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Chapter 3

The Impact of Bulges on
Regulating Cold Gas Reservoirs

In this chapter, I investigate the effect of bulges on the atomic hydrogen (H i)
content in galaxies by revisiting the H i-to-stellar mass scaling relations with
the bulge-to-total ratio measured in the ProFit decompositions. I show that,
at both fixed total and disk stellar mass, more bulge-dominated galaxies have
systematically lower H i masses, implying that bulge-dominated galaxies with
large H i reservoirs are rare in the local Universe. Similar trends are observed
when separating galaxies by a bulge-to-total ratio based either on luminosity
or stellar mass, however, the trends are more evident with luminosity. Im-
portantly, when controlling for both stellar mass and star formation rate, the
separation of atomic gas content reduces to within . 0.3 dex between galaxies
of different bulge-to-total ratios. These findings suggest that the presence of
a photometric bulge has little effect on the global H i gas reservoirs of local
galaxies.

Robin Cook, Luca Cortese, Barbara Catinella and Aaron Robotham
MNRAS, 490, p.4060-4079 (2019).

Sections 3.2 – 3.5 are based on the above publication. Some sections of this
publication were also incorporated into Chapter 2.
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3.1 Introduction

As discussed in previous chapters, galaxies in the local Universe can be broadly
split into two distinct categories: star-forming and quiescent galaxies (Roberts
& Haynes, 1994; Blanton & Moustakas, 2009; Pozzetti et al., 2010). The emer-
gence of large spectroscopic surveys of galaxies in the nearby Universe, such as
the Sloan Digital Sky Survey (SDSS; York et al. 2000), has prompted consid-
erable effort into quantifying relationships seen between stellar mass, size, in-
ternal structure, star formation rate, metallicity and dust content (Kauffmann
et al., 2003; Brinchmann et al., 2004; Tremonti et al., 2004; Baldry et al., 2004,
2006). The observables that appear to most clearly accompany the shutting
down of star formation in galaxies are those associated with galaxy morpho-
logy (Wuyts et al., 2011). However, it has yet to be shown that this observed
correlation is due to a direct causal link.

The apparent correlation between the star-forming properties of galaxies
and their overall structure has often pointed to the conclusion that the internal
processes in galaxies must have a role in the quenching of galaxies. This may
either be considered as an indirect effect where the structure of galaxies is
assumed to be connected to the properties of their central supermassive black
hole (SMBH). It has been proposed that accretion onto a SMBH is capable
of removing cold gas via powerful quasar-driven winds (Springel et al., 2005;
Hopkins et al., 2006) in addition to causing the gas in the surrounding halo to
be heated (Croton et al., 2006). Alternatively, this correlation could be seen
as being directly related in a scenario where star formation is heavily influ-
enced by the stability of cold gas in the disk (Martig et al., 2009; Genzel et al.,
2014). The latter has motivated the “morphological quenching” scenario (Mar-
tig et al., 2009) in which a gaseous disk can become stable against fragment-
ation to bound clumps in the presence of a large stellar spheroid. Recent ob-
servations from the ATLAS3D Survey (Cappellari et al., 2011) have suggested
that early-type galaxies have star formation efficiencies (SFE = SFR/Mgas)
that are a factor of ∼ 2× lower on the Kennicutt-Schmidt law than late-type
galaxies (Martig et al., 2013; Davis et al., 2014). However, it is not yet clear
whether this correlation between the quenching of star formation and mor-
phology is due to a causality or the result of some other underlying physics
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(e.g. Lilly & Carollo 2016). Conversely, other authors (Schiminovich et al.,
2010; Schawinski et al., 2014) have shown that generally the opposite is true or
that structure has no impact on the SFE (Koyama et al., 2019). Interestingly,
Fabello et al. (2011) showed that, at fixed M? and SFR, galaxies with higher
concentration indices R90/R50 (indicative of more bulge-dominated systems)
tended to contain smaller amounts of H i gas than those with lower concen-
tration indices.

It should be noted that those works supporting the morphological quench-
ing scenario have often compared Hubble classifications in which early-types
would be usually taken from a passive population against late-types selected
usually from a star-forming population. Brown et al. (2015) showed clearly
that the scaling relations of gas fraction with stellar mass surface density are
primarily driven by the underlying bimodality in the star formation proper-
ties of galaxies. This highlights the need for a sample of galaxies that is not
biased towards gas-rich star-forming galaxies or selected via visual classifica-
tion schemes.

In this Chapter, I utilise the structural decomposition catalogue of xGASS
galaxies to investigate whether the correlation observed between galaxy mor-
phology and the quenching of star formation can be causally linked through an
imprint on galaxy atomic gas reservoirs. The chapter is organised as follows:
Section 3.2 provides a validation of the measured model parameters resulting
from the pipeline described in Chapter 2. Section 3.3 presents an application
of this structural information towards investigating the impact of bulges in
maintaining the reservoirs of cold gas in galaxies. I discuss the implications of
this work in Section 3.4 and conclude in Section 3.5.

Throughout this work, AB magnitudes are used and a Chabrier (2003) ini-
tial mass function is assumed. All distance-dependent quantities are computed
assuming ΩM = 0.3, ΩΛ = 0.7 and H0 = 70 km s−1 Mpc−1.

3.2 Validation of Model Parameters

The previous chapter outlined in detail the structural decomposition procedure
taken for the xGASS sample. In this section, the quality of the modelled



78 3.2 Validation of Model Parameters

quantities is discussed with reference to previous measurements of basic galaxy
properties from the SDSS catalogue as well as making direct comparisons with
previous structural decompositions of this sample from Simard et al. (2011)
and Meert et al. (2015).

Figure 3.1: A comparison of the g, r and i-band magnitudes measured
in this study with those taken from the SDSS catalogue (Stoughton et al.,
2002). The ∆mag quantity shows the difference in magnitudes of the
ProFit models from that of the SDSS model magnitudes such that more
negative values imply that the model recovers more flux. The histograms in
the right panels show the spread in the differences of magnitudes.

3.2.1 Model Magnitudes

As a basis for the validation of these models, Figure 3.1 compares the total
g-, r- and i-band magnitudes measured in the ProFit models against the
SDSS model magnitudes. The ProFit total magnitude represents either a
single-component model magnitude or the summed magnitudes of the bulge
and disk components for double-component systems. Overall, the g-, r- and
i-band models exhibit average offsets from the SDSS model magnitudes of -
0.05, +0.01 and -0.01 mag and standard deviations of 0.27, 0.28 and 0.36 mag,
respectively. This reinforces that there is to first order a good level of agree-
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ment in the photometric measurements between these two different methods.
The greatest differences are at the brightest end of the magnitude distribution
where the models tend to recover slightly more flux. This is because the SDSS
model magnitudes are truncated beyond 7× and 3× the effective radius of the
profile for de Vaucouleurs and pure-exponential profiles, respectively. Indeed,
the galaxies with the largest offsets are indicative of higher Sérsic index models
where the truncation will have the largest impact on the measured magnitude.
Similar offsets and trends have also been noted in previous structural decom-
position studies of both observations (Hill et al., 2011; Kelvin et al., 2012;
Meert et al., 2015) and simulated galaxy images (Bernardi et al., 2014).

Figure 3.2: Distributions of the (g − i) colours for the summed modelled
galaxy colour (left) as well as the bulge (middle) and disk (right) compon-
ents taken separately. The distributions include both the single-component
models (i.e. pure-bulges and pure-disks) taken as a whole as well as the
bulge and disk components of the double-component models. The dashed
curve in the left panel shows a bimodal Gaussian fit to the distribution of
SDSS (g− i) colours for the same sample of galaxies shown in the histogram.
The vertical dashed line in the middle plot shows the colour limit imposed
for measured bulge (g − i) colours in the sample.

3.2.2 Separating Galaxy Components

One of the main aims of this work is to understand the properties of galaxies
through their individual components. In particular, the colours of bulges and
disks give insight into the ages, metallicities and internal dust extinction of
their stellar populations. Hence, measurements of component colours can be
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used to empirically derive estimates of the stellar mass to within a factor
of . 2 uncertainty (Zibetti et al., 2009). Figure 3.2 shows the distributions
of total and individual component (bulge and disk) colours for the xGASS
models. The ProFit models reproduce the nominal bimodality of galaxies
into the blue and red sequences. As a reference, the dashed curve in the panel
of total galaxy colours represents a double Gaussian fit to the distribution of
SDSS (g − i) colours for the same sample. It shows that the peaks of the
distribution for the blue and red sequence are in good agreement. This follows
from the relatively good agreement of the total magnitudes across all bands
in Figure 3.1.

The distribution of disk colours tends to span the bluer region in addition
to a peak of disks that are slightly red. Conversely, the distribution of bulge
(g−i) colours has a median value of 1.33mag with extended tails towards both
blue and red colours. The blue regime reflects a population of bulges more
characteristic of pseudobulges; typical of flattened profiles (low n), generally
more extended (large Re) and exist predominantly in the lowest mass systems
(M? . 1010 M�). Their SDSS composite images confirm that these bulges are
indeed blue rather than an artefact of the ProFit model fitting. The tail of
bulge colours out to excessively red (g− i) colours has a less clear explanation;
values as high as (g− i) & 1.5mag do not appear physically plausible (Fernán-
dez Lorenzo et al., 2014; Mendel et al., 2014; Kim et al., 2016). These bulges
are still likely to be some of the most red objects in the sample but ones ability
to derive a meaningful quantity is severely lessened in the regime where the
bulge magnitudes in the g-band are significantly fainter than in the i-band. As
the profile fitting is optimised to obtain the best parameters for the disk, the
modelled parameters of bulges are expected to be far less robust. In addition,
a large fraction of the bulges (∼25% of double-component galaxies) are not
sufficiently resolved (. 40% of the PSF’s FWHM) to obtain meaningful struc-
tural parameters; e.g. Re,bulge, nbulge, b/abulge; (Gadotti, 2008; Meert et al.,
2013; Bernardi et al., 2014). As discussed later, this has important implica-
tions for quantities involving the bulge stellar mass such as the bulge-to-total
stellar mass ratio. Discs, however, are well resolved in this sample and thus
their model parameters are more reliable. Indeed, as expected, a relatively
flat distribution in measured disk axial ratios is recovered.
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3.2.3 Comparisons with Previous Literature

The bulge-to-total ratio is an important quantity in defining the internal struc-
ture or morphology of a galaxy in a way that is not dependent on a visual clas-
sification scheme. However, accurately modelling the bulge fraction in terms of
a particular optical filter (B/Tx) or, alternatively, in terms of the component
stellar masses (B/TM?) has proven to be a difficult challenge in many struc-
tural decomposition studies. There are many sources of uncertainty involved
in both the fitting of light profiles as well as in the model filtering and selec-
tion. In this section, I compare the results of the ProFit models to those of
Simard et al. (2011) and Meert et al. (2015) as, despite there being numer-
ous methodological differences, they draw the most parallels with this work.
In particular, these are based on SDSS photometric images and fit double-
component free nbulge Sérsic with an exponential disk (albeit some freedom is
allowed such that 0.5 < ndisk < 1.5).

For comparing with Simard et al. (2011), I show the r-band bulge-to-
total flux ratio (B/Tr) in Figure 3.3. This comparison includes galaxies that
are considered either a single-component (i.e. pure-disk or pure-spheroid) or
double-component (i.e. bulge+disk) system in Simard et al. (2011). Double-
component models are defined wherever the resulting F -test value from com-
paring the χ2 residuals of their two models meets the condition that PpS 6

0.32. This is the threshold probability at which they define a pure-Sérsic model
(PpS) as being preferred over a more complex Sérsic + exponential model. The
remaining pure-Sérsic models are classified as pure-disks (B/Tr = 0) if their
Sérsic index is npS < 2.5 and a pure-spheroid (B/Tr = 1) otherwise. This
ad hoc cut in npS follows from previous literature studies but the comparison
does not change dramatically if the cut is varied slightly.

I also compare to the B/Tr values derived in Meert et al. (2015) by choosing
double-component systems where their finalflag of 10 is set (good double-
component galaxies) and single-component systems if the finalflag has 1 or 4
set for pure-disks and pure-bulges, respectively (see Meert et al. 2015 for more
details on fitting flags). Removing galaxies identified as having problematic
fits in Meert et al. (2015) leaves 894 galaxies which may be compared with the
models obtained in this study.
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Figure 3.3: Comparison between the r-band bulge-to-total flux ratios
(B/Tr) modelled in Simard et al. (2011) (red) and Meert et al. (2015) (blue)
against those measured in this work. I compare only galaxies that are con-
sidered valid in the respective catalogues (see text for details). The bottom
panel shows the median difference between the literature measurements and
this work as a function of the B/Tr measurements. The error bars show the
1σ standard deviation of the differences.

Figure 3.3 shows that both Simard et al. (2011) and Meert et al. (2015)
tend to measure systematically higher bulge-to-total ratios than in this work.
The panel below suggests that the models measured here are, in general, in
better agreement with Meert et al. (2015), albeit, both still exhibit a relatively
large scatter. The commonality is highlighted not only by a smaller offset
in the average difference but, more importantly, by a similar distribution of
this parameter space. Meert et al. (2015) also see a lack of galaxies with
a very-high bulge-to-total ratios (B/Tr & 0.7), further suggesting that this
is a poorly constrained region of the parameter space. Notwithstanding the
systematically lower bulge-to-total ratios measured in the sample, the greatest
tension stems from the region of galaxies which I consider disk-dominated but
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have B/Tr & 0.75 (implying substantially bulge-dominated systems) in the
previous literature. Interestingly, I note that this population has a generally
blue total (g− i) colour and their composite colour images show that they are
more indicative of disk-dominated systems.

The discrepancy is most evident in the Simard et al. (2011) models where
it has been shown in previous studies (Bernardi et al., 2014; Meert et al.,
2015) that the systematic errors in the behaviour of the Sérsic index of the
bulge models is due to over-subtraction of the background sky level. Fur-
thermore, they have incorporated a strong prior on the Sérsic index of their
bulge-components that effectively favours a de Vaucouleurs, n = 4 profile.
This makes the comparison with Simard et al. (2011) less meaningful. Meert
et al. (2015) do not impose this prior on the Sérsic index and as a result, a
very similar distribution is observed in the Sérsic index of the bulge. These
large model-based discrepancies reflect the necessity of an additional visual
inspection stage capable of filtering spurious fits and allowing for remodelling
with guided constraints. Such a process is, of course, not feasible in samples
as large as those in Simard et al. (2011) and Meert et al. (2015) without em-
ploying numerous observers similar to that of the Galaxy Zoo project (Lintott
et al., 2008) or implementing deep learning algorithms (Dimauro et al., 2018;
Tuccillo et al., 2018).

Despite the dramatic offsets caused by the particular choice of model, a
large scatter is still seen in the measured bulge-to-total ratio for the population
of galaxies that are identified as being best modelled by a bulge+disk model.
Some of this scatter is due to the different optimisation algorithms used in
these studies that are subject to finding solutions in local minima, thereby
increasing the measurement uncertainties (Häussler et al., 2007; Gadotti, 2009;
Meert et al., 2013). This scatter is also driven by the different treatment
of modelling disks to accommodate the non-exponential features of observed
light profiles (Pohlen & Trujillo, 2006). As expected, galaxies modelled with
ndisk < 1 tend to have higher bulge-to-total ratios as less light is attributed
to the disk and conversely for galaxies modelled with ndisk > 1. Using the
structural parameters measured in these studies does not qualitatively change
the conclusions of this analysis. However, the scatter significantly increases
mainly due to the presence of spurious fits, e.g., galaxies erroneously classified
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as bulge-dominated at low stellar masses.

3.2.4 Decomposition of Galaxy Stellar Masses

With the magnitudes of the bulge and disk components modelled separately
in three of the SDSS bands, their stellar masses are computed separately and
the total galaxy mass derived from their sum as well as directly from the total
modelled magnitudes. Effective stellar mass-to-light ratios are computed using
the relations for optical colours given in Zibetti et al. (2009) which are derived
through stellar population synthesis modelling. The stellar mass formula is
given in Equation 2.13. As discussed in Section 2.6, the r-band luminosity is
adopted as this is the band from which the models are calibrated with addi-
tional filtering and validation. The (g − i) colour was chosen as it provides a
reasonably wide leverage across wavelength making it more sensitive to differ-
ences in the stellar populations of bulges and disks. This stellar mass estimate
assumes that the initial mass function is universal and is well described by
Chabrier (2003). Various recipes for estimating the stellar mass-to-light ra-
tios were tested including different photometric bands and colours as well as a
different prescription defined in Taylor et al. (2011) (see Figure 2.17). The dif-
ferences between the various stellar mass estimates are always less than 0.1 dex
in the measured stellar mass and so the particular choice does not change the
conclusions.

Total stellar masses of a galaxy are derived based upon the global r-band
magnitude and (g − i) colour measured from summing the bulge and disk
magnitudes. The alternative to this involves summing together the stellar
masses derived from the individual component colours. The two methods are
quantitatively comparable with a negligible offset and a scatter of 0.03 dex in
their difference. However, the greater uncertainties in determining the (g − i)
colours for the components individually (particularly the bulge) makes the
summed stellar masses less reliable.

Whilst the photometric bulge-to-total ratio provides a relative measure of
how disk-dominated or bulge-dominated a galaxy appears, the stellar mass
bulge-to-total should be a more useful physical quantity for understanding the
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Figure 3.4: The distributions of both i-band (red) and stellar mass (black)
bulge-to-total ratios measured in the xGASS sample. The stellar mass
bulge-to-total ratio is derived according to Equation 3.1. The blue hatched
histogram represents the distribution of stellar mass bulge-to-total ratios for
the subset defined as star-forming. The dashed vertical lines represent the
mean B/Ti and B/TM? of the double-component population.

Figure 3.5: A comparison between the photometric i-band bulge-to-total
ratio (B/Ti) with both the stellar mass bulge-to-total taken from the com-
ponent masses (left panel) as well as using the proxy bulge mass and the
total galaxy mass (right panel). The points are coloured according to the
measured (g− i) colour of the disk. The error bars in the bottom right indic-
ate the average errors of the measured bulge-to-total ratio quantities.
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impact of the bulge. Figure 3.4 shows the distributions of both the i-band
(B/Ti) and stellar mass (B/TM?) bulge-to-total ratios in the xGASS sample.
Here, I define the stellar mass bulge-to-total ratio as:

B/TM? ≡
M?,total −M?,disk

M?,total

(3.1)

I assign the residual mass from subtracting the disk component away from the
total galaxy mass to the bulge (i.e. M?,bulge ≡M?,total −M?,disk). In this way,
the information derived from the bulge and disk models is still utilised but in
a way that is less heavily biased by their measured (g− i) colours (see below).

The two peaks in Figure 3.4 at B/T = 0 and B/T = 1 are the popula-
tion of single-component models corresponding to pure-disks and pure-bulges,
respectively. The population of double-component models exist in between
with averages of B/Ti = 0.24 and B/TM? = 0.30. In general, the bulge-to-
total ratio measured in terms of a galaxy’s stellar mass is larger than when
measured with photometry alone. This is due to the fact that bulges typically
contain an older, more-massive population of stars whereas the disk predomin-
antly contains the younger, less-massive stars. Note, a tail in the distribution
out to B/T ∼ 0.75 is seen with very few galaxies beyond this. This reflects
two important points about both the sample and the methodology. Firstly,
systems with bulges that encompass & 70% of a galaxy’s mass with a small,
embedded disk structure are likely very rare objects indeed and thus — in
the small cosmological volume of the xGASS sample — one would not expect
them to be numerous. Secondly, of these systems that are present, the abil-
ity to detect the diffuse, embedded disk would be severely limited by both
the surface brightness limit of the data and how well the optimisation routine
could recover sensible parameters. As such, a void of galaxies in the high
B/T region is observed as they move into the single-component pure-bulge
population. The same is also true for the very faint bulges in the low B/T

regime, albeit to a lesser extent given that bulges are generally more centrally
concentrated and easier to distinguish. Note that plotting the bulge-to-total
ratio on a linear scale can be misleading as the dynamic range of this quantity
is logarithmic. The discontinuous nature of this parameter space is recognised
as one of the limitations in measuring the relative structures in galaxies. Fig-



The Impact of Bulges on Regulating Cold Gas Reservoirs 87

ure 3.4 also shows the distribution of stellar mass bulge-to-total ratios for the
subset of star-forming galaxies which is investigated further in Section 3.3.2.
As expected, the distribution of B/TM? for star-forming galaxies is skewed
towards disk-dominated systems.

The method of computing B/TM? is in contrast to using the individual
component masses as is commonly done for the luminosity-based ratio. Figure
3.5 shows a direct comparison between B/TM? and B/Ti where the left panel
corresponds to the ratio of the individual component masses and the right
panel to the residual bulge mass. Galaxies are coloured by the (g − i) colour
measured from their disk models in order to show this bias. It follows from
Equation 2.13 that galaxies with the greatest difference between their bulge
and disk colours will see the largest difference from B/Ti to B/TM? . Using
the component stellar masses alone (left panel), the population that extends
to higher B/TM? contains not only galaxies with a significantly bright bulge,
but also galaxies with very blue disks. This has the effect of lowering the
amount of mass attributed to the disk and in turn drives up the bulge-to-
total ratio. On the other hand, this effect is not as prominent in the right
panel, where the bulge mass is taken as the difference between the total and
disk stellar masses. In both methods, the galaxies that fall below the one-to-
one line are typically those with a relatively blue bulge component and have
structural features also similar to that of a pseudobulge. It is worth noting
that the uncertainties in the stellar mass bulge-to-total ratios are often more
than an order of magnitude greater than the luminosity bulge-to-total ratio.
The average uncertainties are 0.07 for the component B/TM? (left panel) and
0.11 for B/TM? calculated from the residual bulge mass (right panel) whereas
the average uncertainty in B/Ti is 0.004.

This plot shows that the way in which one chooses to define the bulge
fraction in a galaxy will influence the interpretation of how the presence of
a bulge affects the gas properties of galaxies in the following sections. For
instance, when measuring B/TM? from the individual component masses, the
higher B/TM? regime becomes contaminated by very star-forming disks and
hence will likely also be quite H i-rich. This quantity seems to say less about
the presence of the bulge and more about the current star formation in the
disk.
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3.3 Results

In the previous sections it was shown that using ProFit in combination with
guided filtering and constrained remodelling, a robust catalogue of structural
parameters for galaxies in the xGASS sample was able to be produced. I now
focus on understanding whether the presence of a galactic bulge affects the H i

reservoirs in galaxies.

3.3.1 The Impact of Bulges on Gas Scaling Relations

In this section, I investigate the scaling relation between atomic gas mass and
stellar mass (Catinella et al., 2018) for galaxies with different bulge-to-total
ratios. As it is reasonable to assume that the cold gas properties of galaxies
are associated with their disk components, I also compare the H i mass at a
fixed disk mass (M?,disk). Figure 3.6 shows a series of MHI–M? relations for
both M?,total and M?,disk separated into bins of bulge-to-total ratio. I first
investigate the presence of any secondary trends with the photometric i-band
bulge-to-total ratio in the top panels. As the distribution of the bulge-to-total
ratio covers a logarithmic dynamic range (see e.g. Figure 3.4), the B/T bins
are divided accordingly into logarithmically sized steps. Note also that the
light red and dark red bins differ only in that the latter also includes pure-
bulge systems which cannot be represented in the panels plotted against disk
mass. The larger diamond points indicate the median H i masses across stellar
mass for the different bins in bulge-to-total ratio. As these are medians, as
long as the median value is a detection, they are not affected by the exact
treatment of the upper limits for galaxies not detected in H i. If the median is
itself a non-detection, it should be considered as an upper limit, as indicated
by a large downwards arrow in Figure 3.6.

In general, the lowest B/Ti bin (∼pure-disks) lies systematically above the
other bins whereas the highest B/Ti bin (bulge-dominated) consists mostly
of H i non-detections and hence follows closely with the gas fraction limit(s)
of xGASS. This first panel shows a fairly clear set of parallel relations for
increasing bulge fractions. Moreover, a shift in the locus of each B/Ti bin
across stellar mass is observed showing that disk-dominated galaxies are seen
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mostly at low masses and bulge-dominated galaxies at high masses. This
division is not seen as clearly in previous structural decomposition studies.

In moving to the panel plotted instead against the disk mass (top right),
the positions of galaxies in the lower two B/Ti bins will, by definition, change
very little as the vast majority of their total mass is already in the disk. The
higher B/Ti bins on the other hand will shift (leftward) the most, causing the
division between the B/Ti bins to become slightly narrower. Note that the
highest B/Ti bin can no longer include pure-bulge galaxies (dark red dashed
lines in M?,total plot) as by definition they have no mass in a disk component
(B/T ≡ 1.0). That said, removing the B/T ≡ 1.0 galaxies from the MHI

vs. M?,total plot does not entirely explain the differences in the separations
between these plots. In both plots, there is a trend for galaxies with the
lowest bulge-to-total flux ratios to be the most gas-rich across the entire range
of stellar mass. The fact that this trend becomes less distinct when observing
the relation at a fixed disk mass may suggest that the disks are more alike in
terms of their gas properties than the galaxy treated as a whole.

The bottom two panels of Figure 3.6 show respectively the same quantities
on both axes as the panels above but are instead binned by the stellar mass
bulge-to-total (B/TM?) given by Equation 3.1. Note that the distributions of
both bulge-to-total ratio prescriptions cover slightly different ranges (see Fig-
ure 3.4). Here, by using B/TM? to designate the relative prominence of a bulge,
there is a slight difference in the trends of bulge-fraction with MHI across M?.
The offset for disk-dominated systems to have higher gas masses is less obvious
when split by B/TM? ; in fact, the two lowest B/TM? bins share nearly the same
relation. This tells us that the bulge-fraction as measured as a ratio of fluxes or
of stellar masses does not have the same physical interpretation; galaxies with
a high B/TM? are not necessarily equivalent to galaxies of similarly high B/Ti.
It is clear that the two definitions cannot be used interchangeably. When ob-
serving this at a fixed disk stellar mass, the separation between bulge-to-total
bins becomes very small at low stellar masses. In fact, it seems that below
∼ 1010 M�, there is a trend for the most bulge-dominated galaxies to lie sys-
tematically above the intermediate bin (0.175 6 B/TM? < 0.4). The relation
of the highest B/TM? bin matches closely with that of the disk-dominated bins.
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Figure 3.6: The H i gas mass (MHI) against the total (left) and disk (right)
stellar masses separated into bins of i-band bulge-to-total ratio (B/Ti; top)
and stellar mass bulge-to-total ratio (B/TM? ; bottom). The different bins
of bulge-to-total ratio were chosen to accommodate the logarithmic distri-
bution of this parameter. The dark red bin differs from the light red bin
by also including pure-bulges (B/T = 1); this is not possible in the pan-
els plotted against disk stellar mass. Smaller circles and downwards arrows
show H i detections and non-detections, respectively. Error bars show the
standard error on the median within each bin. Bins that are dominated by
H i non-detections are considered median upper limits and indicated as a
large downwards arrow. The numbers below indicate both the total num-
ber of points in each bin and (in brackets) the number of those that are H i
non-detections. Only bins with at least ten galaxies contributing are plot-
ted. The typical measurement errors in stellar mass and H i mass (detections
only) for individual points is shown in the bottom-right. The medians shown
here are also provided in Tables B.1 and B.2.
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3.3.2 Structure or Star Formation?

Embedded within the scatter of the panels in Figure 3.6 is the residual trend
of star formation activity with morphology (Williams et al., 2010). As has
been highlighted by many previous studies (Franx et al., 2008; Kauffmann
et al., 2012; Cheung et al., 2012), disk-dominated galaxies tend to be more
actively forming stars whereas the bulge-dominated population is typically
more passive. It is thus important to control for this observed correlation in
order to understand whether the presence of the bulge is directly influencing
the cold gas reservoirs or the trends seen are instead a consequence of prop-
erties that govern the star formation rate. The xGASS sample is not large
enough to define statistically significant bins simultaneously in both SFR

and B/T . Hence, in Figure 3.7, I instead focus only on the population of
star-forming galaxies. This excludes galaxies that have already undergone
a quenching process; isolating only galaxies where the process of converting
their cold gas reservoirs into new stars is still ongoing. In doing so, the im-
pact of how one treats the H i non-detections in the sample is mitigated as
there are few examples of quenched, H i-rich galaxies. Figure 3.4 shows also
the distribution in B/TM? for this subset of star-forming galaxies showing, as
expected, that they are preferentially disk-dominated. I select the subset of
star-forming galaxies in xGASS based on their distance from the star-forming
main sequence (SFMS). The SFMS for the xGASS sample is given by the
following expression (Catinella et al., 2018; Janowiecki et al., 2020):

log (sSFRMS) = −0.344 (log (M?)− 9)− 9.822 (3.2)

with a corresponding standard deviation as a function of stellar mass given
by:

σMS = 0.088 (log (M?)− 9) + 0.188 (3.3)

The panels in this figure show the same quantities as the lower panels of Figure
3.6 but only for the subset of galaxies with sSFR ≥ sSFRMS−1.5×σMS. This
shows that the separation of median MHI at fixed M? between different bulge-
to-total ratios is negligible when considering star-forming galaxies only. The
error bars represent the standard error on the medians. This verifies that the
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small differences are within the errors on the measurements. Conversely, using
instead the complement of this star-forming subset (i.e. sSFR < sSFRMS −
1.5×σMS) also shows no trend with the bulge-to-total ratio, albeit this regime
is mostly dominated by H i non-detections. This result holds for different cuts
from the star-forming main-sequence as well as when selecting galaxies on
their NUV− r colour (not shown). Furthermore, it has previously been noted
that the absence of bars in the structural decomposition models used here may
impact the results. This is because the stabilising effect of a bar on cold gas
reservoirs would be different to that of a classical bulge. Note, however, that
removing the 71 galaxies with visually identified bar components from this
analysis shows no changes to the overall findings.

Figure 3.7: The same as Figure 3.6 but for the subset of “star-forming”
galaxies based on them having a SFR greater than 1.5×σ below the main
sequence. Only the bulge-to-total ratio in terms of the stellar mass (B/TM?)
is shown here. The medians shown here are also provided in Table B.3.

Figure 3.8 shows the distributions of MHI for each of the bulge-to-total
ratio bins used in Figure 3.7. The ∆ log (MHI) quantity shown is derived by
first fitting a line to the MHI–M? relation shown in Figure 3.7, then taking
the difference between the measured MHI and that of this best fit relation.
The standard deviations of these distributions range from σ = 0.36 dex in the
most bulge-dominated bin to σ = 0.52 dex. Overall, there is not a significant
difference between the scatters in each bin for star-forming galaxies. After per-
forming two-sample Kolmogorov-Smirnov tests (Massey, 1951) between each
B/TM? bin and the complete star-forming subset, there is no strong evidence
to reject the null hypothesis that the subsets are drawn from the same parent
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distribution.

It is possible that any trend with bulge-to-total ratio present is not de-
tected given the uncertainties in the measurements. The separations between
medians in Figure 3.7 are within their standard errors and, at most, differ
by 0.3 dex. This equates to a maximum factor of 2 between different bins of
B/TM? , suggesting that the role of bulges in preventing further star formation
through the stabilisation of the gas reservoir is likely minor. In other words,
the cold gas reservoirs of two star-forming galaxies with similar stellar masses
in their disks do not appear significantly influenced by the presence of a central
bulge.

3.4 Discussion

Many previous studies using both observations and simulations have shown
that the quenching of star formation in galaxies is closely correlated with
their internal structure (Strateva et al., 2001; Kauffmann et al., 2003; Wuyts
et al., 2011; Cheung et al., 2012). These strong correlations have often been
used to argue that internal structure must naturally play an important role
in governing star formation. However, it has yet to be shown that this link is
due to a direct causality and, moreover, in which direction the causality might
imply. In addition to this, it is not yet clear whether a similar connection
exists between the internal structure of galaxies and their cold gas reservoirs.
Understanding the extent of this interplay should provide useful constraints
on the possible mechanisms (as briefly discussed in Section 1.3.1) responsible
for the observed correlations with galaxy quenching.

Many observational and theoretical studies have provided evidence for a
direct link to the presence of a bulge through the removal or stabilisation
of a galaxy’s cold gas. Early simulations of galaxies by Ostriker & Peebles
(1973) showed that a gaseous disk could be stabilised against fragmentation
if embedded within an additional spheroidal component. This has been used
to explain how some bulge-dominated systems are observed to have lower
star formation efficiencies than galaxies with comparable gas disks that lack a
significant bulge component (Saintonge et al., 2012; Martig et al., 2013). For



94 3.4 Discussion

Figure 3.8: The distribution of ∆ log (MHI) for star-forming galaxies in
each of the stellar mass bulge-to-total bins shown in Figure 3.7. The re-
curring grey histogram shows the distribution for all star-forming galaxies.
Solid and dashed vertical lines show the means and ±1σ standard devi-
ations, respectively. The areas under the histograms have been normalised
to unity.

example, Martig et al. (2009) proposed a scenario of ‘morphological quenching’
as a possible explanation for the existence of bulge-dominated systems which
appear resistant to star formation even in the presence of cold gas reservoirs
(Grossi et al., 2009; Serra et al., 2012). They state that the star formation
in a gaseous disk could be severely suppressed once embedded within a large
spheroid where star-forming clumps are no longer able to balance the increased
disruptive tidal forces. The original concept behind morphological quenching



The Impact of Bulges on Regulating Cold Gas Reservoirs 95

concerned mostly early-type (ellipticals and lenticulars) galaxies as it is in
these systems that classical bulges were expected to play a major role (Ostriker
& Peebles, 1973).

In contrast, these results suggest that the present day cold gas reservoirs
of star-forming galaxies are not heavily influenced by the presence of massive
central bulges. As the atomic gas of xGASS star-forming galaxies appears
mostly unconcerned with internal galaxy structure, this implies that the pro-
cess(es) responsible for suppressing star formation is likely to occur at the
source of inflowing cold gas rather than at the interface at which cold gas
collapses into dense regions. For instance, in a scenario where morphological
quenching were acting on a star-forming galaxy, at fixed disk stellar mass, one
might expect to find systems hosting larger classical bulges to be systematic-
ally more gas-rich given the consumption of this cold gas has been suppressed
(i.e., a lower star formation efficiency). The lack of a residual trend in the
population of star-forming galaxies (Figure 3.7) implies that the differences in
cold gas properties are likely rooted in the differing star formation properties
of galaxies with different morphologies. This confirms that star formation is
the most closely related property to the atomic gas reservoirs in galaxies.

Including non-star-forming galaxies in this picture (Figure 3.6) shows that
bulge-dominated galaxies are, in general, less gas-rich at fixed disk stellar
masses. This can be understood if non-star-forming bulge-dominated systems
with low H i content are the result of intense episodes of star formation due to
mergers or violent disk instabilities in their pasts. However, the dynamical pro-
cess of morphological quenching is not expected to be the dominant mechanism
during such turbulent events. Whilst not contrary to morphological quench-
ing, the results of Figure 3.6 are consistent with previous observational studies
(Schiminovich et al., 2010; Fabello et al., 2011) as well as results from stud-
ies of the cold ISM component of galaxies simulated in semi-analytic models
(Lagos et al., 2014). From a homogenised compilation of local galaxy samples
(including xGASS galaxies) with morphological classifications and stellar, H i

and/or H2 masses, Calette et al. (2018) found that late-type galaxies have sig-
nificantly higher H i and H2 gas fractions than early-type galaxies over a wide
range of stellar masses. This is also in agreement with Brown et al. (2015) who
used H i spectral stacking for a volume-limited, stellar mass selected sample
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intersecting the SDSS DR7, ALFALFA, and GALEX surveys. The authors
show that the H i scaling relations are primarily driven by a combination of
the galaxy sSFR bimodality and the integrated Kennicutt-Schmidt law rather
than a transition in structure. Koyama et al. (2019) investigated the trends
with morphology using CO(J = 1–0) observations for a sample of 35 green-
valley galaxies separated into bulge- and disk-dominated systems. They find
that the distributions of molecular gas mass and SFE of green-valley galaxies
do not differ with their morphology.

The same conclusions are reached if, instead of the bulge-to-total ratio,
one uses the central mass surface density within 1 kpc as a proxy for internal
structure. Conversely, if publicly available visual morphological classifications
(e.g., Willett et al. 2013; Domínguez Sánchez et al. 2018) for the sample are
used, residual trends with morphology are still present even when controlling
simultaneously by star formation and stellar mass. After careful examination,
this appears to be primarily due to the well-known limitation of visual classific-
ation techniques in identifying pure bulges (e.g., ATLAS3D studies; Emsellem
et al. 2011), highlighting the importance of less subjective quantifications of
galaxy structure.

The fact that the H i content of star-forming galaxies appears largely un-
concerned with the prominence of their bulge points towards a scenario in
which the growth of the disk is decoupled from that of the bulge. In other
words, the disk may form from the accretion of cold gas over a time that
proceeded after a central spheroid has already been established in the galaxy.
This follows from the idea that galaxies grow from their inside-out (Brooks
et al., 2009) and is expected from the size evolution observed in star-forming
galaxies (Brooks et al., 2009; Williams et al., 2010).

The observed correlations between star formation rate and quantities re-
lating to bulge prominence (e.g. bulge mass, central velocity dispersion)
has generally been interpreted as evidence for a direct connection between
quenching and bulge formation (Franx et al., 2008; Wake et al., 2012). The
favoured physical mechanisms that are often invoked to explain such correl-
ations are merger-driven bulge growth and feedback from the active galactic
nuclei (AGN) of accreting supermassive black holes. In the case of mergers,
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an increase of cold gas inflows due to gravitational instabilities may lead to an
increased rate of gas consumption via the interaction induced star formation
(Georgakakis et al., 2000). Galaxies with more prominent bulges typically host
larger SMBHs with more energetic AGN (van de Voort, 2016). This could lead
to suppressed accretion of newly cooled gas which likely inhibits the regener-
ation of a cold, rotationally-supported disk (Dubois et al., 2013; Lagos et al.,
2014).

While these findings may appear to be in contradiction with this picture, it
is important to note that the xGASS sample is not particularly well suited to
draw strong conclusions on which mechanism(s) is responsible for quenching
galaxies that are already passive as they are typically not detected in these H i

observations. Thus, these results cannot be compared at face-value with those
obtained by looking at properties of passive galaxies. However, the lack of a
correlation between H i gas content and bulge-to-total ratio (within a factor
. 2) for star-forming galaxies suggests that at z ∼ 0, the presence of bulges
in main sequence galaxies do not significantly alter the interplay between cold
gas and star formation. This is in agreement with recent studies by Ellison
et al. (2018b, 2019) who find that — at fixed stellar mass and star formation
rate — both post-merger galaxies and those hosting AGN have similar H i

contents to a sample of control galaxies.

3.5 Summary

I have performed structural decompositions on 1179 galaxies in xGASS using
Bayesian two-dimensional light profile fitting with ProFit. The addition
of visually-guided filtering and re-modelling with constraints has allowed us
to successfully measure physically-motivated structural parameters for 91%
of the sample, surpassing the nominal success rates of previous structural
decomposition studies. I use the combination of this structural information
with the observations of the atomic gas properties available in the xGASS
survey to identify whether the structure of galaxies play a role in regulating
cold gas reservoirs. The key results from this analysis are as follows:

1. It is found that, in general, the increasing prominence of the bulge cor-
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responds with galaxies of systematically lower atomic gas mass at fixed
total and disk stellar mass. This trend is most distinct when separat-
ing by the i-band flux bulge-to-total ratio rather than the stellar mass
bulge-to-total ratio. This could be explained if the trend is linked to the
bimodality in star formation properties of which the i-band flux is more
sensitive than the stellar mass.

2. This separation in median gas mass for different bins of bulge-to-total
ratio becomes less distinct when comparing galaxies at fixed disk mass.
This implies that the cold gas reservoirs of disks are more alike than
galaxies taken as a whole where a massive bulge containing little gas is
included.

3. By selecting only the subset of star-forming galaxies in the sample —
thereby removing the correlation between star formation and cold gas
properties — there is little-to-no evidence for a significant residual trend
with the bulge-to-total ratio of galaxies. This implies that scatter in
the observed H i scaling relations for xGASS galaxies are more likely
connected to the bimodality in star formation properties with galaxy
morphology playing a far lesser role, if any.

There is not strong evidence that — at z ∼ 0 — galaxies on the star-
forming main sequence can have their gaseous disks altered by the presence of
a large central bulge. This work further cautions that as there is no detectable
impact on the atomic gas, many of the tight correlations observed between
galaxy structure (Σ?, R90/R50, B/T , σv, etc.) and the quenching of star form-
ation may not be due to a causal link and should not necessarily be assumed
as evidence of the driving mechanism for the quenching of galaxies. In the fol-
lowing chapter, I extend the usage of these robust structural decompositions
of the xGASS sample to investigate — complementary to this chapter — the
role that bulges have on the star formation rates in galaxies.
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Chapter 4

The Role of Bulges Along and
Across the Star-Forming Main

Sequence

In this Chapter, I use the catalogue of structural decomposition measurements
for the extended GALEX Arecibo SDSS Survey (xGASS) to study the role of
bulges both along and across the galaxy star-forming main sequence (SFMS). It
is shown that the slope in the sSFR–M? relation flattens by∼0.1 dex per decade
in M? when re-normalising sSFR by disk stellar mass instead of total stellar
mass. However, recasting the sSFR–M? relation into the framework of only
disk-specific quantities shows that a residual trend remains against disk stellar
mass with equivalent slope and comparable scatter to that of the total galaxy
relation. This suggests that the residual declining slope of the SFMS is intrinsic
to the disk components of galaxies. Furthermore, the distribution of bulge-to-
total ratios (B/T ) as a function of distance from the SFMS (∆SFRSFMS) is
investigated. At all stellar masses, the average B/T of local galaxies decreases
monotonically with increasing ∆SFRSFMS. Contrary to previous works, I find
that the upper-envelope of the SFMS is not dominated by objects with a signific-
ant bulge component. This rules out a scenario in which, in the local Universe,
objects with increased star formation activity are simultaneously experiencing
a significant bulge growth. Therefore, I suggest that much of the discrepancies
between different works studying the role of bulges originates from differences
in the methodology of structurally decomposing galaxies.

Robin Cook, Luca Cortese, Barbara Catinella and Aaron Robotham
MNRAS, 493, p.5596-5605 (2020).
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4.1 Introduction

The observed correlation between a galaxy’s star formation rate (SFR) and
stellar mass likely contains fundamental information from which one can begin
to understand the evolution of galaxies over cosmic time (Brinchmann et al.,
2004; Daddi et al., 2007; Rodighiero et al., 2010; Wuyts et al., 2011; Noeske
et al., 2007). From this, the star-forming main sequence (SFMS) has become
a powerful tool for understanding the origins of the distribution and evolu-
tion of galaxy properties throughout the Universe. The SFMS is commonly
parameterised via a linear relation between log SFR and log M? (i.e. a power
law), with an observed scatter of ∼ 0.3 dex (Speagle et al., 2014; Whitaker
et al., 2015) and a slope ranging from 0.5 to 1.0 dex. Uncertainties in the
slope arise predominantly from inconsistencies in individual SFR calibrations
(Pannella et al., 2009; Davies et al., 2016b) and how “star-forming” galaxies
are defined (Salim et al., 2007). The SFMS seems to hold over at least the
last 10Gyr (Elbaz et al., 2007; Peng et al., 2010b; Whitaker et al., 2012, 2014;
Popesso et al., 2019b) with a normalisation that is observed to increase at
earlier epochs (Schreiber et al., 2015). This likely reflects the sharp decline in
the cosmic star formation history by a factor of 10 since z ∼ 1 (Lilly et al.,
1996; Madau et al., 1998; Hopkins & Beacom, 2006).

Many studies have shown that the SFR–M? relation has a slope that is
less than unity (e.g. Whitaker et al. 2014; Lee et al. 2015; Schreiber et al.
2015; Tomczak et al. 2016). This departure from unity is most notable when
the SFMS is recast in terms of the ratio of current SFR to current stellar
mass, or specific SFR (sSFR ≡ SFR/M?). This can be considered to be a
galaxy’s fractional mass-growth rate or, its inverse, the galaxy build-up time.
Given that the sSFR–M? relation is observed to have a range of negative
slopes, this implies that not all galaxies form stars at a constant efficiency
throughout their evolution and that a residual mass trend may hint at the
possible physical process(es) responsible for the suppression of SFR towards
higher masses. This coincides with the term “downsizing”, which has often
been used to describe the observation that more massive galaxies have formed
earlier and at a faster rate (Neistein et al., 2006). Historically, the concept
of sSFR is synonymous to the birthrate parameter (Kennicutt et al., 1994;
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Boselli et al., 2001), expressed as the ratio of the current SFR to the average
SFR integrated over its lifetime. Early-type galaxies generally have a small
birthrate parameter indicating that most of their stars have formed at an
earlier epoch.

Furthermore, there is evidence to suggest that the SFR–M? relation is
not strictly a power law, but instead shows curvature in the high stellar mass
(M? & 10.5 M�) regime (Elbaz et al., 2011; Whitaker et al., 2014; Gavazzi
et al., 2015; Lee et al., 2015; Schreiber et al., 2015; Popesso et al., 2019a). Such
studies find a low mass power law of slope α ∼ 1, which becomes shallower
above a turnover mass that ranges from 109.5 to 1010.8 M�, with evidence
suggesting that this turnover mass may increase with redshift (Tomczak et al.,
2016). However, other studies do not observe a mass-dependent slope (e.g.
Rodighiero et al. 2014; Speagle et al. 2014). In addition to fitting a power
law, the SFMS can also be defined by tracing the ridge along the locus of the
star-forming galaxy distribution (Renzini & Peng, 2015).

A suggested explanation for the existence of a flattening in the SFMS has
been attributed to the decreasing contribution of star-forming disks towards
higher stellar masses. If it is assumed that the bulk of star formation occurs
in the disk, then a flat, linear relation in the star-forming main sequence could
remain if one considers the disk mass alone (Guo et al., 2015). Abramson
et al. (2014) show that by re-normalising the sSFR by the disk (instead of
total) stellar mass (M?,disk), one can account for ∼ 0.25 dex of declining sSFR
per decade of M?. They suggest that the disks maintain a constant sSFR
if one correctly accounts for the mass present in passive bulges. However,
this result has not been confirmed by other authors who show that a constant
sSFR does not necessarily exist amongst disks considered independently (Guo
et al., 2015; Whitaker et al., 2015; Schreiber et al., 2015; Morselli et al., 2017).
Popesso et al. (2019a) suggest that, because the disks of high-mass galaxies
are redder than their lower mass counterparts, the bending of the SFMS is
instead due to the starvation of cold gas in a hot halo environment. As well
as looking at the role of bulges in regulating the shape of the SFMS, many
studies have also studied how the position of a galaxy across the SFMS relates
to the growth of their central component. Morselli et al. (2017); Popesso
et al. (2019a) find that the average B/T of galaxies increases both above and
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below the SFMS and is suggested to correspond to a central enhancement of
star formation activity observed in starburst galaxies (Morselli et al., 2019;
Belfiore et al., 2018; Ellison et al., 2018a). These observations have pointed
towards a possible scenario in which star-forming galaxies may oscillate about
the SFMS due to successive compaction events followed by depletion of their
cold gas reservoirs (Zolotov et al., 2015; Tacchella et al., 2016).

I investigate the nature of these findings in this chapter using the structural
decomposition of the xGASS sample (Catinella et al., 2010, 2018). Although
this sample only contains ∼1,200 galaxies, in the context of measuring struc-
tural parameters through modelling of galaxy light profiles, it is important to
note that to achieve reliable measurements of galaxy structure, large number
statistics alone is not sufficient. In Chapter 2, it was shown that informed
model validation (beyond goodness-of-fit metrics) is necessary to consistently
derive physically meaningful solutions for galaxy models. As I will show, this
has important implications when understanding how morphology is linked to
the evolution of galaxies.

This chapter is organised as follows. In Section 4.2, I present the results
of analysing the role of structure along and across the SFMS, followed by an
analysis of the implications of poorly fit models in Section 4.3. In Section 4.4,
I discuss these results in regards to previous works and conclude in Section 4.5.
All distance-dependent quantities are computed assuming ΩM = 0.3, ΩΛ = 0.7

and H0 = 70 km s−1 Mpc−1.

4.2 Results

4.2.1 Role of Bulges Along the Star-Forming Main Se-

quence

I begin by investigating the positions of galaxies along the log sSFR− log M?

plane to understand the origin of the residual dependence on mass in the slope
of the SFMS. In particular, whether this can be explained by the morphological
transition that occurs towards higher stellar masses, where bulges (themselves
typically not star-forming) become increasingly predominant. The left panel of



The Role of Bulges Along and Across the SFMS 103

Figure 4.1: The main-sequence of star-forming galaxies using the specific
star formation rate normalised by the total stellar mass (sSFRtotal, left)
or the disk stellar mass (sSFRdisk, right). Smaller points show all galax-
ies in the xGASS sample, with coloured points showing the subset of “star-
forming” galaxies defined as being > 2σMS away from the SFMS. The solid
black line represents the SFMS (as defined in equation 3.2) with the dashed
line showing the cut 2σMS below. The colour of the points indicate each
galaxy’s stellar mass bulge-to-total ratio (B/TM?). The diamond points
show the median values of star-forming galaxies in bins of stellar mass. Grey
points are not considered star-forming here and hence are not included in
calculating the median. The right panel shows the medians for both the
sSFRdisk (blue) as well as the sSFRtotal (red) for reference.

Figure 4.2: Same as Figure 4.1 (right panel) but plotted as a function of
disk stellar mass.
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Figure 4.3: Top: Probability density functions of specific star formation
rates in 0.4 dex bins of total stellar mass (M?,total). The distributions of
sSFRtotal and sSFRdisk are represented by the black and hatched blue his-
tograms, respectively. For comparisons between sSFRtotal and sSFRdisk, the
vertical lines show the means obtained for each Gaussian model. Bottom:
repeating the analysis instead binning galaxies according to their disk stel-
lar mass (M?,disk). The black histogram is the same in the top and bottom
panels.

Figure 4.1 shows the sSFR–M? plane for all xGASS galaxies with the subset
of star-forming galaxies shown as coloured points. Here, star-forming galaxies
have been defined as those with a SFR greater than 2σ below the SFMS as
defined in Catinella et al. (2018); see also Janowiecki et al. (2020). The xGASS
SFMS and corresponding scatter are given by Equations 3.2 and 3.3. For the
range of stellar masses in xGASS, the typical scatter in the SFMS equates to
σMS = 0.2 – 0.35 dex; in agreement with many previous studies (Daddi et al.,
2007; Speagle et al., 2014; Popesso et al., 2019a) at this redshift.

The right panel of Figure 4.1 shows instead the re-normalisation of the
specific SFR by the disk stellar mass, defined here as:

sSFRdisk ≡ SFR/M?,disk. (4.1)

This quantity reflects the fractional mass-growth of the disk alone. Whilst
there may be some contribution to the SFR from a bulge or nuclear region,
this is likely quite small. In both panels, star-forming galaxies are coloured
according to their stellar mass bulge-to-total ratio, hence indicating by how
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much each galaxy will shift when plotted by its disk mass. Blue points —
being pure-disk systems — do not move as, by definition, all of their mass
is contained within their disk. The larger diamond points show the median
log sSFR for star-forming galaxies within each M? bin. There is indeed a
slight flattening (∼ 0.1 dex) of the relation above stellar masses of 1010 M�

in transition from sSFRtotal (red) to sSFRdisk (blue), which is qualitatively
in agreement with the results of Abramson et al. (2014). Below this mass,
the two relations are nearly equivalent with a slightly declining slope, as this
regime is occupied predominantly by disk-dominated galaxies.

The flattening of this relation seen at high M? could be explained by the
removal of the contribution from (non-star-forming) bulges to the sSFR which
increases with M? Abramson et al. 2014; Erfanianfar et al. 2016. Although
a slight difference is observed when removing the bulge components, it is not
sufficient to completely eliminate a residual trend with the total stellar mass.
Furthermore, the resulting sSFRdisk vs.M?,total relation has a comparable
scatter to the relation prior to being re-normalised. This is in contrast to the
relations shown in Abramson et al. (2014) for which a dramatic increase in σMS

is observed. The underlying difference between these analyses is the different
structural decomposition catalogues used between these works. Abramson
et al. (2014) utilise the Simard et al. (2011) catalogue with fixed Sérsic indices
for both the bulge (nbulge = 4) and disk (ndisk = 1) components. It has
previously been shown that in many cases, this catalogue greatly overestimates
the contribution of a bulge component (Meert et al., 2015, see also Chapter 3).
In Section 4.3, this is illustrated in more detail with reference to the catalogue
of morphological measurements of Domínguez Sánchez et al. (2018) determined
via a deep-learning algorithm trained upon visually-classified morphological
types.

Simply re-normalising the sSFR by the disk mass does not necessarily
identify whether the slope of the SFR–M? relation approaches unity if viewed
in the framework of disks alone. This is because in Figure 4.1 above, a disk-
normalised quantity (sSFRdisk) is being compared with the total stellar mass.
For comparison, I also show the equivalent plot for the disk-normalised sSFR
plotted againstM?,disk instead ofM?,total (as is the case in e.g. Abramson et al.
2014). Here, galaxies do not simply move upwards on the sSFR axis as in
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Figure 4.1, but also towards lower stellar masses. Normalising both axes of
this plot by their disk quantities appears to largely remove the flattening of the
slope seen in Figure 4.1. This implies that there is a residual dependence of the
SFMS on stellar mass even for disks taken independently. A slightly declining
slope is also observed for galaxies taken as a whole because — particularly
at M? < 1010 M�— the majority of their stellar mass resides within a disk
component. Indeed, this may explain why a down-bending is observed at
high stellar masses with increasing prominence towards later epochs, where
galaxies become increasingly dominated by passive bulges (Schreiber et al.,
2015; Popesso et al., 2019a). Note that the xGASS sample does not probe
enough galaxies in this regime to detect whether the slope is further mass-
dependent at these higher stellar masses.

4.2.2 Distributions of sSFR across Stellar Mass

Much of the difference seen in the slope of the SFMS between different works
likely originates from differences in the definition of “star-forming” galaxies.
Similar results are obtained when reproducing the analysis presented in the
previous section with different approaches for defining a “star-forming” pop-
ulation (e.g. NUV− r colour; not shown). Note that the definition used in
Figure 4.1 is fairly conservative. Placing the division lower might impact the
extent of the separation between the sSFRtotal and sSFRdisk relations as a
larger fraction of bulge-dominated galaxies will be included.

I attempt to illustrate whether this could have a significant effect on the
results by studying the distributions of sSFR as a function of stellar mass.
The sSFR–M? plane is first divided into 0.4 dex wide bins in stellar mass
within which Gaussians are fit simultaneously to both star-forming and pass-
ive populations (where present). This is in principle a simplified way of finding
the ridge line connecting the peaks of number density along a 2D histogram of
galaxies in the sSFR–M? plane as has recently been proposed by Renzini &
Peng (2015). In this way, one obtains the loci of the SFMS across stellar mass
independently of a particular cut in SFR. Figure 4.3 shows the resulting prob-
ability density functions obtained when dividing galaxies in bins of M?,total for
both sSFRtotal (black) and sSFRdisk (blue) in the top row. The distribution



The Role of Bulges Along and Across the SFMS 107

Figure 4.4: The sSFR–M? plane binned along both axes with the colour
showing the mean r-band B/T of galaxies within each bin. The dashed
black line corresponds to the SFMS for the xGASS sample as defined by
Janowiecki et al. (2020). Contours show the 68th and 95th percentiles con-
taining the data as solid and dashed lines, respectively.

of sSFRdisk is skewed slightly towards higher values with respect to sSFRtotal,
confirming that there is indeed an effect when isolating the disk. The peaks
of the Gaussian models (vertical dashed lines) trace the SFMS across stellar
mass showing a gradual decline at M? . 1010 M� and a flattening above this.
This difference is at the level of 0.1 dex, similar to that seen in Figure 4.1
and confirms that the presence of a bulge itself cannot entirely explain the
negative residual slope in the sSFR–M? relation. Note that the SFMS be-
comes highly non-Gaussian towards the high mass end, thus the sharp decline
of the SFMS peak at M?,total & 1011 M� more likely reflects the inability to
fit a suitable Gaussian model to the limited sample size of these data. As a
comparison, in the bottom row of Figure 4.3, I replicate this analysis for the
sSFRdisk vsM?,disk plane as shown in Figure 4.2 by instead binning across disk
stellar mass. As before, I confirm that comparing galaxies at a fixed M?,disk

removes the differences seen in Figure 4.1. This shows that the self-similar
aspect of disks observed in the previous analysis is not strongly dependent on
how star-forming galaxies are selected.
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4.2.3 Role of Bulges Across the Main Sequence

A common explanation for the observed slope of the SFMS is the change in
morphology that occurs along it. However, one should not confuse this with
the actual passage of individual galaxies within this plane. Rather, the SFRs
of galaxies on the SFMS are believed to be regulated in quasi-equilibrium by
the inflows and outflows of gas as well as stochastic (mergers and violent disk
instabilities) events (Bouché et al., 2010; Daddi et al., 2010; Genzel et al., 2010;
Davé et al., 2012; Lilly et al., 2013; Dekel & Mandelker, 2014; Tacchella et al.,
2016). This has prompted many studies to investigate how various physical
properties vary amongst galaxies located above and below the SFMS, including
star formation efficiency, morphology, IR/UV ratio, dust temperature, cold
gas content (e.g. Wuyts et al. 2011; Elbaz et al. 2011; Nordon et al. 2013;
Saintonge et al. 2016). In particular, Morselli et al. (2017); Popesso et al.
(2019a) observe that the average bulge-to-total ratio of galaxies across the
main sequence appears to form a parabolic shape with the minimum locus
sitting along the main sequence and the maximum in the passive population.
They find intermediate bulge-to-total ratios for galaxies lying slightly below
the SFMS as well as in its upper envelope.

Figure 4.4 shows the sSFR–M? plane with the mean r-band B/T shown
in each bin. The overlaid contours represent the 68th and 95th percentiles
of the number distribution of galaxies. As already pointed out by previous
works (Wuyts et al., 2011), this plot shows that the main sequence is primarily
populated by disk-dominated galaxies, whereas below the main-sequence there
is an increasing contribution from bulges. Along the SFMS, the mean B/T

also increases with stellar mass, varying from B/T ' 0 at M? = 109 M� to
B/T ' 0.3 at M? = 1011 M�.

In the top panel of Figure 4.5, I perform a similar exercise as has been done
in Morselli et al. (2017) by looking at the mean r-band B/T as a function of
distance from the SFMS (∆SFRSFMS). The relatively small size of the xGASS
sample affords separating galaxies into four stellar mass bins of width 0.6 dex.
This is in contrast to the work done by Morselli et al. (2017) who utilise a
much larger sample selected from SDSS with the bulge-disk decomposition
measurements from Simard et al. (2011). These results do not replicate the
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Figure 4.5: Top: Average (r-band) bulge-to-total ratio used in this work
plotted against the difference in sSFR of galaxies from that of the SFMS.
Bottom: Average (r-band) bulge-to-total ratio measured in Simard et al.
(2011) for the same sample plotted against ∆SFRSFMS. Coloured lines in-
dicate different ranges in stellar mass with error bars representing the stand-
ard errors on the means.
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trends with structure as a function of ∆SFRSFMS, in particular, the average
bulge-to-total ratio decreases monotonically from the passive population to
the upper envelope of the SFMS. This anticorrelation is observed in each bin
of stellar mass, with the exception of the lowest M? bin which remains at a
relatively constant average bulge-to-total ratio of ∼ 0.05.

It is possible that the disparity of the trends observed in Figure 4.5 with re-
spect to the Morselli et al. (2017) result may be due to the differences between
the samples being studied. Whilst the sample used in Morselli et al. (2017) in-
corporates ∼ 265, 000 galaxies between 0.02 < z < 0.1, with log M? > 9.0 M�

and identified as not hosting active galactic nuclei, the ∼ 1200 galaxies in
xGASS were selected based on redshift (0.01 < z < 0.05) and stellar mass
(9.0 6 log M? 6 11.5 M�) only. The larger sample used in the Morselli et al.
(2017) analysis includes rare starburst galaxies with SFRs at more than 1
dex above the SFMS. Due to the relatively low numbers of galaxies in the
xGASS sample, it is not possible to probe such high SFRs and as such a dir-
ect comparison is not able to be made in this regime. However, the upturn
in bulge-to-total ratios observed in Morselli et al. (2017) becomes statistically
significant for low stellar masses (. 1010 M�) in the regime 0.5 dex above the
SFMS. In xGASS, ∆SFRSFMS = 0.5 dex marks the 2σ confidence interval
of star-forming galaxies (i.e. ∼95% of SF galaxies have ∆SFRSFMS ≤ 0.5

dex). That said, very few examples of galaxies above this point are found
with B/T > 0.1, particular in the lowest stellar masses where the upturn is
most evident for Morselli et al. (2017); Popesso et al. (2019a).

To understand how the differences between both samples impacts the res-
ults above, I repeat the analysis using the Simard et al. (2011) structural
decomposition catalogue with the xGASS sample in the bottom panel of Fig-
ure 4.5. In all mass bins at all regions across the SFMS, galaxies show a higher
average B/T . In at least two of the mass ranges, the trends seen in Morselli
et al. (2017) of an upturn in the average B/T of galaxies above ∆SFRSFMS

> 0 are also observed. This suggests that, whilst the difference in samples
and lower number statistics of xGASS above the main sequence may play a
role, the elevated average B/T observed in galaxies above the SFMS are, at
least partially, rooted in the differences in structural decomposition catalogues.
These differences further are discussed further in Section 4.3.



The Role of Bulges Along and Across the SFMS 111

4.3 Spurious Structural Decomposition Models

From the results shown above, it is clear that the structural decomposition of
galaxy light profiles and subsequent model classification must be performed
very carefully to minimise the contamination of spurious measurements of
structural parameters. Relying solely on large number statistics to overcome
the many inherent complications of modelling galaxies may prove to be a
less viable solution than using smaller samples, where individual galaxies are
modelled in greater detail and model selection is based on physical properties
rather than statistical measures of their ‘goodness of fit’ (see Section 3.2).

In Figure 4.6, I present a comparison between bulge-to-total ratios de-
rived from the structural decomposition of SDSS galaxies against their T-types
measured from a machine learning algorithm described in Domínguez Sánchez
et al. (2018). Here, a more-negative T-type indicates an earlier morphological
class, hence one would expect this to correlate with an increasing average B/T .
This trend is indeed observed to some degree in both catalogues shown here
but with important caveats. Firstly, galaxies visually classified as early-type
galaxies (T-type . −1) exhibit a large range in B/T . This highlights the high
degree of uncertainty in modelling light profiles for galaxies that are visually
identified as early-type, as profile fitting codes have difficulties distinguishing
large spheroids from diffuse disks in this regime.

In general, there is a larger spread in B/T at a given T-type in the Simard
et al. (2011) catalogue, which again reflects the fact that the sample involved
is significantly larger (∼ 1×106 galaxies) and inherently has limitations to the
extent to which models can be validated after being modelled. In particular,
many galaxies selected from the Simard et al. (2011) catalogue are visually
identified as late-type systems from their T-type but have a high B/T. In
fact, many of these galaxies would be classified as pure-bulge systems (i.e.
B/T = 1) when basing the model classification on their Sérsic index (n >

2.5) or via the bulge-to-total ratio as measured by a corresponding double-
component model. This highlights an important caveat when using structural
decomposition catalogues which should be carefully considered before bulge
and disk measurements are assigned to a galaxy.
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Figure 4.6: Bulge-to-total ratio measurement derived from the structural
decomposition of xGASS galaxies plotted against their T-types measured in
Domínguez Sánchez et al. (2018). Comparisons are made against the struc-
tural decomposition catalogues of this work ((top) and Simard et al. 2011
(bottom).

To illustrate this further, Figure 4.7 shows a galaxy-matched comparison
between the B/T measured in this thesis and those derived from Simard et al.
(2011). Here, I take the suggested approach from Simard et al. (2011) of us-
ing the probability derived from an F -test comparing the likelihood that the
double-component model is preferred over the single-component one. They as-
sign the value PpS as the F -test probability that a double-component model is
not required compared to that of a pure-Sérsic model. In particular, a galaxy
is considered to be best fit by a double-component model if PpS 6 0.32. I reit-
erate here that whilst these single-component models may have provided the
mathematically-preferred solution (in terms of their goodness-of-fit metric),
given the data quality and model constraints, they may not be physically cor-
rect solutions. That said, this probability alone can only indicate whether
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Figure 4.7: A direct comparison of the r-band bulge-to-total ratios of
xGASS galaxies measured in the Simard et al. (2011) catalogue against
those measured in this thesis. Points are coloured by their distance from
the relation defining the star-forming main sequence such that more-positive
(bluer) points show galaxies above the SFMS. The shaded region shows the
regime in which the disagreement between the catalogues is greater than
0.75.

a particular photometric image exhibits a smaller residual when modelled
with one or two components but explicitly does not separate between single-
component models that are pure-disk or pure-bulge systems. A cut in Sérsic
index is often used as such a discriminator (Allen et al., 2006; Meert et al.,
2015) and, in some cases, an additional measurement of galaxy colour (Kelvin
et al., 2012). Here, the cut is made at n ≤ 2.5 for the Simard et al. (2011) cata-
logue to remain consistent with previous works and to present a conservative
comparison. Whilst the Sérsic index — or other metrics such as concentration
index (R90/R50) or central surface brightness — scales roughly with increasing
bulge fraction, the mapping is far more convoluted and certainly not a one-to-
one relation (Graham et al., 2001). In particular, it cannot always distinguish
between a purely disk- or spheroid-dominated system, particularly in the case
of galaxies that are irregular, disrupted or observed edge-on.

In this particular case, selecting the best model complexity (i.e. num-
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Figure 4.8: These panels show the SDSS RGB cutout images of galaxies
above the SFMS (i.e. ∆SFRSFMS > 0) that fall within the shaded region of
Figure 4.7. With few exceptions, these are predominantly indicative of disk-
dominated galaxies.

ber of components) based on residuals of the data −model and Sérsic index
is in principle not sufficient. This leads to a non-negligible fraction of in-
herently pure-disk systems being considered as either bulge-dominated in the
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case where the F -test incorrectly maps to model complexity or as a pure-bulge
where the Sérsic index is artificially inflated. The bottom panels of Figure 4.7
show a series of SDSS RGB cutout images for xGASS galaxies which show
the greatest tension between B/T values derived between the two catalogues.
The vast majority of these galaxies are consistent with highly disk-dominated
systems corroborating that model selection via a F -test probability and cut
in Sérsic index is not always valid.

In the era of large surveys, structural decomposition studies will need to
move beyond current strategies for model selection in favour for those that can
extract more information from the residual (data−model) maps. In particu-
lar, the use of deep learning algorithms in this field may be the most promising
solution to finding the balance needed between a fast, automated and reprodu-
cible method that also incorporates the required intuition of visually inspected
model selection. In order to implement such deep learning algorithms, one re-
quires a large enough training set that is representative of galaxies in a partic-
ular sample. Previous studies have generated mock galaxy images by injecting
synthetic Sérsic profiles into real astronomical data. However, these synthetic
images do not yet encompass the true complexities of galaxies which vary as a
function of environment, mass, projection, sensitivity, redshift, etc. This is be-
coming increasingly important when investigating the secondary correlations
that are present within global galaxy scaling relations.

4.4 Discussion

Here, I discuss the main findings of this chapter. These are: (a) the declining
slope in the SFMS at high total stellar masses (M? > 1010 M�) is not suffi-
ciently explained by the inclusion of bulges; (b) importantly, when done in
a consistent manner (i.e. sSFRdisk vs. M?,disk), this difference is no longer
present; (c) the average bulge fraction of galaxies increases monotonically as
a function of distance from the SFMS (at all stellar masses) as well as with
increasing total stellar mass.
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4.4.1 Slope of the Star-forming Main Sequence

Previously, Abramson et al. (2014) have shown that re-normalising specific
SFR by the disk mass alone (as opposed to total stellar mass) can account for
∼ 0.25 dex of the decline in the SFMS for every order of magnitude increase
in stellar mass for galaxies with M? > 1010 M�. In this work, I have used a
different sample and, importantly, a more robust set of structural decompos-
ition measurements to show that the disk-normalised relation (in this same
mass regime) accounts for only ∼ 0.1 dex. This result has also been confirmed
by Popesso et al. (2019a), who find that the bulge component accounts for
only 10% at M? = 1010 M� to 35% at M? = 1011 M�. This result alone sug-
gests that the non-identical star formation histories of galaxies encapsulated
by the residual negative slope in the sSFR–M? relation cannot be completely
explained by the growth of bulges at higher stellar masses.

Moreover, recasting this relation as a disk-normalised quantity (sSFRdisk)
against a global property (M?,total) can be difficult to interpret given the re-
sidual coupling to B/T that exists between these two quantities. Instead,
framing this relation in terms of M?,disk exhibits an identical slope to that
seen in the relation with total galaxy quantities. This implies that the ob-
servation of higher mass galaxies having built up at earlier epochs and over
shorter timescales is itself intrinsic to the disk components of galaxies. Under
the assumption that star formation proceeds predominantly within disks, it is

Figure 4.9: SDSS cutout images centred on low mass (M? < 9.4 M�)
xGASS galaxies above the main sequence with concentration indices (CI)
of R90/R50 > 2.5. The (r-band) B/T modelled from Chapter 2 and the
SDSS-based r-band concentration index for each galaxy are shown in the
bottom-right corner. The galaxies are ordered by increasing distance above
the SFMS.
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perhaps not surprising that the heterogeneous growth of galaxies is rooted in
their disks whilst bulges appear to have only at most a secondary role.

In both Figures 4.1 and 4.2, it is evident that a clear relationship between
the sSFR and stellar mass remains once recast into disk-normalised quantities
with a SFMS scatter comparable to the total relation. This is in contrast to the
disk-normalised relations of Abramson et al. (2014) in which the scatter of the
SFMS increases significantly. Although a larger sample was used, the greater
uncertainties in the bulge and disk model parameters leads to a larger overall
scatter and the resulting relation between SFR/M?,disk andM?,total is no longer
well-defined. I have shown that with a smaller sample, the resulting scatter can
be significantly reduced when using structural decomposition measurements
with further model validation and filtering as described in Section 2.4.

4.4.2 Morphology across the SFMS

Perpendicular to investigating the role of bulges in regulating the relation
along the SFMS, I also investigate the distribution of morphology across it.
The trends of an increasing bulge prominence as a function of distance below
the SFMS observed in this work are in good agreement with recent studies
(Bluck et al., 2014; Morselli et al., 2019). At all stellar masses, galaxies below
the main sequence are always on average more bulge-dominated than those
on or above it. Whilst at face value this might suggest that the build up of a
bulge may be linked to the suppression of star formation in galaxies, Chapter 3
showed that the presence (and relative prominence) of bulges in star-forming
galaxies has little-to-no impact on their overall atomic hydrogen (H i) gas
reservoirs. If one considers the H i reservoir within a galaxy to indicate its
potential for future star formation, a signature would be expected to appear
here if, in fact, the presence of a bulge could in some way affect the continued
star formation in a galaxy.

Note that these results are in tension with those found in previous studies
(e.g. Morselli et al. 2017; Popesso et al. 2019a) also using local samples of
SDSS galaxies. In particular, Morselli et al. (2017) find that at most stellar
masses, the minimum average B/T of galaxies aligns closely with the peak
of the SFMS (i.e. ∆SFRSFMS ≡ 0), whereas Popesso et al. (2019a) find this
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minimum to increase gradually as a function of stellar mass. Note, however,
that using global structural parameters of CANDELS galaxies modelled by
van der Wel et al. (2012), Morselli et al. (2019) showed recently that galaxies
above the SFMS exhibit lower Sérsic indices on average than galaxies on or
below the SFMS, which is consistent with this work. The results in Figure
4.5 show that the average B/T is monotonically declining with no apparent
increase above the SFMS. This implies that as galaxies experience episodes
of heightened star formation activity, a change in their morphology does not
necessarily follow. The results of Morselli et al. (2017); Popesso et al. (2019a)
have prompted a scenario in which galaxies receive a large infall of gas that
triggers star formation and subsequently promotes the growth of the central
bulge. In this compaction-depletion scenario, repeated phases of gas inflow
towards the centre of a galaxy are followed by depletion due to an episode
of heightened star formation activity. This advances galaxies along the main
sequence before reaching a final quenching event. These data instead do not
reveal a population of starburst galaxies (emerging from either merger events
or violent disk instabilities) which harbour a prominent star-forming bulge
component.

As is highlighted by Figure 4.7, this tension is likely due to the differences
between structural decomposition measurements used in these studies, rather
than differences in calibration of SFR indicators or stellar mass measurements.
The presence of visually classified late-type galaxies modelled as highly bulge-
dominated systems partly explains the discrepancies between this study and
those based on the Simard et al. (2011) catalogue.

Lastly, I note that a similar increase above the main sequence has been
observed when using SDSS-based concentration indices (R90/R50) in place of
of structural decomposition (e.g. Appendix B of Morselli et al. 2017). It is
important to emphasise that from a physical point of view there is no one-
to-one mapping between concentration index and B/T and even the mapping
onto Sérsic index is not strictly monotonic when the effects of seeing are con-
sidered (Graham & Driver, 2005). Moreover, the concentration index (and
accordingly, a single-component Sérsic index) is itself a poor proxy for B/T
since both low and high R90/R50 map to single-component models as pure-
disks and pure-bulges, respectively. As an example, low mass star-forming
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galaxies often show features such as inner star-bursts or bars which increase
the concentration of light (and Sérsic index) measured despite there being no
bulge structure present. This is highlighted in Figure 4.9, where examples
are shown of low mass galaxies in xGASS above the main sequence and with
concentration indices greater than 2.5 which roughly delineates where the up-
turn becomes statistically significant in the Morselli et al. (2017) analysis. As
can be seen, the structural decomposition suggests that in most cases, there
is little-to-no contribution from a bulge structure but a large concentration
index results nonetheless. As such, it should not be used as evidence that
highly star-forming systems have bigger bulges.

4.5 Summary

In this work, I study the role of bulges both as regulators of star formation
rate (along the SFMS) as well as by-products (across the SFMS) using the
catalogue of robust structural decompositions of the xGASS sample. I find
that the slope of the sSFR–M? flattens by 0.1 dex per decade in M? when
re-normalising the specific star formation rate by the stellar mass of the disk.
However, this flattening is only observed above a stellar mass ofM? ∼ 1010 M�;
below this, the relation retains a gradual negative slope as this regime is dom-
inated by pure-disk systems. This fact, in addition to the persistence of the
negative slope when plotting sSFRdisk against the disk stellar mass, indic-
ates that the residual mass dependence of this relation is more closely linked
to physical processes acting on the disk, rather than the contribution from
bulges. Galaxies situated on the SFMS exhibit an increasing average B/T as
a function of stellar mass, from nearly pure-disks (B/T ∼ 0) to ∼30% bulge
fractions over the mass range of M? = 109 – 1011.25 M�. However, this alone is
not sufficient to explain the residual slope in the sSFR–M? relation.

Furthermore, it is found that the average B/T of galaxies as a function
of distance from the SFMS is monotonically decreasing at all stellar masses;
with the exception of the lowest bin (M? < 109.4 M�) which is consistent with
pure-disk systems throughout its range of star-formation rates. This finding
is in agreement with some previous works (Bluck et al., 2014; Morselli et al.,
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2019) but not with other works which find an increased average B/T above the
SFMS (Morselli et al., 2017; Popesso et al., 2019a). I do not find evidence for
a population of starburst galaxies with systematically higher bulge fractions
in the local Universe.

This discrepancy is likely attributed to differences in the structural de-
composition measurements used in each of these works. The limited model
validation viable in such large catalogues can lead to spurious structural meas-
urements being assigned to galaxies. In particular, using a goodness-of-fit
metric to decide model complexity (number of components) and a proxy for
morphology (e.g. Sérsic index, concentration index) to distinguish pure-disks
and pure-bulges is not in itself sufficient to classify galaxies in a robust man-
ner.
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Chapter 5

Galaxy Scaling Relations in the
Framework of Disks

In this Chapter, I aim to better characterise the scatter in several of the scaling
relations that exist between both the cold gas content and star formation
rate with other observed galaxy properties. This is done by recasting these
scaling relations into the framework of their disk properties rather than using
properties of the galaxy taken as a whole (i.e., including the bulge component).
I investigate whether the correlations that exists between galaxy structure,
stellar mass, atomic gas content, colour and star formation rates are more
closely related to the disk component of galaxies or whether the correlation
exists fundamentally within the galaxy considered as a whole.
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5.1 Introduction

Many strong correlations are known to exist between galaxy gas content and
the properties of mass, colour, internal structure, size, environment, etc. (see
Roberts & Haynes, 1994; Kennicutt, 1998; Boselli & Gavazzi, 2006, and refer-
ences therein for a review). However, the extent to which these global galaxy
properties play a role in both the continuation and cessation of star forma-
tion through the regulation of cold gas reservoirs is not yet well understood.
Stellar mass, for example, appears to be intimately related to the process(es)
that govern galaxy evolution over cosmological time and, indeed, correlations
with H i gas content have been observed (Catinella et al., 2010; Huang et al.,
2012; Maddox et al., 2015; Parkash et al., 2018). Whilst the origin of this
correlation is more likely rooted as a luminosity-luminosity relation, there is
evidence that thresholds exist in both the stellar mass and surface densities of
galaxies, above which H i mass is observed to decline significantly (Catinella
et al., 2010; Saintonge et al., 2011). Whilst the focus of the previous chapters
has been on the trends of H i gas content and sSFR with stellar mass alone,
this chapter looks at how these properties respond to other important galaxy
quantities, including the stellar mass surface density µ?, NUV− r colour and
sSFR.

One of the key goals of xGASS was to establish if (and to what extent)
galaxy mass or structure have a significant role in regulating cold gas reservoirs.
In order to understand this further, one requires the accurate separation of the
bulge and disk stellar components such that the global galaxy relationships
that are governed by the gas-stellar formation cycles within galaxies can be
isolated to the domain in which gas and star formation generally take place,
namely the gaseous disk. Previous studies have closely investigated the origin
of scatter in gas scaling relations (Fabello et al., 2011; Brown et al., 2015;
Chen et al., 2020). In particular, Brown et al. (2015) find that NUV− r
colour is by far the strongest tracer of H i gas content and that relations with
stellar mass and stellar surface density are driven primarily by a correlation
with NUV− r colour (i.e., through the Kennicutt–Schmidt relation) and the
underlying differences between the populations of star-forming and quenched
galaxies. More recently, Chen et al. (2020) studied the variation in H i mass
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fraction with various relations involving the bulge and disk components of
ALFALFA galaxies. Specifically, the authors found that whilst disk colours
strongly correlate with MHI, the bulge colours show no strong correlation.

Prior to this, Fabello et al. (2011) showed through H i stacking of AL-
FALFA galaxies that systems with a significant bulge component were not
necessarily less efficiently converting their available gas reservoirs into stars.
Moreover, it was shown that the difference in the H i gas fraction of early-type
galaxies compared to a typical sample of galaxies was significantly reduced
when renormalising the H i gas fraction in terms of the disk mass. However,
in this analysis, the estimation of disk stellar mass was made via the assump-
tion that the bulge-to-total ratio of a galaxy can be derived via the measured
r-band concentration index (R90/R50). Whilst the bulge fraction is correlated
with the total galaxy concentration, there is significant scatter between these
parameters.

Figure 5.1: The r-band concentration index against the modelled stellar
mass bulge-to-total ratio for the xGASS representative sample. The concen-
tration index is taken as the ratio of the radii containing 90% and 50% of
the Petrosian flux in the r-band.

Figure 5.1 shows for the bulge – disk decomposition of xGASS galaxies how
the r-band concentration index (R90/R50) correlates with the modelled stellar
mass bulge-to-total ratio. Whilst there is indeed a trend for galaxies with
higher B/TM? to have high concentration indices, there is a significant amount
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of scatter over the range of B/TM? values. This indicates that these methods
for quantifying the relative structure of a galaxy are not easily interchangeable.
Thus, it is difficult to conclude from this approximated measure of the disk
mass whether the disk gas fraction (MHI/M?,disk) is better correlated with
other observed galaxy properties. These studies show that isolating the bulge
and disk components in cold gas scaling relations could potentially alter their
interpretation.

The structural measurements compiled in this work are hence ideal for
testing the hypothesis that gas content should be more closely related to the
disk-specific quantities of galaxies. In Chapter 4, it was already shown that
the slope and scatter of the sSFR–M? plane was not significantly influenced
by the presence of a bulge component. The implication of this result was that
the scaling relations that encode the secular evolution of galaxies taken as a
whole are in fact imprinted in the development of the disk component itself.
In the analysis that follows, I attempt to answer whether this statement can
be generalised to scaling relations that describe how gas reservoirs and star
formation activity relate to various disk properties across the transition from
star-forming to quenched systems. I present various scaling relations which
show how the components of the interstellar medium (ISM): atomic hydrogen
gas content (MHI) and star formation rate (SFR), correlates to the physical
properties observed for the stellar populations of these galaxies: stellar mass
(M?), stellar mass surface density (µ?). Additionally, I revisit the scaling
relations presented in Catinella et al. (2018) for the ∼1200 galaxies in the
xGASS representative sample.

5.2 Characterising the Scatter in Scaling Rela-

tions

The key advancement in this work is that, for the first time, cold gas scaling
relations can be restricted specifically to the contributions from the disk com-
ponent only by utilising the bulge - disk decomposition catalogue produced for
xGASS. It is not yet known by how much the scatter present in most common
gas scaling relations (e.g. Catinella et al., 2018) is due to the fact that one of-
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ten normalises gas masses (and star formation rates) by the total stellar mass.
This inherently includes the bulge component into these relations, whereas it is
well known that the cold gas reservoirs of galaxies are predominantly situated
within the disk component. Here, the disk gas fraction is defined specifically
as the ratio between the H i mass and the disk stellar mass, MHI/M?,disk. In
addition, as per Chapter 4, the specific star formation rate normalised to the
disk is defined as sSFRdisk = SFR/M?,disk.

The following figures characterise the scatter in the scaling relations, quan-
tified here by their inter-quartile range (IQR) of the dependent variable in bins
across the independent variable. The choice to use the IQR over other estima-
tions of the spread in the data is prompted by the fact that relations involving
cold gas measurements are often impeded by the presence of non-detections.
Whilst the standard deviation of a distribution with censored data will be
influenced by the specific values assigned to non-detections, an IQR makes no
assumption as to what this value may be. Note, however, that this is true
only when the 25th percentile data point is itself a detection (i.e., having a
detection fraction, fdet > 75%). Otherwise, the IQR should be considered
either an upper-limit of the true IQR when 25% < fdet < 75% or completely
unconstrained when fdet < 25% as the values of the 25th and 75th percentiles
will both sit at the detection threshold. As many of the relations analysed
here are non-linear, the Spearman correlation coefficient (rS), shown in the
top-right of every relation, is further used to assess the strength of the correl-
ation between pairs of parameters. In each of the following figures, I compare
the properties of galaxies for only those where the model selection process
warrants the inclusion of a disk component (i.e., pure-disks and bulge+disk
systems). Hence, the 55 pure-bulges classified in the xGASS sample are not
included as, by definition, no observable disk is present to compare.

5.2.1 Atomic Hydrogen Scaling Relations

Figures 5.2 – 5.4 show the total and disk-normalised H i gas fraction relations
as a function of various galaxy parameters including: stellar mass, stellar mass
surface density, specific star formation rate and NUV− r colour. For each of
the quantities, the top and middle panels show the total quantities (green) and
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Figure 5.2: Atomic gas fraction against stellar mass scaling relations for
(left): all xGASS disk galaxies or (right): star-forming disk galaxies only
(∆SFRSFMS > 2σSFMS). The panels in each row plot (top): the total galaxy
scaling relation, (middle): the disk-normalised scaling relation and (bottom):
the inter-quartile ranges (with their bootstrapped standard deviations as
error bars) for bins of each property in the total (green) and disk-specific
(blue) relations. Grey points in panels b and d indicate galaxies below the
∆SFRSFMS cut. For the scaling relations, downwards arrows indicate galax-
ies that are not detected in H i and are marked at their 5σ upper limit. The
lower panels in the bottom row show the H i detection fraction in each bin.
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the disk quantities (blue), respectively. The bottom panels show instead the
IQR of the H i gas fraction as a function of these total and disk parameters.

For H i gas fraction against stellar mass, both the total and disk relations
exhibit a comparable scatter of ∼ 1 dex across the range of stellar masses
shown here. It is likely that the scatter in the largest stellar mass bins is
equally large, if not higher, however, the abundance of H i non-detections
(∼50%) adds a floor in the measurable H i gas fraction. The rightmost panels
in Figure 5.2 show these relations for the subset of galaxies defined as star-
forming in the xGASS sample. This definition comes from a cut such that
a galaxy’s SFR is greater than the line marked as 2σ below the star-forming
main sequence as defined by Equations 3.2 and 3.3 given in Section 3.3.2. For
the population of star-forming galaxies there is only a slight rise of < 0.2 dex in
the H i gas fraction IQR over the range of stellar masses for both total and disk
relations. In the low-mass regime where H i non-detections are non-dominant,
the correlation between MHI/M? and M? for star-forming galaxies becomes
significantly tighter (∼ 0.6 dex) than for galaxies taken at all SFRs.

Figure 5.3 investigates how the H i gas fraction relates to a measure of the
concentration of stellar mass. Here, the stellar mass surface density is defined
as µ? = M?/πR

2
e , where Re is the effective radius, measured in kiloparsecs.

The stellar masses and effective radii are computed separately for the total
galaxy and disk components. This shows that taking into account the size
of a galaxy significantly reduces the scatter in the H i gas fraction relation.
This is because, at all stellar masses, there is a trend of increasing bulge
dominance towards lower H i gas fractions. Thus, by incorporating instead the
concentration of the stellar mass (probed here by µ?) in the galaxy, this shifts
galaxies at lower gas fractions to be more in-line with gas-rich disk-dominated
systems. A notable feature of this relation is the fact that H i non-detections
occur almost exclusively at surface densities of µ?,total & 108.5 M� kpc−2 (as
previously noted in Catinella et al. 2010). This is evidenced clearly by the H i

detection fraction as a function of µ?,total shown in the bottom of the leftmost
panel. This implies that there is a sharp drop in the average gas fractions of
galaxies that correlates strongly with a threshold in stellar mass surface density
of µ? & 108.5 M� (Catinella et al., 2010; Saintonge et al., 2011). Indeed, the
IQR of the H i gas fraction scaling relation appears to increase sharply with
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Figure 5.3: Same as Figure 5.2, but with H i gas fraction plotted as a func-
tion of stellar mass surface density.

increasing µ?, reflecting the fact that this distribution is clearly bimodal when
focusing on the whole sample. Therefore, IQR is unlikely to give a good
estimator of the correlation strength as opposed to the Spearman rank. By
instead restricting this relation to the population of star-forming galaxies in
the rightmost panels of Figure 5.3, there is indeed a steadily increasing scatter
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of ∼ 0.5 dex over the range of surface densities probed here.

The difference in this relation when recasting it into the framework of disk
components is more apparent than for the relation with stellar mass. It ap-
pears that the subset of H i non-detections is confined to a smaller range of
disk stellar mass surface densities, 108 < µ?,disk /M� kpc−2 < 109. When
removing the bulge component from this measurement, very few systems have
a disk component with densities that exceed µ?,disk > 109 M� kpc−2. The
population of galaxies at low stellar mass surface densities remain largely un-
changed between the total and disk-specific relation as they are predominantly
classified as single-component pure-disk models. Recasting this relation into
the disk properties shows a drop in the Spearman correlation coefficient from
−0.77 to −0.68. Interestingly, this implies that the bimodality in H i gas
fractions is better traced by the total surface density than it is by the disk
surface density. However, note that when this bimodality is removed when
plotting only star-forming galaxies, the difference in rS between the total and
disk relations becomes negligible within errors.

In Figure 5.4, the atomic gas fraction is instead plotted against the specific
star formation rate and NUV− r colour. Note, for relations using NUV− r
colour, the NUVmagnitude measured fromGALEX accounts for the NUV flux
from the entire galaxy. Thus, the NUV− r colour differs only by the r-band
magnitudes measured for the total galaxy or disk component. Given that, for
most galaxies, star formation is likely to be proceeding predominantly within
their gaseous disks (with exception to those with highly star-bursting central
concentrations), it is unlikely that the bulge should contribute significant flux
in the near-UV GALEX bands. Figure 3.2 shows that the population of star-
forming bulges (most likely pseudobulges) in the xGASS sample is small in
number, with ∼6% of the sample hosting a bulge component with (g − i) <
1.0mag. Both relations show a much tighter spread in gas fractions than for
M? or µ? and have the strongest Spearman rank correlation coefficients of rS =

−0.8. The specific star formation rate provides an average IQR of 0.6 dex in
the regime where H i non-detections do not dominate (sSFR & 2×10−11 yr−1).
Below this, the population of quenched galaxies is typically characterised by a
H i non-detection, as such it is not clear whether this roughly linear relation (in
log-log space) extends to lower H i gas fractions. The anti-correlation observed
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Figure 5.4: Same as Figure 5.2, but with H i gas fraction plotted as a func-
tion of sSFR (left) and NUV− r colour (right).



Galaxy Scaling Relations in the Framework of Disks 131

between MHI/M? and NUV− r colour reflects the same trends as with sSFR,
albeit with a slightly lower average IQR of ∼ 0.5 dex in the star-forming regime
(NUV− r . 4). Neither of these relationships show an appreciable difference
in the IQR, nor a change in rS, when recast into disk-specific parameters. The
NUV− r colour of a galaxy therefore gives the strongest correlation with the
H i gas fraction of a galaxy than any of the other parameters measured here.
This was also found in Catinella et al. (2010, 2018) for the total NUV− r
colour.

5.2.2 Star Formation Rate Scaling Relations

To complement the analysis of the H i gas fraction relations with various phys-
ical properties, this section instead follows how the star formation rates cor-
relate with variations in these same properties. Figure 5.5 shows firstly the
star formation rate vs. stellar mass plane. Chapter 4 discusses the nature of
the slope and spread of points in detail, whereas here, the scatter of sSFR
is put into further context. Note that one of the key features of this plane
is the distinct bimodality that exists between the population of star-forming
and passive systems. The relative contribution from each population varies
as a function of stellar masses with a so-called transition mass occurring at
M? ' 1010.5 M�, above which the quenched population becomes increasingly
dominant (Kauffmann et al., 2003; Gabor et al., 2010). Hence, the IQR for
this relation increases significantly from 0.5 dex at M? = 109 M� to as high as
1.4 dex at M? > 1010.5 M�. This relates to the fact that towards higher stel-
lar masses, a greater fraction of galaxies has transitioned from the relatively
tight relation of the star-forming main sequence to the passive population. If
instead, the focus is put only on the population of star-forming galaxies in
Figure 5.5, it is seen that the IQR — whilst it is, by construction, smaller —
has an increase of only 0.2 dex over the range of stellar masses shown here and
shows a strong Spearman rank coefficient. In addition to the fact that the
slope of the SFMS does not vary when recast into disk-specific quantities as
highlighted in Chapter 4, the scatter also remains unchanged.

Figure 5.6 instead shows the relation for sSFR against µ?. Here, a similar
trend as with H i gas fraction is seen where, above a given threshold in µ?,
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Figure 5.5: Specific star formation rate against stellar mass scaling re-
lations for left : all xGASS galaxies and right star-forming galaxies only
(∆SFRSFMS > 2σSFMS). The panels in each row plot (top): the total galaxy
scaling relation, (middle): the disk-normalised scaling relation and (bottom):
the inter-quartile ranges (with their bootstrapped standard deviations as
error bars) for bins of each property in the total (green) and disk-specific
(blue) relations. The lower panel of the rightmost columns shows the H i
detection fraction in each bin; however, the IQR is always constrained for
relations involving sSFR.
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Figure 5.6: Specific star formation rate relations against stellar mass sur-
face density. Description of panels are as per Figure 5.5. Here, the IQR is
not shown for bins containing less than five points.

there is a significant bending towards lower sSFR in highly concentrated
systems. This relation between star formation activity and galaxy structure
has historically been identified as one of the clearest distinctions between the
population of star-forming and quenched galaxies (Wuyts et al., 2011; Cheung
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et al., 2012; Fang et al., 2013). Perhaps the most striking aspect in both
of these relations is the fact that there appears to be a slight increase of
∼0.3 dex in the scatter of points when recast into disk-specific parameters.
This appears to be due to the fact that the dynamic range of µ?,disk reduces
significantly after the central bulge component is removed, suggesting that
the disk components of most galaxies — either star-forming or quenched —
exhibit a common surface density. In other words, when a galaxy undergoes a
quenching process that causes it to transition from the SFMS to the passive
population, very little change is observed in the concentration of stellar mass
throughout the disk alone. This is in contrast to the relatively significant
anti-correlation seen with the total µ? relation, which increases significantly
when moving to the quenched population. Therefore, the difference between
the total and disk relations is that the transition in µ? is no longer biased by
the presence of a bulge component.

5.3 Implications of Scatter in Disk-Normalised

Relations

The analyses above outline the resulting change in the scatter of common
H i gas fraction and SFR scaling relations when recasting the properties into
the framework of the disk components. Table 5.1 presents a summary of
the Spearman rank coefficients for each of these relations as well as the 1σ
standard deviation obtained by bootstrapping 1000 samples of each relation.
As the processes that convert cold gas into newly formed stars are expected to
be predominantly located within the disks of galaxies, a common assumption
has been that the scatter in relations involving these quantities should reduce
if the contribution from bulge components is excluded. The analysis above
shows that in most cases the scatter in these scaling relations either remains
comparable to that of the total galaxy relation, if not slightly larger in the case
of stellar mass surface density. As was highlighted in Figures 3.6 and 3.7 of
Chapter 3.3, there does not seem to be significant evidence that the scatter in
the MHI–M? plane for star-forming galaxies can be explained by differences in
their internal structure as probed by the bulge-to-total ratio. This finding is
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reinforced here in Figure 5.2 where little-to-no difference is observed between
the IQR for the total and disk-specific MHI–M? relation. This implies that
most of the parameter space and scatter in the relation between H i gas fraction
and M? is primarily driven by the stellar mass properties of the disk. The
additional stellar mass contributed from a central bulge component does not
appear to have a significant impact on the fractional gas content of a galaxy
at fixed disk mass.

In general, the finding that M?,disk is found to be as strongly correlated
with MHI/M? and sSFR as M?,total is in agreement with the main findings of
Chapters 3 and 4. Specifically, it is found that the atomic gas mass for star-
forming galaxies appears to be independent of the internal structure (as probed
by B/TM?), thus implying that the intrinsic scatter embedded within theMHI–
M? plane is more closely linked to processes that impact the evolution of the
stellar mass in the disk component. This observation is reflected here by the
fact that the distribution in H i gas fractions for the disk population does not
differ dramatically when including their bulge component as in Figure 5.2 (b).
Further to this, the fact that there is not an appreciable difference in the
slope of SFMS when viewed in the framework of disks is substantiated by
Figure 5.5 (d), which correspondingly shows that there is little evidence for a
change in the scatter of points.

This analysis can be compared to the findings of Chen et al. (2020) using
H i observations from ALFALFA galaxies with the Meert et al. (2015) bulge-
disk decomposition catalogue. In their Figure 9, they find that the relation
between H i gas fraction and stellar mass surface density correlates slightly
more strongly when normalising by disk quantities (rS = −0.72) rather than
using total quantities (rS = −0.60). Note, however, that the ALFALFA sample
is biased towards gas-rich galaxies (MHI/M? & 10−1.2 in their sample), which
does not reach the sharp transition of galaxies beyond µ? > 108.5 M� kpc−2.
There are only 81 ALFALFA galaxies that match the sample selection of Chen
et al. (2020) with M? > 109.5M� and b/a > 0.5 that are also in the xGASS
sample. A more extensive comparison of the bulge-disk decomposition meas-
urements between this work and the Meert et al. (2015) catalogue is presented
in Figure 3.3.

The authors also find that MHI/M?,disk correlates well with the disk g − r
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Table 5.1: The Spearman rank coefficients, rS, for each of the scaling rela-
tions presented in this chapter as well as the 1σ standard deviation obtained
through bootstrapping each sample over 1000 iterations.

Figure Dependent
variable

Independent
variable

Sample rS

5.2 (a) MHI/M? M?,total all disks −0.61± 0.02
5.2 (b) MHI/M? M?,total SF only −0.65± 0.02
5.2 (c) MHI/M?,disk M?,disk all disks −0.55± 0.02
5.2 (d) MHI/M?,disk M?,disk SF only −0.59± 0.02

5.3 (a) MHI/M? µ?,total all disks −0.77± 0.01
5.3 (b) MHI/M? µ?,total SF only −0.70± 0.02
5.3 (c) MHI/M?,disk µ?,disk all disks −0.68± 0.01
5.3 (d) MHI/M?,disk µ?,disk SF only −0.66± 0.02

5.4 (a) MHI/M? sSFRtotal all disks +0.82± 0.01
5.4 (b) MHI/M? NUV− r all disks −0.83± 0.02
5.4 (c) MHI/M?,disk sSFRdisk all disks +0.79± 0.01
5.4 (d) MHI/M?,disk NUV− rdisk all disks −0.80± 0.02

5.5 (a) sSFRtotal M?,total all disks −0.59± 0.02
5.5 (b) sSFRtotal M?,total SF only −0.65± 0.03
5.5 (c) sSFRdisk M?,disk all disks −0.50± 0.02
5.5 (d) sSFRdisk M?,disk SF only −0.55± 0.03

5.6 (a) sSFRtotal µ?,total all disks −0.71± 0.02
5.6 (b) sSFRtotal µ?,total SF only −0.43± 0.03
5.6 (c) sSFRdisk µ?,disk all disks −0.56± 0.02
5.6 (d) sSFRdisk µ?,disk SF only −0.31± 0.03

C.1 (a) MHI/M? (g − i)total all disks −0.77± 0.01
C.1 (b) MHI/M? (g − i)total SF only −0.77± 0.02
C.1 (c) MHI/M?,disk (g − i)disk all disks −0.79± 0.01
C.1 (d) MHI/M?,disk (g − i)disk SF only −0.76± 0.02
C.1 (e) MHI/M?,bulge (g − i)bulge all disks −0.12± 0.01
C.1 (f) MHI/M?,bulge (g − i)bulge SF only −0.31± 0.02

colour, butMHI/M?,bulge does not strongly correlate with the bulge g−r colour
(Figure 3 of Chen et al. 2020). A similar result is seen in this work with the
fact that the H i gas fraction and total NUV− r colour (Figure 5.4b) appears
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almost identical to the disk NUV− r colour (Figure 5.4d). This implies that
the star formation rate of the bulge is not significantly related to the gas
fraction. In Figure C.1 of the appendix, I show how the total and component-
normalised H i gas fractions relate to their (g − i) colours. The results shown
here are qualitatively in agreement with the ALFALFA analysis in that the
total and disk H i gas fractions are strongly related to their (g − i) colours,
whereas the bulge relation shows no evidence for a correlation. Furthermore,
with the larger number statistics available in the ALFALFA sample, Chen
et al. (2020) showed that the correlation between H i gas fraction and disk
g − r colour remains independently of differences in galaxy morphology as
probed by several structural indicators, including: B/T , M?,bulge, µ?,bulge or
Sérsic index. This suggests that relations involving H i gas fraction and disk
(g− i) colours are not significantly impacted by the properties of their central
bulge.

On the other hand, when instead studying the cold gas properties of galax-
ies at a fixed surface density of stellar mass, there does appear to be a moderate
increase of ∼0.1 dex in the IQR of H i gas fraction for star-forming galaxies.
The implication of this is that the fractional H i gas content of galaxies does
in fact correlate slightly more strongly with µ? of the galaxy taken as a whole,
rather than with the disk component alone. This is not seen in Chen et al.
(2020) who show that using disk-specific quantities in the H i gas fraction –
µ? plane gives a tighter correlation from rS = −0.6 to −0.72. However, the
sample of galaxies used in their analysis is limited to gas-rich galaxies with
MHI/M? & 0.1, where one has very little influence from the passive population.

One possible explanation for this is the fact that the disk components of
galaxies are themselves observed to be more self-similar than the galaxy taken
as a whole, in particular in terms of the concentration of their stellar popu-
lations. Due to the self-regulating nature of the physical size of a stellar disk
with respect to its mass (via the conservation of angular momentum), there is
a significantly smaller dynamic range of stellar surface densities exhibited by
disk components. This means that the stellar mass surface densities of more
massive disks tend toward values between 108 . µ?,disk /M� kpc−2 . 109, po-
tentially without much influence from other physical conditions of the galaxy:
environmental density, metallicity, merger history, morphology. The major
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pathways in which bulges are expected to form are either via mergers with
other galaxies (Kauffmann et al., 1993; Baugh et al., 1996) or the rapid inflow
of cold star-forming clumps towards the centres of galaxies (Bournaud et al.,
2014; Kormendy & Kennicutt, 2004; Genzel et al., 2008; Dekel & Krumholz,
2013; Pérez et al., 2013). As the latter mechanism is expected to be more
dominant at high redshifts, it is possible that bulge growth through mergers
can explain the simultaneous removal or depletion of H i gas, whilst signi-
ficantly increasing the global stellar concentration and retaining a relatively
stable concentration in the disk component.

Figure 5.7: The H i gas fraction of xGASS galaxies plotted against their
stellar mass surface densities both in terms of the total galaxy (left) and the
disk-component alone (right). Points are coloured according to their stellar
mass bulge-to-total ratio. Note that the colour bar is logarithmically spaced.

Figure 5.7 shows how B/TM? varies across the plane of MHI/M? against
the total and disk µ? of galaxies. Whilst a positive correlation exists between
µ?,total and B/TM? (rS = 0.59), the same is not necessarily true for galaxies with
different µ?,disk (rS = 0.12). The right panel of Figure 5.7 shows that whilst
gas-rich systems generally exhibit low surface densities and are predominantly
disk-dominated, the regime in which the H i gas fraction scatter increases
significantly (i.e., µ?,disk & 108 M� kpc−2) is occupied by galaxies of all bulge
fractions. It appears as though the inclusion of the bulge into a parameter such
as µ? likely encodes additional information about the previous conditions of a
galaxy that significantly altered the cold gas reservoirs and that, potentially
in the process, have led to the growth of a bulge. In this sense, it is possibly
not surprising that the total stellar mass surface density is more closely linked
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to the H i gas fraction of massive concentrated galaxies and shows a better
indication for whether a galaxy has or has not yet been completely quenched
— as has been found with the SFR properties of galaxies (Wuyts et al., 2011;
Cheung et al., 2012; Fang et al., 2013; Whitaker et al., 2017; Barone et al.,
2020).

Again, this fact alone does not necessarily point directly to the bulge com-
ponent being the cause for the quenching of galaxies. Instead, the presence of a
bulge could signify its growth in conjunction with the other physical processes
acting on a galaxy that may have caused it to be quenched of its star form-
ation. Hence, this result is not necessarily in contradiction with the previous
findings of Chapters 3 and 4, specifically for star-forming galaxies which are
unlikely to have yet undergone such a significant morphological transition. In
some ways, this echoes the notion put forth by Lilly & Carollo (2016) that it is
not immediately evident whether the correlation observed between structure
and star formation necessarily reflects a causal link to quenching or is a side
effect of something else entirely.

5.4 Summary

In this chapter, the scaling relations between atomic hydrogen gas content, star
formation activity and various galaxy properties are revisited with comparisons
to the relations when recast into the framework of their disk properties. The
scatter ofMHI/M? and sSFR was accurately quantified using the inter-quartile
range and a measure of their ranked correlation coefficient in order to test
the hypothesis that these scaling relations were indeed more closely linked
to disk properties. It was found that, in most cases, recasting to the disk
stellar mass showed no change in the overall scatter of either MHI/M? or
sSFR. This likely reflects the fact that most of the parameter space and
scatter in the stellar mass scaling relations is driven by the populations of
disk components. On the other hand, recasting these relations with the disk
stellar mass surface density shows a slight increase in the scatter of galaxies
in both MHI/M? and sSFR. This is likely due to the fact that — particularly
for massive, centrally concentrated galaxies — the bulge component encodes
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some additional information about the current evolutionary state of a galaxy
that is not reflected in the concentration of the disk component alone. The
findings presented here with respect to M?,disk are in agreement with the main
findings of Chapters 3 and 4 for star-forming galaxies.
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Chapter 6

Discussion

In the previous chapters, the importance of galaxy morphology has been ex-
plored through the lens of the variation of structural decomposition measure-
ments in the context of galaxy scaling relations between cold gas reservoirs as
well as star formation against various galaxy properties. Briefly, it was found
that the bulge-to-total ratio of star-forming galaxies showed no significant im-
pact on its H i gas reservoir. Moreover, galaxies occupying the upper envelope
of the SFMS exhibited a similar — if not lower — average bulge-to-total ratio
than those situated on the SFMS or slightly below it.

In order to interpret these results in the broader context of galaxy evolu-
tion, I make comparisons with simulations of galaxies from both the Shark

semi-analytic model and the eagle suite of hydrodynamical simulations. This
chapter begins by discussing the relevant measures of bulge fractions in each of
the sample used — how they relate and the important differences and caveats
for each. The bulge fractions are then used to emulate the key figures of
Chapters 3 and 4 as best as possible in order to check whether theoretical pre-
dictions are able to reproduce the main results. Bearing in mind the important
caveats in measuring bulge fractions in each of the simulations, it is shown that
these simulations provide results that are qualitatively in agreement with the
xGASS analysis.

This chapter opens with an overview of the findings from the previous
chapters in Section 6.1. In Section 6.2, I give a brief overview of the Shark

and eagle simulations and follow with a comparison of their relative bulge
fractions in Section 6.3. The key findings of the previous chapters are revisited
in Section 6.4 and I conclude with a discussion of their implications and outlook
in Section 6.5.
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6.1 Overview

The findings of this thesis are indeed a product of the physical mechanisms
in the gas–star formation cycles that proceed within galaxies. Underpinning
this is the correlation that is observed between the star-formation activity
of a galaxy and its morphology. It is has not been necessarily proven that
this correlation is in fact a causal relationship or which underlying physical
process(es) may be responsible (mergers, starbursts, AGN feedback, inside-out
growth etc.); see e.g. Dekel & Burkert (2014); Lilly & Carollo (2016); Whitaker
et al. (2017) and references therein. If, in fact, the star formation activity in a
galaxy is causally related to its morphology, it is not clear in what direction this
causality proceeds. In other words, one could consider this as the formation of
a bulge component relaying some perturbations into the gravitational potential
of a galaxy halo that may act to impede the rate at which cold gas reservoirs
collapse to form new stars in dense molecular clouds. This may be understood
as internal structure impacting future star formation and forms the basis of
the scenario presented in morphological quenching mechanism (Martig et al.,
2009). Contrarily, one could view this connection with morphology as instead
an outcome of the processes acting on galaxies which cause them to halt their
star formation over time. In this sense, alongside the quenching of a galaxy is
a corresponding redistribution in the stellar mass from the rotating disk into
the bulge.

Chapter 3 elucidates this by showing that when comparing galaxies at fixed
stellar mass, galaxies with higher bulge fractions are systematically lower in
their H i content. This reinforces the idea that galaxies which are significantly
quenched and no longer have a significant reservoir of cold gas have correspond-
ingly undergone a morphological transition where stars have been transported
towards the central spheroid. The list of potential physical mechanisms —
some of which are associated with morphology — that are responsible for this
quenching (e.g., stellar feedback, halo mass quenching, ram pressure strip-
ping, AGN feedback, etc.) is numerous and it is not yet clear which processes
dominate over given ranges in both galaxy mass and halo mass. By isolating
systems where star formation is still ongoing, one has the potential to reveal
any signatures of a morphologically-dependent effect that first influences the
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cold gas reservoirs in a galaxy, hence the potential for continued star form-
ation. For example, the morphological quenching scenario proposes that the
steeper gravitational potential caused by stars being concentrated within a
central spheroid can stabilise a gaseous disk against collapse. Hence, galax-
ies identified as having early-type morphologies have been shown to have star
formation efficiencies (SFE) a factor of ∼ 2 lower than late-type morphologies
(Martig et al., 2013). Hence, at a given SFR and M?, one might expect to
observe galaxies with larger bulge fractions being systematically more gas rich.
This is not seen in Chapter 3, which instead shows that the H i gas fraction
of star-forming galaxies does not vary between different morphological types
probed by their r-band or stellar mass B/T . This implies that whilst there
exists a significant change in morphology when galaxies transition from the
main sequence to the passive population, no such dramatic differences exist
when studying the cold gas properties within the main sequence.

Further to this, the results of Chapter 4 confirmed that within the xGASS
sample there is not a significant shift in the average B/T of galaxies in the
envelopes ± ∼ 0.5 dex around the SFMS. This finding is in agreement with
some studies including Wuyts et al. (2011), who find a fairly constant average
value for the global Sérsic index of n ∼ 1 about the SFMS. However, this is
also in contradiction with more recent studies of Morselli et al. (2017); Popesso
et al. (2019a) who show that there is a substantial upturn in the average r-
band B/T for galaxies above the SFMS. Understanding the origin(s) and the
extent of such a trend should allow one to put constraints on the possible
evolutionary pathways taken by galaxies prior to the quenching of their star
formation. Specifically, this can be used to explain whether the ∼ 0.5 dex
scatter present in the SFMS is coincident with a dramatic variation in galaxy
morphology. Such a trend could reveal if the onset of dissipative compaction
events triggered by the extreme inflow of cold gas and subsequent starbursts
during (mostly minor) mergers and violent disk instabilities (Dekel et al., 2009;
Cattaneo et al., 2013) is important for galaxies evolving in the local Universe,
as is seen at high redshifts in cosmological zoom-in simulations (Zolotov et al.,
2015). Rodighiero et al. (2011) find that whilst starbursts driven by mergers
play a relatively minor role in the formation of stars, they could represent a
critical phase toward galaxy quenching and morphological transformation.
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6.2 Comparisons with Galaxy Simulations

To explore the nature of these results further, I investigate how the conclusions
of the previous chapters differ from the perspectives of two separate galaxy
simulations: (1) the Shark semi-analytic model, which actively incorporates
mechanisms through which central spheroids can grow via minor mergers and
disk instabilities as well as (2) the eagle hydrodynamical simulation which
instead relies on hydrodynamic processes and subgrid physics to evolve galax-
ies.

6.2.1 The SHARK Semi-Analytic Model

Shark (Lagos et al., 2018c) is a recently developed semi-analytic model
(SAM) of galaxy formation which facilitates the exploration of a wide range
of different physical processes acting on galaxies during their evolution. SAMs
describe the formation and subsequent evolution of galaxies through various
prescriptions for the physical processes connecting between their subcompon-
ents (dark matter, hot/cold gas phases, stars, etc.). In principle, these models
are based upon the constraints introduced by our current understanding of
galaxy formation, namely: the initial conditions of the Universe probed by
cosmological observations (e.g., WMAP Planck Collaboration et al., 2016);
integrated constraints of various galaxy properties such as the star formation
rate density (Madau & Dickinson, 2014), stellar mass density (Dickinson et al.,
2003) and extragalactic background light (Franceschini et al., 2008; Driver
et al., 2016); as well as the final conditions through observations of galax-
ies at low z. The comparatively inexpensive computational cost of running
these models (as opposed to hydrodynamical simulations) facilitates the ex-
ploration of large cosmological volumes at resolutions fine enough to study the
roles of various mechanisms in reproducing local observations of galaxy prop-
erties. Naturally, as these galaxies are defined in this simplified framework,
they do not contain any information regarding the complex internal structure
of galaxies but rather follow the build up of stellar populations in the bulge
and disk components, separately. These components experience different con-
ditions for the inflow of cold gas reservoirs and the subsequent star formation
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that proceeds within them.

In particular, Shark incorporates several methods for defining the physics
of gas cooling, feedback from active galactic nuclei (AGN), growth of a black
hole (BH), feedback through stellar and photo-ionisation, chemical enrichment,
and star formation formalisms at scales below the resolution of the underlying
dark matter simulations (see Lagos et al., 2018c, for detailed descriptions).
Here, I will only highlight the processes associated with the cooling of halo
gas as this represents one of the key quantities being probed in the analysis
that follows. Gas residing within galaxy haloes is assumed to be in either
a cold or hot phase. The hot gas sits at the virial temperature until it is
able to cool radiatively to form into cold gas reservoirs. The star formation
efficiency1, νSF, alongside the total gas surface density, Σgas, and the molecular
gas fraction, fmol ≡ Σmol/Σgas, are used to define the resulting surface density
of SFR according to the following equation:

ΣSFR = νSF fmol Σgas. (6.1)

Importantly, fmol defines the fraction of total cold gas that is partitioned
between the atomic and molecular phases and whilst there are many imple-
mentations for estimating this quantity, here I only mention the default Shark

implementation based upon the Blitz & Rosolowsky (2006) star formation pre-
scription. In this model, the ratio between molecular and atomic hydrogen gas
mass is dependent upon the local hydrostatic pressure of the cold gas which, in
Shark, is estimated from the surface densities of gas and stars as well as their
velocity dispersions following Elmegreen (1989). Whilst the above describes
the prescription for star formation that occurs within disks, Shark also allows
for star formation to proceed within central spheroids via starburst events.

In Shark, central bulges evolve through the build up of stellar mass either
via accretion during mergers or through starburst events that are triggered by
certain physical conditions (mergers or violent disk instabilities). The im-
plementation of starbursts in Shark follows a similar recipe to that which
has been prescribed to normal star-forming galaxies (e.g., Leroy et al., 2013)
in Equation 6.1 but with higher star formation efficiencies (νSF); i.e., shorter

1Note, this term differs from the observed SFE quantity defined as SFR/Mgas.



146 6.2 Comparisons with Galaxy Simulations

gas depletion timescales. Star formation proceeding within bulges during star-
burst events is therefore amplified in the range of ∼1 – 10, which is based upon
observations (Daddi et al., 2010; Genzel et al., 2015; Tacconi et al., 2018).

Dark matter haloes are traced by the merger tree catalogue of the under-
lying dark matter simulation, which informs the Shark model when galaxies
should be labelled as satellites to then eventually merge. The resulting state
of the cold gas mass, galaxy stellar components and subsequent triggering of
starburst events is dependent upon both the ratio of total masses between the
merging galaxies as well as the fractional cold gas content within the largest
(primary) galaxy. These factors can either lead to (1) a major merger, (2) a
minor merger (with or without an accompanying starburst in the primary) or
(3) simple accretion of stellar material (and cold gas) onto the primary galaxy.
See Lagos et al. (2018c) for further details about the specific thresholds and
resulting redistribution of cold gas and stellar material between the compon-
ents of the post-merger galaxy. It is important to note for this work that the
triggering of a starburst during a merger drives all of the cold gas from both
galaxies to the current (or newly formed) spheroid where the stellar content
of the secondary galaxy will also be deposited.

The final way in which stellar mass builds up in bulges is through violent
disk instabilities where the self-gravity of a gaseous disk becomes large enough
that it is susceptible to collapsing and forming stars. This is implemented in
Shark through the instability criterion detailed in Ostriker & Peebles (1973)
and Efstathiou et al. (1982). Once a disk becomes unstable to collapse, cold
gas is accreted onto the central spheroid component which subsequently drives
a starburst. It has been shown through studying large, cosmological hydro-
dynamical simulations that bulge formation through violent disk instabilities,
whilst present amongst the population of elliptical galaxies, is sub-dominant
in comparison to galaxy-galaxy mergers (Wellons et al., 2015; Clauwens et al.,
2018; Lagos et al., 2018b).

Each of these bulge formation processes are traced separately in Shark

meaning that the resulting central spheroid mass at a given redshift is calcu-
lated by summing together these distinct pathways. Specifically, the stellar
mass of bulges at z = 0 is the sum of stellar mass formed through in situ star-
burst star formation triggered by mergers (M?burst,merger) and disk instabilities
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Figure 6.1: Top: The probability density of fbulge for the Shark sample.
Middle: The star formation rate of the burst component, SFRburst, against
the bulge fraction. The binned data shows the fraction of the bulge stellar
mass that was formed through accretion of satellite galaxies. Contours show
the density of points with percentiles increasing incrementally from 15%
(white) to 90% (black). Bottom: Same as above except coloured according
to the fraction of the bulge mass built up through violent disk instabilities.
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(M?burst,instab) as well as the mass deposited onto the spheroid from accreted
satellite galaxies. Figure 6.1 shows how the star formation rate of the star-
burst component, SFRburst, varies with fbulge. The density contours show that
as the bulge fraction increases, the average SFRburst increases as well with a
population of highly star-forming (SFRburst & 0.1 M� yr−1) constituting the
most bulge-dominated systems in Shark. The background colour axis of the
middle panel shows the fraction of the stellar mass within the bulge that was
accumulated during the accretion of satellite galaxies. From this, it is seen that
these highly star-forming bulge-dominated systems formed their bulge mass
mostly through the accretion of satellites. However, at low fbulge, galaxies
with starburst-enhanced SFR are driven primarily by in situ bulge formation.
Furthermore, the bottom panel of Figure 6.1 shows that this population pre-
dominantly consists of galaxies which formed their bulge mass through mostly
disk instabilities. In the analyses that follow, a subset of Shark is selected
to include only those galaxies that have formed at least half of their bulge
mass through merger driven processes (i.e. finstab 6 0.5). This is done so that
the bulge fractions analysed here more closely represent that of the ‘classical’
bulge definition that is discussed throughout the study of xGASS galaxies.

6.2.2 The EAGLE Hydrodynamical Simulations

The eagle2 suite (Schaye et al., 2015; Crain et al., 2015) consists of a set of
cosmological, hydrodynamical simulations developed primarily as an attempt
to reproduce the observed galaxy population in a cosmological framework. It
was run with an adapted version of the N -Body Tree-PM3 smoothed particle
hydrodynamics code gadget-3 (Springel et al., 2005). In this comparison,
galaxies are taken from the reference eagle simulation (Ref–L100N1504),
which features a cosmological volume of 100Mpc (comoving) on each side and
with an initial gas mass of mg = 1.8× 106 M� and dark matter particle mass
of mDM = 9.7 × 106 M�. This simulation assumes a ΛCDM cosmology based
upon the parameters derived from the results of Planck-1 (Planck Collabora-
tion et al., 2014). Briefly, the eagle reference simulation incorporates radi-
ative cooling, metallicity-dependent thresholds for a pressure law based star

2eagle: Evolution and Assembly of GaLaxies and their Environments
3Particle Mesh
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formation, mass loss through AGB4 stars and Type Ia/II supernovae (SNe),
black hole growth via accretion and mergers as well as stochastic thermal feed-
back from stars and AGN. The philosophy adopted by these simulations was to
calibrate subgrid physics to best reproduce the observed z = 0.1 galaxy stellar
mass function amongst other galaxy scaling relations (Crain et al., 2015).

Quantifying the morphology of galaxies in eagle is reliant on analysing
the kinematic information encoded within the particles. Specifically, this is
done by equating the fraction of kinetic energy invested in ordered corotation,
κco, as the relative importance of rotational support. This is defined in Correa
et al. (2017) by calculating the κrot exclusively for star particles following the
direction of the galaxy rotation. κrot is defined by the following equation:

κrot =
Krot

K
=

r<30kpc∑
i

1
2
mi [Lz,i/(miRi)]

2

r<30kpc∑
i

1
2
miv2

i

, (6.2)

where the summation represents the sum over all stellar particles within a
30 kpc spherical radius from the gravitational potential minimum, K and Krot

represent the total and rotation kinetic energy, respectively. Lz,i is the angular
momentum of the ith particle along the direction of the total stellar angular
momentum axis and Ri is the projected distance to the same axis of rotation.
The mi and vi quantities represent the particle mass and velocity, respectively.
Correa et al. (2017) find that κco is a better measure of the relative contri-
bution from ordered rotation than κrot as it negates the contribution from
counter-rotating star particles. As per Lagos et al. (2018a), the equivalent
measurement of bulge fraction for eagle galaxies used in this work is there-
fore equated as fbulge ' 1 − κco. In Correa et al. (2017), the authors use a
cut equivalent to fbulge = 0.6 as a way to divide disk-dominated galaxies from
bulge-dominated and elliptical galaxies.

4Asymptotic giant branch
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6.3 Comparisons of Bulge Fractions in Simula-

tions

Here, I discuss the quantities used to parameterise the relative contribution
from bulge components in galaxies for both the Shark and eagle simula-
tions. As a reminder, xGASS bulge fractions are quantified in terms of the
photometric bulge-to-total (B/T ), i.e., the relative fraction of the total flux
(or stellar mass) residing within the component that models the photometric
light profile of the central region. As discussed in Chapter 2, there are indeed
many observational limitations that restrict the accuracy with which these
components can be separated. This is one of the key reasons for exploring
galaxy simulations to better understand the implications of the results in the
previous chapters.

In the simulated galaxy samples, the relative contribution from a bulge
component is not computed using a decomposition of components and hence, I
instead refer to these quantities as ‘bulge fractions’ (fbulge), so as not to convey
that they are necessarily equivalent quantities. A one-to-one connection may
not exist between the photometric bulge-to-total ratios measured in this thesis
and the corresponding bulge fractions from Shark and eagle, nor would
one expect their distributions to be identical. However, if the rank ordering
of bulge fractions from disk-dominated to elliptical morphologies is in place,
a similar qualitative comparison with the xGASS measurements should be
possible.

The Shark sample consists of∼320, 000 galaxies evolved to z = 0, withM?

> 109M�. The eagle sample, being a hydrodynamical simulation, consists
of comparatively fewer galaxies having a count of ∼13, 000, with an equival-
ent stellar mass and redshift cut. In both simulations, an artificial bound-
ary is imposed on the H i gas fractions of galaxies similar to those that were
carried out during observations of the xGASS sample. This allows for con-
sistency — to first order — in the comparison between these samples. This
is done by limiting MHI/M? to be > 0.02 when M? > 109.7 M� and set-
ting MHI to a constant 108 M�, otherwise. A random Gaussian noise with
standard deviation of 0.15 dex is added to these upper limit values to mimic
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the spread of points seen at the xGASS detection threshold. This is be-
cause the observed upper limits depend not only on the estimated flux but
also on the specific velocity width of the 21 cm emission line signal. In real-
ity, this does not exactly reproduce the xGASS limits which undergo slightly
different thresholds in MHI depending on whether a source was observed as
part of either GASS (1010.0 < M? < 1011.5 M�) or the GASS-low extension
(109.0 < M? < 1010.2 M�). Note that the flat stellar mass distribution of
xGASS is not replicated in these simulated galaxy samples.

Figure 6.2 shows a comparison between the distributions of measured bulge
fractions from each of the three samples: xGASS (photometric bulge-to-total
ratio), Shark (fractional stellar mass assigned to the ‘bulge’ component) and
eagle (via the relative kinetic energy invested into corotation, 1− κco). The
distributions shown here are separated into bins of stellar mass and are also
shown separately for the populations of ‘star-forming’ galaxies in each of the
right panels. The distributions from xGASS and Shark show the closest
similarities, whereas those for eagle show a significant difference in shape
and range of values.

For Shark galaxies, a significant proportion of galaxies are measured as
significantly bulge-dominated, which is illustrated by the large peak at fbulge
= 1. This population remains even in the subset of star-forming galaxies, in-
dicating that these are most likely attributed the population of galaxies with
an extreme burst of star formation occurring within their bulge components
(see e.g., Figure 6.1). The Shark distribution also shows a similar dearth
of galaxies between intermediate and pure-bulge systems as is seen in xGASS
above B/T & 0.6. However, these distributions also differ in the sense that
photometric decompositions show a greater proportion of pure-disk systems,
likely reflecting the fact that it becomes increasingly difficult to recover accur-
ate models for bulges that contribute . 0.05.

On the other hand, the distribution of eagle bulge fractions exhibits sig-
nificant differences. It appears that by using the kinematics of the particles
to assign a relative bulge prominence, there are limits to the range of values
that can be obtained. Specifically, there are no galaxies with bulge fractions
lower than fbulge . 0.2 and none greater than fbulge & 0.85. The lower limit
likely stems from the fact that disk-like objects in eagle — as well as ob-
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Figure 6.2: A comparison between the bulge fraction measurements taken
from xGASS (top), Shark (middle) and eagle (bottom). Panels on the left
show the distributions for the full sample, whereas panels on the right show
‘star-forming’ galaxies only. The individual coloured histograms show the
distributions separated into 0.6 dex wide bins in stellar mass (as indicated in
top-left), whereas the grey filled histogram shows the full distribution over
all stellar masses.

served disks for that matter — will always inherently have some contribution
from dispersion due to the turbulence that resides within them. Knowing this,
one can treat this lower limit as the floor in this quantity and consider such
systems accordingly as the most ‘disk-dominated’ in the sample. Conversely,
whilst one can assume that the upper limit of this quantification likely re-
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sembles the most bulge-dominated systems in eagle, it is clear that even an
elliptical-like galaxy will likely have some degree of ordered rotation, albeit
small.

The comparisons become more interesting when separating the distribution
of fbulge into separate stellar mass bins as is shown by the coloured lines in
Figure 6.2. The distribution of Shark galaxies shows the expected trend
that towards lower stellar masses, one becomes increasingly dominated by
disk-dominated systems. This trend is present also in xGASS but with lower
number statistics in individualM? bins, the transition is not as distinct as that
in Shark. Additionally, the point at which the distribution reverses from low
masses to high masses dominating occurs at a lower bulge fraction in xGASS
than in Shark, which most likely reflects the flat stellar mass selection of
the xGASS sample. In both of these samples, the population of purely bulge-
dominated galaxies does not contain many low mass (M? . 1010 M�) galaxies.
The distribution of eagle galaxies differs significantly from this trend with
perhaps the most striking aspect of the fbulge ≡ 1−κ quantification being that
low mass galaxies (M? . 109.5 M�) dominate at higher fbulge. There appears
to be peak of these systems at the upper limit of fbulge ∼ 0.8. Note, however,
that this is most likely due to the particle resolution limit of eagle galaxies,
meaning that at lower stellar masses (M? . 1010 M�), the number of particles
becomes too few to accurately measure the energy invested into corotating
particles. This also reflects the fact that thin disks have been shown to be
difficult to reproduce in the eagle (Bahé et al., 2016; Trayford et al., 2017)
simulation and that below stellar masses of 1010 M�, galaxy disks are too large
for their mass (van de Sande et al., 2019; Ludlow et al., 2019).

6.4 The Role of Bulges in Simulated Galaxies

In this section, I return to the cold gas scaling relations presented in Chapter 3
showing MHI against M? and the SFMS relations in Chapter 4. In Chapter 3,
it was found that once the correlation between morphology and star formation
activity was accounted for by selecting only star-forming systems, no residual
trend in MHI remained with the photometric bulge-to-total. Conversely, in
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Chapter 4, it was shown that the population of galaxies above the SFMS
does not appear to have a significant bulge component. Below, I investigate
whether such trends are reproduced using theoretical models of galaxies from
both the Shark semi-analytic model and eagle hydrodynamical simulations
described above.

Figure 6.3: The MHI–M? relation for Shark galaxies with xGASS-like lim-
its imposed on the H i gas fraction. Grey points show individual galaxies
with the coloured lines corresponding to bins of fbulge. Error bars on the me-
dian values show the standard error on the median, which are diminishingly
small given the high number of galaxies included. Downwards arrows indic-
ate that the median galaxy of the bin would be a H i non-detection.

6.4.1 Bulges in Shark Relations

Figure 6.3 first looks at theMHI–M? relations obtained using Shark galaxies.
The distribution of fbulge in Shark is not equivalent to that in xGASS (see
Figure 6.2), hence the bins in fbulge are chosen slightly differently but still retain
the logarithmic spacing. In general, there is a trend of decreasing H i mass at
fixed M? with increasing bulge fraction, this holds across most of the stellar
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mass range probed here. The highest fbulge bin contains pure-bulge systems,
which includes systems that have recently undergone either a major merger
event or triggered a starburst through a violent disk instability and have not
been able to accrete any further cold gas to reconstruct a disk component
(e.g., remained as a satellite up until the current epoch). It follows that the
vast majority of these pure-spheroidal systems have negligible amounts of H i,
likely due to having evolved via these channels of bulge growth.

Interestingly, however, below roughly the cut-off mass (∼ 1010.5 M�), there
appears to be not much variation between the H i content of galaxies with fbulge
< 0.6. This is indicative of the fact that these systems are evolving through
mostly secular processes with little-to-no influence (e.g. feedback) from the
central spheroid. It is only above this cut-off mass that significant differ-
ences in MHI are seen between pure-disks (blue) and those of an intermediate
bulge+disk composite morphology (yellow). Figure 6.2 shows that low mass
galaxies with high B/T values are seldom observed in xGASS, whereas this
regime is populated in the Shark sample — albeit, to a lesser degree than
higher mass bins. However, the relatively small sample size of the xGASS
sample does not allow for much to be said about the H i properties for such a
population. Despite this, there is in fact a relatively good qualitative agree-
ment between observations and the Shark theoretical predictions of galaxies
over the range of stellar masses and star formation rates probed by xGASS.

6.4.2 Star-Forming Galaxies in Shark

In order to repeat the analysis with star-forming galaxies on the Shark sample
(as per Chapter 3), this requires that the Shark star-forming main sequence
be defined. Here, SFGs are defined as those with a SFR within a given
separation from the SFMS. Following the approach taken in Chapter 4, the
SFMS is determined based upon the ridgeline that follows the peak density
of points in the upper envelope of the sSFR–M? plane. Figure 6.4 shows the
distribution of sSFR across bins of stellar mass with the resulting Gaussian
fits to the star-forming population shown in blue. The SFMS persists over
most of the stellar mass range but becomes negligible with respect to the
passive population above M? & 1011 M�, hence, only the passive population



156 6.4 The Role of Bulges in Simulated Galaxies

Figure 6.4: The distribution of sSFR values across bins of stellar mass
within the Shark sample used in this work. Each column shows a separate
bin in stellar mass, with the midpoint of the bin displayed above each panel.
The sSFR within each mass bin is modelled with either a single or bimodal
set of Gaussian profiles for the SFMS (blue) and passive population, sep-
arately. Dashed lines show the modelled peak of the Gaussian fits for both
populations.

is modelled beyond this mass. In Shark, the passive population does not
appear until M? ∼ 1010 M�, hence below this, only a single Gaussian profile is
fit. The peaks of the Gaussian profiles that define the star-forming population
are then fit with a linear polynomial which results in the following equation
for the Shark SFMS:

log(sSFRMS) = −0.15 log(M?)− 8.25, (6.3)

with a standard deviation that remains fairly independent of stellar mass and
is measured to be on average σSFMS = 0.16 dex. This standard deviation is
significantly smaller than that measured for xGASS, which ranges from 0.19 –
0.4 dex over the same stellar mass range probed here (M? = 109 – 1011.5 M�).

Figure 6.5 shows the resulting fit to the SFMS against the distribution of
points in the Shark catalogue. Also shown here as a dashed line is the cut of
∆SFRSFMS > −2σSFMS, used to separate SFGs. Although these cuts match
those chosen for the xGASS sample, it is important to note that the resulting
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Figure 6.5: The distribution of Shark galaxies on the sSFR–M? plane
shown in black points with contours marking percentiles of the probability
density, enclosing 90% (black) to 15% (white) of the distribution. Diamond
points indicate the Gaussian peaks of the star-forming population with the
overlaid solid line defining the linear fit as per Equation 6.3. The dashed
line indicates 2σSFMS below the SFMS, which is the nominal cut taken for
the star-forming population.

population of SFGs in Shark is not identical to that of xGASS. For instance,
this population includes galaxies with greatly enhanced star formation rates
due solely to a starburst occurring within their bulge components — such
systems are not observed in the xGASS sample. This population will be
discussed in detail in the following section, where the average bulge fraction
of Shark galaxies is traced as a function of distance from the SFMS.

Figure 6.6 thus shows the MHI–M? relation for the population of star-
forming galaxies in Shark. Although there is indeed a reduction in the sep-
aration of MHI for SFGs in different fbulge bins, a trend still remains for high
fbulge galaxies to be ∼ 0.3 – 0.5 dex lower in MHI than lower fbulge bins. This
appears to be controlled mostly by the increasing prominence of a second
gas-poor sequence that likely corresponds closely with the passive sequence
that appears in the sSFR–M? plane. Note that whilst the appearance of
this second population is indeed accentuated by the imposed xGASS-like limit
on the H i gas fractions, the fact that the final median value is itself not an
upper-limit suggests that this difference is well defined. In Figure 13 of Lagos
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Figure 6.6: Same as Figure 6.3 but for only star-forming galaxies in
Shark defined as having ∆SFRMS > −2σMS.

et al. (2018c), the authors find that a similar downturn in sSFR is seen in
Shark at M? ∼ 1010.5 M� and is known to be due to increased AGN activity.
AGN is likely to be a good candidate for causing this trend as higher fbulge
is associated with more massive black holes and, hence, greater feedback via
mechanical energy output. This is expected to impede gas cooling flows and
regulate the rate at which this gas can cool in massive haloes (Bower et al.,
2006). This does not, however, explain the discrepancies seen at lower stellar
masses, implying that the physics of bulge growth implemented in Shark may
require further fine-tuning in order to reach an agreement with observations.

With the SFMS defined as per Equation 6.3, the average bulge fraction as
a function of distance from the SFMS can be investigated. Following the ana-
lysis of Chapter 4, a ‘distance’ from the SFMS is defined such that ∆SFRSFMS

= SFR−SFRSFMS(M?), where SFRSFMS(M?) refers to the SFR of the SFMS
at the stellar mass of a galaxy. In Figure 6.7, the mean fbulge of Shark galaxies
is shown as a function of ∆SFRSFMS for increasing bins of stellar mass indic-
ated as coloured lines. This figure shows that there is a dramatic variation in
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Figure 6.7: The average fbulge of Shark galaxies as a function of distance
from the SFMS, ∆SFRSFMS. The coloured lines show the variation for dif-
ferent bins in stellar mass. The dotted line at ∆SFRSFMS represents the
SFMS for the Shark models as defined in Equation 6.3. Error bars indic-
ate the standard deviation of points in each M? bin.

the average fbulge of galaxies moving across the SFMS. At all stellar masses,
the minimum fbulge appears to be coincident with the SFMS (i.e., ∆SFRSFMS

= 0), with bulge fractions increasing both below and above this. At low stel-
lar masses (M? 6 1010 M�), it appears as though galaxies are predominantly
disk-dominated with a fairly consistent average bulge fraction of fbulge ∼ 0.3.
Only when moving to higher stellar masses does a trend appear for increasing
fbulge with decreasing SFR. This is qualitatively consistent with the results of
using the photometric B/T in the xGASS sample. However, above the SFMS,
the Shark models show a dramatic difference. There is a sharp upturn in the
mean fbulge at all stellar masses moving towards high SFR values. In fact, this
steep upturn reflects the fact that the majority of galaxies situated at least
0.5 dex above the SFMS are almost completely dominated by a bulge com-
ponent (see instead median distributions in Figure D.1 of Appendix 7.2). The
physical cause for this in Shark is due to the assumptions being made when
implementing both mergers and disk instabilities as discussed in Section 6.2.1.
Note that previous observational studies have also shown a similar shape in
the mean B/T in this projection, however, the cause for each is unlikely to
have the same origin. This is discussed further in Section 6.5.
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6.4.3 Bulges in eagle Relations

Figure 6.8 shows the equivalent analysis for the sample of eagle galaxies with
bulge fractions defined as per their measurements of 1−κco; i.e., the fraction of
energy not invested in ordered corotation. As this is computed based upon all
particles pertaining to a galaxy (within 30 kpc), it is not truly interchangeable
with the bulge fractions measured in neither Shark nor xGASS and should
instead be considered more closely related to a kinematically-defined morpho-
logy. Nonetheless, we first make the simplified assumption that the ranked
ordering of 1− κco is commensurate with the photometric definition of fbulge.

Figure 6.8: The MHI–M? relation for eagle galaxies with xGASS-like
limits imposed on the H i gas fraction. Grey points show individual galax-
ies with the coloured lines corresponding to bins of fbulge = 1 − κco. Error
bars on the median values show the standard error on the median. Dashed
lined indicate the regime in which resolution issues become dominant in the
eagle simulations.

Whilst it is generally true that galaxies with a larger 1−κco value have, on
average, a lower MHI for a given M?, there are important differences between
the trends seen here and those of both the xGASS and Shark relations.
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Firstly, the largest separations are seen at low M? and the difference between
bulge fraction bins becomes almost negligible at the highest stellar masses.
Whilst it is true that the final M? bin is dominated mostly by H i non-
detections, when removing this xGASS-like threshold, the difference in me-
dian MHI between the lowest and highest fbulge bins remains at its minimum
at M? = 1011 M� with a separation of 0.3 dex. This appears to be inconsistent
with the average separations found when using bulge fractions from Shark

and, to a lesser degree, photometric decompositions in the xGASS catalogue.
The discrepancy between both sets of simulations already highlights the diffi-
culty in defining a measurement of the relative prominence of a central bulge
that is translatable to a photometric bulge-to-total ratio.

Figure 6.9: The distribution of eagle galaxies on the sSFR–M? plane
shown in black points with contours marking percentiles of the probability
density, enclosing 90% (black) to 15% (white) of the distribution. Diamond
points indicate the Gaussian peaks of the star-forming population with the
overlaid solid line defining the linear fit as per Equation 6.4. The dashed
line indicates −2σSFMS, which is the nominal cut taken for the star-forming
population.

6.4.4 Star-Forming Galaxies in eagle

The population of star-forming galaxies is again defined via the same approach
taken for both the xGASS and Shark samples, as described above. The
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resulting SFMS for eagle is shown in Figure 6.9 and is defined by the following
equation:

log(sSFRMS) = −0.11 log(M?)− 9.12, (6.4)

with again a fairly consistent standard deviation of, on average, σSFMS =0.28 dex
across the stellar mass range in which the SFMS appears to dominate the up-
per envelope of the sSFR–M? plane (M? . 1010.75 M�). Interestingly, despite
the slopes of the SFMS being fairly consistent between both sets of simulations,
the eagle SFMS sits significantly lower (∼ 0.5 dex) than the Shark SFMS
over the range of masses shown here. In contrast, the linear relation defining
the xGASS SFMS has a steeper declining slope than both sets of simulations.
For the eagle catalogue used here, a cut of 1.5σSFMS below the SFMS is
chosen to separate a population of star-forming galaxies. No upper limit is
set as eagle galaxies do not explicitly experience the same enhancement of
SFR in the spheroid component as is introduced in the Shark subgrid mod-
els. Instead, the rate of star formation assigned to a gas particle in eagle is
implemented based upon a pressure law rather than being density dependent
(Schaye et al., 2015) and whilst this will cause an increase in star formation
activity in the case of mergers, this increase will not necessarily be confined
explicitly to the central spheroid alone. It should be noted that various cuts
in ∆SFRSFMS (both below and above the SFMS) have been trialled and the
results remain largely unchanged by the specific number of σSFMS chosen or
whether highly star-forming systems are excluded or not.

In Figure 6.10, the resulting MHI–M? plane for star-forming galaxies in
eagle is shown. As with the previous studies using xGASS and Shark,
there is indeed a decrease in the separation between the averageMHI of galaxies
within bins of differing bulge fraction. This reduction occurs despite the fact
that there is also not a dramatic change in the dynamic range of MHI values
when only showing SFGs. However, the residual trend of lowerMHI values with
increasing fbulge still remains, albeit to a much lesser extent and predominantly
in the lowerM? bins. To explain this, one must look to the fbulge distribution in
Figure 6.2 to challenge the statement previously made that the ‘rank ordering’
of 1 − κco corresponds with that of a photometrically decomposed bulge-to-
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Figure 6.10: Same as Figure 6.8 but for only star-forming galaxies in
eagle, defined as having ∆SFRSFMS > −2σSFMS.

total ratio, B/T . The majority of low mass (M? . 109.5 M�) galaxies in
eagle tend to have a low fraction of their energy invested into corotation
(i.e., high fbulge) and, in particular, exhibit a strong peak at 1 − κco ' 0.8.
At face value, this appears to be incongruous with the current picture of
galaxy evolution whereby the central spheroids of galaxies build up as the
galaxy grows in stellar mass either via merger events, secular evolution or
starbursts. The discrepancy here stems from the limited resolution of ∼ 2 ×
106 M� per stellar particle in the eagle Ref-L100N1504 simulation box used
here. It has been shown that below a given number of stellar particles, the
limited resolution can significantly impact the simulation’s ability to physically
constrain measurements of a galaxy’s size and kinematic properties (Schaye
et al., 2015; Ludlow et al., 2019). For this reason, previous literature using the
1− κco quantification for kinematic bulge fractions have limited their analysis
to galaxies with M? > 1010 M� (Correa et al., 2017; Lagos et al., 2018a).
Limiting the analysis shown in Figure 6.8 to the largest three stellar mass
bins shows that there is, in fact, relatively good agreement with both the



164 6.4 The Role of Bulges in Simulated Galaxies

eagle and xGASS MHI–M? relations separated by fbulge. At most, there is
a separation of 0.3 dex in MHI between the lowest and high fbulge bins within
the stellar mass bin ranging M? = 1010 – 1011.4 M�.

Figure 6.11: The average 1 − κco of eagle galaxies as a function of dis-
tance from the SFMS, ∆SFRSFMS. The coloured lines show the variation for
different bins in stellar mass. The dotted line at ∆SFRSFMS represents the
SFMS for the eagle models as defined in Equation 6.4. Stellar masses be-
low M? < 1010 M� are shown as dashed line as below these masses, the fbulge
measurement is significantly impacted by resolution issues in eagle.

In Figure 6.11, I return to the average fbulge as a function of distance
from the SFMS in eagle. Unlike the Shark projection shown in Figure 6.7,
there is no strong evidence in eagle for an upturn of fbulge above the SFMS.
The average fbulge of galaxies above the SFMS is either comparable to that
of galaxies on the SFMS or otherwise lower; particularly at M? > 1010 M�

where κco is affected by resolution issues. This suggests that there is no clear
mechanism implemented through the hydrodynamical processes nor subgrid
physics of eagle that cause galaxies undergoing an episode of extreme star
formation activity to correspondingly reconfigure a significant fraction of the
kinematic energy of stellar particles into a dispersion-supported component.
Note that whilst there is no marked difference in the fraction of energy that
is invested into corotation, it cannot be said from κco alone whether the build
up of a rotationally supported centrally-peaked concentration — i.e., what is
commonly referred to as a pseudobulge — has occurred.
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6.5 Reconciling the Definition of ‘Bulges’

Fundamentally, a galaxy is comprised of an extended rotationally-supported
component and a centrally concentrated region, which is typically considered
to be the byproduct of various dynamical and disruptive events (e.g., galaxy
major mergers). We often assign the labels ‘disk’ and ‘bulge’ to these compon-
ents as a meaningful way of separating their distinct characteristics and form-
ation pathways. Historically, central bulges were assumed to resemble massive
elliptical galaxies simply at smaller scales given the similarities in their mor-
phological and kinematic characteristics (Eggen et al., 1962; de Vaucouleurs,
1974; Faber et al., 1977; Gott, 1977; Renzini, 1999).

However, more recent observations of galaxies have revealed that the cent-
ral regions of galaxies are not always described in this way, but instead re-
semble features that one expects from a dynamically cold galactic disk. Such
features include — but are not explicitly defined by — having rotationally-
supported kinematics (Kormendy & Illingworth, 1983), radial surface density
profiles that are significantly flattened and indicative of an near-exponential
profile (Fathi & Peletier, 2003; Kormendy & McClure, 1993; Andredakis &
Sanders, 1994), mid-IR colours typical of outer star-forming disks (Fisher,
2006) as well as hosting ring-like or bar induced features in their inner nuclear
regions (Erwin & Sparke, 2002; Carollo et al., 1997). Bulges that fall into one
(or more) of these categories are often labelled in the literature as ‘pseudob-
ulges’ despite a lack of consensus as to whether each of these properties exist in
unison. Classical bulges tend to follow a tighter relation between their Sérsic
index and bulge-to-total ratio than pseudo-bulges and their size–mass relation
differs from that of pseudo-bulges, which more closely resemble that of bars
(Gadotti, 2009). See reviews by Kormendy & Kennicutt (2004) and Fisher &
Drory (2016) for the properties of pseudobulges. The term ‘pseudo’ is indeed
an unfortunate one as it implies these are a different ‘species’ of bulge when,
in truth, one of the only properties they consistently have in common with
classical bulges is their centralised location within a galaxy.

This ill-defined demarcation between a rotationally-supported core and
a classical bulge could, in part, explain why Shark galaxies exhibit a very
distinct rise in fbulge above the SFMS, but no such rise is observed when looking
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at photometric structural decompositions (B/T ) of xGASS galaxies nor the
kinematic properties (κco) of eagle galaxies. The physics implemented in the
Shark model to describe the central component of a galaxy is very explicitly
defined in regards to the assumptions made about cold gas transport and the
rearrangement of the stellar distribution during mergers and disk instabilities.
The latter follows the implementation of galform Lacey et al. (2016), which
assumes that both the stars and cold gas of an unstable disk component are
transported to the central spheroid where a subsequent starburst proceeds
from the inflow of this cold gas (Combes et al., 1990; Debattista et al., 2006).
Lacey et al. (2016) note that in reality, the time-scale for the growth of a
instability-induced bar and its subsequent evolution into a bulge is likely of
order several dynamical timescales5 of the disk. However, the simplifying
assumption that this process occurs instantaneously has been made in these
semi-analytic models. Additionally, galaxies in Shark are instantaneously
stripped of their halo gas reservoir once they become a satellite of a larger
halo, thus no further gas accretion can occur to allow these systems to rebuild
a significant disk component that has been lost due to major mergers or disk
instabilities.

Given this, it is perhaps not surprising that a sharp increase in the average
‘bulge’ fraction is seen for systems situated above the SFMS. In fact, if one
instead plots the median fbulge as a function of ∆SFRSFMS instead of the
mean as is shown in Figure D.1 in Appendix 7.2, it is found that the median
M? & 1010 M� galaxy in Shark located ∼ 0.5 dex above the SFMS is a pure-
bulge system. Of course, what is meant by ‘bulge’ in this definition is the entire
central complex that contains a population of stars that have been built up
both through transport of stars through dynamical processes (i.e., a merger-
driven classical bulge) as well as in situ star formation (i.e., the starburst
component) which may be more closely associated with a ‘pseudobulge’.

To test this, in Figure D.2 of Appendix 7.2, I instead show the impact of
‘classical’ bulges in theMHI–M? relation by isolating only those galaxies which
have formed at least 50% of their bulge mass through mergers, as opposed to
violent disk instabilities. In doing so, the discrepancies seen at lower stellar
masses disappear for star-forming galaxies. However, a slight offset remains

5A dynamical timescale represent the typical orbital period of a system.
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Figure 6.12: The average r-band B/T as a function of ∆SFRSFMS repro-
duced from the data presented in Figure 5 of Morselli et al. (2017). Here,
only the colours of the stellar mass bins have been modified to allow for ease
of comparison with previous figures presented. Error bars were obtained via
bootstrapping.

at M? & 1010.5 M�, whereby galaxies with large (classical) bulge fractions are
slightly more gas-poor. This suggests an additional mechanism remains in
Shark to remove H i from star-forming galaxies in galaxies with substantial
bulges, e.g. AGN feedback (Lagos et al., 2018c).

How then do these results compare to the findings of Chapter 4 which
showed that the population of highly star-forming galaxies in xGASS is not
populated by systems with large contributions from a bulge component? On
the contrary, previous observational studies fromMorselli et al. (2017); Popesso
et al. (2019a) have indicated that such a population could exist using the Si-
mard et al. (2011) catalogue of photometric measurements to show that the
average B/T has, at least qualitatively, a similar functional shape to that seen
in Figure 6.12 for Shark. However, the extent of the upturn seen in these ob-
servational studies is not to the same degree to that in Shark. Additionally,
whilst Morselli et al. (2017); Popesso et al. (2019a) both see that the increase
of bulge-to-total ratio is most notable at lower stellar masses, the Shark ana-
lysis shows that the increase in fbulge is most prominent at high stellar masses.
A picture has emerged that invokes a series of compaction events in which cold
gas flows from the disks of galaxies onto their central spheroid via such mergers
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and violent disk instabilities. Whilst it seems clear that these processes are
both important to the build up of a central spheroid, it remains unclear as to
what extent and over what timescales these events influence galaxy evolution.
Currently, the treatment of bulge star formation in SAMs (such as Shark or
galform) does not yet reproduce the expected population of bulges observed
in the local Universe.

It is important to reiterate that xGASS— whilst representative in H i prop-
erties — is situated at relatively low redshifts (z < 0.05) and so these conclu-
sions may only be applicable to galaxies evolving in the local Universe. Indeed,
the conditions at earlier epochs of the Universe may have been more favour-
able towards the build up of bulges through such extreme starburst events.
Whilst the Shark sample used here has evolved to a redshift of z = 0, the as-
sumptions that go into the implementation of mergers and starbursts may be
instead indicative of the physical processes that are presumed to be common-
place in these more violent epochs. Furthermore, the bulge-disk decomposition
of xGASS galaxies was designed to accurately define structural parameters of
the disk. There is no well-defined line to distinguish a central concentra-
tion as either a pseudobulge or an extension of the inner disk. Therefore, such
structural decomposition measurements most likely take preference to a single-
component model instead of considering centrally concentrated star formation
as being associated with a separate bulge component. For this reason, the
xGASS bulge-to-total ratios are perhaps more truly a classical bulge-to-total
ratio.

Hence, it is difficult to reconcile the analysis of the impact of bulges ob-
served in xGASS with those in both Shark and eagle due to the overarching
assumption required that these simulations trace primarily ‘classical bulges’.
However, it is clear that whilst eagle probes kinematically distinct compon-
ents, there is a substantial population of pseudobulges. Given this, a common
picture could be appearing. Both the xGASS and eagle results tell us that
galaxies with a significant classical bulge do not appear to be hosting massive
H i gas reservoirs whilst also suppressing significantly any ongoing star forma-
tion. This puts further constraints on the possible mechanisms that could be
acting to quench galaxies. For instance, quenching scenarios which link the
presence of a bulge component to the suppression of star formation seems to
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be at ends with the fact that their H i reservoirs appear to be preserved.

Furthermore, the population of galaxies located well above the SFMS do
not appear to be experiencing a corresponding build-up of a classical bulge.
If, however, the treatment of bulge growth in Shark can be understood as
a means for developing a centrally concentrated star-forming component, this
can explain an upturn in ‘bulge’ fractions above the SFMS. eagle would not
distinguish such a component as kinematically distinct from the disk and the
xGASS models serve to accurately separate predominantly classical bulges.
Thus, in order for a scenario where recurrent compaction events lead to the
growth of a bulge component to exist, one might require the fairly dramatic
redistribution of the stellar and gaseous disk to occur in the presence of mergers
and disk instability.

6.6 Summary

The analyses presented in this chapter suggest that major limitations still
remain in the bulge properties predicted by theoretical models as well as
those obtained through structural decomposition measurements in observa-
tions. Substantial improvements will need to be made on both fronts in order
to converge upon a coherent and unified picture of the physical mechanisms
responsible for the evolution of galaxy morphologies. This, of course, raises
several questions about our current understanding of the origin of structures
in galaxies. Can we continue to talk about bulges that have emerged from dra-
matically different processes in the same way (i.e. pseudobulges vs. classical
bulges)? Should we be treating the central regions of galaxies not as a single
entity but instead as a complex of (kinematically-distinct) subcomponents,
with vastly different evolutionary paths?
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Chapter 7

Conclusions

7.1 Thesis Summary

In this thesis, I presented the robust structural decomposition of the light
profiles of galaxies selected from xGASS, which was used to investigate the
role of morphology in the regulation of cold gas reservoirs and star formation
in galaxies. The main results of this thesis are as follows:

• In general, the mass of atomic hydrogen appears to be correlated with
the morphology of a galaxy (probed by the bulge-to-total ratio) in the
sense that more bulge-dominated galaxies have relatively less H i gas
than disk-dominated galaxies at a given stellar mass. However, isolating
only star-forming galaxies shows that there is little-to-no difference in
atomic hydrogen content between galaxies with or without a significant
photometric bulge (Chapter 3).

• The observation that the slope of the star-forming main sequence is less
than unity cannot be explained by the increasing contribution from (non-
star-forming) bulges towards higher stellar masses (Chapter 4). This
suggests that the variation in the star formation rate of galaxies at dif-
ferent stellar masses is driven primarily by the accumulated mass within
the disk.

• In the local Universe, the average bulge-to-total ratio decreases stead-
ily and seemingly monotonically at fixed stellar mass from quenched to
actively star-forming systems. Hence, the population of galaxies located
well above the star-forming main sequence does not appear to be oc-
cupied by significantly bulge-dominated systems (Chapter 4). Over the
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range of stellar masses probed by xGASS, the median galaxy situated
∼0.5 dex above the SFMS in the local Universe has a bulge-to-total ratio
of, at most, . 0.2.

• The scaling relations that relate the atomic hydrogen content and star
formation rate to other galaxy properties displays a similar scatter and
correlation coefficient if one observes them in the framework of their
disk properties exclusively (Chapter 5). Curiously, however, recasting
to the stellar mass surface density of the disk shows a slightly weaker
correlation with the H i gas content and star formation rate than when
using the total surface density. This implies that the surface density of
the disk alone remains stable during the transformation from a gas-rich
star-forming galaxy to a gas-poor and quenched galaxy.

• Current state-of-the-art theoretical predictions of galaxy evolution are
not yet able to meaningfully reproduce the behaviour of structural evol-
ution of galaxies on the star-forming main sequence and during their
transition to the quenched population (Chapter 6). This highlights that
more work is required in both observations and theoretical simulations
of galaxies in order to converge upon a unified picture of the evolution
of morphology in the context of their gas-star formation life cycles.

7.2 Outlook

Many of the analyses presented in this thesis highlight that the build up of
structure in galaxies must be intricately linked to their past evolutionary his-
tories. Therefore, studying galaxy morphology offers a valuable window into
the potential pathways for their evolution and eventual death.

The results of this thesis are in line with the idea that bulges, although
an important outcome of galaxy evolution, may indeed only have a minor role
in directly quenching galaxies via preventing cold gas reservoirs to collapse
and form new stars. Whilst this may be the case, it remains unclear as to
which are the dominant physical processes causing galaxies to quench under
different internal and external conditions. Chapter 6 highlights the fact that
current theoretical predictions of galaxy evolution are not yet able to entirely
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reproduce expected trends pertaining to the formation of structure emerging
from the gas-star formation life cycles.

These predictions are inevitably guided by, and calibrated upon, present
observations of galaxies. Hence, in order for future refinements to be made
in upcoming large-scale simulations, this requires significant effort be put into
quantifying the impact of quenching mechanisms on the build up of structures
for a far larger sample of galaxies over greater cosmic timescales. Whilst
studying the end points of galaxy evolution — i.e., galaxy scaling relations
in the local Universe — is an important step in revealing their origin, it may
only reveal a small fraction of the story. However, from an observational
perspective, our understanding of these phenomena is currently inhibited by
the inability to accurately and meaningfully define galaxy morphology for
samples larger than a few hundreds of thousands of galaxies below a redshift
of z . 1 (i.e., the latter half of the Universe).

The next decade will see a proliferation of exquisitely detailed imaging
of galaxies over a redshift range spanning a significant fraction of the age of
the Universe. Upcoming wide area, deep photometric surveys such as the
Dark Energy Survey (DES; The Dark Energy Survey Collaboration, 2005),
Euclid space telescope survey (Amendola et al., 2018), Hyper Suprime-Cam
Subaru Strategic Program survey (HSC-SSP; Aihara et al., 2018) and the
Legacy Survey of Space and Time (LSST; Ivezić et al., 2019) to name a few,
will yield observations of order tens of billions of galaxies. However, beyond
deriving a baseline set of catalogued data products, the immense scale of these
surveys is such that our current data analysis standards — particularly those
of photometric structural decomposition — are not adequately suited. Despite
remarkable improvements having been made in the past decade, the current
state-of-the-art techniques are likely still primitive relative to what will be
required for the robust quantification of morphology within these surveys.
Although computational capabilities are indeed advancing at an exponential
rate, the problem is less tractable than this obstacle alone. In fact, the issue
is more deeply rooted in our current heuristic usage of models to define galaxy
morphology.

Currently, the de facto standard has been to model galaxy morphology
according to a set of Sérsic profiles, but it is becoming increasingly apparent
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that this approximation does not apply to a significant portion of galaxies.
This problem will only become increasingly difficult to rectify as advancements
in photometric imaging data begin to reveal low surface brightness features
in galaxies and peer substantially further into the Universe, where conditions
were dramatically different to that of the nearby Universe. No longer will it
be meaningful to explicitly separate stellar light into distinct ‘disk’ and ‘bulge’
components.

It is my view that whilst photometric structural decomposition has indeed
revealed much about the distribution of stellar populations within galaxies,
it lacks the ability to distinguish the complex stellar orbits and kinematics
that are likely to be more closely related to their formation histories. Indeed,
theoretical studies of galaxies inform us that angular momentum is key to the
regulation of the gas-star formation cycle. The desired outcome from studying
galaxies is to be able to determine each of the previous events throughout
their histories that have collectively led to the build up of their stellar mass.
This requires disentangling both the spatially as well as kinematically distinct
signatures seen in the present-day state of galaxies.

In light of this, the last decade has seen a significant rise in the number of
galaxies observed with integral field spectroscopy (IFS), particularly from the
ATLAS3D survey (Cappellari et al., 2011), CALIFA1 survey (Sánchez et al.,
2012), SAMI survey (Bryant et al., 2015) and the SDSS-IV MaNGA2 survey
(Bundy et al., 2015). Indeed, several studies using these data have shown en-
couraging results from the decomposition into distinct kinematic features of,
collectively, more than 1000 galaxies (Falcón-Barroso et al., 2017; Zhu et al.,
2018a; Graham et al., 2018; Oh et al., 2020). Future advancements in IFS in-
strumentation such as Hector (Bryant et al., 2016) — a successor to the SAMI
instrument — will be capable of delivering IFS observations for an order of
magnitude more galaxies. However, poor spatial resolution has proven to be
the greatest limitation in accurately disentangling the complex distributions
of stellar orbits and angular momentum within galaxies — particular within
their central regions where a bulge (classical or pseudo-) may reside. There-
fore, state-of-the-art facilities including the ESO Multi Unit Spectroscopic

1CALIFA: the Calar Alto Legacy Integral Field Area Survey.
2MaNGA: Mapping Nearby Galaxies at Apache Point Observatory.



Conclusions 175

Explorer (MUSE; Bacon et al., 2015) will revolutionise our view of galaxies
by providing exquisite (sub-arcsecond spatial resolution) kinematic data cubes
with the capabilities to perform complex Schwarzschild orbit-based dynamical
modelling of stellar populations (Zhu et al., 2018b,c; Poci et al., 2019).

For these reasons, I believe that (in combination with photometric struc-
tural analysis) the advent of kinematic modelling using IFS will provide a
unique avenue into which new insights of galaxy evolution can be obtained.
The three-dimensional information that is obtained with IFS observations
opens the prospect of being able to break the degeneracies that currently
hinder our ability to distinguish between distinct morphological components
through photometric decompositions alone (e.g., Guérou et al., 2017; Neu-
mann et al., 2017). Recently, considerable efforts have been made to combine
IFS observations with photometric structural decompositions from ProFit

in order to simultaneously model the surface brightness, rotation, and velo-
city dispersion profiles of galaxies (e.g., Taranu et al., 2017). However, this
is currently extremely computationally expensive to perform and, in addition,
requires the modelling of H i velocity profiles.

In addition to these advancements being accomplished at optical wave-
lengths, it is also crucial that progress be made towards forging the, currently
absent, link with future H i observations. Fortunately, this situation is likely
to improve substantially in the next decade, which will see a dramatic in-
crease in the number of galaxies with observations of their H i content. This is
the outcome of several ongoing H i surveys including the COSMOS H i Large
Extragalactic Survey (CHILES; Fernández et al., 2013) as well as upcoming
programs underway on the pathfinder facilities for the Square Kilometre Array
(SKA; Carilli & Rawlings, 2004) — namely, the Australian SKA Pathfinder
(ASKAP; Johnston et al., 2008; Duffy et al., 2012), Karoo Array Telescope
(MeerKAT; Jonas & MeerKAT Team, 2016) and APERture Tile In Focus
(APERTIF; Verheijen et al., 2008). The pilot surveys being conducted on
these instruments include (but are not limited to): WALLABY3, a shallow
H i program planned to survey ∼75% of the southern sky (Koribalski et al.,
2020); DINGO4, a deep H i survey of the GAMA regions out to a redshift of

3WALLABY: Widefield ASKAP L-band Legacy All-sky Blind surveY.
4DINGO: Deep Investigation of Neutral Gas Origins.
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z . 0.4 (Rhee, 2020); as well as LADUMA5, an ultra-deep survey of H i in the
early Universe (Holwerda et al., 2012).

Collectively, these surveys (in conjunction with many others) will resolve
H i maps for an unprecedented number of galaxies in the local Universe as
well as facilitate the necessary survey speed and depth to detect of order ∼105

unresolved H i sources out to distances that are, for the first time, commensur-
ate with currently available wide-area photometric and spectroscopic surveys
(e.g., GAMA, SDSS, etc.). Although the aforementioned programs will be pre-
dominantly H i-blind surveys, this represents an important next step in galaxy
evolution studies and will likely inform upon targeted follow-up (xGASS-like)
surveys with SKA precursors. This will facilitate an expansion of the work con-
ducted in this thesis for orders of magnitude more galaxies, over a far greater
redshift range and utilising a more refined quantification of galaxy morpho-
logy. I expect that our current understanding of the H i content in galaxies
will improve dramatically and, in conjunction with upcoming wide-area pho-
tometric and IFS surveys, so too will the connection to the photometric and
kinematic properties of galaxies be elucidated.

5LADUMA: Looking at the Distant Universe with the MeerKAT Array.
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Appendices

Appendix A: Chapter 2

A.1 ProFit Parameter Controls

Modifying the behaviour of ProFit in fitting each individual profile para-
meter is done via the important data structures: modellist, tofit, tolog,
intervals, priors, constraints.

• modellist: The purpose of the modellist construct is two-fold: (1)
to set up the specific profiles that define the model to be optimised as
well as (2) to initialise the starting values of the model. In principle,
there is no limit to the number of profiles specified in creating a complex
model but, generally, the number of profiles is restricted to the distinct
structures present within the given image. An example modellistmight
include two Sérsic profiles and a Ferrer profile in the case of a barred
spiral galaxy with a central bulge. Initial conditions for the profiles are
generally obtained either through a computationally-cheap optimisation
run (such as one based on a gradient descent optimiser) or extracted
from global segment properties measured by a source detection code.

• tofit: This declares which of the parameters specified in modellist are
free to be fit by ProFit and which should be fixed at the given initial
value. In practice, parameters can be held fixed when, for example, the
quality of the data is such that the parameter is highly unconstrained.

• tolog: Many parameters are distributed under a log-normal scaling. The
use of a Bayesian estimator that is naive to this fact can perform poorly
when evaluating the model. For this reason, the tolog construct allows
the user to specify which parameters are optimised in log or linear space.
In this work, it is deemed that the effective radius, Sérsic index and axial
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ratio (b/a) are best optimised in log-space.

• intervals: This defines the hard boundaries between which the optim-
isation routine is free to explore. A list of the chosen intervals for the
Sérsic parameters for this work is given in Tables 2.1 and 2.2.

• priors: An important aspect of Bayesian analysis in the use of a prior
probability distribution to assign some prior knowledge to a parameter
before taking into account the information within the data. In ProFit,
the prior construct behaves by applying the product of the prior and
the log-likelihood function to update the total log-likelihood for the cur-
rent model realisation. The choice of priors need not have a strong
impact on the resulting optimised parameters as optimised model se-
lection should be primarily driven by the information contained within
the data rather than the priors. The chosen priors should instead be
correctly informative when restricting the parameter space or otherwise
properly normalised when uninformative. In this work, uninformative
(i.e., flat) prior distributions are assumed for each parameter as it is not
immediately obvious to what extent each Sérsic parameter should be
restricted.

• constraints: As opposed to the intervals construct, this allows the
user to define additional complex restrictions on the exploration of the
parameter space; particularly where this restriction involves an interde-
pendency between two parameters. The most common example for the
use of constraints comes from binding the central positions of different
components to one another (e.g., concentric bulge and disk components).

A.2 Example ProFit Usage

Below is an example of the specific calls made in an extract of the full
modelling pipeline using r to first initiate the necessary data structures needed
for the fitting processes and performing an initial optimisation to then be used
for the full MCMC optimisation. Both optimisation routines make use of the
Laplace’s Demon r package.
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ProFit example code

1 library(ProFit) # Galaxy light profile modelling

2 library(ProFound) # Source extraction / segmentation

3 library(LaplacesDemon) # MCMC optimisation

4

5 inits = segmentation$segstats #from profoundProFound ()

6 modellist = list( # Set the initial model values

7 sersic=list(

8 xcen = inits$xcen[mainIndex],

9 ycen = inits$ycen[mainIndex],

10 mag = inits$mag[mainIndex],

11 re = inits$semimaj[mainIndex],

12 nser = 1,

13 ang = inits$ang[mainIndex],

14 axrat = inits$axrat[mainIndex],

15 box = 0

16 )

17 )

18

19 tofit=list( # Set the parameters to keep free

20 sersic=list(

21 xcen = TRUE ,

22 ycen = TRUE ,

23 mag = TRUE ,

24 re = TRUE ,

25 nser = TRUE ,

26 ang = TRUE ,

27 axrat = TRUE ,

28 box = FALSE

29 )

30 )
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ProFit example code (cont.)

1 tolog=list( # Set which parameters to fit in log -space

2 sersic=list(

3 xcen = FALSE ,

4 ycen = FALSE ,

5 mag = FALSE ,

6 re = TRUE ,

7 nser = TRUE ,

8 ang = FALSE ,

9 axrat = TRUE ,

10 box = FALSE

11 )

12 )

13

14 intervals=list( # Set bounding intervals of parameters

15 sersic=list(

16 xcen = list(lim=c(modellist$sersic$xcen-10,

17 modellist$sersic$xcen+10)),

18 ycen = list(lim=c(modellist$sersic$ycen-10,

19 modellist$sersic$ycen+10)),

20 mag = list(lim=c(7,zeroPoint)),

21 re = list(lim=c(0.25 ,100)),

22 nser = list(lim=c(0.25 ,20)),

23 ang = list(lim=c(-180 ,360)),

24 axrat = list(lim=c(0.05 ,1)),

25 box = list(lim=c(-0.5 ,0.5))

26 )

27 )
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ProFit example code (cont.)

1 # Set up the ProFit Data structure

2 Data = profitSetupData(image=image ,psf=psf ,mask=mask ,

3 segim=segMap ,sigma=sigma ,

4 modellist=modellist ,tofit=tofit ,

5 tolog=tolog ,intervals=intervals ,

6 magzero=zeroPoint ,algo.func=’LA’,

7 like.func=’t’)

8

9 # Run initial Laplace ’s Approximation optimisation

10 LAFit = LaplaceApproximation(profitLikeModel ,

11 parm=Data$init ,Data=Data ,

12 Iterations=1e3,Method=’LM’,

13 CovEst=’Identity ’,sir=FALSE)

14

15 # Replace initial values with optimised parameters

16 Data$init = LAFit$Summary1[,1]

17

18 # Set up full MCMC run using Laplace ’s Demon

19 Data$algo.func = ’LD’

20 LDFit = LaplacesDemon(profitLikeModel ,Data=Data ,

21 Initial.Values=Data$init ,

22 Iterations=1e4,

23 Algorithm=’CHARM’,Thinning=1,

24 Specs=list(alpha.star=0.44))

25

26 optimPars = magtri(LDFit$Posterior1 ,samples=5000,

27 samptype=’end’)[,1]
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A.3 Galaxy Model Fitting Pipeline

The model fitting procedure begins by initialising the necessary input data
structures discussed in Appendix 7.2 and parses these into the profitSetupData
function. This is a utility function that assembles each of these individual ele-
ments into the required format such that they can be properly utilised by
ProFit during the optimisation stage. The initialisation of the modellist

values is done by extracting (and sometimes modifying) the useful properties
measured from the specific segment of the target galaxy from the ProFound

segmentation map. In the case of fitting a single-component model, most of
these quantities can be translated from properties measured in the ProFound

segment. However, in the case of the Sérsic index and, indeed, many quantities
in a double-component fit, there is not necessarily enough information given
by the global segment measurements to meaningfully assign an initial guess.
In such cases, either a default value is assumed or an estimate is derived from
other segment quantities. For instance, the Sérsic index of a single-component
model can be approximated using the measured concentration index from the
formula given in Equation 6 of Trujillo, Graham & Caon (2001).

When initialising double-component models, the total magnitude encom-
passed within the segment is divided between the bulge and disk compon-
ent according to a certain fraction. In this work, the initial bulge-fraction
is by default 25%, however, a more meaningful estimate could be determ-
ined via empirical relations between bulge-to-total ratio and the measured
concentration index. For example Fabello et al. (2011) use the equation
R90/R50 = (1.19 + 2.28) × B/Ti, which was determined from performing a
bilinear fit to the Weinmann et al. (2009) relation between i-band B/T and
R90/R50 for SDSS DR4 galaxies. For the radius of bulge and disk compon-
ents, the default behaviour is to assign the segment semi-major axis to the
disk component and set the bulge as initially 10% of this value. In general,
the boxiness parameter B — which modifies the unit ‘ellipse’ towards one that
is more diamond- or kite-like — is always kept fixed and set to B = 0. There
is often insufficient information in galaxy images for this parameter to be well
constrained (except for some extreme edge-on cases) and the additional degree
of freedom that is introduced can often result in a poor fit.
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In the R code extract above, the LaplaceApproximation function is used
as a first pass optimisation as it is designed to estimate the posterior mode and
variance of each parameter down to a specific tolerance. The refined initial
values are then assigned to a new modellist structure which is parsed into
the LaplacesDemon6 package and from which a complete MCMC optimisation
run is performed. This makes use of a 104 iteration sampling of the CHARM
algorithm, allowing for the optimal parameters to be accurately refined and
providing a posterior distribution of the log likelihood for each.

Appendix B: Chapter 3

B.1 Medians of the MHI–M? Scaling Relations

To supplement Figures 3.6 and 3.7, the corresponding medianMHI quantit-
ies in bins of stellar mass and bulge-to-total ratio as well as the corresponding
number of galaxies contributing to each bin are given in the tables below.

6Laplace’s Demon: https://cran.r-project.org/web/packages/LaplacesDemon/index.
html

https://cran.r-project.org/web/packages/LaplacesDemon/index.html
https://cran.r-project.org/web/packages/LaplacesDemon/index.html
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Table B.1: Median H i gas mass for scaling relations separated into bins
of i-band bulge-to-total (B/Ti) ratio shown in the top panels of Figure 3.6.
The column 〈x〉 gives the median stellar mass within a bin and 〈MHI〉 gives
the corresponding median H i mass. The final bulge-to-total bin in entries
for log M?,total explicitly includes galaxies with B/T = 1. The column la-
belled N is the number of points contributing to the bin, with the number in
parentheses indicating how many are H i non-detections.

x B/Ti 〈x〉 〈MHI〉 [M�] N
logM?,total 0.0 ≤ B/TM?

< 0.075 9.21 9.08 ± 0.07 120 (15)
9.69 9.36 ± 0.07 94 (11)
10.14 9.54 ± 0.06 122 (21)
10.58 9.70 ± 0.11 32 (3)
11.08 9.50 ± 0.27 2 (1)

0.075 ≤ B/TM?
< 0.175 9.28 8.74 ± 0.26 10 (2)

9.74 8.89 ± 0.16 34 (14)
10.22 9.26 ± 0.09 61 (14)
10.77 9.76 ± 0.09 54 (12)
11.08 9.72 ± 0.11 21 (5)

0.175 ≤ B/TM? < 0.4 9.29 8.27 ± 0.39 5 (1)
9.67 8.72 ± 0.16 21 (7)
10.25 8.75 ± 0.06 100 (48)
10.74 9.12 ± 0.05 139 (62)
11.12 9.30 ± 0.05 67 (50)

0.4 ≤ B/TM?
≤ 1.0 9.01 8.54 ± 0.00 1 (0)

9.71 8.14 ± 0.31 8 (5)
10.28 8.74 ± 0.11 27 (13)
10.67 9.18 ± 0.12 26 (12)
11.17 9.37 ± 0.12 16 (8)

logM?,disk 0.0 ≤ B/TM? < 0.075 9.18 9.08 ± 0.07 102 (9)
9.51 9.27 ± 0.08 88 (13)
10.06 9.48 ± 0.06 125 (23)
10.46 9.72 ± 0.09 45 (4)
10.85 9.44 ± 0.18 10 (2)

0.075 ≤ B/TM?
< 0.175 9.20 8.71 ± 0.28 10 (3)

9.69 9.13 ± 0.16 33 (12)
10.09 9.26 ± 0.10 53 (14)
10.54 9.72 ± 0.11 45 (9)
10.90 9.84 ± 0.10 38 (9)

0.175 ≤ B/TM?
< 0.4 9.27 8.38 ± 0.25 11 (2)

9.71 9.01 ± 0.15 23 (5)
10.08 8.78 ± 0.07 95 (45)
10.51 9.07 ± 0.06 123 (61)
10.89 9.27 ± 0.05 76 (51)

0.4 ≤ B/TM? < 1.0 9.15 8.24 ± 0.47 4 (2)
9.64 8.71 ± 0.22 13 (6)
10.03 9.18 ± 0.11 34 (15)
10.44 9.12 ± 0.12 17 (9)
10.88 9.37 ± 0.17 10 (7)
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Table B.2: Median MHI gas mass for scaling relations separated into bins
of stellar mass bulge-to-total ratio shown in the bottom panels of Figure 3.6.
Columns are as per Table B.1.

x B/TM? 〈x〉 〈MHI〉 [M�] N
logM?,total 0.0 ≤ B/TM?

< 0.075 9.21 9.02 ± 0.07 115 (16)
9.69 9.29 ± 0.08 95 (14)
10.12 9.38 ± 0.06 104 (20)
10.57 9.62 ± 0.12 22 (3)
– – 0 (0)

0.075 ≤ B/TM?
< 0.175 9.26 9.34 ± 0.17 12 (1)

9.74 9.27 ± 0.19 26 (8)
10.22 9.40 ± 0.11 49 (10)
10.69 9.72 ± 0.12 31 (6)
11.06 9.76 ± 0.22 7 (1)

0.175 ≤ B/TM? < 0.4 9.33 8.76 ± 0.30 7 (1)
9.77 8.74 ± 0.16 27 (11)
10.25 8.76 ± 0.07 103 (48)
10.75 9.14 ± 0.06 125 (57)
11.12 9.31 ± 0.05 69 (47)

0.4 ≤ B/TM?
≤ 1.0 9.20 8.97 ± 0.61 2 (0)

9.70 8.51 ± 0.32 9 (4)
10.27 9.08 ± 0.09 54 (18)
10.71 9.44 ± 0.08 73 (23)
11.13 9.37 ± 0.09 30 (16)

logM?,disk 0.0 ≤ B/TM? < 0.075 9.19 9.02 ± 0.07 97 (10)
9.53 9.21 ± 0.08 90 (15)
10.05 9.39 ± 0.06 113 (23)
10.47 9.57 ± 0.11 31 (4)
10.86 9.31 ± 0.14 5 (1)

0.075 ≤ B/TM?
< 0.175 9.17 9.31 ± 0.18 11 (1)

9.63 9.27 ± 0.19 24 (7)
10.06 9.37 ± 0.12 41 (10)
10.46 9.89 ± 0.12 33 (5)
10.89 9.69 ± 0.16 16 (3)

0.175 ≤ B/TM?
< 0.4 9.23 8.70 ± 0.25 11 (3)

9.72 8.97 ± 0.15 26 (9)
10.09 8.77 ± 0.07 87 (44)
10.51 9.07 ± 0.06 109 (51)
10.90 9.31 ± 0.05 92 (53)

0.4 ≤ B/TM? < 1.0 9.12 8.96 ± 0.34 8 (2)
9.66 9.23 ± 0.19 17 (5)
10.06 9.37 ± 0.08 66 (20)
10.51 9.26 ± 0.08 57 (23)
10.86 9.39 ± 0.12 21 (12)
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Table B.3: Median MHI gas mass for scaling relations separated into bins
of stellar mass bulge-to-total ratio for star-forming galaxies only shown in
Figure 3.7. Columns are as per Table B.1.

x B/TM? 〈x〉 〈MHI〉 [M�] N
logM?,total 0.0 ≤ B/TM?

< 0.075 9.20 9.16 ± 0.06 74 (1)
9.67 9.41 ± 0.06 75 (3)
10.07 9.49 ± 0.06 89 (6)
10.53 9.77 ± 0.10 20 (0)
10.94 9.50 ± 0.27 2 (0)

0.075 ≤ B/TM?
< 0.175 9.22 9.31 ± 0.12 9 (0)

9.67 9.70 ± 0.18 17 (1)
10.12 9.61 ± 0.12 28 (2)
10.51 9.92 ± 0.13 28 (2)
11.01 9.95 ± 0.17 11 (1)

0.175 ≤ B/TM? < 0.4 9.22 8.76 ± 0.30 5 (0)
9.74 9.45 ± 0.12 8 (0)
10.11 9.58 ± 0.11 34 (3)
10.62 9.85 ± 0.10 33 (0)
10.96 9.98 ± 0.09 27 (4)

0.4 ≤ B/TM?
≤ 1.0 9.25 9.51 ± 0.14 2 (0)

9.52 9.74 ± 0.11 4 (0)
10.20 9.53 ± 0.11 15 (0)
10.56 9.74 ± 0.08 33 (0)
10.96 9.83 ± 0.11 15 (2)

logM?,disk 0.0 ≤ B/TM? < 0.075 9.19 9.16 ± 0.06 70 (1)
9.58 9.36 ± 0.06 68 (2)
10.04 9.53 ± 0.06 94 (7)
10.49 9.72 ± 0.09 25 (0)
10.94 9.54 ± 0.18 3 (0)

0.075 ≤ B/TM?
< 0.175 9.17 9.34 ± 0.12 10 (0)

9.63 9.58 ± 0.18 16 (1)
10.06 9.61 ± 0.12 28 (2)
10.43 9.93 ± 0.13 27 (2)
10.91 9.88 ± 0.17 12 (1)

0.175 ≤ B/TM?
< 0.4 9.20 9.62 ± 0.27 5 (0)

9.72 9.42 ± 0.16 12 (1)
10.05 9.59 ± 0.10 33 (2)
10.57 9.85 ± 0.11 33 (1)
10.85 9.98 ± 0.10 23 (3)

0.4 ≤ B/TM? < 1.0 9.12 9.68 ± 0.09 4 (0)
9.67 9.71 ± 0.13 7 (0)
10.13 9.60 ± 0.09 31 (1)
10.48 9.83 ± 0.09 21 (0)
10.90 9.95 ± 0.27 4 (1)
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Appendix C: Chapter 5

C.1 HI Scaling Relations with (g-i) Colours

The scaling relations of the H i gas fraction against (g− i) colours is shown
in Figure C.1. This includes the total galaxy relations as well as the relations
using disk- and bulge-normalised properties. The columns show all double-
component galaxies on the left and star-forming galaxies on the right. Much
like the relation between MHI/M? with NUV− r colour, there exists a strong
correlation with both the total (g − i) colour (rS = −0.77) and the disk
(g − i) colour (rS = −0.79). These correlations also remain when focusing
on the star-forming population only (panels b and c). However, no evidence
for a correlation is observed between the bulge-normalised H i gas fraction
(MHI/M?,bulge) and the bulge (g − i) colour (rS = −0.12).
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Figure C.1: Scaling relations of H i gas fraction against (g − i) colour for
the total (top), disk (middle) and bulge (bottom) normalised properties.
Panels in the left column shows the full xGASS sample, whereas the right
column panels show star-forming galaxies only (with grey points denoting
non-star-forming galaxies). The Spearman rank coefficient for each relation
is given in the top-right of each panel. Downwards arrows indicate galaxies
that are not detected in H i and are marked at their 5σ upper limit.
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Appendix D: Chapter 6

D.1 SHARK: Bulge Fractions Above the SFMS

Figure D.1: Each panel shows the median fbulge against ∆SFRSFMS for
each individual stellar mass bin shown in Figure 6.7. The filled bands sur-
rounding the median lines indicate the 16th and 84th percentiles of the
data in each bin. Here, it is clear that the trend of increasing fbulge above
∆SFRSFMS > 0 is driven by the prevalence of highly star-forming galaxies
labelled as pure-‘bulge’ systems.

To complement the analysis of Shark bulge fractions above the SFMS in
Section 6.4.2, here I show instead the median fbulge instead of the mean and
highlight the dynamic range in each stellar mass bin. Figure D.1 shows the
median fbulge of Shark galaxies as a function of distance from the SFMS,
∆SFRSFMS. By showing medians as well as the corresponding 16th and 84th

percentiles (as filled bands), this highlights the prevalence of galaxies situated
above the SFMS that are labelled as pure-‘bulges’. This observation simply
reflects the treatment of bulge growth during (major) mergers and violent disk
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instabilities, which acts to redistribute all of the stellar and gaseous component
of the current disk into the central spheroid. The remaining system is a purely
bulge-dominated galaxy which undergoes a burst of star formation within the
bulge component due to the inflow a cold gas to its centre.

D.2 SHARK: Isolating Classical Bulges

In Section 6.4.1, all galaxies in the Shark sample were shown, irrespective
of the channel of growth taken by their bulges. Here, I attempt to isolate
‘classical’ bulges by focusing on galaxies hosting bulges that have had at least
50% of their mass built up by mergers. The aim is to remove the contribution
from galaxies where disk instabilities are the main source of bulge growth,
which should allow for a more straightforward comparison with the xGASS
and eagle analyses.

The top panel of Figure D.2 shows the analysis of theMHI properties across
different bins in fbulge over the full range of star formation rates. This shows
that isolating bulges formed predominantly through merger processes has the
effect of increasing the averageMHI of high (classical) fbulge systems. However,
pure-bulge (dark red) galaxies remain as being significantly gas-poorer than
systems containing a disk of a given stellar mass. This seems to follow on from
the assumptions made in Shark during a major merger that all of the stars
and gas are accreted onto the central spheroid, leaving behind no stellar disk
(i.e., fbulge ≡ 1). The bottom panel of this figure shows that once star-forming
galaxies are isolated, there appears to be very little difference between the
MHI of galaxies with differing contributions from a classical bulge. This is in
agreement with the findings of the previous investigations with the xGASS
photometric bulge-to-total ratios and the eagle kinematic bulges. Interest-
ingly, however, there is a slight offset seen for the highest fbulge galaxies at M?

& 1010.5M�, which points to an additional mechanism (e.g., AGN feedback)
acting to remove H i reservoirs in systems with significant classical bulges.

With this sample of ‘classical’ bulges identified, Figure D.3 shows the av-
erage fbulge across the SFMS. Here, the results are qualitatively in line with
the previous analysis, suggesting that the rise in bulge fractions above the
SFMS is not simply due to bulges being formed mostly through disk instabil-
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Figure D.2: The Shark MHI–M? relation separated by bins of fbulge in
all galaxies (top) and star-forming galaxies (bottom) as per the description
in Figure 6.3. However, the sample shown here includes only galaxies with
at least 50% of their bulge mass having been formed via mergers. An addi-
tional bin for pure-bulge systems (fbulge = 1) is included.

ities in Shark. In fact, the implementation of mergers in Shark are also
capable of producing this population of starburst galaxies with no remaining
disk components.
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Figure D.3: Shows the mean fbulge against ∆SFRSFMS for each individual
stellar mass bin as per the description in Figure 6.7. However, the sample
shown here includes only galaxies that have formed their bulges predomin-
antly through mergers.
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