halo begins to deviate from that of the NFW dark matter profile. As it is
the inner dark matter profile that is most critical to influencing spiral arm morphol-
ogy in galaxy discs (D’Onghia, 2015), I choose to match the inner regions closely by
matching to the dark matter density at ah. The shape of the Hernquist halo for a galaxy
with parameters from the Milky Way measured in Bovy & Rix (2013) is shown by the
orange dashed line in Fig. 6.2a.
In order to understand the influence on the slope of the dark matter profile, I adopt a
Burkert (1995) dark matter profile for comparison, described as a ‘Burkert’ profile in
the rest of this chapter. The Burkert profile has a number of characteristics that make
it ideal for comparison to the Hernquist profile. It follows a similar shape to the much
used NFW profile in the outer regions, which is useful given that the scaling relations
I employ in this chapter are based upon NFW profiles. However, its centre has a ‘core’
rather than a ‘cusp’, unlike the Hernquist and NFW profiles. In Fig. 6.2a, the blue line
indicates the Burkert dark matter halo profile for the Milky Way model. Together, these
allow us to compare the spiral arm properties of ‘cusped’ and ‘cored’ profiles. The use
of the two different dark matter halo profiles also allows us to interpolate between
them, a property which is used later in this chapter. We can define the quantity α to
interpolate between a cusped and cored profile. The quantity α is used to give the
following dark matter halo profiles:

ρ(r) = (1 + α)ρb(r) (α < 0)

ρ(r) = (1− α)ρb(r) + αρh(r) (0 ≤ α ≤ 1)

ρ(r) = αρh(r) (α > 1),

(6.8)
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Figure 6.2: (a) Comparison of NFW (black dotted line), Hernquist (orange dashed line) and Burk-
ert (blue line) halo shapes for the Milky Way. The Hernquist halo follows the cuspy shape of the
NFW profile, and the Burkert profile is instead cored. (b) Comparison of various values of α.
When 0 ≤ α ≤ 1, the halo changes between more cored or more cusped. When α < 0, the cored
shape is retained, but the halo is less massive. When α > 1, the cusped profile is retained, but the
halo is more massive.

where ρh(r) and ρb(r) are the densities of the Hernquist and Burkert dark matter pro-
files at a radius r. The influence that the quantity α has on the dark matter halo is
shown in Fig. 6.2b. A value of α = 1 means that the dark matter halo is a cusped
Hernquist halo and α = 0 means that the dark matter halo is a cored Burkert halo.
Interpolating between the two means that the halo is more or less like the Hernquist
and Burkert profiles. To allow for sensible behaviour outside 0 ≤ α ≤ 1, we can ex-
trapolate as follows. For values of α < 1, the halo shape does not change from that of
the Burkert profile, but the total halo mass in the inner regions is reduced. For α > 1,
the halo stays cusped, but is more massive in the inner regions.

6.2.4 Overall galaxy properties

Only galaxies with measurements of bulge+disc or disc masses are included in these
final samples. The overall numbers of galaxies in each of these samples are listed in the
second column of Table. 6.1. Only some of the galaxies have reliably identified spiral
arms from which the pitch angle, ψ can be measured – the number of galaxies with
measured ψ values are shown in the third column of Table. 6.1. The final column shows
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Figure 6.3: Distributions of galaxy stellar mass, scale radius and mass fractions for our galaxy samples. The top row shows the distributions of (a) disc total stellar mass,
(b) radius, (c) fraction of the total galaxy mass within 2.2Rd for the Hernquist halo and (d) the same fraction with a Burkert halo. The same four parameters are shown for
the galaxy bulge (middle row, e-h) and the galaxy halo (bottom row, i-l). The distributions are shown for the three distributions utilised in this chapter (see section 6.2):
the S4G sample is shown by the grey filled histograms, the SDSS is shown by the purple stepped histograms and the SDSS+HI is shown by the thicker dashed green
histograms. The median error the parameters are indicated by the error bar in the upper right of each sub figure.
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Table 6.1: Number of galaxies in each of the three samples used in this chapter. The first column
shows the name of each sample. The second column indicates the total number of galaxies in each
sample, and the third column indicates how many of these galaxies have measured pitch angles.
The final column shows the median, 16th and 84th percentiles of stellar mass for each sample.

Sample Ngal Ngal (with measured ψ) log(M/M�)
S4G 101 77 10.4(9.8, 10.8)

SDSS 7611 2661 10.4(9.9, 10.8)
SDSS+HI 5696 2241 10.3(9.8, 10.7)

the median, 16th and 84th percentiles of the stellar mass of all galaxies in each sample.
Despite the different sample selections employed in each of the samples, all of the
samples have similar stellar mass distributions with median log(M∗) ∼ 10.4 log(M�).
The overall population stellar mass and size characteristics are shown in Fig. 6.3. The
low-redshift galaxies occupy a range of bulge, disc and halo masses. The first col-
umn shows the bulge, disc and halo stellar masses for the S4G sample (grey filled
histograms), the SDSS sample (purple stepped histograms) and the SDSS+HI sample
(green stepped histograms with dashed lines). The first attribute to note is the change
in the disc mass and scale length when the HI is included in the disc fit, shown in
Fig. 6.3a. The median disc mass is 10.06+0.46

−0.39 log(M�) for the pure stellar disc and
increases to 10.32+0.27

−0.26 log(M�). The ± values denote the 16th and 84th percentiles
of the distributions. The disc radius is also increased from 2.53+0.82

−1.07 to 2.62+0.73
−0.90 kpc.

These differences lead to differences in the disc fractions, fd, in Fig. 6.3c-d, where the
inclusion of HI in the discs leads to the discs being more maximal. The disc fraction
is defined as the fraction of the total mass inside a given radius that is in the baryonic
disc component, Md(r)/[Mb(r) + Md(r) + Mh(r)]. The inclusion of HI has a strong
influence on the disc properties, which may in turn affect the properties of spiral arms,
which will be explored in section 6.4.
The next item to note is the clear difference in the bulge properties of galaxies selected
for the SDSS and S4G samples. From Fig. 6.3a-b, we see that the disc properties
are consistent in these samples, despite the differing selection criteria. The bulges
of the SDSS galaxies have median stellar mass of 9.88+1.07

−0.69 log(M�) (or 9.83+0.91
−0.67

log(M�) for the SDSS+HI sample) and median radius of 0.74+0.38
−0.51 kpc (or 0.80+0.40

−0.50

kpc for the SDSS+HI sample). However, bulges in the S4G sample are systematically
smaller in both mass (Fig. 6.3e) and size (Fig. 6.3f), with median values of 8.99+0.64

−0.76

log(M�) and 0.15+0.07
−0.14 kpc. These offsets could be due to two reasons. The first

is sample selection: the SDSS galaxy sample should include all galaxies with spiral
morphology, regardless of bulge mass; the selection of late-type galaxies in the Buta
et al. (2015) classifications may instead have introduced an unintended bias towards
later type galaxies with smaller, less massive bulges. The other is that the techniques
used to measure bulge mass differ, mainly in the wavelength selected. The SDSS
bulge+disc masses are derived from fits to the stellar population of the galaxies using
the optical ugriz bands. The S4G sample instead uses information from the near infra-
red, which directly traces the older stellar population and thus the underlying stellar
mass distribution. Investigating the true cause of this offset is beyond the scope of
this thesis, but does highlight the importance of using two complementary datasets to
investigate and confirm any results.
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6.3 The galaxy model
In this section, I draw upon a number of measured parameters of spiral galaxies to
model spiral galaxies and predict their properties with a swing amplified model.1

Wherever there are no directly measurable quantities in galaxies, I use well-defined
scaling relations to predict expected properties in galaxies.

6.3.1 Swing amplification derived quantities

I adopt the model of D’Onghia, Vogelsberger & Hernquist (2013) and D’Onghia (2015)
for our spiral galaxies. In D’Onghia (2015), an equation was derived from arguments
of swing amplification and disc stability, and verified by N-body simulations of iso-
lated discs. The equation describing the dominant spiral arm mode at a given galaxy
radius R is given by:

m =
e2y

X

([Mb

Md

2y + 3ab/Rd

(2y + ab/Rd)3

]
+
[Mh

Md

2y + 3ah/Rd

(2y + ah/Rd)3

]
+ y2(3I0K0 − 3I0K1 + I1K2 − I2K1)

+ 4y(I0K0 − I1K1)
)
.

(6.9)

The quantity y = R/2Rd, meaning that the predicted spiral arm number varies with
galaxy radius. This equation follows from classic models of swing amplification, first
outlined in Toomre (1981). A useful property of this equation is that it can be split into
three main components, each contributing to the expected spiral arm number: the bulge
term, the halo term and the disc term. The bulge term, mb, is given by the first line
to the right of the equality in Eq. 6.9, and depends on the bulge mass (Mb), disc mass
(Md), bulge scale length (ab) and disc scale length (Rd). The simplicity of this term’s
form is due to the adoption of a Hernquist profile to model the bulge mass distribution,
compared to, for example, a de Vaucoleurs profile (de Vaucouleurs, 1948). Generally,
galaxies with greater bulge-to-disc mass ratios and galaxies with smaller bulge-to-disc
size ratios for a given bulge mass are predicted to have more spiral arms.
The second line to the right of the equality in Eq. 6.9 gives a similar term which I call
mh, this time with the bulge mass and size replaced by halo mass and size (Mh and
ah). This term is very similar to the one for the the bulge, as D’Onghia (2015) model
the halo with a Hernquist profile. However, there is evidence that galaxy dark matter
haloes may be less cuspy than a Hernquist profile (e.g. Flores & Primack 1994; van
den Bosch et al. 2000). I therefore derive an alternative form of the halo term for a
Burkert dark matter profile in section 6.3.1.1. Either way, there is a clear expected
dependence on the dark matter halo and disc properties – galaxies with greater halo-
to-disc mass ratios and galaxies with smaller halo-to-disc sizes are predicted to have
more spiral arms.
The final two lines of the Eq. 6.9 form the disc term, md. The mathematical formu-
lation is given in more detail in D’Onghia, Vogelsberger & Hernquist (2013). The

1The code used to model the galaxies described in this section is publicly available at
https://zenodo.org/record/1164581
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quantities I0 and K0 are Bessel functions of the first kind with respect to y.
From Eq. 6.9 and 6.20, spiral arm numbers can be predicted for the swing amplified
model. I measure spiral arm numbers at 2 disc scale lengths in the rest of this chapter,
as a radius well into the disc, but not too far so that the spiral arms are too faint to
measure.
Another property of spiral galaxies we can use to quantify the spiral arm is the pitch
angle, ψ. The rate of shear has a direct influence on the pitch angle of the spiral arms
one expects to measure (Fuchs, 2001; Seigar et al., 2006, 2008; Baba, Saitoh & Wada,
2013). The shear is given by (e.g. Julian & Toomre 1966; Michikoshi & Kokubo
2016):

Γ = 2− κ2

2Ω2
. (6.10)

The quantity κ is the epicycle frequency, and Ω is the angular frequency of the system.
A falling rotation curve has Γ > 1, and a rising rotation curve has Γ < 1. Various
relations exist between the rate of shear and pitch angle. Some are based upon obser-
vational studies of nearby galaxies (Seigar et al., 2006), others from the analysis of the
mathematics of swing amplification (Fuchs, 2001) and others are directly from simu-
lations of galaxy discs (Baba, Saitoh & Wada, 2013; Michikoshi & Kokubo, 2014). I
assume the pitch angles of our spirals to satisfy the following relation from Michikoshi
& Kokubo (2014), taken from simulations. These predictions match up to analytical
predictions from Fuchs (2001) for Γ < 1, with the advantage that they cover the entire
range of Γ from 0− 2. The predicted pitch angle is given by:

ψ =
2

7

√
4− 2Γ

Γ
. (6.11)

The value Γ uses Ω and κ defined in Eq. 4 of D’Onghia (2015) and Eq. 6 of D’Onghia,
Vogelsberger & Hernquist (2013) for the Hernquist profile and Eq. 6.16 and Eq. 6.18
of this chapter for the Burkert profile. Using this equation, predicted pitch angles in
the rest of this chapter are measured at 2 disc scale radii.

6.3.1.1 The Burkert dark matter profile

In section 6.2.3, a Burkert dark matter halo was discussed to model the dark matter
halo of spiral galaxies. The Burkert profile (Burkert, 1995) is characterised by the
following function:

ρ = ρ0
r3

0

(r + r0)(r2 + r2
0)
, (6.12)

where ρ0 is the central density of the dark matter halo, r0 is the scale length and r is
the radius. We can define the following quantity to make the equations appear a little
simpler:

φ(r, r0) = ln
(r + r0

r0

)
+

1

2
ln
(r2 + r2

0

r2
0

)
− arctan

( r
r0

)
. (6.13)

The mass enclosed within a sphere of radius r is given by

M(r) = 2πρ0r
3
0φ(r, r0). (6.14)

The central density, ρ0, can be calculated from the mass of the halo at r200, where
r200 is the radius where the halo density falls to 200 times the critical density of the
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Universe. By rearranging Eq. 6.14, the central density is

ρ0 =
M200

2πr3
0φ(r200, r)

, (6.15)

where M200 is the halo mass at r200. The angular frequency of the halo is

Ω2(r) = 2πGρ0r
3
0

φ(r, r0)

r3
. (6.16)

The spiral arm number is given by Eq. 1 of D’Onghia (2015):

m =
κ2

2πGΣ

R

X
, (6.17)

where Σ is the surface density of the stellar disc andX is a factor introduced in Toomre
(1981) which is most effective at X = 1.5− 2 (D’Onghia, Vogelsberger & Hernquist,
2013). κ2 is given by

κ2 = r
dΩ2

dr
+ 4Ω2. (6.18)

For the Burkert profile, this becomes

κ2 =
2πGρ0r

3
0

r3

[ r2

r2 + r2
0

− r

r0(r2/r2
0 + 1)

+
r

r + r0

+ φ(r, r0)
]
. (6.19)

Putting together Eq. 6.17 and Eq. 6.19 yields the following relation for spiral arm
number with respect to the dark matter halo:

mh =
e2y

X

πρ0r
3
0

Md

y2

2

[ r2

r2 + r2
0

− r

r0(r2/r2
0 + 1)

+
r

r + r0

+ φ(r, r0)
]
. (6.20)

This now replaces the halo term in Eq. 6.9 so that m can be calculated for the Burkert
dark matter halo.

6.3.1.2 Predicted arm numbers for typical spirals

The differences in halo profiles can have a strong influence on the expected spiral arm
numbers in galaxies. In Fig. 6.4, the spiral arm number predicted from the galaxy
model described in section 6.3 are shown for typical spiral galaxies from the S4G and
SDSS samples used in this chapter. For reference, I also compute the halo properties of
the Milky Way using the structural parameters of Bovy & Rix (2013). Their measured
stellar mass value of 5.9±0.5×1010M� predicts a halo of mass M200 = 2.14±0.83×
1012M� and scale radius ah = 34.5 ± 4.5 kpc. The predicted number of arms for the
Milky Way for this halo mass, disc mass and a galaxy bulge of mass 4 × 109M� and
scale radius 0.6 kpc (as used in D’Onghia 2015) are shown in Fig. 6.4a. We see a small
offset in that the model predicts more spiral arms than the D’Onghia (2015) Milky
Way model – this difference is due to the differences in the halo mass and size, with
our predicted halo being larger in mass and than the one used in D’Onghia (2015).
In Fig. 6.4b-d, I plot the same radius vs. predicted arm number trend for galaxies typ-
ical of the S4G, SDSS and SDSS+HI samples. I use the median values for disc, bulge
and halo masses and sizes, and median error values for each sample. The variations in
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(a) Milky Way (Bovy+Rix 2013)

log(Md) = 10.7± 0.0 log(M�)

Rd = 2.2± 0.1kpc

log(Mb) = 9.6± 0.0 log(M�)
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log(Mh) = 12.3± 0.2 log(M�)
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(b) S4G
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(c) SDSS

log(Md) = 10.1± 0.2 log(M�)

Rd = 2.5± 0.3kpc

log(Mb) = 9.9± 0.2 log(M�)

Rb = 0.7± 0.1kpc

log(Mh) = 12.0± 0.2 log(M�)

Rh = 24.2± 4.6kpc

1 2 3 4 5
R/Rd

(d) SDSS+Hi

log(Md) = 10.3± 0.1 log(M�)
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log(Mb) = 9.9± 0.2 log(M�)

Rb = 0.7± 0.1kpc

log(Mh) = 12.0± 0.2 log(M�)

Rh = 24.2± 4.6kpc

Hernquist halo

Burkert halo

Figure 6.4: Spiral arm number vs. radius for four typical spiral galaxies: (a) the Milky Way (Bovy & Rix, 2013); (b) a galaxy with median properties for the S4G sample;
(c) a galaxy with median properties from the SDSS sample and (d) a galaxy with median properties from the SDSS+HI sample. The orange dashed lines show the expected
spiral arm numbers for the cusped Hernquist dark matter profile, and the thinner, solid blue lines show the expected arm number for the cored Burkert profile. Both galaxy
properties and halo shape have a strong influence on the expected spiral arm number in galaxies. The disc, bulge and halo parameters are listed in the top-left corner of
each plot. In the model, we propagate through all of the errors from the disc, bulge and halo mass and size estimates. The shaded region indicates one standard error in
the predicted spiral arm number for each example galaxy.
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the galaxy parameters discussed in section 6.2.4 lead to changes in the expected spiral
arm morphology. The median S4G galaxy follows the trend of the Milky Way fairly
closely, albeit with a larger error in the expected spiral arm number, owing to greater
uncertainty in the measured bulge and disc parameters. A galaxy typical of the SDSS
sample predicts more spiral arms, owing to the fact that the bulge is more prominent
for this model – this leads to an increase in the size of the bulge term in Eq. 6.9, which
in turn increases the predicted spiral arm number. Including the HI component in the
SDSS model makes the disc more dominant, which leads to a suppression of the ex-
pected spiral arm number, which can be seen comparing Fig. 6.4c and d. We also see
the direct influence that the dark matter profile shape has on the spiral arm numbers
predicted for our galaxy model. The Hernquist profile is strongly cusped in the centre,
whereas the Burkert profile is almost flat. The Burkert halo therefore has less influence
on the spiral arm number in the baryon-dominated centre of galaxies, leading to sys-
tems being more disc dominated and therefore having fewer spiral arms. The predicted
spiral arm number is also distinctly flatter in the inner regions, which is particularly ap-
parent for the SDSS and SDSS+HI samples in Fig. 6.4c-d. From these plots we can
conclude that there are a number of factors that influence the spiral arm number in the
model: more disc dominated systems should have fewer spiral arms, and systems with
flatter dark matter halo profiles should also have systematically fewer spiral arms.
The models outlined in this section give directly predictable arm numbers and pitch
angles. All of the predictions are taken from direct analytical calculations of swing
amplification theory and disc stability, and further verified by simulations. This simple
galaxy model, with arm morphology predictions from only a bulge, disc and dark
matter halo can now be tested with respect to observed visual galaxy morphology.

6.4 Comparing model predictions with observations
In this section, I compare the predictions of swing amplification with outlined in sec-
tion 6.3 with observed morphologies of spiral galaxies. I begin by looking at the pre-
dicted arm number and pitch angle distributions from the Burkert and Hernquist haloes,
in order to check whether they match the overall distributions we observe in real galax-
ies. I then look at how well the model can predict spiral arm numbers on a galaxy by
galaxy basis, looking in more detail at the properties the dark matter halo requires for
the model to work.

6.4.1 Spiral arm number distributions

Spiral arm numbers pose an interesting challenge to both observers and modellers of
disc galaxies. From observations, we know that low arm numbers are preferred, with
two-arm structures being particularly prevalent in the low-redshift Universe (Elmegreen
& Elmegreen, 1982; Grosbøl, Patsis & Pompei, 2004). However, simulations often try
to predict spiral arm numbers in the absence of bars. In this case, simulated spiral
patterns are typically dominated by higher-order modes i.e. many-arm patterns (see
Dobbs & Baba 2014 and references therein).
I plot the distributions of spiral arm numbers for our samples of spiral galaxies in
Fig. 6.5. The observed GZ2 mavg arm number distribution of the SDSS sample is
plotted for reference in each panel. Additional histograms show the arm number dis-
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Figure 6.5: Distributions of predicted spiral arm number for (a) S4G, (b) SDSS and (c) SDSS+HI
galaxy samples. The grey histograms show the distributions of average arm number, mavg for the
SDSS galaxy sample in a-b and the SDSS+HI sample in c, and the vertical dotted black line shows
their corresponding median values. The orange dashed histograms show the expected distribution
for the Hernquist halo model, and the blue line shows the same distribution for the Burkert halo
model. The error bars show the median error on the predicted m-value for each sample.

tributions predicted by our model for each halo type and sample. Fig. 6.5a shows the
S4G sample, Fig. 6.5b shows the SDSS sample and Fig. 6.5c shows the SDSS+HI sam-
ple. In Fig. 6.5a, there are no direct arm number measurements for the S4G sample; the
SDSS sample is used for comparison, given its similarity in total stellar mass. From
the observed spiral arm numbers, we see the familiar trend that disc galaxies tend to
prefer lower order spiral modes, with the two-arm mode being particularly prevalent –
the modal bin is centred on mavg = 2, and the median arm number is 2.63+1.01

−0.67, where
the± values denote the 16th and 84th percentiles. For SDSS+HI, the modal bin is cen-
tred on 2.5 and the distribution has median arm number 2.76+0.96

−0.76. The galaxy model
with the Hernquist halo clearly produces too many spiral arms, with median arm num-
ber 5.46+23.05

−1.55 for the S4G sample, 8.71+7.57
−3.37 for the SDSS sample and 5.65+1.89

−1.27 for the
SDSS+HI sample. The reasons for these differences between the samples were dis-
cussed in section 6.3.1.2. We can quantify how closely related these distributions are
using the KS D-statistic.2 The D-statistic is very large for the Hernquist halo model,
with value ∼ 0.8 − 0.9 for each of the samples in Fig. 6.5. If one instead models
the distributions with cored Burkert dark matter halo (thinner blue lines), we see that
the distributions of spiral arm number match a realistic spiral arm number distribution
more closely, with median mavg-values of 3.02+2.32

−0.82 for the pure stellar sample and
2.51+0.89

−0.36 and much lower D-statistics of 0.22 and 0.18 respectively. The result for the

2Our simplified model is unlikely to recover the range of morphologies exactly, so the KS p-value is
likely to converge to close to 0 in all cases, making it unsuitable for distinguishing any differences.
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Figure 6.6: Distributions of predicted pitch angle for (a) S4G, (b) SDSS and (c) SDSS+HI galaxy
samples. The grey filled histograms show the measured spiral arm pitch angle distributions for each
sample from Herrera-Endoqui et al. (2015) for S4G and section 3.3 for the SDSS and SDSS+HI
samples. The orange dashed histograms show the expected distribution for swing amplified arms,
assuming the Hernquist halo model, and the blue line shows the same distribution for the Burkert
halo model. The median error in each measurement is shown by the error bar in each panel and the
black error bar shows the estimated observational error from section 5.3.2.

S4G sample in Fig. 6.5a is that we produce too many two-arm galaxies. I note, how-
ever, that the comparison is less certain, given the different sample selections for S4G
and SDSS, and the potential discrepancies discussed in section 6.2.4.

6.4.2 Spiral arm pitch angle distributions

The spiral arm pitch angle measures how tightly wound spiral arms are. The expected
pitch angle in spiral galaxies depends on the underlying mass distribution, with more
centrally concentrated masses leading to tighter spiral arms. This is usually predicted
to be the case, no matter which mechanism is responsible for producing the arms
(Fuchs, 2001; Seigar et al., 2008). However, other properties such as the age of the
spiral arm (Grand, Kawata & Cropper, 2012a) and the number of arms (chapter 5)
can affect pitch angles. From the simulations of Michikoshi & Kokubo (2014), we
can directly predict the pitch angle given the rate of shear in the disc of a galaxy (see
section 6.3). I plot the expected distributions of spiral arm pitch angle in Fig. 6.6.
The grey distributions show the observed spiral arm pitch angles measured for the S4G
sample and the SDSS samples from Herrera-Endoqui et al. (2015) and section 3.3 re-
spectively. If the model perfectly fit the spiral galaxy population as a whole, one would
expect a distribution of pitch angles centred on ∼ 19° and 16th–84th percentile range
of ∼ 12− 15° for each sample. Instead, for each dark matter halo profile, we observe
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a narrow range of pitch angles with looser spiral arms (larger pitch angles).
The Burkert profile leads to spiral arms which are tighter than those in the Hernquist
profile, and also leads to distributions which are peaked at ∼ 24°. Fig. 6.7 shows the
distributions of the shear, Γ. Both the Hernquist and the Burkert halo in our galaxy
model predict Γ ∼ 1. The Hernquist profile has distributions of lower Γ values, but
neither model gives distributions of Γ > 1 required to produce the distributions of
tighter spiral arms observed in real spiral galaxies.
One potential reason for the discrepancies in the pitch angles is measurement error.
In chapter 5, I derived two alternative pitch angle measurements, and saw a scatter
of ≈ 7°. Convolving the predicted pitch angle distributions with a random Gaussian
error of 7° leads to the widening of the distributions – the 16th–84th percentile range
is ≈ 12° for the S4G sample and ≈ 15° for the SDSS samples in this case. This can
account for the discrepancy between the measured and observed pitch angle distribu-
tion widths. However, the peaks of the predicted pitch angle distributions are still too
loose compared to those observed.
In Fig. 6.8, I show the cumulative distributions of spiral arm pitch angles for the model
compared with the observations, with the predictions convolved with 7° errors. The
picture which emerges is interesting – the maximum pitch angle seems to be the same
between the observations and predictions. The 99.7th percentile (≈ 3σ) is ψ = 44.3° in
the observations; the equivalent values are 43.3, 44.8, 45.0 and 43.0° for the SDSS with
the Hernquist halo, SDSS with the Burkert halo, SDSS+HI with the Hernquist halo and
the SDSS+HI with the Burkert halo respectively. However, the model deviates from
the observed distributions for tighter spiral arms. Swing amplified arms are, however,
kinematic in nature, and do wind up over time. Grand, Kawata & Cropper (2013)
demonstrated that spiral arms exist for ≈ 100 Myr, and wind up by approximately 10°
over the course of their lifetime. The dotted lines in Fig. 6.8 show the same galaxies,
with a random winding of 0 − 10° applied to each galaxy (each galaxy is randomly
0 − 10° tighter than the model prediction). In this case, we see the model is much
more consistent with the observations. This is particularly the case for the Burkert
dark matter profile, where the KS D-statistic has been reduced to ≤ 0.1 in both the
SDSS and SDSS+HI cases. In order to match the distributions correctly, the winding
up of spiral arms must also be taken into account.
These results show that spiral arm number is the better diagnostic tool for finding swing
amplified spiral modes. The model inputs that I employ cannot reproduce the subtle
differences in Γ that are required to produce the variety of pitch angles in galaxies.
The errors on the measured pitch angles are also relatively large, of order 7°. This
makes any model difficult to constrain due to a large scatter introduced by the errors
in the measurements. Additionally, the age of the spiral arms appears to have an effect
– if spiral arms do wind up over time, as the evidence here suggests, then this will
introduce an unwanted and difficult to quantify scatter in the true pitch angles of spiral
galaxies.

6.4.3 The disc fraction-arm number relation

From the formalism described in section 6.3, the predicted spiral arm number is ex-
pected to have a strong dependence on the relative sizes and masses of haloes, bulges
and discs. Of particular note is the relation with the disc fraction: many simulations
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Figure 6.7: Distributions of predicted values for shear, Γ, for (a) S4G, (b) SDSS and (c) SDSS+HI
galaxy samples. The filled blue histograms show the values with a Burkert halo, and the dashed
orange histograms show the histograms with a Hernquist halo. The median error in each measure-
ment is shown by the error bar in each panel.
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Figure 6.8: Cumulative fractions of observed (grey filled histograms) and predicted spiral arm
pitch angles (stepped histograms) for (a) the SDSS sample and (b) the SDSS+HI sample. The
dashed orange line and the solid blue line show the distributions of pitch angles from the model
using Hernquist and Burkert dark matter profiles respectively, convolved with a Gaussian error
of 7°. The dotted orange and blue lines indicate the same distributions, with a random scatter
downwards of 0-10°. This scatter makes the predicted pitch angles match the real distribution
more closely.
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Figure 6.9: Disc fraction, fd vs. predicted spiral arm number, mpredicted for (a) the S4G sample, (b) the SDSS sample and (c) the SDSS+HI sample. The orange filled
contours show the predictions for the Hernquist halo and the blue lined contours show the predictions for the Burkert halo. The contour lines show where 20, 40, 60 and
80 per cent of the data lie for each sample. The flatter inner profile leads to fewer predicted arms for a given disc fraction.
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Figure 6.10: Predicted spiral arm numbers for S4G grand design (G), many-arm (M) and flocculent
(F) spirals. The orange dashed line shows the median spiral arm number for the Hernquist dark
matter halo, and the solid blue line shows the same value for the Burkert dark matter halo. The
error bars indicate one standard error on the median for each sub sample.

predict a strong correlation of m ∝ f−1
d , where fd is the disc fraction within 2.2 times

the disc scale length (Carlberg & Freedman, 1985; Bottema, 2003; Fujii et al., 2011;
D’Onghia, Vogelsberger & Hernquist, 2013). Such a relation is unsurprising, given
the functional form of Eq. 6.9. The equation has terms predicting m ∝ Mb/Md and
m ∝ Mh/Md; the only complications are the other dependencies on the relative sizes
of the components. In Fig. 6.9, the relations for each of the subsamples are shown.
Here we see the expected relationship of mpredicted ∝ f−1

d . The scatter is very small,
meaning the relationship is dominated by the mass fractions, rather than the relative
sizes of the components. We also see another trend that the relationship depends not
only on fd, but the shape of the dark matter profile also plays a role: the Burkert pro-
file, which has a flat inner profile, leads to a lower predicted spiral arm number for a
given disc fraction as well as larger disc fractions.

6.4.4 Predicting spiral arm numbers in galaxies

Given that the modal spiral arm theory does seem able to predict reasonable spiral arm
number distributions, given a cored dark matter profile, we will now investigate how
well the theory predicts spiral arm numbers in individual galaxies. If the modal theory
is indeed accurate, we expect to see a strong correlation between the observed spiral
arm numbers and those predicted by Eq. 6.9.
As a first test, I check the predicted spiral arm numbers for the S4G sample. This
sample is observed in the NIR, so the spiral arms we see here should correspond to
the underlying mass distributions of the galaxies. In the S4G sample, we do not have
a direct measurement of spiral arm number in the way we have for SDSS. Instead,
galaxies are classified by their Elmegreen arm-type, as either grand design, many-arm
or flocculent. Grand design spiral galaxies are characterised by their strong two-arm
structure, whereas many-arm spirals instead have more than two spiral arms, and floc-
culent spiral galaxies have more, broken, patchy spiral arms than many-arm galaxies
(see section 1.2.2). From these arguments, we expect the grand design spiral galax-
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Figure 6.11: Spiral arm number measured from GZ2, mavg, vs. spiral arm number predicted from
the galaxy model. The orange lines show the model with a Hernquist dark matter halo, and the
blue lines show the models with a Burkert dark matter halo profile. The solid lines show the SDSS
samples, and the dashed lines show the SDSS+HI samples. The points show the median and the
error bars indicate one standard error on the median. There is no clear correlation to confirm that
the model can predict spiral arm numbers accurately with either a universally cusped or cored halo.

ies to have the fewest predicted spiral arms, and the flocculent galaxies to have the
most predicted spiral arms. In Fig. 6.10, the median predicted spiral arm number is
shown for each of the spiral arm subcategories. There is a weak trend for exactly
what we expect: the flocculent spirals do have the most predicted spiral arms, with
mpredicted = 9.1 ± 1.2. There is, however, little difference between the grand design
and many-arm spiral categories withmpredicted = 4.6±0.5 and 5.3±0.3. The± values
here denote one standard error on the median. We also see evidence that a cored Burk-
ert dark matter halo profile cannot reproduce the variability in spiral structure between
spiral galaxies – in all cases, the predicted spiral arm number is ≈ 2.
For the SDSS sample, we have direct measurements of spiral arm numbers from the
GZ2 classifications of spiral galaxies. Rather than asking questions to describe the
spiral arm type, Galaxy Zoo volunteers instead classified the number of spiral arms
they could observe in the optical image. I use the average arm numbermavg, to describe
the spiral arm number for each galaxy. The number of spiral arms observed for the
SDSS and SDSS+HI vs. the number of spiral arms predicted for those same galaxies
are shown in Fig. 6.11. Here, there is no evidence that the optically classified spiral
arm number has any relation to the number of spiral arms predicted. This is the case
for the cusped Hernquist and cored Burkert profiles, with and without the disc gas
mass being included in the prediction. We observe no strong correlation between the
predicted and observed spiral arm numbers, with |rs| ≤ 0.1 in each case.

6.4.5 Varying the dark matter halo

In the above sections, it was discovered that the dark matter halo shape has a profound
influence on the number of spiral arms one would expect a galaxy to have if swing
amplification was at play. However, neither a cored or cusped halo could produce the
variety of spiral arm morphologies in local galaxies from grand design to many-arm
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structures. This does not necessarily mean spiral arms are not swing amplified modes;
instead, the dark matter halo may exhibit strong differences from galaxy to galaxy. In
fact, the radial profiles of dark matter haloes have been shown to vary greatly from
galaxy to galaxy, with earlier type massive ellipticals having cuspier profiles (Dutton
et al., 2013; Dutton & Macciò, 2014; Sonnenfeld et al., 2015), and later type, low
surface brightness systems having flatter inner profiles (de Blok et al., 2001; Swaters
et al., 2003; Goerdt et al., 2006), with some level of interpolation in between (Dutton
et al., 2016).
With the mathematics formulated in sections 6.2.3 and 6.3.1, we can interpolate be-
tween the Burkert (cored) and Hernquist (cusped) dark matter profiles. Models of dark
matter haloes usually describe the profile shape in terms of halo contraction. Con-
tracted haloes have less mass in their inner regions, and more in their outer regions,
with star formation feedback often cited as the cause of such a change (Navarro, Frenk
& White, 1996; Oh et al., 2011; Katz et al., 2017). In our model, we are principally
concerned with the inner region of the halo. We can mimic the halo contraction in the
inner region by varying the shape of the halo as described in section 6.2.3.1.
In order to address the issue of whether an interpolated halo can reproduce the pre-
dictions of swing amplified spiral arms, we can ask the question of what value of α
(a proxy for the contraction in the inner regions) our haloes need to be in order for a
model to match perfectly. That Eq. 6.9 can be split into multiple parts allows for easy
manipulation when we consider our superimposed hybrid dark matter haloes described
in section 6.2.3.1. The equations become:

m(r) = mb(r) +md(r) + (1 + α)mh,B(r) (α < 0)

m(r) = mb(r) +md(r) + (1− α)mh,B(r) + αmh,H(r) (0 ≤ α ≤ 1)

m(r) = mb(r) +md(r) + αmh,H(r) (α < 0),

(6.21)

where mh,H and mh,B are the Hernquist and Burkert halo arm numbers. We now have
a set of inferred dark matter halo profile shapes, α, based on each galaxy’s measured
bulge and disc properties, observed spiral arm number, and the assumption of the swing
amplification model. Dark matter halo expansion is often quantified as the mass of
the halo inside a given radius when baryonic processes have been taken into account
divided by the mass the halo would have if only dark matter were present (e.g. Dutton
et al. 2016). To this end, we define the following to estimate the same quantity:

εhalo = log(Mhalo[0.01R200]/Mhernquist[0.01R200]), (6.22)

where Mhalo is the mass of a given halo constructed from the superposition of the Hern-
quist and Burkert profile as described in section 6.2.3.1, and Mhernquist is the mass of
the Hernquist halo of the same mass and size. The Hernquist halo should approximate
a dark matter only halo, given that dark matter simulations predict cuspy NFW-like
haloes (Navarro, Frenk & White, 1996, 1997).
For each galaxy, I calculate the mass of the modified halo that gives the correct arm
number vs. the mass of the halo one would expect if there were no baryonic processes
affecting the halo. The distributions of the required εhalo values are shown in Fig. 6.12.
Only galaxies with physical dark matter haloes are included in this distribution – these
are galaxies with α > −1, and make up 3157/7611 of the SDSS galaxies (41.5 per
cent) and 2489/5696 of the SDSS+HI galaxies (43.7 per cent). For the remaining∼ 60
per cent of the galaxies, the spiral arm number from the disc and bulge is greater
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Figure 6.12: Values of halo expansion parameter required to reproduce the spiral arm numbers
from GZ2. The green filled histogram shows the SDSS+HI sample and the purple stepped his-
togram shows the SDSS sample. A significant fraction of both populations cannot be explained by
swing amplification, even with a dark matter halo set to Mh=0.

then the observed spiral arm number; even in the extreme case where there is no dark
matter halo contribution, the predictions cannot match the observations. Their origin
is therefore unlikely to be swing amplification. These are usually galaxies with low
spiral arm numbers: 71.3 per cent of these galaxies have spiral arm numbers of m = 1
or m = 2 according to GZ2. For the galaxies that may have swing amplified arms
(α > −1), this value is just 25.2 per cent.
To test whether these α parameters derived directly from observed quantities are rea-
sonable, I compare them to results from simulations. The dark matter only halo mass,
MDMO, is taken as simply the mass of the Hernquist halo. The mass of the halo re-
quired, Mh,req, is the mass of the interpolated halo. Recent simulations have predicted
that the size of the dark matter halo depends on a number of parameters related to
the host galaxy (Di Cintio et al., 2014b,a). Notably, Dutton et al. (2016) simulated a
range of galaxies with the NIHAO simulation suite, finding clear correlations between
galaxy star formation efficiency, stellar mass and halo mass and the dark matter halo
contraction. They also published a relationship between galaxy size, halo size and the
halo contraction of the following form:

log(M0.01
hydro/M

0.01
DMO) = −0.28(±0.11)

− 1.52(±0.42)(log(R1/2/R200) + 1.68),
(6.23)

where Mhydro is the mass of the dark matter halo simulated with baryonic processes
and R1/2 is the galaxy half mass radius. The superscripts 0.01 denote the mass within
0.01R200, the central part of the halo where there is significant baryonic mass con-
tent: the term log(M0.01

hydro/M
0.01
DMO) is therefore directly replaceable with our εhalo term.

This correlation is used as a direct comparison for the data in this chapter. The calcu-
lated dark matter halo contraction parameters vs. galaxy half light radius for both the
SDSS and the SDSS+HI samples are shown in Fig. 6.13. The dashed line defined by
Eq. 6.23 is also shown for reference. The majority of the galaxies lie to the right of
R1/2/R200 = 2, which is where the efficiently star-forming NIHAO disc galaxies lie,
which is expected given that we consider star-forming spiral galaxies in this thesis (this
was shown in section 4.2.4). Here, an interesting result emerges – galaxies which have
physical α values (α > −1) require dark matter haloes very similar to the ones which
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Figure 6.13: Mass of the halo calculated from the swing amplification model divided by the mass of a cuspy Hernquist dark matter halo inside 0.01R200. (a) shows the
SDSS sample and (b) shows the SDSS+HI samples. The contours enclose 20, 40, 60 and 80 per cent of the data points in each panel. Galaxies with physical (α > −1)
haloes lie in the region where one would expect to observe them if their spiral arms are swing amplified modes. The dashed lines show the prediction for the halo
expansion/contraction from NIHAO (Dutton et al., 2016). The solid black lines show the median line and the error bars indicate one standard error on the median.
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Figure 6.14: Observed spiral arm number from GZ2 (mavg) vs. predicted spiral arm number for
the SDSS and SDSS+HI samples with haloes contracted or extended according to Eq. 6.23. The
thick black line indicates the expected one-to-one correlation, and the dashed black lines show
the same correlation offset by two spiral arms. Using this prescription for the dark matter halo, a
key prediction from swing amplification emerges, suggesting that a fraction of the galaxies with
realistic α values are swing amplified.

the Dutton et al. (2016) simulations predict. The inclusion of a gas component also
appears to bring the overall distributions closer to where one would expect the spiral
galaxy sample in this chapter to lie. There also appears to be a negative correlation
between halo expansion and baryonic-to-halo size in both cases, as indicated by the
solid black line in each panel, in agreement with the NIHAO simulation.
Given that these galaxies lie so close to the line defined by the NIHAO simulation, I
test whether this relationship between galaxy size and flattened profile can produce arm
numbers that one would expect if swing amplification was responsible for spiral arms.
For all of the galaxies with physical α values, I contract or expand the haloes to match
the prescription of Eq. 6.23. From these haloes, I again calculate the expected spiral
arm number for the SDSS and the SDSS+HI samples. The plot comparing predicted
vs. observed spiral arm number is shown in Fig. 6.14. From the resulting plot, we see
a remarkable correlation: galaxies where one would expect to see more spiral arms
do indeed have more arms. If the model were to work perfectly, then these galaxies
would lie on the one-to-one line shown by the solid black line of Fig. 6.14. Instead,
the SDSS sample lies ≈ 3 spiral arm numbers too high, but with a strong correlation
of rs = 0.21. If we include the HI component in the disc, the model predicts spiral
arm numbers more accurately, with the systematic offset reduced to ≈ 2 spiral arms,
with a similar strength of correlation with rs = 0.23. The swing amplified model can
predict a key observable, albeit with a systematic offset. The source or sources of this
offset are discussed in more detail in section 6.5.
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6.5 Discussion
By drawing on a number of observational measurements and models for dark matter
halo, I have investigated whether predictions of swing amplification theory can predict
morphological characteristics of spiral arms in galaxies. Neither universal cusped or
cored haloes can predict the spiral arm numbers or pitch angles in galaxies accurately.
However, by invoking a halo which is contracted or expanded by an amount dependent
on the relative size of its baryonic content, there is a population of galaxies for which
the predicted spiral arm numbers correlate strongly with those observed.

6.5.1 Can the model produce realistic spiral arms?

In the local Universe, the varieties of spiral structure and their relative fractions are
well constrained. The majority of spirals tend to have grand design arms – both IR and
optical studies show that ∼ 60 per cent of unbarred, low-redshift spirals with stellar
mass log(M∗) & 10 log(M�) have two-arm or grand design spiral structure (Elmegreen
& Elmegreen, 1982; Grosbøl, Patsis & Pompei, 2004). In section 6.4.1, I demonstrated
a familiar problem with the simulations of swing amplified spiral galaxies. These
models produced galaxies with too many spiral arms, with median arm number of
∼ 10 spiral arms for the SDSS sample. The inclusion of the HI component to add
to the galaxy disc mass does improve the situation somewhat, reducing the median
spiral arm number to ∼ 6. This picture is still unsatisfactory in terms of describing
the spiral arms in our galaxy sample. Although an extra gas component can reduce the
spiral arm number, it still cannot reproduce the dominant two-arm spiral population we
expect to see. The other complicating factor is the role that gas plays in the disc. The
swing amplified quantities described in this chapter are based on N-body simulations
– the discs consist of many stellar particles, and their self-gravity form spiral arms
in galaxies. The role that a gas component will play is not fully understood. The
inclusion of a gas component can help to stabilise the two-arm mode (Bournaud &
Combes, 2002) and make swing amplification more efficient (Jog, 1992, 1993). Gas
has also been suggested as a requirement to cool the stellar system in order for it to be
unstable to arm formation (Sellwood, 1985).
In order to produce a modal galaxy population which produces a reasonable number
of unbarred two-arm modes, we require that the dark matter halo potential in the inner
regions is significantly reduced. In section 6.4.1 I showed that the swing amplification
mechanism can produce a spiral population with more prominent lower order modes
if the dark matter halo is cored to the extent that it is flat within ah. Both the SDSS
and SDSS+HI models produce spiral arms representative of those at low-redshift. This
does, however, produce its own complications. Of greatest concern is how stable such
low-order modes are. Currently, N-body simulations cannot produce long-livedm = 2
spirals without quickly forming a central bar (Sellwood, 2011). Additionally, these
modes do not predict a correlation between predicted and observed spiral arm numbers.
Rather, the dominant mode is usually driven down to ∼ 2 in almost all spiral galaxies:
a cored dark matter halo cannot predict the range of spiral arm numbers observed in
low-redshift galaxies.
In order to reproduce realistic spiral arms, I have found that a halo with some level
of interpolation between a cored and cusped dark matter halo is required. In order
for the model to match the observations, most galaxies need some level of halo ex-
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pansion. Such a result should not be surprising, however – recent work suggests that
low-redshift disc galaxies require strongly cored inner profiles in order to fit rotation
curves (Cole & Binney, 2017; Katz et al., 2017).
Examining these required halo masses leads one to the conclusion that there are two
distinct populations of galaxies. Of all of the galaxies, only ∼ 40 per cent of galaxies
can be modelled by swing amplification with any kind of dark matter halo. Remark-
ably, these galaxies show a strong correlation between the spiral arm numbers expected
and those observed. This leads us to conclude that swing amplification does play a
dominant role in generating spiral structure in around half of unbarred disc galaxies.
The secondary population is discussed in more detail in section 6.5.1.3.
Although a correlation does exist, it is offset from the one-to-one line that one would
expect, overestimating the number of spiral arms by approximately three. This may be
due to how mass is assigned to the bulge and disc. I used photometric decompositions
of Simard et al. (2011) and Mendel et al. (2014) to assign mass to the bulge and the
disc. Such a model fits a classical bulge with n = 4 and an exponential disc. This may
cause a systematic for two reasons. Firstly, the photometric decomposition of galax-
ies may introduce a bias due to image resolution effects. The second issue is pseudo
vs. classical bulge argument – the model we use assumes an inner classical spherical
bulge; bulges instead may be pseudo bulges, which may not have a spherical shape,
and profile well-described by a spherical Hernquist profile. Studying bulges and discs
in detail is beyond the scope of this thesis. Another possibility is that the assumption
that spiral arms are measured at 2Rd may not be valid – if spiral arms were instead
measured closer to the inner regions of galaxies, then this offset is negated. Unfortu-
nately, the binary nature of visual morphological classifications, where arms either are
or are not recorded, prevents further investigation of this point. Finally, there may be
some spiral arms which are impossible to observe with visual morphology in the way
presented in this chapter. Of particular note is the case where the model predicts very
high spiral arm numbers. In this case, the spiral arms may instead be wakelets which
are difficult to observe visually; our observed arm number measurements may there-
fore be systematically low for these galaxies. Investigating which caveat, or which
combination of caveats is responsible requires higher resolution imaging of galaxies
than those used in this chapter. Any study of this nature would be severely restricted
in terms of sample size and completeness compared to the results I present here.
Another potential source of systematic uncertainty is the model we use to contract
or expand the dark matter halo. I used a recently-published prediction from a full-
hydrodynamical code in NIHAO (Wang et al., 2015) to compare our model to pre-
dictions. However, there are a number of parameters that go into such a model – the
expansion of dark matter cores is usually driven by gas outflows caused by feedback
from stars and supernovae (Read & Gilmore, 2005; Governato et al., 2010; Pontzen &
Governato, 2012; Chan et al., 2015). Small adjustments to the strength of this feed-
back would theoretically cause haloes to expand more if the other properties of galaxies
were kept the same. However, testing these effects is not the purpose of this chapter,
or this thesis.

6.5.1.1 A note on disc maximality

In a number of simulations, it has been shown that the spiral arm number has a de-
pendence on the disc fraction within 2.2 disc scale radii, 2.2Rd, which takes the
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functional form m ∝ f−1
d (Carlberg & Freedman, 1985; Bottema, 2003; Fujii et al.,

2011; D’Onghia, Vogelsberger & Hernquist, 2013). We therefore expect galaxies with
greater disc fractions to have fewer spiral arms.
Maximal discs are usually defined as discs with fd(2.2Rd) > 0.7. Disc maximality
has been a subject of much debate, and often depends on the technique one uses to
measure it (Bosma, 2017). Recent work based on velocity dispersion measurements of
disc galaxies suggests that discs may be sub-maximal (Bottema, 1993; Kregel, van der
Kruit & Freeman, 2005; Bershady et al., 2011). A recent study that should be directly
comparable to our work is that of Martinsson et al. (2013), where a set of low-redshift
spiral galaxies were decomposed into bulge and disc components, meaning the disc
contribution was directly measured with little or no bulge contamination. This study
also found discs to be sub-maximal, with fd(2.2Rd) = 0.31 ± 0.07. However, other
recent studies instead suggest that discs may indeed be more maximal than these kine-
matic studies would suggest. Velocity dispersion-based techniques rely on estimates
of both the velocity dispersion and the disc scale height, which are often probed by
different stellar populations (Bosma, 1999; Aniyan et al., 2016; Bosma, 2017; Aniyan
et al., 2018). Aniyan et al. (2016) demonstrated that accounting for these systematic
differences leads one to conclude that the Milky Way’s disc is maximal, in agreement
with measurements of the Milky Way’s rotation curve from Bovy & Rix (2013).
Athanassoula, Bosma & Papaioannou (1987) showed that for swing amplified spiral
arms to exist in a sample of nearby spirals, maximal discs are required to match the
observed spiral arm numbers. We can see from Fig. 6.3 that cored inner profiles mean
that discs are close to maximal in nature, particularly if one considers the HI com-
ponent in the SDSS galaxies. The work presented in this chapter supports this idea
that spiral arms can be maintained via a swing amplified mechanism, if the inner pro-
files of galaxies are cored to the extent of, or perhaps even more so than, the relation
given by the NIHAO prediction of Dutton et al. (2016). If we assume that all of the
galaxies which have realistic dark matter haloes described in section 6.4.5 exist via
the swing amplified mechanism, then we obtain fd = 0.48+0.11

−0.17 (0.54+0.11
−0.15 with the in-

clusion of HI; the value quoted is the median, and the bounds indicate the 16th and
84th percentiles). The predictions using the NIHAO simulations, which generally give
too many spiral arms, give fd = 0.21+0.11

−0.19 (0.25+0.19
−0.08). In order for our spirals to be

swing amplified modes, our discs must be more maximal than the sub-maximal values
measured in Martinsson et al. (2013).

6.5.1.2 A note on halo scaling relations

In this chapter, the dark matter component in galaxies cannot be directly measured.
Instead, we relied on halo scaling relations published in Dutton et al. (2010) and Dutton
& Macciò (2014). Dark matter halo scaling relations generally have large scatter,
generally up to half an order of magnitude (e.g. Macciò et al. 2007; Dutton et al.
2010; Somerville et al. 2018). One may therefore find it surprising that we find any
correlation between the expected and observed spiral numbers – such a large scatter
may blur out any relationship. A clue to why this is the case can be found in Fig. 6.4.
Here we see that the introduction of the cored Burkert profile has two significant effects
on the expected spiral arm number. Firstly, it reduces the number of arms we expect.
The other effect is observed in the relative errors – the sizes of the relative errors are
significantly reduced for the cored profile. The reason for this is due to the relative
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contributions of the disc, bulge and dark matter halo to the spiral arm number. The
halo term in Eq. 6.9 is the term which has the greatest uncertainty, due to the fact that
it is not a function of observable quantities. The halo term makes a smaller contribution
to mpredicted when we invoke a cusped profile; it therefore adds less uncertainty to the
total mpredicted value. In order to match the spiral arm numbers, we require a close
to cored profile, meaning we have a relatively low uncertainty in mpredicted. Thus the
correlation in Fig. 6.14 still emerges.

6.5.1.3 A bimodality in the galaxy population

Given the evidence listed above, most spiral galaxies may not exist as swing ampli-
fied modes. Approximately 60 per cent of the galaxies in the sample do not fit the
expected characteristics from swing amplification theory. I demonstrated that this sub-
population cannot exist with the model we use in this chapter – even if there is no
massive dark matter component, the spiral arm numbers predicted are still greater than
those observed. A likely scenario is that spiral arms can be triggered and exist via a
multitude of mechanisms, and that the model presented in this chapter is only applica-
ble to a select sample of galaxies.
One mechanism that can generate spiral structure is the presence of bars. However, in
this chapter, I explicitly control for this by removing any galaxies with even weak bars
in the various samples using visual galaxy classifications. However, I cannot rule out
the other often quoted mechanisms for driving spiral arms: density wave theory and
tidal interactions. Quasi-stationary density wave theory (Lin & Shu, 1964) is a mecha-
nism via which two-arm spiral patterns can emerge, while simulations also predict that
galaxy-galaxy interactions can effectively trigger the formation of two-arm patterns.
A second population of spiral galaxies completely separate from the swing amplified
spirals also goes a long way to explain the results of many of the simulations to date.
As yet, simulations which predict long-lived, stable two-arm patterns are rare (Dobbs
& Baba, 2014). As discussed in section 1.3.6, Roškar et al. (2012) demonstrated that
discs can exist with long-lived m = 2 modes. However, an efficient cooling mech-
anism is required to sustain such a structure. That two-arm spirals form a secondary
population triggered in another way would suggest that the models are correct in that
they do not predict two-arm patterns, and that inclusion of other physical parameters
will not affect this result in future simulations.

6.5.2 Arm number and pitch angle as tracers of swing amplifica-
tion

We have the option to test the modal mechanisms of spiral structure using either pitch
angle, arm number or a combination of both. I note that I expect our measured spiral
arm numbers to be more certain than the measures of spiral arm pitch angle, given that
they require an accurate measurement on each individual galaxy compared to simply
counting arms. I therefore suggest that the spiral arm number is the best technique for
testing and calibrating any models of spiral galaxies. The different effectivenesses of
pitch angle and arm number as tracers of swing amplification appears to be due to what
they probe in the model. From Eq. 6.9, we see that spiral arm number is a result of
the relative sizes and masses of the components that make up galaxies. However, pitch
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angle probes something altogether more subtle. The shear in galaxy discs probes the
gradients of the mass distribution inside galaxies. With the models employed in this
chapter, all galaxies tend to have flat rotation curves, consistent with observations of
the overall galaxy population. Without direct measurements of the galaxy dynamics
from accurate galaxy rotation curve data, one cannot model the subtle differences that
lead to large variations in pitch angles.
The spiral arm pitch angle distributions of our spiral galaxy populations were com-
pared in section 6.4.2. The galaxy model I use leads to the majority of spirals having
arms centred around ψ = 24°. As was the case for the spiral arm number, the pitch an-
gle is a quantity that we can constrain from observations of local galaxies. I used two
complementary datasets to test how well the swing amplified predictions match the ob-
servations of local spirals. The S4G sample was measured directly from NIR imaging
by hand by professional astronomers; the SDSS pitch angles were instead measured
automatically, a method I tested the reliability of in chapter 5. We see that both samples
give distributions centred on ∼ 19° with spiral arms ranging from 5 − 40°. These are
both similar to the pitch angle distributions measured in other samples, indicating that
these pitch angle distributions seem to be characteristic of the total galaxy population
(Seigar & James, 1998b; Block & Puerari, 1999; Seigar, 2005; Seigar et al., 2008).
We see that neither dark matter halo can produce the correct distribution of spiral arm
pitch angles: the distributions are too loose. I interpret this as evidence that spiral arm
pitch angle depends on a number of different properties, rather than simply the under-
lying mass distribution in a swing amplification regime. The fact that the spiral arms
are tighter than those predicted is also of interest, given the predictions for how spiral
arms should evolve over time. Generally, spiral arms produced in a swing amplified
N-body regime will tighten as the galaxy rotates (Pérez-Villegas et al., 2012; Grand,
Kawata & Cropper, 2013). It could potentially be the case that new spiral arms will
form at ψ = 24°, and age to produce the tighter distribution we observe in our galax-
ies. For our sample, a scatter introduced by this effect resolves the differences between
the distributions of observed and predicted spiral arm numbers. Accurately estimating
the age of a spiral arm would, however, be very challenging. Given the above caveats,
spiral arm number was a much better method for testing the predictions of swing am-
plification, and was thus employed for the rest of this chapter; I advise that it is the
better tool for any further studies of this kind.



Chapter 7

Conclusions and future work

7.1 Conclusions

7.1.1 Measuring morphology

In this thesis, I have presented the results of a comprehensive study of spiral galaxies
in the local Universe, with samples obtained from the SDSS survey. Galaxy surveys
provide a challenge if we wish to study how various properties of galaxies vary with
respect to their visual morphology. To this end, we developed new techniques to mea-
sure the visual morphologies in galaxies that could be applied to the large samples
from SDSS, and potentially to future upcoming surveys.
To measure the first fundamental property to describe spiral galaxies, the spiral arm
number, we relied upon the citizen science classifications of Galaxy Zoo 2 (GZ2).
Members of the public were asked a series of simple questions to determine whether
particular morphological features are present in galaxies. The work done to collect and
reduce the GZ2 data was completed prior to the work in this thesis. This was described
in W13, and also included an attempt to remove the redshift-dependent classification
bias in galaxies. The redshift-dependent bias described in this thesis is not caused by
any evolution in the galaxy population – we only focus on low-redshift galaxies, where
evolution is expected to be minimal. It is instead an inherent property that affects any
measurement of visual morphology. Simply, galaxies viewed from further away are
more poorly resolved, meaning that their more detailed features are harder to discern.
The previous method to adjust the morphological vote fractions described in W13 does
an adequate job at first inspection, with the fractions of galaxies classified as spiral or
elliptical being constant between z = 0 and z = 0.25. However, the vote fractions were
not consistent for the questions further down the GZ2 question tree. The questions of
most concern to us were the spiral arm number and the spiral arm tightness, examples
of questions where the old debiasing method was not working. We therefore developed
a completely new technique that ensured that the vote fraction distributions matched as
closely as possible at all redshifts, meaning that the many-arm subsamples were more
complete, and the two-arm sample was uncontaminated. The removal of these two
issues was imperative to the science described in the later chapters.
We also developed a method to measure the spiral arm pitch angle in galaxies. We
again relied on a method already published, called SPARCFIRE. Again, SPARCFIRE

was developed prior to the work undertaken in this thesis – this was described in detail
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in Davis & Hayes (2014). The principal issue here was instead that SPARCFIRE de-
tects a number of objects in images: some are real spiral arm features, and others are
not. One must discern the real spiral arms from the false detections in order to measure
pitch angles accurately. In order to do this, we combined SPARCFIRE’s raw outputs
with human-verification and trained a support vector machine to identify the real spiral
arms. Using this technique, we achieve a completeness of 75 per cent of real arcs being
identified by SPARCFIRE. It also allowed for the independent measurement of pitch
angles using the GZ2 vote fractions via a simple calibration.

7.1.2 Demographics with respect to spiral arm number

The distributions of environment, stellar mass and colour were compared for spiral
galaxies with different numbers of arms. We found a very weak trend that the most
massive galaxies are slightly more likely to have more spiral arms. As discussed in
chapter 6, this is expected for swing amplified arms in the absence of bars or tidal
interactions. However, the trend is very weak, and may be easily explained as a size-
dependent bias in our classifications. An enhancement in the fraction of two-armed
spiral galaxies was observed in the highest density environments – approximately 60
per cent of spirals in low density environments have two spiral arms, and this fraction
increases to approximately 75 per cent in the highest density environments. This result
was interpreted as an indication that galaxy-galaxy interactions could play a role in
inducing two-armed spiral structure.
By comparing optical colours, we found that two-armed spirals are much redder in
colour than their many-arm counterparts. Although the u − r colour is broadly con-
sistent with respect to arm number, the r − z colours are distinctly redder in the two-
armed galaxy population. In principle this could be due to two reasons. Firstly, the
recent SFHs could be significantly different. Otherwise, the level of dust obscuration
must be significantly higher in two-arm spirals. However, the locations of the majority
of the many-arm sample in Fig. 4.7 show that a simple dust sheet model is insufficient
to explain the differences. If the first reason is the cause of the significant colour dis-
tinction with respect to spiral arm number, then a recent, rapidly quenched burst of star
formation (τ . 0.1 Gyr) is implied in many-arm galaxies, whereas star formation must
persist over much longer timescales in two-arm galaxies. To further investigate which
of the above is responsible for the observed differences total SFRs were compared by
combining measures of unobscured star formation from UV emission and obscured
star formation from the MIR from GALEX and WISE. Many-armed spiral galaxies
are less likely to have very low sSFRs and thus be undetected in the UV or MIR.
However, for galaxies with reliable UV and MIR detections, sSFR has no significant
dependence on spiral arm number. Despite this, we found that spirals with different
numbers of arms do have different levels of dust obscuration, with many-armed spirals
having more UV emission from young stars unobscured by dust. This was most evi-
dent when comparing the IRX-β relation, where IRX measures the relative fraction of
MIR to UV emission, and β is the UV slope. Many-armed spirals have significantly
lower IRX for a given β.
There are three possible scenarios for the variation in the IRX-β relation. Firstly, the
differences could be due to the relative distribution of star-forming regions in galaxies
with different spiral structure. In grand design spirals, the molecular clouds may be
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more concentrated in the dense arm regions. The consequent increase in dust obscura-
tion may lead to a reduction in UV emission compared to that in the MIR. Secondly,
molecular cloud properties, e.g. mass and size distributions, may differ in discs host-
ing two or more spiral arms. In this case, in addition to geometrical effects, molecular
clouds may take longer to disperse in two-armed galaxies. The UV emitting population
would thus emerge over a longer timescale, leading to an enhanced IRX. Interestingly,
simulations predict that the presence of strong density waves should lead to both two-
arm structures and larger molecular clouds within the spiral arms (Dobbs, Burkert &
Pringle, 2011; Dobbs, Pringle & Burkert, 2012). Thirdly, our results also appear con-
sistent with many-armed spirals having recently experienced a rapid decline in star
formation rate, with little influence from the molecular cloud properties. This would
mean that very little of the star formation in many-arm galaxies is associated with the
dusty birth clouds, and that all of the star formation is instead detected in the UV.
Two-armed spirals are more gas deficient than many-armed spirals which, given their
similar SFRs, means that two-arm spirals are more efficient at converting gas to stars.
Two-armed spirals are also more likely to host bars, with ∼ 50 per cent having strong
bars compared to only ∼ 20 per cent of many-armed galaxies. However, we showed
that bars only serve to move galaxies along the normal IRX-β relation: strongly barred
galaxies have higher levels of MIR emission as well as steeper UV slopes. Spiral
arm number, on the other hand, has a significant effect on how far spirals are offset
perpendicular to the normal IRX-β relation.

7.1.3 Demographics with respect to spiral arm pitch angle

In the absence of bars, the arm pitch angles in many-arm spiral galaxies are on average
larger than those in grand design, two-arm spirals by ∼ 2°. We suggested a number of
possible reasons for these results, including the ideas that multi-arm patterns may be
short-lived or that the mechanisms that cause galaxies to have different arm numbers
also influence the spiral arm pitch angles. We also found evidence that spiral arms
are looser when strong bars are present in galaxies, this time by up to ∼ 6°. This can
be interpreted as evidence for bars influencing the dynamics of galaxies, such as in
invariant manifold theory, or as evidence that barred galaxies are potentially triggered
by interactions. We showed that many-arm structures are more prevalent in galaxies
with less dominant bulges and that pitch angles are looser when the bulge is more
dominant. These results imply that the shear rates in discs are not the dominant reason
for variations in spiral arm pitch angle. We do, however, note that the dark matter halo
also plays a significant role in shear, which was not accounted for in chapter 5; it could
be the case that differences in the dark matter haloes have the dominant effect on pitch
angle in galaxies.
Finally, we saw weak trends that galaxies with more MIR star formation have looser
spiral arms, an effect that could be related to shear or galaxy-galaxy interactions, given
that interactions can both trigger star formation with significant MIR emission, and
lead to loose tidal bridges and tails.
Given that spiral arms are fundamental features seen in significant numbers of low-
redshift galaxies, the results of the studies of pitch angle presented in this thesis show
that their origins are still not well-understood. Given that bar and disc properties seem
to be as important as central mass concentrations in influencing the pitch angles of
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spiral galaxies, there are a multitude of complex mechanisms at play in galaxies that
affect the pitch angles of spiral arms.

7.1.4 Testing swing amplification theory

The final, and perhaps most fundamental result presented in this thesis was the test of
the predictions of swing amplification theory. Both spiral arm number and pitch angle
are predicted by analytical theory of a three component system – a disc, a bulge, and a
dark matter halo. Measurements of galaxy bulge+disc sizes and masses were available
from two-component fits, and dark matter halo masses and sizes were obtainable from
literature-derived scaling relations. Using these three components, the spiral arm num-
bers and pitch angles in galaxies were predicted. Using a universally cored or cusped
dark matter halo does not reproduce the the observed spiral arm numbers in galaxies
– the cusped NFW-like profile produced galaxies with many spiral arms, and a cored
inner profile predicted that almost all galaxies should have ≈ 2 spiral arms, which are
often predicted to be unstable to bar formation unless cooling occurs via the process of
star-formation.
In order to make the model work, we considered the role of the dark matter halo in
more detail. By including a dark matter profile with some level of expansion, as pre-
dicted by simulations due to feedback from star formation, a significant agreement
emerges – approximately half of galaxies have spiral arms consistent with the model
we employed in chapter 6. These display a significant correlation between predicted
and observed spiral arm number. The rest of the unbarred spiral population is unlikely
to be dominated by swing amplified arms.

7.1.5 Towards a complete understanding of spiral galaxies

Studies of the galaxy stellar mass function (GSMF) show that galaxies can display
a multitude of morphologies. According to Kelvin et al. (2014a), the low mass end
(M∗ . 109.5M�) of the GSMF is dominated by discy, irregular objects with irregu-
lar, Sd/Irr Hubble types. The massive end of the GSMF (M∗ & 1011M�) is domi-
nated by early-type spheroid dominated morphologies. The majority of massive, lumi-
nous galaxies at low redshift exhibit disc like structure: ≈ 70 per cent of galaxies at
109.5M� . M∗ . 1011M� have discy Hubble morphologies between S0-Sc. Further,
Galaxy Zoo shows that the majority of discs have visible spiral arms when viewed
face-on (W13). These galaxies make up the majority of star-forming galaxies at low-
redshift, with star formation particularly associated with the spiral arms themselves
(Dobbs & Baba, 2014).
Since the work presented in Elmegreen & Elmegreen (1982), there has been a distinct
possibility that there may be a strong bimodality on the spiral galaxy population. Ap-
proximately 60 per cent of low-redshift spirals display two strong grand design spiral
arms (Elmegreen & Elmegreen, 1982; Grosbøl, Patsis & Pompei, 2004). They are of-
ten found in high density environments and accompanied by the presence of bars in
the centres of their discs. Given the work described in this thesis, a firm conclusion
on their origin is yet to be confirmed. However, that a significant fraction of the grand
design spiral population are caused by density waves is certainly possible given the re-
sults we showed in section 4.2. That density waves do not trigger star formation is one
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constraint that we show in accordance with previous theory that argues that arms can-
not convert diffuse gas into stars any more effectively than inter-arm regions. Rather,
the total SFR in grand design discs can be considered saturated (Vogel, Kulkarni &
Scoville, 1988; Elmegreen, 2002). However, we do find some strong hints that density
waves may indeed be present, the most notable of which being the significant enhance-
ment in the level of dust obscuration in grand design spirals. Spiral arms are regions of
enhanced gas density, and thus star formation density, but the efficiency in which gas
is converted to stars is no different in the arm vs. inter-arm regions. Although spiral
arms are generally regions of enhanced density, strong density waves are potentially
the only mechanism strong enough to cause a significant change in the total disc GMC
population. It is encouraging that the result we see is as expected from simulations,
that the UV-emitting population takes some time to leave the molecular clouds if strong
density waves are present. The concentration of material into arms appears to produce
more massive individual molecular clouds (Dobbs, Burkert & Pringle, 2011; Colombo
et al., 2014). These are, in turn, capable of forming massive stars in greater numbers
than would be possible for a given gas mass distributed in smaller clouds (Kroupa,
2001). These massive stars dominate local star formation feedback, both positive and
negative. Furthermore, the higher SFR in arms allows star formation outflows to more
effectively expel gas and result in feedback on a larger scale (Hopkins, Quataert &
Murray, 2011; Hopkins et al., 2014). This means that spiral arms have a significant
role in the regulation of star formation.
In chapter 4, we also demonstrated the classic result that grand design spirals are more
common in higher density environments. This suggests that a fraction of the grand de-
sign population form via tidal interactions. However, making a stronger statement than
this was not possible, given that we did not explore galaxy environment any further. In
section 7.2.2, I discuss possibilities for constraining whether grand design spirals form
via tidal interactions.
The remaining 40 per cent of the spiral population is composed of many-arm spirals.
Their origin has long been hinted at in simulations, where many-arm spirals form sim-
ply due to self-gravity processes in the disc (Sellwood & Carlberg, 1984; Sellwood,
1985). In chapter 6, we showed that the arm morphologies displayed by this pop-
ulation are consistent with the predictions of swing amplification theory. Given the
number of input parameters into the model we use in chapter 6, and the relative uncer-
tainties on all of the variables, we interpret such a strong correlation between predicted
and observed spiral arm number as primary evidence for spiral arms forming due to
the growth of swing amplified, locally unstable regions. We found that the number of
arms displayed by spiral galaxies is sensitive to the relative density of the disc, bulge
and dark matter halo. This is the first study of its kind to observationally confirm this
effect.
It has been fifty years since the density wave theory was proposed (Lindblad, 1963; Lin
& Shu, 1964) as the principal reason for the appearance of spiral arms in galaxies and
thirty years since spiral arms have been formed in simulations (Sellwood & Carlberg,
1984). In this thesis, we provide some strong constraints on the origin of the many-
arm population, and also some early evidence that the grand design population has
its origin in density waves or tidal interactions. With the work presented here, we
are a significant step closer to formulating the elusive complete picture of spiral arm
formation. Fully constraining the origin of the grand design spiral population will be
the next significant step in our goal towards a complete understanding of spiral arms
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across the galaxy population.

7.2 Future work

7.2.1 The future of galaxy morphology

The immediate future for galaxy morphology is to apply the techniques utilised in
chapter 3 to other datasets to be processed by Galaxy Zoo. An ongoing survey is
Galaxy Zoo-GAMA, which classifies galaxies using the same tree structure as in GZ2,
this time using galaxies taken from the GAMA survey (Driver et al., 2011), with optical
imaging provided by KiDS (de Jong et al., 2015; Kuijken et al., 2015). Although
GAMA does not have the sky coverage of SDSS, it has a fainter limiting magnitude
of mr < 19.8, of order 2–3 magnitudes deeper. The required classifications have
now been collected, and initial exploration of this dataset has now commenced. The
debiasing procedure we developed in section 3.2.4 will be used on these data, and the
code is now freely available for application by the Galaxy Zoo team. Galaxy Zoo will
continue to add new datasets for classification, which are usually deeper than the SDSS
imaging we used in GZ2. These include DECaLS, providing deeper images of the
Northern Sloan regions, and DES providing deep imaging of the Southern hemisphere.
Imaging depth could be critical to the next science results from Galaxy Zoo, as the
morphologies of the faintest galaxies will be quantified, and greater depth will allow
for investigation of the influence of galaxy interactions with faint companions. As is
the case with all visual morphologies, quantifying morphologies with Galaxy Zoo will
require some level of correction for redshift-dependent classification bias, which can
be provided for all future datasets by the methods described in this thesis.
Galaxy Zoo is not the only technique that can be used to measure visual morphology
in galaxy surveys. We are now entering a new era where machine-based morphology
estimates are starting to be honed. Classically, one would measure morphology by a
number of parameters measured directly on the input image of a galaxy. There are
some cases where these techniques work well – asymmetry has often been shown to be
good indicator that galaxies are merging systems at higher redshift (Conselice, 2003;
Pawlik et al., 2016), and Sérsic profiles have long been used to differentiate early and
late-type elliptical and discy morphologies (de Vaucouleurs, 1948; Kormendy, 1977;
Kennedy et al., 2015). However, the formulation of a complete picture of galaxy mor-
phology from purely machine-based measurement, including the presence of spiral
arms and bars, requires more complex modelling of galaxies. Using modern machine
learning algorithms to help with this task looks promising; deep learning implemented
with convolutional neural networks is improving all of the time, and now claim to re-
produce visual morphologies with high accuracy, albeit in the most certain test cases
(Dieleman, Willett & Dambre, 2015; Domı́nguez Sánchez et al., 2017). However, any
supervised machine learning algorithm is only as good as its training dataset, meaning
further exploration of new galaxy surveys with Galaxy Zoo will always have a place.

7.2.2 The future outlook for spiral structure

Given the work presented in this thesis, we can now begin to make some firm con-
clusions about the spiral galaxy population. There are several competing theories to
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explain the origin of spiral arms, and they were outlined in some detail in chapter 1.
From our results, our understanding of spiral arms is as follows. Approximately half
of spiral galaxies in the Universe have spiral arms as predicted by swing amplification
theory, introduced in section 1.3.2. These galaxies are usually many-arm structures
(m > 2). The rest of the population must form in another way. In chapter 1, we
introduced the two leading theories for their origin – tidally induced spiral arms and
quasi-stationary density waves. Confirming whether these mechanisms are responsible
for this remaining spiral galaxy population will be the next stage in our understanding
of spiral structure.
The link between tidal interactions and spiral arms has long been established, since
the earliest studies showed that grand design structure is more prevalent in the highest
density environments (Elmegreen & Elmegreen, 1982, 1983). Observational evidence
that interactions do trigger long-lived spiral patterns has yet to be confirmed. This is
particularly true for studies of spiral arm strength, where there has been no conclusive
evidence that strong spiral arms are triggered by interactions with companions and
weaken over time (Seigar & James, 2002; Kendall, Clarke & Kennicutt, 2015). The
most tantalising glimpse of interaction driven spirals was provided by Elmegreen &
Elmegreen (1983), where it was demonstrated from arguments of grand design frac-
tions as a function of group crossing time that interactions could trigger spiral arms.
Providing a more up-to-date study of this effect would be the key step in constraining
whether spiral galaxies can indeed be tidally triggered, what fraction of spiral galaxies
are tidally triggered, and how long such structures persist after interaction.
To get a true constraint on whether or not tidal interactions are responsible for spiral
structure, and how many spirals are actually formed in this way, requires one to dis-
entangle the various environmental processes in galaxies. Major mergers are likely to
disrupt a galaxy’s morphology in a way that removes any type of spiral structure; spiral
arms are instead more likely due to fleeting interactions between galaxies, or mergers
with much less massive counterparts, with M51 being the classic example. Looking for
signatures of these subtle interactions requires a level of detail beyond the Σ parameter
we use in this thesis. Of particular note is the recent technique described in Patton
et al. (2016), using the large scale statistics of surveys to disentangle the different roles
of environment. They demonstrated a new method for determining and controlling for
the various effects of galaxy environment in SDSS data. They used two measures of
environment: N2, the number of galaxies within 2 Mpc, and r2, the projected distance
to the nearest neighbour galaxy as two distinct measures of morphology. N2 measures
the overall nearby density, similarly to the Σ4,5 statistic used in chapter 4. r2 directly
probes the influence of the interaction with the closest companion. The study showed
that due to the large number statistics that the SDSS provides, one can directly control
for the overall local density effect and truly measure the influence of interactions alone.
This can be done by comparing galaxies directly with other galaxies which reside in
the same or similar local densities (N2) and looking for any signatures that vary with
respect to r2. In this case, one is controlling for the effects of local density. Combin-
ing this technique with the wealth of morphological data provided in this thesis is the
next logical step in understanding the origin of a further subset of spiral galaxies. The
inclusion of future, deeper studies in Galaxy Zoo will also mean that the influence of
fainter companions can also be probed in more detail.
This leaves the most commonly cited theory of spiral structure, quasi-stationary den-
sity wave theory. Although it is the most well established theory in the literature,
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testing whether quasi-stationary density waves exist in low-redshift discs without any
triggering by tidal interactions is still challenging. In section 4.2, we showed that grand
design spirals have heavily obscured star formation, a result which may be caused by
the presence of strong density waves. Understanding whether density waves are indeed
responsible for this result requires high resolution photometry or spectroscopy across
the face of entire galaxies. With current instruments, it is now possible to measure
spectra and more accurately constrain star formation and dust properties inside indi-
vidual regions of galaxies in large surveys, thanks to surveys such as MaNGA (Bundy
et al., 2015) and SAMI (Bryant et al., 2015). This is a task that Galaxy Zoo can already
help with – Galaxy Zoo 3D has asked classifiers to measure where the spiral arms are
in individual galaxies in MaNGA, allowing for arm vs. inter-arm observations. Even
higher resolution, lower redshift instruments will also be able to help. Notably, SDSS-
V includes plans for a Local Volume Mapper (Kollmeier et al., 2017), obtaining high
resolution spectra across the face of a number of local galaxies. These can help to
constrain whether there are any significant signatures of density waves in spiral arms:
the most commonly held theory is that an age gradient may exist across spiral arms, if
density waves do trigger star formation.
In the spirit of this thesis, studies can now potentially extend to several, or even several
thousand galaxies, helping to build large, statistical samples of arms in galaxies. The
techniques and tools discussed here can help to explain why and how spiral arms exist
across the entire population beyond the often-studied arms of M51.
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Dutton A. A., Macciò A. V., 2014. MNRAS, 441, 3359. Cold dark matter haloes in
the Planck era: evolution of structural parameters for Einasto and NFW profiles.

Dutton A. A., Conroy C., van den Bosch F. C., Prada F., More S., 2010. MNRAS,
407, 2. The kinematic connection between galaxies and dark matter haloes.
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Dutton A. A., Macciò A. V., Dekel A., Wang L., Stinson G., Obreja A., Di Cintio
A., Brook C., Buck T., Kang X., 2016. MNRAS, 461, 2658. NIHAO IX: the role of
gas inflows and outflows in driving the contraction and expansion of cold dark matter
haloes.

Eden D. J., Moore T. J. T., Plume R., Morgan L. K., 2012. MNRAS, 422, 3178. Star
formation towards the Scutum tangent region and the effects of Galactic environment.



Bibliography 160

Ellison S. L., Patton D. R., Simard L., McConnachie A. W., 2008. AJ, 135, 1877.
Galaxy Pairs in the Sloan Digital Sky Survey. I. Star Formation, Active Galactic Nu-
cleus Fraction, and the Mass-Metallicity Relation.

Ellison S. L., Patton D. R., Simard L., McConnachie A. W., Baldry I. K., Mendel
J. T., 2010. MNRAS, 407, 1514. Galaxy pairs in the Sloan Digital Sky Survey - II.
The effect of environment on interactions.

Ellison S. L., Sánchez S. F., Ibarra-Medel H., Antonio B., Mendel J. T., Barrera-
Ballesteros J., 2018. MNRAS, 474, 2039. Star formation is boosted (and quenched)
from the inside-out: radial star formation profiles from MaNGA.

Elmegreen D. M., Elmegreen B. G., 1982. MNRAS, 201, 1021. Flocculent and grand
design spiral structure in field, binary and group galaxies.

Elmegreen B. G., Elmegreen D. M., 1983. ApJ, 267, 31. Flocculent and grand
design spiral galaxies in groups - Time scales for the persistence of grand design
spiral structures.

Elmegreen B. G., Elmegreen D. M., 1985. ApJ, 288, 438. Properties of barred spiral
galaxies.

Elmegreen B. G., Elmegreen D. M., 1986. ApJ, 311, 554. Do density waves trigger
star formation?

Elmegreen B. G., Elmegreen D. M., 1987a. ApJ, 320, 182. H I superclouds in the
inner Galaxy.

Elmegreen D. M., Elmegreen B. G., 1987b. ApJ, 314, 3. Arm classifications for spiral
galaxies.

Elmegreen D. M., Elmegreen B. G., Dressler A., 1982. MNRAS, 201, 1035. Floccu-
lent and grand design spiral arm structure in cluster galaxies.

Elmegreen D. M., Elmegreen B. G., Yau A., Athanassoula E., Bosma A., Buta R. J.,
Helou G., Ho L. C., Gadotti D. A., Knapen J. H., Laurikainen E., Madore B. F.,
Masters K. L., Meidt S. E., Menéndez-Delmestre K., Regan M. W., Salo H., Sheth
K., Zaritsky D., Aravena M., Skibba R., Hinz J. L., Laine J., Gil de Paz A., Muñoz-
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André P., van der Tak F.



Bibliography 166
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Brinchmann J., van der Hulst T., Bigiel F., 2014. MNRAS, 441, 2159. An observa-
tional and theoretical view of the radial distribution of H I gas in galaxies.

Wang L., Dutton A. A., Stinson G. S., Macciò A. V., Penzo C., Kang X., Keller B. W.,
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