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Abstract

In this thesis we use the Tully-Fisher relation (TFR), the correlation between
a galaxy’s luminosity and its rotation velocity, to probe the luminous and dark
matter in galaxies over the last ≈ 8 Gyr. First, we use samples of galaxies
spatially resolved in Hα emission with integral field unit observations from the
K-band Multi-Object Spectrograph (KMOS) Redshift One Spectroscopic Survey
(KROSS) at z ≈ 1 and the Sydney-Australian-Astronomical-Observatory Multi-
object Integral-Field Spectrograph (SAMI) Galaxy Survey at z ≈ 0. We match
the data quality, analysis methods and sample selection between the two surveys
to conduct a direct comparison of the absolute K-band magnitude (MK) and
stellar mass (M∗) TFRs at z ≈ 1 and z ≈ 0, free of any difference in biases
between them. We measure no evolution of the MK TFR zero-point for star-
forming disk-like galaxies since z ≈ 1, but an increase by 0.2 ± 0.2 dex of the
M∗ TFR zero-point for the same galaxies over the same period. This implies
the total mass-to-stellar mass ratio of those galaxies has decreased by a factor of
≈ 0.4 since z ≈ 1 at fixed rotation velocity, whilst their K-band stellar mass-to-
light ratio has increased by a factor of ≈ 1.6. Moderate rates of star formation
in galaxies and continued gas accretion since z ≈ 1 can explain these changes.
Second, we take a step toward an independent measure of the TFR evolution
over the same period using carbon monoxide (CO) emission from galaxies as
an alternative kinematic tracer. We present the M∗ and Wide-Field Infrared
Survey Explorer absolute Band 1 magnitude (MW1) TFRs for galaxies from the
CO Legacy Database for the Galex Arecibo SDSS Survey (COLD GASS) as
z ≈ 0 benchmarks that are pre-requisites to extend the CO TFR to z >∼ 1. We
find no significant offsets between the COLD GASS TFR zero-points and those
of similar z ≈ 0 studies. The slope of the M∗ COLD GASS TFR agrees with
those of similar z ≈ 0 studies, but the MW1 TFR slope is slightly shallower
than previous studies at a similar redshift. We attribute this to the fact that
the COLD GASS sample comprises galaxies of various (late-type) morphologies.
Nevertheless, our work provides a robust reference point with which to compare
future CO TFR studies.
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Chapter 1

Introduction

The work within this thesis explores the evolution of galaxies in our Universe over the last

≈8 Gyr. In this chapter we introduce this work by giving an overview of galaxy evolution

over time, highlighting some key studies that have contributed to our current understanding

of galaxies and their formation and evolution. In subsequent chapters we include separate

introductions, more specific to the content of each.

1.1 An Overview of Our Universe

Galaxies - massive, gravitationally bound systems composed of dark matter, billions of

stars, gas and dust - are the fundamental building blocks of our Universe. They populate

the night sky, seemingly side-by-side with the stars in our own Galaxy, and have been the

subject of fascination for over a thousand years - in the year 964, the persian astronomer

Abd-al-Rahman Al Sufi described the Andromeda galaxy as a “Little Cloud” in his Book

of Fixed Stars (al Rahman Al Sufi, 1965) - and intense scientific study in the past century.

The modern study of galaxy evolution seeks to understand the nature and origin of galaxies.

More broadly, it is the pursuit of a complete and evidenced description of how an initially

smooth and homogenous Universe transformed into the complex, structured one that we

observe today. From the very first galaxies to emerge in the young, dark Universe, to the

plethora of galaxies of different morphologies in the present-day, the field seeks not only

to describe and quantify this abundance of diversity, but also to determine and explain its

1



Chapter 1. Introduction 2

causes.

It is now widely accepted that we reside in a Λ cold dark matter (ΛCDM) Universe,

dominated by dark energy (Λ), an as yet unexplained agency that permeates the Universe,

making up ≈67% of its energy budget and acting in opposition to gravity. The majority

of the remainder of the Universe, ≈29% of the energy budget, is composed of dark mat-

ter - matter of an unkown nature that interacts under gravity but not electromagnetism.

Suprisingly (at least to the naive observer), the baryonic matter that constitutes all visible

structures in the Universe only accounts for ≈4% of its energy budget (e.g. Freedman &

Turner, 2003). Yet without it, galaxies would not exist as we know them, remaining dark

throughout time.

In the ΛCDM framework, our Universe originated in a “Big Bang” in which all of the

Universe expanded from an infinitely hot and dense singularity. Immediately following

the Big Bang, the temperature of the Universe was such that all baryonic matter was

completely ionised and coupled with radiation. As the Universe expanded and cooled, the

ionised baryonic matter condensed into neutral matter, mostly in the form of Hydrogen,

and matter and radiation decoupled.

The seeds of galaxies were sown in the form of primordial density perturbations in

the distribution of this matter, caused by quantum fluctuations and amplified by gravity

in the ≈13.9 billion years since. As the perturbations grew, dark and luminous matter

flowed into denser regions, and left ever-growing voids in the underdense regions. The

disippative nature of baryonic matter allowed it to coalesce into large clouds that eventually

collapsed and fragmented under their own gravity to form the first stars and then galaxies.

Since their initial genesis, galaxies have continued to form and grow over time through

hierarchical merging (e.g. Cole et al., 2000), and other complex processes such as continuous

gas accretion (e.g. Katz et al., 2003; Kereš et al., 2005; Sancisi et al., 2008), and secular

growth via clumpy star formation induced by gravitational instabilities (e.g. Noguchi, 1999;

Elmegreen et al., 2008; Genzel et al., 2008, 2011; Forbes et al., 2014).
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1.2 Galaxies in the Present Day

The existence of galaxies outside of our own Milky Way was definitively established when

Hubble (1925) observed Cepheid variable stars in Messier Object 31 (M31), well known

today as the Andromeda nebula, our largest neighbouring galaxy. Hubble used the relation

between the period of the luminosity variations of the Cepheids and their luminosity to infer

their distance, thus deducing that M31 was far outside of our own Galaxy. This resolved

the ongoing debate over whether the multitude of “nebulae”, as they were then referred

to, that astronomers had observed throughout the night sky were objects within our own

Galaxy or outside it. Given the angular diameters of the nebulae on the sky, which betrayed

their huge spatial extents, it was now readily apparent that there existed galaxies beyond

our own.

Since confirmation of their existence outside the Milky Way in the 1920s, astronomy has

taken several great leaps in understanding the nature and evolution of galaxies; galaxies

in the nearby Universe are now very well understood. Broadly they can be divided in two

categories: early-types and late-types. The former appear red in colour, elliptical in shape

and have little, if any, ongoing star formation. The latter are blue and actively star-forming,

have a disk-like morphology, and often exhibit complex internal structures such as spiral

arms and central bars and bulges (e.g. Toomre, 1964; Lin & Shu, 1964; Kennicutt, 1983;

Sellwood & Carlberg, 1984; Kennicutt, 1998; Strateva et al., 2001; Baldry et al., 2004, 2006).

An important early example of a descriptive framework with which to explain these

different galaxy morphologies is the classification scheme of Hubble (1926, 1936). Based on

the appearance of galaxies on photographic plates, and well known today as the ‘Hubble

Tuning Fork’, it is the origin of the paradoxical Hubble type (early-type and late-type)

denominations of galaxies (paradoxical in the sense that late-types are understood to be

the progenitors to early-types). Subsequently de Vaucouleurs (1953), again using photo-

graphic plates, discovered that the light distribution of early-type galaxies obeys a power

law with respect to radius (today known as a de Vaucouleurs profile). Later still, Sérsic

(1963) published a more general description of galaxies’ light profiles, the Sérsic profile (of

which the de Vaucouleurs profile is a special case), determining in the process that the
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light distribution of late-type galaxies follows an exponential profile, thus highlighting an

important physical difference between the two types of galaxies.

The invention of digital imaging allowed to expand on these classification schemes with

easily quantifiable descriptions of galaxies’ light. This allowed to rapidly survey large num-

bers of galaxies across vast areas of the night sky and, combined with the digitisation of

exisiting photographic observations, facilitated the construction of large multi-wavelength

atlases of nearby galaxies. The Sloan Digital Sky Survey (SDSS; e.g. Stoughton et al., 2002;

Abazajian et al., 2003) is arguably the most well known of such atlases. An important early

result from the SDSS was the work of Strateva et al. (2001), that showed that early- and

late-types occupied distinct and separate regions on a colour-magnitude diagram; early-

types (compromising older, redder stars) fell along the now well-known “red sequence” on

the diagram, whilst late-types (comprising a combination of both older, redder stars and

younger, bluer stars) lay apart from early-types within a “blue cloud”. As with the work of

de Vaucouleurs (1953) and Sérsic (1963), this bimodality highlights a fundamental difference

between early- and late-types.

Some galaxies reside in the “green valley”, the intervening region on the colour-magnitude

diagram between the red sequence and blue cloud, providing evidence of a transitionary

phase (e.g. Bell et al., 2004; Faber et al., 2007; Martin et al., 2007; Mendez et al., 2011;

Smethurst et al., 2015) between red and blue (early- and late-type) galaxies. The fact that

this region is comparatively underpopulated in the local galaxy population also implies that

any such transitionary phase is rapid (see § 1.2.1 for further discussion on the morphological

evolution of galaxies).

Aside from differences in their visual appearance, early- and late-types also differ kine-

matically. Some early-type galaxies are dominated by complex (if not truly random) motions

of their constituent stars, whilst others do display organised rotation (e.g. de Zeeuw et al.,

2002; Cappellari et al., 2011a,b). Late-types are dominated by circular motion in the plane

of their disk (see Sofue & Rubin, 2001, for a review).
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1.2.1 Probing Galaxy Evolution at z ≈ 0

The distinct differences between early-types and late-types provide clues as to their evolu-

tionary pathways. The fact that late-types are apparently much more rotationally domi-

nated, and have increased star formation rates compared to early-types, implies the former

are the precursor to the latter (despite their names). One can envisage many more scenarios

whereby a galaxy slows its rotation (e.g. Emsellem et al., 2008; Bois et al., 2011; Khochfar

et al., 2011; Naab et al., 2014) than ones in which an already slowly-rotating galaxy in-

creases its rotation. The ongoing star formation in spiral galaxies also suggests that these

are systems that are still growing; they are still assembling stellar mass. Comparing this to

the more quiescent elliptical systems, in which the most recent generation of stars is seem-

ingly slowly fading into darkness, one is presented with a powerful sense of the direction of

evolution of galaxies, seemingly from late-type to early-type morphologies.

To gain further insight into the origin and evolutionary history of present day galaxies,

there are two main approaches. Firstly, one may study the morphologies, internal structures,

and environments of galaxies in the present day, to deduce information about their pasts.

Conversely, one may look at distant galaxies at higher redshifts to directly observe galaxies

as they were in the past. Here we highlight some key studies that have applied the former

approach, whilst the latter approach is discussed in § 1.3.

Any successful theory of galaxies must explain two key aspects of their evolution. Firstly,

it must provide mechanisms for galaxy growth (e.g. in both size and mass). Secondly,

it must explain how the morphologies of galaxies change over time. Both are intricately

linked. Indeed, the same processes by which a galaxy grows could also turn an actively star-

forming, blue spiral galaxy in to a quiescent, red elliptical one. Our current understanding

champions two broad channels by which galaxies grow and evolve, namely major mergers

(within the framework of hierarchical growth), and secular evolution whereby galaxies grow

via minor-mergers and/or constant accretion of gas from their surroundings.

Considering either scenario, the mechanisms that may induce star formation in galaxies

are easily envisaged. When galaxies undergo a major merger their gas collides, inducing its

collapse and subsequent star formation (e.g. Joseph et al., 1984; Hernquist, 1989; Barnes &
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Hernquist, 1991; Teyssier et al., 2010). For galaxies undergoing secular evolution, cosmolog-

ical simulations predict that the accretion of metal poor gas from a galaxy’s surroundings

can fuel star formation (e.g. Dekel et al., 2009a,b). This could induce star formation in

two ways. Firstly, the gas accretion itself could trigger star formation locally (e.g. Turner

et al., 2015), perhaps via cold streams inducing local instabilities in the galaxy gas disk.

Alternatively, the generally increased abundance of gas as a result of continued accretion

may result in gravitational instabilities in the disk that trigger star formation (e.g. Sellwood

& Carlberg, 1984; Wang & Silk, 1994).

The relative importance of merger-driven versus secular star formation remains an open

area of research. A directly related topic is how the star formation in galaxies may be

suppressed, or “quenched”. Faber et al. (2007) used the DEEP2 and COMBO-17 surveys

to measure the evolution of the luminosity functions of both red and blue galaxies since

z ≈ 1. They found that the number density of red galaxies has at least doubled (≈ 0.5 dex)

over the last ≈ 8 Gyr, whilst the number density of blue galaxies has remained roughly

constant. This implies that blue star forming galaxies are quenched and become red over

this period. Simultaneously, additional blue galaxies are created. The question of how

galaxies are quenched is therefore intimately linked with the broader question of how blue

galaxies become red.

Given that star formation is fueled by cold gas in galaxies, it follows that quenching

mechanisms act to reduce the amounts of cold gas available for star formation, either via

heating it, making it more turbulent, or removing it from the galaxy entirely. Examples

of the former two categories include “strangulation” whereby galaxies are prevented from

accreting further cold gas as they enter a cluster (e.g. Kawata & Mulchaey, 2008; Peng

et al., 2015; Maier et al., 2016), virial-shock-heating (e.g Birnboim & Dekel, 2003; Dekel

& Birnboim, 2006; Kereš et al., 2009) via acrretion of gas on to a massive galaxy halo,

and morphological quenching whereby a galaxy’s cold gas reservoir is stabilised against star

formation as a result of the galaxy’s morphological transition from disk-like to spheroidal,

and the associated increased shear in the disk as a result (Martig et al., 2009). Examples of

the latter include supernovae winds (e.g. Efstathiou, 2000; Strickland et al., 2004; Hopkins

et al., 2012), or active galactic nuclei (AGN) heating (e.g. Silk & Rees, 1998; Haehnelt et al.,
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1998; Dubois et al., 2012; Cicone et al., 2014; Harrison et al., 2014). The exact mechanisms

by which AGN suppress star formation, if indeed they actually do, are still the subject of

much debate.

1.2.1.1 Kinematics at z ≈ 0

It is clear that categorising galaxies’ visual appearance, and even quantifying the distribu-

tion of light within them, can provide valuable insights into the differences between galaxy

types. However, to progress beyond the suspicion that late-types are the evolutionary pre-

cursors to early-types, what is really required is information on galaxies’ dynamics as well

as their appearance. Of course, the ultimate view of galaxies (or at least of their constituent

stars), is a full six-dimensional description spanning the three dimensions of space (rx,ry,rz)

and velocity (vx,vy,vz). Whilst measuring the transverse motions of distant galaxies (vx,vy),

or their spatial extent along the line-of-sight (LOS) (i.e. rz) is beyond our current capabil-

ity, we may now easily add information on the LOS velocity to our descriptions of galaxies,

using various gas emission lines or stellar absorption lines in galaxies. Here we discuss ob-

servations of galaxy kinematics, that use a variety of tracers to add this third dimension to

the two-dimensional description of galaxies afforded from imaging along.

Before considering spatially-resolved observations of galaxy kinematics, it is worth not-

ing that globally-integrated measures of the motions of a galaxy’s stars and gas, be they

circular or random, can be useful tools with which to probe the intrinsic properties of galax-

ies. For example, the size and bulk rotation speed of a galaxy say something about the total

galaxy mass. Coupled with independent measurements of the galaxy’s stellar mass and gas

mass, one may then look for variations of the relative amounts of baryonic and dark matter

between different galaxy populations (separated, for example, by time or environment or the

intrinsic properties of the galaxies). One of the most famous illustrations of this approach

is the Tully-Fisher relation (TFR; Tully & Fisher, 1977), that links a measure of a galaxy’s

circular motion to the luminosity of its stars. The TFR, and its evolution over time, is the

main focus of this thesis. The relation is introduced and discussed in more detail in § 1.4.

Here it is sufficent to note that studies of galaxies’ global motions in the local Universe

have traditionally been confined to the use of HI (e.g. Tully & Fisher, 1977; Mathewson
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et al., 1992; McGaugh et al., 2000; Tully & Pierce, 2000; Rhee & Broeils, 2005; Springob

et al., 2005; Lagattuta et al., 2013) and Hα emission (e.g. Courteau, 1997; Catinella et al.,

2005; Pizagno et al., 2007; Saintonge & Spekkens, 2011), and, for early-types in particular,

various stellar absorption lines (e.g. Williams et al., 2010). A limited number of studies have

also explored, with success, the viability of CO(1-0) emission from cold molecular gas in

galaxies as an alternative kinematic tracer (e.g. Lavezzi & Dickey, 1998, 1999; Davis et al.,

2011, 2013, 2016) (see § 1.5 for a more detailed discussion).

In the last two decades, the study of galaxies has benefited greatly from the advent of

integral-field spectroscopy (IFS) and integral field units (IFUs), and with them the ability to

study the spatially-resolved kinematics of galaxies to further probe their internal structures

while avoiding any concerns over centering inaccuracies inherent in slit or fibre observations.

As with the invention of digital imaging, IFS has opened a new window on the Universe.

Before its invention, studies of galaxies were constrained to taking images and spectra of

galaxies with separate exposures. In allowing the simultaneous extraction of a multitude of

images over a large range of wavelengths in a single exposure (this can also be understood

as a spectrum at every pixel of a conventional image), IFUs provide spatially-resolved

information on both the physical properties (e.g. star formation rate, metallicity, stellar

mass or gas mass) and kinematics (e.g. mean velocity, velocity dispersion, and shape of the

LOS velocity distribution) of galaxies on timescales that were previously impossibly short.

A key application of IFS to the study of galaxies in the local Universe was conducted

by the ATLAS3D Project (Cappellari et al., 2011a), a multi-wavelength survey using the

Spectrographic Areal Unit for Research on Optical Nebulae (SAURON; Bacon et al., 2001)

to study the kinematics and stellar populations of early-type galaxies in the local Universe.

The survey identified two distinct categories of galaxies based on the two-dimensional ve-

locity maps of the surveyed galaxies: ‘fast-rotators’ and ‘slow-rotators’. Critically, the

boundary between fast- and slow-rotators did not coincide with the traditional boundary

between late- and early-types - many galaxies classified as early-type based on their visual

appearance were found to be rapidly rotating. Only the most massive early-type galaxies

were found to be true slow-rotators. This discovery raised as many questions as it answered

with regards to the evolutionary pathways of galaxies. It is still an open area of research
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whether fast- and slow-rotators are just different points along the same evolutionary path-

way of galaxies, or whether they are fundamentally different populations of galaxies with

entirely separate formation mechanisms.

Of course, the implicit assumption in the work of ATLAS3D is that late-types, which are

not probed by the survey but are known to rapidly rotate, continue the trend from early-

type fast-rotators. Surveys such as the Calar Alto Legacy Integral Field spectroscopy Area

(CALIFA; Sánchez et al., 2012) survey, the Mapping Nearby Galaxies at Apach Point Ob-

servatory (MaNGA; Bundy et al., 2015) survey, and the Sydney-Australian-Astronomical-

Observatory Multi-object Integral-Field Spectrograph (SAMI; Croom et al., 2012) Galaxy

Survey (e.g. Bryant et al., 2015) are all now conducting IFS observations of thousands of

galaxies in the local Universe, across a range of galaxy properties, morphologies and eviron-

ments. They are in a position to confirm (or challenge) such an assumption, each providing

the opportunity to expand on the work of ATLAS3D whilst also establishing z ≈ 0 bench-

mark samples of IFU observations of galaxies that allows direct comparisons with analagous

surveys at higher redshifts (see § 1.3.1.1).

1.3 Galaxies at Higher Redshift

As discussed above, galaxies in the local Universe have been well studied over the past

century, with progress first made using photographic plates, then with digital imaging, and

more recently with the advent of IFS. Descriptions of galaxies in the local Universe, such as

Hubble’s morphological and the ATLAS3D’s kinematic classification schemes, have proved

invaluable lenses through which to study and explain the origin of galaxies. In addition,

large surveys of the night sky, such as the SDSS, have allowed a robust census of nearby

galaxies, providing a clear picture of the number and nature of galaxies at z ≈ 0. Studies are

thus increasingly turning to the higher-redshift Universe to further unveil the evolutionary

pathways of galaxies. However, the aforementioned descriptions of galaxies, that have been

so effective in their applications to the present day galaxy population, begin to breakdown

at higher redshifts. For example, Abraham (1999) argue that the Hubble sequence is not an

effective classification at z >∼ 0.5. As will be discussed later, IFS observations of the z >∼ 1
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Universe also reveal a galaxy population quite unlike the local one, dominated by turbulent

gas-rich disks that only partially reflect the morphologies of fast-rotators or late-types in

the local Universe, or by galaxies with disturbed kinematics suggesting recent interactions

or merging episodes (e.g. Förster Schreiber et al., 2009; Contini et al., 2012; Epinat et al.,

2012; Stott et al., 2016).

Further, it is now well established that the global star formation rate of the Universe

peaks at z ≈ 1–3 (e.g. Lilly et al., 1996; Madau et al., 1996, 1998; Hopkins & Beacom, 2006),

with ≈50% of the present day stellar mass assembled by z ≈ 1 (e.g. Pérez-González et al.,

2008), around 8 Gyr ago. Either side of this peak, with increasing or decreasing redshift,

the star formation rate of the Universe declines. Thus galaxies today, even those that are

actively forming stars, are considerably more quiescient compared to typical galaxies at

the epoch of peak star formation. The primary causes of this increased star formation at

z ≈ 1–3 are the subject of much debate, as are the dominant mechanisms for mass growth.

1.3.1 Probing Galaxy Evolution at z ≈ 1

By comparing galaxies in the local Universe to those at higher redshifts, one may hope to

determine which are the dominant mechanisms for galaxy growth, and what role they play

in the formation of the population of early- and late-types, or fast- and slow-rotators, in

the present day. Historically, this has proved difficult due to the high spatial resolution

and sensitivy required to resolve and study distant galaxies. The Hubble Space Telescope

(HST) went some way to addressing this problem with the Hubble Deep Fields observations

(e.g. Dickinson, 1998), along with subsequent very deep observations such as the Great

Observatories Origins Deep Survey (GOODS, Dickinson et al., 2003), the HST Ultra Deep

Field (UDF; Beckwith et al., 2006), and the Cosmic Evolution Survey (COSMOS; Scoville,

2007) field. As hinted at above, they revealed a z ≈ 1 Universe populated by galaxies that

only partially reflect those of the present day. Whilst there are galaxies at z >∼ 1 that appear

to resemble early- and late-types, their numbers are greatly reduced in favour of ‘peculiar’

galaxies that resemble neither, and whose appearances are consistent with signs of recent

merging events (Conselice et al., 2005a).

This difference in populations is established at higher redshifts still. For example,
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Buitrago et al. (2013) compiled a large sample of massive galaxies with redshifts 0 < z < 3,

comprising galaxies at z ≈ 0 from the SDSS and galaxies observed with the HST at higher

redshifts, selected from the Palomar Observatory Wide-field InfraRed/DEEP2 (POWIR;

Conselice et al., 2008) survey and the GOODS Near Infrared Camera and Multi-Object

Spectrometer (NICMOS) Survey (GNS; Conselice et al., 2011). They found that the frac-

tion of galaxies with late-type or peculiar morphologies declines from early times (z & 1.5)

until the present day, whilst the fraction of early-types increases over the same period. This

trend was even more pronounced when galaxies were divided by their Sérsic index into

those that are disk-like and those that are spheroid-like, with the fraction of disks declining

from its peak at high redshift to the present day, and the fraction of spheroids following an

opposite trend.

1.3.1.1 Kinematics at z & 1

As with studies of galaxies in the local Universe, the application of IFU observations to

high-redshift galaxies provides further insights into their nature, and highlights additional

differences between them and the present day population. In particular, IFUs that operate

in the near-infrared (NIR) have been particularly beneficial to our understanding of high-

z galaxies, allowing a comparison of the well understood restframe optical properties of

galaxies at z ≈ 0 with those at 1 . z . 2.

One of the earliest surveys to apply NIR IFS to the high-redshift Universe was the

Spectroscopic Imaging survey in the Near-infrared with the Spectrograph for INtegral Field

Observations in the Near Infrared (SINFONI; Bonnet et al., 2004) (SINS; Förster Schreiber

et al., 2006a), that played a key role in revealing the kinematic nature of disk-like galaxies

at high redshift. Förster Schreiber et al. (2009) studied the two-dimensional mean LOS

velocity fields of 62 SINS galaxies in the redshift range 1.3 < z < 2.6, each with detected

rest-frame optical emission lines (predominantly Hα) and stellar masses M∗ & 1010M�. In

one of the first steps towards compiling a representative sample of massive star-forming

galaxies at the epoch of peak star formation, they found their sample to be composed

of around one third rotation-dominated turbulent disks, one third dispersion-dominated

systems, and a final one third displaying characteristics of interacting or merging systems.
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Similarly, the Mass Assembly Survey with SINFONI in VIMOS VLT Deep Survey

(VVDS) (MASSIV; Contini et al., 2012) used SINFONI to observe a representative sam-

ple of 84 “normal” star-forming galaxies (as determined by their emission line strengths,

colours, and ultra-violet (UV) absorptions) with redshifts 0.9 < z < 1.8, including galax-

ies with lower stellar masses (109–1011M�) than those of the SINS survey. Epinat et al.

(2012) analysed the kinematics of a subsample of 50 MASSIV galaxies. Similarly to SINS,

they found that at least 35% of the sample was dispersion dominated, whilst 44% of the

sample was composed of systems exhibiting ordered rotation, with the ratio of the maxi-

mum rotation velocity probed by the galaxy’s Hα emission to its global velocity dispersion

Vmax/σ > 1. A large fraction (29%) of the sample also showed signs of interaction or

merging.

Both SINS and MASSIV strengthened the view that galaxies at the epoch of peak

star formation (i.e. 1 . z . 3) are predominantly rotation-dominated, turbulent, disk-

like galaxies and galaxies with peculiar morphologies. Dispersion dominated galaxies, that

resemble early-types in the local Universe, make up a much smaller fraction of the population

than at z ≈ 0. A picture thus begins to form whereby early galaxies principally form as

disks, with much of their stellar mass assembled in the first 6–7 billion years of the Universe

(i.e. by z ≈ 1), while the formation of early-types as we recognise them today mostly

takes place at z . 1. In this framework, the peak in stellar mass assembly and galaxy

growth at z ≈ 1 may be driven either by an increased merger rate (as evidenced by the

greater fraction of peculiar systems compared to the local Universe) leading to a higher star

formation rate, or by the efficient and constant accretion of gas from galaxies’ surroundings

and subsequent star formation (as evidenced by the large fraction of galaxies exhibiting a

high star formation rate coupled with ordered rotation and no sign of recent mergers).

The benefits to our understanding of galaxy evolution that single IFUs such as SAURON

and SINFONI have provided are significant. In the present day, however, a new era of

surveys using multiplex IFU instruments (i.e. instruments consisting of multiple IFUs that

can be simultaneously deployed) is allowing spatially-resolved observations of ever increasing

numbers of galaxies in much shorter observing timescales than previously possible with

single IFUs. The K-band Multi-Object Spectrograph (KMOS; Sharples et al., 2013) is one
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such instrument. Consisting of 24 deployable IFUs, each with a 2.′′8 × 2.′′8 field-of-view,

and with full NIR wavelength coverage (rest-frame optical at z ≈ 1), it allows to conduct

IFS observations of 24 galaxies in a single exposure. It has so far proved a powerful new

tool to assemble large numbers of IFS observations of galaxies at high redshifts.

The KMOS Redshift One Spectroscopic Survey (KROSS; Stott et al., 2016) used KMOS

to target ≈ 800 star-forming galaxies at z ≈ 1 in the Y J-band, detecting and resolving Hα

emission in ≈ 700 and ≈ 600 objects, respectively. The KROSS sample is the largest of its

kind at z ≈ 1 and provides a definitive view of the nature of typical star-forming galaxies at

the epoch of peak global star formation rate. Its first results somewhat confirm the paradigm

constructed on the evidence of earlier IFU studies at similar redshifts. Stott et al. (2016) find

that 83% of the KROSS galaxies with resolved Hα emission display kinematics dominated

by rotation, with a ratio of rotation velocity (extracted at 2.2 times the effective radius of

the galaxy) to intrinsic velocity dispersion V2.2/σ > 1. They also measure much larger gas

fractions (≈ 35%) than observed in late-type galaxies in the present day, substantiating the

image of a z ≈ 1 Universe populated by turbulent disk-like galaxies, with much increased

star-formation rates possibly fueled by accretion of surrounding gas (given their ordered,

rotation-dominated kinematics).

As mentioned in § 1.2.1.1, several z ≈ 0 programs that provide a benchmark with which

to compare KROSS have already reached maturity, having constructed IFU observations of

similarly large or even larger samples of galaxies in the nearby Universe over recent years.

Specifically, the CALIFA, MaNGA and SAMI galaxy surveys each comprise suitably large

samples of IFU-observed z ≈ 0 galaxies to compare to KROSS.

In addition to NIR IFS, mm and cm interferometry provide well-established alternative

methods to study the spatially-resolved kinematics of galaxies at z >∼ 1. As evidenced by

Stott et al. (2016), star-forming galaxies at z >∼ 1 are very gas-rich. The abundance of

molecular gas, in particular, means that galaxies at this epoch are very bright in the low-J

lines of CO. Indeed, multiple transitions of CO are now regularly detected in star-forming

galaxies at z ≈ 1–3 (e.g. Daddi et al., 2010; Magdis et al., 2012; Magnelli et al., 2012;

Combes, 2013; Freundlich et al., 2013; Genzel et al., 2015) and in starbusting galaxies at even

greater distances (up to z ≈ 7; e.g. Walter et al., 2004; Riechers et al., 2008a,b, 2009; Wang
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et al., 2011; Wagg et al., 2014). Of particular note is the work of Tacconi et al. (2010, 2013)

as part of the Institut de Radioastronomie Millimétrique (IRAM) Plateau de Bure HIgh-z

Blue Sequence Survey (PHIBSS). They used mm interferometry to study the spatially-

resolved CO(3-2) emission of 52 galaxies at z ≈ 1.2 and z ≈ 2.2., finding them to be highly

star-forming and rich in turbulent molecular gas - in accordance with the findings of IFU

studies at similar redshifts. With the dawn of the Atacama Large Millimeter/sub-millimeter

Array (ALMA; e.g. Wootten & Thompson, 2009), the number of CO studies conducted at

higher redshifts will increase rapidly over the coming years, providing a readily accessible

means to probe the evolution of galaxies since z >∼ 3 independent of NIR IFU studies.

1.4 The Tully-Fisher relation

The focus on galaxies’ rotation and kinematics throughout the 20th century resulted in the

discovery of the Tully-Fisher relation (TFR), when Tully & Fisher (1977) noticed a tight

relation between a galaxy’s absolute magnitude (or luminosity) and the line width of its

integrated HI emission. The correlation between these two observed quantities reflects an

underlying, fundamental link between two intrinsic properties of a galaxy - its stellar mass

(probed via the light emitted from its stars) and its total mass (encompassing both baryonic

and dark matter and probed via the galaxy rotation velocity).

The relation can be derived easily by considering circular motion under gravity from

a spherical mass distribution: M(r) ∝ v2(r)r, where M is the mass of the body enclosed

within a radial distance r from its centre and v is the circular velocity at r. Defining the

dynamical mass-to-light ratio M/L and surface mass density Σ = M/πr2 of the body, one

then obtains the TFR:

L ∝ v4

Σ(M/L)
. (1.1)

Following its observational discovery, the TFR was initially used as a galaxy distance

indicator and, once coupled with the galaxy systemic velocity, as a tool to measure the

Hubble constant (e.g. Aaronson, 1983; Bottinelli et al., 1988; Giovanelli et al., 1997; Sakai

et al., 2000; Tutui et al., 2001). Indeed, measuring a characteristic rotation velocity and an

apparent luminosity, the TFR-predicted absolute luminosity then yields a distance estimate
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(e.g. Sandage & Tammann, 1976; Bottinelli et al., 1980; Teerikorpi, 1987; Fouque et al.,

1990; Bureau et al., 1996; Ekholm et al., 2000). This of course assumes that one knows the

mass-to-light ratio and surface density of the object studied, or more commonly that one

compares populations of galaxies assumed to have identical M/L and Σ (e.g. galaxies of a

given morphological type at a given epoch).

The TFR implies a tight relationship between luminous mass (traced by L) and dynami-

cal or total mass (traced by v), evidence that the growth over time of the luminous and dark

matter present in galaxies is closely connected. Most importantly, given a reliable measure

of distance, the TFR can be turned around and used to probe the mass-to-light ratio and

surface density of galaxies. Indeed, many studies have used the zero-point, slope, and scat-

ter of the TFR to constrain cosmological models and models of galaxy formation (e.g. Cole

& Kaiser, 1989; Eisenstein & Loeb, 1996; Willick et al., 1997; Steinmetz & Navarro, 1999;

van den Bosch, 2000; Yang et al., 2003; Gnedin et al., 2007; McGaugh, 2012). Further, since

a galaxy’s redshift is itself a good distance indicator beyond the local Universe, the TFR is

a powerful tool to directly probe the evolution of M/L and Σ over cosmological distances.

The TFR of local (i.e. low-z) galaxies is well studied, with a natural concentration on

rotationally-supported late-type galaxies and predominant use of the width of a galaxy’s

globally-integrated HI profile to probe its rotation velocity (e.g. Tully & Pierce, 2000; Bell

& de Jong, 2001; Masters et al., 2008; Lagattuta et al., 2013). However, some studies have

also measured the TFR of early-types and ‘lenticulars’, an intermediate class of galaxies

that suggests a transition between late- and early-type morphology. For example, Davis

et al. (2011) showed that CO single-dish observations easily yield robust and unbiased

TFRs for early-type galaxies in the local Universe, whilst Williams et al. (2010) used stellar

kinematics to show that late-type spiral galaxies share a common TFR with lenticulars at

z ≈ 0.

The Tully-Fisher relation at 1 . z . 3 has been the subject of many recent studies, that

use small numbers of galaxies at this epoch. These can be broadly divided into studies that

measure galaxy rotation via long-slit spectroscopy and, increasingly, studies that utilise the

two-dimensional kinematics of galaxies derived from IFU observations. A key example of

the former is the work of Miller et al. (2011), who studied the stellar mass TFR of 129
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galaxies out to z ≈ 1.3 using slit spectroscopy. They found an intrinsic scatter comparable

to that of low redshift studies and, most importantly, no evolution in the stellar mass TFR

from z ≈ 1 to z ≈ 0.3. Similarly, Miller et al. (2012) used resolved spectra - taken with the

Keck I Low Resolution Imaging Spectrograph (Oke et al., 1995) - of 42 morphologically-

selected star-forming galaxies at 1 < z < 1.7, and found no evidence for an evolution of

the zero-point of the TFR compared with the local Universe. Considering only the work

of Miller et al., it would seem that the TFR as measured in the local Universe is already

in place by z ≈ 1. Similarly, Conselice et al. (2005b) used Keck spectroscopy to measure

the K-band and stellar mass TFRs of 101 galaxies at redshifts 0.2 < z < 1.2, finding no

evolution in either relation from z = 1.2 to the present day.

The results of Conselice et al. (2005b) and Miller et al. (2011, 2012) are seemingly

in accordance with the previously discussed picture of the z ≈ 1 Universe, populated by

turbulent yet rotation-dominated disk galaxies, with over half of all the stellar mass in

present day galaxies assembled by this time. However, it is apparently at odds with the

necessity of further stellar mass growth between z ≈ 1 and the present day, and with

the results of several IFU surveys conducted at similar redshifts. Flores et al. (2006) and

Puech et al. (2008) used the multi-integral field spectrograph FLAMES-GIRAFFE (e.g.

Pasquini et al., 2002) to study the [OII]3727 emission line kinematics of galaxies at z ≈ 0.6,

identifying those displaying characteristics of rotating disks. Whilst Flores et al. (2006)

report no evidence for an evolution of either the stellar mass or K-band TFR slope, scatter,

or zero-point since z ≈ 0.6, Puech et al. (2008) report an evolution of the zero-point of the

K-band TFR over the same period, with no change in the slope or scatter.

At higher redshifts, Cresci et al. (2009) used SINFONI to study the Hα kinematics of 18

galaxies at z ≈ 2.2. Constructing the stellar mass TFR of the galaxies, they found an offset

of −0.41 dex in stellar mass at fixed rotation velocity with respect to the local Universe. At

higher redshifts still, Gnerucci et al. (2011) constructed the stellar mass TFR of 33 galaxies

at z ≈ 3, taken from the Assessing the Mass-Abundances redshift [Z] Evolution (AMAZE;

Maiolino et al., 2008a) and Lyman-break galaxies Stellar population and Dynamics (LSD;

Mannucci et al., 2009) surveys. They measured a much increased scatter in the relation

compared to the present day. Critically, they also measured a very large offset in the zero-
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point of the TFR (-0.97 dex in stellar mass at fixed rotation velocity), corresponding to

galaxies having ≈ 10 times less stellar mass at z ≈ 3 than today for a fixed dynamical (i.e.

total, including dark matter) mass.

The studies of the TFR at high redshifts (z >∼ 1) discussed here, as well as others (e.g.

Kassin et al., 2007a,b; Förster Schreiber et al., 2009; Swinbank et al., 2012b; Sobral et al.,

2013) therefore offer little consensus on whether the relation has evolved or not over the

last 8–9 billion years.

1.5 This Thesis

Given the uncertainty surrounding whether the TFR has evolved since z >∼ 1, and the im-

portant implications that any measured evolution would have for galaxy evolution, there

is a clear need for more expansive studies of the TFR at z ≈ 1. Any such studies would

require significantly larger galaxy samples than those of previous work at similar redshifts,

and should capitalise on the recent technological advancements in multi-object integral field

spectroscopy, or the increasing sophistication of instruments at other wavelengths such as

radio (e.g. the Australian Square Kilometre Array (SKA) Pathfinder (ASKAP; Johnston

et al., 2008), MeerKAT (Booth et al., 2009) and SKA (e.g. Dewdney et al., 2009)) and

mm/sub-mm, i.e. ALMA. New studies should also aim for a careful and unbiased compar-

ison to the z ≈ 0 TFR, preferably measuring the z ≈ 0 TFR in the exact same manner as

the z ≈ 1 relation. The work contained within this thesis goes some way toward fulfilling

these requirements, exploring two parallel approaches and two different wavelength regimes

to compare the TFRs at z ≈ 0 and 1.

Until now it has not been possible to observe enough galaxies at z >∼ 1 to construct

statistically robust samples with which to compare local samples. However, with the com-

pletion of large IFU surveys such as KROSS at high redshifts, and parallel surveys such as

SAMI, MaNGA, and CALIFA already underway in the local Universe, the march of tech-

nology is now providing solutions to this long-standing problem. The work we present in

Chapters 2 and 3 uses the large IFU data sets of KROSS and the SAMI Galaxy Survey to

cast a more definitive light on the evolution of the TFR over the last ≈ 8 Gyr. In Chapter 2,
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we present the TFR of star-forming KROSS galaxies at z ≈ 1. We construct the relation

using KMOS observations of Hα emission from warm gas to measure the galaxies’ rotation

velocities. Chapter 3 comprises a comparison of the KROSS TFR at z ≈ 1 and the SAMI

TFR at z ≈ 0. The latter we also construct using Hα as a kinematic tracer, first degrading

the quality of the data to that of typical KROSS observations.

There is a particular benefit to using IFU observations, as opposed to slit or fibre ob-

servations, in that it allows to trace the entire two-dimensional kinematics whilst avoiding

susceptibility to centering inaccuracies. With the exception of cm and mm/sub-mm inter-

ferometry, which comes with its own sets of drawbacks, this spatially-resolved information

is unique to IFU observations and allows to separate those galaxies that are rotationally

supported, and therefore obey the assumption of circular motion that is implicit in the

TFR, from those that are pressure supported and do not. This is particularly useful when

considering galaxies at z ≈ 1, since even the disk-like galaxies among that population tend

to be much more turbulent, with much reduced ratios of rotation to dispersion support com-

pared to late-types at z ≈ 0. In this regime, it should therefore not be taken for granted

that a disk-like galaxy obeys the assumption of circular motions.

Aside from NIR IFU studies, and as mentioned in § 1.3.1.1, another increasingly viable

option to measure the evolution of the TFR since z ≈ 1 is the use of CO emission from

cold molecular gas as a kinematic tracer. The use of CO emission to study galaxies at

z >∼ 1 is now well established (as discussed previously). And with the ongoing operations of

ALMA, the field is set to grow in the coming years. There is therefore a readily available

opportunity to measure the CO TFR of galaxies at ever increasing distances, tracing the

evolution of the relation out to at least z ≈ 6–7 and, in the process, probing the associated

changes in the fraction of baryonic to dark matter.

Suprisingly, to date there has been little use of CO at low-z. The earliest exploration

of its use in the TFR was by Dickey & Kazes (1992), who found CO and HI line widths

to be in good agreement for high signal-to-noise observations. A subsequent examination

of the CO TFR in the works of Lavezzi & Dickey (1998, 1999) showed good agreement

between the TFR of 59 local cluster galaxies constructed using CO linewidths and TFRs

from the literature constructed using HI or Hα as kinematic tracers. The caveats to this
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being necessary corrections to the CO measures for turbulence and noise broadening, and

the exclusion from their analysis of galaxies with CO profiles without steep flanks. Very few

studies followed these initial ones and those that did dealt with similarly small numbers of

galaxies. For example, Tutui et al. (2001) used CO(1-0) observations of 51 galaxies in the

redshift range 0.02 < z < 0.1 to construct the TFR in the J and H bands but only went

as far in their conclusions as to highlight the potential use for the tracer at higher redshifts

given the abundance of HI observations of local galaxies. More recently Davis et al. (2011,

2013, 2016) have highlighted the viability of the CO TFR for local early-type galaxies.

These studies have demonstrated that CO is a viable kinematic tracer for use in the

construction of the TFR of local galaxies. However, the literature still lacks a comprehensive

study of the CO TFR of a significantly large sample of local late-type galaxies to serve as

a z ≈ 0 benchmark with which to compare the inevitably large number of similar studies

we can expect at high-z with the recent advent of ALMA. In Chapter 4 we address this by

constructing the CO(1-0) TFR of sub-sets of z ≈ 0 galaxies selected from the CO Legacy

Database for the GALEX Arecibo SDSS Survey (GASS; Catinella et al., 2010) (COLD

GASS; Saintonge et al., 2011). COLD GASS comprises observations of the cold molecular

gas in 500 galaxies from GASS in the redshift interval 0.01 < z < 0.02, and with stellar

mass spanning 109 < M∗/M� < 1011.5. It thus provides the means for the first definitive

look at the CO TFR of local late-types. The work presented in Chapter 4 is a vital and

timely first step in providing a measure of the evolution of the TFR since z ≈ 1–3, entirely

independent of IFU studies and the use of Hα as a kinematic tracer at high redshifts.

Finally, in Chapter 5, we provide concluding remarks for this thesis. We also include an

outline of future research that will build upon and extend the work presented here.



Chapter 2

KROSS: The TFR at z ≈ 1

2.1 Motivation

As discussed in Chapter 1, with the dawn of integral field spectroscopy and integral field

units (IFUs) it is now possible to gain both the imaging and spatially resolved spectral in-

formation of galaxies to study their morphological, chemical, and dynamical properties and

evolution in just a single observation. IFUs reveal spatially resolved information on galaxies’

internal dynamics, metallicities, star formation, and stellar mass among other things. Work

by surveys such as the ATLAS3D Project (Cappellari et al., 2011a) to kinematically classify

galaxy morphology, have arguably transformed the paradigm with which we describe the

formation and evolution of (early-type) galaxies (see e.g. Cappellari et al., 2011b). More

beneficial still was the advent of IFUs that operated in the near-infrared (NIR) (see e.g.

Cambridge IR PAnoramic Survey Spectrograph [CIRPASS]: Parry et al. 2000; Smith et al.

2004, SINFONI: Bonnet et al. 2004), allowing a comparison between the restframe optical

properties of galaxies at z ≈ 0 with those at the peak epoch of star formation (z ≈ 1–2).

The leaps in understanding that single IFUs such as the Spectrographic Areal Unit

for Research on Optical Nebulae (SAURON; Bacon et al., 2001) and the Spectrograph for

INtegral Field Observations in the Near Infrared (SINFONI; Bonnet et al., 2004) provided

are invaluable. Today, however, the study of galaxies benefits from ongoing surveys that

use multi-object IFU instruments to conduct spatially resolved observations of multiple

galaxies in a single exposure, significantly reducing the exposure times needed to construct

20
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large samples of IFU-observed galaxies. The K-band Multi-Object Spectrograph (KMOS;

Sharples et al., 2013) Redshift One Spectroscopic Survey (KROSS; Stott et al., 2016), a

joint undertaking between the University of Oxford and Durham University, is one such

survey. Using KMOS, KROSS has observed 795 star-forming galaxies at z ≈ 1 in the Y J-

band. Hα was detected in 719 of those galaxies observed. 585 of these detections were

resolved. KROSS has studied the spatially-resolved dynamics, star formation properties,

and metallicities of these 585 galaxies.

As mentioned in § 1.3, at z ≈ 1 we begin to probe the epoch of peak star formation in

the Universe (e.g. Lilly et al., 1996; Madau et al., 1996; Hopkins & Beacom, 2006), a key

era for galaxy mass assembly. It has been thought that the increased star formation rates in

galaxies at intermediate redshifts is due to a larger galaxy merger rate than in the present

day Universe (see e.g. Bridge et al., 2007). However there are recent theoretical claims that

suggest an alternative explanation. At the epoch in question, numerical simulations predict

that galaxies are being fed by constant streams of cold gas from their surroundings (Dekel

et al., 2009a). These streams then induce gas instabilities, triggering star formation. Thus

gas accretion has a direct and significant effect on the star formation rates of galaxies at

this redshift (for a recent review see Sánchez Almeida et al., 2014). With this debate as a

backdrop it is essential to constrain how the relationship between the stellar, gaseous and

dark mass in galaxies has varied over cosmic time, and determine whether this is related

to the global fall in star formation activity with decreasing look-back time since z ≈ 1− 3

(e.g. Sobral et al., 2014). This chapter employs the TFR as a useful tool with which to

explore this issue.

As detailed in § 1.4, the TFR is a fundamental scaling relation describing the interde-

pendence of luminous and dark matter in galaxies. It provides a simple means of tracing

the evolution of the mass-to-luminosity ratio of populations of galaxies at different epochs.

Numerous studies have examined the TFR of local (i.e. low-z) late-types (e.g. Tully &

Pierce, 2000; Bell & de Jong, 2001; Masters et al., 2008; Lagattuta et al., 2013). However,

the TFR at higher redshifts is less studied, and has only been the subject of very recent

works (see e.g. the works of Flores et al. 2006; Puech et al. 2008 at 0.4 < z < 0.75, Sobral

et al. 2013 at z = 0.84, Conselice et al. 2005b; Kassin et al. 2007a,b; Miller et al. 2011 at
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z . 1.2, Miller et al. 2012 at 1 < z < 1.7, Förster Schreiber et al. 2009; Cresci et al. 2009

at 1.3 < z < 2.6, and Gnerucci et al. 2011 at z ≈ 3.3). The main hinderance to further

study of the z >∼ 1 TFR until now has been the technical difficulty in observing large enough

numbers of galaxies at this epoch in order to compare to large samples of local galaxies.

With the use of KMOS, the KROSS survey is in a position to address this problem. In this

chapter we present the K-corrected absolute K-band (MK) and stellar mass (M∗) TFRs for

the KROSS galaxies - the largest sample of galaxies of its kind at z ≈ 1.

Circular motion is one of the main assumptions of the TFR. Thus, to maintain the

validity of this assumption, we must only consider those galaxies that are predominantly

rotationally supported in any comparison of TFRs. Whilst this is true of late-type galaxies

in the local Universe, it is not neccessarily true of all the hotter “disky” galaxies we see at

z ≈ 1 (see e.g. Genzel et al., 2006). In this respect KROSS has the following advantages;

firstly, since KROSS is an IFU survey it allows for the selection of those galaxies that

are rotationally supported (as opposed to pressure supported), and thus exhibit ordered

circular motions (essential for inclusion in the TFR), with much greater ease and certainty

than previously possible with slit studies, for example. Secondly, such a large sample as

KROSS allows us to make a meaningful comparison between the TFRs at z ≈ 1 and the

local Universe by selecting for those rotationally supported galaxies whilst maintaining a

reasonable sample size. These matters are discussed further in § 2.3.5, § 2.4.3, and § 2.5.

However, it can be seen from the outset that, in comparison to previous studies, KROSS,

with its large sample of IFU galaxy observations, is in a strong position from which to cast

a more definitive light on the evolution of the TFR over the last ≈ 8 Gyr.

This chapter is structured as follows: In § 2.2 we describe the KROSS survey and

detail our methods of data acquisition and reduction using KMOS. In § 2.3 we outline

the methods used to construct and fit the KROSS TFRs. We describe the velocity field

modelling and discuss the extraction of MK and M∗ values via model fits to the spectral

energy distributions (SEDs) of the KROSS galaxies. We also outline the selection criteria

for three samples drawn from KROSS, namely the parent sample and sub-samples all and

disky. We present the TFRs for these sub-samples in § 2.4 and compare them to existing

lower and higher redshift TFR studies. Section 2.5 comprises a discussion and interpretation
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of the relations. Finally, in § 2.6 we give our main conclusions and outline our intentions

for future work that will build and expand upon the results presented here.

A cosmology of ΩΛ = 0.73, Ωm = 0.27, and H0 = 72 kms−1 Mpc−1 is used throughout

this chapter. All magnitudes are quoted in the Vega system. All stellar masses are calculated

assuming a Chabrier initial mass function (IMF), as detailed in Chabrier (2003). Masses

extracted from the literature were converted to a Chabrier IMF (based on offsets taken from

Madau & Dickinson, 2014) as

logM∗,C = logM∗,K − 0.034 = logM∗,S − 0.215 = logM∗,dS − 0.065 (2.1)

where M∗,C, M∗,K, M∗,S, and M∗,dS are the galaxy stellar masses calculated assuming a

Chabrier, Kroupa (Kroupa, 2001), Salpeter (Salpeter, 1955), and “diet-Salpeter” (Bell &

de Jong, 2001; Bell et al., 2003) IMF respectively. There are a number of differing stellar

mass conversion factors used in the literature (see e.g. Karim et al., 2011; Papovich et al.,

2011; Zahid et al., 2012; Speagle et al., 2014). To account for this, in this chapter we

incorporate an uncertainty of ±0.06 dex in stellar mass in any measured offset between M∗

TFRs where masses were originally derived assuming an IMF other than Chabrier.

2.2 The KMOS Redshift One Spectroscopic Survey: De-

scription of the Survey

2.2.1 KMOS

KMOS (Sharples et al., 2013) is mounted on UT1 of the VLT, Cerro Paranal, Chile. As

discussed in § 1.3.1.1, it consists of 24 arms that are deployable in the focal plane of the

telescope over a circular area of diameter 7.′2. Each arm has a pick-off mirror that directs

the incident light to an image slicer, forming an IFU. Each IFU has a field of view 2.′′8 ×

2.′′8 and divides this area into 14 slices, each acting like a classical slit. Each slice is further

divided into 14 spatial pixels (spaxels). The result is 14 × 14 spaxels within the field of

view, each of size 0.′′2 × 0.′′2 and each with a full spectrum associated with it.
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As mentioned above, KROSS galaxies were observed with KMOS in the Y J band, which

covers a wavelength range of approximately 1.02–1.36µm. Resolving power across the Y J

band ranges from R ≈ 3000 at shorter wavelengths to R ≈ 4000 at longer wavelengths.

KMOS allows for simultaneous integral field spectroscopy of 24 targets in a given field of

view, and thus proves a valuable tool in conducting large surveys of the kinematic properties

of galaxies over a large range of redshifts. Importantly, its wavelength range is such that

galaxies at intermediate redshifts may be observed in the optical restframe (in which z ≈ 0

galaxies have been well studied). For a more detailed description of KMOS, see the KMOS

User’s Manual 1.

2.2.2 Survey Aims

Using KMOS, KROSS aimed to detect the Hα emission line (redshifted in to the Y J band

at z ≈ 1) from the warm ionised gas within galaxies at z ≈ 1. Combined with other

emission lines, such as the [NII] doublet ([NII]6548 and [NII]6583), the internal dynamics of

the galaxies can be studied along with other properties such as their chemical abundances,

star formation rates, and ionisation mechanisms.

Now complete, KROSS has observed 795 star-forming galaxies at 0.8 < z < 1. For a

detailed description of the sample selection and statistics see Stott et al. (2016). Here we give

a brief summary. The sample of galaxies was selected using a magnitude cut K < 22.5, and

a colour cut r-z < 1.5. These selections were made with the intention of selecting so-called

“blue cloud” galaxies (see Bell et al., 2004), characterised by their blue colour and ongoing

star-formation. Some fainter, redder, more passive (or dusty) galaxies were also included in

the sample selection, but these were given a lower priority for observations. Target galaxies

for KROSS are spread between several fields, namely the Extended Chandra Deep Field-

South Survey (ECDFS) field, the Special Selected Area field (SA22), the COSMOlogical

evolution Survey (COSMOS) field, and the UKIRT Infrared Deep Sky Survey (UKIDSS)

Ultra Deep Survey (UDS) field. KROSS detected Hα in 719 galaxies. As mentioned, 585

of these detections were resolved.

1https://www.eso.org/sci/facilities/paranal/instruments/kmos/doc.html
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2.2.3 Data Reduction

For a detailed description of the reduction process see Stott et al. (2016). Here we present

a summary.

The ESO Recipe EXecution tool (esorex) and the Software Package for Astronomi-

cal Reduction with KMOS (spark) pipeline (Davies et al., 2013) were utilised in order to

reconstruct the datacube from each IFU observation. The pipeline performs initial cor-

rections to the data using dark, flat, and arc frames, as well as an additional illumination

correction. A telluric correction to each observation was made using an observed standard

star. Observations were taken in an ABAABA nod-to-sky pattern, where A represents time

on source, and B time on sky. Upon reconstruction of the datacubes, each AB pair was

then further reduced separately.

An initial A-B sky subtraction was made of the cubes, using the temporally closest

sky. Following this an attempt was made to remove any remaining residual sky using a

designated sky cube per spectrograph, constructed by median combining all of the (8) A-B

cubes per spectrograph. This “sky” cube was further median-collapsed to a single spectrum,

reducing the noise between sky emission lines, and subtracted from the spectrum of each

spaxel in the A-B cube. The reduced cubes of the same object from several observations

were then combined via a 3-sigma-clipped average, using the FITS file header information

for alignment.

To determine the accuracy of the wavelength calibration, the positions of four bright

sky emission lines (well-spaced along the KMOS Y J bandpass) were compared across 35

reconstructed sky (i.e. B) frames from three separate observing runs carried out over a three

year duration. For each frame the position of the sky emission line in each spaxel of each of

the reconstructed cubes was determined from the central position of the best fit Gaussian

to the line emission (see § 2.3.1 for a description of the fitting process); measurements were

performed on a total of 613872 spectra across 783 reconstructed data cubes. The accuracy

of the wavelength calibration was then taken as the standard deviation of the distribution

of the position measurements, calculated to be 6 km s−1.

In the nod-to-sky pattern the sky (i.e. B) frames are temporally separated by two source
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(i.e. A) frames. It is thus difficult to directly measure the sky subtraction accuracy using

the method described above. However, an estimate may be made by subtracting from one

sky frame the (temporally) closest neighbouring sky frame in the observing pattern. The

residual sky signal may then be removed in the manner described above, again construct-

ing a designated “sky” cube, and then spectrum, per spectrograph (this time from B-B

cubes). This method was applied to a sky frame from each mask observed over the three

aforementioned observing runs. The median flux (excluding bright line emission) in each

of the 268 sky-subtracted (sky) cubes across the 11 sky frames sampled was compared to

the median flux in the corresponding original (un-subtracted) sky cube, and the fractional

difference between the two calculated. The median sky subtraction accuracy across all the

cubes was determined to be 1 ± 1 percent (taking the uncertainty as the median absolute

deviation from the median itself). One would expect the accuracy to improve beyond this

if the two initially subtracted sky frames were temporally closer, as is the case for the A-B

subtractions described above.

2.3 Constructing the KROSS TFRs

2.3.1 Modelling Velocity Fields

The velocity fields of the KROSS galaxies in this chapter were constructed and modelled

by Stott et al. (2016). Here we summarise the method. Essentially, after re-gridding the

KROSS cube (to give 28 × 28 spaxels, each with an area 0.′′1 squared), we simultaneously fit

the Hα, [NII]6548, and [NII]6583 emission lines in each spaxel with three Gaussians. The fit

uses the Levenberg-Marquardt technique to perform an uncertainty weighted, least-squares

minimisation between the data and model. The intensity, central velocity and width of each

of the Gaussians are left as free parameters, however the central velocity and width of the

Hα and [NII] lines are coupled. If the Hα signal-to-noise ratio, S/N < 5 in a given 0.′′1×0.′′1

spaxel, we consider a larger area of 0.′′3 × 0.′′3. If the S/N is still insufficient the area is

enlarged again to 0.′′5× 0.′′5 and finally 0.′′7× 0.′′7. If there is still insufficient signal we then

exclude the spaxel from the velocity field. We construct the velocity fields by plotting the

mean line-of-sight velocity in each spaxel , as determined from the best Gaussian fit to the
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Hα emission. We plot all velocities relative to the systemic recession velocity calculated from

the known spectroscopic redshift (taken from various surveys, see Table 1 of Stott et al.,

2016). We also construct Hα flux maps by integrating the line-of-sight velocity distribution

in each spaxel.

We model the velocity fields using a two-dimensional modification of the well known

Courteau (1997) arctangent disk model for galaxy rotation curves, given as

V (r) =
2

π
Vmax arctan

(
r

rdyn

)
, (2.2)

where V (r) is the rotation velocity at radius r, Vmax is the rotation velocity at infinite radius,

and rdyn is the characteristic radius associated with the arctangent turn over. In practice

we fit a model with seven parameters to the velocity field. The parameters include (x0,y0)

(the dynamical centre in x and y spaxel space), the position angle φ, inclination i, rdyn, and

Vmax. We also include a systemic velocity parameter V0, which allows for a best-fit systemic

recession velocity that differs from that calculated from the known spectroscopic redshift.

We constrain the dynamical centre to lie within 0.′′7 (equivalent to the typical seeing of

KROSS observations) of the peak of the Hα integrated flux. We define the line-of-sight

velocity at each spaxel as

V = V0 + (sin i cos θV (r)) , (2.3)

where

cos θ =
(sinφ(x0 − x)) + (cosφ(y − y0))

r
, (2.4)

and the radial distance from the dynamical centre for each spaxel is given as

r =

√
(x− x0)2 +

(
y − y0

cos i

)2

. (2.5)

We use a genetic algorithm (Charbonneau, 1995) to find the best fitting model.

As an example, Figure 2.1 shows three observed velocity fields that are well modelled
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Figure 2.1: Three examples of KROSS galaxy velocity fields that are well modelled by the
Courteau (1997) arctangent function. For each galaxy the observed (“DATA”) and best
fitting model (“MODEL”) velocity fields are displayed (with 0.′′1× 0.′′1 spaxels) along with
the residual (“RESIDUAL”) between the two. Also included is the associated integrated
Hα flux map (“Hα”), constructed by integrating the line-of-sight velocity distribution in
each spaxel. The dashed and solid ellipses, centred on the dynamical centre of the best
fitting model velocity field, contain 50% and 80% of the total Hα flux respectively. The
axial ratio of the ellipse is determined by initially fitting a two dimensional Gaussian to
the entire flux map. On the far right, we display the extracted rotation curve (red points)
from the inclination corrected observed velocity field. This is constructed by extracting
velocities from each pixel along a 0.′′7 (≈the typical seeing) wide strip, in 0.′′1 spaxel steps,
along the position angle axis (horizontal in each map). Each spaxel’s velocity is corrected
for inclination. We also plot the rotation curve extracted from the corresponding model
velocity field as a solid black line. We include the ±1σ bootstrap uncertainties from the
model as a shaded grey region. These reflect the 1σ uncertainty in V0, Vmax, and rdyn of the
model. Further, we include r50 and r80 as the vertical dashed and solid grey line respectively.
It should be stressed that the black curve is not a fit to the extracted rotation curve but
rather it is the curve extracted from the best fitting model field. Both the observed and
model rotation curve are plotted only for reference. The KROSS galaxy ID is included at
the bottom right of the Hα map. It should also be noted that the extracted rotation curve
is more susceptible to noise within the data. In this respect, the residual map is a much
clearer indicator of the quality of the arctangent model fit.
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by the arctangent function, the corresponding model fields, as well as the associated Hα

flux maps. For illustration purposes we also display rotation curves extracted from the

corresponding observed and model fields along the position angle axis of the galaxy. The

same plot for each of the 56 KROSS galaxies in a disky sub-sample (see § 2.3.5 for sub-sample

selection) is shown in Figure A.2.

2.3.2 Extracting Rotation Velocities

To construct the KROSS TFRs we must first define and measure a characteristic velocity

measure for each galaxy. Whilst the simple Courteau (1997) arctangent disk model used

in this chapter is a satisfactory description of a disk-like galaxy’s rotation curve, it is clear

that the asymptotic velocity, Vmax has little physical meaning; considering the finite spatial

extent of the Hα emission (that constrains the model) it is obvious that, in all cases, a small

change to the extrapolated velocity curve can lead to large changes in Vmax. It is therefore

sensible to extract a velocity at a more physically motivated choice of radius. We note that

the characteristic radius, rdyn in the arctangent model defines only where the arctangent

curve begins to turn over and has no direct relation to the mass distribution of the galaxy

or the corresponding radius at which the rotation curve becomes flat. It is therefore not a

suitable choice.

In choosing a better-suited radius we must consider two important factors. First, we

must make our velocity measure at a radius that samples a galaxy’s rotation curve at or

beyond the turnover in order to probe the majority of its (dynamical) mass and avoid the

rapidly changing inner parts of the curve. Second, we must take our velocity measure at a

radius that the Hα emission in KROSS galaxies samples in a majority of cases. Previous

studies have measured velocities at a circular radius containing 80% of the red (e.g. i-band)

stellar light (see e.g. Pizagno et al., 2007). For an exponential disk, this radius corresponds

to 3.03 times the disk scale radius and is thus a well motivated choice, physically. We

would therefore proceed in extracting velocities from the KROSS velocity fields in a similar

manner. However, the KROSS sample lacks a homogeneous set of high resolution near-

infrared imaging for the stellar light of the galaxies. The signal-to-noise of continuum

detections is also insufficient in the majority of KROSS cubes to reliably measure the
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galaxy size. These measurements are subject to improvement in Chapter 3, in which we

make use of new measures of KROSS galaxy sizes (and photometric centres) from Harrison

et al. (in preparation). In this chapter, we instead return to the Hα emission for which we

have emission maps for all the KROSS galaxies.

We extract a rotation velocity, V80 for each galaxy from the best fitting arctangent model

at a radius equal to the major axis of an ellipse containing 80% of the total integrated Hα

flux, r80. Naively, there is little reason to expect the spatial distribution of the Hα emission

to correspond to the underyling mass distribution, as is true with the red stellar continuum

light. However, previous studies have shown that the radial extent of Hα emission in

galaxies at z ≈ 1 is in agreement, or slightly more extended than the stellar light; Nelson

et al. (2012) find < re(Hα)/re(R) >= 1.3± 0.1 for a sample of 57 galaxies at 0.8 < z < 1.3

selected from the 3D-HST grism survey (Brammer et al., 2012; van Dokkum et al., 2011),

where re(Hα) and re(R) are the Hα and R-band effective radius respectively. We determine

r80 by growing ellipses (on the model integrated flux maps) outwardly from the best fitting

dynamical centre. The ellipses from which we measure r80 are included in the plots of

Figures 2.1 and A.2. For reference, for each galaxy we also include an additional ellipse

with a semi-major axis r50, that contains half of the integrated Hα flux. The axial ratio of

the ellipse is determined by initially fitting a two dimensional Gaussian to the entire flux

map, such that the ellipse reflects the overall spatial shape of the Hα emission.

2.3.3 Hα: Additional Tests

Despite the overall light distribution of Hα generally agreeing with the red stellar continuum,

Hα emission traces the ongoing star formation in galaxies and thus tends to be more clumpy

than the continuum light, particularly at z >∼ 1 as demonstrated from the model KROSS

Hα maps (see Figures 2.1 and A.2). In some cases, the best fitting dynamical centre is

displaced with respect to the peak of the integrated Hα flux. Here there is the potential

for the value of r80 to be at odds with the radius containing 80% of the stellar continuum

light. This will introduce scatter to the KROSS TFR.

To investigate this further, for those galaxies for which we are able to measure at least

a continuum centre (i.e. the position of the peak of the continuum, extracted from the
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KROSS cubes), we compare the difference between the dynamical centre as derived from

the modelling of the velocity fields to the continuum centre. We find that in most cases the

dynamical and continuum centres agree within 0.′′3. The typical seeing radius of any given

KROSS observation is ≈ 0.′′35 (only 1.5 spaxels in the original KMOS spaxel scale of 0.′′2).

We also measure no significant change in the scatter of the TFR for a sub-sample of KROSS

galaxies (sub-sample all, see § 2.3.5) after excluding those galaxies with dynamical centres

that differ from the continuum centre by more than 0.′′3. We are therefore satisfied that our

measurements of the KROSS TFRs are not significantly improved by forcing the dynamical

centres of the model velocity fields to be coincident with the continuum centres. In light of

this, and since continuum centre values are not available for all 585 KROSS galaxies with

resolved Hα, we thus proceed with the analysis using the best fitting model velocity fields.

In the same vein, in Appendix A.1 we also consider the effect those systems with asym-

metric rotation curves (i.e. systems for which the Hα emission extends up to or beyond

r80 on only one side of the rotation curve) have on the TFR scatter. One might expect

the asymmetry in these systems to reduce the accuracy to which the dynamical centre may

be determined. However, we show that exclusion of these systems from a sub-sample of

KROSS galaxies (sub-sample all, see § 2.3.5) does not significantly change the scatter in

the TFR. We therefore proceed with the analysis including all galaxies with Hα emission

that extends up to or beyond r80 on at least one side.

2.3.4 SED fitting: Stellar Masses and Absolute Magnitudes

MK and M∗ were derived by finding comparing a suite of model spectral energy distribu-

tions (SEDs) to the observed SED of each of the KROSS galaxies using the HyperZ (see

Bolzonella et al., 2000) and Le Phare (see Arnouts et al., 1999; Ilbert et al., 2006) fitting

routines (the former is used to maintain homogeneity with Stott et al. 2016 but does not

compute absolute magnitudes). As detailed in § 2.2.2, KROSS comprises targets from the

fields of several large extragalactic surveys. As such there is extensive multi-wavelength

photometry available for KROSS galaxies. We used images spanning (where available) the

optical to mid-infared (U , g, B, V , R, I,z, J , H, K, and IRAC ch1–ch4; Cirasuolo et al.,

2007; Lawrence et al., 2007; Hambly et al., 2008; Williams et al., 2009; Cardamone et al.,
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2010; Kim et al., 2011; Muzzin et al., 2013; Simpson et al., 2014; Sobral et al., 2015),

comprising data taken predominantly from the Canada-France-Hawaii Telescope Legacy

Survey (CFHTLS; Gwyn, 2011) and the Multiwavelength Survey by Yale-Chile (MUSYC;

Gawiser & MUSYC Collaboration, 2003) in the optical, depending on the field. The near-

infrared photometry comprises Wide-field InfraRed Camera (WIRCam; Puget et al., 2004)

observations and data from UKIDSS, whilst the mid-infrared photometry is derived from

imaging from the Infrared Array Camera (IRAC) for the Spitzer Space Telescope (Fazio

et al., 2004). For a full description of the catalogs utilised for each field see Swinbank et

al. (2016, in preparation.). Each fitting routine generates model SEDs from the Bruzual

& Charlot (2003) stellar population synthesis models. We fit for extinction, metallicity,

age, star formation, and stellar mass. Both routines allows for three main types of star

formation history, namely a ‘single burst’, an exponential decline, or a constant/“boxy”

star formation.

We note that we do not directly observe the rest-frame K-band for all of the KROSS

galaxies; in such cases the K-band K-corrections may suffer from an added degree of un-

certainty. Throughout this chapter we adopt a uniform stellar mass uncertainty of ±0.2

dex.

2.3.5 Defining Sub-Samples

Of the 585 KROSS galaxies with resolved Hα emission, we define a parent sample, for

the purposes of this work, of 251 galaxies that were detected in Hα, have a non-zero ro-

tation velocity (derived in the manner described in § 2.3.2), with a fractional uncertainty

∆V80 / V80 < 0.3, and associated MK and M∗ values from SED fits. To ensure that those

galaxies included in the parent sample are at least moderately well described by our sim-

ple arctangent model (i.e. have some disk-like rotation) we use an R2 goodness of fit test

(applied to the two-dimensional fit the velocity field), requiring for each galaxy that

R2 ≥ 85% . (2.6)

The choice of R2 is subjective but was chosen to remove those galaxies for which the
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arctangent model is a “bad” fit whilst maintaining a reasonable sample size.

Of these 251 galaxies, 26 galaxies have Hα emission which does not extend out to, or

beyond, r80. Inclusion of these galaxies will introduce scatter in to the TFR as a result

of extracting a velocity extrapolated from the model rotation curve, beyond the data. For

this reason we exclude them, leaving 225 galaxies. Similarly, we also exclude a further 6

galaxies for which the best fitting dynamical centre is completely spatially offset from any

Hα emission (i.e. the dynamical centre falls within a spaxel corresponding to a Hα S/N < 5

and that same spaxel is not contained within the largest contiguous region of Hα emission

with S/N ≥ 5 in the Hα flux map, this as judged by eye) as the best fitting models in these

cases are obviously poorly constrained by the data. This leaves a total of 219 galaxies.

To avoid making large inclination corrections to the extracted galaxy rotation velocities,

and in keeping with previous studies (see e.g. Meyer et al., 2008; Stark et al., 2009), we

make a further cut such that the inclination i > 25o, excluding an extra 4 galaxies – leaving

215.

Lastly, we employ kinemetry2 (Krajnović et al., 2006) in order to exclude any major-

merger candidate systems following the prescription of Shapiro et al. (2008). See Stott

et al. (2014) for a previous application of kinemetry to KMOS data. Briefly, kinemetry

describes the moment maps (e.g. surface brightness, velocity map, sigma map) of a given

galaxy as a series of concentric ellipses of increasing radii, each with a common centre but

with individual position angles and inclinations. The series of ellipses describing a moment,

K can be expressed as

K(a, ψ) = A0(a) +

N∑
n=1

kn(a) cos[n(ψ − φn(r))] , (2.7)

where a is the semi-major axis of each ellipse, ψ is the azimuthal angle in the plane of the

galaxy, A0 is the systemic velocity of each ellipse. The amplitude and phase coefficients are

given as

kn =
√
A2
n +B2

n and φn = arctan(An/Bn) , (2.8)

2kinemetry for IDL http://davor.krajnovic.org/idl/
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where An, Bn are (“kinemetry”) constants.

Each moment map can therefore be described by the values of An, Bn, and the orienta-

tions and semi-major axes of the ellipses. Further, different orders of each of the coefficients

describe different characteristics of the map. Specifically for velocity maps, B1 describes

the bulk rotational motion of the galaxy i.e. for a perfect thin disk B1 describes the entire

motion of the map; any non-zero higher order coefficients (i.e. A1, A2, B2, A3, B3, ...) repre-

sent non-circular motion. Similarly, the only non-zero kinemetry cofficient in the dispersion

map of a perfect thin disk is A0. Therefore, higher order (i.e. n = 1, 2, 3, 4, 5, ...) coefficients

here also represent deviation from circular motion.

Shapiro et al. (2008) used these higher orders to quantify the assymetry of the Hα dy-

namics of high-redshift star-forming galaxies, in order to distinguish between major mergers

and rotating disks. They excluded A1 from their analysis since it can represent inflows/out-

flows into/from a galaxy, usually a result of stellar winds or AGN - not major mergers. They

defined the asymmetry vasym, and σasym of a galaxy’s velocity and sigma map respectively

as

vasym =

〈
k2 + k3 + k4 + k5

B1,v

〉
r

, (2.9)

and

σasym =

〈
k1 + k2 + k3 + k4 + k5

B1,v

〉
r

, (2.10)

where B1,v is the B1 kinemetry coefficent of the velocity map and the average is over all

radii, r of the kinemetry ellipses. Using templates of high-redshift disks and mergers they

defined an empirical delineation such that major mergers obeyed

Kasym =
√
v2

asym + σ2
asym > 0.5 . (2.11)

From our sample we exclude 5 systems with a kinemetry asymmetry parameter, Kasym >

0.5. We hereon refer to the remaining 210 galaxies as sub-sample all.

Next, we define a further disky sub-sample that contains only those galaxies from sub-
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sample all that are primarily rotationally supported. The KROSS sample will contain a

number of galaxies that can be deemed disk-like but that are much more turbulent and

chaotic than the spiral galaxies we see in the local Universe (see e.g. Förster Schreiber

et al., 2006b; Swinbank et al., 2012a; Stott et al., 2016). So whilst these galaxies may have

disk-like structures and significant rotational support, they are also likely to have signifi-

cant dispersion support as well. Since the TFR assumes circular motion and relies on the

assumption that the galaxies in question are rotationally supported, we define a ratio of

rotation to dispersion support, V80/σ in order to exclude those galaxies that violate the as-

sumption of circular motion. The intrinsic velocity dispersion σ is the flux weighted average

value of the velocity dispersion map of each galaxy, after correcting for the instrumental

resolution and local velocity gradient from beam smearing (see Stott et al. 2016 for more

details).

A cut was made to sub-sample all such that V80/σ > 3 in order to select galaxies that

were predominantly rotationally supported (the choice of which value of V80/σ to cut by

is discussed in § 2.4.3.2). The resultant disky sub-sample contains 56 galaxies. This may

seem a large reduction in the number of galaxies from the parent sub-sample to the disky

sub-sample but the cut is vital in order to ensure validity in any measured evolution between

the TFRs at z ≈ 1 and z ≈ 0 i.e. in order to compare z ≈ 1 TFRs to z ≈ 0 TFRs, we must

select for the minority of galaxies within KROSS that are significantly rotation dominated.

This is an issue that has not been sufficiently addressed in previous studies and is discussed

further in § 2.4.3 and § 2.6.

A summary of the selection criteria for the samples and sub-samples defined in this

chapter is given in Table 2.1, along with the number of galaxies in each.

The distributions of V80, MK , and M∗ for the parent sample, sub-sample all, and the

disky sub-sample can be seen in Figure 2.2. To quantify any biases between the distributions

we conducted a Kolmogorov-Smirnov (K-S) two-sample test between the parent sample and

sub-samples disky and all. We define a null hypothesis that the two samples in question are

drawn from the same distribution. We reject the null hypothesis if the p-value, p < 0.05.

The resultant p-values can be seen in Table 2.2.

It can be seen from Figure 2.2 that the width of the MK and log(M∗/M�) distributions,
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Sample Ngal Selection

parent 251 Detected in Hα, V80 > 0, ∆V80/V80 < 0.3,
R2 ≥ 85%, MK and M∗ from SED fitting

all 210 Member of parent,
sufficient Hα radial extent, dynamical centre
coincident with Hα emission, i > 25o,
Kasym ≤ 0.5

disky 56 Member of all, V80/σ > 3

Table 2.1: A summary of the selection criteria for samples and sub-samples defined in
Chapter 2.

Distribution parent vs. all parent vs. disky

MK 1.00 0.708

logM∗ 1.00 0.618

V80 0.999 1.99× 10−6

Table 2.2: p–values for Kolmogorov-Smirnov (K-S) two-sample tests between the parent
sample and sub-samples disky and all. The null hypothesis is that the two samples in
question are drawn from the same distribution. The null is rejected for p < 0.05.

and the positions of their peaks remain approximately constant between the parent sample

and sub-samples all and disky, the only difference being the number of galaxies in each

sample, and a moderate truncation in the range of stellar masses and absolute magnitudes

for the disky sub-sample distributions compared to the corresponding distributions for the

parent sample and sub-sample all. Correspondingly, Table 2.2 shows that for the MK and

log (M∗/M�) distributions, we do not reject the null hypothesis that both parent and all,

and parent and disky are drawn from the same distribution. Considering the distribution of

V80, the average value remains roughly constant between the parent sample and sub-sample

all. However there is an apparent increase in the average between sub-sample all and sub-

sample disky. This is confirmed in Table 2.2, where it can be seen that we reject the null

hypothesis that the V80 values of parent and disky are drawn from the same distribution.

This is in line with expectation as the disky sub-sample comprises only those galaxies that

are predominantly rotationally supported, with inevitably higher values of V80 on average

than galaxies that are more dispersion dominated.
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Figure 2.2: Distributions of V80, MK , and log(M∗/M�) for the KROSS parent sample, and
sub-samples all and disky. The width, and the position of the peak of all three distributions
remain approximately constant between the parent sample and sub-sample all. Considering
the disky sub-sample it can be seen that the peak position remains relatively constant in
comparison to the parent sample and sub-sample all in both the MK and log(M∗/M�)
distributions. However, the disky sub-sample is biased towards higher values of V80 than
the parent sample and sub-sample all.

2.3.6 Fitting the TFR

We find the best forward and reverse straight line fits to each of the TFRs presented in this

chapter using a Markov chain Monte Carlo (MCMC) minimisation technique, with emcee3

(Foreman-Mackey et al., 2013) in Python. The familiar forward fit minimises

χ2
for ≡ Σ

i

(
1

σ2
i

)
{yi − [m(xi − x0) + b]} 2 , (2.12)

where xi and yi are respectively the velocity and flux datum, x0 is a “pivot” point chosen to

minimise the uncertainty in the straight line intercept b (in practice we set x0 to the median

value of the xi), m is the straight line gradient, and the sum is over all sample galaxies. σi

is defined as

σ2
i ≡ σ2

y,i +m2σ2
x,i + σ2

int , (2.13)

where σy,i and σx,i are respectively the uncertainty of an individual data point in y and

x, and σint is a measure of the intrinsic scatter in the Tully-Fisher relation, determined

by adjusting its value such that χ2
for/DOF = 1, where DOF is the number of degrees of

freedom. It should be stressed that this measure is highly dependent on the accuracy of σx,i

and σy,i. As such, it is better thought of as the scatter unaccounted for by uncertainties.

3http://dan.iel.fm/emcee/current/
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The total scatter in the relation is then

σ2
tot =

χ2
for

Σ
i

(1/σ2
i )

. (2.14)

For the reverse fit, the figure of merit to minimise is

χ2
rev = Σ

i

(
1

ζ2
i

)
[xi − (Myi +B + x0)]2 , (2.15)

where similarly M and B are respectively the gradient and intercept of the straight line

and

ζ2
i ≡ σ2

x,i +M2σ2
y,i + ζ2

int . (2.16)

ζint is again the intrinsic scatter, determined such that χ2
rev/DOF = 1. The total scatter is

then

ζ2
tot =

χ2
rev

Σ
i

(1/ζ2
i )

. (2.17)

The reverse fit parameters can be directly compared to the forward fit parameters by

defining the equivalent slope, intercept, intrinsic scatter and total scatter as m
′ ≡ 1/M ,

b
′ ≡ −B/M , σ

′
int ≡Mζint and σ

′
tot ≡Mζtot, respectively (Williams et al., 2010). Since the

values of ζtot or ζint represent respectively the total and intrinsic scatter in log(V80), we do

not tabulate the equivalent forward fit values but instead report them directly.

In all cases the best reverse fit slope was significantly (i.e. greater than three times

the 1σ uncertainty) steeper than that of the forward fit. Given the comparable magnitude

of uncertainty in both the abscissa (logV80) and ordinate (MK and log(M∗)) values of the

TFRs presented in this chapter, we choose to favour neither the best forward fit nor the

best reverse fit and instead take the bisector of the two as our best measurement of the

TFR in each case.
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2.4 Results

The MK , and M∗ TFRs for sub-sample all and the disky sub-sample can be seen in Fig-

ures 2.3 and 2.4 respectively. The corresponding free fit parameters are presented in Ta-

ble 2.3, while Table 2.4 presents the best fit parameters for the case where the slope of the

fit to each KROSS sub-sample (and several samples taken from the literature) is fixed to

the local Universe value (see § 2.4.1 and § 2.4.3). Uncertainties are quoted at a 1σ level.

Uncertainties in the TFR offsets between KROSS and the z ≈ 0 comparison sample in-

clude the uncertainty in the z ≈ 0 TFR zero-point and in converting between stellar masses

calculated assuming different IMFs.

2.4.1 Comparing to the Local Universe

In each TFR plot a z ≈ 0 relation is displayed for comparison, however it should be stressed

that caution must be taken when directly comparing these with the KROSS relations. When

comparing the TFR between any two samples of galaxies it is very important to consider

the systematic bias that may be introduced as the result of the methods of measurement

used. This is less of a problem when comparing absolute magnitudes and stellar masses as

these are, by definition, corrected for redshift, extinction etc. However when considering the

measure of a galaxy’s rotation it can pose a problem. For example, the difference between

a galaxy’s rotation inferred from an IFU observation and a long slit observation may be

significant (e.g. Förster Schreiber et al., 2006b); factors such as slit orientation, resolution,

and sensitivity could all introduce bias to the measured rotation. Similarly, the choice

of emission line used to trace the gas dynamics is also significant as different lines trace

different phases of the gas, which may each extend out to different radii within a galaxy.

Some lines suffer more absorption by dust in the line of sight than others (e.g. [O II] is

more affected by dust than Hα, Aragón-Salamanca et al. 2003). As an attempt to account

for their effect on the measured zero-point of the z ≈ 0 comparison relations we combine

the data from several studies from the literature, which use different measures of galaxy

rotation and samples of galaxies from a range of different environment. We then compare

the KROSS TFR to the best (free) fit relation of the combined z ≈ 0 data.



Chapter 2. KROSS: The TFR at z ≈ 1 40

1.4 1.6 1.8 2.0 2.2 2.4

log ( V80 / km s−1)

−26

−25

−24

−23

−22

−21

M
K
/

m
a
g

all

KROSS z ≈ 1 free fit
KROSS z ≈ 1 fixed fit
TP00+V01 z ≈ 0

1.2

1.8

2.4

3.0

3.6

4.2

4.8

5.4

6.0

V
8
0
/
σ

1.4 1.6 1.8 2.0 2.2 2.4

log ( V80 / km s−1)

8.5

9.0

9.5

10.0

10.5

11.0

lo
g

(
M
∗
/
M
�

)

all

KROSS z ≈ 1 free fit
KROSS z ≈ 1 fixed fit
R11+P05+RH04 z ≈ 0

1.2

1.8

2.4

3.0

3.6

4.2

4.8

5.4

6.0

V
8
0
/
σ

Figure 2.3: The MK and M∗ TFRs for sub-sample all as described in § 2.3.5. Displayed
is the bisector of the best forward and reverse fits to the data, as well as the best fit when
the slope is constrained to that of a z ≈ 0 comparison sample (as described in § 2.4.1). The
data points are colour-coded by their corresponding values of V80/σ. Those data points with
correspondingly high values of V80/σ follow a tighter relation than those with lower values.
The higher V80/σ points are coincident with the z ≈ 0 relation in the case of the MK TFR.
For the stellar mass TFR the same points are offset to lower values of log(M∗/M�), for a
given value of V80, in comparison to the z ≈ 0 relation. Those with lower V80/σ tend to be
scattered to lower values along the abscissa of the plot. These may correspond to systems
with more dispersive motions and lower rotation velocities.
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Figure 2.4: The MK and M∗ TFRs for the disky sub-sample as described in § 2.3.5. Dis-
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§ 2.4.1). There is a clear offset between the KROSS and the z ≈ 0 M∗ TFRs. Conversely,
the zero-point of the KROSS MK TFR is in agreement with that of the z ≈ 0 comparison
relation.
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The MK comparison relation comprises data from Tully & Pierce (2000, TP00), who

use the linewidth of the integrated HI emission profile of galaxies from a range of cluster en-

vironments to derive their rotation velocity; and Verheijen (2001, V01), who use integrated

HI profiles and HI rotation curves for a volume limited sample of late-type galaxies in the

Ursa Major Cluster.

The M∗ comparison relation comprises the data of Pizagno et al. (2005, P05), who use

rotation velocities derived from long slit spectroscopy of Hα emission, Reyes et al. (2011,

R11), who use long slit spectroscopy of Hα emission from a sub-sample of a large sample of

disk galaxies selected from the Sloan Digital Sky Survey Data Release 7 and Rhee (2004,

RH04), who re-analyse the optical emission line rotation curves of the Kent (1986) sample

of Sb and Sc spiral galaxies.

Aside from using a composite z ≈ 0 sample, the obvious solution is to use the same

measurement of rotation for all galaxy samples considered for comparison. In this way, if

there is systematic bias introduced as a result of the measurement method, the same bias

will be present in both relations. Any measured relative offset between the TFRs of the two

samples will then be the result of intrinsic differences between the two. With the advent

of several large IFU surveys at z ≈ 0 it is now possible to compare the observations of

KROSS at z ≈ 1 to a similarly observed sample in the local Universe. Such a comparison is

the subject of Chapter 3. In this chapter we make do with the average of several different

methods. This issue and work in relation to it are discussed further in § 2.6.

2.4.2 The TFRs

Figure 2.3 shows the MK and M∗ TFRs for sub-sample all. The parameters for the best

bisector and fixed-slope fits are shown in Table 2.3 and Table 2.4, respectively. From the

free fits to the KROSS TFRs we infer large intrinsic scatter in MK and M∗ compared to

the corresponding z ≈ 0 relations. For the MK and M∗ TFR we measure intrinsic scatters

of respectively σint = 0.84 ± 0.04 mag and σint = 0.38 ± 0.02 dex. Considering the z ≈ 0

TFRs we find an intrinsic scatter of σint = 0.36 ± 0.04 mag and σint = 0.16 ± 0.01 dex for

the MK and M∗ relation respectively.

The free fit slope of each of the KROSS TFRs for the all sub-sample is much shallower
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than that of the respective comparison relation, within uncertainties (−4.0±0.5 and 2.1±0.2

for the MK and M∗ KROSS relation, respectively compared to −8.9± 0.3 and 3.68± 0.08

for respectively the MK and M∗ z ≈ 0 relation). Fixing the slopes to that of the z ≈ 0

relations we find an increase in the inferred intrinsic scatter (1.43 ± 0.08 mag and 0.58

± 0.03 dex for the MK and M∗ relation respectively) for both KROSS TFRs for the all

sub-sample. Considering the fixed-slope fit to the KROSS M∗ TFR for the all sub-sample,

we find no evidence for a significant offset of the TFR zero-points between z ≈ 1 and z ≈ 0.

Considering the MK TFR for the same sample however, for a given rotation velocity we

measure an offset of −1.1 ± 0.1 mag between the zero-points of the KROSS TFR and the

corresponding z ≈ 0 relation.

Importantly, the TFRs of sub-sample all exhibit large scatter in logV80 (ζint = 0.153 ±

0.009 dex, or equivalently σ
′
int = 1.9 ± 0.1 mag in MK or σ

′
int = 0.81 ± 0.5 dex in M∗).

As is apparent from the colour-coding in Figure 2.3, this scatter dramatically reduces with

increasing V80/σ i.e. the scatter is reduced for the more rotation-dominated galaxies in the

sample. Since the TFR assumes purely rotational motion, it is more informative to examine

the TFR of galaxies with high V80/σ. We thus look to the TFRs of the disky sub-sample

displayed in Figure 2.4, that contain galaxies selected to have V80/σ > 3 (as described in

§ 2.3.5). The fit parameters for the free and fixed-slope fits are shown in Table 2.3 and

Table 2.4, respectively. We see a reduction of the intrinsic scatter compared to that of

sub-sample all (σint = 0.57 ± 0.06 mag and σint = 0.25 ± 0.05 dex for the MK and M∗

relation, respectively for the disky sub-sample). However, this is still large compared to the

corresponding z ≈ 0 comparison relations. The bisector (free fit) slopes of both TFRs for

the disky sub-sample (−7.3 ± 0.9 and 4.7 ± 0.4 for the MK and M∗ relation, respectively)

are much steeper than the free fit slopes of the corresponding TFRs for sub-sample all, with

the slope of the disky sub-sample M∗ TFR steeper even than the z ≈ 0 comparison relation,

within uncertainties. The slope of the MK KROSS TFR for the disky sub-sample remains

slightly shallower than that of the corresponding z ≈ 0 TFR, within uncertainties.

Fixing the slopes to match those of z ≈ 0 TFRs we see a change in the zero-point offset,

towards dimmer magnitudes or lower stellar masses at fixed rotation velocity, across both

TFRs in comparison to sub-sample all. For the MK TFRs, this brings the KROSS relation
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in line with the z ≈ 0 MK TFR (we measure a zero-point offset of 0.1±0.1 mag). However,

we measure a large offset (−0.41± 0.08 dex), towards lower stellar masses at fixed rotation

velocity, between the KROSS M∗ TFR and the corresponding z ≈ 0 relation zero-points

i.e. at fixed rotation velocity the KROSS galaxies have less stellar mass than their z ≈ 0

counterparts. This offset is larger than the measured intrinsic scatter and greater than

three times the 1σ uncertainty on the KROSS TFR zero-point. We note that the measured

zero-points of both the M∗ and MK TFRs for the disky sub-sample are robust to changes

in the radial position at which the velocity measure is extracted for each galaxy; extracting

velocities V70 and V90 (i.e. at a radius containing respectively 70% and 90% of the Hα

flux) changes the measured offset by only ±0.08 dex and ±0.2 mag for the M∗ and MK

KROSS TFRs, respectively for the disky sub-sample. We thus find evidence for a significant

evolution in the zero-point of the M∗ TFR for rotation-dominated galaxies with an increase

in stellar mass at fixed rotation velocity from z ≈ 1 to z ≈ 0. For the same galaxies we find

no evolution in the zero-point of the MK TFR over the same period. Again, the measured

intrinsic scatters increase in comparison to the free fit, but are reduced in comparison to

the fixed fit of sub-sample all.

If the zero-point of the M∗ TFR has evolved as measured since z ≈ 1 to the present day

(and assuming a galaxy’s rotation velocity is a reasonable proxy for its dynamical (i.e. total)

massMdyn), this implies a decrease by a factor of≈ 0.6 in the dynamical mass-to-stellar mass

ratio of disk-like galaxies over the last ≈8 Gyr i.e. (Mdyn/M∗)z=0 ≈ 0.4 × (Mdyn/M∗)z=1.

At fixed rotation velocity, rotation-dominated galaxies at z ≈ 1 have less stellar mass than

they do in the local Universe. Further, given that there is no apparent evolution in the

zero-point of the MK TFR, this also implies an increase in the K-band stellar mass-to-light

ratio by a factor of ≈ 2.6 since z ≈ 1. There is more K-band light emitted per stellar mass

at z ≈ 1 than at z ≈ 0. This is not outside of reasonable expectation given the greater

specific star formation rates of galaxies at z ≈ 1 compared to those in the local Universe

(see § 2.5 for further discussion on this point).
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2.4.3 Evolution

The offset between the (KROSS) z ≈ 1 M∗ TFR and the corresponding z ≈ 0 TFR is

at odds with the findings of Miller et al. (2011) who (as discussed in § 1.4) used long-slit

observations to construct the TFR for 129 disk-like galaxies at z . 1.3, finding both the

intrinsic scatter and zero-point of the TFR to be constant in the range 0.3 . z . 1. An

extention of this work by Miller et al. (2012) used the Keck I Low Resolution Imaging

Spectrograph (Oke et al., 1995) to observe 42 star-forming galaxies at 1 < z < 1.7, selected

on the basis of their morphologies, confirming the findings of Miller et al. (2011).

To investigate this further and put the results of this work in context, we use the

data of Miller et al. (2011, 2012) and other intermediate redshift studies by Flores et al.

(2006), Puech et al. (2008), Cresci et al. (2009), and Gnerucci et al. (2011) in order to

directly measure and compare the zero-point of each study with our composite z ≈ 0

comparison sample and with the predicted TFR zero-point evolution according to theory

and simulations. We find the best fit to each of the studies’ data, constraining the slope

to that of our z ≈ 0 M∗ TFR comparison relation (detailed in § 2.4.1). We thus obtain

a homogeneous measure of any difference between the zero-points of our z ≈ 0 M∗ TFR

and the corresponding TFR for each sample. The resulting measurements are presented

in Table 2.4 and displayed in the left panel of Figure 2.5. Each of the previous studies we

use (in addition to the works of Miller et al. 2011, 2012) is discussed in § 1.4. However,

we provide further descriptions of each in § 2.4.3.1. There we also describe the predictions

from theory and simulation to which we compare our results. In § 2.4.3.2 we discuss the

emergent picture of the evolution of the M∗ TFR zero-point since z ≈ 3.

2.4.3.1 Comparison Studies

Here we summarise the works of Flores et al. (2006), Puech et al. (2008), Cresci et al. (2009),

and Gnerucci et al. (2011) (see also § 1.4). We also discuss the work of Dutton et al. (2011),

who use semi-analytical modelling (SAM) to predict the TFR zero-point evolution as a

function of redshift. Lastly we describe the process by which we derive similar predictions

from the Evolution and Assembly of GaLaxies and their Environments (EAGLE) simulation
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(Schaye et al., 2015; Crain et al., 2015; McAlpine et al., 2015).

Flores et al. (2006) and Puech et al. (2008) both used FLAMES-GIRAFFE (see e.g.

Pasquini et al., 2002) to conduct spatially-resolved observations of [OII]3727 emission from

galaxies at z ≈ 0.6. Both studies apply the kinematic classification scheme devised by Flo-

res et al. (2006) to their galaxy sample. The scheme uses optical images combined with the

velocity and dispersion fields of each galaxy to place it in one of three kinematic categories:

- rotating disks (RD): the axis of rotation of the line-of-sight velocity field is aligned with

the projected optical minor axis, and the peak of the velocity dispersion is close to the

galaxy’s dynamical centre,

- perturbed rotation (PR): the axis of rotation is aligned with the projected optical minor

axis but the peak of the dispersion is misaligned with the dynamical centre,

- complex kinematics (CK): both the line-of-sight velocity and velocity dispersion fields dif-

fer greatly from that expected of a rotating disk.

In order to draw parallels with our own all and disky sub-samples, we examine the offset

between our composite z ≈ 0 M∗ TFR and those of both Flores et al. (2006) and Puech

et al. (2008), first including galaxies within all three of their kinematic categories, and

second considering just RDs. We note that the authors of both studies focus mainly on the

RD samples in their discussions.

Cresci et al. (2009) constructed the M∗ TFR of 18 star-forming galaxies at z ≈ 2.2, using

spatially resolved Hα emission line kinematics as observed with the SINFONI (Eisenhauer

et al., 2003) integral field spectrograph at the VLT. The galaxies were selected from the high-

z galaxy Spectroscopic Imaging survey in the NIR with SINFONI (SINS; Förster Schreiber

et al., 2009) based on the prominence of ordered rotation versus more complex dynamics

in each system. Combining the empirical kinemetry methods of Shapiro et al. (2008) (see

§ 2.3.5) with visual inspection of the velocity maps of each galaxy, the authors deemed all

18 galaxies to exhibit ordered rotation. We include 16 of these 18 galaxies, for which there

are definitive stellar mass values, in our comparison. 2 galaxies, for which the authors state

only upper limits on the stellar mass, are excluded.
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Finally, Gnerucci et al. (2011) also used SINFONI to study the spatially resolved kine-

matics of 33 galaxies at z ≈ 3 from the Assessing the Mass-Abundances redshift [Z] Evolu-

tion (AMAZE; Maiolino et al., 2008a,b) and Lyman-break galaxies Stellar population and

Dynamics (LSD; Mannucci & Maiolino, 2008; Mannucci et al., 2009) projects. Of the 33

galaxies observed, they studied the TFR of 11 that displayed ordered rotation (as quanti-

fied by the goodness of fit of a plane to their velocity maps). We include these 11 in our

comparison.

We also compare our measured offsets with predictions from the galaxy formation mod-

els of Dutton et al. (2011), that consist of N-body simulations of baryonic (stellar and gas)

discs grown in Navarro-Frenk-White haloes (Navarro et al., 1997) that evolve with redshift.

A further additional comparison is made to the M∗ TFR zero-point evolution as predicted

by the EAGLE simulation. EAGLE comprises a state-of-the-art suite of cosmological hy-

drodynamical galaxy formation simulations performed in volumes ranging from 25 to 100

comoving Mpc3. It has been shown to pass a large range of observational tests in both

the local and higher redshift Universe. We compute the predicted TFR zero-point evo-

lution by drawing samples of galaxies from the EAGLE public data release4 at redshifts,

z = 0, 0.5, 0.87, 1.0, 1.5, 2, 3, and 3.98 respectively. To facilitate a reasonable comparison

to observations, at each redshift we include only those galaxies with star formation rates

> 1M�yr−1. We first find the best (free) fit to the TFR of the extracted z = 0 EAGLE

sample. We then perform fixed-slope fits to the TFRs of the successively higher redshift

samples with the slope constrained to that of the best (free) fit to z = 0 EAGLE TFR.

2.4.3.2 Zero-Point Evolution

From the left panel of Figure 2.5 it can be seen that our analysis of the Miller et al. (2011)

and Miller et al. (2012) samples agrees with their findings - we find no evidence for any

significant (i.e. greater than 3 times the 1σ uncertainty) evolution of the stellar mass

TFR offset for the z . 1.7 redshift range of their data. The maximum offset we find is

−0.09± 0.08 dex in stellar mass for galaxies in the redshift range 0.5 < z < 0.8. We find a

significant negative offset in M∗ with respect to the z ≈ 0 TFR for the Cresci et al. (2009)

4http://icc.dur.ac.uk/Eagle/database.php
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sample (−0.33±0.09 dex). Similarly we measure a large offset (−0.6±1.0 dex) between the

Gnerucci et al. (2011) sample and our composite z ≈ 0 M∗ TFR, although the uncertainty is

very large. The general trend is marginally consistent with that predicted by Dutton et al.

(2011), and EAGLE. However, the zero offsets that we measure between the zero-points of

the TFRs for the highest redshift sample of Miller et al. (2011) and the sample of Miller

et al. (2012) and the zero-point of our z ≈ 0 M∗ TFR disagree with both predictions.

Next we consider the samples of Flores et al. (2006) and Puech et al. (2008), where we

initially include galaxies within all three of their kinematic categories (samples Flores+06

all, and Puech+08 all). For the Flores et al. (2006) sample, we find a marginally significant

offset (0.27 ± 0.09 dex) towards larger stellar masses at fixed rotation velocity in comparison

to the z ≈ 0 relation. Whilst the Puech et al. (2008) relation is consistent with no zero-point

offset with respect to the z ≈ 0 TFR, within three times the 1σ uncertainties. However,

the measured zero-points are shifted towards much lower M∗ values when considering RD

galaxies only. Indeed, we find offsets between the zero-points of the TFRs for the RD

sample of Flores et al. (2006) and Puech et al. (2008) and the zero-point of our z ≈ 0 TFR

of −0.2 ± 0.2 dex and −0.2 ± 0.1 dex, respectively. These measurements are at odds with

the predicted zero-point evolution for this redshift according to the SAM of Dutton et al.

(2011) but agree well with the prediction from EAGLE.

Similarly, considering the M∗ KROSS TFR for the all sub-sample, we find a zero-point

offset with respect to z ≈ 0 consistent with that of Miller et al. (2011, 2012) and with

little to no evolution of the zero-point of the M∗ TFR since z ≈ 1. This is at odds with

the predictions of both Dutton et al. (2011) and EAGLE. However as discussed above,

considering the M∗ KROSS TFR for the disky sub-sample (that is composed of rotation-

dominated galaxies), we see a significant offset of the zero-point (−0.41±0.08 dex) to lower

stellar masses with respect to our z ≈ M∗ TFR, at fixed rotation velocity. This zero-point

offset agrees with the prediction of EAGLE within uncertainties, but is perhaps larger than

expected. The intepretation of such an offset is explored further in § 2.5.

These results suggest that previous studies such as Miller et al. (2011, 2012) detect

no evolution in the TFR out to z ≈ 1 due to the inclusion of galaxies with low ratios

of rotational-to-dispersive motions. With the benefit of IFU observations, a more direct
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selection of galaxies displaying ordered rotation is possible. Despite the differing methods

by which rotating disks or disk-like galaxies are selected in the IFU studies discussed here, in

each of the cases where some distinction has been possible we find the zero-point of the M∗

TFR for the rotation-dominated (disk-like) galaxies to be significantly offset to lower stellar

masses at fixed rotation velocity compared to the TFR from the same study that includes

more dispersion-dominated (non-disk-like) galaxies. Similarly, whilst the models of Dutton

et al. (2011) describe the evolution of the baryonic discs of galaxies, they do not make any

distinction between those that are dispersion-dominated or rotation-dominated. The same

may be said of the predictions from EAGLE, in which we only select galaxies based on their

star formation rates. This may explain the discrepancy between the predicted evolution of

the TFR zero-point and that measured for the M∗ TFR for the KROSS disky sub-sample

in this work.

The offset of the M∗ TFR for the KROSS disky sub-sample is representative of a more

general dependence of the KROSS M∗ TFR zero-point on V80/σ, which can be seen in the

right panel of Figure 2.5. There is a shift in the offset between the zero-point of the KROSS

M∗ TFR and that of our z ≈ 0 M∗ TFR from positive to negative with increasing V80/σ.

This can be interpreted as evidence for an offset of the M∗ TFR for rotation-dominated

galaxies at z ≈ 1, with galaxies being scattered in the direction of lower velocities on the

TFR plot depending on to what extent their motions are rotation- or dispersion-dominated.

We note here that the flattening of the curve in the right panel of Figure 2.5 for galaxies

V80/σ & 3, balanced with the need to maintain a reasonable sample size, lead to the

chosen cut of V80/σ > 3 for disky KROSS galaxies (see § 2.3.5). Thus the zero-point offset

of −0.41 ± 0.08 dex with respect to our z ≈ 0 M∗ TFR we find for this sub-sample is

(unsurprisingly) approximately the average of the zero-point offsets of the three highest

bins in V80/σ of the plot.

2.5 Discussion

For a disky sub-sample of KROSS galaxies, we found the best bisector fits to the rest-frame

absolute K-band magnitude (MK) and stellar mass (M∗) TFRs to be as follows
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MK/mag = (−7.3 ± 0.9) × [(log(V80/km s−1) − 2.25] − 23.4 ± 0.2 (2.18)

log(M∗/M�) = (4.7 ± 0.4) × [(log(V80/km s−1) − 2.25] + 10.0 ± 0.3 (2.19)

Considering the all sub-sample, we found the slope of both the MK and M∗ KROSS

TFRs to be shallower than those of corresponding z ≈ 0 relations. For the disky sub-sample,

we found the slope of the MK KROSS TFR to be slightly shallower, within 1σ uncertainties,

than that of a comparison relation for z ≈ 0 galaxies (see § 2.4.1). Conversely the slope of

the M∗ KROSS TFR for the disky sub-sample was slightly steeper, within 1σ uncertainties,

than that of an M∗ z ≈ 0 comparison relation. We draw no conclusions from the free-fit

slopes given the still comparatively large scatter, with respect to z ≈ 0, for the z ≈ 1 TFRs.

Fixing the slope of the KROSS TFRs to that of their respective comparison relations

provided evidence to suggest an evolution of the M∗ TFR zero-point between z ≈ 1 and

z ≈ 0, for rotationally-supported (disky) galaxies. However, we found no evolution in the

MK TFR zero-point between z ≈ 1 and z ≈ 0 for the same galaxies. We note that both

these measurements are robust to the choice of radius at which we extract a rotation velocity

(see § 2.4.2).

These results imply that rotation-dominated (disk-like) galaxies of a given dynamical

mass contain less stellar mass at z ≈ 1 than at z ≈ 0, yet emit the same amounts of K-band

light. The latter implies an increase in the K-band stellar mass-to-light ratio by a factor

of ≈ 2.6 since z ≈ 1. Arnouts et al. (2007) analyse the evolution of the stellar mass-to-

light ratio since z ≈ 1.5 via SED fitting (with visible to mid-IR photometry) for a sample

containing tens of thousands of galaxies. They find that the average K-band stellar mass-

to-light ratio, M∗/LK of actively star-forming galaxies increases by 0.27 dex, but with a

root-mean-squared (rms) scatter of 0.21 dex over this period. Incorporating the rms scatter,

this equates to a maximum increase of a factor of ≈ 1.1–3.0. Drory et al. (2004) measure the
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evolution of M∗/LK since z ≈ 1.2 by fitting a grid of stellar populations models of varying

star formations histories, ages, and metallicities to the visible and near-IR photometry for

a sample of over 500 galaxies selected in the K-band. They find an increase, by a factor

of ≈ 1.4–3.4, in the M∗/LK since z ≈ 1. Thus, whilst the increase in the M∗/LK inferred

from this work is towards the higher ends of these ranges, it appears a feasible evolution.

The measured offset in the M∗ TFR zero-point between z ≈ 1 and z ≈ 0 implies that

stellar mass assembly continues despite the drop off in global star formation rate density in

the Universe at redshifts z . 1 (see e.g. Hopkins & Beacom, 2006; Sobral et al., 2013). We

did not compare the measured zero-point offset to that predicted from stellar population

models as the latter will depend strongly on the assumed galaxy age and star formation

history at z ≈ 1. Instead we prefered to compare to the cosmological hydrodynamical galaxy

formation simulations of EAGLE. The measured increase in stellar mass at fixed rotation

velocity for rotation-dominated galaxies since z ≈ 1 agrees, within uncertainties, with the

predicted evolution of the M∗ TFR zero-point derived from star-forming (star formation

rates > 1M� yr−1) EAGLE galaxies. However, it is on the upper limit of the EAGLE

prediction. We therefore consider whether such an evolution in the M∗ TFR zero-point

since z ≈ 1 is physically feasible.

The relative increase in stellar mass is most easily reconciled with the conversion of gas

mass in to stellar mass in galaxies over the last ≈8 Gyr in a secular evolution scenario.

However, to determine the likelihood of this scenario, the gas mass fraction of the KROSS

galaxies must first be considered. Stott et al. (2016) inverted the Kennicutt-Schmidt relation

(Kennicutt, 1998) of KROSS galaxies in order to obtain an estimated gas mass-to-baryonic

mass ratio of 35± 7 percent. Converting all of the gas mass within the KROSS galaxies in

to stellar mass would therefore only account for, at most, 0.24 dex of the measured offset

between the M∗ TFR zero-point and that of our the z ≈ 0 M∗ comparison relation (i.e. an

increase by a factor ≈ 1.7 in the stellar mass since z ≈ 1). In fact, to reconcile the measured

−0.41 dex offset in this manner would require a baryonic gas fraction of ≈ 72 percent for

the KROSS disky sub-sample galaxies.

There is of course the possibility of galaxies accreting extra gas over the last ≈ 8 Gyr.

Indeed, the observed specific baryon accretion rate at z ≈ 1 ranges from ≈ 0.8–0.6 Gyr−1
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for galaxies with stellar mass log(M∗/M�) = 9.3–10.7, decreasing to ≈ 0.2–0.1 Gyr−1

for galaxies of the same stellar mass in the local Universe (Elbaz et al., 2007; Salim et al.,

2007a; Dutton et al., 2010). Combining this with a measured depletion timescale for KROSS

galaxies of ≈ 1 Gyr (Stott et al., 2016), it can be seen there is opportunity for star-forming

galaxies to assemble significant amounts of stellar mass since z ≈ 1 such as those inferred

by the offset between the zero-points of the M∗ KROSS TFR and the z ≈ 0 M∗ comparison

relation measured in this work.

Our findings are at odds with the studies of Miller et al. (2011, 2012), which find no

evolution of the TFR zero-point over a similar range in redshifts. Excluded from our

analysis (due to a lack of tabulated data) is the work of Conselice et al. (2005b), who

examined the the evolution of both the K-band and stellar mass TFR out to z ≈ 1.2 using

Keck spectroscopy and near-infrared photometry from the Keck Near-Infrared Camera, the

UKIRT Fast-Track Imager, and the Cooled Infrared Spectrograph and Camera for OHS

on the Subaru telescope. They found no significant evolution of the TFR zero-point with

redshift, in agreement with the works of Miller et al. (2011, 2012). However the key point

is that, unlike those studies, this work is able to select for only those galaxies at z ≈ 1 that

are rotation-dominated in their motions. Inclusion of galaxies that are more turbulent sees

a decrease in the magnitude of the measured evolution of the TFR zero-point with redshift

- in line with the findings of Miller et al. (2011) and Conselice et al. (2005b), but at odds

with the IFU studies of Flores et al. (2006), Puech et al. (2008), Cresci et al. (2009), and

Gnerucci et al. (2011), all of which predominantly agree with the predictions of the EAGLE

simulation and, to a lesser degree, those of Dutton et al. (2011).

In a recent paper by Di Teodoro et al. (2016), the authors constructed the z ≈ 1

M∗ TFR using a sample of only 18 galaxies, each observed with KMOS, of which 14 are

publicly available KROSS observations. They reported no evolution of the TFR since z ≈ 1

and present this as evidence that disk-like galaxies at this epoch closely resemble their

kinematically mature counterparts in the local Universe. However, there is an obvious

danger to drawing conclusions on the nature of all disk-like galaxies at z ≈ 1 from such

a small sample. Furthermore, their sample was selected to include only those galaxies

that lend themselves best to the modelling of their kinematics and is thus unlikely to
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be statistically representative of the bulk of the population of z ≈ 1 galaxies. With the

much larger sample presented in this work, we show that, infact, a minority of star-forming

galaxies at z ≈ 1 are strongly rotation dominated (V80/σ > 3) and only with the full KROSS

sample do we detect an evolution in the M∗ TFR zero-point with redshift.

Both TFRs for the KROSS all sub-sample exhibit large scatter. This scatter is reduced

in the relations of the disky sub-sample, but still large in comparison the z ≈ 0 comparison

TFRs. There are several potential sources contributing to the intrinsic scatter in the KROSS

TFRs. The most obvious source of scatter in the TFRs for the all sub-sample is the inclusion

of galaxies that have significant dispersive motions and thus violate the initial assumption

of circular motion of the TFR. This source of scatter is confirmed as we see reductions in the

intrinsic scatter of theMK andM∗ TFR, respectively between the all and disky sub-samples,

where for the latter we select only those galaxies deemed to be rotation-dominated (and thus

disk-like). The intrinsic scatters of the MK and M∗ KROSS TFRs for the all sub-sample

are respectively ≈ 2.3 and ≈ 2.4 times larger than the corresponding z ≈ 0 comparison

relation. However, the intrinsic scatter in both the MK and M∗ KROSS TFR reduces to

≈ 1.6 times that of the corresponding z ≈ 0 relation when only rotation-dominated galaxies

are considered at z ≈ 1 (i.e. the disky sub-sample). Conceptually, we may consider the

rotation velocity as a rough proxy for the total (dynamical) mass. Assuming this is true

it is clear then that an erroneously small total mass will be inferred for those galaxies

with significant dispersive motions in comparison to rotational motions. As a result those

galaxies will be scattered to lower values along the abscissa of the TFR.

KROSS galaxies with low Hα S/N will have noisier observed velocity fields. In these

cases, the best fit arctangent model is less reliable. This may also increase the scatter in

the TFR. More importantly, the arctangent model is an unsatisfactory description of the

dynamics for those galaxies that, while having predominantly circular motions, have a ro-

tation curve that peaks centrally (r . 10 kpc) before flattening out at lower velocity at

greater radii. This is consistent with the (baryonic) disk component of the galaxy dominat-

ing dynamically over its (dark) halo component in its inner regions (see e.g. Casertano &

van Gorkom, 1991). Thankfully, in the disky sub-sample at least, both types of system are

rare with most systems adequately described by the arctangent model (see Appendix A.2).
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The disky sub-sample contains galaxies determined to be predominantly rotationally

supported as decided by a V80/σ > 3 cut to the all sub-sample (see § 2.4.3.2). The specific

limit was chosen in order to select galaxies that were rotation-dominated whilst also main-

taining a reasonable sample size. However, importantly it is also the value above which

the offset of theM∗ TFR zero-point does not undergo further significant evolution (with

respect to that of a z ≈ 0 comparison relation). In this respect, the choice of limit is not

a subjective one but is rather driven by the data. It is clear however that a change to the

limiting value of V80/σ will lead to a change in the measured intrinsic scatter, slope, and

offset of the TFR as extra galaxies are included or excluded from the sub-sample. This is

apparent in Figure 2.5 (Right). It is important also to view the choice of V80/σ > 3 to

select rotation-dominated galaxies in the context of galaxies at z ≈ 0. Indeed, in the local

Universe, we see typical ratios of galaxy rotation-to-dispersion V/σ & 10 for the thin disk

of spiral galaxies (Genzel et al., 2006). Thus it is clear that, despite the many different

definitions of V/σ abound in the literature (see Stott et al. 2016 for a discussion), even in

the upper limit of the range of V80/σ values seen in the KROSS sample, these galaxies are

far more turbulent in terms of their gas dynamics than galaxies in the present day. In this

respect, we may still attribute some of the intrinsic scatter measured in the TFRs for the

KROSS disky sub-sample to turbulence within the gaseous disk that provides some form of

pressure support.

In addition to the assumption of circular motion inherent in the TFR, a second important

assumption that must be considered is that the average surface mass density of the galaxies

within a sample is constant. In the local Universe this means comparing galaxies of the

same morphological type. Previous studies have shown that the TFRs for early-type and

late-type galaxies have different slopes (see e.g. Williams et al., 2010; Davis et al., 2011).

Even between late-type morphologies, studies have shown significantly different slopes (see

e.g. Lagattuta et al., 2013). At z ≈ 1, “disky” galaxies are just starting to emerge. In this

regime it makes less sense to talk about morphological types in the same way as at z ≈ 0.

Abraham (1999) argues infact that the classic “Hubble Tuning Fork” description of galaxy

morphology begins to break down from z ≈ 0.5 onwards. Whilst the KROSS galaxies were

selected to be “normal” star-forming galaxies at z ≈ 1, there are no further morphological
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selection criteria. Thus it is likely that there will be variation in the surface mass density

from galaxy to galaxy in the KROSS sample. In practice this will result in an increase in

the inferred intrinsic scatter as this is effectively combining several different morphological

types each with different slopes and scatter for the TFR, and then fitting them with one

single slope and scatter.

One must also consider a further issue related to this. Although the KROSS sample

and z ≈ 0 comparison sample span similar ranges in rotation velocity and stellar mass (in

fact, the comparison sample spans a slightly wider range than the KROSS sample in both

respects), we cannot assume that we are “following” the same population of galaxies between

z ≈ 1 and the local Universe. Indeed, considering a window of stellar mass, galaxies will

evolve in to and out of this window as time passes between z ≈ 1 and z ≈ 0. The implications

of choosing to compare samples within the same (stellar) mass window between redshifts

as opposed to, for example, galaxies within a similar range of star formation are complex

and are left to future work. As discussed above, the evidence presented in this chapter is

most easily reconciled with a secular evolution or minor-mergers scenario whereby galaxies

continually accrete and convert gas mass to stellar mass between z ≈ 1 and z ≈ 0.

2.6 Conclusions & Future Work

In this chapter, we have presented the MK and M∗ TFRs for sub-samples drawn from the

585 galaxies observed by KROSS with resolved Hα emission. We examined the TFRs for a

sub-sample of KROSS galaxies with well measured rotation velocities (the all sub-sample)

and a further sub-set of those that were rotation-dominated (the disky sub-sample). The

selection criteria for both all and disky sub-samples are described in § 2.3.5.

We found the intrinsic scatters in the MK and M∗ KROSS TFRs for the all sub-sample

to be ≈ 2.3 times and ≈ 2.4 times larger than z ≈ 0 comparison relations. However, the

intrinsic scatters of both TFRs reduced to ≈ 1.6 times those of z ≈ 0 comparison relations

when only rotation-dominated galaxies were considered i.e. the disky sub-sample. We noted

that compared to the local Universe, however, these disky galaxies still have much more

turbulent gas dynamics. This turbulence is likely to contribute to the measured intrinsic
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scatter. We attributed the remaining intrinsic scatter to the fact that, even after selecting

the disky sub-sample, we consider a single TFR for galaxies with (likely) various different

morphologies, sizes and/or surface mass densities - effectively an average of several TFRs,

all with differing slopes.

Contrary to some previous studies conducted at similar redshift (Miller et al., 2011, 2012;

Di Teodoro et al., 2016), but in broad agreement with the predictions of the state-of-the-art

hydrodynamical simulations of EAGLE, we measured a significant offset of the M∗ TFR

zero-point for rotation-dominated galaxies at z ≈ 1 toward lower stellar mass values (−0.41

dex with respect to z ≈ 0) at fixed rotation velocity. Yet we measured no significant offset

in the MK TFR zero-point over the same period. We concluded that the ability of KROSS

to differentiate between those galaxies with high or low ratios of rotational-to-dispersive

motions (V80/σ) is why this work detected an evolution of the M∗ TFR zero-point between

z ≈ 1 and z ≈ 0, whilst some previous studies have not. We calculated that, assuming no

evolution in the surface mass density of galaxies over this period, the detected zero-point

evolution implies a decrease by a factor of ≈ 0.6 in the dynamical mass-to-stellar mass

ratio of rotation-dominated galaxies since z ≈ 1. It also implies an increase in the K-band

stellar-mass-to light ratio, by a factor of ≈ 2.6 over the same period. We reasoned that this

may be consistent with a secular evolution scenario whereby gas mass in (and accreted on

to) galaxies is converted in to stellar mass over the last ≈ 8 Gyr. If galaxies have grown

mostly via mergers since z ≈ 1, then we would expect the M∗ TFR at one epoch to be

indistinguishable from the relation at the other. In this regime, we would still expect to see

an offset, to brighter magnitudes with respect to z ≈ 0, of the z ≈ 1 MK TFR, reflecting

the comparitively larger specific star formation rates of the higher-z galaxies. However, as

galaxies grow via mergers (ignoring any non-linear increase in star formation rate as a result

of a merger) they would only evolve along the stellar mass TFR, with no evolution of the

offset.

Whilst the results presented in this chapter have potentially significant consequences

for galaxy evolution, as stressed previously in order to make a direct comparison between

the TFRs at z ≈ 1 and z ≈ 0 it is essential to construct the TFRs at each epoch using the

same observational and analytical methods to negate the possibility of different systematic
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biases introduced to each relation, confusing any comparison between the two. In practice,

in order to directly compare the KROSS TFRs to those constructed with z ≈ 0 galaxies

we must take IFU observations of galaxies in the local Universe and degrade this data to

the same quality as that of KROSS data e.g. the signal-to-noise ratio, spatial and spectral

resolutions must all be matched. This degraded data must then be analysed in the same

manner as the KROSS data, at which point a more direct comparison of the TFRs may be

made.

There are a number of IFU surveys of galaxies at low redshift that are already online, or

will be online in the near future, that will provide suitable samples of large numbers of galax-

ies in the local Universe that we may compare to KROSS. These include Mapping Nearby

Galaxies at APO (MaNGA5; Bundy et al., 2015), the Calar Alto Legacy Integral Field spec-

troscopy Area survey (CALIFA6; see e.g. Sánchez et al., 2012), and the Sydney-Australian-

Astronomical-Observatory Multi-object Integral-Field Spectrograph (SAMI) Galaxy Sur-

vey7 (see e.g. Bryant et al., 2015). Chapter 3 uses data from the SAMI Galaxy Survey, in

the manner described above, in order to gain a clearer understanding of how the TFR has

evolved from the epoch of peak global star formation rate density in the Universe to the

present day.

5https://www.sdss3.org/future/manga.php
6http://www.caha.es/CALIFA/public_html/?q=node/1
7http://sami-survey.org/



Chapter 3

KROSS vs SAMI: The Evolution of

the TFR since z ≈ 1

3.1 Motivation

In Chapter 2, we measured the evolution of the stellar mass (M∗) and absolute K-band mag-

nitude (MK) Tully-Fisher relations (TFRs) since z ≈ 1 by constructing z ≈ 1 TFRs using

line-of-sight (LOS) velocities derived from spatially-resolved K-band Multi-Object Spectro-

graph (KMOS; Sharples et al., 2013) observations of Hα emission from KMOS Redshift

One Spectroscopic Survey (KROSS) galaxies. We compared them to relations at z ≈ 0,

that we constructed using data from several previous studies using different measures of

the galaxies’ rotation. Using a carefully selected sub-sample of disky KROSS galaxies (with

rotationally dominated kinematics V80/σ > 3, where V80 is the LOS velocity of the galaxy

at the semi-major axis of an ellipse containing 80% of the galaxy Hα flux and σ is the

galaxy’s intrinsic velocity dispersion), we found no evolution in the MK TFR zero-point

since z ≈ 1, but a significant evolution in the M∗ TFR zero-point (−0.41 dex). Assuming

no evolution in surface mass density, this result implies a significant reduction (by a factor

of ≈ 2.6) of the dynamical mass-to-stellar mass ratio of rotation-dominated galaxies over

the last ∼ 8 Gyr, and it suggests substantial stellar mass growth in galaxies since the epoch

of peak star formation.

61
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The implications for galaxy evolution theory of the result presented in Chapter 2 are

potentially significant. However, as with any comparison between TFRs, one must carefully

take account of potential systematic biases resulting from the methods used to construct

the relations. The measurement of galaxy rotation is particularly important, so too is

the radius at which this velocity is extracted. Additionally, the methods used to derive

M∗ and MK are often indirect, particularly at high redshifts, and usually rely on fitting

sets of predefined model spectral energy distributions (SEDs) to observations, the choice

of which is based on implicit assumptions about the galaxies’ stellar populations. Finally,

the calculation of galaxy inclination can also have a pronounced effect on the resultant

TFRs. Although removing highly inclined galaxies from the sample goes some way toward

reducing this, given that the major-axis of the Hα emission is sometimes even at right angles

to the maximum velocity gradient of the KROSS galaxies (albeit in only a few cases), as

demonstrated in the plots of Appendix A, it is clear that galaxy inclinations derived from

Hα axial ratios should only be used in the absence of an inclination measured from the

galaxy star light.

As discussed in § 2.4.1, the obvious solution to producing an unbiased measure of the

evolution of the TFR since z ≈ 1 (or between any TFRs for that matter) is to examine,

using a single methodology, data of the exact same quality at both z ≈ 1 and z ≈ 0, thus

constructing TFRs at each redshift that are truly directly comparable. Until very recently,

however, such an approach was not possible when comparing the z ≈ 1 Universe to the

local one. Whilst pioneering integral field unit (IFU) surveys in the near-infrared (NIR),

such as the Spectroscopic Imaging survey in the Near-infrared with the Spectrograph for

INtegral Field Observations in the Near Infrared (SINFONI; Bonnet et al., 2004) (SINS;

Förster Schreiber et al., 2006a), the Mass Assembly Survey with SINFONI in VIMOS

VLT Deep Survey (VVDS) (MASSIV; Contini et al., 2012), and the Assessing the Mass-

Abundances redshift [Z] Evolution (AMAZE; Maiolino et al., 2008a) and Lyman-break

galaxies Stellar population and Dynamics (LSD; Mannucci et al., 2009) surveys, have slowly

opened a new window on the rest-frame optical Universe at z >∼ 1, only with the advent of

multiplex IFU surveys such as KROSS have we been able to compile samples of galaxies

large enough to construct robust censuses of galaxies at these epochs. And despite the gains
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provided by surveys such as KROSS, until now there had not been equally large numbers

of IFU observations of z ≈ 0 galaxies - the ATLAS3D (Cappellari et al., 2011a) survey is a

notable early exception, but targeted only local early-type galaxies. Thankfully, the recent

maturity of the the Mapping Nearby Galaxies at Apach Point Observatory (MaNGA; Bundy

et al., 2015) survey, the Calar Alto Legacy Integral Field spectroscopy Area (CALIFA;

Sánchez et al., 2012) survey, and the Sydney-Australian-Astronomical-Observatory Multi-

object Integral-Field Spectrograph (SAMI; Croom et al., 2012) Galaxy Survey (e.g. Bryant

et al., 2015) now make robust comparisons of the z ≈ 0 and z ≈ 1 Universe possible.

Each of these surveys has now conducted many hundreds or thousands of IFU observations

of galaxies in the local Universe, providing a unique data set with which to compare to

KROSS.

This chapter uses data from SAMI to construct z ≈ 0 TFRs that are directly comparable

to the z ≈ 1 KROSS TFRs presented in Chapter 2. The key difference between the work

presented in this chapter and previous comparisons of z ≈ 1 and z ≈ 0 samples (including

that presented in Chapter 2) is the degrading process that we apply to the SAMI data so

that they exactly match the quality of KROSS observations. Degrading the SAMI data in

this way provides two important benefits. First and foremost, it allows an unbiased measure

of any evolution in the TFR between z ≈ 1 and the present day. As any systematic bias

will be present in equal measure in both relations, any difference between the relations

can be attributed to intrinsic differences between the galaxy populations at the different

epochs. Secondly, it allows to identify and quantify any biases that are introduced in to

the z >∼ 1 IFU observations and their associated selection function, as a result of the lower

signal-to-noise ratio (S/N), spatial and spectral resolution typical of observations at this

epoch, similarly for any TFR constructed using such data. In light of this, in addition to the

KROSS TFRs, in this chapter we construct TFRs using the SAMI data both in its original

form and after they have been degraded to match the quality of the KROSS data (in terms

of their spatial and spectral resolutions, and the Hα S/N). As the degraded SAMI data

are of lower quality than the original SAMI data, we hereafter refer to them as the SAMI

low quality (LQ) sample (or data). We analogously refer to the original, undegraded SAMI

data as the SAMI high quality (HQ) sample (or data).
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This chapter is divided in to several sections. Section 3.2 concerns the SAMI HQ data.

In § 3.2.1, we describe the SAMI Galaxy Survey, and in § 3.2.2 the HQ data cubes. In § 3.2.3

we detail the methods used to construct the SAMI HQ TFR, including measures of galaxy

stellar mass and absolute magnitude from SED fitting of associated SAMI photometry

from the Galaxy And Mass Assembly project (GAMA; Driver et al., 2011), the extraction

of both continuum maps and LOS velocity fields from the SAMI cubes, and subsequent

modelling of the latter. Section 3.3 concerns the SAMI LQ data. In § 3.3.1 we describe

the process by which we degrade the SAMI HQ data to match the quality of KROSS. In

§ 3.3.2 we discuss the construction of the SAMI LQ TFR. In § 3.4 we describe further steps

taken to homogenise the TFRs of the SAMI HQ, SAMI LQ and KROSS samples; here

we include details of improvements to the KROSS velocity field modelling, define a new

measure of galaxy rotation, and lastly detail the uniform selection criteria applied to the

SAMI (HQ and LQ) and KROSS samples. The SAMI HQ, SAMI LQ and KROSS TFRs

are presented in § 3.5. In § 3.5.1 we compare the SAMI HQ and SAMI LQ TFRs, describing

how the degradation of the SAMI data affects the resultant TFRs. Section 3.5.2 comprises

a comparison of the SAMI LQ and KROSS TFRs. In § 3.6 we discuss the implications for

galaxy evolution of the results presented in § 3.5. Concluding remarks and an outline of

future work are provided in § 3.7.

3.2 SAMI HQ Data

3.2.1 SAMI Galaxy Survey

Using the SAMI spectrograph (Croom et al., 2012) on the 4-meter Anglo-Australian Tele-

scope at Sidings Spring Observatory, Australia, the SAMI Galaxy Survey (Bryant et al.,

2015) aims to observe the spatially-resolved stellar and gas kinematics of ≈ 3400 galaxies

in the redshift range 0.004 < z < 0.095, in blue (≈ 3700–5700 Å) and red (≈ 6300–7400

Å) optical bandpasses, over a large range of local environments. Having so far (at the time

of submission of this thesis) mapped the kinematics of 824 galaxies out to, or beyond, one

effective radius, the SAMI Galaxy Survey is well suited to provide a z ≈ 0 comparison to

KROSS. Indeed, it is well matched in its sample size, restframe optical bandpass, and the
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IFU nature of its observations.

3.2.2 SAMI Data Cubes

The SAMI spectrograph comprises 12 separate bundles of optical fibres, known as “hexabun-

dles” (Bland-Hawthorn et al., 2011; Bryant et al., 2014), ≈ 14.′′7 in diameter and comprising

61 individual fibers (each with a diameter of ≈ 1.′′6). Each bundle is deployable within a 1

degree field of view. Observations are carried out in typical seeing in the range 0.′′9–3.′′0 Each

observation is conducted in both a blue (≈ 3700–5700Å) and a red (≈ 6300–7400Å) optical

bandpass, with resolving powers R ∼ 1750 and R ∼ 4500, respectively. The resulting data

are reduced via the latest version (v0.8) of the SAMI reduction pipeline (Sharp et al., 2015;

Allen et al., 2015) and undergo a flux calibration and a telluric correction. The resultant

data cubes have 0.′′5× 0.′′5 spaxels.

The work presented in this chapter draws upon the latest internal SAMI data release

(v0.9, kindly provided by the SAMI team ahead of its public release), comprising 824

galaxies that were also observed as part of the GAMA project. It does not include those

≈ 600 SAMI galaxies specifically targeted as being members of clusters (see Bryant et al.,

2015). Since our ultimate goal is to compare like-for-like with KROSS, we utilise here

only those cubes observed in the red SAMI bandpass, giving a reasonable match to the

restframe optical bandpass observed by the KMOS Y J filter at z ≈ 1. Specifically, our goal

is to compare the restframe ionised gas kinematics (Hα and [NII] lines) of both the KROSS

and SAMI samples, which for the latter requires the red bandpass.

3.2.3 SAMI HQ TFR

As discussed in § 3.1 and Chapter 2 (see § 2.4.1 and 2.6) the most direct method to measure

any intrinsic evolution in the TFR since z ≈ 1 (i.e. to measure a difference between the

TFRs at z ≈ 1 and 0 that can be attributed purely to differences in the intrinsic properties

of the two galaxy populations and is free of bias) is to analyse data of the exact same

quality, with the exact same methods, at each epoch. That way, any bias that is introduced

in the relation will hopefully be the same in nature and equal in magnitude at both epochs,

so that it cancels out when measuring differences between the two. In practice this means
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degrading the HQ SAMI data set so that it matches typical KROSS observations. We discuss

the process of degrading the SAMI data in § 3.3.1 and the construction of the resultant LQ

TFR in § 3.3.2. However, before embarking on such an endeavour it is prudent to first

construct the best quality TFR possible from the SAMI data. This way we can clearly

quantify the biases that are introduced in the relation as a result of subsequently lowering

the quality of the data to the quality of KROSS data.

We thus describe below the methods used to construct the HQ SAMI TFR, using the

best SAMI photometry and IFU observations available.

3.2.3.1 SED Fits

As with the KROSS galaxies in Chapter 2 (see § 2.3.4), stellar masses and absolute rest-

frame magnitudes were computed for each SAMI galaxy using the SED fitting routine Le

Phare (Arnouts et al., 1999; Ilbert et al., 2006). Each of the SAMI SEDs comprised

photometry ranging (where available) from the far-ultra-violet (Galaxy Evolution Explorer

(GALEX; Martin et al., 2005) FUV and NUV ), through the optical (SDSS u, g, r, i, and

z), near-infrared (Visible and Infrared Survey Telescope for Astronomy (VISTA; Sutherland

et al., 2015) Z, J , H, and K), mid-infrared (Wide-Field Infrared Survey Explorer (WISE;

Wright et al., 2010) W1, W2, W3, and W4), to the far-infrared (Herschel (Pilbratt et al.,

2010) Photoconductor Array Camera and Spectrometer (PACS) green (≈ 98 µm) and red

(≈ 154 µm), and Spectral and Photometric Imaging Receiver (SPIRE) PSW (≈ 243 µm),

PMW (≈ 341 µm), and PLW (≈ 482 µm)). The 21-band photometric data sets are taken

from the GAMA Panchromatic Data Release (PDR; Driver et al., 2016). For each galaxy’s

photometry the Lambda Adaptive Multi-Band Deblending Algorithm in R (LAMBDAR;

Wright et al., 2016) was applied. LAMBDAR is designed to calculate matched aperture

photometry across a range of non-homogeneous images with differing PSFs and pixel scales,

given prior aperture information from high resolution imaging in the visible regime - Wright

et al. define an initial aperture for each SAMI galaxy using a combination of Source Extrac-

tor (SExtractor; Bertin & Arnouts, 1996) and visual inspection of its r-band images from

SDSS and Z-band images from the VISTA Kilo-degree Infrared Galaxy Survey (VIKING;

Edge et al., 2013) . The derived fluxes are aperture corrected and converted to magnitudes
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in the Vega system.

Each SAMI SED is compared to model SEDs generated using Bruzual & Charlot (2003)

stellar population synthesis models. This allows for variation in extinction, metallicity, age,

stellar mass, and star formation rate, as explained in § 2.3.4. Le Phare allows for a single

burst, an exponential decline, or a constant/“boxy” star formation history.

In keeping with Chapter 2, we adopt a uniform stellar mass uncertainty of ±0.2 dex

throughout this chapter.

3.2.3.2 Continuum Maps

Unlike the KROSS galaxies, the closer proximity of the SAMI galaxies allows for significant

detections of the stellar continuum in many of the SAMI spaxels within typical exposure

times. As such, before fitting the Hα and [NII] emission lines (see § 3.2.3.3), we first

measure and subtract the continuum baseline in each spaxel by finding the best-fit 0th

order polynomial (i.e. a horizontal line). To perform this fit, we first mask regions of the

spectrum containing line-emission from the source and from the sky. We then construct a

continuum map for each HQ SAMI galaxy cube by calculating the magnitude of the best-fit

0th order polynomial in its corresponding spaxel.

3.2.3.3 Velocity Field Extraction and Modelling

Following the continuum baseline subtraction, velocity fields were extracted from each of

the HQ SAMI cubes using the methodology of Stott et al. (2016), as described in § 2.3.1.

Recall that for each spectrum (i.e. each spaxel) we simultaneously fit the Hα, [NII]6548,

and [NII]6583 emission lines, where the central velocity and width of the Hα and [NII] lines

are coupled but left free to vary in unison. If the Hα S/N < 5 for a given 0.′′5× 0.′′5 spaxel,

we consider a larger area of 1.′′5× 1.′′5. If the S/N is still insufficient, we consider areas of

2.′′5 × 2.′′5 and 3.′′5 × 3.′′5, as required. If at this point the S/N is still too low we exclude

the spaxel from the resultant velocity field.

To maintain homogeneity and faciliate a direct comparison with respectively the LQ

SAMI and KROSS velocity fields, we model the HQ SAMI velocity fields with the Courteau

(1997) arctangent model given in Equation 2.3.1 and discussed in detail in § 2.3.1. Whilst
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this model is simplistic and does not account for the more complex, higher-order kinematics

that may be resolved in the HQ SAMI velocity maps, it makes for the most straightforward

comparison to the LQ SAMI cubes, allowing to quantify with confidence any biases intro-

duced in the SAMI LQ sample selection (and indirectly the KROSS sample selection) as a

result of the poorer data quality. Despite its simplicity, the arctangent function is sufficient

to measure the rotation velocity of galaxies in the outer (i.e. flat) parts of their rotation

curves and thus construct a TFR.

With the additional information available to us from SAMI galaxy continuum maps,

extensive SAMI imaging, and from a careful re-analysis of the KROSS data cubes and

photometry by Harrison et al. (in preparation), we can improve on the velocity measurement

method presented in Chapter 2. First, we make several small changes to the model fitting

process. Second, we make changes to the way we extract the rotation velocity from the

subsequent modelling. The latter are discussed later in § 3.4.2. Here we focus on the

former.

Previously, for the KROSS velocity fields, we could only constrain the best-fit dynamical

centre to be within a certain radius of the integrated Hα flux peak, but for the SAMI velocity

maps (HQ and LQ) we can instead use the peak of the continuum light distribution to

constrain this parameter. The latter is clearly preferable given that the Hα distribution of

galaxies tends to be more clumpy than the stellar light, particularly at higher-z (as can been

seen in the maps of integrated Hα emission of the KROSS galaxies presented in Figure 2.1

and Appendix A). For each of the HQ SAMI velocity fields, we thus constrain the dynamical

centre of the best-fit model field to fall within 1′′ of the peak in the continuum.

In addition to using the continuum maps, we can also improve the fitting procedure

itself. To ensure a good fit of the arctangent model to the extracted velocity field, we

employ an iterative sigma-clipping method to account for “bad” spaxels in the velocity

field (i.e. spaxels with LOS velocities unphysically large or seemingly at great odds with

those of neighbouring spaxels and the general trend of the velocity field). The method

entails finding the initial-best-fit model to the velocity field, and then using the residuals

to decide which spaxels are “bad” and remove them. Spaxels are removed via a two-sigma
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iterative clip with sigmaclip1 from SciPy2 (a collection of open-source mathematical and

scientific software in Python). Starting with the full set of residuals, the routine removes

all elements outside of the range µ ± 2σs.d., where µ is the mean of the residuals and σs.d.

is the standard deviation. The mean and standard deviation are then recalculated for the

remaining residuals and further elements are removed in the same manner. The routine

iterates until no residual is outside of the critical range. For each spaxel of the residual

map removed via this routine we also remove the corresponding spaxel from the observed

velocity field. With the bad spaxels removed from the velocity field, we then repeat the

entire process again, finding the new best-fit model and using the new set of residual values

to identify and remove further bad spaxels. As a last step we carry out a third and last fit

and thus identify the final best-fit model from the twice-“pruned” observed velocity field.

Removing spaxels in this way provides a more robust best-fit, reducing the chances of a

skewed result due to a small number of extremely outlying LOS velocity values.

Examples of observed velocity fields extracted from HQ SAMI data cubes that are

well modelled by the arctangent function, and the corresponding best-fit model are shown

in Figure 3.1. Each of the maps is also corrected for the best-fit systemic velocity (see

Equation 2.3.1). The same plot for each galaxy in a disky sub-sample (see § 3.4.3) of

SAMI HQ galaxies are displayed in Figure B.1 of Appendix B. The process of extracting

a measure of galaxy rotation from the best-fit model for use in the TFR is discussed in

§ 3.4.2 in which we detail extracting LOS velocities from the SAMI and KROSS data in

a homogeneous manner. For each HQ plot in Figure 3.1 we also include the SAMI LQ

plot for the corresponding galaxy. The conversion of the SAMI data cubes from HQ to

LQ is detailed in § 3.3.1. The extraction of the corresponding LQ velocity fields, and their

subsequent modelling is described in § 3.3.2.1. For completeness, in Figure 3.2 we show

examples of HQ velocity fields that are not well described by the arctangent function and

that dropped out of our analysis during the degrading process (described in § 3.3.1). For

each of these galaxies there is no corresponding LQ velocity field.

1http://docs.scipy.org/doc/scipy-0.14.0/reference/generated/scipy.stats.sigmaclip.html
2http://www.scipy.org/
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Figure 3.1: Three examples of SAMI HQ velocity fields that are well modelled by the
arctangent function and the corresponding LQ velocity field. HQ and LQ galaxies are
arranged in alternating rows, starting with HQ on the top row. For each galaxy the observed
(far-left) and best-fit model (centre-left) velocity fields are displayed along with the residual
(centre). The Hα flux map (centre-right) is constructed by integrating the best-fit LOS
velocity distribution in each spaxel. The rotation curve from the observed velocity field is
shown on the far-right (red points). This is constructed by extracting the mean velocity at
each spaxel along the best-fit major axis (black line in the velocity field, best-fit model, and
residual, and white line in the Hα map). The rotation curve is not corrected for inclination.
We also plot the rotation curve extracted from the best-fit model as the black curve in the
far-right panel. We include the ±1σ bootstrap uncertainties as a shaded grey region. The
vertical dashed grey lines indicate radii of ±1.31re. We include the SAMI galaxy ID at the
top right of the Hα map. We stress the black curve is not a fit to the extracted rotation
curve, but rather it is extracted from the best-fit model.
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Figure 3.2: As Figure 3.1, but for three SAMI HQ velocity fields that are not well modelled
by the arctangent function and that dropped out of our analysis after degrading.

3.3 SAMI LQ Data

3.3.1 SAMI to KROSS Match

As discussed at length above, to facilitate a direct and fair comparison between the TFR at

z ≈ 1 and z ≈ 0, we must degrade the HQ SAMI data so that they match the typical quality

of KROSS observations. Specifically, we must ensure that respectively the spatial (relative

to the size of the galaxy, i.e. in physical rather than angular scale) and spectral resolution

and sampling, and the Hα S/N of the SAMI cubes match those of KROSS observations of

galaxies of similar stellar masses. We also require that the spatial extent of the data should

be comparable to that of KROSS - more specifically we only require that the field-of-view

(FOV) or spatial extent of the Hα emission (whichever is smallest) is enough to measure

the LOS velocity in the outer (i.e. flat) parts of the galaxies’ rotation curves, as for KROSS.

The radius at which we take our velocity measure is a delicate choice and is justified and

discussed in § 3.4.2.

It should be stressed that degrading the SAMI cubes to match the typical Hα S/N of

KROSS observations does nothing to address the question of how the observed Hα S/N of

SAMI galaxies would be affected were they observed with KMOS at similar distances as

the KROSS galaxies and in the same manner as KROSS, i.e. in this work we do not adjust
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the flux to mimic the effects of “redshifting” a galaxy to z ≈ 1. We focus only on how IFU

observations of galaxies of differing qualities at any epoch bias the resultant galaxy sample

and measurements. We thus degrade the SAMI data to match the quality of KROSS purely

to negate any observational biases. We leave the subject of cosmological and evolutionary

sample selection biases to future work. Each of the-fully reduced, flux-calibrated, telluric-

corrected red data cubes from the SAMI internal data release v0.9 was thus degraded in

the following manner, step by step.

3.3.1.1 Spatial Resolution and Sampling

First, the seeing of each SAMI HQ cube was calculated by fitting a two-dimensional, cir-

cular Gaussian to the median-collapsed image of the corresponding reference star (i.e. the

median intensity value in each spaxel, that should trace the observed continuum light dis-

tribution of the star), extracted from the relevant star cube. This fit was performed using

the mpfit2dpeak function in Interactive Data Language (IDL). The seeing was then

taken as the full-width-at-half-maximum (FWHM) of the best-fit Gaussian, FWHM0, in

angular scale. The median FWHM seeing of KROSS observations is ≈ 0.7′′, corresponding

to a size of ≈ 5.3 kpc at z = 0.8 (the median redshift of KROSS galaxies). To match the

SAMI seeing in physical scale to KROSS we thus require a FWHM1 = 5.3 kpc/SD, where

SD is the co-moving distance at the redshift of the SAMI galaxy, calculated assuming a

WMAP9 cosmology (Hinshaw et al., 2013).

To match the seeing of the SAMI data cubes to that of KROSS, we therefore simply

convolved each spectral slice with a two-dimensional circular Gaussian (normalised so that

its integral is unity) of width

FWHMδ =

√
FWHM2

1 − FWHM2
0 . (3.1)

Next, using a third-degree bivariate spline approximation (the RectBivariateSpline3

routine in scipy module in Python), we regrided each of the spatially-convolved slices

3http://docs.scipy.org/doc/scipy/reference/generated/scipy.interpolate.

RectBivariateSpline.html
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of the SAMI cube so that the physical size of the spaxels matches that of KROSS. We

calculated the number of spaxels, N1, required across the width of each square SAMI slice

as

N1 = 0.′′5SDN0/ lK , (3.2)

where N0 is the original number of spaxels across the width of the SAMI slice and lK =

1.6kpc is the physical width of a 0.′′2 wide KROSS spaxel at the median redshift of KROSS

galaxies (z = 0.8).

3.3.1.2 Spectral Resolution and Sampling

We then require to match the SAMI resolving power to that of KROSS. We use a Gaussian

filter in Python to smooth the spectrum of each spaxel, using a Gaussian of width

FWHMd =

√
FWHM2

K − FWHM2
S , (3.3)

where FWHMK = λcentral/(RK) is the width of a Gaussian corresponding to the SAMI spec-

tral resolution required to match the resolving power of KROSS (RK), λcentral is the central

wavelength of the SAMI red filter and FWHMS is the width of a Gaussian corresponding to

the original spectral resolution of SAMI. To match the spectral sampling to that of KROSS

we then binned up the smoothed spectra, using a linear interpolation to calculate the flux

in each bin.

3.3.1.3 Hα S/N

Lastly, we match the distribution of Hα S/N in the spaxels of each SAMI cube to that

of KROSS observations of galaxies of similar masses. As discussed in § 3.2.3.2, given that

we typically do not detect spatially extended continuum emission in KROSS, and that

we are primarily interested in a comparison of the gas kinematics of SAMI and KROSS

galaxies, we first remove any continuum signal from the SAMI cubes by fitting a 0th order

polynomial to the spectrum of each spaxel of each SAMI cube, excluding regions containing
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sky, Hα or [NII] emission, and then subtracting the best-fit from each spectrum. Using

the baseline-subtracted cubes, we then simultaneously fit the Hα, [NII]6548, and [NII]6583

emission lines of each spectrum with three single Gaussians, in the exact same manner

as described in § 2.3.1. Both the baseline fit and emission line fits are performed using

the routine PySpecKit (Ginsburg & Mirocha, 2011), that uses mpfit4 (Markwardt 2009;

translated into Python by Mark River and updated by Sergey Koposov), that employs a

Levenberg-Marquardt minimisation algorithm. We then take the S/N of the Hα emission

in each spaxel as the square root of the difference between the χ2 value of the best-fit

Gaussian (to the Hα emission line) and that of the best-fit straight line (avoiding regions

of sky emission). This approach relies on the assumption that the χ2 of the noise in the

spectrum is unity i.e. that the noise is Gaussian.

To ascertain the typical S/N of the Hα emission in KROSS observations of galaxies of

a similar mass, for each SAMI galaxy we select galaxies from the KROSS survey within the

stellar mass interval log(MS/M�)±∆M , where MS is the stellar mass of the SAMI galaxy

in question, and initially ∆M = 0.01 dex. If necessary, ∆M is increased in increments of

0.01 dex such that there are at least 2 KROSS galaxies with which to compare each SAMI

galaxy. For each KROSS galaxy selected, we then calculate the S/N of the Hα emission in

each spaxel. To match the S/N of the SAMI galaxy to the KROSS galaxies, we require that

the maximum S/N of the spaxels in the SAMI cube ( (S/N)S,max) is equal to the maximum

S/N measured across all spaxels of all the mass-matched KROSS cubes ((S/N)K,max). To

achieve this, we must therefore increase the noise (and thus decrease the S/N) in all the

SAMI spectra. We thus require a final noise value

Nf = Ni (S/N)S,max/ (S/N)K,max . (3.4)

for the spectrum in each SAMI spaxel, where the noise Ni is the root-mean-square value of

the original spectrum in an wavelength range devoid of signal. To set the final noise to the

required value, we add random Gaussian noise to the original spectrum where the width of

the noise Gaussian is given by

4https://code.google.com/p/astrolibpy/source/browse/mpfit/mpfit.py
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σrms,δ =
√
N2

f −N2
i . (3.5)

3.3.2 SAMI LQ TFR

3.3.2.1 Velocity Field Models

Once the SAMI cubes are degraded to match the quality of KROSS observations, we extract

velocity fields in the same manner as for the SAMI HQ and KROSS cubes, as described

in § 2.3.1 and § 3.2.3.3. To model the resultant velocity fields we use the same iterative

clipping method as described in § 3.2.3.3. However, given that the residuals between the

observed and best-fit model velocity fields may not be as sharply peaked, we err on the

side of caution and iteratively remove spaxels with residuals outside of a critical range of

µ±2.5σs.d. only. The width of this critical range was a subjective choice but was determined

as a compromise between maintaining a reasonable number of spaxels in the velocity field

and ensuring the best-fit is not biased by clear outliers (as determined by visual inspection

of a subset of SAMI LQ observed and best-fit velocity fields). The dynamical centres are

again constrained to be spatially coincident with the peak of the continuum derived from

the HQ SAMI cubes. Given the uncertainty in the HQ to LQ centering, however, we relax

the constraint on the best-fit dynamical centre such that it now must fall within 1.5 spaxels

of the peak continuum position. This matches the constraint applied when finding the best-

fit model KROSS velocity fields (see § 3.4.1 ), where the position of the continuum peak is

measured from maps with spaxels equal in size to the KROSS velocity maps and therefore

with a much coarser spatial sampling than the SAMI HQ continuum maps. Examples of

the LQ SAMI velocity fields and associated best-fit models are displayed in Figure 3.1.

The same plot for each galaxy in a disky sub-sample (see § 3.4.3) of SAMI LQ galaxies are

displayed in Figure B.2 of Appendix B.

3.3.2.2 SED Fits

Since the purpose of degrading the SAMI data cubes was to make a fair and direct com-

parison of the KROSS z ≈ 1 TFR and the SAMI z ≈ 0 TFR, we apply the same conditions
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to the SED fits as we applied to degrading the quality of the SAMI cubes. Specifically, we

must restrict the available SAMI photometry to only include bandpasses that match those

available in the restframe for the KROSS galaxies. In practice, this means truncating the

full SAMI photometry range to only span the FUV to K band. Stellar masses and absolute

K-band magnitudes are then derived from the truncated SEDs using Le Phare in the

exact same manner as for the KROSS photometry in Chapter 2 (see § 2.3.4).

3.4 Homogenising the TFRs

After completing the velocity field modelling and SED fitting for the SAMI HQ and SAMI

LQ samples, we may now begin to compare the TFRs of each sample to those of KROSS.

However, to do this we must first ensure that the relations of each sample are constructed

in the most homogeneous manner possible. This includes ensuring that we extract a LOS

velocity for each galaxy at the same radius, despite the differences in the spatial resolution

of the imaging between the various samples. It also entails selecting galaxies using uniform

criteria to construct the TFRs of each sample. Since we wish to exclude galaxies from

our analysis based on the ratio of rotation to dispersion support in each, we must extract

intrinsic velocity dispersions from the SAMI HQ and LQ data cubes in the exact same

manner as Stott et al. (2016) did from the KROSS cubes. Additionally, with the privilege

of more accurate measures of the size and inclination for the KROSS galaxies, as derived

by Harrison et al. (in preparation) in a careful analysis of composite KROSS imaging, we

may now improve the modelling process of the KROSS velocity fields so that it matches the

methods applied to the SAMI HQ and SAMI LQ fields.

In light of these requirements, in this section we detail steps taken to homogenise the

SAMI HQ, SAMI LQ and KROSS TFRs presented in § 3.5. In particular we describe

improvements to the measure of the KROSS TFR in § 3.4.1, consistent measurements

(between the SAMI HQ, SAMI LQ, and KROSS samples) of galaxy rotation and intrinsic

velocity dispersion in § 3.4.2 and § 3.4.2, respectively and the application of identical criteria

to select sub-samples of galaxies (based on the selections presented in § 2.3.5) from both

the KROSS and SAMI (HQ and LQ) data sets.
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3.4.1 KROSS Measurements Improvements

As mentioned in § 3.2.3.3, as a result of a careful re-analysis of the KROSS data cubes and

photometry by Harrison et al. (in preparation), we are now able to improve on the KROSS

galaxy rotation velocities presented in Chapter 2. The improvements are made to both the

velocity field fitting process and the methods of velocity extraction from the subsequent

best-fit model velocity fields. The former stem from employing the improved iterative 2.5σ-

clipping fitting routine (as detailed in § 3.2.3.3) to find the new best-fit arctangent model,

and from the use of newly measured continuum peak positions to constrain the best-fit

dynamical centre. Despite the difficulty of measuring continuum in the KROSS cubes,

Harrison et al. found that many KROSS cubes have a number of spaxels with detectable

continuum emission. In the majority of cases (84% of KROSS galaxies detected in Hα)

this allows to measure the position of the continuum peak. Unfortunately the continuum

is still insufficient to measure a radius. In a small number of additional cases (11% of Hα

detected KROSS galaxies) for which the continuum emission is too faint (as judged by eye),

the integrated Hα flux map is used to confirm the estimate of the galaxy centre from the

continuum map. In the remaining cases (5% of Hα detected KROSS galaxies) neither of

these methods are applicable, so the best centre position is determined by visual inspection

of the observed velocity field. As with the LQ SAMI velocity field modelling, we constrain

the best-fit dynamical centre to fall within 0.′′3 of the best centre position. The best-fit

model velocity fields and corresponding observed velocity fields for a disky sub-sample (see

§ 3.4.3) of KROSS galaxies are displayed in Figure B.3 of Appendix B. There we also

display rotation curves extracted from both, along with the integrated Hα maps for each

galaxy.

Following the improved velocity field fitting, the improvements to the subsequent mea-

sure of the galaxy rotation velocity stem from the use of the newly measured characteristic

radii and inclinations derived by Harrison et al. using the finest spatial resolution archival

images available for the KROSS galaxies. The archival imaging comprises HST observa-

tions of the majority of the KROSS fields (the Extended Chandra Deep Field-South Survey

(ECDFS) field, the COSMOlogical evolution Survey (COSMOS) field, and subsets of the
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UK Infrared Telescope (UKIRT) Infrared Deep Sky Survey (UKIDSS; Lawrence et al., 2007)

Ultra Deep Survey (UDS) field), and UKIRT images of those UDS targets without HST

imaging and each Special Selected Area (SSA22) target.

Both the half-light radii and inclinations derived from the KROSS broad-band images

are improvements over those derived from the integrated Hα maps in Chapter 2, as the

broadband images trace primarily the stellar light, that is less prone to clumpiness than the

Hα emission. Since it better traces the underlying stellar mass, the peak of the stellar light

is also more likely to coincide with the true dynamical centre of the galaxy, particularly at

high-z. For the same reasons, the inclinations derived from Hα less accurately constrain

the true inclinations of the galaxy disks.

The improvements listed here mean that the resultant KROSS TFRs are directly com-

parable to the SAMI HQ and LQ relations with regard to their method of construction.

3.4.2 Rotation Velocity and Velocity Dispersion Measurement

Satisfied that the methods used to construct and model the velocity fields of each of the

SAMI HQ, SAMI LQ, and KROSS galaxy samples are as homogeneous as possible, we must

also ensure that we extract a LOS velocity from each galaxy at a uniform radius across each

of the model fields, taking account of differences between both the spatial resolution of

the broadband imaging of each survey and between the broadband imaging and the IFU

observation of each.

As there are potential degeneracies between several parameters of the arctangent model

(e.g. between the turnover radius, inclination and asymptotic rotation velocity), we do

not assign any physical meaning to the best-fit model parameters (aside from the best-fit

systemic velocity and the position angle, both of which seem to be robustly measured).

The best-fit model is intended solely as a noiseless description of the observed velocity field.

For the measure of the rotation velocity necessary in the TFR, we evaluate the best fit

arctangent function at 1.31 times the effective (half-light) radius re, as measured in the r-

and (predominantly) H-band for respectively SAMI and KROSS (see § 3.4.1), corrected

for the image’s PSF, and then convolved to the “native” seeing of the velocity maps. This

radius is equivalent to 2.2 times the scale length of an exponential disk, and is physically
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well motivated as it corresponds to the peak of the rotation for such a disk (Freeman, 1970;

Courteau & Rix, 1997; Miller et al., 2011). It also allows to extract the velocity measure

at the same radius across the large majority of galaxies in each of the SAMI HQ, SAMI

LQ, and KROSS data sets. See Figure 3.4 for a comparison of the stellar half-light radii

(panel a) and Hα radial extent (panel d) of the SAMI and KROSS galaxies, that shows that

whilst the average re of KROSS galaxies is larger than the average SAMI HQ and SAMI

LQ re, the fraction of galaxies with Hα emission that extends out to or beyond 1.31re (2.2

times the disk scale length) is comparable between the KROSS, SAMI HQ and SAMI LQ

samples. We note that this radius is smaller than r80 used in Chapter 2, that corresponds

to ≈ 1.8re (≈ 3 times the disk scale length). If the Hα emission does not reach 1.31re, we

extract the velocity measure at the maximum Hα extent along the galaxy’s position angle

axis.

Finally, the rotation velocity measure, which we refer to as v2.2, is corrected for the

effects of inclination i derived from the galaxy axial ratio q as

cos(i) =

(
q2 − q2

0

1− q2
0

)1/2

, (3.6)

where q is measured in the same band as re. We adopt an intrinsic axial ratio of q0 = 0.2,

following the prescription adopted by Davis et al. (2011) for late-type galaxies in the local

Universe.

The intrinsic velocity dispersion of each KROSS galaxy was measured by Stott et al.

(2016). We measure the corresponding values for the SAMI HQ and LQ data sets in the

exact same manner, summarised as follows. We first construct a map of the observed

velocity dispersion σobs, by plotting in each spaxel the width of the best-fit Gaussian to the

Hα emission line in that spaxel. We then calculate the intrinsic velocity dispersion in each

spaxel as

σi =
√

(σobs − dv/dr)2 − σ2
inst , (3.7)

where dv/dr is the local velocity gradient (calculated within the seeing radius and measured

from the best-fit model velocity field), and σinst is the instrument spectral PSF. For a unique
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measure of the intrinsic velocity dispersion of each galaxy (σ), we then simply take the flux-

weighted average of all the resultant intrinsic velocity dispersions within the map.

3.4.3 Sample Selection

The final step to construct the TFRs is to carefully and uniformly select those galaxies

from each data set that are suitable for inclusion in the relations. Since the sample selection

criteria are almost identical to those described in § 2.3.5, we retain the sample nomenclature,

sorting the galaxies into three categories, namely the parent, all, and disky sub-samples.

As previously, we define the parent sub-samples as those galaxies that are detected in

Hα, and for which we are able to measure a rotation velocity (even if the Hα emission does

not extend out to 1.31re) with a fractional error less than 30% (for this step, we include an

inspection by eye of the velocity field for each galaxy to ensure the velocity field extraction

process has been successful i.e. the velocity field contains sufficient spaxels as to measure

a velocity). The corresponding best-fit model to the observed velocity field must also have

an associated goodness of fit parameter R2 > 85% (see § 2.3.5). Lastly, each galaxy must

have M∗ and MK values from SED fitting.

Considering the HQ SAMI data set, there are 805 galaxies detected in Hα. Each of

these has an associated M∗ and MK . We were able to successfully measure a LOS velocity

for 779 of these 805 galaxies. Of those, 715 galaxies had a fractional uncertainty in the

measured LOS velocity less than 30%. Finally, R2 of the associated best-fit to the observed

velocity field was greater than 85% for 646 of those 715 galaxies, that thus comprise the

HQ SAMI parent sample.

Of the 805 LQ SAMI data cubes, we were able to detect Hα in, and extract a velocity

map from, 628 of them. Each of these again had an associated M∗ and MK . We successfully

measured a LOS velocity for 578 of these 628 galaxies. 503 of these had a fractional error

less than 30%. Finally, of these 503 galaxies, 434 had an R2 > 85% from their best-fit

model and constitute the LQ SAMI parent sample.

Given the improved KROSS best-fit models (see § 3.4.1), we reapply the selection cri-

teria to the 585 KROSS galaxies with resolved Hα emission. Of these, 573 galaxies have

associated M∗ and MK , each of which we were able to measure a LOS velocity for. 507 of
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those 573 measurements had a fractional uncertainty less than 30%. However, only 352 of

those 507 galaxies had a best-fit to the velocity field with an associated R2 > 85% and thus

form the KROSS parent sample.

Similarly to Chapter 2, we define the all sub-samples as those galaxies that are a member

of the parent sample, but also have a sufficient radial extent in Hα to emperically constrain

the velocity measure adopted here (we thus require a maximum Hα radius rHα,max ≥ 1.31re).

We apply kinemetry5 (Krajnović et al., 2006) in order to exclude major-merger candidate

systems from each of the SAMI HQ and LQ galaxies following the prescription of Shapiro

et al. (2008) and in the exact same manner as for the KROSS galaxies, described in § 2.3.5.

We exclude those galaxies with an associated kinemetry asymmetry parameter Kasym ≥

0.5. We increase the severity of the cut in galaxy inclination from i > 25◦ in Chapter 2

to i > 35◦ in keeping with the findings presented in Chapter 4 (see § 4.3.2). Unlike in

Chapter 2, we do not require that the best-fit dynamical centre be spatially coincident with

Hα emission, as we are anyway now able to much better constrain the dynamical centre and

galaxy size from the broadband images. In this chapter we add one further final criterion

to the all sub-samples, that the ratio of rotation to intrinsic velocity dispersion v2.2/σ > 1.

Whilst this criterion was not explicitly applied in Chapter 2, the other selection criteria

of the all sub-sample served to effectively impose it; all the galaxies in the Chapter 2 all

sub-sample had v80/σ > 1 (note the LOS velocity extracted at the radius containing 80%

of the Hα flux, rather than v2.2 used in this chapter).

Of the 646 SAMI HQ parent galaxies, 436 have rHα,max ≥ 1.31re. 382 of these have

i > 35◦ and a further 347 also have Kasym ≤ 0.5. A final 308 of these galaxies have

v2.2/σ > 1, thus comprising the HQ SAMI all sample.

Of the 434 SAMI LQ parent galaxies, 319 have rHα,max ≥ 1.31re, of which 284 have

i > 35◦, and 234 also have Kasym ≤ 0.5. A further 220 of these galaxies have v2.2/σ > 1,

thus constituting the LQ SAMI all sample.

Lastly, considering the KROSS parent sample of 352 galaxies, 283 of them have rHα,max ≥

1.31re), of which 232 have i > 35◦. All 232 of these galaxies have Kasym ≤ 0.5, and 212 of

these have v2.2/σ > 1, thus forming the KROSS all sample.

5kinemetry for IDL http://davor.krajnovic.org/idl/
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Sub-sample NHQ NLQ NKROSS Selection

parent 646 434 352 Detected in Hα, v2.2 > 0, ∆v2.2/v2.2 < 0.3,
R2 ≥ 85%, MK and M∗ from SED fitting

all 308 220 212 Member of parent, rHα,max/re ≥ 1.31,
Kasym ≤ 0.5, v2.2/σ > 1, i > 35◦

disky 162 162 50 Member of all, v2.2/σ > 3

Table 3.1: Summary of the selection criteria and size for the sub-samples defined in § 3.4.3.

Finally, as in Chapter 2, for each data set we define a disky sub-sample comprising all

those members of the all sub-sample for which the ratio of rotation velocity to intrinsic

velocity dispersion v2.2/σ > 3. This results in disky sub-samples of 162 HQ SAMI, 162 LQ

SAMI, and 50 KROSS galaxies.

A summary of the selection criteria of each sample, along with the number of galaxies

in each, is provided in Table 3.1 for each of the SAMI LQ, SAMI HQ, and KROSS data

sets.

3.5 Results

In this section we present the M∗ and MK TFRs of the all and disky sub-samples of the

SAMI HQ, SAMI LQ and KROSS data sets. In Figure 3.4 we present histograms of various

derived quantities for the parent, all and disky sub-samples of each of the three data sets.

These include the quantities used to construct the TFRs (i.e. v2.2, σ, MK , and M∗), but

also quantities that inform our interpretation and discussion of the relations, namely the

intrinsic half-light radius re and the scaled Hα radial extent relative to the stellar disk

rHα,max/h, where we calculate the disk scale length as h = 0.6re under the assumption that

each galaxy is an exponential disk. In Figure 3.3 we further present the mass-size relations

of the SAMI HQ, SAMI LQ, and KROSS parent samples, that show that the galaxies of all

three data sets follow the same general trend of increasing size with increasing stellar mass

(as is expected), although the KROSS sample is clearly biased to higher stellar masses.

The SAMI HQ and LQ TFRs are compared in § 3.5.1, where the biases introduced via

the degrading process are explored. In § 3.5.2 we then compare the SAMI LQ and KROSS

TFRs to measure the evolution of the relations since z ≈ 1.
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Figure 3.3: Mass-size relation (re-logM∗/M�), for the SAMI HQ (black), SAMI LQ (red),
and KROSS (blue) parent sub-sample, respectively. The three sub-samples generally follow
the same trend, more massive galaxies tending to be larger (as expected Shen et al., 2003;
Bernardi et al., 2011). The KROSS parent sub-sample is, however, limited to higher stellar
masses than the SAMI HQ and LQ sub-samples.
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Figure 3.4: Distributions of the intrinsic (i.e. deconvolved) half-light radii (re),
log(M∗/M�), MK , v2.2 and σ, as defined in the text, for respectively the SAMI HQ, SAMI
LQ, and KROSS parent, all and disky sub-samples (defined in § 3.4.3). For each of the
three data sets, the width of the distribution, and the position of the peak in all of the
distributions remain approximately constant between the parent sample and sub-sample all
for each of the three data sets. Comparing the disky sub-sample to the parent and all sub-
samples for all three data sets, however, the peak position is similar for MK , log(M∗/M�)
and σ but is biased to higher values for v2.2. The KROSS disky sub-sample is also biased
towards galaxies with larger re. However, this is not the case for the SAMI HQ and LQ
disky sub-samples. The green dashed line in panel (d) indicates the radius corresponding to
1.31re (2.2 disk scale lengths) at which we measure the LOS velocity for the TFRs shown
in § 3.5.1 and § 3.5.2. It can be seen that the fraction of galaxies with rHα,max ≥ 1.31re

is comparable between the three parent samples. rHα,max ≥ 1.31re for the all and disky
sub-samples of all three data sets, by design.
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TFR Sample SAMI LQ-SAMI HQ KROSS-SAMI LQ

MK all 0.1 ± 0.3 mag -0.6 ± 0.4 mag
disky 0.0 ± 0.6 mag 0.0 ± 0.6 mag

M∗ all -0.1 ± 0.2 dex 0.1 ± 0.2 dex
disky 0.0 ± 0.2 dex -0.2 ± 0.2 dex

Table 3.4: Zero-point offsets between respectively the SAMI HQ and SAMI LQ TFRs
and the SAMI LQ and KROSS TFRs, measured with a fixed slope at a given rotation
velocity. Uncertainties are quoted at a 1σ level (parameters are quoted at the corresponding
precisions).

3.5.1 SAMI: LQ vs. HQ

Considering only the SAMI HQ and LQ parent sub-samples, Figure 3.4 (b), (c), and (f)

demonstrates that the degrading process described in § 3.3.1, and the subsequent velocity

field modelling and extraction, do not significantly bias the resultant MK , M∗, and σ

distributions. However, panels (a), (d), and (e) reveal that compared to the SAMI HQ

parent sub-sample, the SAMI LQ parent sub-sample is biased towards galaxies with larger

re and rHα,max/0.6re, with a large reduction in the number of galaxies with low v2.2.

This can be understood by considering how the degrading process disproportionately

affects those galaxies that are either intrinsically compact, or have compact Hα emission.

In these cases, decreasing the spatial resolution and sampling make it harder to measure a

velocity gradient across the Hα emission. Most importantly, we must consider how matching

the Hα S/N of the LQ SAMI cubes to those of KROSS observations can also bias our

measurements (and thus sample) toward more extended objects. Since we expect the Hα

to be somewhat centrally peaked (James et al., 2009), adding noise so that the peak of the

SAMI Hα S/N distribution matches that of the KROSS galaxies will disproportionately

affect the spaxels in the outer regions of the SAMI cubes (corresponding to lower Hα

S/N), away from the galaxy centres. This means that the size of the region in which we

can succesfully detect and fit the Hα emission is considerably reduced as a result of the

degrading process. Since in general a galaxy’s size, mass, and rotation are coupled (e.g.

Shen et al., 2003; Bernardi et al., 2011), it is unsurprising that the primary effect of the

degrading process is to exclude those galaxies that are more compact and more slowly

rotating.
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It is also clear that, not only does the R2 > 85% condition excludes more galaxies

from our analysis than any other criterion used to select the parent sub-samples for each

data set, but also that relatively more are excluded from the LQ than the HQ sample as

a result of this cut. Considering the application of this criterion in the final step of the

parent sub-sample selection for the HQ and LQ data sets (i.e. to those galaxies detected

in Hα, with v2.2 > 0, ∆v2.2/v2.2 < 0.3, and M∗ and MK from SED fits), ≈ 10% of HQ

galaxies are excluded by the cut whereas ≈ 14% of LQ galaxies are excluded. It is therefore

apparent that the degrading process reduces the number of galaxy velocity fields that are

well described by the arctangent model.

Although there is a clear reduction in the number of galaxies when considering the all

and disky sub-samples (from 646 to 308 and 162 galaxies for the SAMI HQ data set and

from 434 to 220 and 162 galaxies for the SAMI LQ data set, respectively; see Table 3.1),

applying the selection criteria of the all and disky sub-samples to both parent sub-samples

does not appear to introduce any further bias between the SAMI HQ and SAMI LQ data

sets.

Before comparing the TFRs of the SAMI HQ and LQ data sets, however, it is informative

to first compare the measurements used to construct both, i.e. assess how the measurements

of v2.2 and σ are affected by the degradation process and subsequent velocity field extraction

and modelling. Similarly, we must quantify to what extent the truncation of the SAMI SEDs

alters the derived M∗ of each galaxy (MK is nearly SED independent and thus unaffected).

We thus compare the v2.2, σ, and M∗ measurement of those galaxies in the SAMI LQ parent

sample to the corresponding measurements made using the SAMI HQ data.

Figure 3.5 shows comparisons between the LQ and HQ measurements of v2.2 (top), σ

(middle), and M∗ (bottom). The parameters of the bisector of the best forward and best

reverse straight line fit (with free slopes) to each comparison are listed in Table 3.5, along

with measures of the total and intrinsic scatters. The LQ and HQ measurements generally

agree with each other, being highly correlated with best fits consistent with 1:1 relations

with varying total scatters (and no systematic offset between the HQ measurements and

the corresponding LQ measurements). For each measure, we calculate total and intrinsic

scatters that are consistent between the HQ and LQ measurements. For the v2.2 measure-
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ments, we find a total scatter of 50.8± 0.2 and 51.2± 0.2 km s−1 for the LQ and HQ data,

respectively and corresponding intrinsic scatters of 50.0± 0.2 and 50.00± 0.05 km s−1. For

the measurements of σ, we find a total scatter of 10± 6 and 8± 2 km s−1 for respectively

the LQ and HQ measurements. We find both the corresponding intrinsic scatters to be con-

sistent with zero, suggesting perhaps that the uncertainties in σ are over-estimated. The

correlation between the LQ and HQ measurements of M∗ gives a total and intrinsic scatter

of 0.341 ± 0.002 and 0.20 ± 0.2 dex, respectively for both the HQ and LQ measurements.

Both measures of scatter in M∗ are therefore essentially equal between the HQ and LQ

data set. This suggests that the truncation of the SAMI LQ SEDs to match the KROSS

(restframe) wavelength range does little to alter the accuracy or precision in the subsequent

M∗ measure from SED fitting.

That the best fits between the SAMI HQ and LQ measurements are consistent with 1:1

relations is encouraging when anticipating the KROSS measurements, as it demonstrates

that despite increased scatter, reduced quality data do not hamper our ability to recover

general trends in v2.2, σ, and M∗ essential to accurately measure the TFR. We therefore

proceed to compare the SAMI HQ and SAMI LQ all and disky TFRs, in the knowledge

that any difference between the relations is primarily a result of the bias to the sample

selection introduced by the degradation process, rather than any bias in the measurements

themselves. We must however keep in mind that the scatter in the measurements will be

affected by the reduced data quality from SAMI HQ to LQ.

Figures 3.6 and 3.7 show respectively the MK and M∗ TFRs of the SAMI HQ and LQ

all (top panel) and disky (bottom panel) sub-samples. The parameters of the bisector of

the best forward and best reverse straight line fit (with free slopes) to each relation are

listed in Tables 3.2 and 3.3, along with measures of the total and intrinsic scatters. We

see that within each data set (HQ and LQ), and for both the MK and M∗ TFRs, the total

and intrinsic scatters in both axes are reduced in the disky relations compared to the all

relations, as a result of the tighter cut in v2.2/σ. We also note that the all TFRs of both

samples have larger total scatters compared to those of previous work at similar redshifts

(Tully & Pierce (2000) found a total scatter of 0.44 mag in the K ′-band TFR of z ≈ 0 spiral

galaxies and Verheijen (2001) measured a total scatter of 0.32 mag in the same filter,
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Figure 3.5: SAMI LQ parent sample measurements of v2.2 (top), σ (middle) and M∗ (bot-
tom) versus the corresponding SAMI HQ measurements. The black solid line in each panel
is the bisector of the best forward and best reverse fits (with free slopes) to the data. We
include an inset panel with increased axis limits in panel (b) to show four outliers that would
otherwise not be displayed in the main plot. In all cases, the LQ and HQ measurements
generally agree, with the bisector fits consistent with one-to-one relations with varying scat-
ters and no systematic offsets between the HQ measurements and the corresponding LQ
measurements.
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whilst Bell & de Jong (2001) and Pizagno et al. (2005) measure a total scatter of 0.13

dex and an intrinsic scatter of 0.16 dex, respectively in stellar mass TFR of local late-type

galaxies). Whilst these scatters may not be driven purely by the inclusion (or exclusion) of

systems with small v2.2/σ, it would seem that given the intrinsically low velocity dispersions

of the SAMI galaxies (see Fig. 3.4 f) and indeed local late-type galaxies, a v2.2/σ > 1 cut is

not stringent enough to select truly rotation-dominated galaxies that obey the assumption

of circular motions implicit in the TFR. One should thus bear this in mind when considering

the results of studies at high redshifts that have applied such a cut to select galaxies suitable

for comparison with z ≈ 0 TFRs.

The slopes of the SAMI HQ and LQ MK and M∗ TFRs are consistent within uncertain-

ties, for both the all and disky sub-samples.The slopes of the MK all relations of both data

sets are slightly shallower than those of previous similar studies (e.g. Tully & Pierce 2000

measure a slope of −8.78 for the local K ′-band TFR, whilst Verheijen 2001 measure slopes

varying from −8.0 to −10.6 for the TFR in the same passband for various galaxy samples),

but this discrepancy disappears when considering the disky sub-sample TFRs, that have

steeper slopes than those of the all sub-sample relations in every case. The slopes of the

M∗ all relations of both data sets are consistent within uncertainties with those of a similar

study by Pizagno et al. (2005), who measure a slope of 3.05±0.12 for the stellar mass TFR

of local galaxies. However, the slopes of both disky TFRs are steeper than that of Pizagno

et al. (but consistent with the composite stellar mass relation of Chapter 2 - see § 2.4.1 and

Table 2.3).

To measure any offset between the zero-points of the SAMI HQ and LQ TFRs, we fix

the slopes of the LQ relations to those of the corresponding HQ relations. The resulting

SAMI HQ-SAMI LQ zero-point offsets are listed in Table 3.4. There is no significant offset

of the zero-points of any of the TFRs for the all and disky sub-samples taken separately.

Comparing the scatters of the relations of the two data sets, somewhat surprisingly the

SAMI HQ and LQ MK and M∗ relations of the all sub-samples display comparable total

and intrinsic scatters in both axes. In fact, the scatter of the LQ relations are formally

slightly lower. This is probably again testament to sample selection being the driving

factor of the scatters in these relations. A key factor here is probably the inclusion of
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Figure 3.6: The MK TFRs of the SAMI HQ and SAMI LQ all (top panel) and disky
(bottom panel) sub-samples as described in § 3.4.3. The black and red solid lines are the
bisectors of the best forward and best reverse fits (with free slopes) to the SAMI HQ and
LQ data, respectively. In each panel, the red dotted line is the best straight line fit to the
SAMI LQ data with the slope fixed to that of the best (free) fit to the corresponding HQ
data. The embedded panel in (b) shows the disky TFRs but with the axes ranges of (a).
For both all and disky, the slopes, offsets, and scatters of the SAMI HQ and LQ TFRs
generally agree. The LQ TFR of the all sub-sample is however slightly truncated at its
lower end compared to the HQ relation. This results in slightly decreased scatters in the
LQ TFR compared to the HQ relation, as the scatters increase in both relations at low
velocities. For the disky sub-sample, however, the scatters of the LQ TFRs are higher than
those of the HQ relations, as expected.
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Figure 3.7: As Figure 3.6, but for the M∗ TFRs of the SAMI HQ and SAMI LQ all and
disky sub-samples, as described in § 3.4.3.
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more galaxies at the low-velocity end of the TFR in the SAMI HQ relations. Indeed, the

scatter in both axes visibly increases with decreasing velocity for each of the TFRs. We also

know that the degrading process preferentially selects galaxies with more spatially extended

Hα emission. It may thus be that our measurements of the rotation velocities of galaxies

with compact Hα are inaccurate due to the compactness of the Hα emission and the finite

spaxel size of the SAMI cubes, even for the HQ data. However, once those same cubes are

degraded, we may then be entirely unable to detect the Hα emission and therefore unable

to measure any rotation, excluding those galaxies from any subsequent LQ TFR. In this

respect, and somewhat ironically, the process of degrading the SAMI data may actually

act to preferentially select only those SAMI cubes of the highest quality (in terms of Hα

emission stength and spatial extent), thus leading to lower scatter.

In this section we have thus shown that there are tangible differences between the SAMI

HQ and LQ TFRs (primarily in the scatter), and that these are due to a combination of

selection (primarily for the all sub-sample) and measurement (primarily for the disky sub-

sample) effects. Therefore, to make a fair and unbiased comparison between the KROSS

z ≈ 1 TFRs and the SAMI z ≈ 0 TFRs, we now proceed to compare the SAMI LQ TFRs

to the KROSS TFRs and do not discuss further the SAMI HQ relations.

3.5.2 KROSS vs. SAMI LQ

Figures 3.8 and 3.9 show respectively the MK and M∗ TFRs of the SAMI LQ and KROSS

all (top panel) and disky (bottom panel) sub-samples. The corresponding bisector best-fit

parameters (with free slopes) are listed in Tables 3.2 and 3.3, along with the parameters of

the best-fits to the KROSS TFRs when the slope is fixed to that of the corresponding SAMI

LQ relation. For reference, we also show in Figures 3.8 and 3.9 the relevant composite z ≈ 0

comparison relations used in Chapter 2 (and discussed in detail in § 2.4.1), as well as the

corresponding Chapter 2 fits to the KROSS data where the slopes are fixed to those of the

composite z ≈ 0 relations. These relations will inform our interpretation of the main results

presented in this chapter.

First, considering the TFRs of the SAMI LQ and KROSS all sub-samples, the slopes

of the MK and M∗ KROSS TFRs are much shallower than those of the corresponding
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Figure 3.8: The MK TFRs of the SAMI LQ and KROSS all and disky sub-samples, as
described in § 3.4.3. The red and blue solid lines are the bisector of the best forward and
reverse fits (with free slopes) to the SAMI LQ and KROSS data, respectively. The blue
dashed line is the best fit the KROSS disky sub-sample TFR of the current chapter with
the slope fixed to that of the best (free) fit the SAMI LQ disky sub-sample TFR. The green
dashed line is the best fit the the z ≈ 0 comparison MK TFR of Chapter 2. The embedded
panel in (b) shows the disky TFRs but with the axes ranges of (a).
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Figure 3.9: As Figure 3.8, but for the M∗ TFRs of the SAMI LQ and KROSS all and disky
sub-samples, as described in § 3.4.3. The green dashed line is the best fit the the z ≈ 0
comparison M∗ TFR of Chapter 2.
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SAMI LQ relations. This may be the result of a combination of the increased scatter in

the KROSS data and their artificial truncation at low luminosities or stellar masses (and

thus velocities), due to the limiting magnitude (and thus roughly mass) of the KROSS

sample. As the low-mass ends of the TFRs are not probed, the KROSS TFR slopes are

also less well constrained. Now considering the SAMI LQ and KROSS TFRs of the disky

sub-samples, we see that the slopes of both the MK and M∗ KROSS TFRs are much steeper

than for the all sub-sample, while there is general agreement with the corresponding SAMI

LQ TFRs within the uncertainties (although the slope of the MK KROSS TFR of the disky

sub-sample is still slightly shallower than that of the corresponding SAMI LQ relation).

Considering the scatters of the SAMI LQ and KROSS TFRs of the all sub-samples, the

total scatters in the ordinate of the MK and M∗ KROSS TFRs are actually smaller than

those of the corresponding SAMI LQ relations. However, the difference is reversed for the

MK relation when instead considering the intrinsic scatter, whilst for the M∗ relation the

intrinsic scatters are consistent within the uncertainties. Considering the scatters in the

abscissa of the same relations, the total and intrinsic scatters of both KROSS TFRs for the

all sub-sample are at least comparable to, and in most cases larger than, the corresponding

SAMI LQ relations. Now comparing the SAMI LQ and KROSS TFRs of the disky sub-

sample, the total and intrinsic scatters in MK , M∗, and v2.2 are larger for the KROSS data

than for the SAMI LQ data in all cases, with the exception of the total scatter in v2.2 for

the M∗ TFR.

To measure any offset between the zero-points of the SAMI LQ and KROSS TFRs, we

fix the slopes of the KROSS relations to those of the corresponding SAMI relations. The

resulting SAMI LQ-KROSS zero-point offsets are listed in Table 3.4.

Considering the offset between the SAMI LQ and KROSS MK TFRs of the all sub-

sample, the KROSS galaxies are 0.6 ± 0.4 mag brighter than the SAMI LQ galaxies at

fixed rotation velocity. However, this zero-point offset disappears (0.0 ± 0.6 mag) when

considering the disky sub-sample instead. Now considering the M∗ TFRs of the all sub-

sample, we measure a small zero-point offset (0.1±0.2 dex) between the KROSS and SAMI

LQ relations, in the sense that that the KROSS galaxies are slightly more massive than the

SAMI LQ galaxies at fixed rotation velocity. For the disky sub-sample, this offset increases
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in magnitude and reverses in direction, as the KROSS galaxies are slightly less massive

(−0.2± 0.2 dex) at fixed rotation velocity. Within the uncertainties, this is consistent with

the zero-point offset we measured between the Chapter 2 KROSS relation of the disky sub-

sample (as defined in § 2.3.5) and the composite z ≈ 0 relation defined in that chapter (see

§ 2.4.1). However, we also note that, within the uncertainties, this offset is also consistent

with zero evolution of the stellar mass TFR zero-point since z ≈ 1.

It is clear that the magnitude of the measured zero-point evolution is significantly re-

duced with respect to the measurement made in Chapter 2. Consideration of the z ≈ 0

composite comparison samples and the corresponding KROSS fixed slope best-fits from the

same Chapter (see Figures 3.8 and 3.9) reveals two clear reasons for this. Firstly, there

is a significant offset for the disky sub-sample between the (improved) KROSS TFR of

this chapter and the fixed-slope best fit of Chapter 2 (0.1 ± 0.4 dex mean offset toward

higher masses for the new measurements, where the uncertainty is the standard deviation

of the offsets between the fixed-slope fit and the individual data points of this chapter).

This offset may be the result of the use of inclinations and sizes derived from broadband

imaging (rather than Hα emission) and improvements to the velocity field modelling in

this chapter, but it is most likely the result of our now extracting the velocity measure at

a smaller radius(1.31re rather than 1.81re). Secondly, there is also a clear offset between

the z ≈ 0 composite relation of Chapter 2 (Reyes et al. 2011 [R11]+Pizagno et al. 2005

[P05]+Rhee 2004 [RH04]) and the M∗ SAMI LQ TFR for the disky sub-sample presented

in this chapter (the former being 0.1 ± 0.4 dex more massive, calculated as above). This

offset may be due to the selection of galaxies via a minimum v2.2/σ value in KROSS, that

is bound to preferentially select those galaxies with large v2.2, and thus systematically bias

the relation toward higher velocities (or equivalently higher masses). Since this and other

potential biases are avoided through the application of homogeneous analysis methods to

the SAMI and KROSS data in this chapter, we proceed with our discussion with the un-

derstanding that the measured M∗ SAMI LQ-KROSS TFR offset of −0.2± 0.2 dex for the

disky sub-sample presented in this chapter is the most accurate.
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3.6 Discussion

The comparisons of the SAMI HQ and LQ data sets presented in § 3.5.1 are the first of their

kind and constitute a direct measure of the observational biases that IFU studies of z ≈ 1

galaxies must account for. Whilst we find the LQ sample biased toward those galaxies with

more extended Hα emission and that more rapidly rotate, importantly for the comparison

of TFRs at z ≈ 1 and z ≈ 0, not only does the degrading process not affect our ability to

recover accurate measurements of key galaxy properties from the LQ data, but the selection

bias introduced as the result of the lower data quality does not affect our measure of the

TFRs. Indeed, we measure TFRs generally consistent in slope and zero-point between the

HQ and LQ data sets. The key difference between them being the measures of total and

intrinsic scatter.

That the measure of intrinsic scatter differs as the result of data quality alone is im-

portant. Accurately determining the intrinsic scatter in the TFRs at z ≈ 1 and z ≈ 0 is a

vital step in understanding the physical processes in galaxies that underpin any difference

between the relations at the two epochs. In this work, even if we cannot absolutely remove

potential biases from our measures of the intrinsic scatter at each redshift, we can at least

be sure that our careful matching of data quality and analysis methods allows an accurate

measure of the relative differences between the two. Future IFU studies conducted at simi-

lar redshifts that wish to compare to the local Universe must therefore similarly nullify the

potentially different biases in the TFRs at each epoch, either by matching the data quality

and analysis methods between the two epochs as in this work or by otherwise addressing

the potential for confused measures of the differences between the relations.

Whilst we have quantified the effects of degrading z ≈ 0 IFU data to the quality of

typical (KROSS) z ≈ 1 observations, we must bear in mind this is not the same as asking

what one might observe were the z ≈ 0 galaxy population to be figuratively placed at z ≈ 1

and observed in the same manner as the actual galaxy population at that epoch. Comparing

the star formation rate in the local Universe to that at z ≈ 1, one can imagine that the

probable answer to that question is that we would see very little. Only the most rare systems

at z ≈ 0 have star formation rates comparable to typical galaxies at z ≈ 1. We can therefore
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deduce that, given the sensitivity limits of current detectors and with similar exposure times

as KROSS, we would detect many fewer galaxies with typical z ≈ 0 star formation rates.

Furthermore, those local galaxies with star formation rates comparable to z ≈ 1 galaxies are

generally unusual systems such as Ultra-Luminous InfraRed Galaxies (ULIRGs), galaxies

with excess infrared luminosities that are now understood to be the result of gas rich mergers

in the local Universe (ULIRGs; e.g. Lonsdale et al., 2006), that are quite unlike the typical

star-forming galaxy at z ≈ 0. Therefore, comparing these galaxies to typical z ≈ 1 star-

forming galaxies asks a very different question than comparing “main sequence” galaxies at

each epoch (as in this work). Moreover, it requires very large numbers of IFU observations

of z ≈ 0 galaxies to then select from them a sub-sample with z ≈ 1 rates of star formation

that is comparable in size to KROSS. Therefore, whilst both are worthwhile comparisons,

we have concentrated on the latter that is most directly measurable with the current sample

sizes of z ≈ 0 IFU surveys.

In partial agreement with the evolution of the TFR measured in Chapter 2 (respectively

−0.41± 0.08 dex in stellar mass and 0.1± 0.1 mag at K-band from z ≈ 0 to z ≈ 1, at fixed

galaxy rotation velocity), a careful and homogeneous comparison in this chapter between

the z ≈ 1 and z ≈ 0 TFRs reveals that the MK TFR is well established for disky galaxies by

z ≈ 1, with little or no difference in the relation slope or zero-point between the two epochs

and only a moderately increased scatter at z ≈ 1. Also similar to Chapter 2, we measure a

small offset (0.1± 0.2 dex) toward higher stellar masses (at fixed rotation velocity) for the

zero-point of the M∗ KROSS TFR of the all sub-sample compared to a z ≈ 0 comparison

relation, in this case the corresponding SAMI LQ TFR carefully matched to the KROSS

relation in its construction. However, considering only disky galaxies (both KROSS and

SAMI), whilst the slope and scatter of the M∗ KROSS TFR are comparable to those of the

same relation measured at z ≈ 0 with the SAMI LQ data, the zero-point of the M∗ KROSS

TFR is offset by −0.2± 0.2 dex with respect to the corresponding SAMI LQ relation (at a

fixed rotation), i.e. disky KROSS galaxies have slightly less stellar mass than disky SAMI

LQ galaxies. This offset is in the same direction as that measured in Chapter 2, but is

lesser in magnitude. This reduction is likely the result of both an improved measure of the

KROSS TFR that makes use of galaxy inclinations, photometric centres, and sizes carefully
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derived from composite KROSS photometry and continuum maps by Harrison et al., (in

preparation), and the use of a z ≈ 0 comparison TFR (SAMI LQ) constructed from data

matched to the typical quality of KROSS observations and analysed in an identical manner

(that nullifies any bias introduced as a result of the better SAMI data quality). Unlike

Chapter 2, in this chapter we could also extract our velocity measure at a uniform radius

within each galaxy across both samples.

In Figure 3.10, we add the newly measured stellar mass TFR zero-point offsets from

the SAMI LQ and KROSS all and disky sub-sample comparisons to the plot of the TFR

zero-point evolution as a function of redshift presented in Figure 2.5. As the comparison

of the M∗ SAMI and KROSS TFR zero-points of the all sub-sample is likely to be affected

by increased scatter in the abscissas of the TFRs, as a result of the inclusion of galaxies

with velocity dispersions comparable to their rotation velocities, we can safely ignore it

in favour of the comparison between the M∗ SAMI LQ and KROSS TFRs of the disky

sub-sample. We thus see that our revised measurement of the TFR zero-point evolution is

consistent with the predictions of the EAGLE simulation (Schaye et al., 2015; Crain et al.,

2015; McAlpine et al., 2015), the semi-analytical modelling of Dutton et al. (2011) (see

§ 2.4.3.1), but also with zero evolution of the stellar mass TFR zero-point over the last ≈ 8

Gyr. Indeed, considering the ±1σ uncertainty in the measurement (0.2 dex), the range of

plausible offsets between the z ≈ 1 and z ≈ 0 M∗ TFR zero-points of the disky sub-sample

spans from zero to −0.4 dex. Unfortunately, the implications of the measured offset for

galaxy evolution vary significantly when considering the two extremes of this uncertainty

range.

First, the consequences of the uppermost plausible zero-point offset (−0.4 dex) were

explored at length in Chapter 2 (see § 2.5). Briefly, such an offset paired with zero evolution

in the MK TFR zero-point over the same period (and assuming a constant galaxy surface

mass density) implies an increase since z ≈ 1 in the K-band stellar mass-to-light ratio by

a factor of ≈ 2.5 and a decrease in the dynamical mass-to-stellar mass ratio by a factor

of ≈ 0.6 for star-forming galaxies at fixed rotation velocity. Given that the gas fractions

of KROSS galaxies at z ≈ 1 can only account for a maximum offset of −0.24 dex in the

M∗ TFR (assuming all the gas is converted into stars), such a large zero-point evolution
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Figure 3.10: Evolution of the stellar mass TFR zero-point offset (with respect to the z ≈ 0
relation) as a function of redshift. For each sample (each point on the plot), the slope
of the best-fit TFR is constrained to that of the best free fit to the z ≈ 0 comparison
sample described in §2.4.1 (the corresponding fit parameters are shown in Table 2.4). The
exceptions are the “KROSS vs. SAMI” points calculated in this chapter, for which we fix
the slopes of the (improved) KROSS TFRs of this chapter to those of the corresponding best
fits to the SAMI LQ TFRs. We include the evolution of the TFR zero-point (with respect to
z ≈ 0) with redshift, as predicted by the semi-analytical modelling (SAM) of Dutton et al.
(2011) and the EAGLE simulation (Schaye et al., 2015; Crain et al., 2015; McAlpine et al.,
2015). The latter is our own calculation and is described § 2.4.3.1. For reference we plot the
rms scatter as measured from the EAGLE samples. We also linearly interpolate between
each point to better highlight the predicted trend as a function of redshift from EAGLE
and Dutton et al. (2011). The zero-point offsets of the KROSS disky TFR constructed in
Chapter 2, the corresponding (improved) relation defined in this chapter, and the TFRs
of the literature samples we measured in Chapter 2, that each comprise rotating disks,
generally agree with the EAGLE or SAM predictions. We measure little (or in some cases
positive) evolution of the TFR zero-point for those samples that do not use IFU observations
to differentiate between disk-like and non-disk-like galaxies. Those tend to lie above the
EAGLE and Dutton et al. (2011) predictions.
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requires a significant amount of further gas accretion over the same period. As discussed

in § 2.5, the accretion masses required are towards the upper end of the plausible range

over this period with respect to the observed specific baryon accretion rates of high mass

galaxies (log(M∗/M�) = 9.3–10.7) from z ≈ 1 to z ≈ 0 (Elbaz et al., 2007; Salim et al.,

2007a; Dutton et al., 2010).

Second, no offset between the M∗ KROSS and SAMI TFR zero-points of the disky sub-

sample would imply that the M∗ TFR is well established for disk-like star-forming galaxies

by z ≈ 1, despite them having only recently emerged at this epoch. The total stellar mass

of the KROSS galaxies is toward the upper end of the range of late-type galaxies at z ≈ 0.

Whilst the KROSS sample selection was largely based on an absolute magnitude cut and

is therefore bound to be biased towards the brighter, more massive star-forming systems

at z ≈ 1, no M∗ TFR zero-point evolution would imply that the (secular) stellar mass

assembly is nearly complete in at least the most massive disk-like star-forming galaxies

at this epoch. This conclusion must be reconciled with the large gas fractions of KROSS

galaxies (as measured by Stott et al. 2016 and discussed in § 2.5), their short gas depletion

times, and the evidence for further accretion of large amounts of gas onto galaxies since

z ≈ 1 (Elbaz et al., 2007; Salim et al., 2007a; Dutton et al., 2010). These imply that

significant stellar mass growth must have taken place since z ≈ 1. At the very least, these

apparently contradictory conclusions would require that dark and stellar mass growth have

been intimately linked from the epoch of peak star formation to the present day, with

matched levels of accretion of both dark and baryonic matter, subsequent star formation

being fueled by the latter. Of course, a lack of evolution of the TFR would also lend credence

to the postulate that disk-like galaxies have formed in a predominantly hierarchical manner

since z ≈ 1, maintaining a constant dynamical (total) mass-to-light ratio as they grow.

Considering the mostly likely result that, as measured from the KROSS and SAMI

LQ relations, at a fixed galaxy rotation velocity the zero-point of the stellar mass TFR of

disk-like galaxies has increased by 0.2 dex since z ≈ 1, we infer a modest decrease (factor

≈ 0.37) of the dynamical mass-to-stellar mass ratio of disk-like star-forming galaxies since

z ≈ 1, and a corresponding increase (factor of ≈ 1.58) of the K-band stellar mass-to-light

ratio over the same period. Such changes may be accounted for entirely by the large gas
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fractions of the KROSS galaxies, without the need for further accretion over the last ≈8

Gyrs. Of course, this assumes that 100% of the gas in disk-like star-forming galaxies at

z ≈ 1 is converted to stars and no further gas is accreted. More likely, we might expect

such an offset to result from the conversion of gas into stars at a moderate (and gradually

decreasing) rate over the last ≈8 Gyrs, with continued replenishment of the gas reservoir

via accretion. Given that for a given galaxy stellar mass both the star formation rate and

the gas accretion rate have decreased with time since z ≈ 1 (see § 2.5), one may speculate

that the gas accretion onto galaxies is closely linked to their star formation rate, regardless

of whether it is the direct cause.

All of the conclusions drawn here assume that the total surface mass density Σ of star-

forming galaxies has not evolved since z ≈ 1 (recall from Equation 1.1 that evolution of the

TFR zero-point probes evolution in both Σ(M/L) and M/L). We must keep in mind that

we are unlikely to be “following” a single population of star-forming galaxies and charting

their evolution since z ≈ 1. Rather, we are comparing the typical star-forming galaxy

population at each epoch and how their mass-to-light ratios differ (or not). The fact that

the KROSS and SAMI galaxies follow the same broad trend in size versus mass (see Fig 3.3)

does however suggest that their mass surface densities are similar, at least for galaxies of

similar masses.

3.7 Conclusions

We have presented a careful comparison of theMK andM∗ TFRs at z ≈ 1 and z ≈ 0, derived

using IFU observations of Hα emission from respectively z ≈ 1 star-forming galaxies from

KROSS using KMOS and local galaxies from the SAMI Galaxy Survey with the SAMI

spectrograph. To nullify potentially different biases in the relations resulting from differing

data quality and analysis methods, we matched the spectral and spatial resolution and

sampling of both sets of observations, degrading the quality of the SAMI data to that

typical of KROSS. We also increased the noise in the SAMI cubes so that the maximum

Hα S/N of each SAMI galaxy data cube matched that of KROSS galaxies of similar stellar

masses. Lastly, we analysed the SAMI data in the exact same way as the KROSS data.
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We found that degrading the SAMI data served to preferentially exclude from our analysis

those galaxies that are more compact and rotate more slowly.

Despite this impact on the sample selection, the degrading process did not affect our

ability to accurately measure key galaxy parameters. We found 1:1 relations (with varying

scatter) between the measures of rotation velocity v2.2, intrinsic velocity dispersion σ, stellar

mass M∗, and absolute K-band magnitude MK derived from the SAMI data before (HQ)

and after (LQ) they were degraded.

We also compared the TFRs derived from the SAMI HQ and LQ data for carefully

selected samples of galaxies with associated v2.2, MK , and M∗ measurements reliable enough

for inclusion in our TFR analysis, and referred to as the all sub-samples. We defined

a further disky sub-sample for each data set, containing those galaxies within the all sub-

sample that have a sufficiently high ratio of rotation velocity to velocity dispersion to suggest

they are disk-like (v2.2/σ > 3).

Somewhat surprisingly, for the all sub-sample we measured similar scatter in the abscissa

and ordinate of the MK and M∗ LQ TFRs and the corresponding HQ relations. This

can be understood when one considers that the degrading process preferentially selects

those galaxies that have more extended Hα emission (and therefore more reliable velocity

measures) and that are intrinsically larger in size as judged by their intrinsic effective radius

re) (and therefore more massive and rotating more rapidly). The LQ SAMI TFRs are thus

less populated toward the low velocity and mass (or luminosity) end of the relation, the

region that appears to dominate the scatter in the relation, this both intrinsically (as v2.2/σ

decreases with decreasing v2.2) and observationally (as it is more difficult to reliably spatially

resolve the Hα emission in these smaller galaxies, thus reducing the probability of extracting

an accurate velocity field and subsequently measuring a robust rotation velocity). It is

therefore arguably unsurprising that we measure similar scatter in the HQ and LQ TFRs of

the all sub-sample. This explanation is confirmed when we consider the TFRs derived from

the HQ and LQ SAMI disky sub-samples from which we exclude galaxies with v2.2/σ ≤ 3.

The disky sub-samples thus comprise those galaxies with larger v2.2 and therefore M∗ and

re. Correspondingly, the scatter of the LQ relation is then larger than that of the HQ

relations along both axes.
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After exploring the effects of degrading the SAMI data, we compared the z ≈ 0 SAMI LQ

TFRs to the z ≈ 1 KROSS relations. As in Chapter 2, considering the all sub-samples, we

found shallower slopes for both the MK and M∗ KROSS TFRs compared to the correspond-

ing z ≈ 0 relations. These differences disappeared when considering the disky sub-samples,

with the slopes of the KROSS relations now much steeper than for the all sub-samples and

consistent with the corresponding SAMI LQ relations.

In partial agreement with the result presented in Chapter 2, for a fixed TFR slope we

found no evidence for any evolution in the zero-point of the MK TFRs between z ≈ 1

(KROSS disky sub-sample) and z ≈ 0 (SAMI LQ disky sub-sample), and a marginally

significant offset of −0.2 ± 0.2 dex in stellar mass between the M∗ KROSS TFR and the

corresponding SAMI LQ relation. This zero-point offset is in the same direction as that

measured in Chapter 2 but reduced in magnitude. We attribute this reduction to a combi-

nation of the difference between the improved measure of the KROSS TFRs presented in

this chapter those of Chapter 2, and the careful construction of our own z ≈ 0 comparison

relations. In other words, the previously measured offset was too large due to systematic

biases introduced by the differing sample selection and analysis methods of the z ≈ 1 and

z ≈ 0 data. In particular, we were unable in Chapter 2 to apply a v/σ cut to the z ≈ 0

comparison sample. The measured zero-point evolution is halved when these biases are

nullified by the careful comparison presented here.

We further conclude that whilst the MK TFR is already well established for disk-like

star-forming galaxies at z ≈ 1, and that the slope and scatter of the M∗ TFR are similar

at z ≈ 1 and the present day, there is some evidence for an increase in the zero-point of the

latter since z ≈ 1 (by 0.2 dex in stellar mass). This implies that the total mass-to-stellar

mass ratio of disky star-forming galaxies has decreased by a factor of ≈ 0.37 over the last

≈ 8 Gyr, and their K-band stellar mass-to-light ratio has increased by a factor of ≈ 1.58.

Two main conclusions can be drawn from this result. Firstly, considering the inferred

decrease in the total mass-to-stellar mass ratio since z ≈ 1, the large gas fractions of z ≈ 1

(KROSS) galaxies and their short gas depletion times, moderate amounts of stellar mass

growth must have occured in galaxies since z ≈ 1, that can be entirely accounted for by the

gas already present in them at that epoch. Secondly, following depletion of the z ≈ 1 gas
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reservoir, any further accretion of gas onto galaxies (and its subsequent conversion to stars)

must be closely matched with similar levels of dark matter accretion (to keep the total

mass-to-stellar mass ratio constant and equal to that of z ≈ 0 galaxies). Depending on

how quickly the star formation rate of galaxies decreases from z ≈ 1, this may also support

the postulate that star-forming galaxies have grown in a predominantly hierarchical fashion

over the last ≈ 8 Gyrs (e.g. Cole et al., 2000).

Of course, the conclusions drawn here are based on “snapshots” of the TFR at only two

epochs in the history of the Universe. We cannot rule out the possibility that the mass-to-

light ratios of star-forming galaxies have not varied smoothly during the intervening period

since z ≈ 1. Given the stark changes that occur in the properties of galaxies over the same

period, we can gain further insights by extending our carefully matched comparisons of

the z ≈ 1 and 0 TFRs to other intermediate redshifts. A program analagous to KROSS

and SAMI is already underway, to observe a sample of galaxies at z ≈ 0.5. It is discussed

further in Chapter 5. Similarly, we could conduct an analogous analysis of galaxies at higher

redshifts. Observations are underway to observe galaxies at z ≈ 1.5 with KMOS.



Chapter 4

The Tully-Fisher Relation of

COLD GASS Galaxies

4.1 Motivation

In Chapters 2 and 3 we presented the first direct comparison of the TFRs of star-forming

galaxies at z ≈ 1 and 0, constructed via the application of identical analysis methods

and sample selections to integral field unit data exactly matched in quality at each epoch.

The work presented in those chapters thus comprises the first measure of the evolution

of the TFR since z ≈ 1 that directly nullifies potentially different observational biases

between the relations at z ≈ 1 and 0. Whilst the conclusions drawn from those chapters

have potentially important consequences for galaxy evolution theory, we must take steps

to provide an independent measure of the TFR evolution over the same period in order

to corroborate them. In this chapter we therefore look to alternatives to the use of Hα

emission as a kinematic tracer in the previous chapters to provide a separate measure of

the TFR evolution with redshift.

To facilitate a comparison of the TFRs at z ≈ 0 and at higher redshifts (z >∼ 1), we must

select a kinematic tracer that is viable at both epochs. We therefore require an emission line

that at each epoch is emitted by star-forming galaxies and is easily detected using current

technology, and that is sufficiently extended within a galaxy to probe the outer parts of its

108
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rotation curve. Aside from Hα emission, there are two (gas) emission lines that make good

candidates in these respects, namely (HI) 21 cm emission from atomic gas in galaxies and

carbon monoxide (CO) emission, that traces cold molecular gas in galaxies.

Whilst there is a large body of work on the TFR using HI observations (e.g. Tully &

Fisher, 1977; Sprayberry et al., 1995; Bell & de Jong, 2001), there are several advantages

to using observations of CO. First, atomic hydrogen in galaxies is currently only routinely

detected in the local Universe. The Square Kilometre Array (SKA) precursors Australian

Square Kilometre Array Pathfinder (ASKAP) and Karoo Array Telescope (MeerKat) can

detect HI to moderate redshifts (z . 0.4; Meyer, 2009; Holwerda & Blyth, 2010; de Blok,

2011; Duffy et al., 2012), but the SKA itself will be required to routinely detect galaxies

at z > 1 (Abdalla et al., 2015; Yahya et al., 2015). As discussed in § 1.3.1.1, multiple CO

lines are however now regularly detected in the large majority of star-forming galaxies at

z ≈ 1–3 (e.g. Daddi et al., 2010; Magdis et al., 2012; Magnelli et al., 2012; Combes, 2013;

Freundlich et al., 2013; Tacconi et al., 2010, 2013; Genzel et al., 2015), and in more extreme,

star-bursting systems at redshifts as high as z ≈ 7 (e.g. Walter et al., 2004; Riechers et al.,

2008a,b, 2009; Wang et al., 2011; Wagg et al., 2014). CO thus allows to extend TFR studies

probing the mass-to-light ratio and surface density of galaxies to the earliest precursors of

today’s galaxies.

Second, previous work has shown that the HI discs of galaxies, that are typically more

extended spatially than the molecular gas, can also be kinematically unrelaxed, with e.g.

large-scale warps (e.g. Verheijen, 2001). Molecular gas is generally more dynamically relaxed

and suffers less from such problems. More importantly, the atomic hydrogen in early-type

galaxies is often significantly disturbed, with much of the gas lying in tidal features or

nearby dwarf galaxies (see e.g. Morganti et al., 2006; Serra et al., 2012), thus confusing low-

resolution observations such as those obtained with single-dish telescopes. High-resolution

interferometric observations are thus necessary to identify those early-type galaxies with a

regular HI distribution appropriate to derive reliable TFRs (see e.g. den Heijer et al., 2015).

On the other hand, Davis et al. (2011) clearly showed that CO single-dish observations

easily yield robust and unbiased TFRs for early-type galaxies. CO observations thus offer

the attractive possibility to derive TFRs more accurate than those currently available, and



Chapter 4. The Tully-Fisher Relation of COLD GASS Galaxies 110

this across the entire Hubble sequence.

Our goal in this chapter is therefore to establish a benchmark CO TFR of local galaxies,

as a pre-requisite to extend the relation to higher redshifts. There are clearly tracers other

than CO that can be used at large redshifts. In addition to the Hα used in the previous

chapters these are primarily other optical ionised gas emission lines such as [OII] and [OIII],

and these should also be (and have been) pursued to provide independent probes of the

evolution of the TFR (see e.g. Cresci et al., 2009; Gnerucci et al., 2011; Miller et al., 2011,

2012). However, it is known that ionised gas discs at z ≈ 1–3 are turbulent (see e.g.

Förster Schreiber et al., 2006b; Swinbank et al., 2012a), and great care must be taken when

measuring and interpreting their rotational motions (e.g. Wisnioski et al., 2015; Stott et al.,

2016, and Chapters 2 and 3). CO that traces the more dynamically-relaxed molecular gas

avoids this particular problem.

In this chapter, we thus take a step toward establishing a local benchmark for the

CO TFR, using the CO(1-0) line as a kinematic tracer. In future work our TFRs will be

compared to those of a local sample (Torii et al., in prep.) and a sample of z . 0.3 galaxies

(Topal et al., in prep.).

The sample, photometric data and kinematic data used in this chapter are described

in § 4.2. TFRs are derived in § 4.4 (the rotation velocity measure adopted is defined in

§ 4.3.3 and extensively tested in § 4.3). The results are discussed in § 4.5. We summarise

and conclude briefly in § 4.6.

4.2 Data

4.2.1 CO Velocity Widths

As discussed at length in § 4.3, we adopt as our TFR velocity measure the width of the

integrated CO(1-0) line profile of galaxies from the CO Legacy Database for the GALEX

Arecibo SDSS Survey (GASS; Catinella et al., 2010) (COLD GASS; Saintonge et al., 2011).

The GASS aimed to observe the neutral hydrogen content of a sample of ∼ 1000 galaxies

with the Arecibo 305 m telescope. More specifically, GASS galaxies were selected to have

redshifts 0.025 < z < 0.05, stellar masses 1010 < M∗/M� < 1011.5 with a flat distribution
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in log(M∗/M�), and positions within the overlap region of the Sloan Digitized Sky Survey

(SDSS; York et al., 2000), Arecibo Legacy Fast ALFA Survey (ALFALFA; Giovanelli et al.,

2005) and GALEX Medium Imaging Survey (MIS; Martin et al., 2005; Morrissey et al.,

2005). No other selection criterion was applied. A follow-up survey (Catinella, in prep.)

has extended the GASS sample to probe down to stellar masses of 109M�. The sample

selection and survey strategy are identical to those of the original GASS survey, but for the

difference that the lower mass galaxies are selected in the redshift interval 0.01 < z < 0.02.

The COLD GASS adds information about the molecular gas contents of a randomly-

selected sample of 500 GASS galaxies over the full mass range 109 < M∗/M� < 1011.5.

Most galaxies (≈ 80%) have angular diameters small enough to be observed with a single

pointing of the Institut de Radioastronomie Millimétrique (IRAM) 30 m telescope. For

larger galaxies, an extra pointing offset from the first was added. Fully reduced and baseline-

subtracted integrated CO(1-0) spectra of all massive COLD GASS galaxies (M∗ > 1010M�)

are publicly available1 (binned to 11.5 km s−1 channels), and spectra for the lower mass

galaxies have been made available to us ahead of publication. Once combined with other

multi-band observations, GASS and COLD GASS thus allow to measure the fraction of the

galaxies’ baryonic mass contained in atomic gas, molecular gas and stars.

Saintonge et al. define a “secure” detection in COLD GASS as one with a signal-to-noise

ratio S/N > 5, where S/N is calculated as the ratio of the integrated line flux to its formal

error. Considering the total data set available to us for this work, there are 260 securely

detected galaxies. These form the basis of the current sample.

4.2.2 Near-infrared Luminosities

Many previous TFR studies have used K-band magnitudes to probe the bulk of the stellar

mass in their sample galaxies. To that end, Ks-band magnitudes from the Two Micron All

Sky Survey (2MASS; Skrutskie et al., 2006) were also considered here, but at the distances

of the COLD GASS galaxies the depth of 2MASS is insufficient to accurately recover Ks-

band magnitudes. Other deeper surveys are available, such as the UK Infrared Telescope

Deep Sky Survey (UKIDSS; Lawrence et al., 2007), but these tend to have more limited

1http://www.mpa-garching.mpg.de/COLD GASS/
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sky coverage.

For this work, the Wide-Field Infrared Survey Explorer (WISE; Wright et al., 2010)

Band 1 (≈ 3.4 µm) magnitude (W1) of each sample galaxy was thus adopted as a proxy for

its total stellar mass. This quantity is available for 222 of the 260 secure COLD GASS CO

detections. Specifically, the magnitude used was the w1gmag parameter from the AllWISE

Source Catalog2. This parameter is the W1 magnitude measured in an elliptical aper-

ture, with a size, shape and orientation based on that reported in the 2MASS Extended

Source Catalog (XSC3). To account for the larger WISE beam, the aperture is scaled-up

accordingly. Those galaxies without an associated w1gmag value are excluded from this

work.

It is unclear why 38 of the 260 galaxies securely detected do not have an associated

w1gmag value. The 38 galaxies in question are present in the XSC, and the majority of them

are also deemed to be extended sources by WISE and are present in the AllWISE Source

Catalog. However, the entries in the latter are not explicitly linked to the corresponding

XSC objects despite their close proximity on the sky (typically ∼ 1′′). The 38 galaxies do

each have a WISE Band 1 magnitude measured in a 13.′′75 radius aperture (≈ 23 kpc at

z ≈ 0.03, the typical redshift of the COLD GASS galaxies), w1mag 4 from the AllWISE

Source Catalog. To ensure we do not bias our sample by excluding the 38 galaxies in

question, we use the available w1mag 4 values to conduct a Kolmogorov-Smirnov (K-S)

two-sample test between the full 260 securely detected galaxies and the 222 galaxies that

remain after the exclusion of the 38 galaxies mentioned. We define a null hypothesis that

the w1mag 4 values of the latter are drawn from the same continuous distribution as those

of the former, rejecting the null hypothesis if the p-value p < 0.05. The test produced a

p-value p = 0.68, so we cannot reject the null hypothesis. We therefore proceed with our

analysis, confident that the exclusion of those 38 galaxies without an associated w1gmag

value does not significantly bias the magnitude distribution of our remaining sample.

The bulk of the stellar mass is effectively probed at the wavelength of W1, but this

band is not so far red as to significantly suffer from contamination due to dust emission. In

2http://wise2.ipac.caltech.edu/docs/release/allwise/
3http://irsa.ipac.caltech.edu/applications/2MASS/PubGalPS/
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addition, Lagattuta et al. (2013) found that the (K −W1) colours of a sample of 568 late-

type galaxies drawn from the 2MASS Tully-Fisher all-sky galaxy catalog (Masters et al.,

2008) are such that (K −W1) ≈ 0 with a scatter of only ≈ 0.2 dex. They did find a weak

trend towards bluer (K − W1) colours at W1 ≥ 10.75, but despite this it is clear that

both the K and W1 bands, with similar wavelength ranges, are tracing the same stellar

populations. It is thus acceptable to directly compare TFRs derived using either passband,

at least in the regime where differences in depths between surveys is not an issue.

For each sample galaxy, the absolute WISE Band 1 magnitude (MW1) was calculated

as follows:

MW1 = W1−A3.4µm − µ , (4.1)

where A3.4µm is the extinction in W1, calculated by first adopting the reddening value

E(B−V ) from the dust maps of Schlafly & Finkbeiner (2011) taken from the NASA/IPAC

Infrared Science Archive4, and converting this to the corresponding W1-band extinction

assuming

A3.4µm = R3.4µmE(B − V ) , (4.2)

where R3.4µm = 0.18 ± 0.1 was adopted as measured in Yuan et al. (2013) using the stel-

lar “standard pair” technique. The distance modulus µ is taken from the NASA/IPAC

Extragalactic Database5 (NED), and is derived from the galaxy’s redshift adjusted for lo-

cal deviations from the Hubble flow due to the Shapley Cluster, Virgo Cluster and Great

Attractor.

Both a reddening and a distance modulus value were available for each of the 222

remaining galaxies.

4.2.3 Inclination Estimates

To account for projection effects, each sample galaxy’s inclination i was calculated (follow-

ing Equation 3.6) from the the observed ratio of the semi-minor to the semi-major axis

of the galaxy q in SDSS r-band imaging, available for 217 of the 222 remaining sample

4http://irsa.ipac.caltech.edu/applications/DUST/
5http://ned.ipac.caltech.edu/
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galaxies. Those galaxies without an associated q value are excluded from this work. The

(intrinsic) axial ratio of an edge-on galaxy, q0, is morphology dependent. We adopt the

same prescription as Davis et al. (2011), whereby galaxies are divided into early types with

q0 = 0.34 and late types with q0 = 0.2. See § 4.2.6 for a description of the morphological

classifications used.

4.2.4 Stellar Masses

The stellar masses of our sample galaxies were taken from the Max Planck Institute for

Astrophysics-Johns Hopkins University Data Release 7 (MPA-JHU DR7) derived data cat-

alogue6, and were determined using SDSS photometry via the spectral energy distribution

(SED)-fitting method described by Salim et al. (2007b), assuming a Chabrier (2003) initial

mass function (IMF). In this method, each galaxy’s SED is compared to model SEDs from

the library of Bruzual & Charlot (2003) to determine a stellar mass probability distribution.

The stellar mass and its uncertainty are then taken as the median and half the difference

between the 16th and 84th percentile of this distribution, respectively, and are available for

216 of the 217 remaining sample galaxies. The single galaxy without an associated stellar

mass value is excluded from this work.

4.2.5 AGN Candidates

As the emission from an active galactic nucleus (AGN) can contaminate and occasionally

far outweigh that of the stellar body of a galaxy, it is imperative to exclude from our sample

galaxies hosting a substantial AGN. AGN-hosting galaxies would otherwise be systemati-

cally offset from the underlying TFR and would systematically bias our fits.

We used publicly available classifications from the emissionLinesPort table of the SDSS

Data Release 107 to exclude AGN-candidates from our sample. Each SDSS galaxy was

classified by a fit to its spectrum using adaptations of the Gas AND Absorption Line

Fitting (GANDALF; Sarzi et al., 2006) and penalised PiXel Fitting (pPXF; Cappellari &

Emsellem, 2004) routines to extract several emission lines. These were then used to place

6http://www.mpa-garching.mpg.de/SDSS/DR7/
7http://skyserver.sdss.org/dr10
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each galaxy on a Baldwin, Phillips & Terlevich (BPT; Baldwin et al., 1981) diagram. Based

on their position on the diagram, galaxies were divided into different categories that depend

on the likelihood of the galaxy hosting an AGN. The classifications themselves are based

on the work of Kauffmann et al. (2003), Kewley et al. (2001) and Schawinski et al. (2007).

We thus excluded 9 galaxies classified as “Seyfert”, further reducing our adopted sample to

207 galaxies.

4.2.6 Morphological Classes

Our COLD GASS sample was cross-referenced with the Galaxy Zoo 1 catalog (GZ1; see

Lintott et al. 2008, 2011), providing crowd-sourced classifications of ∼ 600, 000 galaxies in

the SDSS. Each galaxy is classified as either a spiral, an elliptical or “uncertain”. Of our

remaining sample of 207 galaxies drawn from COLD GASS, 143 are deemed to be spirals,

6 ellipticals and the remaining 58 are uncertain. For the purposes of this work, and in

particular the inclination correction described in § 4.2.3, we equate those galaxies classified

as spiral and uncertain to late-types, and those classified as elliptical to early-types.

We do not initially exclude any galaxy based on its GZ1 morphological classification.

However, the exclusion (or inclusion) of those galaxies deemed elliptical or uncertain is

discussed further in § 4.4.2, where we present the details of a more restricted sub-sample.

After applying all the criteria described in this section, we thus proceed with a final

working sample of 207 COLD GASS galaxies.

4.3 Velocity Measure: W50

4.3.1 Fitting Functions

As a characteristic velocity measure we adopt W50, the width of the CO(1-0) integrated

profile at 50% of its maximum, that should be roughly equal to twice the maximum rotation

velocity of the galaxy Vmax. In the presence of non-negligible noise, a fit to the profile is

usually superior to a direct measurement of W50, but the choice of the fitting function is

not trivial and several different functions have been used in the past.

While it is expected that the characteristic velocity measure will vary depending on the
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function chosen, this is acceptable as long as different galaxy samples being compared are

measured in the same manner. This is because the systematic effect introduced by any given

function will cancel out when the difference between two (or more) samples is calculated.

However, it is clearly preferable for the measured characteristic velocity to be independent

of the signal-to-noise and amplitude-to-noise ratio (A/N) of the data, and the measurements

should not be systematically biased as the width and/or shape of the profile vary. Despite

previous work on the subject (e.g. Saintonge, 2007; Obreschkow et al., 2009a,b; Westmeier

et al., 2014), as the signal-to-noise ratio of CO data is generally low (certainly lower than

that of typical HI spectra of nearby galaxies; e.g Lavezzi & Dickey, 1998), we deemed it

prudent to compare the results of several different fitting functions. Our goal is to ascertain

which function is the most accurate and most importantly minimises potential biases as a

function of A/N , inclination (apparent width) and rotation velocity (intrinsic width) (all

related to the total S/N).

The functions compared include the standard single Gaussian,

f(v) = A e
−(v−v0)

2

2σ2 , (4.3)

where v is the velocity, A > 0 is the amplitude of the peak (maximum flux), v0 is the velocity

of the peak (and mean velocity; taken to be within ±500 km s−1 of the known systemic

velocity), and σ > 11.5 km s−1 (the velocity bin width of the COLD GASS spectra) is the

root mean square (rms) velocity (i.e. the velocity width) of the profile.

We also test a symmetric (with respect to the central velocity) Gaussian Double Peak

function, composed of a parabolic function surrounded by two equidistant and identical

(but mirrored) half-Gaussians forming the low and high velocity edges of the profile:

f(v) =


AG × e

−[v−(v0−w)]2

2σ2 v < v0 − w

AC + a (v − v0)2 v0 − w ≤ v ≤ v0 + w ,

AG × e
−[v−(v0+w)]2

2σ2 v > v0 + w

(4.4)

where v0 is the central (mean) velocity (again taken to be within ±500 km s−1 of the known
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systemic velocity), w > 0 is the half-width of the central parabola, σ > 0 km s−1 is the

width of the profile edges, AG > 0 is the peak flux of the two half-Gaussians (centred at

v0 ± w), AC > 0 is the flux at the central velocity, and a = (AG −AC) /w2.

A variation of the Gaussian Double Peak function was also tested, the Exponential

Double Peak function used by Crocker et al. (2012), where the two half-Gaussian edges are

replaced by exponentials:

f(v) =


AG × e

[v−(v0−w)]
σ v < v0 − w

AC + a (v − v0)2 v0 − w ≤ v ≤ v0 + w ,

AG × e
−[v−(v0+w)]

σ v > v0 + w

(4.5)

where AG > 0 is the peak flux of the two exponentials, but all the parameters otherwise

have the same meaning as for the Gaussian Double Peak function.

Finally, a fourth function was also tested, the generalised Busy Function adopted and

discussed in detail by Westmeier et al. (2014). Briefly, it is the product of two error func-

tions erf(x) and a polynomial. The resulting shape is similar to that of the double-peaked

functions above, i.e. typically a peak (from the error functions) on either side of a central

dip (from the polynomial). The generalised form is described by

B(v) = a
4 × {erf [ b1(v − γ1) ] + 1}

× {erf [ b2(γ2 − v) ] + 1}

× (c |v − vp|n + 1) ,

(4.6)

where b1 > 0 and b2 > 0 are respectively the slope of the left and right error function,

whilst γ1 and γ2 describe their respective width. n, c > 0 and vp are respectively the

order, slope and offset of the polynomial. We adopted n = 2, yielding a parabola as for the

double-peaked functions above. a > 0 determines the normalisation of the profile.
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Figure 4.1: Fractional difference between W50 measured at A/N = 10000 (W50,true, effec-
tively noiseless) and W50 measured for various values of A/N , this for an example case
where the velocity Vc,flat = 210 km s−1 and inclination i = 70◦. The 4 panels show how
consistent the measured W50 is for each of the four functions discussed in § 4.3.1 (i.e. Gaus-
sian, Gaussian Double Peak, Exponential Double Peak, and Busy function). We quantify
this with a bias measure b defined in § 4.3.2 and shown in the top-right corner of each panel.

4.3.2 Tests

To test which fitting function is most appropriate, a library of noiseless integrated spectra

was generated using the KINematic Molecular Simulation (KinMS8) routine of Davis et al.

(2013). Since the overall S/N is a function of both A/N and the profile width, while we are

ultimately only interested in recovering the profile width for TFR studies, we have decided

to probe the effects of these two parameters separately.

The shape of a galaxy’s integrated CO emission profile is primarily dependent on the

physical properties of the galaxy, and to a lesser extent on the nature of the telescope used

to observe it. Broadly, the width of the profile depends on the galaxy’s projected circular

velocity, and therefore its dynamical mass (Casertano & Shostak, 1980), whilst the breadth

of the flanks of the profile depends on the intrinsic turbulence of the gas. The integral of

the profile is proportional to the galaxy’s total molecular gas mass (e.g. Maloney & Black,

1988). The overall shape of the profile also depends on the distribution of the gas within the

8purl.org/KinMS
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Figure 4.2: The bias b (as defined in the text) of the four analytical functions considered,
as a function of the circular velocity Vc,flat and the inclination i. For each function, the
common colour scale shows whether the fit is positively (red) or negatively (blue) biased.
The data points (black crosses) indicate Vc,flat – i pairs where a measurement was made.
Black lines show curves of constant Vc,flat sin i.
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galaxy: the radial density profile will determine to what extent the CO emission samples the

flat part of the galaxy’s rotation curve - if the gas extends out to sufficient radii, the intrinsic

profile will display a double-horned or boxy shape (e.g. Davis et al., 2011). Additionally,

the central flux of the profile (and thus whether it is intrinsically double-horned or boxy)

depends on the gas concentration within the disc (e.g. Wiklind et al., 1997; Lavezzi &

Dickey, 1997, see § 4.4.2). Whether or not the observed profile appears Gaussian, boxy or

double-horned also depends on the width of the velocity channels and the beam size of the

telescope used to observe the galaxy; if the velocity channels are too broad or the beam

size is smaller than the radial size of the galaxy, then the integrated emission profile may

appear Gaussian despite being intrinsically boxy or double-horned (in the latter case it is

not a true integrated profile).

Bearing all this in mind, the model spectra were created by assuming an edge-on expo-

nential disc of molecular gas with a scalelength of 2′′, a realistic circular velocity curve that

peaks at 3′′ and then remains flat, and a fixed molecular gas velocity dispersion of 12 km s−1.

A Gaussian single-dish telescope response with a 22′′ beam (full width at half maximum)

was used to integrate the flux spatially, matching that of the IRAM 30 m telescope. This

also ensures that our spectra contain essentially all the flux of the modeled discs, and the

resulting spectra are intrinsically double-horned or boxy shaped.

Model integrated spectra with flat circular velocities Vc,flat ranging from 70 to 385 km s−1,

and with inclinations ranging from 5◦ to 85◦, were generated and then binned to 11.5 km s−1

per channel to match the COLD GASS spectra. Each of the resulting spectra was then de-

graded by adding random Gaussian noise such that the desired A/N was reached, where

the amplitude A is defined here as the peak of the spectrum before noise was added, and

the noise N is defined as the root-mean-square (rms) of the spectrum in an area devoid of

emission (thus equal to the dispersion of the Gaussian used to generate the noise).

For each input circular velocity Vc,flat, inclination i and amplitude-to-noise ratio A/N ,

150 realisations of the resulting model spectrum were generated. Each of these realisations

was then fit with the four different functions described in § 4.3.1, and the width of the best

fitting profile at 50% of the peak (W50) was calculated. The fits were carried out using the



121 4.3. Velocity Measure: W50

Python package mpfit9 (Markwardt 2009; translated into Python by Mark River and

updated by Sergey Koposov), that employs a Levenberg-Marquardt minimisation algorithm.

The adopted W50 and its uncertainty for each combination of Vc,flat, i and A/N were then

taken respectively as the median and median absolute deviation (with respect to the median

itself) of the 150 associated measurements.

Figure 4.1 shows the fractional difference between the true width (W50,true), defined

as W50 measured at A/N = 10, 000 (i.e. for an effectively noiseless spectrum), and that

measured as a function of A/N , this for the case where Vc,flat = 210 km s−1, and i = 70◦.

We do not show the results for every combination of velocity and inclination that we tested,

but rather select this case as an illustrative example. We do however summarise the results

for each function tested in the four panels of Figure 4.2. This shows how self-consistent each

of the four tested functions is as a function of Vc,flat and i, where self-consistency is taken

here to mean both that the measured width is similar to its true value and that it does not

vary systematically with decreasing A/N . This is judged by measuring the bias b, defined

as the average fractional width difference over all A/N sampled. The bias for each function,

and for each of the selected values of Vc,flat and i, is shown in the panels of Figure 4.2. It is

clear that both Double Peak functions overestimate to varying degrees the line width (with

respect to W50,true) for low values of inclination (i . 20◦), but are otherwise only slightly

negatively biased. The Busy function displays the same trends, but is negatively biased to

a greater degree than the Double Peak functions for high values of inclination (i & 20◦).

The Gaussian function, however, is negatively biased in most cases, and to a greater degree

than each of the three other functions.

Figure 4.3 attempts to distill further the information contained in Figure 4.2. It shows

which function is most self-consistent as a function of Vc,flat and i, where self-consistency

is again judged by the bias b. We found that the Gaussian Double Peak and Exponential

Double Peak functions yield very similar results in terms of self-consistency, recovering the

true width to a similar accuracy at a given circular velocity, inclination and amplitude-to-

noise ratio. This is clear in the panels of Figure 4.2. Given the restricted velocity resolution

of the COLD GASS spectra, and since the only real difference between the Gaussian Double

9https://code.google.com/p/astrolibpy/source/browse/mpfit/mpfit.py
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Figure 4.3: Self-consistency (as defined in the text) of the four analytical functions consid-
ered, as a function of the circular velocity Vc,flat and the inclination i. The colour coding
shows which function is most self-consistent (dark blue: Gaussian function; blue: either of
the Gaussian Double Peak or Exponential Double Peak function; light blue: Busy func-
tion). The data points (open circles) indicate Vc,flat – i pairs where a measurement was
made. The underlying colour scale shows tri-tonal contours of the same measurements, for
ease of interpretation. Black lines show curves of constant Vc,flat sin i. The Double Peak
functions are the most self-consistent in the majority of the cases tested.

Peak and the Exponential Double Peak function is the shape of the edges, it was decided

to group these two functions together when considering their self-consistency with respect

to that of the Gaussian and Busy functions.

What is immediately obvious from Figure 4.3 is that the Busy function features very

little in the plot; it was rarely the most self-consistent function. The main result is that

the double-peaked functions are the most self-consistent in the majority of cases, be it

the Gaussian Double Peak or the Exponential Double Peak function. The single Gaussian

is the most self-consistent only at small inclinations (i.e. face-on discs) or small circular

velocities. These two extremes are of course degenerate observationally, and this result

is easily understood. Indeed, since any galaxy spectrum has a finite spectral resolution,

the integrated velocity profile will appear Gaussian regardless of its intrinsic shape if the

inclination or the circular velocity is small enough.

In addition to self-consistency, one should also consider how accurately each function

recovers the circular velocity. For each of the four functions tested, Figure 4.4 thus shows

the fractional difference between the true width (W50,true) and (twice) the projected circular
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Figure 4.4: Fractional difference between the true width recovered (W50,true, W50 for A/N =
10, 000) and twice the projected input circular velocity 2Vc,flat sin i, this as a function of Vc,flat

itself for different inclinations i. Each panel shows a different fitting function. In general,
measurements of W50,true are reasonably constant (as a function of Vc,flat) for i ≥ 35◦ only.

velocity 2Vc,flat sin i, this as a function of Vc,flat itself and for different values of the inclination

i. In other words, Figure 4.4 summarises the position of the dashed black line, with respect

to 2Vc,flat sin i, in each of the panels of Figure 4.1 (but now for every velocity and inclination

tested).

We recall here that a constant fractional offset is unimportant for TFR work, but that

useful functions will minimise any systematic variation with circular velocity (and A/N).

Figure 4.4 thus clearly shows that no function yields constant W50,true measurements (as a

function of Vc,flat) at inclinations i ≤ 10◦, only the Gaussian Double Peak function does a

reasonable job at i = 20◦, and all functions are satisfactory at i ≥ 35◦.

Given that the cases in which the Gaussian function is most self-consistent cover only a

small area in the parameter space of Vc,flat and i (see Fig. 4.3), and given that no function

yields constant measurements at small i (Fig. 4.4), two conclusions must be drawn. First,

galaxies observed at small inclinations (i ≤ 30◦) should be avoided. Second, the Gaussian

Double Peak function is the most appropriate function with which to measure the CO(1-0)

line widths of the COLD GASS galaxies (the Gaussian form of the profile’s edge is also
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better justified physically than the exponential form). It should however be stressed that

these conclusions are drawn here exclusively from simulated spectra with an intrinsic regular

double-horned shape.

4.3.3 Measuring W50

Given the conclusions drawn from § 4.3.2, the CO velocity width (W50) of every sample

galaxy was thus measured by fitting the Gaussian Double Peak function to its observed

integrated CO(1-0) spectrum from COLD GASS, this using the Levenberg-Marquardt al-

gorithm to minimise the reduced χ2, given by

χ2
red ≡

(∑
i

[F (vi)− f(vi)]
2

σ2
rms

)
/ DOF , (4.7)

where F (vi) is the observed CO(1-0) spectrum flux density in velocity bin vi, f(vi) is the

model flux density in that same velocity bin from the Gaussian Double Peak function (i.e.

the integral of the function across the bin divided by the bin width), σrms is the rms noise of

the spectrum measured in a spectral range devoid of signal, DOF is the number of degrees

of freedom associated with the fit, and the sum is taken over all velocity bins vi of the

spectrum. The best fits overlaid on the observed spectra are shown in Appendix C.2 for all

galaxies in our final sub-sample (see § 4.4.2).

Despite the fact that the Gaussian Double Peak function proved to be the most robust

function for fitting the CO profiles, this function reduces to a single Gaussian in the limit

where the half-width of the central parabola w → 0 (see Equation 4.4). As w > 0 was

the only condition imposed on w during the Gaussian Double Peak function fitting process,

there are cases where the best-fit value of w is less than the spectra’s 11.5 km s−1 velocity

bin width. In these cases, it is thus clear that a single Gaussian would be a more natural

(and perhaps better) fit.

With this in mind, a strategy was adopted whereby each galaxy spectrum was fit with

both the Gaussian Double Peak function and a standard Gaussian (see Equation 4.3). The

value of |1−χ2
red| for each function was then calculated and the two values compared. The

fit with the smallest value was then adopted in each case.
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One further caveat was necessary, since in some cases the best fit for the Gaussian

Double Peak function resulted in the peak of the central quadratic AC (i.e. the central flux)

being significantly greater than the peak values of the flanking Gaussians AG. In these cases

the central quadratic has a convex rather than a concave or flat shape (as may be expected

for respectively a double-horned or boxy-shaped profile). In these cases, specifically those

for which AC > (3/2)AG, it was thus again deemed more appropriate to adopt the best-fit

Gaussian rather than the Gaussian Double Peak function.

Finally, for each spectrum mpfit was used to explore the parameter space to find the

combination of parameters that best fit the data. The best fit that mpfit returns can

be sensitive to the user-supplied initial guesses as local minima in the χ2 space can be

mistaken for the global minimum by the fitting process. To reduce the chance of converging

on a local minimum, and therefore not finding the true best-fit parameters, mpfit was run

several times for each spectrum, each time with a different set of initial guesses. The run

with the smallest |1 − χ2
red| value was then adopted as the best fit. The velocity width of

the Gaussian Double Peak function at 50% of the peak, W50, was then calculated in an

analytical manner:

W50 = 2(w + σ
√

2× ln(2)) . (4.8)

The same applies to the pure Gaussian function with w = 0.

The velocity width uncertainty, ∆W50, was then estimated by generating 150 realisations

of the best-fit model, each with random Gaussian noise σrms added. Each realisation was

fit as described above and ∆W50 taken as the standard deviation of the velocity width

distribution.

4.4 COLD GASS Tully-Fisher Relations

4.4.1 Fitting the Tully-Fisher Relations

Both a forward and a reverse straight line fit was made to each of the resulting Tully-Fisher

relations using a Levenberg-Marquardt minimisation technique, again with mpfit. See
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§ 2.3.6 for definitions of the forward and reverse fit slope (m and M , respectively), intercept

(b and B, respectively) calculated at a pivot point set to the median of the abscissa values,

figures of merit (χ2
for and χ2

rev, respectively), total scatter in the ordinate and abscissa (σ2
tot

and ζ2
tot, respectively), and corresponding intrinsic scatter (respectively σint and ζ2

int, and

in each case determined as the value for which the reduced chi squared value of the fit is

unity).

As stated in § 4.4.1, the reverse fit parameters can be directly compared to the forward

fit parameters by defining the equivalent slope, intercept, intrinsic scatter and total scatter

as m
′ ≡ 1/M , b

′ ≡ −B/M , σ
′
int ≡ Mζint and σ

′
tot ≡ Mζtot, respectively (Williams et al.,

2010).

4.4.2 Defining a Sub-sample

As described in § 4.2, an initial sample was drawn from the COLD GASS data that contains

all galaxies with a secure CO(1-0) detection, WISE W1 photometry, an SDSS r-band axial

ratio, a stellar mass via multi-band photometry, no AGN, and a GZ morphological classifi-

cation for a total of 207 galaxies. The W1-band and stellar mass Tully-Fisher relations for

this initial sample are shown in Figure 4.5(a) and 4.6(a), respectively, and the fit parameters

are listed in Table 4.1 and 4.2, respectively. Clearly, for both the W1-band and stellar mass

TFRs, the intrinsic and total scatters are very large for this initial sample.

There are several factors contributing to the observed scatter. Firstly, as shown in

Figure 4.4, the measured velocity widths of nearly face-on galaxies are unreliable, in the

sense that they do not accurately reproduce the intrinsic widths and their fractional errors

are dependent on those widths. We thus removed from the initial sample galaxies with an

inclination i < 30◦, resulting in a sub-sample of 180 galaxies.

Secondly, one must gauge whether the CO extends to sufficiently large radii to sample the

flat part of the galaxies’ rotation curves. This is essential, as otherwise the measured velocity

widths will not be representative of the total dynamical masses, introducing additional

scatter in the relations. Although not necessary, empirical studies have shown that the

kinematic tracer of galaxies with a boxy or double-horned integrated profile usually extends

beyond the turn-over of the rotation curve (e.g. Davis et al., 2011). A Gaussian profile may
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Figure 4.5: COLD GASS W1-band Tully-Fisher relations. (a) and (b) show the TFR for
the initial COLD GASS sample and our final sub-sample, respectively. The x-axis is the
width of the integrated CO(1-0) profile at 50% of the peak, corrected for the effect of
inclination. The y-axis is the absolute WISE Band 1 magnitude W1 (≈ 3.4 µm). The
green dot-dashed, solid and dashed lines show the forward fit, reverse fit, and the bisector
of the two, respectively. The dashed red line is the K-band TFR of Tully & Pierce (2000).
The solid red line shows the best fit when the gradient is constrained to that of Tully &
Pierce. To demonstrate the reduction in scatter between the initial and final sub-sample,
the embedded panel in (b) shows the TFR for the final sub-sample but over the same axis
ranges as (a).
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Figure 4.6: As Figure 4.5, but for the COLD GASS stellar mass Tully-Fisher relations. The
dashed red line is the stellar mass TFR of Pizagno et al. (2005). The solid red line shows
the best fit when the gradient is constrained to that of Pizagno et al.
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imply that insufficient CO is present in the outer parts to robustly recover the flat part

of the rotation curve, or that the rotation curve itself is not flat. Of course, a Gaussian

profile can also arise, despite sufficient CO present in the outer parts of a galaxy, if there

is a particularly high concentration of gas in the central regions of the galaxy (e.g. Wiklind

et al., 1997; Lavezzi & Dickey, 1997), but this is a risk worth taking. Lastly, given the

finite width of the velocity channels, rejecting profiles that do not appear boxy or double-

horned may also exclude profiles that are intrinsically boxy or double-horned but simply

have small line widths, an effect that would preferentially affect the low-mass end of the

TFRs. However, this drawback is small compared to the benefits of significantly reduced

scatter.

This approach is consistent with the understanding that the flat part of a galaxy’s

rotation curve is accurately recovered provided that the “flaring parameter” of the integrated

profile (i.e. the ratio of the line width at 20% of the peak flux to that at 50%) is less than

≈ 1.2 (Lavezzi & Dickey, 1997, 1998). In other words, both methods select integrated

profiles with steep edges. We therefore reduced our sample further by requiring that the

integrated CO(1-0) profile of each galaxy be either boxy or double-horned. In practice,

this amounts to excluding galaxies whose profile was best fit by a single Gaussian function

rather than the Gaussian Double Peak function, resulting in a sub-sample of 94 galaxies.

Thirdly, we consider how well our line profile fits recover the true velocity widths at

small amplitude-to-noise ratios A/N . As illustrated in Figure 4.1, A/N ≥ 1.5 is generally

required to recover the true velocity width to 10% or better. Given the limited size of the

COLD GASS sample and the typical quality of the CO data, this threshold also ensures a

final sub-sample with a sufficiently large number of galaxies for robust TFR fits. Applying

this A/N cut results in a sub-sample of 88 galaxies.

Fourthly, to have confidence in the accuracy of the velocity widths derived from the

profile fits, we remove those galaxies with a fractional uncertainty ∆W50 / W50 > 20%.

This further reduces our sub-sample to 84 galaxies.

Lastly, we consider the morphologies of our sample galaxies, as galaxies of different

morphological types have different TFR zero-points (presumably due to different surface

mass densities and mass-to-light ratios; see Eq. 1.1). In particular, there is a clear offset
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Figure 4.7: As Figure 4.5, but for an intermediate (although nearly final) COLD GASS
sub-sample (as described in § 4.4.2). Error bars are omitted for clarity and the galaxies are
identified by their GZ1 morphological type (see § 4.2.6): blue circles for spirals (late-types),
red squares for ellipticals (early-types), and green triangles for uncertain types. It is clear
that those galaxies deemed uncertain follow broadly the same relation as, and do not exhibit
increased scatter in comparison to, those deemed spirals.

between early- and late-type galaxies (see e.g. Williams et al., 2010; Davis et al., 2011). In

fact, the work of Davis et al. (2016) suggests that very massive early-type galaxies are again

offset from the TFR of early-types of lower masses. There are also possible variations of

the TFR slope among late-type galaxies (e.g. Lagattuta et al., 2013).

Figure 4.7 shows the TFR of our galaxy sub-sample after all the aforementioned cuts

have been applied, and where all galaxies have been labeled according to their morphological

type (see § 4.2.6). Error bars have been omitted for clarity. As there is only one early-type

galaxy, it was removed from the sub-sample. As the galaxies of uncertain morphological

type are essentially indistinguishable from the late-types, with a similar slope, zero-point

and scatter, there is no reason to exclude them and we instead assimilate them to the

late-type galaxies.

Overall, this thus leads to a final sub-sample comprising 83 late-type galaxies, that

we use for both W1-band and stellar mass TFR fits. The resulting W1-band and stellar

mass Tully-Fisher relations for this final sub-sample are shown in Figure 4.5(b) and 4.6(b),
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respectively, while the fit parameters are listed in Table 4.1 and 4.2, respectively. As desired,

the observed scatters of our final sub-sample are significantly reduced compared to those of

the initial sample, this for both the W1-band and stellar mass TFR.

4.4.3 The Tully-Fisher Relations

As described above, Figures 4.5 and 4.6 show the COLD GASS W1-band and stellar mass

Tully-Fisher relation, respectively, for both the initial and final sub-samples, with the for-

ward, reverse and bisector fits overlaid. Tables 4.1 and 4.2 list the corresponding fit pa-

rameters. The reverse fit parameters have been adjusted to be directly comparable to the

forward fit parameters, as described in § 4.4.1.

A comparison relation is also displayed on each plot: for the W1-band TFR, the K-band

relation of Tully & Pierce (2000), who used HI integrated profiles to measure the galaxy

rotation velocities; for the stellar mass TFR, the stellar mass relation of Pizagno et al.

(2005), who used long-slit observations of Hα emission to measure the ionised gas rotation.

Based on the work of Madau & Dickinson (2014), we apply a small offset in log(M∗/M�)

of −0.034 dex to the latter, to convert from a Kroupa (Kroupa, 2001) to a Chabrier IMF.

A fit to the COLD GASS data with the slope fixed to that of the comparison relation is

also shown in each case, allowing to gauge any offset between the comparison and COLD

GASS samples. We recall that with (K −W1) ≈ 0 ± 0.2 for late-type galaxies, a W1–K

comparison is justified (Lagattuta et al., 2013).

As expected, the reverse fits are always much steeper than the forward fits, and indeed

for both initial and final sub-samples and W1-band and stellar mass TFRs, the slopes of

the reverse fits are much closer to those of the comparison samples.

It is well established that a significant bias in the slope is introduced by using a forward

fit (e.g. Schechter, 1980; Teerikorpi, 1987; Sandage, 1988; Tully & Pierce, 2000; Tully &

Courtois, 2012; Sorce et al., 2013), stemming from the selection criteria imposed on galaxy

samples used in TFR studies. This bias is explained in detail by Willick (1994).

To understand why this approach is problematic, first consider the measured TFR of

a complete (i.e. independent of any selection) sample of galaxies, with some Gaussian

intrinsic scatter in magnitude (and indeed line width). For a given line width, a galaxy
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may be scattered either above or below the TFR if it is intrinsically brighter or dimmer

than the corresponding mean magnitude for that line width (i.e. that predicted by the

true, unbiased TFR). Now consider measuring the TFR for the same sample but for the

common case where a limiting magnitude is imposed, such that galaxies dimmer than

the limiting value are excluded from the analysis. At the faint end of the TFR, those

galaxies that are intrinsically brighter than the mean will be preferentially included in the

analysis, whilst those that are dimmer will be excluded. This acts to flatten the slope of the

measured TFR, as at the small line width end the sample is biased brighter than the true

underlying distribution. This bias is compounded by the fact that the uncertainties in the

line width measurements are typically at least comparable (and often larger) than those in

the luminosity measurements.

Since in this scenario there is no selection via line width, the reverse fit, which minimises

the residuals in line width, avoids this bias. Willick (1994) points out that in practice some

bias will still remain for the reverse fit when considering the TFR in a waveband other than

that used to select the sample. This is particularly relevant to this work, since the GASS

sample (and therefore COLD GASS) was not selected via a limiting W1 magnitude but was

rather selected to be flat in log(M∗/M�) above a minimum stellar mass value (see § 4.2.1).

Nevertheless the bias in the reverse fit is much reduced compared to that of the forward

fit. Willick et al. (1995), for example, find a reduction of a factor of 6 in the bias between

the forward and reverse fit when examining the TFRs of several samples of spiral galaxies

selected in the I and r bands. In light of this, the parameters in this work derived from a

forward fit should be treated with a degree of caution.

As desired following the exclusion of potential sources of scatter (see § 4.4.2), for both

the W1-band and the stellar mass TFR there is a much greater scatter in the initial sample

than in the final sub-sample. In addition, the intrinsic and total scatters are always larger

in the reverse fit than in the forward fit, reflecting the larger scatter in W50 than in MW1

and M∗.
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4.5 Discussion

4.5.1 Slope

Treating the forward fits with suspicion, it is most sensible to compare the results of previous

studies to the reverse fits only. The unconstrained reverse fit to the W1 TFR is shallower

than the relation found by Tully & Pierce (2000) for both the initial and final sub-sample,

even allowing for the uncertainties (although Tully & Pierce do not quote an uncertainty

on their slope). However, the slope of both sub-sample’s stellar mass TFR agrees with that

of the Pizagno et al. (2005) TFR, after allowing for uncertainties (Pizagno et al. 2005 quote

an uncertainty of ±0.12 on their slope). The stellar masses are model dependent, however,

so the significance of this result is uncertain, particularly given the comparatively shallower

slope of the W1 relation.

Several factors could of course affect the slope of the COLD GASS TFRs, in partic-

ular a potential Malmquist bias and the fact that galaxies of various primarily late-type

morphologies were amalgamated together. The former factor is likely to be most acute

for the stellar mass TFRs, as the COLD GASS sample was stellar mass-selected, but it is

unlikely to be important for the final sub-sample as our various selection criteria, particu-

lar the integrated profile shape criterion (see § 4.4.2), have largely washed out any abrupt

stellar mass threshold. Of course the same criterion may also preferentially exclude those

galaxies with small line widths. However, this effect is likely to be small in comparison to

the Malmquist bias introduced via the GASS (and thus COLD GASS) selection function.

The latter factor is undoubtedly present to some extent, but it is hard to quantify without

better morphologies. Indeed, as our samples contain a variety of (mainly late-type) galaxy

morphologies, and the slope of the TFR varies with galaxy type, the measured slopes are

effectively averages of mutliple slopes for different galaxy morphologies.

Lastly, we must also consider whether the very use of CO as a kinematic tracer may

bias the slope of the TFR, such that the resultant slope is shallower than that of the HI

TFR of the same sample. Indeed, the line widths of Tully & Pierce (2000) are measured

from HI observations, whereas the COLD GASS line widths are measured from CO(1-0).

In Appendix C.1, for subsets of COLD GASS galaxies with both CO(1-0) and HI data,



135 4.5. Discussion

we compare the values of W50 as derived from the width of both the CO(1-0) and HI

integrated profiles (as described in § 4.3.3). We find that the slope of the TFRs constructed

using CO(1-0) are either comparable to or slightly shallower than those of the HI TFRs

of the same galaxies. However, the slopes of both the CO(1-0) and HI TFRs agree within

uncertainties. We may therefore cautiously attribute some of the difference in slope between

the COLD GASS W1 TFR and the comparison relation to the use of CO(1-0) (rather than

HI) as a kinematic tracer, but it should be stressed that, on the basis of the comparison in

Appendix C.1, this is not likely to be the driving factor of the difference. Furthermore, as

shown again in Appendix C.1, much is to be gained from using CO rather than HI, as it

lead to much smaller intrinsic (and thus total) scatter for the sub-sample.

4.5.2 Inclinations

The uncertainties on the measured inclinations i contribute greatly to the uncertainties on

the inclination-corrected velocity widths W50/ sin i, particularly at small inclinations (and

even with an i > 30◦ threshold). The robustness of any constructed TFR is thus highly

dependent on the accuracy of the inclination measurements. The scatter of the TFR is likely

to increase with decreasing accuracy, with possibly a smaller systematic effect affecting the

measured slope.

The axial ratio method used in this work is appropriate for the relatively shallow ground-

based optical imaging used, but it is not particularly refined. First, it naively assumes that

galaxies can be grouped into categories sharing a unique edge-on (intrinsic) axial ratio (here

0.2 and 0.34 for late types and early types, respectively). The morphologies of galaxies are in

reality much more diverse, and the intrinsic axial ratio is likely to vary within any defined

category. This is particularly relevant to our work, as the inclination measurements are

ultimately dependent on the relatively crude GZ1 morphological classifications. Davis et al.

(2011) in fact showed that the scatter in the TFR of a sample of early-type galaxies is

reduced when one uses a measure of inclination derived from the intrinsically very flat dust

features visible in high resolution (Hubble Space Telescope) imaging, rather than stellar

light as used here. While the magnitude of the effect was certainly amplified by the use of

early-type galaxies, it nevertheless illustrates the point.
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Having said that, as our inclinations are based on rather shallow ground-based imaging,

it may also be that they are systematically underestimated (the galaxies appearing rounder

than they really should), leading to over-estimated inclination corrections to the velocity

widths. As this effect is likely to be more acute in smaller, lower mass galaxies, however, it

would lead to steeper rather than shallower TFRs.

4.5.3 Offset

We measure a small offset between the stellar mass TFR for both the initial and final

sub-samples presented in this work and that of Pizagno et al. (2005) (+0.16 ± 0.06 and

−0.11 ± 0.04 dex, respectively). Considering the W1-band TFRs, we measure a large

negative offset (−0.8 ± 0.2 mag) between the initial sample’s TFR and that of Tully &

Pierce (2000). However, this offset disappears when considering the (more reliable) W1-

band TFR for the final sub-sample. Importantly, in all cases, the offset between the COLD

GASS and the comparison sample TFR (at fixed slope) is much smaller than the intrinsic

scatter. There is thus no evidence for any significant offset between the COLD GASS

and comparison samples, as expected given the similar redshifts and morphologies of the

samples’ galaxies.

4.5.4 Scatter

The intrinsic and total scatters of the W1-band Tully-Fisher relation for our final sub-

sample, for the forward unconstrained fit, were found to be 0.59±0.05 and 0.61±0.01 mag,

respectively. These values are slightly larger than those of previous near-infrared TFR

studies. Tully & Pierce (2000) found a K ′-band total rms scatter of 0.44 mag for local

spiral galaxies, whilst Verheijen (2001) found a 0.32 mag total scatter for the same passband.

However, Pizagno et al. (2007) found an intrinsic scatter of 0.42–0.46 mag across the g, r,

i and z bands.

Considering the stellar mass TFR of the final sub-sample, the intrinsic and total scat-

ters of the forward unconstrained fit were found to be 0.27 ± 0.02 and 0.287 ± 0.004 dex,

respectively. As with the W1-band relation, this is larger than previous TFR studies in the

local universe. Bell & de Jong (2001) found a total scatter of just 0.13 dex, whilst Pizagno
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et al. (2005) similarly found an intrinsic scatter of 0.16 dex.

The reasons why we measure a slightly higher intrinsic scatter than previous studies

are unclear. In Appendix C.1 we show that the use of line widths derived from CO(1-

0) integrated profiles leads to increased scatter in the TFR, compared to the same TFR

constructed using HI integrated profiles. However, this difference in scatter disappears when

we apply the criteria used to select the sub-sample described in § 4.4.2. This implies that

the increased scatter is due to the inclusion of CO(1-0) profiles that do not display a boxy

or double-horned shape. Once these systems are removed, the intrinsic and total scatter of

the CO(1-0) TFRs are actually less than those of the HI TFRs for the same galaxies.

As discussed above, the mix of several different late-type morphologies may affect the

slope and scatter (through different mass surface densities Σ and mass-to-light ratios M/L),

while our inclinations may be underestimated. While we have taken great care to estimate

and propagate uncertainties on our measurements, it may also be that our observational

errors are underestimated (leading to an overestimate of the intrinsic scatter). The uncer-

tainties on the stellar masses and inclinations are particularly hard to reliably estimate.

4.5.5 Sample Selection

The selection criteria of GASS, and thus COLD GASS, present two potential problems when

using galaxies drawn from these samples to build TFRs. The first, discussed at length above,

is the problem of fitting a single TFR (slope and zero-point) to a sample of galaxies with

differing morphologies. The second is that both the GASS and COLD GASS samples are

chosen to be flat in logM∗. This means that, compared to e.g. a volume- or flux-limited

sample, galaxies of large masses will be over-represented. This could result in an inferred

TFR with a shallower than expected slope, depending on how heavily weighted high-mass

galaxies are in comparison to low-mass galaxies.

The sub-sample selection, as described in § 4.4.2, leads to a dramatic and significant

reduction in the scatter of the TFRs. The main driver in this reduction is the exclusion

of galaxies with profiles that do not appear boxy or double-horned. This ensures that we

include in our analysis only those galaxies with sufficient CO in the outer parts to properly

sample the flat parts of the rotation curve. This is at the expense of the possible rejection
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of profiles that are intrinsically boxy or double-horned but simply appear Gaussian due to

their small line width and the finite width of the velocity channels. This cut by profile

shape preferentially affects the low-mass end of the TFRs, and could therefore bias their

resultant slopes. However, the effect is likely to be small (and opposite to the Malmquist

bias) and the benefits of the significantly reduced scatter far outweigh the drawbacks.

4.6 Conclusions & Future Work

In an effort to firmly establish the CO TFR as a useful tool to probe the evolution of

galaxies over cosmic time, we first tested the self-consistency and robustness of four functions

appropriate to fit the integrated line profiles of galaxies, particularly in the low signal-to-

noise ratio regime characteristic of molecular gas observations. The Gaussian Double Peak

function was deemed to be the most self-consistent and to suffer the least from possible

systematic biases as a function of the amplitude-over-noise ratio A/N , the galaxy inclination

i and the intrinsic flat circular velocity Vc,flat.

We then constructed the WISE W1-band and stellar mass TFRs relations of galaxies

drawn from the COLD GASS sample, both for an initial sample of all galaxies with avail-

able data, and for a restricted sub-sample of galaxies with high quality measurements (thus

decreasing the scatter). The rotation of the galaxies was determined by fitting the Gaus-

sian Double Peak function to the integrated CO(1-0) line profile of each galaxy, and then

measuring the width at 50% of the peak of the resultant fit (W50). The W1 magnitudes

were drawn directly from the WISE catalogue, and the stellar mass for each galaxy was

determined via SED fitting of SDSS photometry.

The TFRs obtained from unconstrained forward fits have shallower slopes than those

expected from previous studies. Considering only the more robust reverse fits, however, the

best-fit TFRs for the final COLD GASS sub-sample are

MW1 = (−7.1± 0.6)

[
log

(
W50/ sin i

km s−1

)
− 2.58

]
− 23.83± 0.09 (4.9)

and



139 4.6. Conclusions & Future Work

log(M∗/M�) = (3.3± 0.3)

[
log

(
W50/ sin i

km s−1

)
− 2.58

]
+ 10.51± 0.04 . (4.10)

The unconstrained reverse fit slope of the COLD GASS sub-sample W1-band TFR is still

marginally shallower than that of Tully & Pierce (2000), but the slope of the stellar mass

TFR agrees within the uncertainties with the relation of Pizagno et al. (2005). The intrinsic

scatter (from forward fitting) is 0.59± 0.05 mag and 0.27± 0.02 dex for the W1-band and

stellar mass sub-sample TFR, respectively.

Fixing the slopes to those of the relations from the comparison samples, small offsets

are found with respect to the comparison samples, that are however less than the intrinsic

scatters. The COLD GASS samples therefore agree with the comparison samples, although

they have slightly larger scatters than expected. Possible causes of the increased scatters

were discussed and include the method adopted to measure inclinations, and fitting a single

TFR to samples of galaxies with various primarily late-type morphologies. Importantly,

we showed that for a subset of COLD GASS galaxies in the final sub-sample with both

CO(1-0) and HI data, the intrinsic and total scatters of the CO(1-0) TFRs were less than

those of the same TFRs constructed using HI integrated profiles.

The COLD GASS initial sample and final sub-sample contain a number of galaxies

comparable to those in previous CO TFR studies. Our work thus provides a robust local

benchmark to be used for comparison with future CO work. In particular, Torii et al. (in

prep.) will build a local reference sample based on observations of very nearby galaxies

with the NANTEN2 telescope, and utilising identical fitting methods to ours. Topal et al.

(in prep.) will compare the TFRs presented here with those measured using a sample of

galaxies at z . 0.3, including luminous infrared galaxies (LIRGs) and galaxies from the

Evolution of Gas in Normal Galaxies (EGNoG) survey.

With the dawn of ALMA (and the Northern Extended Millimeter Array10), it is now

possible to relatively rapidly measure the CO emission of galaxies to large redshifts, when

the first objects were forming and slowly settling into the discs we see today. In particular,

10http://iram-institute.org/EN/noema-project.php
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significant samples of galaxies observed in CO are now being built to probe the epoch of peak

global star formation activity (1 . z . 3), when turbulent gas-rich galaxies were building

the bulk of their stellar mass. Our work therefore provide a robust reference point with

which to compare future TFR studies of those objects and is a vital first step in providing

a measure of the evolution of the TFR over the last ≈ 8 Gyr independent of that presented

in Chapters 2 and 3.



Chapter 5

Conclusions

In this thesis we used the Tully-Fisher relation (TFR; Tully & Fisher, 1977), the correlation

between a galaxy’s luminosity and rotation velocity, as a tool to probe the evolution of

the total-to-luminous matter ratio of star-forming galaxies since z ≈ 1. In this chapter we

summarise our key findings from each previous chapter. In § 5.1 we discuss future work

that will build and expand upon that presented here.

In Chapter 2 we presented the stellar mass (M∗), and K-corrected K-band absolute

magnitude (MK) TFRs for sub-samples of the 585 galaxies spatially resolved in Hα emission

by the K-band Multi-Object Spectrograph (KMOS; Sharples et al., 2013) Redshift One

Spectroscopic Survey (KROSS; Stott et al., 2016). We modelled the line-of-sight velocity

field of each of the KROSS galaxies (as traced by their Hα emission) with a simple arctangent

function (Courteau, 1997) and extracted a rotation velocity, V80 at a radius equal to the

major axis of an ellipse containing 80% of the total Hα flux. The large sample size of KROSS

allowed us to select 210 galaxies with well measured rotation velocities, that we referred to

as the all sub-sample. From those we extracted a further disky sub-sample of 56 galaxies

that were rotationally supported, using the stringent criterion V80/σ > 3, where σ is the

flux-weighted average intrinsic velocity dispersion. We found an evolution of the M∗ TFR

zero-point of 0.41± 0.08 dex over the last ≈8 Gyr. However, we measured no evolution in

the MK TFR zero-point over the same period. Based on those measurements we concluded

that (at fixed rotation velocity) the total mass-to-stellar mass ratio of disk-like galaxies has

decreased by a factor of ≈ 0.6 since z ≈ 1, whilst the K-band stellar mass-to-light ratio

141
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has increased by a factor ≈ 2.5 over the same period. We deduced that such changes would

require a large (but plausible) amount of gas accretion on to galaxies over the last ≈ 8 Gyr,

with its subsequent conversion to stars. Lastly, we reasoned that the ability of KROSS

to differentiate, using integral field spectroscopy with KMOS, between those galaxies that

were rotationally supported and those that were not explained why our findings were at

odds with previous studies without the same capabilities.

Whilst the implications for galaxy evolution of the result presented in Chapter 2 are

potentially important, the analysis of that chapter suffered from the fact that we could

not compare TFRs constructed in a homogeneous manner at both epochs. Indeed, the

relations at the two epochs differed in data quality, kinematic tracers, and the measures of

galaxy parameters required for the TFR (i.e. rotation velocity, luminosity and stellar mass).

Furthermore, as we relied on samples drawn from the literature to construct the z ≈ 0 TFRs

we were unable to match the sample selection of the relations between the two epochs. As

a result, we could expect potentially different biases in the TFRs, confusing any measure

of evolution between them. To address this, in Chapter 3 we presented a carefully matched

comparison of the MK and M∗ TFRs at z ≈ 1 and 0, using IFU observations of Hα emission

from KROSS galaxies at z ∼ 1 with KMOS and galaxies from the Sydney-Australian-

Astronomical-Observatory Multi-object Integral-Field Spectrograph (SAMI; Croom et al.,

2012) Galaxy Survey (e.g. Bryant et al., 2015) with the SAMI spectrograph.

We degraded the spatial and spectral resolution and sampling, and the Hα signal-to-

noise of the original, high quality (HQ) SAMI observations to match those typical of KROSS,

referring to the degraded data set as the low quality (LQ) SAMI data. We derived M∗ and

MK for the HQ and LQ galaxies from fits to their corresponding spectral energy distribu-

tions (SEDs), truncating the LQ galaxies’ SEDs to match the (restframe) wavelength range

available for KROSS galaxies. After extracting and modelling (using the arctangent model

of Chapter 2) the Hα velocity fields of the HQ and LQ data, a comparison between the two

data sets revealed the LQ sample was biased against those galaxies that were more com-

pact (or with more compact Hα emission) and slowly rotating. Despite this, the degrading

process did not affect our ability to accurately recover key galaxy parameters. We found

relations consistent with 1:1 with varying scatters between the measures of the rotation
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velocity at 1.3 times the effective radius re (v2.2), the intrinsic velocity dispersion σ, MK ,

and M∗ calculated from the SAMI HQ and SAMI LQ data.

We constructed the SAMI HQ and LQ TFRs, first selecting sub-samples of galaxies

from each data set based on the all and disky sub-sample selection criteria of Chapter 2.

Due to the similarities between the criteria of the chapters, we retained the Chapter 2

nomenclature. Comparing the MK and M∗ TFRs of the all sub-samples for both data

sets, somewhat surprisingly we found scatters along both axes of the LQ TFRs that were

comparable to those of the corresponding HQ relations. For the disky sub-samples (from

which we excluded galaxies with insufficient ratios of rotation velocity to intrinsic velocity

dispersion, v2.2/σ < 3), however, we found the scatters along both axes of the LQ MK

and M∗ TFRs to be larger than those of the corresponding HQ relations, as one might

expect. We explained the lower than expected scatters in the LQ TFRs (compared to

the HQ relations) for the all sub-sample by considering that the all sub-sample of each

data set includes more galaxies with low v2.2/σ (and thus v2.2) than the disky sub-sample.

Those galaxies disproportionately increase the TFRs scatters compared to galaxies with high

v2.2/σ. Since the LQ data was biased against such systems, the scatters in the LQ TFRs

for the all sub-sample were reduced compared to those of the corresponding HQ relations.

When those galaxies were entirely excluded from both data sets as for the disky sub-samples,

the scatters of the TFRs then reflected the scatters in the velocity and luminosity (and mass)

measures instead, that are larger for the LQ data than the HQ. Indeed, we found increased

scatters of the LQ TFRs for the disky sub-sample compared to those of the corresponding

HQ relations. The slopes and intercepts of the TFRs of the all and disky sub-samples were

generally consistent between the HQ and LQ data sets.

Lastly, we compared the KROSS TFRs for the all and disky sub-samples to the corre-

sponding SAMI LQ relations, the former constructed from improved best fit model velocity

fields (with respect to Chapter 2), and measures of inclination and size derived from broad-

band images (as opposed to the galaxies’ Hα maps, as in Chapter 2). As in Chapter 2, we

found shallower slopes for the MK and M∗ KROSS TFRs of the all sub-sample compared to

the z ≈ 0 relations, in this case the corresponding SAMI LQ TFRs. This discrepancy dis-

appeared when considering the slopes of the TFRs for the disky sub-samples. We found the
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intrinsic scatters of the SAMI LQ TFRs for the all sub-sample to be smaller than or consis-

tent with the corresponding KROSS relations. For the TFRs of the disky sub-samples, the

intrinsic scatters of the KROSS relations were larger than those of the corresponding SAMI

LQ relations in almost every case. Ignoring the offsets between the zero-points of the SAMI

LQ and KROSS TFRs for the all sub-samples (that are affected by the inclusion of galaxies

with insufficient ratios of rotation velocity to velocity dispersion, i.e. with v2.2/σ < 3) in

favour of those of the disky sub-samples, we found no evidence for any evolution in the

MK TFR zero-point for disk-like star-forming galaxies since z ≈ 1. But we did measure an

offset of 0.2 ± 0.2 dex between the stellar mass TFR zero-points of the same galaxies over

the same period.

We concluded that at fixed rotation velocity the total mass-to-stellar mass ratio of disk-

like star-forming galaxies has decreased by a factor of ≈ 0.4 since z ≈ 1, whilst their K-band

stellar mass-to-light ratio has increased by a factor of ≈ 1.6 over the same period. Whilst

these changes can be entirely accounted for by the complete conversion into stars of the

gas already present in (KROSS) galaxies at z ≈ 1, we proposed a more likely scenario

whereby the gas in those galaxies is converted to stars at a moderate rate with continued

replenishment of the gas reservoir via accretion of external material. We also pointed out

that, following the depletion of the initial z ≈ 1 gas reservoir, any further baryonic accretion

on to disk-like star-forming galaxies must be closely matched by the accretion of similar

amounts of dark matter to keep the total mass-to-stellar mass ratio constant and equal to

that of galaxies in the local Universe. Lastly we reasoned that, depending on how rapidly

the z ≈ 1 gas reservoir is depleted, our findings may also support the hypothesis that

star-forming galaxies have grown in a principally hierarchical fashion over the last ≈ 8 Gyr.

In Chapters 2 and 3 we presented the first direct comparison of the TFRs at z ≈ 1

and z ≈ 0 using large samples of integral field unit (IFU) observations of galaxies at each

epoch matched both in data quality and analysis methods. This allowed a straight forward

comparison of the relations at each epoch, free of any difference in biases between them.

Whilst this was a significant undertaking, to corroborate our results it is sensible also to

pursue an alternative measure of the TFR evolution over the same period independent of

the methods of those chapters. We must also make sure that our result is not biased by our
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choice of kinematic tracer (i.e. Hα emission).

In Chapter 4 we took the first step toward such an independent measure by construct-

ing the TFR of z ≈ 0 galaxies using integrated observations of their CO(1-0) emission. We

presented the M∗ and Wide-Field Infrared Survey Explorer (WISE; Wright et al., 2010) ab-

solute Band 1 magnitude (MW1) TFRs of subsets of galaxies from the CO Legacy Database

for the GALEX Arecibo SDSS Survey (GASS; Catinella et al., 2010) (COLD GASS; Sain-

tonge et al., 2011). We examined the benefits and drawbacks of several commonly used

fitting functions in the context of measuring CO(1-0) line widths (and thus rotation veloc-

ities), favouring the Gaussian Double Peak function. We found the MW1 and M∗ TFR, for

a carefully selected sub-sample, to be

MW1 = (−7.1± 0.6)

[
log

(
W50/ sin i

km s−1

)
− 2.58

]
− 23.83± 0.09 , (5.1)

and

log(M∗/M�) = (3.3± 0.3)

[
log

(
W50/ sin i

km s−1

)
− 2.58

]
+ 10.51± 0.04 , (5.2)

respectively, where W50 is the width of a galaxy’s CO(1-0) integrated profile at 50% of its

maximum and the inclination i was derived from the galaxy axial ratio measured on the

SDSS r-band image. We found no evidence for any significant offset between the TFRs of

COLD GASS galaxies and those of comparison samples of similar redshifts and morpholo-

gies. The slope of the COLD GASS M∗ TFR agreed with the relation of Pizagno et al.

(2005). However, we measured a comparatively shallower slope for the COLD GASS MW1

TFR as compared to the relation of Tully & Pierce (2000). We attributed this to the fact

that the COLD GASS sample comprises galaxies of various (late-type) morphologies. Nev-

ertheless, the work presented in that chapter provides a robust reference point with which

to compare future CO TFR studies at higher redshifts, the numbers of which we expect to

increase dramatically with the recent dawn of the Atacama Large Millimeter/submillimeter

Array (ALMA).
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5.1 Future Work

In this thesis we have taken significant steps in charting the evolution of the TFR across

almost half the age of the Universe. In this section we detail future work that will build

upon and extend that presented in the previous chapters.

5.1.1 z ≈ 0.5 and z ≈ 1.5 TFRs with KMOS

It is clear from the work of Chapters 2 and 3 that IFU surveys have opened new windows

on the nature of galaxies at z ≈ 1 (e.g. KROSS) and in the local Universe (e.g. SAMI).

The results presented there showed that (at fixed rotation velocity) disk-like star-forming

galaxies have undergone significant changes to their total mass-to-stellar mass and K-band

stellar mass-to-light ratios since z ≈ 1, implying moderate stellar mass growth over the last

≈ 8 Gyr. It is still unclear which processes drove these changes, at which point since z ≈ 1

they occured or how they can be reconciled with the findings of previous studies that show

that the co-moving star formation rate density in the Universe has dramatically declined

from its peak at z ≈ 1–3 to the present day (e.g. Lilly et al., 1996; Madau et al., 1996;

Hopkins & Beacom, 2006).

With the KMOS-Cluster Lensing And Supernova survey with Hubble (CLASH; Postman

et al., 2012) (K-CLASH) survey, we will bridge the gap in redshift and understanding by

using KMOS to study the spatially resolved gas kinematics and chemistry of galaxies in

the field and in clusters at z ≈ 0.5. K-CLASH (of which the author of this thesis is a

co-principal investigator) is a University of Oxford KMOS guaranteed time observations

(GTO) programme that, among other objectives, aims to compose a statistically large

and representative sample of field galaxies at z ≈ 0.5 for direct comparison with similar

studies at high redshift (e.g. KROSS) and in the local Universe (e.g. SAMI). K-CLASH

observations (which are already underway) are conducted in a manner entirely analogous

to those of KROSS, targeting Hα and [NII] doublet ([NII]6548 and [NII]6583) emission in

galaxies with KMOS. As such they facilitate the simple extension of the carefully matched

comparisons of the z ≈ 1 and z ≈ 0 TFRs presented in Chapter 2 to star-forming galaxies

at z ≈ 0.5.
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Similarly, with access to deep KMOS observations of Hα emission from star-forming

galaxies at z ≈ 1.5 currently being conducted as part of a Durham University KMOS GTO

programme, we may also extend our TFR comparisons to include galaxies at even further

look-back times than KROSS.

Combining these data with those already analysed in Chapters 2 and 3 will provide

a comprehensive measure of the evolution of the TFR, and thus the relative amounts of

baryonic and dark matter in galaxies, over half the age of the Universe.

5.1.2 z & 1 TFR with ALMA

With the dawn of ALMA it is now possible to construct the TFR at the peak epoch of global

star formation in the Universe (z ≈ 1–3) using spectral line emission from CO as a tracer

of galaxy kinematics. Using archival observations of z >∼ 1 galaxies, we can extend the work

presented in Chapter 4 to study the CO TFR at higher redshifts than previously possible.

Conducting a careful comparison between z >∼ 1 CO TFRs and the TFRs of COLD GASS

galaxies presented in Chapter 4 will provide an independent test for any evolution of the

mass-to-light ratios of galaxies over the last ≈ 8 Gyr.



Appendix A

Additional Plots for Chapter 2

A.1 Asymmetric Rotation Curves

The dynamical modelling of KROSS velocity maps is described in Section §2.3.1 and in

further detail in Stott et al. (2016). Here we test the effect on the TFR scatter of those

galaxies for which the Hα emission extends up to or beyond r80 on only one side of the

rotation curve i.e. asymmetrical rotation curves. Figure A.1 shows that the exclusion of

such systems in favour of only those with symmetrical (i.e. with Hα emission extending up

to or beyond r80 on both sides) rotation curves does not significantly reduce the scatter in

the TFR for sub-sample all (σint = 0.36± 0.04 for galaxies with symmetric rotation curves

versus σint = 0.40 ± 0.04 for those with asymmetric rotation curves). We therefore only

exclude from our analysis those galaxies for which the maximum radial extend of the Hα

emission is less than r80 on both sides of the rotation curve.
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Figure A.1: The TFR for those galaxies in sub-sample all (as described in Section § 2.3.5).
Error bars are omitted for clarity. The points are coloured according to whether they repre-
sent galaxies with either a symmetric or asymmetric rotation curve. There is no significant
reduction in scatter between those galaxies with symmetric or asymmetric rotation curves.
We therefore include both groups of galaxies in our analysis.
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A.2 Disky Galaxies

Figure A.2 shows the best fitting model velocity fields (see §2.3.1) for the KROSS disky

sub-sample (see §2.3.5). For each galaxy the observed (“DATA”) and best fitting model

(“MODEL”) velocity fields are displayed alongside the residual (“RESIDUAL”) between

the two. Also included is the associated integrated Hα flux map (“Hα”), and the extracted

rotation curve from the inclination corrected observed and model velocity fields. See Figure

2.1 for a full description.
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Figure A.2: The best fitting model velocity fields (see §2.3.1) for the KROSS disky sub-
sample (see §2.3.5). See Figure 2.1 for a full description. For a minority of galaxies a small
number of points in the observed rotation curve (as represented by the red points in the
far right panel for each plot) have very large ( >∼ 200 km s−1) error bars. In these cases the
velocity axis range does not include the full extent of the error bars but rather is restricted
to better present the majority of the data.



Appendix B

Additional Plots for Chapter 3

Figures B.1, B.2 and B.3 show the observed and best fit model velocity fields for respectively

the SAMI HQ (see § 3.2.3.3), SAMI LQ (see § 3.3.2.1) and KROSS (see § 3.4.1) disky sub-

sample as defined in § 3.4.3. For each galaxy we also include the Hα flux map, along with

the residual between the observed and best fit velocity field. Lastly we include rotation

curves extracted from the observed and best fit velocity fields, respectively. See Figure 3.1

for a more detailed description of the plots.
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Appendix C

Additional Plots for Chapter 4

C.1 Comparison with HI

In § 4.1 we discussed the relative advantages of constructing the TFR using CO(1-0) as a

dynamical tracer rather than HI, the use of the latter being well established. In this section

we compare the values of W50 derived from COLD GASS CO(1-0) integrated profiles to

those derived from GASS HI integrated profiles of the same galaxies. We measure the latter

by fitting the Double Peak Gaussian function to the HI spectra in the same manner as

described in § 4.3.3.

The majority of the GASS HI galaxy spectra were obtained with the Arecibo 305 m telescope

(see § 4.2.1 for more detail). The spectra are available as part of the GASS data releases1

(Catinella et al., 2010, 2012, 2013). However, as described in Catinella et al. (2010), GASS

galaxies were not re-observed with Arecibo if a suitable HI detection was already available

from the ALFALFA survey or the Cornell HI archive (Haynes et al., 2011). As such, the

comparison conducted in this section draws on HI W50 values measured from spectra from

all three sources. We denote all measurements of the width of a galaxy’s HI integrated

profile at 50% of its maximum as W50,HI. For clarity, in this section only, we denote the

CO(1-0) W50 values described in § 4.3.3 as W50,CO.

Of the 207 COLD GASS galaxies in the initial sample defined in § 4.2, 155 originate from

the COLD GASS DR3, with the remaining 52 from the low mass extension of COLD GASS.

1http://wwwmpa.mpa-garching.mpg.de/GASS/data.php
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183 C.1. Comparison with HI

HI spectra for galaxies in the COLD GASS low mass extension are not publicly available,

so we exclude these galaxies from our comparison. Of the remaining 155 galaxies, 140 have

a corresponding HI spectrum that is publicly available. We detect a signal (i.e. A/N > 1)

in 136 of these (76 observed directly by GASS, 38 from ALFALFA and 22 from the Cornell

archive). As all 136 of these spectra obey the selection criteria of the initial sample as

defined in § 4.2, we include them all in our comparison. Of the 83 COLD GASS galaxies

comprising the sub-sample defined in § 4.4.2, we exclude 17 galaxies that originate from

the COLD GASS low mass extension (for the reason discussed). The remaining 66 galaxies

originate from the COLD GASS DR3. 59 of these have a corresponding HI spectrum that is

publicly available. To maintain consistency in our comparison, we apply the same selection

criteria to the derived HI line widths as those used to define the sub-sample in § 4.4.2. To

this end we exclude two galaxies with A/N < 1.5, leaving 57 spectra (30 from GASS, 16

from ALFALFA and 11 from the Cornell archive).

We compare the values of W50,CO and W50,HI for both the initial sample and sub-sample

in Figure C.1. This shows that, for both the sample and sub-sample, the two measures of

line width generally correlate well with one another. However, the scatter around the 1:1

line is much larger for the initial sample than for the sub-sample. The increased scatter

in the initial sample is a consequence of the inclusion of galaxies with CO(1-0) integrated

profiles that do not display a double-horned or boxy shape, i.e. profiles for which we

cannot be sure the CO sufficiently probes the outer parts of the galaxy’s rotation curve

(see § 4.4.2). Considering only the sub-sample, the two measures of line width are in good

agreement ([W50,HI − W50,CO]M = 8 ± 45 km s−1, where the uncertainty is the median

absolute deviation with respect to the median itself).

The HI velocity widths are typically larger than the CO velocity widths at lowest values

of W50,CO, as is apparent from the free fit (solid red) line in panel (b) of Figure C.1.

Conversely, for the highest values of W50,CO, W50,HI tends to be smaller. This trend is

weaker but still present in the sub-sample, as is shown by the free fit (solid blue) line in

panel (c) of Figure C.1.

To investigate whether this bias translates into a significant difference between TFRs con-

structed using CO(1-0) line widths and HI line widths, we plot in Figure C.2 both the
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Figure C.1: Comparison between W50,CO and W50,HI for galaxies in the initial sample (see
§ 4.2; red circles and blue squares), and the final sub-sample (see § 4.4.2; blue squares) that
have a corresponding HI detection in GASS. (a) Correlation between the two measures of
line width for both the initial sample and sub-sample. The dashed black line represents the
1:1 relation. (b) and (c) Line width difference W50,HI −W50,CO for the initial sample and
sub-sample, respectively. The red solid line (W50,HI −W50,CO = (−0.53 ± 0.07)[W50,CO −
277.4]+48±10) and blue solid line (W50,HI−W50,CO = (−0.3±0.1)[W50,CO−323.5]+5±11)
represent a free forward fit to the data points in respectively (b) and (c). The median
difference is displayed in the top right of both (b) and (c), along with its uncertainty (the
median absolute deviation from the median itself). W50,CO and W50,HI differ much less for
galaxies in the final sub-sample than for galaxies only included in the initial sample.
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W1-band and the stellar mass TFR of both the initial sample and the final sub-sample,

this using both W50,CO and W50,HI values. For consistency, we only consider here galaxies

with both CO and HI data. This allows to directly compare how the use of either mea-

sure of line width affects the relations. The corresponding TFR fit parameters are listed in

Table C.1. For reasons discussed in § 4.4.3, the reverse fit is preferred to the conventional

forward fit (see § 4.4.1 for a description of both). In addition, it is more informative here

to examine how the scatter in the velocity width changes when considering either W50,CO

or W50,HI than the scatter in the W1 magnitudes or stellar masses. For both these reasons,

we examine only the reverse fits to the TFRs, as shown in Figure C.2.

Whilst in all cases the slopes of both theW50,CO andW50,HI TFRs agree within uncertainties,

the slopes of both HI TFRs of the sub-sample are steeper than those of the CO(1-0) TFRs

for the same galaxies. The intercepts agree within the uncertainties for all the TFRs of the

sub-sample. However, the intercepts of both the stellar mass and W1 CO(1-0) TFRs of

the initial sample are offset to higher values along the ordinate compared to those of the

corresponding HI relations. For both the stellar mass and W1-band TFRs of the initial

sample, the total and intrinsic scatter of the W50,HI relations are significantly less than

those of the W50,CO relations. Conversely, considering the TFRs of the sub-sample, the

total and intrinsic scatter of the CO relations are significantly smaller. It is clear then

that TFRs constructed using CO and HI line widths are comparable in terms of slope and

intercept, but differ in terms of intrinsic and total scatter. Considering the HI TFRs (both

the W1-band and stellar mass relations), there is only a small reduction in the intrinsic and

total scatter between the initial sample and the final sub-sample. The reduction in scatter

for the CO TFRs is much greater - primarily as a result of excluding from the sub-sample

those galaxies with CO(1-0) integrated profiles that do not display a boxy or double-horned

shape (see § 4.4.2 and § 4.5.5). We therefore conclude that, assuming the selection criteria

of the sub-sample are applied, the CO and HI line widths, and thus the resultant TFRs,

are comparable, but that the scatter is greatly reduced by using CO.
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Figure C.2: Comparison of the W1-band and stellar mass Tully-Fisher relations using W50

values derived from COLD GASS CO(1-0) integrated profiles (W50,CO, black points) and
GASS HI integrated profiles (W50,HI, pale green points), this for the same galaxies with
both CO and HI data. (a) and (c) show the absolute W1-band TFR of those galaxies
from respectively the initial COLD GASS sample and our final sub-sample. The x-axis is
the width of the integrated profile (CO(1-0) or HI) at 50% of the peak, corrected for the
effect of inclination. For (a) and (c), the y-axis is the absolute WISE Band 1 magnitude
W1 (≈ 3.4 µm). The solid blue line show the reverse fit to the CO(1-0) data points. The
reverse fit to the HI data points is shown as the solid red line. To demonstrate the reduction
in scatter between the initial sample and final sub-sample, the embedded panel in (c) shows
the TFR for the final sub-sample but over the same axis ranges as (a). (b) and (d) are as
(a) and (c), but for the stellar mass TFRs.
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Table C.1: Reverse fit parameters of the W1-band and stellar mass Tully-Fisher relations
presented in Figure C.2. The pivot value is 2.6 for all relations (see § 4.4.1).

TFR Tracer Sample Slope Intercept Intrinsic Scatter Total Scatter
(dex) (dex) (dex)

M∗ CO Inital 4 ± 2 10.9 ± 0.2 0.93± 0.09 0.985± 0.007
Sub-sample 3.6± 0.6 10.55± 0.04 0.28± 0.03 0.310± 0.007

H I Initial 3.6± 0.6 10.60± 0.05 0.56± 0.04 0.580± 0.005
Sub-sample 4.5± 0.9 10.53± 0.06 0.43± 0.05 0.445± 0.009

(mag) (mag) (mag)

MW1 CO Inital −6 ± 1 −24.4 ± 0.2 1.6 ± 0.1 1.61 ± 0.01
Sub-sample −8 ± 1 −23.9 ± 0.1 0.68± 0.07 0.69 ± 0.01

H I Initial −7 ± 1 −23.9 ± 0.1 1.07± 0.07 1.104± 0.009
Sub-sample −10 ± 3 −23.8 ± 0.2 1.1 ± 0.1 1.09 ± 0.02

C.2 Galaxy Spectra

Figure C.3 shows the Gaussian Double Peak function fits to each of the COLD GASS galaxy

spectra in our final sub-sample, as described in § 4.3.3 and § 4.4.2. The data are plotted

in blue and the best fit function in green. The solid red line indicates the best fit central

velocity (v0), whilst the dashed red lines show the width at 50% of the peak (W50).
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Postman, M., Coe, D., Beńıtez, N., Bradley, L., Broadhurst, T. et al., 2012.

The Cluster Lensing and Supernova Survey with Hubble: An Overview. ApJS , 199, 25.

Puech, M., Flores, H., Hammer, F., Yang, Y., Neichel, B. et al., 2008. IMAGES.

III. The evolution of the near-infrared Tully-Fisher relation over the last 6 Gyr. A&A,

484, 173–187.

Puget, P., Stadler, E., Doyon, R., Gigan, P., Thibault, S. et al., 2004. WIRCam:

the infrared wide-field camera for the Canada-France-Hawaii Telescope. In A. F. M.

Moorwood & M. Iye, eds., Ground-based Instrumentation for Astronomy , vol. 5492 of

Proc. SPIE , 978–987.

Reyes, R., Mandelbaum, R., Gunn, J. E., Pizagno, J. & Lackner, C. N., 2011. Cal-

ibrated Tully-Fisher relations for improved estimates of disc rotation velocities. MNRAS ,

417, 2347–2386.

Rhee, M.-H., 2004. Mass-to-Light Ratio and the Tully-Fisher Relation. Journal of Korean

Astronomical Society , 37, 91–117.

Rhee, M.-H. & Broeils, A. H., 2005. HI Linewidths, Rotation Velocities and the Tully-

Fisher Relation. Journal of Astronomy and Space Sciences, 22.

Riechers, D. A., Walter, F., Bertoldi, F., Carilli, C. L., Aravena, M., Neri,

R., Cox, P., Weiß, A. & Menten, K. M., 2009. Imaging Atomic and Highly Excited



Bibliography 218

Molecular Gas in a z = 6.42 Quasar Host Galaxy: Copious Fuel for an Eddington-limited

Starburst at the End of Cosmic Reionization. ApJ , 703, 1338–1345.

Riechers, D. A., Walter, F., Brewer, B. J., Carilli, C. L., Lewis, G. F.,

Bertoldi, F. & Cox, P., 2008a. A Molecular Einstein Ring at z = 4.12: Imaging

the Dynamics of a Quasar Host Galaxy Through a Cosmic Lens. ApJ , 686, 851–858.

Riechers, D. A., Walter, F., Carilli, C. L., Bertoldi, F. & Momjian, E., 2008b.

Formation of a Quasar Host Galaxy through a Wet Merger 1.4 Billion Years after the Big

Bang. ApJ , 686, L9–L12.

Saintonge, A., 2007. The Arecibo Legacy Fast ALFA Survey. IV. Strategies for Signal

Identification and Survey Catalog Reliability. AJ , 133, 2087–2096.

Saintonge, A., Kauffmann, G., Kramer, C., Tacconi, L. J., Buchbender, C.

et al., 2011. COLD GASS, an IRAM legacy survey of molecular gas in massive galaxies

- I. Relations between H2, H I, stellar content and structural properties. MNRAS , 415,

32–60.

Saintonge, A. & Spekkens, K., 2011. Disk Galaxy Scaling Relations in the SFI++:

Intrinsic Scatter and Applications. ApJ , 726, 77.

Sakai, S., Mould, J. R., Hughes, S. M. G., Huchra, J. P., Macri, L. M. et al.,

2000. The Hubble Space Telescope Key Project on the Extragalactic Distance Scale.

XXIV. The Calibration of Tully-Fisher Relations and the Value of the Hubble Constant.

ApJ , 529, 698–722.

Salim, S., Rich, R. M., Charlot, S., Brinchmann, J., Johnson, B. D. et al.,

2007a. UV Star Formation Rates in the Local Universe. ApJS , 173, 267–292.

Salim, S., Rich, R. M., Charlot, S., Brinchmann, J., Johnson, B. D. et al.,

2007b. UV Star Formation Rates in the Local Universe. ApJS , 173, 267–292.

Salpeter, E. E., 1955. The Luminosity Function and Stellar Evolution. ApJ , 121, 161.



219 Bibliography

Sánchez, S. F., Kennicutt, R. C., Gil de Paz, A., van de Ven, G., V́ılchez,

J. M. et al., 2012. CALIFA, the Calar Alto Legacy Integral Field Area survey. I.

Survey presentation. A&A, 538, A8.

Sánchez Almeida, J., Elmegreen, B. G., Muñoz-Tuñón, C. & Elmegreen, D. M.,
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