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Abstract

At the fundamental level a galaxy can be described by three parameters: its mass M⋆,
energy E (which relates to its size), and angular momentum J. In this thesis I study all
three parameters via the mass–half-light radius and the mass–specific angular momentum
relations. The over-riding objective is to provide robust local benchmark relations which
can be used to compare to simulations and high redshift observational data, to study the
formation and evolution of galaxies and their components. Throughout this work I use data
from the Galaxy And Mass Assembly (GAMA) survey, and I fit galaxy and component
light profiles using the GALFIT3 structural analysis package.

In Chapter 2 I study the stellar mass – half-light radius (M⋆−Re) relations for ‘early’
and ‘late’-type galaxies as defined by either their colour, shape or morphology. The sample
spans 10 wavebands from u to Ks in the redshift range of 0.01<z<0.1. The analysis shows
that the choice of early- and late-type division is not critical if the fitting algorithm is robust
to small changes and outliers are treated carefully. Furthermore the analysis confirms the
wavelength dependence of the galaxy size with both disk and elliptical galaxies showing
a similar decrease in Re of ∼ 13% from g- to Ks-band at 1010M⊙. This is less than
previously reported by e.g. Kelvin et al. (2012) and Vulcani et al. (2014) and we believe
due to the significant improvement in imaging depth and quality.

The first Interlude, Chap. 3, (based on Moffett et al., 2016a) describes my contribution
towards the visual classification of the low redshift GAMA-II morphology sample used in
subsequent chapters.

Chapter 4 studies the z = 0 M⋆−Re relation of bulges, disks and spheroids. To achieve
reliable bulge + disc decompositions the sample is restricted to the r-band, a redshift range
of 0.002<z<0.06 and makes use of the visual morphology determined in Chapter 3. As I
found the fitting algorithm to be sensitive to the starting conditions I repeatedly fit galaxies,
varying the input parameters to span a large fraction of the input parameter space as the
fitting method. This both reduces the catastrophic failure rate as well as provides realistic
error estimates on our measurements. I analyse the association of components with either
the Sd-Irr or elliptical galaxy population to provide a z = 0 disk and spheroid M⋆−Re

relations. I finish the chapter with a short comparison to high redshift (CANDELS) and
simulated (EAGLE) data available in the literature. The comparison shows the potential
of the M⋆−Re relation to study the evolution of galaxies and their components in more



x

detail. A comprehensive study, which analyses all observational and simulated data in the
same manner, is needed for a more definitive comparison, which is beyond the scope of
this thesis.

The second Interlude (Chap. 5) summarises work based on the structural decomposi-
tions of Chapter 4 and the derivation of the stellar mass function and stellar mass density of
galaxies by Hubble type and component. This work is based on Moffett et al. (2016a,b) and
is featured here to showcase one of the main outcomes of the bulge + disc decomposition.

Chapter 6 explores the mass–specific angular momentum (M⋆− j⋆) relation of disk
galaxies. This presents a further path to analyse the formation and evolution of a galaxy
as the changes in angular momentum play an important role in creating the galaxies we
see today. To approximate the specific angular momentum, in lieu of detailed kinematic
data, this study uses a sub-sample of the Chapter 6 data, restricted to galaxies with visually
identified disks. Galaxy disk sizes are estimated in the Ks-band using an exponential profile
fit to the disk outskirts. j⋆ is then approximated from the disk size and rotational velocity of
the galaxy which is inferred from the Tully–Fisher relation. The resulting M⋆− j⋆ relation
confirms the observed dependence of the relation on the morphology of the galaxy and also
shows a correlation with specific star formation rate of disk galaxies, however, I find no
dependence on environment. Next I compare the local M⋆− j⋆ relation to simulated data
from EAGLE and Illustris and find that the simulated data agrees well with the observed
relation with most discrepancies likely due to the different sample selection criteria. I
finish the chapter by defining and computing the space density function Φ(M⋆,J⋆), which
is a natural extension of the stellar mass function. Integrating Φ(M⋆,J⋆) over all J∗ or
M⋆ recovers the stellar mass function and angular momentum number density functions,
respectively.
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Chapter 1

Introduction

1.1 Galaxy Morphology

1.1.1 The Hubble Tuning Fork

Over the last 100 years or so since the discovery of galaxies as external systems, the study
of their formation and evolution has evolved from simple morphological analysis to the
measurement and modelling of their physical properties, e.g. mass, size, metallicity, star
formation rates, gas and dust content and their supermassive black hole constituents.

Traditionally galaxies are classified onto the Hubble sequence or Hubble tuning fork
(Hubble, 1926, 1936) in terms of their visual appearance. Figure 1.1 shows the Hubble
sequence which was originally sorted in order of increasing bulge size/ dominance with the
ellipticals (E) on one side (i.e. pure bulge) and the disk galaxies (S) on the other (i.e. no
bulge) and lenticular (S0) galaxies were the connection point between the two classes. A
common misconception is that the sequence indicates the evolution of galaxies, starting on
the left with elliptical galaxies and evolving to the right into spiral galaxies (see Fig. 1.1).
But this is incorrect and the terms early-type galaxies for ellipticals and late-type galaxies
for spirals, two terms still in use today, come from the apparent structural complexity of
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as much more thorough introductions to these topics (Sparke and Gallagher, 2000;
Binney and Merrifield, 1998; Binney and Tremaine, 1987). The results of the 2dF
Galaxy Survey and the Sloan Digital Sky Survey (SDSS) are too recent to have
entered the textbooks. We begin with the traditional approach and then relate these
studies to the more global approach adopted in recent analyses.

3.2 The Revised Hubble Sequence for Galaxies

Let us first describe the traditional approach to the classification of galaxies, noting
points of contact with more recent statistical approaches. Galaxies come in a be-
wildering variety of different shapes and forms. In order to put some order into
this diversity, classification schemes were devised on the basis of their visual ap-
pearances, or morphologies, originally on photographic plates but nowadays from
digital images taken with CCD cameras. The basis of the traditional morphological
schemes remains the Hubble Sequence of Galaxies, described in Hubble’s mono-
graph The Realm of the Nebulae (Hubble, 1936). The Hubble sequence, sometimes
referred to as a ‘tuning-fork’ diagram, arranges galaxies into a continuous sequence
of types with elliptical galaxies at the left-hand end and spirals at the right-hand end
(Fig. 3.1). The spiral galaxies are ordered into two branches named ‘normal’ and
‘barred’ spirals. Conventionally, galaxies towards the left-hand end of the sequence
are referred to as ‘early-type’ galaxies and those towards the right as ‘late-type’
galaxies, reflecting Hubble’s original prejudice concerning their evolution from one
type to another. Despite the fact that these ideas have long outlived their usefulness,
the terms are still in common use, even in the era of the massive surveys of galaxies.

Morphological classification schemes such as the Hubble sequence become an
integral part of astrophysics when independent properties of galaxies are found to
correlate with the morphological classes. This has been found to be the case for

Fig. 3.1. The Hubble sequence of galaxies as presented in The Realm of the Nebulae (Hubble,
1936)Fig. 1.1 The Hubble sequence, extending from early-type ellipticals on the far left to late-type

spirals on the right (Hubble, 1936).
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Figure 1. Revised parallel-sequence morphological classification of galaxies. E types are from Kormendy & Bender (1996). Transition objects between spirals and
S0s (van den Bergh’s anemic galaxies) exist but are not illustrated. Bulge-to-total ratios decrease toward the right; Sc and S0c galaxies have tiny or no pseudobulges.
Sph and Im galaxies are bulgeless.

both uncertain. These statistics invite the interpretation that par-
tial transformation from spiral to anemic galaxies is easier than
complete transformation from spiral to S0 galaxies and that it
is easier to transform earlier-type galaxies. Nevertheless, the
complete lack of S0cs is remarkable considering that bulge-
less progenitors are common and (in many cases) low in total
mass. Specifically, in terms of the finer-binned de Vaucouleurs
(1959) classification, one could reasonably expect to find de-
funct Sd, Sm, and Im galaxies. These are progressively fainter
objects with progressively shallower gravitational potential
wells. Moreover, Sc galaxies do not contain classical bulges,
and later-type galaxies scarcely even contain pseudobulges
(Kormendy & Kennicutt 2004; Kormendy et al. 2010). If spi-
rals can turn into S0s, then should it not be easier to trans-
form the latest-type galaxies into “bulgeless S0s”? Where are
they?

We suggest that they are the spheroidal galaxies.
In Section 3, we present new photometry and bulge–disk

decompositions of rare, late-type S0 galaxies that bridge the gap
between the more common S0b galaxies and the exceedingly
common Sph galaxies. NGC 4762 is an edge-on SB(lens)0bc
galaxy with a very small classical-bulge-to-total ratio of B/T =
0.13 ± 0.02. NGC 4452 is an edge-on SB(lens)0 galaxy with
an even tinier pseudobulge-to-total ratio of PB/T = 0.017 ±
0.004. It is the first known true SB0c. VCC 2048, whose
published classification also is S0, proves to contain an edge-on
disk, but its “bulge” parameters lie in the structural parameter
sequence of Sph galaxies. It is therefore an edge-on Sph that
still contains a disk. Finally, NGC 4638 is an edge-on S0 with
a spectacularly boxy Sph halo. In all respects, galaxy structural
parameters are continuous between Sph galaxies and the disks
(but not the bulges) of S0c–S0b–S0a galaxies. This is consistent
with S → Sph transformation.

After this research was finished but before this paper was
written, we became aware that the ATLAS3D group indepen-
dently propose a parallel-sequence classification motivated by
their kinematic results (Cappellari et al. 2011b; Krajnović 2011).
Also, after this paper was refereed and resubmitted, a paper by
Laurikainen et al. (2011) was posted; it includes additional ex-
amples of S0c galaxies and discusses the connection with van
den Bergh’s (1976) classification. We kept our paper separate

from the above to emphasize how three groups independently
reach similar conclusions. This is a sign that the ideas that we
all discuss are robust.

2. E–S0c GALAXIES

Before we focus on spheroidal galaxies, we update the
motivation that underlies the E–S0(0) part of Figure 1.

2.1. Elliptical Galaxies

The classification of elliptical galaxies is from Kormendy
& Bender (1996). The physically important distinction is
not among galaxies with different apparent flattenings, which
mostly reflect our viewing geometry. Rather, it is between
the two varieties of ellipticals, as reviewed in Kormendy &
Bender (1996), Kormendy et al. (2009), and Kormendy (2009).
From this last paper, “giant ellipticals (MV ! −21.5; H0 =
72 km s−1 Mpc−1)

1. have cores, i.e., central missing light with respect to an
inward extrapolation of the outer Sérsic profile;

2. rotate slowly, so rotation is unimportant dynamically;
3. therefore are moderately anisotropic and triaxial;
4. are less flattened (ellipticity ∼ 0.15) than smaller Es;
5. have boxy-distorted isophotes;
6. have Sérsic (1968) function outer profiles with n > 4;
7. are mostly made up of very old stars that are enhanced in α

elements;
8. often contain strong radio sources; and
9. contain X-ray-emitting gas, more of it in bigger Es.

Normal and dwarf true ellipticals (MV " −21.5) generally

1. are coreless and have central extra light with respect to an
inward extrapolation of the outer Sérsic profile;

2. rotate rapidly, so rotation is dynamically important to their
structure;

3. are nearly isotropic and oblate spheroidal, with axial dis-
persions σz that are somewhat smaller than the dispersions
σr, σφ in the equatorial plane;

4. are flatter than giant ellipticals (ellipticity ∼ 0.3);
5. have disky-distorted isophotes;
6. have Sérsic function outer profiles with n ! 4;

2

Fig. 1.2 Shown is the revised Hubble sequence from Kormendy & Bender 2012. As in the Hubble
tuning fork (Fig. 1.1) the elliptical galaxies lie on the left-hand side, however, now the two forks
represent the lenticulars (upper fork) and spiral systems (lower fork).

the galaxies and not their age (Hubble, 1926; Baldry, 2008).

The original Hubble Sequence has been revised and extended several times and the
Revised Hubble Sequence now includes the majority of galaxies seen in the local universe
(see e.g., de Vaucouleurs, 1959, 1963; de Vaucouleurs, 1974; Sandage, 1975; van den
Bergh, 1976; Kormendy & Bender, 2012; Conselice, 2006).
van den Bergh (1976) rearranged the Hubble sequence to have the S0 (lenticular) systems
lie on the upper fork while the spiral sequence lies along the lower fork. A galaxy’s bulge-
to-total flux ratio (B/T) determines their position along this tuning fork, see Fig. 1.2which
is taken from Kormendy & Bender (2012). The ellipticals are at the far left of this tuning
fork, connecting to both the lenticular and spiral systems. Kormendy & Bender (2012)
also included the distinction into boxy and disky isophotes. It has the S0(0) class as the
connection between elliptical and the disk systems. This sequence is then completed by
including irregular and (dwarf) spheroidal galaxies which act to join the two branches.
These latter two classifications are also distinct as they do not exhibit bulges. Kormendy
& Bender (2012) argue that dwarf ellipticals are a further distinct class. Since this time
additional dwarf populations have come to light and while the Hubble sequence is of
historical importance its clarity is becoming compromised, highlighting the need to move
away from qualitative classification and towards a more quantitative “physically based”
foundation.

1.1.2 Properties of Galaxies along the Hubble Sequence

The morphological classifications of nearby galaxies along the Hubble sequence are known
to correlate with several physical properties of the galaxies (Holmberg, 1958). Roberts &
Haynes (1994) reviewed a number of these properties, acknowledging that the correlations
have high dispersion but that the trends are nevertheless still clear. For the nearby universe
it is also known that morphology correlates with the environment, e.g the well known
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morphology–density relation (Dressler, 1980). Below is a brief overview of the most
notable visual and physical properties by galaxy type:

Elliptical Galaxies (E0-E7)

Elliptical galaxies are pressure supported systems with the stars on elliptical orbits which
gives them their elliptical\spheroidal appearance (e.g., Illingworth, 1977; Schwarzschild,
1979). Their ellipticity is part of their designation along the Hubble sequence and ranges
from the circular E0 to the most ellipsoidal with E7 which has a minor to major axis ratio
of b/a=0.3, i.e. elliptical galaxies are classified as En where n = (1−b/a)×10 (Hubble,
1926; Schechter, 1987). Usually galaxies flatter than this show structural features like
bulges and disks and are often classified as S0. Ellipticals typically appear red, have an old
and metal-rich stellar population with no gas, dust or ongoing star formation (e.g., Zhu
et al., 2010). Elliptical galaxies are typically the most massive stellar system (ranging
from ∼ 108M⊙ to over 1011M⊙), and typically are most commonly found in centres of
rich clusters. They are also called early-type galaxies, referring to their simple appearance
which is lacking in structural features, and have a smooth surface brightness distribution.
Typically ellipticals are HI gas and dust free, although recently dust at low levels has been
detected by the Herschel-ATLAS survey (Rowlands et al., 2012).

Spiral Galaxies (S(B)abc)

Spiral galaxies usually have two or more distinct components as defined by their kinematics.
The two dominant structures are typically: a pressure supported bulge; and a rotating (often
flattened) disk (Freeman, 1970). They can further be divided into two sub-populations of
normal and barred spirals. Normal spirals (Sa) have a spheroidal bulge in the centre and
are surrounded by a disk with spiral arms. Barred spirals (SB) have an elongated bulge
and the spiral arms originate from the end of the bar (Combes et al., 1990; Peletier et al.,
1999; Muñoz-Mateos et al., 2013). The division into Sa, Sb or Sc follows three criteria:
(i) openness of spiral arm winding, (ii) degree of resolution of arms into stars and (iii)
prominence of spheroidal component.

Early-type spirals often exhibit classical bulges and late-type spirals pseudo-bulges.
Both are visually identified as central light deviations from the disk but have very different
properties and most likely have very distinct origins. Classical bulges are essentially
comparable to elliptical galaxies; whereas pseudo-bulges are most likely formed from the
disk through epicyclic amplifications of the central disk stars (e.g., Kormendy & Kennicutt,
2004; Vaghmare et al., 2015). In some cases a galaxy may contain both a pseudo-bulge
and a classical bulge, particularly in the case of lenticular systems. I will describe the
distinction between these two classes of bulges in more detail in Sec. 1.2.2. The disk
is typically blue although red disks are found either because they are inert (anaemic) or
reddened by dust attenuation (e.g., Strateva et al., 2001). Blue disks will typically contain
spiral arm structures with younger stars on circular orbits around the center and often has
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a high gas and dust content with moderate star formation rates (e.g., MacArthur et al.,
2004; Sellwood, 2014). Spiral galaxies are generally less massive (M⋆ < 1010.5M⊙) than
elliptical galaxies and typically found in the field or in the outskirts of groups and clusters
(Dressler, 1980; Muñoz-Mateos et al., 2015; Moffett et al., 2016a). In many cases their
surface brightness distribution can be decomposed into two components, a spheroidal and a
disk component. The surface brightness distribution of the disk component closely follows
an exponential light profile. In the case of a classical bulge, the spheroidal component
follows the r1/4 law, similar to the elliptical galaxies, a pseudo-bulge on the other hand
follows a light distribution similar to the disk.

Lenticular Galaxies (S(B)0)

Lenticulars or S0 galaxies also consist of a bulge and disk component, but without promi-
nent spiral structure. They have a smooth light distribution similar to ellipticals but are
more elongated with axial ratios b/a<0.3 (Binney & de Vaucouleurs, 1981). Unlike spirals,
however, there is no evidence of spiral arms within the disk though in some cases there is
evidence of obscuring matter, i.e., dust. As noted in the previous section detailed studies of
their light profiles can often identify both a classical bulge and a pseudo bulge component
(Erwin, 2015). Lenticular galaxies can be massive and they are often redder in appearance
than spiral galaxies, implying an older stellar population. Typically they can be found in
clusters.

Irregular Galaxies (Sm, I0)

Irregulars represent a "catch-all" class of mainly asymmetrical but slowly rotating structures
adhering to neither the elliptical or spiral classification. In Hubble’s original classification
they were described as "lacking both dominating nuclei and rotational symmetry". They
are predominantly galaxies with young stellar populations, high gas and dust content and
high star formation rates. Irregular galaxies are typically blue, often small (both in size
and mass), and commonly found in the field or group and cluster outskirts.
Initially irregulars were divided into two types Irr I and Irr II, the first describes irregular
galaxies similar to the Magellanic Clouds, which in the revised Hubble sequence become
an extension to the spiral sequence and can be classified as type Sm. Irr II galaxies are
gas rich, lower mass, diffuse and often star-bursting. In the revised Hubble sequence they
are designated as I0 galaxies (de Vaucouleurs, 1974). The distinction today between these
classes is not considered important.
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Fig. 15.— E!ective radius along the semi-major axis at 3.6 µm as a function of the total stellar mass, grouped by morphological type.
Data-points are color-coded based on the sSFR of each galaxy (see Sect. 6.1.1 for details). The dashed diagonal lines mark constant
values of the average stellar mass surface density inside re! . The red and blue contours delineate the mass-size relation of early- and
late-type galaxies found by Lange et al. (2014) in the GAMA survey. The orange and green curves correspond to the early- and late-type
distributions found by Shen et al. (2003) on SDSS data. The latter were derived from circular apertures; the vertical arrows in each panel
show how our ellipse-based measurements would shift downwards had we used circular apertures, given the median ellipticity in each bin
of morphological type.

mass disks (Kau!mann et al. 2003). The transition from
the early- to the late-type sequence occurs at a specific
SFR of " 10!11 yr!1. In agreement with our findings
when discussing the spread in concentration at fixed stel-
lar mass, here we also note that the early-type mass-size
sequence is not entirely populated by red and old sys-
tems: bars, mergers and XUV-disks can lead to relatively
high sSFR in galaxies that have otherwise high infrared
concentration indices and stellar mass surface densities
(see Fig. 12).

A similar mass-size relation was previously found by
Shen et al. (2003), using SDSS data of nearby galaxies as
well. In Fig. 15 we have overplotted their trends (±1!)
for early- and late-type galaxies, which were classified
as such based on their concentration and Sérsic indices.
It is worth noting that Shen et al. (2003) used circular
apertures instead of elliptical ones, an this typically de-
creases the e!ective radius as re! circ = re!

!
b/a, where

b/a is the axial ratio. We computed the median o!set

that our data-points would undergo had we used circu-
lar apertures, based on the distribution of axial ratios in
each bin of morphological type. These o!sets are shown
as vertical arrows in Fig. 15 . O!sets are negligible in
early-type, spheroid-dominated galaxies, which tend to
be round regardless of the observing angle. However, in-
clination does play a role in late-type, disk-dominated
galaxies, where re! can decrease by " 0.1#0.2dex when
circular apertures are used.

6.2.1. Direct size comparisons with previous studies

Galaxy size measurements, and e!ective radii in par-
ticular, can be biased by the image depth, the observed
wavelength (due to radial color gradients), and the fit-
ting methodology. In order to assess the impact of these
factors in determining accurate galaxy sizes, here we per-
form a direct galaxy-to-galaxy comparison of the S4G
e!ective radii with published measurements from other
surveys that overlap with ours.

Fig. 1.3 Shown is the mass–size distribution at 3.6µm for various Hubble types as found by the S4G
team. The galaxies are colour coded by their specific star formation rate and over-plotted are the
90th percentile contours of my early- (red) and late-type (blue) M⋆−Re distributions from Chap. 2
(Lange et al., 2015). This figure is reproduced from Muñoz-Mateos et al. (2015).

Peculiar and Interacting Galaxies (Pec)

These galaxies do not have a place in the (revised) Hubble sequence and include galaxies
such as the Cartwheel which have their stellar content in a ring and not a disk or spheroidal.
These galaxies are typically exposed to strong gravitational interactions, caused for example
by the collision or nearby encounter with another galaxy. In the current picture of galaxy
evolution and structure formation the interaction history of a galaxy plays a major role
(see for example the review by Somerville & Davé, 2015), nevertheless these peculiar
features are believed to be transitory and hence peculiar galaxies are relatively rare and
exceptional systems. As galaxies are thought to form through mergers of smaller galaxies
and the inherent gravitational forces are the progenitor of the pressure supported structures
we see today. Among the present day galaxy population we find only a few peculiar and
interacting systems but in line with hierarchical galaxy evolution we expect the fraction of
these systems to increase the further back we look in time (Abraham et al., 1996; Conselice
et al., 2005) consistent with the increase in frequency of highly distorted systems in the
Hubble Space Telescope (HST) deep fields (e.g., Driver et al., 1998).

In a volume limited sample we find that most galaxies are irregulars, however, weighted
by luminosity or mass we find a fairly even split between the elliptical, spiral and irregular
categories. In general along the Hubble sequence we find that from early- to late-type
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(i.e., Elliptical to Spiral/ Irregular) the mass decreases. But also for a given mass late-type
galaxies are larger than early-type galaxies, reflecting a higher angular momentum. This is
illustrated in Fig. 1.3 which shows the mass and size variation of different Hubble types
found in the S4G survey (Muñoz-Mateos et al., 2015). This implies, and is confirmed
observationally, that the total stellar surface density decreases along the sequence. On
the other hand the surface density of HI increases along the sequence. For spiral galaxies
the fractional mass increases monotonically along the revised Hubble sequence, whereas
elliptical galaxies are rarely observed to have any HI. Similarly, spiral galaxies have
more HII regions and their frequency increases along the Hubble sequence (Kennicutt
et al., 1989). The specific angular momentum also increases along the Hubble sequence
(Romanowsky & Fall, 2012).

These properties can be interpreted in terms of the star formation history of a galaxy.
The integrated colour is an indicator for the age of the stellar population where the redder
galaxies (e.g. ellipticals) are devoid of short-lived blue stars and the light is dominated by
the lower mass stars whereas the actively star forming spirals have both short (blue) and
long-lived (red) stellar populations.

The correlations of these morphological and physical properties of galaxies have also
led to several fundamental relations summarised below:

The Faber-Jackson Relation and Fundamental Plane for Elliptical Galaxies

Faber & Jackson (1976) found that for elliptical galaxies the luminosity L and central
velocity dispersion σ are correlated such that L ∝ σ x, where x ≈ 4. This work was further
expanded by Dressler et al. (1987) and Djorgovski & Davis (1987) who introduced the
fundamental plane. This plane shows the relationship between the luminosity L, central
velocity dispersion σ and the mean surface brightness Σe within the half-light radius Re:

L ∝ σ
8/3Σ−3/5

e . (1.1)

The Tully-Fisher Relation for Spiral Galaxies

Tully & Fisher (1977) found that the inclination corrected 21 cm line widths of the neutral
hydrogen in spiral galaxies strongly correlated with their intrinsic (B-band) luminosity:

LB ∝ ∆V α , (1.2)

where α = 2.5. Larger surveys found a somewhat steeper value for α ≈ 4 and also showed
that the Tully-Fisher relation is tighter in the near-infrared compared to the bluer bands
(see e.g., Aaronson & Mould, 1983; Meyer et al., 2008).
It is important to note that for exponential disks, assuming their mass profile follows their
surface brightness distribution, the total mass is proportional to their maximum rotation
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Figure 3. Sérsic profile where re and Σe are held fixed. Note that the larger the
Sérsic index value n, the steeper the central core, and more extended the outer
wing. A low n has a flatter core and a more sharply truncated wing. Large Sérsic
index components are very sensitive to uncertainties in the sky background level
determination because of the extended wings.
(A color version of this figure is available in the online journal.)

The exponential disk profile. The exponential profile has some
historical significance, so Galfit is explicit about calling this
profile an exponential disk, even though an object that has an
exponential profile needs not be a classical disk. Historically,
an exponential disk has a scale length rs, which is not to be
confused with the effective radius re used in the Sérsic profile.
For situations where one is not trying to fit a classical disk,
it would be less confusing nomenclaturewise to use the Sérsic
function with n = 1, and quote the effective radius re. But
because the exponential disk profile is a special case of the
Sérsic function for n = 1 (see Figure 3), there is a relationship
between re and rs, given by

re = 1.678rs (for n = 1 only). (7)

The functional form of the exponential profile is

Σ(r) = Σ0 exp
!

− r

rs

"
, (8)

and the total flux is given by

Ftot = 2πr2
s Σ0q/R(C0;m). (9)

The six free parameters of the profile are x0, y0, mtot, rs, θP.A.,
and q.

The Gaussian profile. The Gaussian profile is another special
case of the Sérsic function with n = 0.5 (see Figure 3), but here
the size parameter is the FWHM instead of re. The functional
form is

Σ(r) = Σ0 exp
!−r2

2σ 2

"
, (10)

and the total flux is given by

Ftot = 2πσ 2Σ0q/R(C0;m), (11)

Figure 4. Modified Ferrer profile. The black reference curve has parameters
rout = 100, α = 0.5, β = 2, and Σ0 = 1000. The red curves differ from the
reference only in the α parameter, as indicated by the red numbers. Likewise,
the green curves differ from the reference only in the β parameter, as indicated
by the green numbers.
(A color version of this figure is available in the online journal.)

where FWHM = 2.355σ . The six free parameters of the profile
are x0, y0, mtot, FWHM, q, and θP.A..
The modified Ferrer profile. The Ferrer profile (Figure 4;
Binney & Tremaine 1987) has a nearly flat core and an outer
truncation. The sharpness of the truncation is governed by the
parameter α, whereas the central slope is controlled by the
parameter β. Because of the flat core and sharp truncation
behavior, historically it is often used to fit galaxy bars and
“lenses.” The profile,

Σ(r) = Σ0
#
1 − (r/rout)2−β

$α
, (12)

is only defined within r ! rout, beyond which the function has
a value of 0. The eight free parameters of the Ferrer profile are
x0, y0, central surface brightness, rout, α, β, q, and θP.A..

It is worth mentioning that a Sérsic profile with low index
n < 0.5 has similar profile shapes; thus it is often used instead
of the Ferrer function.

The empirical (modified) King profile. The empirical King
profile (Figure 5) is often used to fit the light profile of globular
clusters. It has the following form (Elson 1999):

Σ(r) = Σ0

%
1 − 1

(1 + (rt/rc)2)1/α

&−α

×
%

1
(1 + (r/rc)2)1/α

− 1
(1 + (rt/rc)2)1/α

&α

. (13)

The standard empirical King profile has a power law with the
index α = 2. In Galfit, α can be a free parameter. In this model,
the flux parameter to fit is the central surface brightness, µ0,
expressed in mag arcsec−2 (see Equation (20)). The other free
parameters are the core radius (rc) and the truncation radius (rt),
in addition to the geometrical parameters. Outside the truncation
radius, the function is set to 0. Thus, the total number of classical
free parameters is 8: x0, y0, µ0, rc, rt, α, q, and θP.A..

Fig. 1.4 Example Sérsic light profiles for different prominent Sérsic indices (reproduced from Peng
et al., 2010).

velocity such that M ∝ V 4
max. Assuming that the mass-to-light ratio of the disk is constant

it follows that L ∝ V 4
max, i.e. the Tully-Fisher relation (see Sec. 3.2.3 in Longair, 2008).

In recent years it has also become apparent that the Tully-Fisher relation deviates from
a linear relation when including faint galaxies. However, the baryonic Tully-Fisher relation,
i.e. the combined relation of stellar and gaseous matter, remains linear over many orders
of magnitudes owing to the increased gas fraction in galaxies with low stellar masses
(McGaugh et al., 2000).

1.1.3 Light Distribution

To study the surface brightness distribution of galaxies, as described by their stellar
densities, in a quantitative manner one can measure the azimuthally averaged intensity of a
galaxy at a given radius and trace the change of the intensity with radius. de Vaucouleurs
(1948) was the first to study the light distribution of galaxies and found that elliptical
galaxies follow an empirical law:

log10(
I(r)
I(re)

) =−3.33((
r
re
)1/4 −1), (1.3)

with re being the radius which contains half the total luminosity and I(re) is the intensity at
that radius. This law is often referred to as the r1/4 law.

For spiral and lenticular galaxies the light distribution can usually be decomposed into two
components, a spheroidal and disk component. The spheroidal component often follows
the r1/4 law and is associated with the central bulge. The luminosity distribution of the
disk component typically follows an exponential profile (Freeman, 1970):
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(6) Further gains may be made by moving beyond a single

colour cut to a continuum-type classification system based on mul-

tiple colours. This highlights three distinct populations. A luminous

red population, a low-luminosity blue population and an interme-

diate population, these are closely associated with E/S0 (bulge-

dominated), Sd/Irr (disc-only) and Sabc (bulge and disc) systems.

(7) Galaxies can also be effectively separated into two popu-

lations using structural division in log (n) space. The populations

constitute a concentrated and diffuse population.

(8) Colour appears to segregate the galaxy population more ef-

fectively than any other single measurement (i.e. Sérsic index or

surface brightness).

In the next section, we continue the analysis by exploring selected

bivariate distributions.

4 B I VA R I AT E D I S T R I BU T I O N S

We derive volume-corrected bivariate distributions/functions in a

similar manner to the luminosity distributions by starting from the
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Figure 11. (Upper left-hand panel) The observed (u ! r )c versus MBMGC distribution (dots and 0.2-dex contours) and histogram (upper right-hand panel).

(Lower left-hand panel) The volume-corrected (u ! r )c versus MBMGC distribution (dots and 0.2-dex contours) and histogram(lower right-hand panel).

overall BBDs for the entire B MGC < 19 and 20 mag population and

projecting attributes x and y on to a new plane, i.e.

!(x, y) =

MBMGC
<!16!

MBMGC
=!"

µ=+"!

µ=!"

fx,y(M, µ)"(M, µ)#M#µ, (2)

where the values are defined as for equation (1). Figs 10–14 show

the bivariate distributions of (u ! r )g , (u ! r )c, log (n), µ0 and

log (Re) versus MBMGC
. For each figure we show (upper left-hand

panel) the raw observed distribution as both data points and con-

tours, and (lower left-hand panel) the volume corrected distribu-

tions using equation (2). The right-hand panels show the histograms

along the absolute magnitude axis. As a reminder, only galaxies with

MBMGC
!5 log h < !16 mag are included in the analysis.

4.1 Bivariate distributions by colour

Figs 10 and 11 show the bivariate distributions of rest (u ! r )g

and (u ! r )c colours versus MBMGC
. In both figures, we see a dis-

tinct red and blue sequence as characterized by Baldry et al. (2004)

C# 2006 The Authors. Journal compilation C# 2006 RAS, MNRAS 368, 414–434
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Figure 15. (Upper) The observed distribution of log(n) versus (u ! r )c colour (left-hand panel: shown as data points and 0.2-dex contours; right-hand panel:

shown as a 3D plot with the z-axis linear). (Lower) The volume corrected distribution of log (n) versus (u ! r )c colour (left-hand panel: shown as 0.2 dex

contours; right-hand panel: shown as a 3D plot with z-axis linear).

Sa and Sc systems both lie in the same blue peak points towards a

common and continuous formation process stretching and declining

from at least z " 1 (i.e. the evolving star forming population sought

by Bell et al. submitted).

The red peak remains less certain, but because of the bimodality

would appear to share a distinct formation mechanism occurring

at an earlier time (based on the narrower red colour distribution).

That the core colour exhibits a narrower peak than the global colour

suggests that it is the cores which are coeval rather than the entire

red galaxy population. Of course red bulges can come about through

early formation of subunits and later dry merging (i.e. a merger event

in which minimal star formation occurs due to the already depleted

gas reservoirs). Recent constraints on the levels of dry merging ap-

pear this process occurs at a low level at z <1 (see Graham 2004; Bell

et al. submitted and also Faber et al. submitted). Perhaps more per-

suasive is the argument that many dry mergers would eliminate the

colour and metallicity gradients that one sees in early-type systems

(e.g. La Barbera et al. 2003 and De Propris et al. 2005). Carrying

forward the notion of a single coeval event with an implied forma-

tion peak at z > 3, the most obvious connection to make is with the

peak in the quasar luminosity density at z " 3 (Fan et al. 2004). The

M SMBH –L , ! , n relations (Novak, Faber & Dekel in press) provide

additional support for this connection (see also Silk & Rees 1998

for a more theoretical basis for this connection). The key question

is then whether the bulges formed through a single monolithic col-

lapse (Eggen et al. 1962) process, or through the rapid merger of

high-mass components in high-density environments (e.g. Menci

et al. 2005). An interesting observational constraint comes from

the phenomenon of ‘core depletion’ in which some small fraction

(#0.1 per cent) of the stellar population in the core region may

be missing due to ejection during SMBH coalescence. Recent

constraints (Graham 2004) imply that giant spheroids (MR "

!22.5 ± 0.5 mag)), have typically undergone one dissipationless

major merger (involving the coalescence of two SMBHs). If univer-

sal, this may point towards an early monolithic collapse (Eggen et al.

1962) with no more than one major merger. Certainly, any merg-

ing scenario would also need explain how the M SMBH–! relation

(Ferrarese & Merritt 2000; Gebhardt et al. 2000) and M SMBH –n
relation (Graham et al. 2001) are preserved (see Novak et al. in

press). However, simulations involving multiple mergers occurring

C$ 2006 The Authors. Journal compilation C$ 2006 RAS, MNRAS 368, 414–434

Fig. 1.5 The colour v magnitude distribution (left and middle) and the Sérsic index v colour
distribution (right) for the galaxies in the MGC (reproduced from Driver et al., 2006). The contours
in the plots on the left and right show the concentration of galaxy counts, the plot in the middle
shows the histogram for the colour distribution of the galaxies. In all cases two different populations
can be distinguished and these populations can be identified with early and late type galaxies.

I(r) = I0e(−r/h), (1.4)

with h being the disk scale length and I0 the central surface brightness.

A more general expression combining the r1/4 law and the exponential distribution
was proposed by Sérsic (1963):

log10(
I(r)
I(re)

) =−bn[(
r
re
)1/n −1], (1.5)

where re is the half-light radius, n is the Sérsic index, and bn is a normalisation factor
ensuring that the total light sums up to Ltotal . bn is therefore a function of the Sérsic index n

with Γ(2n) = 2γ(2n,bn), where Γ and γ are the complete and incomplete gamma functions,
respectively (Ciotti, 1991). The Sérsic index is an indicator of how centrally concentrated
the light profile is (Trujillo et al., 2001). Fig. 1.4 shows example Sérsic light profiles for
five different values of n. If n=4 we recover de Vaucouleurs’ law for spheroidals and with
n=1 we recover the exponential profile of disks while a Sérsic index n=0.5 describes a
Gaussian profile.

The Sérsic profile (see also Sersic, 1968; Graham & Driver, 2005) is used regularly to
study the light profiles of galaxies (see e.g., Caon et al., 1993; Graham & Guzman, 2003;
Allen et al., 2006; Kormendy et al., 2009; Shen et al., 2003; Bruce et al., 2012; Kelvin
et al., 2012; van der Wel et al., 2014, to name a few).

The bimodality or duality of the galaxy population

The studies of large galaxy surveys (e.g. SDSS and 2dF) found that the early and late
type galaxy populations form two distinct sequences, known as the red and blue sequence
respectively (Strateva et al., 2001; Baldry et al., 2004). The red sequence is mostly made
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λ range Observable

UV AGN
Optical young stellar populations
NIR old stellar population
MIR warm dust
FIR cold dust
radio (21 cm) neutral gas

Table 1.1 The typical wavelength ranges for different observable parts of a galaxy.

of high mass spheroidals with no ongoing star formation and the blue sequence consists of
low mass star-forming and disk dominated galaxies (e.g., Taylor et al., 2014).

Driver et al. (2006) showed the bimodality in the galaxy population of the Millennium
Galaxy Catalogue (MGC) in a colour v magnitude diagram as well as a Sérsic index v
colour diagram (Fig. 1.5). In both cases we can see two populations which are equivalent
to the early and late type galaxies.

The wavelength dependence

Galaxies are complex systems containing AGN, stars, gas and dust, each of which radiate
via distinct processes over different wavelength ranges (see Table 1.1). Only by studying
the full electromagnetic range can we hope to fully understand and model the physics
inherent in galaxy formation.

Several studies have found that the structural parameters (I0, r, n) depend on the ob-
served wavelength (see e.g., Kelvin et al., 2012; Vulcani et al., 2014; Kennedy et al., 2015).
Table 1.1 lists the different observable components of a galaxy at different wavelengths
and Figure 1.6 shows the observed wavelength variation for the size and Sérsic index of
a galaxy’s stellar light in the Galaxy And Mass Assembly (GAMA) survey. The plots
show that galaxies are typically smaller and have higher Sérsic indices, i.e. they are more
centrally concentrated, in the redder wavebands. This is mostly linked to the underlying
stellar population observed in the different wavebands. The older, redder populations are
mots prominent in the longer wavelengths whereas the younger, bluer populations are more
prominent in the shorter wavebands. In essence this shows that the older stellar populations
are more centrally concentrated, i.e. galaxies formed and grew from the inside out. The
younger, currently forming stellar populations, however, from from fresh gas at larger radii
making the galaxies appear larger in the bluer wavebands.
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Figure 22. Recovered half-light radii in kpc as a function of rest-frame wavelength. Red and blue circles show the 3σ -clipped mean half-light radii for
spheroid-dominated and disc-dominated galaxies, respectively, in each band, positioned at the median-redshift rest-frame wavelength for that population.
Linear fits to these mean half-light radii are shown for both populations, the equations of which are inset into the figure. Owing to its lower quality imaging
data, we exclude the u-band data in the calculation of these lines. Overlaid are data from several authors who predict an increase in the measured half-light
radii in late-type systems due to the effects of dust. Further details are available in the text.

profiles from u through K. Fig. 23 shows the change in the recovered
surface brightness light profiles over the u → K wavelength range,
with the shaded areas representing the maximal area swept out
by these light profiles as they vary in wavelength. This gives us
an indication of how changes in recovered structural parameters
affect the underlying surface brightness profile. The hatched region
represents the worst-case limit at which these light profiles may be
accepted as containing significant signal above the background sky
level, as given in Section 4.2.4. The vertical dashed line represents
a 1 pixel distance from the centre.

Despite the relatively large size variation observed in the spheroid
population (a decrease of 38 per cent in g → K), when considered
in conjunction with the Sérsic index variation (an increase of 30 per
cent in g → K) the combined effect amounts to a relatively modest
impact on the majority of the recovered light profile. It appears
that as the spheroidal size decreases the Sérsic index increases at a
comparative rate. The most noticeable surface brightness variation
is found in the central core region, fluctuating by 0.49 mag at the
1 pixel boundary. Since a significant fraction of total flux lies in
the core regions of high-index systems, it should not be surprising
that a small variation in Sérsic index would produce a relatively
large variation in half-light radius. Despite this effect, the majority
of surface brightness profile out to large radii remains relatively
stable with wavelength, vastly reducing the need for more complex
mechanisms as previously discussed.

The variation in size for the disc-dominated population (a de-
crease of 25 per cent in g → K) coupled with a relatively large

increase in Sérsic index (an increase of 52 per cent in g → K)
yields a similar effect on the surface brightness profile variation as
previously described for the spheroid population. Surface bright-
ness fluctuates by ∼0.86 mag at the 1 pixel boundary, an increase of
75 per cent on the variation in the spheroid population. Here it ap-
pears that the impact of dust attenuation has a particularly distinct
effect on the light profile in disc-dominated galaxies, agreeing well
with the theoretical predictions for size variation with dust presented
in Section 5.3.2.

Whilst no single mechanism can be shown to be entirely re-
sponsible for the relations between Sérsic index, half-light radius
and wavelength observed across the two populations, it is clear
that the large apparent size fluctuations in the spheroid popu-
lation appear to be initially misleading. Only when considering
Sérsic index in conjunction with half-light radius does the true na-
ture of these effects come to the fore. The spheroid population,
despite exhibiting large changes in half-light radius with wave-
length, maintains a relatively stable surface-brightness profile from
u through K. The variation in the disc population with wave-
length appears well described by current dust models, however,
it is most likely a combination of dust attenuation, stellar popu-
lation/metallicity gradients, unresolved secondary features in the
core region affecting profile fits, and uncertainty on additional
parameters such as the PSF that affect the underlying physics
in these systems. Future studies aim to further inform this dis-
cussion for a limited subsample to be presented in Kelvin et al.
(in preparation).

C⃝ 2012 The Authors, MNRAS 421, 1007–1039
Monthly Notices of the Royal Astronomical Society C⃝ 2012 RAS
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1032 L. S. Kelvin et al.

Figure 21. Recovered Sérsic index shown as a function of rest-frame wavelength in log–log space, coloured according to the population definitions described
in Section 5.2. Blue data points correspond to disc-dominated galaxies whereas red data points correspond to spheroid-dominated galaxies. Large red and blue
circles show the 3σ -clipped mean Sérsic indices for each respective population in each band, positioned at the median-redshift rest-frame wavelength for that
population. Polynomial fits to these mean Sérsic indices are shown for both populations, the equations of which are inset into the figure. Owing to its lower
quality imaging data, we exclude the u-band data in the calculation of these lines. Vertical lines show the 1σ spread in the data. For reference, grey horizontal
lines at n = 1 and 4, equating to exponential and de Vaucouleurs profiles, respectively, are added.

emanating from the core regions of a galaxy. Since galaxy fitting
algorithms such as GALFIT apply larger weighting to higher signal-to-
noise ratio regions, minor deviations at small radii have the potential
to drastically affect the recovered structural parameters, including
the Sérsic index. Therefore, the addition of dust to the core region
of a galaxy would subdue the cuspiness of the galaxy and bias the
model towards a lower Sérsic index.

The disc population exhibits a larger change in Sérsic index varia-
tion with wavelength than that observed for the spheroid population.
The recovered mean disc Sérsic indices range from ng = 0.92 to
nK = 1.40 from g through K, an increase of 0.18 dex, equivalent
to 52 per cent. As with the spheroid population, disc Sérsic in-
dices also become increasingly stable at wavelengths longer than
the z/Y interface. Since we typically expect disc-dominated sys-
tems to be dustier than their early-type counterparts, owing to the
prevalence of ongoing star formation in many of these galaxies,
then a significant variation in Sérsic index with wavelength should
be expected as a consequence of the arguments previously laid
out. Since the disc Sérsic index appears stable beyond the z/Y in-
terface, we can conclude that the effect of dust in these regimes
is minimal, and therefore if ‘intrinsic’ disc Sérsic indices are re-
quired, one should look to the longest wavelength data available,
typically longwards of the z band. In addition to the effects of
dust attenuation, we may also consider stellar population gradients.
Since this sample is not a pure-disc sample, and instead contains a

host of disc-dominated systems, a fraction of galaxies in the disc-
dominated population will no doubt contain additional structures
such as a bulge and/or a bar. Bulges tend to contain older, redder
stars of a higher metallicity than the younger, bluer stars found in
the discs of galaxies. Shorter wavelengths are more sensitive to the
blue population found in the disc whereas longer wavelengths be-
come increasingly sensitive to the red population. Therefore, any
real colour gradients that exist in a galaxy, which are indicative of
metallicity and age gradients in the underlying stellar population
distribution, would also lead to a change in the measured Sérsic
index, dependent upon the wavelength at which that galaxy was
observed. A short wavelength is therefore more likely to probe
the disc stellar population than a longer wavelength. It is unclear
whether the effect of dust attenuation or stellar population gradients
are the dominant factor in determining the variation in Sérsic index
with wavelength, with a combination of both likely to contribute
globally.

We note that the disc-dominated and spheroid-dominated popu-
lations, once stabilized, tend towards ndisc → 1.4 and nsph → 3.6, re-
spectively. These values differ from the Sérsic indices typically used
to describe late- and early-type systems (excluding dwarf galax-
ies, for which there is a magnitude–Sérsic index relation), namely
nlate = 1 and nearly = 4, respectively (represented in Fig. 21 by hori-
zontal grey lines). This may indicate morphological contamination
between populations as previously discussed, with some galaxies

C⃝ 2012 The Authors, MNRAS 421, 1007–1039
Monthly Notices of the Royal Astronomical Society C⃝ 2012 RAS
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Fig. 1.6 Size (top) and Sérsic index (bottom) variations with observed wavelength. Galaxies appear
smaller and more centrally concentrated in the redder bands. Figure reproduced from Kelvin et al.
(2012).
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1.2 Galaxy Structure

There are many sub-components to a galaxy, e.g. bars, nuclei, thin disk, thick disk, spiral
arms or shells to name a few. Even if a galaxy’s light profile looks smooth and featureless,
i.e. an elliptical galaxy, often if deeper imaging data is obtained structure can be found,
e.g. cores in or shells surrounding an elliptical (Hernquist & Quinn, 1987; Kormendy &
Djorgovski, 1989; Kormendy et al., 2009; Hopkins et al., 2009a). Each of these component
is potentially a result of different formation mechanisms and will reflect distinct events in
a galaxy’s evolutionary history. However, even though some components are prominent in
a galaxy’s light profile they may only contain a modest fraction of the total mass. Some
components can therefore be thought of as primary (e.g. bulges and disks) and others as
secondary perturbations of these primary structures (e.g. bars, pseudo-bulges, rings etc.).
In this thesis, I will concentrate on the two most prominent components, the bulge and the
disk.

1.2.1 The nature of disks

There are two types of disks, a thick and a thin disk. They likely have different formation
scenarios with thick disks possibly being accreted stellar material and thin disk forming via
gas accretion and in situ starformation (see e.g. Yoachim & Dalcanton, 2006). The thick
disk is typically thought to contain old metal-poor stars, however there is evidence that the
stellar population depends on the environment (Kasparova et al., 2016). The thick disk is
found in some but not all disk galaxies, which is likely due to the difficulty of observing a
it in face-on galaxies. The thin disk on the other hand is the prevailing feature of a disk
galaxy and comes in a large variety of scale heights and disk flattening. It consists of stars
of varying ages and contains the majority of baryonic material within a disk galaxy. The
thin disk itself often has many features such as spiral arms, dust lanes or bars. Many of
these features are produced by perturbations in the disk, e.g., density waves which produce
spiral arms. Most of the star formation within nearby galaxies happens within the disk,
especially the spiral arms. Studying disks in various wavelengths it becomes apparent that
the spiral arms are also visible in HI and many galaxies have extended UV disks, another
sign of star formation proceeding inside out (i.e., disk growth).

The disk shows ordered rotation (vrot ∼ 100−200 km/s) with only little vertical motion
(σz ∼ 5− 20 km/s). The rotation curve of most disk galaxies flattens at large radii, an
effect of the galaxies becoming dominated by dark matter in their outskirts.

1.2.2 The nature of bulges

Traditionally, a bulge is the central excess of light when extrapolating the disk light profile
inwards. However, reality is more complex and bulges come in many different flavours,
some look round, some boxy or peanut shaped and some are more disk like. Fundamentally
there are two types of bulges, classical bulges which have similar properties to elliptical
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Figure 8. Graphical representation of our criterion to distinguish classical and pseudo-bulges. The two contiguous panels at the top
show the mean e!ective surface brightness within the e!ective radius plotted against the logarithm of the e!ective radius. The two
panels display elliptical galaxies and, separately, bulges with Sérsic index above and below 2. Barred and unbarred galaxies are also
indicated. The solid line is a fit to the elliptical galaxies and the two dashed lines point out its ±3! boundaries. Bulges that lie below the
lower dashed line are classified as pseudo-bulges, independently of their Sérsic index. Bigger, white-filled circles represent systems with
0.5 < b/a < 0.7, with similar colour coding. They do not show any clear distinct patterns. The separate panel at the top shows a density
plot with all data points taken altogether. It shows that ellipticals, classical and pseudo-bulges indeed appear as independent groups in
the Kormendy relation. The four histograms at the bottom show the distributions of Sérsic index n and bulge-to-total luminosity ratio
B/T for classical bulges and pseudo-bulges with n < 2 (left) and n ! 2 (right). While the threshold in Sérsic index can be considered as an
approximation to identify pseudo-bulges, it is clear that it can generate many misclassifications. Our criterion can recognise more precisely
pseudo-bulges, as those which are structurally di!erent from classical bulges and ellipticals (also shown in the top right histogram).

do not, lying below the relation. This is expected, since ex-
ponential bulges are often pseudo-bulges, which are believed
to be structurally di!erent from classical bulges and ellip-
ticals (see e.g. Carollo 1999; Kormendy & Kennicutt 2004,
and references therein). However, many of the bulges with
n < 2 do seem to follow the same relation of ellipticals. Con-
versely, several bulges with n ! 2 fall below this relation. It
is thus clear that although the Sérsic index threshold can be

considered as an approximation to identify pseudo-bulges
(see e.g. Fisher & Drory 2008), it can introduce many mis-
classifications. Since pseudo-bulges are expected to be struc-
turally di!erent from classical bulges, and to lie below the
!µe"#re relation for ellipticals, we can use the lower dashed
line in Fig. 8 to be the dividing line between classical bulges
and pseudo-bulges. This means that pseudo-bulges satisfy
the following inequality:

Fig. 1.7 effective surface brightness v log(effective size) for elliptical galaxies and bulge components
(reproduced from Gadotti, 2009).

galaxies and pseudo-bulges which are typically rotationally supported, blue, star-forming
and dust and gas rich. These differences suggest very different formation histories (Gadotti,
2012).
Figure 1.7 shows the Kormendy relation (i.e, the relation between the effective surface
brightness and half-light radius, Kormendy, 1977) for elliptical galaxies, classical bulges
(n > 2) and pseudo bulges (n < 2), here we use the Sérsic index, n, as a crude discriminant
between classical and pseudo-bulges. In both panels the black line represents a fit to the
elliptical galaxies and the dashed lines indicate the 3 sigma boundaries. As can be seen
from the top panel in Fig. 1.7 elliptical galaxies and bulges with Sérsic index n > 2 follow
the same relation. However, the majority of bulges with n < 2 (bottom panel) lie below the
relation, illustrating that pseudo bulges are significantly different to both classical bulges
and elliptical galaxies (Gadotti, 2009).

1.3 Structural measurements of galaxies

Most structural decomposition studies fit two components, a bulge and a disk. To efficiently
fit large samples it is necessary to automatise the analysis, this often means that fitting is
restricted to a Sérsic function which, in many cases, is further limited to a de Vaucouleurs
(i.e., n = 4) or Sérsic profile (n free) for the bulge and an exponential profile (i.e., n = 1)
for the disk (Simard et al., 2011; Bruce et al., 2012; Eliche-Moral et al., 2012; Johnston
et al., 2012; Lackner & Gunn, 2012; Mendel et al., 2014; Meert et al., 2015). This is not
ideal however, for example (Kelvin et al., 2012) showed that for the GAMA survey the
Sérsic index of disk galaxies tends towards n=1.4 and for spheroids to n=3.6. In addition,
for very edge on systems fitting a disk with a Sérsic light profile is difficult and an edge on
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disk profile should be used instead. Other problems are wide spread (e.g., Driver, 2010;
Gadotti, 2012) and concern the data itself or stem from issues with computing, like:

1. Ground based optical observations suffer from poor resolution and are often limited
to nearby galaxies (i.e., z < 0.1).

2. Problems with the flux recovery\ limiting magnitude poses the question of how much
of the galaxy we actually see. This is especially problematic at higher redshifts.

3. Which and how many wavebands should be used (e.g. dust attenuation, relation
between Sérsic index and wavelength)? Should wavebands be combined to increase
signal-to-noise (e.g., Fisher & Drory, 2010; Kelvin et al., 2012; Häussler et al.,
2013)?

4. Which model gives the best fit? Introducing more free parameters will likely improve
the fit based on χ2estimation only but is this justified and physically meaningful?

5. Sample selection: Studies are often restricted to small samples (e.g., Laurikainen
et al., 2010; Fisher & Drory, 2010; McDonald et al., 2011) and in some cases
comparison is made between the results of different studies using different techniques
(e.g., Bruce et al., 2012).

Furthermore there are several fitting codes available, each with their own caveats,
summarised below. An example multi-component fit (using IMFIT) is shown in Fig. 1.8.

• GIM2D (Simard, 1998)
GIM2D is an IRAF package for studying the structure of distant galaxies and was
originally written to work on HST data such as in the Hubble Deep Field. It fits
2D surface brightness profiles of galaxies using a Sérsic and an exponential profile,
convolved with the Point Spread Function (PSF) of the image to. The parameter
estimation is based on the Metropolis algorithm with errors derived through Monte-
Carlo sampling of the likelihood function around the final minimum. A useful feature
of the code is an inbuilt image reduction pipeline which can obtain archival data (e.g.
from the STSCI archive), run SExtractor (Bertin & Arnouts, 1996), create the PSF
(using Tiny Tim for HST data) and finally run the bulge + disc decomposition and
create the residual images.

• BUDDA (de Souza et al., 2004)
BUDDA (Bulge/Disk Decomposition Analysis) performs 2-dimensional bulge +
disc decomposition by fitting a Sérsic bulge and exponential disk. To account for
seeing the code uses circular Gaussian smearing, this is important as the central
brightness profile is heavily affected by seeing and the optimum fit solution can be
erroneous if this is not accounted for. BUDDA uses the multidimensional downhill
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Figure 10. Fits of progressively more complex models to a narrow-band continuum image of the spiral galaxy PGC 35772. Top row: data image (displayed
with log stretch), log-scaled isophote contours of best-fit Sersic model, residual image (data - model) image, displayed with linear stretch (1 pixel = 0.23800).
Middle row: isophote contours of best-fit Exponential + Sersic components, residual image. Bottom row: isophote contours of best fit Exponential + Sersic +
GaussianRing components, residual image.

Figure 11. Minor-axis profile from Spitzer IRAC1 (3.6 µm) image of edge-
on spiral galaxy IC 5176 (black line), along with corresponding profile from
best-fitting two-disk model (red dashed line).

nents are essentially unchanged: 1.8% of the flux from the
Sérsic component and 71.7% and 26.5% from the thin and
thick disks, respectively. The best-fitting model converges to
i ⇡ 90� for the outer (thick) disk component, but does find
i = 87.2� for the thin-disk component.

The reality is that the combination of low spatial resolution

of the IRAC1 image and the presence of residual structure in
the disk midplane (probably due to a combination of spiral
arms, star formation, and dust) means that we cannot con-
strain the vertical structure of the disk(s) very well. A vertical
profile which is best fit with a sech function when the disk
is assumed to be perfectly edge-on can also be fit with a ver-
tical exponential function, if the disk is tilted slightly from
edge-on. The low spatial resolution also means that the cen-
tral bulge is not well constrained, either; the half-light radius
of the Sérsic component from either fit is ⇠ 2.5 pixels and
thus barely larger than the seeing.

9. POTENTIAL BIASES IN FITTING GALAXY IMAGES:
�2 VERSUS POISSON MAXIMUM-LIKELIHOOD

FITS
In Section 4.1, I discussed two different practical ap-

proaches to fitting images from a statistical point of view: the
standard, Gaussian-based �2 statistic and Poisson-based MLE
statistics (C and PMLR). The �2 approach can be further sub-
divided into the common method of using data values to esti-
mate the per-pixel errors (�2

d) and the alternate method of us-
ing values from the model (�2

m). Outside of certain low-S/N
contexts (e.g., fitting X-ray and gamma-ray data), �2 mini-
mization is pretty much the default. Even in the case of low
S/N, when the Gaussian approximation to Poisson statistics –
which motivates the �2 approach – might start to become in-
valid, one might imagine that the presence of Gaussian read
noise in CCD detectors could make this a non-issue. Is there
any reason for using Poisson-likelihood approaches outside of

Fig. 1.8 Fits of progressively more complex models to a narrow-band continuum image of the
spiral galaxy PGC 35772. Top row: data image (displayed with log stretch), log-scaled isophote
contours of best-fit Sérsic model, residual image (data - model) image, displayed with linear stretch
(1 pixel = 0.23800). Middle row: isophote contours of best-fit Exponential + Sérsic components,
residual image. Bottom row: isophote contours of best fit Exponential + Sérsic + Gaussian Ring
components, residual image. The figure and its caption are reproduced from Erwin (2015), their
Figure 10.

simplex method (Press et al., 1989) for its parameter estimation. Once a global
minimum is found errors are estimated via a parabolic interpolation along any given
parameter based on the confidence level specified by the user. A downside of the
code is the level of user interaction required.

• GALFIT and GALFIT3 (Peng et al., 2002, 2010)
GALFIT also fits 2D galaxy images like GIM2D and BUDDA, however, it significantly
expands on the available fitting functions and number of components that can be
modeled simultaneously. Essentially the user can mix and match any of the profiles
and fit or mask as many components (and neighbouring galaxies) as needed to get the
most realistic looking model image. Furthermore, GALFIT can be used interactively
on a single galaxy or automatically to run on large samples and it is possible to
simulate galaxy images. As such GALFIT is very powerful, however, the Levenberg-
Marquardt algorithm used for the parameter minimisation can get trapped in a local
minimum, especially when fitting multiple components, thus GALFIT is best suited
for high resolution images of (local) galaxies.

• IMFIT (Erwin, 2015)
IMFIT is the newest 2D galaxy imaging software. Like GALFIT it allows the user to
fit or simulate various different light profile functions and as many sub-components
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GAMA: SIGMA 1013

Figure 3. A flowchart describing SIGMA’s operation. Required inputs are imaging data in the form of GAMA mosaics (including weight maps), and an input
catalogue with a list of galaxy coordinates.

CUTTERPIPE’s first task is to create the core cutout of the sci-
ence image and its associated weight map. Using the WCS in-
formation stored in the FITS header of the appropriate mosaicked
image, CUTTERPIPE converts the input RA/Dec. into an x/y pixel
coordinate. The upper and lower limits of a 1201 × 1201 pixel
(∼400 × 400 arcsec2) region centred on the primary galaxy are
determined. Using the NASA HEASARC package’s CFITSIO sub-
routine library, namely the routine FITSCOPY, cutouts centred on the
primary galaxy on both the mosaicked science image, sw pim,
and mosaicked weight map, swpwt, are created. These cutouts are
named cutim and cutwt, respectively. FITSCOPY was found to be the
most efficient routine at dealing with the large mosaic files in use,
able to quickly analyse the input file and read into memory only
the relevant area of interest, thereby reducing file handling time
significantly.

The process of creating the GAMA mosaics alters a number of
keywords in the FITS header in order to better describe the nature of

the mosaicked data. The mosaic headers are copied over to cutim and
cutwt during their creation. Several of these keywords are required
later in the fitting process by GALFIT in order to generate a sigma
map (an image showing the 1σ confidence interval at every pixel).
CUTTERPIPE reverts these to typical pre-mosaic values which are more
appropriate for a smaller single image rather than a larger mosaic.
GAIN, RDNOISE, NCOMBINE and EXPTIME are set to values
of 0.5, 3, 1 and 1, respectively.8

An estimate of the local background sky is then made with SOURCE

EXTRACTOR (v2.8.6; Bertin & Arnouts 1996) using a variable back-
ground grid in a 3 × 3 mesh configuration. Possible grid sizes are
32 × 32, 64 × 64 and 128 × 128 pixels. The size of the chosen
background grid is dependent upon the size of the primary galaxy:
larger galaxies will lead to a larger background grid being used so

8 These typical values are averages taken from pre-mosaicked data frames.
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Fig. 1.9 Shown is the flow chart for SIGMA, illustrating the various modules which perform the
pre-processing before the image is modeled with GALFIT. The figure is reproduced from Kelvin
et al. (2012).

as required. In addition, the user can write their own functions to add to the program.
IMFIT has three available minimisation algorithms: Levenberg-Marquardt, Nelder-
Mead simplex, and Differential Evolution, each progressively slower but more robust,
and can use χ2 minimisation or Poisson-based maximum likelihood statistics to
estimate the fitting parameters.

1.3.1 SIGMA: Structural Investigation of Galaxies via Model Analysis

In this thesis I use SIGMA, developed in the GAMA team by Dr L. Kelvin, an automated
front-end wrapper which uses a range of image analysis software (such as Source Extractor,
PSF Extractor and GALFIT3) as well as logical filters and other handlers to carry out bulk
analysis on the input catalogue (Kelvin et al., 2012). SIGMA works by extracting sources
from the input image and then fitting a 2D Sérsic light profile to calculate the size of the
object, this can be done in 9 wavelength bands ranging from the near-UV to the near-IR,
utilising the available Sloan Digital Sky Survey (SDSS), UKIRT Infrared Deep Sky Survey
(UKIDSS), VISTA Kilo-Degree Infrared Galaxy Survey (VIKING) or VST Kilo Degree
Survey (KiDS) imaging data. See Fig. 1.9 for the flow chart of SIGMA showing the various
modules and logical filters implemented. The final output of SIGMA provides values
for the Sérsic index, half-light radius, position angle, ellipticity, and magnitude (defined
according to the AB magnitude system) as well as some of the SExtractor outputs. In
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addition, SIGMA is also capable of structural decomposition of galaxies into a bulge and
disk component. For this two Sèrsic profiles (either with or without fixed n) are used with
minimal restrictions, i.e., only the position of the bulge and disk are restricted by the user
to be within 5 pixel of the starting position. The decomposition can be run in bulk and over
several models, the quality of each model is then assessed during post-processing of the
outputs.

1.4 Galaxy formation in a ΛCDM hierarchical universe

How did galaxies with distinctive morphological and physical properties and varying
quantities of dust, gas and stars form out of the smooth distribution of baryons visible at
the time of the Cosmic Microwave Background (CMB)?

The currently favoured cosmological model describes a near-flat universe containing
∼ 70% Dark Energy (denoted by Λ) and ∼ 30% matter which is made up off cold dark
matter (CDM) and baryons (at a ratio of 85 to 15%; de Bernardis et al., 2000; Bennett
et al., 2013; Planck Collaboration et al., 2015). In the ΛCDM paradigm galaxies form and
evolve in dark matter halos (e.g., Lacey & Cole, 1993).

There are 4 processes believed to play a role in galaxy formation and evolution within
their haloes:
Hierarchical structure formation - In this scenario small galaxies form first and then
contribute to the formation of massive galaxies via mergers (e.g., Toomre & Toomre, 1972;
White & Frenk, 1991; Kauffmann & Charlot, 1998; Khochfar & Burkert, 2005).
Initial collapse - This describes the formation of galaxies via a major dissipative event (e.g.
the collapse of a gas cloud), producing significant stellar mass over a short period of time
(e.g., Eggen et al., 1962; Larson, 1969, 1974).
Secular evolution - A continuous and lengthy process driven by internal resonances and
epicyclic motions. This process potentially plays an important role in late stage disk
evolution (e.g., reviews by Kormendy, 2013; Sellwood, 2014).
Infall - The ongoing accretion of gas onto a galaxy which ultimately builds the disk
structure. (e.g., models of disk regrowth, Baugh et al., 1996; Steinmetz & Navarro, 2002;
Governato et al., 2007).

Most likely all processes are acting at varying degrees over different epochs and
modulated by environment. Furthermore in very dense cluster environments additional
secondary process are likely to be important: e.g. Harassment, Stripping and Strangulation
(Tanaka et al., 2004; van den Bosch et al., 2008; Berrier et al., 2009).

One concept which naturally arises within DM numerical simulations is that of hi-

erarchical structure formation, where small galaxies form first (via collapse) and then
grow to more massive galaxies via merging (e.g., Blumenthal et al., 1984; Frenk et al.,
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Fig. 1.10 The plot shows the increase in the number of resolution elements used in hydrodynamical
cosmological simulations over the past 20 years. Furthermore the colouring shows which subgrid
physics have been included and shape of the points corresponds to the numerical scheme. The
figure is reproduced from the Illustris web page: www.illustris-project.org/about

1985; White & Frenk, 1991). This is seemingly at odds with the observed anti-hierarchical
downsizing of galaxies where more massive galaxies appear to assemble their mass early
on (typically within half the age of the universe) in accordance with an initial collapse

model. This is supported by observations that find that most of the mass is assembled
via smooth accretion as opposed to mergers (L’Huillier et al., 2012). However, even
though massive galaxies form early on they are typically very compact (Daddi et al., 2005;
Longhetti et al., 2007; van Dokkum et al., 2008; Trujillo et al., 2006, 2007), and mergers
are a good candidate to explain their later size growth of ∼ 5 times since redshift z ∼ 2.
Furthermore it is important to note that cosmological simulations study DM and that the
hierarchical assembly of DM haloes is not synonymous with galaxy downsizing, Note that
major mergers typically cause significant size growth but also increase the mass of the
galaxy significantly. Minor mergers on the other hand are a good candidate to explain the
size growth with little mass gain as they mostly deposit stars on the outskirts of galaxies,
thus making galaxies appear bigger but not much heavier. In the last 5 to 10 years infall

has been recognised as one of the major concepts that could help simulators reconcile
their models of structure formation with observational data. For example recent studies
have shown that disk growth in galaxies becomes the dominant evolution mechanism for
redshifts z < 1 (Sachdeva et al., 2015).
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Fig. 1.11 Shown is a snapshot of the gas distribution in the EAGLE simulation, coloured by
gas temperature. The insets show various zoom ins down to galaxy size, illustrating the real-
istic colour images produced by the simulation. Image reproduced from the EAGLE web page
(http://icc.dur.ac.uk/Eagle/downloads.php)

Over the past two decades computing power and in particular the sophistication of
hydrodynamical cosmological codes has improved radically (see Fig. 1.10). The newest
suite of simulations traces the evolution of the universe in relatively large volumes and
with unprecedented resolution. In fact the resolution has improved enough to produce
realistic images of galaxies with different morphologies, making it possible to study galaxy
structure and its evolution. Below is a list of some of the newest and most interesting
simulation projects:

• EAGLE simulation
The Evolution and Assembly of GaLaxies and their Environments (EAGLE) is a col-
lection of cosmological simulations at a range of numerical resolutions. It studies a
cosmological volume of 100 Mpc3, containing over 10000 Milky Way sized galaxies
achieving a resolution of up to 0.7 kpc (Crain et al., 2015; McAlpine et al., 2015).
The subgrid physics are calibrated to several z = 0 empirical relations such as the
stellar mass function, mass–size relation (Crain et al., 2015). Figure 1.11 shows a
snapshot of DM distribution in the EAGLE simulation. It also shows zoom ins into a
DM halo and the galaxy within it.

http://icc.dur.ac.uk/Eagle/downloads.php


1.4 Galaxy formation in a ΛCDM hierarchical universe 19

have a visual classification for each of the 29,203 Illustris
galaxies on this figure, the three cuts shown in the different
panels represent reasonable proxies of late- versus early-type
galaxies. Each of these cuts results in a somewhat different
“angular momentum sequence,” but as the late-type (cyan) and
early-type (purple) relations separate by factors of a few in
most cases, overall they clearly demonstrate the correlation

between galaxy type and specific angular momentum in
Illustris. The late-type relations are somewhat shallower than
the observed one and generally have lower normalizations,
while the slope and normalization of the early-type relations
match observations well. In two of the three cases (left and
right panels), the relation for the full galaxy population (black)
is closer to the late-type relation at low masses, and to the

Figure 1. z = 0 relation between stellar specific angular momentum and stellar mass. In all panels, dashed curves show the Fall & Romanowsky (2013) observed
relations, in the range where data exist, for disks (blue) and spheroids (red), which both have a slope of ≈2/3. The black curves show the logarithmic mean relation for
all Illustris galaxies, whose full distribution appears in gray. Each panel shows two additional mean relations for “extreme” galaxies, selected to have high (cyan) or
low (purple) values of an independent quantity. Plotting median values, rather than mean, results in essentially indistinguishable curves. Left: separation by axial ratio.
Middle: separation by morphology. Right: separation by specific star formation rate, and in addition the blue (red) squares show the visually selected late- (early-)type
Illustris galaxies from Vogelsberger et al. (2014b).

Figure 2. Relation between stellar specific angular momentum and dark matter halo mass (enclosing a density 200 times the critical density). The various Illustris data
are the same as in Figure 1, except for the omission of satellite galaxies. The specific angular momenta of halos with a spin parameter of λ = 0.034 is displayed for
reference (brown). The results from the two lower-resolution versions of the Illustris simulation (not shown) deviate from these results by up to 0.1 dex for late-type
galaxies, while for early-type galaxies they are very well converged.
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Fig. 1.12 Shown is the stellar mass – specific angular momentum relation for early- and late-type
galaxies produced in the Illustris simulation. Figure reproduced from Genel et al. (2015).

• Illustris
The Illustris simulation achieves a volume of ∼100 Mpc3 and at the highest reso-
lution runs 710 baryon particles per pc (i.e. 0.7 kpc resolution; Vogelsberger et al.,
2014b; Genel et al., 2014). It utilises various subgrid routines to include physical
processes such as gas cooling, supernova feedback and black hole feedback. It repro-
duces several observables and trends such as the stellar mass and stellar luminosity
functions or the mass-metallicity relation.

• Magneticum Pathfinder
The Magneticum Pathfinder simulation suite consists of a set of cosmological hydro-
dynamical simulations. Its most detailed simulation will consider an unprecedented
volume of 1 Gpc3 following over 1010 particles (Dolag & Magneticum Core Team,
2016). Additionally the suite also contains smaller volume simulations at higher
spatial and mass resolution.

However, due to different aims, the galaxy properties and overall outcomes between
these simulations simulations vary. For example, EAGLE and Illustris calibrate their
feedback efficiency to reproduce observational diagnostics. Magneticum on the other hand
does not and hence produces an unrealistic stellar mass function. Furthermore, disk galaxy
sizes vary between the simulations with Illustris sizes larger than EAGLE.

1.4.1 Links to the Dark Matter halo

During the initial dissipationless collapse of the DM halo, induced by density perturbations
in the gravitational field, angular momentum can be introduced via torques acting on the
halo (Peebles, 1969; Doroshkevich, 1970). Assuming that the DM and baryons are coupled
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during this initial collapse the angular momentum of the halo and the gas will be the same
and can be quantified by the dimensionless spin parameter:

λ = J|E|1/2G−1M−5/2, (1.6)

where J is the total angular momentum, E the energy, M the mass and G is the gravi-
tational constant (Peebles, 1969; Fall & Efstathiou, 1980; Dalcanton et al., 1997; Mo
et al., 1998; Romanowsky & Fall, 2012). Furthermore assuming the angular momentum
is approximately conserved results in the basic scaling relations observed for galaxies
(such as the Tully-Fisher relation). As such measuring the angular momentum of galaxies
allows us to infer certain properties of the galaxy and its DM halo at the time of collapse
without having to model all underlying physical processes and changes to the galaxy.
In fact for disk galaxies the specific angular momentum j∗, where j∗ ≡ J∗/M∗, shows a
strong correlation with the stellar mass of the galaxy (e.g. Fall, 1983; Romanowsky &
Fall, 2012). The j∗–M∗ relation is arguably superior to the Tully-Fisher relation as it
deals with conservable and independent variables. Additionally this relation is also related
to the spin parameter λ , which can be used to describe DM halo rotation. Figure 1.12
shows the j∗–M∗ distribution of simulated galaxies in the Illustris simulation (Genel et al.,
2015). The plots show that galaxies of various morphologies, i.e., green lines disk-like
and magenta lines elliptical-like, follow a parallel relation in the j∗–M∗ plane which is
corroborated by observations (blue and red lines for disks and spheroids, respectively).
However, the observational relations shown in Fig. 1.12 are mainly derived from bright
local galaxies (Romanowsky & Fall, 2012), i.e. high mass galaxies, and a more robust
extension to lower mass galaxies is needed.

A long standing problem in comparing simulations with observations has been the
mismatch between the various distributions recovered. For example the spin distribution
of DM haloes inferred from simulations was found to be broader compared to the size
distribution of observed galaxies (Driver et al., 2005). Depending on how one connects
spin with size, this is potentially a major issue as the spin parameter (size) distribution
observed for galaxies is expected to be broader due to the increased scatter introduced via
galaxy evolution processes such as mergers. Other mechanisms that will change the spin
of galaxies and thus further cause a mismatch between DM halo and galaxy stellar spin
distribution include for example: i) the preferential ejection of low-spin gas (Brook et al.,
2011); ii) the misalignment between the stellar component and the accreting gas (Sales
et al., 2012) and; iii) the redshift evolution of the angular momentum of star forming gas
(Crain et al., 2015).

The new suites of simulations mentioned above all produce distributions for the specific
angular momentum of galaxies (Genel et al., 2015; Teklu et al., 2015; Zavala et al., 2015).
If observed size can be related to spin simply we potentially have a fast track route to
tracing angular momentum. Hence the mass-size relation is a good parameter space to
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test whether these new generations of simulations are now producing realistic galaxies.
If we assume that the coupling between the dark matter spin distribution and the specific
angular momentum of the disks is strong then the distribution of the disk sizes should be a
fundamental constraint on the halo spin distribution. For exponential disks the disk size
can be related to the specific angular as (Romanowsky & Fall, 2012):

j∗ = 2vcRd, (1.7)

where vc is the rotational velocity of the disk, which can be inferred from the Tully-Fisher
relation, and Rd is the disk scale length which can be inferred from the the disk half-light
radius and equates to Rd=Re/1.67 for an n=1 disk. I will use these relations in the last part
of my thesis to analyse the j∗–M∗ relation of galaxies in the GAMA survey which will
significantly increase on the sample size of previous studies and also allow the investigation
of the j∗–M∗ plane to lower masses.

1.4.2 Evolution of galaxies and their structure

The mass-size distribution of galaxies has been shown by (Shen et al., 2003) for local
galaxies (i.e. the z=0 comparison) using the SDSS survey. In the work by Shen and his
colleagues the size distribution was sub-divided into early- and late-type galaxies using the
Sérsic index as a separator. The resulting relations are often used for comparison with high
redshift data to show the galaxy mass and size growth.

There is a well-known discrepancy between the M⋆−Re relation of high redshift
galaxies (z>1) and the local early-typeM⋆−Re relation (e.g. Daddi et al., 2005; Longhetti
et al., 2007; van Dokkum et al., 2008; Trujillo et al., 2006, 2007) with the high redshift
galaxies at the same mass being smaller than their low redshift counterparts. This itself
is not a problem since an evolution in the M⋆−Re relation is expected due to galaxies at
later times being formed through less dissipative events (i.e. low redshift progenitors are
gas-poorer than high redshift progenitors, see e.g. Hopkins et al. 2009) and hence at lower
redshift they are expected to be bigger than their high redshift counterparts. However, the
lack of old massive compact systems at low redshift means that the galaxies observed at
high redshift must have grown by a factor of up to ∼5-6 in Re yet with little mass gain to
end up on the local M⋆−Re relation without exceeding the stellar mass range locally. One
might argue that the measurements of high redshift galaxies are inherently difficult and
the observed size growth is biased by systematics. However, several studies have shown
that, even considering all the uncertainties in the mass and size measurements of the high
redshift galaxies, the size growth is real. Even for the most unfavourable cases the high
redshift galaxies lie well below the present day M⋆−Re relation (see e.g. Weinzirl et al.,
2011; Buitrago et al., 2013).
Figure 1.13 shows the mass-size evolution of high mass galaxies since z ∼ 2. The left
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Strong size evolution of the most massive galaxies since z!2 7

Figure 5. (a) Detection map for simulated sources with exponential (n=1) profiles placed at random in our Ks band image of the Palomar field. The gray-scale
map reflects the ratio between input and recovered objects per input magnitude and log re bin. Over-plotted on the map is the distribution of the sample of Ks

band-selected objects in the Palomar field with n<2.5 (as measured in the I-band). Sizes of real objects are those derived in the I-band image. (b) Same as
a) but for simulated sources with de Vaucouleurs (n=4) profiles placed at random in our Ks band image of the Palomar field. Over-plotted on the map is the
distribution of the sample of Ks band-selected objects in the Palomar field with n>2.5 (as measured in the I-band).

Figure 6. Stellar mass-size distribution for our less concentrated (disk-like) galaxies. Over-plotted on the observed distribution of points are the mean and
dispersion of the distribution of the Sérsic half-light radius of the Sloan Digital Sky Survey (SDSS) late-type (n<2.5) galaxies as a function of the stellar mass.
We use the SDSS sample as the local reference (z!0.1). SDSS sizes were determined also using a circularised Sérsic model and masses were retrieved using
a Kroupa IMF. SDSS sizes were measured using the observed r’-band, closely matching the V-band rest-frame filter at z!0.1. For clarity, individual error bars
are not shown. The mean size relative error is <11%. Uncertainties in the stellar masses are !0.2 dex.

8 I. Trujillo et al.

Figure 7. Stellar mass-size distribution of our high concentrated (spheroid-like) galaxies. Over-plotted on the observed distribution of points are the mean and
dispersion of the distribution of the Sérsic half-light radius of the SDSS early-type (n>2.5) galaxies as a function of the stellar mass. For clarity, individual
error bars are not shown. The mean size relative error is <30%. Uncertainties in the stellar mass are !0.2 dex.

Table 1. Size evolution of the most massive (M!>1011 M") galaxies in the Universe

Redshift Range n<2.5 n<2.5 n>2.5 n>2.5
<re/re,SDSS>(±1!) Dispersion <re/re,SDSS>(±1!) Dispersion

0.1 (SDSS) 1 0.30 1 0.30
0.2-0.5 0.90(0.07) 0.19 0.84(0.06) 0.30
0.5-0.8 0.69(0.04) 0.29 0.63(0.03) 0.30
0.8-1.1 0.67(0.03) 0.29 0.41(0.02) 0.22
1.1-1.4 0.61(0.03) 0.30 0.34(0.02) 0.19
1.4-1.7 0.48(0.03) 0.23 0.26(0.03) 0.19
1.7-2.0 0.38(0.07) 0.30 0.18(0.02) 0.07

already derived for late-type (Barden et al. 2005) and early-type
(McIntosh et al. 2005) galaxies. The GEMS late- and early-type
separation criteria are based on the Sérsic index n. Late-types are
defined through n<2.5, and early types through n>2.5, and a colour
within the “red sequence” (Bell et al. 2004). The comparison of the
distribution of their data points with ours are shown in Figure 10.

It is encouraging to see that these two independent analyses
and data sets match well where there is overlap in their stellar
mass (i.e. for the small subset of GEMS galaxies with M!>1011
M!). These two data sets allow us to compare the difference in
size evolution in the 0<z<1 redshift interval at two different mass

ranges 1010<M!<1011 M! (GEMS), and M!>1011 M! (Palo-
mar). This is shown in Figure 11. From this comparison we can see
that more massive galaxies evolve in size much faster than lower
mass objects (particularly for disk-like galaxies). This mass depen-
dent evolution was hinted in previous works (Trujillo et al. 2006a)
but our current large data set show this more clearly and robustly.

At higher redshift, the amount of data is more limited. At
1<z<2 our results are in good agreement with recent findings
(based on a few objects) of massive compact galaxies at high-z
(Waddington et al. 2002; Daddi et al. 2005; di Serego Alighieri
et al. 2005; Trujillo et al. 2006b; Longhetti et al. 2007). For ex-

Fig. 1.13 The mass-size distribution of massive galaxies since z=̃2. The mass-size relation for local
galaxies is shown as the dotted line with the errorbars representing its dispersion (Shen et al., 2003).
It is immediately obvious that most galaxies lie below the local relation. Figure reproduced from
Trujillo et al. (2007).

plot shows the growth of disk-like structures and the right plot shows the equivalent for
spheroid-like structures. In both cases it can be seen that at higher redshifts galaxies are
more compact than their local counterparts. It is also important to note that for spheroid-
like structure there are no objects found on the local mass-size distribution beyond redshift
z=1.55.

Several scenarios can explain the observed size growth of high redshift galaxies,
however, which evolutionary path each galaxy experiences will depend on its mass and
environment (Lani et al., 2013). In general terms, the idea is that early galaxy formation
takes place via an initial dissipationless collapse and strong in situ starformation, followed
by a period of hierarchical structure formation and further evolution takes place through
both infall and secular processes. As such a likely timeline of galaxy formation will see the
emergence of elliptical galaxies first, followed by the formation or growth of disks which is
succeeded (or possibly happening in parallel) to secular evolution in which structure such
as pseudo-bulges and bars form. Below I explain a couple of possible galaxy evolution
scenarios and their observational evidence:

(i) High redshift galaxies grow via (minor) mergers

Buitrago et al. (2013) show that early-type galaxies only become the most common
massive galaxy type at redshift z∼1. In their study they use visual morphology as
well as Sérsic index as an indicator to separate early- and late-type. Bruce et al.
(2012) also find that disk-like galaxies are the predominant class at higher redshifts
z>2, and a mixture of bulge and disk dominated galaxies exists at 1<z<2, with
bulge-dominated disks becoming the most common class at z<1. The Sérsic index
evolution observed is towards higher indices at lower redshift, i.e. profiles which
are more concentrated but with more extended wings. Minor mergers are preferred
to explain this observation as well as the extreme size growth with little mass gain
(see Conselice, 2014, and references therein). Having minor mergers mainly adds to
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the galaxy outskirts making the galaxy appear bigger but not much more massive.
Especially if the mergers are dry, i.e. no new star-formation will be triggered due to
little to no gas being added in the merger. Another observation is that the highest
mass galaxies grow in size much faster and more extremely than the lower mass
galaxies (Trujillo et al., 2007). It is unclear how much of this mass dependence of
the size growth is also a dependence on environment. Lani et al. (2013) for example
find that high redshift galaxies in denser environments are on average larger than
those in the lower density environments. This observation supports the assumption
that (minor) mergers play a significant role in the galaxy growth as galaxies in denser
environments typically undergo more mergers. It is not entirely clear if the minor
merger rate is large enough to explain the observed size growth of all high redshift
galaxies, or just for the most massive systems (Conselice, 2014, and references
therein). However, for the lower mass systems another scenario might be likely,
namely the growth of a disk around a central bulge. This assumption is supported by
Robotham & Obreschkow (2015) who show that mergers are the dominant form of
mass accretion for galaxies more massive than M∗ whereas star formation dominates
below M∗.

(ii) High redshift galaxies are the cores of modern day galaxies

Graham et al. (2015) find that there is an abundance of compact high mass objects
in the local universe. However, these spheroids are typically overlooked when com-
paring number densities of high- and low-redshift massive compact systems since
they are embedded in disks. They further argue that this eliminates the need to
explain how all high redshift compact spheroids grow and evolve onto the present day
M⋆−Re relation. They favour a scenario whereby disks grow around the compact
high redshift galaxies through a combination of wet minor mergers and gas accretion
from the halo and filaments.
The disk growth scenario is also corroborated by a recent study by Sachdeva et al.
(2015) who find that, since redshift z=1 galaxy disks have undergone a significant
growth in size, nearly doubling the extent of a galaxy (although the half-light radius
does not experience the same dramatic growth).
Furthermore Berg et al. (2014), using SDSS VII data, find that massive local bulges
lie on a M⋆−Re relation parallel to that of ellipticals. They are smaller at the same
mass. In comparison with models from Hopkins et al. (2009) they argue that bulges
and ellipticals have formed through different mechanisms. Whereas ellipticals form
through a combination of dry and wet mergers their bulges agree with a wet merger
only scenario, i.e., the formed spheroid will be more centrally concentrated due to
higher dissipation. This further supports the assumption that high-redshift compact
galaxies, which would have formed in wet mergers, constitute a large fraction of our
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low-redshift bulges

To determine how these mechanisms contribute to galaxy evolution we need to study
galaxy populations at different epochs and compare their global and component properties.
For example, assuming the disks and bulges of galaxies formed and evolved at the same
time and are indeed co-dependent then we would expect them to share a lot of physical
properties such as age, metallicity, dust content, star formation rates and so on (Driver,
2010). However, we know that this is not the case.

What is needed is a comprehensive study of galaxy structure at a number of
epochs with both global and component measurements of galaxies. Here I am aim-
ing to set up a comprehensive picture of the state of galaxy structure in the local
universe.

1.5 GAMA: The Galaxy And Mass Assembly survey

The GAMA survey is an optical spectroscopy and multi-wavelength imaging survey. It
combines data from several ground and space based telescopes into one galaxy catalogue
(Driver et al., 2009). GAMA is an intermediate redshift survey in respect to target density
and survey area (see Fig. 1.14) and thus fits in between low redshift, wide-field surveys like
SDSS (Strauss et al., 2002) or 2dFGRS (Colless et al., 2001; Colless et al., 2003) and nar-
row deep field surveys like zCOSMOS or DEEP-2 (Lilly et al., 2007; Newman et al., 2012).

GAMA has assembled photometry in 21 wavebands ranging from the far-UV to the far-
IR utilising facilities such as: GALEX, SDSS, VST, VISTA, UKIDSS, WISE, and Herschel
with scheduled observations by ASKAP (Driver et al., 2016). In this thesis I utilise imaging
data from SDSS in the optical and VISTA in the near-IR. VISTA significantly improved our
imaging data, in both depth and spatial resolution compared to UKIDSS which improved
our single component profile fitting to establish the local M⋆−Re relation benchmark
across 10 wavebands. In the future VST will improve our optical imaging in a similar
fashion, which will allow us to discern the structures within the galaxies more clearly and
significantly improve our structural decomposition.

The completed spectroscopic campaign has collected spectra for ∼ 300000 galaxies
with a limiting magnitude to r < 19.8 mag. The spectra were taken with AAOmega at
the 3.9 m Anglo-Australian-Telescope (AAT) and have a resolution of R=̃ 1300. In total
GAMA covers 5 survey regions with a combined area of 286 deg2. All fields are 98%
spectroscopically complete for the magnitude limit of r<19.8 mag, which means that
GAMA probes two magnitudes fainter than SDSS.
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Fig. 1.14 Shown are the redshifts collected for GAMA (orange) in comparison to other major
spectroscopic surveys. Image reproduced from www.gama-survey.org

The wealth of information available in GAMA is ideal for establishing a detailed
picture of the local universe. This is essential to better quantify the differences we observe
compared to the distant universe, and allows us to understand and explain the changes that
occurred. As such GAMA has three main scientific goals to probe the ΛCDM paradigm
(Driver et al., 2009; Liske et al., 2015):

(i) Measuring the halo mass function
The dark matter halo mass function (HMF) is a fundamental prediction of CDM
models (Springel et al., 2005) and depends on gravity as well the mass of the dark
matter particles and the cosmological model used (see e.g. http://hmf.icrar.org/).
However, since we can not observe the dark matter haloes directly we have to use
gravity as a tracer. During the initial collapse of the DM haloes, the baryons are
coupled and collapse with the haloes. Eventually the baryons will collapse further,
start forming stars and eventually galaxies. In the hierarchical structure formation
paradigm haloes and their galaxies will merge to form bigger haloes. Ultimately
groups of galaxies occupy the same halo and in GAMA the available group and
clustering information will be used to estimate the HMF down to 1012M⊙ and
establish how many galaxies are typically hosted within a halo of a certain mass
(Peacock & Smith, 2000; Berlind & Weinberg, 2002).

(ii) Measuring the baryonic systematics of galaxy formation
The properties of a galaxy within a halo do not only depend on the halo mass but
also baryonic processes. Hence most simulations incorporate phenomenological
treatments of physics (i.e. processes that happen below the particle mass resolution

http://hmf.icrar.org/
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of the simulation) into their models (Baugh, 2006; Benson, 2010), such as the
dependence of the star formation efficiency on halo mass (Bower et al., 2006; De
Lucia et al., 2006). GAMA aims to measure the efficiency of star formation and the
baryonic mass fraction as a function of halo mass.

(iii) Measuring the recent galaxy merger rate
As mentioned previously in the hierarchical structure formation scenario mergers
play a vital role in the mass assembly and evolution of galaxies (White & Rees,
1978; White & Frenk, 1991). Considering that most DM haloes contain galaxies
the DM halo merger rates predicted from simulations (Fakhouri et al., 2010) must
match the observed galaxy merger rate, taking into account halo occupation and
galaxy merger time scales. Not only can GAMA quantify the recent merger rate,
it can also help constrain certain aspects of galaxy evolution, e.g., how does the
mass build up in giant ellipticals (De Lucia et al., 2006), how does morphological
transformation depend on mergers (Toomre, 1977; Cox et al., 2006; Hopkins et al.,
2009b), when does star formation get triggered (Hopkins et al., 2013b; Patton et al.,
2013) or truncated (Hopkins et al., 2008), and how does structure and size evolve
(Naab et al., 2009; Naab & Ostriker, 2009)?

1.6 Thesis outline

This thesis comes in three main parts with two interludes and is presented as a series of
papers which are either published/ submitted or in preparation to be published. The key
points I aim to address in this thesis are:

• A comprehensive study of the local M⋆−Re relation of early- and late-type galaxies
as well as galaxy components

• The stellar mass budget in bulges and disks

• Comparison of the component M⋆−Re relation with simulations

• Comparison of the component M⋆−Re relation with analogous relations derived
from observations of high-redshift galaxies

• Connecting the M⋆−Re relation with the angular momentum of galaxies

The first science chapter (Chap. 2) focuses on the local mass–size (M⋆−Re) relation
of early- and late-type galaxies in the GAMA survey. I use the Sérsic index, the (u− r)
and (g− i) colours, a rolling division (dependent on Sérsic index and colour) as well as a
galaxy’s morphology to divide my sample into early- and late-type galaxies. This analysis
is done in 10 wavebands, from u to Ks, to establish a robust local mass-size relation which
can be used in comparison to other surveys at different redshifts, choosing a waveband
which is most appropriate in each instance. Furthermore I study the dependence of the
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M⋆−Re relation with wavelength. As this chapter uses VIKING instead of UKIDSS data
(as many previous studies do, both GAMA and non-GAMA) the resulting size–wavelength
variation is more robust and shows that the sizes of early-type galaxies vary much less
with wavelength than previously thought.

Chapter 3 is a short interlude explaining the visual morphology classification of galax-
ies in GAMA-II. These classifications are the basis of the samples used in the following
chapters. Chap. 3 is based on the work by Moffett et al. (2016a) and is included here as I
was one of the classifiers who preferred the visual morphology classification.

The second science chapter (Chap. 4) is a continuation of the theme of the first science
chapter (Chap. 2) and presents the M⋆−Re relation of local galaxies in the GAMA survey
divided by Hubble type and component. As such the chapter first describes the set up of
the bulge + disc decomposition of the sample. I use GALFIT v3 (Peng et al., 2010) to fit
two Sérsic light profiles, with free Sérsic index n, to the galaxies in the visual morphology
sample. To establish and improve the robustness of the modelling outcome each galaxy
is repeatedly fitted varying the input parameters to sample a large fraction of the input
parameter space. I study the affiliation of galaxy components with either a pure disk (i.e.,
Sd-Irr) or spheroid (i.e., E) relation and construct a final disk and spheroid relation of local
galaxies based on my findings. Finally I compare my data to recent results from the EAGLE

simulation as well as high redshift data provided by Prof. Chris Conselice (one of my
GAMA collaborators).

Chapter 5 is an interlude based on the work of Moffett et al. (2016a,b). It summarises
the GAMA stellar mass functions and stellar mass budget based on the visual morphology
bulge + disc decomposition. I include this work here as it is one of the main outcomes
from the bulge + disc decomposition and visual morphology classification.

The third and last science chapter (Chap. 4) presents the natural next step after study-
ing the local M⋆−Re relation in detail. Here I extend my work to the arguably more
fundamental mass–angular momentum (M⋆− j⋆) relation of galaxies. As I do not have
kinematic data available for the visual morphology sample I restrict this study to a subset
of galaxies with disks to approximate j⋆ based on the disk size from Sérsic profile fits and
rotational velocity inferred from the Tully-Fisher relation (Tully & Fisher, 1977). I then
study the dependence of the M⋆− j⋆ relation on morphology, specific star formation rate
and environment and compare my relation to simulated data from EAGLE and Illustris. I
conclude the chapter by defining and establishing the space density function Φ(M⋆,J⋆).
This space density function constitutes and extension to the galaxy stellar mass function,
which can be reproduced when integrating Φ(M⋆,J⋆) over J⋆. Conversely when integrat-
ing Φ(M⋆,J⋆) over M⋆ the angular momentum function can be established. As such the
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space density function possibly represents one of the most fundamental observable density
functions of the universe.

I finish this thesis by summarising the main outcomes of my work and discussing
possible future research directions in Chap. 7.



Chapter 2

Mass-size relations of z<0.1 galaxies
subdivided by Sérsic index, colour and
morphology

Abstract

We use data from the Galaxy And Mass Assembly (GAMA) survey in the redshift range
0.01<z<0.1 (8399 galaxies in g to Ks bands) to derive the stellar mass – half-light radius
relations for various divisions of ‘early’ and ‘late’-type samples. We find the choice of
division between early and late (i.e., colour, shape, morphology) is not particularly critical,
however, the adopted mass limits and sample selections (i.e., the careful rejection of outliers
and use of robust fitting methods) are important. In particular we note that for samples
extending to low stellar mass limits (< 1010M⊙) the Sérsic index bimodality, evident for
high mass systems, becomes less distinct and no-longer acts as a reliable separator of early-
and late-type systems. The final set of stellar mass – half-light radius relations are reported
for a variety of galaxy population subsets in 10 bands (ugrizZY JHKs) and are intended to
provide a comprehensive low-z benchmark for the many ongoing high-z studies.

Exploring the variation of the stellar mass – half-light radius relations with wavelength
we confirm earlier findings that galaxies appear more compact at longer wavelengths albeit
at a smaller level than previously noted: at 1010M⊙ both spiral systems and ellipticals
show a decrease in size of 13% from g to Ks (which is near linear in log wavelength).
Finally we note that the sizes used in this work are derived from 2D Sérsic light profile
fitting (using GALFIT3), i.e., elliptical semi-major half light radii, improving on earlier
low-z benchmarks based on circular apertures.
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2.1 Introduction

Galaxies have long been known to exhibit a correlation between their mass (or luminosity)
and their size (or surface brightness). For example, early studies of spiral galaxies in nearby
groups and clusters identified a strong luminosity-surface brightness relation, such that
more luminous systems also have higher surface brightness (see reviews by Ferguson &
Binggeli 1994 and Graham 2013). Fundamentally, this reflects the mean scaling of angular
momentum with halo mass, which, in self-similar halos, is such that the disk surface
density increases monotonically as M

1/3
halo (Fall & Efstathiou, 1980; Dalcanton et al., 1997;

Mo et al., 1998; Obreschkow & Glazebrook, 2014). The close connection between size (or
surface brightness) and angular momentum makes systematic size measurements in galaxy
surveys an exquisite test of evolutionary models (Fall, 1983; Romanowsky & Fall, 2012).

Over the past few decades, a number of notable observations have refined the empirical
luminosity- surface brightness relation for distinct galaxy types (de Jong & Lacey 2000;
Graham & Guzman 2003), environments (Cross et al. 2001; Andreon & Cuillandre 2002;
Driver et al. 2005; Cappellari 2013) and at specific redshifts (Driver 1999; La Barbera et al.
2003; Barden et al. 2005; Trujillo et al. 2004, 2006, 2007; Trujillo et al. 2012).

More recently, a growing number of authors choose to focus on the stellar mass –
half-light radius relation (hereafter M⋆−Re relation, see e.g. Trujillo et al. 2004; Shen
et al. 2003) instead of a luminosity-surface brightness relation. Albeit akin to one another,
the former is arguably more meaningful as the luminosity-size relation depends on the
observational wavelength band used and conversions are required to compare different
data sets. However, detractors of the M⋆−Re relation may argue that this incorporates
errors in the estimation of the stellar mass and that the inherent selection boundaries
(mainly due to surface brightness selection effects, Disney 1976; Disney et al. 1995; Driver
1999) are less obvious in the M⋆−Re plane than in the luminosity-surface brightness
plane (and often neglected altogether). For example, due to our inability to detect lower
surface brightness sources at increasing redshifts only the more compact and most massive
systems remain detectable, see e.g. Cameron & Driver (2007) who show the impact of
the selection boundaries using Hubble Space Telescope (HST) Ultra Deep Field (UDF)
data. Without due consideration of potential biases this becomes an important issue as
differences between the high- and low-redshift M⋆−Re relations are readily attributed to
physical evolution in galaxies.

A further, and more recent, concern is that the measured size of a galaxy also depends
on the wavelength at which the observation has been made. This has been known for some
time (e.g., Evans 1994; Cunow 2001; La Barbera et al. 2002), but quantified more robustly
for red and/ or blue systems in La Barbera et al. (2010), Kelvin et al. (2012), Häussler et al.
(2013) and Vulcani et al. (2014), who find a strong size-wavelength relation, such that
galaxies are often measured to be as little as half the size in the K-band when compared
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with the r-band. This is as crucial as the problems with the completeness discussed above.
If one wishes to measure and compare the M⋆−Re relation from different datasets or from
different epochs, care must be taken to define the relation at the same rest-wavelength or
to apply a size bandpass correction (see Kelvin et al. 2012, figure 22). The cause of the
size-wavelength trend (discussed in Kelvin et al. 2012; Vulcani et al. 2014) is not entirely
clear, but is argued to arise from a combination of:

• the dust distribution, which preferentially blocks the central regions of galaxies (see
for example the predictions by Möllenhoff et al. 2006; Pastrav et al. 2013a);

• the inside-out growth of galaxies (where young bright stellar populations are more
widely distributed than the old stellar populations, La Barbera et al. 2010);

• the two-component nature of many of the brightest galaxies (which consists of an
old centrally concentrated bulge superimposed on a young more diffuse disk, i.e.,
the bulge is more evident in the K-band while the disk is more evident in the r-band,
see Driver et al. 2007a,b);

• and, to a much lesser degree, any metallicity gradients which may also exist (La
Barbera et al., 2010).

Over the past decade observations of the M⋆−Re relation, particularly of early-type
massive systems, have been made across a broad range of epochs using the high resolution
imaging of the Advanced Camera for Surveys (ACS), the Wide Field and Planetary Camera
2 (WFPC2) or the Wide Field Camera 3 (WFC3) onboard the HST. These measurements,
initially only made for the most massive (> 1011M⊙) systems, have been compared to the
local SDSS relation measured by Shen et al. (2003) for both red and blue, concentrated
and diffuse systems. The results to-date provide an intriguing yet consistent picture of
significant size growth from z > 1.5 to z=0.0 with minimal mass increase (e.g. Ferguson
et al. 2004; Daddi et al. 2005; Longhetti et al. 2007; van Dokkum et al. 2008; Trujillo et al.
2006). These initial results have been corroborated by extensive studies which continue to
identify a clear disconnect between the M⋆−Re relation of nearby galaxies and those at
intermediate- to high-redshift (Trujillo et al., 2007; Buitrago et al., 2008; van der Wel et al.,
2008; Damjanov et al., 2009; McIntosh et al., 2005; Williams et al., 2010; Bruce et al.,
2012). The current data, mostly confined to massive early-type systems, seem to suggest
that galaxies have grown by a factor of five in size since z∼2 with minimal change in mass.
By contrast, the M⋆−Re evolution of disk systems is traced at lower redshift (z.1) and
appears less dramatic, evolving by roughly a factor of 2 (see for example Barden et al. 2005;
Sargent et al. 2007; Buitrago et al. 2008; van Dokkum et al. 2013). A number of physical
and non-physical explanations have been put forward to explain the observed M⋆−Re

evolution of the early-types. These include, for example, major and minor mergers or gas
accretion and disk growth as physical effects, see e.g. Driver et al. (2013) and also Graham
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(2013) who suggest that the compact galaxies at high-z are the naked bulges of lower-z
systems. Some evidence for this scenario is suggested by the compact massive bulges
evident in nearby early-type galaxies seen by Dullo & Graham (2013). Non-physical and
systematic effects may include various selection biases, as well as erroneous estimations
of mass and size (see e.g. Hopkins et al. 2009 and references therein).

Finally it is important to note that the often used redshift zero M⋆−Re relation of Shen
et al. (2003) measures sizes in the z-band and uses a Sérsic index cut to divide the galaxy
sample into early- and late-types. We have already discussed the wavelength dependent
size of galaxies, but another caveat is the definition of early-/late-type. Commonly colour,
concentration (i.e. Sérsic index) or morphology are used interchangeably, but even though
there is a correlation these definitions are not synonymous (Robotham et al., 2013), for
example low-luminosity elliptical galaxies can have Sérsic indices of n<2.5 (e.g. Graham
& Guzman 2003 and references therein). Hence, when comparing the local M⋆−Re

relation to other data sets due consideration should be given to the necessary correction of
the wavelength dependent sizes of galaxies and the method used to separate the sample
into early- and late-type.

In this paper we provide a comprehensive recalibration of the local M⋆−Re relation,
divided into early- and late-type galaxies, according to various criteria which include:
Sérsic index, colour, a joint Sérsic index-colour cut and galaxy visual morphology. Due to
the similarity between the morphology-dependent mass- size relation and the fundamen-
tal mass-spin-morphology relation (Cappellari et al., 2011; Romanowsky & Fall, 2012;
Obreschkow & Glazebrook, 2014), this work lays the foundations for approximate studies
of angular momentum scalings in a large local sample with well-characterized complete-
ness. We will expand this idea in sequel work. In addition, for comparison between
different redshifts, we derive the M⋆−Re relation in a consistent manner for 10 imaging
bands (ugrizZYJHKs).

Throughout this paper we use data derived from the Galaxy And Mass Assembly
(GAMA) survey (Driver et al., 2011; Liske et al., 2015) with stellar mass estimates as
described in Taylor et al. (2011), half-light radii derived from 2D Sérsic light profile fitting
as described in Kelvin et al. (2012) and for a cosmology given by a ΛCDM universe with:
Ωm = 0.3, ΩΛ = 0.7 and H0 = 70kms−1 Mpc−1.

2.2 Data

In this section we briefly describe the GAMA data (section 2.2.1), the derived stellar
masses (2.2.2), galaxy sizes (2.2.3) and the sample selection (2.2.4) used in this paper.



2.2 Data 33

2.2.1 The GAMA survey

The GAMA survey is an optical spectroscopic and multi-wavelength imaging survey com-
bining the data of several ground and space based telescopes (Driver et al., 2011). It is an
intermediate survey in respect to depth and survey area (see Baldry et al. 2010; figure 1)
and thus fits in between low redshift, wide-field surveys such as SDSS (York et al., 2000)
or 2dFGRS (Colless et al., 2003) and narrow deep field surveys like zCOSMOS (Lilly et al.
2007 and see Davies et al. 2015) or DEEP-2 (Davis et al., 2003).

In this paper we are selecting data from the GAMA II (see the second data release paper,
Liske et al., 2015) equatorial regions, which are centered on 9h (G09), 12h (G12) and 14.5h
(G15). The three regions are 12×5 deg2 and have a r-band Petrosian magnitude limit of
r <19.8 mag. The spectroscopic target selection is derived from a SDSS DR 7 (Abazajian
et al., 2009) input catalogue and we reach a spectroscopic completeness of ≥ 98% for
the main survey targets. The available survey bands include SDSS DR7 (ugriz bands),
UKIDSS LAS DR6 and DR8 (YJHK bands, Lawrence et al. 2007 ) and VISTA (Visible
and Infrared Telescope for Astronomy) Kilo-degree INfrared Galaxy survey (VIKING)
data (ZYJHKs bands, Edge et al. 2013 and also see Driver et al. in prep. for more details
on the GAMA processing of the VIKING data). All imaging data has matched aperture
photometry (Hill et al., 2011; Liske et al., 2015) and the spectroscopic redshifts (Baldry
et al., 2014; Liske et al., 2015) are based on spectra taken with AAOmega (resolution of
R∼1300) at the 3.9m Anglo-Australian-Telescope (Hopkins et al., 2013a) located at Siding
Spring Observatory (NSW, Australia).

2.2.2 Stellar Masses

The stellar mass estimates for GAMA are described in Taylor et al. (2011) and are based
on synthetic stellar population models from the BC03 library (Bruzual & Charlot, 2003)
with a Chabrier (2003) initial mass function and the Calzetti et al. (2000) dust obscuration
law.

The stellar masses are estimated from the best fitting broadband spectral energy dis-
tributions (SEDs), which are generated using stellar population synthesis modelling and
compared to observed GAMA SEDs in a fixed restframe wavelength range from 3000 to
11000 Å (roughly u to J-band, depending on the redshift of the source).

It is important to note that no further near-infrared (NIR) photometry is used for the
stellar mass estimates. The colour-colour space in the NIR can not be adequately sampled
with little present metallicity which makes the modelling of the NIR SEDs difficult. In
addition, there may be a problem with the NIR data which in the original analysis Taylor
et al. (2011) led to the exclusion of the entire available NIR data.

Here we are using the stellar masses v16 catalogue and the stellar masses, based on
aperture matched photometry, are believed to be accurate to within a factor of 2.
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Additionally we apply the ‘fluxscale’ parameter, given in the catalogue, to our masses
to correct for aperture sizes. Since the GAMA SEDs are derived from matched aperture
photometry, which is based on the SExtractor AUTO magnitudes, integrated quantities
such as the stellar mass need an aperture correction to account for the mass that lies outside
the fixed AUTO aperture. The fluxscale parameter is the ratio between the r-band AUTO
flux and the total flux of a source derived from its 10Re truncated Sérsic profile.

2.2.3 Galaxy Sizes and Sérsic Index

The galaxy sizes (i.e. the effective major axis half-light radius) are based on single Sérsic
2D model fits to the data in 10 bands (ugrizZYJHKs, see Kelvin et al. 2012 for details on
the fitting pipeline). The original Sérsic profile fitting used imaging data obtained from
SDSS DR7 and UKIDSS LAS, which were reprocessed and scaled to a single zero point
and then mosaiced with SWARP (Bertin et al., 2002) at a resolution of 0.339′′ (see Hill
et al. 2011 and Driver et al. in prep.). The VIKING data is handled in a similar way to the
UKIDSS data, i.e. scaled to the same zero point and ‘swarped’ with a pixel resolution of
0.339′′ (Driver et al. in prep.). The mosaics along with the GAMA input catalogue are fed
into SIGMA (Structural Investigation of Galaxies via Model Analysis, Kelvin et al. 2012)
an automated front-end wrapper which uses a range of image analysis software (such as
Source Extractor, Bertin & Arnouts 1996; PSF Extractor, Bertin 2013 and GALFIT3, Peng
et al. 2010), as well as logical filters and other handlers to carry out bulk analysis on the
input catalogue.

The final output of SIGMA provides values for Sérsic index, effective half-light radius,
position angle, ellipticity and magnitude (defined according to the AB magnitude system).
Here we are using the pre-release of version 9 of the Sérsic fits catalogue and we have
opted to use the VIKING ZYJHKs fitting results instead of the UKIDSS YJHK results. The
improved imaging quality of the VIKING data allows for more robust Sérsic light profile
fitting (Andrews et al., 2014), which in turn means that our M⋆−Re relation fits in the
ZYJHKs bands are also more robust.

2.2.4 Sample Selection

In this work we selected galaxies from the GAMA equatorial regions in the redshift range
of 0.01 ≤ z ≤ 0.1 with redshift qualities nQ≥ 31, vis−class! =32 and magnitudes r< 19.8
mag for G09, G12 and G15.

The top panel in Fig. 2.1 shows the distribution of the half-light radius vs the galaxy
stellar masses for the entire sample of 20287 objects in the r-band, the solid line is a
least square fit to the data and the dashed lines indicates the 3σ spread; outliers are de-
fined as being more than 3σ from the best fit. A visual inspection of all 241 outliers

1Spectra with a nQ flag of 3 and higher have good quality redshifts with probabilities p(z)> 0.9 and can
be used for scientific analysis (Liske et al., 2015).

2Sources with vis−class=3 are classed as ‘not a target’ since they are not the main part of a galaxy.
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Fig. 2.1 (Top) The stellar mass – (major axis) half-light radius distribution of the sample extracted
from the GAMA catalogue with all galaxies in the redshift range between 0.01<z<0.1 as grey
dots, the solid purple line shows an initial least square fit to the entire data set and the dashed lines
indicate the 3σ scatter. Galaxies more than 3σ away from the best fit are excluded from the final
data set.
(Middle) The stellar mass distribution vs maximum redshift (zmax) at which the galaxy can be
seen for the limiting petrosian magnitude of r = 19.8 mag. The black points show the GAMAmid
sample, the dashed line indicates the adopted upper redshift limit of the sample (z=0.1) and the
solid line shows the calculated mass limit for which 97.7% of the galaxies have a zmax above the
indicated redshift limit.
(Bottom) the stellar mass distribution vs redshift for the GAMAmid sample shown in grey and the
staggered volume limited sample highlighted in red. Each mass bin has an associated weight that is
used to weight each galaxy within the respective bin.
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showed that most of these galaxies were close to bright stars which contaminated the flux
measurements, consequently these galaxies were removed from the sample. In addition
galaxies with unrealistic fitting parameters such as Sérsic indices (n≤0.3 or n≥10) and
sizes (Re <0.5×FWHM) were also excluded from the sample. After the exclusion of the
outliers, unrealistic and failed fits the r-band ‘good fit’ sample consists of 18795 galaxies
and is referred to as GAMAmid hereafter. All other bands are treated the same way to
establish the ‘good fit’ sample which is shown in Table 2.1.

For each galaxy in our sample Taylor et al. (2011) calculated the maximum redshift
(zmax) to which this object could be detected given its best fit spectral template and an
apparent r-band Petrosian magnitude of 19.8 mag, the limiting magnitude of the GAMA-II
data release. To establish the lower mass limit for a volume limited sample we check which
galaxies are visible at or beyond the adopted upper redshift limit (i.e. zmax >0.1).

The middle panel of Fig. 2.1 shows the stellar mass distribution versus zmax based on
each galaxy’s spectral shape and our r-band magnitude limit. The blue dashed horizontal
line shows the redshift limit of z=0.1 and the solid vertical line indicates the lower mass
limit for the sample set at the 97.7% level, i.e. of all the galaxies above the mass limit
97.7% can be seen at or beyond the chosen redshift limit. This results in a lower mass limit
of Mlim=2.5×109M⊙ to ensure a colour-unbiased sample of 9751 galaxies.

However, using this mass limit means we would discard ∼50% of our data, so in
order to include lower mass galaxies we use a staggered volume & mass limited selection.
To implement this staggered limit we divide the galaxies below our mass limit into bins
with size ∆log10(M∗)=0.3. For each bin we establish the expected maximum redshift at
the lower mass end (zbin) which satisfies the completeness criterion. We then discard all
galaxies with redshifts z>zbin, the results can be seen in the bottom panel of Fig. 2.1.

The galaxies remaining within the bin are equally weighted by a common weight Wbin

which is based on a V/Vmax of zbin.
V/Vmax is calculated by computing the ratio of the volume in which a galaxy is seen over
the maximum volume in which the galaxy can be seen:

Wbin =
V(z)

V(zmax)
. (2.1)

Here we calculate V(z) using the redshift assigned to each bin and Vmax by setting
the maximum redshift to be zmax=zlim=0.1. For the low mass galaxies in our sample with
M< Mlim we weight each galaxy according to the corresponding weight of the bin Wbin

and for galaxies with M≥ Mlim the weight is set to 1. This ensures that all galaxies within
the staggered volume limited sample get up-weighted and galaxies within the unbiased
volume limited sample are not penalized. Furthermore using the staggered volume limited
sample ensures that no single galaxy will overly influence the fitting routine because of a
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Band 0.01≤z≤0.1 sample size
volume limited colour unbiased staggered volume limited

u 10830 6904 8343
g 18321 9555 11813
r 18795 9751 12037
i 18445 9619 11887
z 15558 9227 11193
Z 18214 9373 11602
Y 18140 9411 11621
J 18764 9730 11993
H 17626 9296 11449
Ks 17790 9434 11581

common excl. u - - 8399
common incl. u - - 6154

Table 2.1 From left to right we show the volume limited sample size in each band after outliers,
bad and failed fits have been removed; the colour unbiased sample size (i.e. number of galaxies
above the mass limit) and the final sample size after the staggered volume limited selection is
implemented. The last two rows show the final common sample, excluding and including the
u-band respectively. These are based on all galaxies common in all bands within the staggered
volume limited samples and are used for the M⋆−Re relation analysis.

very large individual weight.3

Treating each band in this way leads to similar volume limited sample sizes (<8%
difference in samples), which confirms we observe essentially the same galaxy populations
in each waveband. However, to ensure that we do not introduce any biases even within
these small fluctuations we have decided to establish a common set. This sample includes
only those galaxies from our volume limited sample that have good Sérsic profile fitting
parameters in all bands except u (which is not considered here due to its poor imaging
quality). This reduces our final sample to 8399 galaxies, which is used to fit the M⋆−Re

relation from g-band to Ks-band.
We additionally set up a second common sample which includes the u-band data, which

reduces the final sample size to 6154 galaxies. This sample is only used to fit the M⋆−Re

relation in the u-band. We do this to ensure all the other bands are not penalized for the bad
image quality in the u-band. Hence, we do not include the u-band M⋆−Re relation fits in
subsequent comparisons but present the results in Tables 2.2 and 2.3 for completeness.

3An individual V/Vmax based on each galaxy’s zmax can cause a few data points to skew the M⋆−Re
relation. We found this to be especially problematic in the case of the Sérsic cut early-type galaxies.
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2.3 M⋆−Re Relations by Early- and Late-Type

In this section we derive M⋆−Re relations as a function of galaxy type. For this we
divide the GAMAmid common sample into early- and late-types (see Fig. 2.2) according
to the Sérsic index n (see Section 2.3.1), the dust corrected restframe (u-r)stars and (g-i)stars

colours (Section 2.3.2), a combined Sérsic index and (u-r)stars colour division (Section
2.3.3) and galaxy visual morphology (Section 2.3.4). In each section early- and late-type
is defined by the chosen separator and we strongly caution that this is not to be confused
with actual elliptical or disk galaxy populations, except for Section 2.3.4 in which we split
the population by visual morphology.

We fit all early- and late-type M⋆−Re relations using two functions motivated by Shen
et al. (2003) (S03 hereafter) in order to directly compare with their work.

Firstly a single power-law function:

Re = a
(

M⋆

M⊙

)b

, (2.2)

and secondly a combination of two power-law functions:

Re = γ

(
M⋆

M⊙

)α(
1+

M⋆

M0

)β−α

, (2.3)

where Re is the effective half-light radius in kpc, M⋆ is the mass of the galaxy and
M0 (the breakpoint between the two power-law functions) can be considered an artificial
transition mass between low- and high-mass galaxies (in units of M⊙) in any given sample.

We use Bayesian inference with an MCMC approach to find the expectation of pa-
rameters describing the data. For this we weight each data point by the V/Vmax which is
associated with the mass bin in which the data point lies (see previous section explaining
the staggered volume limited sample) and use uniform priors to perform our fitting.

Except for an upper limit on M0 < 1013M⊙, we do not restrict any parameters in
Eqs. 2.2 and 2.3 during the fitting process and caution that the resulting regression lines
should be considered (if possible) only within the mass range for which they were fit. The
fitting is performed on the entire sample and median data points shown in our figures are
for visualisation only (Figure 2.3, as well as the figures in the appendix).

We have also calculated the regions in which our data becomes less reliable and show
these as shaded areas in the M⋆−Re relation plots (Figs. 2.3 and A.1-A.9). In total we
define the three boundaries (following Driver 1999):

1. The minimum size boundary
This area indicates where the star-galaxy separation becomes difficult since the
galaxies are only marginally resolved, i.e. they have Re <0.5×FWHM. Note that the
lower boundary we plot shows the typical r-band size limit expected for the redshift
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Fig. 2.2 The plot shows the sample distribution in a 3D parameter space illustrating the population
selection criteria adopted for the M⋆−Re relation.
(a) The Sérsic index v total stellar mass, colour coded by (u-r)stars colour.
(b) The (u-r)stars colour v total stellar mass, colour coded by Sérsic index.
(c) The (g-i)stars colour v total stellar mass, colour coded by Sérsic index.
(d) The Sérsic index v (u-r)stars colour, colour coded by total stellar mass.
The blue dashed lines show the hard cuts adopted for Sérsic index (n=2.5) and colour (u-r=1.5)
and the solid black line in the bottom panel is a combined Sérsic index and colour cut which gives
the best population division (in respect to the visual classifications) with (u-r)stars = −0.671×
log10(nr)+2.006.
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(zmax) in each mass bin using the average SDSS FWHM of 1.5′′ to calculate the
equivalent radius in kpc. Please also note that this is not a hard lower limit and we
check for each galaxy if its Re is smaller than the FWHM of its image frame, this
leads to galaxies being found within the (average) minimum size boundary.

2. The maximum size boundary
Due to the way sky subtraction and background noise is handled, galaxies that are
very large run the risk of contributing to the sky background estimation and hence
their sizes become questionable. This becomes a problem when a galaxy occupies
20% of the pixels within the background sampling box4 and in our case equates
to a FWHM=20′′. The corresponding size is calculated in kpc for all redshift bins.
However, due to surface brightness considerations the maximum size boundary only
comes into effect for very high mass galaxies.

3. Surface brightness boundary
Considering the r-band surface brightness (24.5mag/arcsec2) and magnitude limit
(19.8 mag) of the survey, we can derive an upper boundary at which galaxies become
too large to be easily detected (i.e µeff ∼ µlim).

First we consider the surface brightness:

µeff = m+2.5log10(2πθ
2), (2.4)

where µeff is the effective surface brightness, m is the apparent magnitude and θ is
the angular size.

Then we need to consider the apparent magnitude:

m = M∗+5log10(dl)+25+ k(z), (2.5)

where M∗ is the absolute magnitude, dl is the luminosity distance in Mpc and k(z) is
the K-correction.

Relating the absolute magnitude to solar units we find:

M∗−M⊙ =−2.5log10

(
L∗
L⊙

)
=−2.5log10

( L∗
M∗

M∗
L⊙
M⊙

M⊙

)
, (2.6)

4Initial background subtraction is performed during SWARP using a 256 x 256 pixel mesh (Driver et al.,
2011).
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where M⊙ is the absolute magnitude of the sun, L∗ and L⊙ are the luminosity of the
galaxy and the sun respectively and M∗ and M⊙ are the corresponding masses.

Re-arranging Eq. 2.6 and substituting it into Eqs. 2.5 and 2.4 we can derive an upper
size limit for our redshift bins using the surface brightness and magnitude limits of
the GAMA survey:

θ =

√
L∗
M∗

M

2π

1
dl

100.2(µlim−M⊙−k(z)−25) (2.7)

where M is the galaxy mass in units of M⊙ and we assume an i-band M∗
L∗

=2 (Baldry
et al., 2010), M⊙ = 4.6 (Hill et al., 2010) and k(z) = 1.5z (Driver et al., 1994).

The angle is converted to a physical size for each mass bin by considering the lower
and upper mass boundaries of the bin and its corresponding redshift limit.

Note that the boundaries are not strict limits but represent the regions where measure-
ments become less robust. We find that, while these boundaries enclose our data, they
do not shepherd it (see Fig. 2.3) as a fall off in the density of data points is seen before
the boundaries are encountered. We therefore conclude that the M⋆−Re relations are not
being led by the selection boundaries.

We have chosen the r-band to present our method since it is the spectroscopic selection
band for the GAMA survey and is also a commonly used band in other studies. However,
we have fit all bands (ugrizZYJHKs) and the results are presented alongside the r-band
parameters in Tables 2.2 and 2.3 and are plotted in the appendix.

2.3.1 M⋆−Re Relation: division by Sérsic index

We first compare the M⋆−Re relation of our sample with the relation found by Shen et al.
(2003) (see their Fig. 11) for high and low Sérsic index selected samples. We then go on to
discuss other possible Sérsic population separators currently in use.

The Sérsic profile (Sérsic, 1963; Sersic, 1968; Graham & Driver, 2005) describes a
galaxy’s intensity, I(r), as a function of radius, r:

I(r) = Ie exp

[
−bn

((
r
re

)1/n

−1

)]
, (2.8)

where Ie is the intensity at the effective radius re, i.e. the half-light radius. The parameter
bn is a function of the Sérsic index n, such that Γ(2n) = 2γ(2n,bn), where Γ and γ are the
complete and incomplete gamma functions respectively (Ciotti, 1991). The Sérsic index,
n, describes the shape of the light profile, such that n=0.5 gives a Gaussian profile, n=1
describes an exponential profile and n=4 recovers the de Vaucouleurs r1/4 light profile.
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The Sérsic index can also be thought of as a concentration index of the galaxy (Trujillo
et al., 2001) where high Sérsic index galaxies are more centrally concentrated than low
Sérsic index galaxies.

Comparison with S03 - Sérsic index n=2.5

To be consistent with the previous work of S03 the separating Sérsic index was set to
n=2.5, the average of the exponential profile (n=1) and de Vaucouleurs profile (n=4). In
the r-band this splits our sample into 6108 late-type galaxies and 2291 early-type galaxies.

Fig. 2.2 (upper panel) shows the stellar mass versus Sérsic index distribution of our
sample, colour coded by the dust corrected restframe (u-r)stars colour, the blue dashed line
indicates the chosen Sérsic separator (n=2.5). The (u-r)stars restframe colour was taken
from Taylor et al. (2011).

Fig. 2.3a shows the resulting M⋆−Re relations, where the left panel shows the late-
type galaxies with n<2.5 in blue and the right panel shows the early-type galaxies with
n>2.5 in red.5 The individual galaxies are plotted as small dots, the coloured squares show
median binned data for visualisation only (the fitting is performed on the entire sample)
with the dispersion of the data shown as black error bars representing the 0.25 and 0.75
quantile. The error on the median data points is shown as orange error bars (often smaller
than the data point). The contours show the weighted 90th, 68th and 50th percentile of
the highest density region (HDR) of the data. The best fit lines (via Bayesian parameter
expectation) to the data are shown in red and blue for Eq. 2.2 (single power law) and in
green for Eq. 2.3 (two component power law). The black lines show the M⋆−Re relation
as found by S03 (the dot-dashed line is corrected for size difference and the solid line is
uncorrected, see below for explanation). The grey dashed vertical line on the plot indicates
the lower mass limit which was calculated for an unbiased volume limited sample out
to z=0.1. We plot this line to visually illustrate the point at which the volume becomes
reduced, but remind the reader that we fit to the entire mass-range of the staggered volume
limited sample shown. The fitting parameters to Eqs. 2.2 and 2.3 can be found in Table
2.2 for our late-type sample and Table 2.3 for the early-type sample. For comparison both
Tables also show the respective early- and late-type M⋆−Re fitting parameters found by
S03.

It is important to note that the S03 M⋆ − Re relation was fitted using the z-band
circularised half-light radius thus a direct comparison between the M⋆ − Re relation
presented in Fig. 2.3a and S03 would lead to wrong conclusions since we expect the z-band
sizes to be smaller than the r-band sizes.

5We caution again that using the Sérsic index to establish early- and late-type galaxy populations is
misleading when assuming morphological agreement since there are elliptical galaxies with low n and disk
galaxies with high n.
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Fig. 2.3 The M⋆−Re relation for early- (red, right hand side) and late- (blue, left hand side) type
galaxies divided by:
a) Sérsic index n=2.5; b) Dust corrected colour (u-r)stars=1.5; c) Dust corrected colour (g-
i)stars=0.65; d) Rolling Sérsic index division and e) Visual Elliptical/Not-Elliptical classification.
The red and blue lines are single power-law fits to the binned data (Eq. 2.2), the green lines are
two component power-law fits (Eq. 2.3) and the grey dotted line indicates the lower mass limit
highlighting the wealth of data that would have been ignored. The grey shaded areas indicate
where measurements become less reliable due to our detection limitations. The black solid and
dot-dashed lines in panels a) and e) show the S03 M⋆−Re relation where the dot-dashed line
shows the sizes corrected from z- to r-band values and the solid line shows the relation as is. For
the fitting parameters see Tables 2.2 and 2.3.



44 M⋆−Re relations by Sérsic index, colour and morphology

Late-type galaxies

Case a (10−3) b α β γ M0 (1010M⊙)

Sérsic cut
u (Fig. A.1) 74.46 ± 15.16 0.17 ± 0.02 0.12 ± 0.04 0.88 ± 0.39 0.21 ± 0.12 27.18 ± 1.56
g (Fig. A.2) 24.48 ± 3.07 0.22 ± 0.02 0.16 ± 0.04 0.78 ± 0.30 0.08 ± 0.03 15.77 ± 0.82
r (Fig. 2.3) 27.72 ± 3.93 0.21 ± 0.02 0.16 ± 0.04 0.81 ± 0.32 0.08 ± 0.03 17.10 ± 0.91
i (Fig. A.3) 23.36 ± 3.18 0.22 ± 0.02 0.16 ± 0.04 0.76 ± 0.29 0.09 ± 0.03 11.23 ± 0.56
z (Fig. A.4) 35.37 ± 5.69 0.20 ± 0.02 0.15 ± 0.04 0.87 ± 0.36 0.11 ± 0.04 17.71 ± 1.00
Z (Fig. A.5) 34.29 ± 4.88 0.20 ± 0.02 0.15 ± 0.04 0.84 ± 0.34 0.10 ± 0.03 19.23 ± 1.01
Y (Fig. A.6) 28.52 ± 4.19 0.21 ± 0.02 0.16 ± 0.04 0.81 ± 0.33 0.09 ± 0.03 15.60 ± 0.86
J (Fig. A.7) 28.69 ± 4.46 0.21 ± 0.02 0.16 ± 0.04 0.86 ± 0.36 0.08 ± 0.03 17.97 ± 1.01
H (Fig. A.8) 25.26 ± 3.91 0.21 ± 0.02 0.17 ± 0.04 0.88 ± 0.38 0.07 ± 0.02 20.14 ± 1.27
K (Fig. A.9) 27.19 ± 4.50 0.21 ± 0.03 0.17 ± 0.04 0.94 ± 0.40 0.06 ± 0.02 26.37 ± 1.74
S03 - - 0.14 0.39 0.1 3.98

(u-r) colour cut
u (Fig. A.1) 16.67 ± 2.40 0.24 ± 0.02 0.16 ± 0.05 0.77 ± 0.29 0.09 ± 0.04 9.82 ± 0.52
g (Fig. A.2) 11.79 ± 1.24 0.25 ± 0.02 0.17 ± 0.05 0.72 ± 0.26 0.07 ± 0.03 7.66 ± 0.43
r (Fig. 2.3) 13.63 ± 1.65 0.25 ± 0.02 0.17 ± 0.04 0.73 ± 0.26 0.08 ± 0.03 8.56 ± 0.45
i (Fig. A.3) 11.79 ± 1.34 0.25 ± 0.02 0.16 ± 0.05 0.67 ± 0.20 0.09 ± 0.04 5.76 ± 0.23
z (Fig. A.4) 15.86 ± 1.95 0.24 ± 0.02 0.15 ± 0.04 0.71 ± 0.22 0.10 ± 0.04 7.02 ± 0.29
Z (Fig. A.5) 24.77 ± 3.32 0.22 ± 0.02 0.16 ± 0.04 0.83 ± 0.34 0.08 ± 0.03 16.02 ± 0.90
Y (Fig. A.6) 19.59 ± 2.41 0.23 ± 0.02 0.15 ± 0.04 0.75 ± 0.28 0.10 ± 0.04 9.98 ± 0.49
J (Fig. A.7) 19.44 ± 2.51 0.23 ± 0.02 0.15 ± 0.04 0.74 ± 0.26 0.10 ± 0.05 8.80 ± 0.39
H (Fig. A.8) 15.50 ± 1.80 0.23 ± 0.02 0.15 ± 0.04 0.71 ± 0.22 0.10 ± 0.04 7.18 ± 0.29
K (Fig. A.9) 11.12 ± 1.26 0.25 ± 0.02 0.15 ± 0.05 0.68 ± 0.18 0.10 ± 0.05 5.09 ± 0.18

(g-i) colour cut
u (Fig. A.1) 16.89 ± 2.42 0.24 ± 0.02 0.16 ± 0.05 0.79 ± 0.29 0.10 ± 0.05 10.26 ± 0.54
g (Fig. A.2) 11.11 ± 1.22 0.26 ± 0.02 0.17 ± 0.04 0.75 ± 0.27 0.07 ± 0.03 8.49 ± 0.48
r (Fig. 2.3) 13.98 ± 1.73 0.25 ± 0.02 0.19 ± 0.04 0.79 ± 0.30 0.05 ± 0.02 13.31 ± 0.72
i (Fig. A.3) 11.69 ± 1.32 0.25 ± 0.02 0.16 ± 0.05 0.69 ± 0.21 0.09 ± 0.04 6.12 ± 0.26
z (Fig. A.4) 15.36 ± 1.86 0.24 ± 0.02 0.15 ± 0.04 0.71 ± 0.23 0.10 ± 0.04 7.05 ± 0.29
Z (Fig. A.5) 24.61 ± 3.20 0.22 ± 0.02 0.16 ± 0.04 0.85 ± 0.34 0.08 ± 0.03 17.47 ± 0.98
Y (Fig. A.6) 19.66 ± 2.52 0.23 ± 0.02 0.16 ± 0.04 0.77 ± 0.29 0.09 ± 0.03 10.97 ± 0.55
J (Fig. A.7) 19.53 ± 2.39 0.23 ± 0.02 0.15 ± 0.04 0.76 ± 0.27 0.10 ± 0.04 9.32 ± 0.43
H (Fig. A.8) 15.35 ± 1.81 0.24 ± 0.02 0.15 ± 0.04 0.70 ± 0.23 0.10 ± 0.04 7.12 ± 0.30
K (Fig. A.9) 10.68 ± 1.17 0.25 ± 0.02 0.14 ± 0.05 0.67 ± 0.18 0.12 ± 0.06 4.72 ± 0.16

Sérsic + (u-r) colour cut
u (Fig. A.1) 26.90 ± 4.21 0.22 ± 0.02 0.12 ± 0.05 0.70 ± 0.22 0.24 ± 0.18 6.91 ± 0.27
g (Fig. A.2) 13.25 ± 1.43 0.24 ± 0.02 0.15 ± 0.04 0.66 ± 0.17 0.11 ± 0.05 5.66 ± 0.19
r (Fig. 2.3) 15.16 ± 1.71 0.24 ± 0.02 0.15 ± 0.04 0.68 ± 0.19 0.11 ± 0.05 6.39 ± 0.21
i (Fig. A.3) 12.93 ± 1.35 0.24 ± 0.02 0.12 ± 0.05 0.66 ± 0.15 0.20 ± 0.13 4.19 ± 0.12
z (Fig. A.4) 22.86 ± 2.87 0.22 ± 0.02 0.07 ± 0.04 0.66 ± 0.14 0.61 ± 1.10 3.67 ± 0.09
Z (Fig. A.5) 25.10 ± 3.15 0.21 ± 0.02 0.11 ± 0.04 0.68 ± 0.19 0.23 ± 0.15 6.16 ± 0.21
Y (Fig. A.6) 21.42 ± 2.54 0.22 ± 0.02 0.11 ± 0.04 0.66 ± 0.17 0.26 ± 0.19 4.97 ± 0.15
J (Fig. A.7) 19.85 ± 2.32 0.22 ± 0.02 0.08 ± 0.04 0.64 ± 0.15 0.45 ± 0.54 3.62 ± 0.10
H (Fig. A.8) 17.13 ± 1.91 0.23 ± 0.02 0.09 ± 0.05 0.66 ± 0.15 0.32 ± 0.29 4.08 ± 0.11
K (Fig. A.9) 13.13 ± 1.36 0.24 ± 0.02 0.09 ± 0.05 0.66 ± 0.13 0.37 ± 0.37 3.42 ± 0.08

Morphology cut
u (Fig. A.1) 23.75 ± 3.29 0.23 ± 0.02 0.16 ± 0.04 0.95 ± 0.33 0.11 ± 0.05 19.39 ± 0.91
g (Fig. A.2) 31.15 ± 4.11 0.21 ± 0.02 0.17 ± 0.03 0.99 ± 0.38 0.08 ± 0.03 32.69 ± 1.67
r (Fig. 2.3) 37.24 ± 4.82 0.20 ± 0.02 0.16 ± 0.03 1.00 ± 0.37 0.10 ± 0.03 33.62 ± 1.63
i (Fig. A.3) 30.10 ± 3.86 0.21 ± 0.02 0.15 ± 0.04 0.96 ± 0.33 0.11 ± 0.04 21.86 ± 0.98
z (Fig. A.4) 33.46 ± 4.32 0.21 ± 0.02 0.14 ± 0.04 0.95 ± 0.33 0.14 ± 0.06 19.87 ± 0.86
Z (Fig. A.5) 66.68 ± 10.54 0.17 ± 0.02 0.14 ± 0.03 0.96 ± 0.40 0.13 ± 0.04 47.94 ± 2.39
Y (Fig. A.6) 48.56 ± 6.88 0.19 ± 0.02 0.15 ± 0.03 0.97 ± 0.38 0.11 ± 0.04 35.10 ± 1.69
J (Fig. A.7) 41.35 ± 5.59 0.19 ± 0.02 0.13 ± 0.04 0.96 ± 0.33 0.18 ± 0.09 20.02 ± 0.88
H (Fig. A.8) 31.96 ± 3.90 0.20 ± 0.02 0.14 ± 0.04 0.94 ± 0.32 0.13 ± 0.06 19.18 ± 0.83
K (Fig. A.9) 20.45 ± 2.19 0.22 ± 0.02 0.14 ± 0.04 0.91 ± 0.28 0.13 ± 0.05 14.03 ± 0.59

Table 2.2 The Bayesian expectation parameters for the late-type galaxy M⋆−Re relation according
to various population definitions. Parameters a and b are used for the single exponential in Eq. 2.2
and alpha, beta, gamma and M0 for the two component fit in Eq. 2.3. Also shown are the parameters
found by S03 (Sérsic cut population only).
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Early-type galaxies

Case a (10−5) b α β γ M0 (1010M⊙)

Sèrsic cut
u (Fig. A.1) 1345.84 ± 214.01 0.25 ± 0.03 0.07 ± 0.05 0.80 ± 0.20 0.71 ± 2.19 8.43 ± 0.27
g (Fig. A.2) 8.40 ± 0.63 0.44 ± 0.02 0.10 ± 0.06 0.79 ± 0.09 0.17 ± 0.13 2.54 ± 0.06
r (Fig. 2.3) 8.37 ± 0.62 0.44 ± 0.02 0.10 ± 0.06 0.76 ± 0.09 0.16 ± 0.12 2.42 ± 0.06
i (Fig. A.3) 7.74 ± 0.53 0.44 ± 0.02 0.10 ± 0.06 0.78 ± 0.09 0.18 ± 0.14 2.43 ± 0.05
z (Fig. A.4) 107.23 ± 10.03 0.34 ± 0.02 0.0003 ± 0.0002 0.84 ± 0.11 2.08 ± 0.15 3.86 ± 0.07
Z (Fig. A.5) 16.04 ± 1.26 0.41 ± 0.02 0.10 ± 0.06 0.74 ± 0.10 0.15 ± 0.11 2.85 ± 0.07
Y (Fig. A.6) 11.96 ± 0.83 0.42 ± 0.02 0.11 ± 0.06 0.73 ± 0.09 0.13 ± 0.09 2.48 ± 0.06
J (Fig. A.7) 27.60 ± 1.98 0.39 ± 0.02 0.09 ± 0.06 0.76 ± 0.09 0.23 ± 0.20 3.07 ± 0.07
H (Fig. A.8) 36.04 ± 2.71 0.38 ± 0.02 0.08 ± 0.05 0.74 ± 0.10 0.27 ± 0.24 2.99 ± 0.07
K (Fig. A.9) 23.64 ± 1.69 0.40 ± 0.02 0.10 ± 0.06 0.71 ± 0.09 0.18 ± 0.13 2.56 ± 0.06
S03 0.347 0.56 - - - -

(u-r) colour cut
u (Fig. A.1) 7.12 ± 0.59 0.46 ± 0.03 0.12 ± 0.07 0.58 ± 0.07 0.11 ± 0.09 0.98 ± 0.03
g (Fig. A.2) 5.97 ± 0.40 0.45 ± 0.02 0.10 ± 0.06 0.72 ± 0.08 0.17 ± 0.13 1.94 ± 0.05
r (Fig. 2.3) 7.32 ± 0.50 0.44 ± 0.02 0.10 ± 0.06 0.75 ± 0.09 0.17 ± 0.13 2.31 ± 0.05
i (Fig. A.3) 4.75 ± 0.32 0.46 ± 0.02 0.09 ± 0.06 0.77 ± 0.08 0.18 ± 0.13 2.17 ± 0.05
z (Fig. A.4) 7.34 ± 0.52 0.44 ± 0.02 0.09 ± 0.06 0.76 ± 0.09 0.19 ± 0.15 2.36 ± 0.05
Z (Fig. A.5) 11.98 ± 0.89 0.42 ± 0.02 0.10 ± 0.06 0.66 ± 0.08 0.15 ± 0.11 1.94 ± 0.05
Y (Fig. A.6) 8.47 ± 0.58 0.43 ± 0.02 0.10 ± 0.06 0.70 ± 0.08 0.16 ± 0.11 2.09 ± 0.05
J (Fig. A.7) 6.62 ± 0.46 0.44 ± 0.02 0.10 ± 0.06 0.69 ± 0.08 0.14 ± 0.09 1.80 ± 0.04
H (Fig. A.8) 7.62 ± 0.52 0.44 ± 0.02 0.11 ± 0.06 0.64 ± 0.07 0.12 ± 0.07 1.55 ± 0.04
K (Fig. A.9) 4.83 ± 0.33 0.46 ± 0.02 0.10 ± 0.06 0.68 ± 0.07 0.13 ± 0.09 1.58 ± 0.04

(g-i) colour cut
u (Fig. A.1) 10.03 ± 0.86 0.44 ± 0.03 0.12 ± 0.07 0.59 ± 0.07 0.13 ± 0.10 1.16 ± 0.03
g (Fig. A.2) 7.46 ± 0.51 0.44 ± 0.02 0.10 ± 0.06 0.73 ± 0.08 0.18 ± 0.13 2.09 ± 0.05
r (Fig. 2.3) 8.25 ± 0.57 0.44 ± 0.02 0.10 ± 0.06 0.74 ± 0.08 0.17 ± 0.13 2.24 ± 0.05
i (Fig. A.3) 5.40 ± 0.35 0.46 ± 0.02 0.10 ± 0.06 0.78 ± 0.08 0.17 ± 0.13 2.30 ± 0.05
z (Fig. A.4) 8.79 ± 0.62 0.44 ± 0.02 0.09 ± 0.06 0.77 ± 0.09 0.21 ± 0.17 2.48 ± 0.05
Z (Fig. A.5) 13.16 ± 0.97 0.42 ± 0.02 0.10 ± 0.06 0.68 ± 0.08 0.14 ± 0.10 2.15 ± 0.05
Y (Fig. A.6) 9.95 ± 0.71 0.43 ± 0.02 0.10 ± 0.06 0.68 ± 0.08 0.14 ± 0.10 1.92 ± 0.05
J (Fig. A.7) 7.50 ± 0.53 0.44 ± 0.02 0.09 ± 0.06 0.73 ± 0.08 0.16 ± 0.11 2.17 ± 0.05
H (Fig. A.8) 8.61 ± 0.60 0.43 ± 0.02 0.10 ± 0.06 0.65 ± 0.07 0.13 ± 0.09 1.66 ± 0.04
K (Fig. A.9) 5.39 ± 0.36 0.45 ± 0.02 0.10 ± 0.06 0.71 ± 0.08 0.14 ± 0.09 1.79 ± 0.04

Sérsic + (u-r) colour cut
u (Fig. A.1) 24.46 ± 2.87 0.41 ± 0.03 0.11 ± 0.07 0.61 ± 0.11 0.19 ± 0.19 2.39 ± 0.08
g (Fig. A.2) 0.23 ± 0.02 0.58 ± 0.03 0.12 ± 0.08 0.76 ± 0.07 0.08 ± 0.05 1.33 ± 0.04
r (Fig. 2.3) 0.30 ± 0.02 0.57 ± 0.03 0.12 ± 0.07 0.78 ± 0.08 0.08 ± 0.05 1.54 ± 0.04
i (Fig. A.3) 0.22 ± 0.01 0.58 ± 0.03 0.12 ± 0.07 0.78 ± 0.08 0.08 ± 0.05 1.46 ± 0.04
z (Fig. A.4) 0.39 ± 0.03 0.56 ± 0.03 0.12 ± 0.08 0.74 ± 0.08 0.08 ± 0.06 1.43 ± 0.04
Z (Fig. A.5) 0.56 ± 0.04 0.54 ± 0.03 0.12 ± 0.08 0.70 ± 0.08 0.07 ± 0.04 1.33 ± 0.04
Y (Fig. A.6) 0.42 ± 0.03 0.55 ± 0.03 0.12 ± 0.08 0.70 ± 0.07 0.07 ± 0.04 1.16 ± 0.03
J (Fig. A.7) 0.50 ± 0.04 0.55 ± 0.03 0.12 ± 0.08 0.72 ± 0.08 0.07 ± 0.05 1.42 ± 0.04
H (Fig. A.8) 0.51 ± 0.04 0.55 ± 0.03 0.12 ± 0.08 0.68 ± 0.07 0.06 ± 0.04 1.18 ± 0.04
K (Fig. A.9) 0.36 ± 0.03 0.56 ± 0.03 0.13 ± 0.09 0.68 ± 0.07 0.05 ± 0.03 0.96 ± 0.03

Morphology cut
u (Fig. A.1) 4.84 ± 0.40 0.47 ± 0.03 0.12 ± 0.07 0.69 ± 0.09 0.11 ± 0.08 1.70 ± 0.05
g (Fig. A.2) 3.77 ± 0.25 0.47 ± 0.02 0.11 ± 0.07 0.76 ± 0.09 0.11 ± 0.07 2.01 ± 0.05
r (Fig. 2.3) 4.19 ± 0.28 0.46 ± 0.02 0.11 ± 0.06 0.78 ± 0.09 0.12 ± 0.08 2.25 ± 0.06
i (Fig. A.3) 2.44 ± 0.15 0.49 ± 0.02 0.11 ± 0.06 0.79 ± 0.08 0.12 ± 0.08 1.96 ± 0.05
z (Fig. A.4) 4.54 ± 0.31 0.46 ± 0.02 0.11 ± 0.06 0.76 ± 0.09 0.12 ± 0.08 2.13 ± 0.05
Z (Fig. A.5) 6.74 ± 0.50 0.44 ± 0.03 0.11 ± 0.06 0.75 ± 0.10 0.11 ± 0.07 2.30 ± 0.06
Y (Fig. A.6) 4.97 ± 0.36 0.45 ± 0.02 0.11 ± 0.06 0.73 ± 0.09 0.10 ± 0.06 2.03 ± 0.05
J (Fig. A.7) 3.73 ± 0.24 0.46 ± 0.02 0.11 ± 0.06 0.74 ± 0.09 0.10 ± 0.06 1.89 ± 0.05
H (Fig. A.8) 4.08 ± 0.28 0.46 ± 0.02 0.11 ± 0.07 0.71 ± 0.08 0.09 ± 0.05 1.79 ± 0.05
K (Fig. A.9) 2.64 ± 0.18 0.48 ± 0.02 0.11 ± 0.06 0.72 ± 0.08 0.09 ± 0.05 1.57 ± 0.04

Table 2.3 The Bayesian expectation parameters for the early-type galaxy M⋆−Re relation according
to various population definitions. Parameters a and b are used for the single exponential in Eq. 2.2
and alpha, beta, gamma and M0 for the two component fit in Eq. 2.3. Also shown are the parameters
found by S03 (Sérsic cut population only).
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To illustrate the difference introduced by analysing the M⋆−Re relation in different
wave bands we have plotted the S03 M⋆ −Re relation without any correction of the
expected sizes (i.e. z-band sizes; black solid line, Fig. 2.3a) and with sizes corrected
to reflect r-band sizes (black dot-dashed line, Fig. 2.3a). To correct the S03 M⋆−Re

relation we use the wavelength dependent size relation for disks and spheroids found by
Kelvin et al. (2012) to establish a ratio of the sizes between the r- and z-band of 1.075
for the late-types and 1.123 for the early-types sizes. We then multiply the sizes obtained
for the S03 late-type relation by these ratios. The resulting shift moves the early-type
S03 M⋆−Re relation further onto our galaxy distribution, however, it is steeper than our
observed relation. For late types we still see an offset between the S03 M⋆−Re relation
and our data.

Fig. A.4 (top panel) shows the direct comparison between the S03 and our M⋆−Re

relation in the z-band. Even though the same waveband is compared here we still see an
offset between the two relations. For the early-types this equates to S03 sizes being on aver-
age 1.1kpc smaller than our sizes at most galaxy masses but larger at M∗ & 2×1011M⊙.
However, in this regime our M⋆ − Re relation is not well constrained. For late-type
galaxies we have a median size offset between S03 and our sizes of ∼0.9kpc. The main
contributing factors to this discrepancy are likely to be our deeper data and the use of
elliptical semi-major axis Re as opposed to circularised Re used in S03. The former causes
the observed differences in the slope while the latter shifts our M⋆−Re relation to larger
sizes. Using elliptical semi-major axis radii instead of circularised sizes also explains
the larger size offset for late-type galaxies, which on average have a higher (observed)
ellipticity than the early-type galaxies. Also note that for a fair comparison, the fits should
only be considered in the mass range in which the S03 relation was established, these are
log10(M⋆/M⊙)& 8.8 for late-types and log10(M⋆/M⊙)& 10.1 for early-types.

For the early-types, S03 found a single power law (Eq. 2.2) to be a good fit. In
Fig. 2.3, if we consider the same mass range then the S03 M⋆−Re relation seemingly
fits well onto our data. However, if we consider the entire mass range available we
find that the two component power law (Eq. 2.3) is a better fit due to some flattening in
the M⋆−Re distribution observed for low mass galaxies (in particular galaxies below
log10(M⋆/M⊙) . 10) and a steepening of the relation at the high-mass end. A similar
flattening was also observed for spheroids by e.g. Shankar et al. (2013) and Berg et al.
(2014) and could be related to dissipation processes during (gas-rich) mergers. In fact,
it has been known for some time that the elliptical M⋆−Re relation becomes flat for
small galaxies, especially when considering dwarf ellipticals (see section 2.3.4 for more
information). However, small elliptical galaxies (M < 1010M⊙) have been found to also
have smaller Sérsic indices (n<2.5) (see e.g. Graham et al. 2006) and thus the flattening
seen here is likely caused by cross-scattering of not-elliptical galaxies with higher Sérsic
indices. In addition, the flattening observed in our sample is based on very few galaxies
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which cannot constrain the M⋆−Re relation fit to Eq. 2.3 well and cause the fit to Eq. 2.2
to flatten considerably.

For the late-types, when considering the same mass-range, our data shows a similar
distribution (see Fig. 2.3) to S03, who found a two component power law to be a good fit
to the data. However, we find that our data, at fixed mass, has larger sizes than the S03
relation, even after the correction for the wavelength dependent sizes (due to the use of
circularized sizes in the S03 fit). In addition, the fit to Eq. 2.3 has a high ‘transitioning
mass’ M0, of the order of a few 1011M⊙, which lies beyond most galaxy in our sample (at
least 99.5% of galaxies have masses below M0 in any band). Hence, over the mass range
observed, the two component fit (Eq. 2.3) is driven to a single exponential fit with slope α

in our MCMC fitting. In addition, fitting parameter α is, within the errors, not dissimilar
to fitting parameter b from Eq. 2.2. This makes the fit to the two-component power law
superfluous over the mass range observed here.

Alternative Sérsic population separators

As pointed out previously, the flattening observed in the early-type M⋆−Re relation in
our Sérsic index divided sample might be due to the inclusion of galaxies that in reality
belong to the morphologically classified late-type population. One possible cause of this is
that a separation of the population at n=2.5 is a poor description of the actual distribution
of the Sérsic indices in our sample. We expect a bimodality in the Sérsic index distribution
with late-type galaxies tending to n=1 and early-type galaxies to n=4. To check this we
plot the Sérsic index distribution in the top panel of Fig. 2.4. However, we see no clear
separating Sérsic index between early- and late-type populations.

Bimodalities are most evident when the two populations are seen in equal numbers.
However, over the whole mass range probed in our sample we have more late-type than
early-type galaxies especially at lower masses. In addition, elliptical galaxies tend to have
lower Sérsic indices at lower masses ( M . 1010M⊙). Hence, including these low-mass
galaxies will skew the distribution of Sérsic indices towards smaller numbers making the
bimodality less obvious. This can also be seen in the top panel of Fig. 2.2, which shows
that galaxies with high Sérsic indices (n>2.5) tend to have masses above 1010M⊙ and
most galaxies with masses < 109M⊙ have Sérsic indices n<2.5. The few galaxies that
have low masses (∼ 1010M⊙) and high Sérsic indices (n>2.5) are the ‘cross-scatter’ we
see in the above M⋆−Re relation.

Fig. 2.5 shows the same data as Fig. 2.2, however, the data points are colour coded
by the visual classification. The top panel shows that there is a lot of cross-scatter of
morphological late-types (i.e. not-elliptical galaxies) into the high-n region as well as
morphological early-types (i.e. elliptical galaxies) into the low-n region.

Since the dispersion around the mean for late-types is already large, including these
cross-scattered galaxies in the late-type sample has little effect. However, including the
cross-scattered galaxies in the early-type sample increases the dispersion and changes the
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Fig. 2.4 The top panel shows the histogram for the Sérsic index distribution in the r-band. There is
no clear bimodality visible in the distribution, i.e. there is no trough between the two populations.
Instead number counts plateau after the initial peak (n∼1) before falling off further after the second
‘peak’ (n∼4). The black vertical line shows the chosen Sérsic index separator n=2.5.
The middle panel shows the histogram of the (u-r)stars dust corrected restframe colour distribution.
As before there is no clear bimodality, however, the first peak seems clearer than in the Sérsic index
distribution. The vertical black line indicates the used threshold of 1.5.
The bottom panel shows the histogram of the (g-i)stars dust corrected restframe colour distribution.
Again the bimodality is not very clear and the threshold set to 0.65 (black vertical line).
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M⋆−Re relation, especially at lower masses. Considering this we find that an alternative
(but rigid) Sérsic index cut would not improve the M⋆ −Re relation fits and we will
concentrate on other possible population separators which are discussed in the following
sections.

2.3.2 M⋆−Re Relation: division by colour

Here we investigate the identification of early- and late-type galaxies depending on two
different colour selections. We have adopted the dust corrected (u-r)stars colour division
and the dust corrected (g-i)stars colour division.

The two middle panels of Fig. 2.2 show the 3D distribution of the dust corrected
(u-r)stars colour and (g-i)stars colour vs galaxy stellar mass with the data points coloured
by their Sérsic index (panel b and c respectively). Both colour distributions show that, in
comparison to the Sérsic index distribution, a distinction between late- and early-types
should be clearer with two unconnected population centres visible in the plot. The middle
and lower panel of Fig. 2.4 show the histograms of the (u-r)stars and (g-i)stars colours
respectively. The peak of the late-type population appears somewhat clearer in the colour
histograms than it is in the Sérsic index histogram and we chose the population division at
a point were the late-type populations become reduced and starts to plateau towards the
early-type population. We set the population cuts to (u-r)rest = 1.5 and (g-i)stars=0.65.

This population separation results in 5912 late-type galaxies and 2487 early-type galax-
ies using the (u-r)stars colour division and 5876 late-types and 2523 early-types using the
(g-i)stars colour division. The M⋆−Re fit to the early- and late types divided by colour can
be seen in Fig. 2.3b for the (u-r)stars colour cut and panel c for the (g-i)stars colour cut. The
fit parameters are given in Tables 2.2 and 2.3, we fit the same equations as for the Sérsic
division (Eq. 2.2 and 2.3).

Comparing the M⋆−Re relations derived using a colour division to those derived by
a Sérsic division we find a reduced number of galaxies at low masses (M∗ & 109.4M⊙,
as these galaxies have been moved into the late-type sample. However, these additions
to the late-type sample lead to a slight steepening in the M⋆−Re relation for the single
exponential fit and the transition mass ‘M0’ in the double power law fit is reduced to the
order of several 1010M⊙ which is at the upper limit of our data. Overall the fit to Eq. 2.2 is
a good approximation of the M⋆−Re relation for late-types, especially in the lower mass
range (when compared to the curved relation). The early-type M⋆−Re relations of both
colour cuts continue to show some flattening for galaxies with M∗ & 2×1010M⊙ and the
double power-law fits remain largely unchanged compared to the Sérsic index early-types.
However, for most bands we observe a steepening of the single power law fit to the data.
This is largely due to the move of low-mass (M . 109.4M⊙) galaxies into the late-type
sample. Overall the single power law is a good approximation of the data. However, due
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to the low-mass flattening of the M⋆−Re distribution the single power law fit is not steep
enough to fit very massive galaxies (with M > 1011M⊙) well and hence the double power
law fit should be considered instead.

2.3.3 M⋆−Re Relation: Combined Sérsic index and colour division

A rigid cut by either colour or Sérsic index will never be a good representation for early-
and late-type galaxy populations, especially since the early-/late-type classification itself
is not rigid. Figures 2.2 and 2.4 show that neither the Sérsic index nor the colour are
definitive separators for the early- and late-type populations. The Sérsic index in particular
does not show a clear bimodality and the colour distributions show a slightly sharper peak
for the blue galaxies which plateaus and then transitions into the red galaxies. This is
not surprising if we take into account that often early-types are associated with elliptical
galaxies and late types with non-elliptical galaxies (Robotham et al., 2013), this will lead
to a significant overlap of the populations if only colour or Sérsic index are considered
as a true representation of the galaxy morphology. This point is discussed in detail by
(Taylor et al., 2014) and can be seen in the r-band Sérsic index vs (u-r)rest colour plot
(bottom panel of Fig. 2.2). The plot shows two populations, one in the blue colour and low
Sérsic index region and the other in the red colour and high Sérsic index region. In the plot
the data points are coloured according to their mass also showing that most early-types
(i.e. high-n and red) are more massive than late-type (i.e. low-n and blue) galaxies. The
contours show the data density and the blue dashed lines show the previously chosen
separators for Sérsic index and colour. The plot shows that choosing the (u-r)stars colour as
a separator reduces the cross-contamination compared to the Sérsic index cut. But it is also
clear that neither colour nor Sérsic index are ideal separators and a combined Sérsic index
and colour cut should improve the separation of the early- and late-types. The solid black
line in the bottom panel of Fig. 2.2 shows a separation of the two populations that depends
on both the (u-r)stars colour and the Sérsic index. It is a ‘best population division’ line,
with a slope that is orthogonal to the connecting line between the two population centres
(marked by the crosses) and an intercept that is chosen in such a way that the bijective
assignment to the (visually classified) morphological elliptical/ not-elliptical classification
(see section 2.3.4) is maximised, i.e. the probability of correctly assigning a galaxy as
either early- or late-type is maximised. The resulting division line splits the sample into
6748 late-type galaxies and 1651 early-type galaxies. This division line is calculated for
each band and the equation is given in panel d) on all M⋆−Re relation plots.

The resulting M⋆−Re relation is plotted in Fig. 2.3d. There are even less low-mass
galaxies included in the early-type population compared to previous cuts. This leads to a
steepening of the fit to Eq. 2.2, whereas the fitting parameters to Eq. 2.3 continue to remain
mostly unchanged. The fitting parameters to the single power law for the late-types also
remain largely unchanged. Whereas the double component power law still has a fairly high
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‘transitioning mass’ M0 (∼ 1010M⊙) and a slope α that us to shallow to describe the low
mass galaxies well (M . 109M⊙). Using the rolling Sérsic index and colour cut we find
that a single power law fit to the data is sufficient to describe the M⋆−Re distribution of
both the early- and late-types.

Comparing the fitting parameters for all the above discussed cases shows that they are
quite robust to changes in the chosen population separator, that is if we consider Eq. 2.2
for late-types and Eq. 2.3 for early-types only. The more dominant changes come from
the chosen sample, e.g. the mass range probed or circular vs semi-major axis radii. This
becomes apparent when comparing our sample with the S03 relation. For example if we
compare the single power law fit for the early-type galaxies in this section with the fit
found by S03 we find that the slope is comparable due to the exclusion of many low-mass
galaxies in this particular sample selection.

The remaining question is, are any of the chosen separators in fact good enough to
describe the underlying populations satisfactorily, i.e. how do the above M⋆−Re relations
compare to the relations found for a visually classified morphological early-/late-type
sample?

2.3.4 M⋆−Re Relation: division by morphology

We use the elliptical/not-elliptical visual classifications as defined by Driver et al. (2013)
who used Hig colour images to classify the GAMAmid sample. Our morphological sample
consists of 2010 elliptical galaxies, 6151 not-ellipticals and 231 little blue spheroids (LBS
hereafter). LBS are galaxies that look spheroidal (i.e. elliptical-like) but are blue in colour
and typically small (median size ∼1.3kpc) and do not fit in well with either our elliptical
or not-elliptical sample (see Kelvin et al. 2014a for initial identification of this sample in
GAMA and Moffettt et. al in prep. for more details on the nature of these galaxies).

Fig. 2.5 shows the population distribution in four different panels (as Fig. 2.1), from
top to bottom these are: stellar mass vs Sérsic index, (u-r)stars colour vs stellar mass,
(g-i)stars colour vs stellar mass and (u-r)stars colour vs Sérsic index. The galaxies classified
as ellipticals are shown in red, not-elliptical in blue and the LBS are black. A significant
cross scatter of the elliptical and not-elliptical galaxies can be seen in all plots. This means
that around 30 to 40% of the galaxies classified as early-types using a rigid population
separator are actually ’not-elliptical’ galaxies according to their visual classification.

However, even though the size of the cross-scatter is similar in all three cases the Sérsic
index cut has the worst sample contamination due to the number of LBS galaxies and
other low-mass but high-n not-elliptical galaxies classified as early-type. The inclusion of
the LBS and low-mass but high-n galaxies influences the early-type fit which can be seen
in the Sérsic index cut M⋆−Re relation as the low mass flattening discussed previously.
The presence of low-n and low-mass elliptical galaxies we see is also expected, see e.g.
Graham & Guzman (2003) who show that there is a continuous downward trend of the
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Fig. 2.5 The distribution of the galaxies in our sample plotted for the same sub-plots as Fig. 2.2 but
with the data points colour coded according to the visual classification assigned to them. The blue
dashed lines indicate the chosen Sérsic index colour population separators and the black solid line
in the lower panel shows the combined (u-r)stars colour and Sérsic index cut.
Two distinct populations of elliptical and ‘not-elliptical’ galaxies can be seen. In addition we see a
population of little blue spheroids which mostly scatter across the ‘not-elliptical’ population but in
the case of a Sérsic cut also scatter onto the elliptical population.
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Sérsic index with luminosity (their Fig. 10). However, their inclusion in the late-type
sample and exclusion from the early-type sample is not a driving factor in the M⋆−Re

relation fit of the late-types.
In the case of the colour cuts and the rolling colour and Sérsic index cut, the late-type

galaxies misclassified as early-types are not as clearly distinguishable from the actual
elliptical galaxies, i.e. there are less outliers like red and low-mass or red and low-n
galaxies. The distribution of these misclassified ‘early-types’ in the stellar mass – colour
space and the colour – Sérsic index space is similar to that of the ellipticals, hence the
resulting M⋆−Re relations have less low mass contamination.

We fit the M⋆−Re relation according to the visual classification and the resulting fits
can be seen in Fig. 2.3e and the fitting parameters are given in Tables 2.2 and 2.3.

The M⋆−Re relation fit to the early- and late-type populations according to their
visual classifications shows that early-type galaxies have a distribution with little scatter
but late-type galaxies still display a large dispersion. As seen in the previous sections the
fitting parameters remain relatively robust to the slight changes in the overall population
sample. In addition, the double power law fit to the late-types has a very high value for
M0 (a few 1011M⊙) which means the fit tends to a single power-law over the mass range
observed. We do again observe the turn off and flattening of the early-type relation, hence
we recommend using the double-power law fit to the early-type galaxies. If however a
single power law fit is required for comparisons we caution that the relation shown here
underestimates the very high mass end of the distribution. If these galaxies are of particular
interest we provide a single power law fit to the early-type (late-type) M⋆−Re relation for
galaxies with M∗ > 2×1010M⊙ (M∗ > 2.5×109M⊙) in Appendix A.2.

The low mass flattening of the elliptical M⋆−Re relation

Fig. 2.3 shows that early-type galaxies (right hand panel) show evidence of a low mass
(M∗ . 1010M⊙) turn off in the M⋆−Re relation. Hence a curved relation fit is needed
when lower mass early-type galaxies are present in the sample. However, we caution again
that not all early-type descriptors represent the underlying elliptical population well and
the low mass end of the distribution should be treated with care.

Here we show that elliptical galaxies indeed have a flattened M⋆−Re relation at the
low mass end (M∗ < 1010M⊙, see e.g. Graham 2013 and references therein) and that the
apparent turn off visible in our distribution of early-type galaxies is in good agreement
with a sample of low mass elliptical galaxies from Graham et al. (2006).

Fig. 2.6 shows a comparison between the g-band distribution of elliptical galaxies in
this paper (as Fig. A.2) and the sample of elliptical galaxies from Graham et al. (2006).
The red points show the distribution of our g-band data and the red and green lines are
the corresponding fits to Eqs. 2.2 and 2.3 respectively. The black triangles show the
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Fig. 2.6 The plot shows a comparison of our data (same as bottom panel in Fig. A.2) with data from
Graham et al. (2006) shown as black triangles with their predicted curved relation in purple. For
the mass-range probed in this paper the turn off is not very prominent and a linear M⋆−Re relation
is a good approximation for the M⋆−Re distribution. However, if more low mass ellipticals are
included then the flattening of the M⋆−Re relation becomes evident and a curved relation is needed
to fit the data well.
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elliptical galaxies from Graham et al. (2006) and the curved purple line shows the expected
relation presented in the same paper. The curved line is derived from considerations of
the Mgal −⟨µ⟩e relation (Graham & Guzman, 2003) and the luminosity relation, Lgal =
10−Mgal/2.5 = 2

(
πR2

e⟨I⟩e
)
.

The sample of elliptical galaxies in Graham et al. (2006) is presented in B-band
magnitudes, which have to be converted to stellar masses. To calculate the stellar mass
from the given absolute B-band magnitudes we first convert from B-band to g-band absolute
magnitudes. According to Eq. A5 in Cross et al. (2004) we have B = g+0.39(g−r)+0.21
and we adopt the mean colour of our elliptical population of (g− r) = 0.71. The mass
(M ) is simply given by

M =
M

L
100.4(M⊙−Mgal), (2.9)

where, instead of a constant mass-to-light ratio (M
L ), we use the mass and luminosities of

our elliptical galaxies to establish the change of M
L with the absolute g-band magnitude:

(
M

L

)

g
= 10−0.047Mg−0.608. (2.10)

It is obvious from Fig. 2.6 that a curved relation is preferred when considering all
elliptical galaxies from dwarf to giant ellipticals. Yet it is also clear that with the data
available in our sample we do not observe enough low-mass (i.e. M⋆ < Mlim) galaxies to
robustly constrain this curved relation. Considering this we stress again that even though
we recommend using the linear M⋆−Re relation fits to our data, these should only be
compared to other data available in a similar mass range

(
i.e. 109M⊙ < M⋆ < 1011M⊙

)
.

At lower masses a curved relation is preferred, but we caution that the curved fits provided
in this paper are not well constrained for very low mass elliptical/ early-type galaxies.

2.4 Wavelength dependence of galaxy sizes

We investigate the wavelength dependence of galaxy sizes using the results of the M⋆−Re

relation fits to our visually classified early-/ late-type sample. The top panel of Fig. 2.7
plots the M⋆−Re relation fits to Eq. 2.2 in the grizZYJHKs bands for our late-types on
the left and early-types on the right (we show the fits to Eq. 2.3 as the dashed and lighter
coloured lines, to illustrate the effect of the turn-off of the early-type M⋆−Re relation at
lower masses). It is clear that the early-type relation is steeper, and typically has smaller
sizes, than the late-type relation with both M⋆−Re relations approaching similar sizes at
M⋆ = 1011M⊙. For both the late-type and early-type M⋆−Re relation we see a smooth
progression of the expected size with wavelength from g-band to Ks-band.

However, it is also apparent that the M⋆−Re relations are not parallel and the offset
is a function of stellar mass. The bottom left panel of Fig. 2.7 plots the size change with
wavelength for the late-types for two different masses, M⋆ = 109M⊙ and 1010M⊙. We
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Fig. 2.7 The top panel shows the visually classified morphological late- and early-type grizZYJHKs

M⋆−Re relations, in the left and right hand side plots respectively. We use the M⋆−Re relation
fits to Eq. 2.2 in our size-wavelength considerations, but the M⋆−Re relation fits to Eq. 2.3 are
shown for comparison for early-types galaxies in the top right plot (dashed, lighter coloured lines).
The bottom panel shows the corresponding size-wavelength variation with sizes calculated for
different masses. We also show the best fit linear relation of the size-wavelength variation for each
mass (fit parameters can be found in Table 2.4). In addition, we show the relations found by Kelvin
et al. (2012) as the grey dashed line which was obtained over the entire mass range sampled in their
paper.
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a) Late-type size-wavelength variation
Case relation

109M⊙ log10(Re) =−0.116 log10(λ )+0.717
1010M⊙ log10(Re) =−0.105 log10(λ )+0.887
Kelvin et al. (2012) log10(Re) =−0.189 log10(λrest)+1.176

b) Early-type size-wavelength variation
Case relation

1010M⊙ log10(Re) =−0.104 log10(λ )+0.548
1011M⊙ log10(Re) =−0.101 log10(λ )+1.004
Kelvin et al. (2012) log10(Re) =−0.304 log10(λrest)+1.506

Table 2.4 The size-wavelength variations of late and early-types for different masses.

did not investigate the size-wavelength trend at M⋆ = 1011M⊙ since we can not constrain
the M⋆−Re relation well due to small number statistics.

Overall we observe a reduction in size (g to Ks band) for the late-types of 16%, and 13%
at M⋆ = 109M⊙ and 1010M⊙ respectively. This is less than the size variation observed
by Kelvin et al. (2012) and Vulcani et al. (2014). The best fit linear relations describing
the size change in kpc with wavelength are shown in Table 2.4. We have established a
best fit linear relation for all masses probed and also present the relation found by Kelvin
et al. (2012) for comparison. Please note that we did not correct our wavelengths to the
restframe due to the limited redshift range sampled.

The bottom right panel of Fig. 2.7 plots the size change with wavelength for the early-
types for two different masses, M⋆ = 1010M⊙ and 1011M⊙. We did not investigate the
expected size variation around M⋆ = 109M⊙ since our sample does not have a sufficient
number of galaxies at low masses and hence the M⋆−Re relation is not well constrained.
For the early-types we observe a size reduction from g to Ks band of 13% and 11% at
M⋆ = 1010M⊙ and 1011M⊙. This is significantly less than the change reported in Kelvin
et al. (2012) who found a size reduction of 38% for their full early-type sample.

We believe that this reduction in observed size variation, both for early- and late-types,
is due to the switch from the shallower UKIDSS YJHK imaging data to the deeper VIKING
YJHKs imaging data. The spheroid population typically has high Sérsic index values (i.e.
n∼4) which means they have very extended lower surface brightness wings which can lead
to an overestimation of the local sky level. However, with the improvement of the imaging
data switching from UKIDSS to VIKING these galaxy wings become detectable above the
noise level and we recover larger radii during the light profile fitting. Galaxy disks are less
affected by this since their low Sérsic index (n∼1) means they do not have low surface
brightness wings which contain a significant flux contribution.
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We attribute the observed size variation in the late-type galaxies to dust attenuation
which would preferentially obscure the central regions of galaxies and thus cause an
artificial shift to higher effective half-light radii in the shorter optical bands. As such,
this effect should be more prominent in disk galaxies which are dustier than spheroid
galaxies. In fact the observed size change is in agreement with expected values, see e.g.
Pastrav et al. (2013a) who predict an effect of ∼15% on the sizes of disks due to dust
attenuation. However, the observed size drop of ∼13% in our spheroid sample, which
typically have no dust associated with them, suggests that other effects also influence the
observed size variation of galaxies, such as stellar population or metallicity gradients and
the two component nature of galaxies (see Vulcani et al. 2014, who have also noted this),
i.e. generic inside-out formation histories with disks continually growing through gas infall
and spheroids accreting in minor merger events.

It is also interesting to note that we see a slight decrease of the size-wavelength
dependence of galaxies with increasing mass across the early- and late-types. We are not
certain if this trend is real (we only sample a small number of masses) nor do we fully
understand the cause of this trend, if it is indeed significant. However, it would generally be
consistent with downsizing (i.e. massive systems form faster, Thomas et al. 2005). In this
context the massive galaxies are likely to be the oldest in our sample and hence would have
had more time to re-distribute their stellar populations (in part aided by major mergers, see
e.g. Conselice 2014) so that we see less stellar population (or colour) gradients and hence
their Re and Sérsic index should change less with wavelength. In contrast for the less
massive, and probably younger, galaxies we potentially see the traces of their accretion
history (including minor mergers), where we have an older more centrally concentrated
stellar populations and a younger more wide spread stellar population. This would be in
accordance with the inside-out growth scenario for galaxies (e.g. Hopkins et al. 2009).

2.5 Discussion and Summary

We use a sample of GAMA galaxies with redshifts between 0.01≤z≤0.1 and magnitudes
of r <19.8 mag to study the M⋆−Re relation in the ugrizZYJHKs bands. To establish a
comprehensive set of z=0 M⋆−Re relations we first set up a common sample of 8399
(6154) galaxies in the g−Ks (u−Ks) bands with high quality galaxy profiles in all bands.
We also carefully consider our selection boundaries and find that our data lies within the
observable window, allowing for an unbiased fit to the M⋆−Re relation. Furthermore we
split the sample into early and late-type using several common separators:

1. the Sérsic index,

2. the dust corrected restframe (u-r)stars colour,

3. the dust corrected restframe (g-i)stars colour,
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4. a combined (u-r)stars colour-Sérsic index cut and

5. the visual morphology of galaxies.

The resulting early- and late-type populations are fit with two functions, a single power
law and a two-component power law. For the late-type samples, the two-component power
law shows some variation with the ‘transition mass’ M0 changing significantly for different
chosen separators. This is not surprising since we leave M0 as a free parameter in contrast
to the S03 fits where M0 was set at the point at which the dispersion of their data changes
and moves from ‘high’ to ‘low’ mass galaxies. As such M0 is only an artificial ‘transition
mass’ in our fits and no real physical meaning can be assigned. In addition, we find that
most parameters of Eq. 2.3 change significantly with the different cuts whereas parameter
b in Eq. 2.2 stays remarkably constant and only the intercept changes with the chosen
separator (indicating the biases introduced by the different separators). Considering this
we find that the single power law fit is sufficient to describe the data and recommend using
it as the canonical reference in comparison with other data sets.

For the early-types however we find that the two-component power law has more
robust results than the single-component power law due to the flattening of the M⋆−Re

distribution. We recommend that a move to a curved relation for the elliptical (early-types)
galaxies is necessary (such as seen in Graham et al. 2006). However, if mostly high-mass
elliptical galaxies are studied a single-component power law may be sufficient, but we
caution that the slope for the single-component power law in Table 2.3 describes the
overall sample and hence is too shallow to describe a sample of only high-mass galaxies
adequately. For those cases when a linear comparison is needed we provide additional
M⋆−Re relations for early-type galaxies with masses of M⋆ > Mlim = 2×1010M⊙ (fit
to Eq. 2.2) in Appendix A.2.

Table 2.5 shows the percentage of galaxies that have been correctly classified as early-
or late-type according to our visual classification and the overall likelihood that a galaxy is
correctly identified as either early- or late-type. We have divided our sample into high and
low mass galaxies using the mass limit established for a volume limited sample (i.e. low
mass galaxies have masses of M⋆ < Mlim = 109.4M⊙). This allows us to better quantify
which separator performs best and at which mass range the most problems are encountered.

On the basis that we want the most reliable selection for a sample of morphological
late type galaxies we find that the (g− i)stars colour cut performs the best at higher masses
(Table 2.5b, c) and the Sérsic index performs best at low masses (Table 2.5a). The most
reliable early-type selection is given by the rolling cut for higher masses (Table 2.5b, c)
and the (g− i)stars colour at low at masses (Table 2.5 a). The rolling cut failed at the low
masses due to low number statistics. Since, by definition, the rolling cut maximizes the
bijective probability of the galaxies being correctly identified as early- or late-type (in
terms of morphology) it is biased towards the higher mass galaxies where most ellipticals
can be correctly identified. Hence out of the 35 low-mass galaxies identified as early-type
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a) M⋆ < Mlim
Case late-type × early-type = bijective
Sample size 87.8% 2.6%
Sérsic index 0.896 0.139 0.125
(u-r)stars 0.882 0.189 0.167
(g-i)stars 0.883 0.242 0.214
rolling cut 0.878 0 0

b) M⋆ > Mlim
Case late-type × early-type = bijective
Sample size 70.5% 27.9%
Sérsic index 0.874 0.653 0.57
(u-r)stars 0.879 0.623 0.548
(g-i)stars 0.881 0.614 0.544
rolling cut 0.835 0.723 0.604

c) entire sample
Case late-type × early-type = bijective
Sample size 73.2% 23.9%
Sérsic index 0.879 0.636 0.559
(u-r)stars 0.88 0.616 0.542
(g-i)stars 0.881 0.613 0.54
rolling cut 0.844 0.722 0.61

Table 2.5 The table shows the fraction of late- and early-type galaxies which are classified as
not-elliptical or elliptical for the four rigid population cuts. In addition we calculate the (bijective)
probability of any galaxy in the sample having been correctly associated with the morphological
early- and late-type classifications. From top to bottom we show this for galaxies a) below the
mass limit; b) galaxies above the mass limit and c) the entire sample. In each case we also show
the percentage of the entire sample that were visually classified as either elliptical (early-type)
or not-elliptical (late-type). The sample sizes do not add up to 100% and the missing fraction is
represented by the LBS.
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using the rolling cut none of them are found to be elliptical galaxies.
We find that a Sérsic-index selection is the least reliable selection that we have considered
for discriminating between morphological early- and late-type galaxies. The inspection
of the low mass (M⋆ < Mlim = 109.4M⊙) cross-scatter seen in the early-type sample
using the Sérsic index cut shows that these galaxies are predominantly blue in colour (i.e.
(u−r)stars < 1.5), have a median size Re ∼ 1.2kpc and have comparably low Sérsic indices
(that is 53% have a Sérsic index n<3 as opposed to only 23% for the entire early-type
sample) hence most of this population was likely missed in the S03 analysis.

Consequently the low mass galaxies which are moved into our early-type sample by the
Sérsic index cut cause a flattening in the M⋆−Re distribution. This flattening is not unlike
that seen for the elliptical galaxies but should not be confused with it since in the low mass
cross-scatter is predominantly made up of morphological late-type galaxies. The flattening
of the M⋆−Re relation fit could become even more significant when using other (less
robust) fitting routines or further expanding the low mass end of the data set. We advise
caution when considering the Sérsic index to split a data set into early- and late types espe-
cially if the early-type galaxies are of particular interest and low mass galaxies are included.

Even using our simple morphological classification of elliptical and not-elliptical to
distinguish the early and late-type galaxies, we can see a correlation with colour and Sérsic
index, but they are by no means synonymous with the morphological classification. Using
generic/rigid separators to divide the galaxy population into early- and late types should be
used with caution and most importantly wherever possible the same separation schemes
should be compared. If morphological information is unavailable both a division by dust
corrected colour or a combined Sérsic and colour division are good alternatives to separate
the early- and late-type galaxies. We find that our (g− i)stars colour performs slightly
better than our (u− r)stars colour. However, this is likely an effect of the poorer imaging
quality in the u-band which translates to a slightly less reliable (u− r)stars colour. Overall,
the Sérsic index is the least desirable separator, especially if the sample extends to lower
masses (see Fig. 2.2).

In addition to the various population separators we have analysed the M⋆−Re relation
in 10 imaging bands, ugrizZYJHKs. Fitting in each band is done for all five population
separators using the fitting routines as described for the r-band data in Sec. 2.3. This
is important for various reasons such as the change in population make-up when using
non-morphological early-/late-type cuts. The most noticeable effect is the observed change
in galaxy size with wavelength (La Barbera et al., 2010; Kelvin et al., 2012; Häussler
et al., 2013; Vulcani et al., 2014; van der Wel et al., 2014), which could be caused by
dust attenuation and/or the inside out growth of galaxies which causes different stellar
populations to be observed at different wavelengths and hence is an effect of both a change
in colour as well as Sérsic index. This effect will also be important when comparing to
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high redshift data due to the shift in restframe wavelength. It is therefore imperative to
take the change in size, as well as the population make-up due to colour and Sérsic index
changes, into account when studying the growth of galaxies.

Finally, we have studied the size-wavelength dependence using the M⋆−Re relation
fits to the grizZYJHKs for early- and late-types as classified by their visual morphologies.
We confirm the presence of a size-wavelength dependence for both early- and late-type
galaxies. However, we find that the previously reported size drop of 38% for early-types
(Kelvin et al., 2012) has likely been an overestimation which can be attributed to the
limiting near-IR imaging data quality. In our analysis we have used VIKING ZYJHKs

instead of UKIDSS YJHK band imaging data and find that late-type galaxies experience
an average size drop of ∼14% and early-type galaxies a size drop of ∼12%, much less
than previously reported.
It is also interesting to note that the observed change in galaxy size with wavelength might
depend on the mass-range probed. However, this trend needs further investigation and
might actually depend on the (imaging) quality of the data.

In this paper we have presented the M⋆−Re relation for local galaxies in 10 imaging
bands, ugrizZYJHKs, using five different early-/late-type separators to split the galaxy
population. This extensive collection of various M⋆−Re relations should allow for the
convenient comparison of our local M⋆−Re relation with other local relations as well as
high redshift relations using the same restframe wavelength population separation criteria.

In future work we will expand our analysis to look in more detail at disks, spheroids
and galaxy components. The study of the M⋆−Re relation by galaxy type and component
will lay the foundations for more thorough comparisons with intermediate to high redshift
data. For example, it has been put forward that compact high redshift galaxies are actually
the cores of modern day galaxies (see e.g. Driver et al. 2013; Dullo & Graham 2013).
To confirm this, it is necessary to establish a robust M⋆−Re relations of local galaxy
components for comparison. Additionally, we can further test evolutionary models by
studying the connection between angular momentum and galaxy size, more specifically we
will study the mass-spin-morphology relation using the disk M⋆−Re relation of galaxies.

Addendum

In Appendix A.3 we provide updated M⋆−Re relation fits to Eq. 2.2 using a fiducial point
of 1010M⊙. This is done since the fitting parameters are more robust if they lie within the
range of the data.



Chapter 3

Interlude I - GAMA-II visual
morphology classification

The work in this interlude appeared as part of Moffett et al. (2016a). Here I describe the
aspect of the work, the visual morphology classification, in which I was involved. These
classifications are then used in Chapters 4, 5 and 6.

The visual morphology sample consists of GAMA-II data in the redshift range of
0.002 < z < 0.06 and totals 7556 galaxy-like objects. Galaxies are classified onto the
Hubble sequence following the method outlined in (Kelvin et al., 2014a). The classification
tree consists of simple, essentially binary, statements where we first split the sample into
disk and spheroid dominated galaxies at the top level. Additionally we also separate
little blue spheroids (LBS, galaxies that look elliptical-like but are compact and blue)
and non-galaxy objects such as stars and artefacts at the top level. This is followed by
1312 A. J. Moffett et al.

Figure 3. Morphological classification hierarchy used to filter the GAMA-II sample of 7554 galaxies into their appropriate class. The label LBS indicates the
‘little blue spheroid’ galaxy class. Beneath each label are the number of galaxies in the master classification bin for that group and an indication of the fraction
of our total sample this group constitutes (fractional contributions as a function of stellar mass are illustrated along with associated error bars in Fig. 5). Objects
classified as artefacts (2) are not shown.

dominated accounting for 22.4 per cent (1,692). Additionally,
0.3 per cent (23) of our sample data are classified as ‘stars’, and
11.5 per cent (868) as ‘LBSs’ (see summary of category counts in
Fig. 3). Close to half of our sample, 46.9 per cent (3,554), is visu-
ally classified as Sd-Irr type, with elliptical galaxies accounting for
11.5 per cent (865) of the sample. Spheroid-dominated multicompo-
nent systems account for 10.9 per cent (827) of the sample, of which
9.6 per cent (80) are visually barred. Disc-dominated multicompo-
nent systems account for 18.9 per cent (1427) of the sample, of
which 13.5 per cent (192) are visually barred. These classifications
will be used throughout the remainder of this work.

3.2 Maximum likelihood stellar mass function fits

We use the galaxy stellar mass estimates of Taylor et al. (2011)
derived using GAMA optical photometry and stellar population
synthesis modelling with a Chabrier (2003) initial mass function.
To derive total stellar mass estimates, we include the additional
mass scaling factors discussed by Taylor et al. (2011) that account
for light missed in finite-size GAMA apertures by comparison to
Sérsic measures of total flux from Kelvin et al. (2012). We note that
the typical mass correction required for our sample galaxies is small
(0.007 dex) and that our major results do not significantly change
even if the correction factors are omitted.

Since our full classified sample is apparent magnitude limited,
it has a varying mass limit as a function of redshift (see Fig. 1).
To maximize number statistics and allow us to extend stellar mass
function fits to a lower stellar mass limit than for the single mass-
limited sample of Kelvin et al. (2014b), we take a similar approach
to that of Lange et al. (2015) and define a volume-limited subsample

of our data with mass limits that are a sliding function of redshift.
Lange et al. (2015) define the appropriate mass limits as a function
of redshift to create individual volume-limited sample of GAMA-II
that is at least 97.7 per cent complete and unbiased with respect to
galaxy colour, and they make a selection in both redshift and mass
intervals to define a series of stepped volume-limited samples (see
red points in Fig. 1). We take this approach one step further and fit
a smooth function to the same mass limits as a function of redshift,
given by Mlim = 4.45 + 207.2z ! 3339z2 + 18981z3, and require
the sample we analyse in subsequent sections to have stellar mass
greater than the appropriate mass limit evaluated at its redshift (see
green points in Fig. 1).

Due to a known issue with the automated GAMA photometry that
may lead to erroneously bright magnitudes and high mass estimates
when a galaxy’s aperture is affected by the presence of a nearby
bright star, we choose to visually inspect the apertures for the 20
most massive galaxies in each morphology category in our sample.
For 26 objects, we identified apertures that were unreasonably large
given the galaxy sizes, which accordingly led to overestimated stel-
lar masses for these objects. These objects were primarily in the
Sd-Irr class (15 out of the 20 inspected), which is also the most
numerous class in our sample. We omit these objects from the sam-
ple when performing further stellar mass analysis, which should
cause minimal mass incompleteness due to their small fractional
contribution to each class.

To derive fits to the stellar mass distributions of various morpho-
logically defined subsamples of GAMA-II, we employ a parametric
maximum likelihood fitting method similar to one often used in
determining galaxy luminosity functions (e.g. Sandage, Tammann
& Yahil 1979; Efstathiou, Ellis & Peterson 1988). This method has
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Fig. 3.1 The visual morphology classification tree with the final numbers and fractions of each
objects in the different classes. The figure is reproduced, with permission, from Moffett et al.
(2016a).
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Fig. 3.2 A sample of the three-colour (giH) classification images for the different galaxy morphology
types. The figure is reproduced, with permission, from Moffett et al. (2016a).

further splitting the disk- and spheroid-dominated samples into single and multi-component
galaxies. The multi-component galaxies are then sorted into barred and un-barred, resulting
in our final Hubble type classifications of ellipticals (E), lenticular and early-type spirals
(S0-Sa, barred and unbarred), intermediate to late-type spirals (Sab-Scd, barred and
unbarred), disk-dominated spiral or irregular (Sd-Irr), LBS, and stars/artefacts1. The
classification tree is shown in Fig. 3.1, reproduced from (Moffett et al., 2016a), illustrating
the process of the classifications and giving the resulting split (percentage and number
counts) of our data into the different categories. Note, the artefact class is not shown on
this Figure, hence there are 2 object missing from the total counts in the top right corner.

The classification is done independently by three sets of observers (Driver/Ingarfield,
Kelvin/Mes̆tić , Robotham/Lange) using three-colour images based on VIKING H-band
(Sutherland et al., 2015) and SDSS i- and g-band (York et al., 2000) for the red, green and
blue channels, respectively. The images are scaled using the hyperbolic tangent function
and fixed to a physical size of 30 kpc on each side. Figure 3.2 shows some example
classification images reproduced from (Moffett et al., 2016a).

As the images are classified by pairs of classifiers, the visual inspection is essentially
done in two rounds with the initial classifier (SAI, UM, and RL ) independently sorting the
sample of 7556 objects using the classification tree described above. The resulting classifi-
cations were then reviewed by the paired set of classifiers, SPD, LSK and ASGR, who,
as the original classifiers of Kelvin et al. (2014a) also established the visual morphology

1Since our sample is selected to be extragalactic the ‘stars’ identified are typically star-galaxy blends or
point-like sources in other galaxies, such as star clusters. The artefacts usually are parts of a large galaxies
which has been shredded into several apertures during source finding.
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for GAMA-I. To establish the final classification at least two of the classifier pairs have
to agree on the class of the object. If all pairs disagree the classification defaults to the
classifier with the most experience, SPD.

In total we find a three-way agreement at the the top level of 78.7% and 83.9% for
the spheroid and disk dominated galaxies and 53.1% and 60.9% for the LBS and star
classes. At the next level the consensus is 74.2% for single component and 66.9% for
multi-component galaxies, and finally 61% for barred and 56.6% for unbarred galaxies.
The general consensus decreases with the depth of the classification tree, which likely
reflects the difficulty of accurately classifying finer details in our sample which includes
many low mass galaxies (i.e. M⋆ < 109M⊙ and faint galaxies).

The final distribution of the visual morphology sample in the redshift – stellar mass
plane is shown in Fig. 4.1 where the points are colour coded by their Hubble type. The
Figure demonstrates that our classification is not biased with redshift, as all Hubble types
are identified over the entire redshift range probed. Furthermore it shows the expected
mass segregation with the Sd-Irr and LBS galaxies occupying the lowest stellar masses
and progressively more early-type galaxies extend to higher stellar masses.





Chapter 4

Galaxy And Mass Assembly (GAMA):
M⋆−Re relations of z = 0 bulges, disks
and spheroids

Abstract

We perform automated bulge + disc decomposition on a sample of ∼7500 galaxies from
the Galaxy And Mass Assembly (GAMA) survey in the redshift range of 0.002<z<0.06
using SIGMA, a wrapper around GALFIT3. To achieve robust profile measurements we
use a novel approach of repeatedly fitting the galaxies, varying the input parameters to
sample a large fraction of the input parameter space. Using this method we reduce the
catastrophic failure rate significantly and verify the confidence in the fit independently
of χ2. Additionally, using the median of the final fitting values and the 16th and 84th

percentile produces more realistic error estimates than those provided by GALFIT, which
are known to be underestimated.
We use the results of our decompositions to analyse the stellar mass – half-light radius rela-
tions of bulges, disks and spheroids. We further investigate the association of components
with a parent disk or elliptical relation to provide definite z = 0 disk and spheroid M⋆−Re

relations. We conclude by comparing our local disk and spheroid M⋆−Re to simulated
data from EAGLE and high redshift data from CANDELS-UDS. We show the potential of
using the mass-size relation to study galaxy evolution in both cases but caution that for a
fair comparison all data sets need to be processed and analysed in the same manner.
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4.1 Introduction

At the fundamental level galaxies are multi-component systems (see for example Buta
et al., 2010), consisting of at least a spheroid and/or disk. This is most obvious in the
Sérsic index – colour plane where the single component Sd and elliptical galaxies occupy
distinct peaks with composite galaxies (S0abc) scattered between and around these peaks
(see e.g., Driver et al., 2006; Cameron et al., 2009; Kelvin et al., 2012; Lange et al., 2015).
These components have very different characteristics with spheroids typically having a
featureless appearance and being pressure supported. disks on the other hand have features
such as spiral arms and are rotationally supported. Furthermore bulges are made up of
redder stars with moderate to high metallicities and a high α-element abundance, while
disks are made of younger, bluer stars with lower metallicities and typically are dust
and gas rich. Spheroids are older, showing little to no star formation and are typically
dust and gas depleted (see for example the review by Roberts & Haynes, 1994). The
simplest explanation for these stark differences is that spheroids and disks form via two
distinct mechanisms over two distinct eras (Cook et al., 2009; Driver et al., 2013), i.e. a
dynamically “hot mode” (spheroid formation) and “cold mode” (disk formation) evolution.

Traditionally the relative prominence of a bulge component is taken into account when
classifying galaxies onto the Hubble sequence (see Hubble 1926, and later revisions by
e.g., van den Bergh 1976; Kormendy & Bender 2012), however studying global properties
of galaxies by Hubble type could be misleading. For example, numerous evolution
mechanisms have been proposed to explain the morphological diversity seen at z = 0,
such as a (initial) major dissipative event, gas accretion, adiabatic contraction, major and
minor mergers and secular processes (see e.g., Hopkins et al., 2010; Trujillo et al., 2011;
L’Huillier et al., 2012; Cheung et al., 2013; Sachdeva et al., 2015). Each of these processes
potentially acts to modify the prominence of the bulge, disk or other components. This
indicates that galaxy components likely follow distinct formation pathways and structure
effectively encodes the formation history. Therefore, to study galaxy evolution bulge +
disc decomposition is critical.

While the number of studies of large samples which employ bulge + disc decompo-
sition to explore the nature of galaxies and their components is growing, the analysis is
challenging (see e.g., Allen et al., 2006; Gadotti, 2009; Simard et al., 2011; Bruce et al.,
2012, 2014; Lang et al., 2014; Tasca et al., 2014; Meert et al., 2015; Salo et al., 2015).
This is because multi-component fitting is notoriously difficult, especially when trying to
automate it for large samples. Nevertheless a number of publicly available codes have
now been created to allow bulge + disc decomposition, such as GIM2D (Simard, 1998),
BUDDA (de Souza et al., 2004), GALFIT3 (Peng et al., 2010) and IMFIT (Erwin, 2015).
Each code has advantages and disadvantages (see Erwin, 2015, for example for further
discussion), here we elect to use GALFIT3 because of its ability to manage nearby objects,
its computational reliability, and its speed.
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Many studies that fit 2-component Sérsic light profiles restrict the Sérsic index to n=1
for the disk and in some cases n=4 for the bulge (e.g. Simard et al., 2011; Bruce et al., 2012;
Lackner & Gunn, 2012; Meert et al., 2015). This reduces the number of free parameters
and ensures the fitting process is more robust but it restricts the possible interpretations of
the fitting outcomes, e.g. classical and pseudo bulges can not be differentiated this way. A
number of studies now show that the Sérsic index of disks and spheroids (be they pure or
component) vary smoothly with mass and luminosity or due to dust or galaxy type (see
e.g. Graham & Guzman, 2003; Gadotti, 2009; Kelvin et al., 2012; Graham, 2013; Pastrav
et al., 2013a,b). Hence studies where the Sérsic index of the bulge or disk components are
fixed may be overly restrictive. Furthermore, to correctly trace a galaxy’s formation history
a full decomposition of all of its components would be ideal (e.g., the Spitzer Survey of
Stellar Structure in Galaxies, S4G, Salo et al., 2015). However, this is only viable for very
nearby galaxies where all the components can be clearly resolved and hence for relatively
small samples (S4G is the largest study to date extending to 2352 galaxies for which a
number have been fit with more than 2 components). To compare to galaxies at different
epochs going beyond a simple bulge and disk decomposition is difficult (Gadotti, 2008).
There are two reasons, however, why two components might be sufficient, (i) the majority
of stellar mass resides in the bulge and disk components for most galaxies, and (ii) some
components may simply represent minor perturbations to the underlying disk (e.g. bars,
pseudo-bulges). Such perturbations should arguably be considered secondary rather than
primary evolutionary markers.

Here we adopt the stance that bulge and disk components arise from two primary
formation pathways (i.e. hot and cold mode evolution, respectively), and that additional
components form in secondary formation pathways (i.e., tidal interactions, disk instabili-
ties and perturbations). The likely primary pathways are: monolithic collapse followed
by major mergers, which can produce elliptical galaxies by destroying and rearranging
any structure previously present in a galaxy, resulting in a smooth light profile (Toomre,
1977); and minor mergers and continued gas inflow, which can form or re-grow a disk
around a pre-existing spheroid, resulting in a galaxy with two distinct components (see
e.g., Steinmetz & Navarro, 2002; Kannappan et al., 2009; Wei et al., 2010). A key ques-
tion worth asking is whether two generic components (spheroids and disks) really can
explain the diversity seen, i.e., how many fundamental building blocks and structures
are required to adequately reproduce the observed galaxy population? As most of the
stellar mass is contained within the bulge and disk how important are tertiary features like
bars? Furthermore how many different physical origins do the various spheroids and disks
have? Are elliptical galaxies simply naked bulges and are bulges related to high-redshift
compact galaxies (e.g. Graham et al., 2015; Berg et al., 2014)? Are the disks of early-types,
late-types and irregulars indistinguishable?



70 M⋆−Re relations of z = 0 bulges, disks and spheroids

We believe that the stellar mass – half-light size (hereafter M⋆−Re) relation is a key
scaling relation allowing us to address these questions for the following reasons:

• The size of a galaxy is related to its specific angular momentum making the mass and
size of a galaxy fundamental observables of conserved quantities (e.g., Romanowsky
& Fall, 2012).

• The simple assumption that angular momentum is conserved during the initial
collapse of the dark matter halo links the angular momentum and mass of a galaxy
with its dark matter halo (Fall & Efstathiou, 1980; Dalcanton et al., 1997; Mo et al.,
1998).

• Hydrodynamical simulations now produce galaxies with realistic sizes and direct
comparisons (at different epochs) are possible to study formation and evolution
histories of galaxies (see for example the Evolution and Assembly of Galaxies and
their Environments simulation suite, EAGLE, Schaye et al., 2015; Crain et al., 2015).

• We can empirically measure and trace the masses and sizes of galaxies and their
components over a range of redshifts and in different environments (e.g., with HST
as well as high-redshift ground-based surveys and soon with Euclid and WFIRST).

The M⋆−Re relation therefore represents the next critical diagnostic for galaxy evolu-
tion studies beyond simple mass functions (see e.g., Bouwens et al., 2004; van der Wel
et al., 2014; Holwerda et al., 2015; Shibuya et al., 2015), enabling us to trace angular mo-
mentum build-up and the emergence of the component nature of galaxies while connecting
observations to simulations.

Recent studies comparing the M⋆−Re relation of low and high-redshift are already
yielding interesting results. For example, at high-redshift galaxies might look disk-like or
elliptical/spheroidal but their physical properties are unlike any disks or ellipticals in the
local Universe (see e.g. Bruce et al., 2012; Buitrago et al., 2013; Mortlock et al., 2013).
Galaxies at high redshifts are typically more irregular with thick slab-like disk structures
and clumpy star-forming regions (Wisnioski et al., 2012). In addition, they can be very
compact but massive. In some cases, at redshift ∼2 they are a factor of up to 6 times
smaller in size than galaxies of the same mass today (Daddi et al., 2005; Trujillo et al.,
2007; Buitrago et al., 2008; van Dokkum et al., 2008; van Dokkum et al., 2010; Weinzirl
et al., 2011).

In this paper we aim to provide a reliable low redshift benchmark of the M⋆−Re

relation for bulges, disks and spheroids. The bulge + disc decomposition sample is derived
from a set of galaxies for which detailed morphological information is available (see
Moffett et al. 2016a). Section 4.2 describes the data and sample selection, Sections 4.3 and
4.4 describe the set up of our bulge + disc decomposition catalogue and component mass
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estimates. In Section 4.5 we present the M⋆−Re relations for bulges, spheroidal and disk
galaxies and discuss the association of components with their possible parent populations.
We then compare our distributions to the EAGLE simulation in Section 4.6 followed by a
comparison of our low redshift M⋆−Re relation with recent high redshift data from Ultra
Deep Survey (UDS) region within the Cosmic Assembly Near-infrared Deep Extragalactic
Legacy Survey (CANDELS, Grogin et al., 2011; Koekemoer et al., 2011) in Section 4.7.
Finally in Section 4.8 we present our summary and conclusions.

Throughout this paper we use data derived from the Galaxy And Mass Assembly
(GAMA) survey (Driver et al., 2011, 2016; Liske et al., 2015) with stellar masses derived
from Taylor et al. (2011), sizes derived from Sérsic profile fitting using SIGMA (Kelvin
et al., 2012), and for a cosmology given by: Λ Cold Dark Matter universe with Ωm =

0.3, ΩΛ = 0.7, H0 = 70kms−1 Mpc−1.

4.2 Data

The GAMA survey is an optical spectroscopic and multi-wavelength imaging survey of
∼ 300000 galaxies, combining the data of several ground and space based telescopes
(Driver et al., 2011, 2016). It is an intermediate survey in respect to depth and survey
area (Baldry et al., 2010) and thus fits in between low redshift, wide-field surveys such as
SDSS (York et al., 2000) or 2dFGRS (Colless et al., 2003) and narrow deep field surveys
like zCOSMOS (Lilly et al. 2007 and see Davies et al. 2015) or DEEP-2 (Davis et al., 2003).

In this paper we use data from the GAMA II (Liske et al., 2015) equatorial regions,
which are centered on 9h (G09), 12h (G12) and 14.5h (G15). The three regions are
12×5 deg2 in extent and have an r-band Petrosian magnitude limit of r <19.8 mag. The
spectroscopic target selection is derived from SDSS DR 7 (Abazajian et al. 2009, see
Baldry et al. 2010 for details) input catalogue and we reach a spectroscopic completeness
of ≥ 98% for the main survey targets. The redshifts (Baldry et al., 2014; Liske et al.,
2015) are based on spectra taken with the AAOmega spectrograph at the 3.9m Anglo-
Australian-Telescope (Hopkins et al., 2013a) located at Siding Spring Observatory. The
supporting panchromatic imaging data extends from the FUV to the far-IR via GALEX,
SDSS, VISTA, WISE and HerschelL (for full details see Driver et al., 2016). All optical
and near-IR imaging data has matched aperture photometry (Hill et al., 2011; Liske et al.,
2015) Here we focus on the redshifts (SpecCatv27), morphologies (VisMorphv03), optical
imaging (ApMatchedv06) and stellar masses (StellarMassCatv18) data products.

4.2.1 Sample Selection

We select galaxies with 0.002<z<0.06, rpetro < 19.8 mag and spectra quality NQ> 2 (see
Liske et al. 2015) for which visual morphologies have been established following Moffett
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Fig. 4.1 Shown is the redshift – stellar mass distribution for the GAMAnear sample. The points
are coded according to the Hubble type established in the visual morphology classification. There
appears to be no bias towards a particular Hubble type at the higher redshift boundary of our sample.

et al. (2016a). To briefly summarise the visual classification procedure: we use three-colour
(Hig) postage stamps of the objects to visually inspect them. A simple classification tree is
used to sort galaxies in the first instance into bulge and disk dominated, little blue spheroid
(LBS) and star/artifact. In the following step the bulge and disk dominated objects are
further split into single- and multi-component. Finally the multi-component galaxies
are sorted into barred and unbarred. For each galaxy the result was then translated to a
Hubble type: E, S0-Sa, SB0-SBa, Sab-Scd, SBab-SBcd and Sd-Irr, plus the additional
LBS, Star and Artifact classifications (see Moffett et al., 2016a, for further details). Note
that throughout this paper the terms early- and late-type refer to our visual classification of
objects being bulge or disk dominated and we do not impose any other parameter cuts (e.g.
Sérsic index) to classify early- or late-type.

We perform bulge + disc decomposition in the r-band only as our fitting approach is
computationally expensive. For the analysis we do not consider objects classified as stars
or artifacts and we excluded one additional galaxy which was too large to be fit robustly.
The resulting sample is hereafter called GAMAnear and comprises 7506 galaxies of which
2247 were visually classified as 2-component (S0-Sa, SB0-SBa, Sab-Scd, SBab-SBcd)
and 5259 as single component (E, Sd-Irr, LBS) galaxies. Due to the low redshift range this
sample extends well below 109M⊙ allowing us to study the low-mass end of the M⋆−Re
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relation. However, because of the limited volume of our survey, this also means we do
not have many very high-mass galaxies to study the curvature of the M⋆−Re relation at
higher masses. This is important as the curvature in the (elliptical) M⋆−Re relation is
likely indicative of the assembly history of the galaxy population (see e.g. Bernardi et al.
2011 and references therein).

As shown by (Moffett et al., 2016a, their Fig. 5) the fraction of galaxy type by mass
behave as expected, e.g. the fraction of early-type galaxies increases with increasing mass
and the fraction of late-type galaxies decreases. To check whether the sample selection in
this paper is biased we show the sample distribution in the redshift – stellar mass plane in
Fig. 4.1. The dashed line shows the final mass limit used in Sec. 4.5 to derive the M⋆−Re

relation. The Figure illustrates the mass segregation of the sample with the early-type
galaxies being more massive than the late-types. However, there is no clear bias with
morphological type or our redshift range, especially at the upper redshift boundary.

4.3 Bulge + disk decomposition

Obtaining reliable bulge + disc fits is notoriously difficult, particularly in an automated
fashion for large samples where the signal-to-noise ratio and resolution varies. Typically
20 to 30% of automatic fits are in some way non-physical. Previous studies have made use
of a logical filter (e.g., Allen et al. 2006, see also Simard et al. 2011; Meert et al. 2015) to
identify unphysical fits (e.g., component profiles which cross twice, the switching of the
bulge and disk components etc., see Allen et al. 2006 for more details) and manage these
failures by replacement with a single Sérsic fit. As a first step this reduces the catastrophic
failure rate significantly but introduces a bias by removing the subset of two-component
systems with poor fits. Following extensive exploration of our data using GALFIT3 (Peng
et al., 2010), embedded in SIGMA (Kelvin et al., 2012), we identify five commonly oc-
curring key factors which lead to poor and often catastrophic fitting outcomes. These are
summarised below along with our adopted solution:

(1) Becoming trapped in local minima and/or the limited movement of the final con-
verged solution away from the initial conditions.
The Levenberg-Marquart (LM) χ2 minimisation algorithm used by GALFIT3 can get stuck
in a local rather than the global χ2 minimum, especially when fitting multiple components.
One way to overcome this is to vary the initial conditions (i.e., starting points) and repeat
the fitting process. Convergence to a common solution, regardless of the starting point,
provides confidence that the true minimum has been found. In due course a full Markov
Chain Monte Carlo (MCMC) approach, that appropriately samples the prior distribution
should be developed but that is beyond the scope of our current investigation at this stage.
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(2) Unphysical solutions, e.g., a scale-length of 0.1′′ or a Sérsic index of 20.
In some cases the bulge or disk fits can migrate to the fit limits imposed, and these results
are often not physical. While it is tempting to reduce the limits to plausible values this
causes a non-physical build-up of the solutions at the limits. Moreover during the path
towards convergence it can sometimes be seen that solutions migrate into extreme values
and then back again. To minimise the impact of our boundaries we imposed no limits
on the parameters, bar the constraint on the centre position, which is set to ± 5 pixels
to account for the oversampling of the PSF (i.e. GAMA pixel size is 0.339” and SDSS
FWHM=1.5”). Instead we elect to remove final solutions which settle on extreme values.
We can afford to do this since we have multiple fits for each galaxy, i.e., some starting
points lead to extreme outcomes but on the whole most converge to plausible values. Note
that GALFIT does have some inbuilt constraints, such as a maximum Sérsic index of 20.

(3) Decision on single or multiple components.
A key problem in galaxy decomposition is to decide how many components are required.
Ideally this should be derivable from the independent 1-, 2- or multi-component fits. Exper-
imentation with the Akaike and Bayesian Information Criteria (AIC and BIC respectively)
was explored but no obvious automated process for determining the number of components,
which agreed with our visual assessments, was identified. This is in part due to the limited
information available in single band fitting. Hence we adopt our visual classifications as
priors, i.e., E, Sd-Irr and LBS galaxies are taken as single component systems and S0-Sa,
SB0-SBa, Sab-Scd and SBab-SBcd as two-component. For completeness, however, we do
derive and provide both 1 and 2 component fits for all systems.

(4) Reversal of the bulge and disk components
On occasion the initially assigned bulge component migrates to fit the disk component and
the disk to the bulge. This effect was first noted in Allen et al. (2006) and can be rectified
by switching the components if necessary. Here regardless of the initial parameters we
assign the component with the lowest half-light radius as the bulge (i.e., inner, more
compact component) and the other as the disk (i.e., outer, more extended component).
This can, however, lead to cases where the bulge has a lower Sérsic index than the disk
(see Appendix B.1 for our treatment of these cases), which in the majority of cases is an
unphysical solution.

(5) Default GALFIT errors do not reflect the full complexity and uncertainty in the
final fits.
It is known that GALFIT (like other fitting codes) often underestimates the error on the
returned parameters (see e.g. Häussler et al., 2007), possibly due to the poor treatment of
correlated noise in real images. Essentially the final errors do not provide any indication of
fit confidence. By running GALFIT multiple times from a grid of initial conditions we can
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assess the level of convergence which can be used to provide more realistic error estimates.
This reassessment of the errors is probably the most important outcome of our adoption of
a grid of initial conditions, providing some certainty for each galaxy as to the robustness
of the fit.

The five strategies above proved critical in reducing the catastrophic error rate (as
assessed from visual inspection) from ∼ 20% to ∼ 5% enabling us to dispense with the
need for a logical filter, and most importantly obtain realistic errors.

We recognise that many of the above could also be addressed by improving the
minimisation algorithm and implementing an MCMC approach which fully samples the
prior distribution. At the present time, however, in the absence of a known prior distribution
and limited computing time, we believe our strategies minimise the obvious systematic
issues which arise when using the GALFIT3 engine.

4.3.1 Construction of a robust decomposition catalogue

The initial grid and convergence

As stated, for completeness, we perform both single and double (bulge + disc decomposition)
component fits in the r-band on all 7506 galaxies in our sample using one or two Sérsic
functions, respectively. We do not constrain any fitting parameters, except for the inbuilt
limits within GALFIT. Hence in our two component fits the bulge and disk Sérsic indices
are not set to any particular value (e.g., 1 and 4) as is often done in other studies. We use
the Structural Investigation of Galaxies via Model Analysis (SIGMA, Kelvin et al. 2012)
wrapper code for GALFIT (Peng et al., 2010). As a front-end wrapper SIGMA creates
cutouts from the GAMA regions, does a local background subtraction and detects objects
and stars using SEXTRACTOR (Bertin & Arnouts, 1996). To obtain reliable Sérsic fits it is
important that local background sky variations are accounted for, yet it is also important
to not over-subtract light from the galaxy itself as this will lead to systematic errors in
the galaxy flux measurements. Our local background subtraction is in addition to the
background subtraction applied during mosaicing of the GAMA data. The grid size used
during this additional sky estimation depends on the size of the galaxy and varies from
32×32 to 128×128 pixels. Using this variable mesh approach was found to be the most
robust method to remove small-scale sky variations without removing light from the galaxy
(for further details see Kelvin et al., 2012). After the sky subtraction, SIGMA constructs
a PSF using PSFEXTRACTOR (Bertin, 2013) which is later used to convolve the GALFIT

models. The SEXTRACTOR outputs are also used to inform the fitting of neighbouring
objects as well as provide initial starting values for the GALFIT run (for full details on
SIGMA see Kelvin et al., 2012). During the actual GALFIT routine the primary and all
secondary objects are simultaneously modeled using a Sérsic function. In the case of a
two-component fit, GALFIT minimises the χ2over two Sérsic functions centred on the
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primary object while also fitting the secondary objects with a single Sérsic profile.

To identify convergence to the global minimum we use a grid of initial starting points
(as previously discussed) for both the bulge and disk components as described below.

• Two component fitting: a total of 88 starting combinations varying input parameters
as follows,

– ratio of bulge to disk size (bulge size / disk size, RSE= SEXTRACTORradius):
1:1 (RSE/RSE),
1:2 (0.75×RSE/1.5×RSE),
1:4 (0.5×RSE/2×RSE),
1:9 (0.33×RSE/3×RSE)

– two sets of component starting Sérsic index:
n=4+1 (bulge + disk)
n=2.5+0.7 (bulge + disk)

– component bulge and disk flux ratio:
60%:40% (bulge : disk) to 10%:90% in steps of 5%

• Single component fitting: a total of 33 combinations of the input parameters

– R = 2,1,0.5,0.25×RSE

– Sérsic index n = 1,2,3,4

– total magnitude mag = 1,0.8×MSE

– 1 additional model starting with R = RSE and mag = MSE and n = 2.5

RSE and MSE denote the initial size and magnitude values taken from the SEXTRAC-
TOR outputs for the entire galaxy.

Figure 4.2 shows an example convergence plot for a single component fit (top, G7848)
and a double component fit (bottom, G250228). The plots show the grid of initial conditions
(grey points) and vectors pointing to the final solution for each parameter combination.
We plot the size versus magnitude plane for the single fits and the size versus component
light fraction plane for the double fits (bulge component, left, disk component, right). The
colour bar at the top shows the Sérsic indices considered and spans the same range for
all convergence plots. The arrows pointing to the final output parameters are coloured
according to the final Sérsic index. In practice (e.g. Fig. 4.2, bottom) not all fits converge
to a plausible solution and hence screening is required to remove obvious bad fits. Dashed
lines indicate fitting outcomes which were excluded due to bad values (see the screening
descriptions below) or a large reduced χ2. If the (dashed) lines are grey, the final Sérsic
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Fig. 4.2 Convergence plot examples for a single component galaxy in the top panel and a double
component galaxy in the bottom panel. The plots show the starting (grey points) and end values
(arrow head) for several fit parameters making it easy to evaluate how well the galaxy was fit.
For the single component fits we show the galaxy’s total magnitude, size and Sérsic index. For
the two-component fit we show the bulge-to-total (B/T) and disk-to-total (D/T) flux ratios of the
components instead of the magnitude. The green ellipse is centred at the median output values
and its size corresponds to the adopted error on the median. Note that for the single component fit
the error on the magnitude corresponds to our error floor of 0.11 mag. The dashed lines indicate
the fitting outcomes we consider to have failed. Note, the arrow colours correspond to the final
Sérsic index values only (if it is grey then the Sérsic index is outside the range of the values we
considered physical. see Sec.4.3.1) and each grey point has several arrows associated with it due to
the combination of starting values of our initial grid. See the text for a detailed description.
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Fig. 4.3 Shown is the reduced χ2 distribution of a test sample of 100 two-component galaxies
for which 20 fitting outcomes each were visually inspected. The green histogram shows the fits
classified as ‘good’ and the red histogram shows the bad fits. The dashed vertical line is the
implemented reduced χ 2 cut.

index was outside the range displayed in the colour bar. The green ellipse shows the
median solution and its size corresponds to the adopted error on the median, i.e. the error is
symmetrical and taken to be the average of the 16th and 84th percentile range. We produce
convergence plots for all 1 and 2 component fits of our 7506 galaxies. As mentioned
previously convergence towards a tight median value is by no means assured and a number
of situations need to be managed, including: component flipping, unphysical solutions,
and poor quality fits. We refer to this management as screening and define the various
steps below.

Screening via profile switching

Each of our 2247 two-component systems will have 88 model outputs from our grid of
initial parameters. When fitting the galaxies component 1 has been assigned the bulge
initial parameters and component 2 the disk initial values. Since GALFIT components
can migrate significantly we ensure, after the fitting has finished, that the more compact
component is taken as the bulge and the more extended as the disk. However, we find
some cases where, even though the bulge is smaller in size, the disk has the higher Sérsic
index. visually inspecting a number of the resulting profiles we find that the more extreme
cases typically are bad fits and flag these (see Appendix B.1). Additionally, we relax the
criterion for switching the components and allow bulges with lower Sérsic index than the
disk if they are no more then 10% larger than the disk. For 1447 galaxies at least one of
the 88 parameter combinations required switching the profiles output by GALFIT.
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Screening via rejection of poor quality fits

We also reject fits with poor reduced χ2 values. To decide on an appropriate reduced χ2

cut we randomly inspected 20 fitting outcomes for each of 100 2-component galaxies. For
each fitting outcome we decided (by eye) whether it was acceptable or not based on the
light-profile of the model and the resulting residuals. Figure 4.3 shows the distribution of
reduced χ2 for these galaxies split into ‘good’ and ‘bad’ fitting outcomes, shown as green
and red histograms respectively. The vertical dashed line indicates the final cut of reduced
χ2= 4 which is left deliberately high to ensure that even for galaxies with a lot of structure
we exclude none of the acceptable fit outcomes and have enough outputs to evaluate the
‘best’ fit. This cut is also implemented for the single Sérsic fits. In total 20505 (∼ 10%) of
the 197736 fitting results were removed from the two-component sample and 5686 (∼ 7%)
from the 173547 fitting results of the single component sample .

Screening via rejection of unphysical fits

Fig. 4.4 summarises the derived GALFIT fitted values of all combinations for our bulges and
disks showing in the upper panels the bulge (left) and disk (right) sizes, and in the lower
panels the bulge (left) and disk (right) Sérsic indices. Taking the top left panel we see that
the bulge sizes follow two distinctive bands, one at plausible sizes (i.e., 0.1-10′′ scales),
and one at unphysical sizes (0.001-0.01′′) given the data resolution of ∼ 1.5′′. We reject
the fitting results which result in overly compact “bulges” and remove these from further
considerations (red dashed line). Overly large bulges or disks are not a prominent problem
but we remove obvious outliers based on the distribution of all solutions. Similarly, in
Fig. 4.4 (bottom) we show the Sérsic index distribution. Once again the vertical red dashed
lines indicate the division between the fitting results we consider physical and those we
consider unphysical and that should therefore be rejected. The limits adopted leading to
rejection (red dashed lines) are:

• for bulge sizes: Re < 0.01′′ or Re > 20′′

• for disk sizes: Re < 0.1′′ or Re > 200′′

• for bulge and disk Sérsic index: n < 0.1 or n > 15

These cuts are deliberately permissive and should cut out only the most unrealistic
fitting outcomes. For our 2-component galaxy sample, of the 197736 combinations fitted,
we reject 17343 (∼ 18%) based on bulge size, 616 based on disk size (< 1%), 18357
(∼ 19%) based on bulge Sérisc index and 11462 (∼ 12%) based on disk Sérsic index.
For the single component fits we reject fitting outcomes based on the same limits as the
disk size and Sérsic cuts of the 2-component fits. Of the 173547 combinations fit to the
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Fig. 4.4 The top panel shows the distribution of the output size for all bulges (left) and disks (right)
for the fitted two-component models (no reduced χ2cut has been imposed) of each galaxy (indicated
as “Number”). The dashed vertical lines show the implemented cuts on the size before the median
is established. The bottom panel shows the corresponding distribution for the output Sérsic index
for the bulges (left) and disks (right). In all panels the galaxies are sorted by Hubble type with the
late-type 2-component systems at the top and early-type 2-component systems at the bottom. The
horizontal dashed black line shows where the Hubble type changes.
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single component systems, we reject 2753 (∼ 3%) based on their size and 2355 based on
their Sérsic index (∼ 3%). In total 49688 (∼ 25%) fitting results are rejected from our
2-component sample fits and 7757 (∼ 4%) from our single component fits. Note, in many
cases fitting results are rejected by more than one criterion (i.e. reduced χ2and/or size
and/or Sérsic index).

We also screen our galaxies for various flags, described in Appendix B.1. However,
we only consider two flags important during the component M⋆−Re relation fits, namely
the very high (or low) B/T galaxies and reversed Sérsic index galaxies. We deem the high
(and low) B/T galaxies single component systems and move them from our 2-component
sample to our single component sample. Galaxies with inverted Sérsic index have bulges
with lower n than disks. Visually inspecting several of the profiles we find that in most
cases these are bad fits, i.e., we find the disk Sérsic index n > 2. This itself would not be a
problem if the errors reflect our confidence in the fit. Many of these profiles, however, have
converged to this unphysical solution. We find 182 late-type 2-component systems and 87
early-type 2-component systems have inverted Sérsic index and converged profiles. We
remove these galaxies from our component consideration, but use their single component
profile fits to establish their global M⋆−Re relation.

Final parameter selection

For each galaxy we consider two possible profile fit solutions taken from the remaining
fitting results:

1. the minimum χ2 model with the associated GALFIT parameters and errors, and

2. the median fit values of the remaining fitting results and the 16th and 84th percentiles
(i.e. the 1 σ deviation of a normal distribution) as an uncertainty indicator.

While the minimum χ2 solution should represent the best formal fit from our grid, the
median model is our preferred solution, as the errors on the median reflect the level of
convergence and robust errors are critical. Note that the median values are calculated for
each output parameter individually and do not directly represent any single solution. In
cases where the fitting converged, the median and minimum χ2solution will be almost
identical and the 16th and 84th percentile range often is smaller than the GALFIT errors. We
therefore adopt an error floor of 10% of the median value, which assures that in almost all
cases the median solution is consistent with the minimum χ2 solution within the estimated
errors.

Fig. 4.5 shows the histogram of the number of the remaining fitting results used to
calculate the median for all single component systems (top) and all 2-component systems
(bottom). The single component fits often converge and the histogram peaks at ∼33
fitting results with only a small tail towards lower numbers. The 2-component fits on the
other hand do not converge as often. It is encouraging that the peak is ≥85 fitting results,
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Fig. 4.5 Here we show the distribution of the number of fitting outcomes used to calculate the
median. The top panel shows the distribution for single component fits based on single component
galaxies only. The bottom plot shows the distribution of the number of 2-component fits used for
2-component galaxies only. It can be seen that the single Sérsic fits generally converge nicely and
the 2-component fits have a broader distribution with a spike at very low numbers.

however, there is a large fraction of galaxies for which very few solutions remain for the
median calculations. In addition, there is a rise towards very low numbers indicating that
some galaxies are likely too complex to be fit with two components only. We find that,
while the galaxies with low model counts span the whole mass range, most of them lie
close to our upper redshift boundary and were classified as late-type double component
systems. This shows the inherent difficulty of fitting multiple component systems in poorer
image quality regimes. In addition to the tightness of the median errors, we can also use
the number of fitting results left for the calculation of the median to help establish our
confidence in the fitting results.

4.3.2 Convergence Examples

We finish this section by presenting five examples which highlight some of the issues
encountered and show that the median values present a robust alternative to the minimum
χ2 solutions. Figure 4.6 (upper panels) shows the convergence plots (as introduced in
Section 4.3.1 and Fig. 4.2), and diagnostic plots for the median and minimum reduced
χ2 solutions (middle and lower panels, respectively). The 4 images which make up the
diagnostic plots (middle and lower left panels) show, from the top left in a clockwise
direction, the SDSS r-band image stamp, the model produced by GALFIT, the residual and
the SEXTRACTOR segmentation map overplotted on the SDSS image stamp (the primary
object is shown in purple and the secondaries in green). The red and blue ellipse show the
Re of the bulge and disk, respectively. The yellow ellipse is the original SEXTRACTOR
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radius and the cyan ellipses show the radii for which the surface brightness was evaluated.
Also shown (middle and lower right panels) are the 1D light profile comparisons. The
black points are the values extracted from within the blue ellipses, the red and green lines
are the 1D light profile for the bulge and disk, evaluated from the GALFIT model and the
green line is the total light profile. The lower inset panel shows the residual between the
model and data. Below we discuss five examples of various fit and convergence outcomes.
We only discuss examples for two-component galaxies here since we find that the single
Sérsic fits generally converge well (e.g., example a):

• Example a: full convergence
Fig. 4.6a shows the ideal case of full convergence from all combinations of initial
parameters. The median and minimum χ2 solution diagnostic plots also show that
both reached the same answer. The residual images show little structure and the final
errors of the median fit are small as indicated by the green ellipse on the convergence
plot. For 2-component fits we consider them fully converged when they have more
than 80 fitting results remaining after rejection of spurious fits and the error on the
median is set to the 10% error floor. This is the case for 423 (∼ 19%) galaxies.
Similarly, for single components over 30 fitting results must remain for the median
calculation and all errors are set to the 10% error floor. This is true for 4566 (∼ 87%)
single component galaxies.

• Example b: partial convergence
The median and minimum reduced χ2 model diagnostic plots in Fig. 4.6b show good
agreement. From the convergence plot it is obvious that many of the solutions found
by GALFIT were rejected during the screening process, due to an unphysical Sérsic
index or high reduced χ2. The remaining models after screening show convergence
resulting in a good solution with tight errors. For 2-component systems we consider
good convergence to be reached when we have 60 to 80 solutions remaining, with
the errors set to the 10% error floor. This is the case for 297 (∼ 13%) galaxies.
Equivalently, for single components 25 to 30 solutions must remain for the median
calculation with the errors set to the error floor. We find this true for 220 (∼ 4%)
single component galaxies.

• Example c: two plausible solutions
The diagnostic plots in Fig. 4.6c suggest that the median model gives a physically
more meaningful two-component solution than the minimum reduced χ2solution
which is converging towards a single component solution. The convergence plot,
however, highlights that the median solution is not one of the actual solutions found
by GALFIT. Nevertheless, the errors on the median (green error ellipse) enclose both
solutions. While the median fit can not be considered as robust this uncertainty is
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fairly reflected in the final errors. To establish whether several plausible solutions
have been found, we test how many solutions are near the median. If less than 10%
of the solutions of the median for at least one of the size, Sérsic index or B/T values
of either the bulge or disk lie within 10% (i.e. the error floor) then we consider
the fits to have converged to several plausible solutions which are distinct from
the median. This is the case for 205 (∼ 5%) double component systems. For the
single component systems we consider the size, Sérsic index and magnitude and
find 6 (< 1%) single component galaxies have converged to several distinct solutions.

• Example d: no convergence
Fig. 4.6d shows a case where no obvious single converged solution is found, but the
median model returns acceptable parameters with an appropriately broad error distri-
bution. The diagnostic plots also show that the median model returns a physically
possible solution with good residuals. The minimum χ2 solution, however, returns a
fit where the bulge, even though it has a smaller Re is the dominant component in
the outer parts of the galaxy. Since the errors associated with the median model are
large this particular galaxy will not have much influence on the M⋆−Re relation we
fit in Sec. 4.5.2, but using the median parameters and large error bars means that the
galaxy will not be discarded from the sample. To test non-convergence we use the
same metric as in example 3, i.e. the percentage of solutions found within 10% of
the median. We consider galaxies not clearly converged if more than 10% but less
than 50% of the solutions lie close to the median. We test the size, Sérsic index and
B/T measurements for the bulge and disk and find for 931 (∼ 41%) 2-component
systems at least one of them is not converged. For the single component systems
this is the case for 141 (∼ 3%) galaxies.

• Example e: no solution
Fig. 4.6e shows a case where convergence is found, however, all fits are excluded
from the final catalogue due to the screening process. No median model diagnostic
plot is shown due to all fit parameters being unrealistic. Only 120 (∼ 5%) of our
2-component galaxies and 129 (∼ 2.5%) of our single component systems fall into
this category.

Convergence plots for all systems are available from the GAMA database.
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Fig. 4.6 Presented are the convergence plots (top) and corresponding diagnostic fit plots for the
median fit model (middle) and minimum reduced χ2 solution (bottom). We show four examples
ranging from full convergence to no convergence (panels a, b, c, d) and 1 example where all fits are
unrealistic (panel e). A detailed discussion can be found in the text.
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4.4 Component masses

To derive the M⋆−Re relations for our galaxy components we now need component mass
estimates. For the single Sérsic fits we can directly use the GAMA stellar mass estimates
from the StellarMassesv18 catalogue and apply the fluxscale correction (for a detailed
description see Taylor et al., 2011, essentially the fluxscale correction accounts for the
differences between aperture matched and Sérsic photometry). These masses are based on
synthetic stellar population models from the BC03 library (Bruzual & Charlot, 2003) with
a Chabrier (2003) initial mass function and the Calzetti et al. (2000) dust obscuration law.
We find that for our sample the typical error, which has been derived in a Bayesian way
(Sections 3.2-3.4 of Taylor et al., 2011), is of the order of ∼ 0.12 dex.

For the double component galaxies we calculate the component mass from the compo-
nent colours (Driver et al., 2006) using the relationship between optical colour (g− i) and
mass-to-light ratio as calibrated by Taylor et al. (2011):

logM∗/M⊙ =−0.68+0.7 (g− i)−0.4 (Mi −4.58) (4.1)

where Mi is the absolute magnitude in the i-band and we use the (g-i) colour of either the
bulge or disk to calculate the component mass. The stellar masses derived via Eq. 4.1 are
estimated to be accurate within a factor of two. Note that this equation is sensitive to the
evolution of colour and magnitude, however, as our sample has a low redshift range the
effects will be negligible.

Ideally we would use bulge and disk colours derived from the bulge + disc decompo-
sitions in the g- and i-band, however, this is beyond the scope of this paper. Hence we
have to estimate the colours of the components. For this we measure the PSF and total
magnitudes of our galaxies in the g, r, and i-band and we then use the GALFIT measured
r-band component magnitudes and B/T to estimate the bulge and disk colours.

We measure the core (i.e. PSF) and total magnitudes, which we correct for foreground
extinction, in the g, r, and i-band using LAMBDAR, a code developed to measure PSF
weighted aperture photometry (for more details see Wright et al., 2016). We then equate the
colours measured using the PSF magnitudes to bulge colour measurements (i.e., assuming
the bulge has no colour gradient) and combine these colours with our r-band bulge
magnitude from GALFIT to obtain bulge flux measurements in both g and i (i.e., mi,bulge =

mr,bulge − (r− i)PSF,bulge). In cases where the bulge colours could not be measured, we use
the median bulge colour of the entire population as there is no significant trend between
bulge colour and mass. We derive g and i disk fluxes by assuming that the disk flux in each
band is equal to the LAMBDAR total flux minus the previously derived bulge flux.

We examine the disk (g− i) colour distribution and find a small number of extreme
outliers (> 3σ ) from the colour distribution, whose disk (g− i) colours we subsequently
replace with the running median disk (g− i) colour.
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Fig. 4.7 Shown are the (g-i) colour vs Sérsic index distributions for the bulges (top) and disks
(bottom) in our two-component galaxy sample. The colour coding in both plots is the same with
late-types in blue and early-types in magenta. The bulges of late-type galaxies have smaller Sérsic
indices than the early-type bulges. The Sérsic index distribution of the late-type disks also peaks
slightly lower than the early-type disks. Late-type disks are also bluer than early-type disks.
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Finally, we use the derived bulge and disk (g− i) colours and total i-band magnitudes
to derive stellar mass estimates for each component according to equation 4.1. The
component colour versus Sérsic index distribution is shown in Fig. 4.7 for bulges (top) and
disks (bottom). Figure 4.7 shows that for late-type galaxies bulges are generally redder
than disks but for early-type galaxies the colours are very similar (for a detailed study of
the wavelength dependence of bulge + disc decompositions in GAMA see Kennedy et al.,
2016). But it also highlights the problem galaxies for which the component colour had
to be set to the median colour (vertical band in the bulge plot, top) in order to be able to
calculate a stellar mass estimate.

4.5 M⋆−Re relations

We now present the M⋆−Re relations, firstly for the different Hubble types and secondly
by structural components. We conclude our analysis by presenting a combined M⋆−Re

relation for disk (i.e., Sd-Irr galaxies and disk components) as well as spheroids (i.e., ellip-
ticals and classical bulge components).

Figure 4.8 shows the selection of the final sample, based on total stellar mass and single
Sérsic profile fits, used to fit the M⋆−Re relation. Note, we do not consider any galaxies
below M∗ = 108M⊙, since number counts are too low to establish a robust weight (after
fluxscale correction this reduces the sample to 6788 galaxies). First we find and exclude
outliers from the general mass-size distribution (top panel of Fig. 4.8). For this we fit the
entire sample with a simple power law and remove all galaxies which are more than 3
sigma offset from the best fit linear relation (28 galaxies in total). We then establish the
lower mass limit for a volume limited sample at z = 0.06. In the middle panel of Fig. 4.8
we plot the maximum redshift at which each galaxy can be seen versus its stellar mass. To
establish the lower mass limit of a volume limited sample we find the point at which more
than 95% of our galaxies could be seen at a redshift of 0.06 (i.e., their maximum redshift
is zmax ≥ 0.06, indicated as the dashed line). We find a lower mass limit of M∗ = 109M⊙
(solid blue line), which would reduce our sample size to 3679 galaxies. To include lower
mass galaxies we implement a smooth volume and mass limited sample for galaxies below
M∗ = 109M⊙. For each galaxy we evaluate if their measured redshift is larger than their
expected maximum redshift and remove them (1624 galaxies removed). The bottom panel
of Fig. 4.8 shows the resulting sample distribution. All galaxies in red are included in
our final sample (5136 total) and all grey points are excluded from the volume limited
sample. For all galaxies below M∗ = 109M⊙ we also calculate a V/Vmax weighting based
on their redshift and our sample redshift limits of 0.002 < z < 0.06. For galaxies with
M∗ > 109M⊙ the V/Vmax is set to 1. To ensure that the we only include galaxies with
good, physical fits we require:
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Fig. 4.8 The top panel shows the total stellar mass – half-light size distribution (derived from single
Sérsic fits) of the GAMAnear sample. All galaxies more than 3 sigma offset from the line of best
fit are removed as outliers from our M⋆−Re relation fits.
The middle panel shows the total stellar mass - maximum redshift distribution of the sample. The
blue dashed line shows our redshift limit and the solid blue line the lower mass limit for a volume
limited sample. All galaxies to the right of the mass limit and above the redshift limit are included
in the volume limited sample.
The bottom panel shows the total stellar mass - redshift distribution of our sample. For all galaxies
below 109M⊙ we have implemented a smooth volume limited sample selection. Our final sample
is highlighted in red.
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• the fluxscale correction is within 0.5 and 1.5;

• the components have Sérsic indices between 0.3< n <10;

• the components are resolved, i.e. Re > 0.5×FWHM of the PSF which is determined
from each galaxy’s fit image individually;

• at least 5 solutions remained to calculate the median fit parameters.

This reduces the sample size to 2669 single component and 1470 double component
systems.

We adopt a simple power law, following Shen et al. (2003) and Lange et al. (2015), to
fit the M⋆−Re relation:

Re = a
(

M∗
1010M⊙

)b

, (4.2)

where Re is the effective half-light radius in kpc and M∗ is the mass of the galaxy. To
perform the actual fitting we utilise the HYPERFIT package (Robotham & Obreschkow,
2015) which estimates the M⋆−Re relation via Bayesian inference for each morphological
group and component. During fitting we assume uniform priors and each galaxy is
weighted by its V/Vmax and the (convergence) errors for each individual galaxy are fully
taken into account during the fitting process.

4.5.1 Global M⋆−Re relations by Hubble type

To establish the global (i.e. single component Sérsic fit) M⋆−Re relation by Hubble type
we have grouped the GAMAnear sample into 5 populations:

• 1564 late-type single component galaxies (including 40 high/low B/T galaxies),

• 890 late-type multi-component systems (comprised of Sab-Scd and SBab-SBcd
galaxies) of which 708 have also good 2-component fits,

• 580 early-type multi-component systems (which include S0-Sa and SB0-SBa galax-
ies) of which 493 have also good 2-component fits,

• 806 early-type single component (including 33 high B/T galaxies), and

• 372 Little Blue Spheroids (LBS)

The resulting global M⋆−Re relations are shown in panel (i) of Fig. 4.9, from left to
right the plots are (a) Sd-Irr, (b) visually late-type multi-component systems, (c) visually
early-type multi-component systems, (d) ellipticals and e) LBS. The fit parameters can be
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found in Table 4.1 (i).

We find that the single Sérsic M⋆−Re relation fits to the different morphological types
lie on almost parallel lines (i.e., comparable gradients but offset in normalisation). Most
two-component systems are more massive than Sd-Irr galaxies, but compared at the same
mass we find that two component systems are smaller than Sd-Irr galaxies. Compared to
the ellipticals, however, we find that two-component systems are larger at a given mass.
This corroborates the composite nature of these galaxies, i.e. the disk surrounding the
bulge makes their global Re appear larger than ellipticals but smaller than Sd-Irr galaxies
at a given mass, with the offset between the Sd-Irr and elliptical relation depending on
the relative dominance of the disk or bulge component. The LBS galaxies on the other
hand are our smallest and least massive population. The slope of their M⋆−Re relation
is flatter than that of any of the other morphological types. Nevertheless, their sizes are
mostly consistent with an extension of the elliptical population. In fact, within the errors
the LBS relation is consistent with the low-mass elliptical relation ( M∗ < 1010M⊙), see
Table 4.1 (ii).

Here our morphological subdivisions are finer than in our previous work (L15) but
broadly agree. In detail our Sd-Irr class has a steeper M⋆−Re relation than the late-type
relation in L15. This is an effect of our sample selection. In fact, fitting an M⋆−Re relation
to a combined sample of Sd-Irr and all two-component systems (see Table 4.1 (iv)) results
in a relation fully consistent with the late-type relation in L15 (reproduced in Table 4.2).
Our elliptical class has a shallower M⋆−Re relation compared to the early-type relation
in L15. This is also largely a sample selection effect, caused by the relative increase in
the number of low-mass to high-mass ellipticals within the sample. Fitting a high-mass
elliptical relation (see Table 4.1 (ii)), similar to L15, with M∗ > 1010M⊙ we again find
good agreement with our earlier work.

4.5.2 M⋆−Re relations by galaxy component

The distributions and fits to the structural component M⋆−Re relations are shown in panel
(ii) of Fig. 4.9 and the fitting parameters can be found in Table 4.1 (iii).
From left to right panel (ii) shows the late-type disks and bulges (LTD and LTB, plots
f and g, respectively) followed by early-type disks and bulges (ETD and ETB, plots h
and i). In each panel we also show the global M⋆−Re relation of the population they
were derived from, which is indicated by the large black arrows. Not surprisingly we find
that generally disks are larger and bulges are smaller than the global single Sérsic fits of
the population they were derived from. Additionally our data shows that the component
M⋆−Re relations are typically less curved than the global relation they were derived from.
However, the late-type disks are an exception to this and show a slight upward curvature at
high masses. This is in qualitative agreement with results from Bernardi et al. (2014) who
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Hubble type
(i) a b
Sd-Irr 6.347 ± 0.174 0.327 ± 0.008
S(B)ab-S(B)cd 5.285 ± 0.098 0.333 ± 0.009
S(B)0-S(B)a 2.574 ± 0.051 0.326 ± 0.015
E 2.114 ± 0.035 0.329 ± 0.01
LBS 2.366 ± 0.166 0.289 ± 0.019
(ii) a b
E (M∗ ≥ 1010M⊙) 1.382 ± 0.065 0.643 ± 0.032
E (M∗ ≥ 2×1010M⊙) 0.999 ± 0.089 0.786 ± 0.048
E (M∗ < 1010M⊙) 1.978 ± 0.077 0.265 ± 0.022
E (M∗ < 2×1010M⊙) 2.108 ± 0.041 0.326 ± 0.012

Structural Components
(iii) a b
late type disk 6.939 ± 0.17 0.245 ± 0.008
late type bulge 4.041 ± 0.129 0.339 ± 0.014
early type disk 4.55 ± 0.097 0.247 ± 0.015
early type bulge 1.836 ± 0.054 0.267 ± 0.026

Combined Case
(iv) a b
all disks 5.56 ± 0.075 0.274 ± 0.004
all disks + LTB 5.125 ± 0.065 0.263 ± 0.004
final z = 0 disks 5.141 ± 0.063 0.274 ± 0.004
E + ETB 2.033 ± 0.028 0.318 ± 0.009
final z = 0 spheroids 2.063 ± 0.029 0.263 ± 0.005

global late-types 4.104 ± 0.044 0.208 ± 0.004
Table 4.1 The regression fit parameters to Eq. ??
for the different Hubble types and structural com-
ponents as well as a combined early and late type
relation (see Fig.4.9).

late-type a b
r band 3.971 ± 1.745 0.204 ± 0.018
early-type a b
r band 1.819 ± 1.186 0.46 ± 0.023
M∗ >2×1010M⊙ 1.390 ± 1.557 0.624 ± 0.033

Table 4.2 Fitting parameters taken from L15 (Ta-
ble 2, 3 and B2) for the morphological late- and
early-type M⋆−Re relation.



4.5 M⋆−Re relations 97

1 10

10
8

10
9

10
10

10
11

Late-type disks

10
8

10
9

10
10

10
11

Late-type bulges

10
8

10
9

10
10

10
11

Early-type disks

10
8

10
9

10
10

10
11

Early-type bulges

com
ponent stellar m

ass /M
�

Re / kpc
1 10

10
8

10
9

10
10

10
11

Sd-Irr

10
8

10
9

10
10

10
11

S(B)ab-S(B)cd

10
8

10
9

10
10

10
11

S(B)0-S(B)a

10
8

10
9

10
10

10
11

Elliptical

10
8

10
9

10
10

10
11

LBS

total stellar m
ass /M

�

Re / kpc

a""
"""""

""""""""""""""b"""
"

"""""""""""c"
"

""
""""""""d"

"
""

"""""e
""

f""
"

"""""""""""g"
"

"""
"""""h"

"
"""""""""""""""""i"

"
""

(i)"
"""""""""""(ii)"

1 10

10
8

10
9

10
10

10
11

Sd-Irr
S(B)ab-S(B)cd
S(B)0-S(B)0a
ELBStotal stellar m

ass /M
�

Re / kpc

Fig.4.9
T

he
top

panel(i)show
s

the
global

M
⋆ −

R
e

relation
for:a)Sd-Irr(blue),b)late-type

m
ulti-com

ponent(dark
purple),c)early-type

m
ulti-com

ponent(rose),d)
ellipticals

(red),and
e)L

B
S

(grey)galaxies.
Panel(ii)show

s,from
leftto

right,the
com

ponent
M

⋆ −
R

e
relation

forlate-type
disks

(cyan)and
bulges

(purple),plots
f)and

g)respectively.W
e

also
plotthe

global
S(B

)ab-S(B
)cd

relation
from

panelb)
in

com
parison.

T
he

early-type
disks

(m
agenta)

and
bulges

(dark
red)

are
show

n
in

plots
h)

and
i).

A
gain

w
e

plotthe
global

S(B
)0-S(B

)a
(show

n
in

panelc)in
com

parison.The
grey

shaded
areas

indicate
w

here
oursm

ooth
volum

e
lim

ited
sam

ple
selection

starts
and

galaxies
are

up-w
eighted

by
theirV

/V
m

ax .T
he

black
lines

are
the

90th,68th
and

50th
percentiles

ofthe
respective

m
ass–size

distributions.T
he

arrow
s

show
from

w
hich

population
the

com
ponents

w
ere

derived.
Finally

w
e

show
allglobal

M
⋆ −

R
e

relations
in

com
parison

in
the

farrightplotin
panel(ii).T

his
highlights

the
sim

ilarities
betw

een
the

differentpopulations,i.e.the
relations

are
parallelbutoffsetfrom

each
otherdepending

on
theirbulge

fraction.



98 M⋆−Re relations of z = 0 bulges, disks and spheroids

found that the disks of late-type galaxies cannot be fit with a single power law, whereas
the bulges of early-type galaxies follow a pure power law which is not exhibited by their
parent population.

We now wish to establish whether these component fits are consistent with the Sd-Irr
or E M⋆−Re relations. In particular we wish to test the following hypotheses:

(a) ETD and Sd-Irr galaxies are associated

(b) ETB and ellipticals are associated

(c) LTD and Sd-Irr galaxies are associated

(d) LTB and ellipticals are associated

(e) LTB and Sd-Irr galaxies are associated

(f) LBS and ellipticals are associated

(g) LBS and Sd-Irr galaxies are associated

(h) S(B)ab-S(B)cd systems fit with a single component (see Sec. 4.5.3) and Sd-Irr galaxies
are associated

In Fig. 4.10 we visualise the affiliation of various components with either the Sd-Irr
(left) or ellipticals (right) by plotting their relative deviations, defined as

(Robserved −Rpredicted)/Rpredicted (4.3)

where Robserved represents the sizes of the tested populations, and Rpredicted represents the
predicted size using either the Sd-Irr or elliptical M⋆−Re relation. In both panels the
area under the curve has been normalised and each population is colour coded as shown
in the legend with the dashed, vertical black line showing the peak of the deviations for
the Sd-Irr galaxies and ellipticals, i.e. the populations to which we compare. The disk
components, late-type bulges and the global late-type populations all broadly align with the
Sd-Irr relation. The late-type disks tend to higher deviations indicating that they are larger
than the Sd-Irr population, however, their peak deviation is close to 0. The good agreement
of the late-type bulges with the Sd-Irr relation hints at their possible ‘pseudo’-bulge nature
which is corroborated by their Sérsic index distribution. On the other hand dust in latet-type
galaxies can artificially lower the Sérsic index of LTB, making them appear larger and thus
fall within the parameter space of the Sd-Irr relation. Ellipticals, early-type bulges and LBS
on the other hand do not align with the Sd-Irr relation and their distributions are completely
offset. Conversely, we find that the LBS and early-type bulges visually align with the
elliptical M⋆−Re relation. They have similar peaks, however, the early-type bulges have a
broader distribution, which is in good agreement with the larger scatter observed in Fig. 4.9.
Whether this is intrinsic or a byproduct of the decomposition is unclear. Late-type bulges,
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Fig. 4.10 Shown are the relative fractional deviations of the different components from the best fit
M⋆−Re relation of the tested parent population. The left plot shows the deviation of the data from
the Sd-Irr M⋆−Re relation and the right plot shows the deviation from the elliptical relation. In
both plots the area under the curve has been normalised over the range of deviations shown in the
plot.

disks and Sd-Irr galaxies are offset from the elliptical distribution and do not follow their
relation.

In addition to the qualitative nature of Figure 4.10 we also perform a two sample
Kolmogorov-Smirnoff-test (KS-test) for each hypothesis. For this we compare the different
samples to the M⋆−Re relation of either Sd-Irr or elliptical galaxies. Since the KS-test
in essence compares the cumulative distributions of two populations in one dimension it
does not take into account the spread of our data around the M⋆−Re relation. Hence we
decided to bin our data in ∆ log(M⋆)=0.2 steps to establish the median mass and size of
the bin and we use the median bin mass to calculate the expected size based on either the
Sd-Irr or elliptical M⋆−Re relation. This also allows us to test whether the expected size
distribution from the M⋆−Re relation fit agrees with the observed median size distribution
of the sample, even for cases which have only little or no overlap in the mass-size plane
(e.g. LBS galaxies and the elliptical M⋆−Re relation). The resulting KS statistics are
shown in Table 4.3. For our tested assumptions, combining the results of Fig. 4.10 and the
KS-test, we conclude:

• a,b,c,e,f,h = True

• d,g = False
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Case D p-values

components vs Sd-Irr and E relation
a) ETD vs Sd-Irr 0.4 0.418
b) ETB vs E 0.38 0.66
c) LTD vs Sd-Irr 0.29 0.635
d) LTB vs E 0.5 0.1
e) LTB vs Sd-Irr 0.42 0.256
f) LBS vs E 0.43 0.575
g) LBS vs Sd-Irr 1 0.001

global fits vs Sd-Irr and E relation
Sd-Irr vs Sd-Irr 0.33 0.73
global late-types vs Sd-Irr 0.23 0.898
global early-types vs Sd-Irr 0.57 0.019

E vs E 0.2 0.994
global late-types vs E 0.62 0.013
global early-types vs E 0.29 0.635

Table 4.3 Shown are the D- and p-values for a two tailed KS-test on the hypothesis stated in
Sec. 4.5.2.

4.5.3 Should S(B)ab-S(B)cd systems be described as single or multi-
component?

In the previous section we found that both late-type disks and late-type bulges are associated
with the Sd-Irr relation. Additionally, the Sérsic index distribution of these components
(Fig. 4.7, bulge, top and disk, bottom) show that late-type disks extend to lower Sérsic
indices than typically expected. In fact, the LTD in our sample have a median Sérsic
index of n ∼ 0.6 (i.e., a more Gaussian-like light profile). The Sérsic index distribution of
our late-type bulges peaks at n ∼ 2 which is much lower than would be expected for an
intermediate to high-mass classical bulge where n∼4. There are two possible reasons, (i)
we are seeing the effects of dust affecting both bulge and disk, and/or (ii) late-type systems
are composed of pseudo-bulges and disks.

Seeing a bulge or disk through dust has the effect of lowering the Sérsic index as
well as making them appear larger (Pastrav et al., 2013a,b). On the other hand, if the
late-type galaxies do indeed contain pseudo-bulges, which are arguably perturbations of
the disk, this begs the question as to whether the late-type galaxies should or should not be
decomposed into 2 components.

Figure 4.10 (left panel) and a KS-test show that the global (i.e. single Sérsic fit) late-
type M⋆−Re relation can also be associated with the Sd-Irr relation and a decomposition
of the late-type 2-component systems is not strictly necessary. Another issue to consider
here is that if S(B)ab-S(B)cd galaxies are truly 2-component systems than fitting their
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light profile with a single component only would bias our size estimation to larger sizes
(Bernardi et al., 2014), especially for brighter and larger galaxies. However, the majority
of our S(B)ab-S(B)cd systems are comparatively small when considering this effect found
by Bernardi et al. (2014). Furthermore fitting a final disk relation using either global or
component fits for the S(B)ab-S(B)cd galaxies we find that the resulting M⋆−Re relations
are nearly identical (these relations are also given in Table 4.1 for reference). Hence, as
considering either single or two-component sizes has little effect on the M⋆−Re relation
and as we cannot conclusively tell the difference between a pseudo-bulge and a classical
bulge without kinematic data, we opt to use the global (single component) S(B)ab-S(B)cd
galaxies for our final z = 0 disk relation to avoid over-interpreting our results. This is
also in concordance with other recent studies where late-type two component galaxies are
considered ‘bulgeless’ disks (for example Sachdeva et al., 2015).

4.5.4 Combined disk and spheroid M⋆−Re relations

In this section we now aim to establish the definitive z = 0 disk and spheroid M⋆−Re

relation composed of associated global and component populations as identified in the
previous section. In summary, we consider the following populations to be associated:
i) Sd-Irr and late-type galaxies and the disks of early-type galaxies and,
ii) Ellipticals, early-type bulges and LBS.

We show our final combined M⋆−Re relations for disks (top) and spheroids (bottom)
in Figure 4.11. The data points are colour coded by the population they belong to. The
solid lines show our final disk and spheroid M⋆−Re relation fits. In comparison we also
show simulated z = 0 EAGLE galaxies which are actively star-forming (top) and passive
(bottom) as black points with error bars. We discuss the selection and comparison of the
EAGLE data in the next Section. Additionally, we show the M⋆−Re relation for late- and
early-type galaxies by Shen et al. (2003) as a dashed line. We show these relations as they
were used to calibrate the simulated data from EAGLE. Note, we plot the Shen et al. (2003)
relations only over the mass range for which they were established and we have corrected
them for the size-wavelength dependence using the equations given in L15 (their Table 4),
assuming M⋆ = 1010M⊙. Additionally, we also correct for the fact that Shen et al. (2003)
use a circularised radius1. The M⋆−Re relation parameters can be found in Table 4.1 (iv).

For the combined disk populations (Fig. 4.11, top) we find that the relation flattens
considerably from the Sd-Irr only relation, an effect of including the high-mass early-type
disks and late-type galaxies. If our assumption is true that the Sd-Irr galaxies, early-type
disks, and ‘reconstituted’ late-type galaxies are related than this could hint at a possible
change in the slope of the late-type M⋆−Re at high masses. Comparing our M⋆−Re

relation to the Shen et al. (2003) relation it is obvious that our data follows an opposite

1Rc =
√

b/aRe, where b and a are the semi-minor and semi-major axes. Using the average ellipticity of
our sample we get Re = 1.33×Rc.
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trend at higher masses and does not turn up but down. This effect arises because we
compare a component relation to a global relation, we see a similar steepening of our data
if only global sizes are considered in the M⋆−Re distribution instead. In addition, since
our data extends to lower masses than the Shen et al. (2003) analysis we can also see that
the M⋆−Re relation does not actually flatten out at lower masses. Overall this shows that
a linear fit (in log-log space) to the data is sufficient to describe the disk M⋆−Re relation
over the observed stellar mass range.

Compared to the elliptical only relation, the slope of the combined elliptical, LBS and
ETB M⋆−Re relation also flattens at the low mass end and essentially lies parallel to
the final disk relation. We also see a turn off in the data, albeit in the opposite sense to
the combined disk relation, i.e. the data flattens at the low-mass end. For the spheroid
M⋆−Re relation this flattening is caused by the inclusion of more low-mass components
(mainly LBS), this is corroborated by a comparison of our data to the Shen et al. (2003)
relation. We see a very good agreement over the mass range in which the Shen et al. (2003)
M⋆−Re relation was established. However, a clear turn-off, or flattening can be seen at
low masses. That the flattening is caused by low-mass galaxies is further supported by
comparing the final spheroid relation to the low-mass elliptical only relation, see Table
4.1 (ii), which are within the errors identical. Additionally we fit the M⋆−Re relation
to ellipticals and early-type bulges only and find that this relation is, within the errors,
identical to the elliptical only relation, supporting the notion that early-type bulges are
indeed classical bulges and “elliptical-like”. This begs the question whether the LBS are all
indeed early-type galaxies. As shown in Fig. 4.10 the distribution of the relative deviations
of LBS from the elliptical M⋆−Re relation is consistent with them being associated. Their
broad distribution, however, which looks similar to a top-hat function, extends to high
deviations which suggests that not all LBS galaxies are the same. Without higher resolution
imaging data we cannot yet conclusively say if LBS are indeed all early-type galaxies.
Preliminary visual inspection of LBSs available in the higher resolution VIKING imaging
shows that a significant fraction of them are actually two-component systems.

If the LBS and ETBs, as well as the high- and low-mass ellipticals are all indeed the
same population, then a curved fit, i.e. a double power law, is necessary to describe the
M⋆−Re relation. In lieu of a definitive answer we recommend considering the high-
and low-mass early-type populations separately. In Table 4.1 (ii) we provide a M⋆−Re

relation for high- and low mass ellipticals considering two different mass separators at
M⋆ = 1010M⊙ and M⋆ = 2×1010M⊙. The combined M⋆−Re relation to all ellipticals,
ETBs and LBS in Table 4.1 (iv) should only be considered for samples that primarily
contain galaxies with M⋆ ≤ 1010M⊙. Furthermore, it should be noted that previous studies
have reported a second deviation of the early-type M⋆−Re relation from a simple power
law at very high masses (M⋆ ∼ 2×1011M⊙, e.g., Bernardi et al., 2007; Hyde & Bernardi,
2009; Bernardi et al., 2011, 2014). Due to the limited volume we survey, we do not see
this deviation. However, as this second change in slope is likely linked to the formation
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Fig. 4.11 Shown are the final z = 0 disk (top) and spheroid (bottom) M⋆ −Re relations. The
disk relation consists of Sd-Irr galaxies, early-type disk components and reconstituted late-type
2-component systems. The spheroid relation is composed of ellipticals, early-type bulges and
LBS. The solid coloured lines are the final disk and spheroid M⋆−Re relation fits to the data,
the dashed red line shows the high mass elliptical only () relation, the grey shaded areas indicate
where our smooth volume limited sample selection starts and galaxies are up-weighted by their
V/Vmax. The black (solid) lines are the 90th, 68th and 50th percentiles of the respective mass–size
distributions. Additionally we show the active (top) and passive (bottom) z = 0 galaxies from the
EAGLE simulation (black points + error bars) and the M⋆−Re relation from Shen et al. (2003)
corrected for waveband and circularised radius (dashed black line, only shown over the mass range
in which it was established).
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history of galaxies it needs to be taken into account when studying the high-mass end of
the M⋆−Re relation.

Finally we include the caveat that the flattening of both the disk and spheroid population
could be real or due to miss-classification in our visual morphology sample or a significant
bias in our bulge + disc decomposition. Ultimately deeper data, such as that provided by
VST KiDS and a fit in all available wavelengths to establish robust masses should clarify
whether the flattening is real or an artifact of our methodology.

4.6 Does the size distribution pose a problem for simula-
tions?

In this section we have a first look at comparing our final disk and spheroid relations with
data from the EAGLE simulation (Crain et al., 2015; Schaye et al., 2015). EAGLE is a suite
of cosmological hydrodynamical simulations performed at two numerical resolutions, in
periodic volumes with a range of sizes, and using a variety of subgrid implementations to
model physical processes below the resolution limit. The subgrid parameters governing
energetic feedback mechanisms of the EAGLE reference model were calibrated to the
z = 0 galaxy stellar mass function, galaxy stellar mass - black hole mass relation, and
galaxy stellar mass - size relations (see Crain et al. 2015 for details and motivation). The
EAGLE reference model reproduces many observed galaxy relations that were not part
of the calibration set, such as the evolution of the galaxy stellar mass function (Furlong
et al., 2015b), of galaxy sizes (Furlong et al. 2015a), of their optical colours (Trayford
et al., 2015), and of their atomic (Bahé et al. 2016) and molecular gas content (Lagos et al.,
2015), among others, and thus is an excellent testbed to compare with our observations.

We use the public database of EAGLE described in McAlpine et al. (2015). In partic-
ular, we focus our attention on the reference model of EAGLE run in a cubic volume of
length 100 comoving Mpc on a side with 2×15043 dark matter and gas particles (particle
masses are 9.7×106M⊙ and 1.81×106M⊙, respectively, which help to reach a physical
resolution of 0.7 kpc. One of the notable aspects of EAGLE is the plethora of sub-grid
baryonic physics included in the model: (i) radiative cooling and photo-heating rates, (ii)
star formation, (iii) stellar evolution and metal enrichment, (iv) stellar feedback, and (v)
black hole growth and AGN feedback. These physical models are the key ingredient to
reproduce a large set of properties of the observed galaxy population in the local Universe.
For more details of the simulation we refer the reader to Schaye et al. (2015).

To compare EAGLE data with our observations we use the masses and sizes of z=0
active and passive galaxies, calculated from data in the public database, following the
method described in Furlong et al. (2015b). Briefly, the size is the mean half-mass radius
taken within a 100kpc aperture projected along the x-y, x-z, and y-z axes. Note that this
definition of size differs from the size used to calibrate the simulation against the Shen
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et al. (2003) late type galaxies. The galaxy sizes used in the calibration are based on the
Sérsic scale length obtained from fitting Sérsic profiles to the surface density profiles of
the simulated galaxies. To separate active and passive galaxies Furlong et al. (2015b,a) use
a specific star-formation rate cut of 0.01 Gyr−1, which is approximately one decade below
the observed main sequence of star formation. For the following comparison there are two
notable caveats:
(i) we compare our measurements of the disk and spheroid M⋆−Re relation for the half-
light radius to the half-mass radius of the simulated galaxies, and
(ii) we separate active and passive simulated galaxies to compare to our disks and bulges,
respectively. We caution the reader that although a correlation between being bulge
(disk)-dominated and being passive (active) is expected, they are not necessarily the same
populations.

Figure 4.11 shows our final disk and spheroidal M⋆ − Re relations. We plot the
EAGLE data as black points and the error bars indicate the 16th and 84th percentile of their
distribution. We also show the Shen et al. (2003) relation for n < 2.5 and n > 2.5 galaxies
as the dashed line. The difference in the shape of the disk M⋆−Re relation (Fig. 4.11,
top) is in part caused by comparing disk only components (our data) with global sizes
(EAGLE). This is because also considering a bulge component in a global profile fit has
the effect of lowering the half-mass radius due to their typically smaller size and higher
concentration compared to disks. For the spheroid relation (Fig. 4.11, bottom) we agree
well with the EAGLE data down to M∗ ∼ 1010M⊙. Below this mass limit we see a much
less marked change of slope compared to the EAGLE data. This could be due to comparing
passive galaxies in EAGLE with our spheroid sample that contains LBS galaxies. The latter
are arguably active systems. On the other hand, at least in part, this could be explained
by the known limitations of the simulation, e.g. the high fraction of passive low mass
galaxies at z = 0 due to the finite sampling of the star-formation in low mass galaxies. A
one-to-one comparison, in which EAGLE galaxies are analysed with the same pipeline
applied to GAMA galaxies is needed to shed light on this issue. A further point to consider
is the shape of the M⋆−Re relation at very high masses (M∗ ≥ 1011.3M⊙) which has
been shown to deviate from a pure power law (Bernardi et al., 2007; Hyde & Bernardi,
2009; Bernardi et al., 2011, 2014, e.g.,). As mentioned previously, due to our small survey
volume, we do not sample the high-mass end of the M⋆−Re relation well and cannot
confirm the curvature of the relation. However, to ensure that simulations return realistic
galaxy sizes at all masses, not only the mass range over which they were matched, a
detailed comparison with the relevant studies is necessary.

Figure 4.12 summarises the findings of Figure 4.11. Here we compare the distribution
of the vertical scatter for the GAMA and EAGLE data from our disk (left) and spheroid
(right) M⋆−Re relation. We divide our sample in bins of 0.3 dex in stellar mass and fit
a Gaussian to the distributions (see Figures B.6 and B.7) to study the scatter of the data
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Fig. 4.12 Shown is the offset (top) of the Gaussian distribution fit of the observational and simulated
data from the disk (left) and spheroid (right) M⋆ −Re relation. The bottom panel shows the
corresponding scatter σlog(Re) (SD, circle plus dashed lines) as well as the 16th/84th percentile
scatter (16/84, filled symbols plus solid line) of the distribution. Additionally we show the σ–mass
relation from Shen et al. 2003 for comparison.
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from the M⋆−Re relation at fixed stellar mass. The top panel of Fig. 4.12 shows the
offset (µ of the Gaussian fit) of the log(Re) scatter from the M⋆−Re relation. Note that
for the high mass spheroid/passive galaxy sample we actually compare to the high mass
(M∗ > 1010M⊙) elliptical M⋆−Re relation. This does not change the scatter of the data
but has the effect of moving the offset from the M⋆−Re relation to ∼ 0. The bottom
panel shows the σlog(Re) versus stellar mass distribution. We show the sigma (standard
deviation, SD) of the best fit Gaussian to the underlying distribution as well as the 16th

and 84th percentile scatter of the GAMA and EAGLE data. In cases where the underlying
distributions are somewhat skewed the SD and 16/84th percentile sigma do not agree
well and could even hint at a possible bimodality in the underlying distribution. We also
include the scatter versus mass relation from Shen et al. (2003), corrected from loge to
log10, for comparison. Note that the Shen et al. (2003) scatter–mass relation is based on
the combined scatter of their early- and late-type M⋆−Re relations. In Appendix B.2 we
show the histograms of the scatter of the data from the M⋆−Re relation for each mass bin
with the best fit distribution overplotted.

Examining Fig. 4.12 the offset in the modes of the GAMA and EAGLE data is expected,
as seen in Figure 4.11. This is due to the EAGLE simulation being calibrated using the
Shen et al. (2003) relations. To some extent the variance (or sigma values as indicated on
the Figure) is of more interest as these have not been explicitly tailored in the simulation
to match the data distributions.

We focus our analysis on the sigma derived from the Gaussian fits, i.e., the points
labelled SD in Fig. 4.12. We find that for the disk/active population the variance in the
simulated data is almost always smaller than the observations. For the spheroid/passive
populations there is a divide at M∗ ∼ 2×1010M⊙ with the simulated data having a smaller
variance for less massive systems compared to the data and a comparable variance for
more massive systems. This is somewhat surprising as the dark matter spin distributions
are known to be quite broad. If coupling is strong one would expect the distribution
of specific angular momentum and disk sizes to be comparably broad. Because we are
comparing light against mass and components against classes we should be careful with
interpreting any deviations. Clearly an improved comparison can be made from bulge
+ disc decompositions of the EAGLE images which would place the observational and
simulated data onto the same footing. Although gri images of EAGLE galaxies with
M∗ > 1010M⊙ have been made publicly available from their database, it is still not
sufficient to perform an analysis like the one done here for GAMA. Images of individual
bands, preferably to lower stellar masses, would be required for this. For the moment we
consider Figures 4.11 and 4.12 to provide a good demonstration of the potential of the
mass-size plane for comparing observational and simulated data.
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4.7 Comparison with high redshift data

There is a well know discrepancy between the M⋆−Re relation of high redshift galaxies
(z>1) and the local M⋆−Re relation, with the high redshift galaxies at the same mass
being smaller than their low redshift counterparts (e.g. Daddi et al., 2005; Longhetti et al.,
2007; van Dokkum et al., 2008; Trujillo et al., 2006, 2007). This itself is not a problem
since an evolution in the M⋆−Re relation is expected due to galaxies at later times being
formed through less dissipative events (i.e. low redshift progenitors are gas-poorer than
high redshift progenitors, see e.g. Hopkins et al. 2009). Hence at lower redshift newly
formed galaxies are expected to be bigger than their high redshift counterparts. However,
the lack of old massive compact systems at low redshift means that the galaxies observed
at high redshift must have grown by a factor of up to ∼5-6 to end up on the local M⋆−Re

relation. One might argue that the measurements of high redshift galaxies are inherently
difficult and the observed size growth is biased by systematics. However, several studies
have shown that, even considering all the uncertainties in the mass and size measurements
of the high-z galaxies, the size growth is real. Even for the most unfavorable cases the high
redshift galaxies lie well below the present day M⋆−Re relation (see e.g. Buitrago et al.,
2013; Weinzirl et al., 2011).

In this section we briefly compare published measurements of high-redshift galaxies
from the CANDELS-UDS field (Mortlock et al., 2013, 2015; Margalef-Bentabol et al.,
2016), against our local disk and spheroid M⋆−Re relations. To briefly summarise, the
CANDLES-UDS data contains 1132 galaxies with M∗ > 1010M⊙ and 1<z<3. Of these
683 are fit with a single component Sérsic profile while 449 with a bulge + disc profile. For
the two-component fits the disk is set to n = 1 and the bulge n is free unless the fit failed in
which case the bulge was reset to either n = 1 or n = 4 (Margalef-Bentabol et al., 2016).

The CANDELS-UDS data were obtained using the Hubble Space Telescope’s Wide
Field Camera 3 (WFC3/IR) F160W (H) band, which is well matched in physical resolution
and rest-wavelength to the GAMA low-redshift SDSS data. Here we restrict ourselves to
the redshift range 1 < z < 1.5 where the H-band equates to a comparable rest wavelength
of 640−800nm. For the HST data stellar masses were derived by the CANDELS team
using BC03 stellar populations, a Chabrier IMF and with the same ΛCDM cosmology
as our analysis. One minor difference worth highlighting between the HST and GAMA
analysis, is the derivation of component masses. For the HST data this was based on the
single band bulge-to-total ratio rather than component colours (see Section 4.4).

The high-redshift CANDELS-UDS sample naturally divides into three distinct pop-
ulations: single component systems, bulges of two-component systems, and disks of
two-component systems. We now explore whether any of these three populations follow a
similar M⋆−Re relation to the local benchmarks.
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Fig. 4.13 We show the local disk (blue, left side) and spheroid (red, right side) M⋆−Re distributions
in comparison to the high redshift CANDELS data (1 < z < 1.5) for our three high-redshift
populations. The solid blue and red lines are our final disk and spheroid M⋆ −Re relation as
presented in Sec. 4.5.4. The dashed red line is the local high mass (M∗ > 1010M⊙) elliptical
M⋆−Re relation as given in Table 4.1 (ii). It is immediately obvious that most data do not agree
with the disk M⋆−Re relation. On the other hand there is good agreement between our local
spheroids and the high-redshift single component systems and the high-redshift bulge components
(with a compact extension of the high-redshift bulge components).



110 M⋆−Re relations of z = 0 bulges, disks and spheroids

−1 −0.5 0 0.5 1 1.5 2

0
0

.0
0

5
0

.0
1

deviation from disk relation

n
o

rm
a

lis
e

d
 d

e
n

s
ity

1<z<=1.5 - median z=1.32

−1 −0.5 0 0.5 1 1.5 2

0
0

.0
0

5
0

.0
1

deviation from spheroid relation

n
o

rm
a

lis
e

d
 d

e
n

s
ity

all single
'disk'
'bulge'
z=0 populations

Fig. 4.14 Shown is the same comparison as Fig. 4.10 but for the CANDELS high redshift data
(1 < z ≤ 1.5) compared to our final disk (left) and high mass elliptical (right, M∗ > 1010M⊙)
M⋆−Re relations.

In Fig. 4.13 we show the M⋆−Re plane with the various high-redshift samples overlaid
on the local benchmark data (left panel against disks and right panel against spheroids).
Note that we show both the local spheroid M⋆−Re (solid red line) and the high mass
elliptical M⋆−Re relation (M∗ > 1010M⊙, dashed red line). For our comparison we
concentrate on the high mass elliptical relation since this describes our low redshift data
better in the mass range observed for high redshift galaxies. It is immediately apparent that
none of the populations provide a good association with the low-redshift disk benchmark
(left panel), with all systems being significantly more compact. However, the high-redshift
disks lie the closest and fall just below the low redshift relation (bottom left panel). On the
other hand, we see what appears to be a fairly close association between the high redshift
single component systems and the low redshift spheroid benchmark (top right panel). The
high redshift bulges also overlap with the low-redshift-spheroid relation (middle right
panel), but extend to significantly lower sizes as well.

To elucidate these issues further, we show in Fig. 4.14 the deviation distribution. We
follow our methodology from before (see Section 4.5.2) and use Eq. 4.3 to calculate
the deviation from the local benchmark relations. Here Robserved represents the sizes of
the CANDELS-UDS data, and Rpredicted represents the predicted size using either the low
redshift disk relation or low redshift high mass (M∗ > 1010M⊙) elliptical relation M⋆−Re

relation. On Fig. 4.14 each of the three populations are shown compared against either the
local disk (left panel) or local spheroid (right panel) relations. The dark green dot-dashed
lines show the scatter of the local data about the disk and spheroid relations. Note that
the low redshift spheroid deviation (dark green dashed line, right panel) is only evaluated
down to M∗ = 1010M⊙ to give a fair comparison, since a high mass only M⋆−Re relation
is used for evaluation. The solid black line shows the high-redshift single component
sample while the dotted lines show the high-redshift disks (cyan) and bulges (magenta).
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Case D p-values

(i) high redshift vs local disk M⋆−Re relation
a) all high-redshift single 1 0.002
b) disk 0.62 0.087
c) bulge 1 0

(ii) high redshift vs local high mass spheroid M⋆−Re relation
a) all high-redshift single 0.5 0.474
b) disk 0.75 0.019
c) bulge 0.4 0.418

Table 4.4 Shown are the D- and p-values for a two tailed KS-test on the hypothesis that high redshift
1 ≤ z ≤ 1.5 galaxies and components are associated with either the local disk (i) or spheroid (ii)
M⋆−Re relation.

Fig. 4.14 reiterates our findings from Fig. 4.13. Compared to the local spheroid benchmark,
two populations show a plausible fit, the single component systems, and the high redshift
bulges, albeit with a greater spread potentially indicative of the greater measurement error
associated with fitting high redshift data. Whereas none of the distributions agree with
the disk M⋆−Re relation. However, the high redshift disk components have the largest
overlap with our local disk M⋆−Re relation.

In addition to the qualitative nature of Figures 4.13 and 4.14, we also perform a KS-test,
as described in Sec. 4.3, to establish the association of the high redshift data with our local
disk and high mass spheroid M⋆−Re relation. The resulting test statistics are shown in
Table 4.4, and corroborate our visual inspections.

Putting aside external observations (e.g. visual morphology used as priors), our analysis
suggests that the majority of high-redshift systems overlap satisfactorily with the low-
redshift spheroid M⋆−Re relation, with the exception of the high-redshift disk components.
The obvious and simplest conclusion, is that we are essentially seeing bulge and spheroid
formation/emergence at high-redshift, with some two-component systems existing, which
adhere reasonable closely to the z = 0 spheroid relations but with the high-redshift disks
somewhat more compact than their z = 0 counterparts. This observation meshes well with
the notion of rapid spheroid formation at high-redshift (z > 1.5; Tacchella et al., 2015)
followed by disk growth at intermediate to lower-z (z < 1.5; e.g., Sachdeva et al., 2015),
i.e., two-phase evolution as described in Driver et al. (2013). The obvious objections,
however, are that observations of high-redshift systems generally show them to be visually
clumpy, vigorously star-forming, and exhibiting clear evidence of systemic rotation, and
hence are often described as disk-like (see for example Förster Schreiber et al. 2006,
2009; Green et al. 2010, and the recent review by Glazebrook 2013). However, these
observations also show strong vertical velocity dispersions (e.g. Barro et al., 2014), verging
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on or exceeding the Toomre stability criterion (Toomre, 1964), i.e. if these are disks they
are highly unstable and unlike any type of disk seen locally.

At some level there is a semantic issue worth raising: When exactly does a spheroid
become a spheroid, or a disk become a disk? Even in the ideal scenario of an entirely
isolated collapsing gas cloud, it is likely to go through several star-burst phases, fragmenta-
tion and merging of these fragments before finally resembling what we consider a classical
elliptical. Exactly at what point should we start calling such a system an elliptical, at the
moment of first collapse or only after all star-formation has ceased and the system becomes
dynamically relaxed? If the critical criteria are along the lines of the Hubble classification
then clearly the high-redshift systems are not spheroids, however, it is also clear these are
not conventional disks (smoothly rotating systems with minimal velocity dispersions and
aspect ratios of 1:10), and the use of this terminology is equally misleading.

The mass-size relation essentially maps fundamental (conservable) quantities of mass
and angular momentum. In this sense the mass-size relation is quite powerful and appears
to be arguing that the majority of systems at high-redshift are, if not spheroids, proto-
spheroids in the process of settling into spheroids. Those systems that do appear to have
two-components exhibit bulges consistent or slightly smaller than low-redshift bulges
(which could be due to increased nuclear activity making the bulges appear more compact),
and disks which are offset to lower sizes, however disk growth is expected to continue to
lower redshifts.

While the above paints a consistent and tantalising picture the caveats at this stage
are significant. The analysis of the CANDLES-UDS data has been conducted by an
independent group using distinct methods and strategies which could introduce systematic
offsets. Distances are also based on photometric redshifts for the vast majority of the
high-redshift sample. The sample size is also relatively small (subject to cosmic variance
effects), and spans a particularly narrow mass range. Nevertheless, as we push the depth
and area boundaries with facilities such as Euclid and WFIRST, the M⋆−Re scaling
relation shows great promise for providing not only a connection to the hydrodynamical
simulations but also as a bridge between the low and high-redshift Universe.

4.8 Summary and Conclusion

We have presented our bulge-disk decomposition catalogue for 7506 galaxies from the
GAMA survey in the redshift range of 0.002 < z < 0.06 (Sec. 4.3). To overcome the
limitations of the LM minimisation algorithm used in GALFIT, which can get trapped in
local minima (especially for 2-component fits), we repeatedly fit our galaxy sample with
varying starting points to map out the parameter space. For the single component galaxies
we use a set of 33 combinations of the starting parameters, and for the 2-component fits
we use a set of 88 combinations. We implement a screening process to prune bad fits and
determine the final fitting values and errors from the median of the acceptable fits. We use
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the 16th and 84th percentile of the remaining output parameter distribution to determine
the error on the median model combined with a 10% error floor. Through this strategy we
reduce our catastrophic failure rate from ∼ 20% to ∼ 5%.

We then presented the M⋆−Re relations of our sample by Hubble type and component
with the component masses based on an estimation from the bulge and disk colours. Next
we explored the association of the bulge and disk components with either the Sd-Irr or
elliptical M⋆−Re relation. We find that S(B)ab-S(B)cd galaxies likely consist of a disk
plus a pseudo-bulge. Considering that a pseudo-bulge is a perturbation of the disk we
decide that our late-type 2-component systems are best represented by a single component
Sérsic fit. Thus we associate elliptical, early-type bulges and LBS for the spheroid M⋆−Re

relation and Sd-Irr, single component fit S(B)ab-S(B)cd galaxies and early-type disks for
the final disk M⋆−Re relation, which we provide as a definitive low redshift benchmark:

Re = 5.141
(

M∗
1010M⊙

)0.274
for disks and,

Re = 2.063
(

M∗
1010M⊙

)0.263
for spheroids.

However, we caution the reader that the spheroid relation is heavily dominated by low
mass galaxies. If a comparison to high mass spheroids is needed then the high mass el-
liptical M⋆−Re relation (see Table 4.1) should be used in lieu of a curved spheroid relation.

Next we used our local disk and spheroid M⋆−Re distributions to compare to data
from the EAGLE simulation. We find a qualitatively good agreement between the sizes of
the EAGLE data and our M⋆−Re relations. This is not surprising as the sizes in EAGLE

were calibrated using the (Shen et al., 2003) M⋆−Re distribution. Hence the variance is of
more interest as this has not been explicitly matched between the observed and simulated
data. Comparing the scatter of the observed and simulated data we find that in almost all
cases the simulated data has a smaller scatter which is unexpected, considering that the
dark matter spin distribution is known to be fairly broad and we would expect the sizes
and angular momentum distributions to have similarly broad distributions. Since we are
comparing half-light sizes to half-mass sizes and components versus active and passive
galaxies, we caution the reader to not over-interpret this comparisons. Instead we would
like to highlight the potential of using the mass-size plane to compare observational and
simulated data.

Finally, we compare our local M⋆ − Re relations to high redshift data from the
CANDELS-UDS field. We concentrate on available data in a redshift range of 1 < z ≤ 1.5
with available single and 2-component fits (Mortlock et al., 2013; Margalef-Bentabol et al.,
2016). We generally find that low-mass high redshift galaxies agree better with the local
M⋆−Re distributions than high-mass high redshift galaxies. Furthermore, high redshift
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systems, with the exception of disk components, more closely follow that of our local
spheroid relation. The high redshift disks on the other hand follow the local disk M⋆−Re

relation, albeit offset to slightly smaller size. We interpret this as evidence for spheroid
formation at high redshift and propose that further disk formation and/or growth does not
occur until later times.



Chapter 5

Interlude II - The stellar mass functions
and stellar mass densities by galaxy
type and component

One of the main science aims of the morphological classifications (see Chap. 3) and the
bulge + disc decomposition (Chap. 4) are the stellar mass functions (SMF) and the stellar
mass budget (SMB) of the visual morphology sample. I include a summary of this work
here as it evolved in collaboration with the bulge + disc decomposition and the visual
classification process. The text in this interlude is my own but the Figures are reproduced
from Moffett et al. (2016a,b) with the permission of the author.

The SMF describes the number density of galaxies of a certain mass within a given
volume. It can be well fit by a two-component Schechter (1976) function which stems
from the bimodal nature of galaxies, i.e. ‘red ones’ and ‘blue ones’ or early- and late-types.
As mentioned in previous chapters, colour, star formation rates and morphology correlate,
though they are not synonymous. However, if we assume that the bimodal nature of the
SMF correlates with a galaxy being active or passive then its form could be a consequence
of the environment and mass dependent quenching (see e.g., Peng et al., 2010).

Studying the nature of the SMF by morphology and galaxy component can lead to
further insights into a galaxy’s formation and evolution history. As mentioned in Chapter
4, galaxies likely follow two primary evolution pathways, a ‘hot’ and a ‘cold’ mode which
form spheroidal and disk-like structures, respectively. Hence breaking down the stellar
mass function and budget by morphological type or galaxy component can give great in-
sights into the relative importance of dissipationless (spheroid formation) and dissipational
(disk formation) processes.

Like the previous chapter the sample used here is based on the visual morphology
catalogue which has a redshift limit of 0.002 < z < 0.06. A smooth volume-limited sample
selection is implemented and galaxies below M⋆ < 109M⊙ are V/Vmax corrected. In
addition a lower mass limit of M⋆ = 108M⊙ is implemented as these low-mass GAMA
galaxies suffer from incompleteness due to surface brightness limitations (Baldry et al.,
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Figure 2. Spheroid/disk stellar mass functions for di↵erent morphological classes, as fit by single Schechter functions. Although we
do not fit directly to the binned galaxy counts, we show these data counts alongside the fits for illustrative purposes, using common
1/Vmax weights for objects in 0.3 dex stellar mass bins as defined by Lange et al. (2015) and with Poisson error bars on the data counts.
Error ranges for the individual MSMF fits are indicated by sampling 1000 times from the full posterior probability distribution of the
fit parameters and plotting the resulting sampled mass functions with transparency such that darker regions indicate roughly one sigma
uncertainties on the fits.

we derive this value for each population by requiring that
the integrated Schechter function match the summed galaxy
number distribution over a mass interval in which galaxy
populations are well sampled (9 < log(M⇤/M�) < 10 for all
types except Es where we sum up to log(M⇤/M�) = 11 for
improved statistics).

4 RESULTS

Fig. 2 illustrates the derived spheroid and disk stellar mass
function fits for the individual morphological type categories
in our sample (fit parameters reported in Table 1). Single
Schechter functions provide a reasonable description of each
spheroid/disk population. For the morphological classes con-
sidered to be single-component systems (E, LBS, and Sd-
Irr), these fits are e↵ectively identical to the global morpho-
logical type stellar mass function fits reported by Mo↵ett
et al. (2016). For the assumed multi-component systems (S0-
Sa and Sab-Scd), we derive separate bulge (or central com-
ponent) and disk (outer component) stellar mass function
fits. In both multi-component populations, the bulge and

disk stellar mass functions di↵er significantly for the same
galaxy type. Di↵erences in M⇤ and ↵ Schechter-function pa-
rameters between separate populations are illustrated in Fig.
3 along with their associated error contours. We derive these
error contours from a jackknife resampling procedure, divid-
ing our sample into 10 subvolumes and considering the full
two-dimensional posterior probability distributions of all re-
sulting fits. For the Sab-Scd population, we also illustrate
the combined stellar mass function fit, derived from fitting
the total galaxy mass rather than individual components,
in the aforementioned figures, because as we discuss fur-
ther in the next section, we will choose to proceed with this
combined parameterisation of the Sab-Scd population when
deriving total mass estimates.

4.1 Combined Spheroid and Disk Stellar Mass
Functions

To construct combined mass functions for all spheroid-like
and disk-like populations, we consider the single-component
systems in the E category to consist of pure spheroids, while
the single-component systems in the Sd-Irr category con-

MNRAS 000, 1–10 (2015)

Fig. 5.1 Shown are the single Schechter stellar mass function fits (coloured solid lines) by Hubble
type or component where appropriate. The dashed black line is the summation of the individual
Schechter fits to give the SMF of the entire population. The binned data points and errors are shown
for visualisation purposes only, the SMFs are fit to the unbinned data. This figure was reproduced,
with permission, from Moffett et al. (2016b).

1316 A. J. Moffett et al.

Figure 7. Error contours for separate morphological-type and bulge-/disc-
dominated stellar mass function fits, shown at the 1 and 2! levels, with
crosses indicating the values and 1! parameter errors derived from jackknife
resampling in Kelvin et al. (2014b). The error contours are derived from a
jackknife resampling procedure with 10 subvolumes and consideration of
the two-dimensional posterior probability distributions of all resulting fits.

functions are similar to the double Schechter function components
of the total galaxy stellar mass function (e.g. Baldry et al. 2012;
Peng et al. 2012; Taylor et al. 2015). Similarly, we explore whether
or not two galaxy structure based categories can effectively describe
the total stellar mass distribution of our sample. As in our classifica-
tion tree scheme (see Fig. 3), we define two broad structural classes
to be ‘spheroid-dominated’ (E/S0-Sa) and ‘disc-dominated’ (Sab-
Scd/Sd-Irr) galaxies. Fig. 8 shows the results of single Schechter fits
to the stellar mass distributions of these two populations. A single
Schechter function appears to be a reasonable description of both
the spheroid-dominated and disc-dominated populations shown
here. If we also include the LBS class in the spheroid-dominated
category despite their apparent morphology versus colour mis-
match, we obtain an altered spheroid-dominated mass function,
with a more two-component appearance and a turn-up to the lowest
masses we probe. A similar analysis was performed by Kelvin et al.
(2014b), and as can be seen in Fig. 7, our Schechter fit parame-
ters for the spheroid- and disc-dominated populations are broadly
similar to those of Kelvin et al. (2014b). However, in the current
study that extends !1 dex lower in stellar mass than Kelvin et al.
(2014b), our spheroid-dominated mass function does have a notice-
ably less steep decline to low masses than in Kelvin et al. (2014b).
Kelvin et al. (2014b) found that separate spheroid- and disc-
dominated stellar mass functions described the total mass function
well and were similar to the red and blue stellar mass functions of

Figure 8. Spheroid-dominated (E/S0-Sa) and disc-dominated (Sab-Scd/Sd-Irr) galaxy stellar mass distributions are fit by single Schechter functions (dark red
and blue points/lines, respectively), which combined (black dashed line) fit the total stellar mass distribution well. Since LBSs are not included in either of
these categories, we show a version of the total stellar mass data points (black triangles) omitting the LBS galaxies for comparison. The combined spheroid-
and disc-dominated mass function of Kelvin et al. (2014b) is also shown for comparison, which is similar to the combined red and blue galaxy mass functions
of Baldry et al. (2012) and Peng et al. (2012). Data point weights and error ranges are indicated as in Fig. 6.
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Figure 5. Combined spheroid and disk stellar mass distributions are fit by single Schechter functions (dark red and blue points and dashed
lines, respectively), but these combined functions are better fit by the summed Schechter function fits to their individual constituents
(solid red and blue lines). Spheroid and disk stellar mass functions (red and blue dotted lines) from Benson et al. (2007) are plotted with
an arbitrary normalisation for comparison. Data point weights and error ranges are indicated as in Fig. 2.

density estimates along with error bars derived using the
same jackknife resampling procedure as in Mo↵ett et al.
(2016). All such estimates are subject to an additional error
term from cosmic variance, and with the method of Driver
& Robotham (2010), we estimate a 22.3% cosmic variance
error contribution within our sample volume.

We find a total spheroid stellar mass density ⇢spheroid =
1.12 ⇥ 108 M�Mpc�3h0.7, which translates to ⇠47% of the
total stellar mass density, with 31% contributed by Es and
16% contributed by S0-Sa bulges. Disk-like structures are
found to have mass density ⇢disk = 1.20⇥108 M�Mpc�3h0.7,
which translates to a similar ⇠51% of the total, with 23%
contributed by Sab-Scd galaxies, 7% by Sd-Irr galaxies, and
21% by S0-Sa disks. The remaining few percent of the total
stellar mass density is found in the ambiguous LBS class.

The spheroid and disk mass ratios we derive are broadly
consistent with previous results, including the approxi-
mately equal spheroid/disk mass ratio estimated by Mof-
fett et al. (2016). Bracketing our result, Benson et al. (2007)
estimated a disk mass fraction of 35-51%, where the lower
fraction is determined with a correction to the luminosity
function for bias in the sample inclination distribution (see
e.g., Tasca & White 2011). Similarly, Gadotti (2009) esti-

mated a lower 36% disk mass fraction but in a sample with
a mass limit 2 dex higher than the current work. Gadotti
(2009) also discuss the comparison to samples with lower
mass limit and find that their spheroid/disk mass fractions
would indeed be approximately equal within a sample with
a significantly lower mass limit. Compared to other authors
and the current work, Driver et al. (2007) derive a slightly
higher disk mass fraction of 59%. The higher disk mass frac-
tion may be due in part to the deeper-than-SDSS imaging
used in the Driver et al. (2007) analysis, which should en-
able detection of the outskirts of galaxy disks to lower sur-
face brightness levels than we are able to reach here. Further,
the Driver et al. (2007) analysis uses the Millennium Galaxy
Catalogue (MGC; Liske et al. 2003) sample, which is B-band
selected and may plausibly include a larger fraction of blue
and likely disk-like objects at fixed mass than our r-band
selected sample.

The measured balance of spheroid and disk stellar mass
at z⇠0 provides a fundamental constraint on galaxy for-
mation and evolution models, as it e↵ectively results from
the detailed interplay between structure formation and de-
struction processes as they build up the galaxy population
over cosmic time. Although we find estimated disk stellar
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Fig. 5.2 The same as Fig. 5.1 but for disks and spheroids instead. The left panel shows the disk
and spheroid dominated SMF absed on the Hubble type of a galaxy, reproduced fromMoffett
et al. (2016a). The right panel shows the disk and spheroid SMF based on the disk and spheroid
components of a galaxy, reproduced from Moffett et al. (2016b). The dashed black line in the left
panel is the summation of the disk and spheroid dominated Schechter functions to give the SMF
of the entire population. The yellow dashed line shows the results from Kelvin et al. (2014b) in
comparison. In the right panel the long dashed lines show the Schechter fits to the disk and spheroid
populations and the solid lines are the summed Schechter fits, which are a better description of the
data. Also shown are the SMFs for the disk and spheroid populations from Benson et al. (2007).
Note these function are normalised by an arbitrary amount for comparison.
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2012). The global stellar mass estimates are based on synthetic stellar population models
(Taylor et al., 2011) and are fluxscale corrected to account for the difference between the
aperture photometry used in the mass estimates and the total flux measured using Sérsic
profile fits (Kelvin et al., 2012). The component stellar masses are estimated from the
component colours which are approximated from PSF and total aperture magnitudes in
combination with the B/T derived from the bulge + disc decomposition as described in
Sec. 4.4.

The SMFs are fit to the unbinned data using a parametric maximum likelihood method.
The probability density function (PDF) for each galaxy is determined in a similar way
as described in (Robotham et al., 2010). The PDF is represented by a single Schechter
function:

Φ(logM )d logM = ln(10)×φ
∗10log(M /M ∗)(α+1)× exp(−10M /M ∗))d logM , (5.1)

where M ∗ is the characteristic mass, or ‘knee’, where the mass function turns over, α

is the slope at the low-mass end and φ is the normalisation. The PDF representing each
galaxy must integrate to a total probability of one over the stellar mass range. The mass
range varies depending on redshift and thus taking the changing sample mass limit of
the smoothly varying redshift limits into account is comparable to including a V/Vmax

weighting. The PDFs of all galaxies are then summed to give a likelihood function for each
population. This likelihood function is maximised using a Markov Chain Monte Carlo
(MCMC) approach, utilising the R package LaplacesDemon 1 (for a detailed description
see Moffett et al., 2016a,b).

Fig. 5.1 shows the stellar mass function by Hubble type and component. The solid
coloured lines show the best fit single Schechter function to our data with the error range
indicated by the light coloured lines/ shaded regions around them which are derived from
sampling the posterior probability distribution 1000 times. The dashed black line is the
sum of the single Schechter fits and the binned data points are shown for visualisation
purposes only, as the SMF has been fit to the unbinned data. We find that a single Schechter
function provides a good fit to the different components. The disks and bulges of the
S(B)0-S(B)a and S(B)ab-S(B)cd (dashed green lines) galaxies as well as the elliptical
galaxies all turn over and have flat or declining number counts at lower masses. The Sd-Irr
and LBS galaxies on the other hand have rising number counts at lower masses, making
them the dominant (most numerous) classes in that regime. As a result the combined
mass function of the entire sample has an upturn at low masses and a fit requires a double
Schechter function. Assuming this arises from the bimodal nature of galaxies, i.e. ‘red’
and ‘blue’ populations, Fig. 5.2 shows the resulting SMF for disk (Sab-Scd and Sd-Irr)
and spheroid-dominated galaxies (E and S0-Sa) in the left panel. Again, each popula-
tion is well fit as a single Schechter function but the combined SMFs requires a double

1https://github.com/asgr/Laplacesdemon

https://github.com/asgr/Laplacesdemon
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Figure 6. Total mass density of spheroids and disks in separate classes, where points indicate the data values (with 1/Vmax weights),
and lines indicate values derived from our Schechter function fits. Mass density estimates are bounded for each individual class. Error
ranges on these fits are indicated as in Figs. 2 and 5.

mass densities slightly lower than Driver et al. (2007), our
spheroid and disk stellar mass densities are plausibly consis-
tent with the predicted spheroid/disk stellar mass buildup
from the two-stage galaxy formation model of Driver et al.
(2013), given the uncertainties and assumptions involved in
both.

4.3 Component Mass Ratios as a Function of
Mass and Environment

Aside from the global mass density totals, the detailed bal-
ance between galaxy spheroid and disk mass buildup as a
function of both galaxy mass and environment can be quan-
tified from both observations and galaxy evolution models.
In Fig. 7, we show the fraction that each spheroid/disk cate-
gory in our sample contributes to the total stellar mass den-
sity in each galaxy mass bin. The trends shown in this figure
are complex, but they reflect a number of expected large-
scale galaxy demographic trends, such as the transition from
spheroid mass dominance at high mass to disk mass dom-
inance at low mass. Moreover, we find that this transition
occurs just above a familiar mass scale, the bimodality mass
of Kau↵mann et al. (2003) at log(M⇤/M�) ⇠ 10.5, where
quenched (and presumably spheroid-dominated) galaxies

give way to those with recent star formation. For individual
galaxy types, we see the E mass dominance at the highest
stellar masses give way to S0-Sa disks and bulges at lower
mass, then to Sab-Scd galaxies with a broad distribution
through the intermediate mass regime, and finally to dwarf
Sd-Irr disks with a smaller contribution from LBSs at the
lowest masses we probe.

Galaxy structure is well known to vary with the sur-
rounding environment, as through the “morphology-density
relation” (e.g., Dressler 1980). In Fig. 8 we examine the
the balance between spheroid and disk mass as a function
of group halo mass specifically, where group halo mass es-
timates are derived from the GAMA-II group catalog of
Robotham et al. (2011). As the left panel illustrates, we ob-
serve extremely large spread in individual galaxy spheroid-
to-total-mass ratios within each halo mass bin, but the me-
dian trend rapidly flattens to a typically zero spheroid mass
ratio (i.e., pure disk) by group halo mass log(Mhalo/M�)
⇠ 13. The right panel of this figure casts this relation in
a di↵erent light, now summing the total stellar mass of all
objects in each group halo mass bin and plotting the total
spheroid mass fraction with respect to this total. We find
a strong decrease in the spheroid mass fraction going from
high to low group halo masses. Spheroids dominate the mass

MNRAS 000, 1–10 (2015)

Fig. 5.3 Shown is the stellar mass density by galaxy component. The points are the sum of the
weighted data values and the lines are the values derived from the Schechter function fits. The plot
is reproduced, with permission, from Moffett et al. (2016b).

Schechter fit. The combined SMF (black dashed line) agrees well with the SMF found
by (Kelvin et al., 2014b, yellow dashed line) albeit with a slightly less steep decline at
higher masses. The LBS are an interesting class, as they are blue in colour but spheroidal
in shape and it is unclear with our current imaging resolution if they should be included
in the spheroid or disk-dominated class. However, if the LBS are included in the number
density the combined SMF would have a steeper slope at lower masses than the SMF
from Kelvin et al. (2014b). The right hand panel of Fig. 5.2 shows the spheroid and
disk SMFs based on E plus S0-Sa bulges for the spheroid population and S0-Sa disks
plus Sd-Irr and Sab-Scd galaxies for the disk population. As we discussed in Sec. 4.5.3,
the bulge + disc decomposition of the S(B)ab-s(B)cd systems shows that they are either
comprised of a pseudo-bulge and disk or that their fit values are skewed due to the presence
of dust. As we can not differentiate between these two causes without kinematic data or
multi-band fitting we decide to err on the side of caution and leave the S(B)ab-s(B)cd as
single component systems. For the disk and spheroid component SMFs we find that the
single Schechter fits (long dashed lines) do not fit the data well and the summed Schechter
functions of the individual populations are preferred to describe the disk and spheroid
SMFs. In addition, the disk and spheroid SMFs from Benson et al. (2007) are also shown
as the short dashed lines. It is clear that both their spheroid and disk populations do not
agree well with our data but the main difference is in the disk population as our data rises
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steeply at the lower mass end whereas the Benson et al. (2007) SMF turns over and declines.

Finally, we establish the stellar mass density of the various component populations. In
Fig. 5.3 we show the resulting stellar mass densities. Our data extends to a lower mass
limit of M⋆ = 108M⊙ and the peaks of the stellar mass density distributions are well
sampled. The E and S(B)0-S(B)a dominate the local mass density and their total stelalr
mass density within our sample is bound.

The late-types and LBS classes on the other hand are only just bound and formally
consistent with a flat distribution. If one folds in the known low surface brightens galaxy
incompleteness below 108.5M⊙ and/or the increase of the HI fraction of these galaxies
it is unclear whether the overall baryon density (Ω⋆) or HI density (ΩHI) are bound (i.e.,
their values could be significantly higher).

We compute the total stellar mass densities from the integration of the SMF fits and
find a density of ρφ = (24±3.9)×107M⊙ Mpc−3 h0.7 which is equivalent to ∼ 3% of
baryons found in stars. Breaking this down into disk and spheroids we find that about 47%
of the stellar mass resides in spheroidal structures and 51% disk structures. The remaining
few percent are comprised of our LBS galaxies which we can not conclusively assign to
any class.





Chapter 6

Galaxy And Mass Assembly (GAMA):
M⋆− j⋆ relations of galaxies with disks

Abstract

In this chapter the stellar mass – specific angular momentum relation is established for a
sample of galaxies with robust disk size measurements. Galaxy disk sizes are measured in
the VIKING Ks-band, where we mask the central region of the galaxy and then fit an n=1
Sérsic light profile to the outer disk region. After visual inspection of the fitted profiles a
robust sample of 2815 galaxies is established.

We estimate the specific angular momentum of our sample using the fitted disk size and
the rotational velocity estimated from the Tully-Fisher relation via the r-band magnitude.
To date this study represents the largest sample and widest mass range studied to establish
the M⋆− j⋆ relation of galaxies. Using the results of the M⋆− j⋆ relation fits we examine
the dependence of the relation on a third, independent variable, and find that the M⋆− j⋆
relation depends on the morphology and specific star formation rate of the galaxy. However,
no correlation with a galaxy’s environment is evident, beyond what might be expected
from the dependence of the morphology on the galaxy environment. We then compare
the GAMA M⋆− j⋆ relation to simulated data from the EAGLE and Illustris. We find that
in both cases the simulated data agrees well with the observed M⋆− j⋆ relation although
simulated data tends to somewhat lower specific angular momenta at the same mass as
observed galaxies. It is not clear, however, how much of this is a selection effect caused
by the sample cuts in the GAMA data as well as the differently defined samples in the
simulations.

In the last part of this chapter I define and compute the space density function
Φ(M⋆,J⋆) for this sample. The space density function is a natural extension to the
galaxy mass function and has great potential to be used in the future to study the evolution
of galaxies and help calibrate and improve simulations.
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6.1 Introduction

In the ΛCDM cosmogony galaxies form within dark matter (DM) haloes and galaxy
properties are closely linked to their DM halo properties, at least during the initial collapse.
Density perturbations within the gravitational field can trigger the collapse of a DM halo
and angular momentum can be introduced via torques (Peebles, 1969; Doroshkevich, 1970).
The halo angular momentum is typically given as the dimensionless spin parameter:

λ = J|E|1/2G−1M−5/2, (6.1)

where G is the gravitational constant, M is its mass, E is the energy of the system and J the
total angular momentum of material within the halo.

When a galaxy is formed within the halo, angular momentum and mass are initially
conserved via the dissipation of energy (White & Rees, 1978; Fall & Efstathiou, 1980;
Mo et al., 1998). The angular momentum of the galaxy is initially coupled to the angular
momentum of the DM halo. Thus the stellar angular momentum, J∗ ≡

∫
r×vρ∗dV, is

a key observable which can be related back to the angular momentum of the galaxy’s
DM halo. Furthermore, angular momentum conservation can help explain basic scaling
relations observed for galaxies, such as the Tully-Fisher relation (Tully & Fisher, 1977).

The idea that the DM and stellar angular momenta are linked during initial collapse is
now routinely incorporated in semi-analytical models of galaxy formation. Initial prob-
lems where hydrodynamical simulations produced disk galaxies which were too small
and deficient in angular momentum (Navarro & Steinmetz, 2000) are now slowly being
overcome thanks to the enhanced sub-grid physics which use more efficient feedback
and the improved numerical efficiency which ensures feedback remains high, preventing
artificial overcooling (see e.g., Dalla Vecchia & Schaye, 2012). The study of the stellar
angular momentum, or the specific angular momentum j⋆ = J∗/M∗, where M∗ is the
stellar mass, will provide great insights into the formation and evolution history of galaxies.

Previous studies have found a strong correlation between j⋆ and M⋆ for disk galaxies
(e.g. Fall, 1983; Romanowsky & Fall, 2012; Obreschkow & Glazebrook, 2014). Other
galaxy properties such as the gas fraction and morphology also show a correlation with
M⋆ and j⋆ which can not be explained by correlations dependent on M⋆ and the M⋆− j⋆
relation only. Therefore these correlations are likely dependent on the space density
function Φ(M⋆, j⋆), which is an extension to the galaxy mass function Φ(M⋆).

Here we aim to establish the M⋆− j⋆ relation for GAMA disk galaxies, this represents
a major extension to previous studies which were typically confined to small and often high
mass samples. Furthermore, using this sample we attempt to establish the first empirical
space density function Φ(M⋆, j⋆), which can be used to derive the galaxy mass function
as well as the galaxy angular momentum (density) function.
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Fig. 6.1 Shown is the redshift – absolute magnitude distribution for our sample of disk galaxies. The
grey points show the galaxies in our final selection for which the masked disk fit was successful. The
red and purple markers show galaxies that where excluded due to their intrinsic size or ellipticity,
respectively. The blue crosses show galaxies where we use the masked disk fit even though their
single Sérsic fit was more appropriate to describe the light profile in the outer region.

In this chapter we use a sub-sample of the GAMA-near data used in Chapter 4. In
essence we use the same redshift range and magnitude cut of 0.002 < z < 0.06 and
rpetro < 19.8 mag. However, we restrict the visual morphology sample (Moffett et al.,
2016a) to galaxies with disks, i.e., galaxies classified as S(B)0-S(B)a, S(B)ab-S(B)cd or
Sd-Irr. The resulting sample consists of 5778 galaxies selected in the r-band with stellar
masses derived from Taylor et al. (2011), sizes derived from masked Sérsic profile fitting
described in Sec.6.2, and for a cosmology given by: Λ Cold Dark Matter universe with
Ωm = 0.3, ΩΛ = 0.7, H0 = 70kms−1 Mpc−1.
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6.2 Disk Fits

We do not use the already established disk fits of the GAMA-near sample for two reasons:
i) Since we are using an approximation for the specific angular momentum it is important
to have disks fit with an exponential light profile (i.e., n=1), describing the outer galaxy
parts accurately.
ii) We use Ks-band data to fit our galaxy disks since the Ks band more closely follows the
galaxy’s mass distribution and is less affected by dust (Pastrav et al., 2013a,b).

To fit the galaxy disks we mask the centre of the galaxy and fit an exponential profile
to the outer surface brightness distribution using GALFIT. Our initial masking radius is
based on the circularised r-band half-light radius. We then use the new Re to update the
masked area (again we circularise the Re) and continue to mask and fit the outer parts of
the galaxy until the resulting Re has converged.

We then visually inspect the resulting fits to establish whether the outer disk region has
been fit adequately. We find that small galaxies can not be fit well using this method as
only a few data points remain outside the masked area to restrain the fit. Hence we remove
all 1623 galaxies with a Ks-band single Sérsic Re < 2“. Furthermore galaxies with high
ellipticities (either intrinsic or due to high inclinations) are also badly fit and we remove
694 galaxies with e > 0.7 (assuming a flat disk this corresponds to i > 72.5deg). We find
616 galaxies where the single Sérsic fit describes the outer galaxy better than the masked
disk fit. These galaxies are flagged in the following M⋆− j⋆ relation fits. However, we
retain their masked disk fits since an exponential fit to the outskirts of the galaxy is needed
to approximate j⋆.

Figure 6.1 shows the absolute r-band magnitude versus the redshift of our sample. The
grey points show our final sample, the blue pluses show the galaxies flagged with a better
single component fit. The red crosses show galaxies excluded due to a high ellipticity
and the purple circles indicate galaxies which are too small to give a robust fit. The pink
crosses show galaxies where the visually classified fit was not acceptable due to a failed fit
either because our method severely under- or overestimated the disk’s surface brightness
profile or because GALFIT failed due to bad signal-to-noise issues. There are small trends
with the absolute magnitude and selected redshift range where our completeness, in terms
of galaxies with fits, drops towards the sample selection boundaries, i.e. upper redshift
limit with a magnitude ∼−16 mag.

After removing all galaxies for which we do not have satisfactory disk fits our final
sample consists of 3114 galaxies.
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6.3 M⋆− j⋆ relations

We use the GAMA stellar mass estimates (Taylor et al., 2011), which are estimated to be
correct to about 0.1 dex, and are based on synthetic stellar population models from the
BC03 library (Bruzual & Charlot, 2003) with a Chabrier (2003) initial mass function and
the Calzetti et al. (2000) dust obscuration law. We apply the fluxscale correction to account
for the differences between the aperture matched and Sérsic photometry.

Before we estimate the specific angular momentum we further constrain our sample
and include only galaxies with:

• 0.5 < fluxscale < 1.5,

• a given total r-band magnitude in the BulgeDiskDecomposition catalogue (i.e.
Chap. 4), and

• M⋆ > 108 M⊙, as we are incomplete due to surface brightness limitations below
this mass (Baldry et al., 2012).

This reduces our sample size to 2815 galaxies.

We approximate the specific angular momentum j⋆ as:

j̃⋆ = 2VcRd, (6.2)

where Vc is the maximum circular rotation velocity and Rd is the disk scale length (Fall,
1983; Mo et al., 1998; Romanowsky & Fall, 2012; Obreschkow & Glazebrook, 2014). This
approximation assumes an exponential profile (as fitted here) for the disk which means the
scale length relates to the half-light radius as Rd = Re/1.67.

As we have no kinematic data available we use the Tully-Fisher relation (TFR, Tully &
Fisher, 1977) to estimate the rotational velocity of our galaxies. Low mass (and typically
more faint) galaxies are know to deviate from the stellar TFR. As such the baryonic TFR
provides a better approximation, as it is linear even for dwarf galaxies. However, at this
stage we do not have robust HI mass estimators for the GAMA data. Hence we use the TFR
by Wong et al. (in prep), who use SINGG galaxies to derive the relation in the r-band over
an absolute magnitude range which is comparable to our sample used here and roughly
spans from −12 mag < Mr <−24 mag.

Obreschkow & Glazebrook (2014) have shown that j⋆ estimated using Eq. 6.2 system-
atically deviates from the true j⋆ of the galaxy. This is because Eq. 6.2 assumes a flat,
exponential disk model where Rflat = 0. Hence Eq. 6.2 needs to be corrected to include the
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Fig. 6.2 The M⋆− j⋆ relation for our sample of 2815 galaxies. The solid line indicates a fit to the
data with M⋆ > 109 M⊙ (i.e. our lower mass limit for a volume limited GAMA-near sample),
the dashed lines show the 3 sigma deviation. The grey shaded region shows the galaxies excluded
from the M⋆− j⋆ fit. In our further consideration we use the 3 sigma clipped sample based on this
Figure.

discrepancy between the Rd and R f lat , where:

j⋆ = 2RdVc
(Rd +Rflat)

3 −R3
flat

(Rd +Rflat)3 , (6.3)

see Obreschkow & Glazebrook (2014) for more detail. The ratio between the disk scale
length Rd and Rflat is found to be a function of stellar mass (Leroy et al., 2008; de Blok
et al., 2008; Obreschkow & Glazebrook, 2014). As we do not have rotation curves for our
data we can not guarantee that the disk scale length we measure here is large enough to
have reached the radius Rflat at which the rotation curve has reached its maximum velocity.

In lieu of the full mass dependent correction of Eq. 6.3 we use the empirical correlation
found by Obreschkow & Glazebrook (2014) to correct our estimated j̃⋆:

[
j⋆

103kpc km s−1

]
= 1.01

[
j̃⋆

103kpc km s−1

]1.3

(6.4)
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We then fit the M⋆− j⋆ relation as a simple power law:

j⋆ = b
(

M⋆

1010M⊙

)a

, (6.5)

where M⋆ is the total stellar mass of the galaxy. We use the HYPERFIT package in R
(Robotham & Obreschkow, 2015), utilizing its MCMC fitting approach based on the
LAPLACESDEMON1 package, to approximate the M⋆− j⋆ relation. We estimate our errors
on j⋆ from the errors on the fitted disk size and the velocity estimated from the TFR.
The TFR dominates this error estimate with ∼ 34%. For the stellar masses we use the
corresponding errors given in the (StellarMassCatv18) catalogue. As our sample selection
is biased against small and low mass galaxies we do not use any V/Vmax weights during
the fitting as this might artificially make the slope of the relation shallower. However, it is
important to note that for populations with galaxies below M⋆ = 109M⊙ we are still likely
underestimating the slope of the M⋆− j⋆ relation due to our biased sample selection.

Fig. 6.2 shows the M⋆− j⋆ distribution of our sample. To establish a robust sample
for further M⋆− j⋆ relation considerations we fit all galaxies with M⋆> 109 M⊙ which
is shown as the black line in Fig. 6.2, and then clip our sample at 3 sigma (dashed lines).
Inspection of the fitting parameters and visual inspection of some of these outliers shows
that they mainly consist of galaxies where the masked disk has a high ellipticity and/or
their fit failed due to the galaxies being faint causing the masking to remove most of the
high signal-to-noise data available for fitting. Hence we decide to remove these 87 outliers
from our sample.

We compare our M⋆− j⋆ relation to the relation found by Romanowsky & Fall (2012),
specifically their intrinsic all disk relation in Table 2, to verify if our approach gives similar
results to their detailed study. This relation is shown as the dark red dot-dashed line in Fig.
6.2. We find that our data agrees well with the M⋆− j⋆ relation found by Romanowsky &
Fall (2012), in fact the only differences arise form the different fiducial points used in our
fitting.

With a robust sample established we now focus our attention on possible dependencies
of the M⋆− j⋆ relation.

1https://github.com/asgr/Laplacesdemon

https://github.com/asgr/Laplacesdemon


128 M⋆− j⋆ relations of galaxies with disks

6.3.1 Dependence on Morphology, star formation rate and environ-
ment

We test the dependency of the M⋆− j⋆ relation on morphology, star formation rate and
environment by fitting Eq. 6.5 to the following sub-samples:

• Galaxy Type / Morphology:
We use the visually classified Hubble types as a proxy for B/T, which increases
from late to early type and fit the M⋆− j⋆ relation to the Sd-Irr, S(B)ab-S(B)cd
and S(B)0-S(B)a populations separately. We do this as the nature of our masked
disk fitting does not return a B/T itself and our previously established B/T is in
the r-band and not consistent with the data we use here (mainly due to the known
wavelength-size and wavelength-Sérsic index variations). Additionally we check if
our morphology also correlates with the single Sérsic index of our galaxies as fit in
the Ks-band.

• Specific Star Formation Rate (sSFR):
The star formation rates (SFR) are based on Davies et al. (in prep), who have
calibrated 12 different SFR indicators in the GAMA survey. For the calibration they
use a well defined sample of local spiral galaxies based on the selection of Grootes
et al. (2014) and in addition remove potential AGN and sources in pairs or groups.
After the calibration SFRs are computed for all GAMA galaxies.

Here we elect to use the u-band as our SFR indicator which traces recent star
formation and correlates well with the SFRs in Grootes et al. (2014) but is available
for all galaxies in our sample. We compute the specific SFR as sSFR=SFR/M⋆

and split our sample at sSSF=0.1Gyr−1 into active and less active galaxies. As our
sample is selected to be galaxies with disks we only find three quiescent galaxies,
defined as sSFR< 0.01Gyr−1, in our sample.

• Environment:
We base our environmental measurements on Robotham et al. (2011) and split the
sample based on their group assignment as well as their host halo mass. First we
test central vs satellite, where ungrouped galaxies are classified as centrals, to study
the influence of the immediate neighbourhood. We then test based on the halo mass,
splitting our sample into three bins of low, intermediate and high halo mass. The
halo masses are based on dynamical estimates for galaxies in groups/ clusters and
for ungrouped galaxies are estimated from abundance matching between the stellar
mass function and the halo mass function.

The fitting parameters are given in Table 6.1 and Figure 6.3 shows the resulting relations
for the morphology in panel a, sSFR in panel b, central/not central in panel c, and halo
mass in panel d. It is immediately obvious that there is a dependency on the galaxy type,
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Case a b

Global M⋆− j⋆ relation 0.520 ± 0.006 532 ± 7.99

Morphology
Sd-Irr 0.775 ± 0.022 1226 ± 79.2
S(B)ab-S(B)cd 0.669 ± 0.014 671 ± 15.1
S(B)0-S(B)a 0.804 ± 0.017 284 ± 6.03

sSFR
sSFR> 0.2 GYR−1 0.639 ± 0.014 971 ± 36.0
sSFR> 0.1 GYR−1 0.606 ± 0.009 774 ± 17.9
sSFR< 0.1 GYR−1 0.586 ± 0.009 393 ± 6.65

Environment
Central 0.533 ± 0.009 517 ± 10.0
Satellite 0.530 ± 0.013 477 ± 12.8

Mhalo < 1012M⊙ 0.587 ± 0.015 594 ± 20.4
1012M⊙ < Mhalo < 1013M⊙ 0.528 ± 0.013 475 ± 9.52
Mhalo > 1013M⊙ 0.573 ± 0.024 463 ± 17.1

Table 6.1 The regression fit parameters to Eq. 6.5 for the different cases of the M⋆− j⋆ relation
(see Fig.6.3).

with the relations lying on parallel trajectories with late-type galaxies (i.e., lower B/T)
having a higher specific angular momentum than early-type galaxies at the same mass.
Additionally, the M⋆− j⋆ relations by morphology are steeper than the global M⋆− j⋆
relation. If we consider the two-component nature of galaxies then this is not surprising, as
one would expect the bulge to have little or no rotation compared to the disk. Furthermore
if all disks and all bulges lie on a specific M⋆− j⋆ relation then increasing the B/T fraction
(i.e. galaxies become more early-type) of the system will cause the overall measured j⋆
to become smaller at the same mass as the bulge begins to dominate. This assumption
led Romanowsky & Fall (2012) to propose a Hubble sequence that is based on a galaxy’s
j⋆ which, at a fixed mass, shows a continuous progression from pure disk galaxies with
high j⋆ to elliptical galaxies with low j⋆. This was also investigated by Obreschkow &
Glazebrook (2014) who found that galaxies lie on a tight 3-dimensional relation where the
mass – specific angular momentum – bulge-to-total (M-j-β ) plane is consistent with zero
intrinsic scatter for their sample of 16 normal spirals. As morphology also correlates with
the Sérsic index we also check the M⋆− j⋆ relation correlates with the single Sérsic index
in the Ks-band. We find a clear separation of galaxies with a Sérsic index n > 2.5 from
the rest of the sample with these high-n galaxies corresponding well to our S(B)0-S(B)a
sample. The Sérsic index separation between our Sd-Irr and S(B)ab-S(B)cd galaxies on
the other hand is not as clear, which is not surprising as we found previously that the Sérsic
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Fig. 6.3 The correlation of theM⋆− j⋆ relation with a) morphology, b) sSFR, c) group membership
and d) halo mass. There are strong trends with morphology and sSFR but not our chosen environ-
mental measures. Note that we evaluate the M⋆− j⋆ relation for a galaxy’s total stellar, which is
also plotted in the Figure. The fitting parameters can be found in Table 6.1.

index is not a good morphology tracer for low-mass galaxies (see Chap. 2).

Interestingly we find a clear separation between our high and low sSFR samples with
two parallel populations, where the high sSFR galaxies have a higher j⋆ at the same mass
than low sSFR galaxies. As star formation and morphology are correlated this is somewhat
expected but the differences in the slopes between the morphological and sSFR populations
indicates that this is not a one-to-one correspondence and other factors are at play here.
Genel et al. (2015) find that the presence of galactic winds increase the angular momentum
retention factor in their simulations, i.e. galaxies with winds have a higher j⋆ than galaxies
with no winds. In our case we can think of galaxies with higher sSFR as having more
profound galactic winds and thus would expect them to have higher j⋆.
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Finally, we find no dependency with galaxies being central or satellite and only a weak
change with halo mass. Classifying all ungrouped galaxies as central within their own halo
likely changes the correlation from what might be expected if only groups were targeted
where more early-type galaxies are expected to be the central galaxy. Furthermore, as
we have excluded elliptical galaxies, which would preferentially be classified as centrals,
our correlation is further skewed towards a balanced outcome as seen in Fig. 6.3 c. The
lack of correlation between halo mass and the M⋆− j⋆ relation is expected as there is no
(or only a weak) correlation between the halo spin and mass of the halo and only a weak
dependency between halo spin and the angular momentum of the galaxy (e.g., Knebe &
Power, 2008; Macciò et al., 2008). The weak offset we do see between high and low halo
masses is possibly due to the known correlation between galaxy type and environment
(e.g., Dressler, 1980), and thus reflects what is seen for the morphology (panel a) instead
of any correlation of the M⋆− j⋆ relation with halo mass.

6.4 Comparison with simulations

In this section we compare the observed M⋆− j⋆ relation with data from two simulations,
the Illustris simulation suite (Genel et al., 2014; Vogelsberger et al., 2014b) and the Evolu-
tion and Assembly of GaLaxies and their Environments simulation (EAGLE, Schaye et al.,
2015; Crain et al., 2015). To begin with we need to point out that the selection effects here
are quite complex. The GAMA sample consists of galaxies with disks only but due to
problems with the fitting is restricted to galaxies larger Re > 2 arcsec and with ellipticity
e< 0.7. On the other hand the simulated data is restricted to active galaxies in the case
of EAGLE and active, flat and diffuse galaxies for the Illustris data. Even though these
tracers all correlate with the morphology of a galaxy they are not equivalent and any direct
comparisons between the GAMA data and the simulations should be treated with caution.
Nonetheless, the comparisons are of a good qualitative nature.

The EAGLE data is derived from the public database (McAlpine et al., 2015) and focuses
on the same reference model as the sample used in Chap. 4. We compare our GAMA data to
a sample of active EAGLE galaxies, their masses are measured in an aperture of 30kpc and
the specific angular momentum is based on the magnitude of the specific angular momenta
in the x-y, x-z, and y-z dimensions. It is important to note that although most of the
galaxies in the GAMA sample are active that this sample only looks at galaxies with disks,
whereas the EAGLE data is purely selected for active galaxies and thus should contain a
fraction of elliptical/spheroidal galaxies that are excluded from the GAMA sample. Figure
6.4 shows the comparison between the GAMA sample and the simulated EAGLE galaxies.
The black line shows the M⋆− j⋆ relation for all galaxies in the GAMA sample, the blue
line is the relation fit to our active galaxies (sSFR> 0.1Gyr−1) The green dashed contours
show the 90th, 68th and 50th percentile distribution of the EAGLE active galaxies and the
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green line is a fit to the data. As the GAMA data is restricted to galaxies larger than Re = 2
arcsec we have also removed galaxies smaller than Re = 2 arcsec from the EAGLE data.
As we currently do not know the average inclination/ellipticity of the EAGLE galaxies we
can not impose the same cut as we did with the GAMA data. The GAMA and EAGLE

galaxies have a similar M⋆− j⋆ distribution but the EAGLE data extends to much lower
specific angular momenta. In fact, removing galaxies with Re < 2 arcsec from the EAGLE

data only slightly reduced the scatter at the lower mass end. It is questionable whether
removing high ellipticity objects would remove a significant number of these objects. At
this point it is unclear whether the low specific angular momentum galaxies seen in the
simulation is purely a selection effect or if EAGLE returns more galaxies with lower specific
angular momentum. For a definitive answer and a more qualitative analysis it is important
to closely match the sample selection between the two datasets, e.g. by removing galaxies
with high ellipticity and without disks from the EAGLE data.

The comparison with the Illustris data is based on the data presented in Genel et al.
(2015), in particular their Figure 1. The Illustris data is derived from their primary ΛCDM
simulation of a cosmological volume of (106.5Mpc)3 (Genel et al., 2014; Vogelsberger
et al., 2014a,b) which has ∼ 2× 18203 resolution elements with a baryonic mass of
∼ 1.26×106 M⊙. Galaxies are then identified using SUBFIND (Springel et al., 2001) and
the angular momentum is calculated for all stellar particles which are bound to the primary
density peak within the subhalo that are not identified as satellites. Here we compare
to the M⋆− j⋆ distribution of the Illustris galaxies for which the “extreme populations”
studied in Genel et al. (2015) correspond to more disk-like and active galaxies, i.e. those
populations most closely related to the GAMA sample in this chapter. Figure 6.5 shows
the comparison where the GAMA galaxies are shown in grey, with their M⋆− j⋆ relation
represented as the black line. We also highlight active galaxies with sSFR> 0.2Gyr−1 in
blue, with the corresponding M⋆− j⋆relation shown as the blue line. This differs from
the definition used previously and is done to align with the definition used in Genel et al.
(2015). The Illustris data shows the M⋆− j⋆ distribution of the mean specific angular
momentum for three populations, flat, diffuse, and active. The flat galaxies, rose filled
triangles, are chosen based on their axial ratio with Mz/(MxMy)

1/2 < 0.55, where Mx,y,z

is the second moment of mass distribution and the galaxy angular momentum vector has
been aligned with the z axis. The diffuse galaxies, gold filled circles, are selected to have
an average (computed over four random viewing angles) bulge statistic F(G,M20) < -1
(Snyder et al., 2015). This statistic is based on the galaxies unattenuated i band Gini-M20

structural parameter (Lotz et al., 2004). Lastly, the active galaxies, green filled diamonds,
are selected to have an sSFR> 0.2Gyr−1.

Compared to the GAMA galaxies, the flat Illustris galaxies agree mostly with the upper
end of the GAMA data distribution and the diffuse galaxies agree well with the M⋆− j⋆
relation of our entire sample (black line). The active Illustris galaxies also agree well with
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Fig. 6.5 Comparison with Illustris data. The GAMA data is shown split into two populations,
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M⋆− j⋆ relation of the entire sample (black line) and the ‘star-forming’ galaxies (blue line). The
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dominated by disk galaxies, however, compared to the selected GAMA data they will suffer from a
larger selection bias than the other two Illustris populations.
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the M⋆− j⋆ relation of the entire GAMA sample, but they have a lower j⋆ and less steep
slope than expected from the GAMA star-forming galaxies. Analogous to the EAGLE

data, the differences here are mainly due to the sample selection. The active Illustris
galaxies will include galaxies without disks, and as elliptical galaxies have a lower j⋆ we
would expect the mean j⋆ of all active galaxies to be lower than the mean j⋆ of active
disk galaxies. Flat galaxies, although likely to be dominated by disk galaxies, are also
different from our general sample selection. Without 3D modeling of our galaxies we
cannot estimate whether our galaxies are flat or not by the criteria used in Genel et al.
(2015). Overall from the Illustris data the diffuse galaxies agree best with the GAMA disk
galaxy sample, both for the slope and normalisation. This is because the selection is based
on their bulge statistic, resulting in a sample of galaxies with small bulges, i.e., a sample
comparable to our selection of galaxies with disks.

6.5 Space density Φ(M⋆,J⋆)

The stellar mass function (SMF) establishes the number counts per unit volume of galaxies
at a given mass (see e.g., Baldry, 2008; Peng et al., 2010; Baldry et al., 2012) and can be
used to study how number counts change with environment or galaxy type or even over
time to follow the build up of stellar mass. As such it is a powerful tool for calibrating
simulations, and frequently used to do so. Combining the SMF with additional observa-
tional constraints is necessary to further inform the outcome of simulations, refining the
included physical models, such as the included models for feedback and stellar winds
which strongly influence the measured angular momentum (see e.g., Crain et al., 2015;
Genel et al., 2015).

Here we define the space density of M⋆ and j⋆ as a function of the Gaussian distribution
of the scatter of the specific angular momentum j⋆ around the M⋆− j⋆ relation and the
number density of M⋆:

Φ(M⋆, j⋆) = ΦS (M⋆)ΦG (∆ log( j⋆)) , (6.6)

ΦS (M⋆) is the stellar mass function for our sample, based on a single Schechter
(Schechter, 1976) distribution with

Φ(logM )d logM = ln(10)×φ
∗10log(M /M ∗)(α+1)× exp(−10M /M ∗))d logM , (6.7)

where M ∗ is the characteristic mass, or “knee”, of the mass function in units of M⋆, α is
the low-mass slope and φ∗ is the normalisation.
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Fig. 6.6 Shown is the distribution of the ∆ log( j⋆) scatter as a function of mass. The black circles
show the σ as derived from the Gaussian fit and the blue triangles is the scatter derived from the
average of the 16th to 84th percentile of the distribution. The horizontal line indicates the σ of the
entire sample (i.e. the sigma value given in Table 6.2).

ΦG (∆ log( j⋆)) is a Gaussian distribution of the scatter of j⋆ around the M⋆− j⋆relation:

ΦG (∆ log( j⋆)) =
1

σ
√

2π
× exp

(
−(∆ log( j⋆))2

2σ2

)
, (6.8)

where σ is the standard deviation of the distribution and ∆ log( j⋆)= log( j⋆)−a log(M⋆/1010M⊙)−
b, with a and b being the fitting parameters of Eq. 6.5.

To compute the space density we convert j⋆ to J⋆, where J⋆ ≡ M⋆× j⋆, as the angular
momentum is a conserved quantity and studying the space density of J⋆ is thus physically
more meaningful. Equation 6.8 then changes to

ΦG (∆ log(J⋆)) =
1

σ
√

2π
× exp

(
−(∆ log(J⋆))2

2σ2

)
, (6.9)

where ∆ log(J⋆) = log(J⋆)− (a+ 1) log(M⋆) + 10a− b and a, b and σ are the values
computed from the fit to the M⋆− j⋆ relation. The space density of M⋆ and J⋆ can then be
expressed as:

Φ(M⋆,J⋆) = ΦS (M⋆)ΦG (∆ log(J⋆)) , (6.10)

Figure 6.6 shows the σ distribution as a function of mass. For this the data is split
into bins of ∆ log(M⋆) = 0.3dex and the scatter of j⋆ within the bin is computed as
∆ log( j⋆) = a log(M⋆/1010M⊙)−b. Figure 6.6 also shows the average deviation of the
16th and 84th percentile of the distribution of ∆ log( j⋆) as well as the σ computed from
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Schechter (Moffett et al., 2016b) log(M ∗) α φ∗×10−3

Sd-Irr 9.647 -1.58 1.67
S(B)ab-S(B)cd 10.4 -0.736 2.42
S(B)0-S(B)0a disks 10.43 -0.337 2.6

Gaussian σ measured σ intrinsic a b
0.256 0.212 0.52 532

Table 6.2 Fitting parameters to Eqs. 6.7 and 6.8 to be used in conjunction in Eq. 6.10.

a Gaussian fit to scatter within each mass bin. The black line shows the σ computed for
a Gaussian fit to the ∆ log( j⋆) scatter of the entire sample. Except for very low masses
(M⋆ 108M⊙) and very high masses (M⋆ > 1010.4M⊙) where we have excluded many of
our galaxies due to bad fits (i.e., too small, high ellipticity, failed fits) the scatter around the
M⋆− j⋆ relation for different mass bins is consistent with the overall scatter of the data.
In order to reduce the bias introduced by our sample selection we use the scatter of the
entire sample to establish Φ(M⋆,J⋆). Additionally, instead of the measured scatter, we
use the intrinsic scatter returned by HYPERFIT which takes into account the correlation
between the errors of our variables. We assume an average error for our j⋆ approximation
of ∼ 46% (this error comes from the scatter of the Tully-Fisher relation and an assumed
error of ∼ 10% on our fitted sizes) instead of individual errors for each point as we do
with the errors on the mass. Hence, during the fitting, we set the covariance between our
errors to 0.5 which is reflected in the returned intrinsic scatter of the M⋆− j⋆ relation of
σintr = 0.212.

As the sample in this chapter suffers from various and complex selection biases (i.e,
small and high ellipticity galaxies were removed) we can not establish robust number
counts for the stellar mass function. Hence we use the stellar mass function established
by Moffett et al. (2016b), also see Chap. 5. As shown by Moffett et al. (2016b) a single
Schechter function fit to the GAMA-near disk galaxy population is a poor description
of the data. Summing the individual Sd-Irr, global S(B)ab-S(B)cd, and S(B)0-S(B)0a
disk Schechter functions, however, results in a better representation of the underlying
distribution. Hence we use the same approach here and sum the individual disk population
Schechter functions to compute Φ(M⋆). Table 6.2 gives the values for the Schechter
function and Gaussian scatter used to compute Φ(M⋆,J⋆) and Fig. 6.7 shows the resulting
space density function.

Once the space density function Φ(M⋆,J⋆) is established the galaxy mass function and
angular momentum number density function can be recovered by integrating Φ(M⋆,J⋆)

over all J∗ or M⋆ respectively. The space density is shown in the bottom left panel of
Fig. 6.7, increasing from red over yellow to white. The recovered number density by
galaxy mass and angular momentum are shown as black lines in the top left and bottom
right panel, respectively. The red lines show the resulting stellar mass (top left) and
angular momentum (bottom right) density. I estimate a total stellar mass density of disks
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Fig. 6.7 Anticlockwise, starting at the top left, we show the galaxy mass function (black line) and
the stellar mass density for disks (red line). The following image shows the space density of M⋆

and J∗, and the bottom right panel shows the angular momentum function (Black line) and the
angular momentum density distribution of our sample as a function of J∗. The galaxy mass function
is based on the composition of the three disk component SMFs from (Moffett et al., 2016b, values
are given in Table 6.2 for reference). We use the composite SMF since it describes the underlying
distribution of the data better than a single Schechter fit to the data which can not capture the
increasing number counts at low masses.
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of ρdisk = 1.2×108M⊙ Mpc−3, which is same as the estimate from Moffett et al. (2016b)
validating the established Φ(M⋆,J⋆). The peak of the angular momentum density distribu-
tion is well sampled and a total angular momentum density estimate of disk galaxies should
therefore be well bound and is estimated to be ρAM = 11.8×1010M⊙ kms−1 kpc Mpc−3.
The typical mass of a galaxy with this peak angular momentum is M⋆ = 1010.7M⊙.

6.6 Summary and Conclusion

In this chapter I set up a sub-sample of the GAMA-near visual morphology sample to select
galaxies with disks. A Sérsic profile with n=1 is fit to the outer disks by masking the central
circularised Re region. The resulting fits are visually inspected and galaxies which are too
small (Re < 2arcsec), have a high ellipticity (e > 0.7) or have bad fits are removed and
the final sample consists of 3114 galaxies with good fits and size estimates for their disks.
A further 299 galaxies are removed due to surface brightness limitations, possible bad
stellar masses and missing r-band magnitudes in the BulgeDiskDecomposition catalogue.
Next we use the r-band Tully-Fisher relation from Wong et al. (in prep.) and the total
r-band magnitude in the BulgeDiskDecomposition catalogue (Chap. 4) to estimate the
circular velocity of the galaxies in this sample. Using the estimated circular velocities and
fitted disk scale lengths we then compute the specific angular momentum j̃⋆ which is then
corrected to j⋆ using Eq. 6.4.

Next we establish the M⋆− j⋆ relation for the GAMA disk galaxy sample (fit pa-
rameters can be found in Table 6.1) and study the correlation with a third, independent,
variable. We find that the M⋆− j⋆ relation correlates with the morphology of the galaxies,
which is used as a proxy for their bulge fraction, this corroborates previous findings by
Romanowsky & Fall (2012), who proposed that galaxies would lie on parallel M⋆− j⋆
relations owing to their bulge + disc nature where the relative fraction of the two compo-
nents determines the magnitude of j⋆ for a given mass, and Obreschkow & Glazebrook
(2014) who found a tight 3-dimensional correlation between the mass, specific angular
momentum and B/T of ordinary disk galaxies. Additionally we find a strong dependence
on the specific star formation rate with more active galaxies having a larger j⋆ than less
active galaxies at the same mass. The M⋆− j⋆ relation, however, does not depend on
the tested environment measures, except for a weak trend with halo mass which is likely
caused by the know correlation between morphology and environment (Dressler, 1980) as
the halo spin (which can be related to the angular momentum) does not correlate with mass.

We then compare our local M⋆− j⋆ relation for disk galaxies with the EAGLE and
Illustris simulation. The EAGLE data tends to lower j⋆ at the same mass and also shows
a larger dispersion at lower masses. This in part is due to selection effects as the EAGLE

data consists of active galaxies with no cut on ellipticity or morphology, as is done for
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our sample. This means that the active EAGLE galaxy sample likely contains some el-
liptical galaxies which have lower angular momenta (Romanowsky & Fall, 2012; Fall &
Romanowsky, 2013). The Illustris data is divided into three different populations, the
flat galaxies which almost completely consist of pure disk, the diffuse galaxies which
are galaxies with small bulges and active galaxies which have a high sSFR regardless
of their morphology. The Illustris diffuse galaxies agree well with our global M⋆− j⋆
relation, the active galaxies also agree well with our overall M⋆− j⋆ relation but they
have a lower j⋆ at the same mass when compared to the same active galaxies in our
sample. The differences could be caused by the inclusion of elliptical galaxies as seen
with the EAGLE data. The Illustris flat galaxies have a larger j⋆ compared to our global
M⋆− j⋆ relation and have a less steep slope compared to the high sSFR sample. As such
they could represent a class of galaxies that is not well captured in our sample selection.
The comparison to the Illustris data highlights that the selection criteria of the galaxy
sample is very important and the closer the simulated galaxy sample selection is to the
observational sample selection the better the agreement between the samples. I would like
to emphasise that given the differences in sample selection between observed and simu-
lated data, we do not find evidence that either EAGLE or Illutris is inconsistent with our data.

Finally, using the results from the M⋆− j⋆ relation and the galaxy mass function
presented in Moffett et al. (2016b) (see Chap. 4 for a summary), we established the stellar
mass – angular momentum space density function Φ(M⋆,J⋆). Integrating the space density
function over mass or angular momentum recovers the galaxy mass function and angular
momentum number density function, respectively. As angular momentum changes are
arguably important in galaxy evolution, via internal or external processes such as supernova
winds or mergers, studying the evolution of the space density function Φ(M⋆,J⋆) will be
an important tool to better understand when and how angular momentum (and mass) is
built up and/or lost. Here we demonstrated that the space density function can be calculated
for large surveys, however, to fully understand its extend all morphological types need to
be studied and larger samples with robust kinematic data are necessary to verify how well
j⋆ can be approximated for all types of galaxies. A future study might entail combining
stellar and gas mass estimates so that the rotation velocity of the galaxy can be estimated
from a baryonic Tully-Fisher relation, which is better defined over wider range of masses.
Furthermore, including kinematic data from integral field spectroscopy surveys and new
HI surveys means that the M⋆− j⋆ relation as well as the space density function can be
established for early-type galaxies.





Chapter 7

Summary and Future Work

7.1 Summary and conclusion

In this thesis I have attempted to address the following key topics:

• A comprehensive study of the local M⋆−Re relation of early- and late-type galaxies
as well as galaxy components

• The stellar mass budget in bulges and disks

• Comparison of the component M⋆−Re relation with simulations

• Comparison of the component M⋆−Re relation with analogous relations derived
from observations of high-redshift galaxies

• Connecting the M⋆−Re relation with the angular momentum of galaxies

In Chap. 2 I presented the M⋆−Re relation of local early- and late-type galaxies, as
defined by 5 different separators, in 10 wavebands (SDSS - ugriz and VIKING - ZY JHKs).
The data used in this chapter consists of high quality single Sérsic galaxy profile fits for
8399 (6154) galaxies matched in the g to Ks (all) bands. This extensive collection of
M⋆−Re relations provides easy comparison between our relations and other local or high
redshift relations using the same restframe wavelength and population separator.

The results of the M⋆−Re relation study showed that for late-types a single power
law is sufficient to fit to the data. Choosing different definitions of late-type changes the
offset of the M⋆−Re relation, however, the slope is found to be robust. For early-types I
find that a curved relation, i.e. a double power law, is a better description of the M⋆−Re

distribution than a single power law. Considering high mass (M⋆ > 1010 M⊙) elliptical
galaxies only then a single power law is sufficient to describe the data and might be a better
choice when comparing to galaxies at high redshift.

Furthermore I test how well each quantitative separator compares to the traditional
but subjective elliptical/ not-elliptical morphological classification. I find that the dust
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corrected (g− i)stars colour delineator generally performs best and that the Sérsic index is
a bad choice especially if low-mass elliptical galaxies are present in the sample.

Lastly in Chap. 2 I study the variation of galaxy size (half-light radius) with wavelength,
and find that late-type galaxies on average appear ∼ 14% smaller in the Ks-band compared
to the g-band. Early-types experience a similar reduction of ∼ 12%. This is significantly
less than previously reported trends and we believe this is due to the major image quality
improvement achieved by using VIKING ZY JHKs imaging as opposed to UKIDSS Y JHK

imaging. It is also worth noting that the size–wavelength variation shows some evidence
for being mass dependent with higher mass galaxies experiencing a smaller variation,
however, this trend might be image quality dependent and should be re-evaluated when we
updated from SDSS to KiDS imaging in the optical wavebands.

Chap. 4 presents the careful bulge + disc decomposition of 7506 GAMA galaxies for
which visual classifications have been made into 5 categories: E, S(B)0-S(B)a, S(B)ab-
S(B)cd, Sd-Irr and, LBS. To establish robust global and component measurements I
repeatedly fit the galaxies in the sample. For single component fits I use a set of 33
permutations of the input parameters and for the double component fits 88 permutations.
Next I screen the outputs for bad and unphysical fits and establish the final fitting parameters
from the median of the remainder of the outputs. I use the 16th and 84th percentile of
the output parameter distribution in combination with a 10% error floor to estimate the
uncertainties of my fit parameters. Even though this method is computationally expensive,
it reduces the catastrophic failure rate significantly, and establishes robust error estimates
on the fitting parameters.

Using the results of the bulge + disc decomposition I establish the M⋆−Re relation
by Hubble type and galaxy component and explore the association of various distinct
structural components with either the global Sd-Irr or E M⋆−Re relations.

I find that the slopes of the M⋆−Re relation for the various Hubble types are re-
markably similar to each other, with the relations essentially lying parallel to each other
and increasing in size at the same mass from early- to late-type. The disk components
S(B)0-S(B)a and S(B)ab-S(B)cd also lie on parallel M⋆−Re relations to each other, but
have a shallower slope than the Hubble type M⋆−Re relations, where the late-type disks
are larger than the early-type disks at a given mass. The late-type bulges are larger than
early-type bulges and lie on a M⋆ −Re relation parallel to the Hubble type relations.
Early-type bulges on the other hand have a shallower slope and are more comparable to
the Little Blue Spheroid (LBS) class. The LBS systems appear to be small (Re ∼ 1 kpc)
and are classified as spheroidal via the visual inspection but exhibit atypical blue colours
indicative of rapid star-formation. Their overall distribution seemingly tags onto the lower
end of the elliptical galaxy distribution, and hence they are possibly related to dwarf
ellipticals/spheroids or blue compact dwarf galaxies. However, the slope of their M⋆−Re
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relation is flatter than all the other Hubble types and they are also the least massive and
most compact galaxies in the sample.

Testing the association of the component relations with a parent population I find that
Sd-Irr, disk components and late-type bulges are all associated. Similarly, E, LBS and
early-type bulges are also associated. One of the major concerns with the late-type bulge +
disc decomposition is whether these galaxies are harbouring pseudo-bulges, and/or if our
fits are adversely affected by dust. As I cannot rule out one or the other without kinematic
data I decide to proceed with the global, i.e. single component, fit of the S(B)ab-S(B)cd
galaxies. The global S(B)ab-S(B)cd population is also found to be associated with Sd-Irr
galaxies resulting in my final disk M⋆−Re relation consisting of Sd-Irr, global S(B)ab-
S(B)cd and S(B)0-S(B)a disks. My final spheroid M⋆−Re relation consists of E, LBS and
S(B)0-S(B)a bulges.

I compare my local disk and spheroid M⋆−Re relations to simulated data of active
and passive galaxies from the EAGLE simulation. There is a qualitative agreement between
the sizes of active EAGLE galaxies and our disk components, as well as high mass passive
EAGLE galaxies and our spheroid population. This is not surprising, however, as the
EAGLE data has been calibrated to the local M⋆−Re relation by Shen et al. (2003). Hence
comparing the scatter around the local relation is of more interest and I find that in most
cases the simulated data has a smaller scatter than our observed data. However, as the
observed and simulated samples do not obey the same sample selection or indeed use the
same measurement procedure it is important not to read too much into the discrepancies
we find here. Instead, this study best highlights the potential of the M⋆−Re relation to
study the success of simulations in respect to reproducing observed galaxy and galaxy
component properties.

Finally, I explore the affiliation of high redshift galaxies and components (1 < z < 1.5)
from the CANDELS UDS field with the local disk and spheroid M⋆−Re relations. On the
whole I find that high redshift systems are best associated with the local spheroid relation.
However when clearly identifiable high-redshift disks are visible they adhere best to the
local disk relation. These findings strongly support a galaxy evolution picture in which
spheroids are formed first and disk formation or (re-)growth occurs at later times. Note
that this does not imply that high-redshift galaxies “look” like spheroids but rather they
occupy a spatial extent consistent with local spheroids and are perhaps best described as
proto-spheroids.

In the final analysis chapter (Chap. 6) I look at connecting the M⋆−Re distribution
with the M⋆− j⋆ distribution. To do this I define a sub-sample of galaxies with disks
from the visual morphology catalogue. These galaxies are then fit with an n=1 Sérsic
light profile for their disks, while the center is masked out, i.e., the structural analysis was
optimised for perfect exponential disk fitting. I then visually inspected the resulting fits and
removed all unsatisfactory fits, as well as galaxies which were too small (Re < 2 arcsec), or
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had a high ellipticity (e > 0.7), either intrinsic or due to their inclination. For the remaining
sample of 2815 galaxies I estimated the specific angular momentum j⋆ from their disk
size and rotational velocity, having inferred the rotational velocity from the Tully-Fisher
relation.

I establish the M⋆− j⋆ relation and explore its dependence on a third variable, i.e. mor-
phology, specific star formation rate (sSFR) and environment. I show that the M⋆− j⋆
relation correlates with the morphology and sSFR but not the environment, except for
a weak dependence on halo mass. The M⋆− j⋆ relation for different morphologies and
sSFRs is steeper than the global relation. Furthermore, at the same mass j⋆ increases with
decreasing bulge fraction or increased sSFR. For the global and morphological M⋆− j⋆
relations my results are consistent with previous studies but my work here represents the
largest sample of galaxies (with an increased sample size of two orders of magnitude) for
which the M⋆− j⋆ relation has been studied to date.

Once again I compare my M⋆− j⋆ relation of local disk galaxies to data from the
EAGLE and Illustris simulations. Overall I find good agreement between the observational
and simulated data. However, the EAGLE simulated data tends to lower j⋆ which could be
a selection effect as I am comparing active EAGLE galaxies with disk galaxies in GAMA.
As stated in Chap. 4, even though the star-formation rate and morphology are correlated
they are not synonymous. The best agreement is between the Illustris diffuse galaxies and
my global M⋆− j⋆ relation, which highlights that selecting galaxies in a similar manner
for both the simulations and the observational data, improves the consistency between the
data.

Lastly, I define the stellar mass–angular momentum space density function Φ(M⋆,J⋆),
an extension of the stellar mass function. I use the galaxy mass functions of disks and the
Gaussian distribution of the log-scatter of j⋆ around the M⋆− j⋆ relation to compute the
space density. Integrating the space density over J⋆ I recover the galaxy mass function. Con-
versely, integrating the space density function over M⋆ I recover the angular momentum
number density function of disk galaxies and calculate their angular momentum density
distribution. This is the first time this function has been established from observational
data and represents the next step in understanding galaxy evolution allowing us to probe
when galaxies build up or lose their angular momentum.

7.2 Future research directions

In this thesis I have aimed to set up a local picture of the structure, sizes and angular
momentum of galaxies. To understand the physical nature of galaxy growth all of these
ingredients are important. As such future research should focus on the study of galaxies at
different epochs, along with detailed comparisons to simulations and the improvement of
the fitting routine.
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Fig. 7.1 Shown are the unique spectroscopic (black) and photometric (red) redshift distribution of
GAMA objects for the HST data sets found in the GAMA regions G02/09/12/15 .

7.2.1 Extending out in redshift with HST

To understand how galaxies grow, by component or as a whole, and whether galaxies
evolve in two phases (i.e. hot mode - spheroid formation, and cold mode - disk growth)
single component fitting and bulge + disc decomposition needs to be performed in a
comprehensive manner starting in the local universe and slowly increasing in redshift. To
ensure the best possible interpretation of the data, the same method of analysis should be
used on the entire sample. This also means the stellar mass estimates should be performed
using the same code and profile fitting should be done at the same wavelength (as sizes vary
with redshift as shown in Chap 2). For the component masses, if colour information is not
available, the B/T can be used as a proxy instead. However, even though this gave good
results for the local data, its viability for higher redshift data, which might be considerably
more affected by dust attenuation effects, has to be shown first.

A search of the Hubble Space Telescope (HST) database reveals a total of ∼1600
potentially useful data sets within GAMA comprised of imaging with the ACS/WFC,
WFC3/UVIS and WFC3/IR cameras. A large fraction of these data sets are part of the
CANDELS-UDS field within the GAMA G02 region. In total I find an area of about 1
deg2 of HST data within GAMA. A quick match between the HST pointing positions and
the GAMA spectroscopic and photometric redshift catalogues finds 719 spectroscopic and
1819 photometric redshifts with z > 0.002. Figure 7.1 shows the redshift distribution of
the unique GAMA objects found within the HST data sets.

Furthermore GAMA has ingested the central ∼ 1deg2 of the Cosmic Evolution Survey
region (COSMOS) (Scoville et al., 2007) into the GAMA database, called G10. The
process included re-analysing the available spectra resulting in 16583 robust redshifts in
the full COSMOS region (Davies et al., 2015). The final G10 sample has a combined
magnitude cut of r < 23.0 mag and i < 22.0 mag and contains 9861 sources with reliable
redshifts. As such using the multi-wavelength data in COSMOS/G10 plus the HST point-
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ings in G02/09/12/15 in combination with the multi-wavelength data available in GAMA
presents a viable option to study galaxy evolution over a well sampled redshift baseline
in a variety of environments. While still a modest area these data would provide a good
initial resource, in due course the upcoming space missions EUCLID and WFIRST will
provide deep wide high-resolution imaging for comprehensive statistics.

7.2.2 Connecting to simulations such as EAGLE

Using the results of this mass assembly time line in comparison to simulations we can
trace and understand the merger history of various types of galaxies; advancing our
understanding of the relative importance of internal and external processes in galaxy
evolution.

For example, the EAGLE simulation has used Shen et al. (2003) and my recent work
(Lange et al., 2015) to calibrate their local mass–size relation (Crain et al., 2015). This
means their data is ideal to compare to the GAMA mass-size relation of bulges, disks and
spheroids to trace the mass assembly and size growth of galaxies. However, as was shown
in Chap. 4 at the current time only the M⋆−Re relation of active and passive galaxies has
been studied, and this is based on the half-mass radius rather than the half-light radius.
What is needed is a complementary analysis of the simulated data similar to that described
in this thesis. This would entail classifying galaxies in the same manner, via visual inspec-
tion of mock images, and fitting these same images using the same method. This approach
would fold in systematics in the inspection and fitting process and highlight if any of
the discrepancies found in Chap. 4 (e.g., the disagreement in size between the low mass
passive EAGLE galaxies and our spheroid population) are real or due to selection biases.
The study of simulated data can then be extended to higher redshifts using light-cones
in the same manner as the observational data. If the agreement or indeed disagreement
continues valuable insight can be gained into the growth mechanisms of galaxies.

7.2.3 Moving from 2D to 3D fitting

One of the primary concerns for these studies are our current galaxy fitting methods
and the need for visual classification or extensive logical filters to separate single and
multi-component galaxies.

The ideal method to overcome this problem would be to move from 2D galaxy profile
fitting to 3D modeling. To achieve this extra information is required such as multi-
wavelength information, kinematic data and gas and dust content. Combining kinematic
and imaging data, in particular, will help answer the question as to which bulges are
genuine classical pressure supported bulges, and which are pseudo-bulges. Furthermore,
including information on the spatial distribution of the dust will allow the modeling of
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the underlying intrinsic galaxy and/or component shape. Critical to this process will be
the incorporation of robust statistical analysis tools implementing algorithms such as the
Hastings-Metropolis algorithm (as incorporated into GIM2D).

Establishing a robust modeling tool is especially important in the era of the upcoming
new ground and space-based telescopes (such as the Euclid mission, the Wide Field
InfraRed survey Telescope - WFIRST, the James Webb Space telescope - JWST, the Giant
Magellan Telescope - GMT to name a few) which will enable us to probe larger areas
of sky with better resolution, probing deeper towards the beginning of galaxy assembly
increasing the number of known redshifts into the billions and collecting high resolution
imaging for a sizable fraction of them.

The future of the subject would appear to offer rich ground in terms of algorithm
development, working hand-in-hand with hydrodynamical simulations and capitalising
on the ongoing investment in billion dollar facilities. The combination of these elements
are likely to go a long way towards resolving and understanding galaxy formation and
this thesis has, I believe, laid important ground-work in this area through the study of
the mass-size and mass-angular momentum distributions of both galaxy types and galaxy
components.





Appendix A

A.1 The SDSS ugiz and VIKING ZYJHKs M⋆−Re rela-
tions

We have calculated the M⋆ −Re relation in 10 available imaging bands. The r-band
relations for a Sérsic index cut, two colour cuts, a combined Sérsic index and colour cut
as well as a morphologically classified sample were shown in the main part of the paper.
Here we present the M⋆−Re relations for the additional 9 bands ugizZYJHKs.
The data was analysed in the same way as outlined for the r-band data. We exclude outliers
and bad fits in each band individually in addition we also remove galaxies with unrealistic
fitting parameters which leads to varying sample sizes. However, after implementing the
staggered volume limited sample in each band the final sample sizes, with the exception
of the u-band, are comparable with each other. The number of ‘good-fit’ galaxies and
the staggered volume limited sample size for each band can be found in table 2.1 and
Tables 2.2 and 2.3 show the resulting fitting parameters to Eqs. 2.2 and 2.3 for the late and
early-types respectively. The following 9 plots are equivalent to the r-band plot presented
in the main part of the paper and show the M⋆−Re relations for ugizZYJHKs late types
(left hand panels, blue) and early-types (right hand panels, red) divided from top to bottom
panel by:

1. the Sérsic index,

2. the restframe (u-r) colour,

3. the restframe (g-i) colour,

4. a combined (u-r)stars colour-Sérsic index cut and

5. the visual galaxy morphology.
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Fig. A.1 The u-band M⋆−Re relation for late and early-types - left and right hand side respectively.
We are using a) the Sérsic index, b) the (u-r)stars colour, c) the (g-i)stars colour, d) a combination
of Sérsic index and (u-r)stars colour and e) the visual morphology to divide the populations as
described in the paper. Fitting parameters can be found in Tables 2.2 and 2.3.
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Fig. A.2 The M⋆−Re relation for the g-band with the panels and fits as in Fig. A.1.
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Fig. A.3 The M⋆−Re relation for the i-band with the panels and fits as in Fig. A.1.
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Fig. A.4 The M⋆−Re relation for the z-band with the panels and fits as in Fig. A.1.



154

108 109 1010 1011

1
1

0

a
n < 2.5

108 109 1010 1011

1
1

0

a
n > 2.5

1
1

0

b
(u-r) < 1.5

1
1

0

b
(u-r) > 1.5

1
1

0

c
(g-i) < 0.65

1
1

0

c
(g-i) > 0.65

1
1

0

d
(u-r)< 2.00 -0.61 *log10(n)

1
1

0

d
(u-r)> 2.00 -0.61 *log10(n)

108 109 1010 1011

1
1

0

e 
not Elliptical

108 109 1010 1011

1
1

0

e 
Elliptical

Z
-b

a
n

d

Total Stellar Mass (BC03, Chabrier) / Mʘ

R
e
 /

 k
p

c

Fig. A.5 The M⋆−Re relation for the VIKING Z-band with the panels and fits as in Fig. A.1.
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Fig. A.6 The M⋆−Re relation for the Y-band with the panels and fits as in Fig. A.1.
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Fig. A.7 The M⋆−Re relation for the J-band with the panels and fits as in Fig. A.1.
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Fig. A.8 The M⋆−Re relation for the H-band with the panels and fits as in Fig. A.1.
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Fig. A.9 The M⋆−Re relation for the K-band with the panels and fits as in Fig. A.1.
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Band a (10−2) b
u 1.79 ± 0.17 0.23 ± 0.02
g 3.43 ± 0.35 0.20 ± 0.01
r 4.04 ± 0.42 0.19 ± 0.01
i 2.86 ± 0.27 0.21 ± 0.01
z 4.02 ± 0.42 0.19 ± 0.01
Z 5.99 ± 0.77 0.17 ± 0.01
Y 4.73 ± 0.51 0.18 ± 0.01
J 4.08 ± 0.44 0.19 ± 0.01
H 3.59 ± 0.37 0.19 ± 0.01
K 2.43 ± 0.22 0.21 ± 0.01

Table A.1 M⋆−Re relation fitting parameters to Eq.2.2 for the entire sample without any early-/
late-type division.

Late-type galaxies Early-type galaxies
Band a (10−2) b a (10−6) b
g 3.32 ± 0.44 0.21 ± 0.02 0.63 ± 0.05 0.63 ± 0.03
r 4.02 ± 0.57 0.20 ± 0.02 0.79 ± 0.06 0.62 ± 0.03
i 3.04 ± 0.40 0.21 ± 0.02 0.35 ± 0.03 0.66 ± 0.03
z 3.45 ± 0.47 0.21 ± 0.02 0.85 ± 0.07 0.62 ± 0.03
Z 7.27 ± 1.25 0.17 ± 0.02 1.36 ± 0.12 0.60 ± 0.03
Y 4.98 ± 0.75 0.19 ± 0.02 1.25 ± 0.11 0.60 ± 0.03
J 4.27 ± 0.61 0.19 ± 0.02 0.96 ± 0.08 0.61 ± 0.03
H 3.23 ± 0.45 0.20 ± 0.02 1.46 ± 0.13 0.59 ± 0.03
K 2.07 ± 0.25 0.22 ± 0.02 0.92 ± 0.08 0.61 ± 0.03

Table A.2 M⋆−Re relation fitting parameters to Eq. 2.2 for high mass morphological late- and
early- type galaxies with M⋆ > 2.5×109M⊙ and M⋆ > 2×1010M⊙ respectively.

A.2 Additional M⋆−Re relations

In high redshift studies it becomes more difficult to divide the sampled galaxies into the
conventional early- and late-types. To allow a more direct comparison to high redshift
data we have fit the local M⋆−Re relation using Eq. 2.2 to the entire sample without any
early-/ late-type division. The results for all 10 imaging bands can be found in Table A.1.

In addition, in many cases (especially at higher redshifts) only high-mass data is
available to establish a M⋆ − Re relation. In the case of the early-type galaxies this
exclusion of low-mass data can lead to a significant change in the slope of the M⋆−Re

relation (since a single-power law is sufficient to describe the data). To allow for easier
comparison to these high-mass (and/ or high-z) data we have analysed the M⋆−Re relation
of our high-mass early-types. For this we fit the M⋆−Re relation to elliptical galaxies
with masses M⋆ > 2×1010M⊙. This is the average transition mass M0 according to our
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Late-type galaxies Early-type galaxies
Band a b a b
g 3.428 ± 0.124 0.325 ± 0.024 1.727 ± 0.069 0.504 ± 0.022
r 3.308 ± 0.118 0.325 ± 0.024 1.739 ± 0.067 0.485 ± 0.021
i 3.166 ± 0.112 0.359 ± 0.023 1.432 ± 0.06 0.544 ± 0.024
z 2.902 ± 0.111 0.409 ± 0.025 1.563 ± 0.066 0.529 ± 0.023
Z 3.184 ± 0.112 0.271 ± 0.023 1.693 ± 0.062 0.455 ± 0.02
Y 3.103 ± 0.11 0.301 ± 0.024 1.653 ± 0.062 0.467 ± 0.02
J 2.835 ± 0.104 0.358 ± 0.024 1.558 ± 0.06 0.491 ± 0.021
H 2.55 ± 0.103 0.436 ± 0.027 1.512 ± 0.06 0.501 ± 0.022
K 2.55 ± 0.103 0.436 ± 0.027 1.431 ± 0.06 0.545 ± 0.023

Table A.3 M⋆−Re relation fitting parameters to Eq. A.1 for high mass morphological late- and
early- type galaxies with M⋆ > 2×1010M⊙.

morphology cut (g-Ks band, see Table 2.3) and also agrees with the limit imposed by van
der Wel et al. 2014 to avoid the flattening of the early-type relation.

We also set up a high-mass sample for the ’not-elliptical’ galaxies. For this we set
the lower mass limit to the mass limit of our colour unbiased volume limited sample,
M⋆ > 2.5× 109M⊙. Not unsurprisingly the results of the M⋆−Re relation fit remain
mostly unchanged. This is in good agreement with our previous observation that the late-
type M⋆−Re relation is fairly robust to changes in the population set up. The resulting
fitting parameters can be found in Table A.2.

A.3 M⋆−Re relations with shifted zero point

We have re-fit our single power law M⋆−Re relations presented in Chapter 2 and Appendix
A.1 and A.2 using a fiducial point of 1010M⊙ using the following equations:

Re = a
(

M⋆

1010M⊙

)b

, (A.1)

where Re is the effective half-light radius in kpc and M⋆ is the mass of the galaxy. The
fitting parameters can be found in Tables A.3 and A.4.
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Late-type galaxies Early-type galaxies

Case a b a b

Sérsic cut
g 3.839 pm 0.028 0.259 pm 0.008 1.739 pm 0.068 0.532 pm 0.021
r 3.81 pm 0.03 0.24 pm 0.01 1.766 pm 0.064 0.516 pm 0.02
i 3.75 pm 0.027 0.259 pm 0.009 1.698 pm 0.064 0.563 ± 0.021
z 3.618 ± 0.028 0.258 ± 0.01 1.663 ± 0.064 0.58 ± 0.021
Z 3.604 ± 0.026 0.225 ± 0.008 1.748 ± 0.06 0.459 ± 0.018
Y 3.575 ± 0.027 0.24 ± 0.009 1.769 ± 0.059 0.475 ± 0.019
J 3.478 ± 0.027 0.252 ± 0.01 1.692 ± 0.059 0.514 ± 0.02
H 3.434 ± 0.028 0.262 ± 0.01 1.616 ± 0.057 0.552 ± 0.02
K 3.415 ± 0.029 0.268 ± 0.011 1.5 ± 0.058 0.628 ± 0.022
(u-r) colour cut
g 1.835 ± 0.062 0.502 ± 0.018 1.834 ± 0.064 0.502 ± 0.019
r 3.944 ± 0.03 0.272 ± 0.009 1.826 ± 0.062 0.486 ± 0.019
i 3.86 ± 0.029 0.284 ± 0.009 1.734 ± 0.062 0.529 ± 0.02
z 3.82 ± 0.029 0.289 ± 0.009 1.623 ± 0.06 0.546 ± 0.02
Z 3.673 ± 0.027 0.241 ± 0.008 1.796 ± 0.058 0.443 ± 0.018
Y 3.615 ± 0.026 0.257 ± 0.009 1.759 ± 0.058 0.46 ± 0.018
J 3.533 ± 0.027 0.276 ± 0.009 1.646 ± 0.056 0.493 ± 0.019
H 3.482 ± 0.027 0.294 ± 0.009 1.559 ± 0.057 0.523 ± 0.02
K 3.464 ± 0.027 0.33 ± 0.009 1.474 ± 0.057 0.571 ± 0.021
(g-i) colour cut
g 4.044 ± 0.031 0.293 ± 0.009 1.841 ± 0.063 0.499 ± 0.019
r 3.966 ± 0.03 0.273 ± 0.008 1.834 ± 0.062 0.483 ± 0.019
i 3.884 ± 0.029 0.285 ± 0.009 1.742 ± 0.061 0.525 ± 0.019
z 3.843 ± 0.03 0.29 ± 0.009 1.631 ± 0.06 0.542 ± 0.02
Z 3.695 ± 0.028 0.242 ± 0.008 1.803 ± 0.057 0.44 ± 0.017
Y 3.639 ± 0.027 0.259 ± 0.008 1.765 ± 0.058 0.457 ± 0.018
J 3.556 ± 0.027 0.276 ± 0.009 1.647 ± 0.057 0.491 ± 0.019
H 3.504 ± 0.027 0.295 ± 0.009 1.565 ± 0.056 0.52 ± 0.02
K 3.488 ± 0.028 0.331 ± 0.009 1.479 ± 0.055 0.567 ± 0.021
Sérsic + (u-r) colour cut
g 3.515 ± 0.023 0.274 ± 0.007 1.586 ± 0.091 0.543 ± 0.028
r 3.43 ± 0.022 0.248 ± 0.007 1.612 ± 0.102 0.519 ± 0.03
i 3.349 ± 0.021 0.261 ± 0.007 1.548 ± 0.115 0.565 ± 0.034
z 3.354 ± 0.022 0.276 ± 0.008 1.469 ± 0.086 0.565 ± 0.028
Z 3.213 ± 0.02 0.215 ± 0.007 1.564 ± 0.1 0.488 ± 0.03
Y 3.159 ± 0.02 0.232 ± 0.007 1.575 ± 0.101 0.491 ± 0.03
J 3.081 ± 0.02 0.252 ± 0.007 1.506 ± 0.096 0.513 ± 0.03
H 3.041 ± 0.02 0.263 ± 0.008 1.46 ± 0.093 0.525 ± 0.03
K 3.033 ± 0.021 0.303 ± 0.009 1.423 ± 0.085 0.554 ± 0.029
Morphology cut
g 4.05 ± 0.029 0.226 ± 0.007 1.727 ± 0.068 0.504 ± 0.021
r 3.974 ± 0.027 0.21 ± 0.007 1.74 ± 0.066 0.485 ± 0.021
i 3.902 ± 0.028 0.225 ± 0.007 1.631 ± 0.066 0.533 ± 0.022
z 3.86 ± 0.027 0.23 ± 0.007 1.564 ± 0.064 0.529 ± 0.022
Z 3.693 ± 0.025 0.181 ± 0.007 1.695 ± 0.064 0.454 ± 0.02
Y 3.653 ± 0.025 0.198 ± 0.007 1.653 ± 0.062 0.467 ± 0.02
J 3.572 ± 0.025 0.214 ± 0.007 1.556 ± 0.061 0.492 ± 0.021
H 3.524 ± 0.025 0.232 ± 0.007 1.517 ± 0.059 0.5 ± 0.021
K 3.509 ± 0.025 0.262 ± 0.008 1.431 ± 0.06 0.545 ± 0.023

Table A.4 The Bayesian expectation parameters for the late-type (left) and early-type (right) galaxy
M⋆−Re relation according to various population definitions. Parameters a and b are the fitting
parameters for the single exponential function with shifted zero point in Eq. A.1.





Appendix B

B.1 Flagging

As described in Section 4.2.1 our sample of 7506 0.002 < z < 0.06 galaxies has been
classified onto the Hubble type system as described in Moffett et al. 2016a. The sample
contains 860 E, 826 S(B)0-S(B)a, 1421 S(B)abc, 3531 Sd-Irr systems and 868 Little Blue
Spheroids (LBS). The E, LBS and Sd-Irr’s we consider single component systems, best
fit by a single Sérsic profile, while we assume the remainder to be best described by a
two-component, double Sérsic profile.

Following the decision on one or two components we flag the resulting fits for various
criteria:

1. very high or low B/T (B/T > 0.8 and < 0.1 respectively)

2. disk n > bulge n

3. B/T reverses between minimum reduced χ2and median model

4. bulge and disk position angle offset

5. min reduced χ2model values are outliers to the median value

Flags (i) through (iv) are only evaluated on the sample of two-component galaxies. Flag
(v) is evaluated for all galaxies (i.e., single and two-component).

For our two-component sample we have a total of 962 galaxies with at least one flag
(∼ 44%). This drops drastically when checking for galaxies with several flags, and we find
only 206 galaxies with more than one flag raised. Our single component sample has a total
of 164 flagged galaxies (∼ 3%).

To check whether any of the flags are more likely to produce unsatisfactory fits we
visually inspect a random sample of 50 flagged two-component galaxies. We found that in
many cases the median fit is acceptable and only flags (i) and (ii) are more likely to yield
potentially bad fits.
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Fig. B.1 The distribution of galaxies with a median B/T > 0.6 and the visual decision whether they
are 2-component, single component systems, or if the fit failed.

(i) galaxies with high (low) B/T
We selected galaxies with a median B/T > 0.6 and visually inspected their minimum
reduced χ2 and median fit results as well as the convergence plots. For each galaxy we
decided whether it is better fit with a double component or single component or if it has
a bad or uncertain fit (i.e., the fit has bad apertures and no solution can be found, or it is
unclear whether a 2-component fit is appropriate).

Fig. B.1 shows the distribution of high B/T galaxies. We set all 46 galaxies with a
B/T > 0.8 to a single component fit. Additionally, since our mean B/T error is 0.1, we
also consider all galaxies with a B/T<0.1 to be a single component galaxy. This adds
another 42 galaxies for which the 2-component fit is considered not appropriate.

If the galaxy was classified as S(B)ab-S(B)cd it is moved into the Sd-Irr class and if
the galaxy was classified as S(B)0-S(B)a it is moved to the elliptical class for the M⋆−Re

relation analysis.
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Fig. B.2 The disk versus bulge Sérsic index distribution for galaxies with bulge n < disk n. The
points are colour coded by the fractional error on the disk Sérsic index. It is obvious that many of
the fits for these galaxies converged (i.e. 10% error). We remove all converged and disk n > 2
galaxies from our final sample since we consider their fits unphysical.

(ii) disk Sérsic index > bulge Sérsic index
As mentioned in Sec. 4.3.1 during the set up of our final B/T decomposition catalogue we
screen galaxies for bulge and disk component switching. To do this we assume that the
bulge Re is smaller than the disk Re and swap the assigned component for those galaxies
where this is not the case. However, for galaxies where the bulge Re is up to 10% larger
than the disk Re we also check whether the disk n is larger than the bulge n and only swap
the assigned component if this is the case.

However, even though the swapping ensures that our bulge is smaller than the disk it
is not guaranteed that the bulge n is larger than the disk n. We check our 2-component
fits and find 443 galaxies where the bulge n is smaller than the disk n. Fig. B.2 shows
the bulge versus disk n distribution coloured by the percentage error for the 443 flagged
galaxies. Visually inspecting a number of the resulting fits we find that galaxies with a disk
n > 2 and/or converged fits are typically bad and we remove them from consideration of
the component samples. In total we remove 100 S(B)0-S(B)0a galaxies and 215 S(B)ab-
S(B)cd galaxies.
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Fig. B.3 The median vs minimum reduced χ2 distribution of the B/T in grey. The black points
show the galaxies for which the sum of the min and median models lies between 0.9 and 1.1. The
red points show the galaxies for which additionally the absolute difference between the min and
median models B/T is larger than 0.15.

(iii) bulge and disk fraction reverse between median and minimum reduced χ2 model
We have 116 galaxies for which the median and minimum reduced χ2 models have opposite
B/T values. To establish this sample we select galaxies where the sum of the median
and min B/T is between 0.9 and 1.1. The spread of this sum should include our inherent
uncertainty in establishing the B/T, which is around 0.1-0.15. However, since this criterion
alone also flags galaxies with a B/T=0.5 we add a second criterion that the absolute
difference between the median and min B/T has to be larger than 0.15 (i.e. larger than
our average uncertainty in establishing a B/T). Figure B.3 shows the B/T distribution for
the median versus minimum reduced χ2 model, and highlights the process of flagging the
galaxies with a reversed B/T between the median and minimum reduced χ2 models.
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Fig. B.4 The absolute difference between bulge and disk position angle versus the bulge position
angle. The points are coloured by the bulge ellipticity (e=1-b/a). The two vertical lines at 30 and
150 degrees show the range between which we flag the galaxies. The black circles show galaxies
with bulge e<0.3 and the pink circles show galaxies with a disk e<0.3, which are excluded from
the flagging.

(iv) bulge and disk position angle more than 30 degrees offset
This flag is defined by identifying all galaxies for which the bulge and disk position angle
(PA) differs by more than 30 degrees. However, for round bulges or disks the PA is not
very meaningful and even a large offset between bulge and disk PA is not indicative of a
problem with the fitting results. To exclude these galaxies we set a second condition for
this flag, namely that the bulge or disk ellipticity has to be large enough to have a clearly
identifiable preferred major axis, i.e. e=1-b/a>0.3. This reduces the flagged galaxies to
100 objects.
Figure B.4 shows the distribution of the absolute PA offset vs bulge PA, with the points
coloured by their ellipticity. The horizontal lines show the angle offset between which
we flag, and the objects circled show galaxies with e<0.3 which are excluded from the
flagging.
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Fig. B.5 The top panels show bulge values, on the bottom panels the disk values. From left to right
we show:
difference in median and minimum reduced χ2 model sizes versus the median size error
difference in median and minimum reduced χ2 model magnitudes versus the median magnitude
error
difference in median and minimum reduced χ2 model Sérsic indices versus the median Sérsic index
error
The red lines show the 1:1 correspondence, the black dashed lines indicate our lower limits on the
errors. Everything to the right of the red lines and above the dashed lines is flagged.

(v) minimum reduced χ2 model represents an outlier to the median model
Finally we flag galaxies for which the minimum reduced χ2 model represents and outlier,
i.e. where the error on the median values does not include the minimum reduced χ2 model
values. For minimum reduced χ2 models where the parameters are smaller than the median
values we consider the error on the lower end, and vice versa where the median is smaller
we consider the error on the higher end.
We tested size, magnitude and Sérsic index distributions for outliers. We only consider the
minimum reduced χ2 values to be a true outlier, and possibly better fit, if both the disk
and bulge values fall outside the error range. Additionally we check that the error on the
median is larger than our assumed error floor, otherwise we consider the various fits of
the galaxy to have converged and thus the minimum reduced χ2 model likely represents a
failed fit.
Figure B.5 shows the distribution of the absolute difference between the median and
minimum reduced χ2 values versus the error for the median values. The left hand panel
shows the bulges and the right hand panel the disk distribution. From top to bottom we
investigate size, magnitude, and Sérsic index.
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The red lines show the 1:1 correspondence, i.e. where the minimum reduced χ2 value lies
on the edge of the median error distribution. The horizontal dashed lines shows our error
floor, and we assume that most models converged to give rise to such a low error.
All galaxies to the right of the red lines and above the dashed black lines are potentially
bad. We do, however, only flag the ones that are bad for both the disk and bulge values.
This gives rise to 54 galaxies with flagged sizes, 393 galaxies with flagged magnitudes, and
88 galaxies with flagged Sérsic indices. In total this results in 449 galaxies for which the
minimum reduced χ2 model is an outlier to at least one of the three fitting parameters tested.

The equivalent test on our single component fits finds 73 (42) spheroid (disk) sizes, 27
(30) spheroid (disk) magnitudes, and 62 (48) spheroid (disk) Sérsic indices flagged. In
total this equates to 90 (74) spheroid (disk) galaxies with at least one of the parameters
flagged (≤5).

B.2 Simulation comparisons

In Figures B.6 and B.7 we show the distribution of the vertical scatter from the M⋆−Re

relation for disks and spheroids. The black histogram shows the distribution of our data and
the blue line is a fit of a normal distribution to it. The red histograms show the distribution
of the z=0 EAGLE data with the red line being the normal distribution fit to it.

Figure 4.12 is essentially derived from these plots where the standard deviation (SD)
points refer to the sigma of the Gaussian fit and the 16th and 84th percentiles are the width
of the underlying distribution. Typically these measurements of sigma should be the same,
however, in some cases the distributions have tails towards higher deviations which causes
the 16th/84th percentile and SD measurements to be different (as seen in Fig. 4.12).
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Fig. B.6 a) Distribution of the half-light radius scatter of disks for bins in stellar mass (shown at
the top of each panel) for our data. The blue line shows the normal distribution fit to the observed
data (black histogram) and the red line is the normal distribution fit for the simulated data (red
histogram), with the caveat that we use the half-mass radius for star forming galaxies in the case of
EAGLE. The legend on the left shows the best fit values for the observed data and on the right for
the simulated data.
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Fig. B.7 Same as Fig. B.6 but shown is the log(Re) scatter for the spheroid component distribution
and in the case of EAGLE we show the scatter of the half-mass radius of passive galaxies.
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